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Introduction

Catalytic static mixers enable the continuous
hydrogenation of cannabidiol and
tetrahydrocannabinolf

Stefano Martinuzzi,?° Felipe L. N. da Silva,?* Martin G. Schmid,® Kurt Pléschberger,®
Rodrigo O. M. A. de Souza, ¢

Christopher A. Hone @ *3 and C. Oliver Kappe @ *2°

In this work, we investigated the catalytic hydrogenation of cannabidiol (CBD), delta-8-
tetrahydrocannabinol (A8-THC) and delta-9-tetrahydrocannabinol (A°-THC) by using catalytic static mixer
(CSM) technology within a shell-and-tube reactor. Hydrogenation of these compounds is typically reported
in batch at milligram quantities and affords a mixture of products. We were interested in developing a
robust preparative-scale synthesis of 8,9-dihydrocannabidiol (H2CBD) and tetrahydrocannabidiol (H4CBD)
from CBD, and hexahydrocannabinol (HHC) from A8-THC and A°-THC. We examined the influence of
different noble metal-based CSMs (Pt/alumina, Pd/alumina, Pd-electroplated and Ru/alumina) and different
operating conditions on the reaction performance. Pd/alumina CSMs were found to be unsuitable due to
the formation of impurities, which partly arose due to double bond isomerization. Pd-electroplated CSMs
displayed very low activity. Ru/alumina CSMs were observed to undergo rapid catalyst deactivation.
Pt/alumina CSMs displayed high activity and good selectivity, even though signs of deactivation were still
present at temperatures higher than 80 °C. We linked this deactivation to a combined influence of internal
mass transfer limitation and accumulation of adsorbed molecules on the metal surface. After a careful
fine-tuning of the operating conditions over Pt/alumina CSMs, we could obtain H2CBD, H4CBD and HHC
in high yield from the corresponding cannabinoid derivative. Kinetic modeling and parameter fitting were
successfully performed for the hydrogenation of CBD, which incorporated catalyst deactivation. Catalytic
static mixer (CSM) technology is therefore demonstrated to be an industrially viable solution for the
hydrogenation of cannabinoid derivatives.

and the psychoactive regioisomer A’-THC (5), are the best
known.>* In recent years CBD, along with its synthetic

Phytocannabinoids are a large class of terpenoid compounds
naturally derived from Cannabis sativa, an indigenous plant
to Central Asia." These compounds can bind to specific
cannabinoid receptors in the body, which are responsible for
psychotropic and physiological effects.> Among the many
natural  cannabinoids, cannabidiol (CBD, 1) and
tetrahydrocannabinol (THC), with its two isomers A®-THC (6)
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hydrogenated derivatives, 8,9-dihydrocannabidiol (H2CBD, 2)
and tetrahydrocannabidiol (H4CBD, 3 and 4), and THC, with
its hydrogenated derivative, hexahydrocannabinol (HHC, 7
and 8), have received considerable attention due to their
interesting biological activity.””” Trace amounts of HHC have
been rarely identified as a component in Cannabis sativa.
These compounds have shown promise in the treatment of
inflammation, neurodegenerative diseases and cancer.®’
H2CBD and H4CBD (cis and t¢rans) compounds can be
prepared by the acid-catalyzed coupling of inexpensive
o-phellandrene with bulk chemicals olivetol or citronellal in
reasonable yield."*™"?

Catalytic hydrogenation is a cost-effective and viable
synthetic strategy to access H2CBD, H4CBD and HHC from
their corresponding naturally derived cannabinoids
(Scheme 1)."> Typically, the preparative methods reported in
the available literature are performed on only milligram
scales under batch conditions. One of the main challenges
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Scheme 1 a) Hydrogenation of CBD (1) into H2CBD (2), cis-H4CBD (3)
and trans-H4CBD (4). b) Hydrogenation of A°-THC (5) and A8-THC (6)
into (9R)HHC (7) and (9S)HHC (8). R and S stereochemistry in HHC
refers to the carbon atom in position 9.

associated with the catalytic hydrogenation of cannabinoid
derivatives is the formation of mixtures, due to their inherent
complex chemical structures.

Ben-Shabat and co-workers synthesized H2CBD from
CBD in ethyl acetate (EtOAc) using Adam's catalyst (PtO,,
10%) at ambient temperature, 4 bar pressure and 4 h
reaction time, providing full conversion and H2CBD as the
main product component (86%, by GC-MS analysis), with
the remaining mass balance attributed to impurities."® Zi
and co-workers obtained H2CBD in 64% yield (20 mg) when
using Pd/C (5%) in CH,Cl, at room temperature and 2 h
reaction time.'"* Merli and co-workers synthesized H2CBD
from CBD (on a 50 mg scale) in a very successful manner
using Lindlar's catalyst (Pd-CaCOs, 15% w/w, poisoned) in a
solvent mixture of hexane and EtOAc (2:1) to afford the
product in 97% yield."> The reaction was performed at room
temperature, under atmospheric pressure and with a
reaction time of 23 h. The same group achieved the
preparation of H4CBD on a similar scale using Pd/C (20%
w/w) as catalyst, giving the product in 98% yield with a 9:1
cis-trans mixture. Very recently, Singh and co-workers
reported the synthesis of H4CBD using 3 equiv. of Pd/C
(THF:MeOH 1:9, rt, 1 atm, 5-6 h) to afford the product in
73% yield (99% purity).'®

Cruces and colleagues reported a gram-scale procedure
for the preparation of H4CBD and HHC from CBD and
THC, respectively. The conditions used were Pd/C (0.1
mol%) in ethanol (EtOH) at 25 °C and 1 bar. The
diastereomers were successfully separated by supercritical
fluid chromatography (SFC). Razdan and co-workers
observed that the hydrogenation of A°THC over PtO,
afforded a 94:6 S:R mixture, while Pd/C reversed the ratio
to 35:65." Gaoni and Mechoulam found that over Pt
catalysts, the hydrogenation of A>THC produced mainly the
R form (2:1), whereas A®-THC favored the formation of the
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S isomer (3:1)."® These results show that the distribution of
isomers is very sensitive to the catalysts and conditions
used in the synthesis.

The batch conditions highlighted above typically used
mild reaction conditions (ie., room temperature,
atmospheric pressure and the reaction times were on the
timescale of hours). Sustainable chemical processes rely not
only on effective chemistry but also on the implementation
of reactor technologies that enhance reaction performance,
process intensify and improve overall safety.'® Thus, we were
interested in the fact that there are scarce results that pertain
to the use of continuous processing for the synthesis of these
hydrogenated compounds. Continuous flow catalytic
hydrogenation processes are usually performed using trickle-
bed or packed-bed reactors.>® Cannazza, Citti and co-workers
presented a continuous flow preparation of HHC.?* The team
performed cyclization of CBD under batch conditions by
using two different acids, each selected to give preferential
selectivity toward either the A THC or A’-THC isomer.”* The
crude reaction mixtures were then neutralized and then
subjected to flow hydrogenation. The crude mixtures were
hydrogenated in a ThalesNano H-Cube flow reactor with the
following conditions: 3 mm 10% Pd/C cartridge, 30 °C, 20
bar and 1 mL min~". The crude mixture containing A°>~THC
as the main isomer produced mainly S-HHC (57 : 43), whereas
A®-THC produced mainly R-HHC (61:39). An alternative
continuous hydrogenation method is to utilize a membrane
flow microreactor. In this approach, the catalyst is supported
or coated to the surface of a gas-permeable membrane.>*>
This approach gives very precise control over the gas
permeation during the reaction. However, these reactors can
be difficult to scale, as highlighted by Jensen and co-
worker.>®

Another recently developed alternative to packed-bed
reactors are catalytic static mixers (CSMs), where the catalyst
is coated on 3D-printed metal inserts, that can be housed
within a shell-and-tube reactor.>**> CSMs have been shown
to provide high surface areas, high heat transfer, low metal
leaching and a low pressure drop when compared to packed
bed solutions.®® Since their development, CSMs have been
applied to a variety of hydrogenation processes.***> Perhaps
most relevant to our study is the work by Hornung, Xie and
co-workers.*" The team used Pt, Pd, Ni and Ru on alumina
(Al,03) CSMs to hydrogenate C—=C unsaturated compounds
of relevance for the fragrance industry.

Despite showing great promise for organic synthesis, the
use of CSMs in processes for the preparation of active
pharmaceutical ingredients and key intermediates is not
without its challenges. For instance, Hornung and co-workers
observed that selectivity has a strong dependence on the
history of the catalyst.**> Kappe, Williams and co-workers
observed deactivation in the hydrogenation of nitro
compounds.®® To our knowledge there are no previous
reports using CSMs for the hydrogenation of cannabinoid
derivatives. We were interested in testing the applicability of
the CSMs to the hydrogenation of cannabinoid derivatives. In

This journal is © The Royal Society of Chemistry 2025
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this work we focus on the development of the continuous
hydrogenation of CBD and THC, showcasing the potential
preparative-scale application of continuous processing to this
class of important compounds.

Experimental

Material and synthetic procedures

Chemicals. CBD (CBD Brothers Germany, >99%, with
minor impurity cannabidivarine <1%), A>THC (Gatt-Koller
Dronabinol, >99%), ethanol (VWR, >95%), isopropanol (VWR,
>95%), ethyl acetate (VWR, >99.5%), petroleum ether (VWR,
>99.5%), acetonitrile (VWR, HPLC grade), water (VWR, HPLC
grade), ethanol (VWR, >99.7%), acetonitrile-d; (Eurisotop
DO021EAS, 99.8%, water <0.05%) and hexadecane (Alfa Aesar,
99%) were used without further purification. ATHC was
prepared from CBD, see ESL} section 1.8. CSMs (Pd-
electroplated, Pd/alumina, Pt/alumina, Ru/alumina) were
purchased from Precision Catalysts. Prior to their insertion
into the reactor, the CSMs were washed with acetone, dried and
weighed. Upon removal, the same procedure was performed.
The feed solutions were freshly prepared on the day of testing.

Testing methodologies

Experimental flow setup. A schematic of the flow system
used in this study is shown in Scheme 2. The liquid reservoir
feed either comprised of a carrier solvent for the screening
experiments, or a solution of the substrate in the case of the
long runs and kinetic experiments. The liquid stream was
introduced by using a HPLC pump (Knauer Azura). A six-port
valve was fitted with a sample loop (4 mL or 10 mL volume)
for the introduction of a small volume of the cannabinoid
derivative solution for the screening experiments. The liquid
stream was mixed with the H, stream in a Y-mixer. H, gas
was produced using a commercial H, generator (ThalesNano,
H-Genie), equipped with an integrated mass flow controller
(MFC) for the controlled introduction of the gas into the flow
system. After mixing, the reaction stream entered a shell-in-
tube reactor (Ehrfeld Miprowa) equipped with catalytic static
mixer (CSM) inserts (11.8 mm x 150 mm). Either 2 or 4 CSMs
were used in the experiments. The temperature of the reactor

H, generator Vent

Flow reactor equipped
with CSMs

PROTOTOTOTITOTOTITOTON
I

Cooling
6-port coil

valve

Reservoir

O

Collection

Sample loop
Scheme 2 Schematic representation of the continuous flow
hydrogenation CSM configuration. Note: MFC = mass flow controller,
p = pressure gauge, T = temperature sensor, and BPR = back pressure
regulator.
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was controlled by a thermostat (Huber CC-304). A detailed
description of the Miprowa system and configuration is
provided in the ESLf A similar setup was also described
previously.”>*® The outlet stream was cooled by passing it
through a coil submerged in a water bath. The system was
pressurized with a backpressure regulator (Equilibar HC 276).
The gas and liquid stream were then separated within a gas
liquid separator and the liquid phase was collected in a flask
for analysis.

Start-up, collection and switch-off procedure for the
screening tests. The reactor was set to the desired
temperature and pressure, whilst isopropanol (PrOH) and H,
were fed into the reactor, and the system was then left to
reach the desired conditions for at least 30 min. No other
pre-activation of the catalyst was performed. After reaching
stable conditions, iPrOH was switched to the reaction solvent
and left for at least 10 min. For the screening experiments,
the feed solution, containing the cannabinoid derivative in
the reaction solvent, was introduced via a sample loop by
using a lure-lock syringe. The six-port valve was operated in
manual fashion to introduce the cannabinoid derivative feed
solution into the reactor and the time was set to 0 min. The
outlet stream from the reactor was collected in a fractionated
manner. For the long runs, the feed solution was introduced
through the pump and no sample loop was used. At the end
of the experiment run, the system was flushed with the
reaction solvent, and then with isopropanol whilst the system
was allowed to cool down.

Testing procedure for the kinetic investigation. Fitting of
kinetic models and rate parameters were performed for the
hydrogenation of CBD over Pt/alumina CSMs. Two different
sets of CSMs (labeled A and B), each comprising of two CSMs
were used for the reaction profiling. These CSMs were
inserted into the top channel of the reactor, to minimize the
volume of feed solution required to equilibrate the system.
The residence time was varied at fixed points (8 per
temperature) from 34 to 408 s by changing the liquid flow
rate in the range from 6 to 0.5 mL min ", respectively (based
on a channel volume of 3.4 mL). Three times the reactor
volume was processed to reach steady state prior to sampling
each experimental point. After the collection of a series of
points at 50 °C, the temperature was then increased to 80 °C.
The reactor was then cooled down, the CSMs were washed
with acetone and a new test at two sequential temperatures
(60 and 70 °C) was performed.

Analysis and spectroscopic methods

GC-FID, GC-MS, '"H-NMR and *C-NMR. We used a GC-FID
(Shimadzu GC FID 230), with an RTX-5MS column (30 m x
0.25 mm ID x 0.25 um) and helium as carrier gas (40 cm s ™).
The samples were diluted in acetonitrile (MeCN) prior to the
measurement. We assumed that the cannabinoid derivatives
possessed the same response factor due to their similar
structures. This assumption was successfully validated by "H-
NMR (300 MHz, Bruker Advanced III): for a mixture of CBD,
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H2CBD and H4CBD the differences between the two analysis
approaches was <3.2%. For R-HHC, S-HHC and A®THC, the
difference was larger, but we only had a limited number of
samples for comparison (ESL} section 1.3). For the kinetic
testing, the GC-FID was calibrated for CBD using a 0.1 M
solution of hexadecane as internal standard. The
concentrations of the other species used the same
calibration, assuming equality of the response factors. NMR
samples were analyzed on a Bruker Advanced III (300 MHz
for '"H-NMR, 75 MHz for C-NMR) using MeCN-d; as
deuterated solvent. Identification of unknown peaks was
performed using a GC-MS (Shimadzu GC-MSQP2010 SE) with
a similar column and injection profile to that of GC-FID. The
detector was a quadrupole with pre-rods and electron impact
ionization.

Scanning electron microscopy (SEM) and energy dispersive
X-ray (EDS) spectroscopy imaging. SEM and EDS analysis
were performed using a Zeiss Gemini DSM 982 field emission
SEM. The SEM and EDS imaging of different CSMs showed a
homogeneous distribution of the coating and the active
metal on the surface. Care must be taken when installing the
CSMs into the reactor, since removal of the coating does
occur. The average weight-based content of the noble metal
for the respective CSMs were measured to be 5.2% for Pt,
9.9% for Pd and 5.5% for Ru. No carbon was observed on the
used catalysts which showed that there was no coke
formation. The images are provided in the ESI{ (section 1.6).

Results and discussion
Hydrogenation of CBD

Catalyst screening. We commenced our investigation with
the examination of the hydrogenation of CBD to H2CBD and
H4CBD. We tested the reaction over four different CSM types:
Pd-electroplated (Pd/EP), Pd/alumina, Pt/alumina and Ru/
alumina at different temperatures (Table 1). Low conversion
was observed for Pd/EP, probably due to the comparatively low
catalyst surface area. In addition, many low-level impurities
were observed (entries 1-3). Pd/alumina (entries 4-6) was more

Table 1 Results from the catalyst screening for the hydrogenation of
CBD (1). Conditions: Cyo = 0.1 M (in EtOAc), p = 20 bar, t.s = 102 s, H/S
=11 and 2 CSMs

Conv.  Selectivity cis:
T H/S 1 2 3+4 Oth. trans
N CsM Q) ) (%) )
1 Pd/EP 60 11.4 18.2 81.2 8.2 10.6 2.0
2 Pd/EP 100 11.4 51.6 70.6 16.9 12.4 2.5
3 Pd/EP 140 12.0 89.7 36.1 51.2 12.7 2.3
4 Pd/Al,O4 60 11.3 64.5 44.3  31.6 15.5 2.2
5  Pd/ALO; 100 11.3 95.0 149 685 14.9 2.2
6 Pd/AL,O; 140 11.3  99.2 4.1 85.1 9.9 2.2
7 Pt/ALO; 60 11.4 947 571 422 0.7 7.8
8 Pt/Al,O4 140 11.4 100 13.4 86.0 0.6 3.7
9 Ru/Al, O3 60 11.2  82.7 89.8 9.8 0.4  Only cis
10 Ru/Al,O; 100 11.2  95.7 68.6 30.7 0.8 10.4
11  Ru/AlL,O; 140 11.2  98.7 39.0 58.6 2.5 5.3
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active and relatively selective to H4CBD at low temperatures
than its electroplated counterpart, but it formed a similar level
of impurities. Trost and co-workers reported that the
hydrogenation of double bonds over Pd occurs with a m-allyl
absorption mechanism that could promote isomerization, and
thus the formation of impurities.’” This behavior has been
observed in the hydrogenation of limonene, which contains
the same structural motif as CBD.*®*° Pd CSMs were therefore
not further considered.

Pt/alumina (entries 7-8) displayed higher activity than Pd/
alumina for the conversion of CBD, but less activity in the
subsequent overreaction of H2CBD to H4CBD. In addition,
the number of impurities formed was low. This observation
was in-line with the observation by Hornung, Xie and co-
workers regarding the preference of Pt for terminal C=C
bonds over internal C=C bonds.>® Most importantly Pt/
alumina formed significantly fewer impurities than Pd/
alumina. The reaction displayed a preference for the cis
isomer (3.7 :1), ¢f. Pd/alumina (2.2:1). These results indicated
that Pt/alumina could be a suitable catalyst for the synthesis
of H2CBD at low temperatures and potentially H4CBD at high
temperatures. Ru/alumina (entries 9-11) displayed moderate
activity, performing better than Pd/alumina, but lower than
Pt/alumina. In terms of selectivity, Ru/alumina was the most
selective catalyst to H2CBD under milder conditions (entry 9).
At higher temperatures, the conversion of CBD was similar to
Pd/alumina and Pt/alumina, but Ru/alumina produced
mixtures of H2CBD and H4CBD. Interestingly, Ru/alumina
displayed almost selective preference for cis-H4CBD, which
suggests a stronger interaction of the molecule with the
surface, or a different orientation of the molecule compared
to the other metals. Unfortunately, Ru/alumina displayed
poor reproducibility and strong catalyst deactivation during
stability testing. Thus, we decided not to investigate it further
and focused our optimization and robustness testing with the
Pt/alumina CSMs.

Continuous parameters

Previous batch hydrogenation studies showed that EtOH and
EtOAc were commonly used for this chemistry. We found that

Table 2 Results from the catalyst screening for the hydrogenation of
CBD (1) over Pt/alumina (2 CSMs) in EtOAc

Conv. Selectivity

Co T p Liquid H/S 1 2 3+4 Oth.
N (M) (°C) (barg) (mLmin™) (-) (%)
1 01 80 20 2 5.7 98.1 7.6 73.9 18.1
2 01 80 20 2 17.2 98 7.3 748 17.4
3 01 80 20 0.75 59.0 98 53.8 40.2 6.50
4 0.1 80 20 0.75 119.0 98.7 48.9 449 7.4
5 01 80 20 0.75 178.0 98.7 48.8 46.3 7.7
6 0.1 60 5.5 1.9 11.7 94.5 94.6 5.1 0.2
7 01 60 15.8 1.9 11.7 92.8 94.6 5.1 0.2
8 01 60 11 1.9 23.4 98.7 699 29.3 0.8
9 0.3 60 11 1.9 7.8 97.8 71.8 27.4 0.8

This journal is © The Royal Society of Chemistry 2025
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EtOAc performed the best out of the two solvents, whereas
EtOH resulted in the formation of more impurities (Table
S671). The influence of H, to substrate ratio (H/S) was also
assessed (Table 2). The testing regime was checked by
changing the hydrogen to substrate molar ratio (H/S) at fixed
liquid flow rates (range 0.75 to 2 mL min™") and at different
gas flows (range 50 to 200 mL min"). The results (entry 1-5)
showed that at 2 mL min " of liquid flow no significant
differences could be observed for H/S ratios to as low as 5.7
(H, gas = 25 mL, min™"). For a lower liquid flow rate (0.75
mL min™"), the threshold for a kinetically limited regime was
119 (200 mL, min™"), as a higher gas velocity appeared to be
necessary to achieve good mixing. Thus, most of the runs in
this study were performed at 200 mL, min~". The impact of
pressure resulted in only a small change in conversion
(entries 6-8). We performed a two-factor, two-level design of
experiments (DoE) to assess the influence of pressure and
temperature on the formation of H4CBD over Pt/alumina
(ESL} section 2.4.4). Pressure was found to be non-
significant, therefore we fixed its value to 20 barg throughout
the remaining study. In contrast, temperature had a
significant influence over the conversion and the product
selectivity. The absence of catalyst surface saturation was
checked by investigating the conversion at different substrate
concentrations (entries 8-9). Both 0.1 M and 0.3 M provided
similar conversion values.

An experiment using CBD over Pt/alumina was run at 80
°C in the absence of H,. The experiment showed neither
conversion of CBD nor side product formation. This result
indicated that there was unlikely to be any background
reaction occurring either in solution or with the catalyst/
catalyst support (e.g., cyclization of CBD).

Catalyst operating range and stability. Previously, we
mentioned that the deactivation of CSMs is a key challenge,
therefore we were interested in studying long-term stability
under different reaction conditions. We performed long runs
with CBD over Pt/alumina at 60 °C, 80 °C, 100 °C and 140 °C,
to assess the stability of the catalyst (Fig. 1). Above 80 °C the
catalyst showed a strong and linear deactivation trend for the
formation of H4CBD. The formation of cis-H4CBD was more
influenced by deactivation than trans-H4CBD. The formation
of H2CBD was less affected, as seen by its increase over
operation time. To counteract the catalyst deactivation

=
=-0.272x + 78.158 =
75 g " £
s R S ..o B3
z 50 y =-0.028x + 23.286 8
= =0.289x - 1.441 ®
25 PR @ @i @ ° 2
e 2
P o o ®
0 a

0 20 40 60 80

Run time (min)
© H2CBD @ Cis-HACBD  ® Trans-HACBD

Fig. 1 a) Catalyst performance for CBD over Pt/alumina (4 CSMs) at
140 °C. b) Slope of deactivation for H2CBD (k,), cis-H4CBD (k,) and
trans-H4CBD (k3) at different temperatures.
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observed in the hydrogenation of nitrobenzoic acid, Hornung
and co-workers suggested that increasing temperature,
reaction time, hydrogen content or pressure could
temporarily increase the conversion.”” However, this provided
no guarantee of improving the long-term catalyst durability
at high temperatures, which wusually decreases with
increasing temperature.

Previously, we proposed that water could be used as
cosolvent to minimize catalyst deactivation, as this could
increase the wettability of the catalyst, thus helping to
remove any compound deposited on the surface.*’ Water
might help to solubilize the species responsible for causing
catalyst deactivation. Moreover, the wettability of the catalyst
surface can influence the diffusion rate of reactants or
products, including the ability of H, to reach the surface.
However, this approach was impractical in our system due to
the low miscibility of H,O and EtOAc, and the insolubility of
CBD and its derivatives in H,O. Thus, we decided to limit the
temperature to a maximum of 80 °C. A proposed mechanism
for deactivation will be described later in the manuscript.

CSM catalyst deactivation and the synthesis of H2CBD.
The deactivation of CSMs due to exposure to high
temperature could be turned in our favor. In the investigation
we observed a strong difference between the selectivity of
fresh Pt/alumina CSMs tested at 60 °C (Table 3, entry 1), with
that being exposed to high temperatures (140 °C, entry 3)
and tested in a long run at 60 °C (entry 5). The catalyst,
initially producing about 42% of H4CBD, became highly
selective towards H2CBD. This deactivation could be
exploited for the synthesis of H2CBD. H2CBD is typically
synthesized in batch with low activity catalysts (e.g. Adams’ or
Lindlar's catalyst). We assessed the long-term stability of the
poisoned Pt/alumina CSMs in the synthesis of H2CBD in a 55
min long run at 60 °C, 215 s, 11 barg. A stable conversion of
97% was achieved, with a selectivity of 93% for H2CBD
(Fig. 2). After purification, we obtained H2CBD in a yield of
90% yield, corresponding to a throughput of 3.3 g h™".

Hydrogenation of CBD to H4CBD. In the initial screening
experiments, we showed that Pt/alumina converted CBD into
a mixture of H2CBD and H4CBD at low temperatures. To
achieve full conversion, we performed the reaction at our
limit temperature of 80 °C, as at lower temperatures long
residence times would be required, which would reduce
productivity. At 80 °C and a residence time of 272 s, we could

Table 3 Conversion and selectivity in the hydrogenation of CBD over Pt/
alumina (4CSMs), showing deactivation due to high temperature cycling

Conv. Selectivity cis:
T 1 2 3+4 trans
N (°C) (%) )
1 60 94.7 57.1 42.2 7.8
2 90 98.8 61.7 36.5 6.0
3 140 100 13.4 86.0 3.7
4 100 96.4 73.7 25.2 5.0
5 60 74.2 98.1 1.2 5.8
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Fig. 2 Long run performance for the hydrogenation of 0.1 M CBD to
H2CBD over deactivated Pt/alumina (4 CSMs). Conditions: T = 60 °C,
tes = 215 s, p = 11 bar, H/S = 11.7 and 55 min run time.

obtain good conversion of CBD to H4CBD, with less than 6%
of H2CBD (Fig. 3a). We performed a 90 min long run at 20
barg, 272 s, H/S 59 and we observed stable performance and
full conversion of CBD, but with 12% H2CBD remaining.
Thus, we performed another run and extended the residence
time to 544 s (Fig. 3b). This run gave >99% conversion, 95%
selectivity for H4CBD with a cis: trans ratio of 4.8 (by GC), or
5.5 (by NMR). There was only 4% of H2CBD remaining. This
corresponded to a throughput of 1.23 g h™. We speculated
that the low volumes used in the screening tests could be
responsible for the higher formation of H4CBD observed at
shorter residence times, which resulted in higher back
mixing.

Hydrogenation of H2CBD to cis- and trans-H4CBD. To
gain further insight into the conversion of H2CBD to H4CBD,
we hydrogenated a 0.1 M solution of H2CBD over Pt/alumina
at three temperatures (60 °C, 80 °C and 100 °C), see Fig. 4b.
As a comparison, we also processed a 0.1 M solution of CBD
under the same conditions (Fig. 4a). CBD converted quickly
into both H2CBD and H4CBD, whereas the conversion of
H2CBD to H4CBD was not enhanced by the absence of the
external double bond, yielding a similar amount of H4CBD to
that obtained for CBD, with a similar cis to trans ratio (7.6).
This result agreed with a c-coordination between the metal
and the double bonds, as proposed by Augustine and co-
workers.”” The results show a facile hydrogenation of the
external double bond, with a more challenging
hydrogenation of the internal double bond. The
predominance of cis-H4CBD despite the coordination mode
suggested, indicated that other parameters could control the

a) b)
100 100
75 75 @ @eeeee o 0 @@
g g
- 50 T 50
K} 2
= s
25 25 S YR @@ ® - o
0 04— 0 0.9 .9 o
204 272 408 544 0 50 100 150 200
Run ti i
Residence time (s) un time (min)
© H2CBD @ Cis-H4CBD @ Trans-H4CBD

Fig. 3 a) Influence of the t,.s on the hydrogenation of a 0.1 M solution
of CBD over Pt/alumina (4 CSMs) at 80 °C and 20 bar. b) Long run for
the hydrogenation of 0.1 M CBD to H4CBD over Pt/alumina CSMs.
Conditions: T = 80 °C, t,es = 544 s, p = 20 bar, H/S = 119 and 180 min
run time.
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Fig. 4 Yields for the hydrogenation processes over Pt/alumina (4
CSMs) at three different temperatures: (a) CBD; and (b) H2CBD.
Conditions: 0.1 M substrate, p = 20 bar, tes = 102 s and H/S = 11.2.

stereochemistry, such as the presence of the bulky aromatic
fragment. Interestingly, fewer impurities were formed when
H2CBD was used as starting material, suggesting that CBD
was the source of most of the impurities.

Hydrogenation of A®>-THC and A°-THC to R-HHC and S-HHC

Hydrogenation of A>THC. We screened the reaction of A’
THC over Pt/alumina at three different temperatures using a
fixed residence time (408 s) and then subsequently at three
different residence times at a constant temperature of 80 °C
(Fig. 5). At 80 °C and 408 s, a conversion of 98% was
obtained with a R to S ratio of 2.2. These conditions (80 °C,
20 bar and 408 s) were tested in a 25 min long run and we
achieved stable and full conversion of A>THC to HHC, >99%
conversion and 98% product selectivity (R:S ratio of 2.4),
which corresponded to a productivity of 1.6 g h™.
Interestingly, a significant amount (9%) of A®THC was
formed at 60 °C (9%). There was only a residual amount at
90 °C, probably as it was rapidly hydrogenated to HHC.
Previously, we assessed that no isomerization of A°>-THC to
A®-THC occurs on the support without hydrogen, so we can
assume that the isomerization to A®THC is either a side
reaction or a possible intermediate step in the conversion of
A’-THC to HHC.

Hydrogenation of A®-THC. The reaction of A®THC was
tested over Pt/alumina at three different temperatures (60
°C, 70 °C and 80 °C) and at a constant residence time of
408 s. We observed >95% conversion at 70 °C (Fig. 6a),
reaching >98% conversion at 80 °C, the same conditions

a) b)

100

100

75 75

50 50

25 25

Yield (%)
Yield (%)

60 70 80 20 204 408 544
Temperature (°C) Residence time (s)

W R-HHC B S-HHC W A8-THC

Fig. 5 Yields for the hydrogenation of a 0.1 M solution of A°-THC over
Pt/alumina (4 CSMs) at: (a) different temperatures at a constant t,s of
408 s; and (b) at different t,es at 80 °C.
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that had been used for the hydrogenation of A’THC. The
robustness of these conditions was assessed in a 55 min
long run experiment (Fig. 6b). The process was stable and
98% conversion and >99% selectivity to HHC were
achieved, corresponding to a productivity of 1.7 ¢ h™'. The
R:S ratio was 1.7, which was lower for the hydrogenation of
A’-THC (2.4).

Kinetics of hydrogenation of CBD over Pt/alumina

General methodology. The presence of internal mass
transfer diffusional limitation was assessed by calculating the
diffusional Damkohler number (Day) (see ESI} section 5).
Under the conditions explored, a Da;; < 1 was obtained for
all scenarios, which indicated that internal mass transfer
limitations were minimal. The lumped kinetics for the
hydrogenation of CBD, over two different sets of Pt/alumina
CSMs, were defined using reactions (1)—(3):

kl‘E‘J‘l
CBD + H, " H2CBD (1)
ka,Eaz .
H2CBD + H, £ (is-H4CBD @)
ki B
H2CBD + H, "% trans-HACBD 3)

Earlier we showed that CSMs underwent linear deactivation
over time. We accounted for deactivation using an activity
factor (1 - kq-t), where kq is the rate constant of deactivation
and ¢ is the residence time."*'" Different scenarios were
assessed, including no deactivation, deactivation influencing
only step(s) (1), (2), (2) and (3), and (1), (2) and (3). The lowest
value for the residual sum of squares was achieved when
deactivation was assumed to influence all the reactions,
leading to the set of eqn (4)-(7) (see ESL} section 3.2). We
found that the hydrogenation of H2CBD to cis-H4ACBD was
more affected than the other reactions. We selected to opt for
one deactivation constant for all the reactions, as we knew
that deactivation was occurring in all the steps.

dCcpp = —k;+(1-kg-t)-Ccpp (4)

dt
% = (1-ka-t)(k1-Ccap ~ k2*Cracep ~ k3-Crzcep)  (5)
dcm&% = (1= ka-t)-(k-Crzcap) )
ACuanstacsd _ (1 1. ). (ky-Crizcnp) @)

det

In the model we assumed that the amount of hydrogen
remained constant during the investigation, due to the large
excess used. The kinetic constants were fitted in Matlab
R2022b using the wunconstrained minimization suite,
fminsearch, applied on the norm of the normalized
concentrations, obtained by solving the system of ODEs with
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Fig. 6 Hydrogenation of a 0.1 M solution of A®-THC over Pt/alumina
(4 CSMs) a) screening of different temperatures for the hydrogenation.
Conditions: p = 20 bar and t,.s = 408 s. b) Long run at 80 °C, 408 s, 20
bar and 55 min run time.

the odei5s suite. The errors were calculated using the
Jacobian and the covariance matrix, computed with the nlinfit
and the nlparci suites. The values of the kinetic constants
were then wused for the calculation of the Arrhenius
parameters.

We also fitted the kinetics with Dynochem. This software
fits the Arrhenius parameters using the whole dataset at a
reference temperature (T,e¢ = 50.5 °C). Dynochem enabled the
implementation of a more sophisticated model that included
the gas to liquid mass transfer coefficient (kpa), which was
fixed to 0.5 1 s ', based on values reported for similar static
mixer systems.””> Henry's constant was also included to
account for the solubility of hydrogen at different
temperatures. Limited variations were observed when these
two parameters were varied, an indication that our
assumption of the absence of external mass transfer
limitations was correct. To account for deactivation in the
model structure fitted in Dynochem, we added reaction (8) to
the set (1)-(3). The input concentration of Pt was computed
by multiplying the mass of supported material per CSM
stated by the manufacturer (350 mg) to the platinum weight
percent (5.2%) measured by SEM.

Pt X pt_inactive (8)

Kinetic results. The Matlab fitting of the kinetic data for
the set (B) of platinum CSMs, with and without deactivation

50.5°C 50.5°C
So1s

8 0af- S 01f.
& ", ene OO o

DR
3. 0osf B

oos| BY
..

8. 8

3
100 150 200 250 300 350 400 o 50 100
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T o1
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. g o
- 000 P T
.05 (2 4

o
L Song

0 50 100 150 200 0 50 100 150 200
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© CBD (exp.) ¢is-H4CBD (exp.) - CBD cis-H4CBD
O H2CBD (exp) O trans-HA4CBD (exp.) - H2CBD - trans-HACBD

Fig. 7 Kinetic profiles for the hydrogenation of a 0.1 M solution of
CBD over Pt/alumina 2 CSMs (set B), at different temperatures. Lines =
fitted model; points = measured data.
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Table 4 Values for the activation energies (E,) for the two sets of Pt/
alumina CSMs (A and B) fitted with Matlab and Dynochem

E, (k] mol™)

CSM Step Matlab Dynochem
Pt/alumina (A) 1 17 £13 18+4

2 38 +11 40 +5

3 52 +£11 54+5

d 14+9 16 + 8
Pt/alumina (B) 1 21+5 21+4

2 33+10 38+6

3 43 £ 15 52+6

d 22+7 23 £12

(only at 50 °C) are reported in Fig. 7. The activation energies
(E,) computed in Matlab and Dynochem are reported in
Table 4. The values display good agreement. The full set of
parameters is reported in the ESIT (section 3.2). With respect
to kg, it should be emphasized that the value of the obtained
deactivation constant could be potentially misleading. During
the kinetic studies each point was collected after a steady
state was achieved. This implied that the exact time elapsed
for each point increased along the kinetic profile, equaling
the sum of times elapsed during the collection of the
previous samples. This means that the deactivation constants
found were approximately one order of magnitude higher
than those computed considering the real time elapsed, as
shown in the ESI (section 3.2.3). Detailed modeling of
deactivation is a challenging problem and requires more in-
depth studies. The obtained values should be considered
more as fitting parameters, rather than true measured
reaction rate parameters.

Validation of the kinetics results. The kinetic model was
validated using CSMs set (B), at 65 °C, two residence times
(68 s and 136 s) and two concentrations of CBD (0.1 M and
0.3 M). The results are displayed in Fig. 8, where the model
with and without deactivation was considered. The
experimental data at similar residence times display good
agreement. There was relatively little deactivation occurring.
We were pleased with this finding, as this meant the
conditions were appropriate for our long-run preparative
scale synthesis. Overall, there is good agreement between the

100 1
75 A

50 A

Product Composition (%)

Exp. Exp. Exp. Sim.No Sim.
[0.1M] [0.3M] [0.3M] Deact.
rep.

Exp. Exp. Sim.No Sim.
Deact. [[0.1 M] [0.3 M] Deact. Deact.

68s
mCBD mH2CBD mcis-H4CBD m trans-H4CBD
Fig. 8 Comparison between the experimental (exp.) results in validation
runs and the simulated results obtained by using the fitted kinetic
constants (sim.), and with (deact.) or without deactivation (no deact.).
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experimental and the simulated data. This agrees with the
original finding that deactivation is slower at
temperatures.

lower

Investigation of CSM deactivation

Deactivation in the hydrogenation of CBD. Throughout
this project we observed a linear deactivation trend at
elevated temperatures for the CSMs. Linear deactivation can
be linked to metal leaching, coke formation, or irreversible
adsorption of organic species. Initially, we assessed metal
leaching as a possible cause of catalyst deactivation, by
inductively coupled plasma mass spectrometry (ICP-MS) for
several of the long runs. All the samples from the collected
solutions showed negligible amounts of metal (<1 ppb). At
these conditions (80 °C and 20 bar H,), we speculated that
coke was unlikely to be formed. This assumption was
confirmed by SEM of the used catalyst, with no coke
formation observed. Moreover, the activity of the catalyst
could be recovered by external washing, which would be
unlikely to work if carbon was formed on the catalyst. Lastly,
we investigated the loss of active sites due to the adsorption
of organic molecules on the surface of the catalyst.*
Interestingly, we found that an ‘inline’ cleaning of the
catalyst by using EtOAc or {PrOH did not help recover the
activity. Removal of the CSMs and external washing with
acetone provided close to full recovery, thus suggesting that
surface covering was indeed occurring on the CSMs. A similar
finding was reported by Zhang and Zhou.”” They observed
the deactivation of the catalyst used in the hydrogenation of
phenol to cyclohexanone. The deactivation could be linked to
pore blocking, which could be partially solved by using a
series of sequential washing steps with H,O and EtOH.*” A
possible identification of which species could be responsible
for the deactivation was provided by the work of Jentoft and
co-workers, who investigated the hydrogenation of phenol to
cyclohexanol, observing a strong deactivation in the presence
of alcohol.*® They claimed that phenols displayed a
preference for planar adsorption onto the surface of Pt, thus
blocking active sites for other processes. The high adsorption
energy of phenols made this process more likely to occur at
higher temperatures. Similarly, Sajiki and co-workers
observed deactivation in the processing of phenolic
compounds over Ru/C, due to a coordination of either the
lone pairs of the OH groups, or the n-electron systems of the
aromatic ring to the metal.”® To better understand the role of
the phenol and the terpenoid ring on the deactivation, we
studied a simpler system comprising and
resorcinol.

Deactivation in the hydrogenation of limonene and
resorcinol as surrogates of CBD. To assess the possible
influence on deactivation of the two constituents of CBD, i.e.
the aromatic and the terpenoid fragments, we utilized the
additive approach pioneered by Collins and Glorius, where
the constituents of a complex molecule can be studied using
simpler surrogate compounds, so-called additives, to

limonene

This journal is © The Royal Society of Chemistry 2025
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Scheme 3 Hydrogenation of limonene (10) to p-menthene (11),
trans-p-menthane (12) and cis-p-menthane (13), with or without
resorcinol (14).

decouple their impact.’>*" We selected limonene and

resorcinol as our two additives (Scheme 3).>> A solution of
limonene and one containing both limonene 10 and
resorcinol 14 were hydrogenated over a Pt/alumina CSM at 60
°C and 100 °C, 20 barg and within a short residence time (51
s), thereby avoiding full conversion (Fig. 9). Resorcinol
remained unaffected during the process. Limonene instead
converted preferentially into mixtures of p-menthene and
p-menthane, with the two isomers of p-menthane forming in
equal amount. These results were in good agreement with
those obtained by others.>*>* A cis to trans ratio of 1, when
compared to the larger preference for cis-H4CBD in the
hydrogenation of CBD, suggested that the presence of the
aromatic ring either sterically hindered the interaction of
CBD with the catalyst surface, or promoted a phenol-
mediated adsorption of CBD onto the surface that favored
the cis isomer. This result would be compatible with the
faster decrease in the concentration of cis-H4CBD compared
to that of trans-H4CBD, which was earlier described.
Interestingly, for the hydrogenation of a solution of
limonene alone, linear deactivation was observed at both
low and high temperatures. This finding suggested that the
aromatic ring was not solely responsible for deactivation
and that most likely internal mass transfer limitations
influenced the catalyst at high temperatures. When the
temperature rose, the hydrogenation of limonene occurred
mostly at the outlet of the pores, thus involving a smaller

surface of the catalyst than that available at lower
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Fig. 9 Composition profiles for the hydrogenation of limonene over
Pt/alumina (1 CSM). (a) No resorcinol, 60 °C. b) No resorcinol, 100 °C.
c) With resorcinol, 60 °C. d) With resorcinol, 100 °C.
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temperatures. A stronger coordination of the molecule with
the surface increased the covering and therefore slowed
down the conversion, thus deactivating the catalyst. This
deactivation therefore affected the slower conversion of
p-menthene to p-menthane more than that of limonene to
p-menthene as can be seen from Fig. 9. This resembled the
fast deactivation of H2CBD to H4CBD we observed for CBD.
When resorcinol was added to the solution of limonene, we
observed that the conversion of limonene to p-menthene
was more affected than that of p-menthene to p-menthane.
This observation was compatible with a competition
between limonene and resorcinol for the catalytic sites, as
suggested by Sajiki and co-workers.”” In the presence of
resorcinol, the amount of p-menthane formed dropped on
the fresh catalyst at 100 °C more than it occurred when
resorcinol was not inserted (from 29% to 14%). This
suggested that the coordination of resorcinol with the
catalytic sites increases at higher temperatures and
therefore impacts on the conversion of p-menthene to
p-menthane. At lower temperature this effect was less
pronounced enabling a larger availability of the catalyst
surface. We can conclude that, for CBD, deactivation was
caused by a lower usage of the catalyst surface at higher
temperatures, by a concomitant decrease in the active
surface due to the accumulation of starting material and
product through the phenol ring onto the surface over time
and by a coordination of CBD with the surface through the
aromatic ring, which disfavors the conversion of H2CBD to
H4CBD.

a)

Conversion: 97%

Selectivity: 93%

Yield: 90%

Throughput: 3.3 g/h
CsHyy

60°C, 11 bar, 215 s

Pt/alumina
(poisoned)

H2CBD (2)

CBD (1)

CaHas Conversion: >99%
Selectivity: 95%
Yield: 95%
cis:trans: 4.8
Throughput: 1.2 g/h

cis-HACBD (3)

80°C, 20 bar, 544 s

Pt/alumina OH

HO CsHiq
trans-H4CBD (4)

b)

From 5:
Conversion: >99%
Selectivity: 98%
Yield: 98%
R:S:2.4
Throughput: 1.6 g/h

CsH

>:\O CsH1q
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1

9 80°C, 20 bar, 408 s
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OH
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>\0 CsHyy Throughput: 1.7 g/h
Coftn (9S)-HHC (8)
AB-THC (6)
Scheme 4 Summary of the optimized conditions for the

hydrogenation of the cannabinoid derivatives: a) CBD to H2CBD and
(cis and trans) H4CBD; and b) A®-THC and A°-THC to (9R and 9S)
HHC.
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Conclusions

We investigated the hydrogenation of CBD, A®THC and
A°-THC over different metal-coated CSMs, namely Pd-
electroplated, Pd/alumina, Pt/alumina and Ru/alumina. We
observed that Pd-electroplated and Pd/alumina, despite
their high activity for the conversion of CBD into H4CBD,
resulted in the formation of impurities. Ru/alumina
provided moderate activity, but was prone to deactivation
and the reproducibility was poor. Pt/alumina displayed the
highest activity and selectivity for both CBD and THC
hydrogenation, providing that the temperature did not
exceed 80 °C. The optimized conditions and performance
metrics for the hydrogenation of CBD to H2CBD and
H4CBD, and for A®THC and A°THC to (9R)-HHC and
(9S)-HHC are shown in Scheme 4. We observed that a
linear deactivation rate for the catalyst was observed at
temperatures above 80 °C for CBD hydrogenation. The
deactivation was linked to a lower use of the catalyst
surface at higher temperatures due to internal mass
transfer limitation. In addition, a decrease in the available
catalyst surface was observed due to the accumulation of
starting material and product through the phenol ring
onto the surface. However, we identified that the removal
of the CSM and washing of the catalyst surface with
acetone provided close to full recovery in the catalytic
activity. We showed that it was possible to use partially
deactivated Pt/alumina CSMs to selectively and consistently
produce H2CBD. We also fitted the multistep reaction
kinetics for the hydrogenation of CBD in flow, including
consideration of the catalyst deactivation. Overall, the
results showed that Pt/alumina CSMs are a viable
technology for the continuous-flow selective preparative-
scale synthesis of hydrogenated cannabinoids. We believe
these results will increase interest in utilizing such CSM
technology in active pharmaceutical ingredient synthesis
and manufacture. Even though the conditions must be
finely tuned to avoid either the formation of side products
or deactivation of the catalysts.
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