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A two-step continuous flow oxidation procedure is presented for the preparation of Etrinabdione, a can-
nabidiol quinone derivative. Etrinabdione is currently undergoing clinical trials for the treatment of peri-
pheral artery disease. Both steps described herein utilize molecular oxygen as a green and inexpensive
stoichiometric oxidant. Initially, the two-steps were optimized separately. The first step is a very fast oxi-
dation process to form quinonoid derivative HU-331 and includes an in situ quench for the safe handling
of peroxy intermediates. The second step is a segmented flow oxidative amination to afford Etrinabdione.
The two steps can be run either separately or telescoped by incorporating a gravity-based continuous
separation. The two steps were telescoped to afford Etrinabdione in 98% yield. The process mass intensity
(PMI) was significantly reduced when compared to an existing batch protocol. The second step was also
adapted for the preparation of two additional cannabidiol quinone analogs. The described protocol sig-
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nificantly improves the efficiency, safety and scalability when compared to existing batch protocols.

1. We develop a two-step continuous-flow synthesis of cannabinoquinone derivatives from cannabidiol. O, is used as a sustainable and efficient oxidant

source and the use of flow facilitates its safe handling.

2. Calculation of the PMI for the newly defined procedure and previous literature batch protocols. The yield is very high and the PMI for the telescoped
sequence corresponds to a reduction in the PMI of 97% from existing reported procedures.
3. Future research would examine the associated challenges with scaling-up to larger flow equipment.

Introduction

Compounds bearing the quinone motif have been widely
investigated and are currently used in a number of active
pharmaceutical ingredients (APIs)."* In general, these com-
pounds display high biological activity, and have found appli-
cations as antibiotics and for the treatment of certain
cancers." However, compounds bearing this quinone motif
often have considerable side effects, such as heart toxicity,
which limits their use.>* Recent research has focused on iden-
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tifying derivatives that display promising therapeutic pro-
perties along with minimal side effects.

The quinone motif is found in semisynthetic compounds,
see Fig. 1b, which can be prepared from naturally occurring
cannabinoids. Natural products, such as cannabidiol (CBD, 1),
AB-tetrahydrocannabinol (A®-THC) and cannabinol (CBN), can
be extracted from the cannabis plant (Fig. 1a). One of the
semisynthetic compounds, HU-331 (2), exhibits potent anti-
neoplastic activity in vivo, and is currently being investigated
for its anticancer activity.” In addition, HU-331 (2) was also
found to inhibit topoisomerase II catalytically, without causing
damage to DNA strains or producing a reactive oxygen
species.® This mode of action avoids many of the side effects
observed for other quinone-based compounds.

In 2007, O’Sullivan reported that phytocannabinoids, such
as THC and CBD (1), bind and activate peroxisome prolifera-
tor-activated receptors (PPARs).” PPAR-y are known to be
involved in inflammatory processes, and these receptors have
been shown to be activated by natural and synthetic cannabi-
noids. Thus, PPAR-y are an ideal target for the treatment of
neuroinflammatory diseases.® In 2012 Mufioz and co-workers
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Fig. 1 (a) Natural products extracted from the cannabis plant; (b) semi-
synthetic cannabinoids.

reported an increase in binding activity to PPAR-y for the oxi-
dation products, HU-331 (2) and cannabigeroquinone (CBGQ),
over their non-oxidized counterparts, CBD (1) and cannabi-
gerol, respectively.® Unfortunately, HU-331 (2) proved to be
thiophilic and rather unstable towards oxidative dimerization,
which completely removed any activity in vivo. To render
HU-331 (2) more stable, the group of Mufoz utilized its high
electrophilicity and introduced a range of different amines
onto the unsubstituted position in the quinone.'® The fully
substituted amine derivatives (VCE-004.1-14) were demon-
strated not to dimerize and did not exhibit any thiol trapping
activity as shown for HU-331 (2) in a cysteamine-recovery
assay.'" Etrinabdione, VCE-004.8 (3a), the benzylamine deriva-
tive, was shown to be the most promising compound for
activity toward PPAR-y and cannabinoid receptor type 2 (CB,)
pathways. Recent studies have demonstrated that Etrinabdione
activates the AMPK/Sirt1/eNOS pathway in a
PP2A/B55a-dependent manner, effectively preventing endo-
thelial cell damage and senescence.'? Additionally, it promotes
arteriogenesis and angiogenesis, highlighting its potential for
vascular protection and regeneration.
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Etrinabdione (3a) has been investigated for its ability to
prevent diet-induced obesity,"? sclerodermia'® and multiple
sclerosis (MS),"”> adult and neonatal stroke,"®'” traumatic
brain injury,'® and critical limb ischemia."? Etrinabdione is
currently in phase 2a clinical trial in Spain for the treatment
against peripheral artery disease.'® Thus, there is considerable
interest in developing a scalable synthetic route for the syn-
thesis of Etrinabdione (3a) via HU-331 (2) from the natural
product CBD (1).

HU-331 (2) was first synthesised via batch aerobic oxidation
of CBD (1) in the presence of KOH in alcoholic media, either
ethanol (EtOH) or methanol (MeOH), with air as the oxidant
source (Scheme 1a).”> The purple color produced is used to test
for the presence of cannabinoids, and is commonly known as
the Beam test.>® The reaction proceeds in relatively poor yield
(20%) due to the reactive electrophilic position at the unsubsti-
tuted carbon undergoing side reactions. The reaction of CBD
(1) to form HU-331 (2) was further improved to 74% yield by
using potassium tert-butoxide (KOtBu) as a non-nucleophilic
base instead of an aqueous KOH solution (Scheme 1b)."® The
use of KO¢Bu was shown to be superior to KOH because no
side products were formed. This approach, however; suffers
from the low solubility of the KOtBu in toluene (PhMe) result-
ing in very high dilution of CBD 1 (0.044 M in PhMe). The
batch protocols required purification by column chromato-
graphy to provide the necessary product purity.

The conversion of HU-331 (2) to Etrinabdione (3a) was
achieved via treatment of 2 with a very high excess of benzyla-
mine (40 equiv.) and subsequent oxidation with air to afford
3a in 66% yield after purification by column chromatography
(Scheme 2).*°

The batch protocols described above rely on vigorous stir-
ring of the reaction solutions within an air-opened flask. This
mode of operation is impractical at larger scales due to safety
and scalability challenges. Historically, the pharmaceutical
sector have been reliant on multipurpose batch reactors for

(a) First batch synthesis of CBD (1) to HU-331 (2)

KOHyq, air

EtOH,0°C,3h

CBD (1) HU-331 (2)

20%

(b) Improved batch synthesis of CBD (1) to HU-331 (2)

KOtBu, air

toluene, 4h, r.t.

CBD (1) HU-331 (2)

74%

Scheme 1 (a) First reported synthesis of HU-331 (2) via aerobic oxi-
dation of CBD (1) in the presence of KOH; (b) improved batch synthesis
of HU-331 (2) from CBD (1) using KOtBu.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc01304f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 25 1404. Downloaded on 23/01/1405 04:52:31 ..

(cc)

Green Chemistry

40 equiv BnNH,
air

EtOH, RT
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Scheme 2 Synthesis of Etrinabdione (3) via treatment of 2 with a large
excess of benzylamine and subsequent aerobic oxidation with air.

manufacture of APIs.>' Multiphase batch reactions often suffer
from mass transfer limitations due to the reduction in surface-
to-volume ratio with increase in batch reactor size.”* Studies
have successfully demonstrated that mass transfer can be
enhanced within small scale flow devices due to the high inter-
facial area between the gas and liquid phases providing a high
surface-to-volume ratio.”>>* Henry’s law states that the solubi-
lity of a gas increases as a function of pressure, thus increasing
the pressure is often used to increase the concentration of gas
in the liquid phase. A standard commercial batch reactor can
typically operate only up to 6 bar. If a higher pressure is
needed, then a more specialized and expensive batch vessel is
required.

Over recent years, there has been a paradigm shift to con-
tinuous flow technologies with their use for API manufacture
encouraged by the US Food and Drug Administration.>* This
shift is driven by the increased need for improved sustainabil-
ity, higher product quality, improved safety and more cost
effective API manufacture.”® Continuous flow reactors have
been demonstrated to provide precise parameter control,
improved mixing, and safer handling of hazardous chem-
istry.”® The safer handling of hazardous reagents and inter-
mediates is possible in flow because a small inventory is pro-
cessed at any one time.”” Continuous processing has been
demonstrated to improve the process efficiency, in terms of
mass, energy, space, and time - due to the enhanced heat and
mass transfer, precise residence time control, shorter process
times, better product quality, smaller footprint and facile
scalability.**° Vilé and co-workers performed techno-econ-
omic analyses (TEA) and life-cycle assessments (LCA) for seven
industrially relevant APIs. The results showed that continuous-
flow processes were significantly more sustainable than batch
with improvements in energy efficiency, water consumption,
and waste reduction.*"

Oxygen is perhaps one of the greenest and inexpensive
reagents available to the organic chemist, but it is underuti-
lized within API manufacture due safety concerns.>
Concentrations of O, in N, below 10% are generally used in
batch pharmaceutical manufacturing to prevent the risk of
combustions in the presence of flammable organic solvents
(“limiting oxygen concentration”).>® However, higher concen-
trations have been demonstrated to be inherently safe through
the application of flow technologies.*® Recently, there have
been examples presented where pure oxygen was safely used

This journal is © The Royal Society of Chemistry 2025
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instead of synthetic air for API synthesis, with significant
improvements in product yield and process efficiency
obtained.” In addition, potentially explosive peroxy radicals
are often formed in oxidation reactions, within a continuous
flow environment these can be formed in very small quantities
at any one time and quenched in situ.

Results and discussion

One of the limitations of the batch oxidation of CBD (1) to
HU-331 (2) reported by Muiloz and co-workers was the low
solubility of the KOtBu in PhMe, thus causing a high dilution
of CBD (1) to be necessary (0.044 M).'® This high dilution
results in a very high process mass intensity (PMI) (kg raw
materials per kg product) of 787. To circumvent this problem,
we commenced our investigation by considering a more appro-
priate solvent system for this reaction type by considering the
nucleophilicity, solubility of the base, stability against oxi-
dation and inherent greenness of the solvent. KOtBu displays
high solubility in tetrahydrofuran (THF) and tert-butanol
(tBuOH).*® Unfortunately, the use of THF as a solvent is dis-
couraged due to the high energy requirements for its pro-
duction.?” In addition, the use of THF is avoided for reactions
employing oxidants because THF readily forms explosive per-
oxides. tBuOH is generally considered a green solvent,*”
however; its high melting point of ~26 °C can make it difficult
to handle due to it freezing to form a solid at room tempera-
ture (e.g., tBuOH can freeze inside pumps). In 2013, Ley and
co-worker reported a continuous flow oxidation process using
a solvent mixture of tBuOH and PhMe (6:1 = v:v), which
ensured that the solvent remained as a liquid.*® Based on this
report we evaluated the solubility of KOtBu and CBD (1) within
this solvent mixture (Table 1). Gratifyingly, both KOtBu and
CBD (1) were soluble within tBuOH/PhMe (6:1) at concen-
trations above 1 M, therefore this solvent mixture was used for
all experiments described herein.

Initially, we attempted a 1 mmol scale batch oxidation of
CBD (1) to HU-331 (2) by using a 1 M solution of 1 in {BuOH/
PhMe (6:1) and 2.7 equiv. of KOtBu within a vigorously stirred
air-opened flask at room temperature. To our delight, quanti-
tative conversion of 1 and 89% yield was achieved within
40 min reaction time. The conversion of 1 dropped to 50%
when a 1 min reaction time was used. With these initial
results in hand, we envisioned that the utilization of continu-
ous flow technology could improve the inherent safety, control

Table 1 Solubility of KOtBu and CBD in PhMe, tBuOH and tBuOH/
PhMe

Compound  PhMe* ¢tBuOH? ¢tBUOH/PhMe (6:1)°
KOtBu 0.17 M (ref. 37) 1.26 M (ref. 37) 1.2 M°
CBD >1M 0.5M >1M

“Measured at 25 °C. ? Measured at 30 °C. “Full dissolution occurred
after stirring for 1 h at room temperature.

Green Chem., 2025, 27, 6787-6795 | 6789


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5gc01304f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 25 1404. Downloaded on 23/01/1405 04:52:31 ..

(cc)

Paper

over the process parameters and scalability of the oxidation.
When using pure O, reaction rate is substantially enhanced,
since O, is not competing with N, for dissolution in the liquid
phase and the process is less likely to be mass-transfer
limited.>® A further benefit of using pure O, in flow is that
smaller reactor unit volume is possible because there is a
lower gas contribution within the flow channel, thus providing
improved space-time yields (within diluted mixtures the
majority of gas present is N, and it is not consumed), thus
improving process efficiency.

For initial screening studies, we assembled the Modular
MicroReaction System (MMRS), equipped with a FlowPlate™
Lab reactor, see Table 2 and Fig. S1,f manufactured by Ehrfeld
Mikrotechnik.?® The system has been designed so that it can
be reconfigured depending on the particular application and
scaled in a facile manner.*” The feed solutions were intro-
duced by using sample loops and the liquid phases were
pumped by two HPLC pumps (Unigsis FlowSyn). Unless other-
wise stated, the feed solutions were comprised of: (1) 0.5 M
solution of CBD (1) in #BuOH/PhMe (6:1), and (2) 1 M solu-
tion of KO¢Bu in #BuOH/PhMe (6:1). The two liquid feeds
were pre-mixed within a T-piece prior to entering the reactor.
The T-piece also contained a pressure sensor for monitoring

Table 2 Optimization of reactions conditions for the oxidation of CBD
(1) to HU-331 (2) under flow conditions?

CBD (1)
in tBuOH/PhMe (6:1)

e
Oy

1 M KOfBu in HU-331 (2)
{BUOH/PhMe (6:1)
Reactor Flow rate Residence

Entry  volume [mL] [mMLmin™"]  time Conv. 1 [%}
1? 40 1 41 min >99
2 40 2 20.5 min >99
3 40 4 10.2 min >99
4° 40 4 10.2 min 93
5¢ 0.8 4 12's >99
6¢ 0.8 8 6s >99
7%¢ 0.2 2 65 83

“Unless otherwise stated, conditions: Feed 1: 0.5 M CBD in tBuOH/
toluene (6:1); Feed 2: 1 M KO¢Bu in tBuOH/toluene (6:1) with flow
rate ratio for Feed 1/Feed 2 = 1:1.05; 1.05 equiv. O, introduced by a
mass flow controller. The effluent was quenched into a vessel contain-
ing 0.5 M HCL. ?0.25 M CBD and 0.625 M KOtBu used. € 0.90 equiv. O,
used. “No PFA coil used. °T-piece used instead of micromixer.
f Analyzed by HPLC UV/VIS at 215 nm. 7 bar backpressure was applied.
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the system pressure. A FlowPlate™ reactor with a LL mixing
structure to facilitate enhanced mixing between the two
phases,** with a 0.24 mL internal volume, 0.2 mm minimum
channel width and 2 mm average channel width, was used. A
mass flow controller (Bronkhorst, EL-FLOW) was used for the
introduction of oxygen. Pure oxygen was introduced at an inlet
within the FlowPlate. Initially, a perfluoroalkoxy (PFA) tubular
reactor, with 40 mL internal volume and 1 mm internal dia-
meter, was installed after the LL mixing plate to enable access
to longer residence times. The system pressure was maintained
by a back pressure regulator (BPR, Zaiput) set to 7 bar. The
effluent was quenched into a flask containing an aqueous 0.5
M solution of HCL

The results from the preliminary flow screening are shown
in Table 2. The residence time could be reduced from 41 min
to 10.2 min without any loss in conversion (Table 2, entries 1
to 3). The reaction did not reach full completion when oxygen
was used in substoichiometric amounts (Table 2, entry 4),
which demonstrated the need for at least equimolar amounts
of oxygen in the system. We observed that the oxygen fully dis-
solved in the liquid phase within only a few seconds, which
indicated the rapid consumption of oxygen in the reaction.
Thus, the PFA tubular reactor was removed to enable access to
shorter residence times. The residence time could be success-
fully reduced to ~6 seconds within the LL mixing plate
without any loss in conversion (Table 2, entry 6). We were also
interested in assessing the mixing characteristics of the
system, a drop in conversion to 83% was observed when the LL
mixing plate was replaced with a T-piece and the same volume
of tubing (entry 7), which indicated the poor mixing properties
of the T-piece and that the reaction rate was limited by mass
transfer in this instance. The flow optimization was conducted
with only a small excess of oxygen (1.05 equiv.), so the reaction
becomes starved of oxygen towards the end of the reactor.
Therefore, at the beginning of the reactor there is a higher
oxygen concentration present while towards the end the con-
centration is very low, which improved the inherent process
safety at the outlet. In addition, the collection vessel was kept
under a stream N, and cooled within an ice batch to operate
below the flash point.

After the initial screening, we modified the flow setup to
the configuration shown in Scheme 3 and Fig. S2.f
Temperature and pressure probes were placed immediately
before and after the FlowPlate for inline process monitoring.
The feed solutions were introduced directly through the HPLC
pumps. The T-piece which had been used for pre-mixing the
two liquid feeds was replaced with a cascade mixer, which
mixes the two feeds by a split and recombine principle. There
were two different configurations used within the FlowPlate,
either the reaction solution was collected after passing
through 7 mixing elements (0.026 mL internal volume) at
outlet 3, or the reaction solution was collected after passing
through the entire FlowPlate, corresponding to 70 mixing
elements (0.24 mL internal volume) at outlet 7 (Fig. 2). The
effluent was quenched into a flask containing 0.5 M aqueous
HCI after passing through a coil with a volume of 1.2 mL.

This journal is © The Royal Society of Chemistry 2025
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0.5M CBD (1) in
PhMe/tBuOH (6:1) T, [°C] p1 [bar]

O— L I

T, [°C] p [bar]
Feed 1

; BPR
1M KOtBu in Cascade HU-331
PhMe/tBUOH (6:1) [©25C2 ‘l—L(X - 2

7.5 bar

Feed 2

Scheme 3 Continuous flow setup for the oxidation of CBD (1) to
HU-331 (2). Conditions: Feed 1: 0.5 M CBD (1) in tBuOH/PhMe (6:1);
Feed 2: 1 M KOtBu in tBuOH/PhMe with flow rates for Feed 1/Feed 2 =
2:2.1 mL min~%; 1.05 equiv. O, introduced through a mass flow control-
ler. 7.5 bar backpressure was applied. The effluent was quenched into a
vessel containing 0.5 M HCL.

Outlet 7

70 mixing elements

Fig. 2 Liquid/liquid (LL) mixing structures

(representative
Temperature was measured before inlet 1 and after outlet 3 or 7. Oxygen
was introduced via inlet 2.

image).

We were interested in investigating the exothermic nature
of the transformation in a steady state flow experiment using
the conditions shown in Scheme 3, either using outlet 3 or
outlet 7. We observed an average temperature difference of
6.2 °C when outlet 3 was used. This rapid increase clearly
demonstrates the highly exothermic nature of the reaction. In
contrast, when outlet 7 was used an average temperature differ-
ence of 1.5 °C was observed. The smaller temperature differ-
ence at outlet 7 can be explained by heat dissipation occurring
over the entire surface of the FlowPlate. Furthermore, a
gradual increase in temperature over operation time was
observed (see Fig. S3 and S41). The conversion dropped to
93% when 7 mixing elements were used (outlet 3). Multiphase
reactions that occur in such a short time are typically highly
mass transfer limited under certain conditions which can
make them difficult to scale.?® A scale-out experiment was suc-
cessfully conducted over 19.4 min operation time by using the
same conditions as shown in Scheme 3 and through utiliz-
ation of the full length of the flow plate (70 mixing elements,
outlet 7) to afford HU-331 (2) in 99.4% isolated yield.

Our hypothesis for the mechanism of this transformation is
through the formation of dipotassium salt 4 by the deprotona-
tion of 1 by KOtBu, and subsequent addition of oxygen to give
the peroxy intermediate 5 (Scheme 4). The reactive intermedi-

This journal is © The Royal Society of Chemistry 2025
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KOtBu, O,
(0]
CBD (1) HU-331 (2)
KOtBu Hel
OK
D 0,
b T
[ KO KO
4 O

KO~
5

Scheme 4 Proposed mechanism for the oxidation of CBD (1) to 2 using
KOtBu as base.

ate 5 is then quenched by acid to form the desired product 2.
This mechanism is supported by investigations conducted by
Musso on similar compounds.** Peroxy compounds need to be
handled with care, and if possible quenched in situ, because of
their potential to undergo explosive decomposition.

To address the issue associated with the accumulation of
the hazardous peroxy intermediate 5, we selected to incorpor-
ate an inline quench consisting of aqueous HCI. The quench
stream was introduced by a syringe pump (HighTec Zhang
Syrdos) at inlet 5 within the LL mixing structure (Fig. 2 and 3).
This resulted in a reduction in reactor volume available for the
oxidation step (165 pL), thus the flow rates were lowered
accordingly to allow for a sufficient residence time for satisfac-
tory conversion values resulting in a slight reduction through-
put. We also selected to increase the applied back pressure to
10 bar to ensure complete dissolution of oxygen within the
liquid phase. The amount of base displayed no apparent influ-
ence on the conversion under the range explored (Table 3,
entries 1-3). The oxidation reaction provided >99% conversion
within 4.4 s residence time (Table 3, entry 5). The quenching
of the reaction solution could be accomplished with 2.5 equiv.
of aqueous HCI with a concentration of either 1 M, or 0.5 M

Fig. 3 Image of the continuous fow oxidation of CBD (1) to HU-331 (2)
with an inline quench by aqueous HCI solution. The first part of the
reaction was a purple color. The color change from purple to orange
indicated quenching of reactive intermediate 5.

Green Chem., 2025, 27, 6787-6795 | 6791
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Table 3 Optimization of reactions conditions for the oxidation of CBD
(1) to HU-331 (2) with a reactor volume of 165 pL with the remaining
volume used for the quench?

Feed 1 low Feed 2 flow KOtBu Residence Conv. 1
Entry rate [mL min~"] rate [mL min~"] [equiv.] time[s]  [%]
1 1.95 2.05 2.1 2.5 83
2 1.90 2.10 2.2 2.5 87
3 1.80 2.20 2.44 2.5 85
4 1.35 1.40 2.04 3.6 93
52 110 1.15 2.09 44 >99 (>99)

% Conditions: Feed 1: 0.5 M CBD in ¢BuOH/toluene (6:1); Feed 2: 1 M
KOtBu in tBuOH/toluene (6:1); Feed 3: 1 M HCI with a flow rate of
2.5 mL min~%; 1.05 equiv. O, introduced through a mass flow control-
ler. Conversion was measured by HPLC UV/VIS at 215 nm. Isolated

yield given in parentheses. ” 0.5 M HCl was introduced into the micro-
reactor with a flow rate of 2.7 mL min~".

HCI at double the flow rate. 0.5 M aqueous HCI was preferred
because the subsequent phase separation was superior. The
quenching of the peroxy intermediate 5 was observed via a
color change from deep purple to orange (Fig. 3).

The identified optimized conditions were used in a long
run for 3 h operation time to afford HU-331 (2) in 99% isolated
yield (31.5 g) after simple phase extraction and solvent evapor-
ation, which corresponded to 94.4 mmol of product over the
3 h collection period (31.6 mmol h™" or 10.5 g h™"). This
resulted in a calculated space-time yield of 43.8 kg (L h)™,
based on the combined volume of 0.24 mL for the reaction
and quench steps.

Subsequently, we turned our attention to investigate the
second step, the oxidative amination of HU-331 (2) with ben-
zylamine to form Etrinabdione (3a). The published batch pro-
tocol involves the treatment of 2 (0.5 M in EtOH) with 45
equiv. of benzylamine vigorously stirred within an air-opened
flask for 18 h (Scheme 2). We were able to reproduce the batch
protocol to synthesize 3a in 89% yield. The mechanism for the
formation of 3a most likely proceeds via the nucleophilic
addition of benzylamine to the unsubstituted position of 2 fol-
lowed by reoxidization of the resulting enol using air to the
para-quinone 3a. The nucleophilic addition is probably the
rate-determining step. For the optimization of the reaction, we
assembled a flow system similar as for the first step described
above. The feed solutions were comprised of: (feed 1) 0.5 M
solution of HU-331 (2) in EtOH, and (feed 2) neat benzylamine
(9.15 M). Initially, 2 equiv. of oxygen were used.

We commenced our screening by evaluating the influence
of the equivalents of benzylamine on conversion. Surprisingly,
by using only 10 equiv. of benzylamine at 20 °C was sufficient
to achieve a conversion of 32% within 1.8 min of residence
time. Increasing to 40 equiv. of benzylamine resulted in 58%
conversion (Chart 1) within the same residence time. To mini-
mize waste, we selected to optimize the transformation with 10
equiv. of benzylamine. The residence time was extended by
increasing the volume of the reactor by adding a capillary
reactor (8 mL) after the FlowPlate™ to provide a total volume
of 9.6 mL, corresponding to a residence time of 10.6 min.

6792 | Green Chem., 2025, 27, 6787-6795

View Article Online

Green Chemistry

g

2]
o

[=2)
o

N
o

e

5 15 25 35 45
Benzylamine [equiv]

Conversion [%]

N
o

o

Chart 1 Influence of equivalents of benzylamine used on conversion

of 2. Conditions: Feed 1: 0.5 M HU-331 (2) in EtOH; Feed 2: 9.15 M ben-

zylamine with a total flow rate of Feed 1 + Feed 2 = 0.9 mL min™%;

reactor volume = 1.6 mL; 2.0 equiv. O, introduced by a mass flow con-
troller. 13 bar back pressure were applied. Conversion measured by H
NMR and HPLC UV/VIS at 250 nm.

Under these conditions, a side reaction was identified, corres-
ponding to the oxidation of benzylamine to benzylimine,
which then subsequently hydrolyzed to benzaldehyde within
the quench (Scheme 5). The highest conversion of 2 was
achieved when 1.5 equiv. of oxygen was used, but the equiva-
lents of oxygen appeared to have minimal influence over benz-
aldehyde formation (Chart 2).

Since our goal was to telescope the first and the second
reaction step without isolating in-between the stages, we
attempted the transformation with tBuOH/toluene (6:1) as a
solvent replacement for EtOH. Gratifyingly, >99% conversion
was observed, and the formation of benzaldehyde was almost
completely suppressed (<larea%). Decreasing to 5 equiv. of
benzylamine resulted in a drop in conversion to 87% (Table 4,

Scheme 5 Oxidation of benzylamine with molecular oxygen and sub-
sequent hydrolysis to benzaldehyde with diluted HCL.

H,0, H*

8

00
o

./'_‘\

o2}
o

HPLC Area [%]
3

N
o

——

o

0 4

2 3
Oxygen [equiv]

—&—Conversion [%] —&— Benzaldehyde [area%]

Chart 2 Influence of equivalents of oxygen used on conversion of 2
and benzaldehyde formation. Conditions: Feed 1: 0.5 M HU-331 in
EtOH; Feed 2: 9.15 M benzylamine with flow rates for Feed 1/Feed 2 =
0.58:0.32 mL min~%; reactor volume = 9.6 mL; O, introduced through a
mass flow controller. 13 bar back pressure were applied. Conversion
measured by HPLC UV/VIS at 250 nm.
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Table 4 Optimization of reaction conditions for the amination of
HU-331 (2) to Etrinabdione (3a) under flow conditions®

0
HU-331 (2)
0.5 Min tBuOH/PhMe (6:1) T4 [°C]

O

p1 [bar]

| T, [°C]

p2 [bar]

Feed 1
Cascade [
mixer

RNH, <>—

Feed 2

Capillary

3aR=Bn 99%
3b R =Pr95%

3cR=Me 95%

Reactor Residence time  Temperature Conv. 2
Entry volume [mL] [min] [eC] [%]
1 9.6 10.6 20 87
2 11.6 12.9 20 90
3 11.6 12.9 30 >99
4° 11.6 10 30 >99 (99)
5° 11.6 10 30 >99 (95)
6° 11.6 10 30 >97 (95)

Conditions: Feed 1: 0.5 M HU-331 in EtOH; Feed 2: 9.15 M

benzylamine with flow rates for Feed 1/Feed 2 = 0.58:0.32 mL min™%;

1.5 equiv. of O, introduced through a mass flow controller. 13 bar
back pressure were applied. The effluent was collected into a vessel
containing H,0. Conversion measured by HPLC UV/VIS at 250 nm.
Isolated yields given in parentheses. “ Feed 1/Feed 2 = 0.75:0.41 mL
min~'. ?Feed 1: 0.5 M HU-331 in ¢tBuOH/toluene; Feed 1/Feed 2 =
0.75:0.41 mL min~". “Feed 1: 0.5 M HU-331 in tBuOH/toluene; Feed
1/Feed 2 = 0.95: 0.25 mL min ™.

entry 1). Through further increase of the residence time and
temperature, we were able to further increase the conversion
(Table 4, entries 2 and 3). We could successfully operate this
optimized flow procedure (Table 4, entry 4) over a 2 h oper-
ation time to afford Etrinabdione (3a) in 99% isolated yield
(19.4 g, 45.0 mmol, 9.7 g h™"). This result corresponds to a
space-time yield of 0.836 kg (L h)™", based on the volume of
11.6 mL. Furthermore, we demonstrated that the protocol
could be successfully applied for different amine nucleophiles
with the methyl derivative 3b and propyl derivative 3¢ both iso-
lated in 95% yield.

Subsequently, we examined the possibility of telescoping
the two reaction steps into one reaction sequence without iso-
lation or purification in-between. Initially, we evaluated the
possibility of using a membrane-based liquid-liquid separator
for separation of the organic and aqueous feed after the first
step.”> However, we found that a membrane separation
resulted in very poor separation of the phases, because tBuOH
acts as a surfactant between the aqueous and organic phases.
Thus, we opted for a gravity-based continuous separation
approach by adapting Dean-Stark apparatus, see Scheme 6 for
details. The concentration of HU-331 (2) in the organic phase
was determined to be 0.21 M. The decrease in concentration
from the expected 0.24 M was accounted due to some water
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Scheme 6 Continuous separation of phases using a Dean—Stark appar-
atus for telescoping the preparation Etrinabdione (3) from CBD (1).

partitioning into the organic phase. Thus, the flow procedure
was adapted for the oxidative amination step to account for
the lower concentration. The second step for the telescoped
sequence was operated over 30 min. The presence of water
within the second step did not have a significant influence the
reaction outcome with Etrinabdione (3a), which was isolated
in 98% yield after phase extraction and solvent evaporation.

Finally, we were interested in assessing the greenness of
our flow approach compared with the original batch procedure
by Mufioz. Both the batch protocols required purification by
column chromatography, however; in the case of the flow pro-
tocols only a simple solvent extraction was necessary. The
product yields obtained were improved for the first and second
reaction steps from 74% and 56% respectively for the batch
protocol by Muiloz to virtually quantitative yields obtained for
the flow protocols. We compared the process mass intensity
(PMI) from the patented procedure by Mufioz'® (Table 5,
entries 1 and 2) with our flow processes (Table 5, entries
3-5).** For simplicity we did not include the solvents used in
the column chromatography in the batch protocols for the cal-
culation of the PMIs, thus our calculations were conservative
when considering the entire processing.

Table 5 Calculated PMI for the synthesis of HU-331 and Etrinabdione
in flow and batch

process mass intensity(PMI)
__ total mass in a process or process step(g)

mass of product(g)

Yield Reaction  Workup  Total
Entry  Process [%] PMI PMI PMI
1 HU-331-batch 74 224 563 787
2 Etrinabdione-batch 56 133 1723 1856
3 HU-331-flow >99 10.1 27.9 37.9
4 Etrinabdione-flow >99 16.6 45.6 62.2
5 Etrinabdione-tele 98 37.3 48.0 85.3
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The PMI was significantly reduced from 787 to 37.9 for the
oxidation of CBD (1) to HU-331 (2), and from 1856 to 62.2 in
the case of the oxidation of HU-331 (2) to Etrinabdione (3).
Moreover, the PMI of the telescoped approach was lower than
for the two separate flow stages, a PMI of 85.3 was achieved by
carrying forward the organic layer straight into the oxidative
amination. These results demonstrate that the established
flow protocols are substantially more sustainable and efficient
than the published batch protocols.

Conclusions

A two-step gas-liquid continuous flow aerobic oxidation proto-
col for the preparation of Etrinabdione from CBD was
reported. Etrinabdione is an API currently in clinical phase 2
trials for the treatment of peripheral artery disease. The utiliz-
ation of continuous flow technology enabled safer and more
scalable handling of pure oxygen when compared to using an
air-opened flask. In particular, the rapid and exothermic oxi-
dation of CBD to HU-331 could be carefully controlled within a
microreactor platform. PhMe previously used for the oxidation
of CBD was changed to a solvent mixture of tBuOH/PhMe
(6:1) allowing for a higher substrate and base concentration
to be used. The second oxidation step was also developed to
use the same solvent mixture to allow for efficient reaction tel-
escoping. Purification by column chromatography was no
longer necessary for the flow protocols because the products
were obtained in very high yield and purity after a simple
extraction procedure. The PMI for the telescoped sequence cor-
responded to a reduction in the PMI of 97%. The new two-step
flow protocol represents a significant improvement in terms of
safety, scalability, sustainability, reagent cost and atom
economy. The developed process will be particularly important
into the future as Etrinabdione becomes increasingly used in
the clinic.
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