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Combined chemoenzymatic strategy for sustainable continuous
synthesis of the natural product hordenine

Stefania Gianolio,? David Roura Padrosa? and Francesca Paradisi®*

To improve sustainability, safety and cost-efficiency of synthetic methodologies, biocatalysis can be a helpful
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ally. In this work, a novel chemoenzymatic stategy ensures the rapid synthesis of hordenine, a valuable
phenolic phytochemical under mild working conditions. In a two-step cascade, the immobilized tyrosine

decarboxylase from Lactobacillus brevis (LbTDC) is here coupled with the chemical reductive amination of
tyramine. Starting from the abundant and cost-effective amino acid L-tyrosine, the complete conversion to
hordenine is achieved in less than 5 minutes residence time in a fully-automated continuous flow system.
Compared to the metal-catalyzed N,N-dimethylation of tyramine, this biocatalytic approach reduces the
process environmental impact and improves its STY to 2.68 g/(L-h).

Introduction

Hordenine  (4-(2-dimethylaminoethyl)phenol) is a phenolic
phytochemical named after the genus of malting Barley (Hordeum
vulgare), where it is mainly present.! This natural product, also
known as anhaline, peyocactine or N,N-

dimethyltyramine (Figure 1), is part of our diet through the

eremursine,

consumption of edible plants, fruits and herbs.2™ Significant effort
has been dedicated to elucidate its biological activity and
pharmacological potential.>~2 However, despite growing evidence of
its beneficial role on human health, the exact mechanism of action is
still unclear and research on human models is limited to investigating
its biokinetics and metabolism.!3 To date it is known that hordenine
displays neurological activity since it can cross the blood-brain
barrier (BBB), and acts as an agonist of the dopamine D2 receptor,
with an influence on the central dopaminergic pathways linked to the
reward system.* In parallel, during the last 20 vyears, the
nutraceutical industry has gone through an astonishing evolution
broadening the plethora of molecules from natural origin on the
market. While numerous compounds have an established place
among the food ingredients with proven health benefits
(antioxidants, flavonoids, vitamins, fish oil preparations etc.), many
other molecules with interesting properties are not yet categorized
as nutraceuticals. A limitation in exploring new dietary supplements
is often the capacity to produce these compounds in an economically
sustainable process matching the required strict regulations, with
minimal environmental impact. In October 2021, Hordenine has
been removed from the FDA "Ingredient Advisory List" and
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recognized as a new dietary ingredient (NDI), opening the possibility
of incorporating this natural product in nutritional supplements. As
aresult, its application in the pharmacological and nutraceutical
field is becoming highly relevant.

Hordenine production is achieved either by extraction from
natural resources!®> or via chemo catalytic methods.'®"1° The
extraction process requires a vast amount of chlorinated
solvent?%21 and does not represent a practical and efficient
approach due to the low yield and D value (distribution ratio, D

Csotvent

= ). The described chemical syntheses typically start from

Cwater

the biogenic aromatic amine tyramine (which carries a number
of biosafety hazards),?2 and involve high temperature and
pressure, as well as precious metal catalysts for the amine
methylation step. More recently, an iron-based catalyst has
been used which, while it eliminates the need of high hydrogen
pressure, still requires temperatures above 1002C and a
reaction time of 24 h.17

/@/\/N\
HO

Figure 1 Chemical structure of hordenine.

Here, we present the synthesis of hordenine starting from
abundantly available natural amino acid L-tyrosine, achieved with an
innovative combined chemoenzymatic system that simultaneously
improves safety, sustainability and economic efficiency. The in situ
(bio)generation of tyramine eliminates the risks associated with
handling this reagent which is then directly chemically converted to
the final product. The integration of biocatalytic steps within
traditional synthetic pathways is essential to validate biocatalysis as
a versatile and complementary chemical tool. The number of
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chemoenzymatic strategies in the fine chemical manufacturing has
indeed increased steadily,232° and it is clear that when enzymatic
steps can be smoothly integrated, the process sustainability greatly
increases.3%3! However, compatibility between biocatalysis and
is often a significant challenge and the

hybrid with
chemocatalysts is predominantly confined to batch processes.32-34

organic chemistry

implementation  of cascades enzymes and
To tackle these problematics, the synergy between immobilized

biocatalysts and flow chemistry offers the possibility to
compartmentalize biocatalytic steps within complex synthetic
planning.3>3° Flow bioreactors represent a prominent process
innovation to intensify high-value compound production by
exploiting their modularity, compartmentalization, reactor
versatility, and customization. They can be equipped with real-
time monitoring and in-line work-up systems, minimizing
energy consumption and manual intervention as a result of
process automation. Several examples have been reported on
the synthesis of complex molecules which can be achieved with
high efficiency and increased sustainability, successfully
assembling fully enzymatic cascade reactions in continuous
mode, mimicking biosynthetic pathways or, albeit yet less
established, combining chemoenzymatic reactors in line.4%4! By
compartmentalizing each step in separated flow reactors, we
designed a simple chemoenzymatic cascade in continuous flow
mode (Figure 2), obtaining hordenine as a valuable natural

product.

o
Step 1 Step 2

l
OH /©/\/NH2 — /@/\/N\
NH, ;
HO CO, HO HO

L-Tyrosine Tyramine Hordenine

Figure 2 Hordenine production via biocatalytic decarboxylation (step
1) and reductive amination (step 2)

The naturally abundant starting material L-tyrosine is here
tyramine by the tyrosine
decarboxylase from Lactobacillus brevis (LbTDC)*2, and then a

converted into immobilised
chemical reductive amination follows in-line. In the second
step, the application of both sodium triacetoxyborohydride
(STAB) and picoline borane were trialled to provide a greener
alternative to the classic use of cyanoborohydride as reducing

agent.

Result and discussion

Immobilisation of LbTDC Tyrosine decarboxylase from
Lactobacillus brevis

The soluble expression of LbTDC was successfully achieved as
previously reported,*? with a volumetric yield of 3.5 mg/Lcuiture
(Figure S1). The enzyme showed very high activity and
specificity for its natural substrate, L-tyrosine, with a specific
activity of 43.8 U/mg. To enable the reuse of the enzyme,
extend its stability and increase the catalytic efficiency of the

2| J. Name., 2012, 00, 1-3

biotransformation via its integration in continuouys, reactors, a
method for the immobilisation of the bideatalysowasdesigred
Following the screening of different methacrylic supports with
epoxide handles, as well as a range of protein loadings (Tables
S1 and S2), the optimal conditions were found to be 5 mg of
enzyme per g of methacrylic support ReliSorb™ 400(SS). In the
selected preparation, the activity on the support reached up to
32.85 U/g, with a 15% recovered activity. The stability of the
immobilised biocatalyst was found to be excellent when stored
at 4 °C (no loss of activity for 1 month) (Graph S1).

Production of tyramine

Following immobilisation, the biocatalyst could be reused in
consecutive biotransformations, increasing its productivity in
the conversion to tyramine (umol tyramine/mg of biocatalyst).
As the enzyme has high activity against L-tyrosine, a low
concentration (0.006 mg/mL) of the free biocatalyst was
sufficient to achieve full conversion at 2.5 mM scale in 20
minutes. When bound to the support, LbTDC specific activity is
reduced by approximately 5-fold. Nevertheless, in batch
biotransformations at 5 mM scale, complete conversion was
systematically obtained for up to five reuse cycles of 45
minutes, with 15 mg of LbTDC-EP400(SS) 5 mg/g, in 2 mL
reaction volume. Therefore, the enzyme productivity increased
from 415 pmol/mg to 670 umol/mg (see Sl). After establishing
standard working conditions of the decarboxylation reaction in
batch, the immobilized LbTDC was tested in continuous flow
mode (Table S3). The higher local concentration and the
enhanced efficiency of the biocatalytic system afforded the
product quantitatively in just 2.5 minutes of contact time (Table
1).

Table 1 Comparison Batch-Flow tyramine production with LbTDC-
EP400(SS) 5mg/g.?

L-tyrosine disodium salt t M. c.b
(mMm) (min) (%)
Batch 5 45 >99
Flow 5 2.5 >99

3 Reaction set up: 5 mM L-tyrosine disodium salt hydrate, 0.2
mM PLP, 200 mM sodium acetate buffer, pH 5. Batch
conditions: 0.05 mg/mL LbTDC in a 2 mL biotransformation. Flow
conditions: 1 g LbTDC-EP400(SS), 1.3 mL PBR, 0.54 mL/min
flow rate.?M.c.: molar conversion determined by HPLC

Complete conversion of the starting material using the
immobilised enzyme in a packed bed reactor (PBR) was

This journal is © The Royal Society of Chemistry 20xx
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successfully maintained over 56 reaction cycles. After 103
reaction cycles, the conversion was still above 95% and it
remained above 90% after 8 hours (corresponding to 192
reaction cycles).

Optimization studies: process intensification in batch for tyramine
production

L-tyrosine solubility in the optimal buffer for the enzyme is
limited to 5 mM. In an attempt to increase the solubility, the
addition of surfactants was explored.** Jiang et al. screened
nine different surfactants and co-solubilizers succeeding in
improving the conversion to tyramine with LbTDC in batch.
Although not yielding a limpid solution, Tween 20 (15% v/v)
allowed to increase the solubility of L-tyrosine up to 30 mM,
obtaining a micro-suspension and leading to full conversion to
tyramine, without loss of activity by the immobilized LbTDC in
batch (Tables S4 and S5). Hence, a 6-fold increase in TON
Number) of the
recorded with this set up. However, while a fine dispersion in
solution favours the enzymatic activity in batch, over time the

(Turnover immobilized biocatalyst was

cloudy micro-suspension of L-tyrosine caused significant back
pressure in the flow instrumentation and the follow-on

reactions were performed again at 5 mM.

Reductive alkylation of tyramine

The second step in the synthesis of hordenine was then
addressed. It was previously reported that the dimethylation of
tyramine can be achieved in biological samples, exploiting
formaldehyde and sodium cyanoborohydride (NaBHsCN) in
ammonium acetate buffer.*> For laboratory scale reductive
amination, NaBH3CN, among other hydrides, is the most
employed because it is highly selective, soluble in many
solvents, and stable in acid medium. Nevertheless, it generates
toxic products such as HCN or NaCN during the reaction or
work-up, and thus it is not recommended for medium or large-
scale reactions. The efficiency of less hazardous reducing
agents, such as sodium borohydride and sodium
triacetoxyborohydride (STAB) was therefore tested in batch.
STAB was effective but required the use of aprotic solvents,
because it is unstable in aqueous systems. Therefore,
acetonitrile had to be added to reduce the water effective
concentration and suppress the hydrolysis of the reducing

agent.

We then sought to identify the minimum amount of reducing
agent required for the complete conversion of tyramine to
hordenine (Table S6). Initially the reductive amination was
performed in batch and then tested in the flow coil reactor

This journal is © The Royal Society of Chemistry 20xx
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(Table 2). This strategy aimed to minimise the reagents exsess
and to test the scalability of the reaction GPt6ADMNAYFINIE.
With STAB, we achieved full conversion in flow at 30 mM scale
and 82% conversion at 40 mM scale, employing half of the
equivalents of the reagents compared to batch mode (Table S8).
However, with the aim of coupling the two steps to establish a
telescoped process, the working concentration of tyramine was
reduced to 5 mM, as this is the solubility limit of the first
module.

Solution C

Immobilized LbTDC EP400(SS) 1.08 mL/min EtOAC Hordenine
5mg/g @ Organic phase
tiona (O O
0.54 mL/min 1.3 mL @
37°C Solution B 10mL  NaOH Aqueous phase
0.54 mL/min 25°C

Scheme 1 Scheme of the continuous flow chemoenzymatic system
for hordenine production with STAB. Solution A: 5 mM L-tyrosine
disodium salt hydrate, 0.2 mM PLP in 200 mM sodium acetate buffer.
Solution B: 62.5 mM formaldehyde, 2.5 % v/v AcOH in MeCN.
Solution C: 60 mM sodium triacetoxyborohydride in MeCN.

With 12.5 eq. formaldehyde and 12 eq. STAB, at room
temperature, with 75% v/v MeCN which vyielded almost
complete conversion (96 %) within a Ry (residence time) of 4.62
min, without the requirement of back pressure regulator or
temperature control in the flow set up (Table S9). By virtue of
the biocatalyst productivity, this system achieved a space-time-
yield (STY) of 2.68 ghordenine/(L  h), an improvement of 50%
compared to what previously reported.”

Table 2 Comparison of batch and flow tests for hordenine
production with STAB.

Tyramine CH,0 STAB MeCN t2 M.c.b
(mM) (eq.) (eq.) (%v/v) (min) (%)
15 69 13 50 60 94
Batch
15 30 7 50 60 88
15 12.5 5 50 25 >99
Flow
5 12.5 12 75 4.62 96

2 t: reaction time for batch biotransformations, and Ry
(residence time) for flow reactions. ® M.c.: molar conversion
determined by HPLC

Table 3 Continuous flow preparation of hordenine in a flow
reactor with STAB?

J. Name., 2013, 00, 1-3 | 3
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L-tyrosine M.c.®? Isolatedyield Space time yield
disodium salt (%) (%) (g/L*h)
(mM)
5 96 90 2.66

aSystem conditions: 10 mL flow coil reactor volume, feeding flow
2.16 mL/min, 4.62 min residence time, total system running
time of 2.5 h. ®M.c.: molar conversion determined by HPLC

The strategy depicted in Scheme 1, allowed the processing of 75 mL

of feedstock in just 2.5 hours. Following a liquid-liquid
extraction, hordenine hydrochloride was then isolated by HCI

titration (isolated yield of 90%) (Table 3).

While this system worked very well, the requirement of MeCN
negatively impacted the sustainability of the process. We
therefore tested picoline borane (pic-BH3), as a different green
reducing agent. This reagent is well established, non-toxic, and
while it is easily dissolved in different solvents, it remains nearly
insoluble in water.*® Exploiting this characteristic, working with
pic-BH3; in aqueous phase as previously reported in the
literature,*”—>° we packed the reducing agent (300 mg bulked up
with an equivalent amount of celite) inside a PBR and used this
heterogenous reducing module in continuous flow (Scheme 2).
In batch, we previously observed that pic-BHs is more efficient
in reducing the imine intermediate at alkaline pH rather at
acidic pH (Table 4 and Table S7). Therefore, 250 mM sodium
carbonate (pH 11.5) was used as medium for the formaldehyde
feedstock solution, allowing the reductive amination reaction to
happen at pH 9.

Immobilized LbTDC EP400(SS)

5mg/g 300 mg pic-BH3  gonc Hordenine
Solution A 1g 50 % m/m celite Organic phase
0.54 mL/min 13mL 13mL
37°C solution B RT Aqueous phase
0.1 mL/min

Scheme 2 Scheme of the continuous flow chemoenzymatic system
for hordenine production with pic-BHs. Solution A: 5 mM L-tyrosine
disodium salt hydrate, 0.2 mM PLP in 200 mM sodium acetate buffer.
Solution B: 202.5 mM formaldehyde, in 250 mM sodium carbonate
(pH 11.5).

With this alternative strategy 130 mL of 5 mM feedstock solution
were processed within 4 hours, achieving almost complete
conversion with only 7.5 eq. of formaldehyde and 2.5 min residence
time (Table 5). The system achieved a higher STY of 11.4
Shordenine/ (L h), improving by 4-fold the result obtained with
STAB (Table 3). Again, a liquid-liquid extraction, followed by HCI
titration led to the isolation of hordenine hydrochloride

(isolated yield of 77%).

4| J. Name., 2012, 00, 1-3
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Table 4 Batch optimization for hordenine}5?6d0é6io% WAtH-pic 67D
BHs.

Tyramine CH,0 pic-BH; t M.c.b
(mM)  (eq) (oq) PH  (min) (%)
5 30 24 4.5 60 45
Batch 5 60 48 4.5 60 78
5 30 24 9 60 96

a t: reaction time for batch biotransformations. ® M.c.: molar
conversion determined by HPLC

Table 5 Continuous flow preparation of hordenine in a flow
reactor with pic-BHs?

L-tyrosine M. c.b Isolated yield Space time yield
disodium salt (%) (%) (g/L*h)
(mM)
5 92 77 114

3 System conditions: 1.3 mL PBR volume, feeding flow 0.64
mL/min, 2.5 min residence time, total system running time
of 4 h. P M.c.: molar conversion determined by HPLC

Conclusions

In this work, we present an alternative method to synthesize the
natural product hordenine. By implementing a new 2-step
cascade in continuous flow system, L-tyrosine was
biocatalytically decarboxylated to tyramine with immobilised
LbTDC, and the following in-line reductive alkylation of the
intermediate was successfully achieved under mild conditions.
To replace the use of sodium cyanoborohydride, alternative
reducing agents such as STAB and pic-BH3, afforded hordenine
in very good isolated yield, with residence times as low as 2.5
min. The great efficiency of the initial biocatalytic step allows a
straightforward and unambiguous process design, forestalling
unreacted substrate and side reaction products. The rationale
behind the selection of the reaction reagents was to achieve a
balance of their availability, toxicity and effectiveness: the
starting material, L-tyrosine is a natural amino acid, non-
hazardous, and broadly available; despite the loss of chirality via
decarboxylation in the first step, the fact that tyramine is
synthesized directly in the reactor increases the safety of the
process.?? The choice of STAB, in itself a very convenient, safe,
and effective option, posed the challenge of having to use

acetonitrile, compromising the process sustainability. Pic-BHs,

This journal is © The Royal Society of Chemistry 20xx
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despite its higher cost, was an excellent alternative and very
easily integrated in the flow as solid reagent in an in-line PBR.
The calculated E-factor (Environmental Factor = kg of waste per
kg of desired product) for our system, with pic-BHs; suspended
in celite, is 36. This value fares extremely well when related to
standard pharmaceutical processes at the same conceptual
phase (E-factors around 25-100).°! Unveiling its potential,
LbTDC showed excellent stability,
strategy capable of contributing to a more sustainable tyramine

leading to an efficient

production.>? Hordenine is synthesized rapidly and efficiently,
working under mild conditions, mitigating the need to use
hazardous processes commonly associated with the currently
reported catalytic methods described in the introduction. In
conclusion, the resulting profitable process, where the starting
material value raises by 200-fold (L-tyrosine disodium salt
hydrate -1.72 €/g and hordenine -382 €/g), was designed to
safeguard sustainability and safety, and can be taken as a
successful example of the integration between biocatalysis and
chemical synthesis in continuous manufacturing, representing a
flexible and efficient hordenine production alternative.

Experimental

Materials

All reagents and solvents were obtained from commercial suppliers
and were used without further purification. The methacrylate
support was purchased from ResindionS.R.L. In the immobilisation
support screening, the methacrylic resins involved were RelizymeTM
EP403(S), RelizymeTM HFA403(S), RelisorbTM EP400(SS).

Analytical methods

HPLC analyses were carried out using a Liquid Chromatography
UHPLC system, equipped with a binary pump and a diode array
detector (Dionex UltiMate 3000, Thermo Scientific). All the samples
were dissolved in 0.2% HCl and filtered with 0.45 um nylon filters.
See supplementary for detailed information.

Expression, purification and Immobilisation of LbTDC

LbTDC was expressed and purified as previously reported.** After
dialysis against phosphate buffer (25 mM phosphate buffer, 150 mM
NaCl, 0.2 mM PLP, pH 7.4), the protein was quantified by measuring
the absorbance at 280 nm. The protein concentration was calculated
using the Lambert-Beer law. Molar extinction coefficient was
estimated by ProtPram (e: 115630 Mcm).
measurements were carried out using a BioTek Take3 Microplate

The absorbance

This journal is © The Royal Society of Chemistry 20xx
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reader. The immobilisation of LbTDC was performed on, the optimal
methacrylate support, through first the coo¥dindtion UPthé Pistdg
with immobilized metal in the resin and, after, promoting the
covalent bonding between the epoxy groups on the resin and the &-
amino groups of the lysines in the protein sequence.> In short, 1 g of
resin was treated with 2 mL of modification buffer (sodium borate
(0.1 M), iminodiacetic acid (2 M) in phosphate buffer (50 mM), pH
8.5) under gentle shaking for 2 h at room temperature. The resin was
then filtered, washed three times with distilled water and mixed with
5 mL of the metal solution (1 M sodium chloride and 5 mg/mL of
cobalt chloride in 50 mM phosphate buffer, pH 6) for another 2 h.
Following the same procedure, the sample was washed 3 times with
distilled water and then 4 mL of the protein solution were added. The
sample was kept under agitation for 4 h. After determining the
immobilization yield by measuring the concentration of the enzyme
in the supernatant, the support was then filtered and washed
thoroughly with desorption buffer (50 mM EDTA, 0.5 M NaCl in 20
mM phosphate buffer, pH 7.4) and washed with distilled water.
Finally, 4 mL of blocking buffer (3 M glycine in 50 mM phosphate
buffer, pH 8.5) were added and the suspension was left under
agitation for 20 hours. In the end, the beads were washed, collected
and stored at 4 °C.

Activity Assay of LbTDC

The activity assay was performed using the HPLC, measuring the
conversion of L-tyrosine disodium salt hydrate to tyramine at 280 nm.
One unit (U) of activity is defined as the amount of enzyme which
catalyses the consumption of 1 umol of L-tyrosine per minute under
reference conditions i.e., 2.5 mM L-tyrosine disodium salt hydrate,
0.2 mM PLP, in 200 mM sodium acetate buffer, pH 5.0. 50 pL aliquots
were collected at different reaction times (0 min, 5 min, 10 min, 15
min, 20 min) and quenched by the addition of 0.2% HCI before the
HPLC analysis.

Small scale batch biotransformations

Batch reactions were performed in 2 mL Eppendorf tubes. The
substrate was suspended in 200 mM or 500 mM sodium acetate
buffer, pH 5, containing 0.2 mM PLP. If needed, sonication of the
reaction solution was performed to dissolve L-tyrosine disodium salt
hydrate. After adding the enzyme, the reaction mixture was left at
37 °C, 150 rpm. The final reaction volume was 2 mL. 50 pL aliquots
were collected and added to 0.2% HCl before been submitted for the
HPLC analysis.

Small scale batch reductive amination reaction

Batch reactions were performed in 15 mL falcon tubes. 2 mL of 10
mM tyramine solution in 200 mM sodium acetate buffer was mixed
with the desired volume of formaldehyde solution 37%. In the case

J. Name., 2013, 00, 1-3 | 5
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of STAB, 200 pl of acetic acid and2 mL of MeCN were then mixed with
the solution, before the final addition of the reducing agent. In the
case of pic-BHj, reactions were performed adding the same volume
of acetic acid, for the acid pH, or diluting formaldehyde in sodium
carbonate 250 mM, for basic pH. The use of organic solvents was not
necessary. The reaction mixture was left under agitation and 50 pL
aliquots were collected and added to 0.2% HCl before been
submitted for the HPLC analysis.

Continuous flow bioconversion

The feedstock solutions were prepared in 50 mL falcon tubes. The
tyrosine solution consisted of 5 mM L-tyrosine disodium salt
hydrated and 0.2 mM PLP in 200 mM sodium acetate buffer, pH 5.
The solution of formaldehyde (62.5 mM) in MeCN, with 2.5% v/v
acetic acid was prepared by dilution of the commercial 37%
formaldehyde solution. Similarly the solution of formaldehyde (202.5
mM) in sodium carbonate (250 mM, pH 11.5) was also prepared by
dilution of the commercial 37% formaldehyde solution .The reducing
agent STAB was dissolved in MeCN, in concentration of 60 mM and
the suspension was kept homogeneous with magnetic stirring during
the experiment (1500 rpm).

The 1.3 mL PBR with the immobilised biocatalyst was coupled
with two T-tubes (Scheme 1), corresponding to the inlets for
formaldehyde (62.5 mM formaldehyde, 2.5% v/v acetic acid in
MeCN) and reducing agent (60 mM STAB in MeCN). The feeding
flow rate for the PBR was 0.54 mL/min, the same as for the
formaldehyde inlet and exactly half of that for the reducing
agent feed. In line, a 10 mL flow coil reactor was connected and
fed, at the resulting flow rate of 2.16 mL/min, with the mixed
solution.

The same 1.3 mL PBR with the immobilised biocatalyst was
coupled with one T-tubes (Scheme 2), corresponding to the
inlet for formaldehyde (202.5 mM formaldehyde, 250 mM
sodium carbonate). The feeding flow rate for the immobilized
enzyme PBR was kept 0.54 mL/min, while for the formaldehyde
solution it was set at 0.1 mL/min. In line, we connected the PRB
with 300 mg pic-BH; mixed homogeneously in 300 mg celite.

Product isolation and purification

300 mL of the final product solution obtained with the STAB
system were extracted one time with 300 mL ethyl acetate after
adjusting the pH to 9.6. The water phase was washed twice with
its same volume of ethyl acetate and the organic phase was
collected in one flask to be mixed with sodium sulfate
anhydrous. After filtration, the ethyl acetate was evaporated
and the crude product was resuspended in 5 mL of MeCN. To
the suspension, an equimolar amount of 37% HCI solution was
added for the formation of hordenine hydrochloride and the

precipitate was dried to be submitted for NMR analysis.
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From the pic-BH3 alternative process, 130 mL of the collected

lew AF

hordenine solution were extracted with €thyl!8EE@ISXBOML
organic phase). After drying with sodium sulfate anhydrous, the
solution was filtered and the hordenine hydrochloride
precipitation was performed in ethyl acetate as previously
described. The precipitate was dried to be submitted for NMR
analysis.
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