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Efficient access to the morphinan scaffold remains a major challenge in both synthetic chemistry and
biotechnology. Here, a biomimetic chemo-enzymatic strategy to synthesize the natural promorphinan

intermediate (+)-salutaridine is demonstrated. By combining early-stage organic synthesis with enzymatic

asymmetric key step transformations, the prochiral natural intermediate 1,2-dehydroreticuline was prepared
and subsequently stereoselectively reduced by the enzyme 1,2-dehydroreticuline reductase obtaining (R)-
reticuline in high ee and yield (>99% ee, up to quant. conversion, 92% isol. yield). In the final step,
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membrane-bound salutaridine synthase was used to perform the selective ortho-para phenol coupling to

give (+)-salutaridine. The synthetic route shows the potential of combining early-stage advanced organic
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1 Introduction

Alkaloids occur in all kinds of organisms and represent highly
important natural products especially for medicine."* One major
subcategory are benzylisoquinoline alkaloids (BIAs), which
consist of more than 2500 known members.* To construct the
central metabolic BIA (S)-reticuline, (S)-1, nature starts from two
L-tyrosine molecules to obtain within seven steps, (S)-1 (Scheme
1A), which is then diversified towards a plethora of complex
alkaloids like morphinans, protoberberines, aporphines and
others, showing a wide spectrum of different biological activi-
ties.* For an efficient synthesis of the morphinan subclass
including the prominent alkaloid morphine (—)-4, the formation
of stereochemically inverted (R)-reticuline (R)-1 and subsequently
(+)-salutaridine (+)-3, the first alkaloid in the sequence with
promorphinan structure, is crucial.

Organic synthesis routes to natural opioid structures con-
taining the morphinan architecture were extensively
investigated,”™* counting at least 40 published routes. The first
approach considered as practical was published in 1980, access-
ing racemic dihydrocodeinone rac-16 by a Grewe-type cyclization
as the key transformation.” Since then, impressive progress has
been made in the field exploiting a large variety of different
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chemistry to minimize protecting group techniques with late-stage multi-step biocatalysis to provide an
unprecedented access to the medicinally important compound class of promorphinans.

strategies. For instance, a stereoselective high-yielding route
published in 2014 comprised the synthesis of (—)-dihydrocodeine
9 in 13 steps and 24% overall yield (Scheme 1BI). The route starts
from a commercial building block 5 and combines a ruthenium-
catalyzed hydrogenation and a subsequent Grewe-type cycliza-
tion.' As the most recent success in the field of organic synthesis,
a seven-step strategy towards (—)-codeine 14 needs to be
mentioned, which uses a double-Heck cyclization reaction
coupled with a subsequent photo-redox hydroamination to build
the target molecule's pentacyclic scaffold (Scheme 1BII).**

Although the recent synthetic progress to produce opiates is
impressive, there are still challenges which need to be addressed
like the use of several protecting groups and sophisticated
transition metal catalysts lacking perfect stereoselectivities.
Remarkably, the plant's crucial building block (R)-reticuline (R)-1
does not serve as an intermediate in any of the chemical
approaches since there are no strategies in organic synthesis to
directly and selectively transform (R)-1 to the tetracyclic pro-
morphinan scaffold of (+)-salutaridine (+)-3 except for protected
reticuline derivatives.”®™  Additionally, biochemical and
biotechnological approaches have been investigated regarding
their potential to produce morphinans/opioids in recent years.

In 2015, the complete metabolic pathway towards opioids
was expressed in yeast to enable the opioid formation from
sugar and can be considered as a proof of principle (Scheme
1CI).*° Even if the morphinans thebaine 15 and hydrocodone 16
were indeed produced, the obtained product titers were 6.4 and
0.5 ug L7, respectively, rendering the process economically
uncompetitive by several orders of magnitude.
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Only one year later, the same target compounds were re-
ported to be successfully synthesized in E. coli, resulting in
higher titers (2.1 mg L™ and 0.36 mg L' for thebaine and
hydrocodone, respectively, Scheme 1CII).*" In both cases, the
main bottlenecks proved to be the efficient formation of (R)-
reticuline (R)-1 and the following C-C bond forming phenol
coupling reaction. In the case of the approach using yeast, the
natural fusion protein STORR was employed to form (R)-1 from
its (S)-enantiomer, whereas an alternative strategy was estab-
lished for the E. coli system. Since the native reticuline epim-
erase STORR showed insufficient activity when expressed in
bacteria (E. coli), its use was circumvented by the racemic
production of tetrahydropapaveroline (THP, rac-19). The latter
was formed by a spontaneous Pictet-Spengler reaction of
dopamine 17 and its monoamine oxidase catalyzed oxidation
product 18. Two methyltransferases converted rac-19 to rac-
reticuline rac-1, of which only the (R)-enantiomer was accepted
by the next enzyme SalSyn reducing the atom efficiency by 50%
(Scheme 1CII).>*

The third possible methodology for the synthesis of mor-
phinans is to combine chemo- and enzymatic strategies. This
approach has successfully been used for the synthesis of
a variety of natural products, synthetic APIs or interesting
building blocks thereof and has experienced a lot of attention in
the last years.”>** The concepts developed for opioid structures
are exclusively based on early stage enzymatic transformations
to access basic chiral synthons followed by a sophisticated
chemical synthetic sequence over numerous steps (Scheme 1DI
and II).*** The biotransformations used involved -either
a broadly exploited toluene dioxygenase (for dihydroxylation) or
a lipase (for a kinetic resolution).

In contrast, herein, we report a late-stage biocatalysis
strategy in a 6-7-step chemo-enzymatic sequence for the
synthesis of (R)-reticuline (R)-1 and its promorphinan product
(+)-salutaridine (+)-3 (Scheme 1E), respectively, which are
crucial intermediates for the morphinan/opioid synthesis.
(+)-Salutaridine (+)-3 is of interest as it is a partial agonist at the
GABA/benzodiazepine receptor complex,”® a partial MOR
agonist,”” and also due to its use as anti-HBV agent.*® The herein
used strategy includes the transformation of a lignin-derived
feed stock (24) towards the natural intermediate 1,2-dehydror-
eticuline 2. The target molecule's chiral information was
introduced by involving two final enzymatic steps.

2 Results and discussion

Considering established organic synthetic methodology as well
as the potential from biocatalysis including non-established
bio-reactions, a retrosynthetic analysis of the promorphinan
(+)-salutaridine (+)-3 was performed to develop a potential effi-
cient stereoselective route (Scheme 2). Thereby the natural
intermediate 1,2-dehydroreticuline 2 was recognized as
a possible prochiral intermediate, which may be transformed
towards the tetracyclic structure of (+)-3 in two enzymatic steps.
Consequently, we first focused on a short synthetic high-
yielding route towards iminium ion 2 with the aim to mini-
mize the use of protecting groups. Ideally, 2 would be formed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Retrosynthetic analysis of the promorphinan salutaridine 3.
Green circles: chiral centers formed.

via a Bischler-Napieralski reaction from amide 25, whereby the
phenolic hydroxy groups may present a challenge. Amide 25
would be obtainable from the commercial carboxylic acid 27
and the secondary phenethylamine 26.

Synthesis of amine building block 26

In an earlier publication,*® vanillin was used as starting material
to produce the O-benzyl-protected derivative of phenethylamine
building block 26 in a 5-step-synthetic sequence in 31% overall
yield requiring a protection strategy. The protecting group was
needed for the subsequent synthetic steps, including the
condensation with another protected building block to give the
corresponding amide.

Here, eugenol 24 is suggested as an alternative feed stock
containing already the required guaiacol unit of the target
molecule (Scheme 3). Eugenol is a natural compound and
a cheap starting material due to its high abundance in cloves
and also to its accessibility as a lignin degradation product.*>**
The envisioned synthetic approach towards 26 involved the
oxidative alkene cleavage to yield homovanillin 28 which may
then be N-methylated.

For the formation of 28 from 24, different strategies were
investigated, like using dihydroxylation/periodate cleavage.
However, the latter method did not lead to the desired product
since the reaction conditions seemed to be too harsh for
selective cleavage of the corresponding diol intermediate (data
not shown). Conversely, the ozonolysis of eugenol followed by
a reductive workup was shown in literature® and proved to be
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Scheme 3 Chemical synthesis of the N-methylated phenethylamine
building block 26. Orange circle: protecting group.
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a suitable strategy for the transformation towards the respective
aldehyde, accessing 28 in 74% isolated yield.

For the next step towards the secondary amine building
block 26, numerous protocols were evaluated for the amination
of aldehyde 28 whereby the theoretical most straight forward
strategy would be the direct methylamination using MeNH, as
the amine donor. However, this approach was limited by over-
alkylation of the desired phenethylamine building block due to
its increasing nucleophilicity after amination and was not
overcome by numerous strategies (for details, see ESIT).
Consequently, as direct methylamination seemed to be unfea-
sible, protecting group chemistry had to be considered.

Thus, the amination was performed using benzyl methyl-
amine 29 in combination with NaBH(OAc); which led to >99%
conversion of the starting material within 90 min and resulted
in 79-84% isolated yield of the protected tertiary amine 30 after
column purification. The subsequent deprotection was per-
formed by hydrogenolysis over palladium on charcoal. After
optimization, the hydrochloride of target amine 26 was isolated
in 90% yield without the necessity of a column purification, just
a filtration step was required to remove the Pd catalyst.

Preparation of the natural intermediate 2

Once the phenethylamine building block 26 was accessible, it
was coupled with the commercial acetic acid derivative 27
containing another guaiacol subunit to achieve amide forma-
tion leading to 25 (Scheme 4).

The amide formation was performed employing the carbo-
diimide EDC-HCI for acid activation combined with either
HOBt-H,O0 or Oxyma Pure as additives. The latter proved to be
the method of choice for amide couplings.”® The O-acylisourea
species initially formed between EDC and the carboxylic acid 27
may potentially rearrange through an intramolecular acyl-
transfer towards the corresponding N-acylurea species. This
rearrangement is irreversible and would lead to a dead end of
the reaction. Therefore, the rate of addition of the limiting
carboxylic acid to the other reaction components was
controlled, ensuring a large excess of amine donor after acti-
vation of the acid. The auxiliary reagents (HOBt-H,O or Oxyma
Pure) increased the overall rate of the process® and were used in
a stoichiometric amount. Both, HOBt-H,O and Oxyma Pure
worked similarly well in terms of reactivity but the latter seemed
to be the best choice since the oxime reagent has a less polar
character and is thermally more stable than the benzotriazole
derivative HOBt. Furthermore, HOBt showed a similar Rrvalue
to the product, which rendered the separation by column
chromatography more problematic. Consequently, 25 was
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Scheme 4 Protecting group-free amide coupling of building block 26
with acetic acid derivative 27 followed by a Bischler—Napieralski-type

cyclization of amide 25 towards iminium ion 2.
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obtained as the sole product in up to 96% isolated yield after
flash chromatography. The next step was the cyclization of
amide 25 towards iminium ion 2 which was performed via
a Bischler-Napieralski reaction using POCI; as reagent (Scheme
4). To our satisfaction, the cyclization was successful with the
unprotected amide 25, which was not shown before in the
synthesis of similarly complex compounds (e.g., alkaloids) as
the phenolic groups had always been protected.*® By the use of
POCI; and acetonitrile under reflux, complete consumption of
the starting material was observed after four hours, leading to
the formation of the target iminium ion 2 as the major product.
The subsequent workup for 2 was simple, including solvent and
POCl;-removal under reduced pressure. Subsequently, the
product was purified by flash chromatography and after the
treatment with aq. HCl, compound 2 was finally obtained in
78% yield as a canary yellow, fine-crystalline salt. Thus, the
natural intermediate 1,2-dehydroreticuline 2 was obtained in
a short 5-step organic synthesis approach in 39% overall yield
starting from the lignin-derived feed stock eugenol 24.

Enzymatic reduction towards (R)-reticuline (R)-1

While numerous strategies have been developed for the
synthesis of rac-1 and (S)-1, including organic (asymmetric)
synthesis,**® as well as via fermentation®"*” or a biocatalytic
deracemisation approach,® reports on the synthesis of the
mirror image (R)-reticuline (R)-1 are scarce.**>”° Until now, only
approaches involving classic organic synthesis have been
described. Here, a biocatalytic late-stage strategy was imple-
mented to introduce chirality exploiting the reductive domain
of the natural fusion protein CYP82Y2 (STORR) from the opium
poppy (Papaver somniferum).”* STORR, consisting of two
domains, epimerizes in nature (S)-reticuline (S)-1 to (R)-1 via an
oxidation-reduction sequence: a cytochrome P450 oxidase
domain catalyzes the amine oxidation, leading to the prochiral
iminium ion, and a C-terminal aldo-keto reductase domain
performs its nicotinamide-dependent asymmetric reduction.”

The gene encoding for the reductase domain (PsDRR, here-
inafter also called 1,2-dehydroreticuline reductase) was
expressed in E. coli ArcticExpress (DE3) cells. The enzyme
proved to be suitable in biocatalytic transformations both as
whole lyophilized cells, as well as lyophilized cell-free extract
using a cofactor regeneration system to recycle NADPH
(Scheme 5). Initial reaction time studies showed that the
conversion of substrate 2 at 10 mM was completed within 3-4
hours yielding the target amine (R)-1 in optical purity (>99% ee,
Fig. 1A). Testing the productivity of the reaction revealed that

PsDRR (E. coli cells or MeO.
CFE)
buffer (0.1 M) HO

900 rpm, 30 °C, 20 h

o~

NADPH NADP* (R
3-98% HPLC yield
>99% ee

MeO.
|O +
HO N

2
10-50 mM

Cofactor regeneration

Scheme 5 Biotransformation of iminium ion 2 towards optically pure
amine target (R)-1 employing PsDRR; CFE = cell-free extract.
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HPLC yields of 98% could be reached for substrate concentra-
tions up to 20 mM (6.6 g L', Fig. 1B) and in some cases even
30 mM (9.9 g L") of 2 (e.g., Fig. S101). Remarkably, the inves-
tigation of the pH optimum and the buffer reaction medium
revealed two maxima within the tested pH range (see ESI,
Fig. S137). Apart from the optimum at pH 8.0-8.5 using Tris—
HCI buffer, another optimum was found for the pH range 9.5-
10.0 (glycine-NaOH buffer). This observation may be explained
by the target molecule's electronic properties, namely the
presence of acidic phenolic groups paired with a nitrogen
functionality. Consequently, a minimum at pH 9.0 may derive
from a large population containing the net charge 0. Studying
the influence of organic cosolvents revealed that 10% DMSO
increased the HPLC yield by 35% compared to the cosolvent-
free reaction (see ESI, Fig. S1471). All other cosolvents tested at
2% v/v were well tolerated and did not influence the reaction
outcome. Moreover, the PsDRR-catalyzed reaction was well
compatible with different cofactor regeneration systems: in
addition to the initially used GDH system, also other cofactor
recycling systems were investigated, whereby ADH/2-propanol
as well as phosphite dehydrogenase (PtDH) showed product
formation exceeding 95% HPLC yield within 20 hours at 30 mM
substrate concentration. Formate dehydrogenase was less effi-
cient at the conditions used (see ESI, Fig. S8%). Actually, when
using whole lyophilized cells, the addition of GDH for cofactor
recycling can be skipped as the endogenous GDHs present in E.
coli seemed to be sufficient for cofactor recycling when just b-
glucose was added at substrate concentrations up to 30 mM (see
ESI, Fig. S97).

yield [%)

Time [h]

66

18

2

Fig. 1 (A) Time course of the reduction of 2 towards (R)-1. Reaction
conditions: substrate 2 (10 mM), PsDRR preparation (lyophilized cells,
0.06 U mL™Y), NADP* (1 mM), p-glucose (50 mM), GDH (24 U mL™),
KPi buffer (100 mM, pH 7.0), 30 °C, 900 rpm. (B) Substrate loading
study of the reduction of 2 towards (R)-1. Reaction conditions:
substrate 2 (10-50 mM), PsDRR preparation (lyophilized cells, 0.06 U
mL~%), NADP* (1 mM), p-glucose (50 mM), GDH (4.5 U mL™Y), KPi buffer
(100 mM, pH 7.0), 30 °C, 900 rpm, 20 h. The experiment was per-
formed in triplicates.
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After the initial optimization, the reaction was evaluated also
with higher substrate loadings up to 100 mM (see ESI, Fig. S15
and S177), which did not lead to increased yields compared to
the starting conditions. The results indicated a substrate inhi-
bition which triggered to investigate the enzymatic reaction in
a fed-batch approach. Since it was known that the quantitative
conversion of 10 mM of 2 is completed within 3-4 h (Fig. 1A),
the substrate was added stepwise increasing the concentration
by 10 mM (referred to the final conc.) every 4 h. Interestingly,
the control reaction containing only 10 mM substrate loading
resulted in the same absolute product formation (see ESI,
Fig. S191) as the fed-batch reaction which was performed with
80 mM substrate loading in total. This observation strongly
suggests that the enzyme lost its functionality already after the
first loading with 10 mM, indicating additionally a reduced
stability of the enzyme under the conditions employed.

The enzymatic reduction of 2 was finally performed on
a 0.5 mmol scale to show the enzyme's applicability for the
chemo-enzymatic route. The biotransformation was performed
with whole lyophilized cells using optimized conditions but
without cofactor regeneration enzyme (GDH) and in the
absence of cosolvent to ease product isolation. Using this
protocol, 92% (162 mg) of optically pure (R)-reticuline was iso-
lated, demonstrating the applicability of this recently described
biocatalyst for the chemo-enzymatic synthesis.

Enzymatic phenol coupling towards (+)-salutaridine (+)-3

The final investigated step was the regioselective phenol
coupling of (R)-1 to set up the promorphinan structure of
(+)-salutaridine (+)-3, which represents the key step in mor-
phinan biosynthesis and would be the ideal step for biomimetic
organic synthesis (Scheme 6).7>

This specific synthetic problem was addressed for the first
time in organic synthesis already in the 1960's and has been
extensively investigated ever since.” Among all the developed
phenol coupling strategies, including heavy metal oxidants,”7°
hypervalent iodine reagents,”””® electrochemical
ups,'®1#%¢ and transition metal catalysts,"*** the conversion of
(R)-1 towards (+)-3 either failed, resulted in low yields or had to
be performed using sophisticated protecting and blocking
group strategies to achieve high yields. For instance, a palla-
dium-catalyzed arene coupling to access the promorphinan

set-

framework required an activating (bromo) and protecting group
and was applied in a total synthesis of (—)-codeine 14, (—)-oxy-
codone, (—)-naloxone, and (—)-naltrexone.*>**

MeO MeO
m CYP719B1 O
HO <N 0, HO

X OH L
o L
OMe MeO
(R NADPH NADP* o
0.1-0.2 mM (+)-3

up to >97% MS yield 25% isol. yield

Scheme 6 Biotransformation of (R)-1 towards the promorphinan
target (+)-salutaridine (+)-3 employing SalSyn (CYP719B1); reaction
scale: 0.5-200 mL.
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The main reasons for the limitations can be ascribed to the
methods’ lack of regioselectivity and the presence of the reactive
phenolic functional groups. In comparison, the enzyme salu-
taridine synthase (SalSyn, CYP719B1) is known to catalyze
exclusively the intramolecular ortho-para phenol coupling of (R)-
1 towards (+)-3 in certain poppy species like Papaver somniferum
and has recently been shown to be active in yeast- and bacteria-
based fermentative multi-enzyme systems.*>** However, since
this plant CYP is membrane-associated and was reported to be
unstable,” literature lacks examples in which SalSyn was used
in preparative biocatalytic strategies.

Our idea was to employ CYP719B1 as a single catalyst to
circumvent the limitation of fermentative processes (such as
side activities, limited substrate/product concentration, etc.)
and ultimately incorporate the enzyme in an efficient chemo-
enzymatic synthesis route. In 2016, SalSyn was reported to be
active when expressed in E. coli, however only if the native
transmembrane domain was removed.** In our study, we used
such a N-terminal-truncated SalSyn candidate (Ntrunc-SalSyn)
and prepared a second construct, named here Nswap-SalSyn,
containing a polar charged N-terminal sequence (KKTSSKGR)
inspired by previous general P450 optimization studies.®” These
enzymes were coexpressed with the compatible reductase AtR2
from Arabidopsis thaliana in E. coli, and used as resting cells for
biotransformations performed in buffer. All experiments in
which lysate was used rather than whole cells did not show
phenol coupling activity, which was assumed to be due to the
low enzyme stability reported for this specific enzyme.” For the
performed biotransformations, rac-1 was used at a concentra-
tion of 0.2 mM [ie., 0.1 mM (R)-1] and product formation was
followed via HPLC-UV and HPLC-MS. The N-terminal truncated
P450 led to a HPLC yield of 43% whereas the more polar
construct Nswap-SalSyn showed quantitative product formation
for the substrate loading used, corresponding to a =2.3-fold
increase in yield (Fig. 2). Finally, the biotransformation was
upscaled to 12.8 mg (optically pure starting material), which
resulted in the isolation of 25% isolated yield of (+)-3. Studying
different volume to surface ratios for the reaction (reaction
volume to size of reaction flask) showed the crucial impact of
oxygen for the enzymatic reaction (see ESIT).

>99

100 =
— 80
X
3 60
> 43
S
a 40
T
20
0
0
no CYP Ntrunc-SalSyn  Nswap-SalSyn

Fig. 2 Conversion of (R)-1 towards (+)-salutaridine (+)-3 by two
different SalSyn constructs. Reaction conditions: substrate rac-1 (0.2
mM), coexpressed SalSyn (CYP719B1) and AtR2 preparation (sus-
pended E. coli cells, ODggo = 0.22), NADPH (0.05 mM), p-glucose (50
mM), 0.2% DMSO v/v, KPi buffer (100 mM, pH 7.5), 30 °C, 180 rpm, 20
h; reaction scale: 0.5 mL. The experiment was performed in triplicates.
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Even if the substrate concentration was still low and the
enzyme requires further optimization towards higher produc-
tivity by improving stability and expression, SalSyn (CYP719B1)
seems to be suitable for the use in a chemo-enzymatic strategy,
as shown in the herein described approach.

3 Conclusions

Here, a synthetic route towards (R)-reticuline (R)-1 and
subsequently to the crucial natural promorphinan (+)-3
[(+)-salutaridine] on the route to morphine/thebaine is
proposed requiring only a single protecting group. As a pro-
chiral precursor for (R)-1, the corresponding iminium ion 2
was identified. While nature requires eight steps to construct
intermediate 2 from two L-tyrosine molecules, herein 2 was
obtained by advanced organic synthesis starting from
renewable feedstock eugenol 24 within 5 steps, thereby out-
performing biosynthesis regarding its reaction step count in
an overall high-yielding sequence (39% isol. yield). The Bis-
chler-Napieralski reaction was used as the last step of this
synthetic sequence. Importantly, this cyclization step was
achieved avoiding protecting groups, which had not been
shown for the synthesis of similar targets before, probably
due to the reactive phenol hydroxy groups. By stereo-
selectively reducing the prochiral intermediate 2 to (R)-1
using a dehydroreticuline reductase (PsDRR), the detour
nature is actually taking by making first (S)-1 and inverting
this structure via an oxidation-reduction sequence, was cir-
cumvented. This means a reduction of step count in
comparison to nature. Thus, the preparation of the BIA (R)-
reticuline (R)-1 was achieved in a six-step chemo-enzymatic
sequence with unmatched efficiency, accessing the target
amine in 36% isolated yield and with >99% ee. To access
(+)-salutaridine (+)-3 from (R)-1 via a protecting group-free
phenol coupling, for which organic synthesis lacks an
equivalent,®® a novel variant of the salutaridine synthase
possessing a polar charged N-terminal sequence proved to be
suited best giving (+)-3 with >99% conversion albeit at low
substrate concentration [0.2 mM rac-1 >97% MS yield at 0.19
mM optically pure substrate (upscale)]. It is clear, that
especially this step needs further improvement. Interest-
ingly, the synthetic sequence presented is currently not
suggested by any retrosynthetic program, most likely due to
a lack of integrated biocatalysis or design of novel options
(like Bischler-Napieralski without protecting groups at
phenol).

The sequence described leads on the one hand to the natural
product (+)-3, representing the morphinan gateway, and on the
other hand also serves as a synthetic platform for natural
intermediates (R)-1 and 2. This is in contrast to total synthesis
routes which usually access the final targets only. Thereby,
either multiple protecting and blocking groups were required,
especially for the crucial phenol coupling in biomimetic organic
synthesis,""* or fundamentally different concepts were used.™
Furthermore, even if opioid targets are accessible by engineered
organisms, final titers are far from representing competitive
numbers. The only reported example of a morphinan precursor,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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namely (S)-1, which was shown to be accessed in high concen-
trations was produced by a yeast platform.®® However, (R)-1 is
still not accessible by microbial approaches since the epimeri-
zation of (S)-1 by STORR was shown to be the bottleneck of
fermentative opioid production systems. Thus, the developed
chemo-enzymatic approach also overcomes limits which were
encountered in fermentative systems.

In summary, the here presented synthetic route combining
early-stage chemical synthesis requiring only one protecting
group with late-stage biocatalysis introducing the chirality and
performing a regioselective ortho-para phenol coupling may
serve as a base for further development to access opiates in
a chemo-multi-enzymatic sequence. Additionally, potential
derivatives of (+)-3 with potential bioactivity would now be
accessible by starting from alternative precursors.

Data availability

All experimental and characterization data including HPLC
traces and NMR spectra are available in the ESL{

Author contributions

EC, JP, SB, BH, MGZ, AS, I0G conducted the experiments. EC
prepared the ESL.T EC and JP contributed to the formal analysis
of the results and reviewed the manuscript. EC wrote the first
draft of the manuscript. WK conceptualized and supervised the
research, did project administration, edited the draft and allo-
cated funding.

Conflicts of interest

EC, JP and WK are inventors of the patent ‘Verfahren zur Her-
stellung von Corytuberin und Salutaridin’.

Acknowledgements

The University of Graz and BioHealth Graz are acknowledged
for financial support. The authors wish to thank Klaus Zangger
for NMR measurements. The COMET center: acib: Next
Generation Bioproduction is funded by BMK, BMDW, SFG,
Standortagentur Tirol, Government of Lower Austria und
Vienna Business Agency in the framework of COMET -
Competence Centers for Excellent Technologies. The COMET-
Funding Program is managed by the Austrian Research
Promotion Agency FFG. The authors also wish to thank Andreas
Wolfsgruber and Tanja Wrodnigg from the Technical University
(TU) Graz as well as Markus Hochegger from the University of
Graz for their help in performing ozonolysis reactions. We
thank P. J. Facchini for sending us the plasmid encoding PsDRR
(here pEG497).

Notes and references

1 Dictionary of Alkaloids with CD-ROM, ed. J. Buckingham, K. H.
Baggaley, A. D. Roberts and L. F. Szabo, CRC Press, Boca
Raton, FL, 2010.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

2 T. Aniszewski, Alkaloids: chemistry, biology, ecology, and
applications, Elsevier, 2015.
3 J. M. Hagel and P. J. Facchini, Plant Cell Physiol., 2013, 54,
647-672.
4 J. Stockigt, A. P. Antonchick, F. Wu and H. Waldmann,
Angew. Chem., Int. Ed., 2011, 50, 8538-8564.
5 M. Gates and G. Tschudi, J. Am. Chem. Soc., 1952, 74, 1109-
1110.
6 M. Gates and G. Tschudi, J. Am. Chem. Soc., 1956, 78, 1380-
1393.
7 K. C. Rice, J. Org. Chem., 1980, 45, 3135-3137.
8 B. M. Trost and W. Tang, J. Am. Chem. Soc., 2002, 124, 14542-
14543.
9 P. Magnus, N. Sane, B. P. Fauber and V. Lynch, J. Am. Chem.
Soc., 2009, 131, 16045-16047.
10 M. Geffe and T. Opatz, Org. Lett., 2014, 16, 5282-5285.
11 S.-H. Hou, A. Y. Prichina and G. Dong, Angew. Chem., Int. Ed.,
2021, 60, 13057-13064.
12 X. Zhou, W. Li, R. Zhou, X. Wu, Y. Huang, W. Hou, C. Li,
Y. Zhang, W. Nie, Y. Wang, H. Song, X.-Y. Liu, Z. Zheng,
F. Xie, S. Li, W. Zhong and Y. Qin, CCS Chem., 2021, 3,
1376-1383.
13 H. He, F. Xue, Z. Hu, P. Li, Q. Xiao, M. Zhang, F. Xue,
D. Zhang, H. Song, X.-Y. Liu, Z. Zheng, S. Li, W. Zhong and
Y. Qin, Org. Chem. Front., 2022, 9, 2322-2327.
14 L. V. White, N. Hu, Y.-T. He, M. G. Banwell and P. Lan,
Angew. Chem., Int. Ed., 2022, 61, €202203186.
15 C. Szantay, G. Blaskd, M. Barczai-Beke, P. Péchy and
G. Dornyei, Tetrahedron Lett., 1980, 21, 3509-3512.
16 M. A. Schwartz and M. F. Zoda, J. Org. Chem., 1981, 46, 4623
4625.
17 W. Ludwig and H. J. Schafer, Angew. Chem., Int. Ed., 1986, 25,
1025-1026.
18 A. Lipp, D. Ferenc, C. Giitz, M. Geffe, N. Vierengel,
D. Schollmeyer, H. ]J. Schéfer, S. R. Waldvogel and
T. Opatz, Angew. Chem., Int. Ed., 2018, 57, 11055-11059.
19 A. Lipp, M. Selt, D. Ferenc, D. Schollmeyer, S. R. Waldvogel
and T. Opatz, Org. Lett., 2019, 21, 1828-1831.
20 S. Galanie, K. Thodey, L. J. Trenchard, M. Filsinger Interrante
and C. D. Smolke, Science, 2015, 349, 1095-1100.
21 A. Nakagawa, E. Matsumura, T. Koyanagi, T. Katayama,
N. Kawano, K. Yoshimatsu, K. Yamamoto, H. Kumagali,
F. Sato and H. Minami, Nat. Commun., 2016, 7, 10390.
22 J. H. Schrittwieser and V. Resch, RSC Adv., 2013, 3, 17602-
17632.
23 S. C. Cosgrove, S. Hussain, N. J. Turner and S. P. Marsden,
ACS Catal., 2018, 8, 5570-5573.
24 F. Parmeggiani, N. J. Weise, S. T. Ahmed and N. J. Turner,
Chem. Rev., 2018, 118, 73-118.
25 J. Li, A. Amatuni and H. Renata, Curr. Opin. Chem. Biol.,
2020, 55, 111-118.
26 E. Cigan, B. Eggbauer, J. H. Schrittwieser and W. Kroutil,
RSC Adv., 2021, 11, 28223-28270.
27 R. Roddan, F. Subrizi, J. Broomfield, J. M. Ward, N. H. Keep
and H. C. Hailes, Org. Lett., 2021, 23, 6342-6347.
28 M. F. Bhat, A. P. Lujan, M. Saifuddin and G. J. Poelarends,
ACS Catal., 2022, 12, 11421-11427.

Chem. Sci., 2023, 14, 9863-9871 | 9869


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc02304d

Open Access Article. Published on 24 agosto 2023. Downloaded on 6/03/2026 4:41:32 p.m..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

29 S. Gianolio, D. Roura Padrosa and F. Paradisi, Green Chem.,
2022, 24, 8434-8440.

30 J. Li, F. Chen and H. Renata, J. Am. Chem. Soc., 2022, 144,
19238-19242.

31 A. Meza, M. E. Campbell, A. Zmich, S. A. Thein,
A. M. Grieger, M. J. McGill, P. H. Willoughby and
A. R. Buller, ACS Catal., 2022, 12, 10700-10710.

32 Y. Peng, C. Gao, Z. Zhang, S. Wu, ]J. Zhao and A. Li, ACS
Catal., 2022, 12, 2907-2914.

33 R. Roddan, E. M. Carter, B. Thair and H. C. Hailes, Nat. Prod.
Rep., 2022, 39, 1375-1382.

34 F. Zhao, K. Lauder, S. Liu, ]J. D. Finnigan, S. B. R. Charnock,
S. J. Charnock and D. Castagnolo, Angew. Chem., Int. Ed.,
2022, 61, €202202363.

35 H. Koizumi, S. Yokoshima and T. Fukuyama, Chem.-Asian J.,
2010, 5, 2192-2198.

36 J. Zezula, K. C. Rice and T. Hudlicky, Synlett, 2007, 2007,
2863-2867.

37 H. Leisch, A. T. Omori, K. J. Finn, J. Gilmet, T. Bissett,
D. Ilceski and T. Hudlicky, Tetrahedron, 2009, 65, 9862-9875.

38 J. Duchek, T. G. Piercy, J. Gilmet and T. Hudlicky, Can. J.
Chem., 2011, 89, 709-729.

39 V. Varghese and T. Hudlicky, Synlett, 2013, 24, 369-374.

40 M. A. A. Endoma-Arias, J. R. Hudlicky, R. Simionescu and
T. Hudlicky, Adv. Synth. Catal., 2014, 356, 333-339.

41 V. Varghese and T. Hudlicky, Angew. Chem., Int. Ed., 2014, 53,
4355-4358.

42 L. Rycek, J. J. Hayward, M. A. Latif, J. Tanko, R. Simionescu
and T. Hudlicky, J. Org. Chem., 2016, 81, 10930-10941.

43 M. A. Endoma-Arias, H. Dela Paz and T. Hudlicky, Molecules,
2019, 24, 3477.

44 M. A. A. Endoma-Arias, M. Makarova, H. E. D. Paz and
T. Hudlicky, Synthesis, 2019, 51, 225-232.

45 M. Makarova, M. A. A. Endoma-Arias, H. E. Dela Paz,
R. Simionescu and T. Hudlicky, J. Am. Chem. Soc., 2019,
141, 10883-10904.

46 J. Kardos, G. Blasko, M. Simonyi and C. Szantay,
Arzneimittelforschung, 1984, 34, 1758-1759.

47 V. O. Nikolaev, C. Boettcher, C. Dees, M. Biinemann,
M. J. Lohse and M. H. Zenk, J. Biol Chem., 2007, 282,
27126-27132.

48 A. Singh, R. Panwar, P. Mittal, M. I. Hassan and I. K. Singh,
Int. J. Biol. Macromol., 2021, 184, 874-886.

49 J. H. Schrittwieser, V. Resch, S. Wallner, W.-D. Lienhart,
J. H. Sattler, J. Resch, P. Macheroux and W. Kroutil, J. Org.
Chem., 2011, 76, 6703-6714.

50 P. Varanasi, P. Singh, M. Auer, P. D. Adams, B. A. Simmons
and S. Singh, Biotechnol. Biofuels, 2013, 6, 14.

51 D. F. Cortés-Rojas, C. R. de Souza and W. P. Oliveira, Asian
Pac. J. Trop. Biomed., 2014, 4, 90-96.

52 B. M. Branan, J. T. Butcher and L. R. Olsen, J. Chem. Educ.,
2007, 84, 1979.

53 A. El-Faham, R. S. Funosas, R. Prohens and F. Albericio,
Chem. - Eur. J., 2009, 15, 9404-9416.

54 J. R. Dunetz, J. Magano and G. A. Weisenburger, Org. Process
Res. Dev., 2016, 20, 140-177.

55 A. Meyers and ]. Guiles, Heterocycles, 1989, 28, 295-301.

9870 | Chem. Sci., 2023, 14, 9863-9871

View Article Online

Edge Article

56 M. Keller, K. Sauvageot-Witzku, F. Geisslinger, N. Urban,
M. Schaefer, K. Bartel and F. Bracher, Beilstein J. Org.
Chem., 2021, 17, 2716-2725.

57 K. M. Hawkins and C. D. Smolke, Nat. Chem. Biol., 2008, 4,
564-573.

58 H. Minami, J.-S. Kim, N. Ikezawa, T. Takemura, T. Katayama,
H. Kumagai and F. Sato, Proc. Natl. Acad. Sci. U. S. A., 2008,
105, 7393-7398.

59 A. Nakagawa, H. Minami, J.-S. Kim, T. Koyanagi,
T. Katayama, F. Sato and H. Kumagai, Nat. Commun., 2011,
2, 326.

60 J.-S. Kim, A. Nakagawa, Y. Yamazaki, E. Matsumura,
T. Koyanagi, H. Minami, T. Katayama, F. Sato and
H. Kumagai, Biosci., Biotechnol., Biochem., 2013, 77, 2166-
2168.

61 A. Nakagawa, C. Matsuzaki, E. Matsumura, T. Koyanagi,
T. Katayama, K. Yamamoto, F. Sato, H. Kumagai and
H. Minami, Sci. Rep., 2014, 4, 6695.

62 W. C. DeLoache, Z. N. Russ, L. Narcross, A. M. Gonzales,
V. J. J. Martin and J. E. Dueber, Nat. Chem. Biol., 2015, 11,
465-471.

63 1. J. Trenchard, M. S. Siddiqui, K. Thodey and C. D. Smolke,
Metab. Eng., 2015, 31, 74-83.

64 E. Matsumura, A. Nakagawa, Y. Tomabechi, T. Koyanagi,
H. Kumagai, K. Yamamoto, T. Katayama, F. Sato and
H. Minami, Biosci., Biotechnol., Biochem., 2017, 81, 396-402.

65 M. E. Pyne, K. Kevvai, P. S. Grewal, L. Narcross, B. Choi,
L. Bourgeois, J. E. Dueber and V. ]J. J. Martin, Nat.
Commun., 2020, 11, 3337.

66 A. Nakagawa, S. Nakamura, E. Matsumura, Y. Yashima,
M. Takao, S. Aburatani, K. Yaoi, T. Katayama and
H. Minami, Appl. Microbiol. Biotechnol., 2021, 105, 5433—
5447.

67 W. Zhao, M. Liu, C. Shen, K. Liu, H. Liu, C. Ou, W. Dai, X. Liu
and J. Liu, Green Chem., 2021, 23, 5944-5955.

68 J. H. Schrittwieser, B. Groenendaal, S. C. Willies, D. Ghislieri,
I. Rowles, V. Resch, J. H. Sattler, E.-M. Fischereder,
B. Grischek, W.-D. Lienhart, N. J. Turner and W. Kroutil,
Catal. Sci. Technol., 2014, 4, 3657-3664.

69 R. Hirsenkorn, Tetrahedron Lett., 1990, 31, 7591-7594.

70 A. Ruiz-Olalla, M. A. Wirdemann, M. J. Wanner,
S. Ingemann, J. H. van Maarseveen and H. Hiemstra, J.
Org. Chem., 2015, 80, 5125-5132.

71 S. C. Farrow, J. M. Hagel, G. A. Beaudoin, D. C. Burns and
P. J. Facchini, Nat. Chem. Biol., 2015, 11, 728-732.

72 R. Gerardy and M. H. Zenk, Phytochemistry, 1992, 32, 79-86.

73 D. H. R. Barton, G. W. Kirby, W. Steglich and G. M. Thomas,
Proc. Chem. Soc., 1963, 203-204.

74 D. H. R. Barton, D. S. Bhakuni, R. James and G. W. Kirby, J.
Chem. Soc. C, 1967, 128-132.

75 M. A. Schwartz and I. S. Mami, J. Am. Chem. Soc., 1975, 97,
1239-1240.

76 C. Szantay, M. Barczai-Beke, P. Pechy, G. Blasko and
G. Dornyei, J. Org. Chem., 1982, 47, 594-596.

77 D. G.Vanderlaan and M. A. Schwartz, J. Org. Chem., 1985, 50,
743-747.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc02304d

Open Access Article. Published on 24 agosto 2023. Downloaded on 6/03/2026 4:41:32 p.m..

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

78 M. A. Schwartz and K. Pham Phuong Thi, J. Org. Chem., 1988,
53, 2318-2322.

79 B. Bali Judicaél Tra, A. Abollé, V. Coeffard and F.-X. Felpin,
Eur. J. Org Chem., 2022, €202200301.

80 L. L. Miller, F. R. Stermitz and ]. R. Falck, J. Am. Chem. Soc.,
1971, 93, 5941-5942.

81 E. Kotani and S. Tobinaga, Tetrahedron Lett., 1973, 14, 4759~
4762.

82 L. Miller, F. Stermitz and ]. Falck, J. Am. Chem. Soc., 1973, 95,
2651-2656.

83 J. R. Falck, L. Miller and F. Stermitz, Tetrahedron, 1974, 30,
931-934.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

84 J. Bobbitt, I. Noguchi, R. Ware, K. N. Chiong and S. Huang, J.
Org. Chem., 1975, 40, 2924-2928.

85 L. L. Miller, R. F. Stewart, J. P. Gillespie, V. Ramachandran,
Y. H. So and F. R. Stermitz, J. Org. Chem., 1978, 43, 1580-
1586.

86 T. W. Bentley and S. J. Morris, J. Org. Chem., 1986, 51, 5005—
5007.

87 S. Zelasko, A. Palaria and A. Das, Protein Expression Purif.,
2013, 92, 77-87.

88 N. Vierengel, L. Geske, E. Sato and T. Opatz, Chem. Rec.,
2021, 21, 2344-2353.

Chem. Sci., 2023, 14, 9863-9871 | 9871


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3sc02304d

	Concise synthesis of (R)-reticuline and (tnqh_x002B)-salutaridine by combining early-stage organic synthesis and late-stage biocatalysisElectronic...
	Concise synthesis of (R)-reticuline and (tnqh_x002B)-salutaridine by combining early-stage organic synthesis and late-stage biocatalysisElectronic...
	Concise synthesis of (R)-reticuline and (tnqh_x002B)-salutaridine by combining early-stage organic synthesis and late-stage biocatalysisElectronic...
	Concise synthesis of (R)-reticuline and (tnqh_x002B)-salutaridine by combining early-stage organic synthesis and late-stage biocatalysisElectronic...
	Concise synthesis of (R)-reticuline and (tnqh_x002B)-salutaridine by combining early-stage organic synthesis and late-stage biocatalysisElectronic...
	Concise synthesis of (R)-reticuline and (tnqh_x002B)-salutaridine by combining early-stage organic synthesis and late-stage biocatalysisElectronic...
	Concise synthesis of (R)-reticuline and (tnqh_x002B)-salutaridine by combining early-stage organic synthesis and late-stage biocatalysisElectronic...

	Concise synthesis of (R)-reticuline and (tnqh_x002B)-salutaridine by combining early-stage organic synthesis and late-stage biocatalysisElectronic...
	Concise synthesis of (R)-reticuline and (tnqh_x002B)-salutaridine by combining early-stage organic synthesis and late-stage biocatalysisElectronic...
	Concise synthesis of (R)-reticuline and (tnqh_x002B)-salutaridine by combining early-stage organic synthesis and late-stage biocatalysisElectronic...
	Concise synthesis of (R)-reticuline and (tnqh_x002B)-salutaridine by combining early-stage organic synthesis and late-stage biocatalysisElectronic...
	Concise synthesis of (R)-reticuline and (tnqh_x002B)-salutaridine by combining early-stage organic synthesis and late-stage biocatalysisElectronic...


