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1 Introduction

Plants generate a diverse range of organic compounds through
secondary metabolic processes.' Alkaloids are plant-produced
specialized metabolites with nitrogen atoms from amino acids
incorporated into heterocyclic structures. A specific group of
these alkaloids, known as monoterpene indole alkaloids (MIAs),
is classified based on the biosynthetic origin.> MIAs constitute
one of the most structurally diverse alkaloid groups, with over
2500 distinct molecules identified to date. These compounds
are predominantly found in the plant families such as Apoc-
ynaceae, Loganiaceae, and Rubiaceae.>* While the functions of
many MIAs remain largely unexplored, recent studies have
demonstrated their capacity to confer protection to host plants
against specific herbivores.> Corynanthe alkaloids represent
a class of tetracyclic monoterpene natural products character-
ized by an intact secologanin carbon skeleton fused to an indole
or indole-derived heterocyclic.® The unique architecture of
corynanthe alkaloids serves as a biosynthetic precursor for
numerous MIAs, highlighting their central role in MIA research.
The corynanthe alkaloids also include yohimbine-type alka-
loids, oxindole corynanthe-type alkaloids, mavacurane-type
alkaloids, sarpagine-type alkaloids, akuammiline-type alka-
loids, and ajmaline-type alkaloids.”

In 2019, eight prestigious laboratories renowned for their
contributions to the field of MIA chemistry established
a tandem mass spectrometry (MS/MS) knowledge base special-
izing in this class of natural products (NPs) and named it the
Monoterpene Indole Alkaloids DataBase (MIADB).® By 2025, the
MIADB had 422 MS/MS spectra with full structural annotations
and 80 skeletons. Beniddir et al.® proposed a “spectral skeleton”
correlation strategy that used Tanimoto structural similarity
analysis and improved cosine similarity scoring to reveal the
highly conserved mass spectral behavior of ajmalicine and
corynantheane spirooxindoles. As a key scaffold among MIAs,
corynanthe alkaloids clearly demonstrate their significant
research value. Using the SpectraToQueries tool, specific frag-
mentation patterns of the corynanthe spirooxindole subtype
were successfully extracted, enabling the construction of highly
efficient MassQL queries.'*> During the screening of 75 plant
extracts, the method successfully identified multiple
corynanthe-type compounds with an accuracy rate of 55.56%,
significantly improving the identification efficiency of such
compounds in complex mixtures. This achievement not only
provides a reliable tool for the high-throughput discovery and
structural identification of corynanthe alkaloids, but also
establishes a solid foundation for subsequent activity screening
and functional studies.

The unique chemical structure of corynanthe alkaloids
determines diverse biological activities, which have attracted
great interest from researchers. Notably, the enhancement of
MIADB furnishes powerful data mining capabilities and novel
strategies for structural characterization in the research on
corynanthe alkaloids and natural products. Recent studies on
corynanthe alkaloids have achieved significant progress in
biosynthetic research, particularly in elucidating key enzymes
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and metabolic pathways. Heterologous biosynthesis using
engineered yeast and Nicotiana benthamiana has emerged as
a prominent strategy for scalable production. In chemical
synthesis, structural complexity has been addressed through
bio-inspired strategies and novel catalytic approaches. Mean-
while, modular synthetic frameworks and retrobiosynthetic
methodologies have streamlined synthetic routes, thereby
substantially improving efficiency and stereochemical preci-
sion. Although several studies have been conducted on these
compounds, a comprehensive systematic review that integrates
their biosynthesis and chemical synthesis remains conspicu-
ously lacking. In this paper, we present a detailed review of
recent advances in the structural characterization, biosynthetic
pathway, total synthesis, and biological activity of corynanthe
alkaloids, thereby contributing to future research and potential
applications in this field.

2 Structure

Corynanthe alkaloids are primarily isolated from Mitragyna
speciosa (commonly known as kratom) and Corynanthe pachy-
ceras K. Schum.” Notably, compounds such as mitragynine (1),
corynantheidine (2), corynantheine (3) (Fig. 1). Mitragynine (1)
exhibits potent G-protein-selective agonistic activity at p-opioid
receptors (MORs).**¢ But unlike classical MOR agonists, it may
be associated with minimal adverse side effects.® The funda-
mental structure of MIAs is composed of tryptamines and
monoterpenes or their derivatives, monoterpene rearrange-
ments of corynanthe alkaloids lead to their structural and
chemical diversity.”

Geissoschizine (4) was isolated from Catharanthus roseus and
Rhazya stricta.’" As a key intermediate in the biosynthesis of
MIAs, it plays a central role in vivo synthesis of nearly all MIAs.
Moreover, it has been shown that the E-configuration of geis-
soschizine's C19-C20 double bond promotes secondary cycli-
zation by stabilizing the cis-quinolizidine conformation,
whereas the Z-configuration induces a t¢rans-quinolizidine
conformation that sterically obstructs the reaction.”® Tetra-
hydroalstonine (5) isolated among others from Alstonia schol-
aris,” R. stricta,”> Ophiorrhiza discolor,” and C. roseus*® with
high purity and demonstrated the neuroprotective effect of
tetrahydroalstonine (5) against OGD/R-induced neuronal
damage in cortical neurons. Hirsutine (HSN) (6) exhibits
a broad range of pharmacological properties, including anti-
hypertensive, antiarrhythmic, cardioprotective, and anti-
metastatic effects. These properties are attributed to its ability
to inhibit calcium ion (Ca*>") influx and modulate intracellular
Ca”" release.”*?* Ajmalicine (7) is a natural alkaloid primarily
isolated among others from Rauvolfia serpentina,” C. roseus,*®
and M. speciosa.>*® Xiao et al* isolated yohimbine (8) from
Pausinystalia yohimba, which has been traditionally utilized as
a stimulant and aphrodisiac. Furthermore, yohimbine (8) has
been demonstrated to exhibit antidiuretic, antiadrenergic, and
serotonin-antagonist properties. Rauwolscine (9) possesses
diverse biological activities, including a,-adrenergic receptor
antagonism and antihypertensive effects.*® Reserpine (11),
derived from R. serpentina, is an effective antihypertensive drug.
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Fig. 1 The skeleton structure of corynanthe alkaloids and related compounds.

However, its clinical use has declined due to its potential to
cause depression.*® Ajmaline (10), a potent antiarrhythmic
agent, functions as a sodium channel blocker and is widely used
as a diagnostic pharmacological tool for identifying brugada
syndrome (a disorder associated with an increased risk of life-
threatening arrhythmias and sudden cardiac death).*> Rhyn-
chophylline (12) and isorhynchophylline (13), primarily derived
from Uncaria rhynchophylla, exhibit neuroprotective, antihy-
pertensive, and anti-inflammatory activities.**?*

Nauclorienine (14) were simple corynanthe-type alkaloids
isolated from the 90% EtOH extract of the stems and leaves of
Nauclea orientalis (Fig. 2) and (Table 1).** Subditine (15) were
isolated from the bark of Nauclea subdita.*® Yu et al.*” isolated
nine new corynanthe-type alkaloids (16-24) from the seeds of
Strychnos angustiflora. The structure of 16 was confirmed using
single-crystal X-ray crystallography. Based on the nuclear
magnetic resonance spectroscopy (NMR) and electronic circular
dichroism (ECD), the R-configuration of the N-4 stereogenic
center of 17 was shown to be opposite to the 16. The identifi-
cation of the compounds 18-23 extends the range of analogues
of this group of natural products containing the chain pos-
sessing syringoyl moiety and glucose in corynanthe-type alka-
loid. Compounds 25-28 were isolated from A. scholaris.®®
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Epicatechocorynantheines A (29) and B (30), and epi-
catechocorynantheidine (31) were isolated from the stem bark
of C. pachyceras.” These compounds represent the examples of
corynanthean-type alkaloids tethered with a flavonoid.
Compound 31 notably instigated two connections between the
MIA and the flavonoid, yielding an unprecedented octacyclic
appendage.

Hunterizeylines H (32) were isolated from an aqueous MeOH
extract of the twigs and leaves of Hunteria zeylanica (Fig. 3).*
Compounds 33-37 represent the examples of heterodimeric
frameworks composed of a gelsedine-type alkaloid and a modi-
fied corynanthe-type. They were isolated from the fruits of Gel-
semium elegans.*® Compounds 38-42 were isolated from the
trunk bark of Tabernaemontana penduliflora K. Schum. These
compounds were recovered as an inseparable mixture of
isomeric pairs that differ only in the orientation of the N-methyl
group.”* Rauvomitorine I (43), rauvines A (44) and B (45) were
obtained from the leaves of Rauvolffa vomitoria Wennberg.*>*
Compounds 46-48 were isolated from the stems of Uncaria
hirsuta Havil, which are oxidindole alkaloids and contain an
oxindole moiety (N-C=O0) in ring B.** Rhynchophylloside F (49),
an oxindole alkaloid characterized by a seven-membered D-ring
configuration, was isolated along with structurally related

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 The structure of compounds 14-31.

analogues 50-53 from the medicinal plant U. rhynchophylia
(Miq.) Miq. ex Havil.**

7-Hydroxypleiocarpamine (54) and 6-oxopleiocarpamine (55)
were isolated from the bark and leaf extracts of Alstonia

This journal is © The Royal Society of Chemistry 2026
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angustifolia. 7-Hydroxypleiocarpamine (54) has two possible
structures to be considered, which differ only in the configu-
ration at C-7.* The N,-lactam in normavacurin-21-one (56)
contains a carbonyl group linked to C19-C20-ethylidene.*
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Table 1 Corynanthe alkaloids (compounds 14-68) isolated between 2006—-2025 and their sources
No. Compound name Plant part Source References
14 Naclorienine Stems and leaves Nauclea orientalis 35
15 Subditine
16 (38,45,158,20R)-Antirhine N,-oxide Seeds Strychnos angustiflora 37
17 (3S,4R,15S,20R)-Antirhine N -oxide
18 21-O-Syringoylantirhine
19 21-0-Syringoyl-(35,4S,155,20R)-antirhine

Ny-oxide 4'-0-B-d-glucopyranoside
20 21-O-Syringoylantirhine

4'-0-B-d-glucopyranoside
21 21-O-Syringoylantirhine

4'-0-[6"-0-syringoyl]-B-d-glucopyranoside
22 21-O-Syringoylantirhine

4'-O-[(E)-6"-0-sinapoyl]-B-d-glucopyranoside
23 21-O-Syringoylantirhine

4'-0-[(E)-6"-O-feruloyl]-B-d-glucopyranoside
24 Antirhine
25 Meloslines C Roots Alstonia scholaris 38
26 Meloslines D
27 Meloslines E
28 Meloslines F
29 Epicatechocorynantheines A Stem bark Corynanthe pachyceras 2
30 Epicatechocorynantheines B
31 Epicatechocorynantheidine
32 Hunterizeylines H Twigs and leaves Hunteria zeylanica 39
33 Gelsecorydines A Fruits Gelsemium elegans 40
34 Gelsecorydines B
35 Gelsecorydines C
36 Gelsecorydines D
37 Gelsecorydines E
38 Penduflorines A Trunk bark Tabernaemontana penduliflora 41

K. Schum
39 Penduflorines B
40 Penduflorines C
41 Penduflorines D
42 Penduflorines E
43 Rauvomitorine I Leaves Rauvolfia vomitoria Afzel 42 and 43
44 Rauvines A
45 Rauvines B
46 Hirsutanine D Stems Uncaria hirsuta Havil 44
47 Hirsutanine E
48 Uncarine B N-oxide
49 Rhynchophyllosides F Stems Uncaria rhynchophylla Miq. ex Havil 45
50 Rhynchophyllosides G
51 Rhynchophyllosides H
52 Rhynchophyllosides I
53 Rhynchophyllosides ]
54 7-Hydroxypleiocarpamine Bark and leaves Alstonia angustifolia Wall. ex A. DC 46
55 6-Oxopleiocarpamine
56 Normavacurine-21-one Leaves Alstonia scholaris (L.) R. Br 47
57 Hunterizeyline F Twigs and leaves Hunteria zeylanica Gardner ex Thwaites 39
58 22-Demethyl MMV Bark Tabernaemontana macrocarpa Jack 48
59 22-Deethyl fuchsiaefoline
60 N,-methyltalpinine Stem bark Alstonia angustifolia Wall. ex A. DC 49
61 O-Acetyltalpinine Leaves and stem bark Alstonia angustifolia Wall. ex A. DC 46
62 Talpinine
63 Alstopenidine H Leaves and stem bark Alstonia penangiana Sidiy 50
64 Vincamaginine A Leaves Malayan Alstonia penangiana 51
65 Vincamaginine B
66 Nicalaterine A Bark Hunteria zeylanica (Retz.) 52
Gardner ex Thwaites

67 Cathafoline Bark Tabernaemontana dichotoma Roxb 53
68 Kopsiyunnanine B Aerial Yunnan Kopsia arborea 54
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Fig. 3 The structure of compounds 32-53.

Hunterizeyline F (57) is a sarpagane-mavacurane bisindole
alkaloid.*® Quaternary ammonium alkaloids 58 and 59 were
found in the bark of Tabernaemontana macrocarpa Jack.** N(4)-

This journal is © The Royal Society of Chemistry 2026
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methyltalpinine (60) has a carbinolamine group, which was
isolated from the stem bark of Alstonia angustifolia.** O-Ace-
tyltalpinine (61) is the O-acetyl derivative of talpinine (62).*
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Fig. 4 The structure of compounds 54-68.

Alstopenidine H (63) is the N-oxide of 11-methoxystrictamine.*®
Compounds 64 and 65 were isolated from the EtOH extract of
Malayan Alstonia penangiana Sidiy.”* Nicalaterine A (66) was
isolated from the Hunteria zeylanica (Retz.) Gardner ex Thwaites
bark.”> Cathafoline (67) was isolated from Tabernaemontana
dichotoma Roxb.** Kopsiyunnanine B (68) is a corynanthe oxin-
dole alkaloid rotated by the D ring (Fig. 4).>*

3 Biosynthesis

In contrast to prokaryotes, genes encoding metabolic pathways
in plants are not typically clustered together. Consequently, the
identification, cloning, and isolation of each enzyme in the
synthetic pathway are necessary, which presents a significant
challenge to the complete elucidation of alkaloid biosynthesis.*®
Corynanthe alkaloids are biosynthesized through the

752 | Nat. Prod. Rep., 2026, 43, 746-778

OMe
OMe

OMe

condensation of tryptamine derivatives with cyclic enol ether
terpenoids and enzymatic modifications (e.g., strictosidine
synthase (STR), strictosidine pB-d-glucosidase (SGD)), which lead
to the formation of structurally diverse and complex alkaloid
derivatives. These transformations are catalyzed by specific
enzymes that mediate key biochemical processes, including
selective C-C bond cleavage and oxidative rearrangement
reactions, which collectively contribute to the structural diver-
sification of the alkaloid scaffold.”® Courdavault et al®
combined spatial transcriptomics and MYC2 (a transcription
factor in the jasmonate signaling pathway) overexpression in A.
scholaris to identify a multifunctional geissoschizine cyclase
(GC2) that catalyzes C-C and C-N bond formations, yielding
akuammicine, strictamine, and 16-epi-pleiocarpamine. Though
progress has been made in identifying the biosynthetic genes
for catharanthine and vindoline in Rosa spp. through forward

This journal is © The Royal Society of Chemistry 2026
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genetics, gaps still exist in our understanding of the complete
enzymatic repertoire. Homology-based cloning helps identify
pathway enzymes like acyltransferases and cytochrome P450s
(CYP450), but it requires extensive functional validation and is
limited by the availability of substrates for enzyme reactions.*®

3.1 Biosynthesis pathway of strictosidine

Isopentenyl diphosphate (IPP, 69) and dimethylallyl diphosphate
(DMAPP, 70) are the primary precursors of terpenoid alkaloids and
give rise to iridodial,* which is subsequently converted into loganic
acid through the sequential activities of iridodial oxidase (IO), 7-
deoxyloganetic acid glucosyltransferase (7-DLGT), 7-deoxyloganic
acid hydroxylase (7-DLH), and loganic acid methyltransferase
(LAMT). Secologanin synthase (SLS) then catalyzes the oxidative
ring opening of loganin to yield secologanin (77), the final terpene
precursor required for MIA biosynthesis.”® Most MIAs originate
from the common intermediate strictosidine (80) (Scheme 1).°"*>

View Article Online
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3.2 STR/SGD enzymatic specificity and its biosynthetic
implications

Strictosidine (80) functions as a universal biosynthetic
precursor for an exceptionally diverse array of indole alkaloids,
including ajmaline-, corynanthe-, aspidosperma-, quinoline-,
and iboga-type scaffolds. Its high biochemical plasticity enables
species-specific enzymatic tailoring, positioning strictosidine
(80) as the central molecular hub for MIA diversification.®
Approximately 2000 known indole alkaloids arise from stricto-
sidine (80).**® The strictosidine aglycone can also undergo
spontaneous rearrangements to produce 4,21-dehydro-
geissoschizine (81), which is subsequently reduced by dedicated
alcohol dehydrogenases (ADHSs). These reduced intermediates
feed into multiple specialized metabolic branches that generate
the extensive structural diversity observed among downstream
MIAs, underscoring the pivotal contribution of ADHs to MIA
biosynthetic complexity.®® STR was first cloned from R.

CHO COOH COOH
X H H H
OH AN X
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IPP(69) e] o) 0
10
GES H H H
N OH OH OH OGlc
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DMAPP (70) 10-hydroxygeraniol (71) iridodial (72) 7-deoxyloganetic acid (73) 7-deoxyloganic acid (74)
COOM: COOH
COOH H e i COOMe
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Scheme 1 Biosynthetic pathway for STR and different corynanthe alkaloids.
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serpentina and functionally expressed in Escherichia Coli,*” and
homologous STRs have since been identified in C. roseus and
Ophiorrhiza Pumila.®*7°

STR and SGD form the core enzymatic module governing MIA
biosynthesis. STR stereospecifically catalyzes the Pictet-Spengler
(P-S) condensation between tryptamine (79) and secologanin (77)
to produce strictosidine (80) (Scheme 1).”*7% The catalytic residue
Glu309 (E309) plays a decisive role in substrate recognition; Lin
et al.”™ showed that steric constraints prevent N-methylated
tryptamines from properly aligning with E309, SGD then cata-
lyzes the deglycosylation of strictosidine (80), exhibiting
strictosidine-specific activity with micromolar-range K, values
and functioning as a 63 kDa oligomeric complex.” The liberated
aglycone rearranges spontaneously into 4,21-dehydro-
geissoschizoschizine (81), which is subsequently reduced by
ADHs to direct metabolic flux toward three major MIA lineages:
corynanthe-, iboga-, and aspidosperma-type alkaloids.**”® Recent
co-expression analyses identified STR isoforms (UrSTR1/5) co-
regulated with other MIA pathway genes, and highlighted
conserved catalytic residues (UrSTR1: Glu309, Tyr155; UrSTR5:
Glu295, Tyr141) essential for strictosidine (80) formation.”” These
mechanistic insights not only clarify the enzymatic basis of MIA
diversification but also enable metabolic engineering applica-
tions, including the heterologous biosynthesis of rhynchophyl-
line (12).”* The stringent substrate selectivity of STR and SGD
ensures precise control of MIA biosynthetic flux, making them
indispensable targets for synthetic biology strategies aimed at
producing rate or non-natural alkaloid derivatives.” Conse-
quently, enhancing STR gene expression is a key strategy for
improving yields of MIAs that are difficult to obtain. Under-
standing the regulatory and biochemical factors that influencing
STR expression provides critical insight into the entire biosyn-
thesis pathway of strictosidine (80) biosynthesis and helps in
gaining an in-depth understanding of plant metabolism.”

3.3 The role of CYP450 in biosynthesis

CYP450 enzymes play central roles in MIA biosynthesis due to
their catalytic versatility in oxidative transformation.®® Specific
CYP450 subfamilies—including CYP71, CYP72, CYP76, and
CYP82—mediate distinct steps and exhibit notable substrate
specificity.®* The CYP72 and CYP76 families are essential for
secologanin (77) formation through the cycloalkenyl ether
ketone pathway,®> whereas CYP71 and CYP82 enzymes oxidize
a broad range of MIA scaffolds (Scheme 2).** Secologanin (77),
a secoiridoid monoterpene, is produced from loganin via SLS
(EC 1.14.19.62), a P450 enzyme operating in the mevalonate
pathway.** The CYP71 family is a major driver of MIA diversi-
fication, transforming simple seco- and hetero-yohimbine
intermediates into sarpagan,® strychnos,**®** akuammilan,®
iboga,* and aspidosperma-type alkaoloids.*®**

In ajmaline biosynthesis, CYP450 monooxygenases such as
the sarpagan bridge enzyme catalyze the oxidative cyclization of
19E-geissoschizine (4) to polyneuridine aldehyde, while vinor-
ine hydroxylase (VH; CYP82 family) mediates converts vinorine
to vomilenine (87).5>°>°* CYP450-mediated oxidations are also
critical for ajmalicine (7) formation through the stereospecific
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9%:96 Recent work in U.

hydroxylation of tetrahydroalstonine (5).
rhynchophylla identified CYP450s and flavin-containing mono-
oxygenases (FMOs) potentially involved in the biosynthesis of
rhynchophylline (12) and isorhynchophylline (13), under-
scoring their importance in spiroindole alkaloid formation.”*”
Jiang et al.®® characterized two CYP450 enzymes involved in
rauwolscine (9) biosynthesis and elucidated the pathway
leading to reserpine (11). Dang et al.®® identified a kratom-
derived CYP450 responsible for generating 3-epi-corynoxeine
(3R,7R) and isocorynoxeine (3S,7S) from (3R)-secoyohimbane
precursors. O'Connor and colleagues'® characterized three
CYP450 enzymes in C. roseus—CrGO, CrRS, and CrSBE—that
divert geissoschizine into strychnos-, akuammiline-, sarpagan-,
and mavacurane-type scaffolds. Notably, CrGO also catalyzes
a minor C16-N1 coupling to form mavacurane alkaloids,
a function supported by gene-silencing studies. This enzyme,
when expressed in Saccharomyces cerevisiae, enables efficient in
vivo and in vitro production of spirooxindoles. Collectively, the
remarkable substrate specificity and catalytic flexibility of
CYP450s provide fine-grained control over corynanthe alkaloid
biosynthesis, making them indispensable for natural product
diversification and metabolic engineering of bioactive cor-
ynanthe derivatives.

3.4 The biosynthesis of representative corynanthe alkaloids

The limited natural availability of MIAs further emphasizes the
need for alternative production platforms; for instance,
obtaining just 1 g of vincristine requires approximately 2000 kg
of dried leaves.'”'* Alongside the intrinsic synthetic chal-
lenges posed by their structural complexity and high stereo-
chemical density, these limitations have driven the

This journal is © The Royal Society of Chemistry 2026
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development of heterologous biosynthetic systems.'**'%*
Advances in metabolic engineering now allow partial and
complete reconstruction of MIA pathways in microbial hosts,
offering scalable and sustainable production routes.'®

In 2016, the y-tocopherol-like N-methyltransferase family
was identified as responsible for indole and side-chain N-
methylation in ajmaline (10) biosynthesis.'®” By 2024, the full
ajmaline pathway had been elucidated and functionally recon-
stituted in S. cerevisiae. Key reductases—vomilenine 1,2(R)-
reductase (VR), 1,2-dihydrovomilenine 19,20(S)-reductase
(DHVR), and 17-O-acetylnorajmaline acetylesterase (AAE)—were
dentified as essential for vomilenine (87) reduction and subse-
quent acetylation (Scheme 3).'* Their characterization suggests
that vomilenine (87) is first reduced by VR, and then further
reduced by DHVR to form 17-O-acetylnorajmaline (89). VR
accepts only vomilenine as the substrate but not 19,20-di-
hydrovomilenine. Although DHVR also exhibits the 19,20-
reductase activity of vomilenine (87), it shows a 34-fold higher
affinity for 1,2(R)-dihydrovomilenine (88) than for vomilenine
(87). Supplementing yeast cultures with 5 mg L™" (14.5 pM) of
vomilenine (87) resulted in titers of 46 pg L' ajmaline (10),
demonstrating that high intracellular levels of vomilenine (87)
are required for efficient downstream flux. Increasing the copy
number of VR and tDHVR further enhanced ajmaline (10)
production twofold (96-128 pg L"), confirming that VR and
DHVR constitute rate-limiting steps in yeast-based biosynthesis
of ajmaline (10). Despite achieving the de novo biosynthesis of
ajmaline (10), the overall yield remains low due to the instability
of key intermediates—including polyneuridine aldehyde and
16-epi-vellosimine—and incomplete understanding of VR and
DHVR  catalytic = mechanisms, particularly regarding

SGD
Strictosidine (80) ——

@8s) ©

o SBE1

\ SBE2 PNAE VS VH

17-O-acetylnorajamline (89)

Scheme 3 The biosynthesis of ajmaline by Qu's group.t®®
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norajmaline (90)
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stereoselectivity and active-site architecture. A high-quality
genome assembly is needed to identify AAE and DHVR vari-
ants and resolve sequence inconsistencies that may arise from
gene duplication or differential expression.

The first heteroyohimbine synthase (HYS) was attributed to
O'Connor's group in 2006. A decade later, in 2016, a cluster of
homologous HYS enzymes sharing ~96% sequence identity was
identified, one of which generated a pair of diastereomers.'”
Notably, a single HYS enzyme can produce multiple iso-
yohimbine alkaloids, although the underlying determinants of
this stereochemical flexibility remain unresolved. Advances in
2023 using multi-omics approaches revealed that yohimbine-
alkaloid biosynthesis additionally medium-chain
dehydrogenase/reductase and tetrahydroalstonine synthase
(THAS), both yielding diastereomeric mixtures (Scheme 4).**
Crystal structures of—THAS1, THAS2, and HYS—uncovered key
architectural features governing stereoselectivity. In particular,
the active-site configuration—especially the flexible loop 2
region—emerged as a major determinant. HYS, possesses an
extended loop 2 that positions a histidine residue (His127) to
protonate the substrate from the opposite face, thereby enabling
formation of R-configured ajmalicine (7).'**** Subcellular local-
ization also plays a regulatory role. While SGD resides in the
nucleus, downstream enzymes such as RtTHAS3 lack nuclear
localization signals. This spatial separation constrains access to
the reactive aglycone intermediate and modulates metabolic flux,
consistent with the limited in plant activity of RtTHAS3. Despite
recent progress, many predicted gene functions remain experi-
mentally unverified, and the catalytic mechanisms underlying
the formation of yohimbane isomers—including rauwolscine (9)
and yohimbine (8)—require further elucidation.

involves

OH

(0]
77 (86)
Strictosidine algycones

vomilenine (87)

ajmaline (10)
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Scheme 4 O'Connor's proposal for the biosynthesis of yohimbine alkaloids.**°

Jiang et al.*® elucidated the longstanding biosynthetic route
to reserpine (11) (Scheme 5). Working in Rauvolfia verticillata,
they demonstrated that the pathway proceeds via strictosidine
(80) with a C-3a configuration rather than through vincoside,
earlier

The

C-3B

overturning assumptions. critical

stereochemistry is generated through a two-step enzymatic
epimerization mediated by a flavin-dependent oxidase and an
NADPH-dependent reductase. The sequential construction of
adjacent chiral centers resulted from coordinated action across
distinct enzyme families. First, the flavin-dependent oxidase

RvYOO RvDYR1 RvCYP71D820
17 RvDYR2 ..’1 7
OH
MeO,C OH MeO,C
a-yohimbine (95) 3-epi-a-yohimbine (96) 18 B-hydroxy-3-epi-a-yohimbine (97)
; RvCYP72A270
RvYOS :
; Rv110OMT RvCYP72A270
RvSGD I v RvCYP71D820
Strictosidine (80)
Rv110OMT
HO ™11 /
Meo,C O Meo,C oM
rauvomitorine G (99) 11,18 B-dihydroxy-3-epi-a-yohimbine (98)
unknown
methyltransferase
unknown o
OH acytransferase OMe
- T O
MeO !
OMe OMe OMe

MeO,C

reserpic acid methyl ester (100)

Scheme 5 The biosynthesis of reserpine by Jiang's group.®®
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RvYOO oxidizes a-yohimbine (95) to an iminium intermediate;
this is stereoselectively reduced by the NADPH-dependent
reductase RvDYR to yield 3-epi-a-yohimbine (96). Additional
stereocenters and functional groups are introduced by down-
stream enzymes: RvCYP71D820 catalyzes 18 hydroxylation to
form the fifth consecutive chiral center, while RvCYP72A270
and Rv110OMT mediate C-11 hydroxylation and O-methylation,
producing to rauvolmitotine G (99), a late-stage intermediate
containing all requisite stereochemical elements of reserpine
(11). This work represents the first complete delineation of the
enzymatic logic underlying reserpine's stereochemical
assembly. It reveals that nature employs a modular, coopera-
tively acting set of enzymes for stereocontrol—distinct from
synthetic strategies that typically rely on conformational biasing
or late-stage epimerization. Furthermore, the identification of
a conserved oxidase-reductase pair for C-3 epimerization across
multiple MIA-producing plants suggests a generalized mecha-
nism for stereochemical inversion in indole alkaloids biosyn-
thesis. Despite substantial pathway reconstruction, several
steps remain unresolved. The enzymes responsible for 17-O-
methylation and the final 3,4,5-trimethoxybenzoylation remain
unidentified, likely due to the specialized substrate require-
ments of the corresponding acyltransferases and the difficulty
of expressing active serine carboxypeptidase-like enzymes in
heterologous hosts. Additionally, the low catalytic efficiency of
RvYOS and the complexity of the multienzyme pathway
impeded complete reconstitution in Nicotiana, highlighting the
need for optimized expression systems or targeted enzyme
engineering.

O'Connor et al." recently characterized the core biosyn-
thetic steps responsible for scaffold construction in mitragy-
nine (1) and related corynanthe-type alkaloids (Scheme 6). Their
work also elucidated the mechanistic basis for formation of the
key C-20 stereocenter. Through structural modeling and tar-
geted mutagenesis, they identified seven amino acid residues
(T53F, I100M, S116N, SGAS295-298 — ATGG) that govern
stereoselectivity ~at this  position. Unlike the di-
hydrocorynantheine synthase from Cinchona pubescens
(CpDCS),"** which exclusively generates the (20R) isomer,
MsDCS1 (dihydrocorynantheine synthase from M. speciosa)
produces both (20S) (105) and (20R) (101) forms, with
a pronounced bias toward (20S). These insights were applied to
achieve enzymatic production of mitragynine (1), its C-20
epimer speciogynine (104), and fluorinated derivatives.
However, the enzyme responsible for C-9 methoxylation
remains unidentified, representing a key unresolved step in
mitragynine (1) biosynthesis.

Qu et al." concurrently elucidated the biosynthetic route of
kratom alkaloids in M. speciosa, focusing on stereoselective
control through mutagenesis of MsDCS1, thereby providing
a more comprehensive understanding of pathway (Scheme 7).
They identified and functionally characterized nine reductases
(MsDCS1-4, CoDCS, MpDCS, and others) responsible for con-
verting strictosidine aglycone into either (20R)-demethyl-
corynantheidine (110), the precursor to mitragynine (1), or
(20S)-demethyldihydrocorynantheine (107), the precursor to
speciogynine (104). Notably, the study uncovered a previously

This journal is © The Royal Society of Chemistry 2026
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Scheme 6 The proposed pathway toward major kratom alkaloids.***

unknown SABATH-family methyltransferase, MsC170OMT,
which catalyzes an unprecedented methylation of a non-
aromatic enol at C-17—an enzymatic activity not previously
observed in plant natural product biosynthesis. Using 4-
hydroxytryptamine as an unnatural substrate, the authors
demonstrated the enzymatic formation of demethylmitragynine
(111) and demethylspeciogynine (109) through a coupled reac-
tion cascade involving CrSTR, CrSGD, the reductases, and
MsC170MT. Finally, the leaf proteins from Hamelia patens were
shown to methylate these intermediates into mitragynine (1)
and speciogynine (104), confirming that the terminal O-meth-
ylation step is S-adenosylmethionine-dependent.

These insights reinforce the promise of engineered micro-
bial systems for sustainable MIAs production, while also
emphasizing the need for deeper optimization of enzyme
expression, substrate channeling, and pathway-level regulatory
control to achieve commercially competitive yields. Despite
substantial progress, major bottlenecks persist. Functional
characterization of numerous pathway enzymes—particularly,
CYPs, and diverse transferases—remains incomplete,
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Scheme 7 The biosynthesis of kratom alkaloids by Qu's group.**®

restricting the reconstruction of full biosynthetic routes in
heterologous hosts. Cellular compartmentalization adds
further complexity."* STR and SGD localize to the vacuole,
whereas geraniol 10-hydroxylase resides on the endoplasmic
reticulum (ER). Re-establishing this spatial organization in
microbial or plant cell factories is technically challenging and
frequently results in pathway leakage or undesired side-product
formation. Additionally, intrinsic enzyme promiscuity and
substrate competition can depress product titers and compli-
cate metabolic engineering strategies. Overcoming these chal-
lenges will require integrative approaches that merge multi-
omics, structural biology, and synthetic biology to clarify
enzyme mechanisms, enhance catalytic performance, and build
robust microbial platforms capable of scalable MIA production.
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4 Synthesis

Natural products continue to serve as a cornerstone for thera-
peutic discovery, as exemplified by the development of
numerous clinically successful drugs.”* Among these, cor-
ynanthe alkaloids are particularly notable for their extensive
stereochemical diversity—a feature that significantly enhances
their utility in modern drug screening campaigns.™*® Yet
systematic exploration of stereoisomeric scaffolds within
compound libraries remains limited."”*** A prominent example
is yohimbine, whose stereoisomeric derivatives show potent
activity against cancer-associated G-protein-coupled receptors
(GPCRs), displaying antagonistic profiles distinct from the

parent molecule.”® This wunderscores the value of

This journal is © The Royal Society of Chemistry 2026
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stereochemical tailoring in enhancing the therapeutic potential
of natural products. In parallel, targeted derivatization strate-
gies, such as halogenation, have effectively reduced adverse
effects, including toxicity, while enhancing bioactivity."*® For
instance, fluorinated derivatives of vincristine—a mono-
terpenoid indole alkaloid—exhibit promising improvements in
pharmacological performance. Collectively, these advances
highlight the transformative potential of stereochemical diver-
sification and rational derivatization in unlocking new oppor-
tunities for natural-product-based drug discovery.'*"*?

4.1 The synthesis of simple corynanthe alkaloids

The stereoselective construction of chiral centers—particularly
the interplay between the C-3 stereocenter and the adjacent
C15/C16/C20 stereogenic array embedded within the tricyclic
ring system—remains a central challenge in the synthesis of
complex MIAs. Traditional synthetic routes typically rely on late-
stage functional-group manipulations of preassembled piperi-
dine or decahydroquinoline frameworks to install the required
stereochemistry. However, these methods face inherent limita-
tions: conformational flexibility within the six-membered ring
often compromises stereocontrol, generating mixtures of C3
and/or C15/C16 diastereomers that demand labor-intensive

T
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N
NHBoc —N H
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CO,Bn TEA, toluene
s 2) CICO4-i-Bu, NMM,

THF; PhSeLi

3) BusSnH, ABN
59%
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chromatographic separation.” Earlier approaches predomi-
nantly employed biomimetic strategies, chiral-pool starting
materials, or classical thermal and radical cyclizations. Prior to
modern asymmetric catalysis, syntheses frequently began from
chiral natural products to enforce stereocontrol—p-tryptophan
being the most common due to its ready provision of the chiral
indole-ethylamine motify. Occasionally, terpenes or carbohy-
drates, served as alternative chiral precursors for introducing
stereocenters into the non-tryptamine substructure.

4.1.1 Cook's synthesis of mitragynine. Following the
successful synthesis of (—)-corynantheidine (2), (—)-cor-
ynantheidol (166), and (+)-geissoschizine (4) in 2000,'** Cook
and co-workers™® advanced the first catalytic, enantiospecific
total syntheses of the opioid agonist mitragynine (1) in 2007
(Scheme 8). A key breakthrough was their optimized Larock
heteroannulation between Boc-protected 2-iodo-3-
methoxyaniline (118) and TMS-alkyne (119), which delivered
the 4-methoxy N®-H indole (120) in 82% yield and enabled an
efficient 50 g-scale preparation of 4-methoxy-p-tryptophan ethyl
ester (121) in 91% yield following hydrolysis. This trans-
formation effectively resolved a longstanding bottleneck in
indole alkaloid synthesis. From 121, stereocontrol was secured
via an asymmetric P-S cyclization to set the C3 stereochemistry,

CO,Et COZBn

OMe " 1) NaOH, EtOH OMe
NH, 2) triphosgene
N THF, 45°C
HCI THF N CeHscHZOH
H

91% Et,O/HCI
(121) 84% (122)
Cs,CO03, MS Br%
THF/DMF, rt
85% (123) |
CO,CH,Ph COan
COzMe
o (2% %
~ CHsCOOH, CH,Cly,
TFA, CH,Cly
90% (124)

Crabtree's
catalyst, H,

70%

(130) MeO,C
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THF
1) LDA, THF
2) HCI/EtOAc
mitragynine (1) <—————
3) CH(OMe)3
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Scheme 8 Total synthesis of the opioid agonistic indole alkaloid mitragynine.*?
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followed by a Ni(COD),-mediated cyclization of 127 to furnish
the corynanthe framework (128) with the requisite cis C3-C15
fusion in 75% yield. A convergent strategy from tetracyclic ester
(129), accessed from 128 through Barton-Crich decarboxyl-
ation, enabled efficient elaboration to all target structures:
reduction afforded 130, 131, and mitragynine (1) was completed
through formylation and acetal-forming sequences. Notably,
the methoxy substituent proved found essential for analgesic
activity. Mitragynine (1) acts as a full agonist at p- and d-opioid
receptors, whereas its desmethyl analog—despite high p-
receptor affinity—only a partial agonist. In contrast, the des-
methoxy analog of mitragynine (1), corynantheidine (2), lacks
opioid agonist activity, but reverses morphine-suppressed
twitch contraction, consistent with its role as an opioid
receptor antagonist. Collectively, Cook's studies demonstrated
that a sterically demanding Nb-substituent is crucial for
achieving complete diastereocontrol in the P-S step. Nonethe-
less, the route relies heavily on protecting groups (e.g., Boc and
benzyl esters), adding synthetic overhead and introducing
opportunities for side reactions and yield erosion.

4.1.2 Martin's synthesis of dihydrocorynantheol. In 2006,
Martin et al.**® developed an alternative early-stage strategy that
efficiently constructed the key intermediate 142 through a one-
pot ring-closing metathesis-carbomagnesiation sequence
(Scheme 9). They further demonstrated that TMSCI is a critical
additive for enhancing the diastereoselectivity of 1,4-additions
to unsaturated lactams with organocuprates, enabling concise
total syntheses. Subsequent conversion of 144 to 145 via Bi-
schler-Napieralski (B-N) cyclization/reduction and 9-BBN-
mediated hydroxylation furnished dihydrocorynantheol (146)
in 19% overall yield. However, despite its elegance, this

View Article Online
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approach does not readily extend to collective synthesis of
diverse corynanthe alkaloids, structural optimization of the
core keleton is required to accommodate the breadth of
substitution patterns across the family.

4.1.3 Sato's synthesis of (—)-corynantheidine. In 2011, Sato
et al' reported the total synthesis of the indole alkaloid
(—)-corynantheidine (2), featuring a nickel-catalyzed carbox-
ylative cyclization with CO, incorporation as the central trans-
formation (Scheme 10). The route begins with a cis-selective P-S
reaction between L-tryptophan methyl ester (147) and aldehyde
(148), establishing the requisite tetrahydro-B-carboline core
with the correct configuration. The resulting advanced inter-
mediate, enyne (156), was then subjected to the key Ni’-medi-
ated carboxylative cyclization. A major achievement of this work
was the development of both stoichiometric and catalytic vari-
ants of the transformation: using Ni(cod), and DBU under a CO,
atmosphere, the reaction effected regio- and diastereoselective
CO, incorporation to generate the carboxylic acid precursor to
ester (157) with excellent diastereoselectivity. Importantly, the
authors also realized a catalytic system (20 mol% Ni(cod),),
furnishing the product in 58% yield and demonstrating a rare
proof-of-concept for catalytic CO, utilization in complex-
molecule synthesis. Nonetheless, the catalytic protocol was
limited by its reliance on large excesses of DBU and Et,Zn,
which reduced atom economy and operational practicality.

4.1.4 Ma's synthesis of corynantheidol, di-
hydrocorynantheol, and mitragynine. Ma et al'*® later intro-
duced an organocatalytic platform centered on an O-TMS-
diphenylprolinol-catalyzed Michael addition of n-butanal to
alkylidene malonate 160, delivering chiral aldehyde 162 (Scheme
11). This aldehyde serves as a versatile linchpin for divergent

EtMgBr
OH diallyamine N PC Ph CpoZrCly
N EDCI, CH,Cl, A\ $v (35 Q THF, rt
H 88% H y THF, rt 71%
(132) LiAlH, E(133)X =0 (136) X=0 1oy LA, (138) X=0
(134 X=Hz (137) X=H, Et,0 (139) X=H,

% o Et3N, CH,Cl,,

(140) Cl 73,»
MgBr CuX
L (143 135
THF, TMSCI “CHCl 1t
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(144) (142) (141)
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87%, dr>95:5 then
NaBH,, MeOH
9-BBN, THF ‘
\ then NaOH, H,0, N\
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dihydrocorynantheol (146)
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Scheme 9 Martin's general strategy for the syntheses of corynanthe alkaloids.*?®

760 | Nat. Prod. Rep., 2026, 43, 746-778

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5np00051c

Open Access Article. Published on 26 January 2026. Downloaded on 6/11/2026 12:38:49 AM.

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

(cc)

View Article Online

Review Natural Product Reports
CO,Me
NH
2 CO,Me
AN CO,Me OMS
” N 1) Boc,0, DMAP, CH3CN
(147) AAMS, CHCl NH (150) NS \\ 2) 5% aq. NaOH, CHaOH/THF
then TFA N KZCO3, CH30H N 84% for 2 steps
TBDPSO\/\CHO -78°Ctort N H
74% OTBDPS
(148) (149) (151) OTBDPS
COOH
CICO,-i-Bu
N N-methylmorpholine, 1) Dess-Martin ox,
A\ \\ THF THF, CHON. 1t HF/CH30N \\ CH,Cl,
N 2) PhaP=CHCO,CHs
67% for 2 steps Boc CHyCl,
74% for 2 steps
“52) OTBERS ,EtsN, t-BuSH 154) OTBDPS (155)  OH f

(153)

1) Ni(cod),, DBU,
\ CO,, EtyZn,dioxane
2) CHoN,

58%

1) CH(OCHg3), p-TsOH,
CH30H
OH 2) PtO,, Hy,
CH3;0H
47% for 2 steps

MeO,C

(159)

MeO
(-)-corynantheidine (2) *o

DIBALH
CH,Cly

Scheme 10 Sato's total synthesis of (—)-corynantheidine by nickel-catalyzed carboxylative cyclization of enynes.*?”

syntheses of secologanin-derived tryptamine and dopamine
alkaloids. Reductive amination of 162 with tryptamine (79), fol-
lowed by spontaneous lactamization, enabled a multistep
sequence to corynantheidol (166) and dihydrocorynantheol (168)
via saponification/decarboxylation, B-N cyclization, reduction,
and debenzylation. Alternatively, condensation of 162 with 4-m-
ethoxytryptamine (169) provided enamine 170, which underwent
diastereoselective hydrogenation, saponification/
decarboxylation, and oxidation to furnish ester 172, completing
a formal synthesis of mitragynine (1) via 173. However, enantio-
selectivity declined markedly upon 1 mmol scale-up from 91% to
81.6% ee, while diastereoselectivity in the reductive amination
remained modest, necessitating chromatographic separation of
isomeric mixtures. Epimerization during decarboxylation,
further reduced overall efficiency. Future optimization could
include screening second-generation iminium or hydrogen-
bonding catalysts—potentially under continuous-flow condi-
tions—to achieve >95% ee at gram scale; replacing NaBH(OAc);
with engineered transaminases or imine reductases to minimize
epimerization during reductive amination; and implementing
telescoped, one-pot deprotection/cyclization sequences in flow to
reduce protecting-group manipulations and solvent usage by =
70%.

4.1.5 Scheidt's synthesis of (—)-corynantheidine and
(—)-corynantheidol. In 2024, an improved platform was

This journal is © The Royal Society of Chemistry 2026

reported for the synthesis of (—)-corynantheidol (166) and
(—)-corynantheidine (2) (Scheme 12).° The route begins from
compound 174, which is converted to tertiary amine 179 on
multigram scale through a concise three-step sequence. Regio-
selective reduction of the axial linear ester in 180 was achieved
using Corey's protocol: treatment with preformed bi-
s(dimethylaluminum) 1,2-ethanedithiolate provided ketene di-
thioacetal 181 in 72% yield, followed by Raney-nickel reduction
to give 182 (79% yield). A Mikolajczyk-type homologation of
182—involving in situ aldehyde formation using LDBBA at 0 °
C—furnished homologated product 185 in 70% yield. Subse-
quent methanolysis of 185 with HCI at 50 °C then afforded
Cook's intermediate 186 in 94% yield."* From intermediate
186, (—)-corynantheidol (166) was obtained via LiAlH, reduction
in 90% yield (8 steps, 18% overall). For (—)-corynantheidine (2),
an optimized Claisen reaction (0 °C, 20 min) followed by
methylation with K,CO; and Me,SO, in acetone furnished 2
with high diastereoselectivity (>20:1 E/Z) in 67% yield across
two steps (9 steps, 13% overall). Building on the group's prior
foundation, this updated platform addresses greater structural
and functional-group complexity and provides unified access to
diverse heterocyclic cores, offering enhanced potential for
broad SAR exploration in medicinal chemistry.

4.1.6 Smits's synthesis of stisirikine and di-
hydrostisirikine. Recently, a stereodivergent Ireland-Claisen

Nat. Prod. Rep., 2026, 43, 746-778 | 761
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Scheme 11 An organocatalytic asymmetric synthesis of corynantheidol, dihydrocorynantheol and mitragynine using TMS-diphenylprolinol

catalysis by Ma's group.*?®

rearrangement of achiral lactones catalyzed by chiral di-
azaborolidines enabled access to all four enantiopure stereo-
isomers of 3,4-disubstituted piperidines and pyrrolidines
(Scheme 13).* In this sequence, acid 188 undergoes an Arndt-
Eistert homologation to furnish 189, which is then alkylated
with bromide 191—bearing a Boc-protected indole to oxidative
degradation—to give 193. Iodine-mediated oxidation of the
amine provides the corresponding lactam in 40% yield, and
subsequent B-N cyclization effects Boc, deprotection and
affords 194 in 80% yield. Treatment of 194 with lithium di-
isopropylamide and methyl formate, followed by reduction,
produces sitsirikine (195), and Pd-catalyzed hydrogenation
of 195. delivers dihydrositsirikine (196). While the route is
commendable for its stereodivergence and modularity,
several drawbacks persist, including variable efficiency in the
key rearrangement step and reliance on stoichiometric quanti-
ties of chiral auxiliaries rather than catalytic asymmetric
induction.

762 | Nat. Prod. Rep., 2026, 43, 746-778

4.1.7 Zhang's collective synthesis of corynanthe alkaloids.
In 2024, Zhang et al.** reported a collective synthesis of diverse
corynanthe alkaloids from a shared intermediate incorporating
a chirality-tunable structural unit. Central to the strategy is
stereodivergent diastereoselective hydrogenation at C15 and
C20, directed either by a primary alcohol or by a p-methoxy-
benzyl (PMB) protecting group functioning as a steric shielding
moiety (Scheme 14). The synthesis of 207 begins with oxidation
of known precursor 197 using POCl; in DMF to provide alde-
hyde 198 in 70% yield. Condensation of 198 with (S)-tert-buta-
nesulfinamide, generates an N-sulfinyl imine, which undergoes
a vinylogous Mannich addition with the lithium dienolate of
dioxinone 201 formed in situ with LIHMDS to afford predomi-
nantly diastereomer 202. After sulfinyl deprotection and C-ring
closure, a Mannich cyclization (formaldehyde/KHSO,)
furnishes pentacyclic intermediate 203 in 76% yield over two
steps. Treatment of 203 with NaOMe gives ester 204 (85% yield),
which is then TBS-protected, reduced with DIBAL-H, and

This journal is © The Royal Society of Chemistry 2026
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Scheme 13 Smits's enantiopure piperidines via stereoselective Ire-

land—Claisen rearrangement to achieve corynanthe alkaloid.*®

deprotected with TBAF to produce ketone 205 in 73% yield over
two steps; its structure was confirmed by X-ray crystallography.
A-Horner-Wadsworth-Emmons olefination of ketone 205

This journal is © The Royal Society of Chemistry 2026

subsequently delivers the key common intermediate 206 in 96%
yield. Leveraging the tunable stereochemical features of 206—
including the PMB shielding effect and the directing role of the
primary alcohol—the authors synthesized four distinct classes
of corynanthe alkaloid subclasses via tailored downstream
sequences. Despite its versatility, the approach exhibits several
limitations. Extensive oxidant screening was required for the
conversion of 207, with the Parikh-Doering oxidation emerging
as the sole viable option but causing undesired double-bond
migration. In addition, poor chemoselectivity toward aldehyde
addition in the presence of ester groups rendered classical
nucleophiles such as MeLi and MeMgBr unsuitable, necessi-
tating the use of Me;Al and thereby narrowing reagent scope.
Several steps also proceeded with only moderate efficiency; for
example, the synthesis of hirsuteine (212) achieved only 43%
yield over two steps. To address these issues, potential
improvements in optimization strategies are proposed, such as:
developing tailored oxidants to prevent double-bond migration
during the oxidation of 207, designing advanced directing
groups (e.g., siloxy-based motifs) to enhance the selectivity of
Me;Al-mediated additions, and systematically optimizing reac-
tion conditions in low-yielding transformations.

4.1.8 Al-Khrasani, Szilard, and Soos's synthesis of mitra-
gynine pseudoindoxyl and speciogynine pseudoindoxyl. Al-
Khrasani, Szilard, and So0s et al.*** reported the first enantio-
selective total synthesis of the potent pi-opioid receptor agonists
mitragynine pseudoindoxyl (236) (Scheme 15). Their

Nat. Prod. Rep., 2026, 43, 746-778 | 763
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Scheme 14 Zhang's collective synthesis of corynantheine alkaloids.**°

bioinspired, and protecting-group-free design converges on two
key building blocks: an oxidized tryptamine-derived spiro-
cyclopropyl pseudoindoxyl (228) and a chiral secologanin
analog (227), the latter prepared from (—)-carvone (222) in seven
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scalable steps. The core spiro-5-5-6 tricyclic ramework is
assembled through a diastereoselective cascade relay involving
a transient cyclic imine (formed from 231) that undergoes
a formal [3 + 2] cycloaddition with 232 under mild conditions,

This journal is © The Royal Society of Chemistry 2026
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Scheme 15 The first enantioselective and scalable total synthesis of mitragynine pseudoindoxyl by Al-Khrasani, Szilard, and Soés's group.**

simultaneously forming four bonds, two rings, and two
stereocenters in a single operation. Although specialized
systems such as the Adam catalyst and a hydrogen-atom-
transfer reduction were employed, the final reduction step
exhibited only moderate diastereoselectivity. The authors
further propose that 236 exists in a dynamic equilibrium among
interconverting stereoisomers in biologicalmedia, implying
that its pharmacological properties may arise from a stereo-
dynamic ensemble. However, this mechanistic hypothesis
requires additional experimental verification.
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Scheme 16 Catalytic asymmetric total synthesis of (+)-yohimbine.*3?
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(238)

4.2 Total synthesis of yohimbine alkaloids

4.2.1 Jacobsen's and Hiemstra's synthesis of yohimbine.
Jacobsen et al. (2008)"*> reported the synthesis of yohimbine (8)
through a 11-steps process, with 14% overall yield (Scheme 16).
Their route leveraged a chiral ion-pair system formed with an
anion-binding thiourea catalyst, enabling a strategic departure
from the conventional E-ring-first approach. By constructing
the C-ring at an early stage—followed by sequential assembly of
the D- and E-rings. The authors directly addressed the long-
standing challenge of installing the C-3 stereocenter when the
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E-ring is introduced first. Condensation of tryptamine (79) with
aldehyde 148 furnished imine 238, and reductive amination of
239 with aldehyde 240 afforded amine 241 in 55% yield.
Subsequent N-protection of the indole (Cbz-Cl/KHMDS), TBDPS
deprotection (TBAF), oxidation (SOj;-pyridine), and a Wittig
olefination provided IMDA recursor 242 with79% yield over two
steps. The Sc(OTf);-promoted IMDA of 242 then yielded cyclo-
adduct 243, as a single diastereomer with 87% yield. Final
deprotection with Cs,CO; and hydrogenation of the olefin
completed the synthesis of (+)-yohimbine (8). Hiemstra et al.***
developed a closely related strategy, likewise positioning the P-S
reaction as the stereochemical control point. In contrast to
Jacobsen's anion-binding thiourea system, however, they
employed chiral phosphoric acid catalysis. The overall strategy
paralleled Jacobsen's—early C-ring formation followed by di-
astereoselective Diels-Alder construction of the D- and E-
rings—highlighting the growing consensus around this C-ring-
first (Scheme 17).

4.2.2 Martin's synthesis of yohimbine alkaloids. Martin
et al.*** presented a diversity-oriented synthesis platform that
combined a multicomponent assembly process (MCAP) with
a dipolar cycloaddition to rapidly generate analogs of yohim-
bine and corynanthe alkaloid derivatives (Scheme 18). Treat-
ment of dihydro-B-carbolines (255) with crotonyl chloride and
tert-butyldimethyl(vinyloxy)silane in CH,Cl, afforded amides
(258) in 85% yield. Reaction with N-methylhydroxylamine
hydrochloride produced a nitrone intermediate, that underwent
spontaneous [3 + 2] dipolar cycloaddition, delivering single
diastereoisomers (259). To broaden structural diversity, bromo-
substituted B-carbolines (262, 268) were incorporated as
advanced intermediates, enabling Suzuki cross-coupling before
cycloaddition and reduction, thus allowing introduction of aryl
substituents and further N-functionalization to ureas or
amides. However, the study provides no mechanistic or exper-
imental insight into stereocontrol during the key cycloaddition
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or subsequent reduction steps, revealing limited command over
chiral-center the construction of chiral centers. Despite claims
of library-generation capability, the actual derivative scope
remains comparatively narrow.

4.2.3 Sarkar's synthesis of alloyohimbane. The first selec-
tive synthesis of a yohimbane framework was reported by
Palmisano in 1987 employing the classical sequence of D-E
ring construction followed by a B-N cyclization to close the C-
ring. Sarkar's approach™® builds on this foundation, using
enzymatic desymmetrization of a meso-diacetate to establish
enantioenrichment and maintaining the traditional E-ring-first
strategy (Scheme 19). The commercially available meso-di-
acetate 272 undergoes porcine pancreatic lipase (PPL)-mediated
hydrolysis in pH-7 phosphate buffer containing 1 N NaHCO; (to
suppress nonenzymatic background hydrolysis), producing the
monoacetate 273 in >95% ee, and >80% yield on multigram
scale. For the synthesis of (—)-alloyohimbane (281), 273 is
converted to azide 274 via Mitsunobu azidation, followed by
K,COjz-mediated hydrolysis and Staudinger reduction to give
amino alcohol 275. Coupling of 275 with 3-indolylacetic acid
(EDC/HOB) furnishes amide 276, which after Boc protection,
Mitsunobu cyanation, hydrolysis, and deprotection-cyclization
yields lactam 277. A Bischler-Napieralski cyclization followed
by Pd/C hydrogenation provides (—)-alloyohimbane (281) in
91% yield. The same sequence enables the synthesis of
(—)-yohimbane (291), demonstrating the generality of the
strategy.

4.2.4 Gellman and Hong's synthesis of (—)-yohimbane.
They both streamline asymmetric yohimbane synthesis,
reducing traditional >10-step routes to 5-6 steps (Scheme
20)."3713% Each relies on a B-N cyclization to assemble the
pentacyclic core and emphasizes stereoselectivity through
catalytic strategies (organocatalysis, cooperative catalysis). Both
protocols use simple starting materials and avoid harsh
conditions—e.g., the 2017 route employed a milder B-N
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Scheme 17 Total synthesis of (+)-yohimbine via an enantioselective organocatalytic P-S reaction.**
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Scheme 18 A novel MCAP-cycloaddition sequence to gain rapid access to novel derivatives of yohimbine and corynanthe compounds by

Martin's group.***

activation, while the 2020 approach used hydrogen-bond
donors to suppress side reactions. In the synthesis of yohim-
bane (291),*® the sequence begins with a copper mediated
Michael addition to pyranone 286, delivering lactone 287 in
89% yield and high diastereoselectivity (dr 12 : 1). A subsequent
ring-closing metathesis with Grubbs-II catalyst, furnishes the
fused trans-lactone 288 in 97% yield. A key advance is a modi-
fied B-N cyclization, in which the tertiary amide is activated
under mild conditions using Tf,0 and 2,6-di-tert-butylpyridine

This journal is © The Royal Society of Chemistry 2026

(DTBP), circumventing classical reagents such as POCl; LiAlH,
reduction then constructs the pentacyclic framework, and final
hydrogenation affords yohimbane (291). The route proceeds in
5-6 steps from 4-pentenal (282) with a 50% overall yield.

In contrast to the pentenolide-based strategy of Hong
et al.,"*®* which used an organocatalytic cross-aldol/lactonization
sequence to construct a versatile lactone that was subsequently
elaborated via Michael addition and ring-closing metathesis.
Gellman et al.**” developed a catalytic intramolecular conjugate
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Scheme 19 Enantioselective syntheses of (—)-alloyohimbane by an efficient enzymatic desymmetrization process.**®
addition of aldehyde-derived enamines to unactivated «, B- bond-forming disconnection relative to the multi-

unsaturated esters. Their dual catalytic system employs chiral
pyrrolidine (294) for enamine formation and a urea-based
hydrogen-bond donor to activate the ester, thus addressing
the intrinsic chemoselectivity challenge between conjugate
addition and competing homoaldol pathways. The cyclization
forms cyclohexane rings with high enantioselectivity and
simultaneously sets two adjacent stereocenters. Applied to
a concise six-step synthesis of (—)yohimbane (291) from
cycloheptene, the strategy features a one-pot reductive amina-
tion-cyclization and a B-N reaction, enabling a more direct C-C

PhO— P\/COZMe
Phd

-

transformation sequence of Hong et al.

4.2.5 Scheidt's synthesis of (—)-rauwolscine and
(—)-alloyohimbane. Scheidt et al.'* presented a concise and
enantioselective total synthesis of the yohimbine alkaloids
(—)-rauwoiscine (9) and (—)-alloyohimbane (281) (Scheme 21),
based on N-heterocyclic carbene (NHC) catalysis followed by an
amidation/N-acyliminium ion cyclization. The route begins
with an NHC-catalyzed dimerization of commercially available
ethyl 4-oxobutenoate (174) to furnish the key enol lactone (176)
building block in excellent enantioselectivity on multigram

aIIyMgBr

| OTES (285) O CuBrDwms,
K/\ formalln(283) Mi/ Nal, DBU, then HCI K TMsCl _Gll
CHO k 68% 89% 97%
(282) (286) (287)
(284) (zss)

FsC N N CF,
(2959 H H e
20mol% /2%

tryptamine (79), | 959,
then TsCl, NaH

Tf,O, DTBP

LiAIH,4

-

95%

l;i cHO 1) tryptamine (79)
: 2) NaBH,
CO,Me
H (297)
(296)

3) POCl3, NaBH4J 35% for 3 steps

(-)-yohimbane (291)

Scheme 20 The efficient asymmetric synthesis of yohimbine by Hong's group (a) **® and Gellman's group (b).**”
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Scheme 21 A concise, enantioselective approach for the synthesis of yohimbine alkaloids by Scheidt's group.**®

scale. This intermediate then undergoes a one-pot, protecting-
group-free sequence with tryptamine, in which acylation and
acid-promoted N-acyliminium ion cyclization to assemble the
tetracyclic ABCD core of the yohimbines in a single operation,
establishing three stereocenters with high diastereocontrol.
After lactam reduction, a Wittig-Horner homologation extends
the ester side chains, and a regioselective acid-mediated cycli-
zation closes the E-ring; this step requires careful optimization
to suppress side reactions and ensure separability of interme-
diates. Final diastereoselective reduction of B-ketoester (300)
with SmI,/H,O provides (—)-rauwoiscine (9), whereas decar-
boxylation followed by Wolff-Kishner reduction yields
(—)-alloyohimbane (281).

4.2.6 Zu's synthesis of stereoisomeric yohimbine alkaloids.
They further reported a collective enantioselective synthesis of
all four stereoisomeric subfamilies of yohimbine alkaloids
using a bioinspired strategy that bypasses scarce chiral
precursors such as secologanin (77) (Scheme 22).** The
approach employs an achiral pyrone dimer (303), generated in
a single photo-dimerization step, as a low-cost 10-carbon
surrogate for secologanin. Ring-opening of the dimer affords an
aldehyde that undergoes a chiral phosphoric acid-catalyzed
enantioselective P-S/amidation cascade with tryptamine deriv-
atives. This key step constructs the entire pentacyclic core while
simultaneously controlling all five stereogenic centers (up to
95% ee). Divergent elaboration from intermediates 306 and 307
enables access to multiple natural products: venenatine (311)
via hydrogenation and amide reduction; alstovenine (309) via
a novel I,/PhSiH;-mediated C3-epimerization; and B-yohimbine
(314) and pseudoyohimbine (316) via alkene isomerization,
stereoselective reduction, and redox-driven C17-epimerization.

This journal is © The Royal Society of Chemistry 2026

Although the sequence avoids reliance on natural chiral
building blocks adjustment of C20 stereochemistry (through
alkene isomerization/hydrogenation) necessitates an added
a C16 epimerization step. Several operations require
demanding conditions, including tightly temperature-
controlled C16 epimerization (15 °C) and low-tolerance steps
such as Swern oxidation that employ highly sensitive reagents.

4.2.7 Enantioselective total synthesis of (+)-reserpine.
Jacobsen et al. delivered the first effective solution to the long-
standing challenge of controlling C-3 stereochemistry in the
synthesis of reserpine (11), achieving this through a catalytic
enantioselective Formal Aza-Diels-Alde reaction (Scheme 23).'**
TBS deprotection of tetracyclic intermediate 321 followed by
oxidation furnished keto-aldehyde 322, which underwent a highly
efficient intramolecular enamine aldol reaction to construct the E-
ring and provide pentacyclic intermediate 324. Pinnick oxidation
and diazomethane esterification yielded methyl ester 325. The C-
15 hydroxy group was transformed into o, B-unsaturated ester
326 via a trifluoroacetylation-elimination sequence. After exten-
sive optimization, a cationic iridium catalyst was identified that
enabled a highly diastereoselective hydrogenation (dr = 6:1) of
the sterically congested enoate 326, delivering saturated ester 327
with the desired cis-fused ring junction in 44% yield. X-ray crys-
tallography unambiguously established the stereochemistry of
327. Final global deprotection (PMB cleavage with TfOH and Ts
removal via sodium-mercury amalgam), followed by esterification
with 3,4,5-trimethoxybenzoyl chloride, completed the total
synthesis of reserpine (11).

The corynanthe scaffold contains up to six contiguous
stereocentrs, including the epimerization-prone C-3 and the
sterically congested C-15/C-20 quaternary centrs. Although

Nat. Prod. Rep., 2026, 43, 746-778 | 769


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5np00051c

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

Open Access Article. Published on 26 January 2026. Downloaded on 6/11/2026 12:38:49 AM.

(cc)

Natural Product Reports

0
o}
KoCO
0 thioxanthone i & He
X\~ LED, MTBE, it O<__~ o o
+MTBE, : MeOH, 0°Cpeooc ™
50% H 78%
o}
(302) (303) (304)

I (1.0 eq.), PhSiH3(2.0 eq.),
DCE, rt 7
NH H

70%

(308)

Pd/C, H,
MeOH/CH,Cl,

80%

0 1) K2CO3
MeOH, 15°C
80%
—_—
2) PYALO3, Hy,

rt, EtOH/THF
87%

NH H NH H

MeO,C OH

(307)

(312)

BH,-DMS
THF

74%

NH H

B-yohimbine (314) (313)

View Article Online

Review
! OMe 0 ;
R 3 i
NH, NH H $ :
N\ enantioselective, (306) H OH !
dioxane, 10°C | 80%, 91% ee CO,Me !
N >
H
305a. R=H
305b. R=OMe

1) Pd/C, Hy;
MeOH/CH,Cl,
2) BH3'DMS,
THF

66% for 2 steps

H o
s oH

MeC 17-epi-pseudoyohimbine (315)
I, PhSiH; 1) DMSO, Ac,0 | 52
DCE 2) L-selectride, | for 2 steps
88%

pseudoyohimbine (316)

Scheme 22 Collective total synthesis of stereoisomeric yohimbine alkaloids.**°

state-of-the-art asymmetric catalysis—organocatalytic Michael
additions, iridium-catalyzed allylations or enzymatic reduc-
tions—routinely furnishes 90-95% ee for one or two centers, the
cumulative stereopurity across full sequences often collapses to
60-80%. Construction of the indoloquinolizidine core tradi-
tionally relies on B-N or P-S cyclizations that require activated
iminium or acyl-iminium intermediates formed under harsh
dehydrating conditions. Such conditions compromise acid-
labile substituents (vinyl, hydroxy, glycosyl) and promote
indole polymerization. Metal-catalyzed C-H activation methods
circumvent strong acids but provide poor regioselectivity on the
congested indole framework. Recently, however, novel catalytic
systems including chiral bifunctional organocatalysits and
engineered enzymatic platforms have significantly improved
the efficiency and selectivity of key cyclization events.

770 | Nat. Prod. Rep., 2026, 43, 746-778

Integration of asymmetric catalysis with dynamic kinetic reso-
lution has further emerged as a powerful strategy to generate
multiple stereocenters concurrently with high fidelity.

5 Activity
5.1 Anti-inflammatory

Aberrant immune responses are increasingly recognized as major
drivers of inflammatory pathologies, arising from dysregulated
interactions between pro-inflammatory mediators (cytokines,
chemokines) and immune cell populations (macrophages, T-
cells).">**  Yohimbine (8) exhibits notable in vitro anti-
inflammatory activity, primarily through downregulation of COX-
2, TNF-o, and NF-kB expression.’* Emerging evidence also
suggests chondroprotective effects against condylar cartilage

This journal is © The Royal Society of Chemistry 2026
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degradation in both in vitro and in vivo models, potentially medi-
ated via suppression of NF-kB signaling and attenuation of IL-1 or
norepinephrine-induced IL-6 upregulation.’*® Mechanistic
proposals implicate a,,-AR inhibition and subsequent upregulation
of tyrosine hydroxylase (TH). Because a,-AR activation lowers cyclic
adenosine monophosphate (cAMP), its inhibition may restore
cAMP-driven TH expression, suggesting a possible cAMP-
dependent anti-inflammatory mechanism.*****®* Rhynchophylline
(12) suppresses microglial activation and reduces nitric oxide (NO)
and prostaglandin E2 (PGE2) production,* while iso-
rhynchophylline (13) appears to mitigate inflammation by modu-
lating NF-«kB and MAPK pathways (Table 2 biological activity of
corynanthe and related alkaloids). Although these findings
highlight promising anti-inflammatory potential, further mecha-
nistic clarification and translational validation are required.

5.2 Neuro-protection

The principal neuroprotective constituents identified to date are
corynanthe-type and oxidized indole-type alkaloids, which exhibit

This journal is © The Royal Society of Chemistry 2026

a broad spectrum of bioactivities, including anti-amyloid aggre-
gation, anti-tau hyperphosphorylation, anti-inflammatory, anti-
aging, and cholinesterase-inhibitory effects.'**** U. rhyncho-
phylla, a rich source of corynanthe alkaloids, has been widely
utilized in traditional chinese medicine for treating cardiovas-
cular and central nervous system disorders.'*>"”* Ramanathan
et al™* reported that the methanolic leaf extract of Uncaria
attenuata (yellow hookah) isplayed robust cholinesterase inhibi-
tory activity. Among the isolated compounds, villocarine A
emerged as the most potent inhibitor of both acetylcholinesterase
(AChE) and butyrylcholinesterase (BChE), with ICs, values of
14.45 pM and 13.95 pM in vitro, respectively. In comparison,
geissoschizine methyl ether showed weaker inhibition, with ICs,
values of 35.28 uM (AChE) and 17.65 uM for AChE and BChE in
vitro. Molecular docking studies further revealed that villocarine A
interacts with AChE via hydrogen bonding and h hydrophobic
contacts across five key binding pockets, whereas its interaction
with BChE is mediated potentially through hydrophobic interac-
tions. Collectively, these findings position U. attenuata as
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a promising source of bioactive alkaloids with potential applica-
tions in the management of age-related dementias. In addition,
HSN (6) has been shown to mitigate glutamate-induced neuronal
death in cultured rat cerebellar granule cells by inhibiting Ca®*
influx."”” Yohimbine (8), anestablished a,-adrenergic receptor
antagonist, has demonstrated clinical utility as an antidote for
severe amitraz poisoning, facilitating rapid neurological recovery,
preventing bradycardia, and supporting hemodynamic stability.'”*
Nevertheless, the clinical evidence for supporting its broader
neuroprotective efficacy remains preliminary.

5.3 Cardiovascular activities

Ajmaline (10) has been proposed to exert antiarrhythmic effects
through modulation of potassium and calcium ion channels, as
well as through influences on mitochondrial function and
metabolic pathways.*” However, the clinical relevance of these
mechanisms requires further substantiation. HSN (6) has also
been reported to protect cardiomyocytes from hypoxia-induced
apoptosis by modulating Bcl-2 family proteins and caspase-
dependent signaling pathways, thereby limiting cellular
destruction and enhancing myocardial function. Additional
studies suggest that HSN (6) may attenuate the progression of
acute myocardial infarction by suppressing lipid peroxidation
through upregulation of antioxidant enzymes, ultimately
reducing cardiomyocyte necrosis and lowering injury biomarkers
such as lactate dehydrogenase (LDH) and reactive oxygen species
(ROS).>*"* Yohimbine (8) similarly exhibits cardioprotective
properties, as evidenced by its ability to inhibit lipopolysaccha-
ride (LPS)-induced myocardial apoptosis through significant
reductions in TNF-a, caspase-3/7, and IL-1p levels.'”

5.4 Analgesia

M. speciosa is recognized for its diverse array of corynanthe-type
alkaloids. Watanabe et al'*7® demonstrated that cor-
ynantheidine selectively binds to p-opioid receptors (MORs) in
receptor-binding assays. Pharmacological studies have poten-
tially shown that mitragynine (1) possesses analgesic properties
across both in vivo and in vitro models. However, mitragynine
(1) displays lower potency compared to its more active metab-
olites, mitragynine pseudoindoxyl and 7-hydroxymitragynine—
the latter a minor constituent of M. speciosa that exhibits
markedly stronger activity at opioid receptors. Specifically, 7-
hydroxymitragynine displays approximately 13-fold higher
potency than morphine and 46-fold higher potency than
mitragynine (1). Both mitragynine (1) and 7-hydroxymi-
tragynine show robust pharmacological profiles, underscoring
their promise as novel opioid-targeted analgesics.””” Further-
more, (35,45,15S5,20R)-antirhine N, -oxide has demonstrated
mild analgesic effects in the mouse hot-plate assay at a dosage
of 20 mg kg~' administered intraperitoneally.'”® Notably, the
analgesic actions of these compounds appear dose-dependent
and are predominantly mediated via opioid pathways, as evi-
denced by naloxone-induced reversal. However, an exclusive
focus on receptor-specific mechanisms may overlook important
off-target interactions, potentially oversimplifying their phar-
macological profiles.”®
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5.5 Anti-cancer

Luesch et al. reported that yohimbine (8) and its derivatives
antagonize GPCR-mediated oncogenic signaling pathways.'*
Consistent with this, yohimbine (8) has been shown to exert
pro-apoptotic effects in PC-2 and PC-3 pancreatic cancer cell
lines.*®® Several synthesized yohimbine analogs also demon-
strated selective cytotoxicity toward human pancreatic (PATU-
8988) and gastric (SGC7901) cancer cells, while exhibiting
comparatively lower toxicity in normal gastric mucosal cells
(GES1)."' These antitumor effects have been tent attributed to
the inhibition of GPCR-driven cAMP/PKA signaling by yohim-
bine (8), leading to suppressed cancer cell proliferation.'® HSN
(6) has likewise shown potent cytotoxicity across multiple
human breast cancer cell lines, including MCF-7, MDA-MB-231,
MCF-10A, BT474, and MDA-MB-453.%>1°%157:183 Hayakawa et al.*>
demonstrated that HSN (6) triggers programmed cell death
MDA-MB-231 cells by reducing the Bcl-2/Bax ratio, promoting
mitochondrial permeability transition pore opening, inducing
cytochrome c release, and activating caspases-9 and caspases-3.
Conversely, Li et al.*® found that HSN (6) inhibited Jurkat clone
E6-1 cell death through compensatory upregulation of Bcl-2. In
an A549 xenograft mouse model, Zhou et al.*** showed that HSN
(6) inhibits tumor development and promotes apoptosis
through ROCK1/PTEN/PI3K/Akt/GSK3 signaling. Zhan et al.'*®
showed that ajmalicine (7) demonstrates antitumor potential by
inducing pyroptosis in H22 cells by elevating intracellular ROS,
increasing pyroptosis rates and upregulating inflammatory
mediators such as TNF-a, IL-1B, and IL-6. In vivo, ajmalicine (7)
inhibited tumor progression and was shown to act through
a noncanonical caspase-3/GSDME-dependent pyroptotic
pathway. Collectively, although these indole alkaloids display
promising anticancer activity across preclinical systems, their
mechanisms remain incompletely resolved and appear highly
context-dependent. Further work is necessary to define their
selectivity, efficacy, and safety before their therapeutic potential
can be fully established.

5.6 Others

Yohimbine (8) is generally well-tolerated in clinical populations
with psychogenic erectile dysfunction, with studies reporting
minimal adverse events.'” In patients with organic erectile
dysfunction, dose-escalation testing suggested enhanced effi-
cacy upon doubling the dose, without significant adverse
effects, abnormal cardiovascular responses, or notable changes
in blood pressure.*®® In animal studies, yohimbine (8) increased
sexual arousal and mating behavior in male rats without
altering testosterone, follicle-stimulating hormone, or luteiniz-
ing hormone levels. Consistent with these findings, isolated rat
corpus cavernosum preparations showed a dose-dependent
relaxant effect.”® HSN (6) exhibits notable antiviral activity.**®
It inhibits all four dengue virus serotypes by disrupting viral
assembly, budding, or release, while leaving translation and
replication largely unaffected. Its antiviral effects may also
involve modulation of cellular calcium homeostasis.'** HSN (6)
has further demonstrated inhibitory activity against influenza A
strains (H3N, subtype).’* Yohimbine (8) has also been

This journal is © The Royal Society of Chemistry 2026
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Table 2 Biological activity of corynanthe and related alkaloids
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Compound name Biological activity Efficacy References
Mitragynine Opioid receptor 0.1-3.0 mg kg " in rats, in vivo 151
Analgesic 300 nM-10 pM in guinea-pig, in vivo 152
Antinociceptive 10 pg, i.c.v. in mouse, in vivo 153
Antiinflammatory 10-20 pg ml~', RAW264.7 cells, in vitro 154
Corynanthine Antileishmanial IC50 = 23.4 £ 5.4 pM in L. major, in vitro 13
Cytotoxicity IC50 = 186 £ 1 uM in KB-3-1 cells,
IC59 = 214 £ 26 uM in KB-VI cells, in vitro
Corynantheidine Antileishmanial ICso = 2.81 £ 0.4 puM in L. major, in vitro
Antimalarial ICso = 41.1 £ 2.5 pM in P. falciparum, in vitro
Cytotoxicity ICso = 80 £ 8 uM in KB-3-1 cells,
ICso = 80 £+ 5 uM in KB-VI cells, in vitro
Corynantheine Antileishmanial ICso = 1.12 £ 0.4 pM in L. major, in vitro
Antimalarial ICs0 = 81.1 £ 1.6 puM in P. falciparum, in vitro
Cytotoxicity ICsp = 140 £ 11 uM in KB-3-1 cells,
I1C59 = 144 + 4 pM in KB-VI cells, in vitro
Dihydrocorynantheine Antileishmanial ICs0 = 1.65 £ 0.3 uM in L. major, in vitro
Antimalarial ICso = 66.4 £ 6.5 uM in P. falciparum, in vitro
Cytotoxicity ICso = 161 £ 19 uM in KB-3-1 cells,
1C59 = 158 £ 15 uM in KB-VI cells, in vitro
Tetrahydroalstonine Neuro-protection 10 puM in SK-N-MC cells, in vitro 155
Hirsutine Cardioprotective activity 5-20 mg kg™ in rats, in vivo 26
Cytotoxicity 6.2-80 pM in NCI-H1299, MCF-10A, 25, 156 and 157
MCF-7, MDA-MB-231, and 4T1 cells, in vitro
Inflammation 35-140 mg kg, b.w. in rats, in vivo 158
Antihypertensive ICso = 1.129 x 10~° £ 0.5025 pM, in rats, in vivo 159
Ajmalicine Antileishmanial ICso = 0.57 £ 0.1 puM in L. major, in vitro 13
Nicotinic receptor antagonism 1C59 = 72.3 £ 22.5 uM, in vitro 160
Yohimbine Anticancer 1C59 = 25.5 uM in MCF-7, in vitro cells, 43
1C59 = 22.6 uM in SWSS80 cells, and
ICso = 26.0 uM in A549 cells, in vitro
Anti-inflammatory 2-8 mg kg ! in rats, in vivo 161
Adrenoceptor a, inhibition KI = 0.88 nM (2.2C), in vitro 29
Rauwolscine a,-Adrenoceptor antagonist 2.24 mg kg~ in rats, in vivo 162
Antileishmanial ICso = 23.8 £ 2.6 uM in L. major, in vitro 13
Cytotoxic 1C50 = 200 £ 23 uM in KB-3-1 cells,
1Cso = 263 + 12 uM in KB-VI cells, in vitro
Reserpine Antileishmanial ICso = 16.4 £ 2.3 pM in L. major, in vitro
Antimalarial IC50 = 8.1 + 0.4 pM in P. falciparum, in vitro
Hypotensive 0.5 mg day * (clinical trials) 31
Rhynchophylline Anti-inflammatory 0.3-30 uM in mouse N9 microglial cells, in vitro 163
Neuro-protection 50 mg kg™ in mouse, in vivo 164
Ajmaline Antimalarial IC50 = 121 £ 9 uM in P. falciparum, in vitro 13

Anti-arrhythmia

IC5o = 1.70 M (Kv1.5)/2.66 uM (Kv4.3) in CHO cells, in vitro 165

investigated in metabolic disorders. In high-fat diet induced
obese rats, it produced significant weight loss and appetite
suppression accompanied by improvements in lipid and
carbohydrate metabolism, with no major adverse effects re-
ported.'* Sapa et al.*** additionally showed that yohimbine (8)
ameliorates dysregulated lipid and carbohydrate homeostasis
in conditions of leptin deficiency and impaired o,- and B3-
adrenergic receptor function.

6 Conclusion and future prospect

Despite substantial progress in elucidating the biosynthetic
pathways of selected corynanthe alkaloids, critical gaps remain
in the functional annotation of several rate-limiting enzymes
and short-lived intermediates. These unresolved steps hinder

This journal is © The Royal Society of Chemistry 2026

efforts to optimize microbial chassis systems for scalable
industrial production. Traditional chemical routes, although
historically important, typically deliver modest yields due to
multistep synthetic sequences, the thermodynamic lability of
advanced intermediates, and competing side reactions. The
inherent architectural complexity of corynanthe alkaloids—
including their polycyclic scaffolds and multiple contiguous
stereocenters—further imposes strict constraints on stereo-
chemical fidelity and regioselective control. As a result, current
methodologies frequently rely on protective-group manipula-
tions to suppress undesired reactivity, which in turn inflate
synthetic burden and production costs. Subsequent depro-
tection steps may also compromise product integrity, reducing
overall yield or altering molecular structure.
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Corynanthe alkaloids have garnered wide interest due to
their anti-inflammatory, analgesic, and neuroleptic properties.
However, the presence of multiple stereogenic centers, such as
C3 and C15/C16, complicates structural optimization and
hinders mechanistic elucidation of their pharmacological
activities. A clearer understanding of structure-activity rela-
tionships is therefore essential. The naturally low abundance of
these alkaloids in plant sources further constrains their
extraction and large-scale utilization, underscoring the need for
alternative production strategies such as synthetic biology and
metabolic engineering. Recent methodological innovations
have begun to address these challenges. Beniddir et al.® intro-
duced a “spectral skeleton” correlation strategy that integrates
Tanimoto structural similarity metrics with enhanced cosine
similarity scoring to reveal conserved mass-spectral features of
ajmalicine and corynantheane spirooxindoles. This approach
offers a powerful means for rapid identification of key inter-
mediates and biosynthetic products. Tools such as Spec-
traToQueries and MassQL further enable the conversion of
characteristic mass-spectral signatures of specific scaffolds (e.g.,
corynantheane) into machine-readable queries, facilitating
rapid verification of target skeletons and substantially
improving synthetic efficiency. The broader “Spectral Signa-
ture” framework allows chemists to extract defining mass-
spectral motifs of complex natural-product backbones (e.g.,
corynanthe dimers) and retro-design synthetic routes that
guarantee construction of essential structural fragments,
thereby advancing precision-oriented synthesis. Moreover, the
successful de novo biosynthesis of MIAs such as vinblastine and
ajmaline in heterologous hosts has strengthened confidence in
the feasibility of producing high-value MIAs via engineered
systems. These achievements lay a foundation for generating
natural products and analogs with enhanced bioactivity and for
the rational design of safer, more effective therapeutic agents.
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