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Abstract: Cynandione A (CA) is a natural bioactive polyphenol isolated from Cynanchum wilfordii,
which has attracted considerable attention owing to its notable anti-inflammatory activity and multi-
functional pharmacological potential. CA has been reported to exhibit immunomodulatory, neuropro-
tective, and hepatoprotective activities in various models. However, its limited natural abundance and
structural complexity hinder extensive biological exploration. Consequently, the total synthesis of
CA has been studied extensively. The first total synthesis of CA was reported in 2005, and the origi-
nal six-step synthesis has evolved into more efficient approaches, including a scalable two-step syn-
thesis and a recently developed one-pot method, which enable gram-scale production with high yield
and operational simplicity. A key feature of these strategies is the regioselective conjugate addition
of acetylphenol derivatives to an in sifu-generated benzoquinone intermediate, governed by electron-
ic and steric factors. This review outlines the synthetic evolution of CA and summarizes its pharma-
cological activities. The integration of advanced synthetic design with mechanistic pharmacology
underscores the value of CA as a promising lead compound for further drug development. Continued
optimization of its synthesis and biological validation will facilitate its translation into therapeutic

applications.
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1. INTRODUCTION

Cynandione A (CA, 1) is a principal bioactive constituent
of the dried roots (Radix) of Cynanchum wilfordii and Cy-
nanchum taiwanianum, among other species of the genus
Cynanchum [1,2]. Structurally, 1 is a biaryl compound char-
acterized by two differently substituted aromatic rings linked
via a carbon-carbon bond between the C1 and C1’ positions
(Fig. 1A). Initially upon isolation, the structure of 1 was mis-
assigned, having been originally proposed as a biphenyl
where in the phenolic hydroxyl groups were placed at the
C2, C3, C2', and C6' positions (Fig. 1B) [3]. However, sub-
sequent nuclear magnetic resolution (NMR) spectroscopic
analysis revealed that the correct structure features hydroxyl
groups at the C3, C6, C2', and C6' positions, thereby estab-
lishing its true unsymmetrical substitution pattern [4,5].
Along with phenolic hydroxyl groups, each acetophenone
ring contains an aryl ketone moiety, forming a non-
symmetrical diaryl diketone framework. Although the aro-
matic rings are planar, the molecule as a whole exhibits par-
tial conjugation owing to the rather flexible interconnecting
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bond. The presence of phenolic and carbonyl functionalities
provides potential sites for hydrogen bonding, which could
affect its physicochemical properties and intra- and intermo-
lecular interactions. Density functional theory (DFT)-
optimized structures revealed three intramolecular hydrogen
bonds—3-OH---7-CO, 2'-OH---7'-CO, and 6-OH:--2"-OH—
with bond lengths ranging from 1.608 to 1.914 A, which
contribute to the conformational rigidity and overall structur-
al stability of the molecule (Fig. 1A) [6].

Plants of the genus Cynanchum, including C. wilfordii
(Fig. 2) and C. bungei, are perennial climbing vines widely
distributed in East Asia [7-10]. Among them, the dried root
of C. wilfordii (Cynanchi wilfordii Radix), long used in tra-
ditional medicine, is typically dried and decocted to treat a
broad range of ailments, including menopausal disorders,
cardiovascular dysfunction, and age-related degenerative
conditions, and has also been applied for the management of
fatigue, osteoporosis, and constipation [11-18]. Recent
pharmacological studies have supported these traditional
claims by demonstrating that Cynanchum wilfordii root ex-
tracts exert notable anti-inflammatory, antioxidant, hepato-
protective, and immunomodulatory effects in diverse mod-
els, including RAW264.7 macrophages, dextran sulfate sodi-
um (DSS)-induced colitis, and high-fat diet-induced hepatic
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Fig. (1). Structural representation of 1. (A) Structure of 1 and its optimized 3D structure [5]. (B) Originally mis-assigned structure of 1.

Fig. (2). Morphological features of Cynanchum wilfordii (CW): (a) whole plant, (b) leaves, (c) roots, and (d) flowers [20]. Reprinted from
Lee et al., BMC Plant Biology, 22, 4 (2022), licensed under CC BY 4.0. (4 higher resolution / colour version of this figure is available in the

electronic copy of the article).

injury [19-23]. In addition, phytochemical investigations
have confirmed the presence of bioactive phenolics such as 1
[24, 25].

Along with 1, several structurally related congeners, cy-
nanchone A (2) and cynandiones B through E (3-6), have
been isolated from species of the genus Cynanchum [1-3, 26-
31] (Fig. 3). These compounds share a biaryl origin with 1
and are believed to be dimeric derivatives formed through
oxidative coupling of acetophenone-type precursors. Nota-
bly, studies have demonstrated that cynandiones B (3) and C
(4) can be formed by stirring 1 in methanol in the presence
of silica, suggesting that both 3 and 4 may be artifacts gener-
ated during the isolation process rather than genuine natural
products [3,32]. Compound 3, nonetheless, exhibits notable
biological activity, including dose-dependent inhibition of -
glucuronidase and lysozyme release in fMLP-stimulated rat
neutrophils (ICso=1.5 £ 0.2 and 1.6 + 0.2 pM, respectively),
as well as suppression of superoxide anion generation in
PMA-stimulated neutrophils (ICso = 78.0 = 8.1 uM) [2]. It
has also shown in vitro cytotoxicity against the human T-24
bladder carcinoma and PLC/PRF/5 hepatoma cell lines [30],
highlighting its potential anti-inflammatory and anticancer
properties. These findings point to further opportunities for
expanding both synthetic approaches and biological evalua-
tion within this class of polyphenolic compounds.

Compound 1 remains the most abundant and well-
characterized natural component in Cynanchi wilfordii Ra-

dix. It exhibits a broad range of pharmacological activities,
including antioxidant, anti-inflammatory, neuroprotective,
and anti-lipogenic effects [33-50]. However, the amount of 1
obtainable from natural sources is insufficient for sustained
research and development, as extraction from plant materials
remains limited in terms of efficiency and scalability. Along
with its intriguing structural characteristics, this limitation
highlights the importance of synthetic approaches to com-
pensate for the low natural availability.

This review summarizes the recent advances in the phar-
macological investigation and chemical synthesis of 1, with
an emphasis on its strategic evolutions in efficiency and
scalability (Fig. 4). The first total synthesis, reported by
Kraus and co-workers, established a concise six-step route.
Subsequently, significant advancements have been achieved
through a streamlined two-step synthesis featuring a one-pot
tandem oxidation/regioselective arylation approach. More
recently, a highly efficient one-pot synthetic methodology
has further improved scalability, sustainability, and overall
yield, complemented by computational insights from DFT
calculations elucidating the regioselectivity in the key step.
Together, these synthetic advancements have improved ac-
cess to 1 and facilitated more extensive biological studies.

2. BIOLOGICAL ACTIVITIES OF 1

More recent studies have extended traditional use and
earlier pharmacological observations by investigating the
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Fig. (4). Schematic summary of the evolution of synthetic strategies toward 1 discussed in this review.

biological activities of 1 in greater depth. These studies have
demonstrated a broad spectrum of bioactivities, particularly
in the areas of inflammation, metabolism, and neuroprotec-
tion, which are summarized in Table 1.

The Kim group demonstrated the potent anti-
inflammatory properties of 1 in both in vitro and in vivo
models. In lipopolysaccharide (LPS)-stimulated BV-2 mi-
croglial cells, 1 significantly inhibited the production of ni-
tric oxide (NO) and pro-inflammatory cytokines, including
TNF-q, IL-6, and IL-1B. In LPS-induced septic mouse mod-
els, 1 reduced plasma cytokine levels and inhibited activation
of ERK1/2 and p38 MAPKs. These findings suggest that 1
modulates systemic inflammatory responses through the
downregulation of iNOS and the suppression of the NF-xB
signaling pathway [33,34].

The Wang group investigated the neuroprotective, an-
tinociceptive, and anti-inflammatory activities of 1. In a rat
model of neuropathic pain, administration of 1 significantly
alleviated both mechanical allodynia and thermal hyperalge-
sia. Mechanistically, 1 increased the expression of f-
endorphin in spinal microglia and activated postsynaptic p-
opioid receptors, thus contributing to pain relief. These ef-
fects were dependent on the activation of a7 nicotinic acetyl-
choline receptors (a7-nAChRs), which also played a key role
in modulating neuroinflammatory responses. In LPS-
stimulated microglial cells and hippocampal tissue slices, 1
suppressed microglial activation and pro-inflammatory cyto-
kine release through a7-nAChR-dependent pathways. Fur-
thermore, in systemic inflammation models using LPS-
challenged mice, 1 reduced the circulating levels of TNF-a,
IL-6, and IL-1f by activating the cholinergic anti-

inflammatory pathway. This was accompanied by phosphor-
ylation of STAT3 and increased expression of IL-10, indicat-
ing a dual mechanism that involved both central and periph-
eral regulation of inflammation [31, 35-38].

The Nakajima group reported that 1 promotes adipogene-
sis and induces a beige adipocyte-related phenotype in 3T3-
L1 preadipocytes. This process is accompanied by increased
expression of key thermogenic genes, including Ucpl, Pgc-
la, and Prdm16, as well as enhanced mitochondrial biogene-
sis. Recently, the same group found that 1 induces beige adi-
pocyte differentiation and mitochondrial biogenesis in mice
fed with a high-fat diet (personal communication). These
observations suggest the potential of 1 as a metabolic regula-
tor and aid in the treatment of obesity-related disorders. [39-
41].

Compound 1 also exhibited significant hepatoprotective
activity against carbon tetrachloride (CCly)-induced oxida-
tive injury in primary rat hepatocytes [42]. This highlights
the antioxidant and membrane-protective properties of 1.
Pharmacokinetic studies indicated that 1 is rapidly absorbed
and widely distributed across tissues, with particularly high
concentrations in the liver, and that it is eliminated quickly,
supporting its potential for hepatoprotective applications
[43,44]. In neuronal models, 1 exhibited neuroprotection
against H,O,-induced oxidative damage in rat cortical neu-
rons by directly scavenging reactive oxygen species (ROS)
and preserving antioxidant enzyme activities, while also pro-
tecting from excitotoxicity mediated by AMPA/kainate re-
ceptors [45]. In ischemic stroke models involving middle
cerebral artery occlusion, 1 significantly reduced the infarct
volume and improved neurological outcomes by reducing
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Table 1. Summary of the reported biological activities of 1.
Study Group Biological Activity Model Mechanism of Action
Kim group * | NO, TNF-o, IL-6, IL-1B
Anti-inflammatory BV-2 microglial cells, septic mice * iNOS downregulation
[33,34] « NF-«B, ERK1/2, p38 MAPK inhibition
* 1 B-Endorphi
Neuropathic pain rat model; LPS- P n -orp n L
. . . . . . * u-Opioid receptor activation
Wang group Neuroprotective, antino- stimulated microglia; hippocampal 7-nAChR activati
*a7-n activation
[31,35-38] ciceptive, anti-inflammatory | slices; LPS-inducef systemic inflamma- « 1 IL-10, p-STAT3
ion
* | TNF-q, IL-6, IL-1B
* Beige adipocyte differentiation
.. * 1Beige adipocyte-related genes
Nakajima group
Metabolic modulatory 3T3-L1 preadipocytes (e.g., Ucpl, Pgc-1a, Prdm16)
39-41
[ ] * 1 Mitochondrial biogenesis-related genes (e.g.,
Tfam, Sirt3)
* 1 GSH
. HepG2 cells; CCLi-induced hepatic * | MDA
Hepatoprotective L. .
injury (mice) * 1 SOD, catalase, GPx
Other studies * | Lipid peroxidation
[42-50] * | ROS
Neuroprotective (antioxi- Primary cortical neurons; SH-SY5Y * Mitochondrial protection
dant-based) cells * | Caspase-3, PARP cleavage
* H,0, decomposition

oxidative stress, mitigating mitochondrial dysfunction, and
restoring antioxidant enzymes [46]. Furthermore, network-
based analyses confirmed the protective effect of 1 against
ischemic injury in neuronal cells by modulating key molecu-
lar pathways involved in stroke pathology, notably suppress-
ing KHSRP and HMGBI1 expression in glutamate-induced
neurotoxicity models [47]. Collectively, these findings indi-
cate that 1 suppresses vascular inflammation by inhibiting
VCAM-1 expression and NF-kB/MAPK signaling, thereby
reducing monocyte adhesion to endothelial cells [48].

3. FIRST TOTAL SYNTHESIS BY THE KRAUS
GROUP

The first total synthesis of 1 was accomplished by Kraus
and co-workers and reported in 2005 (Scheme 1) [51]. Their
strategy employed a regioselective and modular approach
that exploited the reactivity of quinone to construct the bi-
phenyl core structure.

The synthesis began with a two-step sequence in which
the enol silyl ether of cyclohexane-1,3-dione underwent a
regioselective conjugate addition to acetylbenzoquinone 7,
followed by O-methylation of the resulting conjugate addi-
tion product to yield B-methoxy enone 8. This regioselective
and modular strategy exploited the inherent reactivity of qui-
nones to construct the skeletal core of 1 via a key carbon-
carbon bond formation achieved during the conjugate addi-
tion step [52].

Subsequent oxidation of 8 using DDQ in refluxing diox-
ane generated biphenyl intermediate 9 in 48% yield [53].
Initial efforts to directly install the second acetyl group onto

9 via Friedel-Crafts acylation were unsuccessful, likely ow-
ing to steric hindrance and electronic deactivation of the ar-
omatic system. Consequently, a stepwise O-acylation and
Friedel-Crafts acylation strategy was adopted to achieve re-
gioselective functionalization of the phenolic hydroxyl
groups. Mono-O-acetylation of 9 was achieved by treating it
with acetyl chloride and pyridine. Subsequently, the inter-
mediate was acylated under Friedel-Crafts reaction condi-
tions using titanium tetrachloride and acetic anhydride, af-
fording compound 10 in an overall yield of 79% from com-
pound 9 [54]. Finally, the methoxy substituent was demeth-
ylated using boron trichloride in dichloromethane at 0 °C to
obtain the fully deprotected 1 in 93% yield.

The overall synthesis was achieved in six linear steps
starting from commercially available cyclohexane-1,3-dione,
with a total isolated yield of 13%. Kraus’ synthesis provides
a strong foundation for future 1 research and remains a sig-
nificant achievement.

4. SCALABLE SYNTHESIS OF 1
4.1. Two-step Synthesis of 1

The first total synthesis of 1, developed by the Kraus
group [51], was significant because it provided excellent
regiochemical control and validated the structural assign-
ment. However, its modest overall yield and milligram-scale
output (44 mg) limited its applicability in broader biological
studies and preclinical investigations. Approximately two
decades later, the Kim group developed a concise and scala-
ble two-step synthesis (Scheme 2), which substantially in-
creased the efficiency and production capacity [55].
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Scheme 1. First total synthesis of 1 by the Kraus group (2005).
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Scheme 2. Two-step synthesis of 1 by the Kim group (2023). (A) Initial synthetic route for 1. (B) One-pot tandem oxidation/arylation

strategy for the two-step synthesis of 1.

Initially, analogous to the strategy reported by the Kraus
group, acetylbenzoquinone (7) was used as the key electro-
philic partner in the conjugate addition step. However, the
Kim group directly used 2,4-dihydroxyacetophenone (11) as
the nucleophilic coupling partner, thereby avoiding addition-
al manipulations such as protection/deprotection, acetyl
group installation, and redox adjustments. Owing to the
presence of ortho- and para-hydroxyl groups in 2,4-
dihydroxyacetophenone, the concurrent formation of unde-
sired regioisomers via nucleophilic attack at both the C3 and
C5 positions was anticipated, which were expected to be
readily separable.

In initial attempts (Scheme 2A), the direct conjugate ad-
dition of compound 11 to benzoquinone 13 resulted in only a
trace amount of 1. Instead, compound 12 was obtained as a
major product along with 13 and unreacted 11. This was later
confirmed to originate from an unexpected competing redox
reaction between 1 and the starting material 7, leading to the
loss of the former [56,57].

To address this issue and improve the overall efficiency,
hydroquinone 13 was instead used as the starting material,
enabling a one-pot oxidation/conjugate addition/oxidation
sequence in the presence of excess oxidant [58-61]. In the
first step, Ag,O-mediated oxidation of 13 generated benzo-
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Scheme 3. One-pot gram-scale synthesis of 1 by the Kim group (2025).

quinone 7 in situ, which subsequently underwent a conjugate
addition of 11 at the C3 position, furnishing the key interme-
diate 12 in high yield. This conjugate addition was excep-
tionally regioselective and prevented the formation of iso-
mers. This regiochemical preference of C3 over C5 was gov-
erned by the electronic effects, as supported by the natural
bond orbital (NBO) charge analysis and DFT calculations
(vide infra).

The synthesis was further validated by demonstrating its
reproducibility on a gram scale (Scheme 2B). First, 1.0 g of
each starting material (11 and 13) was treated with 2.5
equivalents of Ag,O, and the unstable intermediate com-
pound 12 was directly subjected to catalytic hydrogenation
after filtration, without chromatographic purification. This
streamlined procedure produced 1 with an overall yield of
65% over two steps, demonstrating its practicality and ro-
bustness. Notably, only one chromatographic step was re-
quired throughout the process.

4.2. One-pot Synthesis of 1

As previously outlined, the two-step process significantly
enhanced the synthetic accessibility of 1. However, further
optimization was required to improve the pot economy and
adhere to the principles of green chemistry [62,63]. Accord-
ingly, a one-pot gram-scale synthesis (Scheme 3) was devel-
oped [64].

In the two-pot process, the first step involved three se-
quential transformations—oxidation, regioselective aryla-
tion, and in situ oxidation—and the second step involved the
reduction of the resulting compound 12 to 1. Reduction con-
ditions that could tolerate residual oxidants or byproducts
had to be established to develop a successful one-pot reac-
tion. Common reducing agents such as Pd/C-H, and NaBH,4
were found to be insufficiently reactive or poorly chemose-
lective for the reduction of intermediate 12 in the one-pot
process [65-68]. Zinc in a CH,Cl/AcOH/H,O co-solvent
system was found to be the most effective option with excel-
lent functional group tolerance. The use of 2.1 equivalents of
AgyO for the first step and a stoichiometric amount (1.0
equiv) of zinc for the reduction of intermediate 12 was also
found to be beneficial. The optimized one-pot synthesis of 1,
which involves four sequential steps—oxidation, regioselec-
tive arylation, in situ oxidation, and reduction—within a sin-
gle vessel, enables gram-scale preparation with an overall
yield of 82% (Scheme 3). By avoiding intermediate isola-
tions and reducing solvent consumption, this protocol offers
a more efficient and scalable route suitable for medicinal
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cynandione A (1)
(85% yield, from a single pot)

chemistry and biological studies [69-72]. Notably, the conju-
gate addition consistently occurs at the C3 position of the
nucleophile, a preference that reflects electronic bias and is
further supported by theoretical studies (Section 4.3).

4.3. Mechanistic Insights into the Regioselectivity

Regioselectivity is a key factor in directing the formation
of the desired product among the other possible regioiso-
mers. In the two-step or one-pot synthesis of 1 described in
Sections 4.1 and 4.2, the conjugate addition step exhibited
exceptional regioselectivity, exclusively yielding the C3 ad-
duct. Kim's group investigated this selectivity using two
computational techniques: NBO charge analysis [73, 74] and
DFT calculations [75, 76].

To examine the electronic origin of the observed regiose-
lectivity, NBO charge analysis was initially conducted by
investigating the electronic factors of acetyl bisphenol 11
[52] (Fig. 5a). The electron density varied across the three
potential nucleophilic sites. Among them, the C3 position
exhibited the highest negative charge (—0.370), followed by
C5 (—0.336), whereas C6 displayed a significantly less nega-
tive value (—0.121). These values indicate that the C3 carbon
has the greatest electron density and is thus the most nucleo-
philic among the three carbons. Although the difference be-
tween C3 and C5 was moderate (A = 0.034), it correlated
with the experimentally observed regioselectivity.

DFT calculations were performed on the reaction path-
ways leading to the addition at the C3, C5, and C6 positions
to gain a deeper understanding of the regioselectivity [6,61]
(Fig. 5b). The energy profiles of the transition states (TS)
reveal that the C3 position has the lowest activation energy,
with a transition state energy of 15.7 kcal/mol, compared to
19.5 and 37.3 kcal/mol for the C5 and C6 pathways, respec-
tively. Accordingly, addition at the C3 position is associated
with the lowest energetic barrier among the three pathways,
consistent with experimental observations. The Boltzmann-
weighted analysis of transition state (TS) energies predicted
that at room temperature, 99.8% of the reactants proceed via
the C3 addition pathway (TS-3), with only 0.2% and 0.0%
following the C5 (TS-5) and C6 (TS-6) pathways, respec-
tively. These results further support the experimentally ob-
served regioselectivity.

Together, the NBO charge analysis and DFT calculations
provided a comprehensive mechanistic explanation for the
regioselectivity observed in the conjugate addition of acetyl
bisphenol to benzoquinone.
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Fig. (5). Computational techniques for explaining regioselectivity
in the conjugate addition step. (a) NBO charge analysis of 11. (b)
DEFT calculations on the reaction pathways leading to the addition
at the C3, C5, and C6 positions of 11.

CONCLUSION

This review highlights the synthetic evolution toward the
total synthesis of 1, focusing on conciseness, scalability, and
environmental sustainability. Following the initial six-step
synthesis developed by the Kraus group, recent efforts have
led to the development of a highly optimized protocol that
enables gram-scale production with high yield and minimal
purification. Both synthetic approaches share a common
modular framework based on two acetophenone-derived
fragments of compound 1; however, the building blocks dif-
fer in two key aspects. First, Kraus used benzoquinone 7 as a
Michael acceptor, whereas the Kim group used its precursor,
hydroquinone 13, as the starting material, which was oxi-
dized in situ to produce compound 7. Second, Kraus used a
cyclohexadione derivative, and the Kim group used pre-
acetyl equipped dihydroxyacetopheone as a nucleophilic
Michael donor. These improvements reduce unnecessary
waste and improve overall process efficiency.

Gram-scale synthesis of 1 proceeded with high regiose-
lectivity in the conjugate addition step. By integrating exper-
imental and computational approaches, including NBO
charge analysis and DFT calculations, the regioselectivity
was rationalized. The exclusive reactivity at the C3 position
of acetyl bisphenol was attributed to both electronic and en-

Letters in Organic Chemistry, XXXX, Vol. XX, No. XX 7

ergetic factors, providing mechanistic insights that informed
the design of a regioselective and efficient synthetic route.

Given the documented anti-inflammatory, neuroprotec-
tive, antioxidant, hepatoprotective, and metabolic regulatory
properties of 1, reliable access to 1 at the gram scale supports
more extensive in vivo evaluation and further assessment of
its therapeutic potential. The synthetic logic described here
may also be applicable to related biaryl natural products.
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