This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Total Synthesis of (—)-Elodeoidins A and B

Chungwoo Lee, Gyumin Kang, Jaehyun You, Taewan Kim, Hee-Seung Lee, Yoonsu Park,*
and Sunkyu Han*

Cite This: JACS Au 2025, 5, 1096—1103 I: I Read Online

ACCESS | [l Metrics & More ’ Article Recommendations | @ Supporting Information
Me
o) Me Me
le) /H\' Me Me Me
Me o H H 0 oxidative biomimetic o
MeA( 2 acylations ketalization MeQ |
o —» Me, O -t

~ H —_—
Me
H Lo
Me r
Me R

Me

R f Me
stereochemical
assignment

(-)-elodeoidin A (R = Me)
(-)-elodeoidin B (R = Et)

Biomimicry has long been a valuable approach for designing efficient synthetic strategies in complex natural product
synthesis. However, abiotic yet powerful transforms can significantly streamline the synthesis by introducing greater convergence to
the synthetic route. Herein, we delineate a convergent total synthesis of elodeoidins A and B, enabled by a cross-dehydrogenative
coupling (CDC) reaction between an aldehyde and an electron-deficient olefin. The CDC reaction operating under the newly
discovered reaction conditions proceeds via distinct concerted deprotonation within the formal Cu(III) catalytic complex.
Furthermore, the total synthesis of both structural candidates of elodeoidin B revealed that the natural product exists as a mixture of
epimers at the C8 stereocenter.

total synthesis, cross-dehydrogenative coupling, polycyclic polyprenylated acylphloroglucinols, reaction mechanism,
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Hypericum elodeoides, a traditional medical herb that has been o Me,
used to treat stomatitis, infantile pneumonia, and mastitis in Me o ©
China, is recognized as a rich source of various polycyclic | éMe °©
polyprenylated acylphloroglucinols (PPAPs),"” acylphloroglu- Me—? HO g °
cinol meroterpenoids,” and their derivatives.* This family of Me Me

natural products has inspired the development of novel

3 . 5—8 elodeoidin A (1, R = Me) elodeoidin C (3, R = Me)

synthetic strategy and tactics. In 2021, Kong and co- elodeoidin B (2, R = Et) elodeoidin D (4, R = Et)
workers isolated a new family of natural products, elodeoidins "
A-H (1-8) from the same plant species (Figure 1).” The o i Me Me |,

. . e
distinct structural feature of these natural products compared Me 2 9
to the more conventional acylphloroglucinol meroterpenoids is HO’@" N Ve °
the presence of a five-membered f-diketone moiety with a /T O/O R o7 Okt
gem-dimethyl group. Me" Me

The isolation team proposed that elodeoidins A (1) and B elodeoidin E (5, R = Me) elodsoidin G (7 lodsoidin H (8)

(2) are biosynthesized from tetraketone precursor 9 via a slodeoidin F (6, R = &)

sequence involving oxidation, hemiketalization, and methyl-
ation (Scheme 1). The five-membered diketone moiety in 9
was proposed to be forged by an a-ketol rearrangement of February 19, 2025
precursor 10. Presumed precursor 10 was suggested to be February 261 2025
derived from an oxidation of acylfilicinic acid derivative 11 February 28, 2025
derived from acylphloroglucinol."’ March 12, 2025
Fascinated by the structure of elodeoidins, we sought to
establish a synthetic route to these natural products. While

Figure 1. Elodeoidin natural products.
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Scheme 1. Comparison between Retrobiosynthetic and Retrosynthetic Analysis of Elodeoidins A and B
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biomimicry can guide the invention of novel synthetic
strategies,ll_17 in the case of elodeoidins A (1) and B (2),
we envisioned that cross-dehydrogenative coupling (CDC)
reaction between an aldehyde and an electron-deficient olefin
would significantly streamline the synthesis of the target
molecules. CDC reactions have demonstrated their utility in
constructing functional molecules via direct activation of C—H
bonds under oxidative conditions.'®'® However, there are only
a few published examples of intermolecular CDC reactions
between aldehydes and electron-deficient olefins.””>* Re-
cently, our group reported the development of Cu-catalyzed
CDC reaction between an aldehyde and an electron-deficient
olefin and its application into the synthesis of flueggeacosine
B.** From a retrosynthetic perspective, we aimed to
synthesize elodeoidins A (1) and B (2) through methanolysis
of intermediate 12. This intermediate was planned to be
accessed by forming the key C2—C3 and C1-C7 bonds
through two successive CDC reactions involving enedione 14
and aldehydes 13 and 15 (Scheme 1).

We initiated our studies by exploring the C—C bond
formation between aldehyde 16 and 2,2-dimethyl-4-cyclo-
pentene-1,3-dione (14) or its derivatives 17. To accomplish
this, we first approached it using classical methods such as the
Baylis—Hillman reaction (Table 1, entry 1), Nozaki—Hiyama—
Takai—Kishi coupling (Table 1, entry 2), and Stetter reaction
(Table 1, entry 3). Unfortunately, all these approaches were
unsuccessful, resulting in the decomposition of the substrates.

We then turned our attention to the visible-light-mediated
Cu-catalyzed CDC reaction previously developed by our
group.”* Direct coupling between isobutyraldehyde (16) and
2,2-dimethyl-4-cyclopentene-1,3-dione (14) using Cu-
(dap),C1,* tert-butyl-peroxy 2-ethylhexylcarbonate (TBEC),
quinuclidine, and quinuclidine hydrochloride under 525 nm
light irradiation did not show any reactivity (Table 1, entry 4).
To remedy this problem, the chloride moiety was introduced
at the a-position of the enedione substrate.”” DFT calculations
revealed that the LUMO energy level of chlorinated enedione
17b was 0.262 eV lower than that of enedione 14 (see
Supporting Information for details). To our pleasure, the CDC
reaction between 16 and 17b under the aforementioned
reaction conditions afforded the desired product 21 in 70%
yield (Table 1, entry S). However, derivatizing chloride 21 for
subsequent C—C bond formation proved challenging (see
Supporting Information for details).
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Table 1. Attempted Approaches for the Acylation of
Compounds 14 and 17

x X 2 9
16 Me approaches Me ! Me
or + Me Me Me
— o A
o_ 0 14 or 17
ME\%H (2.0 equiv.)
Me
23
(1.0 equiv.)
Entry pp X product Result
o @ "
o e
1 Baylls—HlI!man H (14) Me Me complex mixture
type reaction@
Me 18 o
Ho 0 N
" e
2 N(?zal.q—!.-hyam?— Br(17a) Me Me decomposition
Takai—Kishi coupling®!
Me 49 o
o o
Me
3 Stetter-type reaction® cl(17b)  Me Me decomposition
Me 20 o
o [¢]
Cross-dehydrogenative Me
4 X H (14) Me Me no reaction
coupling¥!
Me 20 o
O i Me
5 Cross-dehygrcgﬂenatwe Cl (17b) Me Me 70%
coupling®!
Meg” "o
21
My 0
" [o} Me
Cross-dehydrogenative
6 H (14 M 48%
coupling!®- 49 © Me ’
Me 22 o

“Reagents and conditions are as follows: [a] DABCO (1.2 equiv),
pyrrolidine (1.2 equiv), NaHCOj; (1.2 equiv), THF, 23 °C; [b] NiCl,
(5 mol %), CrCl, (5.0 equiv) DMF, S0 °C; [c] 3-Benzyl-S-(2-
hydroxyethyl)-4-methylthiazolium chloride (50 mol %), triethylamine
(2.0 equiv), 1,4-dioxane, 50 °C; [d] Cu(dap),Cl (0.05 mol %), tert-
butyl-peroxy 2-ethylhexylcarbonate (2.0 equiv), quinuclidine (20 mol
%), quinuclidine hydrochloride (20 mol %), MeCN, 23 °C, 525 nm.
[e] Reaction carried out with 2-isopropyl-1,3-dioxolane (23) instead
of isobutyraldehyde (16) [f] Cu(dap),Cl (S mol %) tert-butyl-peroxy
2-ethylhexylcarbonate (2.0 equiv), quinuclidine (20 mol %), MeCN,
23 °C, 525 nm.

Alternatively, we envisioned that the acetal derivative of 16
could serve as a plausible coupling partner for the CDC
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reaction. DFT calculation showed that the SOMO energy level
of a,a-dialkoxy radical from 2-isopropyl-1,3-dioxolane (23)
was 1.021 eV higher than that of the acyl radical derived from
16 (see the Supporting Information for details). Delightfully,
when dioxolane 23 and enedione 14 were subjected to the
Cu(dap),Cl-catalyzed CDC reaction conditions, product 22
was obtained in 48% yield (Table 1, entry 6).

Based on these observations, we designed acetal 27 as a
plausible CDC partner of enedione 14 for the synthesis of
elodeoidins A (1) and B (2). The synthesis of dioxolane 27
commenced from aldehyde 24, previously synthesized by the
Yamano group in six steps from geraniol (Scheme 2).”* Wittig

Scheme 2. Initial Synthetic Route towards Elodeoidin A“
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“Reagents and conditions are as follows: [a] PhyPCH;Br (2.0 equiv),
tBuOK (3.0 equiv), THF, 0 to 23 °C, 98%; [b] BH;SMe, (1.5
equiv), cyclohexene (3.0 equiv), THF, 0 to 23 °C then add H,0,,
NaOH, 0 °C, 83%; [c] DMP (2.0 equiv), NaHCO; (3.0 equiv),
CH,CL, 0 to 23 °C, 79%; [d] 1,2-bis(trimethylsiloxyethane) (6.0
equiv), TMSOTf (75 mol %), CH,Cl,, —30 °C, 65%; [e] 14 (10
equiv), Cu(dap),Cl (1.0 mol %), TBEC (2.0 equiv), quinuclidine (20
mol %), MeCN, 23 °C, 525 nm, 45%; [f] 16 (2 equiv), Cu(dap),Cl
(1.0 mol %), TBEC (2.0 equiv), quinuclidine (20 mol %),
quinuclidine hydrochloride (20 mol %), MeCN, 23 °C, 525 nm, 43%.

olefination of 24 with the ylide produced from methyltriphe-
nylphosphonium bromide and potassium tert-butoxide resulted
in terminal olefin 25 in 98% yield. Regioselective hydro-
boration with dicyclohexylborane and subsequent oxidation
with hydrogen peroxide yielded primary alcohol 26 in 83%
yield. Dess—Martin periodinane oxidized the primary alcohol
moiety of 26 to furnish aldehyde 13 in 79% yield. The
transformation of aldehyde 13 to dioxolane 27 was achieved in
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the presence of 1,2-bis(trimethylsiloxy)ethane and trimethyl-
silyl triflate in 65% yield.”

With solid access to dioxolane 27, we next investigated the
key CDC reaction. When dioxolane 27 and enedione 14 were
allowed to react with Cu(dap),Cl, TBEC, and quinuclidine in
acetonitrile under green light irradiation (525 nm), the C2—C3
coupled product 28 was obtained in 45% yield (Scheme 2).
Subsequent conjugation between 28 and isobutyraldehyde
(16) cultivated the C1—C7 coupled product 29 in 43% yield
under the established CDC reaction conditions.”* Compound
29 consists of all C—C bonds present in elodeoidin A (1). The
remaining steps were the global deprotection of acetals and in
situ hemiketalization. However, despite numerous attempts
using various Brensted and Lewis acids, the methanolysis or
hydrolysis of acetal 29 was unsuccessful, with the acetal moiety
remained intact in most cases. Efforts to deprotect the acetal
moiety of compound 28 also proved problematic (see
Supporting Information for details on the deprotection
conditions tested for 28 and 29). The difficulties encountered
with acid-mediated hydrolysis of 28 and 29 prompted us to
explore an alternative synthetic approach for our target
compounds.

As an alternative approach for the acylation of enedione 14
with the aldehyde substrate, we envisioned a sequence
involving radical-mediated hydroacylation and subsequent
oxidation. Gratifyingly, when enedione 14 was allowed to
react with isobutyraldehyde (16) in the presence of
tetrabutylammonium decatungstate (TBADT) under 370 nm
light irradiation,>**" conjugated intermediate 31 was obtained
in its enol form (Scheme 3). Subsequent treatment of 31 with
phenylselenyl chloride and pyridine, followed by oxidation
with hydrogen peroxide, afforded enetrione 20 in 68% yield
over 2 steps.

Scheme 3. Total Synthesis of (—)-Elodeoidin A“

Me Me
o) a 16 o Me b. PhSeCl ¢ Me
TBADT pyridine
Me 0 N o + 13
Me 370 mm \ Me|  thenH,0, Me
o HO
4 Me | 68% (2 steps) Me
31 20 |
entry  Cu catalyst oxidant additive yield (%)
1 Cu(dap),Cl  TBEC  quinuclidine, quinuclidinesHCI 0%
2 Cu(dap),Cl TBEC none 24%
3¢ Cu(dap),PF¢ TBPB none 49%
Reactions are conducted in CH3CN at 23 °C under 525 nm irradiation.
O Me
Me OMe, Me
5 OJ. d. AcCl
(0]
MeOH
Me~? HO e °
Me Me 44%

(-)-elodeoidin A (1)
14% overall yield from 24
(5 steps)
7.2% overall yield from geraniol
(11 steps)

“Reagents and conditions are as follows: [a] 16 (5.0 equiv), TBADT
(5 mol %), MeCN, 23 °C, 370 nm; [b] PhSeCl (1.1 equiv), pyridine
(1.2 equiv), CH,Cl,, 23 °C then H,0,, 68% (2 steps); [c] 13 (1.0
equiv), 20 (2.0 equiv), Cu(dap),PF4 (0.1 mol %), TBPB (2.0 equiv),
MeCN, 23 °C, 525 nm, 49%; [d] AcCl (cat.), MeOH, 0 to 23 °C,
44%.
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Scheme 4. Proposed Reaction Mechanism of Newly Developed CDC Reaction
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We then attempted the next acylation reaction using the
previously described CDC reaction. However, initial attempts
of CDC reaction between enetrione 20 and aldehyde 13 under
the aforementioned standard reaction conditions™* did not
yield the desired product (Scheme 3). We noticed that the
highly electrophilic enetrione 20 was incompatible with
nucleophilic quinuclidine. After extensive experimentations,
we discovered that the desired product 12 was formed in the
absence of quinuclidine and its hydrochloride salt (24% yield).
Further optimization studies revealed that Cu(dap),PF4 and
tert-butyl peroxybenzoate (TBPB) are the optimal catalyst and
oxidant, respectively, for this transformation, providing the
coupled product 12 in 49% yield. Final methanolysis of the
acetonide moiety of 12 and hemiketalization of the resulting
alcohol intermediate in the presence of a catalytic amount of
acetyl chloride in methanol furnished the first synthetic sample
of (—)-elodeoidin A (1) in 44% yield (14% overall yield from
24 over S steps; 7.2% overall yield from geraniol over 11
steps).

It was apparent that the newly discovered reaction
conditions for the CDC reaction between 13 and 20 operated
through a different mechanism compared to our previously
described dual Cu/base catalytic system.”* We propose that
the photoredox cycle is initiated by the visible light-induced
excitation of [Cu(dap),]* species, which facilitates the
reductive cleavage of the O—O bond in TBPB, leading to
the formation of a tert-butoxy radical intermediate (Scheme 4).
Hydrogen atom transfer (HAT) between the fert-butoxy
radical intermediate and aldehyde I generates nucleophilic
acyl radical II, which subsequently undergoes a conjugate
addition to enetrione III, yielding radical intermediate IV. At
this stage, we initially proposed that radical intermediate IV
can proceed through multiple potential pathways (pathways
A-D).>>*’ In path A, a radical chain mechanism is proposed,
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[Cu'(dap),]*

525 nm

dap

Path D
rebound cycle
Cul(dap),

dap

Path C
electron

Path B
ligand
transfer

concerted
deprotonation

BzOH

wherein radical intermediate IV reacts with TBPB to
regenerate tert-butoxy radical intermediate. Path B involves a
ligand transfer from [Cu(dap)(OBz)]** to intermediate IV,
leading to the formation of intermediate V. In path C,
intermediate IV undergoes oxidation to generate carbocation
VI while regenerating Cu(I) from Cu(II) species. Finally, path
D consists of a rebound cycle in which radical intermediate IV
rebinds to [Cu(dap)(OBz)]*, forming a transient formal
Cu(III)-alkyl complex VIL In this pathway, the final product
VIII would be obtained after a concerted deprotonation
mechanism or a reductive elimination (vide infra) within the
copper complex, releasing benzoic acid and regenerating the
Cu(I) catalyst.

To shed light on the mechanism of our newly developed
CDC reaction between an enetrione and an aldehyde, we first
measured the quantum yield of the reaction.””** The quantum
yield of the CDC reaction between isobutyraldehyde (16) and
enetrione (20) was determined to be 0.054. Even though we
cannot completely rule out the possibility of very unproductive
radical chain propagation, this observation likely suggests that
the catalytic cycle operates within a closed loop without chain
propagation (Scheme S). Furthermore, the light on-and-off
experimental results indicated that the radical chain cycle
(Scheme 4, path A) is unlikely to be a major pathway in the
overall reaction mechanism.

The reaction between dioxolane 33 and electron-deficient
olefin 34 with Cu(dap),Cl (0.25 mol %), TBEC (1.0 equiv)
and quinuclidine hydrochloride (1.2 equiv) in acetonitrile
under 525 nm irradiation, the previously reported reaction
conditions,” yielded a-chloroamide 35 in 53% yield (Scheme
S). This result is in agreement with our previously suggested
mechanism involving the halide transfer. In stark contrast,
when our newly developed CDC reaction conditions, employ-
ing Cu(dap),PF¢ (0.1 mol %) and TBPB (2.0 equiv), were

https://doi.org/10.1021/jacsau.5c00201
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Scheme 5. Experimental Results Regarding the Mechanism
of the Newly Discovered CDC Reaction

A. Quantum yield t of the CDC reaction.
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B. Light on-and-off experiment of the CDC reaction between 16 and 20.
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(conditions from this work) 36 not detected

applied to substrates 33 and 34, product 36 resulting from a
ligand transfer was not detected. This observation ruled out the
possibility of ligand transfer as a major mechanistic pathway
(Scheme 4, path B). Path C is also unlikely to occur due to the
instability of @,a’-dicarbonyl cation intermediate VI (Scheme
4). Based on these results and previous reports on copper-
mediated transformations,””***°~*" we propose that the
rebound cycle (Scheme 4, path D) would be the dominant
reaction pathway under our reaction conditions.

To gain further insights on the mechanism of the newly
discovered reaction conditions, we conducted DFT calcu-
lations, including intrinsic bond orbital (IBO) analysis, on the
CDC reaction between simpler substrates, enetrione 39 and
acetaldehyde (37). While the redox potential of the [Cu-
(dap),]**/[Cu(dap),]** couple was reported to be —1.43 V
(vs SCE),"" the reduction peak potential of TBPB was
determined to be —1.38 V (vs SCE)."* Hence, the initial step
would involve the reduction of TBPB by the photoexcited
[Cu(dap),]*™* to generate [Cu(dap)(OBz)]* and tert-butoxy
radical intermediate (Scheme 6). tert-Butoxy radical species
would then abstract hydrogen from acetaldehyde to yield acyl
radical 38 with a barrier of 10.40 kcal/mol. Acyl radical 38
would undergo Giese addition to enetrione 39 to form a
radical adduct 40. Radical intermediate 40 would subsequently
react with [Cu(dap)(OBz)]** to generate transient formal
Cu(III)—alkyl complex 42. Notably, the alternative pathway
involving single electron transfer from the Cu®" species to
radical 40 to form the enolate intermediate 41 turned out to be
thermodynamically implausible (51.53 kcal/mol uphill).

The transient Cu**—alkyl complex 42 would experience an
exothermic concerted deprotonation™ ™" to give enetetraone
product 44, benzoic acid, and [Cu(dap),]* upon recomplex-
ation with a dap ligand.*® To further corroborate the electron

Scheme 6. DFT Calculation-Based Energy Level Profile Including IBO Analysis of the Newly Developed CDC Reaction®
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“Estimated via solution-phase free energy scan (see Section S8.4 for details). bFor IBO analysis, orbital energies were re-evaluated by the IBO
exponent 2 orbital localization method based on the DFT calculation results in MOG6/def2SVP level of theory.
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flow of the concerted deprotonation step, IBO analysis*” was
performed. As the reaction progresses from point A to point E
(Scheme 6), the electron density occupying the o-orbital of the
methine C—H bond flows to form the 7z-bond. Concurrently,
the electron cloud in the Cu—C ¢ bond flows to the Cu atom,
thereby reducing the Cu center, formally from Cu(Ill) to
Cu(I). It is important to note that the reaction pathway
involving the reductive elimination of Cu**—alkyl complex 42
was ruled out due to its higher activation barrier compared to
that in the concerted deprotonation pathway (Scheme 6).
We then aimed to complete the total synthesis of elodeoidin
B (2) and determine the configuration at the C8 stereocenter.
While DFT-based predictions of NMR chemical shifts and
coupling constants are effective for conformationally rigid
molecules,”* ™ the conformational flexibility of both structural
candidates, 2a and 2b, made such calculations particularly
challenging, leaving total synthesis of the target compound as
the only way to elucidate the undetermined C8 stereo-
chemistry. By employing the analogous synthetic route
presented in Scheme 3, we synthesized both structural
candidates of elodeoidin B, 2a and 2b, from (§)-2-
methylbutanal (45) and (R)-2-methylbutanal (46), respec-
tively (Scheme 7). "H NMR analysis of synthetic (—)-(8S)-

Scheme 7. Total synthesis of (—)-(8S)-Elodeoidin B (2a)
and (—)-(8R)-Elodeoidin B (2b) and Stereochemical
Assignment of Elodeoidin B Based on 'H NMR Spectral
Analysis of Synthetic 2a and 2b and Natural Elodeoidin B
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elodeoidin B (2a), (—)-(8R)-elodeoidin B (2b), and natural
elodeoidin B revealed that the natural product exists as a
mixture of epimers at the C8 stereocenter. The natural sample
of elodeoidin B contains (—)-(8S)-elodeoidin B (2a) as the
major component, with (—)-(8R)-elodeoidin B (2b) present as
the minor epimer.

In conclusion, we have achieved a convergent total synthesis
of elodeoidins A (1) and B (2) using a CDC reaction between
an aldehyde and an electron-deficient olefin. The key CDC
reaction, involving aldehyde 13 and enetrione coupling partner
20, was catalyzed by Cu(dap),PF and utilized TBPB as an
oxidant under 525 nm green light irradiation. DFT calculations
revealed that the reaction mechanism, enabled by these newly
developed conditions, involves concerted deprotonation within
the transient formal Cu(IIl) complex. Moreover, the total
synthesis of both structural candidates of elodeoidin B
demonstrated that natural elodeoidin B exists as a mixture of
diastereomers at the C8 stereocenter. Ongoing research is

275

285 280
1 (ppm)

2.70
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focused on applying the newly developed CDC reaction to the
synthesis of other natural products, which will be detailed in
future reports.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00201.
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