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Herein, we present a unified strategy for the total synthesis of benzenoid and troponoid Cephalotaxus diterpenoids,
specifically cephanolides A and B (benzenoids) and harringtonolide and cephinoid H (troponoids), in 13 to 19 longest linear steps.
This synthesis relies on a palladium-catalyzed Csp*—Csp® cross—coupling followed by an intramolecular doubly electron-deficient
Diels—Alder reaction to establish the core skeleton and complete the synthesis of the Cephalotaxus benzenoids. A late-stage
regioselective phenol-to-tropone ring expansion was developed to convert the benzenoids to the corresponding troponoid
congeners. This work provides a regiocontrolled approach for achieving the synthetic connectivity between benzenoid and troponoid
Cephalotaxus diterpenoids.

total synthesis, unified strategy, benzenoid Cephalotaxus diterpenoid, troponoid Cephalotaxus diterpenoid,
phenol-to-tropone ring expansion

The Cephalotaxus genus is recognized for producing a wide Prior to 2015, only five 19-carbon nor-diterpenoids featuring a
characteristic tropone ring had been rep01‘ted.477 As the first

member of this family, harringtonolide (1) was independently
isolated by Buta in 1978" and by Sun in 1979,” who referred to
it as hainanolide. Over the past decade, a substantial number of
new diterpenoids has been identified, with more than 100
members now documented.””>" Structurally, they are charac-
terized by a rigid tetracyclic 7/6/5/6 or 6/6/5/6 carbon
framework with many members featuring an additional bridged
oO-lactone ring. Based on the structural variability of the A-ring,
Cephalotaxus diterpenoids are classified into five subfamilies:

range of structurally diverse diterpenoids (1—6, Figure 1).'
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Figure 1. Representative Cephalotaxus diterpenoids.
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17-nor-diterpenoids, prototype diterpenoids, benzenoid nordi-
terpenoids, A-ring-seco norditerpenoids, and dimers.” These
diterpenoids exhibit a broad spectrum of biological activities,
including plant growth inhibition, antiviral effects, and
antitumor properties.3 Interestingly, a stark contrast was
observed between different subfamilies. For instance, harring-
tonolide (1) has been reported to exhibit potent inhibitory
effects against human tumor cell lines, with high potency on
KB cells (ICs, = 43 nM).>* In contrast, cephanolide A (4), the
benzenoid congener of 1 with one fewer carbon, displayed no
significant cytotoxic activity.'” This highlights the critical role
of the tropone motif in the biological activity. The structural
diversity and remarkable bioactivity of these natural products
have drawn significant interest from the synthetic community,
leading to numerous elegant total syntheses over the past 30
years from the groups of Mander,””™* Tang*® Zhai,”"~*
Zhao,*”*' Gao,**** Huy, ™ Sarpong,“o_42 Cai,* Zhang/
Yang,** and Jia.*

The earliest total synthesis of Cephalotaxus troponoids was
accomplished by Mander and co-workers, who completed 3-
deoxyfortalpinoid F (isolated as a natural product later in
2019) in 1996>* and harringtonolide (1) in 1998%* using an
elegant intramolecular Biichner ring expansion strategy. Tang
and co-workers later developed an intramolecular oxidopyri-
lium-based [S + 2] cycloaddition to construct the tropone
motif, successfully completing the total synthesis of 1.°° In
2016, Zhai’s group achieved the first asymmetric total synthesis
of 1 featuring a rhodium-catalyzed intramolecular [3 + 2]
cycloaddition as the key step.”” Hu and co-workers synthesized
3-deoxyfortalpinoid F, fortalpinoid A, and cephinoid H (2)
employing Pauson—Khand reaction and ring-closing meta-
thesis as the key steps in 2021.*° Recently, the Hu group
further developed an impressive ynol—diene cyclization
strategy for tropone construction, finishing the asymmetric
synthesis of harringtonolide (1), 3-deoxyfortalginoid F, and
several other tropone-free 17-nor-diterpenoids.’

Regarding the synthesis of Cephalotaxus benzenoids, there
are also notable strategies reported. Zhao’s group was the first
to complete the total synthesis of cephanolide B (5) and C in
2018, by developing an innovative palladium-catalyzed Heck-
type/carbonylative C—H activation cascade.”® In 2020, Gao
and co-workers reported the first asymmetric total synthesis of
cephanolides A (4)°” and B (5),” using an intramolecular
Prins-type cyclization followed by a Friedel—Crafts cyclization.
Sarpong and co-workers achieved the divergent total synthesis
of cephanolides A—D in 2021*° and ceforalides C, D, F, G, and
H in 2022,*" featuring iterative Csp>—Csp® cross-couplings,
followed by an intramolecular inverse-demand Diels—Alder
cycloaddition to forge the core skeleton. In 2021, Cai’s group
completed the total syntheses of 4 and S by developing a
catalytic asymmetric inverse-electron demand Diels—Alder
cycloaddition.*’ Zhang/Yang and co-workers developed a
tandem reaction sequence comprising an intramolecular
Pauson—Khand reaction, a 67x-electrocyclization, and an
oxidative aromatization, completing the total synthesis of 5.**
Subsequently, Hu and co-workers also reported a similar
reaction sequence based on their prior work, finishing the
asymmetric synthesis of ceforalide B and cephanolides B—D.*
While individual molecules from each subfamily have been
targeted in synthetic studies, strategies aimed at the unified
synthesis of multiple subfamilies remain rare. Herein, we
present the development of a divergent synthetic route that
bridges the synthesis of Cephalotaxus benzenoids and
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troponoids with exclusive regioselectivity control, culminating
in the total synthesis of (+)-cephanolide A/B (4/5),
(£)-harringtonolide (1), and (+)-cephinoid H (2).

The discovery of new Cephalotaxus diterpenoid skeletons led
to the revision of the biosynthetic pathway by Yue, where the
benzenoids are derived from the corresponding troponoids via
a 6m-electrocyclization of the tropone ring, followed by
Baeyer—Villiger oxidation and aromatization.'

This proposition inspired us to develop a unified synthetic
strategy for both benzenoid and troponoid Cephalotaxus
diterpenoids using a “contra-biosynthetic” approach,*® where
the troponoids (1/2) were generated from the benzenoids (4/
S) through a late-stage phenol-to-tropone transformation
(Figure 2A).*7° Functional group interchange proposed

A. Retrosynthetic Analysis

o HO.
late-stage Oa \Me
henol-to-tropone
WM p p (o]
Oo g conversion Me \(
)¢ \zo
Me¢ o I-i
H cephanolide A (4)
harringtonolide (1) cephanolide B (5)
cephinoid H (2) ,U,
cross-
coupling
o o MeO Br MeO < Me
,/\I\g , Me —— we
Me
o
8
9 7

Diels-Alder

B. Comparison of Phenol-to-Tropone Approaches

a: desired
b: undesired

Zhao's and Sarpong's work (ref. 31, 42):

¢ LA-assisted BCS rearrangement

a -nMoe + regioselectivity (desired/undesired)
Me f Zhao: 1/3.5 to 3/1 (target: cephinoid H)
o Sarpong: 1/1.2 (target: harringtonolide)

This work:

+ dearomative introduction of -CH,SO,Ar

+ anionic process

+ absolute control of regioselectivity
(target: harringtonolide & cephinoid H)

Figure 2. (A) Retrosynthetic analysis. (B) Comparison of phenol-to-
tropone approaches in the synthesis of Cephalotaxus diterpenoids.

compound 7 to serve as a versatile synthetic intermediate, as
the C20 ketone and C3—C4 double bond would enable the
generation of Cephalotaxus diterpenoids with a wide range of
oxidation patterns. Compound 7 was then disconnected to a-
pyrone 8 and indanone 9 through Diels—Alder and Csp*—Csp®
cross-coupling reactions.”’

Recently, Zhao,”" Sarpong,** and our group®” independently
reported the synthesis of Cephalotaxus troponoids from the
corresponding benzenoid congeners, notably employing a
similar Biichner—Curtius—Schlotterbeck (BCS) ring expansion
strategy.53 However, all three reports suffered from poor
regioselectivity, with the desired to undesired product ratios
ranging from 1:1 to 1:3.5. Zhao’s work achieved a slight
improvement (3:1) by incorporating an a-chloro substitution
(Figure 2B). In comparison, this work introduces a methylene
sulfone unit in a dearomative fashion, and the ring expansion is
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Scheme 1. Total Synthesis of Cephanolide A (4)

Table 1 (0.1 mmol scale)
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[single diastereomer]  44% for 2 steps
performed under complementary anionic conditions, resulting
in complete control over the regioselectivity. This strategy
proved effective for the synthesis of both harringtonolide (1)
and cephinoid H (2).

Our forward synthesis commenced with the preparation of
a-pyrone 8 and indanone 9 (Figure 2). The Grignard addition
of acetylene magnesium bromide 11 to acetoacetate 10
followed by hydrolysis of the methyl ester provided alkynoic
acid 12 in 93% vyield over two steps. Next, regioselective
cyclization of 12 was attempted using ruthenium catalysis,
which can control endo selectivity over exo provided the
reaction proceeds via a ruthenium-vinylidene pathway.”* As
listed in the inset Table 1 in Scheme 1, catalysts, such as
CpRu(dppe)Cl, Grubbs I, or II, produced the undesired S-exo
cyclization product exclusively. The desired 6-endo product 13
could be obtained with CpRu(PPh,),Cl, TpRuH(PPh;),, and
Cp*Ru(PPh;),Cl as catalysts, albeit with low endo/exo
selectivities (1.1/1, 2/1, and 3.5/1, respectively). After
extensive screening, the selectivity was improved to >20/1
using 1 mol % of Cp*Ru(PPh;),Cl as a catalyst in DMF at 100
°C under argon. Performing the reaction under air completely
reversed the selectivity (<1/20 endo/exo), indicating that the
formation of the ruthenium-vinylidene intermediate was
inhibited. Instead, the ruthenium -catalyst functioned as a
Lewis acid, leading exclusively to 5-exo cyclization.”* The labile
intermediate 13 was then quickly treated with aqueous HI to
induce ring opening of the cyclopropane, yielding the
aromatized a-pyrone 8 in 48% yield from 12.

Indanone fragment 9 was prepared from commercially
available phenol 14 through methyl protection (K,CO5, Mel in
DMF) followed by a one-step Friedel—Craft alkylation/
acylation reaction (acrylic acid, PPA, 100 °C), resulting in
54% vyield over two steps.”> Subsequently, the union of
fragments 8 and 9 was achieved using palladium-catalyzed
Csp”—Csp” cross- couphng Vla the intermediacy of alkyl indium
reagent developed by Loh,*® providing pyrone 15 in 73% yield.
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Other cross-coupling variants, such as nickel-catalyzed
reductive coupling and preactivation of one of the coupling
partners to zincate or boronate, failed to yield any desired
product. Oxidation of 15 with IBX in DMSO’’ directly
afforded the desired Diels—Alder adduct 7 in ~30% yield as a
single diastereomer, fully establishing the Cephalotaxus
benzenoid carbon skeleton. However, compound 7 was
prone to decarboxylation under an elevated temperature or
slightly acidic conditions, leading to inconsistent yields over
batches and complicating scale-up. Compared to previous
Diels—Alder strategies employed in the synthesis of Cepha-
lotaxus diterpenoids, the current work utilized a doubly
electron-deficient diene and dienophile in an intramolecular
manner, which posed challenges due to the contradiction
between the low reactivity of substrates and the susceptibility
of the product to decarboxylation under forced reaction
conditions.””**" To address this, two separate steps were
optimized. First, Saegusa—Ito oxidation delivered indenone 16
in 54% yield.®* Condition screening identified the combination
of toluene as a solvent and 1 equiv of DMAP as a basic additive
to ensure the Diels—Alder reaction with good yield (72%),
robustness, and reproducibility. The role of DMAP was
proposed to maintain slightly basic conditions, minimizing
further decarboxylation of 7.

This seven-step sequence can be performed on a gram scale,
allowing for the production of 7 in significant quantities. Next,
diastereoselective hydroboration/oxidation (BH;Me,S, then
Me;NO-2H,0) of the C3—C4 alkene generated a C3-hydroxyl
and reduced the C20 ketone to give a diol intermediate. After
oxidation with Dess—Martin periodinane, diketone 17 was
obtained in 44% yield from 7, with the methyl group sitting at
an incorrect stereochemistry. Epimerization of the C4
stereocenter by DBU in THF at 0 °C furnished diketone 18
in 80% yield. Both ketone groups were then simultaneously
reduced with n-Bu,NBH,, resulting in a diol with a single
stereochemical control at C3 and 1:1 dr at C20. The mixture of

https://doi.org/10.1021/jacsau.4c01067
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Scheme 2. Regiocontrolled Phenol-to-Tropone Conversion: Design, Execution, and Computational Studies

A. Precedent approach via 1,4-addition/elimination

C. Execution on model substrate 19

_0 a. PhI(OTFA) b. PhSO,Me SO,Ph
[o) . HO. 20 2
\]\;j;:l/x 1,4-addition VL MeOH J\;jr n-BuLi Ho
- . Me —— >
then retro-6n X: NOy, SO,Ar Me Me 58% Me Y 78% Me
Y Y Y € dr1.1:1 Me
| 19 20 21 OMe
B. Design of a regio-controlled protocol
o] 0 .
HO i3 %, HO %, LIHMDS, 58% PhO,S ¢ BFgEL,O
........ 1_ Sadaton NaHMDS, 74%  we (0.3 equiv)
Me -
Me™2 7] ;“ r‘f undesired ;é Me MeCN, -40 °C
e L M¢ Single isomer 22
4 X 23 Me 51%
E 1,2-addition - D. Preliminary scope
: desired i Me o
v o
o]
B -,’z‘ ) HO ‘7’1 Me .O
X
; e SEEELTE X Me Mé
Me
me Me ;
1 L nann 23a, 70%°? 23b, 75%° 23c, 70%” 23d, 75%"
E. Computational studies® ¥
PhO,S
___TS-Bla 3.8
o =—=TS-A1b 3.0 oLi TS-B2
.+ TS-B1b 0.6
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“NaHMDS, THF, —78 °C. *NaH, THF, room temperature. “Free energy profile of two reaction pathways (A in red and B in blue), calculated at
the level of M06-2X/6-311+G(d,p)(SMD)//M06-2X/6-31G(d) (IEFPCM) at 195.15 K.

diastereomers was then treated with BF;-Et,0 in DCM to
construct the oxo-bridge, yielding methyl-protected cepha-
nolide A in 56% yield over two steps. After deprotection using
BBr;, cephanolide A (4) was successfully synthesized in 85%
yield.

Next, we aimed to address the regioselectivity challenges
encountered in previous phenol-to-tropone conversions. An
elegant approach developed by Kende in 1986, and later
explored by other groups, involves the oxidative dearomatiza-
tion of phenol to yield dienone I, where X represents an
electron-withdrawing group w1th leavmg group capability, such
as a nitro or sulfonyl group.’”~®” Intramolecular 1,4-addition
under basic conditions, followed by retro-6z electrocyclization
and elimination of the X anion, leads to the efficient
construction of the tropone moiety (Scheme 2A). In the ring
expansion of cephanolide A (4) to harringtonolide (1), one
carbon atom must be inserted between C12 and C13 (Scheme
2B). To achieve this, we propose introducing a CH,X unit at
the ortho position of 4 to generate dienone IL Subsequent
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intramolecular 1,2- or 1,6-addition followed by elimination of
the X anion would lead to the tropone moiety with two
different regioisomeric outcomes. A key challenge of this
design lies in the intermolecular introduction of the CH,X
unit, as prior reports have only achieved this type of
dearomatization at the para position in an intramolecular
fashion.”” ™% Additionally, controlling the 1,2- versus 1,6-
addition is pivotal for determining the regioselectivity. The
methyl group at C11 of 4 is expected to enhance the desired
outcome by diminishing the preference for the undesired 1,6-
addition.

With these considerations in mind, 2,4-dimethyl phenol 19
was selected as a model substrate to implement this plan,
which mimicked 4 where one of the ortho positions of phenol
was occupied by a methyl group and the other by hydrogen. As
illustrated in Scheme 2C, 19 was first converted to the
corresponding 4-quinol methyl ether 20 in 58% vyield. The
introduction of a PhSO,CH, group was achieved through 1,2-
addition of PhSO,CH, anion to the dienone moiety, followed

https://doi.org/10.1021/jacsau.4c01067
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Scheme 3. Synthesis of Harringtonolide (1) from Cephanolide A (4)

"o b. 25a or 25b
e a. Phi( Of‘c n-BuLi, ELAICI ¢. BF5*Et,0
MeOH, 0 °C - rt THF _78°C (0.3 equiv)

Oﬁ% O

cephanolide A (4)

62%

ﬂ o
|~
24 Me

O —» ¢
MeCN, -40 °C

68% Me'

25a (R = H) 26a (Ph, 91%)
25b (R = CF3) 26b (4-CF3Ph, 89%)
d. SnCly, DCM | e. SnCly, HFIP |
o 28a (63%) 28b (65%) ]
for 28b o J "ﬁ
) 00 -«Me £ NaHMDS (1.5 equiv) M
it ~|¢° HMDS (4 equiv) - fo
- 7 - ArO,S Mé
2 WP Me L 2o THF, -78 °C 2> e 7o
I H 76% 28a (Ph) H

28a [X-ray] harringtonolide (1) see Table below 28b (4-CF;Ph)

Entry Substrate Conditions Yield?
1 28a LiHMDS (1.0 equiv), THF, -78 °C trace
2 28a LIHMDS (1.0 equiv), THF, 0 - 40 °C N.D.
3 28a DBU (1.0 equiv), DMSO, 120 °C N.D.
4 28b LiHMDS (1.0 equiv), THF, -78 °C <10%
5 28b LDA (1.0 equiv), THF, -78 °C 1%
6 28b KHMDS (1.0 equiv), THF, -78 °C 14%
7 28b NaHMDS (1.0 equiv), THF, -78 °C 18%
8 28b t-BuOK (3.0 equiv), t-BuOH, rt N.D.
9 28b NaHMDS (1.0 equiv), HMDS (10.0 equiv), THF, -78 °C 51%
10 28b NaHMDS (1.5 equiv), HMDS (4.0 equiv), THF, -78 °C 90%" (76%)°

“Unless otherwise noted, all reactions were performed under argon with 0.01 mmol of substrate. Yield determined by crude '"H NMR using 1,3,5-
trimethoxybenzene as the internal standard. “One mg scale. “Isolated yield on 0.023 mmol scale. N.D. = not detected.

by a regioselective vinylogous semipinacol rearrangement
induced by BF;-Et,0 in MeCN, delivering 22 in 40% yield
over two steps.”® After treatment with LIHMDS or NaHMDS

—78 °C, the desired tropone 23 was obtained in 58% or 74%
yield as a single regioisomer. A preliminary study revealed that
this tropone synthesis can also be extended to other substrates
(23a-e) in 70%—75% isolated yield (Scheme 2D).

To understand the regioselectivity outcome, density func-
tional theory calculations were performed using the Gaussian
09 software package with substrate 22 and LiHMDS as the
base. As illustrated in Scheme 2E, pathway A (in red)
represents the carbanion of Int-1 attacking the carbonyl (1,2-
addition), while pathway B (in blue) corresponds to its 1,6-
Michael addition (see the Supporting Information for the
computational details). The methylene adjacent to the PhSO,
group in substrate 22 is first deprotonated by LIHMDS. The
resulting carbanion can coordinate with the Li ion by using
either of its prochiral faces, leading to the formation of Int-1a
and Int-1b. For Int-1a, the energy barrier of the 1,2-addition
(TS-Ala) is 3.7 kcal/mol, while the corresponding barrier of
1,6-addition (TS-Alb) is 10.7 kcal/mol, suggesting that the
formation of the 1,2-adduct Int-A2 is favored. Conversely, Int-
1b is more likely to undergo 1,6-addition (TS-B1b) to form
Int-B2. The energy barrier for Int-1a to TS-Ala is 3.8 kcal/
mol lower than that for Int-1b to TS-B1b, indicating that the
reaction proceeds mainly via the former to yield Int-A2.

For Int-B2, the only possible further conversion is a retro-6z
electrocyclic ring opening (TS-B2). However, under —78 °C
conditions, the energy barrier of TS-B2 is too high for Int-B2
to overcome. In contrast, Int-A2 can easily undergo an
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electrocyclic ring opening to yield Int-A3, which features a
seven-membered ring. The PhSO, group in Int-A3 occupies a
pseudoequatorial position, with no # molecular orbital parallel
to it. As a result, Int-A3 must undergo a ring flip to form Int-
A4, ultimately eliminating PhSO,Li to produce the final
product (23). The total free energy barrier for pathway A is the
ring-flipping step (13.2 kcal/mol), which is obviously lower
than that of pathway B (16.3 kcal/mol for TS-B2), indicating
that the reaction predominantly proceeds via the former.

The stage is now set for the phenol-to-tropone ring
expansion to access harringtonolide (1). Cephanolide A (4)
first underwent oxidative dearomatization using PhI(OAc), in
MeOH to produce the corresponding 4-quinol methyl ether 24
in 62% yield (Scheme 3). Nucleophilic addition with sulfone
25a delivered 26a in 91% yield as a single diastereomer.
Unfortunately, PhSO,CH, migration did not occur under the
same BF;-Et,0/MeCN conditions. Instead, oxepin 27a was
isolated in 68% yield, proceeding via the in situ generatlon of
benzene oxide followed by retro-67-electrocyclization.”* We
then screened the reaction conditions and found that SnCl, in
DCM successfully yielded migrated product 28a in 63% yield.
This outcome may be attributed to the strong coordination of
SnCl, with the free hydroxyl group, which attenuates its
nucleophilicity and thereby promotes the desired alkyl
migration pathway. The structures of 27a and 28a were
confirmed unambiguously by X-ray crystallographic analysis.

Next, the ring expansion was attempted under basic
conditions. With sulfone 28a, only trace product was obtained
using LIHMDS as the base under —78 °C (entry 1, inset Table
in Scheme 3). Raising the reaction temperature or changing
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Scheme 4. Total Synthesis of Cephanolide B (5) and Cephinoid H (2)

MeO MeO.

MeO

H . a. NaBH, H Me b. NaH, CS,, Mel H d. BBry
o then TfOH, Et;SiH "o 83% DCM, -78 -0 °C
Me ——» Me —> Me
1 76% 1 c. AIBN, n-BuzSnH 1 82%
o H H 86% H
18 29 30 o cephanolide B (5)
Ok
b e. PhI(OAc),
25b MeOH, 0 °Cc
0,
o SO,Ar f. 25b 9%
h. NaHMDS (1.5 equiv) o) n-BulLi, Et,AICI
Me HMDS (4 equiv) aMe g-SnCly  HOm: wMe THF, 78 °C
o 3 0 < Me °
M THF, -78 °C Ar0,S mé HFIP, rt 46% (94% brsm)
I-T: 79% I-i: 53% ﬁ'
cephinoid H (2) 33 Ar = 4-CF3Ph 32

bases led to complete decomposition of the starting material
(entries 2—3). We reasoned that competing deprotonation at
C7 of 28a prevented 1,2-addition to the ketone, leading to
slow decomposition of the starting material. To solve this issue,
a CF; group was introduced para to the sulfone in order to
lower the pK, of its a position.”” The 4-CF;-substituted
sulfone (25b) was then used to synthesize 28b in the same
two-step sequence, with the necessary change of the solvent to
HFIP to achieve a good yield (65% yield) in the vinylogous
semipinacol rearrangement step. Encouragingly, with 28b as
the substrate, improved yields could be obtained (>10%).
However, we could not obtain yields higher than 18%, despite
various bases screened (entries 4—7). Considering that the
unproductive deprotonation at C7 remained non-negligible, we
attempted to add proton sources to maintain enolate—ketone
equilibrium, thereby driving the reaction toward the desired
pathway. While +BuOK/t-BuOH proved inefficient (entry 8),
the addition of 10 equiv of HMDS to NaHMDS (1.0 equiv)
successfully increased the yield to 51% (entry 9). The optimal
result was achieved with 1.5 equiv of NaHMDS and 4 equiv of
HMDS, ultimately delivering harringtonolide (1) in 90% yield
by 'H NMR and 76% isolated yield (entry 10). The
spectroscopic data of 1 are in good agreement with those
reported in the previous literature.

Next, we sought to apply this four-step regioselective
phenol-to-tropone approach to synthesize cephinoid H (2)
from cephanolide B (5). As shown in Scheme 4, reduction of
the diketone intermediate 18 using NaBH, followed by
treatment with TfOH/Et;SiH provided Gao’s intermediate
29 in 76% yield.”> Barton—McCombie deoxygenation
following deprotection afforded cephanolide B (5) in 59%
overall yield from 29. Oxidative dearomatization generated
dienone 31, which underwent a similar nucleophilic addition/
vinylogous semipinacol rearrangement sequence with sulfone
25b, delivering dienone 33 in 53% yield. Under the same ring
expansion conditions as described above, cephinoid H (2) was
accomplished in 79% yield without complications.

In summary, we have developed a unified strategy for the
total synthesis of benzenoid and troponoid Cephalotaxus
diterpenoids. A ruthenium-catalyzed 6-endo cyclization was
utilized to prepare 3,4-disubstituted a@-pyrone fragment 8.
Following a palladium-catalyzed Csp’—Csp® cross-coupling to
unite fragments 8 and 9, an intramolecular doubly electron-
deficient Diels—Alder reaction rapidly established the core
skeleton, thus completing the total synthesis of the benzenoid
natural products cephanolide A (4) and B (§) in 13 and 15
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longest linear steps. A four-step sequence was then developed
for a regioselective phenol-to-tropone ring expansion, finishing
the troponoid congeners harringtonolide (1) and cephinoid H
(2) from 4 and S, respectively. This work provides a
regiocontrolled approach to establishing the synthetic con-
nection between benzenoid and troponoid Cephalotaxus
diterpenoids under complementary basic conditions. Efforts
to extend this ring expansion strategy to other structurally
related natural products are ongoing.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c01067.

Experimental procedures, spectroscopic data, NMR
spectra of all new compounds, and X-ray crystallographic
data for compounds 27a and 28a (PDF)

Accession Codes: CCDC 2338981 (27a) and CCDC 2394170
(28a) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/data_request/cif, or by emailing data request@
ccde.cam.ac.uk, or by contacting The Cambridge Crystallo-
graphic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: +44 1223336033.

Zhiming Li — Department of Chemistry, Fudan University,
Shanghai 200438, China; © orcid.org/0000-0001-5471-
8462; Email: zmli@fudan.edu.cn

Jie Wang — State Key Laboratory of Chemical Biology,
Shanghai Institute of Materia Medica, Chinese Academy of
Sciences, Shanghai 201203, China; School of Chinese
Materia Medica, Nanjing University of Chinese Medicine,
Nanjing 210023, China; University of Chinese Academy of
Sciences, Beijing 100049, China; © orcid.org/0000-0002-
1078-2056; Email: jiewang@simm.ac.cn

Xu-Cheng Gan — State Key Laboratory of Chemical Biology,
Shanghai Institute of Materia Medica, Chinese Academy of
Sciences, Shanghai 201203, China; Present
Address: Department of Chemistry, Scripps Research, La

https://doi.org/10.1021/jacsau.4c01067
JACS Au 2025, 5, 1213-1220


https://pubs.acs.org/doi/10.1021/jacsau.4c01067?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c01067/suppl_file/au4c01067_si_001.pdf
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:data_request@ccdc.cam.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiming+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5471-8462
https://orcid.org/0000-0001-5471-8462
mailto:zmli@fudan.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jie+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1078-2056
https://orcid.org/0000-0002-1078-2056
mailto:jiewang@simm.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xu-Cheng+Gan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01067?fig=sch4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c01067?fig=sch4&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Jolla, California 92037, United States;
0001-7404-3087

Zi-An Zhang — State Key Laboratory of Chemical Biology,
Shanghai Institute of Materia Medica, Chinese Academy of
Sciences, Shanghai 201203, China; University of Chinese
Academy of Sciences, Beijing 100049, China

Xiao-Yu Shi — State Key Laboratory of Chemical Biology,
Shanghai Institute of Materia Medica, Chinese Academy of
Sciences, Shanghai 201203, China; School of Chinese
Materia Medica, Nanjing University of Chinese Medicine,
Nanjing 210023, China

Guang Tian — State Key Laboratory of Chemical Biology,
Shanghai Institute of Materia Medica, Chinese Academy of
Sciences, Shanghai 201203, China; Department of
Chemistry, Shanxi Key Laboratory of Polymer Science &
Technology, MOE Key Laboratory of Supernomal Material
Physics & Chemistry, School of Chemical & Chemical
Engineering, Northwestern Polytechnical University, Xi'an
710129, China; © orcid.org/0000-0002-2520-7994

Zhixiao Cheng — Department of Chemistry, Fudan University,
Shanghai 200438, China

Tian-Peng Zhou — State Key Laboratory of Chemical Biology,
Shanghai Institute of Materia Medica, Chinese Academy of
Sciences, Shanghai 201203, China

Chuanguang Qin — Department of Chemistry, Shanxi Key
Laboratory of Polymer Science & Technology, MOE Key
Laboratory of Supernomal Material Physics & Chemistry,
School of Chemical & Chemical Engineering, Northwestern
Polytechnical University, Xi'an 710129, China; ® orcid.org/
0000-0003-4849-0187

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacsau.4c01067

orcid.org/0000-

IX.-C.G.,, Z.-A.Z. contributed equally. CRediT: Zhixiao Cheng
investigation; Tian-Peng Zhou methodology.

This research was made possible as a result of generous grants
from the Strategic Priority Research Program of the Chinese
Academy of Sciences (Grant No. XDB1060000), the 1000-
Youth Talents Plan, the National Natural Science Foundation
of China (Grant No. 22101290), the State Key Laboratory of
Chemical Biology, and Shanghai Institute of Materia Medica.

The authors declare no competing financial interest.

We thank Prof. P. S. Baran (Scripps Research) for proofreading
the manuscript and helpful discussions, Prof. S. Pan
(ShanghaiTech University) for support with high-resolution
mass spectrometry, and Z. Zhang for assistance with X-ray
crystallographic analysis.

(1) Abdelkafi, H.; Nay, B. Natural Products from Cephalotaxus sp.:
Chemical Diversity and Synthetic Aspects. Nat. Prod. Rep. 2012, 29,
845—-869.

(2) Jiang, C.; Xue, J.; Yuan, Y,; Li, Y;; Zhao, C,; Jing, Q; Zhang, X;
Yang, M.; Han, T.; Bai, ].; Li, Z.; Li, D.; Hua, H. Progress in Structure,
Synthesis and Biological Activity of Natural Cephalotane Diterpe-
noids. Phytochemistry 2021, 192, 112939.

1219

(3) Zhao, J.-X; Ge, Z.-P.; Yue, J.-M. Cephalotane Diterpenoids:
Structural Diversity, Biological Activity, Biosynthetic Proposal, and
Chemical Synthesis. Nat. Prod. Rep. 2024, 41, 1152—1179.

(4) Buta, J. G.; Flippen, J. L.; Lusby, W. R. Harringtonolide, A Plant
Growth Inhibitory Tropone from Cephalotaxus harringtonia (Forbes)
K. Koch. J. Org. Chem. 1978, 43, 1002—1003.

(5) Sun, N.-j; Xue, Z; Liang, X.-t; Huang, L. Studies on the
Structure of A New Antitumor Agent-Hainanolide. Acta Pharm. Sin. B
1979, 14, 39—44.

(6) Du, J; Chiu, M.-H; Nie, R-L. Two New Lactones from
Cephalotaxus fortunei var. alpnia. J. Nat. Prod. 1999, 62, 1664—1665.

(7) Yoon, K. D.; Jeong, D. G.; Hwang, Y. H,; Ryy, J. M,; Kim, J.
Inhibitors of Osteoclast Differentiation from Cephalotaxus koreana. J.
Nat. Prod. 2007, 70, 2029—2032.

(8) He, Y.-R;; Shen, Y.-H,; Shan, L.; Yang, X.; Wen, B; Ye, J.; Yuan,
X,; Li, H.-L.; Xu, X.-K; Zhang, W.-D. Diterpenoid Lanceolatins A—G
from Cephalotaxus lanceolata and Their Anti-Inflammatory and Anti-
Tumor Activities. RSC Adv. 2018, S, 4126—4134.

(9) Xu, J. B; Fan, Y. Y;; Gan, L. S;; Zhou, Y. B; Li, J.; Yue, J. M;
Cephalotanins, A.-D. Cephalotanins A—D, Four Norditerpenoids
Represent Three Highly Rigid Carbon Skeletons from Cephalotaxus
sinensis. Chem.—Eur. J. 2016, 22, 14648—14654.

(10) Ni, G; Zhang, H.; Fan, Y. Y,; Liu, H. C,; Ding, J.; Yue, J. M.
Mannolides A-C with an Intact Diterpenoid Skeleton Providing
Insights on the Biosynthesis of Antitumor Cephalotaxus Troponoids.
Org. Lett. 2016, 18, 1880—1883.

(11) Zhao, J. X.; Fan, Y. Y,; Xu, J. B.; Gan, L. S.; Xu, C. H.; Ding, J;
Yue, J. M. Diterpenoids and Lignans from Cephalotaxus fortunei. J.
Nat. Prod. 2017, 80, 356—362.

(12) Fan, Y. Y.; Xy, J. B;; Liy, H. C.; Gan, L. S; Ding, J.; Yue, J. M,;
Cephanolides, A.-J. Cephanolides A—J, Cephalotane-Type Diterpe-
noids from Cephalotaxus sinensis. J. Nat. Prod. 2017, 80, 3159—-3166.

(13) Ni, L.; Zhong, X. H.; Chen, X. J.; Zhang, B. J.; Bao, M. F.; Cai,
X. H. Bioactive Norditerpenoids from Cephalotaxus fortunei var.
alpina and C. lanceolata. Phytochemistry 2018, 151, 50—60.

(14) Ge, Z. P; Liu, H. C; Wang, G. C,; Liu, Q. F.; Xu, C. H.; Ding,
J.; Fan, Y. Y,; Yue, J. M. 17- nor-Cephalotane-Type Diterpenoids from
Cephalotaxus fortunei. J. Nat. Prod. 2019, 82, 1565—1575.

(15) Zhao, C.-X; Li, B.-Q,; Shao, Z.-X; Li, D.-H; Jing, Y..K.; Li, Z.-
L.; Hua, H.-M. Cephasinenoside A, A New Cephalotane Diterpenoid
Glucoside from Cephalotaxus sinensis. Tetrahedron Lett. 2019, 60,
151154.

(16) Li, Y.; Wang, Y.; Shao, Z,; Zhao, C.; Jing, Q; Li, D.; Lin, B,
Jing, Y,; Li, Z.; Hua, H. Diterpenoids from Cephalotaxus fortunei var.
alpina and Their Cytotoxic Activity. Bioorg. Chem. 2020, 103, 104226.

(17) Ge, Z. P,; Fan, Y. Y,; Deng, W. D.; Zheng, C. Y.; Li, T.; Yue, J.
M. Cephalodiones A-D: Compound Characterization and Semisyn-
thesis by [6 + 6] Cycloaddition. Angew. Chem., Int. Ed. 2021, 60,
9374-9378.

(18) Ge, Z. P.; Zhou, B.; Zimbres, F. M.; Cassera, M. B.; Zhao, J. X.;
Yue, J. M. Cephalotane-Type Norditerpenoids from Cephalotaxus
fortunei var. alpina. Chin. J. Chem. 2022, 40, 1177—1184.

(19) Ge, Z. P.; Zhou, B.; Zimbres, F. M; Haney, R. S.; Liu, Q. F;
Wu, Y,; Cassera, M. B.; Zhao, J. X;; Yue, J. M. Cephalotane-Type
C(20) diterpenoids from Cephalotaxus fortunei var. alpina. Org.
Biomol. Chem. 2022, 20, 9000—9009.

(20) Ge, Z. P.; Xu, J. B;; Zhao, P; Xiang, M.; Zhou, Y.; Lin, Z. M,;
Zuo, J. P.; Zhao, J. X; Yue, J. M. Highly Modified Cephalotane-Type
Diterpenoids from Cephalotaxus fortunei var. alpina and C. sinensis.
Phytochemistry 2024, 221, 114038.

(21) Jiang, C.; Han, Z.; Sun, W.; Tan, J.; Gao, G.; Wang, X.; Hua,
H.; Zhao, R.; Han, T. Diterpenolignans and Cephalotane
Diterpenoids from Cephalotaxus oliveri mast. with Antitumor
Activity. Phytochemistry 2024, 217, 113924.

(22) Evanno, L.; Jossang, A.; Nguyen-Pouplin, J.; Delaroche, D.;
Herson, P.; Seuleiman, M.; Bodo, B.; Nay, B. Further Studies of the
Norditerpene (+)-Harringtonolide Isolated from Cephalotaxus
harringtonia var. drupacea: Absolute Configuration, Cytotoxic and
Antifungal Activities. Planta Med. 2008, 74, 870—872.

https://doi.org/10.1021/jacsau.4c01067
JACS Au 2025, 5, 1213-1220


https://orcid.org/0000-0001-7404-3087
https://orcid.org/0000-0001-7404-3087
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zi-An+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiao-Yu+Shi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guang+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2520-7994
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhixiao+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tian-Peng+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chuanguang+Qin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4849-0187
https://orcid.org/0000-0003-4849-0187
https://pubs.acs.org/doi/10.1021/jacsau.4c01067?ref=pdf
https://doi.org/10.1039/c2np20037f
https://doi.org/10.1039/c2np20037f
https://doi.org/10.1016/j.phytochem.2021.112939
https://doi.org/10.1016/j.phytochem.2021.112939
https://doi.org/10.1016/j.phytochem.2021.112939
https://doi.org/10.1039/D3NP00067B
https://doi.org/10.1039/D3NP00067B
https://doi.org/10.1039/D3NP00067B
https://doi.org/10.1021/jo00399a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00399a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00399a047?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/np9900270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/np9900270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/np070327e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C4RA10665B
https://doi.org/10.1039/C4RA10665B
https://doi.org/10.1039/C4RA10665B
https://doi.org/10.1002/chem.201603373
https://doi.org/10.1002/chem.201603373
https://doi.org/10.1002/chem.201603373
https://doi.org/10.1021/acs.orglett.6b00653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.6b00653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.6b00802?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.7b00412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.7b00412?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.phytochem.2018.04.007
https://doi.org/10.1016/j.phytochem.2018.04.007
https://doi.org/10.1021/acs.jnatprod.9b00059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.9b00059?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2019.151154
https://doi.org/10.1016/j.tetlet.2019.151154
https://doi.org/10.1016/j.bioorg.2020.104226
https://doi.org/10.1016/j.bioorg.2020.104226
https://doi.org/10.1002/anie.202015332
https://doi.org/10.1002/anie.202015332
https://doi.org/10.1002/cjoc.202100913
https://doi.org/10.1002/cjoc.202100913
https://doi.org/10.1039/D2OB01748B
https://doi.org/10.1039/D2OB01748B
https://doi.org/10.1016/j.phytochem.2024.114038
https://doi.org/10.1016/j.phytochem.2024.114038
https://doi.org/10.1016/j.phytochem.2023.113924
https://doi.org/10.1016/j.phytochem.2023.113924
https://doi.org/10.1016/j.phytochem.2023.113924
https://doi.org/10.1055/s-2008-1074546
https://doi.org/10.1055/s-2008-1074546
https://doi.org/10.1055/s-2008-1074546
https://doi.org/10.1055/s-2008-1074546
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

(23) Rogers, D. H.; Morris, J. C.; Roden, F. S,; Frey, B,; King, G. R;
Russkamp, F. W,; Bell, R. A.;; Mander, L. N. The Development of
More Efficient Syntheses of Polycyclic Diterpenes through Intra-
molecular Cyclopropanation of Aryl rings in Diazomethyl Ketones.
Pure Appl. Chem. 1996, 68, S15—522.

(24) Frey, B.; Wells, A. P.; Rogers, D. H.; Mander, L. N. Synthesis of
the Unusual Diterpenoid Tropones Hainanolidol and Harringtono-
lide. . Am. Chem. Soc. 1998, 120, 1914—1915.

(25) O’Sullivan, T. P.; Zhang, H; Mander, L. N. Model Studies
toward the Synthesis of the Bioactive Diterpenoid, Harringtonolide.
Org. Biomol. Chem. 2007, S, 2627—2635.

(26) Zhang, M.; Liu, N.; Tang, W. Stereoselective Total Synthesis of
Hainanolidol and Harringtonolide via Oxidopyrylium-Based [S + 2]
Cycloaddition. J. Am. Chem. Soc. 2013, 135, 12434—12438.

(27) Zhang, H. J.; Hu, L.; Ma, Z,; Li, R;; Zhang, Z.; Tao, C.; Cheng,
B,; Li, Y,; Wang, H.; Zhai, H. Total Synthesis of the Diterpenoid
(+)-Harringtonolide. Angew. Chem., Int. Ed. 2016, SS, 11638—11641.

(28) Ao, Q.; Zhang, H. J.; Zheng, J.; Chen, X,; Zhai, H. Asymmetric
Total Synthesis of (+)-Mannolide C. Angew. Chem., Int. Ed. 2021, 60,
21267-21271.

(29) Qing, Z; Mao, P,; Wang, T.; Zhai, H. Asymmetric Total
Syntheses of Cephalotane-Type Diterpenoids Cephanolides A-D. J.
Am. Chem. Soc. 2022, 144, 10640—10646.

(30) Xu, L; Wang, C; Gao, Z,; Zhao, Y. M. Total Synthesis of
(+)-Cephanolides B and C via a Palladium-Catalyzed Cascade
Cyclization and Late-Stage sp(3) C-H Bond Oxidation. J. Am. Chem.
Soc. 2018, 140, S653—5658.

(31) Shao, H.; Ma, Z. H.; Cheng, Y. Y.; Guo, X. F.; Sun, Y. K,; Liu,
W. J; Zhao, Y. M. Bioinspired Total Synthesis of Cephalotaxus
Diterpenoids and Their Structural Analogues. Angew. Chem., Int. Ed.
2024, 63, No. e202402931.

(32) Zhang, H.; He, H,; Gao, S. Asymmetric Total Synthesis of
Cephanolide A. Angew. Chem., Int. Ed. 2020, 59, 20417—20422.

(33) Zhang, H.; He, H,; Gao, S. Asymmetric Total Synthesis of
Cephanolide B. Org. Chem. Front. 2021, 8, 555—559.

(34) Wang, H; Liu, Y,; Zhang, H; Yang, B; He, H; Gao, S.
Asymmetric Total Synthesis of Cephalotaxus Diterpenoids: Cephi-
noid P, Cephafortoid A, 14-epi-Cephafortoid A and Fortalpinoids M-
N, P. J. Am. Chem. Soc. 2023, 145, 16988—16994.

(35) Ren, Z.; Sun, Z.; Li, Y,; Fan, X,; Dai, M;; Wang, Y,; Hu, X.
Total Synthesis of (+)-3-Deoxyfortalpinoid F, (+)-Fortalpinoid A, and
(+)-Cephinoid H. Angew. Chem., Int. Ed. 2021, 60, 18572—18576.

(36) Sun, Z.; Fan, X.; Sun, Z; Li, Z,; Niu, L.; Guo, H.; Ren, Z.;
Wang, Y.; Hu, X. Total Synthesis of (—)-Ceforalide B and
(—)-Cephanolides B-D. Org. Lett. 2022, 24, 7507—7511.

(37) Chen, C. C.; Ren, Z.; Sun, Z.; Sun, Z.; Shu, X.; Wang, Y.; Hu,
X. Construction of Tetracyclic Core Skeleton of Cephalotaxus
Diterpenoids through Diastereoselective Pauson-Khand Reaction.
Eur. J. Org Chem. 2022, 2022, No. ¢202101430.

(38) Sun, Z,; Jin, S.; Song, J.; Niu, L.; Zhang, F.; Gong, H.; Shu, X;
Wang, Y,; Hu, X. Enantioselective Total Synthesis of (—)-Cepha-
lotanin B. Angew. Chem., Int. Ed. 2023, 62, No. €202312599.

(39) Sun, Z; Shu, X;; Ma, F.; Li, A;; Li, Y.; Jin, S.; Wang, Y.; Hu, X.
Divergent Synthesis of 17-nor-Cephalotane Diterpenoids through
Developed Ynol-diene Cyclization. Angew. Chem., Int. Ed. 2024, 63,
No. €202407757.

(40) Haider, M.; Sennari, G.; Eggert, A.; Sarpong, R. Total Synthesis
of the Cephalotaxus Norditerpenoids (+)-Cephanolides A-D. J. Am.
Chem. Soc. 2021, 143, 2710—2715.

(41) Sennari, G.; Gardner, K. E.; Wiesler, S.; Haider, M.; Eggert, A,;
Sarpong, R. Unified Total Syntheses of Benzenoid Cephalotane-Type
Norditerpenoids: Cephanolides and Ceforalides. J. Am. Chem. Soc.
2022, 144, 19173—1918S.

(42) Wiesler, S.; Sennari, G.; Popescu, M. V.; Gardner, K. E.; Aida,
K; Paton, R. S.; Sarpong, R. Late-Stage Benzenoid-to-Troponoid
Skeletal Modification of the Cephalotanes Exemplified by the Total
Synthesis of Harringtonolide. Nat. Commun. 2024, 15, 4125.

(43) Ly, Y,; Xu, M. M,; Zhang, Z. M.; Zhang, J.; Cai, Q. Catalytic
Asymmetric Inverse-Electron-Demand Diels-Alder Reactions of 2-

1220

Pyrones with Indenes: Total Syntheses of Cephanolides A and B.
Angew. Chem., Int. Ed. 2021, 60, 26610—26615.

(44) Li, A; He, Z; Liu, B; Yang, Z.; Zhang, Z. Stereoselective
Synthesis of (+)-Cephanolide B. Org. Lett. 2021, 23, 9237—9240.

(4S) Chen, P; Chen, L; Lin, H; Jia, Y. Total Synthesis of
(+)-Mannolide B. J. Am. Chem. Soc. 2025, 147, 636—643.

(46) Hardy, M. A; Hayward Cooke, J; Feng, Z.; Noda, K;
Kerschgens, I; Massey, L. A; Tantillo, D. J; Sarpong, R. Unified
Synthesis of 2-Isocyanoallopupukeanane and 9-Isocyanopupukeanane
through a ”Contra-biosynthetic” Rearrangement. Angew. Chem., Int.
Ed. 2024, 63, No. e202317348.

(47) Liu, N; Song, W.; Schienebeck, C. M.; Zhang, M.; Tang, W.
Synthesis of Naturally Occurring Tropones and Tropolones.
Tetrahedron 2014, 70, 9281—9305.

(48) Kats-Kagan, R.; Herzon, S. B. The Discovery of a Novel Route
to Highly Substituted a-Tropolones Enables Expedient Entry to the
Core of the Gukulenins. Org. Lett. 2015, 17, 2030—2033.

(49) Liang, X,; Li, L.; Wei, K; Yang, Y. R. Gram-Scale, Seven-Step
Total Synthesis of (—)-Colchicine. Org. Lett. 2021, 23, 2731-2735.

(50) Combs, J.; Wright, T.; Chen, L.; Holmes, R;; Qin, B.; Oh, J;
Crawford, J.; Herzon, S. Enantioselective Synthesis of Anhydroguku-
lenin A C2-Acetate. ChemRxiv 2023.

(51) This project was initiated in 2020. By the time of Sarpong’s
disclosure of a similar strategy (ref 40), our work was nearly complete;
however, we chose to withhold publication until achieving the phenol-
to-tropone conversion.

(52) Zhang, Z.-A.; Gan, X.-c;; Tian, G.; Shi, X.-Y.; Qin, C.; Wang, J.
Total Synthesis of Cephanolide A and Harringtonolide: A Unified
Strategy Connecting Benzenoid and Troponoid Cephalotaxus
Diterpenoids. ChemRxiv 2024.

(53) Wang, Z. Comprehensive Organic Name Reactions and Reagents:
Biichner—Curtius—Schlotterbeck Reaction; John Wiley & Sons, Inc.,
2010; pp S67—569.

(54) Jimenez-Tenorio, M.; Puerta, M. C,; Valerga, P.; Moreno-
Dorado, F. J; Guerra, F. M,; Massanet, G. M. Regioselective
Cyclization of a,w-Alkynoic Acids Catalysed by TpRu Complexes:
Synthesis of Endocyclic Enol Lactones [Tp = Hydrotris(pyrazolyl)-
borate]. Chem. Commun. 2001, 2324—2325.

(55) Feringa, B.; van Leeuwen, T.; Neubauer, T. Regioselective
Synthesis of Indanones. Synlett 2014, 25, 1717—1720.

(56) Shen, Z. L.; Goh, K. K; Yang, Y. S.; Lai, Y. C.; Wong, C. H;
Cheong, H. L.; Loh, T. P. Direct Synthesis of Water-Tolerant Alkyl
Indium Reagents and Their Application in Palladium-Catalyzed
Couplings with Aryl Halides. Angew. Chem., Int. Ed. 2011, 50, 511—
S514.

(57) Nicolaou, K. C.; Montagnon, T.; Baran, P. S.; Zhong, Y. L.
Iodine(V) Reagents in Organic Synthesis. Part 4. o-lodoxybenzoic
Acid as a Chemospecific Tool for Single Electron Transfer-Based
Oxidation Processes. J. Am. Chem. Soc. 2002, 124, 2245—2258.

(58) Ito, Y.; Hirao, T.; Saegusa, T. Synthesis of ab-Unsaturated
Carbonyl Compounds by Palladium(II)-Catalyzed Dehydrosilylation
of Silyl Enol Ethers. J. Org. Chem. 1978, 43, 1011—1013.

(59) Kende, A. S.; Koch, K. Intramolecular Radical Cyclization of
Phenolic Nitronates: Facile Synthesis of Annelated Tropone and
Tropolone Derivatives. Tetrahedron Lett. 1986, 27, 6051—6054.

(60) Hong, S. K; Kim, H.; Seo, Y.; Lee, S. H.; Cha, J. K; Kim, Y. G.
Total Synthesis of Pareitropone via Radical Anion Coupling. Org. Lett.
2010, 12, 3954—3956.

(61) Ezzat, N.; Bobek, K. Yuan, Y. Total Synthesis of
(£)-Phaeocaulisin D. Synlett 2021, 32, 689—692.

(62) Umekubo, N.; Yokoshima, S. Total Syntheses of Malettinins C
and E. Org. Lett. 2023, 25, 4530—4533.

(63) Qiu, D.; Shi, J.; Guo, Q.; Xu, Q.; Li, B.; Li, Y. Cyclohexenynone
Precursors: Preparation via Oxidative Dearomatization Strategy and
Reactivity. . Am. Chem. Soc. 2018, 140, 13214—13218.

(64) Rieker, A. A New Route to the Oxepin System. Angew. Chem.,
Int. Ed. 1971, 10, 425—426.

https://doi.org/10.1021/jacsau.4c01067
JACS Au 2025, 5, 1213-1220


https://doi.org/10.1351/pac199668030515
https://doi.org/10.1351/pac199668030515
https://doi.org/10.1351/pac199668030515
https://doi.org/10.1021/ja9738081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9738081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9738081?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b707467k
https://doi.org/10.1039/b707467k
https://doi.org/10.1021/ja406255j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja406255j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja406255j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201605879
https://doi.org/10.1002/anie.201605879
https://doi.org/10.1002/anie.202107954
https://doi.org/10.1002/anie.202107954
https://doi.org/10.1021/jacs.2c03978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c03978?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b03015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b03015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b03015?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202402931
https://doi.org/10.1002/anie.202402931
https://doi.org/10.1002/anie.202009562
https://doi.org/10.1002/anie.202009562
https://doi.org/10.1039/D0QO01195A
https://doi.org/10.1039/D0QO01195A
https://doi.org/10.1021/jacs.3c05455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c05455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c05455?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202108034
https://doi.org/10.1002/anie.202108034
https://doi.org/10.1021/acs.orglett.2c02679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.2c02679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/ejoc.202101430
https://doi.org/10.1002/ejoc.202101430
https://doi.org/10.1002/anie.202312599
https://doi.org/10.1002/anie.202312599
https://doi.org/10.1002/anie.202407757
https://doi.org/10.1002/anie.202407757
https://doi.org/10.1021/jacs.1c00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c00293?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c08803?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c08803?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-024-48586-6
https://doi.org/10.1038/s41467-024-48586-6
https://doi.org/10.1038/s41467-024-48586-6
https://doi.org/10.1002/anie.202112223
https://doi.org/10.1002/anie.202112223
https://doi.org/10.1002/anie.202112223
https://doi.org/10.1021/acs.orglett.1c03579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c03579?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c12767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.4c12767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202317348
https://doi.org/10.1002/anie.202317348
https://doi.org/10.1002/anie.202317348
https://doi.org/10.1016/j.tet.2014.07.065
https://doi.org/10.1021/acs.orglett.5b00841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b00841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.5b00841?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.1c00638?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.26434/chemrxiv-2023-8dj1k
https://doi.org/10.26434/chemrxiv-2023-8dj1k
https://doi.org/10.26434/chemrxiv-2024-rp8s5
https://doi.org/10.26434/chemrxiv-2024-rp8s5
https://doi.org/10.26434/chemrxiv-2024-rp8s5
https://doi.org/10.1055/s-0033-1339156
https://doi.org/10.1055/s-0033-1339156
https://doi.org/10.1002/anie.201005798
https://doi.org/10.1002/anie.201005798
https://doi.org/10.1002/anie.201005798
https://doi.org/10.1021/ja012127+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja012127+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja012127+?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00399a052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00399a052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00399a052?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(00)85396-4
https://doi.org/10.1016/S0040-4039(00)85396-4
https://doi.org/10.1016/S0040-4039(00)85396-4
https://doi.org/10.1021/ol1017849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/a-1326-9148
https://doi.org/10.1055/a-1326-9148
https://doi.org/10.1021/acs.orglett.3c01565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c01565?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08915?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.197104252
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c01067?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

