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Abstract: The fascinating benzenoid and troponoid Cephalotaxus diterpenoids are highly related biosynthetically,
both of which are popular targets for total synthesis. Herein, we describe a unified strategy for the concise synthesis
of cephanolide A and harringtonolide in 14 and 16 steps respectively. Palladium catalyzed Csp2-Csp? cross-coupling
followed by doubly electron-deficient intramolecular Diels-Alder reaction secure the rapid construction of the
Cephalotaxus carbon framework. Late-stage benzenoid-to-troponoid ring expansion was accomplished employing
Blichner-Curtius-Schlotterbeck (BCS) reaction, furnishing harringtonolide in two steps from cephanolide A. This

work shed light on the chemical synthetic connection between benzenoid and troponoid Cephalotaxus diterpenoids.

The versatile plants of Cephalotaxus genus produce a rich array of secondary metabolites including alkaloids
and diterpenoids. While extensive efforts have been focused on anticancer activities of Cephalotaxus alkaloids
from 1950s, studies on Cephalotaxus diterpenoids were rather rare before 2015, with only 5 troponoid nor-
diterpenoids bearing 19 carbons been isolated.? Harringtonolide (1) represents the first member isolated from this
family by Buta in 19782 and later by Sun in 19792° (under the name of hainanolide) independently. It is only over
the past decade that a plethora of new isolations were reported.? Of particular note, these work discovered new
Cephalotaxus diterpenoid skeletons with intact carbon numbers (20), nor-diterpenoid (19 carbons) and di-nor-
diterpenoid (19 carbons) with various oxidation levels, which led to the of a revised biosynthetic pathway by Yue
(vide infra).?®

Structurally, the Cephalotaxus diterpenoids are characterized by a rigid 7/6/5/6 or 6/6/5/6 tetracyclic carbon
skeleton (A/B/C/D rings, see I and Il in Figure 1A and 1B for lettering and numbering), with most members bearing
an additional bridged lactone (E ring). According to the size of A ring, they can be categorized to ‘troponoid/A7’ type
with a tropone or dearomatized 7-membered A ring (Figure 1A) and ‘benzenoid/A6’ type with a benzene or
dearomatized 6-membered A ring (Figure 1B). To date, more than 100 members have been isolated in total,
including >80 ‘troponoid/A7’ and >15 ‘benzenoid/A6’ congeners.* The family of Cephalotaxus diterpenoids have
shown a broad range of biological activities including plant growth inhibitory,?® antiviral,>® as well as antitumor
properties.>® The structural diversity and remarkable bioactivities have spurred considerable interest from the
synthetic community, resulting in many creative and elegant total synthesis over the past 25 years.”® To the best of
our knowledge, at least 6 strategies have been reported for the total synthesis of ‘troponoid/A7’ Cephalotaxus
diterpenoids and 7 for the ‘benzenoid/A6’ type. Nonetheless, no strategy was reported to aim for the connection
of these two highly related categories.’ Besides, we were fascinated by their different behavior in biological
activities. That is to say, ‘troponoid/A7’ Cephalotaxus diterpenoids displayed a variety of bioactivities, while
‘benzenocid/A6’ Cephalotaxus diterpenoids were mostly inactive in biological screening.* For example,
harringtonolide (1) were reported to exert inhibitory effects towards human tumor cell lines, with high potency on
KB cells (ICso = 43 nM).® Cephanolide A (4), the exact one less carbon benzenoid congener of harringtonolide (1),

was reported to be inactive,?® which showed the tropone motif is crucial for such activities. Thus, a total synthesis
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of both ‘troponoid/A7’ and ‘benzenoid/A6’ Cephalotaxus diterpenoids would allow for further understanding of the
mode of action.

Biosynthetically, the Cephalotaxus diterpenoids were originally proposed to arise from abietane diterpenoids.!
Yue et al. proposed a revised pathway that the troponoid/A7 skeleton was formed at the early stage, followed by
6mn-electrocyclization of the tropone ring to give the corresponding cycloprpanone (lll, Figure 1C). Subsequent
Baeyer-Villiger oxidation and aromatization produced ‘benzenoid/A6’ type framework (Ill) with 19 carbons. Then,
decarboxylation deleted C14 and yielded benzenoids with 18 carbons.3¢ Oxidation of these framework generated a
variety of natural products. This revised biosynthetic pathway inspired us to develop a unified strategy for the
chemical synthesis of both benzenoid and troponoid Cephalotaxus diterpenoids in a ‘contra-biosynthetic’ way,'®
where the troponoid 1 was transformed to benzenoid 4 through n+1 ‘single-atom editing’.!' Functional group
interchange proposed compound 7 to be a versatile synthetic intermediate, as the C20 ketone and C3-C4 double
bond would assure the generation of Cephalotaxus diterpenoids with essentially all the oxidation patterns. 7 was
then disconnected to two fragments of a-pyrone 8 and indanone 9 through Diels-Alder and cross coupling reactions,

which could be prepared from commercially available starting materials 13/14 and 10/11 respectively (Figure 1C).
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Figure 1. A) Representative troponoid/A7 Cephalotaxus diterpenoids. B) Representative benzenoid/A6 Cephalotaxus diterpenoids. C)

Biosynthetic pathway as an inspiration for unified strategy for chemical synthesis.

Our forward synthesis commenced with the preparation of a-pyrone 8 and indanone 9 fragments (Figure 2).
Grignard addition of acetylene magnesium bromide 14 to methyl acetoacetate 13 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 is possible to control endo selectivity over exo provided the reaction
proceeds via ruthenium-vinylidene pathway.'® As listed in Table 1, CpRu(dppe)Cl, Grubbs | or Il catalysts afforded
undesired 5-exo cyclization product exclusively. The desired 6-endo product 15 could be obtained with
CpRu(PPhs),Cl, ToRuH(PPhs), and Cp*Ru(PPhs).Cl as catalysts, albeit in low endo/exo selectivities (1/1, 2/1 and 3.5/1,

respectively). After extensive screening, the selectivity could be improved to >20/1 using 1 mol% of Cp*Ru(PPhs),Cl
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as catalyst in DMF at 100 °C under argon. Running the reaction under air completely reversed the selectivity (<1/20
endo/exo), which pointed inert atmosphere to be crucial for generating the ruthenium-vinylidene intermediate. The
labile 15 was then quickly treated with aqueous HI to induce ring opening of the cyclopropane to arrive at the
aromatized a-pyrone 8 in 48% yield from 12. The indanone fragment 9 was prepared from commercially available
phenol 10 by methyl protection (K,CO3, Mel in DMF) following a one-step Friedel-Craft alkylation/acylation reaction
(acrylic acid, PPA 100 °C) in 53% vyield over two steps.'* Subsequently, the union between fragment 8 and 9 was
achieved by palladium-catalyzed Csp?-Csp?® cross coupling through the intermediacy of alkyl indium reagent
developed by Loh,*> providing pyrone 16 in 73% yield. Oxidation of 16 by IBX in DMSO®® directly afforded the desired
Diels-Alder product 7 in ~30% yield as a single diastereomer, with fully established Cephalotaxus diterpenoid carbon
skeleton. However, the reaction yield was not steady over batches and scale up proved to be problematic. Compared
to previous Diels-Alder strategy in the synthesis of Cephalotaxus diterpenoids,'’-89¢ the current work represents an
intramolecular doubly electron-deficient one, the challenge of which mainly stemmed from the contradiction
between the low reactivity of substrate and the ease of decarboxylation of the product under elevated temperature
or any slight acidic conditions. Thus, two separate steps were employed and optimized. First, Saegusa-Ito oxidation
delivered indanone 17 in 54% yield. After condition screening, the combination of PhMe as solvent and 1 equivalent
of DMAP as a basic additive was identified to guarantee the Diels-Alder reaction with good yield (65%), robustness
and reproducibility. The 6-step sequence could be implemented on gram-scale to produce 7 in quantities, setting

the stage for functional group manipulations to access cephanolide A (4) and harringtonolide (1).
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Figure 2. Unified total synthesis of cephanolide A (4) and harringtonolide (1).

Diastereoselective hydroboration-oxidation (BHs®Me3S, then MesNOe2H,0) of C3-C4 alkene in 7 generated
C3-hydroxyl and also reduced the C20 ketone to give a diol intermediate, which was oxidized with DMP to diketone
18 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 19 in 80% yield. Both ketone groups in 19 were reduced at

once with n-BusNBH, to arrive at a diol, with single stereochemical control at C3 and 1:1 dr at C20. The mixture of
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diastereomers was then treated with BF;¢Et;O in DCM to build the oxo-bridge affording methyl protected
cephanolide A in 56% vyield over two steps. After deprotection using BBrs, cephanolide A (4) was successfully
synthesized in 85% yield uneventfully.

The stage is now setting for the benzenoid-to-troponoid ring expansionto access harringtonolide (1), which
required ‘1C insertion’ between C12 and C13.1® After extensive exploration (refer to Figure 3), this process was
realized with the Biichner-Curtius-Schlotterbeck (BCS) reaction.® Thus, cephanolide A (4) first underwent oxidative
dearomatization using Phl(OAc), in MeOH to give the corresponding 4-quinol methyl ether 20 in 62% yield.?’ With
TMSCHCN; as one-carbon synthon and BF;¢Et,0 as Lewis acid additive in DCM at 0 °C, harringtonolide (1) can be
successfully obtained together with the other regio isomer 21 in 22% and 42% yield respectively. The spectroscopic
data for 4 and 1 are all in good agreement with those reported from the previous literature. A brief condition
screening of the BCS reaction was listed in Table 2. While n-Buli led to decomposition of the starting material, TBAT
on its own gave almost no conversion. The combination of TBAT with BFs;*Et,0 successfully delivered 1 and 21 in
1:2 ratio. Control reactions revealed that omitting TBAT led to unaltered efficiency, however, other solvents (PhMe,
MeCN) were deleterious to both reaction conversion and regioselectivity (1:6 and 1:3, respectively). The Lewis acid
AlMes was found to give improved regioselectivity (1:1), however, conversion of this reaction was relatively low
(57%). This transformation was proposed to proceed by 1,2-addition of trimethylsilyldiazomethane to the 4-quinol
methyl ether 20, followed by ring expansion of the alkyldiazonium intermediate and elimination of methanol to
form the desired troponoids.?! Likely, both the 1,2-addition and ring expansion steps were promoted by Lewis acid
(BFs#Et;0). The interesting structural feature of 21 is also worth noting. Such a troponoid bearing the ketone group
at C13 has not yet been reported for this class of natural products. Notwithstanding, it was proposed in a recent
study by Zhao and Yue to be a biosynthetic intermediate accounting for the formation of a newly discovered 12-
acyl benzenoid Cephalotaxus diterpenoid skeleton.??

To explore the benzenoid-to-troponoid ring expansion, our initial studies selected 2,4-dimethyl phenol 22 as a
model substrate, in mimicking cephanolide A (4) where one of the ortho position of phenol been occupied by Me
and the other by H. As illustrated in Figure 3A, 22 was first converted to the corresponding 4-quinol methyl ether
23 in 58% vyield. In general, the BCS reaction has been well explored for ring expansion of saturated ketones.?? In
light of Herzon’s disclosure using phenol derived enone as substrate,?* we explored the BCS reaction on 23 with
TMSCHN, under various conditions according to Lee’s studies.?”> However, [3+2] cycloaddition of TMSCHN, to the
dienone was predominant, with ring expansion product not observed even in the slightest amount.?® The successful
total synthesis of troponoid natural products Phaeocaulisin D?” and Malettinins C/E?® inspired us to investigate

dearomative installation of NO,CH;- or ArSO,CH»-group at C2, which has only been testified intramolecularly. This

A. Regioselective ring expansion on model substrate 22
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Figure 3. Study of strategies for benzenoid-to-troponoid ring expansion.
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goal was realized through 1,2-addition of PhSO,CH, anion to the dienone moiety giving 24 in 38% yield and 1:1 dr.
Subsequent regioselective vinylogous semi-pinacol rearrangement induced by BF3*Et,0 in MeCN afforded 25 in 51%
yield,?® which was subjected to LIHMDS/CuBr,*Me,S conditions under -78 °C delivering the desired regioselective
ring expansion tropone 26 in 74% yield. When applying this protocol to cephanolide A 4-quinol 20, sulfone 27 was
obtained in 50% as a single diastereomer. Unfortunately, the PhSO,CH,- migration took place in low efficiency under
the BFs#Et,0/MeCN conditions with the undesired regioisomer 28 observed as the major product. Nonetheless,
this protocol provided a new opportunity for the benzenoid-to-troponoid ring expansion.

In summary, a unified strategy was developed for the concise synthesis of cephanolide A (4) and
harringtonolide (1) in 14 and 16 steps respectively from commercially available starting materials. This synthesis
features: (i) ruthenium catalyzed 6-endo cyclization of alkynoic acid to prepare 3,4-disubstituted a-pyrone fragment
8, (ii) palladium catalyzed Csp?-Csp? cross-coupling followed by doubly electron-deficient intramolecular Diels-Alder
reaction to construct the carbon framework (7) of Cephalotaxus diterpenoid rapidly, and (iii) late-stage benzenoid-
to-troponoid ring expansion to synthesize harringtonolide (1) from cephanolide A (4) in two steps. In addition, a
protocol using PhSO;Me as 1C synthon was also described for the benzenoid-to-troponoid conversion. These
studies shed light on the chemical synthetic connection between benzenoid and troponoid Cephalotaxus
diterpenoids. Efforts to apply these ring expansion techniques to the synthesis of other structurally related nature

products are ongoing.
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