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ABSTRACT: The asymmetric synthesis of ent-fissistigmatin C is
successively accomplished in 12 steps (longest linear sequence (LLS)).
Relying on the enantioselective coupling of aliphatic aldehyde with 2-
hydroxychalcone promoted by cooperative organocatalysts, the pivotal
linkage of ent-fissistigmatin C between the flavonoid and the
sesquiterpenoid fragment was stereoselectively established. An unprece- OMe 0 cascade
dented final-stage radical cascade was also featured in this synthesis, which

MeO.

light-driven
OMe enantioselective
MeO OH coupling
H
~_Ph —_— .

radical

ent-Fissistigmatin C

enabled the simultaneous establishment of the trans-decalin framework via

forging two consecutive C—C bonds in one step.

F issistigmatins are a novel type of sesquiterpenoid hybrid
flavonoid isolated from Fissistigma bracteolatum Chatt.

(Annonaceae) by Adam and coworkers (Figure 1)." Structur-
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Figure 1. Structure of fissistigmatins and retrosynthetic analysis of
fissistigmatin C.
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ally, fissistigmatins contain a flavonoid and a sesquiterpenoid
fragment connected by the C4—C1"’ bond. Light has played an
import role in the biosynthesis of flavonoids, and it is well
established that 2-hydroxychalcone 4 and flavylium salt § are in
equilibrium under the irradiation of ultraviolet light with the
aid of Br¢pnsted acid, which is responsible for the biosynthesis
of related hybrid flavonoids.” In this context, Adam speculated
that the initial double-bond isomerization of 2-hydroxychal-
cone 4 promoted by ultraviolet light leads to Z-enone, which
undergoes a dehydrated cyclization to afford flavylium cation §
in the presence of Br¢hnsted acid."”” Subsequently, a cationic
cascade is initiated via the nucleophilic attack of germacrene A
6 to flavylium cation §, enabling the construction of the trans-
decalin moiety via the consecutive formation of C4—C1"’ and
C5""—C10"" bonds. Because the stereogenic center of C4
fissistigmatins A and C is opposite to that of fissistigmatin B, it
is evident that the initial nucleophilic addition step might
spontaneously proceed without the aid of an enzyme, thus
leading to mixtures of diastereoisomers.

Despite the intriguing structural features of fissistigmatins,
no synthetic approach has been reported to date. From a
synthetic viewpoint, the stereoselective construction of the
pivotal C4—C1"’ linkage constituted the major challenge for
the asymmetric synthesis of this type of natural product.
Recently, we developed a bioinspired strate}gy for the synthesis
of a hybrid flavonoid driven by visible light” and also disclosed
a cooperative organocatalyst-promoted enantioselective cou-

pling of aliphatic aldehyde with 2-hydroxychalcone under the
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irradiation of visible light,”® which provided a facile solution for
the stereoselectivity of our previous work. Herein we
accomplished the asymmetric synthesis of fissistigmatins.

As depicted in Figure 1, we chose to set the construction of
the sesquiterpenoid moiety in the final stage and envisioned a
tributylstannyl-initiated radical cascade via the double 6-exo-
trig cyclization of dienyne 7 followed by the elimination of the
thioether moiety.” Despite the concern of regioselectivity and
stereoselectivity, this strategy was appealing because it would
enable forging of the trans-decalin scaffold and two terminal
olefins of fissistigmatin C via consecutive formation of the
C4'—CS5"" and C6"'—C7'" bonds. The alkyne and terminal
alkene moieties of 7 could, in turn, be derived from the TBS-
protected alcohol and nitrile moieties of 8 through functional
group manipulations. Next, we surmised that a sequential
alkylation of nitrile 9 would diastereoselectively set up the
quaternary carbon center induced by the stereogenic C1’’ with
a bulky flavonoid fragment. To this end, we came to a hybrid
flavonoid 10, which could be transferred to nitrile 9 by the
derivatization of the aldehyde moiety. In this context, an
enantioselective coupling of aldehyde 11 with 2-hydroxychal-
cone 4 promoted by cooperative organocatalysts driven by
visible light was utilized.”

As shown in Scheme 1, the synthesis commenced with the
gram-scale synthesis of flavonoid ent-10 by using the
cooperative organocatalyst-promoted (R-TRIP and chiral
imidazolidinone A4) coupling of 2-hydroxylchalcone 4 with
a TBS-protected aliphatic aldehyde 11 driven by visible light.”
The stereoselectivity of this reaction originated from the

Scheme 1. Synthesis of the Cyclization Precursor
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synergistic action of both organocatalysts. As shown in TSI
(Figure 1), the enamine derived from imidazolidinone A4
rendered the electrophile coming from the si face, and the ion
pairing of flavylium with the (R)-TRIP anion made the si face
less steric for the attack of enamine. Importantly, the reaction
provided satisfactory results (90% yield with 98% ee and >20:1
dr) on the gram scale, and two organocatalysts could be
recycled 10 times in the gram -scale synthesis without a
noticeable loss of reactivity. (See the Supporting Information.)
With the reliable supply of flavonoid ent-10, we set out to
execute the construction of the cyclization precursor 7.
Conversion of the aldehyde moiety of ent-10 to nitrile by
successive reduction with DIBAL-H, mesylation of the
resulting alcohol, and substitution of the mesylate with
potassium cyanide produced nitrile ent-9 (82% yield in three
steps). To stereoselectively install the quaternary carbon center
C10”, a sequential methylation followed by alkylation with 12
was intentionally executed, Wthh gave access to ent-8 in 50%
yield (83% brsm) 4.5:1 dr.° This outcome could be
rationalized by the transition state TS2, in which the smaller
ketenimine anion rested between the bulkiest flavonoid
fragment and the linear carbon chain.” The electrophile
came from the opposite direction to the flavonoid moiety to
give the desired diastereoisomer ent-8, which was confirmed by
the subsequent elaboration to ent-fissistigmatin C. (vide infra).
The subsequent removal of the TBS of ent-8 with HC],
oxidation with Dess—Martin periodinane, followed by
Seyferth—Gilbert homologation” smoothly delivered the
alkyne 14. Fortunately, the minor stereoisomer could be
separated after the deprotection of TBS. Eventually, the
reduction of the nitrile to aldehyde mediated with DIABL-H
followed by the Wittig reaction furnished the cyclization
precursor 7.

The cascade radical cyclization of dienyne 7 proved to be
quite challenging. After extensive optimization, the radical
cascade of 7 was successively realized by employing AIBN/n-
Bu,SnH via heating in dilute toluene (Table 1, entry 1). To
our delight, ent-fissistigmatin C could be isolated, albeit in 10%
yield, from reaction mixtures after HPLC purification, and the
other stereoisomers of ent-fissistigmatin C could not be
identified. The analytic data ("H and *C NMR spectra and
optical rotation) of synthetic ent-fissistigmatin C were in good
accordance with those of the natural product. (See the
Supporting Information.) Unfortunately, the 5,7-fused ring
products 15a, 15b, and 15c were isolated in 20, 23, and 8%
yield, respectivel;r as the major products, which resembled
fissistigmatin D,” a congener of fissistigmatins A—C. The
structure of 15 was established by extensive NMR analysis.
(See the Supporting Information.) The stereochemistry of
CS5'" and C7'’ originated from the boat conformation of I and
II via a double 6-exo-trig cyclization/elimination process (path
a). In this transition state, all substituents occupied the
pseudoequatorial position that ensured the correct stereo-
chemistry of C5"" and C7”’. The 5/7 fused ring product 15 was
envisioned to be generated via 3-exo-dig cyclization of II (path
b), then the ring opening followed by the S-exo-dig cyclization/
elimination process (path b).® Although the cycloheptanyl
radical IV might be directly formed through the 7-endo-trig
cyclization of the vinyl radical to alkene (path c), this process
was kinetically unflavored based on previous observations and
mechanistic studies.® The survey of reaction conditions for the
radical cascade was thus extensively performed to improve the
regioselectivity of the radical cascade. As shown in Table 1,
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Table 1. Survey of the Reaction Conditions for the Radical
Cascade

MeO.
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entry reaction conditions yield (%)*  3:15”

1 AIBN (3.0 equiv), n- Bu3SnH (3.0 equiv), 68 1.7
toluene (10 mL), 100 °C

2 ACHN (3.0 equiv), n- Bu;SnH (3.0 equiv), 63 1:7
toluene (10 mL), 100 °C

3 AIBN (3.0 equiv), Cy3SnH (3.0 equiv), 71 1:9
toluene (10 mL), 100 °

4 AIBN (3.0 equlv), Et3SnH (3.0 equiv), toluene 32 1:7
(10 mL), 100 °©

S AIBN (3.0 equlv), (TMS)3SIH (3.0 equiv), ND NA
toluene (10 mL), 100 °

6  AIBN (3.0 equiv), p- toluenethlol (3.0 equiv), t- ND NA
BuOH, 100 °C

7 (n-Bu);SnSn(n-Bu); (3.0 equiv), hv (240 nm), ND NA

F, RT

“Isolated yield. YDetermined by 'H NMR. ACHN, 1,1’-azobis-
(cyclohexylnitrile).

when ACHN was used as an initiator to obtain a moderate
yield, no change in regioselectivity was observed (Table 1,
entry 2). Using bulky (Cy;SnH) or smaller (Et;SnH) stannane
led to detrimental results (Table 1, entries 3 and 4). Employing
(TMS),SiH and p-toluenethiol as a hydride source resulted in
the decomposition of dienyne 7 (Table 1, entries S and 6).
The generation of the stannane radical by the UV irradiation of
distannane also gave no desired product (Table 1, entry 7).
Eventually, different leaving groups instead of phenylsulfide
were also evaluated, and no improvement of the regioselec-
tivity was observed. (See the Supporting Information.)

In conclusion, the asymmetric synthesis of an enantiose-
lective synthesis of ent-fissistigmatin C was accomplished in 12
steps (longest linear sequence (LLS)). By taking advantage of
chiral phosphoric acid and chiral imidazolidinone as
cooperative catalysts, the direct coupling of 2-hydroxychalcone
to aliphatic aldehyde enabled the enantioselective forging of
the C4—C1"’ linkage of ent-fissistigmatin C. A radical cascade
for establishing the trans-decalin from the linear precursor
framework was also featured.

B ASSOCIATED CONTENT
© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03766.

Procedures and characterization data (PDF)

B AUTHOR INFORMATION
Corresponding Authors

Weiqing Xie — Shaanxi Key Laboratory of Natural Products
& Chemical Biology, College of Chemistry & Pharmacy,
Northwest A&F University, Yangling 712100, Shaanxi,
China; Key Laboratory of Botanical Pesticide R&D in
Shaanxi Province, Yangling 712100, Shaanxi, China;

orcid.org/0000-0002-8343-2364; Email: xiewq@
nwafu.edu.cn

Hongli Zhang — State Key Laboratory of Stress Biology for
Arid Areas, Northwest A&’F University, Yangling 712100,
Shaanxi, China; Email: honglizhang@126.com

Authors

Dongyang Xu — Shaanxi Key Laboratory of Natural Products
& Chemical Biology, College of Chemistry & Pharmacy,
Northwest A&’F University, Yangling 712100, Shaanxi,
China

Jiadong Hu — School of Medicinal and Chemical Engineering,
Yangling Vocational & Technical College, Yangling 712100,
Shaanxi, China

Le Chen — Shaanxi Key Laboratory of Natural Products &
Chemical Biology, College of Chemistry & Pharmacy,
Northwest A&F University, Yangling 712100, Shaanxi,
China

Lu Chen — Shaanxi Key Laboratory of Natural Products &
Chemical Biology, College of Chemistry & Pharmacy,
Northwest A&’F University, Yangling 712100, Shaanxi,
China

Jiang Su — Shaanxi Key Laboratory of Natural Products &
Chemical Biology, College of Chemistry & Pharmacy,
Northwest A&F University, Yangling 712100, Shaanxi,
China

Jinjin Yang — Shaanxi Key Laboratory of Natural Products &
Chemical Biology, College of Chemistry & Pharmacy,
Northwest A&F University, Yangling 712100, Shaanxi,
China

Siyu Deng — Shaanxi Key Laboratory of Natural Products &
Chemical Biology, College of Chemistry & Pharmacy,
Northwest A&’F University, Yangling 712100, Shaanxi,
China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.0c03766

Author Contributions
D.X. and J.H. contributed equally.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We are grateful for financial support from the National Natural
Science Foundation of China (grants 21722206, 21702166,
and 21672171) and the Youth Innovation Team of Shaanxi
Universities. Financial support from the Scientific Fund of

https://dx.doi.org/10.1021/acs.orglett.0c03766
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c03766/suppl_file/ol0c03766_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03766?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c03766/suppl_file/ol0c03766_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Weiqing+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8343-2364
http://orcid.org/0000-0002-8343-2364
mailto:xiewq@nwafu.edu.cn
mailto:xiewq@nwafu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongli+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:honglizhang@126.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dongyang+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiadong+Hu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Le+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lu+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiang+Su"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinjin+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Siyu+Deng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03766?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03766?fig=tbl1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03766?fig=tbl1&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03766?ref=pdf

Organic Letters pubs.acs.org/OrgLett

Northwest A&F University (grants Z111021501 and
7109021600) is also acknowledged.

B REFERENCES

(1) Porzel, A.; Phuong Lien, T.; Schmidt, J.; Drosihn, S.; Wagner,
C.; Merzweiler, K; Van Sung, T.; Adam, G. Fissistigmatins A-D:
Novel Type Natural Products with Flavonoid-Sesquiterpene Hybrid
Structure from Fissistigma Bracteolatum. Tetrahedron 2000, 56, 865—
872.

(2) (a) Jurd, L. Anthocyanidins and Related Compounds—XV: the
Effects of Sunlight on Flavylium Salt-Chalcone Equilibrium in Acid
Solutions. Tetrahedron 1969, 25, 2367—2380. (b) Dewar, D,;
Sutherland, R. G. The Photolysis of 2-Hydroxychalcone and Its
Possible Implication in Flavonoid Biosynthesis. J. Chem. Soc. D 1970,
272-273. (c) Horiuchi, H.; Yokawa, A.; Okutsu, T.; Hiratsuka, H.
Laser Flash Photolysis Studies of the Photo-Ring-Opening Reaction
of Flav-3-en-2-ol. Bull. Chem. Soc. Jpn. 1999, 72, 2429-2435.
(d) Petrov, V.; Diniz, A. M.; Cunha-Silva, L.; Parola, A. J.; Pina, F.
Kinetic and Thermodynamic Study of 2’-Hydroxy-8-methoxyflavy-
lium. Reaction Network Interconverting Flavylium Cation and
Flavanone. RSC Adv. 2013, 3, 10786—10794.

(3) (a) Gao, Y.-Q;; Hou, Y; Zhu, L.; Chen, G.; Xu, D.; Zhang, S.-Y,;
He, Y.; Xie, W. A bio-inspired synthesis of hybrid flavonoids from 2-
hydroxychalcone driven by visible light. RSC Adv. 2019, 9, 29005—
29009. (b) Gao, Y.-Q.; Hou, Y.; Zhu, L.; Chen, J.; Li, R;; Zhang, S.-Y.;
He, Y.-P; Xie, W. Visible-light driven synthesis of polycyclic
benzo[d][1,3]oxazocine from 2-aminochalcone. Chem. Commun.
2020, 56, 6739—6742. (c) Hu, J.; Gao, Y.-Q; Xu, D.; Chen, L;
Wen, W.; Hou, Y.; Chen, L.; Xie, W. Highly enantioselective addition
of aliphatic aldehydes to 2-hydroxychalcone enabled by cooperative
organocatalysts. Chem. Commun. 2020, 56, 10018—10021.

(4) For selected reviews, see: (a) Nicolaou, K. C.; Edmonds, D. J.;
Bulger, P. G. Cascade Reactions in Total Synthesis. Angew. Chem., Int.
Ed. 2006, 45, 7134—7186. (b) Quiclet-Sire, B.; Zard, S. Z. Some
Aspects of Radical Chemistry in the Assembly of Complex Molecular
Architectures. Beilstein J. Org. Chem. 2013, 9, 557—576. (c) Ardkhean,
R; Caputo, D. F. J.; Morrow, S. M.; Shi, H.; Xiong, Y.; Anderson, E.
A. Cascade Polycyclizations in Natural Product Synthesis. Chem. Soc.
Rev. 2016, 45, 1557—1569. (d) Yan, M; Lo, J. C.; Edwards, J. T;
Baran, P. S. Radicals: Reactive Intermediates with Translational
Potential. J. Am. Chem. Soc. 2016, 138, 12692—12714. (e) Xuan, J.;
Studer, A. Radical Cascade Cyclization of 1,n-Enynes and Diynes for
the Synthesis of Carbocycles and Heterocycles. Chem. Soc. Rev. 2017,
46, 4329—4346.

(5) Chérest, M.; Felkin, H.; Prudent, N. Torsional strain involving
partial bonds. The stereochemistry of the lithium aluminium hydride
reduction of some simple open-chain ketones. Tetrahedron Lett. 1968,
9, 2199-2204.

(6) The allyl sulfide 12 could be facilely prepared from 1,3-
propanediol in eight steps. See the Supporting Information.

(7) (a) Ohira, S. Methanolysis of Dimethyl (1-Diazo-2-Oxopropyl)-
Phosphonate-Generation of Dimethyl (Diazomethyl)Phosphonate
and Reaction with Carbonyl-Compounds. Synth. Commun. 1989,
19, 561-564. (b) Gilbert, J. C.; Weerasooriya, U. Diazoethenes:
Their Attempted Synthesis from Aldehydes and Aromatic Ketones by
Way of the Horner-Emmons Modification of the Wittig Reaction. a
Facile Synthesis of Alkynes. J. Org. Chem. 1982, 47, 1837—1845.

(8) (a) Stork, G.; Mook, R. Five vs six membered ring formation in
the vinyl radical cyclization. Tetrahedron Lett. 1986, 27, 4529—4532.
(b) Chérest, M.; Felkin, H,; Prudent, N. Torsional strain involving
partial bonds. The stereochemistry of the lithium aluminium hydride
reduction of some simple open-chain ketones. Tetrahedron Lett. 1968,
9, 2199—2204. (c) Gomez, A. M.; Company, M. D.; Uriel, C,;
Valverde, S.; Lopez, J. C. Six- versus Five-Membered Ring Formation
in Radical Cyclization of 1-Vinyl-S-methyl-S-hexenyl Radicals.
Tetrahedron Lett. 2002, 43, 4997—5000.

https://dx.doi.org/10.1021/acs.orglett.0c03766
Org. Lett. XXXX, XXX, XXX—XXX


https://dx.doi.org/10.1016/S0040-4020(99)01049-2
https://dx.doi.org/10.1016/S0040-4020(99)01049-2
https://dx.doi.org/10.1016/S0040-4020(99)01049-2
https://dx.doi.org/10.1016/S0040-4020(01)82785-X
https://dx.doi.org/10.1016/S0040-4020(01)82785-X
https://dx.doi.org/10.1016/S0040-4020(01)82785-X
https://dx.doi.org/10.1039/c29700000272
https://dx.doi.org/10.1039/c29700000272
https://dx.doi.org/10.1246/bcsj.72.2429
https://dx.doi.org/10.1246/bcsj.72.2429
https://dx.doi.org/10.1039/c3ra40846a
https://dx.doi.org/10.1039/c3ra40846a
https://dx.doi.org/10.1039/c3ra40846a
https://dx.doi.org/10.1039/C9RA07198A
https://dx.doi.org/10.1039/C9RA07198A
https://dx.doi.org/10.1039/D0CC02416C
https://dx.doi.org/10.1039/D0CC02416C
https://dx.doi.org/10.1039/D0CC04424E
https://dx.doi.org/10.1039/D0CC04424E
https://dx.doi.org/10.1039/D0CC04424E
https://dx.doi.org/10.1002/anie.200601872
https://dx.doi.org/10.3762/bjoc.9.61
https://dx.doi.org/10.3762/bjoc.9.61
https://dx.doi.org/10.3762/bjoc.9.61
https://dx.doi.org/10.1039/C5CS00105F
https://dx.doi.org/10.1021/jacs.6b08856
https://dx.doi.org/10.1021/jacs.6b08856
https://dx.doi.org/10.1039/C6CS00912C
https://dx.doi.org/10.1039/C6CS00912C
https://dx.doi.org/10.1016/S0040-4039(00)89719-1
https://dx.doi.org/10.1016/S0040-4039(00)89719-1
https://dx.doi.org/10.1016/S0040-4039(00)89719-1
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c03766/suppl_file/ol0c03766_si_001.pdf
https://dx.doi.org/10.1080/00397918908050700
https://dx.doi.org/10.1080/00397918908050700
https://dx.doi.org/10.1080/00397918908050700
https://dx.doi.org/10.1021/jo00349a007
https://dx.doi.org/10.1021/jo00349a007
https://dx.doi.org/10.1021/jo00349a007
https://dx.doi.org/10.1021/jo00349a007
https://dx.doi.org/10.1016/S0040-4039(00)84995-3
https://dx.doi.org/10.1016/S0040-4039(00)84995-3
https://dx.doi.org/10.1016/S0040-4039(00)89719-1
https://dx.doi.org/10.1016/S0040-4039(00)89719-1
https://dx.doi.org/10.1016/S0040-4039(00)89719-1
https://dx.doi.org/10.1016/S0040-4039(02)00866-3
https://dx.doi.org/10.1016/S0040-4039(02)00866-3
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03766?ref=pdf

