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ABSTRACT: We demonstrate that a-aryl cyclic vinylogous esters are
competent substrates in the direct intermolecular Pd-catalyzed asymmetric
allylic alkylation, enabling a straightforward enantioselective synthesis of 6-allyl-
6-aryl-3-ethoxycyclohex-2-en-1-ones, common motifs embedded in numerous
structurally diverse natural products. As an initial demonstration of the utility of
this protocol, the first catalytic enantioselective total synthesis of (+)-oxomar-
itidine and an improved five-step catalytic enantioselective synthesis of

(—)-mesembrine have been completed divergently.

C atalytic asymmetric construction of all-carbon quaternary
stereocenters is of great interest yet challenging in modern
chemical synthesis. In particular, catalytic enantioselective
approaches which are applicable to the total synthesis of natural
products containing chiral all-carbon quaternary stereocenters
remain more demanding.' Enantioenriched 6-alkyl-6-aryl-3-
ethoxycyclohex-2-en-1-ones (1) represent a very attractive
structural motif integrated into numerous structurally diverse
natural products (Figure 1). Despite the importance of this
structural motif, a general and straightforward method for its
enantioselective synthesis has not yet been reported.”
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Figure 1. Chiral 6-alkyl-6-aryl-3-ethoxycyclohex-2-en-1-ones 1 and
selected natural products.
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Pd-catalyzed asymmetric allylic alkylation (Pd-AAA)> of a-
aryl-monosubstituted cyclic vinylogous esters would be a direct
and flexible method for the enantioselective construction of this
important structural class. However, unlike a-monosubstituted
cycloalkanones, a-monosubstituted cyclic vinylogous esters
have proved to be a class of very challenging substrates in the
direct intermolecular Pd-AAA.* In 2006, Trost and co-workers
studied the direct intermolecular Pd-AAA of a-alkyl mono-
substituted cyclic vinylogous esters 2 with their previously
reported method of a-monosubstituted cyclohexenones™ by
alkylating the kinetically generated enolates of 2.° However,
poor enantioselectivity (<30% ee) was obtained (Scheme 1a),
despite numerous optimization attempts, highlighting the
significant difference between cycloalkanones and cyclic vinyl-
ogous esters. Finally, they relied on a decarboxylative approach
that delivered 6,6-dialkyl-3-alkoxycyclohex-2-en-1-ones with
good enantioselectivity.”® Since then, there have been no
successful reports of the direct intermolecular Pd-AAA with a-
monosubstituted cyclic vinylogous esters.

Given the importance and versatility of enantioenriched 1 and
the lack of a general and direct method for its enantioselective
synthesis, and promoted by our recent work in the Pd-catalyzed
enantioselective allylation of vinylogous amides,” we revisited
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Scheme 1. Direct Intermolecular Pd-AAA of a-
Monosubstituted Cyclic Vinylogous Esters (LG = Leaving
Group)
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the longstanding unsolved direct intermolecular Pd-AAA of a-
monosubstituted cyclic vinylogous ester substrates. We
envisaged whether the difference between a-aryl- and a-alkyl-
substitutents of cyclic vinylogous esters could result in the
strikingly different facial discriminations, and if so, a direct
enantioselective synthesis of 1 would be achieved. Furthermore,
a Stork—Danheiser type transposition would convert 1 in one
step to enantioenriched y-allyl-y-aryl-substituted cyclohexe-
nones, a motif that also still poses a significant challenge in
organic synthesis.® Herein, we report the realization of this
strategy, and preliminary studies on the utility of enantioen-
riched 1 in divergent catalytic enantioselective total synthesis of
(+)-oxomaritidine and (—)-mesembrine.”

To test our hypothesis, we initiated our study with Pd-AAA of
cyclic vinylogous ester 4a to form enantioenriched Sa (Table 1).
When the reaction was performed in the presence of Trost
ligand L1 and NaHMDS as the base in THF, the desired product
5a was obtained in 65% yield with 80.5:19.5 er (entry 1). To
improve the enantioselectivity, various solvents were examined
and no better results were obtained. Next, chiral ligands were
screened. Among them, Trost ligand L2 provided 91.5:8.5 er,
albeit in a moderate yield of 57% (entry 2). Subsequent base
screening indicated that the use of KHMDS can improve the
chemical yield to 76% with the retention of enantioselectivity
(entry 7). Decreasing the reaction temperature can further
improve the enantioselectivity, and we ultimately determined
that the designed reaction could afford Sa in 71% yield with 94:6
er in the presence of L2 as the chiral ligand and KHMDS as the
base at —20 °C (entry 13; for details, see the Supporting
Information).

With the optimized procedure in hand, we investigated the
substrate scope of the direct intermolecular Pd-AAA of a-aryl
cyclic vinylogous esters.'® Pleasingly, various vinylogous esters 4
bearing electron-neutral, electron-rich, and electron-deficient
aryl groups could be applied in the transformation to provide the
desired 6-allyl-6-aryl-3-ethoxycyclohex-2-en-1-ones in good
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Table 1. Selected Optimization Studies in the Pd-AAA of
Vinylogous Ester 4a“

[(7°-C3Hs)PdCl],

o (2.5 mol %) o &
/@/Ph . /\/OAC L (5 mol %) .
Base (2.0 equiv) Ph
EtO THF EtO
4a -78°C100°C 5a
entry L base yield (%)"  er
1 L1 NaHMDS 65 80.5:19.5
2 L2 NaHMDS 57 91.5:8.5
3 L3 NaHMDS 41 56.5:43.5
4 L4 NaHMDS 33 66.5:33.5
) LS NaHMDS 41 50.5:49.5
6 L2 LiHMDS 68 89.5:10.5
7 L2 KHMDS 76 91:9
8 L2 NaH 59 84:16
9 L2 KH 54 85:15
10 L2 t-BuOK 15 87.5:12.5
11 L2 Cs2COs NR -
12 L2 LDA 48 83:17
134 L2 KHMDS 71 94:6
14 L2 KHMDS 71 92.5:7.5

NH HN C NH HN O
PPh, PhyP O PPh, PhyP O
NH HN PPh;
PPh, N PPh,
PPh, Ph,P

“Reaction conditions: 4a (0.2 mmol, 1.0 equiv), allyl acetate (2.0
equiv), [(17 C3H5)PdC1:| (2.5 mol %), L (5 mol %) in THF (2.0
mL) at =78 to 0 °C. Yleld of isolated product Sa. “Determined by
chiral HPLC analysis. “~78 °C to —20 °C. °~78 °C to —30 °C.

yields and enantioselectivity (Scheme 2). The C2-methyl
vinylogous ester 4g was also tolerated well in this reaction,
giving the desired product 5g in 67% yield with 95:5 er.
Moreover, the seven-membered vinylogous ester 4h was also a
suitable substrate for the direct intermolecular Pd-AAA,"" which
gave the corresponding allylated product Sh in 64% yield with
90.5:9.5 er. The direct intermolecular Pd-AAA reaction of 4a
was performed on a 1 mmol scale, giving Sa with comparative
results (67% vyield, 93.5:6.5 er). We tentatively made the
following explanation about why this allylation having the aryl
group displayed high er whereas the alkylated substrate reacted
with low er: (1) the electronic property between the aryl group
and the alkyl group is different; (2) the 7—z stacking interaction
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Scheme 2. Pd-Catalyzed AAA of a-Aryl Cyclic Vinylogous
Esters”
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“Reaction conditions: 4 (0.2 mmol, 1.0 equiv), allyl acetate (2.0
equiv), [(7*-C3Hs)PdCl], (2.5 mol %), L2 (5 mol %) in THF (2.0
mL) at —78 °C to —20 °C. Yleld of isolated product S. Er determined
by chiral HPLC analysis. “DME (1,2-dimethoxyethane) as the
solvent. “DME as solvent, at —78 °C to —40 °C.

between the aryl group and the chiral ligand might also be
responsible for the high er in the allylation having the aryl group.

Having achieved the direct intermolecular Pd-AAA of a-aryl-
substituted cyclic vinylogous esters, we preliminarily explored its
utility in the enantioselective divergent natural product
synthesis. One crinine-type Amaryllidaceae alkaloid (+)-oxo-
maritidine'” and one Sceletium alkaloid (—)-mesembrine'® were
selected as our present synthetic targets. Crinine-type alkaloids,
a large subclass (over 80 members) of the Amaryllidaceae
alkaloid family, have attracted much attention from synthetic
chemists due to their interesting bioactivities and diverse
structures.'* However, catalytic enantioselective synthesis
remained rather limited,"” and the catalytic enantioselective
total synthesis ofoxomurztzdme, to the best of our knowledge, has yet
to be developed.'® One route for the enantioselective synthesis of
(+)-oxomaritidine was developed as in Scheme 3. (S)-5d,
obtained above, was treated with DIBAL-H to afford y-allyl-y-
aryl-substituted cyclohexenone 6 on aqueous acidic workup in
70% yield."” Oxidative cleavage of the allyl group afforded the
aldehyde 7. 7 underwent intermolecular reductive amination to
afford the cis-aryl hydroindole 9 on N-Boc-protection. 9 was
transformed into the corresponding enone 10 via Saegusa
oxidation.'® The removal of the N-Boc group of 10 with
trifluoroacetic acid followed by the Pictet—Spengler-type
cyclization delivered (+)-oxomaritidine in 83% overall yield.
Since oxomaritidine has been previously transformed into
maritidine,"® this also constitutes an enantioselective formal
synthesis of (+)-maritidine. Divergently, from the common
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Scheme 3. Concise, Divergent, and Enantioselective Total

Syntheses of (+)-Oxomaritidine and (—)-Mesembrine
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10 83% overall yield (+)-Oxomaritidine (+)-Maritidine

intermediate 7, a reductive amination/cyclization cascade
afforded (—)-mesembrine””*' in one step. This catalytic
enantioselective total synthesis of mesembrine takes only five
steps from commercially available starting materials.

In conclusion, a direct enantioselective synthesis of 6-allyl-6-
aryl-3-ethooxycyclohex-2-en-1-ones, an important structural
motif common in natural products chemistry, has been achieved
through the development of the first direct intermolecular Pd-
AAA of a-aryl-substituted cyclic vinylogous ester substrate class.
Unlike a-alkyl-substituted cyclic vinylogous esters, a-aryl-
substituted cyclic vinylogous esters underwent the direct
intermolecular Pd-AAA with good enantioselectivity. Based on
the preliminary exploration of this method, the first catalytic
enantioselective total synthesis of Amaryllidaceae alkaloid
(+)-oxomaritidine and a short, five-step catalytic enantioselec-
tive total synthesis of Sceletium alkaloid (—)-mesembrine were
achieved divergently. The synthetic utility conferred by the a-
aryl cyclic vinylogous ester substrate class is expected to find
further applications in the enantioselective synthesis of other
structurally diverse alkaloid natural products.

B ASSOCIATED CONTENT
® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04125.

Experimental procedures, analytical data, copies of NMR
spectra for all new compounds and HPLC spectra for all
chiral compounds (PDF)

https://dx.doi.org/10.1021/acs.orglett.0c04125
Org. Lett. 2021, 23, 920—-924


https://pubs.acs.org/doi/10.1021/acs.orglett.0c04125?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c04125/suppl_file/ol0c04125_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04125?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04125?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04125?fig=sch3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04125?fig=sch3&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c04125?ref=pdf

Organic Letters

pubs.acs.org/OrgLett

B AUTHOR INFORMATION
Corresponding Authors

Yu-Hua Deng — Key Laboratory of Medicinal Chemistry for
Natural Resource, Ministry of Education, Yunnan Provincial
Center for Research & Development of Natural Products, and
School of Chemical Science and Technology, Yunnan
University, Kunming 650091, China; © orcid.org/0000-
0002-1983-8490; Email: dengyuhua@ynu.edu.cn

Fangzhi Peng — Key Laboratory of Medicinal Chemistry for
Natural Resource, Ministry of Education, Yunnan Provincial
Center for Research & Development of Natural Products, and
School of Chemical Science and Technology, Yunnan
University, Kunming 650091, China; Email: pengfangzhi@
ynu.edu.cn

Zhihui Shao — Key Laboratory of Medicinal Chemistry for
Natural Resource, Ministry of Education, Yunnan Provincial
Center for Research & Development of Natural Products, and
School of Chemical Science and Technology, Yunnan
University, Kunming 650091, China; ® orcid.org/0000-
0003-4531-3417; Email: zhihui_shao@hotmail.com

Authors

Wei Wang — Key Laboratory of Medicinal Chemistry for
Natural Resource, Ministry of Education, Yunnan Provincial
Center for Research & Development of Natural Products, and
School of Chemical Science and Technology, Yunnan
University, Kunming 650091, China

Jun Dai — Key Laboratory of Medicinal Chemistry for Natural
Resource, Ministry of Education, Yunnan Provincial Center for
Research & Development of Natural Products, and School of
Chemical Science and Technology, Yunnan University,
Kunming 650091, China

Qigiong Yang — Key Laboratory of Medicinal Chemistry for
Natural Resource, Ministry of Education, Yunnan Provincial
Center for Research & Development of Natural Products, and
School of Chemical Science and Technology, Yunnan
University, Kunming 650091, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.0c04125

Author Contributions
"W.W. and J.D. contributed equally to this work.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the National Natural Science
Foundation of China (21672184, 21861042, 21801221), the
Program for Changjiang Scholars and Innovative Research
Team in University (IRT17R94), the Program for Innovative
Research Team (in Science and Technology) in University of
Yunnan Province, Yunling Scholar of Yunnan Province, and
Yunnan Province Government [2018FY001(016), YNQR-
QNRC-2018-005, 2019FD126]. Dedicated to Prof. Albert S.
C. Chan on his 70th birthday.

B REFERENCES

(1) For selected reviews, see: (a) Quaternary Stereocenters: Challenges
and Solutions for Organic Synthesis; Christoffers, J., Baro, A., Eds.; Wiley-
VCH: Weinheim, 200S. (b) Trost, B. M.; Jiang, C. Catalytic
Enantioselective Construction of All-Carbon Quaternary Stereo-

923

centers. Synthesis 2006, 369. (c) Mohr, J. T.; Stoltz, B. M.
Enantioselective Tsuji Allylations. Chem. - Asian J. 2007, 2, 1476.
(d) Das, J. P,; Marek, . Enantioselective synthesis of all-carbon
quaternary stereogenic centers in acyclic systems. Chem. Commun.
2011, 47, 4593. (e) Hong, A. Y.; Stoltz, B. M. The Construction of All-
Carbon Quaternary Stereocenters by Use of Pd-Catalyzed Asymmetric
Allylic Alkylation Reactions in Total Synthesis. Eur. J. Org. Chem. 2013,
2013, 2745. (f) Quasdorf, K. W.; Overman, L. E. Catalytic
enantioselective synthesis of quaternary carbon stereocentres. Nature
2014, 516, 181. (g) Liu, Y.; Han, S.-J.; Liu, W.-B.; Stoltz, B. M. Catalytic
Enantioselective Construction of Quaternary Stereocenters: Assembly
of Key Building Blocks for the Synthesis of Biologically Active
Molecules. Acc. Chem. Res. 20185, 48, 740. (h) Long, R.; Huang, J;
Gong, J.; Yang, Z. Direct construction of vicinal all-carbon quaternary
stereocenters in natural product synthesis. Nat. Prod. Rep. 20185, 32,
1584. (i) Ling, T.; Rivas, F. All-carbon quaternary centers in natural
products and medicinal chemistry: recent advances. Tetrahedron 2016,
72, 6729. (j) Chen, W.; Zhang, H. Asymmetric construction of all-
carbon quaternary stereocenters in the total synthesis of natural
products. Sci. China: Chem. 2016, 59, 1065. (k) Zeng, X.-P.; Cao, Z.-Y.;
Wang, Y.-H.; Zhou, F.; Zhou, J. Catalytic Enantioselective Desymmet-
rization Reactions to All-Carbon Quaternary Stereocenters. Chem. Rev.
2016, 116, 7330. (1) Feng, J.; Holmes, M; Krische, M. J. Acyclic
Quaternary Carbon Stereocenters via Enantioselective Transition
Metal Catalysis. Chem. Rev. 2017, 117, 12564. (m) Pritchett, B. P.;
Stoltz, B. M. Enantioselective palladium-catalyzed allylic alkylation
reactions in the synthesis of Aspidosperma and structurally related
monoterpene indole alkaloids. Nat. Prod. Rep. 2018, 35, 559. (n) Trost,
B. M.; Schultz, J. E. Palladium-Catalyzed Asymmetric Allylic Alkylation
Strategies for the Synthesis of Acyclic Tetrasubstituted Stereocenters.
Synthesis 2019, 51, 1. (o) James, J.; Jackson, M.; Guiry, P. J. Palladium-
Catalyzed Decarboxylative Asymmetric Allylic Alkylation: Develop-
ment, Mechanistic Understanding and Recent Advances. Adv. Synth.
Catal. 2019, 361, 3016. (p) Li, C; Ragab, S. S.; Liu, G.; Tang, W.
Enantioselective formation of quaternary carbon stereocenters in
natural product synthesis: a recent update. Nat. Prod. Rep. 2020, 37,
276.

(2) For selected racemic syntheses, see: (a) Zhao, Y.; Zhou, Y.; Liang,
L.; Yang, X,; Du, F,; Li, L.; Zhang, H. Palladium-Catalyzed Sequential
Arylation and Allylic Alkylation of Highly Functionalized Ketones: A
Concise Synthesis of Mesembrine. Org. Lett. 2009, 11, SSS.
(b) Johnson, T.; Pultar, F; Menke, F.; Lautens, M. Palladium-
Catalyzed a-Arylation of Vinylogous Esters for the Synthesis of y,y-
Disubstituted Cyclohexenones. Org. Lett. 2016, 18, 6488. (c) Hou, W.-
Y.; Wy, Y.-K. Palladium-Catalyzed a-Arylation of Cyclic Vinylogous
Esters for the Synthesis of y-Arylcyclohexenones and Total Synthesis of
Aromatic Podocarpane Diterpenoids. Org. Lett. 2017, 19, 1220.
(d) Yang, Y.-C; Lin, Y.-C.; Wy, Y.-K. Palladium-Catalyzed Cascade
Arylation of Vinylogous Esters Enabled by Tris(1-adamantyl)-
phosphine. Org. Lett. 2019, 21, 9286.

(3) For selected reviews on Pd-AAA, see: (a) Trost, B. M,; Van
Vranken, D. L. Asymmetric Transition Metal-Catalyzed Allylic
Alkylations. Chem. Rev. 1996, 96, 395. (b) Trost, B. M.; Crawley, M.
L. Asymmetric Transition-Metal-Catalyzed Allylic Alkylations: Appli-
cations in Total Synthesis. Chem. Rev. 2003, 103,2921. (c) Trost, B. M.;
Radinov, R.; Grenzer, E. M. Asymmetric Alkylation of -Ketoesters. J.
Am. Chem. Soc. 1997, 119, 7879. (d) Trost, B. M.; Schroeder, G. M.
Palladium-Catalyzed Asymmetric Alkylation of Ketone Enolates. . Am.
Chem. Soc. 1999, 121, 6759. (e) You, S.-L.; Zhu, X.-Z.; Luo, Y.-M.; Hou,
X.-L.; Dai, L.-X. Highly Regio- and Enantioselective Pd-Catalyzed
Allylic Alkylation and Amination of Monosubstituted Allylic Acetates
with Novel Ferrocene P,N-Ligands. J. Am. Chem. Soc. 2001, 123, 7471.
(f) Trost, B. M.; Schroeder, G. M.; Kristensen, J. Palladium-Catalyzed
Asymmetric Allylic Alkylation of a-Aryl Ketones. Angew. Chem., Int. Ed.
2002, 41, 3492. (g) Trost, B. M; Frederiksen, M. U. Palladium-
Catalyzed Asymmetric Allylation of Prochiral Nucleophiles: Synthesis
of 3-Allyl-3-Aryl Oxindoles. Angew. Chem., Int. Ed. 200S, 44, 308.
(h) Zhang, K.; Peng, Q.; Hou, X.-L.; Wu, Y.-D. Highly Enantioselective

https://dx.doi.org/10.1021/acs.orglett.0c04125
Org. Lett. 2021, 23, 920—-924


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu-Hua+Deng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1983-8490
http://orcid.org/0000-0002-1983-8490
mailto:dengyuhua@ynu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fangzhi+Peng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:pengfangzhi@ynu.edu.cn
mailto:pengfangzhi@ynu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhihui+Shao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4531-3417
http://orcid.org/0000-0003-4531-3417
mailto:zhihui_shao@hotmail.com
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Dai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiqiong+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c04125?ref=pdf
https://dx.doi.org/10.1055/s-2006-926302
https://dx.doi.org/10.1055/s-2006-926302
https://dx.doi.org/10.1055/s-2006-926302
https://dx.doi.org/10.1002/asia.200700183
https://dx.doi.org/10.1039/c0cc05222a
https://dx.doi.org/10.1039/c0cc05222a
https://dx.doi.org/10.1002/ejoc.201201761
https://dx.doi.org/10.1002/ejoc.201201761
https://dx.doi.org/10.1002/ejoc.201201761
https://dx.doi.org/10.1038/nature14007
https://dx.doi.org/10.1038/nature14007
https://dx.doi.org/10.1021/ar5004658
https://dx.doi.org/10.1021/ar5004658
https://dx.doi.org/10.1021/ar5004658
https://dx.doi.org/10.1021/ar5004658
https://dx.doi.org/10.1039/C5NP00046G
https://dx.doi.org/10.1039/C5NP00046G
https://dx.doi.org/10.1016/j.tet.2016.09.002
https://dx.doi.org/10.1016/j.tet.2016.09.002
https://dx.doi.org/10.1007/s11426-016-0055-0
https://dx.doi.org/10.1007/s11426-016-0055-0
https://dx.doi.org/10.1007/s11426-016-0055-0
https://dx.doi.org/10.1021/acs.chemrev.6b00094
https://dx.doi.org/10.1021/acs.chemrev.6b00094
https://dx.doi.org/10.1021/acs.chemrev.7b00385
https://dx.doi.org/10.1021/acs.chemrev.7b00385
https://dx.doi.org/10.1021/acs.chemrev.7b00385
https://dx.doi.org/10.1039/C7NP00069C
https://dx.doi.org/10.1039/C7NP00069C
https://dx.doi.org/10.1039/C7NP00069C
https://dx.doi.org/10.1055/s-0037-1610386
https://dx.doi.org/10.1055/s-0037-1610386
https://dx.doi.org/10.1002/adsc.201801575
https://dx.doi.org/10.1002/adsc.201801575
https://dx.doi.org/10.1002/adsc.201801575
https://dx.doi.org/10.1039/C9NP00039A
https://dx.doi.org/10.1039/C9NP00039A
https://dx.doi.org/10.1021/ol802608r
https://dx.doi.org/10.1021/ol802608r
https://dx.doi.org/10.1021/ol802608r
https://dx.doi.org/10.1021/acs.orglett.6b03394
https://dx.doi.org/10.1021/acs.orglett.6b03394
https://dx.doi.org/10.1021/acs.orglett.6b03394
https://dx.doi.org/10.1021/acs.orglett.7b00268
https://dx.doi.org/10.1021/acs.orglett.7b00268
https://dx.doi.org/10.1021/acs.orglett.7b00268
https://dx.doi.org/10.1021/acs.orglett.9b03071
https://dx.doi.org/10.1021/acs.orglett.9b03071
https://dx.doi.org/10.1021/acs.orglett.9b03071
https://dx.doi.org/10.1021/cr9409804
https://dx.doi.org/10.1021/cr9409804
https://dx.doi.org/10.1021/cr020027w
https://dx.doi.org/10.1021/cr020027w
https://dx.doi.org/10.1021/ja971523i
https://dx.doi.org/10.1021/ja991135b
https://dx.doi.org/10.1021/ja016121w
https://dx.doi.org/10.1021/ja016121w
https://dx.doi.org/10.1021/ja016121w
https://dx.doi.org/10.1002/1521-3773(20020916)41:18<3492::AID-ANIE3492>3.0.CO;2-P
https://dx.doi.org/10.1002/1521-3773(20020916)41:18<3492::AID-ANIE3492>3.0.CO;2-P
https://dx.doi.org/10.1002/anie.200460335
https://dx.doi.org/10.1002/anie.200460335
https://dx.doi.org/10.1002/anie.200460335
https://dx.doi.org/10.1002/anie.200704629
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c04125?ref=pdf

Organic Letters

pubs.acs.org/OrgLett

Palladium-Catalyzed Alkylation of Acyclic Amides. Angew. Chem., Int.
Ed. 2008, 47, 1741.

(4) A review on the role of vinylogy in reaction discovery: Denmark, S.
E.; Heemstra, J. R, Jr.; Beutner, G. L. Catalytic, Enantioselective,
Vinylogous Aldol Reactions. Angew. Chem., Int. Ed. 20085, 44, 4682.

(5) Trost, B. M.; Bream, R. N.; Xu, J. Asymmetric Allylic Alkylation of
Cyclic Vinylogous Esters and Thioesters by Pd-Catalyzed Decarbox-
ylation of Enol Carbonate and S-Ketoester Substrates. Angew. Chem.,
Int. Ed. 2006, 45, 3109.

(6) White, D. E.; Stewart, I. C.; Grubbs, R. H.; Stoltz, B. M. The
Catalytic Asymmetric Total Synthesis of Elatol. J. Am. Chem. Soc. 2008,
130, 810.

(7) Li, Z.; Zhang, S.; Wy, S.; Shen, X.; Zou, L.; Wang, F.; Li, X.; Peng,
F.; Zhang, H.; Shao, Z. Enantioselective Palladium-Catalyzed
Decarboxylative Allylation of Carbazolones: Total Synthesis of
(—)-Aspidospermidine and (+)-Kopsihainanine A. Angew. Chem., Int.
Ed. 2013, 52, 4117.

(8) (a) You, C; Li, X.; Gong, Q.; Wen, J.; Zhang, X. Nickel-Catalyzed
Desymmetric Hydrogenation of Cyclohexadienones: An Efficient
Approach to All-Carbon Quaternary Stereocenters. J. Am. Chem. Soc.
2019, 141, 14560. (b) Naganawa, Y.; Kawagishi, M; Ito, J.; Nishiyama,
H. Asymmetric Induction at Remote Quaternary Centers of Cyclo-
hexadienones by Rhodium-Catalyzed Conjugate Hydrosilylation.
Angew. Chem., Int. Ed. 2016, 5SS, 6873. (c) Bokka, A.; Mao, J. X;
Hartung, J.; Martinez, S. R.; Simanis, J. A.,; Nam, K,; Jeon, J.; Shen, X.
Asymmetric Synthesis of Remote Quaternary Centers by Copper-
Catalyzed Desymmetrization: An Enantioselective Total Synthesis of
(+)-Mesembrine. Org. Lett. 2018, 20, 5158. (d) Inokoishi, Y.; Sasakura,
N.; Nakano, K.; Ichikawa, Y.; Kotsuki, H. A New Powerful Strategy for
the Organocatalytic Asymmetric Construction of a Quaternary Carbon
Stereogenic Center. Org. Lett. 2010, 12, 1616.

(9) Li, L.; Chen, Z.; Zhang, X.; Jia, Y. Divergent Strategy in Natural
Product Total Synthesis. Chem. Rev. 2018, 118, 3752.

(10) 4-Aryl vinylogous esters were prepared by Pd-catalyzed a-
arylation; see Supporting Information for details.

(11) (a) Bennett, N. B,; Hong, A. Y.,; Harned, A. M.; Stoltz, B. M.
Synthesis of enantioenriched y-quaternary cycloheptenones using a
combined allylic alkylation/Stork—Danheiser approach: preparation of
mono-, bi-, and tricyclic systems. Org. Biomol. Chem. 2012, 10, 56.
(b) Reeves, C. M.; Behenna, D. C.; Stoltz, B. M. Development of
(Trimethylsilyl)ethyl Ester Protected Enolates and Applications in
Palladium-Catalyzed Enantioselective Allylic Alkylation: Intermolecu-
lar Cross-Coupling of Functionalized Electrophiles. Org. Lett. 2014, 16,
2314.

(12) Oxomaritidine; Herrera, M. R.; Machocho, A. K; Brun, R;
Viladomat, F,; Codina, C.; Bastida, J. Crinane and Lycorane Type
Alkaloids from Zephyranthes citrina. Planta Med. 2001, 67, 191.

(13) Mesembrine; Krstenansky, J. L. Mesembrine alkaloids: Review of
their occurrence, chemistry, and pharmacology. J. Ethnopharmacol.
2017, 195, 10.

(14) Jin, Z. Amaryllidaceae and Sceletium alkaloids. Nat. Prod. Rep.
2016, 33, 1318.

(15) For selected examples, see: (a) Wei, M.-X.; Wang, C.-T.; Du, J.-
Y,; Qu, H; Yin, P.-R;; Bao, X;; Ma, X.-Y.; Zhao, X.-H.; Zhang, G.-B,;
Fan, C.-A. Enantioselective Synthesis of Amaryllidaceae Alkaloids
(+)-Vittatine, (+)-epi-Vittatine, and (+)-Buphanisine. Chem. - Asian J.
2013, 8, 1966. (b) Kano, T.; Hayashi, Y.; Maruoka, K. Construction of a
Chiral Quaternary Carbon Center by Catalytic Asymmetric Alkylation
of 2-Arylcyclohexanones under Phase-Transfer Conditions. J. Am.
Chem. Soc. 2013, 135, 7134. (c) Gao, Y.-R;; Wang, D.-Y,; Wang, Y.-Q.
Asymmetric Syntheses of Amaryllidaceae Alkaloids (—)-Crinane and
(+)-4a-Dehydroxycrinamabine. Org. Lett. 2017, 19, 3516. (d) Du, K;
Yang, H.; Guo, P.; Feng, L.; Xu, G.; Zhou, Q,; Chung, L. W.; Tang, W.
Efficient syntheses of (—)-crinine and (—)-aspidospermidine, and the
formal synthesis of (—)-minfiensine by enantioselective intramolecular
dearomative cyclization. Chem. Sci. 2017, 8, 6247. (e) Das, M. K;
Kumar, N; Bisai, A. Catalytic Asymmetric Total Syntheses of Naturally
Occurring Amarylidaceae Alkaloids, (—)-Crinine, (—)-epi-Crinine,
(—)-Oxocrinine, (+)-epi-Elwesine, (+)-Vittatine, and (+)-epi-Vittatine.

924

Org. Lett. 2018, 20, 4421. (f) Bao, X.; Wang, Q.; Zhu, J. Palladium-
Catalyzed Enantioselective Desymmetrizing Aza-Wacker Reaction:
Development and Application to the Total Synthesis of (—)-Mesem-
brane and (+)-Crinane. Angew. Chem., Int. Ed. 2018, 57, 1995.

(16) For the total synthesis of (—)-oxomaritidine or (+)-maritidine by
using a diastereoselective desymmetrization, see: (a) Tomioka, K;
Koga, K; Yamada, S. Stereochemical Studies. XLIX. A Biogenetic-type
Total Synthesis of Natural (+)-Maritidine from L-Tyrosine using highly
Specific Asymmetric Cyclization. Chem. Pharm. Bull. 1977, 25, 2681.
(b) Verma, P.; Chandra, A.; Pandey, G. Diversity-Oriented Approach
Toward the Syntheses of Amaryllidaceae Alkaloids via a Common
Chiral Synthon. J. Org. Chem. 2018, 83, 9968. For an elegant resolution
of racemic oxomaritidine to (—)-maritidine by Ir-catalyzed asymmetric
hydrogenation, see: (c) Zuo, X.-D.; Guo, S.-M.; Yang, R;; Xie, J.-H,;
Zhou, Q.-L. Bioinspired enantioselective synthesis of crinine-type
alkaloids via iridium-catalyzed asymmetric hydrogenation of enones.
Chem. Sci. 2017, 8, 6202.

(17) Stork, G.; Danheiser, R. L. Regiospecific alkylation of cyclic f-
diketone enol ethers. General synthesis of 4-alkylcyclohexenones. J.
Org. Chem. 1973, 38, 1775.

(18) Ito, Y.; Hirao, T.; Saegusa, T. Synthesis of @,f-unsaturated
carbonyl compounds by palladium(1I)-catalyzed dehydrosilylation of
silyl enol ethers. J. Org. Chem. 1978, 43, 1011.

(19) Bru, C.; Thal, C; Guillou, C. Concise Total Synthesis of
(+)-Maritidine. Org. Lett. 2003, S, 1845.

(20) For reviews on the asymmetric synthesis of mesembrine, see:
(a) Czekelius, C. Total Synthesis of Mesembrine - The Construction of
Quaternary Stereocenters by Gold-Catalyzed Diyne Desymmetriza-
tion. Isr. J. Chem. 2018, 58, 568. (b) Zhao, Y.; Zhou, Y.; Du, F.; Liang,
L.; Zhang, H. Review of Total Synthesis of Mesembrine. Chin. J. Org.
Chem. 2010, 30, 47.

(21) For recent asymmetric syntheses of mesembrine: (a) Wu, H.;
Wang, Q.; Zhu, ]J. Catalytic Enantioselective Pinacol and Meinwald
Rearrangements for the Construction of Quaternary Stereocenters. J.
Am. Chem. Soc. 2019, 141, 11372. (b) Reference 8c. (c) Wu, X.; Chen,
Z.; Bai, Y.-B.; Dong, V. M. Diastereodivergent Construction of Bicyclic
y-Lactones via Enantioselective Ketone Hydroacylation. J. Am. Chem.
Soc. 2016, 138, 12013. (d) Gan, P.; Smith, M. W.; Braffman, N. R;
Snyder, S. A. Pyrone Diels-Alder Routes to Indolines and Hydroindo-
lines: Syntheses of Gracilamine, Mesembrine, and A”-Mesembrenone.
Angew. Chem., Int. Ed. 2016, S5, 362S. (e) Wang, L.-N.; Cui, Q.; Yu, Z.-
X. A Concise Total Synthesis of (—)-Mesembrine. J. Org. Chem. 2016,
81, 10168. (f) Spittler, M.; Lutsenko, K.; Czekelius, C. Total Synthesis
of (+)-Mesembrine Applying Asymmetric Gold Catalysis. J. Org. Chem.
2016, 81, 6100. (g) Ozaki, T.; Kobayashi, Y. Synthesis of
(—)-mesembrine using the quaternary carbon-constructing allylic
substitution. Org. Chem. Front. 2015, 2, 328. (h) Geoghegan, K;
Evans, P. Double Reduction of Cyclic Aromatic Sulfonamides:
Synthesis of (+)-Mesembrine and (+)-Mesembranol. J. Org. Chem.
2013, 78, 3410. (i) Zhang, Q.-Q.; Xie, J.-H.; Yang, X.-H.; Xie, J.-B,;
Zhou, Q.-L. Iridium-Catalyzed Asymmetric Hydrogenation of a-
Substituted a,f-Unsaturated Acyclic Ketones: Enantioselective Total
Synthesis of (—)-Mesembrine. Org. Lett. 2012, 14, 6158. (j) Gu, Q;
You, S.-L. Desymmetrization of cyclohexadienones viacinchonine
derived thiourea-catalyzed enantioselective aza-Michael reaction and
total synthesis of (—)-Mesembrine. Chem. Sci. 2011, 2, 1519. (k) Arns,
S.; Lebrun, M.-E.; Grise, C. M.; Denissova, I.; Barriault, L.
Diastereoselective Construction of Quaternary Carbons Directed via
Macrocyclic Ring Conformation: Formal Synthesis of (—)-Mesembr-
ine. J. Org. Chem. 2007, 72, 9314. (1) Paul, T.; Malachowski, W. P.; Lee,
J. The Enantioselective Birch—Cope Sequence for the Synthesis of
Carbocyclic Quaternary Stereocenters. Application to the Synthesis of
(+)-Mesembrine. Org. Lett. 2006, 8, 4007.

https://dx.doi.org/10.1021/acs.orglett.0c04125
Org. Lett. 2021, 23, 920—-924


https://dx.doi.org/10.1002/anie.200704629
https://dx.doi.org/10.1002/anie.200462338
https://dx.doi.org/10.1002/anie.200462338
https://dx.doi.org/10.1002/anie.200504421
https://dx.doi.org/10.1002/anie.200504421
https://dx.doi.org/10.1002/anie.200504421
https://dx.doi.org/10.1021/ja710294k
https://dx.doi.org/10.1021/ja710294k
https://dx.doi.org/10.1002/anie.201209878
https://dx.doi.org/10.1002/anie.201209878
https://dx.doi.org/10.1002/anie.201209878
https://dx.doi.org/10.1021/jacs.9b07957
https://dx.doi.org/10.1021/jacs.9b07957
https://dx.doi.org/10.1021/jacs.9b07957
https://dx.doi.org/10.1002/anie.201601636
https://dx.doi.org/10.1002/anie.201601636
https://dx.doi.org/10.1021/acs.orglett.8b02084
https://dx.doi.org/10.1021/acs.orglett.8b02084
https://dx.doi.org/10.1021/acs.orglett.8b02084
https://dx.doi.org/10.1021/ol100350w
https://dx.doi.org/10.1021/ol100350w
https://dx.doi.org/10.1021/ol100350w
https://dx.doi.org/10.1021/acs.chemrev.7b00653
https://dx.doi.org/10.1021/acs.chemrev.7b00653
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c04125/suppl_file/ol0c04125_si_001.pdf
https://dx.doi.org/10.1039/C1OB06189E
https://dx.doi.org/10.1039/C1OB06189E
https://dx.doi.org/10.1039/C1OB06189E
https://dx.doi.org/10.1021/ol500355z
https://dx.doi.org/10.1021/ol500355z
https://dx.doi.org/10.1021/ol500355z
https://dx.doi.org/10.1021/ol500355z
https://dx.doi.org/10.1055/s-2001-11495
https://dx.doi.org/10.1055/s-2001-11495
https://dx.doi.org/10.1016/j.jep.2016.12.004
https://dx.doi.org/10.1016/j.jep.2016.12.004
https://dx.doi.org/10.1039/C6NP00068A
https://dx.doi.org/10.1002/asia.201300595
https://dx.doi.org/10.1002/asia.201300595
https://dx.doi.org/10.1021/ja403340r
https://dx.doi.org/10.1021/ja403340r
https://dx.doi.org/10.1021/ja403340r
https://dx.doi.org/10.1021/acs.orglett.7b01486
https://dx.doi.org/10.1021/acs.orglett.7b01486
https://dx.doi.org/10.1039/C7SC01859B
https://dx.doi.org/10.1039/C7SC01859B
https://dx.doi.org/10.1039/C7SC01859B
https://dx.doi.org/10.1021/acs.orglett.8b01703
https://dx.doi.org/10.1021/acs.orglett.8b01703
https://dx.doi.org/10.1021/acs.orglett.8b01703
https://dx.doi.org/10.1002/anie.201712521
https://dx.doi.org/10.1002/anie.201712521
https://dx.doi.org/10.1002/anie.201712521
https://dx.doi.org/10.1002/anie.201712521
https://dx.doi.org/10.1248/cpb.25.2681
https://dx.doi.org/10.1248/cpb.25.2681
https://dx.doi.org/10.1248/cpb.25.2681
https://dx.doi.org/10.1021/acs.joc.8b01368
https://dx.doi.org/10.1021/acs.joc.8b01368
https://dx.doi.org/10.1021/acs.joc.8b01368
https://dx.doi.org/10.1039/C7SC02112G
https://dx.doi.org/10.1039/C7SC02112G
https://dx.doi.org/10.1021/jo00949a048
https://dx.doi.org/10.1021/jo00949a048
https://dx.doi.org/10.1021/jo00399a052
https://dx.doi.org/10.1021/jo00399a052
https://dx.doi.org/10.1021/jo00399a052
https://dx.doi.org/10.1021/ol0343358
https://dx.doi.org/10.1021/ol0343358
https://dx.doi.org/10.1002/ijch.201700060
https://dx.doi.org/10.1002/ijch.201700060
https://dx.doi.org/10.1002/ijch.201700060
https://dx.doi.org/10.1021/jacs.9b04551
https://dx.doi.org/10.1021/jacs.9b04551
https://dx.doi.org/10.1021/jacs.6b06227
https://dx.doi.org/10.1021/jacs.6b06227
https://dx.doi.org/10.1002/anie.201510520
https://dx.doi.org/10.1002/anie.201510520
https://dx.doi.org/10.1021/acs.joc.6b01908
https://dx.doi.org/10.1021/acs.joc.6b00985
https://dx.doi.org/10.1021/acs.joc.6b00985
https://dx.doi.org/10.1039/C4QO00353E
https://dx.doi.org/10.1039/C4QO00353E
https://dx.doi.org/10.1039/C4QO00353E
https://dx.doi.org/10.1021/jo4000306
https://dx.doi.org/10.1021/jo4000306
https://dx.doi.org/10.1021/ol302842h
https://dx.doi.org/10.1021/ol302842h
https://dx.doi.org/10.1021/ol302842h
https://dx.doi.org/10.1039/c1sc00083g
https://dx.doi.org/10.1039/c1sc00083g
https://dx.doi.org/10.1039/c1sc00083g
https://dx.doi.org/10.1021/jo701833v
https://dx.doi.org/10.1021/jo701833v
https://dx.doi.org/10.1021/jo701833v
https://dx.doi.org/10.1021/ol0615228
https://dx.doi.org/10.1021/ol0615228
https://dx.doi.org/10.1021/ol0615228
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c04125?ref=pdf

