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1. Introduction



Marine Alkaloid——Norzoanthamine

Isolation

from a Zoanthus species off the Ayamaru coast
of the Amami Islands south of Japan.

(1995, Uemura et al.)

Structural features

a trans-decaline motif in the AB rings;

a stereochemically dense C ring;

a bisaminal skeleton in the DEFG ring moiety.

, norzoanthamine

R=H
R=Me, zoanthamine
R=CH,OH, oxyzoanthaminone

Biological activity

supress the loss of bone weight and strength in
ovariectomized mice;

a promising candidate for an antiosteoporotic drug.

Asymmetric Total Synthesis of Nozoanthamine:
Miyashita Group (2004)?

Kobayashi Group (2009)?

Gao Group (2021)

1) Fukuzawa, S.; Hayashi, Y.; Uemura, D.; Nagatsu, A.; Yamada, K.; ljuin, Y. Heterocycl. Commun. 199&1, 1, 207.
2) 131214 _PS_Hiroyuki MUTOH_Total Synthesis_of Norzoanthamine



Overview of Strategies toward Synthetic Challenges

1) Stereoselective synthesis of the trans-anti-trans-fused ABC carbon skeleton

Miyashita Group intromolecular Diels-Alder (IMDA) (C ring)
Kobayashi Group intromolecular Diels-Alder (IMDA) (A ring)
Gao Group radical reactions

OAc

TCOZMe
I

OTBS

2) construction of bisaminal(DEFG ring) skeleton
late stage bioinspired bisaminal cyclization

o

common

N mm - m-m--a-



Biosynthesis

zoanthamine

1) Douglas C. Behenna, Jennifer L. Storkdill, Brian M. Stoltz. Angew. Chem. Int. Ed. 2008, 4.7, 2365.
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2. Seminal Research
2.1 Total Synthesis of Norzoanthamine
(By Miyashita Group, 2004)



Retrosynthesis

bis-aminal

Norzoanthamine

intromolecular Diels-Alder Reaction

| )

OTBS

1) Miyashita, M.; Sasaki, M.; Hattori, |.; Sakai, M.; Tanino, K. Science 2004, 305, 495.



Diasteroselectivity of IMDA Reaction

OAc
OAc
! o i OAc * - i
T 1,2,4-trichloro-
CO,Me benzene, 240°C or < o
< » | TBso/ - \COOMe
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_>I
B COOMe - - TBSO
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* steps l
0 |
(0) (0)
| : )
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+51% yield, 2 steps CO,Me
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1,3- diaxial repulsion

72

28

1) Miyashita, M.; Sasaki, M.; Hattori, I.; Sakai, M.; Tanino, K. Science 2004, 305, 495.



Construction of bisaminal skeleton in the DEFG ring

OTES OTES

1) n-BulLi
2) DMP
OMe 82% vyield, 2 steps

1) AcOH, H,0;
CF3COOH, Hzo,

2) Al,0; MeOH

81% yield, 3 steps

norzoanthamine

1) Miyashita, M.; Sasaki, M.; Hattori, I.; Sakai, M.; Tanino, K. Science 2004, 305, 495.
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2. Seminal Research

2.2 Total Synthesis of (-)-Norzoanthamine
(By Kobayashi Group, 2009)



Retrosynthesis

Norzoanthamine

intromelecular
Diels-Alder

1) Yamashita, D.; Murata, Y.; Hikage, N.; Takao, K.-I. ; Nakazaki, A.; Kobayashi, S. Angew. Chem. Int. Ed. 2009,
48, 1404.



Construction of precursor——triene

(o)
OTES
> >
O s-BulLi

(-)-Hajos-Parrish ketone

H TBS-protection of
hydroxy group

OTES
NS =
SA = ) (RN

t TESO----Li Li" OTES )
s-ButLi favored disfavored

1) Murata, Y.; Yamashita, D.; Kitahara, K.; Minasako, Y.; Nakazaki, A.; Kobayashi, S.Angew. Chem. Int. Ed.
2009, 48, 1400
2) W. Clark Still; T. L. Macdonald. J. Org. Chem. 1976, 41, 3620



H OMOM

‘six-membered transition staté
large steric hindrance on the react site

(disfavored)

H OMOM

7 N—
' 0.

‘H Y™ Li
H

+

e_ight-membered transition state

(favored)

large steric repulsion between

aldehyde oxygen and hydrogen

on cyclopentane (disfavored)

TBSO

H OMOM

hypothesis of stereoselectivity

large steric repulsion exist if allyl
lithium species access the aldehyde

}from concave face of bicyclic core

(disfavored)

1) Murata, Y.; Yamashita, D.; Kitahara, K.; Minasako, Y.; Nakazaki, A.; Kobayashi, S.Angew. Chem. Int! Ed.

2009 48. 1400.



Stereoselectivity of Intramolecular
Diels-Alder Reaction

L steps
pyridine, toluene —
intromolecular E
Diels-Alder
6Tes OMOM MOM

- - % -

endo-chair TS

large steric repulsion of TES and TBS

~

O

MOMO

| T\
OTES ;
I‘E\ \ /Q

7ol |

exo-boat TS

OTES

steric repulsion of hydrogens

MOMO

7
ot |

endo-boat TS

H

large steric repulsion of TES and CH;



Construction of bisaminal skeleton in the DEFG ring

EtO

\
EtO—P/\n/\/\/\NBoc
OTES  OTES I

o o
CHO

o
%0 LiCl, i-Pr,NEt
(@)

steps
\EM +0 W AcOH
BocN BocN
0 oc

0 HOOC

noraoznthamine

1) Yamashita, D.; Murata, Y.; Hikage, N.; Takao, K.-I. ; Nakazaki, A.; Kobayashi, S. Angew. Chem. Int. Ed. 2009,
48, 1404.
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3. Asymmetric Total Synthesis of Norzoanthamine
(By Gao Group, 2021)



Professor Gao Shuanhu

1997-2001: B.S. Lanzhou University

2001-2006: Ph.D Lanzhou University (Superisor: Prof.
Yonggiang Tu)

2006-2010: Postdoctor Department of Biochemistry, UT
Southwesten Medical Center at Dallas

2010-present Professor, East China Normal University

Research Topic:

1) Bioactive natural products synthesis

2) Useful synthetic methodology

3) Medicinal chemistry and chemical biology



Retrosynthesis

N O

2 bis-aminal
(0] | >
(o)

hydrogen atom transfer

| %

Norzoanthamine

OH

OTIPS o OTIPS \/
radical 1 -
2 cyclizaiton \
Wna y:>TBSO \ 22 :> 22
O\ 2 TBSO 9 O
0—(
OEt
OEt

1) Zhengyuan Xin, Hui Wang, Haibing He, Xiaoli Zhao, and Shuanhu Gao. Angew. Chem. Int. Ed. 2021, 60,

DOI: 10.1002/anie.202102643. i



Decoration of C-ring Stereochemistry
X OTIPS

AIBN, (n-Bu);SnH, PhMe

10

(S)-(+)-carvone

Co
B ~ N,
o OTIPS  (h-Bu);Sn——H ot % H OTIPS

OTIPS
W X
TBSO H (o) 3 1BSO 22

1) Zhengyuan Xin, Hui Wang, Haibing He, Xiaoli Zhao, and Shuanhu Gao. Angew. Chem. Int. Ed. 2021, 60,
DOI: 10.1002/anie.202102643.
2) Ueno, Y.; Chino, K.; Watanabe, M.; Moriya, O.; Okawara, M. J. Am. Chem. Soc. 1982, 104, 5564.



Diastereoselective Installation of Side Chain

Me0—©—\ H
H O MgCl H

/R ACZO, NEt3
DMAP, DCM

TBSO R “MgCl TBSO —— TBSO
> y 65%, 2 steps
o H THF
OEt OEt
R—\: R
H - MgCl K - R
H o----" MgCl /@9
TBSO — H O—MgCl
— —_—
o H
OFt | favored _
_ R -
H —R R
CiMg, CIMgF E
o) H
TBSO — % CiMg—0 H
o H
OEt
- disfavored -

1) Zhengyuan Xin, Hui Wang, Haibing He, Xiaoli Zhao, and Shuanhu Gao. Angew. Chem. Int. Ed. 2021760,
DOI: 10.1002/anie.202102643.



Construction of B ring——Hydrogen Atom Transfer

OMe

Co(salen tBY BY) C| PhSiH,, acetone
then (nBu),NF, aq. NaOH

74%




Metal Hydride Hydrogen Atom Transfer Reaction

oxidant LnIV;H-Ot-Bu hydrogen source
ex. t-BuOOW ex. PhSiH,

I I .
LnM LnM -H Rj& R
\ i I 'Fyf H R H
LM e
HAT

R 2 H|
isome j/\/ %\R
/ H i escape radicalophile
ge radical pair
reentry 1 I R o H
LM . j/\/
H

rize
ca
LM-H + R 1Lcollapse

Il
Lol Il
L,M-H | hydrogenation
H
L B -
organometalic complex Rj)\/H

H

1) Sophia L. Shevick, Conner V. Wilson, Simona Kotesova, Dongyoung Kim, Patrick L. Holland,
Ryan A. Shenvi. Chem. Sci., 2020, 11,12401.



\,é'
TBSO OAc
0 _ M _
I ;; < R

OE

1
Cof(salen *Bu tBuy ¢y == m" PhSits H

solvent cage radical pair
Q cycI0|somer|zat|c7 \\\\ -
—N_ | /
. —2) B
c I |
71\ H y YW H WAL
t-Bu O ¢|0 t-Bu g R g
[
[ " o Ml "

t-Bu t-Bu M °

-  cage pair - -

1) Sophia L. Shevick, Conner V. Wilson, Simona Kotesova, Dongyoung Kim, Patrick L. Holland,
Ryan A. Shenvi. Chem. Sci., 2020, 11,12401.
2) Please refer to pendent slide

cage escape _



Stereoselectivity of Co-catalyzed
Hydrogen Atom Transfer reaction

i

L4
'O

H

OMe

OTBS

disfavored

*(n'BU)4N F
H
HO

OH

or

favored
+(n-Bu)4NF
H
HO
OH
OMe
[l
_Q;/&w
OMe

desired product



HAT Hydrogenation Raction

a) Na, liquid NH,

OAc
OH b) Ac,0, DMAP Mn(dpm);, PhSiH;
then aq. (CO,H), — t-BuOOH, j-PrOH
7. N | >
OM 68%, 2 steps H | H
e o h
- [ -
Mne H
Q:? H \ 3
o i R | ; H |HO H  gac
= LnMn -H -
[ _ -
LnMn -H 6) o)
H
tBu
I tBu o>=>—tBu
Ph(0i-Pr),SiH;.,3 LnMn o. Tn ({
- Mn
tBu ~\ tBu
oxidant
start from here |_n|\,|n"I tBu Mn(dpm);

1) Zhengyuan Xin, Hui Wang, Haibing He, Xiaoli Zhao, and Shuanhu Gao. Angew. Chem. Int. Ed. 2021, 60,

DOI: 10.1002/anie.202102643.
2) Steven W. M. Crossley, Carla Obradors, Ruben M. Martinea, Ryan A. Shenvi. Chem. Rev. 2016, 116,,8912.

3) Carla Obradors; Ruben M. Martinez; Ryan A. Shenvi. J. Am. Chem. Soc. 2016, 138, 4962.



Stereoselectivity of HAT reaction

H
OAc
a
(@)

H
b a
+ + OAc

chair transition state
H H
b
\ OAc OAc
AH
A W
OAc OH
OH

twisted boat transition state chair transition state

H
OH ||

1) Zhengyuan Xin, Hui Wang, Haibing He, Xiaoli Zhao, and Shuanhu Gao. Angew. Chem. Int. Ed. 2021, 60,
DOI: 10.1002/anie.202102643.



Stereoselectivity of HAT reaction

(0

Cc

OAc

OAc

1l
Ho H¥n

more stable carbon radical

OAc

H 0OAc

HO

trans-decalin

i M\.r.';“ \ OAc

OAc

- OH
less stable carbon center

Mnll

H OAc

OAc
OH
cis-decalin

1) Zhengyuan Xin, Hui Wang, Haibing He, Xiaoli Zhao, and Shuanhu Gao. Angew. Chem. Int. Ed. 2021, 60,

DOI: 10.1002/anie.202102643.
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Stereoselectivity of HAT reaction

) H-Mn
OAc
L
HO ¢
more stable carbon radical
OAc
— ¢\> Mn'"
H| H
OH H H
OAc
/|
OAc

HO

trans-decalin

OAc
1T

G

OAc

less stable carbon center

Oh/i
WOAC
H
H OAc

cis-decalin

1) Zhengyuan Xin, Hui Wang, Haibing He, Xiaoli Zhao, and Shuanhu Gao. Angew. Chem. Int. Ed. 2021, 60,

DOI: 10.1002/anie.202102643.

29



Total Synthesis of Norzoanthamine

1) (n-Bu)4NF

H . o .
side chain mst;llatlon 2) PCC, NaOAc
OAc o
t > 1o 50%, 2 steps g
HO ¢ steps 3) NaClO,, NaH,PO,
OAc OTIPS t-BuOH, THF, H,0

AcOH, H,0,100 °C|
Nast4
30%, 2 steps

IR

norzoanthamine

removal of
acetonide and Boc

BocN

(0

X

1) Zhengyuan Xin, Hui Wang, Haibing He, Xiaoli Zhao, and Shuanhu Gao. Angew. Chem. Int. Ed. 2021, 60,
DOI: 10.1002/anie.202102643.
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Summary

o)
Miyashita Group
2004, 41 steps
—_—
>

(R)-5-methylcyclohexenone

O Kobayashi Group
2009, 47 steps
—_—
>
o)

(-)-Hajos-Parrish ketone

4

Gao Group
2021, 36 steps
e

—
o)

(S)-(+)-carvone

Norzoanthamine



Appendix
High reaction dilutions favors cycloisomerized product

EtO,C
2PN NBn

EtO,C
NBn Bu. £-B
CoSalen(*BY: tBUBF, (10 mol%)
y B
n

Bn PhSiH3; (1 equiv)

concentration A
EtO,C
Concentration A:B NBn
100mM 1.2:1.0
10mM 0.34:1.0
1mM trace : 1.0
B

if isomerization and cycloisomerization took place exclusively from the primary geminate radical pair,
then the ration of isomerization to cycloisomerization would be constant; thus the cage escape reaction

of cycloisomerization could not be excluded.

1) Jeishla L. M. Matos; Samantha A. Green; Yuge Chun; Vuong Q. Dang; Russell G. Dushin; Paul Richardson;
Jason S. Chen; David W. Piotrpwski; Brian M. Paegel; Ryan A. Shenvi. Angew. Chem. Int. Ed. 2020, 59, 12998.



