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Spiroxins
OH O

Spiroxin A Spiroxin C Spiroxin D
Isolation? Total synthesis of spiroxin
from fungal strain LL-37H248 Imanishi®) (2003, (£)-Spiroxin C, 15 steps)
(1999, Dixon Bay in Canada) Suzuki® (2017, (-)-Spriroxin C, 20 steps)

Suzuki?) (2019, both enantiomers of Spiroxin A, 25 steps)

Biological activity Hu® (2021, (-)-Spiroxin A (14 steps), C (10 steps), D (11 steps))

antitumor and antibacterial activities
Synthetic study of spiroxin

Inoue® (2008)

Structural features
Carrico-Moinz”) (2011)

a unique naphthoquinone dimer structure
octacyclic ring structure

1) a) McDonald L. A.; Abbanat, D. R.; Barbieri, L. R.; Bernan, V. S.; Discafani, C. M.; Greenstein, M.; Janota, K; Korshalla, J. D.;
Lassota, P.; Tischler, M.; Carter, G. T. Tetrahedron Lett. 1999, 40, 2489. b) Wang, T.; Shirota, O.; Nakanishi, K.; Berova, N.;
McDonald, L. A.; Barbieri, L. R.; Carter, G. T. Can. J. Chem. 2001, 79, 1786. 2) Miyashita, K.; Sakai, T.; Imanishi, T. Org. Lett.
2003, 5, 2683. 3) Ando, Y.; Hanaki, A.; Sasaki,R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed. 2017, 56, 11460. 4) Ando, Y.;
Tanaka, D.; Sasaki, R.; Ohmori,K.; Suzuki, K. Angew. Chem. Int. Ed. 2019, 58, 12507. 5) Shu, X.; Chen, C.; Yu, T.; Yang, J.; Hu,
X. Angew. Chem. Int. Ed. 2021, 60, 18514. 6) Nabatame, K.; Hirama, M.; Inoue, M. Heterocycles 2008, 76, 1011. 7) Kwan, A.;
Stein, J.; Carrico-Moinz, D. Tetrahedron Lett. 2011, 52, 3426.
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2. Total synthesis of (*£)-Spiroxin C
(By Imanishi Group, 2003)



Retrosynthesis

OPiv O OPiv O
enone bromo O‘
formation etherification A
| | > MeO O
epoxidation 6
(¥)-Spiroxin C
oxidative
dearomatization
OMe OMe

OMe OMe
OMOM Suzuki-Miyaura
|I I couplmg OO
|

1) Miyashita, K.; Sakai, T.; Imanishi, T. Org. Lett. 2003, 5, 2683.



Preparation of Substrate

1. Tf20, i-PerEt
OMe OMe CH,Cl,, 0 °C, 80% OMe OMe
2. Pd(PPh;),

(Bpin),
KOAc, DMF OMe OMe
80-90 °C, 83%

r EE—
OH OMe B OMe n-BuyNF
0] (0 Pd(PPh;),
(4%mol)
1. BCl3, CH,Cl,, -78 °C % THF, reflux OMe
2. MOMCI, NaH, DMF — OR
0 °C, 57% (2 steps) 82%
Comins' reagent
THF, -78 °C, 95% 7
- —_—
conc. HCI- R =MOM
MeOH-THF
(1:4:4)
84% R=H
Cl
AN A/O\ /O\A
| JB—B B
< ~
NTSNT, /70 0T\

Comins' reagent (Bpin),

1) Miyashita, K.; Sakai, T.; Imanishi, T. Org. Lett. 2003, 5, 2683.



Construction of Spiroacetal Skeleton

OMe OMe OMe O

Phl(OCOCFs),
MeCN-THF-H,0
>

0°C

OMe
92 %
v G
2 N oxidative
| dearomatization
~
(0]
Br Br
t-BuOOH
Br Br DBU
CH,CI,, 0 °C 4 CH.Cl,
93% 66%
bromo
etherification

1. LiBr, DMF, 130 °C, 66% OPiv O
2. NaH, THF;

PivCl, 0 °C, 95%
3.1.2 M H,SO,-MeCN-THF
(4:3:1)
o
70% HO O
Piv = t-BuCO 6@

NaH, THF ; [ R=H
PivCl, 87%

1) Miyashita, K.; Sakai, T.; Imanishi, T. Org. Lett. 2003, 5, 2683. 9



Enone Formation and Epoxidation

1. NBS, AIBN
benzene, reflux
2. NaHCO3;, DMSO

>

- HBr

27%

t-BuOOH, DBU
CH,Cl,

-

59%

(¥)-Spiroxin C
(LLS: 15 steps)

1) Miyashita, K.; Sakai, T.; Imanishi, T. Org. Lett. 2003, 5, 2683. 10



Table of Contents

3.
3-1. Enantioselective total synthesis of (-)-Spiroxin C
(By Suzuki Group, 2017)



Retrosynthesis
OMe O OMe OH

oxidative OO

epoxidation

dearomatization
| > [ 0
enone
formation o
HO
Spiroxin C stereospecific
photoredox
reaction
OMe OMe OMe O

(0) OBn OMe OMe
nucleophilic
addltlon
+

oM Ho
: deh ydration OBn OH
OTBS Br OMe

TBSO TBSO

1) Ando, Y.; Hanaki, A.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2017, 56, 11460.
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Photoredox Reaction of Naphtoquinone

o B o .
—_— ey
n-mr*
excitation
“|| O “|| O
H | H _
OH
electron

transfer cychzatlon OO /\reduced
o o \0/ oxidized

(-)-spiroxin C

1) Ando, Y.; Matsumoto, T.; Suzuki, K. Synlett 2017, 28, 1040.
2) Ando, Y.; Hanaki, A.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2017, 56, 11460.



Stereoselectivity of Photoredox Reaction
OH O

OMe O OMe OH

hv
CH;CN
25 °C

:
S

v o 86% :

TBSO' TBSO :
(cis) (cis : trans = 98 : 2) '

OMe O OMe OH :

< ¥ SO

X 25 °C ]

: —_— = :

H o 81% 0 :

TBSO TBSO :
(trans) (cis :trans =3:97) .

1) Ando, Y.; Matsumoto, T.; Suzuki, K. Synlett 2017, 28, 1040.
2) Ando, Y.; Hanaki, A.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed. y
2017. 56. 11460.



Preparation of

OR H

Ru catalyst (1 mol%)
HCOOH, NEt;

’

89% (2 steps), >99%ee

O

O

R=H ] BnBr,
R = Bn K,CO;

1. LiIOH*H ,0, THF, H,0, 50 °C O OBn
2. TBSCI, imidazole, DMF
-
65%, 5 steps
OTBS

Substates

1. Ac,0, pyridine

DMAP, CH,ClI,
2. Ce'V(NH,),(NO;)g

CH;CN, H,0,0 °C 0 OBn
3. n-PryNRuV'"0,

NMO, MS4A, CH.CI,
>

O
>
(g]

—o< o

. \Np
Ru''-ClI
TsN” 'NH, (@j
)—\' o
Ph Ph

Ru catalyst NMO
[RuCl(p-cymene){(R,R)-Ts-DPEN}]

1) Ando, Y.; Hanaki, A.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.

2017, 56, 11460.



Preparation of Naphtoquinone

OMe OMe
0 OBn OMe OMe s-BuLi
LaCl;* 2LiCl ]
THF, Et20 SIOz, CHzclz
+ >
85% (2 steps)
6TBS Br OMe
TBSO"
OMe OMe OMe OMe OMe O
Ce'V(NH,),(NO3)g
H,, Pd/C H,O, CH;CN
THF, MeOH 0°C
y y o
OMe quant. (d.r.=14:1) H OMe H o
o ¢ v
TBSO" Q TBSO" Q HO' Q

1) Ando, Y.; Hanaki, A.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2017, 56, 11460.



Photoredox Reaction

OMe O

Xenon lamp
(> 380 nm)
CH;CN
Ho o -
‘ OH 25 °C,1h

retention
65% 5%

1) Ando, Y.; Hanaki, A.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2017, 56, 11460.
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Stereoselectivity of Photoredox Reaction

OMe O OMe OH
OMe OMe O@
O‘ 1,5-HAT i SET i cyclization OO
> —> —
H O fast ® 0H|.c|) fast o
‘ OH O ‘ OH
RN HO HO o
o~ H ; o~
. . retention
rotatloni T slow rotatloni T slow 65%
OMe OH
OMe q OMe o@

cyclization

fast

5%

1) Ando, Y.; Hanaki, A.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2017, 56, 11460.



Construction of Spiroacetal Skeleton

OMe OH OMe O OMe O

Phi(OCOCF3), Dess-Martin
EtOAc periodinane
0 OC, 5 min CH2C|2
> "‘
86% quant. O O
oxidative '
dearomatization
0]
OMe O X OMe O
Ito-Saegusa :
oxidation, ,
IBX oxidation Z X aromatization
HK—> oo o)
o~ o
© Q : TMSO Q

1) Ando, Y.; Hanaki, A.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2017, 56, 11460.



Construction of Spiroacetal Skeleton

OMe OH OMe O

Dess-Martin
periodinane

PhlI(OCOCF;),
EtOAc

0 °C, 5 min CH,ClI,
y y
86% quant.
oxidative
dearomatization
t-BuOOH,
CN
)\\
N N
H
CH,CI, - t-BuO@
>

1) Ando, Y.; Hanaki, A.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2017, 56, 11460.
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Enone Formation and Epoxidation

t-BuOOH,
N
1. TMSOTf, NEt, )\\
CH2C|2 N N
O 2.Pd(OAc),, CaCO, H
CH;CN CH,CI,
63% (2 steps) 95%

1. BBr3, CH2C|2
-78 °C
2. K,CO5, MeOH

55% (2 steps)

(-)-spiroxin C
(LLS: 20 steps)

1) Ando, Y.; Hanaki, A.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2017, 56, 11460.
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3-2. Enantioselective total synthesis of both enantiomers
of Spiroxin A (By Suzuki Group, 2019)



Substrate Design for Total Synthesis of Spiroxin A
1. Previous study (Spiroxin C)

OMe O OMe O

Phi(OCOCF;),

O‘ external

hv oxidant

ey ey

HO  retention
CH

HO" Q HO' HO'

2. This study (Spiroxin A)
OMe O OMe OH OMe O OH O

Cl Ci
O‘ hv

—
HO retention
(@)

0 Q o
0

1) Ando, Y.; Hanaki, A.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed. 2017, 56, 11460.
2) Ando, Y.; Tanaka, D.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed. 2019, 58, 12507.

internal oxidant HO HO (.)-spiroxin A
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Nucleophilic Addition

OBn OMe
OBn OMe
n-BuLi, THF, Et,0;
CeC|3, THF SiOz,CH2C|2
nucleophilic
OTBS addition
7 steps from 4 steps from IBSO"

commercial material commercial material

OBn OMe

OMe
PivClI
H,, Pd/C (1.05 eq)
THF, MeOH DBU, THF
>
oM 75% H OMe 95%,
OBn (3 steps, d.r.=14:1) OH
TBSO TBSO TBSO"

1) Ando, Y.; Tanaka, D.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2019, 58, 12507.



Preparation of Internal Oxidant

OH OMe OH OMe MOMO OMe
Palau' Chlor™
(1.04 eq.)
toluene
ey
90%
TBSO
MOMO MOMO

salcomine

cl
o) \IN o
MeO)LN)\NJI\OMe
H H

Palau' Chlor™

LiOH
n- BU4N HSO4
THF, H,0; salcomlne
HF =pyridine (1.00eq.)
pyrldlne DMF
H OMe H OMe
88% (3 steps) OH 77%
oxidation

1) Ando, Y.; Tanaka, D.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2019, 58, 12507.



Construction of Spiroacetal Skeleton

MOMO MOMO MOMO
v
Ce™(NH,)2(NO3)e Dess-Martin
CH;CN, H,0 periodinane
-25 °C, 10 m|n CH2CI2
H OMe H 0 work up H O
pH 7phosphate
buffer;
extraction
— N MOMO O
Xenon lamp Cl
(> 380 nm)
CH;CN
25 °C, 20 min
>
o 54-61%
(3 steps)
HO 38-65%ee
(R)-A
1) Ando, Y.; Tanaka, D.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed. 2019,
58, 12507. 26

2)S. Chi. C. H. Heathcock. Ora. Lett. 1999. 1. 3.



Loss of Chirality

MOMO MOMO 0] MOMO
Iv Cl
Ce™(NH,)2(NO3)e Dess-Martin
CH3;CN, H,0 periodinane
-25 °C, 10 min CH2CI2
-
H OMe H O
' 0) acidic proton
e
O racemlzatlon during
work up of Dess-Martin oxidation?
B ] MOMO O
Xenon lamp Cl
(> 380 nm)
CH5;CN
25 °C, 20 min

54-61%
(3 steps)
HO 38-65%ee

(R)-A

1) Ando, Y.; Tanaka, D.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2019, 58, 12507. 2



One-pot Protocol

MOMO OMe MOMO (o)
one-pot
Ce'V(NH,),(NO3)s ClI

Dess-Martin
CH;CN, H,0 periodinate
-25 °C, 10 min CH,CI,, 0 °C;

y H y
O Xenon lamp
o (> 380 nm)
A CH,;CN
HO 0 °C, 20 min

99% ee

(R)-A

1) Ando, Y.; Tanaka, D.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2019, 58, 12507.
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Deuterium Experiment

MOMO O MOMO o

Cl
H > not detected not detected
(0
o) 25 °C, 13h
O in the dark MOMO (0

(S)-A
36%, 89%ee

HO

1) Ando, Y.; Tanaka, D.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2019, 58, 12507. »



Optimization of Reaction Conditions
OR O OR O

conditions
in the dark, rt

>
deprotonation

(S)-A

solvent additive t(h) yield(%) ee(%)

:  MeOH : 22 19 82 . A

. ' | _

' CH,CN AcOH 30 51 90 ; N

! CH,CN tBuCO,H 90 59 o7 '+ 26-lutidine
CH;CN 2,6-lutidine 2.5 63 99

1) Ando, Y.; Tanaka, D.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2019, 58, 12507. 30



Rationale for Enantioselectivity

G¥= +20 keal/mol H o

4
- ox_ >
— oxX— =0
OR
10
kp

98 : 2

ZG% = +2.3 kcal/mol
ka << kb

/7
77>

0 o //
6 </

"
o= > OR ;
HO—~C— =0 G™= +38 kcal/mol
l cit (M)-B
"
o= s> OR
HO— -0 (R)-A
Cl retention

Calculations were conducted at the wB97X-D/6-311G(d) level of theory.

1) Ando, Y.; Tanaka, D.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed. 2019, 58, 12507.



Synthesis of Bisepoxide

1. MOMC', C52C03

DMF, 78%
N
Cl (\)\\/j 1. TMSOTY, NEt;
N N CH,CI,
H 2. Pd(OAc),, CaCO3
CH,CI,, 98% CH,CN

-
80% (2 steps)

(o ]

o
HO (R)-A
MOMO 0 t-BuOOH,
’ C1 O
0
N
N)\N
. H
OO CH,Cl,,
>
87%
o)
MOMO

1) Ando, Y.; Tanaka, D.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2019, 58, 12507.



Synthesis of Both Enantiomers of Spiroxin A

OH O
Cl
TfOH, Et,S, o
CH;CN,
> (o)
80%
0] (-)-spiroxin A
(LLS: 25 steps)
HO
OH O
(o]
'::O
6 steps
o 0

(+)-spiroxin A
(LLS: 25 steps)

1) Ando, Y.; Tanaka, D.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2019, 58, 12507.



Summary of Suzuki’s Synthesis

4 )
OH o OBn OBn OMe
7 steps
—— - 2
Noyori asymmetric -
hydrogenation :
o) OTBS Br OMe
G J
11 steps
OMe O
(o]
2,6-lutidine O‘
CH;CN xenon lamp
in the dark; (> 380 nm);

B — ' Ho0 —_—

6 steps 6 steps
a®

O internal

(+)-spiroxin A oxidant (-)-spiroxin A

1) Ando, Y.; Tanaka, D.; Sasaki, R.; Ohmori, K.; Suzuki, K. Angew. Chem. Int. Ed.
2019, 58, 12507.
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4. Enantioselective total synthesis of (-)-Spiroxin A, C, and D
(By Hu Group, 2021)



Retrosynthesis

(-)-spiroxin D o (-)-spiroxin C

OBn OMe

oxidative spiroacetal
O O dearomatization formation
: OBn OMe
Li OMe Nucleophilic 2
asymmetric addition
epox:datlon + N

: o) oHOMe

o) OR
(¢
0 {——o
RO
o) OR

1) Shu, X.; Chen, C.; Yu, T.; Yang, J.; Hu, X. Angew. Chem. Int. Ed. 2021, 60, 18514.
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Preparation of Substrates

Br
o OH OMBn
C1-C5 (5 mol%)
( MBnBr) NaClO, CH,CI,
3 O
Ag-0, MeCN
90%
o
7
OMe O OMe
N@
~ '""OH Ar
| H |
NS NS
|
e e o
Ar = OOO C-4: R = allyl (90%, -40% ee)
MeO OMe C-5: R = benzyl (91%, -44% ee)
e
NO,
(68%, 42%ee) (87%, 45%ee) (96%, 80%ee) > >99%ee
C-1 C-2 C-3 recrystalization

1) Shu, X.; Chen, C.; Yu, T.; Yang, J.; Hu, X. Angew. Chem. Int. Ed. 2021, 60, 18514.



Construction of Spiroacetal Skeleton
1. BnBr, Ag',0, MeCN

OH (o) 2. N32$204, Et20, OBn OMe
NaH, Mel, DMF
30%, (3 steps) 1. n-BulL.i, toluene;
(@) Br OMe 2. Pd/C HCOzNH4,
MeOH
1. (CH3)4NBH(OAC);
QO  OMBn " 11F MeCN, AcOH OMBn 790, (2 steps) onOMe
2. TBSCI, imidazole OH
CH,CI,
(0) >
70%, (2 steps) N TBSO
lo) H OTBS

Ag'o
85% H3P04 aq
MeCN

*
*
g
L

' O 0

60%
TBSO

1) Shu, X.; Chen, C.; Yu, T.; Yang, J.; Hu, X. Angew. Chem. Int. Ed. 2021, 60, 18514. 3¢



Total Synthesis of Spiroxins C and D

1. n-BuyNF, THF
OH O 2. Dess-Martin
-periodinane
NaHCO,;, CH,Cl,
3. t-BuOOH, DBU

CH,CI, THF

-

43%, 3 steps 54%

(-)-spiroxin C (-)-spiroxin D
(LLS: 10 steps) (LLS: 11 steps)

1) Shu, X.; Chen, C.; Yu, T.; Yang, J.; Hu, X. Angew. Chem. Int. Ed. 2021, 60, 18514.



Preparation of Oxime Ether

. n-BuyNF, THF

. Dess-Martin
-periodinane
NaHCO3, CH2C|2

. -BuOOH, DBU
CH,CI,

>
43%, 3 steps

(-)-spiroxin C
(LLS: 10 steps)

MeONH,*HCI
pyridine, MeOH

67%

1) Shu, X.; Chen, C.; Yu, T.; Yang, J.; Hu, X. Angew. Chem. Int. Ed. 2021, 60, 18514.



Oxime-Directed C-H Oxidation

Pd(OAc),
K2S,0g

AcOH/Ac,0

-

62%

OH O
Cl
K,COs, MeOH; o
H,SO,4, HCHO
acetone 0
>

85%

(-)-spiroxin A
HO (LLS: 14 steps)

1) Shu, X.; Chen, C.; Yu, T.; Yang, J.; Hu, X. Angew. Chem. Int. Ed. 2021, 60, 18514.



Summary

Suzuki Hu OH OMe
[ f 2
o) OR OR OMe o OR
D | e o
—> 0 OMe
> OH
: OH
OTBS Br OMe OTBS
Noyori asymmetric asymmetric Q
hydrogenation epoxidation TBSO
/ J
oxidative spiroacetal
dearomatization formation
MOMO Y o
photoredox
Cl reaction c
or
dark reaction
H o > O
o both
enantiomer
2~
o
Suzuki T Re T e
*synthesis of both enantiomers of spiroxin A *divergent synthesis of spiroxins
from common intermediate "Use of starting materials having epoxide 42

*application of an unique photoredox reaction



