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1. Ginkgolide

Isolation

from the leaves and root bark of the Ginkgo biloba tree
Ginkgolides A, B, C, M (isolated in 1932"), elucidated in 19672)
Ginkgolide J (1987)3

Biological activity
strong antagonists to PAFR%

Total synthesis of Ginkgolide

Corey (1988, (£)-Ginkgolide A, B)%) 6
Crimmins (2000, (£)-Ginkgolide B)"

(see also 150206_LS_Kosuke_Minagawa)
Barriault (2022,(%)-Ginkgolide A, B, C)®

Ginkgolide A: R'=0H,R?=R3=H

Ginkgolide B : R' = OH, RZ=0OH, R3®=H

Ginkgolide C : R' = OH, R2=0H, R3=OH

Ginkgolide M : R' = OH, R?=H, R®=OH Structural features

Ginkgolide J : R = H, RZ=0OH, R3®=OH six 5-membered rings, three lactones,
four quarternary carbons, t-butyl group

1) Furukawa, S. Sci. Pap. Inst. Phys. Chem. Res. 1932, 19, 27.

2) (a) Maruyama, M.; Terahara, A.; ltagaki, Y.; Nakanishi, K. Tetrahedron Left. 1967, 8, 299. (b) Maruyama, M.; Terahara, A.; Itagaki, Y.; Nakanishi, K.
Tetrahedron Lett. 1967, 8, 303. (c) Maruyama, M.; Terahara, A.; Nakadaira, Y.; Woods, M. C.; Nakanishi, K. Tetrahedron Lett. 1967, 8, 309. (d)
Maruyama, M.; Terahara, A.; Nakadaira, Y.; Woods, M. C.; Takagi, Y.; Nakanishi, K. Tefrahedron Lett. 1967, 8, 315. (e) Woods, M. C.; Miura, |.;
Nakadaira, Y.; Terahara, A.; Maruyama, M.; Nakanishi, K. Tefrahedron Lett. 1967, 8, 321.

3) Weinges, K.; Hepp, M.; Jaggy, H. Liebigs Ann. Chem. 1987, 1987, 521.

4) Liu, Y.; Shields, L. B. E.; Gao, Z.; Wang, Y.; Zhang, Y. P.; Chu, T.; Zhu, Q.; Shields, C. B.; Cai, J. Mol. Neurobiol. 2017, 54, 5563.

5) Corey, E. J.; Kang, M.-C_; Desai, M. C.; Ghosh, A. K.; Houpis, I. N. J. Am. Chem. Soc. 1988, 110, 649.

6) Corey, E. J.; Ghosh, A. K. Tetrahedron Lett. 1988, 29, 3205.

7) Crimmins, M. T.; Pace, J. M.; Nantermet, P. G.; Kim-Meade, A. S.; Thomas, J. B.; Watterson, S. H.; Wagman, A. S. J. Am. Chem. Soc. 2000, 122,
8453.

8) Hebert, M.; Bellavance, G.; Barriault, L. J. Am. Chem. Soc. 2022, 144, 17792.
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2. Total Syntheses of Ginkgolide A and B
(By Corey Group, 1988)



Ginkgolide A: R=H

Ginkgolide B : R = OH

OMe
TfO

@c’

Retrosynthetic Analysis
Li

_ t-Bu OMe
C-ring

construction

E-ring
construction

Baeyer-Villiger
oxidation;

o) a-hydroxylation
)3/ A
o) N
Ph ~S0,Ph
Pd(PPh3),
n-PrNH,, Cul
: OMe [2+2]
S(:;r:)c:iallisnr;ra cycloaddition

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, |. N. J. Am. Chem. Soc. 1988, 110, 649. 7



Y

N

t-BuLi, CuCN
Et,O
-78 °C to —45 °C; OMe (C_H20 source)
TMSCI, Et;N TMSO TiCl,, CH,CI,
-45 °C to -10 °C -78 °C to —45 °C;
' OMe -
93% ‘1, Mukaiyama
aldol reaction
racemic
@/H /\
HO MeOs /Me

o%m N
"G

Construction of B, F-ring

(o)
OMe

e

1,3-allylic stra
OMe

N4
H

0
[
0 _O

OH
—O
= NN\./

llll 6

benzene; N z»OMe
>

in

6N HCI, 0 °C

hydrolysis

.
70%

isomerization

Me

®

H
e
H TiCly

steric hindrance

>
65%
(dratC11=2:1)

OMe

(0)
OMe

MeOH
0°Cto23°C

>

(0

OMe
F 1?““

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, |. N. J. Am. Chem. Soc. 1988, 110, 649.



Formation of Carboxylic Acid

Pd(PPhj),
benzene, 16 °C;
LiN(i-Pr),
(MeOCH,),
-78 °C to 0 °C;
(0) PhNTf,

7"“0“"9 0 °C to 23 °c TfO 7‘\“0""‘* n-PrNH,, Cul, 16|°|C
Y i > \\ (@)

, 80% , 76-84% ),,,'
il "' . ‘7, OMG

Sonogashira
Coupling

l"'

H AcOH;
Cy,B ;
vz 0 H,0,, pH=10; H

Cy,BH, THF — 1N HCI, pH=3; -
0 °C to 23 °C; OMe pH=11; pH=3 )M
. ‘, OMe

) 70%
=)

""

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, I. N. J. Am. Chem. Soc. 1988, 110, 649.



[2+2] Cycloaddition

(COCI),, benzene; o

(@)
—_ n-BusN, toluene
“, )“" OMe reflux 0,, S

"y, o 'y,
HO 6 A A\ \ 6
(o] {yo :Nn-Bu,

1™
OR

°
1)1
1 !
1 !
]

— n2s (alkene) + 2, (ketene)
steric repulsion

highly ring strain

Al
;éH\

|
0

T

1
v
\ ¥

— (0
v, S
LJ/ Yy, 6
IA

5,4-cis (single product)
71-87%

5,4-trans (not obtained)

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, |. N. J. Am. Chem. Soc. 1988, 110, 649.

10



steric repulsion

Baeyer-Villiger Oxidation

Ph;COOH
acetone/NaOH
-30 °C

o

more
0\ accessible

S)
0 V\X& g

@ ¢
N ,'
& .

.-

Ph;C_

Ph3;C

(o)

& =

' H

== i ~ &
86%

rearrangement

—_ single product

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, I. N. J. Am. Chem. Soc. 1988, 110, 649. 11



Attempted E-ring Formation

NaN(TMS),
THF, =50 °C;
\N\ S MeOH
Ph” SO,Ph O SO,H O
Davis’ oxaziridine CSA @

-50°Cto0° 0 MeOH o)
> QJ _ > Qo A\

from less , 73%
hindered face "'6 ""6

o) Pb(OAc),, 1, O O}
pyridine, (CH,ClI),
o) sunlamp, 5°C O (0
O I} > 0 I} O 1
> Q, '"OMe X '"OMe Q, '"OMe
75% ', ", ',
from less
hindered face

undesired desired
obtained NOT obtained

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, I. N. J. Am. Chem. Soc. 1988, 110, 649.



Rationale for Regioselectivity

0 Pb(OACc),, |, o] g\
OH pyridine, (CH,ClI), —

(o) sunlamp, 5°
O , o
Q, '"OMe X

""

""

Pb(IV)  Pb(lll)

OH o
0 \ - Q’ o
"loMe \ "'OMG
obtained
(o)
OH (0]
(o) (o)
---------- - \\E) "y
":OMe 'OMe

1y, Ta,

not obtained
(desired)

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, I. N. J. Am. Chem. Soc. 1988, 110, 649.



Alternative Route of E-ring Formation (1)

H

H
0'2 T|C|4, CHzclz
0°Cto23°C

PDC

MS 3A, AcOH
CH,Cl,, 0 °C

-

75%

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, I. N. J. Am. Chem. Soc. 1988, 110, 649.



Alternative Route of E-ring Formation (2)

HIO,

HOMe
MeOH/CH,cl, O, H.{® M.
H,0 (cat.)
-30 °C to 23 °C; CSA, MieOH
P QN o
cleavage of
dithioacetal

MeO
(0]
» [0 1
80% Q, "OMe

l"'

single stereoisomer at C11
from less hindered face 'ng !

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, |. N. J. Am. Chem. Soc. 1988, 110, 649. 15



Alternative Route of E-ring Formation (3)

LiNEt, H

O -25°Cto0°C; O I® Me o -
MeQ Davis’ oxaziridine OHQ \, OH
Q Q 0°C; CSA, CH,Cl,
o , » (. O
NS ‘"OMe Q, ‘"*OMe NS ‘"*OMe

MeO ]
(o) |||H

o)
> |
» [ O
Q' “'OMe + wg
'u, :.,' 0 ,,"é

-
75%

inversion of C11
stereochemistry

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, I. N. J. Am. Chem. Soc. 1988, 110, 649.



Enone Formation of A-ring

B Zn, AcOH;
PDC, CH,Cl,

.+OMe

0 -

N NS~ ., ~ DBU,H0
DBU o” O benzene
MeOH;
C 50% (overall) PDC, CH,Cl,

A:B:C=6:3:1

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, I. N. J. Am. Chem. Soc. 1988, 110, 649.



Stereoselective Aldol Reaction (1)

from less
hindered face o /OCPh3
H o) Ph;COOH
.wOMe PPTS, pyridine : BnMe;NOi-Pr
PhCI, 135 °C electronrich "3y 10 °c
(o) O y -

nucleophilic
epoxidation

o,\/ K 80%
(o)

PPTS

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, |. N. J. Am. Chem. Soc. 1988, 110, 649. 18



Stereoselective Aldol Reaction (2)

LiN(i-Pr),

+ only Z-enolate

®
Oe (Li)
Ot-Bu
conditions
-
conditions desired undesired
THF . -
-78 °C minor major
THF/HMPA = 4/1 60% calc. 7%

-78 °C to =30 °C

1) Corey, E. J.; Kang, M.-C;

Desai, M. C.; Ghosh, A. K; Houpis, I. N. J. Am. Chem. Soc. 1988, 110, 649.



Stereoselective Aldol Reaction (3)

condition : THF, =78 °C

A

minor

The number of oxygen atoms which can
coordinate with Li* is different.

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, I. N. J. Am. Chem. Soc. 1988, 110, 649.



Stereoselective Aldol reaction (4)
condition : THF/HMPA = 4/1, =78 °C to =30 °C

o o@ t-Bu

|
REA o)
~ e \)\ O 0 p :~ "
(o) Ot-Bu j

0.
0/\/

O calc.7%
-€

—  from a face /

(o)

from B face

I 60%

. C13-epi was
t-Bu not obtained.

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, I. N. J. Am. Chem. Soc. 1988, 110, 649.



Stereoselective Dihydroxylation

TBSOTf
2,6-lutidi
CSA, CH,Cl, MoCN
82% > 89%
OsOy,, pyridine;
-
- >
OsO, reacts from
(0 )¢ less hindered B face

N

l P/
N
2,6-lutidine

1) Corey, E. J.; Kang, M.-C.; Desai, I\7| C.; Ghosh, A. K.; Houpis, I. N. J. Am. Chem. Soc. 1988, 110, 649.



Total synthesis of Ginkgolide B

>

40%

BF3°Et,0
CH,Cl,

89%

(*)-Ginkgolide B

1) Corey, E. J.; Kang, M.-C.; Desai, M. C.; Ghosh, A. K.; Houpis, I. N. J. Am. Chem. Soc. 1988, 110, 649.



Total synthesis of Ginkgolide A (1)

toluene, pyridine
45 °C, 84%
2. n-Bu3SnH, dioxane

0304
reflux, 90%

pyridine, 60 °C;
.

-

:

l,, CaCO5
MeOH, H,0

o

48%

1) Corey, E. J.; Ghosh, A. K. Tetrahedron Lett. 1988, 29, 3205.



Total synthesis of Ginkgolide A (2)

(PhSe0),0
pyridine, PhCI
80 °C;

NaBH,, EtOH
-45 °C

o
61%

o I< reduction from
less hindered a face

(¥)-Ginkgolide A

1) Corey, E. J.; Ghosh, A. K. Tetrahedron Lett. 1988, 29, 3205.
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Retrosynthetic Analysis of Ginkgolide C
e

t-Bu

C-ring
Construction

D-ring
Construction

—

S)
t-Bu ;
Davis’ oxaziridine

Olefin Metathesis; OTBS OMe
Sonogashira E, F-ring
coupling Construction

RO*"'
— NZ
—Ph

Pd(PPh3),Cl, Ph Ph
CUI, Et3N

~C02M9

-
-
-
-

1) Hebert, M.; Bellavance, G.; Barriault, L. J. Am. Chem. Soc. 2022, 144, 17792. 27



Claisen Rearrangement and B-ring Construction

N
CH(OMe); Me0,C”~ X" OH
| Amberlyst 15 EtCO,H
MeOH, reflux; | 85 °C to 150 °C;
y y
(o) MeO OMe
OMe

I o i
= a\ZQT ~ 7%
| ]

o)

racemic

Grubbs 2nd
CH,CI,, reflux
o

78% 3 steps

Uu=—
Cl” | —\

Grubbs 2nd

1) Hebert, M.; Bellavance, G.; Barriault, L. J. Am. Chem. Soc. 2022, 144, 17792.



E-ring Construction (1)

DBU LiN(TMS),
' CO M toluene CO M PhNsz, THF
y  oooeve 80 °C 2'ie -45 °C
y y
0 99% 0 96%
oY
Eo Oj
(o) (@)
— 18-Crown-6
— Pnh KN(TMS),, THF PTBS
PdéPII’rE)Z'\?IZ ~78 °C:;
ul, t3
60 OC I/\/OTBS
y y
99% 93%

dratC9=>20:1

from less
hindered a face

1) Hebert, M.; Bellavance, G.; Barriault, L. J. Am. Chem. Soc. 2022, 144, 17792. 29



E-ring Construction (2)

©
OTBS OH
mCPBA / K
0°Ctort OMe 145 °C o
- — NZ
51% o:) 44% y/ 7
from B face
Ph
Ph from a face A
B OTBS| OTBS
Qz o
// 20, Et3N
DMAP (cat)
CH,CI,
Ph 0 °C to rt;
MeOH; n-BuyNF
65 °C, 78%

mCPBA O

DMAP

30

1) Hebert, M.; Bellavance, G.; Barriault, L.

J. Am. Chem. Soc. 2022, 144, 17792.



F-ring Construction under Acidic Condition

1. Dess-Martin periodinane
CH2C|2, 0°Cto rt;

OH " cH(OMe); Amberlyst 15 OMe
CH,CI,/MeOH, 65 °C, 75%
2. DIBAL-H, THF ., OMe

¥ 90%, dr at C10 = 5 :1 ¥

/) N/

ACZO, Et3N X“Y
DMAP (cat) \
THF s lo)
0°Ctort,96% AcO
- \Q/
intermediate A: X=H, Y = OMe (37%) //

intermediate B : X = OMe, Y = H (59%) PH

anhydrous HCI

THF, 0 °C to rt;

o

OAc
AcO
N\ oAc
\
0

(0

Dess-Martin
periodinane

1) Hebert, M.; Bellavance, G.; Barriault, L. J. Am. Chem. Soc. 2022, 144, 17792.




Introduction of #-Bu Group

SeO,, dioxane

H 110 °C; H H
“\OMG Dess-Martin “\OMe “\OMe
periodinane
AcO**' O dioxane{’CHZCIz AcO**' o AcO**' O
W 60 °C - ~0= —0—
1 8% 1 1
Ph intermediate A Ph C Ph D
t-BuLi, CuCN ]
THE _ from less hindered a face _
-78 °C to —45 °C;
C,-78 °C; n-Bu,NF
TMSI, =78 °C; -78 °Ctort
' '
81%
LiBH,, THF
0 OC tO rt; ‘|\ O
> HO
stereoselective
reduction

deacetylation
Ph

1) Hebert, M.; Bellavance, G.; Barriault, L. J. Am. Chem. Soc. 2022, 144, 17792.



Formal Synthems of Gmkgollde A B

o THF/MeOH/H,0
85 °C

03, CH,Cl,
-78 °C;
Me,S IBX, MPO
-78 °C to rt DMSO, 75 °C
y
91% 41%

Common intermediate
of Corey’s syntheses

known steps

@

O V
I
% - N@—OMe
(£)-Ginkgolide B (R = OH, 6 steps from intermediate)

(¥)-Ginkgolide A (R = H, 10 steps from intermediate) IBX O
1) Hebert, M.; Bellavance, G.; Barriault, L. J. Am. Chem. Soc. 2022, 144, 17792.




Attempted a-Hydroxylation

SeOz
dioxane, 110 °C;
OMe Dess-Martin OMe

.wH periodinane .H _
dioxane/CH,Cl, t-BuLi, CuCN;
' ° " TMSI, THF;
AcO* ° 0T o Ao 0 _
N7 N
// 85% //
Ph Ph

intermediate B

Ginkgolide C

1) Hebert, M.; Bellavance, G.; Barriault, L. J. Am. Chem. Soc. 2022, 144, 17792.



Modification of Phenyl Acetylene Group

OMe t-BuLi, CuCN OMe
H THF
' -78 °C to -45 °C;

o TMSI, -78 °C; o NaOH
AcO n-Bu,NF  AcO THF/MeOH/H,0
\Z 78 °C to rt; 75 °C
/
// // O - // >
Ph Ph
OMe B
wH KN(TMS),, -78 °C;
Davis’ oxaziridine
5-endo-dig O THF, =78 °C to rt
> 0., >
80% [N 9
(o] ©
B Ph
OMe

MOMBTr, n-BuyNI
i-Per Et, CH2C|2

1) Hebert, M.; Bellavance, G.; Barriault, L. J. Am. Chem. Soc. 2022, 144, 17792.



Oxidative Fragmentation and D-ring Construction
OM

ﬁ RuCl;*XH,0 (cat)

NaI04

O CCly/MeCN/H,0

q BZO“‘

Y =73% I<
X =18% O
~
- Ru¥'0,(OH MOM
i 2(OH), y -«

CH,Cl, | 91%
60 °C
X

1) Hebert, M.; Bellavance, G.; Barriault, L. J. Am. Chem. Soc. 2022, 144, 17792. 36



Dehydroxylation

OMe
NaBH,

THF/H,0

stereoselective

reduction
NaOH
THF/H,O/acetone AcOH
50 °C; O°Ctort (s
- > HO
83%
- BzOe

condensation

1) Hebert, M.; Bellavance, G.; Barriault, L. J. Am. Chem. Soc. 2022, 144, 17792.



C-ring Formation (1)

1. IBX, MPO, DMSO, 75 °C, 31%

>

1. Dess-Martin periodinane
CH,Cl,, 0 °C tort
2. PhSeCl, HCI, EtOAc/THF
3. H,0O,, pyridine/H,O0
(75% over 3 steps)

PPTS, pyridine
PhCI, Ac,0O
135 °C

(0

o~.,
0/\|/ ‘ 66%
OH

oy

O o

(@)
o

1) Hebert, M.; Bellavance, G.; Barriault, L. J. Am. Chem. Soc. 2022, 144, 17792. 38



C-ring Formation (2)

Ph;COOH
DBU, CH,Cl,
-25°C

Corey’s intermediate

difference : existence of OAc group
stereoselectivity : explained by the same reasons
EtCOzt-BU @
LiN(i-Pr), A
THF/HMPA = 4/1 H(;\ /QSA

H
\
o)

®

~78 °C to -30 °C CSA, CH,Cl,
» » \““ 0
59% o
d <
OAc
>
89%

OAc I<

39

1) Hebert, M.; Bellavance, G.; Barriault, L. J. Am. Chem. Soc. 2022, 144, 17792.



Total Synthesis of Ginkgolide C

5YE
DMDO Br,, NaOAc
Acetone/H,0 AcOH/H,0
' '
from less
hindered B face
o
57% over 2 steps
oxidation
K,CO3
MeOH
>

I< 95%
OAc

(£)-Ginkgolide C

1) Hebert, M.; Bellavance, G.; Barriault, L. J. Am. Chem. Soc. 2022, 144, 17792.
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Summary

Corey’s work

Ginkgolide A: R=H
Ginkgolide B : R = OH

Barriault’s work

OMe

Ginkgolide C



Appendix



Conversion of Ginkgolide B to Ginkgolide A

KH, THF;
CS,
Cl, i-ProNEt 23 °C to 45 °C;
MeCN BnBr
y y
89% 71%
(¥)-Ginkgolide B
1. n-Bu3SnH
SBn dioxane
reflux, 71%
2. BF3°Et,0
PhSH, CH,CI,
-10 °C
y

(+)-Ginkgolide A

1) Corey, E. J.; Ghosh, A. K. Tetrahedron Lett. 1988, 29, 3205.



Mechanism of Enone Formation

(o)
0@
‘v’OH
— |
,\\“
>\/00

- IBA (I"), MPO

OMe



Stereoselectivity of aldol reaction
(proposed by Nakamura-san)

condition : THF, =78 °C  in the presense of Li*...

These chelations should be easily formed.

—induce aldol reaction from back side [~ t-BuO o -
O~§‘ I
.
.'/b \
B 7] HO
o |7
—_— I_ /
' O-\jLI
v/ ,0t-Bu

This chelation is thought to be difficult
because the direction of lone pairs of
E-ring oxygen is not proper to this chelation.



