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® nNative
® Introduced

Hypericum perforatum
(St. John’s wort)

Bystrov, N. S.; Chernov, B. K.; Dobrynin, V. N.; Kolosov, M. N. Tetrahedron Lett. 1975, 16, 2791.
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® nNative
® Introduced

Hypericum perforatum

AP (St. John’s wort)

® Isolated from Hypericum perforatum in 1971

® Responsible for the anti-depressant activity of the herb

® Selectively activate TRPC6 (classical transient receptor potential protein)
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® Responsible for the anti-depressant activity of the herb

® Selectively activate TRPC6 (classical transient receptor potential protein)
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. Hypericum perforatum
ARl (St. John’s wort)
® Isolated from Hypericum perforatum in 1971 ® Structure disclosed in 1975
® Responsible for the anti-depressant activity of the herb ® Highly oxidized bicyclo[3.3.1]Jnonane core
® Selectively activate TRPC6 (classical transient receptor potential protein) ® Polyprenylated side chains

® Anti-bacterial activity against MRSA
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AREmern (St. John’s wort)

® Isolated from Hypericum perforatum in 1971 ® Structure disclosed in 1975

® Responsible for the anti-depressant activity of the herb ® Highly oxidized bicyclo[3.3.1]Jnonane core

® Selectively activate TRPC6 (classical transient receptor potential protein) ® Polyprenylated side chains

® Anti-bacterial activity against MRSA ® Polycyclic Polyprenylated Acylphloroglucinols (PPAPs)
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Ciochina, R.; Grossman, R. B. Chem. Rev. 2006, 106, 3963.
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OH OH O
HO OH HO OH
Phloroglucinol Acylphloroglucinol

Hypericum perforatum
(St. John’s wort)

Nemorosone Garsubellin A Clusianone Aristophenone A Lalibinone D

® |solated mainly from Hypericum perforatum and other plants from the Guttiferae family ® Over 150 natural products discovered by 2006

Ciochina, R.; Grossman, R. B. Chem. Rev. 2006, 106, 3963.



Biosynthesis of PPAPs
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Synthetic Strategies towards Bicyclo[3.3.1]nonane

Richard, J.-A.; Pouwer, R. H.; Chen, D. Y.-K. Angew. Chem. Int. Ed. 2012, 51, 4536.
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Nicolaou (1999): Selenium-mediated Cyclization
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Nicolaou, K. C.; Pfefferkorn, J. A.; Kim, S.; Wei, H. X. J. Am. Chem. Soc. 1999, 121, 4724.
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Synthetic Strategies towards Bicyclo[3.3.1]nonane

Nicolaou (1999): Selenium-mediated Cyclization

o)

SnCl,, DCM, -23 °C
N—SePh
(95% yield)

o)

Nicolaou, K. C.; Pfefferkorn, J. A.; Kim, S.; Wei, H. X. J. Am. Chem. Soc. 1999, 121, 4724.

Young (2002): Intramolecular [3+2] Cycloaddition
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V4 o I
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Young, D. G. J.; Zeng, D. J. Org. Chem. 2002, 67, 3134.
Grossman (2003): Intramolecular Aldol Reaction
HCI
' - >
(72% yield)

Ciochina, R.; Grossman, R. B. Org. Lett. 2003, 5, 4619.

SePh
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Nakada (2010): Intramolecular Cyclopropanation/Fragmentation
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toluene, rt 2) 2 N HCI
(97% vyield) (95% vyield)

Abe, M.; Saito, A.; Nakada, M. Tetrahedron Leftt. 2010, 57, 1298.
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Synthetic Strategies towards Bicyclo[3.3.1]nonane

Nakada (2010): Intramolecular Cyclopropanation/Fragmentation

Me Me
o] | | o
Q/N N 1) t-BuOK, Mel
CuOTf (74% yield)
toluene, rt 2) 2 N HCI
(97% yield) (95% yield)
Abe, M.; Saito, A.; Nakada, M. Tetrahedron Leftt. 2010, 57, 1298.
Takai (2009): Dieckmann Condensation
0 A Ph OH Ph AP P“\/o\%o
EtO,C ~ | Eto,C > EOC | H| H > HUALH
ReBr(CO);(THF), (90% yield)
then TBAF | ~ ~

Kuninobu, Y.; Morita, J.; Nishi, M.; Kawata, A.; Takai, K. Org. Lett. 2009, 11, 2535.

Shibasaki (2005): Ring-closing Metathesis
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Kuramochi, A.; Usuda, H.; Yamatsugu, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2005, 127, 14200.



Synthetic Strategies towards Bicyclo[3.3.1]nonane

Me

Barriault (2005): Tandem Prins/Semi-pinacol Rearrangement

SnC|4

(53% vyield)
Me

C|3SI1\

Lavigne, R. M. A.; Riou, M.; Girardin, M.; Morency, L.; Barriault, L. Org. Lett. 2005, 7, 5921.




Synthetic Strategies towards Bicyclo[3.3.1]nonane
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Barriault (2005): Tandem Prins/Semi-pinacol Rearrangement

Lavigne, R. M. A.; Riou, M.; Girardin, M.; Morency, L.; Barriault, L. Org. Lett. 2005, 7, 5921.

Njardarson (2011): Double Intramolecular Radical Cyclization

(92% yield)

Bn
(R = OMe)

McGrath, N. A.; Binner, J. R.; Markopoulos, G.; Brichacek, M.; Njardarson, J. T. Chem. Commun. 2011, 47, 209.



Synthetic Strategies towards Bicyclo[3.3.1]nonane

B Stoliz’s Effenberger Cyclization Approach

O O
0i-Bu 7'ee 1) CI)]\/U\CI
o 11 h
g Me  ‘Me 2) BnEt;NCI, KOH "
(0 84% vyield, 4 steps Me S

Me AN 36% vyield, 2 steps

(with 59% de-TBS)

(6:1 mixture) (single diastereomer)

Spessard, S. J.; Stoltz, B. M. Org. Lett. 2002, 4, 1943.
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B Simpkins’ Synthesis of (x)-Clusianone

OMe Me O O MGOWO Me
OMe Me - 0 =
_ 1) m)]\/”\m NS Me
Me > - > > _
o 67% yield g) Ef(‘:Egl'\\'AC" KTOE')H 1 me 75% yield
(4 steps) Me ) HC(OMe)s, Ts (3 steps)

24% vyield, 3 steps Me
(with 55% de-Me)

(3:1 mixture)

Clusianone

Rodeschini, V.; Ahmad, N. M.; Simpkins, N. S. Org. Lett. 2006, 8, 5283.



Synthetic Strategies towards Bicyclo[3.3.1]nonane

B Porco’s Biomimetic Dearomatization/Annulation Strategy
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2) & MgBr 3) LiOH, dioxane

3) Ac,0, iProNEt
74% yield, 2 steps

62% yield, 3 steps

Qi, J.; Porco, J. A. Jr. J. Am. Chem. Soc. 2007, 129, 12682.
Qi, J.; Beeler, A. B.; Zhang, Q.; Porco, J. A. Jr. J. Am. Chem. Soc. 2010, 132, 13642.
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B Porco’s Biomimetic Dearomatization/Annulation Strategy
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B Porco’s Biomimetic Dearomatization/Annulation Strategy

Ph o) Ph O
\I/ 1) Pd(PPhs),, HCO,NH, \I/
1) TMSCHN, ve MO N° me 2) Grubbs 2" cat. HO

54% yield Isobutylene
v y
2) & MgBr 3) LiOH, dioxane
3) AC0, IProNEt 62% yield, 3 steps
74% vyield, 2 steps
Clusianone
KHMDS (1 equiv)
65% yield
M
©. R )
Me
W ~COPh Sc(OTf)3
Me "é
° 50% yield
(2 steps)
Me

Hyperibone K

Qi, J.; Porco, J. A. Jr. J. Am. Chem. Soc. 2007, 129, 12682.
Qi, J.; Beeler, A. B.; Zhang, Q.; Porco, J. A. Jr. J. Am. Chem. Soc. 2010, 132, 13642.
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Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.
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1971: Isolation 2010: M. Shibasaki (51 steps LLS)

2013: M. Shair (18 steps LLS)

Hyperforin

2014: L. Barriault (17 steps LLS)

1975: Structure Elucidation 2013: M. Nakada (35 steps LLS)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.
Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.
Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
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1971: Isolation 2010: M. Shibasaki (51 steps LLS)

2013: M. Shair (18 steps LLS)
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Hyperforin

2014: L. Barriault (17 steps LLS)

1975: Structure Elucidation 2013: M. Nakada (35 steps LLS)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.
Uwamori, M.; Nakada, M. Tetrahedron Leftt. 2013, 54, 2022.
Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.
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Total Synthesis of Hyperforin: A Quest of Synthetic Efficiency

1971: Isolation 2010: M. Shibasaki (51 steps LLS)

2013: M. Shair (18 steps LLS)

2015: T. Maimone (10 steps LLS) Me__Me

2022: H. Li (9 steps LLS) Hyperforin

2014: L. Barriault (17 steps LLS)

1975: Structure Elucidation 2013: M. Nakada (35 steps LLS)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.
Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.
Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.
Li, Y.; Hong, B.; Franzoni, |.; Wang, M.; Guan, W.; Jia, H.; Li, H. Angew. Chem. Int. Ed. 2022, 61, €202116136.



Total Synthesis of Hyperforin: A Quest of Synthetic Efficiency

2010: M. Shibasaki (51 steps LLS)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.
Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.
Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.
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Shibasaki (2005): Total Synthesis of Garsubellin A

OEt Hoveyda-Grubbs |l
_ (20 mol%) _
> > >
o 15 steps (92% yield) 7 steps

OMOM

OMOM

Kuramochi, A.; Usuda, H.; Yamatsugu, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2005, 127, 14200.
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Shibasaki (2005): Total Synthesis of Garsubellin A

OEt Hoveyda-Grubbs |l
_ (20 mol%) _
> > >
o 15 steps (92% yield) 7 steps

OMOM

OMOM

Kuramochi, A.; Usuda, H.; Yamatsugu, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2005, 127, 14200.
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Shibasaki (2005): Total Synthesis of Garsubellin A

OEt Hoveyda-Grubbs |l
_ (20 mol%) _
> - >
ilo 15 steps (92% yield) 7 steps

OMOM

OMOM

Kuramochi, A.; Usuda, H.; Yamatsugu, K.; Kanai, M.; Shibasaki, M. J. Am. Chem. Soc. 2005, 127, 14200.
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ent-Hyperforin

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
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Ring-Closing Metathesis

ent-Hyperforin

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
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Ring-Closing Metathesis

| Claisen Rearrangement

ent-Hyperforin

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
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Total Synthesis of ent-Hyperforin (Shibasaki)

Ring-Closing Metathesis

| Claisen Rearrangement

ent-Hyperforin

Aldol Condensation
OTIPS ﬁ
Me N
M )\/ ‘v
e / )

Prenylation

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



ent-Hyperforin

7-step synthesis QTIPS

OTIPS

Total Synthesis of ent-Hyperforin (Shibasaki)

Ring-Closing Metathesis

| Claisen Rearrangement

Aldol Condensation X
OTIPS j

X
FeBr; (10 mol%) Me

AgSbFg (20 mol%) L
6 Me)\/ ‘.

y </
X Prenylation /
(@) N/ (o)
</' | MOMO Me
N N Me
AF Ar (93% yield, 96% ee)

(Ar = 4-EtOCgH,, 12 mol%)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.
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OTIPS
1) EtSLi OTIPS

2) LiAlH,
3) MOMCI

o

89% yield
(3 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

OTIPS
1) EtSLi OTIPS
2) LiAlH, 1) TBAF
3) MOMCI 2) HF+pyr
. '
89% yield 91% yield
(3 steps) 1:1d.r.
(2 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

OTIPS
1) EtSLi OTIPS
2) LiAIH, 1) TBAF 1) TMSCI
3) MOMCI 2) HF+pyr 2) TIPSOTf
o -
89% yield 91% vyield 3) K,CO5
(3 steps) 1:1 d.r. MeOH
(2 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

OTIPS
1) EtSLi OTIPS
2) LiAIH, 1) TBAF 1) TMSCI
3) MOMCI 2) HF+pyr 2) TIPSOTf
o -
89% yield 91% vyield 3) K,CO5
(3 steps) 1:1 d.r. MeOH
(2 steps)

1) TPAP, NMO
2) Li, i-PrBr

3) TBAF

'

58% yield
5:1d.r.
(6 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

OTIPS
1) EtSLi OTIPS
2) LiAIH, 1) TBAF 1) TMSCI
3) MOMCI 2) HF=pyr 2) TIPSOTf
-
89% vyield 91% yield 3) Ko,CO4
(3 steps) 1:1 d.r. MeOH
(2 steps)
1) TPAP, NMO Me o OTMS
2) Li, i-PrBr 1) TMSCI K(Me
3) TBAF 2) LDA Me
- Me
58% vyield Me Me
(65 .;tglsg) Me)\/\ Br Momo”~ Me
Me 84% yield Me
(2 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

OTIPS
1) EtSLi OTIPS
2) LiAIH, 1) TBAF 1) TMSCI
3) MOMCI 2) HF=pyr 2) TIPSOTf
o >
89% vyield 91% yield 3) Ko,CO4
(3 steps) 1:1 d.r. MeOH
(2 steps)
1) TPAP, NMO Me 0 OTMS 1) LDA, CH;CHO Me & © O
2) Li, i-PrBr 1) TMSCI Me 2) Martin sulfurane )\/,,.
3) TBAF 2) LDA Me 3) HF+Py Me
> o = Me o
58% yield Me T e 4) DMP
65 :1td.r. Me)\/\sr momo””~ Me 66% yield MOMO Me
(2 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.
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Me o  QTMS 1) LDA, CH3CHO Me ¢
1) TMSCI 2) Martin sulfurane V )\/,,' Me
2) LDA 3) HF Py e
o = Me
Me 4) DMP \
Me)\/\sr 66% yield MomMo”~

84% yield (4 steps) Meé
(2 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

Me o  QTMS 1) LDA, CH3CHO Me ¢
1) TMSCI 2) Martin sulfurane V )\/,,' Me 1) KHMDS
2) LDA 3) HF+Py € A
- Me -
Me 4) DMP \ 2) m-CPBA
Me Me)\/\sr 66% yield momo””~ Me 66% yield
Me 84% yield Me (4 steps) Me (2 steps)
(2 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Me

Total Synthesis of ent-Hyperforin (Shibasaki)

Me o OTMS 1) LDA, CH3CHO Me X €
1) TMSCI 2) Martin sulfurane y )\/,,'
2) LDA 3) HF Py ©
y y
Me 4) DMP :
Me)\/\Br Me 66% vyield MOMO~
84% yield (4 steps)
(2 steps)

toluene
y st

180 °C

O  46% yield
Me

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.

O

‘\rMe
. e

Me

1) KHMDS
/\/'
>

2) m-CPBA

66% yield
(2 steps)



Me

Total Synthesis of ent-Hyperforin (Shibasaki)

Me o OTMS 1) LDA, CH3CHO Me X €
1) TMSCI 2) Martin sulfurane y )\/,,'
2) LDA 3) HF+Py ©
y y
Me 4) DMP :
Me)\/\sr 66% yield momo””~
84% yield (4 steps)
(2 steps)
Me
toluene H-G |l Me/\y".
: - (0)
180 °C 74% yield
O 46% yield
Me MOMO

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.

O

‘\rMe
. e

Me

1) KHMDS
/\/'
>

2) m-CPBA

66% yield
(2 steps)



Total Synthesis of ent-Hyperforin (Shibasaki)

Me o OTMS 1) LDA, CH5CHO Me 9 f
1) TMSCI 2) Martin sulfurane V )\/,,' ‘\(Me 1) KHMDS
2) LDA 3) HF <Py € A
v - Me -
Me 4) DMP * 1\ 2) m-CPBA
Me)\/\sr 66% yield MOMO Me 66% yield
84% yield (4 steps) Me (2 steps)
(2 steps)
)
Me
¥ N T I /\>/',
/ly , Me toluene H-G || Me :
Me o ) - - (0)
180 °C 74% yield
O o/ vi
46% yield MOMO

Me

Me

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.
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Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

X
Me o) OTMS 1) LDA; NH4CI
2) HF pyr O
3) DMP

4) NaHMDS
ANBT

84% yield
(4 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

X
Me o) OTMS 1) LDA; NH4CI j
2) HF pyr 0 toluene
3) DMP 170 °C
> -
4) NaHMDS 100% yield
A 12:1 d.r.
84% yield
(4 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

|
X B
Me o OTMS 1) LDA, NH4C| 0
2) HFepyr toluene
3) DMP 170 °C 1) SiazBH, H202
= > >
4) NaHMDS 100% yield 2) DMP
BT 12:1 d.r. 74% yield
84% yield (4 steps)
(4 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

|
X B
Me o OTMS 1) LDA, NH4C| 0
2) HFepyr toluene
3) DMP 170 °C 1) SiazBH, H202
> > =
4) NaHMDS 100% yield 2) DMP
NP 12:1 d.r. 74% yield
84% yield (4 steps)
(4 steps)
o)
Me
1) EtONa Me)\/'“
y
2) DMP
Me (2 steps) Moo w

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

H
S )\(é\H\
Me o) OTMS 1) LDA; NH4CI j
2) HF+pyr o toluene
3) DMP 170 °C 1) Siay,BH, H,O,
= > >
4) NaHMDS 100% yield 2) DMP
A 12:1 d.r. 74% vyield
84% yield (4 steps)
(4 steps)
o o)
Me Me
1) EtONa Me)\/"~ (+)-CSA Me)\/l"
. r
2) DMP MeOH - OMe
86% yield e 007 Yield o Mo
ve (2 steps) MOMO s (3 cycles) Ve

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

H
X :
Me o OTMS 1) LDA, NH4C| 0
2) HFepyr toluene
3) DMP 170 °C 1) SiazBH, H202
> > >
4) NaHMDS 100% yield 2) DMP
/\/Br 12:1 d.r. 74% yleld
84% yield (4 steps)
(4 steps)
') (o)
Me Me
1) EtONa Me)\/l" (+)-CSA Me)\/l" 1) DMP
> - .
2) DMP MeOH " ome 2) Z MgBr
. % vield i
86% yield e 0% vie Ho Me 87% yield
ve (2 steps) MOMO s (3 cycles) Ve (2 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

o) o
Me Me
1) EtONa Me)\/l" (+)-CSA Me)\/l" 1) DMP
' y
2) DMP MeOH ome 2) 7 MgBr
o

86% yield e 0070 yield Me 87% yield

MOM e HO y

me (2 steps) oMo Me (3 cycles) Mé (2 steps)

1 ) ACQO, i-Per Et
2) Pd(PPhs),, HCO,NH,

>

3) H-G ll, isobutylene

93% yield
(3 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

o) o
Me Me
1) EtONa Me)\/l" (+)-CSA Me)\/l" 1) DMP
' y
2) DMP MeOH ome 2) 7 MgBr
o

86% yield e 0070 yield Me 87% yield

MOM e HO y

me (2 steps) oMo Me (3 cycles) Mé (2 steps)

1 ) ACQO, i-Per Et
2) Pd(PPhs),, HCO,NH,

>

1) TMSCI, EtsN

o

3) H-G ll, isobutylene

93% yield
(3 steps)

2) Pd(OAc),, O,

84% yield
(2 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

o) o
Me Me
1) EtONa Me)\/l" (+)-CSA Me)\/l" 1) DMP
' y
2) DMP MeOH ome 2) 7 MgBr
o

86% yield e 0070 yield Me 87% yield

MOM e HO y

me (2 steps) oMo Me (3 cycles) Mé (2 steps)

1 ) ACQO, i-Per Et
2) Pd(PPhs),, HCO,NH,

>

1) TMSCI, EtsN

o

3) H-G ll, isobutylene

93% yield
(3 steps)

2) Pd(OAc),, O,

84% yield
(2 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

1) NaBHy
r
2) CS,, NaH; Mel
95% vyield
(2 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

1) NaBH,4 toluene
r >
2) CS,, NaH; Mel 150 °C
95% yield
(2 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

1) NaBH4 toluene 1) EtSLI, Mel
-
2) CS,, NaH; Mel 150 °C 2) NaBO3+4H,0
95% vyield 93% yield
(2 steps) (3 steps)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

1) NaBH4 toluene 1) EtSLI, Mel
-
2) CS,, NaH; Mel 150 °C 2) NaBO3;+4H,0
95% vyield 93% yield
(2 steps) (3 steps)
TFAA
A
| ~
tBu N tBu
65% vyield

Pummerer Rearrangement

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

1) NaBH4 toluene 1) EtSLI, Mel
-
2) CS5, NaH; Mel 150 °C 2) NaBO3+4H,0
95% vyield 93% yield
(2 steps) (3 steps)
MeS
Me
TFAA Me)\/"‘
=
| S )\/_ 'Me
tBu N/ Bu Me X
65% yield

Pummerer Rearrangement

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

1) NaBH4 toluene 1) EtSLI, Mel
-
2) CS5, NaH; Mel 150 °C 2) NaBO3+4H,0
95% vyield 93% yield
(2 steps) (3 steps)
TFAA 1) H,0,
r r
AN 2) DMP
| Z 75% vyield
tBu N tBu (2 steps)
65% vyield

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

TFAA 1) H,O,
N 2) DMP
| z 75% vyield
tBu N tBu (2 steps)
65% yield

ent-Hyperforin

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

TFAA 1) H,O,
N 2) DMP
| z 75% vyield
tBu N tBu (2 steps)
65% yield

ent-Hyperforin

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

TFAA 1) H20, 1) Amberlyst 15
> > >
AN 2) DMP 2) LiH, _~~_-"°H
| z 75% vyield
tBu N tBu (2 steps)
65% yield

ent-Hyperforin

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

TFAA 1) H20, 1) Amberlyst 15
> > >
AN 2) DMP 2) LiH, _~~_-"°H
| z 75% vyield
tBu N tBu (2 steps)
65% yield

1) Pd,dbas, tol-BINAP;
then Ac,0

2) H-G I, isobutylene
3) K2C03, MeOH

16% yield
(3 steps)

ent-Hyperforin

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of ent-Hyperforin (Shibasaki)

TFAA 1) H20, 1) Amberlyst 15
> > >
AN 2) DMP 2) LiH, _~~_-"°H
| z 75% vyield
tBu N tBu (2 steps)
65% yield

First total synthesis

Enantioselective
1) Pd,dbag, tol-BINAP;
then Ac,0

2) H-G Il, isobutylene 51 steps LLS

3) K2C03, MeOH
16% yield _
(3 steps) Redox/protecting groups

manipulations

ent-Hyperforin

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Tetrahedron 2010, 66, 6569.
Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.



Total Synthesis of Hyperforin: A Quest of Synthetic Efficiency

2013: M. Nakada (35 steps LLS)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.
Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.
Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.
Li, Y.; Hong, B.; Franzoni, |.; Wang, M.; Guan, W.; Jia, H.; Li, H. Angew. Chem. Int. Ed. 2022, 61, €202116136.

Hyperforin



Total Synthesis of (+)-Hyperforin (Nakada)

Nakada (2010): Total Synthesis of Nemorosone

Me Me
Me Me
0] o)
T Tl e o
AN e -bu , IvVie HO o)
CuOTf - R\; (74% yield) _ Z ~F
N N r >
toluene, rt OTBDPS 2) 2 N HCI
(97% yield) (95% vyield)

(R = OMe)

Hyperforin

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

Nakada (2010): Total Synthesis of Nemorosone

Me Me
Me Me
0] o)
T Tl e o
AN e -bu , IvVie HO o)
CuOTf - R\; (74% yield) _ Z ~F
N N r >
toluene, rt OTBDPS 2) 2 N HCI
(97% yield) (95% vyield)

(R = OMe)

Hyperforin

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

Hyperforin

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

Hyperforin

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

N
)
7

Global Cross Metathesis

Hyperforin

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

Alkylation |

\>

OMe
N 1,2-Addition

N -0 :-0O0 N
/> : E /Me />

Global Cross Metathesis

Alkylation '\ Me
Me \

Hyperforin

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

Me Me Allylic Oxidation
Alkylation | ]
\ Ol _OMe
) X o\'
0 OMe : :
X 0\_ o 1,2-Addition Hy: : oTIPS
\> - - \)
7 : : / Me 7 Wittig Reaction

Global Cross Metathesis

« 1] /
Alkylation .11\ Me Me \
N AcO
Me \

Hyperforin

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

Me Me Allylic Oxidation
Alkylation | ]
o) OMe
\ ) W
0 OMe : :
X 0\_ o 1,2-Addition H: : oTIPS
\> - - \)
7 : : / Me 7 _ o Wittig Reaction
Carbonylation
Global Cross Metathesis Me
Alkylation Me N
\_\ AcO
Me \
Hyperforin
\v/
<
Double Alkylation

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Me

Hyperforin

OMe

COzMe
OMe

Total Synthesis of (+)-Hyperforin (Nakada)

Allylic Oxidation

Alkylation | ]
AN _ OWOMe

o OMe
X 0\_ o 1,2-Addition
: / Me d
Carbonylation

OTIPS

o/

Wittig Reaction

N
)
7

Global Cross Metathesis
Alkylation

Double Alkylation

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

OMe (CuOTf),*PhMe 1) KHMDS
OMe OTIPS (2 mol%) /\/I
> - - O r >
s Me Me :
CO,Me 7 steps o o 2) KHMDS, Mel;
OMe OMe / | , then HCI
N, Q/N N\) 88% yield
(4 mol%) (2 steps)

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

OMe (CuOTf),*PhMe 1) KHMDS
OMe _ OTIPS (2 mol%) /\/I
- - O Ve M r >
- Wi 2) KHMDS, Mel;
r CO;Me 7 steps e _é o ho )then s
e
N, Q/N N\) 88% yield
(4 mol%) (2 steps)
1) Sia,BH: H,0,
o OTIPS
2) TBSCI, Et3N
78% yield
(2 steps) OTBS

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

OMe (CuOTf),*PhMe 1) KHMDS
OMe OTIPS (2 mol%) /\/I
> - - O r >
’ Me Me :
CO,Me 7 steps o o 2) KHMDS, Mel;
OMe OMe / | , then HCI
N, </N N\) 88% YIeld
(4 mol%) (2 steps)

1) Comins' reagent

1) SiayBH; H,0, KHMDS
> - OTIPS
2) TBSCI, Et3N 2) Pd(OAc),, dppf, CO
78% yield 84% vyield
(2 steps) O OTBS (2 steps) OTBS

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

OMe (CuOTf),*PhMe 1) KHMDS
OMe OTIPS (2 mol%) /\/I
> > - 0 r >
—-{/ Me, Me 2) KHMDS, Mel:;
CO,Me ) , Mel,
OMe 2 7 steps OMe / Oho then HCI
N2 Q/N N 88(y0 yleld
(4 mol%) (2 steps)

1) Comins' reagent

1) Sia,BH; H,0, KHMDS Crabtree's cat., H,
’ y r
2) TBSCI, Et3N 2) Pd(OAc),, dppf, CO 97% yield
78% yield 84% yield
(2 steps) O OTBS (2 steps) CO,Me OTBS CO,Me OTBS

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



OTBS

OTBS

Total Synthesis of (+)-Hyperforin (Nakada)

1) Comins' reagent

KHMDS Crabtree's cat., H,
> :
2) Pd(OAc)s,, dppf, CO 97% yield
84% yield
(2 steps) CO,Me OTBS

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.

OTBS

1) DIBAL
2) ACzo

3) DMP

89% yield
(3 steps)



OTBS

OTBS

1) Comins' reagent

KHMDS

Total Synthesis of (+)-Hyperforin (Nakada)

Crabtree's cat., H,

2) Pd(OAc),, dppf, CO
84% yield

>

o

97% vyield

(2 steps) CO,Me OTBS

TBHP, K,CO4

Pd(OH),/C
69% yield

OTBS

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.

OTBS

1) DIBAL
2) ACzo

3) DMP

89% yield
(3 steps)



OTBS

OTBS

1) Comins' reagent

KHMDS

Total Synthesis of (+)-Hyperforin (Nakada)

Crabtree's cat., H,

2) Pd(OAc),, dppf, CO
84% yield

>

o

97% yield

(2 steps) CO,Me OTBS

TBHP, K,CO4

Pd(OH),/C
69% yield

OTBS

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.

OTBS

1) DIBAL
2) ACzo

3) DMP

89% vyield
(3 steps)



Total Synthesis of (+)-Hyperforin (Nakada)

1) Comins' reagent 1) DIBAL
KHMDS Crabtree's cat., H, 2) Ac0
> >
2) Pd(OAc),, dppf, CO 97% yield 3) DMP
84% yield 89% vyield
o) OTBS (2 steps) COzMe OoTBS COzMe oTBS (3 steps)
OWOMe
Ph3PCH3Br - O =
OTIPS TBHP, K,CO4 OTIPS 1) CSA t-BuOK :
y y y
Pd(OH),/C 2) DMP 74% yield
69% yield (3 steps)

OTBS OTBS

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



OTBS

1 ) K2CO3, MeOH
2) DMP

r
3) PhsP(CI)CH,OMe
KHMDS
73% vyield
(3 steps)

Total Synthesis of (+)-Hyperforin (Nakada)

TBHP, K,CO4 OTIPS 1) CSA
' y
Pd(OH)./C 2) DMP
69% yield

OMe

OTBS

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.

Ph3PCH3Br
t-BuOK

74% vyield
(3 steps)




Total Synthesis of (+)-Hyperforin (Nakada)

Ph3PCH3Br
oTIPS TBHP, K2COs OTIPS 1) CSA +-BUOK
r ’ r
Pd(OH),/C 2) DMP 74% yield
69% yield (3 steps)
OTBS OTBS
1) K2CO3, MeOH
2) DMP 1) PTSA
> r
3) Ph3P(CI)CH,OMe 2) PhsPCH3Br
KHMDS t-BuOK
73% yield 79% vyield
(3 steps) OMe (2 steps)

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

Ph3PCH3Br
OTIPS TBHP, KoCO3 OTIPS -BuOK
v o v
Pd(OH),/C 74% yield
69% vyield (3 steps)
OTBS OTBS
1) K2CO3, MeOH
2) DMP 1) PTSA LiTMP
v y y o
3) Ph;P(Cl)CH,OMe 2) PhsPCH4Br A
KHMDS t-BuOK 84% yield
73% yield 79% yield
(3 steps) OMe (2 steps)

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

LiTMP
1) PTSA LiTMP (2-Th)Cu(CN)L.i
> > >
2) Ph;sPCH4Br NP B
t-BuOl_< 84% yield 90% yield
79% yield
(2 steps)

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

LiITMP

1) PTSA LiITMP (2-Th)Cu(CN)Li

o

o

y
ANBT
84% yield

2) Ph;sPCH4Br
t-BuOK
79% vyield
(2 steps)

ANB
90% yield

1) TBAF

o
2) DMP

84% yield
(2 steps)

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

LiTMP
1) PTSA LiTMP (2-Th)Cu(CN)Li
y r y
2) PhsPCH3Br A P
-BuOK 84% yield 90% yield
79% vyield
(2 steps)
1) i-PrMgCl 0] OMe
1) TBAF CeCls+2LiCl NN
> > - :
2) DMP 2) DMP
84% yield 71% yield
(2 steps) (2 steps)

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

1) i-PrMaCl Grubbs Il
1) TBAF )Cegﬁguq °~ > gMe isobutylene
> - -
2) DMP 2) DMP 120 °C
84% yield 71% yield 93% vyield
(2 steps) (2 steps)

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

1) i-PrMgClI 0 OMe Grubbs Il

1) TBAF CeCl;+2LiCl X 0\: o isobutylene

> - -

2) DMP 2) DMP 120 °C
84% yield 71% yield 93% vyield
(2 steps) (2 steps)

Me Me
Me Me
LiCl, DMSO
y
120 °C
62% yield

(+)-Hyperforin

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of (+)-Hyperforin (Nakada)

- Grubbs Il
1) TBAF R é;i{;“.”ﬁgﬂic. °~ > 2“"9 isobutylene
> - -
2) DMP 2) DMP 120 °C
84% yield 71% yield 93% vyield
(2 steps) (2 steps)
Me Me
Me _Me Cyclopropanation

Global cross metathesis

LiCl, DMSO

>

35 steps LLS
120 °C
62% yield

Wittig homologation
Racemic synthesis

(+)-Hyperforin

Uwamori, M.; Saito, A.; Abe, M.; Nakada, M. J. Org. Chem. 2012, 77, 5098.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.



Total Synthesis of Hyperforin: A Quest of Synthetic Efficiency

2013: M. Shair (18 steps LLS)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.
Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.
Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.
Li, Y.; Hong, B.; Franzoni, |.; Wang, M.; Guan, W.; Jia, H.; Li, H. Angew. Chem. Int. Ed. 2022, 61, €202116136.

Hyperforin



Total Synthesis of Hyperforin (Shair)

Hyperforin

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.



Total Synthesis of Hyperforin (Shair)

Hyperforin

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.



Total Synthesis of Hyperforin (Shair)

Hyperforin

“tertiary carbocation”

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.



Total Synthesis of Hyperforin (Shair)

Chair: favored

Hyperforin Mo / OMe Ve

— Boat: disfavored
“tertiary carbocation”

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.




Total Synthesis of Hyperforin (Shair)

Me Me

| |
Prenylation
) /

Acylation .
Me />

Hyperforin

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.



Total Synthesis of Hyperforin (Shair)

Me Me
| / Prenylation
i, MeO (0)
Me \:/OY

Acylation . H .
Me ) Me >
=]
- Me OTES OTES
Me X \ Me Me
\ Me Me Me
Me Radical Alkylation

Hyperforin

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.



Total Synthesis of Hyperforin (Shair)

Me Me
| / Prenylation
- MeO o)
M AN
© >0 =
Acylation . : I _H .
Me D Me )
L I | .
) Me OTES Epoxide Ring Opening OH Me OTES
\ Me AN Me Me
Me Me Me
Me Radical Alkylation

Hyperforin

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.




Total Synthesis of Hyperforin (Shair)

Me Me
| / Prenylation
- MeO o)
M AN
© >0 =
Acylation . : I _H .
Me D Me )
L I | .
) Me OTES Epoxide Ring Opening OH Me OTES
\ Me AN Me Me
Me Me Me
Me Radical Alkylation

Hyperforin

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.




Me Me

/ Prenylation

Acylation
Me

Hyperforin

OMe
O

| W
.

Br\/\M(OTES

Me Me Me

OMe

1-step synthesis
(91% ee)

Me)\/\CI

Total Synthesis of Hyperforin (Shair)

5-step synthesis

- Me OTES
Me \ \ Me
Me

Double Alkylation

Radical Alkylation

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.

Epoxide Ring Opening OH

Me

Me

OTES
Me




Total Synthesis of Hyperforin (Shair)

O

Br & OTES
OMe OMe M
+-BuLi, Bal, v mé Me
: Me :
Me S s-BuLi
oM )\/\ oM M o vi
e Me A cl e e 85% yield
85% yield

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.



Total Synthesis of Hyperforin (Shair)

O

Br DS OTES B |
OMe | OMe M
t-BuL.i, Bal, Me Me Me TMSOTf
> N Me > -
Me s-BulLi 79% yield
OMe )\/\ OMe Me o/ vi
Ve X ol 85% yield i _
85% yield

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.



Total Synthesis of Hyperforin (Shair)

Y

Br OTES
OMe OMe
t-BuL.i, Bal, Me Me Me
> Me
Me N s-BuLi
OM )\/\ OM M o/ vi
e Me A cl e e 85% yield
8598ykﬂd
ﬁ OMe
M
. (TN —
|
Me Me o Me
TESO™ (R = OMe)

(>60 g prepared)

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.

TESO

TMSOTT

o

79% yield




Total Synthesis of Hyperforin (Shair)

O

. -—
.

Br - OTES B |
e | OMe \/\(\/>(
t-BulLi, Bal, Me Me Me TMSOTf
> N Me > -
Me s-BulLi 79% yield
OMe )\/\ oM Me % yi
Me A cl e 85% yield i |
85% vyield
OMe
ﬁ 1) PhI(O,CCFJ),
~7 - Me TBHP, O,
> | —_— y
Me Me ©O Me Me 2) BrBMe, Me
TESO (R = OMe) Me 3) LTMP Me
Me 24% yield
TESO (3 steps) TESO

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.



TESO

Total Synthesis of Hyperforin (Shair)

1) CIC(S)OC¢Fs

1) Phl(O,CCF5), 2) allyl-SnBus
TBHP, O, BEts, air
y r
2) BrBMe, Me 3) _H-G Il
3) LTMP Ve lsobuty_lene
24% vyield TESG 51% yield
(3 steps) (3 steps)

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.

TESO



TESO

Total Synthesis of Hyperforin (Shair)

1) CIC(S)OC¢Fs

1) Phl(O,CCF5), 2) allyl-SnBus
TBHP, O, BEts, air
y r
2) BrBMe, Me 3) _H-G Il
3) LTMP Ve lsobuty_lene
24% vyield TESG 51% yield
(3 steps) (3 steps)

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.

Hyperforin

TESO

Me



Total Synthesis of Hyperforin (Shair)

1) CIC(S)OC¢Fs

1) Phl(O,CCF5), 2) allyl-SnBus
TBHP, O, BEts, air
r r
2) BrBMe, Ve 3)H-G I
Me Me 3) LTMP y isobutylene
e ;
Me 24% vyield ed 51% vyield
TESO (3 steps) (3 steps)
1) LTMP, TMSCI Me
2) LTMP, iPrCOCN  Me
o
3) TsOH
29% vyield Me \
(3 steps) Me
Me

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.

Hyperforin

TESO




TESO

1) LTMP, TMSCI
2) LTMP, iPrCOCN  Me

o

3) TsOH

29% vyield
(3 steps)

Total Synthesis of Hyperforin (Shair)

1) CIC(S)OC¢Fs

1) Phl(O,CCF5), 2) allyl-SnBus
TBHP, O, BEts, air
y y
2) BrBMe, Ve 3)H-G Il
3) LTMP Isobutylene
24% yield o Me 51% yield
(3 steps) (3 steps)
Me Me
1) LDA
Li(2-Th)CuCN
Me HO (0)
Me)\/\Br
y
2) LiCl, DMSO
120 °C
Me 549 yield

(2 steps)

Hyperforin

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.

TESO



Total Synthesis of Hyperforin (Shair)

1) CIC(S)OC¢Fs

1) Phl(O,CCF3), 2) allyl-SnBus
TBHP, O, BEts, air
y r
\ 2) BrBMe, Me 3) H-G Il
Me € 3) LTMP e Isobutylene
Me 24% yield eg 51% vyield
TESO (3 steps) (3 steps)
Me Me
1) LDA
Li(2-Th)CuCN HO o
1) LTMP, TMSCI Me
2) LTMP, iPrCOCN Me Me)%/\Br
>
3) TsOH 2) LiCl, DMSO
. 120 °C
29% vyield Me :
(3 steps) 54% yield e

(2 steps)

Hyperforin

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.

TESO

Biomimetic cyclization

Enantioselective

18 steps LLS



Total Synthesis of Hyperforin: A Quest of Synthetic Efficiency

2014: L. Barriault (17 steps LLS)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.
Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.
Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
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Total Synthesis of (+)-Hyperforin (Barriault)

Barriault (2009): Gold-Catalyzed Cyclization

®
t-B t-Bu
-bUu
~P—Au—NCMe Sb%

X OTBS (2 mol%)

Acetone, rt
78 ~ 98% vyield, > 95:5 rr

R =H, Me, Aryl, Br, I; R? = H, Me, Allyl

Barabé, F.; Bétournay, G.; Bellavance, G.; Barriault, L. Org. Lett. 2009, 17, 4236.

Hyperforin

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
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Global Cross Metathesis

Hyperforin (Nakada’s intermediate)

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
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Alkylation |

N
)
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Hyperforin (Nakada’s intermediate)

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
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Alkylation |

N
)
7

Global Cross Metathesis

(Nakada’s intermediate)

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
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Alkylation |

N
)
7

Global Cross Metathesis

(Nakada’s intermediate)

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
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Total Synthesis of (+)-Hyperforin (Barriault)

Me Me
Alkylation |
O Gold-catalyzed
\ - Aldol Reaction \'/\// Cyclization
(@) OMe -

N
)
7

Global Cross Metathesis

Hyperforin (Nakada’s intermediate)

Aldol Reaction

Alkylation

¥y

Conjugate Addition

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.



Total Synthesis of (+)-Hyperforin (Barriault)

Alkylation |

Gold-catalyzed

o
\_/\/ / Cyclization

N
)
7

Global Cross Metathesis

Hyperforin (Nakada’s intermediate)

Aldol Reaction

-

Conjugate Addition

O Alkylation

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.



OMe

2) 2 "MgBr
3) 1 N HCI
83% vyield
(one pot)

Total Synthesis of (+)-Hyperforin (Barriault)

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.



OMe

2) 2 "MgBr
3) 1 N HCI
83% yield
(one pot)

Total Synthesis of (+)-Hyperforin (Barriault)

1) LHMDS, A" 7
y \/\
2) LDA, TMS—==—CHO |
G 63% vyield
5:1:1d.r.
™ Z
(2 steps)

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.



OMe

2) 2 "MgBr
3) 1 N HCI
83% yield
(one pot)

Total Synthesis of (+)-Hyperforin (Barriault)

TMS
HO,, /

MeMgBr

1) LHMDS, A" 7
y \/\
2) LDA, TMS—==—CHO |
G 63% vyield
5:1:1d.r.
™ Z
(2 steps)

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
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HO,, /

MeMgBr
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y \/\
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G 63% vyield
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™ Z
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OMe

2) 2 "MgBr
3) 1 N HCI
83% vyield
(one pot)

Total Synthesis of (+)-Hyperforin (Barriault)

TMS
HO,, /

1) LHMDS, 2" m MeMgBr
y \/\
2) LDA, TMS—==—CHO | Cul
G 63% vyield
5:1:1d.r.
™ Z
(2 steps)

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.

anti-attack
(disfavored)

syn-attack
(favored)



Total Synthesis of (+)-Hyperforin (Barriault)

anti-attack
(disfavored)

™S _
@) HO,, / o. R ,"
OMe 1) LDA 5 I BrMg” N\aaH o=~
BT 1) LHMDS, 27" MeMgBr , H
5 2) Z""MgBr 2) LDA, TMS—==—CHO | Cul Yz oN Y
3) 1 N HCI AN F 63% vyield \ —
83% vyield 5:1:1d.r. / _ —
(one pot) (2 steps) X syn-attack
(favored)

TMS

HO Z

— X\ I
\i:km \

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.



OMe

1) LHMDS, A"

HO,

1) LDA
/\/BI’
v
2) 2 "MgBr
©  3)1NHCI X
83% yield
(one pot)
T™MS
o, #Z  how
NBS
\/\
. 3) TBSOTf
e 67% yield
A N\ (4 steps)

2) LDA, TMS—=—CHO

63% yield
5:1:1d.r.
(2 steps)

i Y

Total Synthesis of (+)-Hyperforin (Barriault)

TMS
/

O

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
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Cul

anti-attack
(disfavored)

syn-attack
(favored)



OMe

O
1) LDA
/\/BI’
v
2) 2 "MgBr
©  3)1NHCI X
83% yield
(one pot)
T™MS
o, #  How
NBS
XN >
. 3) TBSOTf
e 67% yield
A N\ (4 steps)

1) LHMDS, A"

Total Synthesis of (+)-Hyperforin (Barriault)

TMS
HO,, /

2) LDA, TMS——=
63% yield

5:1:1d.r.
(2 steps)

O\/Br

= OTBS

i Y

CHO

®

tBul Y ©
-bu

“P—Au—NCMe |SbFy

="

(5 mol%)

99% yield

\ (decagram scale)
Me ‘—\\

MeMgBr

Cul

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.

anti-attack
(disfavored)

syn-attack
(favored)



Total Synthesis of (+)-Hyperforin (Barriault)

anti-attack
(disfavored)

™S _
@) HO,, / o. R ,"
OMe 1) LDA 5 I BrMg” N\aaH o=~
BT 1) LHMDS, 27" MeMgBr , H
5 2) Z""MgBr 2) LDA, TMS—==—CHO | Cul Yz oN Y
3) 1 N HCI AN F 63% vyield \ —
83% vyield 5:1:1d.r. / _ —
(one pot) (2 steps) X syn-attack
(favored)

@

t-B }_Bu e)
-Bu

“P—Au—NCMe |SbFy

TMS Br
4 1) DMP \/ OWBr
Ho/,,/ ) AQNO. Ox 2

NBS : QTBS (5 mol%) H 1) MeONa
e X\ - X > >
. 3) TBSOTT - 99% yield < 2) TMSCI
67% yield (decagram scale) Me\'—\ LTMP
~ Me \ (4 steps) Me \ \ 93% vyield
(2 steps)

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.



\

1) DMP
NBS

3) TBSOTf
67% yield
(4 steps)

Total Synthesis of (+)-Hyperforin (Barriault)

t-Bu ®
t-Bu | ©
Br P—Au—NCMe_|Sb|:6 o 5
O/ NI r
X Q - O -
: QTBS (5 mol%) H
™ : >

99% yield

\ (decagram scale)
Me ‘—\\

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.

1) MeONa

2) TMSCI
LTMP

Me\'—\
\ 93% vyield

(2 steps)

(+)-Hyperforin



Total Synthesis of (+)-Hyperforin (Barriault)

H 1) MeONa

®
t-Bu
t-Bu | ©)
Br P—Au—NCMe_|SbF6 o ar
1) DMP / N
O > >

2) AgNO3 X : Q=

NBS = QTBS (5 mol%) : WG

> : r
3) TBSOTf . 99% vyield
67% yield y (decagram scale)
N\ (4 steps) ° \

Shair (2013): Bridgehead Acylation

LITMP
I-PrCOCN
y
49% yield
Me
Me Me

TESO

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.

S 2) TMSCI
Me\'—\ LTMP
\ 93% vyield

(2 steps)

(+)-Hyperforin
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t-Bu
t-Bu | ©)
Br P—Au—NCMe_|SbF6 o ar
1) DMP / N
O > >

2) AgNO3 X : Q=

NBS = QTBS (5 mol%) : WG

> : r
3) TBSOTf . 99% vyield
67% yield y (decagram scale)
N\ (4 steps) ° \

Shair (2013): Bridgehead Acylation

LITMP
I-PrCOCN
y
49% yield
Me
Me Me

TESO

Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.

S 2) TMSCI
Me\'—\ LTMP
\ 93% vyield

(2 steps)

(+)-Hyperforin



Total Synthesis of (+)-Hyperforin (Barriault)

@
t-Bu
t-Bu | e)
P TMS o Br P—Au—NCMe_|Sb|:6 . o
1) DMP N
HO, / o/ N7 X
g 2) AgNO5 X 2 0
NBS - Q78S (5 mol%) : N H 1) MeONa
XN : ' - -
. 3) TBSOTf . 99% vyield L 2) TMSCI
67% yield (decagram scale) Me\'—\ LTMP
~ Me \ (4 steps) Me \ \ 93% vield
(2 steps)

1) LDA, I,, TMSCI

(18% yield) Me
r
2) t-BulLi, i-PrCHO ‘'\ Me
3) DMP \—\
4) TBAF \
24% vyield
(3 steps)

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.



Total Synthesis of (+)-Hyperforin (Barriault)

@
t-Bu
t-Bu | ©
P TMS o Br P—Au—NCMe_|Sb|:6 . o
1) DMP X
HO, / O/ \_ -
g 2) AgNO5 X 2 0
NBS = QTRS (5 mol%) P A H
XN\ > ' >
. 3) TBSOTf . 99% yield
67% yield (decagram scale)
Me Me
A N\ (4 steps) AN

1) LDA, I,, TMSCI

(18% yield) Me
r
2) t-BulLi, i-PrCHO ‘'\ Me
3) DMP \—\
4) TBAF \
24% yield
(3 steps)

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.

< 2) TMSCI
Me\'—\ LTMP
\ 93% vyield

(2 steps)

1) MeONa

(R = TMS)

AN



Total Synthesis of (+)-Hyperforin (Barriault)

@
t-Bu
t-Bu | ©
. TMS / Br P—Au—NCMe_|SbF6
1) DMP
HO, / O/
2 2) AgNO X <_>
o 3 Z OTBS
S NBS . : (5 mol%) 1) MeONa
s :
. 3) TBSOTY - 99% yield 2) TMSCI
" 67% yield Me\ (decagram scale) 93'—;“/'? y
4 steps oyle
N \ ( s) \ (2 steps)

1) LDA, I,, TMSCI 1) Li(2-Th)CuCN

(18% yield) LDA, ANFF
r >
2) t-BulLi, i-PrCHO 2) Grubbs Il
3) DMP Isobutylene
4) TBAF 3) LiCl, DMSO
24% yield 53% yield Me
(3 steps) (3 steps)

(+)-Hyperforin

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.



1) LDA, I,, TMSCI
(18% yield)

Total Synthesis of (+)-Hyperforin (Barriault)

2) t-BulLi, i-PrCHO
3) DMP
4) TBAF

24% vyield

(3 steps)

®
t-Bu
t-Bu | ©
Br P—Au—NCMe_|Sb|:6
1) DMP /
O
2) AgNO» X >
NBS - QTBS (5 mol%)
v
3) TBSOTf . 99% yield
67% yield y (decagram scale)
(4 steps) © \

1) Li(2-Th)CuCN
LDA, _~_-Br

o

2) Grubbs Il
Isobutylene
3) LiCl, DMSO
53% vyield
(3 steps)

(+)-Hyperforin

Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.

1) MeONa

2) TMSCI
LTMP

93% vyield
(2 steps)

Global cross metathesis

Efficient gold-catalysis

17 steps LLS

Poor bridgehead acylation
Racemic synthesis



Total Synthesis of Hyperforin: A Quest of Synthetic Efficiency

2015: T. Maimone (10 steps LLS)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.
Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.
Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.
Li, Y.; Hong, B.; Franzoni, |.; Wang, M.; Guan, W.; Jia, H.; Li, H. Angew. Chem. Int. Ed. 2022, 61, €202116136.
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Hyperforin polarity reversal

Me

Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.



Total Synthesis of (+)-Hyperforin (Maimone)

Me

Hyperforin

polarity reversal

Barriault (2005): Tandem Prins/Semi-pinacol Rearrangement

Me

O @)
(?LMG SnC|4 -
o -
Me (53% vyield)
Lavigne, R. M. A.; Riou, M.; Girardin, M.; Morency, L.; Barriault, L. Org. Lett. 2005, 7, 5921. Me~—/

Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.
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Hyperforin

polarity reversal

Me -~/ o

Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.



Hyperforin

Total Synthesis of (+)-Hyperforin (Maimone)

Me -~/

Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.

polarity reversal

Me



Total Synthesis of (+)-Hyperforin (Maimone)

Me

O/\M)e\ Ie 0
/ Me )\/\
" Me X Br / Me

Me >

LDA
89% yield

)‘\/\ OTMS Me
€ MgBr Me)\/\/l

O M
g .
r r
CuBreDMS MeLieLil, HMPA,;

Me LiCl, TMSCI then TsOH, PhH Ve
/3% vyield Me 40% vyield Me
3:1d.r.

Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.



Total Synthesis of (+)-Hyperforin (Maimone)

)‘\/\ OTMS Me O/\I\j\ Me o Me
| / Me )\/\
O Me MgBr " Me)\/\/ & Me X Br /\/\Me
> © > Me > .
Me CuBreDMS MeLisLil, HMPA,; LDA
LiCl, TMSCI then TsOH, PhH Me 89% vyield
73% yield Me 40% vyield Me
3:1d.r.
_(O
—O
/
Y
LITMP
415% vyield
(BRSM)

Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.



Total Synthesis of (+)-Hyperforin (Maimone)

Me

)‘\/\ o I ’ , I
O
Me MgBr Me)\/\/ Ty Me X Br /\/\Me

@)
q Me r o Me y
CuBreDMS MelLieLil, HMPA; LDA

Me LiCl, TMSCI then TsOH, PhH . 89% yield
73% yield Me 40% vyield Me
3:1d.r.
OMe
O
_Oi Me
4 _ TMSCHN, O/H\)\
> Me +
LITMP 96% yield
45% vyield (1:1)
(BRSM)

Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.



Total Synthesis of (+)-Hyperforin (Maimone)

)‘\/\ OTMS Me O/\I\j\ Me o Me
| / Me )\/\
O Me MgBr " Me)\/\/ "y Me X Br /\/\Me
© Me o
Ve CuBreDMS MeLieLil, HMPA; LDA
LiCl, TMSCI then TsOH, PhH . 89% yield
73% yield Me 40% vyield Me
3:1d.r.
OMe
O
—oi Me
Y _ TMSCHN, O/H\)\
> Me +
LITMP 96% vyield
45% vyield (1:1)
(BRSM)
NaOH |
57% vyield

Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.
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Phl(OAC)2

>
KOH, MeOH

92% vyield

Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.
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Total Synthesis of (+)-Hyperforin (Maimone)

Phl(OAC)2

>
KOH, MeOH

92% vyield

Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.



1) LITMP
TsCl

r
2) LITMP
I-PrCOCN
62% yield
(2 steps)

Phl(OAC)2

>
KOH, MeOH

92% vyield

Total Synthesis of (+)-Hyperforin (Maimone)

Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.




Total Synthesis of (+)-Hyperforin (Maimone)

Phl(OAC)2

>
KOH, MeOH

92% vyield

1) i-PrMgCleLiCl
LDA, Li(2-Th)CuCN

%;@.”P SN
> y
2) LITMP 2) LICl, DMSO
i-PrCOCN 41% yield
62% yield Ve (2 steps)
(2 steps)

Ting, C. P.; Maimone, T. J.

(+)-Hyperforin

J. Am. Chem. Soc. 2015, 137, 10516.




Total Synthesis of (+)-Hyperforin (Maimone)

Phl(OAC)2
y —_—
KOH, MeOH
92% vyield A\ Ve
Me
_ _ Me Me
1) 1-PrMgCI-LICl Modular fragment coupling
LDA, Li(2-Th)CuCN
Me Skeletal rearrangement
1) LITMP
)TSCI Me)\/\Br >
y
2) LITMP 2) LiCl, DMSO 10 steps LLS
i-PrCOCN 41% yield
62% yield Ve (2 steps)
(2 steps) Me

Racemic synthesis

(+)-Hyperforin

Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.



Total Synthesis of Hyperforin: A Quest of Synthetic Efficiency

2022: H. Li (9 steps LLS)

Shimizu, Y.; Shi, S.-L.; Usuda, H.; Kanai, M.; Shibasaki, M. Angew. Chem. Int. Ed. 2010, 49, 1103.
Uwamori, M.; Nakada, M. Tetrahedron Lett. 2013, 54, 2022.
Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.
Bellavance, G.; Barriault, L. Angew. Chem. Int. Ed. 2014, 53, 6701.
Ting, C. P.; Maimone, T. J. J. Am. Chem. Soc. 2015, 137, 10516.
Li, Y.; Hong, B.; Franzoni, |.; Wang, M.; Guan, W.; Jia, H.; Li, H. Angew. Chem. Int. Ed. 2022, 61, €202116136.
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Total Synthesis of Hyperforin (Li)

Hyperforin



Total Synthesis of Hyperforin (Li)

Chair: favored

Hyperforin Mo / OMe Ve

S Boat: disfavored

“tertiary carbocation”
Sparling, B. A.; Moebius, D. C.; Shair, M. D. J. Am. Chem. Soc. 2013, 135, 644.




Total Synthesis of Hyperforin (Li)

Acylation
Me

Hyperforin

Global Cross Metathesis U

Li, Y.; Hong, B.; Franzoni, |.; Wang, M.; Guan, W.; Jia, H.; Li, H. Angew. Chem. Int. Ed. 2022, 61, €202116136.
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Acylation
Me

Me
Me

Hyperforin

Global Cross Metathesis U

MeO O

Li, Y.; Hong, B.; Franzoni, |.; Wang, M.; Guan, W.; Jia, H.; Li, H. Angew. Chem. Int. Ed. 2022, 61, €202116136.
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Global Cross Metathesis U

Hydroalkylation

MeO O
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Global Cross Metathesis U
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MeO O
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Total Synthesis of Hyperforin (Li)

Acylation
Me

Me
Me

Hyperforin

Global Cross Metathesis U

Hydroalkylation

MeO O

Li, Y.; Hong, B.; Franzoni, |.; Wang, M.; Guan, W.; Jia, H.; Li, H. Angew. Chem. Int. Ed. 2022, 61, €202116136.



Me

Total Synthesis of Hyperforin (Li)

(Et0),0P__CO,Et Me
g \/\)\/COZH
NaH, THF;
then NaOH, MeOH/H,O
74% vyield
3.4:1E/Z

Li, Y.; Hong, B.; Franzoni, |.; Wang, M.; Guan, W.; Jia, H.; Li, H. Angew. Chem. Int. Ed. 2022, 61, €202116136.



Me

Total Synthesis of Hyperforin (Li)

(Et0),0P __CO,Et Me ava \/\)‘\/COZH

X X0 n-BuLi, (S)-L (

NaH, THF; 65% vyield
then NaOH, MeOH/HzO (92?)/3”666)
74% yield

3.4:1 E/lZ
S aS
N ~_ _N
\)\Ph ph”

(S)-L (98% recovery)

Li, Y.; Hong, B.; Franzoni, |.; Wang, M.; Guan, W.; Jia, H.; Li, H. Angew. Chem. Int. Ed. 2022, 61, €202116136.



Me

(EtO),0P__CO,Et

v
NaH, THF;

then NaOH, MeOH/H,O
74% yield
3.4:1E/Z

Total Synthesis of Hyperforin (Li)

|
Me /\/
’
\/\)\/COZH n-BulLi, (S)-L
65% yield
(92% ee)

G NS
N\)\Ph o "

(S)-L (98% recovery)

1) LiAlH,

'
2) T1,0
DIPEA
62% yield
(2 steps)

Li, Y.; Hong, B.; Franzoni, |.; Wang, M.; Guan, W.; Jia, H.; Li, H. Angew. Chem. Int. Ed. 2022, 61, €202116136.



Me

CO,H
HO OH

OH

Total Synthesis of Hyperforin (Li)

(Et0),0P_ __CO,Et Me P a Y \/\)‘\/COZH 1) LiIAIH,4

N X _COzH n-BuLli, (S)-L ”/ 2) Tf,O

NaH, THF; 6506 viold
then NaOH, MeOH/H,0 ] 2‘; /y'e DIPEA
74% yield (92% ee) 62% yield
3.4:1E/Z (2 steps)
S aS.
ph Ph”
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Acetone, 45 °C; O O
/\/BI’ \ /
K,COg3, 75 °C OMe
58% yield
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74% yield (92% ee) 62% yield
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LDA

TMSCI

Hyperforin
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LDA
—_—
TMSCI
Me
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LDA then I,
—_— r
TMSCI 95% vyield

N e

Li, Y.; Hong, B.; Franzoni, |.; Wang, M.; Guan, W.; Jia, H.; Li, H. Angew. Chem. Int. Ed. 2022, 61, €202116136.
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oc ¢ ™ co
oC
75 bar H,, 125 °C
v
then LIiCI, DMSO
41% yield
Me

Hyperforin

Li, Y.; Hong, B.; Franzoni, |.; Wang, M.; Guan, W.; Jia, H.; Li, H. Angew. Chem. Int. Ed. 2022, 61, €202116136.




Total Synthesis of Hyperforin (Li)

=z
™
LDA then I,
T — y
TMSCI 95% yield
Me Me A Me \ Me
(R =TMS) Me Me Me
Me Me
Ny COZMe Biomimetic cyclization
X : Convergent synthesis
OC\"lcr\CO g y
LITMP oC Asymmetric synthesis
i-PrCOCN 75 bar H,, 125 °C
r ’
70% yield then LiCl, DMSO 9 steps LLS

41% yield

Poor stereoselectivity

Hyperforin

Li, Y.; Hong, B.; Franzoni, |.; Wang, M.; Guan, W.; Jia, H.; Li, H. Angew. Chem. Int. Ed. 2022, 61, €202116136.
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