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isolated from fungi
meroterpenoids

benzo or quinone fused 10/5/3 tricyclic nested skeleton
potent inhibitors of several mammalian cell lines

=  many with IC5,< 30 (UM)

Me

OH

clavilactone core

Clavilactones

Structure and Biological Significance

A 26 EGFR
B 27 EGFR
D 5.5 EGFR
F 18.22+ 1.35 A549
H 145+ 1.2 SGC-7901
ent-J 1.9 MCF-7
ent-J quinone 6.5 A431
L 11.76 MGC-083
M 22.8 0.9 Hela
N 19.7+1.1 Hela

J. Chem. Soc., Perkin Trans. 1994, 2165.; Phytochemistry 2000, 53, 1039— 1041.; Org. Chem. Front. 2019, 6, 3759-3765.; Molecules. 2019. 24 (22),4015.; Fitoterapia 2022, 161 (7), 105251.; J. Nat. Prod. 2023, 86 (11), 2580-2584.; Zhongguo &
Zhong yao za zhi.2024, 49(11), 2947-2952.; Molecules 2023, 28(14), 5456.; Biochem. Pharmacol. 2000, 59, 1539-1547



Clavilactone Family
Compounds A-|

(+)-clavilactone D (+)-clavilactone D
(originally proposed structure) (revised structure)

OMe

(+)-clavilactone E (+)-clavilactone F (+)-clavilactone G (-)-clavilactone H (+)-clavilactone |

J. Chem. Soc., Perkin Trans. 1994, 2165.; Phytochemistry 2000, 53, 1039— 1041.; Org. Chem. Front. 2019, 6, 3759-3765.; Molecules. 2019. 24 (22),4015



Clavilactone Family
Compounds J-P

(0 o

(o)

(0
OH o

(+)-clavilactone J (-)-ent-clavilactone J (+)-ent-clavilactone (+)-clavilactone K
(revised structure) J quinone

(0]
0 Ho ‘I|\NH HO
HO o
HO™ "o HO™" ““OH HO™ ““OH
OH OH OH
clavilactone M clavilactone N clavilactone O clavilactone P

Fitoterapia 2022, 161 (7), 105251.; Nat. Prod. Rep. 2022, 39, 2003-2007; J. Nat. Prod. 2023, 86 (11), 2580-2584.; Zhongguo Zhong yao za zhi. 2024, 49(11),
2947-2952.; Molecules 2023, 28(14), 5456



Clavilactones

A History
ent J and quinone
Total Syntheses of A-B, Li isolated, L-Pisolated,
A-C isolated Uizl Snnesls Total Synthesis of B, F-lisolated biosynthetic pathway of
of B, Barrett Yoshimitsu A reported, Yao/Ma/Liu
; Total Synthesis Revision and Total ;
Takao and Li

J. Chem. Soc., Perkin Trans. 1994, 2165.; Phytochemistry 2000, 53, 1039— 1041.; Org. Chem. Front. 2019, 6, 3759-3765.; Molecules. 2019. 24 (22),4015.; Fitoterapia 2022, 161 (7), 105251.; J. Nat. Prod. 2023, 86 (11), 2580-2584.; Zhongguo
Zhong yao za zhi.2024, 49(11), 2947-2952.; Molecules 2023, 28(14), 5456.; Biochem. Pharmacol. 2000, 59, 1539-1547.; J. Am. Chem. Soc. 2006, 128 (43), 14042-14043 .; Org. Lett. 2013, 15 (21), 5582-5585 .; Chem. Eur. J. 2017, 23, 3828 .;
J. Org. Chem. 2018, 83 (13), 7060-7075 .; Angew. Chem. Int. Ed. 2014, 53, 4164-4167 .; J. Org. Chem. 2017, 82 (10), 5487-5491 .; Org Lett. 2015, 17 (1), 126-129 .; J. Am. Chem. Soc. 2024, 146 (16), 11457-11464




Barrett Lab Synthesis, 2006

Introduction

Three Component
Benzyne Coupling RCM

\//l/ Me /
OMe (0 =

CIMg

OMe O

(+)-clavilactone B

= first asymmetric synthesis of clavilactone B
= established absolute configuration of natural clavilactone family
= 11-12 steps, ~9% overall yield

J. Am. Chem. Soc. 2006, 128 (43), 14042—-14043



Barrett Lab Synthesis, 2006

Retrosynthetic Plan

RCM
N
)
7
(+)-clavilactone B
Oxidative Lactonization
OMe U
| CiMg
Three Component
Benzyne Coupling
OMe &
N\
H ‘\\\9
» \
OTBDPS

J. Am. Chem. Soc. 2006, 128 (43), 14042—-14043



Barrett Lab Synthesis, 2006

Forward Synthesis: Epoxide Fragment

Mg, 4-bromo-1-butene, THF

1. t-BuPh,SiCl, imidazole, CH,Cl, EtO,C then CuBr-SMe,, THF, -40 °C
\\\l 2. n-BuLi, EtOCOCI, THF, -78 °C \ then SM, THF. -78°C Etozc/\(\/\
95% yield (2 steps) 97% yield
OH OTBDPS OTBDPS
DIBAL-H, PhMe, -78 °C
96% yield
.0 (COCI),, DMSO, Et;N o) Ti(0i-Pr),, | ~(+)-DET, t-BuOOH
HO A CH,Cl,, -78 °C HO G ; -20° HO
\"/ A : 2Cla, A 4 AMS, CH,Cl,, =20 °C AN AN
o) 94% yield 93% yield
OTBDPS OTBDPS 97% ee OTBDPS

N

J. Am. Chem. Soc. 2006, 128 (43), 14042—-14043



Barrett Lab Synthesis, 2006

Forward Synthesis: Three Component Benzyne Coupling

H ‘\\\9
OMe OMe : X
F . o
n-BuLi, THF, =78 °C OTBDPS
> 0
then -78 °C to -35 °C &

MgCl AN

65 % yield
OMe OMe d:%1
OTBDPS

CiMg (R'=0H, R?=H), 25%
(R'=H, R>=0H), 40%

J. Am. Chem. Soc. 2006, 128 (43), 14042—-14043



Barrett Lab Synthesis, 2006

Forward Synthesis

TEMPO (20 mol%), Phl (OAc),

TBAF, THF CH,Cl5
’ >
87% yield 80% yield
TPAP (15 mol %),
TBAF, THF NMO, 4 A MS, MeCN
86% yield 74% vyield

J. Am. Chem. Soc. 2006, 128 (43), 14042—-14043



Barrett Lab Synthesis, 2006

Forward Synthesis: Epimerization

Ph
0@
o —N'®
HO+AlMe,
3-n
Ph (60 mol %)
>
CH,Cl,
80% yield

J. Am. Chem. Soc. 2006, 128 (43), 14042—-14043



Barrett Lab Synthesis, 2006

Forward Synthesis: Final Steps

Me
2nd Grubbs cat. (40 mol %), CAN
tetrafluorobenzoquinone (80 mol %),
o MeOH, H,O
PhMe, 80 °C
65% yield 74% yield

(0

(0

(+)-ent-clavilactone B

N

J. Am. Chem. Soc. 2006, 128 (43), 14042—-14043



Takao Lab Synthesis, 2013

Introduction

OMe

metathesis
(ROM/RCM)

0

OMe

(+)-clavilactone A

= first asymmetric synthesis of clavilactone A
= second asymmetric synthesis of clavilactone B
= 15 steps to clavilactone A, 1.6% overall yield

Org. Lett. 2013, 15 (21), 5582-5585



Takao Lab Synthesis, 2013

Mechanism of ROM/RCM

Scheme 1

OMe ref 4 OMe

Br Br
| 1st Grubbs cat. (10 mol %)

Benzene (0.01 M), reflux .
OMe O \HD OMe O
27% 0
O
(£)-4 (£)-5

RuL
|

(1st Grubbs cal.)

I + (£)-5 —

Scheme 1. ROM/RCM of Cyclobutenecarboxylate (£)-4

Org. Lett. 2013, 15 (21), 5582-5585



Takao Lab Synthesis, 2013

Retrosynthetic Plan

RCM

(+)-clavilactone A

ROM/RCM

Org. Lett. 2013, 15 (21), 5582-5585



Takao Lab Synthesis, 2013

Forward Synthesis: Alcohol Fragment

TMS——
OH K,CO3, Me,SO, OMe (S)-BINOL, Et,Zn,
Br DMF, rt Br N-methylimidazole, Ti(O/Pr),
’ y
59% yield 77% yield
CHO CHO >99% ee after recrystallization
OH OMe
K,CO4
MeOH, rt
100% yield

(R)-MTPA OMe
DCC, DMAP H,, Lindlar cat., pyridine
CH20|2, rt EtOAC, rt
€ : -«
76% yield 100% yield

OMe OMTPA

determined absolute configuration

Org. Lett. 2013, 15 (21), 5582-5585



Takao Lab Synthesis, 2013

Forward Synthesis: ROM/RCM

1st Grubbs cat. (10 mol %)

LDOA' THFO benzoquinone (50 mol %)

~78°Cto0°C toluene (0.01 M), 80°C, 5 h
y .
| | then
o H | ethylene (1 atm)
OMe O 2nd Grubbs cat. (5 mol%)
o ©O 80°C, 1 h
85% yield o 76% vyield

Org. Lett. 2013, 15 (21), 5582-5585



Takao Lab Synthesis, 2013

Forward Synthesis

DIBAL-H
THF, -78 °Cto 0 °C

t—BUthsl(OTf)z, pyridine, CH2C|2
CH,Cl,, -78 °C to rt

65% yield (2 steps)

>

OMe

m-CPBA
CH,Cl,, 0 °C tort
51% vyield

Bu;;SnJL
Me

Pd(Ph,),, CuCl, 1,4-dioxane
100 °C

66% yield

2nd Grubbs cat. (20 mol %)
benzoquinone (40 mol %)
toluene (0.001 M), 80°C, 18 h

69% vyield

Org. Lett. 2013, 15 (21), 5582-5585



Takao Lab Synthesis, 2013

Forward Synthesis: Final Steps

TPAP, NMO
TBAF 4 A MS, MeCN, rt
THF, rt

s 66% yield (2 steps)

NaBH4 CAN
< MeOH-HZO, rt MGCN-HZO, rt
79% yield 87% yield
(+)-clavilactone A (-)-clavilactone B

Org. Lett. 2013, 15 (21), 5582-5585



Takao Lab Synthesis, 2017

Clavilactone D Revisions

(+)-clavilactone D
(originally proposed structure)

Chem. Eur. J. 2017, 23, 3828



Takao Lab Synthesis, 2017
(+)-clavilactone D

Clavilactone D Revisions
(originally proposed structure)

OMe

OMe

OMe
(+)-clavilactone D
structure possibility 1

o™
\Ve

0

OMe

OMe
(+)-clavilactone D

structure possibility 2

OIII-

OMe
Chem. Eur. J. 2017, 23, 3828




Takao Lab Synthesis, 2017

Clavilactone D Revisions

Towards Structure 1

OMe OMe OH
O,N concd H,SO,4 O-N
HNO;, Ac,O 50 °C 3 2
31% yield (2 steps)
oyl
CHO CHO (57% brsm) CHO
OMe OMe OMe
OMe OH
O.N Br K2CO3, Mel  O,N Br PyHBr;
DMF, rt 4 AMS, Py, -30 °C
-« - .
CHO 100% yield CHO 87% vyield

Towards Structure 2

OMe OMe
Br Br
concd HNO;
CHCl,, rt
CHO 96% yield O,N CHO
OMe OMe

Chem. Eur. J. 2017,

23, 3828




OMe

R2 CHO
OMe

a. R'=NO,, R?=H
b. R'=H, R?=NO,

OMe

a. R'=NHBoc, R?=H
b. R'=H, R2=NHBoc

Chem. Eur. J. 2017, 23, 3828

Takao Lab Synthesis, 2017

Clavilactone D Revisions

OMe
Bng/\ —_—
THF, -78 °C R: Br —
, - o
o over 7 steps
a. 73% yield 2
b. 77% yield R N a. ~14% yield
OMe OH b. ~12% yield

t-Bu/ \t-Bu

a. R'=NO,, R?=H
b. R'=H, R?=NO,

1. Pd/C, 1,4 cyclohexadiene
EtOH, 70 °C
2. (Boc),0, Et3N, 1,4-dioxane, 85 °C

1. TBAF, THF, rt
2. TPAP, NMO, 4 A MS, MeCN, rt

i a. 86% yield
a. 74% yield %oyl
b. 87% vyield OMe si’ b. 99% yield

t-Bu/ \t-Bu

a. R'=NHBoc, R?=H
b. R'=H, R2=NHBoc




Takao Lab Synthesis, 2017

Clavilactone D Revisions

1. CAN, MeCN-H,0, rt

2. TFA, CH,Cl,, rt H,N
o

54% vyield

1. CAN, MeCN-H,0, rt
2. TFA, CH,Cl,, rt

65% yield

Chem. Eur. J. 2017, 23, 3828; Org. Chem. Front. 2019, 6, 3759-3765



Takao Lab Synthesis, 2018

Clavilactone D Revisions

TMS——
OMe
(S)-BINOL, Ety,Zn K,CO4
Br N-methylimidazole, Ti(OiPr), MeOH, rt
64% yield 96% yield
O2N CHO 91% ee after
OMe recrystallization

OMe

H,, Lindlar cat., pyridine
EtOAcC, rt

95% yield

H,N

(+)-clavilactone D
revised structure
>99% ee after recrystallization

J. Org. Chem. 2018, 83 (13), 7060-7075




Li Lab Synthesis, 2014

Introduction

Me
3-4 steps
HO
>
., O =
,0/%0
o
. . ] . (+)-clavilactone D
single diastereomer (+)-clavilactone A (x)-clavilactone B (originally proposed structure)
key methodology
0]
o)
o) R3 cat. [Fe] R' OOtBu R2 O \R3 H] R2, \R?
— : 3 cat. [amine . ! y \
B + fBUOOH — "% g R lomine] o R
R R2  COOR* R2 OR*  dr >7:1 R OR R™ N\ g7 0
(o o)
o stereospecific

= jron catalyzed carbonylation-peroxidation
= amine-catalyzed epoxidation and reductive lactonization
» synthesis of (%) clavilactone Ain 7 steps, 14.9 % overall yield
= synthesis of () clavilactone B in 6 steps, 15.1 % overall yield
= synthesis of () proposed clavilactone D in 7 steps, 15.5 % overall yield

N

Angew. Chem. Int. Ed. 2014, 53, 4164-4167



Li Lab Synthesis, 2014

Retrosynthetic Plan

Cross Coupling

RCM .
AN
/) ’>
OMe
clavilactone
Epoxidation and
Reductive Lactonization
\v/
OMe
OMe
R Br Carbonylation-Peroxidation
COOMe £ R Br
N
COOMe
M + CHO
X
OMe

OMe O OOtBu
+ tBuOOH

Angew. Chem. Int. Ed. 2014, 53, 4164-4167



Li Lab Synthesis, 2014

Forward Synthesis

OMe OMe
FeCl llidine
COOMe 2 pyro
R Br MeCN, 85 °C, 3h R Br MeCN, 0 °C, 3h
. > COOMe
CHO a. 60% yield AN a. 87% yield d.r. 5:1
b. 74% yield b. 90% yield d.r. 4:1
OMe c. 70% yield OMe O  OOtBu c. 91% yield d.r. 4:1
+ tBuOOH
a. R=H
b. R= OMe
c. R=0Bn

2nd Grubbs cat.
tetrafluorobenzoquinone
PhMe, 80 °C, 18 h

a. 65% yield
b. 43% yield
c. 42% yield

Angew. Chem. Int. Ed. 2014, 53, 4164-4167

Me I
MeO
R
.,,,o
o o
OMe

tributyl(2-methyl-allyl)stannane
[Pd(PPh3),], CsF,
MeCN, 100°C, 12 h

a. 87% yield
b. 82% yield
c. 88% yield

-

R

MeO
Br

O coome

OMe 0

NaBH,4
EtOH, 0 °C, 3h
a. 73% yield
b. 71% yield
c. 78% yield

OMe

single diastereomer

N



Angew. Chem. Int. Ed. 2014, 53, 4164-4167

Li Lab Synthesis, 2014

Forward Synthesis: Final Steps

CAN NaBH,
MeCN-H,0, 0°C EtOH, 0 °C, 5 min
70% yield 99% vyield
NaBH
CAN oTla
MeCN-H,0, 0°C MeO EtOH, 0 °C, 5 min
> X >

65% vyield

(x)-clavilactone D
originally proposed
structure

N



Li Lab Synthesis, 2014

Forward Synthesis: Final Steps

10 wt % Pd/C
1,4-cyclohexadiene
EtOH, 25°C, 1 h

99% vyield

CAN
MeCN-H,0, 0°C

85% yield

(+)-clavilactone D
originally proposed structure

other derivatives made

Angew. Chem. Int. Ed. 2014, 53, 4164-4167



Li Lab Synthesis, 2017

Clavilactone D Revisions

OMe OMe 1. Fe powder, EtOH/HOAc/H,O OMe
Br conc. HNOj Br reflux, 15 min Br
CH,Cl,, rt, 1.5h 2. AcCl, Pyr, CH.Cl,, rt, 3 h
97% yield 95% yield (2 steps)
CHO O,N CHO AcHN CHO
OMe OMe OMe
OMe OMe DBU (0.3 equiv) MeO
COOMe By FeCl, (2.5 mol %) B LiBr (0.3 equiv) e
MeCN, 85 °C, 1h MeCN. 0°C. 0.5 h Br O
72% yield cOooMe N 95% yield s
AcHN CHO AcHN is- -11:
c I | e cis-/trans- 11:1 AcHN COOMe
+ tBUOOH © © Bu ome ©

J. Org. Chem. 2017, 82 (10), 5487-5491



Li Lab Synthesis, 2017

Clavilactone D Revisions

MeO

conc. Hy,SO,
Br O MeOH/THF (3:1), rt, 24 h
: 96% yield >
over 4 steps
AcHN COOMe ~53% yield AchN
o)
OMe

(x)-clavilactone D
revised structure

N

J. Org. Chem. 2017, 82 (10), 5487-5491



Yoshimitsu Lab Synthesis, 2014

Introduction
oM
© Me Me
MeO
radical cyclization- >
fragmentation

\ ]

0 OEt 2,0 %
OMe COOEt \o X0

OMe o o

clavilactone B

= Sml,-mediated radical cyclization, alternative to RCM
= §8 steps to clavilactone B, ~9% overall yield

Org Lett. 2015, 17 (1), 126-129



Yoshimitsu Lab Synthesis, 2014

Retrosynthetic Plan

Me Me
MeO
>
)
A 7
-, O % OEt
,0/_%0 o 4
(0] OMe
clavilactone B
Fragmentation
\v/
OMe
OMe
Aldol Radical Cyclization
(/
N\
OMe o

Org Lett. 2015, 17 (1), 126-129



Yoshimitsu Lab Synthesis, 2014

Forward Synthesis

OHC/\)LCOOEt OMe

OMe

. OH MsCIl, DMAP
Cll’|%ll4, E;%NOC N pyridine, Ch,Cl,, rt
2Cl2, -
7% yiola y 94% yield
dr >40:1 ome ©
Sme O COOEt

TEMPO, NCS, BuyNCI ch C?IBOA°LCt .
CH,Cl,, H,0, pH 8.6, rt 2Cly, 0
% yi 79% yield
82% yield % yie

o™
I

OMe

Org Lett. 2015, 17 (1), 126-129

OMe

COOEt

Sml,, EtzN (20 equiv)

THF, 0 °C
41% yield
Me
MeO
i OEt
OMe o O




Yoshimitsu Lab Synthesis, 2014

Forward Synthesis: Final Steps

1. LDA, (PhSe),, THF, -78 °
2. NalOy4, MeOH, rt

81% yield (2 steps)

TBHP, Triton B
THF, -78 to -10 °C

61% yield

Me

MeO
CAN
MeCN, H,0, 0°C to rt
90% yield
'o,lo

o o

OMe

clavilactone B

Org Lett. 2015, 17 (1), 126-129



Biosynthetic Pathway, 2024

Yao, Ma, and Liu

OH
OH Ho Ve
ClaT
A N Me
OH OH OH HO
wigandol

OH
hydroquinone
geranylhydroquinone

GPP

ClaT -H,O

6HHO

OH

arnebinol

(+)-clavilactone A

J. Am. Chem. Soc. 2024, 146 (16), 11457-11464
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