Total Syntheses of Polycyclic Diterpenes Phomopsene,
Methyl Phomopsenonate, and iso-Phomopsene via

Reorganization of C—C Single Bonds
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iso-phomopsene ) \ phomopsene ) methyl phomopsenonate |

. Phomopsene diterpenes 1-3 were isolated from the fermentation of fungi
. First total synthesis report of 1-3, leading to the structural revision of 1

. Strategic ring expansions to access fused 5/5/6/5 tetracyclic rings
. 9—6 consecutive stereogenic centers, including two quaternary carbon centers
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1. 1.05 equiv.

Me CO,Et
1. 1.5 equiv. 2,4,6-collidine Y .
: _P-OEt 2. 2.0 equiv. NaOH
1.2 equiv. Tf,O o EOHHO. rof
NO 1,2-dichloroethane, 80 °C OEt -F20, reflux
Me > > .~
2. CCl4:H50, reflux 1.05 equiv. NaH
Me Me o THF, 0 °C to rt ElZ =21
80%
10 g scale

Intramolecular [2+2] cyclization between keteniminium salt with alkene (Ghosez cycloaddition)
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1. 1.05 equiv.

Me CO,Et
1. 1.5 equiv. 2,4,6-collidine Y .
: _P-OEt 2. 2.0 equiv. NaOH
1.2 equiv. Tf,0 o°\ EtOH-H-O. refl
NO 1,2-dichloroethane, 80 °C OEt H20), Tetiux
Me > > .~
2. CCl4:H50, reflux 1.05 equiv. NaH
Me Me O THF, 0°C to rt ElZ =2:1
80%
10 g scale
Horner-Wadsworth-Emmons reaction & hydrolysis
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1.5 equiv. j\/ﬁ\ 1.5 equiv. %& O O
KO OMe 3.0 equiv. CCl, Me OMe
1.5 equiv. MgCl, 3.0 equiv. TiCl, ||
1.1 equiv. CDI 6.0 equiv. pyridine H )
> .~ e
THF, reflux THF, 0°Ctort Me Me
67% over three steps E: 45% (14.2 g) Z:22% (6.9 g)
Separable by column
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1.5 equiv. 6 O

KOJ\/U\OMe

1.5 equiv. MgCl,
1.1 equiv. CDI

THF, reflux

O

1.5 equiv. %

O O
, Me
3.0 equiv. CCly OMe
3.0 equiv. TiCl, ||l
6.0 equiv. pyridine H
> Me
Me

THF, 0°Ctort Me

67% over three steps

E: 45% (14.2 g)

Separable by column

Z: 22% (6.9 g)

Knoevenagel Condensation
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Me OMe
| | OMe  0.30 equiv. InCl;
_ +
*4M CH,Cl,, 80 °C
e
Me
Me 92% (15 : 1)
Z desired undesired

Nazarov cyclization/Double ring expansion (From Z-isomer)

migration of tertiary carbon
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0.30 equiv. InCl;
hv (365 nm)

e

L

CH,Cl,, 80 °C
67% (15: 1)
E 29% SM recovery

OMe

Me

desired

undesired

Nazarov cyclization/Double ring expansion (From E-isomer)
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>

slower
TS for counter-
clockwise
E conrotation

TS for InCl3
clockwise conrotation faster
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E/Z isomerization
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Z’s ground state has higher energy than E
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1.2 equiv. NaHMDS

OMe 1.1 equiv. TBSOTf o)
3.0 equiv. LiCl THF, 0 °C
DMSO:H50 4.0 equiv. NaHCO3
180 °C 1.2 equiv. m-CPBA

0°C

\
\




Enzymatic kinetic resolution

3.0 equiv.
Z0Ac MS
Novozym 435 _ N MeMe 3% wOAC
MTBE, rt
Me
racemic (-) (+)
47%, 99.7% ee 49%, 92% ee

c.f.) Catal. Sci. Technol. 2019, 9, 2380-2420.
J. Am. Chem. Soc. 2021, 143, 11951-11956.



2.0 equiv. MOMCI Me

4.0 equiv. DIPEA= Me H/‘ OMOM 2.0 equiv. NaBH,4 _
CH,CI, : MeOH
O°Ctort Me O°Ctort
92% 96%

MOM protection of alcohol
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OMOM

2.0 equiv. NH,OH+HCI

>

pyridine, 120 °C
86%

OMOM

1. 0.7 equiv. SOCl,
2 3.0 equiv. DIBAL-H
CH,Cl,, —-40 °C

then neutral alumina
column chromatography

46%

OMOM

Oximation
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1. 0.7 equiv. SOCI,
2 3.0 equiv. DIBAL-H
2.0 equiv. NH,OH<HCI CH,Cl,, —40 °C
OMOM >

pyridine, 120 °C
86%

OMOM OMOM

then neutral alumina
column chromatography

46%

Beckmann Fragmentation & carbonyl-ene cyclization

hydrolysis

neutral alumina column Me Hv} OMOM
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1.2 equiv. LIHMDS
1.2 equiv. HMPA
5.0 equiv. Mel Me
THF, -78°C tort

1. 1.1 equiv. DMP
2. 3.0 equiv. DBU

N Me H
OMOM Me OH
CH,Cl,, rt to 40 °C then HCI
MeOH, 60 °C -
88% 87% Me

Common Intermediate

\

OMOM

OMOM
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1. 1.1 equiv. DMP
2. 3.0 equiv. DBU

1.2 equiv. LIHMDS
1.2 equiv. HMPA
5.0 equiv. Mel Me
THF, -78°C tort

_ N Me H
OMOM Me OH
CH,Cl,, rt to 40 °C then HCI
MeOH, 60 °C -
88% 87% Me
Common Intermediate
/7 N\ TMS
Li—N\

TMS

OMOM
HCI
@)
\—OMe
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4 steps

5 steps

\

/7 steps

7/ steps

.

Me COzMe
methyl phomopsenonate

J
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0.3 equiv. PtO, 1. 3.0 equiv. K,CO3

1.0 atm H2 CH2C|2/MGOH, rt
TFA/EtOAG, rt O 2. 1.0 equiv. DMP
CH,Cl,, rt
63%

over 2 steps

PtO,-catalyzed reduction

0
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( 2_ :<R5 O_< 1 3 4 4
R > ( R R R
H H  H H H H — >~ HOX H{g

0.3 equiv. PtO, Me Me
K,CO DMP
1.0 atm H, . MeH 2~3 - Me H .
TFAEtOAG, rt e~ L0 Me Me OH

Me

Fischer esterification
See slide 13 for DMP oxidation mechanism 16



1.2 equiv. LIHMDS
1.1 equiv. PhNTf,
THF, =78 °C to rt

0.1 equiv. Pd(PPhs),

3.0 equiv. MeMgBr
rt

66%

\

iso-phomopsene

Vinyl triflate formation

O 00 O

\\ 7/ \ 7/

SO S

Me F5C”} N" CFy
i Ph
0

Kumada cross coupling

Reductive Oxidative
elimination addition

Transmetallation

e

MeOTf MeMgBr
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0.3 equiv. PtO,
1.0 atm H,
AcOH/EtOAc, rt

1.4 equiv. (TMSOCH,),
1.2 equiv. TMSOTf

. _ Me H
Me
then CH,Cl,, —40 to 0 °C
2.2 equiv. DMP o
CH,Cl, 1t 88%
69%
dr >20:1

See Slide 13 and 16 for PtO, reduction & DMP oxidation mechanism

Acetal protection of ketone (Noyori condition)

®_TMS
0

TMSO OTMS

+ TMS+ -TMSOTf

TMS-O-TMS

c.f.) Tetrahedron 1981, 37, 3899-3910.

cyclohexanone reacts faster than cyclopentanone

Me
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1.5 equiv. LIHMDS

5.0 equiv. pyridine
1.2 equiv. PhSeCl quiv. py

3.0 eC]UiV. H202 N

THF, —78 to =20 °C CH2C|2 0°C

72%

Common Intermediate

Selenoxide elimination

See Slide 14 for a-Selenylation mechanism
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3.0 equiv. Cul N
[\ 6.0 equiv. MeMgBr [\
4.0 equiv. TMSCI o0

5.0 equiv. EtzN 3.0 equiv. Pd(OAc),

’

Y

THF, —40 °C MeCN. rt

61%
over two steps

0,0
V€ Oxidative addition
Me H >
Me O 1ws'c

N~

B-H elimination

MeMe Pd(OAc)
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170 equiv. Na
240 equiv. NH,NH5*H,O

0.3 equiv. PtO,

1 MPa H, glycol, 160 to 210 °C
EtOAc, 90 °C then
HCl/acetone, rt
(o)
93% 66%

See Slide 13 for PtO, reduction mechanism




Br
0.5 equiv. AIBN Me 3.0 equiv. LiBr
1.1 equiv. NBS . Me H WH 3.0 equiv. Li,CO3 . Me H
- Me - \ "~ Me
CCly, 78 °C DMF, 130 °C
Me I\:/Ie 76%
a-Bromination
Initiation: NC Me
C)) Me><O
Me  Me heat CN .
NC (\FN\; >u< —_— 2 )\ [\T%I’ —_— N + Br
K NJ¥TCN Me” “Me N
Me Me 0O
@)
Propagation
Br-Br
M

0
N-Br + HBr ———~ N-H + Br-Br
0

O
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2.0 equiv. Znl,
10.0 equiv. Et3SiH

DCE, rt
04% phomopsene
Reduction of ketone
. _.2nly _ _Znl
S|Et3\|_| OIJ SiEtz< o)

c.f.) Synlett., 2008, 19, 3053-3057.
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1.25 equiv. NaBH,
MeOH/THF, 0 °C

3.0 equiv. KOH 2. Martin’s sulfurane
3.0 equiv. TMSCN DCE, 40 °C
> Me H >
1,4-dioxane/H,0 Me 3. Pd/C, H,
95 °C 4. HCl/acetone, rt
75% 91%
dr >20°1 over 4 steps

See Slide 10, 13 for reduction, 21 for acetal deprotection mechanism
Conjugate addition & epimerization

\

Ph_ Ph F3C_ CFs3

f f Rf=
Rl5-S<o-R R \\)<Ph

Martin’s sulfurane
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0.5 equiv. AIBN

1.1 equiv. NBS
CCly, 78 °C
2. 3.0 equiv. LiBr MeOH/H,SO,4
3.0 equiv. Li,CO3 95 °C
DMF, 130 °C
72% 72%

over 2 steps

-

methyl phomopsenonate

J

Alcoholysis of Cyano group

See Slide 22 for radical bromination
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