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1. Introduction



Nazarov Cyclization

Classical Nazarov cyclization:

H or 41 electro-
j)f\[Rz Lewis acid Rj)\(RZ cycllzatlon R’ @f

Frontier et al. (2007)3)'
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Williams et al. (2007)%:
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Nazarov Cyclization

Polarized model by Frontier et al.9:

o) o
EDG EWG reactivity EDG EDG
R3 R4 R3 R4
polarized unpolarized

Interrupted Nazarov cyclization:

X
(0] O/ e
R! R2 . ) Nu .
h — R@&R — N
3 4 K
R R R R4

Followed by Wagner-Meerwein rearrangement:

o o~ o

1 2 R]

R3 R4



Nazarov Cyclization

Reusch et al. (1993)9:

o) o)
o
| . Ph Ph
SnCly (100 mol%) 20.8% 16.2%
Ph = 0
CHCI;, reflux
24 h
Ph
34.0%

Tu et al. (2022)D):

Lewis acid
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2. Tandem Nazarov Reaction?



Design of Reaction

o)
1 2
R R one step
|| - >
divinyl ketones angular
triquinanes
Nazarov-type 2nd ring
cyclization expansion
LA LA
7 e
0 1string R o
R.® R2 expansion : R2




Optimization of Conditions

o
R Lewis acid
|| >
solvent (0.1 M)
rt, time
1a: R = Me 2a: R = Me
1b: R=CO,Me 2b: R =CO,Me
Table 1
entry  substrate Lewis acid (equiv) solvent time (h) yield (%)
1 la Cu(OTf), (0.2) CH,CI, 24 71 (93 brsm)
2 la BF;-Et,O (1.0) CH,CI, 0.25 96
3 la In(SbFy); (0.1) Et,O 0.25 97
4 la In(SbFg); (0.1) CHCl, 0.5 95
5 1b Cu(OTf), (0.2) CH,CI, 24 not detected
7 1b In(SbFg); (0.2) Et,O 12 not detected
8 1b In(SbF); (0.1) CHCl, 12 81
9 1b TiCl, (1.0) CH,CI, 48 49 (71 brsm)
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Scope of Substrates

R’ R®  |n(SbFg); (0.1 equiv)
>
CHCI; (0.1 M), rt, time

COZMG

COZMe

0.5 h, 80% 1 h, 80% no reaction 48 h, 51% no reaction
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Mechanism Study by DFT Calculation

A AG (kcal/mol)
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OMe
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Proposed Mechanism

In_ classical Nazarov cyclization: oA

slower

EDG-@ EDG — 3
LA
Clelg less
EDG R ——= acidic
_LA
o)
faster
R = EDG or EWG EDG @ EWG — 3
more
acidic H
Reqgioselectivity of ring expansion:
oA oA oA
EDG-@® EWG -3 EDG ®_EwG . EDGD R2
( N, : ,
INT2 INT2 , INT2
more stable less stable . R? = Ph (mr-m)
: OH (p-)

CO,Me (1r-1T)

EDG\©/EWG

smaller

conjugation

system
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Scope of Substrates

(o)
M
COMe | (SbFg); (0.1 equiv)  go
| | > T
CHCI; (0.1 M), rt, 12 h
R3/ \R4
3
(o) (o)
COMe 629 CO,Me COMe 90%
| | —> | | —>

0O
CO,Me
| | 81%
—
R3

SiPhMe,

R3 = SiPhMe,
alf =1/4 alf =1/3

14



3a

CcOo,Me

Proposed Mechanism

F.SbF, FSbFs
o!n--0
@ - OMe
H
H Me

TS3a
AAG =0 kcal/mol

FsSbE  FsbF;
In.
o-Ino
@_ _~ OMe

H
H/Me

TS3a'
AAG = 3.8 kcal/mol

C02M9
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Proposed Mechanism

FsSbF, FSbFs  |#

0 4b: R3 = SiPhMe,
N CO,Me TS3b: R® = SiPhMe, major product
| ] AAG = 0 kcal/mol
SiPhMe,
3b

4b": R® = SiPhMe,
minor product

TS3b": R3 = SiPhMe,
AAG = 1.4 kcal/mol 16



Scope of Substrates

COzMe

30 min

75%

Conditions (unless noted): In(SbFg); (0.1 equiv), CHCI; (0.1 M), rt, 12 h 17
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3. Application to Total Synthesis
1) Total Synthesis of Waihoensenel)
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Walhoensene

Isolation: plant Podocarpus totara var. waihoensis

Biological activity: not reported

Structural features:

* 6/5/5/5 tetracyclic core

« angularly fused A/B/C ring and B/C/D ring

4 guaternary centers

* 6 contiguous stereocenters

Total synthesis: (5 examples)

« Leeetal. (2017, racemic)” = 200919 PS Yuma_Komori
* Yang et al. (2020, asymmetric)® = 200919 PS Yuma_ Komori
« Snyder et al. (2020, asymmetric)?

« Gaich et al. (2021, racemic & asymmetric)19)

« Tu etal. (2022, racemic)?
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Synthesis of Walhoensene

In(SbFg); (0.1 equiv)

. LiCl, DMSO, 180 °C, 89%

Q NaBArF (0.6 equiv) . KN(TMS),, TBSOTf, THF, 0 °C
CO;Me CH,CI,/(CF3;),CHOH . pent-4-enal, BF5-Et,0
| | (1/1, 0.1M) CH,CI,, =78 °C
-10°C,48 h . Dess-Martin
81%, dr = 7.0:12 periodinane
SiPhMe, 1=======-=>=-=-- SR NaHCO; .
3p 3 CH,Cl,, 0 °C
. ®0
1 Na B
: NaBArF CF, /,
(o)
then Mel
~78 °C to rt KN(TMS),
3 3
R 35% THF R
: (4 steps) -78 °C
-0

7: R® = SiPhMe, 5: R® = SiPhMe,

a) Previous conditions: In(SbFg); (0.1 equiv), CHCI; (0.1 M), rt, 12 h, 81%, dr = 4:1 20



Synthesis of Walhoensene

B (o)
©
0 X3B/ o
H
NaBH,4 7a (less favored)
R3 MeOH
-78 °C SiPhMe,

-
-
-
-
-

0
7: R® = SiPhMe,

7b (more favored)

(o)
24%
>
R3
* oH
8a: R3 = SiPhMe,
(o)
70%
>

-
-
-
-
-

OH

8b: R® = SiPhMe,
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Synthesis of Walhoensene

-
-
-
-
-

OH
8b: R® = SiPhMe,

OH

-
-
-
-
-

OH

12: R3 = SiPhMe,

A

R3
OH
— %H
H (o)

11: R3 = SiPhMe,

i-Bu,AlH, CH,Cl,, -78 °C, 85%

R3

hv = 365 nm OH

MeCN, rt; H
concentrated 7

i H O _
9: R® = SiPhMe,
Sml,, HMPA
t-BuOH, THF, rt

40% for 11
13% for 12

VI Yosmn

10: R3 = SiPhMe,



Synthesis of Walhoensene

1. KN(TMS),, PhOC(=S)CI
THF, -78 °C

2. AIBN, n-Bu3zSnH
toluene, 110 °C

12:

3. BF3-2AcOH, CH,Cl,, rt
4, KF, NaHCO3, H202

THF/MeOH, 40% (4 steps)
5. IBX, DMSO, rt, 90%

o
R3 = SiPhMe,

13 13
LiN(TMS),, THF
-78 °C tort
MePPh;Br Mel
t-BuOK
%
toluene, reflux

" -
o@ H
-78 °C to rt
-
90%)11)
(¥)-waihoensene

90%)11)

14
11) Qu, Y.; Wang, Z.; Zhang, Z.; Zhang, W.;

Huang, J.; Yang, Z. J. Am. Chem. Soc. 2020, 142, 6511.
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3. Application to Total Synthesis

2) Total Syntheses of Phomopsene
Diterpenes?
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Phomopsene Diterpenes

phomopsene iso-phomopsene methyl
(originally proposed) phomopsenonate

Isolation: fugus Phomopsis amygdali
Biological activity: not reported

Structural features:

* unique 5/5/6/5 tetracyclic core

« 3 quaternary centers

« 5-6 contiguous stereocenters

Total sythesis: (1 example)

« Tu et al. (2023, racemic and asymmetric)?

25



Retrosynthetic Analysis

fragmentation/
reconstruction

phomopsene

Nazarov-
type ring
ciycllzatlon ej(pansmns CO,Me

<

Y

18
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Synthesis of Tetracyclic Core

1. 22, NaH, THF, 0 °C to rt
2. NaOH, EtOH/H,0, reflux o) 0
3. (Im),CO, THF, rt;

23, MgCl,, reflux

r
4. cyclobutanone, TiCl, H
CCl,, pyridine, THF
0°Ctort,67%
(£)-21 (4 steps, 20/20' = 2:1) 20 20"
STmTmmmmmsss------- 20% from 20, 18/18' = 15:1
O o (:‘;50/ conv.) InCl;3 (30 mol%)
1 ° . : CH,CI,, 80 °C
EtO’,P 93% from 20', 18/18' = 15:1 sealed tube
EtO OMe (100% conv.)

C02M9

N
N

18 (desired) 18' (undesired)
27



Synthesis of Tetracyclic Core

o)
CO,Me hv =365 nm CO,Me
hv, CH,Cl,, rt 45% (98% brsm) | |
y
hv = 254 nm H
58% (84% brsm)
X 20

InCl; (30 mol%)
CH,CI,, 80 °C
sealed tube

hv (365 nm)

67%, 18/18' = 15:1
(71% conv.)

CO,Me
COzMG

28



Proposed Mechanism

counter-
clockwise

slower
_>

[, >
clockwise

hv
--------------- S

Cl
CI\I

o!n--o
OMe

TS4c (unfavored)

£ clockwise
strain released

faster
-

counter-
clockwise
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Proposed Mechanism

Cl CI

\I /
@ o, n..o
~ JJ\OMe CO,Me
— —
H
+
19a
favored major product

19b 18’
unfavored minor product

30



Functionalization

1. LiCl, DMSO/H,0
180 °C, 65%

2. NaN(TMS),, TBSOTf
THF, 0 °C

>
3. NaHCO;, m-CPBA

CH,CI,, 0 °C
87% (2 steps)

1. MOMCI, i-Pr,NEt
CH,CI,, 0 °C to rt, 92%

2. NaBH,4, MeOH
0°Ctort,96%

NH,OH-HCI
pyridine, 120 °C

-«
86%

31



C-Ring Expansion

SOCl,, CH,Cl,
-40 °C

27

i-Bu,AlH
-40 °C to rt;

29
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Total Synthesis of Iso-Phomopsene

OH Dess-Martin concave
> periodinane H

DBU, 40 °C o Me
88% convex p Me

LiN(TMS),

Mel, HMPA, THF

-78 °C to rt;

HCI aqg., MeOH

60 °C, 87% v

PtO,

H, (1 atm)
-«
CF3;CO,H/
EtOAc, rt

33



Total Synthesis of Iso-Phomopsene

K,CO3, CH,Cl,/ LIN(TMS),
MeOH, rt; PhNTf,
concentrated; i =78 °C to rt

> 1
Dess-Martin
periodinane o)
CH2C|2, rt, 63% 33
Y

iso-phomopsene
(revised)

iso-phomopsene
(originally reported)

: : Pd(PPh;),

! : MeMgBr, rt

1 : < lnH

: : 66%

: oTf




Total Synthesis of Phomopsene

(0

1. PtO,, H, (1 atm)

AcOH/EtOAC, rt
’

2. Dess-Martin
periodinane
NaHCO3
CH,CI,, rt 33 (undesired) 35 (desired)

13% (2 steps) 69% (2 steps)

1. (TMSOCH,),
TMSOT{, CH,ClI,
—40 to 0 °C, 88%

2. (PhSe0),0
pyridine
90 °C, 54% v

Cul, MeMgBr
THF, 0 °C

79%

37' (undesired)
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Total Synthesis of Phomopsene

Cul, MeMgBr

TMSCI, Et3N
>
THF, =40 °C

Pd(OAc),
MeCN, rt, 36 h
61% 14%
(2 steps)v (2 steps)
PtO,
H, (1 MPa)
%
EtOAc, 90 °C
93%

37 (desired)

36



Total Synthesis of Phomopsene

O/w o  AIBN, NBS
1. Na N2H4 H20 CC|4, 78 OC;

glycol, 160 to 210 °C concentrated
» nnnna
2. HCI aq., acetone, rt o

66% (2 steps)

anz, Et3S|H
- -
(CH2C|)2, rt LiBI’, L|2003
64% DMF, 130 °C

76%

phomopsene

37



Total Synthesis of Methyl Phomopsenonate

TMSCN, K,CO4
1,4-dioxane/H,0

95 °C, 78%

TMSCN, KOH
1,4-dioxane/H,0

o
95 °C, 75%

43 (desired) thermodynamic
product

38



Total Synthesis of Methyl Phomopsenonate

1. NaBH,4, MeOH
THF, 0 °C

>
2. Martin's sulfurane

(CH,CI),, 40 °C
94% (2 steps)

: F3C Ph Ph CF3 :
1 %\ \S/ * :
: F3C TN CF3 1
' Ph S

Martin's sulfurane

1. NBS, AIBN, CCl,
78 °C; concentrated;
LiBr, Li,CO3, DMF
130 °C, 72%

2. conc. H,SO,4, MeOH
95 °C, 72%

methyl
phomopsenonate

Pd/C, MeOH

H, (1 atm), rt;
concentrated;
HCI aqg., acetone
Vrt, 97%

39



Asymmetric Total Syntheses

ZoAc
Novozym 435
t-BuOMe, rt
> +
lipase
resolution
AcO
(-)-24 (+)-46
47%, 99.7% ee 49%, 92% ee
(o)
o=
/\OMe
(-)-phomopsene (+)-iso-phomopsene (+)-methyl
(revised) phomopsenonate

-98° (c 0.10 , CHCI;)  +15° (¢ 0.10,, CHCl;)  +20.0° (c 0.10 , hexane)
-97° (¢ 0.27 , CHCI;)  +12° (c 0.50 , CHCl;)  +37.5° (c 0.08 , hexane)
40

synthetic
reported
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Summary

Lewis acid

phomopsene
20 steps o

L
e
-
b

0/

/\OMe
waihoensene (+)-iso-phomopsene (+)-methyl

14 or 15 steps (revised) phomopsenonate

12 steps 19 steps 42
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X-ray for 8b

8b (revised)
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