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HFenestrane

~From the Synthetic View of the Natural Product~
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81 Introduction

1-1 Introduction

Window (Lat. fenestra) structure alkane.
Febestra alkane +*¢** "Fenestrane"

Vlasios Georgian and Martin Saltzman, 7L, 1972, 73 4315-4317

tetracyclo [3.3.1.0%°.0"°] nonane (1)
(This compound has never been synthesized, so far.)

cf. Pyramidane (tetracyclo[2.1.0.0"3.0%5] pentane)

Minimum fenestrane. Propellane
2 3
Staurane (from Greek stauros, cross) Paddlane

tetracyclo[5.5. 1.0.4130'%.3jtridecane

3-8 0

5

£

1-2 Naming Rule

[m.n.p.q]fenestrane

1. Start with smallest ring number (m).

2. Second number (n) is smaller one which ring touches the smallest ring.
m-a(H2C) = (CHa)n3 3. Third number (p) is the next one in the round manner.

4. Last number (q) is decided automatically.

H

o-3(H20)————(CHz)qus description of cis/trans

H c¢/s : Relationship of proton to bridge-head carbon

and bridge-head carbon to cantral carbon are same.(up-up or down-down)
trans : Relationship of proton to bridge-head carbon
and bridge-head carbon to cantral carbon are different.(up-down or down-up)

cis/frans is written before [m.n.p.q], its order is same as [m.n.p.q].

Normally, if there are many same number, they ordered as ¢is comes front.
Some people says olefin containing fenestrane as "fenestrene", but it is not major.

Examples
cis
H H
Hio H CiS {H H' trans
H H
6 cis 7
all-cis{5.5.5.5]fenestrane cis, cis, cis, trans{5.5.5 6]fenestrane all-cis{4.6.4.6]fenestrane



In natural product, there are only two compounds which have fenestrane structure.
Both of them are terpene compound.

Laurenene (§3) Penifulvin A (§4)
\
_ diterpene sesquiterpenoid
all-c/s-[5.5.5.7]fenestrane all-cis-Dioxa[5.5.5.6)fenestrane

All-c/s fenestrane is most stable.

§2 Synthetic approach

2-1 Pauson-Khand Reaction ([2+2+1]addition)

Intramolecular Pauson-Khand Reaction is fine way to make bicyclo[3.3.0]octane.
This reaction is high regioselectivity and stereoselectivity.

R '
Col(CO), TMANO " o Inter mediate of
LI, Re ——— [2+2]photoaddition (2-2)
R7 Ry Ry 10 aldol reaction (2-4)

transannulation (2-5)

Moreover, intramolecular tandem Pauson-Khand Reaction gives fenestrane structure in one step.

= R =AcO 0%
< Co(CO)g, TMANO TMSO 24%
e TBSO 22%

MePh,SiO  13%
AllyiIMe,Si0O 15%
all-¢is-[5.5.5.5]fenestrane H 5%

Reinhart Keese et al., Helv, 1996, 75, 461-476

R e penetane, - o
< /

vy

And there are one pot Pauson-Khand Reactions which gives fenestrane structure.

- g
R R .
0 R H

|| || L 5 mol% Co,(CO)g Y
30 atm CO R =Ph, R' = Me : 84%
R R 7 DCM, 130°C, 18h R R=Ph R =H :74%
13 o) 14 R=R'=H :51%

all-cis-[5.5.5.6]fenestrane

Young Keun Chung, Chem Comm, 2002, 56-57
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[ H )
Co nanoparticles, 20 atm CO, 130°C, 18 h, THF; 0
16, [(n3-ally)PdClI],, dppe, BSA, AcOK, rt, 12 h; . H H
20 atm CO, 130°C, 18 h, 84% MeO,C g -
OAc 145 MeO,C 16 MeO,C L7
MeOQC>\%Ph all-cis-[5.5.5.5]fenestrane
Young Keun Chung, JACS, 2002, 724, 6838-6839
N P,
Mechanism MeO,C 16

M902C

©
MeOgCuPh

)

Pd
OAc 15 AcO 18 19

H H
A Co = Pd % ==
s —G5- P s o -

H H
5 - o
i f >_=o &b,
Co H H
co MBOZCO
MeOZC ——Ph MEOZC
20 P 17

2-2 [2+2]photoaddition

To make [4.m.n.p]fenestrane, [2+2]photoaddition is the best way so far.

-
The first report
220
(H2C)
" \)\ n(H2C) @] photolysis n(H2C) 0
o) pyrrolidine _ 450W Hanovia lamp n=1:45h 62%
21\ 23 04 N=2:1.5h,76%
Vlasios Georgian and Martin Saltzman, 7L, 1972, 73 4315-4317
B
COLEt CO,Et
: o _Hglamp=254 nm) ¢ 0 : Hg lamp(A=254 nm)
Hex z </ © “Hex/BuOMe(200/1) Tty
= B 86%
25 Ho26 \ 5
cis, trans, cis, frans-[4.5.5.5]fenestrane
CO,Et
CO,Et EA o CO,Et oy
<:D':O Hg lamp(A=254 nm)’ H “ z Hg lamp(A=254 nm) “ O
_ Hex a H C[;>=O Hex/BuOMe(200/) H
LS AT g 5F
27 H o8 30 31
all-cis-[4.5.5.5]fenestrane all-cis-[4.5.5.5]fenestrane

Peter Gerber and Reinhart Keese, 7., 1992, 33 3987-3988




2-3 [2+3]photoaddition

[2+3]photoaddition is very convinient to synthesis the natural products.

Toward to synthesis of coriolin

( ~
AcO hv PhSH
cyclo_hexane neat, 100°C
CH(OEY), 15% (major product) H_ 72% Fq
32 330H(0Et)2 34CH(OE1)2
Li, NH
ELO, 80% X | \ [ - -
2 H
H CH(OEt),
35 coriolin (36)
P. A. Wender and J. J. Howbert, 7L, 1983, 24, 5325-5328
L 2
Total synthesis of Silphinene
o 38
M
Li, Et,O, it nw "M I L, H
Br NH,;, -78°C- -33°C pentane, 25°C CH,NH,
87% «_ 70%(40/41=1/1) = 78°C :
5% L
37 39 40 73:5% giihinene (42)

P. A. Wender and Robert J. Ternanskyt, 7L, 1985, 26, 2625-2628 )

These reactions has good regioselectivity.
But selectivity of electric transition is notcontrolled.

7~ 5

1 Me,

)(;\944 S e 46

Me 45

AR

I

AR

[2+3] photocyclization was used in the total synthesis of Laurenene and Penifulvin A.
Those schemes are written in §3 and §4.



2-4 aldol reaction

In laurenene synthesis, to make the 7-membered-ring, aldol reaction was used.

.
pTsOH, Bn, 80°C, 3 h, > 75%
‘ Michael T. Crimmins and Lori D. Gold l

JACS, 1987, 709, 6199-6200

0

[6.5.5.7]fenestrane (50)

‘ NaOH, MeOH, reflux, 54% T
Sho lto et al., 7L, 1987, 28, 253-2540

detail in §3

2-5 Transannulation

From cyclooctane/-ene ring, blcyclo[S 3.0]octane is produced.

(S)
ClyCCH-O-AICHs © CLAI-O\_ccy.
GliCCHO + AlCH, ——as I 92 @
51
C|3CCH=O-A|C|3 53
®0

S}
— ) o
ClsAl cely Cl, -0 con GCls CCl,
—_— B ® _— —
> OQ & ég
54 55

. Tammo Winkler et al., He/v 1975, 58 1345- 1357

o STHNN
COzme
0]
1) NaHMDS . @ ___TsNHNH, @
2) H*/H,0 T TsOH/DCM
67% in 2 steps ‘ .»
60
H
H
) L 10% Pd-C, neat
bl under N, + H, _
diglyme 320°C
H 61
all-cis{5.5.5.5]fenestrane (6)
Reinhart Keese et al., Helv, 1979, 62 326-334




-
NC CN H,N
CN
H OHG Y OBn H
= N HMDS, BuLi
g . THF, reflux
H o =0 0 23 h, 59% 7
62 0 g MeO g4 0 65
MeO
O
1) AcOH, H,0, reflux, 45 min 10% PdC, neat
then HsPOy,, reflux 22 h . under N, + H, L
2) NaOH, DCM H 320°C, 5h
17% in 2 steps L, s 40% (20% of s.m. remain) H
0
Meof_ 66 all-c/s{5.5.5.5]fenestrane (6)
Marcel Luyten and Reinhart Keese, Helv, 1984, 67, 2242-2245

s

NaH
tol., 65%

+ +
H H +
A 68 A 69 A70

.

Hs ™~
PTSA Bn. "
90% o) ‘
S j Na-liq.NH; 1) KOH-MeOH. H
: S Et,O g L 2) PCC-DCM “
o A H 21% in 4 steps ™
71 72 ’ H 74

Goverdhan Mehta and Kasibhatla Srinivas Rao, JOC, 1988, 53, 425-427

—

2-6 Electro cyclic cascade

—q
0 =

Bu;Sn ™S

Br O TP4(PPhy), Bn.
130°C, 20 min, MW
75 95%
}.o HO
O

Ni(OAc),, 4H,0
NaBH,, EtOH
ethylenediamine
16 h, Hy, rt
88%

HO




g
§3 Total Synthesis of Laurenene
Isolation : from Dacrydium cupressinum
Isolator : Denis R. Lauren et al. in 1971
First natural product containing a fenestrane ring system.

Laurenene (81)

3-1 Gould's Route First total synthesis of (+)-Laurenene (81)

™S T™MS
COzMe
BrMgCH,CH,CCSiMes MeO, H
>@ [CulPBus]y, THF. -50°C, 2h 1)10% HCI, acetone, 6h
o then ICH,(OMe)=CHCO,Me n 2)NaOMe, MeOH 0
HMPA, 25°C, 1 h, 60% 0°C, 30 min
CO,Me
82 g3 O 84
/> COM i CO,Me 7]
R (T CO,Me
MEOZC [ — H...
L Seps — hv>350 nm _
— o PhCl, 110°C o]
0 87%
down:up= 1.5:1 [4.5.5.5]fenestrane

85 85a 85b - 86

27% from s.m.
° Et0,C

1) LAH, Et,0, 25°C
2) Swern Oxidation _
O CO:Et 73) 5TsOH, Bn, 80°C, 3 h
75% in 3 steps

1) Na, NHj;, Et,O
-33°C. 5min

2) H,, Pd-C, EtOH
80% in 2 steps

1) LAH, Et;0, 25°C

2) Swern Oxidation

3) PH,P=CHCO,Et
DCM, 40°C, 1h
89% in 3 steps

o]

87 88

1) Me,Culli, Et,0, 25°C, 30 min
2) LAH, Et,0, 25°C o H Yo, ey
3) SOCl,, py., 0°C, 1 h

1) TsCl, py.
[6.5.5.7]fenestrane 90 2) LIEt;BH, THF
89 15-epilaurenene

1) KH, BusSnCH,l, THE
2) BulLi, hex., 0°C g

NaBH,, CeCl, 1. < |
MeOH 80% ~ 1 «~OH

up/down=1/3

Hi

“10H

92

91a

1) KH, BusSnCH,l, THF
2) BulLi, hex., 0°C
o 57% in 2 steps - (*)-Laurenene (81)
OH 3) TsCl, py. (27steps 1% overallyield)
4) LiEt;BH, THF
91b 72% in 2 steps

Michael T. Crimmins and Lori D. Gold, JACS, 1987, 709, 6199-6200



3-2 lto's Route

2
@ w
@ 14 steps T Hel
R _HCl
g — o THF/H,0
H o 98%
93 Silphinene (42)
Sho lto et al., 7L, 1983, 24, 83-86
)

5 steps 4 v, 0
e e o} e A 185°C
= \7]/: 7h
o}
i 97b
st 1) KCN, NH4CI
CHO #iops NaOH DMF-H,0, 115°C
: - MeOH 2) NaBH, -

reflux, 54%
CHO

O
[6.5.5.7]fenestrane
98 99 89

1) NaNO,, AcOH, THF-H,O socl, _ (+)-Laurenene (81)

2) NoHy4, K;CO4, 195°C
(t.m./stereo isomer = 2/5)
10% in 4 steps

py., 71% (38 steps)

Sho lto et al., 7L, 1987, 25 253-2540

Summary of Gould's Route and Ito's Route

e Both route have same intermediate [5.5.5.7]fenestrane(89).
Ito's route was started from Silphinene's precursor, their route was not practical.
Moreover, after same intermediate, Gould's route is better than Gould's route.

-
Gould's route
22 steps

—_—
(0]

5 steps, 9%

—_—
——

82
(x)-Laurenene (81)

lto's route H

- 39 steps 0] 5 steps, 7%
— - [6.5.5.7]fenestrane ——>

89

=

(¢}

93

A

» Needless to say, how to make the fenestrane structure is the most important, so both route were deeply think about it.

On the other hand, they depreciated the methyl group.
So, as a result, fenestrane structure was easily synthesized, but they lost more than 90% materials in the methylation step.

» Though it is a trivial story, Gould's paper was Received by ACS on 24 Mar. 1987. Gould's lab was at North Carolina.
lto's paper was Received in UK on 26 Mar. 1987. Ito's lab was at Tohoku Univ..
Which was the real first report??



3-3 Levine's Route

CO,

NHs
102 Isopenty! nitrite
4 Cl,CCO,H 0. Me,S
DCM, 34°C, 84% TEA 68%
105 \

P

0
x .
1 1) Zn(BHy),, Et,0, 98%
/ O ~2)TsCl, 72% s 3
- 3) PCC, 98%

107 “oTs 106 \\0 =

1) NBS, AIBN - DA DMPU, 48%,.
2) KOH, 72% in 2 steps 2) LAH, THF, 95%
3) Hy, Pt, 96%

108

51%

(x)-Laurenene (81) _ 1) Li MeNH,, -6°C. 96%

13 steps 2) KHMDS, HMPA, (Me;N),POCI, 55%
5% overallyield 3) Li, EtNH,, 65%

Barry H. Levine et al., JACS, 1988, 770, 4858-4860

Summary of Levine's Route

® To introduce the homoprenyl group, they take long way(105->109).
Because 105 and its derivatives were not introduced the homoprenyl group.
(i.e. 105a was not formed because of peri-methyl group sterically inhibits enolization)

10



84 Total Synthesis of Penifulvin A

Isolation : from Penicillium griseofulvum

Activity : against the fall armyworm (Spodoptera frugiperda)

4-1 Mulzer's Route

Penifulvin A (111)

(Myers Asymmetric Alkylation)

Hydrolysiy Racemization
1) (R,R)-NMPE, DIC 0
HO,C DMAP, DCM _ ph\/'\ LDA, BHaNHy
2) LiCl, LDA, J 7 Rlnc THF, 94%
t,57%  Br OH
112 113 114 «
R
—_— y hV S
" H pentane, 22°C
70%
(118/119=55/45) —
117 1173} [[2+3] cycloaddltlon] \117[)
OH OH
H H
wl
118
OH OH
2 EtNH,, Li, _IBX.DMSO,22°C O3, DCM, -78°C
THF, -78°C then NaCIO,, then/fiourea, £2°C
B 72% : 2-methyl-2-butene _ 78%
- tBUOH, NaH,PO,4 2
118 120 92%
N
0
H

0

PDC, DCM, 22°C
O

OH
123

then AcOH, 82%

(-)-Penifulvin A (111)

Tanja Gaich and Johann Mulzer, J. Am. Chem. Soc. 2009, 737, 452-453

11



4-2 Racemic Synthesis

113

CO,H COxH
Br HOZC ;Z% 2 L H
22°C
HO.C LDA, quant per;tin:zo/ - o
124 ° =
126

(125/126=46/54)

racemic Xy

112 125

1) O4, DCM, -78°C, 2 min

EtNH2 Li then tiourea, 22°C, 40 min, (4 penifulvin A (111)
THF, -78°C 2) PCC, DCM, 22°C, 20min
7h H then AcOH, 20 min

3 steps 23%
127 128

Summary of Mulzer's Route

(-)-Penifulvin A (111) was synthesized in 8 steps, 8% yield.
(£)-Penifulvin A was synthesized in 5 steps, 14% yield.
Without using protective group.

Summary of Levine's Route and Mulzer's Route

H
e They also used [2+3] photocyclization. g
Because isoration report of each compound, -
Silphinene was written as a intermediate candidate of biosynthetic route.- Silphinene (42)

e [2+3] photocyclization is good way to synthesize the multi-ring compounds.
Regioselectivity is very high, but electron transition is not controlled, so yield was halved.

12



§5 Final section
5-1 Summary of Total Synthesises

Although, there are many approaches to Fenestrane structure (in §2),
there are only reports of aldol reaction (§3-1,2) or [2+3]photocyclization(§3-3, §4).
Moreover, half of them were synthesized via Silphinene derivative(§3-2, §4), same as biosynthetic intermediate.

Fenestrane strucuture is very strained, so ring formation is rather easy (§4),
because formation of sterecisomer is difficult.

On the other hand, after formation of the fenestrane structure,

alkylation or other stereoselective functionalization is difficult(§3-1,2).

[2+3]photocyclization is the best way to access natural fenestrane compound, so far.
If we can controll the electron transition, this route will be the perfect.

5-2 Another study of Fenestrane

In this seminar, | talked only from the synthetic view of the natural product.
But there are another study of fenestrane, so now | introduce it simply.

Fenestrindane (129)

\

saddle-like

Already synthesized

Jorg Tellenbroker and Dietmar Kuck
131 Eur. JOC, 2001, 1483-1489

13



5-3 Future of Fenestrane

In those way, fenestrane study is advanced day by day.
Fenestrindane's saddle like form will give us the new quality material.

And, new fenestrane-like compound Phomopsene (132) was discovered by Japanese Group.

( N
HH

Isolation : from Phomopsis amygdali

Phomopsene (132)

Total synthesis of Phomopsene (132) will be finished before too long, and its activity will be clear.

But the essential and the final problem is to make the [4.4.4.4]fenestrane.

When we can make flat carbon, this compound will be synthesized.

Epilogue

I'm glad to have a Lit. seminar on total solar eclipse day (next chance in japan : AD2035)
| never used pdf image as copy&paste, its make résumé dirty.

If you want to study fenestrane more, this review will help you.
Bhaskar Rao Venepalli and William C. Agosta, Chem. Rev., 1987, 87, 399-410
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