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1. Chemistry of cubane



1-1. Cubane

H H Chemical properties
8 1 of cubane
HGN\2-H
C-C distance 1.5727 A
H” 7\ 6\IH . .
4/ 5 C-H distance 1118 A
H H Color transparent
Cubane Toxicity nontoxic
pentacyclo [4.2.0.0.0] octane Stability inert to light, water, air
Decomposition >220 °C
Density 1.29 g cm™
Vapor pressure 1.1 mm
Boiling point 161.6 °C
MeO,C H Melting point 133.5°C
. o
Cubane-1,4-dimethyl ester Solubility 18 wt% (hexane)
Often used as intermediate Heat of formation 144 kcal mol™!
of cubane derivatives Strain energy 166 kcal mol™’

Total synthesis of cubane
Eaton, P. E. et al. JACS 1964, 86, 3157.

Synthesis of cubane system
Barborak, J. C. et al. JACS 1966, 88, 1328. (1,3-dicarboxylic acid)
Chapman, N. B. et al. JOC 1970, 35, 3860. (1,4-dimethyl ester)
Tsanaktsidis, J. et al. Aust. J. Chem. 1997, 35, 4969. (1,4-dimethyl ester)

1) Eaton, P. E. ACIE 1992, 31, 1421.



1-2. Eaton’s Synthetic plan of Cubane

O@ i
CO,H Br Favorskii
-CO OH rearrangement

= 5 = =

Cubane
Br O Br .0 [2+2] Diels-Alder
cycloaddition } dimerization
Br ”’\/ ~B
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(o)

@Br



1-3. Synthesis of Precursor of [2+2] cycloaddition

0 0 0 0 l
NBS Br, Et,NH
’ > Br - Br
ccl, pentane/CH,Cl, ether \ /
0-10 °C -20 °C L i
Br Br Br 40% (3 steps)
Unstable
Br B;),
dimerization ' ' v L & :
- ' y Br y Br '
o o J. o) J. o
TS A TS B TS C TSD
(Most favored)
Via less reactive dienophile Via more reactive dienophile
o (0) 0) o) *
Br Br
Br Br
/ \ / ‘ / /
Br Br Br Br
o o) o) o
Obtained as

single diastereomer



1-4. [2+2] cycloaddition

o)
Br
hv, MeOH, HCI
/ y
then H,0, A
Br
o
this compound is
easy to polymerize
HOCH,CH,OH
p-TsOH
benzene
0 o
Br
conc. HCI
/ >
85% (2 steps)
o Br

Br

Br

Br

CO,Me

1. 50% KOH, A
>

2. MeOH
H,SO,
30%
(3 steps)
Favorskii
rearrangement

MEOZC

By 0/>

hv, benzene o)
>

95%
Br



1-4. Completion of Synthesis of Cubane

By O/> By 0/> By O/>

O 10% aq. KOH, A O 1.80Cl, O
o
95% 2. t-BuOOH
Br Favorskii HO,C pyridine, Et,O0 o
o) rearrangement 95% (2 steps) /
t-BuO
1. SOCI,
0 2. t-BuOOH
Br /> 1.75% aq. H,SO, CO,H pyridine, Et,0
cumene, A o rt, 90% 98% (2 steps)
55% 2. 25% aq. KOH 3. diisopropylbenzene

A, 55% A, 30%



1-5. Pettit’s Synthesis of 1,3-Cubanedicarboxylic Acid

+ Synthetic plan

kllﬁl = N [ [ + [

1
Fe(CO);
Regarding cubane structure
as dimer of cyclobutadiene

¢ Synthetic scheme

Cl
wiH Fe,(CO)q (NH,4)2Ce(NO3)g
I '''H 40% > I ! I ' 80% >
0 Fe(CO 0
Cl (CO)s decomposition of
cyclobutadieneiron
0]
hy (Hg) 0o aq. KOH HO,C
— - - CO,H
g benzene Br 100 °C
80% 80%

[2.2] cycloaddition

This synthetic route is very short, but it has limitation in the expediency because it needs to use
cyclobutadiene iron tricarbonyl.



1-6. Modified Synthesis of Dimethyl 1,4-

Cubanedicarboxylate
¢ Chapman's approarch (1970) 7
/ \ / \ ! \ ] Diels Alder
° ° Br, (3 eq.) 0 0 Br Na, MeOH 0 0 dimerization
» Br By > Br -
p-dioxane pentane/CH,ClI, 76%
70% rt-reflux - -
'/\ Stable
(0
(o) Br _O CO,Me
Br 1. conc. HCI, 91% 1. 50% aq. KOH
2. hv, 89% 2. aq. HCI
B 3. conc. H,SO, 5 3. diazomethane /
0 r r 10% (3 steps)  MeO,C
L °
¢ Tsanaktsidis' approarch (1997) 2) Synthesis able to be conducted in pilot-scale
/_\ 1. Br, (3 eq.) CO,Me

o. o _ \4-dioxane aq. a. MeoH 1. 30% aq. NaOH

2. NaOH, MeOH H,SO, 2. aq. HCI

S
3.98% 2504 . 2.H0, reflux 3. MeOH
93% H*-resin Me02C
30% (5 steps)

1) Chapman, N. B.; Key, J. M.; Toyne, K. J. JOC 1970, 35, 3860. 9

2) Bliese, M.; Tsanaktsidis, J. Aust. J. Chem. 1997, 50, 189.



1-7. Barton Decarboxylation for Cubane Core

+ Eaton's original report

Br 0/> 0 lOt-Bu
Br O o) .
(o) diisopropylbenzene
cumene, A (o) A
| - == - &
55% 30%

10 5 low yield low yield
t-BuO
¢ Attempt via Barton Decarboxylation reaction !
COZMG COzMe
82%
/ >
1. (COCI)
92% / 2
CO,Me ° HOLC 2. ONa

N
=

MeO,C 99% CO-H DMAP
1. NaOH 3. t-BuSH, hv %

MeOH/THF y
2. HCI

77%
HO,C

1) Della, E.; Tsanaktsidis, J. Aust. J. Chem. 1986, 39, 2061.



1-8. Ortho Metalation of Cubane (1)

The C-H bond of cubane have high s character, so it might be possible to lithiate cubane by appropriate
activator, like arene.

NR, NR;
o RLi ,O
120° ' ,
4
KH Li
33% s
NR,
RLi
O  __.......
125° >

C-H bond: 31% s

= To this end, lithiation of cubane below was attempted.”

Ni-Pr, Ni-Pr, Ni-Pr, %i
LiTMP CD50D N
0 — o o o
H-TMP 3%
H Li D LiTMP

11
1) Eaton, P. E.; Castaldi ,G. JACS 1985, 107, 724.




1-9. Ortho Metalation of Cubane (2)

Ni-Pr, Ni-Pr,
LiTMP
0 @ ——— o
H-TMP
H Li
LiTMP/HgClI,
Cubyl lithium species could
be quickly mercuriated, and . .
the very polar C-Li bond Ni-Pr; Ni-Pr;
was replaced by the more I,
nearly covalent C-Hg bond. O - o
HgX I
Second litiati 2%
econd fitiation This C-H bond is shielded by, Ni-Pr,,
( so third mercuriation was not gone.
Li Ni-Prz HgXNI'Prz I Ni'Prz
I2
o) > O > o
HgX HgX |
15%

12
Eaton, P. E.; Castaldi ,G. JACS 1985, 107, 724.



1-10. Trans Metalation and Introduction of

Carboxylic acid in Cubane

H Ni'Pr2

o) o

Ni-Pr, H

Bashir-Hashemi, A. JACS 1988, 110, 7234.

LiTMP/
MgBr,

-

o) o
Ni-Pr, MgBr

90-95% | CO,

6
Ni-Pr, COH

1,3,4,6-tetra
substituted cubane

13



1-11. Different reactivity of metalation

Ni-Pr, 1. LiTMP
2.CO,
(o)
NC yield was
CN not known
Ni-Pr, 1. TMPMgBr
2.CO,
o)
NC yield was
CN not known

Eaton, P. E. JACS 1989, 1171, 8016.

HOZC Ni-Pr2

HO,C CN

1:1 mixture

H02C Ni'Pr2

sole product

HO,C CN
not obtained

14
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2. Application of the structure of cubane
2-1. Octanitrocubane



2-1-1. Application of cubyl structure

¢ Explosive ¢ Medicine
O,N NO, NHMe
NO, Z
O,N ek ONO,
O;N NO, Me F
Octanitrocubane (ONC) antiviral agent K+ATP channel agonist

SUN

K/\/\o

N7
narcotic antagonist 5-HT,, antagonist k
¢ Polymer
N
’< "—Q %—n H
n=6.2 n
= 12500
# unlts 43

Biegasiewicz, K. F. et al. Chem. Rev. 2015, 115, 6719.



2-1-2. OctaNitroCubane

+ Density: 1.9-2.2 g cm™3

O,N NO, ¢ AH; = 81-144 kcal mol™
O,N NO, ¢ All of carbon atoms in cubane core were substituted by nitro
NO groups.
02N)$ 2 o In principle, ONC is the strongest explosive in the world.
O,N NO, ¢ The power is considered to stronger than TNT, HMX, CL-20, one

of the strongest explosives.
But, the cost to synthesize ONC is too high to be practically used.
¢ Synthesis of ONC: US Naval Research Laboratory (2000)"

Octanitrocubane (ONC)

Related losi
elated explosives N02
Me ,!l
O,N NO, N\ 0,N—N~T>N—NO,
OZN_N N_NOZ OZN\N" rNN’NOZ
N N/>—<\N
| ’ N
NOZ N02 02N N02
TNT HMX CL-20

1) Zhang, M. X.; Eaton, P. E. ACIE 2000, 39, 401.



2-1-3. Synthetic strategy of ONC

¢ Synthesis of 1,4-Dinitrocubane
(0]

1. SOCI,, reflux (DMDO) NO,
o R e foo R | T o R
2. TMSN3, rt OCN acetone/H,O0 O,N

0 78%

On the other hand, 1,2-disubstituted cubane is difficult to synthesize because of the
hyperconjugative destabilization of the cubane nucleus (below)?.

~)X -X NO,

— B o -

e ®
NH, NH; NO,

X = electron acceptor

= 1,3,5,7-tetrasubstituted cubane was designed.
NO,

O] 5 — X — J%/

O,N X '
NO, easily available from

precursor of ONC | 1,3,5, 7-tetran|trocubane , A'= actlvatmg group 1,4-cubane dicarboxylic acid

1) Eaton, P. E.; Wicks, G. E. JOC 1988, 53, 5353.
2) Murray, J. S.; Seminario, J. M.; Politzer, P. Struct. Chem. 1991, 2, 153.



2-1-4. Synthesis of 1,3,5,7-tetranitrocubane (1)

o) o) 0
1. LiTMP/MgBr, 1. (COCI),
NP2 5 o > NGPY)2 5 Nme - N(i-Pr),
NC ' NC '
85% (2 steps) 99% (2 steps)
CO,H CN
HO,C o CN O 1. TMPMgBr
1. TMPMgBr 1. SOCI, 2. CO,, 77% (2 steps)
> et N(i-P > . >
2.CO, NG PNz 5 NH, () NC N(=P12 5 kom, H,0
90% (2 steps) CN 92% (2 steps) CN 100%
HO,C C
2> 0 1. LiAlH,
HO,C _ THF, reflux C CH,N(i-Pr),
N(I-Pr)z y s
HO,C 2. Acy,0 c” N

CO,H 89% (2 steps) C



2-1-5. Synthesis of 1,3,5,7-tetranitrocubane (2)

CHzoAC

AcOH,C CH,N(i-Pr),
ACOH2C
CHzoAC
ACOH2C
AcOH,C H

AcOH,C

CH,0Ac
NCO
OCN
OCN

NCO

ACOH2C (@]
1. DMDO, acetone
’ AcOH,C
» T2 Cl
2. SOCl, AcOH,C
CHzoAC
CO,H
NaOH/KMnO4 H02C
>
85% HO,C
CO-,H
X o
0—0 2
DMDO, H,0 O,N
30% > O:N
0
NO
4 steps 2
( ) 1,3,5,7-

tetranitrocubane

1 —

NaO—N /
S >
2. hy, t-BuSH

68% (4 steps)

1. SOCI,/MeCN
2. TMSN;

>

3. A
Curtius
rearrrangement



2-1-6. Synthesis of ONC (1)
~Preparation of heptanitrocubane~

O,N NO,
O,N
O,N \
NO,
A (pentanitro) ratio (by NMR)
X SM A B C
NO, 1. NaN(SiMes), (X eq.) 0.N NO,
2 -
THF/MeTHF, -78 °C 1.5 12 70 18
02N OZN
)< - )<
O.N 2. cool to ca. -130 °C O:N NO, 30 | 11 3 57 29
NO; 3.add N,O, NO,
SM (tetranitro) in cold isopentane B (hexanitro) 4.0 - . 5 95
4. quench with H*
in cold Et,0
2 02N N02
02N NOZ
02N N02
NO,

C (heptanitro)



2-1-6. Synthesis of ONC (2)
~Completion of ONC~

NOzBF4 or
N02PF6 or
AcONO, or
MeONO, or
NaN(SiMe3), i-BUONO, or
N02 N02 2 NO
O2N _or O2N CF,CH,ONO,or  O2N 2
O, NO,  LiN(SiMes), O,N NO;  cF,s0,0NO, O,N 18
O:N NO; easily O2N o NO, X > O,N° 3 NO,
NO, deprotonated NO, O.N NO,
. 2
too stable anion Octanitrocubane
NOCI (0}
45-55% (3 steps)
02N N02
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2. Application of the structure of cubane

2-2. Main paper



2-2-1. Bioisoster of benzene

80O@

=2.72 A= =2.79A=

The size of cubane and benzene

+ Cubane may be attractive bioisoster because...
The distance across the cube is almost the same as that between the para positions of benzene.
The cubane system is not inherently toxic.
The cubane core is a poor substrate in cytochrome P45y metabolic pathways, so metabolically stable.
One can add substituents on "the benzene plane” (see below).

?
S N N TGS - NN, W
I, =

Despite above points, cubane has found only limited use in medicinal chemistry,
presumaly due to the assumption that cubane compounds are esoteric, unstable, or
synthetically intractable.

24



2-2-2. Design of cubane derivatives

O\ I %
:i N
SAnA NM ~

2 SUBACUBE

Chemotherapeutlc

Leteprlcube

Neotrophic
o Conversion (o)
of benzene
o\ to cubane 0~

1]

Benzocaine HCI-H;N Cubocaine
HCI-H,N Anesthetic 0
i 0 PN

Ph (0
(0 o (o)
Benzyl benzoate Cubyl O/\Ph
Acaracidal STREEE i
CI
F o) 0 Cl
NJLN _u
D|qubenzuron Diflucuburon

Pesticidal ]



2-2-3. Synthesis of SUBACUBE

(o) (o)
OMe NaOH OMe
MeO > Ho
THF/MeOH, rt
(o) 95% O Common
intermediate
(o)
g
N;~ 1 OPh
OPh
DPPA
o 1. DPPA, Et3N
NaOH t-BuOH, A, 67% NH,-HCI
y ;

ing

THF/MeOH, rt
88%

H
2. CH;COCI, MeOH
-30 °C to rt, 90%

o NH,OH-HCI
@\ KOH
NJI\/\/\/\’ OEt >
H ]/ MeOH
(o) 0°Ctort

62%

1. (COCI),, DMF

o
CH,Cl,
, o OMe
.@ONa H
N
S
DMAP, CHCIj
hv, A, 90 (2 steps)
(0]
OEt
m)l\/\/\/\”/
(0]
-

Et;N, CH,CI,
-30 °C to rt, 85%

0

N
N ~OH
H SUBACUBE



2-2-4. Synthesis of Letepricube

O

HO

O Common
intermediate

(0

A

N
H

NaN02

P

OMe

1. DPPA, Et;N
t-BuOH, A, 66%

-
2. CH,COCI, EtOH

-30 °C to rt, 82%

NH,

< @

NaOMe, MeOH
A, 35%

OMe

/=N 0
AcOH A> "N /\)l\
cOH, /
51% N H
o) N;’

OK

Leteprlcube

HCI-H,N

>\\/(\

OMe

Cl
AN
M

Et;N, CH,CI,
-30 °C, 66%

OMe

1. NaOH, H,0
90%
-

2. KOH, H,0
100%

OMe



2-2-5. Synthesis of Cubocaine

(o) o]
1. HCI, EtOH, A
OMe 97% O/\ DPPA, Et;N
MeO ™ Ho i
2. NaOH t-BuOH, A, 78%
THF/MeOH
O Common 87% (o)

starting material

0 CH3COCI> PN

EtOH, -78 °C
BocHN 58% HCI-H2N Cubocaine




2-2-6. Synthesis of Cubyl cubates

0
BH3'SM92
>
80%
~
0 (COCI),, DMF o) HO” >R

- N )L
R1)j\o|-| CH,CI, R >Cl DMAP, CH2CI2, rt “r

see below table

.

R, R, Product Yield
(0
o
|\ @Z o 87%
=

(0]
@)J\O/\Q 86%




MeO

HO

2-2-7. Synthesis of Diflucuburon

(0

O Common
starting material

o]

OH

)

1. (COCI),, DMF
CH,Cl,

2.
ONa
(\N/
\\//Lb
S
DMAP, CCl,

hv, A, 52%

DPPA, Et;N

-
toluene

rt to 90 °C

Cl

Diflucuburon

> MeO

o]

Cl

NaOH

MeOH, A
90%

NH,

F

-
120 °C
50% (2 steps)



2-2-8. Biological Data for SUBACUBE, Letepricube

2.0 - -=- \/ehicle control
e -»- SAHA (3)
8 -+ SUBACUBE (4)
S 1.0 Jl\/\/\/\n/
=
g 0.5 SAHA
8. 60 log P =0.99
£ 3 6 m 12
Q-0.5- \\\*f v i H
2 Int | of treat t (d N
Al nterval of treatment (days) H “OH
SUBACUBE (o)
log P =1.52

Gompertz plot of tumor growth rates for animals treated SAHA and SUBACUBE
versus control animals. Each lines is a representative animal whose tumor
growth rate mirrors the average of mice in the relevant treatment group.

k%

E 60~ ek I -_\_«
0
-.5
S @0 40 :_- 3 :
= S - Leteprinim
o B log P =1.35
e 20
1]
=
Q
o
- _\_/<
O NGF - + - + -+ _@-«
No drug Leteprinim Letepricube OK
(5) (6) Letepricube
log P =0.99

NGF-dependent PC12 cell differentiation was enhanced by letepricube.



Percent survival

2-2-9. Biological Data for Cubocaine

and Cubyl cubates

=10+
L] "
O 8-
= | *
=t
= o 1
o HCI-H,;N
<]
- 4
@
N
© 29 e
o
Z 0
*2‘9 qt\é\ &éﬁ @é\ @é\\ HCI-H,;N
N & & &
@Q: \,-?DJ Q‘?} Q‘?}
- ) 4 @

Benzocaine (7) / Cubocaine (8)

Mite survivalin cubylcubates (50mM)

100

50

0 T T 1
0 10 20 30

Time (hour)

o\
Benzocaine
logP =1.16
o

o\

Cubocaine
log P =1.23

Extent and duration of antinociception (DPTT AUC values) evoked by single

o)
o)
-~ =X
B A
- c log P =5.43
—— Benzyl benzoate
== Mineral oil 0
I N (0
=
B

log P =5.10

intraplantar bolues doses of benzocaine or cubocaine Negative control: water.

0O

(0

1

C
log P =4.22

(0

(0

Benzyl benzoate
log P = 3.86



2-2-10. Biological Data for Diflucuburon

10+ t:Td be bTC bc . Cl
8- ad
8 ac a
a lelubenzuron

2
T
=
2 a
;o 4
S s log P =3.33
= 2
F 0 0 Cl
o JI\ @/
O D DD DA DDD D H
D ) é{\o@x@o@@o Q@O Q&Q Q&O \‘@o \}5@ Q@D H N
) ™ iLs) D D ) 9 P D
\>) \2) ) N NS A NN
,\q/\, r\,\_k ,\"1,\‘ ,\,\\_ ,\"1:\ ,\'\\‘ NSNS

Diflucuburon

F logP =3.13

Diflubenzuron (11) / Diflucuburon (12)

Mean (+SE) mortality of T. castaneum caused by different doses
of diflucuburon and diflubenzouron.

In summary, cubane derivatives functioned as strong as or stronger than their benzene counterparts
in various cerapeutics. This result support the idea that cubane act as isoster of benzene.
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Cubane structure was
1. Tolerant to a wide range of reaction conditions
Acid catalyzed transesterification
Deprotection
Base-mediated hydrolysis
Curtius rearrangement
Barton decarboxylation
Chlorination
Diazotization
Borane reduction
2. Showed possibility as bioisoster of benzene



