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Abstract The goal of this short review is to provide an overview of the
different synthetic methodologies applied along the years for the syn-
thesis of bullvalenes, prototypical fluxional molecules that were key in
the understanding of valence tautomerism phenomena. Some interest-
ing applications of these unique shapeshifting compounds are also pre-
sented.
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1 Introduction

Fluxional molecules are dynamic structures that rapidly
interchange between a number of constitutional isomers
through low-energy rearrangements.! These shapeshifting
molecules have been crucial in the study of the fundamen-
tal concept of valence tautomerization. This phenomenon is
based on the rapid rupture and formation of single and/or
double bonds without migration of atoms or groups. A clas-
sical example of a fluxional molecule is bullvalene (1), with
chemical formula C,¢H;,; this is also one of the most popu-
lar examples of this type of molecule. This molecule can be
seen as a tetracyclic cage-type structure formed by three
units of 3,4-homotropylidene that undergo rapid [3.3] sig-
matropic rearrangements (Scheme 1).23
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Scheme 1 3,4-Homotropylidene and bullvalene

A molecule such as bullvalene (1), with ten distinguish-
able positions and three symmetry axes, possesses
1,209,600 degenerated interconvertible tautomers, thus it
is a key structure in the understanding of valence tautom-
erization (Scheme 2).4-% A lower number of constitutional
isomers are possible for substituted bullvalenes.”?

1,209,600
‘ — > L —» degenerate
\ Cope tautomers

rearrangement
1

Scheme 2 Fluxionality in bullvalene

In bullvalene (1) all C-C bonds are in continuous move-
ment due to multiple and fast degenerated Cope rearrange-
ments. As a consequence, all carbon and hydrogen atoms of
the molecule are equivalent on the nuclear magnetic reso-
nance timescale, consisting of a single broad signal in the 'H
NMR spectrum at room temperature and a sharp signal at
high temperatures (ca. 120 °C) (Figure 1). However, at tem-
peratures around -60 °C, the four aliphatic and the six ole-
finic protons of the molecule give rise to distinct signals.!”

The structure and properties of bullvalene (1) were pre-
dicted by von Doering and Roth in 1963,3* as a part of a
study on thermal rearrangements. These investigations led
to the conclusion that the particular structure of bullvalene
that forces its three 3,4-homotropylidene units to adopt a
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boatlike conformation would be ideal for fast and multiple
degenerate Cope rearrangements assisted by strain re-
lease.!’ Anecdotally, the name bullvalene was derived from
the nickname of von Doering, known by his students as the
‘bull’, due to the feared and tough research group seminars,
and was chosen to rhyme with fullvalene, another molecule
of great interest for the group at that time.

Since the theoretical design of bullvalene (1) in 1963,
this unique molecule has attracted the curiosity of the or-
ganic synthetic community. Significant synthetic efforts
have led to the development of expedient syntheses of 1
that have constituted the basis of extensive studies in bull-
valene chemistry and have enabled the preparation of
many substituted derivatives. The constant evolution of
synthetic methodology has allowed considerably shorten-

25°C

6.4 6.2 6.0 5.8 5.6 54 5.2

-90°C

2 60 S8 56 54 52 S0 48 46 44 42 40 38 )6 Je 32 X0 28 26 24 22

Figure 1 Image of variable temperature 'H NMR spectra of bullvalene
in CDCl5 at 25 °C and in (CD;),CO at ~90 °C

ing of the preparation of 1 and its derivatives along the
years, facilitating the access and exploration of these flux-
ional molecules.

2 (Classical Syntheses of Bullvalenes
2.1 Preparation of Bullvalene

Shortly after the prediction of the structure and proper-
ties of bullvalene, this molecule was serendipitously ob-
tained in 1963 by Schréder and co-workers while exploring
the photochemistry of cyclooctatetraene dimers.# De-
spite the low overall yield (6%), this two-step synthesis of
bullvalene (1), consisting of the dimerization of cycloocta-
tetraene (2) at 100 °C and subsequent photochemical open-
ing of the dimer 3 (Scheme 3) with the consequential for-
mation of benzene as byproduct, constitutes one of the
shortest preparations of 1 to date.

dimerization .O hv .
100 °C Et,O
3

2 1 (6%, two steps)

Scheme 3 The first synthesis of bullvalene (Schroder and co-workers)

In 1966, the von Doering group developed a different
synthetic strategy for the preparation of bullvalene (1) via
the UV irradiation of 4a,8a-dihydronaphthalene (5), pre-
pared by thermal partial decomposition of the Nenitzescu
hydrocarbon 4 at 301 °C.12 Although short, this synthesis
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was impractical due to the formation of naphthalene and
other undetermined products that were difficult to sepa-
rate from 1 (Scheme 4).

L& 301 °C

hv
l pentane, 0 °C
+ + undetermined
products
1

Scheme 4 Synthesis of bullvalene (von Doering group)

Another synthetic procedure designed by Jones and
Scott was based on the UV irradiation of bicyclo[4.2.2]deca-
2,4,7,9-tetraene (8a) to afford 1 cleanly in 64% yield.!> The
main drawback of this protocol was the tedious synthesis of
8a, which was also low yielding.'* This preparation com-
menced with Cu(ll)-promoted thermal decomposition of
diazoacetic ester in the presence of cyclooctatetraene (2) to
afford methyl bicyclo[6.1.0]nona-2,4,6-triene-9-carboxyl-
ate (6) (Scheme 5). Conversion of 6 into the sodium salt of
tosylhydrazone 7 was accomplished via the corresponding
acid, generation of the acid chloride, reduction to the alde-
hyde, and formation of the tosylhydrazone. Thermal de-
composition of the tosylhydrazone sodium salt 7 at 90-120
°Cled to a complex mixture of C;,H;, products including 8a,
which was obtained in 38% yield.

H
. N CuSOy
OMe >
o
2

CO,Me

6

ll 5 steps

CHoNNTs

Na"

“ “ Teo120°c

20% 13% 8a (38%) 7

splee wv
e

1 (64%)

Scheme 5 Synthesis of bullvalene (Jones and Scott)

With the aim of improving his first synthetic design of
bullvalene (1), the von Doering group envisioned a new
synthetic route to 1 through barbaralone (9a) and bullva-

lone (10a), (Scheme 6).3° The aforementioned molecules 9a
and 10a also undergo low energy Cope rearrangements,
leading to two constitutional isomers respectively.5¢15

o]
(¢]
C=0—-0
1 10a 9a

Scheme 6 Retrosynthesis of bullvalene through barbaralone and bull-
valone (von Doering group)

In the case of barbaralone (9a), the two possible isomers
are degenerated, whereas for bullvalone (10a), the one car-
bon homologue of 9a, the equilibrium is dominated by the
most stable isomer (Scheme 7).

: o) o)
(0] (o] H
9a : 10a

Scheme 7 Fluxionality in barbaralone and bullvalone

This synthesis, 1967, started with the Buchner reaction
of ethyl diazoacetate with benzene under harsh conditions
and long reaction times to give cycloheptatriene 11
(Scheme 8).3b Hydrolysis of the ester in 11 to the carboxylic
acid, followed by reaction with SOCI, led to the acyl chlo-
ride 13, which reacted with diazomethane to afford dia-
zomethyl ketone 14. Treatment of 14 with CuSO, in a mix-
ture of benzene/hexane under reflux led to barbaralone
(9a). In 1998, the Buchner reaction was improved by John-
ston and co-workers by using a Rh salt as the catalyst,
which allowed the temperature to be decreased to 45 °C
and the reaction time reduced to 8-10 hours.'® One-carbon
homologation of barbaralone (9a) with diazomethane led to
bullvalone (10a) in 24% yield, along with isomeric aldehyde
10a’ (25% yield). Reduction of the ketone functionality of
10a with NaBH, gave 15, which was acetylated with acetic
anhydride in pyridine at 130 °C to form 16 (40%, two steps).
The final step involved a challenging pyrolysis of 16 at very
high temperature (345 °C) to afford bullvalene (1).

In 1972, a new synthesis of bullvalene (1) was designed
by the Serratosa group (Scheme 9).!” This route allowed the
preparation of 1 in three steps from tris(3-diazo-2-oxopro-
pyl)methane [methane(tri-a-diazoacetone); 21]. Tris-di-
azoketone 21 was synthesized in five steps from methyl es-
ter 17 by Wittig reaction, reduction of the with Adams’ cat-
alyst, hydrolysis of the esters, conversion into the acyl
chloride with PCls, and reaction with diazomethane.'® Reac-
tion of 21 in the presence of CuSQ, in xylene at reflux under
high dilution conditions afforded tricyclo[3.3.2.0>8]decane-
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Scheme 8 Synthesis of bullvalene through barbaralone and bullvalone
(von Doering group)

3,7,9-trione (‘bullvalenetrione’, 22) in ca. 2% yield. The yield
of this reaction could be improved to 4% by employing solu-
ble copper chelates as catalysts. Despite the low yields, this
is a remarkable transformation in which three C-C bonds
are formed. Reaction of 22 with p-toluenesulfonyl hydra-
zide led to tris-tosylhydrazone 23, which was converted
into bullvalene (1) in 20% yield by treatment with excess
methyllithium under Shapiro reaction conditions.!® Overall,
this synthesis of 1 was completed in 8 steps and ca. 0.3%
overall yield.

The Serratosa group developed another route to 1 in-
spired by the procedure of the von Doering group presented
in Scheme 83" but applying some of the reactions employed
in their first approach.!” In this route, barbaralone (9a) was
prepared more efficiently from 14 by a modified procedure
using copper(Il) acetylacetonate as soluble copper catalyst
(Scheme 10).2° Homologation of 9a with diazomethane led
to 10a, which reacted with p-toluenesulfonyl hydrazide in
acetic acid to give tosylhydrazone 24 in 70% yield through
an unexpected rearrangement (see mechanism in Scheme
10). Anionic fragmentation of the tosylhydrazone 24 with
excess methyllithium gave 8a in 36% yield. Hydrocarbon 8a,
reported by Jones and Scott in their approach to bullvalene
(1) (see Scheme 5),'3 was converted into 1 by UV irradiation
in 82% yield. In this way, 1 was prepared in 9 steps in ca. 2%
overall yield.

(o]
o) o) PhgP”” )]\ OMe
Meo)l\/\/U\OMe —> MeO
17 benzene 18 (76%)
[0} OMe
PtO,, Hy
o) o hydrolysis,
CHoNa then PClg Q
Cl
HC N\ | < HC ~ c OMe
N2
3 3
21 (64%) 20 (85%, two steps) 19 (92%)
CuSO, or Cu chelates
PhSMe, xylene
TsHNN
TsNHNHg MeLl
AcOH benzene, 23 °C
TsHNN

22 (2—4% 1 (20%)

Scheme 9 Synthesis of bullvalene from ‘bullvalenetrione’ (Serratosa
CHaN,

group)
Cu(acac
benzene, 80 C
9a (36—48%
EtZO 0to4°C
N\ NNHTS AcOH 2 days

24 (70%) 10a (24%) 10a’ (34%)
MelLi
benzene 0°C
. pentane, 25 C 24 h
8a (36%) 1(82%)

H* H
H& NHNHTs TsHNN)

o+
-H:0 v -H XA SNNHTs “
R/

Scheme 10 Synthesis of bullvalene from barbaralone (Serratosa
group)

2.2 Syntheses of Substituted Bullvalenes

During the 1970s, progress made in the synthesis of
bullvalene (1) led to numerous studies on its fluxional be-
havior along with the preparation of a variety of mono- and
polysubstituted bullvalenes. The synthesis of substituted
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Scheme 12 The four possible positional isomers for monosubstituted
bullvalenes

bullvalenes was accompanied by interesting investigations,
mainly based on NMR studies, on the study of their equilib-
ria.?! Most substituted bullvalenes were synthesized from
the parent unsubstituted bullvalene (1). Monosubstituted
bullvalenes were normally derived from a common bro-
mobullvalene intermediate 25 usually prepared in two
steps by dibromination of 1 with Br, followed by dehydro-
bromination with KOtBu (Scheme 11).22 Chlorobullvalene
(26) could be also synthesized similarly by chlorination
with SO,Cl, and subsequent elimination of HCI by reaction
with KOtBu (Scheme 11).2!

SOQC|2
CH2C|2

KOtBu KOtBu
— —
X DY
Cl Br
26 25

Scheme 11 Preparation of bromobullvalene and chlorobullvalene
from bullvalene

Monosubstituted bullvalenes possess around 1.2 x-10°
valence isomers, but in contrast to the parent bullvalene
(1), all these isomers are not structurally equivalent. For
monosubstituted bullvalenes there are four possible posi-
tional isomers A4, A,, B, and C (Scheme 12), which can be
interconverted at room temperature by Cope rearrange-
ments.?! The equilibrium between these four positional iso-
mers is dynamic at high temperatures, although it can be
frozen at low temperatures.*d?2 The equilibrium composi-
tion is influenced by the nature of the substituent R.2? Al-
though in most cases the substituent preferentially occu-
pies an olefinic position (A; and/or A,), there are some ex-
ceptions. Thus, the fluoro group stays preferentially at the
methine carbon (C),?' and hydroxymethyl (CH,OH), me-
thoxymethyl (CH,OMe), and acetoxymethyl (CH,O0Ac)
groups show a slight preference for the aliphatic positions
on bullvalene (B).%

Phenylbullvalene (27)%4 and methylbullvalene (28)*
were prepared from bromobullvalene (25) by reaction with
Ph,CuLi and Me,CulLi, respectively (Scheme 13). Phenylbull-
valene (27) was found to be in a 3:1 equilibrium between
the 4- and 3-substituted isomers,?* whereas methylbull-
valene (28) appeared to be in a 1.2:1 equilibrium between
the 4- and 3-substituted isomers.?> Alternatively, methyl-
bullvalene (28) was also synthesized by addition of methyl-
magnesium bromide and CoCl, to bromobullvalene.?! The
preparation of (alkylthio)bullvalene 29 was achieved by re-
fluxing bromobullvalene (25) with copper(I) mercaptides

in pyridine and quinoline.?®
CuSR PhQCuLl
pyrldlne EtZO 0°C
R quinoline

175-180 °C
7 (73%) (3:1) Ph
R= Me, Et, iPr, Bu
MeQCuLl or MeMgBr
EtZO 0°C CoCly
28 (32%) (1.2:1)

Scheme 13 Synthesis of phenylbullvalene, methylbullvalene, and thio-
ethers of bullvalene

The bullvalene Grignard derivative 30 was prepared by
reaction of 25 with magnesium (Scheme 14).2” Reagent 30
was further transformed into bullvalenecarboxylic acid (31)
by reaction with CO,, dibullvalene (32) by reaction with
bromobullvalene (25) in the presence of CoCl,, and iodob-
ullvalene (33) by reaction with [,.21?7 Compound 33 was
used as starting material for the synthesis of fluorobull-
valene (34) by reaction with AgF.?!

= =
— —
X ¢
F Br
34 (52%) 25
M
AgF L 9
e — —
Ip 25 + CoCl,
o - — —_— —
¢ ¢ ¢
2 X 2
\| MgBr \/
33 (38%) 30 32 (17%) [ =
CO, —
@OQH

1 (40%)

Scheme 14 Synthesis of monosubstituted bullvalenes derived from
bullvalene Grignard compound
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Alkoxybullvalenes (36) with methoxy, ethoxy, isoprop-
oxy, and tert-butoxy groups have been obtained by addition
of the corresponding potassium alkoxides to bromobull-
valene (25).22 These reactions presumably proceed through
intriguing dehydrobullvalene intermediate 35 (Scheme
15).22 All substituted bullvalenes showed temperature-de-
pendent NMR spectra.?!

KOR HOR
g DMSO Y /\,
5, 100-120°C oR

25 35 36 (60-90%)

R = Me, Et, /Pr, tBu

Scheme 15 Preparation of alkoxybullvalenes

Disubstituted bullvalenes have been commonly pre-
pared from dibromobullvalene (37), obtained from bro-
mobullvalene (25) by another sequence of dibromina-
tion/dehydrobromination (Scheme 16).2® Interestingly,
when dry KOtBu in benzene was used instead of KOtBu in
tBuOH and benzene in the dehydrobromination, di-tert-bu-
toxybullvalene (38) was obtained.?!

_KoBu_ Br
CHZCIQ BuOH ’\
benzene Br

dry KOBu
benzene

OfBu
\;\//
X
OtBu

38

Scheme 16 Preparation of dibromobullvalene

A wide range of disubstituted bullvalenes with identical
substituents were obtained by functional group transfor-
mations in dibromobullvalene (37).212829 Reaction of 37
with NaCu(CN), led to dicyanobullvalene (39), which was
further transformed by hydrolysis into bullvalenedicarbox-
ylic acid (40) (Scheme 17). Reaction of 40 with diazometh-
ane led to the formation of dimethyl bullvalenedicarboxyl-
ate (41).3° Bullvalenedicarbaldehyde (42) was obtained by
reduction of the cyano groups in 39 with DIBAL-H. Further
reduction of the aldehyde groups in 42 using LiAlH, afford-
ed bullvalenediol (43). On the other hand, reaction of 37
with Me,CulLi or Ph,CulLi gave dimethylbullvalene (44),> as
a 2.3:3.3:1 mixture of valence, and diphenylbullvalene
(45),%4 as a 7.6:5.7:1 mixture of 4,5-, 3,5-, and 3,7- disubsti-
tuted isomers.

=

CHgO

CHZOH

N LiAIH4

/ Me ’ Me . 40 oc
@
X

a4 (23331
42 CHO
Me,CulLi
E:0,0°C DIBAL H
@ NaCu(CN), @
5% DMF 160 °C
NaOH, H,0,
PhoCulLi \DMSO, H>0
Etgo 0°C 70°C
CO.H
@
X
COzH
\Ph P 40
4 Ph
CH;,N,
45 (7.6:5.7:1 ==
( ) CoMS
=
PN
CO,Me
4

Scheme 17 Synthesis of disubstituted bullvalenes

A different procedure for the synthesis of dimethyl bull-
valenedicarboxylate (41) consisted of the irradiation of di-
methyl cis-4a,8a-dihydronaphthalene-4a,8a-dicarboxylate
(5") in methanol by a low-pressure mercury lamp (Scheme
18).3° This transformation was mechanistically related to
that found in the synthesis of 1 by Jones and Scott (see
Scheme 5).13

CO,CH3

CO.M€
T MeoH A/\,
CO,CHg CO.Me
5 41

Scheme 18 Alternative preparation of dimethyl bullvalenedicarboxyl-
ate

Diphenylbullvalene (45) was alternatively prepared by
reaction of tricarbonylcyclooctatetraeneiron (2') with di-
phenylacetylene at high temperatures (ca. 165 °C) to form
8b, followed by UV irradiation (Scheme 19).3!

Ph .
Z 165 °C s Ph

(CO)sFe—— o —— — = Q=
% mesitylene Ph N

Ph Ph
2 8b 45

Scheme 19 Alternative preparation of diphenylbullvalene
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Disubstituted bullvalenes bearing two different substit-
uents have also been synthesized. The most common ap-
proach is based on the monosubstitution of one bromine
atom in dibromobullvalene (37) by a cyano group through
reaction with NaCu(CN), leading to bromocyanobullvalene
(46) (Scheme 20).2132 Further reduction of the cyano group
in 46 with DIBAL-H afforded bromobullvalenecarbaldehyde
(47), which was reduced with LiAlH, to bromobullvalenol
(48). Derivatives 49, 50,3 and 5126 were similarly obtained.

NaCu(CN), Ac,0
4— -
DMF, 160 °C pyridine

HZOAC CHZOAC CHgOH
50 (78%) 48 (85%)
LiAIH,
-50 °C
= =
Br NaCu(CN), Br DIBAL-H Br
. —> —_— A=
- DMF, 160 °C “\,\
“cHo
a6 28% 47 (95%)
CuSEt
pyridine
180 °C

@
X

2%

Scheme 20 Synthesis of differently disubstituted bullvalenes from di-
bromobullvalene

A different procedure for the synthesis of differently
disubstituted bullvalenes involves the bromination/dehyd-
robromination of methylbullvalene (28) to afford bro-
mo(methyl)bullvalene (52) (Scheme 21). The bromine in 52
was further substituted by a cyano group through reaction
with NaCu(CN), to give cyano(methyl)bullvalene (53).3! Hy-
drolysis of the cyano moiety to the carboxylic acid and sub-
sequent reaction with diazomethane led to methyl methyl-

bullvalenecarboxylate (54).
1. Brp, CHCly
2. KOH, 70 °C N
@ @ @
¢

37% 52%

1. NaOH, H,0, ‘

_NaCu(CN)z
DMF, 160 °C

DMSO, H,0, 70 °C
2. CHyN,

54

Scheme 21 Synthesis of differently disubstituted bullvalenes from
methylbullvalene

On the other hand, bromofluorobullvalene (55) was
prepared from fluorobullvalene (34) by bromination/dehy-
drobromination (Scheme 22).%!

= 1. Brp, CHoCl, =
2. KOH, 70 °C Br
=] ——— =
X ¢
F \F
34 55 (51%)

Scheme 22 Synthesis of bromofluorobullvalene from fluorobullvalene

A variety of fused disubstituted bullvalenes have been
obtained by Diels-Alder reaction between the dehydrobull-
valene intermediate 35, formed by reaction of bromobull-
valene (25) with potassium alkoxides, and various dienes
such as furan, 1,3-diphenylisobenzofuran (57), and tetrap-
henylcyclopentadienone 58 (Scheme 23).2'23 The expected
direct Diels-Alder adducts 56a and 57a, formed by reaction
of 35 with furan and 57, respectively, were not observed
due to their high strain. Instead, these adducts undergo rap-
id rearrangement to the more stable isomers 56b and 57b.
Products 56b, 57b, and 59 showed temperature-dependent
NMR spectra, evidencing their dynamic situation.?!

& — G

56a
-~
o}
— o
KOR
—_—
=) DMSO @
’\Br 100-120 °C Z

Ph 57
25 0 35 57a

b l
G

59 Ph

Scheme 23 Synthesis of fused disubstituted bullvalenes

Different trisubstituted bullvalenes were synthesized
from parent tribromobullvalene (60), prepared by bromina-
tion/dehydrobromination of dibromobullvalene (37). Reac-
tion of 60 with Me,CuLi led to trimethylbullvalene (61),
whereas treatment with Ph,CulLi afforded triphenylbull-
valene (62), which was found in a 1:1.96:1.04 equilibrium
between the 4,5,10-, 4,5,9-, and 3,7,10-isomers (Scheme
24)24

The same bromination/dehydrobromination sequence
was employed for the synthesis of tetra- (63), penta- (66),
and hexabromobullvalenes (68) (Scheme 25).2 Slower rear-
rangements were observed for pentabromobullvalene (66),
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PhZCuLl
Ph
10
Ph ‘
4 Ph pfl 3
Ph
62 (1:1.96:1.04)

Scheme 24 Synthesis of trisubstituted bullvalenes

whereas no fluxional behavior was recognized in hexabro-
mobullvalene (68), which was obtained as a single isomer.sP
Tetramethylbullvalene (64) was formed by reaction of
tetrabromobullvalene (63) with Me,Culi.?> Tetraphenyl-
bullvalene (65), obtained by reaction of 63 with Ph,CuLi
was found to be in a 4.2:5.9:1 equilibrium between the
1,4,5,10-, 1,3,5,10-, and 1,3,7,10-isomers.?* Penta- (67) and
hexaphenylbullvalenes (69) were similarly prepared. As in
the case of hexabromobullvalene (68), in hexaphenylbull-
valene (69) the fluxional behavior was lost.2*

O]

1. Bra, CHoCl, O§>
2. DBU, CH3CN q;v
Ph
h
/‘
Br PthULI & @
\Ph h -
¢ Ph 3
Ph
1. Bry, CH,Cly 65 (4.2:5.9:1)
2. DBU, CH3CN
Br Ph
Br. Ph
NG N
Br PhoCuli Ph
/ — B
""" 4
/ Br /4\Ph
Ph gz

2.DBU, CHCN

Ph
PhZCuLl
B ZPh
n Ph

Ph
69

w
66
. Bry, CHoCl, l

Scheme 25 Synthesis of tetra-, penta-, and hexasubstituted bull-
valenes

3 Recent Developments in the Synthesis of
Bullvalenes

The constant development in the field of synthetic or-
ganic along with the discovery of novel reactivities and
methodologies has enabled ingenious new syntheses of
bullvalene and highly substituted bullvalenes. An innova-
tive syntheses of substituted bullvalenes has been devel-
oped by the Bode group, finding interesting applications of
the corresponding products in supramolecular adaptive
binding and sensing.?*3324 [n this bullvalene synthesis, cy-
cloheptanone (70) was used as the starting material
(Scheme 26). Protection of cycloheptanone (70) with eth-
ylene glycol gave acetal 71, which then was subjected to di-
bromination to give 72. Bromide elimination and acid hy-
drolysis provided cycloheptadienone 73, which underwent
Mukaiyama-Michael addition of silyl enol ether 74 to give
enone 75. Enedione 76 was obtained from 75 by allylic oxi-
dation of 75 with diacetoxyiodobenzene and tert-butyl hy-
droperoxide. Conversion of 76 into the carboxylic acid 77 by
treatment with trifluoroacetic acid, followed by reaction
with tetrahydrothiophene-derived sulfur ylide 78, via a
mixed anhydride, gave product 79, which was treated with

O O Br
@ Et,0 \ij

MeOH/NaOH
then HSO4 3%

=ys

3 (57%, 3 steps)

OTMS

2 O,
OtBu
T|CI4
CH20I2
75 (89%)

NBS AIBN, DCE, 69 °C, then NMO, 4 A MS

W TFA,CH,Cl, @)}

6 (49%) 77 (82%)
S+ OEt

oy
BuOCOCI

EtO, PProNEt O

fo) 2
0 Sc(OTf)z
Eolymer-bound
o) PhCI, reflux

80 (69%)

Scheme 26 Synthesis of a key triketone
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scandium triflate to trigger the intramolecular cyclopro-
panation that provided triketone 80, a key intermediate for
further functionalizations.

Triketone 80 was transformed to diallylbullvalene 84 in
three steps (Scheme 27).92P332 Addition of allylmagnesium
bromide to 80 afforded two diastereomeric diols, meso 81a
and chiral 81b. Meso 81a was transformed into diallylbull-
valone 82 by treatment with pyridine and thionyl chloride.
The same reaction conditions applied to chiral 81b led to
furan product 83. On the other hand, treatment of chiral
81b with diisopropylethylamine and thionyl chloride fol-
lowed by pyridine provided 82. Finally, enolization of diall-
ylbullvalone 82 and trapping of the enolate with isobutyl
chloroformate gave diallylbullvalene 84. Therefore, tetra-
substituted bullvalene 84, with three different substituents
and 840 possible interconvertible constitutional isomers,
was obtained in 11 steps from cycloheptanone (70). Diallyl-
bullvalene 84 constitutes a versatile intermediate whose
two allyl moieties can be further employed for the attach-
ment of other relevant functional groups.

CH,Cly, —78 °C

\/\/MgBr

pyridine, SOCl,
B ——
CHClp, 78 °C

meso-81a / chiral-81b 83

76% (3:2)
pyridine, SOCl, DIPEA, SOCl,
CH,Cly, —78 °C CHCly, —78 °C O/Bu

then pyridine

O

/BUOCOCI

= LlHMDS THF EtO

-78°Ctor.t.

82 (a: 60-70%, b: 40%)

@1

a4 (80%)

Scheme 27 Synthesis of diallylbullvalene

Since 2000, gold(I) catalysis has emerged as a powerful
tool for the construction of molecular complexity from sim-
ple substrates.>* The ability of cationic gold(I) complexes to
promote a wide variety of enyne cyclizations along with the
versatility of the intermediates accessed through these
transformations has been utilized to develop expedient and
efficient synthesis of bullvalene and substituted bullvalenes
through the fluxional molecules barbaralone (9a) and bull-
valone (10a) from readily available 7-ethynylcyclohepta-
1,3,5-trienes (85) (Scheme 28).3°

H AuL*
o]

Il . i

o
! L 86 |
R
R

85 9

22 examples
35-97% yield

[AuLL’T, [O]
CHClp, 23 °C

Scheme 28 Gold(l)-catalyzed access to barbaralones

This new approach relies on a gold(I)-catalyzed oxida-
tive cyclization of 85 in the presence of external oxidants
such as diphenyl sulfoxide or pyridine N-oxides, to afford
barbaralone (9a) and other 1-substituted barbaralones un-
der mild conditions and good to excellent yields (Scheme
28).3> The barbaralone synthesis proceeds by activation of
the alkyne in 85 by gold(1), followed by attack of the exter-
nal oxidant to form a-oxo gold(I) carbene 86, which then
undergoes intramolecular cyclopropanation to give barba-
ralone 9. This transformation can be also seen as a gold(I)-
catalyzed cyclization of 1,6-enyne 85 to afford gold(I) car-
bene 87 followed by oxidation.

This new two-step approach to barbaralones constitutes
one of the shortest, mildest, and most efficient synthesis of
barbaralones 9 to date. Substrates 85 can be prepared in
one step from the corresponding alkynes and commercially
available tropylium tetrafluoroborate (Scheme 29). Reac-
tion of 85a and 85b in the presence of gold(I) catalyst [IP-
rAuNCMe]*SbFs~ and diphenyl sulfoxide as external oxidant

o
I 9a (97%)
Ph”" Ph

[IPrAuNCMe]*SbFg~

CHoCly, 23 °C
BrMg Licl @j_

+ _—
\\ THF, 78 10 23 °C
85a (65%)

%

9b (83%)

* BF,

w=0

Ph”" Ph

Ph nBuLi, then

[IPrAUNCMe]*SbFg™
—_— —_—
\\ THF, —78 t0 23 °C

CH,Cly, 23 °C
85b (67%)

Scheme 29 Synthesis of barbaralone and phenylbarbaralone
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provided barbaralone (9a) and phenylbarbaralone (9b) in
97% and 83% yield, respectively.?>

Bullvalone (10a) and phenylbullvalone (10b) were ob-
tained in 37% and 22% yield, respectively through one-car-
bon homologation of the corresponding barbaralones 9a
and 9b using diazo(trimethylsilyl)methane instead of ex-
plosive diazomethane employed in classic strategies
(Scheme 30).36

R ) o)
o) TMSCHN,, nBuLi
MeOH, SiO,
e
Et,0, THF
—781023°C
9 10a R = H (37%)

10b R = Ph (22%)

Scheme 30 Preparation of bullvalones by homologation of barba-
ralones

Bullvalene (1) and phenylbullvalene (27) were prepared
from the corresponding bullvalones 10a and 10b via a two-
step, one-pot procedure involving the formation of the enol
triflates 86 and 87 and subsequent reduction under palladi-
um catalysis in the presence of nBu;SnH (Scheme 31).37
This strategy allowed the preparation of bullvalene (1) and
phenylbullvalene (27) in 5 steps and 10% and 7% overall
yield, respectively, constituting one of the most efficient
synthesis of these fluxional molecules to date. Moreover,
disubstituted bullvalenes 45, 88, and 89 bearing two equal
or two different groups were synthesized from phenylbull-
valone (10b) by formation of the enol triflate followed by
Stille coupling.® Bullvalenes 45, 88, and 89 were found to
be in 7.6:5.7:1, 5.2:1.5:1, 3.8:2.3:1 equilibria, respectively,
with the 3,6- and 3,7-disubstituted isomers at —-40 °C.3°

The latest synthesis of bullvalene (1) from 2018, as well
as several mono- and disubstituted derivatives of 1, has
been achieved in just two steps and good overall yields by
the Fallon and Pasteka groups.?® This synthesis is based on a
cobalt-catalyzed [6+2] cycloaddition of cyclooctatetraene
(2) with terminal or internal alkynes to afford products 8
(Scheme 32), previously encountered as intermediates in
the synthesis of bullvalenes (see Schemes 5 and 10). UV ir-
radiation of compounds 8 provided a wide range of bull-
valenes in good yields, featuring substituents such as alco-
hols, alkyl, benzyl, and silyl groups. Bullvalene (1) was ob-
tained in 60% yield over two steps. This procedure
constitutes the shortest and most efficient synthesis of
bullvalene and mono- and disubstituted bullvalenes to
date. Nevertheless, this protocol does not enable the forma-
tion of aryl-substituted bullvalenes.

Interestingly the first* and the most recent®® synthesis
of bullvalene (1) are conceptually very similar, although af-
ter more than fifty years of research, the overall yield has
been increased considerably and the most recent approach
is much more versatile.

OTf

&

86
l nBugSnH, LiCl,

LiIHMDS, PhNTf,
_—
THF, -781t0 0 °C

Pd(PPh3)4
THF, 23 °C

10a
Ph
@o
LDA, 5-CIPyNTf,
THF, -78t0 0 °C

Ph
@o
87

l nBusSnH, LiCl,

1 (44%, 2 steps)

SV

88 (58%, 2 steps)

nBusSNR, LG, Pd(PPhs)s £
T TReocc Ph

4*ph
R = Ph, vinyl, allyl
(15%, 2 steps)

o

Ph
89 (37%, 2 steps)

Pd(PPhg)4
THF, 23 °C

27 (60%, 2 steps)

Scheme 31 Synthesis of bullvalene and substituted bullvalenes

O

8aR'=R2=H

hv
acetone, 25 °C

R
=l=

P

CoBry(dppe) (10 mol%)
Znly (20 mol%)
Zn dust (30 mol%)

DCE, 25-55 °C

1 R' = R%2 = H (60%, two steps)

Scheme 32 Most recent synthesis of bullvalene and substituted bull-
valenes

4 Applications of Bullvalenes

Schroder and co-workers reported the application of
crown ether functionalized bullvalenes in the selective
binding of metal ions.%33d This approach relied on the
shapeshifting ability of bullvalenes and the low preference
of crown ether substituents for a specific site on the bull-
valene core. It was proposed that the crown ether group at-
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tached to bullvalene would adopt different ring sizes as the
bullvalene core interconverts into its possible constitution-
al isomers through Cope rearrangements, leading to selec-
tive binding of metal ions depending on their size. None-
theless, only weak host-guest interactions were observed,
leading to low selectivity in the accommodation of different
alkali and ammonium cations of distinct sizes (Scheme 33).

O/§
0]
O n
O n
QXO o
n
alkali = Li*, Na*, K*, Rb*, Cs*

n=1-5
alkali picrate or
ammonium = NH4*, MeNHz*, BuNHz*

ammonium picrate:
Weak binding
K;=0.10-18.05-10"* M~

Scheme 33 Application of crown ether substituted bullvalene towards
the binding of metal cations

The Bode group has described interesting applications
of tetrasubstituted bullvalenes in host discovery.?>332b
These studies revealed that due to their shapeshifting na-
ture, these tetrasubstituted bullvalenes could respond and
adapt their shapes in order to bind suitable guests. In front
of a favorable interaction with a molecular guest, such as
Ceo, the equilibrium of bullvalene constitutional isomers
was shifted towards the amplification of the isomers that
are more tightly bound to the target, acting as dynamic
combinatorial libraries. Moreover, boronic acid substituted
bullvalenes with a 13C label have been employed in chemi-
cal sensing of polyols such as carbohydrates, flavanols, and
sialic acids through covalent binding.33¢ These shapeshifting
substituted bullvalenes adapt their structures to strongly
bind polyols. Thus, distinct '3C NMR patterns were ob-
served for each polyol bound bullvalene isomer, allowing
specific analyte detection by a single NMR measurement
(Scheme 34).

5 Conclusion

In summary, since the prediction of the structure and
properties of bullvalene (1) in 1963 by von Doering several
different approaches for the preparation of this unique
fluxional molecule have been developed. Most classical
syntheses of bullvalene (1) rely on long linear sequences
with low overall yields. Nevertheless, these procedures con-
stituted the base for the preparation of a wide variety of
substituted bullvalenes, leading to numerous NMR studies
on their dynamic fluxional behavior and isomer composi-
tion. The constant evolution and enormous advances in
synthetic organic chemistry, to which organometallic

OH
OH
HO\B/ HO\B/OH é_OH
) e (e
OH —> — 860 possible
Q_///\B/ @ isomers
13 ) 13, &
¢ OH C
H
HO Q o
covalent
binding

o HO

= =

—» adapted
isomers

Polyol sensing:
identification of analyte (*C NMR pattern)

Scheme 34 Application of boronic acid substituted bullvalene in polyol
sensing

chemistry has contributed considerably, have enabled the
development of expedient synthesis of bullvalenes and sub-
stituted derivatives with improved overall yields and less
number of steps. The most efficient synthesis of bullvalenes
to date are, thus, the most recent ones, featuring Au(I)-3>
and Co(lIl)-catalyzed?® reactions as key steps. These new
synthetic developments, which have streamlined the
preparation of a wide range of substituted derivatives, will
allow the discovery of new applications for bullvalenes in
adaptive binding and sensing.*3
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