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1. Introduction

Following Curtius’1 first report of a diazocarbonyl compound in
1883 and subsequent work by Buchner focussing on the addition of
diazo compounds to aromatic rings,2,3 the norcaradieneecyclo
heptatriene (NCDeCHT) equilibrium has attracted significant
attention;4e6 the initial cyclopropanation product, the bicyclic nor-
caradiene tautomer, exists in equilibrium with the monocyclic cyclo-
heptatriene tautomer in a thermally allowed disrotatory electrocyclic
ucc.ie (A.R. Maguire).

All rights reserved.
ring opening (Scheme 1).6 This review summarises the substantial ef-
forts made, particularly in the last 50 years, to understand this tau-
tomerism and the factors which influence the relative population of
both tautomers.

2. The norcaradieneecycloheptatriene equilibrium

2.1. Early observation of the norcaradieneecycloheptatriene
equilibrium

Earlywork in the area of the equilibrium follows on fromCurtius’
initial work when, in 1885, Buchner carried out a study on the
thermal decomposition of ethyl diazoacetate in benzene, which
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resulted inwhat Buchner initially postulated as the product, ethyl 7-
norcaradienecarboxylate1 (Scheme2).2,3,7 Theproductmixturealso
contained the esters of three isomeric cycloheptatrienecarboxylic
acids. The bicyclic form was postulated as the sole product when
ethyl diazoacetate was decomposed in benzene under photochem-
ical conditions by Schenck.8,9 The term ‘norcaradiene’ was given to
the structure by Baeyer as a result of its similarity to the natural
product, carone 2.4,10
O

CO2EtOEt

O

N2

hυ/Δ
+

1 2

Scheme 2.
However, the exact nature of the product mixture ignited debate
in the 1950swhenwork byMeerwein in 1957 described the product
as mixture of the norcaradiene and cycloheptatriene, which he
based on a series of hydrogenation experiments.11 Doering reported
that the cycloheptatriene tautomerwas the sole tautomer present in
his synthesis of tropolone 3, but did not completely exclude the
existence of the norcaradiene tautomer.12,13 A review of Doering’s
work, particularly on the preparation of tropylium bromide 4,14 was
recently summarised by Kl€arner and Jones (Fig. 1).15
O

OH

Br

3 4

Fig. 1.
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Scheme
When Doering repeated Buchner’s classical work, he confirmed
that the product exists as a mixture of the isomeric trienones 5e7,
which come about following a series of sigmatropic shifts, thus
confirming the existence of the cycloheptatriene 8, which is in
dynamic equilibrium with the norcaradiene 1, as the kinetic prod-
uct of the decomposition (Scheme 3).16

Theparent compoundcycloheptatriene9 (Fig. 3) is readilyavailable
and has been prepared by several different routes.12,17e20 The prepa-
ration of cycloheptatrienes and cycloheptatrienones was reviewed by
Pietra.21 A recent study by von Ragu�e Schlayer on cycloheptatriene 9
confirmed it as a neutral homoaromatic molecule.22 Since Buchner’s
preliminary work, the norcaradieneecycloheptatriene equilibrium
has been the focus of intense researchwith several reviewswritten on
the subject,4e6,23e25 alongwith several theoretical studies.26e28While
Buchner’s aromatic addition reaction offers a useful route to the nor-
caradieneecycloheptatriene systems, several of these equilibrating
systems are prepared by alternative methodologies.

In general, the equilibrium lieson the sideof the cycloheptatriene
(CHT) tautomer,29 as a result of the strained cyclopropane ring
present in the norcaradiene. Cycloheptatriene 9 is known to exist in
the boat conformation with the planar structure estimated as
w6 kcal/mol higher in energy.28 The molecule can undergo two
dynamic processes, ring inversion and valence tautomerisation.5

In 1955, Corey described the first use of NMR spectroscopy to at-
tempt resolutionof thenorcaradieneecycloheptatrieneequilibrium.30

The NMR spectrum of the enol acetate 10 of the natural product,
eucarvone 11, indicated that it exists as the cycloheptatriene (Fig. 2).
CO2Et CO2Et+

CO2Et CO2Et

1 8

7

3.
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Following Corey’s early work, further NMR studies by Anet,31

Jensen and Smith32 and Roberts33 described efforts to detect the
norcaradiene 9N by variable-temperature NMR spectroscopy on the
cycloheptatriene 9T. Despite cooling the sample to �150 �C, dis-
tinctiveNMRsignals for theelusivenorcaradienewerenotobserved.
They found that cycloheptatriene 9T is non-planar and undergoes
interconversion between two boat conformations (Fig. 3).
Hb

Ha

Hb
Ha

9N 9T

Fig. 3.
In 1975, G€unther employed low-temperature 13C NMR spec-
troscopy and found that the so-called ‘Buchner’s acid’, i.e., the
norcaradiene 12 (Fig. 4), exists as a component of a rapidly equili-
brating mixture of the tautomers with only 3% norcaradiene tau-
tomer observed.34
CO2H CO2H
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Fig. 4.
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2.2. Direct observation of the norcaradiene

In 1981, Rubin described the first direct experimental observa-
tion of the unsubstituted norcaradiene 9N as well as providing
a description of the kinetics of its interconversion into the cyclo-
heptatriene 9T.35 He followed this initial study with observation of
the substituted norcaradienes, 2,4-di-tert-butyl norcaradiene 13
and 2,3,4,5-tetrachloronorcaradiene 14 (Fig. 5), in a similar
fashion.36
t-Bu

t-Bu

Cl

Cl

Cl

Cl

13 14

Fig. 5.
2.3. Substitution effects on the norcaradienee
cycloheptatriene equilibrium; towards the preparation of
stable norcaradienes

Direct investigation of the norcaradieneecycloheptatriene equi-
librium is easiest with a system that contains a reasonable pro-
portion of each of the tautomeric forms. The position of equilibrium
can be dramatically altered with structural modification of the sub-
strate. One of the earliest reports on the isolation of a molecule
existing solely as the norcaradienewas by Ciganek in the 1960s with
the preparation of the dicyano compound 15N.37e41 A sizeable body
ofwork followingCiganek’s initialfinding focused onmodification of
the substrate with the goal of isolation of a stable norcaradiene. The
structural modifications (Fig. 6) can be grouped as follows:
5
R = CN, 15N R = CN, 15T

Fig. 6.
(a) placement of one (monosubstitution) or two (disubstitution)
p-acceptor groups at the C(7) position (which includes Ciga-
nek’s work) as well as substitution on the cycloheptatriene
ring, i.e., positions 1e6;

(b) extension of conjugation at appropriate positions in the nor-
caradiene form;

(c) shortening of the C(1)eC(6) bond by bridging these positions
with a chain of carbon atoms or incorporation of the norcar-
adiene into a bridged system;



Table 1
Substituent effects [at C(7)] on cyclopropanes,47 with an estimation of the major
tautomer in the norcaradieneecycloheptatriene equilibrium
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(d) steric destabilisation of the cycloheptatriene form 15T by
substitution with bulky groups at C(1) to C(6).
R R

1

6

7

1

6

7

Substituent type C1C7 (vicinal) C1C6 (distal) Major tautomera

p-Acceptor Longer Shorter NCD
p-Donor Longer Shorter NCD
s-Acceptor Shorter Longer CHT
s-Donor Longer Shorter NCD

a Postulated as the major tautomer using von Ragu�e Schlayer’s results for the
vicinal and distal bond lengths. von Ragu�e Schlayer does not discuss this table of
results in the context of norcaradienes and cycloheptatrienes.

CN

CN

CF3

CF3

15N 16T

Fig. 8.
2.3.1. Introduction of substituents onto the NCDeCHT framework. As
described above, the dicyano derivative 15 of cycloheptatriene 9T
provided one of the first examples of a stable norcaradiene. The
following section describes various attempts to delineate the nor-
caradieneecycloheptatriene equilibrium. Understanding of the
equilibrating norcaradieneecycloheptatriene system was en-
hanced with the advent of NMR spectroscopy and, thus, studies of
the system occurred in earnest from the period of the 1950se1980s.
The numbering system used throughout this review in describing
all NMR spectroscopic studies conducted is that used by Ciganek
(Fig. 6). The indicative signals for the position of equilibrium of the
system are the H-1 and H-6 protons as they exist in different
hybridisation environments in the two tautomeric forms, i.e., sp3 in
the norcaradiene and sp2 in the cycloheptatriene (Fig. 6), making
NMR spectroscopy a useful method for analysis of these systems.
The H-1 and H-6 protons can either appear as two individual sig-
nals or as a single signal.

As the interconversion of the norcaradiene and cycloheptatriene
is essentially a pericyclic process, consideration of the orbitals in-
volved is warranted at the outset.

2.3.1.1. Molecular orbital explanation of the stabilisation of norcar-
adienes. Hoffmann29,42 and G€unther43 both rationalised the ob-
servations made by Ciganek in terms of the HOMOeLUMO
interactions between the cyclopropane ring and the substituents.
When there is a good p-acceptor or electron-withdrawing group at
C(7), it possesses low-lying unoccupied molecular orbitals. They
can efficiently overlap with the occupied HOMO Walsh orbital in
the cyclopropane ring (Fig. 7). As a result, the two electrons in the
Walsh orbital are delocalised over the vicinal p-system. This causes
electron density to be drawn away from the cyclopropane into the
p-system. The anti-bonding character of the C(1)eC(6) bond (the
distal bond) is weakened and therefore becomes shorter. The vic-
inal bonds [C(1)eC(7) and C(6)eC(7)], as a result, are lengthened.
This results in a stabilisation of the norcaradiene (depicted sche-
matically in Fig. 7). Hoffmann and G€unther’s predictions have since
been proven with the X-ray crystallographic data for a range of
cyclopropanes discussed by Allen.44e46 This illustrated the impact
of the introduction of electron-withdrawing groups, which caused
a shortening of the distal bond. Furthermore, Hoffmann predicted
that structures substituted with p-donor substituents also interact
via electron donation from the unoccupied 2p orbital of the sub-
stituent into the LUMO Walsh orbital of the cyclopropane ring
(Fig. 7). This leads to an increase in anti-bonding character of the
cyclopropane ring, thereby destabilising the norcaradiene, in con-
trast to the results obtained by von Ragu�e Schlayer, discussed
shortly (see Table 1).47
7
1

6

electron transfer

Bonding

Antibonding

Bonding

HOMO

Fig. 7.
However, a publication in 1977 by Staley and Cairncross de-
scribed the stabilisation of a norcaradiene by the incorporation of
p-electron donors, thus appearing to contradict Hoffmann and
G€unther’s theory.48 A significant study by Kollmar followed and
showed that the cyclopropane ring is actually a weak p-electron
acceptor, but a strong p-electron donor.49 Thus, p-donor sub-
stituents contribute much less to stabilisation energies than p-ac-
ceptor substituents, explaining Staley and Cairncross’ results.
Kollmar also found that s-electron-donating substituents are likely
to stabilise the norcaradiene, while s-electron-withdrawing sub-
stituents destabilise the norcaradiene, causing the cycloheptatriene
to predominate. This explained the appreciable difference in the
amounts of stabilised norcaradiene present in the dicyano com-
pound 15N in comparisonwith the compound substitutedwith two
CF3 groups described by Gale, which exists exclusively as the
cycloheptatriene 16T (Fig. 8).50,51
In 1984, von Ragu�e Schlayer described a key computational
study on the stabilising effects of various substituents on cyclo-
propane rings.47 This agreedwith the results obtained by Kollmar.49

The stabilising and destabilising effects of various substituents as
described by von Ragu�e Schlayer, are summarised in Table 1.47

In summary, Hoffmann and G€unther’s theory considers p-in-
teractions only, while Kollmar and von Ragu�e Schlayer have shown
7
1

6

electron transfer

Bonding

Bonding

Antibonding

Antibonding

Antibonding

LUMO
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that s-effects have a significant impact on the position of equilib-
rium. In general, s-electron-donor substituents also have a stabil-
ising effect along with p-electron-withdrawing groups. Liebman
and Greenberg have also discussed the stabilisation of norcar-
adienes by p-acceptor substituents.6

2.3.1.2. Mono- and di-substitution at the C(7) position. Following
Ciganek’s preparation of 15, the impact of a single cyano group at
the C(7) position on the norcaradieneecycloheptatriene equilib-
rium was then explored by G€unther34 and Bushweller52 who
explored the equilibrium of 7-cyanocycloheptatriene 17 using low-
temperature 1H NMR spectroscopy (Fig. 9). The norcaradiene tau-
tomer was not observed. However, it is worthwhile noting that
Adam and Balci later described the preparation of the norcar-
adiene-derived singlet-oxygen adducts of 7-cyanocycloheptatriene
17 indicating that the norcaradiene tautomer is present.53
CHO

1

6

7
8

δH 2.41 exo-18

≡

Fig. 10.

He

NC

Ha
CN

17-eq 17-ax

Fig. 9.
Substitution of the cyano group with carboxylic acid and alde-
hyde moieties also provided some interesting data on the nature of
the norcaradieneecycloheptatriene equilibrium. Cyclohepta-2,4,6-
trienecarboxylic acid 12T (Fig. 4) was discussed earlier with regard
to Buchner’s initial finding on the decomposition of ethyl diazo-
acetate in benzene.2 In 1975, G€unther calculated the concentration
of norcaradiene present as being w3%,34 providing evidence that
a carboxylic acid has a bigger stabilising effect than a cyano group,
as it interacts more strongly with the Walsh orbital of the cyclo-
propane than the cyano group.

The aldehyde analogue, cycloheptatrienecarbaldehyde 18, was
subjected to variable-temperature NMR spectroscopic studies by
Balci.54 Lowering of the sample temperature allowed direct obser-
vation of these two dynamic processes (Fig. 10) and indicated that
the norcaradiene tautomer was present in an amount of 7%.

Molecular orbital calculations predict the order of influence of
the electron-withdrawing substituents described above on the
amount of norcaradiene present in a system as increasing in the
R
H

Fig. 11

CO2Me

CD2Cl2, −60 °C C

H

OMe

OBX3

BX3

1

6

7

1

6

7

X = 
X = 

22 (δH-1,6 5.43 ppm)

Scheme
order CN<CO2H<CHO;42 this prediction is thus in agreement with
the experimental results obtained by G€unther and Balci.34,54
Alkyl substitution at C(7) was then considered by G€unther with
several C(7)-substituted cycloheptatrienes studied and he found
that they existed with the substituent in a quasi-equatorial position
(Fig. 11).55 More importantly, they all exist entirely in the cyclo-
heptatriene form. NMR spectroscopic studies of the tert-butyl
derivative 19 were also discussed by Heyd.56

Hoffmann has pointed out that a carbonium ion is an excellent
p-acceptor and thus should significantly stabilise the norcar-
adiene.42 Indeed, Childs prepared the zwitterions 20 and 21 from
7-carbomethoxycycloheptatriene 22.57 The zwitterions were found
to exist predominately as the norcaradiene (Scheme 4). In line with
previous observations by Balci54 on the orientation of cyclo-
heptatrienecarbaldehyde 18, the norcaradienes 20 and 21 were
only observed in the exo conformation. The authors attributed this
to the unfavourable secondary interactions in the endo isomer be-
tween the p orbital on C(7) and the diene molecular orbitals.

Childs also prepared the analogous amido compound 23 from
the amide 24 (Scheme 5).57 The systemwas found to shift towards
the norcaradiene relative to the amide 24; this was confirmed by
the chemical shift of the H-1 and H-6 protons at dH 4.81 ppm, in-
dicative of a system existing as an equilibrium of the two tauto-
meric forms 23T and 23N.57
R
H R = t-Bu, 19

.

H

C OMe
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1

6

7
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OBCl3
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Cl, 20, δH-1,6 3.41 ppm
Br, 21, δH-1,6 3.48 ppm

4.



CONMe2

CD2Cl2, −60 °C C

H

NMe2

OBCl3

H

C NMe2

OBCl3

BCl3

1

6

7

1

6

7

1

6

7

δH H1/H6 4.81 ppm
δH 5.43 ppm

8

24 23T 23N

Scheme 5.

O.A. McNamara, A.R. Maguire / Tetrahedron 67 (2011) 9e4014
Daub et al. also explored the possibility of introducing a car-
bonium ion to stabilise the cyclopropane with a body of work,
which began in 1972.58e61 The dioxolonium salt 25 (Fig. 12) was
found to exist as the norcaradiene 25N,58 which was confirmed by
the 1H NMR spectroscopic data (observed at �40 �C).
OO
H

O

O

FSO3

δH1,6 3.63 ppm

1

6

25N 25T

Fig. 12.
The analogous imidazolidine derivative 26 was, in contrast,
found to exist predominately as the cycloheptatriene 26T in the
boat conformation (Fig. 13).62
NN
NN

BF4

26N 26T

Fig. 13.
More recently, Gridnev has described the preparation of the C(7)-
monosubstituted system, cycloheptatrienyl(dipropyl)borane 27
(Fig. 14).63 The system 27 was found to exist as a mixture of the two
tautomeric forms, confirmed by variable-temperature NMR spectro-
scopic studies. Thecycloheptatrienylborane27Texistedas the exoand
endo forms, while the norcaradiene 27N existed only as the exo form.
The stability of the norcaradiene is thought to be due to favourable
overlap with the unoccupied boron anti-bonding 2p orbital with the
Walsh orbital of the cyclopropane ring of the norcaradiene.63

Furthermore, Gridnev found that the deuteropyridine complex
28T existed as the cycloheptatriene, which appeared to be due to
the overlap of the nitrogen lone pair with the empty boron 2p anti-
bonding orbital, reducing overlap with the Walsh orbital of the
cyclopropane, thereby destabilising the norcaradiene (Scheme 6).63

Interestingly, there is an isolated case of a single electron donor
at the C(7) position stabilising the norcaradiene sufficiently to push
the equilibrium to the bicyclic form (also described in Section
2.3.1.1). In 1977, Staley and Cairncross described the piperidine- and
cyclohexyl-substituted systems 29 and 30, which were found to
exist as equilibrating mixtures of the norcaradiene and cyclo-
heptatriene; this was confirmed by the 1H NMR spectra of both 29
and 30.48 Thus, p-donors would appear to stabilise the norcar-
adiene relative to the cycloheptatriene. The analogous compound
31T without the p-donors at C(7), described by Mukai,64 is known
to exist entirely as the cycloheptatriene (Fig. 15).

As described earlier, Ciganek’s preparation of the dicyano de-
rivative of cycloheptatriene 9T provided one of the first observations
of a stablenorcaradiene.Heprepared thenorcaradienes15Nand32N
by the thermolysis of dicyanodiazomethane 33 in benzene and p-
xylene (Scheme 7).38 Fritchie described X-ray crystallographic stud-
ies on the norcaradiene 15N;65 the cyclopropane bond lengths were
found to be 1.558, 1.553 and 1.500�A. The bond angles were found to
be 115 and 58� for NCeCeCN and C(1)eC(7)eC(6), respectively.

NMR spectroscopy confirming the bicyclic structure was carried
out by Ciganek and also by Roberts.38,66 The cyclopropyl protons
were observed as a triplet at dH 3.47 ppm for 15N and at dH 3.22 ppm
for 32; in contrast, the corresponding NMR signal for the mono-cy-
ano compound 17 was reported at dH 5.33 ppm52 Ciganek initially
postulated thatwideningof theNCeCeCNangle as a result of dipole-
dipole repulsions was the reason for the unusual stability of the
norcaradiene 15N, while the theoretical studies (discussed above) by
Hoffmann, G€unther, Kollmar and von Ragu�e Schlayer subsequently
provided more insight into the stabilisation of the norcaradiene by
p-acceptors. However, the angle between the substituents at the C
(7) carbon is also known to be an important factor in the position of
equilibrium (see Fig. 37, Scheme 26 and Scheme 27).

From Ciganek’s initial findings, it appeared that simply the
presence of two electron-withdrawing substituents at the C(7)
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position of cycloheptatriene pushed the equilibrium towards the
norcaradiene. However, the replacement of one of the cyano groups
by a trifluoromethyl group by Ciganek provided 34, which, in con-
trast to 15, was rapidly equilibrating between the norcaradiene and
cycloheptatriene, as confirmed using variable-temperature 1H NMR
spectroscopy (Fig. 16).37 Indeed, the analogous systems, substituted
with two perfluoro groups 16 and 35,67 prepared by Gale,51 and
confirmed using NMR spectroscopy by Roberts,33 existed entirely as
the cycloheptatriene.
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67

δH-1,6 5.40 ppmRoom temperature: δH-1,6 4.70 ppm
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Interestingly, partial hydrolysis of the dicyano compound 15N
did not alter the position of equilibrium, as the amide 36 was also
found to exist entirely as the norcaradiene (Scheme 8).68
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O
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Scheme 8.
The decomposition of dicyanodiazomethane 33 in naphthalene
was also explored by Ciganek and was found to result in three
isomeric adducts, 37, 38 and 39 (Fig. 17).38 The norcaradiene
NC

CN
CNNC

1

6

7

6

37 38

Fig. 17
tautomer 37was confirmed by 1H NMR spectroscopy; the C(1) and
C(6) protons displayed 1H NMR spectroscopic resonances as
a doublet at dH 3.80 ppm and a quartet at dH 3.35 ppm, re-
spectively.38 The isomeric cycloheptatrienes 38 and 39 were iso-
lated with a distinctive signal at dH 5.88 ppm assigned to the C(6)
proton of 38. Similar studies on benzonorcaradienes were de-
scribed by Buchner and Vogel (see Fig. 26).69,70

Ciganek then explored the equilibria of disubstituted systems,
along with Roberts.71 The adducts 15, 34 and 40e44 were each
prepared by the thermolytic and photolytic decomposition of the
appropriate diazo compound in benzene (Scheme 9 and Table 2).
The norcaradiene tautomer was dominant in the cyano-substituted
compounds (entries 1e4, Table 2) except the previously discussed
compound 34, which was obtained as a rapidly equilibrating mix-
ture of the two tautomers (compare entry 2 and entries 1, 3e4).
CN

CN

NC
CN

39 15T

.
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Table 2
Effect of different substituents at C(7) on the equilibrium of disubstituted [at C(7)]
systems41,71e74

R

R'

R

R'

1

6

7
1

6

7

Entry R R0 Compound dH-1,6 (ppm)(32.5 �C)

1 CN CN 15 3.47
2 CN CF3 34 4.70
3 CN CO2Me 40 3.25
4 CN Ph 41 3.52
5 CO2Me Ph 42 4.3871

6 CO2Me p-MeOeC6H4 43 4.1371

7 CO2Me p-NO2eC6H4 44 4.2971

8 CO2Me CO2Me 45 5.0474
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Overall, the ester-substituted compounds were found to exist as an
equilibrating mixture of both tautomers (entries 5e8).

Other reports of systems substitutedwith a second substituent at
the C(7) position, which led to an alteration in the norcar-
adieneecycloheptatriene equilibrium, were then described. Sub-
stitutionwith an alkyl group at the C(7) position on ester-substituted
Table 3
Variable-temperature 1H NMR spectroscopic studies on alkyl-substituted [at C(7)]
methyl ester systems75

R

CO2Me

R

CO2Me

7
1

6

1

6

7

Entry R dH C(1),C(6) at
room temperature

dH (NCD)
at �100 �C

dH (CHT)
at �100 �C

1 Me 4.03 2.49 5.26
2 Et 4.35 2.52 5.35
3 i-Pr 4.87 2.30 5.33

Table 4
Variable-temperature 1H NMR spectroscopic studies on alkyl-substituted [at C(7)] cyano

H

CN

LDA/HMPA

RX

Entry Product R dH-1,6 2

1 47 Et 4.84
2 48 Bn 4.66
3 49 i-Pr 4.36

4 50
Ph

OEtPh

3.04

5 46 t-Bu 4.69

a Not reported.
systems was explored separately by Mukai75 in 1974 and again in
1981 by Takahashi.76 Mukai’s study found that all compounds
studied existed predominantly as the cycloheptatriene at room
temperature; on cooling the sample, individual 1H NMR signals for
the tautomers were observed. Overall, as the steric demand of the
alkyl group increased, the equilibrium shifted towards the cyclo-
heptatriene (entries 1e3, Table 3).75

The impact of alkyl substitution on the 7-cyanocycloheptatrienes
was further explored by Takahashi (Table 4).76 A series of alkylated
cyanocycloheptatrienes 46e50were preparedwith a similar trend to
Mukai being observed, although the trend is not seen with the tert-
butyl-substituted cycloheptatriene 46 (entries 1e3 and 5, Table 4).
Variable-temperature 1HNMR spectroscopic studies also allowed the
direct observation of the norcaradiene (at dH 2.48 ppm) and the
cycloheptatriene (at dH 5.28 ppm). Interestingly, the cyclopropene-
substituted system(entry4, Table4) proved to exist almost entirelyas
the norcaradiene at room temperature. This provides a further illus-
tration of the impact of a smaller external angle on the stability of the
norcaradiene (discussed in Section 2.3.4.1).

In 1972, D€urr described photochemical decomposition of the
spiropyrazole 51, which yielded the spiroheptatriene 52, while de-
composition of the dicyano derivative 53 gave the fulvenylnorcar-
adiene derivative54 as the sole product (Scheme10); the structure of
the norcaradiene 54 was confirmed by the position of the cyclo-
propyl protons at dH 3.05 ppm. The corresponding cycloheptatriene
was not observed, even onheating of thenorcaradiene 54 at 110 �C.77

In 1988, L’Abbe and Dehaen described the decomposition of the
triazole55 inbenzene toyield thecycloheptatriene56 (Scheme11).78

In contrast, the p-nitrophenyl-substituted derivative 57 undergoes
rearrangement to the analogous triazole 58, which decomposes in
the presence of benzene to the norcaradiene 59. Again, structural
confirmation of the norcaradiene was provided by the 1H NMR
spectra; inparticular, theH-1 andH-6protons appeared asone signal
at dH 3.20 ppm.

Thus, substitution at C(7) of the norcaradieneecycloheptatriene
equilibrating system can have a dramatic impact on the position of
equilibriumwith avast array of substituents pushing the equilibrium
towards the norcaradiene. In general, p-acceptor groups at C(7)
(with one case of a p-donor substituent) favour the norcaradiene.
systems76
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CN

R

CN

1

6

7

1

6

7

5 �C dH1,6 (NCD) �130 �C dH1,6 (CHT) �130 �C

da da

da da

2.34 5.02

2.60 (�80 �C) d

2.48 5.28
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The introduction of alkyl groups at C(7) on cyano- and ester-
substituted systems can also have an impact on the position of
equilibrium, with bulkier groups leading to less norcaradiene, cf. the
results described by Mukai and Takahashi.64,76

2.3.1.3. Substitution on the cycloheptatriene ring. The impact that
electron-withdrawing substituents have on the norcaradienee
cycloheptatriene equilibrium for C(7)-monosubstituted systems is
CO2Me

CO2Me

45N 45T

Fig. 18
well documented as occurring in the order CN<CO2H<CHO.54 Owing
to the stability of the norcaradiene tautomer of the dicyano com-
pound 15N, it seems reasonable to presume that a system substituted
with two carboxylic acid or ester groups would also stabilise the
norcaradiene. However, the diester-substituted analogue 45, was
found by G€orlitz and G€unther to exist as a mixture of the two tauto-
meric forms, norcaradiene45Nand cycloheptatriene45T (Table2 and
Fig. 18).79
CO2Me

CO2Me

CO2Me

CO2Me

Cl

Cl
60

.
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Interestingly, modification of the structure with two chlorine
atoms at the 2- and 5-positions was described by Maas and Regitz
and gave the dichloro compound 60, which was found to exist
entirely as the norcaradiene (Fig. 18).80

Regitz described phosphonate-substituted norcar-
adieneecycloheptatriene derivatives (Scheme 12);81 this product
P
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O

OMe
OMe

P

Ph

O

OMe
OMe

61N/T

Scheme 12.
61was found to exist in solution as an equilibrating mixture of both
tautomers 61N/T, while it was found to exist as the norcaradiene
61N in the solid state when the structure of 61 was determined
crystallographically.82,83 A rapidly equilibrating mixture was con-
firmed by the 13C NMR spectrum, where the resonances of C(1) and
C(6) appeared at dC 58.0 ppm, thus indicating norcaradiene to be
the major tautomer.

G€unther and Regitz also described the phosphonates 62 and 63
existing solely as the norcaradiene tautomer, analogous to their
earlier study on the diester compound (Fig. 18).84,85 Significantly, it
was the introduction of the halogens, bromine and chlorine, at the C
(2) and C(5) positions that shifted the system towards the norcar-
adiene, as the ester 64 and the phosphonate 61 existed as an
equilibratingmixture of the two tautomers (Fig.19).81 Various other
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analogues 65e67were prepared and found to exist, in each case, as
the norcaradiene.85 In contrast, the trifluoromethyl-substituted
derivatives 68 and 69were found to exist as the cycloheptatriene.80

Structural modifications at the 2- and 5-positions appear to signif-
icantly stabilise the norcaradiene and are particularly noteworthy.

In particular, the incorporation of electron donors in the case of
65 and 66, having methoxy groups at the 2,5- and 3,4-positions, is
interesting as this is one of the few examples where the
norcaradiene is stabilised by the incorporation of electron donors
into the structure. A similar result was also observed byMatsumoto
in 1995 (Scheme 15).86,87

Kl€arner found varying amounts of norcaradiene and cyclo-
heptatrienes present in systems with ester andmethyl substituents
at the C(7) position; the equilibrium positionwas dependent on the
other substituents around the ring.73,88 In general, it was found that
the addition of a methyl group at the 2-position forced the equi-
librium towards the norcaradiene, a similar effect to that observed
by Okamoto (discussed later) and by Maas and Regitz (Fig. 18).80,83

In general, the order of stabilisation of the norcaradiene observed
by Kl€arner was impacted by substituents in the order 2-Ph>2-
Brw2-Me>3-Me>H>1-Me (Table 5).88

Rearrangement of the tricyclic ketones 70e72 to the substituted
equilibrating norcaradieneecycloheptatriene systems 73N/Te75N/
T in the presence of sodium methoxide was described by Schmid
et al.89 The resultant rearranged products were found to exist as the
norcaradiene 73Ne75N (Scheme 13).89

Smith described the preparation of C(7)-monosubstituted nor-
caradienes and cycloheptatrienes substituted with a triazole group,
as shown in Table 6.90,91 Thermolytic decomposition of 5-(diazo-
methyl)-1,4-diphenyl-1,2,3-triazole 76 (DPTeCHN2) in the presence
of alkylbenzenes, naphthalene and thiophene provided products
with varying amounts of equilibrating norcaradiene and cyclo-
heptatriene. Initial studies with benzene and toluene provided ex-
clusively the cycloheptatriene adducts (entries 1 and 2, Table 6),
while reaction with o- and p-xylene provided a significant shift to-
wards the norcaradiene (entries 3 and4, Table 6).90,91Decomposition
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Table 5
Impact of substitution with alkyl groups on the cycloheptatriene ring
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of the triazole 76 in the presence of the more sterically demanding
substrates, p-cymene, 4-tert-butyltoluene, mesitylene, durene and
p-diisopropylbenzene, provided enough steric interactions to sta-
bilise the norcaradiene (entries 5e12). The percentage norcaradiene
present is strongly dependent on the position of the substituents,
this beingparticularlyevident in thedecompositionof the triazole76
with p-cymene and tert-butyltoluene, where two possible isomeric
products result from aromatic addition of the carbene to different
bonds (entries 5e8). Substitution at R1 with bulky groups such as
isopropyl and tert-butyl appears to result in large amounts of nor-
caradiene being present (entries 6, 8 and 9), again in line with pre-
vious studies by Kl€arner and Okamoto. Substitution with several
smaller methyl groups at positions 1, 2, 4 and 5 (entry 12) caused the
system to exist almost entirely as the norcaradiene.
Smith also extended the scope of the transformation to include
heterocycles. Preparation of the thiophene-derived adduct gave an
exclusively norcaradiene-like product 77, illustrated by a chemical
shift of dH 2.34/2.70 ppm, indicative of the cyclopropyl protons
(Scheme 14).

In keeping with previous work by Maas, Regitz and Kl€arner,
Okamoto also described the introduction of tert-butyl groups at the
2- and 5-positions as favouring the presence of the norcaradiene.92

The mono-substituted analogue, 2,5-di-tert-butyl-7-cyanocyclo-
heptatriene 78, was described; the incorporation of two tert-butyl
groups at the 2- and 5-positions resulted in a system equilibrating
between the norcaradiene and cycloheptatriene tautomers, as
opposed to 7-cyanocycloheptatriene 17, which exists essentially
entirely as the cycloheptatriene, as previously described by



Table 6
Effect of substitution on the aromatic ring on the norcaradieneecycloheptatriene equilibrium90,91

N

N

N

Ph

CHN2

Ph

Δ

R5

R2

R3

R4

DPT

H

DPT H

R6

R5

R4 R3

R2

R1

R1

R6R
1-6

Entry Substrate Equilibrating product

R1 R2 R3 R4 R5 R6 dH-1,6 % NCD

1 Benzene H H H H H H 5.32 w0
2 Toluene Me H H H H H 5.15 w0
3 o-Xylene H H Me Me H H 4.61 17.9
4 p-Xylene Me H H Me H H 4.90 7.5
5 p-Cymene Me H H i-Pr H H 4.63 17.1
6 p-Cymene i-Pr H H Me H H 3.54 56.0
7 4-tert-Butyltoluene H Me H H t-Bu H 5.10 da

8 4-tert-Butyltoluene t-Bu H H Me H H 3.74 48.9
9 p-Diisopropylbenzene i-Pr H H i-Pr H H 3.34 63.2
10 Mesitylene Me H Me H Me H 3.71 20.0
11 Durene Me H Me Me H Me db d

12 Durene Me Me H Me Me H 2.49 93.6

a Inseparable from the isomeric tert-butyl product (entry 8).
b Data not reported.

MeO

MeO

N2CRCO2Et

MeO

MeO

R

CO2Et
MeO

MeO

R

CH2OH

R

CH2OH

LiAlH 4

MeO

MeO

R

CO2Et

MeO

MeO

N

T

96

R System

H 88N/T

R System NCD:CHT

Me 89N/T

H 92N/T 0:100

i-Pr 90N/T

Me 93N/T 29:71

9-fluorenyl 91N/T

i-Pr 94N/T 68:32
9-fluorenyl 95N/T 82:18

Scheme 15.

O.A. McNamara, A.R. Maguire / Tetrahedron 67 (2011) 9e40 21
Bushweller (Fig. 9).52 Distinct signals for all four tautomeric forms
of 78were observed by Okamoto employing variable-temperature
NMR; the endo formwas found to bemore stable than the exo form
of the norcaradiene (Fig. 20), which is in contrast to the acid- and
aldehyde-substituted systems, 12 and 18 (Figs. 4 and 10) in which
the substituent is oriented exo.

Substitution of the cyano group by an ethynyl or phenylethynyl
group gave the compounds 79 and 80, as reported by Okamoto in
1984, with the overall p-acceptor ability, and, therefore, the amount
of norcaradiene increasing in the order: phenylethynyl>cyano>
ethynyl (Fig. 21).93
Significantly, Okamoto described the introduction of tert-butyl
groups around the cycloheptatriene ring, as well as at C(2) and C(5)
and at C(7) (entries 1e5, Table 4).92 This important study demon-
strated the steric effect of certain substituents in driving the
equilibrium to the norcaradiene side (Table 7). The position of the
tert-butyl substituents on the ring was seen to have a dramatic im-
pact on the position of equilibrium, often resulting in more norcar-
adiene being present, particularly in the case of the disubstituted
compounds 81 and 82 (entries 4 and 5, Table 7). It is again clear that
substitution at positions 2, 3 and 4 has a dramatic impact on the
norcaradieneecycloheptatriene equilibrium with the 2-tert-butyl
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Table 7
Impact of introduction of tert-butyl substitution around cycloheptatriene ring
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(83), 2,4-(81) and 2,5-di-tert-butyl-(82) substituted compounds
existing almost entirely as the norcaradiene at room temperature, in
line with studies by Kl€arner, Maas and Regitz, while the 3-tert-butyl
compound (84) exists as an equilibrating mixture of tautomers (en-
tries 2e5). Okamoto attributed the marked shift of the system to the
norcaradiene side to the repulsive interactions between the tert-
butyl group and the hydrogen atoms on adjacent carbon atoms,
which leads to bending of the ring.

Interestingly, Okamoto found that the tetra-tert-butyl-substituted
norcaradiene 85 was in equilibrium with the cycloheptatriene 85T,
albeit with the norcaradiene 85N as the major tautomer, while the
analogous system 86 was found to exist almost exclusively as the
cycloheptatriene 86T (Fig. 22).94 The tert-butyl groups at the C(1) and
C(6) positions of 86 presumably repel each other in the norcaradiene
form 86N thereby stabilising the monocyclic tautomer. In the case of
85, the norcaradiene is more favourable, due to relief of repulsive
interactions between the 1-, 3- and 5-tert-butyl groups and the H-2,
H-4 andH-6protons in the cycloheptatriene form, thereby stabilising
the norcaradiene. There is also a significant relief of the repulsive
strain between the axial 7-tert-butyl group and thep-electrons of the
C(3)eC(4) double bond.

Okamoto then considered 7-phenyl-substituted cyclohepta-
trienes. Previous studies by G€unther had shown that the parent
compound, 7-phenyl-1,3,5-cycloheptatriene 87 (Fig. 23) exists in the
cycloheptatriene form.55,72 A study by Roberts in 1971 examined the
equilibria of para-substituted 7-aryl-7-methoxycarbonylcyclohepta-
trienes.71 However, G€unther found that this system was unsuitable
for examination of the equilibrium, as the aryl group is endo and
cannot interact favourably with the cyclopropane ring, as it cannot
assume a bisected conformation.72

Okamoto found that the substitution pattern on the aromatic
ring can also have a dramatic impact on the norcaradienee
cycloheptatriene equilibrium of 7-aryl-di-tert-butylcyclohepta-
trienes.95,96 As a result of their previous observations with the 2,
5-di-tert-butyl-substituted systems (Table 7), Okamoto et al. then
demonstrated that the introduction of tert-butyl groups at the 2- and
5-positions of 7-arylcycloheptatrienes (Fig. 24) could stabilise the
norcaradiene significantly.95,96 It was found that, as predicted, elec-
tron donors, such asmethoxy andmethyl groups on the 7-aryl group
stabilised the cycloheptatriene tautomer, while the more electron-
withdrawing substituents stabilised the norcaradiene (Fig. 24).

In 1995, Matsumoto described an interesting example of the
stable norcaradienes 88Ne91N, prepared from 96, but instead
of being stabilised by p-electron acceptors, the compounds
appeared to be stabilised by the introduction of electron-donating
methoxy groups at the 3- and 4-positions of the aromatic ring
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(Scheme 15).86,87 Even when 88N was heated to 80 �C, there was
no trace of the cycloheptatriene 88T observed. Matsumoto pos-
tulated that the introduction of the methoxy groups strengthens
the C(1)eC(6) bond of the cyclopropane, thereby stabilising the
norcaradiene tautomer (Scheme 15).

Significantly, reduction of the esters 88e91 to the primary
alcohols 92e95 resulted in an equilibrating mixture of the two
tautomers with differing ratios, dependent upon the substituent at
C(7). Incorporation of a bulky 9-fluorenyl group (95) at the C(7)
position results in a ratio of 82:18 NCDeCHT (Scheme 15). This
change in equilibrium upon reduction of the ester to the alcohol
O

O

N2CHCO2Et
O

O

97 98

Scheme
illustrates that electron withdrawal by the ester on the system is
a considerable factor, in addition to steric effects at C(7), contrib-
uting to the position of equilibrium(Scheme 15).86,87

Interestingly, Matsumoto also described the preparation of the
methylenedioxy-bridged analogue of 98 from the reaction of benzo
[d][1,3]dioxole 97 and ethyl diazoacetate; the two regioisomeric
products found to exist were the cycloheptatrienes 98 and 99 with
no trace of the norcaradienes being observed (Scheme 16).86 This
was thought to be due to a reduced interaction between the lone
pairs on the oxygen and the p-system of the norcaradiene, thereby
destabilising the norcaradiene.86
O

O

CO2Et

CO2Et

99

16.
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Recently,Woo described the addition of aryldiazoacetate-derived
carbenes to arenes using an iron porphyrin catalyst (Scheme 17).97

Equilibrating mixtures of norcaradienes and cycloheptatrienes
resulted, the nature of which was dependent upon the position of
X
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Scheme 17.
the substituents present on the aryldiazoacetate. As with previous
reports (described above) by G€unther and Regitz, substitution at C
(2) of the norcaradieneecycloheptatriene system shifted the equi-
librium towards the norcaradiene, while substitution at C(3) saw the
equilibrium favour the cycloheptatriene.

Interestingly, the incorporation of heteroatoms into the ring
system can have a dramatic impact on the position of the equilib-
rium. Satake described the first preparation of 2-azanorcaradiene
100, the valence isomer of the cycloheptatriene analogue, 3H-
azepine 101.98 Even at room temperature, the azanorcaradiene did
not revert to the azepine 101 (Fig. 25). However, the stabilisation of
this norcaradiene-type molecule could also be due to the tert-butyl
N

H

t-But-Bu

MeO
N

t-But-Bu

MeO

100 101

Fig. 25.
and methoxy groups. Earlier studies on nitrogen heterocyclic sys-
tems were described by Binsch.99

Thus, the overall ability of substituents at C(7) to stabilise the
norcaradiene is strongly dependent upon the electronic nature of
these groups and, in general, two strong p-acceptors are required to
stabilise the norcaradiene sufficiently to exist as the dominant tau-
tomer. Balci described the overall ability of p-acceptors at C(7) to
stabilise the norcaradiene as being in the order: C(CN)2>C(Ph)
(CO2R)>C(Ph)PO(OR)2>C(CO2R)2.5 However, substituents on the
cycloheptatriene, such as phenyl rings, halogens and even electron
donors, such as methoxy and alkyl groups can also stabilise the
norcaradiene, with the extent of stabilisation strongly influenced by
the position of substitution.80
2.3.2. Extension of conjugation in the norcaradieneecycloheptatriene
system. Incorporation of one or two double bonds into a condensed
aromatic system also serves to shift the tautomeric equilibrium.
Early studies by Buchner and Huisgen on the decomposition of ethyl
diazoacetate in naphthalene found that the norcaradiene adduct
102N was the product.69,100 Isomerisation into the cycloheptatriene
102T is unfavourable, as this involves dearomatisation of the ben-
zene ring. Conversely, compounds 103 and 104 described by Wittig
exist as the cycloheptatriene tautomers, as isomerisation to the
norcaradiene here would involve unfavourable quinoid-ring for-
mation (Fig. 26).101 In 1964, Vogel described the variable-tempera-
ture NMR spectrum of the naphthalene adduct 105, which indicated
interconversion between the two antipodes (Fig. 26).102 Vogel
postulated that this interconversion of the antipodes 105N1 and
105N2 was a consequence of the norcaradieneecycloheptatriene
(105T) equilibrium. A similar study was described by Smith.91
In 1965, M€uller103 described the preparation of the dibenzo-
norcaradiene 106 by the reaction of diazomethane with phenan-
threne 107. It was found to exist exclusively as the norcaradiene
(Scheme 18). A benzonorcaradiene has been prepared by Spencer by
the reduction of a naphthalic anhydride.104 Interestingly, Popik has
described the photolysis of dibenzonorcaradienes, which results in
cleavage of the cyclopropane bonds and the formation of 1,3-
diradicals.105

In 1967, Mukai prepared 2,5,7-triphenylnorcaradiene 108
(Scheme 19) by the reaction of phenylmagnesium bromidewith the
diphenyltropylium salt 109,64 in a method previously described by
Dauben and extensively employed for the preparation of such
systems.106 2,5,7-Triphenylnorcaradiene 108 is the first example of
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a system having a hydrogen atom at the C(7) position and existing
exclusively as the norcaradiene. Thus, extension of conjugation into
the phenyl groups stabilised the norcaradiene. Paquette prepared
the analogous compound 110 in 1971 as the norcaradiene form.107

In 1982, Kl€arner explored the impact of annulated cyclobutene
and cyclobutadiene rings on the norcaradieneecycloheptatriene
equilibrium.108,109 The annulated derivatives 111 and 112 were
prepared and 111 was found to exist solely as the norcaradiene,
while 112 existed as the cycloheptatriene tautomer (Fig. 27). In
contrast, the system 113 was found to exist as a mixture of the two
tautomers. The annulated cyclobutadiene ring in 111 is destabilis-
ing the cycloheptatriene, while, in the cyclobutene system, the
equilibrium is shifted in favour of the cycloheptatriene, as the
cyclobutene ring contains an endocyclic double bond.

Further observations by Oda in 1987 reinforced Kl€arner’s findings
with thepreparationof theanalogoussystem114,whichwas found to
predominate in thenorcaradiene form.110Here, theantiaromaticityof
cyclobutadiene destabilised the cycloheptatriene (Fig. 28).
Thus, alteration of the conjugation of the norcaradienee
cycloheptatriene system can have a dramatic effect on the position
of the equilibrium, this being particularly evident in Smith’s and
Kl€arner’s results on the naphthalene (Fig. 26) and cyclobutene and
cyclobutane derivatives (Fig. 27).

2.3.3. Forced shortening of the C(1)eC(6) bond in bridged systems
and double norcaradienes. In 1963, Eschenmoser et al. described
the preparation of the anhydride 115 during their synthesis of
colchicine and found that it existed as the norcaradiene tautomer,
one of the earliest observations of a stable norcaradiene.111,112 In
contrast, the dicarboxylic acid 116 existed as the cycloheptatriene
form. In 1963 and 1966, Vogel and Radlick both described the
preparation of a similar bridged system, namely the hydrocarbons
117 and 118, and found that they existed entirely as the norcar-
adiene (Fig. 29).113,114 These systems were forced into the norcar-
adiene tautomer by the introduction of the five-membered ring,
which shortens the C(1)eC(6) bond, thereby stabilising the cy-
clopropane ring. However, when the five-membered ring was
substituted for a six-membered-ring bridge,70,115,116 i.e., 119, the
cycloheptatriene was preferred. Further lengthening of the chain
in bridged steroid systems, described by Knox, also resulted in the
dominance of the cycloheptatriene tautomer.117,118 This again in-
dicates the delicate balance, which exists in the stabilisation of the
norcaradiene tautomer.

An extensive body of work by Vogel followed,119e121 with
particular focus on extending the chain, with the preparation of
a series of cyclodecapentaenes (a sub-group of annulenes), with
the synthesis of the parent molecule, 1,6-methano[10]annulene
120, described in 1964.122 The initial product was the tricyclo
[4.4.10]undeca-2,4,7,9-tetraene (the norcaradiene), which iso-
merised immediately to the cycloheptatriene (Fig. 30). Cremer
also discussed this system in comparison to the simplest cyclo-
heptatriene system 9.123
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Vogel followed this initial work with the preparation of the
annulenes 121 and 122, during the course of the synthetic sequence
of which the norcaradienes 123 and 124 were prepared.124,125 The
norcaradiene 123 then underwent a spontaneous double norcar-
adieneecycloheptatriene valence isomerisation to the isolated
product 125.124 The norcaradiene 124 is an example of a stable
norcaradiene prepared by the intramolecular aromatic addition of
the carbene derived from the diazo ketone 126 to the aromatic
moiety of the annulene framework (Scheme 20).125 Vogel con-
ducted a comprehensive review of the area in 1971,119 with a review
of current methods for the preparation of annulenes described by
Oda in 2007.126,127

Monosubstitution of Vogel’s annulene 119with a cyano group led
to two possible conformers, the anti and syn isomers of 127. In-
terestingly, the anti-substituted isomer (anti-127) was found to exist
as the cycloheptatriene, while introduction of the cyano group at the
synposition, as in syn-127, gave essentially the norcaradiene.70,115 This
was revisited by Okamoto in a publication in 1983 in which he
explained the differing positions of equilibria;128 the cycloheptatriene
of syn-127 is much more unstable than the cycloheptatriene of anti-
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127, due to through-space repulsion between the cyano groupand the
p-electrons of the double bonds (Fig. 31).

The dicyano derivative of 120, compound 128, was predicted
theoretically by Cremer123 to exist as the norcaradiene and this was
CN

NC

Fig. 31
later confirmed experimentally by Vogel using 1H and 13C NMR
spectroscopy and X-ray crystallography (Fig. 32).129

Hill described the preparation of 129, a dibenzo derivative of
120, which existed as the norcaradiene predominantly.130
CN
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syn-127
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Benzannelation is known to reduce the aromaticity of the parent
ring and therefore tautomerisation of the cycloheptatriene 129T
to the norcaradiene 129N is favourable, as the pentacyclic form
retains more of the aromaticity of the system (Fig. 33).
129T 129N

Fig. 33.
More recently, Nitta has described further derivatives of Vogel’s
classic annulene, 120.131,132 The trifluoroacetyl-substituted triene
130 was found to exist solely as the norcaradiene; in contrast, the
methyl ester-substituted triene 131 existed as a mixture of the two
tautomers (Fig. 34), again confirmed by NMR spectroscopy. Thus,
different substitution at remote positions of the bridged system can
also have a dramatic impact on the position of equilibrium.
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In the 1990s, Mander et al. described the preparation of a stable
norcaradiene in their synthesis of gibberellins, stabilised in a simi-
lar fashion to Eschenmoser’s and Vogel’s previous studies with the
geometrical constraints imposed by the bridged system (Fig. 29 and
Scheme 20).133,134 A variety of norcaradienes were prepared by the
Rh(II) and Cu(II) transition-metal catalysed decomposition of the
diazo ketones shown in Scheme 21.

One of the most recent examples of a norcaradienee
cycloheptatriene equilibrium was described by Oda in 2007 with
the preparation of the cyclooctadecane derivative 132, which, in-
terestingly, was found to have both norcaradiene and cyclo-
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heptatriene moieties present (Scheme 22).135 This was confirmed
by NMR spectroscopy and also crystallographically. The decar-
boxylated compound 133 (Scheme 22) was also prepared and
found to have a similar structure.
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A norcaradiene stabilised as a result of incorporation into
a polycyclic structure such as 134, shown in Fig. 35, was described
by Wenkert and Liu.136 Interestingly, Stubbe has described the
characterisation of a stable norcaradiene adduct 135 of a peptide,
which resulted following the inactivation of the thymine hydrox-
ylase enzyme.137
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In general, the incorporation of an equilibrating norcaradienee
cycloheptatriene system into bridged or complex polycyclic systems,
thereby shortening the C(1)eC(6) bond, can have a dramatic impact
on the position of the norcaradieneecycloheptatriene equilibrium.
Vogel’s early studies on the annulene derivatives have been contin-
ued with recent contributions on the study of the equilibrium in
these compoundsbyNitta andOda (Fig. 34 and Scheme22), aswell as
the use of bridged norcaradienes in the synthesis of natural products
by Mander (Scheme 21).

2.3.4. Steric destabilisation of the cycloheptatriene. Incorporation of
a series of bulky groups around the norcaradieneecycloheptatriene
system has been shown to destabilise the cycloheptatriene, thereby
shifting the system towards the norcaradiene. In 1966, Prinzbach
prepared the norcaradiene 136 from the reaction of dimethyldi-
benzocalicene 137with N,N-diethylbutadienylamine 138,138 to give
139, followed by heating at 160e180 �C at 0.1 mmHg, which gave
the norcaradiene 136 (Scheme 23).

More recently, an equilibrating norcaradieneecycloheptatriene
system was observed by Takeuchi in the preparation of the steri-
cally crowded systems 140 and 141 (Fig. 36).139 The system 141was
found to exist as an equimolar mixture of the tautomers, which
was confirmed by the variable-temperature 1H and 13C NMR
spectra.

Hannemann followed Okamoto’s work on C(7)-aryl-substituted
systems with the 7,7-diaryl systems 142 and 143 (Scheme 24).140

The o-tolyl-substituted system was found to exist almost entirely
as the norcaradiene, confirmed by the 1H and 13C NMR spectra; in
contrast, signals for 142 were observed at dH 4.54 ppm for the H-1
and H-6 protons and dC 96.2 ppm for the C(1) and C(6) carbons,
indicating cycloheptatriene dominance. Hannemann postulated
that this considerable stabilisation of the norcaradiene by the tolyl
group is a result of increased steric interactions and that it repre-
sents an ‘ortho’ effect. Thus, substitution of a small methyl group on
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a C(7) substituent can have a dramatic impact on the position of
equilibrium.140

2.3.4.1. Spironorcaradienes. The size of the angle at the C(7) posi-
tion of the cycloheptatriene ring was found to have an influence on
the equilibrium, as tautomerism of the norcaradiene to the cyclo-
heptatriene is restricted, due to the small internal angle a. This
causes a decrease in the anti-bonding character of the C(1)eC(6)
F

F

F

F

F

F

N2 +
hυ

147 144 14

Scheme
bond and results in a shortening of the bond, subsequently
resulting in increased stabilisation of the norcaradiene tautomer.

Early work by Jones and by Gale described the attempted
preparation of adducts derived from hexafluorobenzene 144 and
147 (Scheme 25) in which this external angle is widened.141,142

Unexpectedly, the cycloheptatriene 145 was recovered as the ma-
jor tautomer.141 Heating of the adduct 145 at 255 �C resulted in
rearrangement to 146 (Scheme 25).

In 1969, two letters, from Sch€onleber and from Jones, described
the synthesis of the spironorcaradienes 148 and 149 (Fig. 37),143,144

in contrast to Jones’ and Gale’s previous attempts to prepare the
perfluoro derivative (Scheme 25). Interestingly, despite the nor-
caradiene 148N predominating, Sch€onleber described the thermal
reaction of 148T with maleic anhydride as giving the cyclo-
heptatriene-derived adduct 150 (Fig. 37). In 1974, Moriarty and
Churchill145 also describe the preparation of the dimethyl analogue
of 148, the norcaradiene 151 (Fig. 37).

Jones described the synthesis of the spironorcaradiene 149,
prepared by photolysis of the diazo compound 152 in benzene
F
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(Scheme 26). Heating of the norcaradiene 149 resulted in conver-
sion into the isomer 153.144,146

Jones and Jones have also described the preparation of various
other spiro compoundswith different observations in the position of
equilibrium.147e149 They both reported147,149 the nonatriene de-
rivatives, 154,149 155 and 156, which were found to exist pre-
dominantly as the cycloheptatriene, mainly due to the large external
angle at the C(7) position of the cycloheptatriene ring.147 Jones
postulated that compression of the C(1)eC(2)eC(3) bond angle
prevents isomerisation to the norcaradiene.147 In cycloadditionwith
the dienophiles maleic anhydride 159 and dicyanoacetylene 160,
reaction via the cycloheptatriene tautomer resulted in the adducts,
157 and 158, respectively (Scheme 27).147

In 1972, Tuchscherer described the preparation of the indene-
derived system 161, which exists as an equilibrating mixture of the
norcaradiene 161N and cycloheptatriene 161T forms (Fig. 38).150

Thus, conjugation has an impact here on the position of equilibrium
N2 +
100 °Chυ

152 149 153

Scheme 26.
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resulting in an equilibrating system, in contrast to previous work by
Sch€onleber and by Jones (Fig. 37) and also by Jones (Scheme 26).

D€urr also described the preparation of many spironorcaradienes
by photochemical decomposition of diazacyclopentadienes.151e156

Preparation of the diazofluorene derivative 162 resulted in a sta-
ble compound, which was seen to exist as a rapidly equilibrating
mixture of the two tautomers.152 This was confirmed by a variable-
temperature NMR spectroscopic study, where a doublet with dH
4.74 ppm began to broaden at �60 �C and, following coalescence,
new signals appeared, attributable to the H1,6 protons of the in-
dividual tautomers at dH 6.98 ppm (cycloheptatriene-162T) and dH
4.77 ppm (norcaradiene-162N) (Fig. 39).

A study by D€urr (Table 8, entries 1e5) illustrates the electronic
dependence of the equilibrium, which lies towards the norcar-
adiene side in the most electron-poor system 163, while favouring
the cycloheptatriene in less-substituted systems 164-167.154 Thus,
substitution around the spiro substituent can also have a dramatic
impact on the position of equilibrium.

Incorporation of a lactone group in a spiro compound can induce
the norcaradiene as the predominant tautomer. Rapp and Daub
described the norcaradiene 168N (Fig. 40), which was stable as
a result of the favourable conformation of the carbonyl group,
which allows for increased overlap of the p-acceptor with the
Walsh orbitals of the cyclopropane ring.62,157

In 1990, Shechter described the thermolyis of 5-diazouracil 169
in benzene to yield a spironorcaradiene intermediate 170, which
rearranges to the product, 5-cycloheptatrienylidene-2,4-imidazo-
lidinedione 171 (Scheme 28).158

More recently, Murata described (Scheme 29) the observation
of a spironorcaradiene 172 (which existed in a keto-enol tauto-
meric equilibrium) as an intermediate in the photochemical de-
composition of the bis-diazo compound 173, along with the side
product 174.159,160
In conclusion, the magnitude of the angle at C(7) can have a dra-
matic impact on the position of the norcaradieneecycloheptatriene
equilibrium, favouring the norcaradiene with compression of the
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Impact by substitution of spiro group on position of norcaradieneecycloheptatriene equilibrium
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Entry R1 R2 R3 R4 Product Yield (%) NCD (%)

1 Cl Cl CF3 CF3 163N/T 45 66
2 Cl Cl H H 164N/T 30 19
3 Cl Cl CF3 H 165N/T 40 28
4 Ph o-Phenylene H H 166N/T 20e25 19
5 Ph o-Phenylene CF3 H 167N/T 35 25
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external angle, while the cycloheptatriene is favoured when the
angle size is increased.

2.4. The norcaradieneecycloheptatriene equilibrium in the
products of the intramolecular aromatic addition; the impact
of a fused cyclopentyl substituent

As illustrated in the earlier sections, the aromatic addition re-
action is a useful synthetic methodology leading to NCDeCHT
systems, but all examples of the addition of carbenes to arenes have
been intermolecular. The intramolecular aromatic addition has also
provided some substantial advances in the study of the norcar-
adieneecycloheptatriene equilibrium, albeit not as extensive as the
intermolecular aromatic addition.

The first example of a stable norcaradiene resulting from the
intramolecular addition of a carbene to an aromatic ring was de-
scribed by Kohmoto, in which he prepared a series of g-lactone
ring-fused norcaradienes.161e163 Structural confirmation of the
norcaradiene 175 (Fig. 41) by 1H and 13C NMR spectroscopy was
described, with no observation of the valence tautomer.
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Stabilisation of the norcaradiene here was due to a combination of
substitution at the C(7) position of the norcaradiene by the elec-
tron-withdrawing group and the g-lactone linkage.

On reduction of the lactone 175 with an excess of lithium alu-
minium hydride, the triol 176was formed, which also existed as the
norcaradiene (Scheme 30).162 Interestingly, reduction of 175 to the
fully reduced triol norcaradiene product 176 proceeds through
a partially reduced cycloheptatriene intermediate 177. This result
clearly highlights the fine balance that must be considered in order
to predict the stability of norcaradienes. Kohmoto’s work is in
contrast to earlier work by Julia, who prepared an analogous com-
pound 178with an ester at the C(7) position, but did not observe any
norcaradiene.164 The lactone 175 compares with the spirolactone
168 described by Daub, which exists as the norcaradiene (Fig. 40).
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Kohmoto has recently described an alteration in the position of
equilibrium of g-lactone- and lactam-fused norcaradienes by pro-
tonationwith trifluoroacetic acid (Fig. 42).165 Protonation increased
the electron-withdrawing nature of the C(7) substituents and sta-
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Scheme 31.
bilised the norcaradiene. This is reminiscent of earlier studies by
Childs and Daub exploring the stabilisation of norcaradienes by
placement of stabilised carbocations in the molecular structure
(Section 2.3.1.2, Schemes 14 and 15, Figs. 12 and 13).

The intramolecular aromatic addition (or intramolecular
Buchner reaction) has been described in the last 20e30 years,
particularly as a result of its applicability to natural product syn-
thesis described by McKervey and by Mander.133,166e169 Several
substrates have been subjected to intramolecular aromatic addi-
tion, such as a-diazo ketones,167,170e172 diazo amides173,174 and
diazo esters,175 which result in the tricyclic norcaradiene tautomer
from the initial cyclopropanation of the carbene to the aromatic
ring. The norcaradiene then rapidly equilibrates to the more
O

N2

Rh2(OAc)4

T

O

179
182N

183

Scheme
thermodynamically stable bicyclic cycloheptatriene. Separate
studies by Julia and by Scott on the decomposition of the diazo
ketone 179 with copper had seen the isomeric trienones 180 and
181, respectively, isolated (Scheme 31).176e178
McKervey first postulated the existence of the norcaradienee
cycloheptatriene equilibrium in azulenones, the products of the
intramolecular aromatic addition of aryl a-diazo ketones.170,179 The
cycloheptatriene 182T was confirmed as the kinetic product of the
reaction when carried out employing Rh(II) catalysis. McKervey
confirmed the existence of the equilibrium in the azulenone 182 by
the reactivity of the azulenone.170 The system can undergo two
distinct reactionpathways giving181 or183, which indicates the two
tautomeric forms are present (Scheme 32).

McKervey also found that the introduction of a methyl group
onto the cyclopropyl ring of the azulenone 182, i.e., azulenone
184, prepared from 179, significantly stabilised the norcaradiene
with the signal for the H-8 proton observed at dH 4.28 ppm;170
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in contrast, the signal for the analogous azulenone 182 was seen
at dH 5.06 ppm, indicating cycloheptatriene predominance
(Fig. 43).
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Fig 43.
In 1990, Saba described variable-temperature 1H and 13C NMR
spectroscopic studies on an analogue of 182, the azulenone, 186
(Fig. 44).180 This displayed a signal for the H-8 proton at dH
3.86 ppm and for the C(8) carbon at dC 82.1 ppm, which represents
a considerable stabilisation of the norcaradiene tautomer, by the
introduction of the methyl group on the aromatic ring, relative to
the azulenone 184.180
O

O
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8

8a

H
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Fig. 44.
In 1995, Manitto described the first example of a stable norcar-
adiene derived from the Rh(II)-catalysed intramolecular aromatic
addition of an a-diazo ketone 187 via the metal carbenoid with the
O

N2

R

187

Scheme
preparation of the naphthyl norcaradiene,188 (Scheme 33); 1H and
13C NMR spectroscopic data confirmed Manitto’s assignment of the
norcaradiene.181 Incorporation of a naphthalene into the norcar-
adiene as a method of stabilisation of the structure is analogous to
previous studies by Buchner, and by Vogel (Fig. 26) and also by
M€uller (Scheme 18).

In 1999, Doyle described the preparation of the norcaradiene
189 (Scheme 34).182 This was prepared by the Rh(II)-catalysed de-
composition of the diazo ketone 190, which gave a mixture of the
aromatic addition product and the cyclopropenation product 191,
the ratios of which could be dramatically altered by the catalyst
used (Scheme 34).
2.5. Study of the norcaradieneecycloheptatriene equilibrium
by chemical interception

In general, analysis of the norcaradieneecycloheptatriene
equilibrium described in this review has been with the aid of NMR
spectroscopy. However, a second method involving chemical in-
terception and reactivity studies can be useful in determining the
position of equilibrium of the system. In general, the norcaradiene
and cycloheptatriene equilibrating system can undergo cycloaddi-
tions with dienophiles, such as singlet oxygen,53,183e190 triazoline
dienophiles,53,188,189,191 and fluorinated dienophiles.192,193 Re-
activity studies, particularly under hydrogenation conditions, have
been described by Adam and Balci.186
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2.5.1. Trapping of the norcaradiene and cycloheptatriene in the
DielseAlder cycloaddition with singlet oxygen and triazoline
diones. Early studies on the cycloaddition of cycloheptatriene 9T
with singlet oxygenwere described by Schenk, by Takeshita and by
Kitahara;194e196 cycloaddition with the cycloheptatriene tautomer
was only observed. However, cycloaddition with the minor nor-
caradiene tautomer was described extensively in the 1970s and
1980s by Adam and Balci.53,183e190 Cycloaddition with singlet oxy-
gen is a useful method for determining the equilibrium position,
reacting with norcaradiene and cycloheptatriene tautomers indis-
criminately.53 In contrast cycloaddition with dienophiles, such as
4-phenyl-triazoline-2,5-dione (PTAD),maleic anhydride,maleimide
or N-phenylmaleimide is generally via the norcaradiene tautomer,
even in systems,which lie towards the cycloheptatriene (Scheme35);
however, there are some isolated reports of cycloadditions between
PTAD and the cycloheptatriene tautomer.188,197e201 DielseAlder cy-
cloadditions proceed favourably, generally in a [4þ2] or [6þ2] man-
ner. However, Adam and Balci also described the cycloaddition of
singlet oxygen to a cycloheptatriene in a [2þ2] manner.187

Cycloadditions to the norcaradiene tautomers of azulenones, the
products of the intramolecular aromatic addition reaction, have
been well documented recently.23,189,202e206 The influence of high
pressures and temperatures on the outcome of cycloadditions with
an equilibrating norcaradieneecycloheptatriene system has been
described by Jenner.207,208
2.6. The norcaradieneecycloheptatriene equilibrium of
fulleroids

Despite its apparent lack of functionality, the reactivity of buck-
minsterfullerene (C60) has been intensively explored, with cycload-
ditions proving a key methodology for its funtionalisation.209,210

Addition of dibromocarbene results in the formation of a cyclopro-
pane (Fig. 45).211 However, addition of a carbene unit employing the
1,3-dipolarcycloadditionofCR2N2, followedby lossofnitrogenresults
in two products, a cyclopropane along with a fulleroid.212 A fulleroid
results from the addition of the carbene across the 5,6-junction of C60
and is followed by a norcaradiene rearrangement, which results in an
enlarged fullerene (or fulleroid).209,213e216 Fullerenes and fulleroids
are known to interconvert in a similar tautomerism to that for the
norcaradieneecycloheptatriene equilibrium.213
3. Conclusions

In summary (Fig. 46), in simple systems, the cycloheptatriene is
generally favoured over the norcaradiene, due to relief of ring
strain. However, through careful choice of substituents, the position
of equilibrium can be significantly altered through the introduction
of substituents with a clear impact of steric, electronic or confor-
mational effects. Some of the general trends, which are seen in-
clude stabilisation of the norcaradiene through p-electron
acceptors at C(7), the introduction of bulky alkyl substituents at C
(1) and C(6) and extended conjugation in the norcaradiene tauto-
mer. DielseAlder-type cycloadditions can occur with either tauto-
mer, providing an interesting mechanistic insight into this
intriguing dynamic equilibrium.

Supplementary data

Supplementary data associated with this article can be found in
the online version at doi:10.1016/j.tet.2010.10.030.
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