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Introduction

The addition of carbenes derived from a-diazocarbonyl com-
pounds to benzenes, resulting in ring expansion to provide
cycloheptatrienes, originally developed by Buchner at the end
of the 19™ century, is among the most synthetically powerful
methods of transforming stable aromatic rings to much more
reactive systems."”> Mechanistically, it is believed that this ring
expansion occurs via initial carbene addition to provide a
norcaradiene 1N followed by reversible 6x electrocyclic ring-
opening to the more stable cycloheptatriene tautomerf
1T with the equilibrium generally favouring the latter
(Scheme 1).* While the earlier studies were conducted either
thermally or photochemically, this transformation became
practically useful from a synthetic perspective with the advent
of rhodium carboxylate catalysts in the 1980s.*™®

Subsequent to the original work of Buchner, the existence
of the norcaradiene tautomer was a topic of much dispute that
was ultimately resolved in 1950s.* The existence of the norcara-
diene tautomer has also been irrefutably confirmed through
trapping of this species in cycloaddition reactions and struc-
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+While norcaradiene (NCD) and cycloheptatriene (CHT) are valence isomers, the
interconversion is commonly described as NCD-CHT tautomerisation and,
accordingly, this terminology is used throughout.
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eton, based on NMR characterisation, is discussed with particular focus on the impact of the steric and
electronic characteristics of substituents on the position of the norcaradiene-cycloheptatriene (NCD-
CHT) equilibrium. Variable temperature (VT) NMR studies, undertaken to enable the resolution of signals
for the equilibrating valence tautomers revealed, in addition, interesting shifts in the equilibrium.
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Scheme 1 Reaction of ethyl diazoacetate with benzene resulting in
cycloheptatriene.

tural characterisation of the cycloadducts, for example by
Vogel,” Manitto™® and Doyle."" With the advent of NMR
spectroscopy, a greater understanding of the norcaradiene-
cycloheptatriene equilibrium emerged through direct obser-
vation of the interconverting species rather than inferring
their existence by trapping experiments. In 1955, E. J. Corey
first described the use of NMR spectroscopy in an attempt to
study 2N and 2T, the enol acetate tautomers of the natural
product eucarvone confirming only the presence of the cyclo-
heptatriene structure (Fig. 1).">

Subsequent reports by Anet,"> Jensen and Smith,"* and
Roberts"™ further investigated the spectroscopic evidence for
the detection of the elusive norcaradiene 3N by VI-'"H NMR
spectroscopy (Fig. 2). Even at temperatures as low as —150 °C,
no signals for the norcaradiene were observed, however Rubin
did succeed in directly observing the norcaradiene 3N at low
temperature (77 K) using UV, which allowed him to provide an
insight into the kinetics of its interconversion to 3T."® Giinther
used low temperature NMR spectroscopy to confirm the exist-
ence of ‘Buchner’s acid’ (Fig. 2) as a fluxional system,
with only 3% NCD observed at low temperature (**C NMR at

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Enol acetate tautomers of eucarvone.
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Fig. 2 Norcaradiene-cycloheptatriene system for original VT-NMR
studies.

Table 1 Effect of C-7-substituents on NCD-CHT tautomeric
equilibrium

1 5 R N R

3 R‘ - RI

NCD (‘,HTs

Entry R R’ Major tautomer
1 H H'?7 CHT
2 CN CN*? NCD
3 OCH, OCH; *® CHT
4 CF; CF, 3940 CHT
5 CF; CN" NCD/CHT
6 CO,Me CO,Me*° NCD

-132.5 °C and "H NMR at —150 °C)."” Okamoto has described
extensive variable-temperature NMR work in the study of the
position of the norcaradiene-cycloheptatriene equilibrium of
various substituted cycloheptatrienes."®

Hannemann has reported that the chemical shifts of the
1,6 H and C atoms of pure cycloheptatriene 3N lie in the
region 6y 5.2-5.3 and 6c 120-130 respectively, whereas the
corresponding signals in typical norcaradienes 3T resonate at
Sy 2.8-3.5 and ¢ 35-45."° This tautomeric system is influ-
enced by the steric and electronic effects of the substituents
on the azulenone framework. In general, the cycloheptatriene
(CHT) tautomer is thermodynamically more stable than the
norcaradiene (NCD) tautomer, which has a strained cyclo-
propane ring. Thus, the equilibrium lies on the side of the cyclo-
heptatriene species (Table 1, entry 1). However, introduction of
substituents on the norcaradiene framework has a dramatic
effect on the relative stability of the two tautomers, through a
combination of electronic and conjugative effects. Electron
withdrawing substituents such as CHO, COOR, CN at C-7 tend
to shift the equilibrium to the norcaradiene side (Table 1,
entry 2), while the equilibrium is shifted to the cyclohepta-
triene side by the presence of electron donating substituents,
such as OR, NR, etc. (Table 1, entry 3).>>*' Ciganek proposed
that an increase in the NC-C-CN angle due to the dipole-

This journal is © The Royal Society of Chemistry 2015
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Scheme 2 Rhodium(i) catalysed intramolecular Buchner reaction.

dipole repulsion between the two cyano groups leads to the
stabilisation of the norcaradiene form (Table 1, entry 2). Repla-
cing one of the cyano groups with a trifluoromethyl group led
to a rapidly equilibrating system that was studied by variable
temperature NMR (Table 1, entry 5).>> Analogously, two tri-
fluoromethyl groups on the azulenone framework, push the
equilibrium almost entirely to the cycloheptatriene (Table 1,
entry 4). Kohmoto’s studies have shown that the stability of
norcaradienes is largely controlled by the nature of the substi-
tuent at the C-7 position.** > With a CO,Me substituent, the
norcaradiene structure is destabilised however, and cleavage of
C1-C6 bond is induced by valence isomerisation (Table 1,
entry 6).>°

The intramolecular Buchner reaction involving aromatic
addition reactions of aryl a-diazoketones, effected by rhodium(u)
catalysis, leads to a tricyclic norcaradiene, which exists in
dynamic equilibrium with the more stable bicyclic cyclohepta-
triene tautomer through an electrocyclic ring-opening/ring-
closing process (Scheme 2). This approach has attracted atten-
tion as a versatile route to azulenone systems, which are a very
interesting series of compounds incorporating CHT-NCD
valence isomers.”**”*® The synthetic utility of the reaction,
particularly in the ability to simultaneously generate multiple
stereogenic centres, including a challenging bridgehead
centre, in a highly stereoselective fashion, has been demon-
strated, most notably in the synthesis of various natural pro-
ducts by McKervey*>** and Mander®'* and more recently by
Reisman.***°

Through careful catalyst and substrate selection, high levels
of chemoselectivity and regiocontrol can be exercised. Indeed,
the enantioselectivity of the intramolecular Buchner reaction
of a-diazoketones can even be sensitive to the nature of the
counterion present in the catalyst.>*

The effect of catalyst and substituent choice on the
efficiency, regio- and diastereoselectivity of the reactions of a
range of o- and p-substituted a-diazoketones has been recently
reported by the Maguire group.”” In addition the dynamic
behaviour of methoxyl-substituted azulenones has been
described.*

Following Hannemann'® and McKervey’'s”® precedent,
NMR spectroscopy is a very useful tool for studying the posi-
tion of the norcaradiene-cycloheptatriene equilibrium in sub-
stituted azulenone systems. The tautomeric equilibrium in the
azulenones is, in general, rapid on a NMR timescale, and
hence, time-averaged 'H and "*C NMR signals are observed for
the system at room temperature. The position of the tauto-
meric equilibrium can be readily estimated from the C(8)H
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Scheme 3 PTAD trapping of the norcaradiene tautomer.

'H NMR and C-8 "*C NMR chemical shifts since the C-hybridi-
sation exists between a sp> environment in the cyclohepta-
triene and a sp® environment in the norcaradiene."®

Key work by Saba,** led to the detection of the two tauto-
meric forms of azulenone 4 using low temperature NMR
spectroscopy. Time-averaged signals for the rapid dynamic
equilibrium of azulenone 4 were detected at 25 °C (5y C(8)H
3.86 ppm, §c C-8 82.05 ppm) but lowering the temperature to
—95 °C led to the observation of two sets of new signals corres-
ponding to the two tautomeric forms of azulenone 4
(Scheme 3). Chemical evidence collected by Saba, also substan-
tiated the existence of the equilibrium by trapping the norcara-
diene tautomer in a hetero-Diels Alder reaction with 4-phenyl-
1,2,4-triazoline-3,5-dione (PTAD) to give the adduct 5
(Scheme 3).**

Herein, we discuss the findings of a systematic NMR study
on the impact of varying the steric and electronic character-
istics of substituents on the position of the norcaradiene-
cycloheptatriene equilibrium in a range of azulenones
(Scheme 4). These substituents include:

+ a hydrogen or a methyl group (R*) at the bridgehead
position

« alkyl groups (R) with varying steric demands at positions
C-2 and C-3

+ a methoxy substituent (X) on the ring system.

A series of room temperature (rt) and variable temperature
(VT) 'H and "*C NMR spectroscopy experiments was conducted
as described below.

+
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Results and discussion

A series of azulenones with varying substituents R, R* and X,
designed to enable exploration of the influence of substitution
on the norcaradiene-cycloheptatriene tautomeric equilibrium,
were prepared by efficient rhodium(u) catalysed cyclisation of
the precursor a-diazoketones, derived from the appropriate
carboxylic acid, following previously reported methodology
(Scheme 4).*>***>1% With substituents (R) in the linker chain
of the diazoketones, the resulting azulenones can be formed
in two diastereomeric forms. In practice, the major diastereo-
mer of azulenones substituted at C-2 is the cis-azulenone (C-2
relative to C-8a) while the trans-azulenone (C-3 relative to C-8a)
is the major product of the C-3 substituted azulenones due to
a conformational preference in the transition states for the aro-
matic addition.*>*” In many instances, and particularly with
sterically demanding groups at position C-3, the azulenones
are formed as single diastereomers. The overall diastereo-
selectivity is sensitive to the nature of the rhodium
catalyst.3®%48

The effect of substitution at the bridgehead position, R*
(Scheme 4) has been demonstrated in compounds 6-13. The
bridgehead unsubstituted azulenones 6, 8, 10 and 12 derived
from the corresponding terminal diazoketones are relatively
labile compounds and decompose at room temperature within
days. Furthermore, they rearrange on exposure to silica gel to
conjugated trienone systems (Scheme 5).

Treatment with trimethylamine yields the same result. The
rearrangement of the unconjugated azulenone on treatment
with silica gel, to the more thermodynamically stable isomer,
has previously been reported by Scott for the unsubstituted
azulenone 6.*°

In contrast, the presence of a bridgehead methyl group
stabilises the azulenones so that they can be purified by
chromatography. Furthermore, increasing the steric demand
at C-2 and C-3 (R = Me, Et, n-Pr, i-Pr, n-Bu, t-Bu) results in an
increase in stability of the azulenones and indeed the substi-

C-3 subst.

Rh(l1)

minor

major

Scheme 4 Cyclisation of precursor a-diazoketones leads to an equilibrating norcaradiene—cycloheptatriene product; major and minor diastereo-

mers shown in each case.
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H R Azulenone Trienone . .
H 6 14 has the effect of bringing the C-3a and C-8 closer together,
©)\/U\Hz/ :‘"vl s » resulting in a stabilisation of the norcaradiene (Fig. 3).>'
‘Rh(ll) di-Me 12 17 This effect is further demonstrated in the substituted deriva-
tives, particularly the alkyl substituted azulenones (Table 2,

4 i entries 2-4).

Sheacel | As illustrated in Table 2, when the bridgehead substituent
LI y R? = H, variation of the substituent at C-3 does not have a sig-

cis

trans

Scheme 5 Rearrangement of bridgehead-unsubstituted azulenones to
a conjugated trienone.

tuted versions are much easier to handle and store than the
parent compounds.

Based on Hanneman’s analysis, the chemical shift of
C(8)H in the cycloheptatriene tautomer is estimated at Sy
5.2-5.3 ppm, while the norcaradiene is estimated at &y
2.8-3.5 ppm. In all cases, the observed spectroscopic details
are time-averaged when recorded at room temperature, and
therefore the position of the tautomeric equilibrium is esti-
mated on Hannemann’s basis and included in the tables
below. The relative percentages of the cycloheptatriene present are
indicative of the trends rather than absolute and should be con-
sidered accordingly.

Bridgehead substitution at C-8a

The parent azulenone 6, first described by Scott,*®*° and

McKervey,”® is a useful starting point in an NMR study of this
dynamic equilibrium, existing almost entirely as the cyclohepta-
triene, with the proton chemical shift of the C(8)H signal
occurring at 8y 5.06 ppm. Bridgehead substitution of the
proton at C-8a with a methyl group results in a shift towards
the norcaradiene structure 7 (Table 2, entry 1), which can be

nificant influence on the position of equilibrium. However,
this is altered when R> = Me, where C-3 alkyl substitution
results in a significant shift towards the norcaradiene. Further-
more, as the steric demand of the C-3 substituent increases,
the equilibrium is increasingly shifted towards the norcara-
diene form, albeit with modest differences (H to allyl to ethyl).
In the case of the geminal-dimethyl substituted derivatives 12
& 13 (Table 2, entry 4), a similar effect is evident with a dra-
matic increase in the norcaradiene tautomer when the bridge-
head methyl substituent is introduced.

Alkyl substitution at C-2 and C-3

Key spectroscopic data for C-2 and C-3 substituted azulenones
is summarised in Tables 3 and 4 and our discussion will focus
initially on the major diastereomers in each instance, i.e. cis-
C-2-C-8a and trans-C-3-C-8a. Substitution at C-3 shifts the
position of equilibrium towards the norcaradiene relative to
the unsubstituted azulenone 7, as illustrated in Table 3. In
contrast, substitution at position C-2 has little impact relative
to the unsubstituted analogue and results in a slightly
increased preference for the cycloheptatriene structure
(compare Tables 3 and 4). Thus, the position of the norcara-
diene-cycloheptatriene equilibrium is less sensitive to the sub-
stituent in the C-2 substituted azulenones than for the C-3
substituted azulenones (compare Table 3, entries 2-5 with
Table 4, entries 2-5). As the C-2 alkyl substituent is more
remote from the interconverting norcaradiene-cyclohepta-

Table 2 Comparison of the effect of substitution at the bridgehead carbon of azulenones on the position of their NCD-CHT equilibrium

5 32 3ZaR!

7 8 RZ
R*=H R? = Me
Entry R/R' Azulenone®” Srg” J7s" % CHT Azulenone® Spg” J7-s" Scg” % CHT
1 H/H 6 5.06° 9.4 90-95 77 4.24 8.4 95.0 60-65
2 Et/H 842 5.08° 9.0 90-95 9% 3.75 7.2 77.0 40-45
3 Allyl/H 10" 5.11 — 95-100 1n* 3.82 7.0 79.5 45-50
4 Me/Me 1250 5.12 9.3 95-100 1348 4.16 8.1 89.0 55-60

“Chemical shifts reported in ppm measured at rt.; coupling constants in Hertz; literature references describing the synthesis and
characterisation of each of the azulenones included above. ” Compounds readily isomerise to the trienone (14-17) and are too unstable to be
fully characterised by "*C NMR. ¢ Data for the major trans-diastereomers (C-3 substituent relative to C-8a) only is given in this table (entries 2 & 3).
Data for the cis diastereomers of azulenones 9 and 11 is given in Table 3. ¢ Signal masked by signals for the allyl group protons, thus coupling
constant could not calculated.
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Fig. 3 Conformational influence of substituents.

triene ring systems than the C-3 alkyl substituent, this obser-
vation is readily rationalised on conformational grounds. Inter-
estingly, the magnitude of the coupling constants (/) of the

Table 3 C-3 substituted azulenones
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C(8)H is larger when the signal appears further downfield,
consistent with increased sp” character at C(8)H in the cyclo-
heptatriene tautomer.

Interestingly, a distinctive steric effect is observed in the
C-3 alkyl substituted azulenone series, which is not observed
for the corresponding C-2 substituted analogues; as the alkyl
substituent increases in size from methyl to ethyl to n-alkyl, a
small but detectable shift towards the norcaradiene form is
observed, (¢f Fig. 4 and compare Table 3, entries 1-5 with
Table 4, entries 1-5). However, with the more sterically
demanding t-butyl and geminal-dimethyl groups at position
C-3, a conformational change is evident and the position of

Entry R/R? Azulenone? Sevg” Ve Scg’ % CHT Azulenone® Srrg’ 7 Sos’ % CHT
1 H/H 7 4.24 8.4 — 60-65

2 Me/H*? trans-18 3.73 7.5 —° 40-45 cis-18 4.66 8.9 — 75-80
3 Et/H* trans-9 3.75 7.2 79.18 40-45 cis-9 4.85 9.2 —- 85-90
4 n-Pr/H* trans-19 3.68 7.0 75.5 40-45 cis-19 4.90 9.0 115.7 85-90
5 i-Pr/H" trans-20 3.84 7.5 87.9 45-50 cis-20 4.70 9.0 — 80-85
6 n-Bu/H* trans-21 3.70 7.0 74.7 40-45 cis-21 4.90 9.0 115.5 85-90
7 t-Bu/H" trans-22 4.14 7.8 84.0 55-60 cis-22 5.08 10.0 —- 90-95
8 Ph/H" 234 4.07 8.0 —° 50-55

9 Ph/Me*? 24a° 3.45 6.8 64.6" 25-30 24b° 4.21 7.9 — 60-65
10 Me/Me*® 25 4.15 8.0 89.1 55-60

11 Allyl/H" trans-11 3.82 7.0 79.8 45-50 cis-11 4.80 9.0 —- 80-85

“Azulenone isolated as a mixture of diastereomers: C-3 trans or cis w.r.t. C-8a. The trans-azulenone is the major diastereomer in all cases.
b Chemical shifts reported in ppm measured at rt.; coupling constants in Hertz; literature references describing the synthesis and
characterisation of each of the azulenones included above. ° Signal not detected. “ cis-Tsomer not identified. ° Azulenones are present in the ratio,
a:b =93 :7. The stereochemistry of the major isomer has not been established./ Signal is broad.

Table 4 C-2 substituted azulenones

2R
6
8a
7 8 [e]
Entry R Azulenone” Sivg’ 7 Scg’ % CHT Azulenone” Sevg” 7 Sc.g’ % CHT
1 H 7 4.24 8.4 — 60-65
2 Me*? cis-4 4.30 8.5 97.9 65-70 trans-4 5.29 9.9 124.2 95-100
3 Et*? cis-26 4.36 8.6 100.6 70-75 trans-26 5.24 9.9 123.8 95-100
4 n-pr*? cis-27 4.37 8.6 100.4 70-75 trans-27 5.24 9.9 — 95-100
5 i-pri? cis-28 4.53 9.0 106.2 75-80 trans-28 5.24 10.0 124.4 95-100
6 Ph*? cis-29 4.65 8.9 105.1 75-80
7 Bn*>*8 cis-30 4.37 8.6 99.6 70-75

“ Azulenone isolated as a mixture of diastereomers, C-2 trans or cis relative to C-8a. The cis-azulenones are the major diastereomers. While the
minor trans-diastereomers are seen with the C-2-alkyl azulenones the phenyl and benzyl derivatives 29 and 30 are formed exclusively as the cis-
diastereomer (entries 6&7). b Chemical shifts reported in ppm measured at rt.; coupling constants in Hertz; literature references describing the
synthesis and characterisation of each of the azulenones included above.  Signal not detected.
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Fig. 4 Effect of substitution at C-3 and C-2 on C(8)H *H NMR chemical
shift relative to the unsubstituted azulenone 7.

equilibrium is essentially frozen by the steric demands of the
bulky substituents (Table 3, entries 7 & 10). The position of
equilibrium for these azulenones is essentially equivalent to
that of the unsubstituted azulenone 7 (Table 3, entry 1) in that
they contain almost equal mixtures of the two tautomers.
Intermediate effects are seen with an isopropyl substituent
(Table 3, entry 5). Where detected, the *C NMR chemical
shifts of the C-8 carbons mirror the observed trends, showing
a distinctive shift due to the changing hybridisation of the
carbons involved in the equilibration process.

The stereochemistry at C-2, C-3 and C-8a

As illustrated in Fig. 4, the stereochemistry of the substituents
at positions C-2 and C-3 relative to C-8a methyl has a bearing
on the position of the norcaradiene-cycloheptatriene equili-
brium. In the C-3 substituted azulenones, which are formed
predominantly as trans-diastereomers, the equilibrium lies
towards the norcaradiene relative to the unsubstituted azule-
none 7; while for the minor cis-diastereomers, there is a down-
field shift of the C(8)H signal towards the cycloheptatriene. In
the C-2 substituted series, for both the cis- and trans-azule-
nones, the position of equilibrium lies more towards the cyclo-
heptatriene than in the unsubstituted azulenone 7, with the
effect being stronger for the minor trans-azulenones, 26-30.
Furthermore, the coupling constant () for the C(8)H signal is
a little larger for the minor diastereomers reflecting the
different conformation of the two diastereomers based on the
position of equilibrium.

For each of the minor diastereomers (cis-C-3 substituted
and trans-C-2 substituted), the position of equilibrium is less
sensitive to substituent bulk in both cases with little or no
shift in equilibrium for C-2 substituted azulenones (Fig. 5) and
a small shift towards the cycloheptatriene with increased steric
demand at C-3 for the C-3 substituted azulenones (Table 3).
Steric strain between the alkyl substituent and the C(4)H in
the cis-C-3 norcaradiene destabilise this tautomer, while the
presence of the alkyl substituent at position C-3 in the major
trans-C-3 azulenones conformationally favours the norcara-
diene tautomer by bringing C-3 and C-8 closer together

(Fig. 5).

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 Conformational preference for NCD tautomer in C-3 substituted
azulenones.

Variable temperature NMR spectroscopy studies

In an attempt to resolve the signals of the equilibrating struc-
tures into those of the individual tautomers, a series of vari-
able temperature 'H and >C NMR studies were conducted on
selected azulenone systems (Table 5). All studies were con-
ducted in deuterated dichloromethane and typically the temp-
erature was lowered in steps of 10 K from 300 K down to as low
as 180 K, depending on the specifications of the system used.
A reduction in temperature leads to a slowing down of the rate
of interchange between the tautomers which is often observed
as a broadening of the C C-8 [and in some cases the C(8)H]
signal. With sufficient cooling, it was anticipated that separate

Table 5 VT-NMR spectroscopic studies on azulenones (C-2 & C-3
substituted)

5 4 I ;_; in
3
8a
7 g (o]
Entry R Azulenone” A % CHT”
1 H 7 60-65 — 50-55
2 2-Me cis-4 65-70 = 50-55
3 2-i-Pr cis-28 75-80 — 65-70
4 2-Bn cis-30 70-75 = 50-55
5 3-n-Pr¢ trans-19 40-45 — 20-25
cis-19 85-90 — 85-90
6 3-i-pr? trans-20 45-50 — 0-5
7 3-n-Bu trans-21 40-45 — 15-20
cis-21 85-90 — 80-85
8 3-t-Bu trans-22 55-60 = 50-55

“Resolution of the individual NCD/CHT signals not observed for any
of the compounds above as slow exchange limit not reached. ? Position
of equilibrium influenced by temperature. Estimation based upon
Hannemann’s principle;'® values estimate the change in position of
equilibrium using 6y C(8)H at rt and at low T (180-230 K depending
upon experiment). “Analysed as a mixture (ca. 80% trans-19), then
pure trans-isomer analysed separately. ?Analysed as a mixture
trans : cis (>98:2).
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as indicated by the C(8)H *H NMR chemical shift (shift displayed where
observed for a given temperature). Signal for cis-31 and cis-32 un-
detected below 273 K.

signals would be observed for the individual tautomers,
reflecting the population of the norcaradiene and cyclohepta-
triene forms at different temperatures.

The C-3 alkyl substituted azulenones 19 (80:20 trans: cis,
also pure trans), 20 (trans), 21 (cis and trans analysed individu-
ally) and 22 (trans), together with the unsubstituted azulenone
7 were initially studied, in an attempt to resolve the respective
tautomers (Table 5, entries 1 and 5-8 & Fig. 6). Focussing
initially on the major ¢rans diastereomers of azulenones 19, 20
and 21, as illustrated in Fig. 7, upon reduction of the tempera-
ture to 193 K, 180 K and 192 K respectively, the key signals of
the C(8)H, in each case, broaden as the temperature is
reduced, as anticipated. While complete resolution of the indi-
vidual tautomers was not observed at lowest temperature,
since the slow-exchange limit was not reached, the study did
nonetheless provide some interesting and unanticipated
results, with the spectra of 19, 20 and 21 showing a significant
upfield shift of the C(8)H proton signal at lower temperature,
indicating an increase in the norcaradiene tautomer. While
alteration of chemical shift with variation of temperature is
well known, the extent of the variation in this case is much
greater than could be rationalised solely on this basis. This
effect was greatest in the analysis of ¢trans-20, which exists as
an almost equimolar mixture of tautomers at room tempera-
ture but showed a dramatic upfield shift of the C(8)H signal to
Sy 2.70 ppm (est. 0-5% CHT) upon cooling, indicating an
increased preference for the norcaradiene tautomer at reduced
temperature. Broadening of the C(8)H signal was also observed
on cooling until coalescence occurred at 210 K and by 180 K a
broad singlet at Sy 2.70 ppm, assigned to the C(8)H signal,
had appeared. Further decrease in temperature is likely to
reach the slow exchange limit and to thus afford tautomeric
resolution as the peaks are broad even at low temperature.
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Additional evidence to support the assignment of the nor-
caradiene tautomer was provided by *C NMR spectroscopy
showing the disappearance of the broad C-8 signal (84 ppm at
300 and 240 K) by 180 K and the detection of four distinct,
albeit broadened, alkene signals at 122.7, 124.4, 126.5 and
130.0 ppm.

Interestingly, the signals for the minor cis-azulenones 19
and 21 displayed only a minor shift on decreasing the temp-
erature (Table 5, entries 5 and 6); once again resolution of the
signals for the interconverting tautomers was not achieved at
low temperature. VI-NMR studies on the C-3 ¢-butyl substi-
tuted azulenone 22, behaved very differently. In this case only
the trans-isomer is present as the synthesis is highly stereo-
selective in the presence of the bulky ¢butyl substituent. On
decreasing the temperature, as illustrated in Fig. 7, the signal
for the C(8)H broadened significantly indicating a decreased
rate of interconversion, but crucially in this instance there was
no detectable shift in the position of equilibrium with temp-
erature, in direct contrast to the outcome with the C-3 n-Pr and
n-Bu substituted analogues. It is clear from a combination of
the room temperature and VI-NMR studies that the presence
of the sterically demanding ¢-butyl substituent at the C-3 posi-
tion in 22 has a dominant conformational impact on the struc-
ture such that the norcaradiene-cycloheptatriene equilibrium
is, in this case, essentially frozen with little sensitivity to temp-
erature or other factors.

Variable temperature studies of the norcaradiene-cyclo-
heptatriene equilibrium usually focus on reaching the slow
exchange rate of the interconversion and thus resolving the
NMR signals for the two individual tautomers; our observation
that the position of equilibrium shifts significantly towards
the norcaradiene on lowering the temperature of the azulenone
solution, for 19, 20 and 21, is an unusual outcome (Fig. 6).>”

The impact of temperature on the position of equilibrium
was smaller in the case of the unsubstituted azulenone 7,
which showed a shift towards the norcaradiene tautomer of
approx. 10% at 213 K. The C(8)H signal was undetectable
below this temperature and complete resolution of the tauto-
mers was not observed in our study.

We subsequently explored the C-2 alkyl substituted azule-
nones 4, 28, 30, derived from the a-substituted diazoketones
(Table 5, entries 2-4 & Fig. 6) and once again resolution of the
individual tautomers of the azulenones was not observed,
since the slow exchange rate of the interconversion was not
reached (Fig. 8). In each case only the cis-isomer is present as
the synthesis is highly stereoselective (dr >98:2).** The extent
of shift of the C(8)H was less than that observed with the C-3
alkyl series, 19-22 but significant nonetheless at approx. 15%,
10% & 20% respectively. These shifts are analogous to that
encountered for the unsubstituted azulenone 7, and show that
the position of equilibrium is somewhat less temperature
dependant in the C-2 substituted series. This is consistent
with the fact that the C-2 alkyl substituent is more remote
than the C-3 alkyl substituent from the dynamic norcaradiene-
cycloheptatriene ring system resulting in reduced entropic
impact on the position of equilibrium.

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Variable temperature 'H NMR spectra of the azulenones 19 (trans:
(270 MHz) recorded in CD,Cl,; C(8)H highlighted.

Previous work within our group observed the dynamic equi-
libria of the C-6 methoxy azulenones cis-31 and cis-32, by vari-
able temperature NMR (Table 6).** These azulenone systems

This journal is © The Royal Society of Chemistry 2015
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are complex: in parallel with the equilibrium between the nor-
caradiene and cycloheptatriene tautomers, interconversion of
the trans- and cis-diastereomers occurs simultaneously. Similar
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Fig. 8 Variable temperature *H NMR spectra of the azulenone cis-4, cis-28 and cis-30, recorded in CD,Cl, at 500 MHz.

Table 6 Variable Temperature study of 6-methoxyl substituted
azulenones
R R
Jasaps
v'/Me D MeOr
MeQ} N Me O
trans
’ Me 0O
- Ho3
ME\J’E/O
R - i
MeO R MeO' Z &
Il
N R,
b
_ " Me
MeO MeO’ "VH
Me O s
Entry R Azulenone  Resolution® A % CHT? dr®
1 Me*? 9 trans-31 X 30-35 — 0-5 v
cis-31 X 70-75 — 70-75
2 3-4i-Pr*?  trans-32 X 40-45 — 0-5 v/
cis-32 X 75-80 — 75-80
3 3-t-Bu®?  trans-33 v/ Resolution X
cis-33 v Resolution

“Observation of the resolution of the individual NCD/CHT signals if
slow exchange limit was reached. ” Position of equilibrium influenced
by temperature. Estimation based upon Hannemann’s principle;'®
values estimate change in position of equilibrium using &y C(8)H at rt
and at low T (180-218 K depending upon spectrometer). Signals for
the cis-isomers were undetectable below 273 K. ¢ Diastereomeric ratio
(trans : cis) influenced by temperature. ¢ Analysed as a mixture (80%
trans-31, 80% trans-32, 94% trans-33).

11034 | Org. Biomol Chem., 2015, 13, 11026-11038

to the C-3 substituted systems, resolution of the signals due to
the tautomers of each azulenone was not observed since the
slow exchange rate of interconversion was not reached, but
again some interesting trends were recorded. Decreasing the
temperature resulted in an upfield shift in the position of the
C(8)H signal of the trans diastereomer, indicating an increased
preference for the norcaradiene tautomer at reduced tempera-
tures, in line with the observations noted earlier for azule-
nones 19 and 21 (Table 5). More significantly, an increase in
the ratio of trans: cis azulenone was observed.

Azulenone 33 ** was analysed as a mixture of diastereomers
(trans: cis, 94 : 6) (Table 6, entry 3). At 300 K, the major trans-
azulenone C(8)H signal is observed at 3.90 ppm, indicating
that the equilibrium contains ~45% of the cycloheptatriene
tautomer. Coalescence is observed for trans-33 at 260 K and
resolution of the signals corresponding to both tautomers is
achieved by 183 K as the slow exchange limit of the system is
reached, where separate doublets are observed at 2.85 ppm
and 5.62 ppm for the norcaradiene and cycloheptatriene
(Fig. 9). Thus, for the first time in this series, signals for the
two interconverting tautomers were successfully resolved by "H
NMR spectroscopy, analogous to Saba's report.** A more com-
plete analysis of the position of the signals attributed to each
component is given in Table 7.

The ability to observe the signals of the two individual
tautomers of trans-33, while the slow exchange limit was not
reached for the azulenones 4, 20, 28 and 30 by 180 K warrants
consideration. This is most likely due to the presence of

This journal is © The Royal Society of Chemistry 2015
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the sterically demanding t-butyl group, which inhibits the with the azulenone 33 there was a very significant difference in
rate of interconversion sufficiently such that at 183 K the slow the rate at which equilibration of the cis and trans
exchange limit is achieved. As further evidence, in working isomers took place at room temperature. It took typically 6
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Table 7 Variation of position of *H NMR signals of trans-NCD 33 with temperature

trans-NCD-33

trans-CHT-33

6H H-8 ppm 6H H-7 ppm o0H H-4 & H-5 ppm
Temp. (K) NCD CHT NCD CHT NCD CHT
300 3.90, br s 5.45,d 6.15, d; 5.82, d
280 3.80, br s 5.42, brs 6.15,d; 5.82,d
260 — 5.38, br's 6.15, d; 5.82, d
240 — 5.15vbrs 6.15, d; 5.82, br d
220 2.85, br s — 4.97,brs 6.15,d; 5.82, br s
200 2.85,d 5.62, brd 4.98,d 6.11,d 6.15, d; 5.97, d 6.20, d; 5.75, br d
183 2.85,d 5.62, d 4.98,d 6.11,d 6.15, d; 5.97, d 6.20, d; 5.75, d

“Spectra recorded in CD,Cl, at 500 MHz.

days for the mixture to reach 96:4 which appears to be the
thermodynamic equilibrium for this compound at room temp-
erature. In contrast the cis—trans interconversion of the methyl
substituted derivative 31, is so fast that we have never observed
mixtures at anything other than the thermodynamic ratio
80:20. However, with the isopropyl derivative 32 we have
managed to capture NMR spectra with cis-trans ratios other
than the equilibrium 80:20, which is achieved within 21 h
(room temperature, CDCIl;) for this compound.*’ Accordingly,
below room temperature, the rate of cis-trans interconversion
of 33 would be slower, such that an alteration in the cis-trans
ratio would not be observed in the low temperature NMR
studies.

The chemical shift of signals due to C(8)H of the minor cis-
azulenone 33 were barely affected on reduction of the tempera-
ture, with no broadening observed. This is rationalised on the
basis that cis-33 exists almost entirely as its cycloheptatriene
tautomer (C(8)H signal observed at 5.38 ppm, estimated
95-100% CHT) and thus there is no apparent interconversion
to slow down.

A ’C NMR spectrum of 33 was also recorded at 183 K,
along with COSY and C-H correlation experiments, to allow
the complete assignment of the ">C NMR spectrum (Fig. 10).

1K

{ (. L | M

M 10 M W W I 10 @ W 1B 1™ 10 0 W 0 T ® ® & B M W ppm

Fig. 10 '*C NMR spectrum of azulenone 33 at 183 K (CD,Cly;
500 MHz).
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This provides further evidence of the presence of the three
components in the NMR mixture at 183 K. Three carbonyl
resonances are clearly visible at 218.1, 221.4 and 222.9 ppm
corresponding to the norcaradiene tautomer of trans-33, the
cycloheptatriene tautomer of trans-33 and the cycloheptatriene
tautomer of cis-33, respectively. Other significant resonances
are the C-8 signals of the norcaradiene tautomer of ¢rans-33 at
36.77 ppm, with the C-8 resonances for the cycloheptatriene
tautomer of trans-33 and cis-33 observed at 126.7, which
compare well with those reported by Saba.** Interestingly, the
resonances for C-4, C-5 and C-7 of trans-33 in the C NMR
spectrum of 33 at 300 K are significantly broadened, and no
signal due to C-8 of trans-33 is observed, which suggests that
at this temperature the rate of norcaradiene to cyclohepta-
triene interconversion of ¢rans-33 is slow on the "*C-NMR time-
scale. In contrast, the signals that can be attributed to cis-33
are sharp at this temperature.

Conclusions

In summary, the norcaradiene-cycloheptatriene tautomeric
equilibrium in the series of azulenones studied is influenced
by both the position and the steric demands of alkyl substitu-
ents on the core molecular framework. NMR spectroscopy has
enabled rationalisation of the observed trends on the basis of
the position and nature of the substituents. In general substi-
tuents at C-3 have a stronger impact on the norcaradiene-
cycloheptatriene equilibrium than those at C-2, and, further-
more, when the C-3 substituent is trans- to the bridgehead
methyl group the effect is substantially more evident than for
the cis-analogues. With the parent unsubstituted azulenone 6,
the equilibrium lies very much towards the cycloheptatriene
form; introduction of substituents at C(8a) and C-3 (trans)
result in a substantial shift towards the norcaradiene tauto-
mer. The minor diastereomers of the azulenones, either cis- or

This journal is © The Royal Society of Chemistry 2015
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trans-structures depending on whether C-3 or C-2 substituted,
lie almost entirely on the side of the cycloheptatriene with
little sensitivity to substituent size.

Variable temperature NMR studies have shown that the nor-
caradiene-cycloheptatriene equilibrium in the trans C-3 alkyl
substituted azulenones, and to a lesser extent the cis C-2 sub-
stituted derivatives, is sensitive to temperature, showing a shift
towards the norcaradiene tautomer at lower temperatures. In
contrast, with the t-butyl substituent, the equilibrium is
unaffected by temperature highlighting the conformational
impact of the sterically demanding substituent. Signals for the
tautomers of the azulenone 33 were successfully resolved
at 183 K allowing full characterisation of each structure by
'H and "*C NMR analysis.

Experimental

"H and *C NMR spectra were recorded on a Jeol GSX 270 MHz
(**C, 67.8 MHz), Bruker AVANCE 300 MHz (’C, 75.5 MHz),
Bruker AVANCE 400 MHz (**C, 100.6 MHz) or Bruker
AVANCE 500 MHz (*C, 125.8 4 MHz) NMR spectrometers.
All spectra recorded at room temperature (~20 °C) were in
deuterated chloroform (CDCl;). 'H and '*C NMR spectra
were also recorded in deuterated dichloromethane for VT
studies. A minor solvent effect was observed for azulenone
33, Sug (CDCl;) 3.81 ppm; 6ug (CD,Cly) 3.90 ppm.
Chemical shifts (§) are quoted in parts per million (ppm)
downfield from tetramethylsilane and coupling constants
()) in Hertz (Hz). In some cases, *C NMR spectra were
assigned with the aid of DEPT experiments. Synthesis and
characterisation of each of the azulenones have been pre-
viously described.”>*3:43:48:30
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