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A. I n ~ o d u c f i o n  

1. Hiickel's Rule 

The annulenes are that  series of monocyclic polyolefins (CnH~) containing 
a complete system of contiguous double bonds. While benzene (the best 
known member of this class of compounds) has been in evidence for some 
time it is only of late that  interest in the higher members has become 
apparent. This interest has its origins in the LCAO-MO theory of n-elec- 
tron systems as formulated by E. Hiickel 1) (in particular the "Hiickel 
rule" relating aromatic stability to structure). Although the non-classical 
chemistry of the benzenoid hydrocarbons had previously been the subject 
of some conjecture, Htickel's theoretical studies provided the first 
satisfactory explanation of the peculiar stability of this class of com- 
pounds and, incidently, the elusiveness of cyclobutadiene. 

Hiickel's rule (in its original form) stated that  monocyclic polyenic 
molecules are aromatic only if their 7:-systems contain (4n + 9.) ~-elec- 
trons, where n is an integer 1). There have been many advances in 
LCA0-M0 theory since Hiickel's original contributions (although the 
simplest approximation still bears his name, i.e. HMO), and today a 
more precise statement of the rule might read as follows. 

For polyenes with 4n + 9. carbon atoms in the path of conjugation, 
the n-electron energies of the annulenes, C(4n+2)H(4~+~) will be lower 
(i. e. more stable -- positive resonance energya)) than those of the linear 
polyenes C(4n+~)H(4n+4), whereas the reverse is true for the annulenes, 
C4nHa~, which have n-electron energies greater than those of the cor- 
responding linear polyenes, C4nH(4~+2) (i.e. less stable -- negative 
resonance energy). These predictions lead to the definition of the concepts 

a) Following Dewar 2,3), we depart  here from the usual practice 4) of defining the 
resonance energy of a polyene with respect to the n-energy of the appropriate 
number of non-interacting double bonds (when defined in this manner resonance 
energies of all annulenes are positive, except tha t  of cyclobutadiene which is 
zero 20). I t  should be noted however, tha t  in HMO theory the assumption of 
equal bond lengths is implicit; this is known to be incorrect for linear polyenes 
w h i c h  are subject to strong bond alternation. To this extent  the definition we 
adopt  here is artificial, bu t  is nevertheless adequate for our purposes. 
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Introduction 

aromatic and anti-aromatic in terms of positive and negative resonance 
energies, respectivelyb). Hiickel's assertions are on strongest ground 
when applied to neutral alternant hydrocarbons 3) of which the annulenes 
form the important subgroup of monocyclic systems. Later theories have 
challenged much of the detail in Hfickel's analysis 2a~, but the predictions 
listed above remain substantially unchanged (provided of course, that  
molecular geometry permits approximate planarity of the z-system). For 
instance, it is now realised that  the [4nJannulenes wiU be subject to a 
Jahn-Teller distortion which leads to bond length alternation 5,6). This 
lifts the degeneracy of the non-bonding orbitals, and these systems are 
no longer expected to have triplet ground states (Fig. 1). Furthermore, 
the resonance energies of both the [4n]- and [4n + 2]-annulenes ultimately 
converge to zero (non-aromatic behaviour) at large n (and, as a result, 
bond alternation is also expected for the higher [4n + 2]annulenes). 

2. Scope of the Review 

A discussion of n. m. r. characteristics is reported for the annulenes (and 
dehydro analogs), the related anions and cations, various bridged systems, 
and certain annulene-related systems. The annulenes and their ions are 
assumed to be cyclic, essentially planar systems involving a single loop 
of conjugated carbon atoms. The remaining systems contain atoms or 
groups which may enter into conjugation with the annulene or hetero- 
annulene ring (e. g. porphine) but do not perturb too seriously the aromat- 
ic (or anti-aromatic) nature of the system. Cross-conjugated molecules 
(e.g. tropone) will not be discussed but homo-conjugated systems are 
included. 

Prior to this discussion of experimental n. m. r. data, a brief theoreti- 
cal outline of annulene chemistry will be included, which begins with a 
consideration of the phenomenon of bond alternation in the next section. 
An understanding of bond alternation is necessary as it augments 
Htickel's rule in delineating more precisely the relationship between the 
annulenes and the corresponding linear polyenes. A section will then be 
devoted to a consideration of some of the more important experimental 
parameters (other than magnetic properties) which have been studied in 
relation to aromaticity. 

b) For ions the rule leads t o t h e  following predictions 
C(dn+l)H(dn+l) : anion, (4n + 2)~-electrons. Aromatic 

cation, (4n)z:-electrons. Anti-aromatic 

C~4n+3~H(4n+a): anion. (4n)~-electrons. Anti-aromatic 
cation, (4n + 2)rr Aromatic 
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Introduction 

The two following sections develop the theory of molecular diamag- 
netism and proton chemical shifts in aromatic systems thus setting the 
stage for the detailed review of the n. m. r. spectra of the currently known 
compounds within our purview. Particular emphasis will be placed on 
the qualitative conclusions (which may be drawn from the n. m.r. para- 
meters) regarding aromaticity and anti-aromaticity. 

108 



B. B o n d  Al ternat ion  in  A n n u l e n e s  

A generally recognized simplification in the HMO theory of polyenes is 
the assumption of total symmetry (and planarity) in the molecule under 
consideration e). Apart from the geometrical and steric constraints which, 
in annulenes, cause deviations from planarity and ideal geometry, a 
more subtle effect (independent of such considerations) is operative. This 
is the occurrence of bond alternation (which was briefly mentioned 
earlier). 

In the HMO picture the [4n]annulenes possess a pair of degenerate 
non-bonding orbitals to which two electrons are assigned. The prediction 
of a degenerate ground state for these molecules is an artifact of the 
HMO neglect of electron spin and repulsion. On application of self- 
consistent field molecular orbital techniques (SCF-MO), where allowance 
for such effects is specifically included, the prediction of orbital degen- 
eracy is retained (by symmetry),  but  the triplet configuration is no longer 
degenerate with the three singlet configurations (two of which remain 
degenerate). Nevertheless t h e  first excited singlet configuration does 
remain very close in energy to the triplet ground state configuration 
("near degeneracy"). Where the ground state of a cyclic molecule is 
confignrationally degenerate, the Jahn-Teller theorem predicts that  the 
molecule will distort so as to remove the degeneracy d) . The distortion 
which occurs in the absence of a confignrationally degenerate ground 
state but  as a result of a very low-lying excited electronic state (nearly 
degenerate ground state) is referred to as a lbseudo Jahn-Teller distortion. 
I t  is thus the pseudo Jahn-Teller distortion which is responsible for the 
bond length alternation observed in the [4n]annulenes. When this bond 
alternation is incorporated into the MO theory, and the geometry is 
relaxed from symmetric to distorted, a singlet ground state results (see 
Figs. 1 and 2, Table 1, and refs. 2,a,6)). 

c} Hence in the case of annulene geometry, regular polygons are assumed in the 
construction of the topological matrix, and the annu2ene CnHn is assigned Dnt, 
symmetry. 

a) An example of this is provided by the cyclopentadienyl radical, which has an 
odd number of electrons (3) to be placed in a doubly degenerate pair of orbitals 6). 
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Bond Alternation in Annulenes 

So far this discussion has been restricted to the [4n~annulenes where 
bond alternation is expected for all members, and at first sight the pre- 
ceding remarks do not appear relevant to the closed-shell [4n+2]an-  
nulenes. However, in 1960, Longuet-Higgins and Salem 7) showed that,  
within the HMO theory, bond alternation could be expected for the 
higher [4n +2]annulenes (with the critical value of n expected to lie 
between 4 and 8). This idea had its origins in the work of Kuhn s~ and 
Dewar 9} who investigated the electronic spectra of polyenes and found 
that  the observed frequencies could only be interpreted if the bonds 
were assumed to alternate (see also ref. 6}). Although the Htickel method 
as applied by Longuet-Higgins and Salem ~} considered the energy of the 
ground state as a function of a distortion parameter, alternative ap- 
proaches explain the destabilization of the bond equalized configuration by 
focussing on the interaction of the ground state with a low-lying excited 
state of the correct symmetry (mixing of the ground and excited con- 
figurations is spin and/or symmetry forbidden in the bond equalized 
geometry 6}). In a [4n + 2]annulene as n incresases, the bonding and anti- 
bonding levels become closer (i. e. the electronic excitation energies be- 
come less). As a result, the mixing of ground and excited states becomes 
energetically more favourable until for sufficently large values of n the 
gain in energy will be such that  a distorted configuration (geometry) be- 
comes the ground state. Hence the distortion of the symmetric configura- 
tions of [4n]annulenes and higher [4n + 2]annulenes arises from a pseudo 
Jahn-Teller effect. The result in both cases is a finite energy gap between 
the  filled and unfi]led z~-orbitals for all values of n. The two. classes of 
annulenes differ in that  bond alternation is more pronounced for the 
lower [4n]annulenes but only becomes important for higher members of 
the  (4n + 2) series. Furthermore the magnitude of the energy gain ac- 
companying distortion is much larger for the [4n]annulenes. However, 
with increasing n the two series converge to a common limit (coirespond- 
ing to zero resonance energy and non-aromatic properties). 

More recently, Dewar and Gleicher 20 have carried out SCF calcula- 
tions for the annulenes (with experimental geometries). From the cal- 
culated resonance energies they conclude that  the onset of bond alterna- 
tion in the (4n + 2) series should begin with [26]annulene, which they 
predict to be non-aromatic (see Table 1 and Fig. 2). Note, however, that  
the calculated difference in resonance energy between [22] and [26]an- 
nulene only amounts to about 7 kcal/mole; in such large molecules this 
could easily be overshadowed by steric requirements. 

Although the available experimental and theoretical evidence in favour 
of bond alternation for the higher (4n + 2) systems is fairly compelling, 
a dissonant note is sounded in the alternant molecular orbital calcula- 
tions of Hultgren, who predicts the total absence of bond alternation 10. 
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Bond Alternation in Annulenes 

~5 

1.0 

0.s 

c 

-0.5 

- 1 . 0 ~ ~ - ~ ~ - ~ - ~ ~  

n 

Fig. 2. Calculated a) resonance energies as a function of annulene ring size (CnHn)2e). 
Reprinted with permission of the copyright owner from J. Am. Chem. Soc. 87, 685 
(1965) 

a) p p p  refers to the Pariser-Parr-Pople method 15); SPO refers to the Split p- 
orbital method ~a) ; see ref. 2). 

Table 1. Calculated a) ~t-binding energies and resonance energies of the annulenes 
CnHr, 2c) 

PPP SPO 

n End, eV ER, eV Enb, eV ER, eV 

4 3.815 --0.534 3.091 ---0.815 
6 7.841 1.318 7.177 1,318 
8 8,589 ---0.108 7.485 --0.327 

I0 11.933 1.061 10.844 1.079 
12 13.177 0.131 II.667 --0.051 
14 15.909 0.689 14.294 0.623 
16 17,438 0.043 15.489 --0.135 
18 19.951 0.382 17.854 0.277 
20 21,623 --0.120 19.215 --0.315 
22 24,147 0.229 21,573 0.090 
24 25.785 --0.305 22.901 --0.535 
26 28.211 --0.054 25.160 --0.229 
28 30.106 --0.339 26.977 --0.365 
30 32.350 --0.263 28.824 --0.471 

a) p p p  refers to the Pariser-Parr-Pople method 15); SPO refers to the Split p-Or- 
bital method 2s); see ref. 2). Reprinted with permission of the copyright owner 
from J. Am. Chem. Soc. 87, 685 (1965). 
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C. Criteria of Aromaticity 

Until quite recently the chemical behaviour of benzene was used as a 
standard by means of which the degree of aromatic character of any com- 
pound could (in principle) be established. Particular attention was paid 
to those reactions in which the structural integrity of the benzene nucleus 
was preserved but  which brought about an irreversible destruction of 
"normal" olefinic bonds. Apart from the practical difficulties of effecting 
such a comparison, it is now agreed that  a criterion which can be applied 
to ground state properties rather than transition state energetics is more 
appropriate to the problem. An obvious candidate is the resonance 
energy of the system. 

I t  must be remembered that  HM0 theory assumes that  relative sta- 
bilities of annulenes are solely determined by  ~-electron energies and 
specifically excludes any consideration of the a-electrons (irrespective of 
the topological constraints of the hydrocarbon) on the grounds that  
these skeletal electrons contribute a constant and therefore dispensible 
term to the total energy. This approximation forms the basis of the 
principle of ~-rc separability 5~ which may be used with reasonable im- 
punity in the absence of angle strain and large non-bonded interactions. 
In many  annulenes, however, planarity may  only be achieved at the 
expense of severe non-bonded interactions between interior hydrogens, 
and as a result the geometrical constraints accompanying cyclization 
sometimes prove overwhelming. A good example is provided by  the 
(hypothetical) dS-lrans-[lO3annulene, 7. The large non-bonded interac- 

7 2 

tion expected for the interior hydrogens presumably negates the reson- 
ance stabilization which HM0 theory predicts for a ~bIanar system. In 
contrast, 1,6-methano-[10]annulene, 2, in which a methylene bridge re- 
places the interacting hydrogen atoms, is known to be a stable mole- 
cule ::~. I t  should thus be clear that  in many cases the total energy or 
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Criteria of Aromaticity 

relative stability of a particular annulene need not necessarily relate 
directly to the n-electron energy of the (hypothetical) planar, strain-free 
compound considered in HMO theory. I t  must therefore be concluded 
that  heats of formation and hydrogenation are of dubious value in asses- 
sing the aromatic character of many annulenes. 

I t  is primarily these considerations which have made it necessary to 
re-think very carefully what is meant by  the aromatic character of a 
compound in the present day context 127. Once it has been accepted that  
the chemical and thermodynamic stabilities of the annulenes do not have 
very much to do with Hiickel's proposals, we may legitimately ask 
whether benzene might not be the only aromatic annulene. The some- 
what unique properties of benzene (particularly with regard to the high 
resonance energy per electron) have set a rather unattainable standard 
for aromatic compounds. Untroubled by  steric interference, possessed 
of undeformed bond angles which lead to natural planarity, and of a 
symmetry such that  all carbon atoms are indistinguishable, questions of 
bond alternation do not arise and benzene may justly be called the per- 
fect annulene. Nevertheless, HMO theory does permit calculation of =- 
electron energies which are subsequently used in making predictions 
regarding aromatic character in the annulenes, the sig-nificance of which 
does not appear open to direct experimental verification. 

We next  consider the use of ultraviolet and visible spectroscopy as 
this technique has been widely applied in the study of aromatic com- 
pounds, particulary the polycyclic benzenoid hydrocarbons la~. The 
success of the simple HMO method for predicting ground state properties 
of ~-electron systems is in part  due to a fortuitous cancellation of errors 
hlherent in the method 2~,2e}, a situation which does not persist when the 
method is extended to the calculation of excitation energies. In fact, the 
work of Goeppert-Mayer and Sklar 14} showed that  the observed long 
wavelength transitions in benzene are not associated with the lowest 
unoccupied level in the one electron HMO approximation. Indeed, much 
more sophisticated techniques employing SCF-MO methods 15) and ex- 
plicit inclusion of configuration interaction are required for a proper 
understanding of the spectra of aromatic hydrocarbons 16}. As a result of 
this, and the fact that  transition energies are non-ground state properties, 
u.v. and visible spectroscopy is not a suitable criterion of aromaticity 
and anti-aromaticity. Nevertheless, the technique has proved useful for 
the characterisation of iso-structural annulenes, and it is believed that  
the appearance of three main absorption bands with the longest wave- 
length transition having the lowest intensity and considerable vibrational 
fine structure is characteristic of aromatic systems (e.g. see ref. 17}). 
Furthermore u.v. and visible spectroscopy has played a central role in 
the investigation of bond alternation in po]yenes. 
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Criteria of Aromaticity 

If a quantitative criterion of aromaticity in the annulenes is con- 
sidered meaningful it is probably best defined in terms of an observed 
degree of bond alternation, which, as was seen in the preceding section 
should be related to the resonance energy. Furthermore, spectroscopic, 
magnetic and diffraction techniques have demonstrated their ability to 
focus on such a parameter 6). Perhaps the most powerful method is the 
direct determination of molecular geometry by  single crystal X-ray 
diffraction or electron diffraction experiments. The completely delo- 
calized nature of benzene follows immediately from the demonstration 
that  it is a perfect hexagon. Similarly, the non-planar and hence non- 
aromatic nature of cyclooctatetraene was first demonstrated by  electron 
diffraction experiments is}. For the higher annulenes, the applicability 
of such a criterion is contingent on the feasibility of single crystal X-ray 
diffraction studies but  unfortunately, few annulenes have been investi- 
gated in this manner. Furthermore, the structure of [18]annulene 
shows the existence of a variation in bond lengths which cannot be clas- 
sified as bond alternation. These variations are no doubt due to steric 
factors but  what they mean in terms of the aromaticity of this molecule 
is uncertain. Obviously, however, a determination of bond lengths should 
unequivocally demonstrate true bond alternation where it exists. 

In the next section we take up a discussion of the magnetic properties 
of the annulenes. In striking analogy to Htickel's rule, an opposite direc- 
tionality of these properties is found for the [4n]- and [4n + 2]-annulenes. 
For this reason magnetic properties have played the major role in the 
investigation of aromatic, non-aromatic and anti-aromatic character in 
the annulenes. By  default, n .m.r ,  has been the standard experimental 
probe of annulene magnetism. 
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D. T h e o r y  of the  M a g n e t i c  P r o p e r t i e s  of A n n u l e n e s  

1. n-Electron Diamagnetism 

Consider an assembly of non-interacting molecules in which all the elec- 
trons are paired (closed shell). In a uniform magnetic field, the motions 
of the electrons within each molecule are modified so that  they flow in a 
manner corresponding to a circulation of current (Larmor precession). 
These circulations are usually localized to the individual atoms of the 
molecule e). The currents flow in such a direction that  the induced mag- 
netic moments oppose the applied field (Lenz's law), thus giving rise to 
the phenomenon of diamagnetism 19-22). 

In spherically symmetric systems the induced diamagnetism depends 
primarily on the mean square radius of the valence electrons as the small 
contribution from the inner-shell electron core can usually be neglect- 
ed 19). In the case of molecules with symmetry lower than cubic, the 
quantum mechanical treatment by  Van Vleck 23) indicates that another 
term must be added to the Larmor-Langevin expression in order to cal- 
culate correctly diamagnetic susceptibilities. This second term arises 
because the electrons now suffer a resistance to precession in certain 
directions due to the deviations of the atomic potential from centric 
symmetry. The induced moment will now be dependent on the orienta- 
tion of the molecule in the applied magnetic field and thus in general the 
diamagnetic susceptibility will not be an isotropic quanti ty 19-23). 

Pauling Theory 

I t  has long been recognized that  benzenoid hydrocarbons are charac- 
terised by  considerable anisotropies of their large diamagnetic suscepti- 
bilities 24). The first a t tempt  to rationalise the magnetic susceptibility 
data  of such compounds was made by Panling in I936, "on the assump- 
tion that  the 2#z electrons are free to move from carbon atom to ad- 

e) This behaviour forms the basis for Pascal 's constitutive atom constants from 
which molecular magnetic susceptibilities may be obtained 19,20). 
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jacent carbon atom, under the influence of the impressed (magnetic) 
field" 25,26). As pointed out by  Pauling "A qualitative explanation of 
these abnormally large susceptibilities as arising from the Larrnor pre- 
cession of electrons in orbits including many nuclei has come to be gen- 
erally accepted" 247. This then represents the quantitation of an ex- 
tremely infectious idea: tha t  in the case of an annulene, the presence of 
a magnetic field causes a Larmor precession of the 2pn electrons around 
the carbocyclic framework --  which phenomenon has come to be known 
as an induced ring current. The theory owes much of its attraction to the 
interpretational simplicity of the model (an electrical current loop). The 
Larmor frequency of the n-electrons is calculated by  using the average 
component of the magnetic field perpendicular to the plane of the ring, 
which in conjunction with the number of n-electrons gives the current. 
Once the current is known the molecular magnetic moment and hence 
the diamagnetic susceptibility may  be determined. As this electronic 
circulation can only occur in a direction parallel to the plane of the ring 
it is supposed that  there is no in-plane contribution to the susceptibility 
and in addition it is often assumed that  the ring current is the sole source 
of diamagnetic anisotropy in these systems, with the other diamagnetic 
contributions expected to be small and isotropic~7. Pauling's t reatment 
(free electron theory) gave results which were in reasonable agreement 
with the experimentally determined diamagnetic anisotropy of a number 
of benzenoid hydrocarbons, but  it is now recognised that  the model has 
some serious deficiencies. Although the theory predicts a diamagnetic 
ring current for any planar conjugated cycle, experimental determina- 
tions 287 and subsequent theoretical treatments a9-32) indicate the occur- 
rence of paramagnetism for certain annulenes. I t  is also worth noting 
that  Pauhng's analysis of the currents in the cata-condensed benzenoid 
hydrocarbons in terms of the induced e.m.f,  in an electrical network 
led to gross overestimates of the diamagnetic susceptibility in higher 
members. I t  is generally considered safer to assign each hexagonal 
cycle an individual magnetic moment equal to that  calculated for 
benzene 88,a47. 

Like many other quasi-classical methods applied within the domain 
of quantum mechanics, the free electron theory explained the gross 
features of the phenomenon and provided an attractively simple phys- 
ical picture. The method did not of course, suggest any parallels with the 
quantum mechanically based HMO theory (which predicted an alterna- 
tion in =-electron properties among the annulenes). 

f) Ironically, Pauling who was one of the few early authors to consider additional 
sources of magnetic anisotropy in aromatic hydrocarbons, was soundly criticised 
for adding these other contributions into his calculated anisotropies 27a). 
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London Theory 

In 1937 London developed a quantum mechanical t reatment of ~-electron 
anisotropy in aromatic compounds which was based on HMO theory ~7~. 
The presence of an applied magnetic field is introduced into HMO theory 
by  modifying the one-electron Hamiltonian so that  the quantum me- 
chanical momentum operator includes the vector potential of the field. 
Unfortunately the specification of the magnetic field does not uniquely 
determine the corresponding vector potential, even though the two 
quantities are related within Maxwell's electromagnetic equations. I t  
will suffice to point out that  the vector potential at any particular point 
in a uniform field depends on the position vector of this point referred to 
some arbitrary coordinate system for which there is no obvious or unique 
choice of origin. This is not a trivial point, for, whereas one might expect 
to be able to proceed with a generalized vector potential and finally 
arrive at a set of equations from which all arbitrariness has been removed, 
at present there is no obvious way of performing the calculation in this 
manner, and in practice one is forced to accept an arbitrary origin (gauge) 
for the potential. However, if, as is usual, we solve the secular determi- 
nant  using the Hamiltonian with arbitrary gauge and Hfickel atomic or- 
bitals, the best linear combination of atomic orbitals will now depend on 
our choice of gauge and, although this variability in the wave function 
does not of course affect any of the properties of the system, gauge in- 
variant orbitals are to be preferred. 

In order to remove this difficulty London multiplied the Hiickel 
atomic orbitals by  an exponential factor which depended on the local 
vector potential at the atom under consideration; the function so ob- 
tained is appropriately called a gauge invariant atomic orbital (GIAO). In 
the formation of the molecular orbitals let us consider the GIAO under 
the operation of the Hamiltonian. The exponential factor modifies the 
Hamiltonian in its action on the (field-independent) Htickel atomic or- 
bital so that  the vector potential occurring in the momentum operator 
is now expressed as the difference of the vector potential at the electron 
(referred to arbitrary gauge), and at the atom (referred to the same ar- 
bi t rary gauge) ; this is merely the vector potential at the electron with the 
atomic centre of the orbital as gauge. Hence the arbitrariness of the cal- 
culation is removed and we have a natural (local) gauge which retains 
the symmetry of the problem. The same GIAO are obtained more rig- 
orously by  a consideration of the invariance properties of the Hamilt- 
onian to certain unitary transformations; this approach emphasises the 
role of the exponential multiplier for the Htickel atomic orbital as an 
unobservable phase factor 3s~. 
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By disregarding the contributions from localised terms it is found 
that  the only elements which are modified in the HMO secular deter- 
rninant by  the presence of a field are the resonance integrals of directly 
bonded atoms (although further assumptions must be made to obtain 
this result 36)). When the secular determinant is expanded it is found 
that  coefficients of the various powers of the modified energies occur as 
constants or as products defining closed cycle(s) 37) (in the case of the 
mono-cyclic annulenes, one current loop only is possible). The coefficients 
defining the cycles are dependent on the magnetic flux density across the 
polygon circumscribed by  the peripheral bonds of the polyene. As the 
bonds of the periphery add vectorially to complete the cycle the direction 
of the induced current flow is implied in the treatment 32). 

The other parameters of interest follow quickly from the modified 
energies (which may be obtained in closed form for the annulenes). The 
magnetic moment, which is proportional to the induced current, is given 
by the negative of the first derivative of the modified energies with 
respect to the applied field. The =-electron susceptibility is then ob- 
tained by taking the derivative of the magnetic moment with respect 
to the applied field, evaluated at zero field strength. Although it still 
remains to assign a value to the carbon-carbon resonance integral, the 
theory clearly predicts a negative contribution to the susceptibility 
(diamagnetic ring current) for the [4n+2]annulenes (and the cata- 
condensed benzenoid hydrocarbons). London did not, however, choose 
to comment on the magnetic properties of the E4n]annulenes, even though 
he went on to develop much of the necessary theory (by allowing for the 
occurrence of bond alternation). London treated the carbon-carbon 
resonance integral (~) as an empirical parameter and adjusted it so that  
the calculated contribution of the =-electron ring current to the magnetic 
susceptibility of benzene was equal to the experimentally determined 
diamagnetic anisotropy. The value so obtained was used for the other 
hydrocarbons which were considered and it is now customary to report 
calculated magnetic anisotropies as ratios to the benzene values. 

Other Sources of Diamagnetism 

London's method 31) for the calculation of n-electron anisotropies was an 
improvement on the Pauling approach but  when applied to the higher 
benzenoid hydrocarbons still gave values which were somewhat too 
large. Subsequently, the more refined ab initio calculations 81,89) on 
benzene have indicated the probable reason for this deviation. These 
calculations which were designed to obviate the need of an empirical 
value for the carbon-carbon resonance integral (~), indicated that  only 
a part  of the total anisotropy arises from the re-electron ring current 
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(the total anisotropy of planar hydrocarbons, it will be remembered, is 
taken as the difference of the susceptibility in the direction perpendicular 
to the ring and the average in-plane susceptibility). In the total anisotropy 
of benzene the following contributions are thought to be important 32, 
34,4o) : the n-electron ring current contribution (which is wholly aniso- 
tropic) (56~o) 41), the contribution from the locatised 2pT: electrons 
(29%) 4~), and the anisotropic contribution of the g-bonds (9~ 4a), the 
sum of these calculated contributions accounting for about 94% of the 
experimentaUy observed anisotropy 4~a) (see however ref. 45)). 

Paramagnetism 

It  has been subsequently realised that the London theory sometimes 
predicts a positive contribution to the magnetic susceptibility 29-s2,45,46) 
Baer, Kuhn and Regel 3o) obtained a similar result using the one-dimen- 
sional electron gas model (free electron molecular orbital method, FEM0). 
We have already remarked on the Htickel prediction of degeneracy for the 
non-bonding levels in the [4n]annulenes (implying a triplet ground state) 
and the intervention of the Jahn-Teller effect which lifts this degeneracy 
through bond length alternation in this class of compounds. The in- 
corporation of this feature into any theory of the magnetic properties 
of the [4n]annulenes is therefore essential. Baer, Kuhn and Regel in- 
troduced the effects of bond alternation into the FEMO method by the 
incorporation of a sinusoidal potential, with maxima at the "single 
bonds" and minima at the "double bonds" which had the effect of in- 
troducing a series of potential barriers to the electronic circulations, the 
magnitude of which could be varied by adjusting the difference in poten- 
tial at the two types of bonds. Pople and Untch 29) used the London 
theory in their consideration of the magnetic properties of the annulenes 
in which the appearance of bond length alternation necessitates the use 
of two different carbon-carbon resonance integrals (~1 and ~) .  Happily, 
the predictions of the two theories we have considered are in pleasing 
accord, and we can discuss their results simultaneously (see Fig. 3 and 
Table 2). 

From the decomposition of the ring current contributions by in- 
dividual states (Tables 2a and 2b) it may be seen that the populated 
orbitals of the annulenes usually make a negative contribution to the 
susceptibility (diamagnetic ring current), sometimes with the exception 
of the highest occupied level(s). For the [4n + 2]annulenes the contribu- 
tion of these upper states becomes more positive with increasing bond 
alternation; nevertheless in all instances the predicted ring current is 
overall diamagnetic. In the case of the [4n]annulenes, however, the upper 
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Table 2. Calculated ring currents a) for annulenes CnHn 
Reprinted with permission of the copyright owner from Z. Naturforsch. 22a, 103 (1967} 

Table 2a. Ring currents a) for benzene and [18]annulene (J~=ring current for h m 
electronic state; J t o t a l =  total ring current) 

n = 6  V o = O  eV V o =  1.2 eV V o = 2 . 4  eV V o =  3.6 eV 

J t  - -2 .00  - -1 .99  - -1 .94  - -1 .87  
J2  + J a  - -4 .00  - -3 .60  - -2 .60  - -1 .46  

Jtotal - -6 .00  - -5 .59  ---4.54 - -3 .33  

n---- 18 V o = O  eV Vo=- 1.2 eV V o =  2.4 eV V o = 3 . 6  eV 

J1  - -  2.00 - -  1.99 - -1 .94  - - 1 . 87  
] 2  + J3  - -  4.00 - -  3.97 - -3 .84  ---3.65 
f 4 + f 5  - -  4.00 - -  3.93 - -3 ,64  ----3.26 
f o + f ~  - -  4.00 - -  3.60 - -2 .60  - -1 .46  
J s + f 9  - -  4.00 + 3.47 + 9 . 4 0  + 9 . 6 9  

Jtotal - -18 .00  - -10.02 - -2 .62  - -0 .55  

Table 2b. Ring currents a) for eyelobutadiene and [16]annulene (as in Table 2a) 

n = 4 Vo = 1.2 eV Vo = 2.4 eV Vo = 3.6 eV 

J1  - -  1 . 9 9  - -  1.94 - -1 .87  
J~  +30 .13  +14 .32  + 9 . 1 6  

Jtota] +28 .14  + 12.38 + 7 . 2 9  

n =  16 VO= 1.2 eV V o =  2.4 eV Vo---- 3.6 oV 

J i  - -  1.99 - -  1.94 - -1 .87  
J 2 + J a  - -  3.95 - -  3.83 - -3 .63  
J 4 + J 5  - -  3.88 - -  3.53 ----3.04 
J 6 + J 7  - -  3.08 - -  1.13 + 0 . 6 3  
J8  +30 .13  +14 .32  + 9 . 1 6  

J~,l +17 .23  + 3.89 + 1 . 2 5  

a) I n  uni ts  of He2o/4 ~moe, see ref. 30). Vo is the  height  of potent ia l  barr ier ;  Vo = 0 
in the  case of bond equalizat ion;  V o = 2 . 4  eV (55 keel/mole) in the  case of bond  
al ternat ion with a bond  length difference of 0.14 Zk 30. 
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Table  2c.  Total ring currents a) for [4]- to [18]-annulenes. 

n Jtot~x for Jtotal for  Jtotal for  Jtotal for  
V o = O  eV V o =  1.2 eV V o = 2 . 4  eV V 0 = 3 . 6  eV 

4 - -  + 2 8 . 1 4  + 1 2 . 3 8  + 7 . 2 9  
6 - -  6.00 - -  5.59 - -  4.54 ---3.33 
8 - -  + 2 4 . 2 6  + 8.85 + 4 . 2 4  

10 - - 1 0 . 0 0  - -  8.16 - -  4.88 - - 2 . 4 0  
12 - -  + 2 0 . 9 2  + 6.00 + 2 . 3 0  
14 - - 1 4 . 0 0  - -  9.61 - -  3.87 - - 1 . 2 5  
16 - -  + 1 7 . 2 3  + 3.89 + 1 . 2 5  
18 - - 1 8 . 0 0  - - 1 0 . 0 2  - -  2.62 - - 0 . 5 5  

a) I n  un i t s  of He~/4 rcmoc, see ref. 30). Vo is t h e  h e i g h t  of po t en t i a l  bar r ie r ;  Vo = 0 
in t h e  case of b o n d  equa l i za t ion ;  Vo = 2.4 eV (55 kcal /mole)  in t h e  case of b o n d  
a l t e rna t i on  w i t h  a b o n d  l e n g t h  difference of 0.14 2k 3o). 
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Fig. 3. R i n g  cur ren t sa )  for  t h e  a n n u l e n e s  C nH n vs. t h e  a l t e rna t i on  p a r a m e t e r  ;[bL 
R e p r i n t e d  w i t h  pe rmis s ion  of t h e  copy r i gh t  owner  f rom J.  Am.  Chem.  Soc. 88, 
4811 (1966). 

a) I n  u n i t s  of  (~2 e 2 ~0 Rcse H/4h 2c) s e c r e f .  29). 
b) ~ 1 = ) % ~ o ;  ~ 2 = ) % - ~ 0  ()%=~1/~2; ~-..<1). ~0 is t h e  va lue  of t he  c a r b o n - c a r b o n  

r e sonance  in tegra l  in benzene ,  where  )% ---- 1 (bond equal iza t ion) .  Fo r  A = 0 (hypo-  
thet ical )  t he r e  wou ld  be  to t a l  b o n d  a l t e rna t ion ,  w i th  no  in t e r ac t i on  b e t w e e n  
a d j a c e n t  double  b o n d s  ( this  b e h a v i o u r  is a p p r o a c h e d  by  cyc looc ta t e t r aene ,  see 
Tab le  3). 
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level always makes a large positive contribution to the susceptibility 
(which decreases with increased bond alternation) and in all instances 
overwhelms the diamagnetic contribution made by the remaining states, 
thus leading to the prediction of a paramagnetic ring current for the 
[4n]annulenes. For all annulenes, however, the magnitude of the cal- 
culated ring current is diminished by the occurrence of the bond alterna- 
tion and, for a given degree of alternation, the quenching of the ring 
current is expected to be more effective in larger rings. For the [4n + 2]- 
annulenes the diamagnetic ring current is predicted to increase with ring 
size, in the absence of significant bond alternation. However, as the 
earlier discussion shows, the higher members of the series are subject to 
bond alternation, the onset of which may be further encouraged by the 
presence of triple bonds and heteroatoms. Finally, we note that distor- 
tions from planarity would be expected to reduce the ring current by 
decreasing the magnitude of 2p~ overlap. 

Clearly, experimental data regarding the magnetic anisotropy of the 
annulenes would be of great interest. The measurements which have 
been reported 44) and the work on large heterocyclic rings (phthalo- 
cyanines 26), etc.) suggest that the predictions we have discussed here 
might well be borne out in practice 44b). The considerable difficulties 
associated with the experimental determination of the magnetic aniso- 
tropy of annulenes constitutes the major drawback to such studies. 

Diamagnetic Susceptibility Exaltation 

In the absence of magnetic anisotropy data, Dauben, Wilson and Laity 2s) 
have resurrected the idea 47,s0) that the observed exaltation of diamag- 
netic susceptibility of a compound might provide a suitable criterion 
for the presence of an induced ring current, and, as a corollary, the 
aromatic character thereof. The diamagnetic susceptibility exaltation 
(A) of a compound, is defined as the difference between the experimen- 
tally determined molar susceptibility of that compound, and the sus- 
ceptibility estimated for a model cyclopolyene of that structure (con- 
stituted from an increment system 19), without the inclusion of ring 
current effects ss)). The (mean) magnetic susceptibility (which is con- 
siderably easier to determine than the magnetic anisotropy) is equal to 
the average of the three susceptibility components. Thus the ring current 
contribution to the mean susceptibility, which is limited to the out-of- 
plane component, is reduced by one-third. As might be expected, a 
positive exaltation of the diamagnetic susceptibility is taken to be in- 
dicative of a diamagnetic ring current, whereas a negative exaltation is 
thought to suggest the presence of a paramagnetic ring current. Dauben, 
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Wilson and Laity claim that the incremental bond system used in the con- 
struction of the model 19) will include the Van Vleck paramagnetism of 
the localised 2pn electrons. Accordingly, they attribute the observed 
exaltations to the presence of ring currents (London diamagnetism). 

The exaltation observed for benzene assigns 69% of the experimental 
magnetic anisotropy to the diamagnetic ring current 98). This high value 
may be due to the underestimation 32,4~) of the local Van Vleck para- 
magnetism in the construction of the model compound which is neces- 
sarily based on strong bond alternation, rather than bond equalisation. 
Nevertheless, in general, the method appears promising, and it is hoped 
that more complete data for the annulenes will become available (the 
currently available values are presented in Table 3). 

Table 3. Diamagnetic susceptibility exaltation data (A )  28) 

Compound XM a) X~i, a) A a) 

Cyclohexane 68.1 b) 68.1 0.0 

Cyclohexene 57.5 b) 58.3 - -  0.8 

1,3-Cyclohexadiene 48.6 b) 49.3 - -  0.7 

1,4-Cyclohexadiene 48.7 b) 48.5 0.2 

Cyclooctane 91.4 b) 90.8 0.6 

Cyclooctene 80.54-0.6 c) 81.0 - -  0.5 

1,3-Cyclooctadiene 72.8 4- 0.8 c) 72.0 0.8 

1,5-Cyclooctadiene 71.5 4- 0.7 c) 71.2 0.3 

1,3,5-Cyclooctatriene 65.1 4- 0.8 c) 64.0 1.1 

Cyclooctatetraene 53.9c, d) 54.8 - -  0.9 

[16]annulene 105 4- 2 c) 110 - -  5 

Bcnzenc 54.8 b) 41.1 13.7 

1,6-Methano-[lO]annulene 111.9 4- 0.4 e) 75.1 36.8 

1,6-Oxido-[ 1 O] anrJ.ulene 108.0+0.5 c ) 69.1 38.9 

trans-15,16-Dimethyl-15,16- 2104- 15c) 129 81 
dihydropyrene 

a) A (diamagnetic susceptibility exal ta t ion parameter)  = X~t--Xv~,, all in uni ts  
of - - 1 0  -6 cm 3- tool -z. X ~  is the  experimental ly determined molar susceptibility, 
X~I, is the  susceptibili ty est imated for a model cyclopolyene (neglecting ring 
current  corrections) 2s). 

b) G. W. Smith, A Compilation of Diamagnetic  Susceptibilities, General Motors 
Corporation Research Report ,  GMR-317 1960. 

c) Ref. 2s). 
o) Shida, S., Fujii, S.: Bull. Chem. Soc. J a p a n  24, 173 (1951). 

123 



Theory of the Magnetic Properties of Annulenes 

2. Proton Chemical Shifts 

Although the experimental difficulties associated with magnetic sus- 
ceptibility measurements do not carry over into nuclear magnetic res- 
onance (n. m. r.) determinations on the annulenes, much of the method- 
ology and some of the difficulties in interpretation of data are common to 
bottl areas. Again, however, the pertinent information is potentially 
available. From the magnetic susceptibility point of view one is inter- 
ested in the electronic circulations induced by  the magnetic field per se, 
whereas, in n. m. r. we focus on the effects of the induced currents, specif- 
ically their associated secondary magnetic fields which we a t tempt  to 
chart by  means of the n. m. r. chemical shift as, ag). While the presence of 
spin-spin coupling in the annulenes has been of use in making assign- 
ments and estimating bond alternation, primary interest focuses on the 
proton chemical shifts. Much as with the magnetic anisotropy and dia- 
magnetic susceptibility exaltation work we are again concerned with 
model compounds and efforts to identify and remove all contributions 
to the chemical shift other than the contribution arising from the pres- 
ence of ring currents. Attempts to calculate the ring current contribution 
to proton chemical shifts have usually been made relative to the observed 
shift of a polyolefin for which linear but  not cyclic delocalisation is 
possible 50,517. A fairly representative compound (which has more or less 
been accepted as a standard), is 1,3-cyclohexadiene the olefinic protons 
of which resonate at about $ 4.2 ppm 50,51). This is to be compared with 
a chemical shift for the protons in benzene of approximately ~2.7; 
hence workers in the field have generally assumed that  theories of the 
aromatic chemical shift in benzene must account for a downfield shift 
(deshielding) of about 1.5 ppm. 

Pol)le Method 

In 1956 Pople 527 suggested that  the deshielding of the benzene protons 
may be yet  another manifestation of the molecular ring current induced 
by  the presence of a magnetic field. This is a distinct possibility, for, 
whereas the applied field is opposed by  the induced field in the interior 
of the ring, it is augmented by  this secondary field in the neighborhood 
of the peripheral protons. 

In order to estimate the magnitude of this secondary field, Pople 
replaced the induced current by  a point dipole (at the centre of the ring) 
equivalent to the magnetic moment of the current loop (see Fig. 4). The 
magnetic moment, it will be recalled, is proportional to the current flow- 
ing in the loop (for which Pople used the Pauling 257 free electron value), 
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and the area 84,51) of the conductor (benzene ring). In an isotropic liquid 
the secondary field at the protons which is estimated from the magnetic 
dipole must be averaged over all directions as the molecule undergoes 
rapid reorientation with respect to the applied field. Tiffs then gives 
directly the ring current contribution to the (de)shielding of the protons; 
surprisingly for such a simple model, the value estimated for benzene, 
--1.45 ppm 51), compares extremely well with the chemical shift which 
is assumed to accompany aromatisation in this compound (--1.5 ppm). 

Applied magnetic field 

Secondary field and .--. 
magnetic moment " " - " - - ~  ,,1 ~ \  

Ring current 

;i Secondary field 
effective in deshielding 

�9 / proton 
%" 4t " 

Fig. 4. Secondary magnetic field in benzene 

Waugh-Fessenden-Johnson-Bovey Method 

Unfortunately, the above-lnentioned agreement must be regarded as 
largely fortuitous in view of the fact that the point dipole method employed 
by Pople is only valid for points which, in terms of the dimensions of the 
current loop, are well distant from the centre of the conductor. Clearly, the 
protons of the benzene molecule do not satisfy this criterion. The procedure 
used by Waugh and Fessenden a0) improves on Pople's method insofar as 
the secondary magnetic field arising from the free electron line current in 
the ring is calculated exactly rather than via an equivalent dipole approx- 
imation (although the assumption of circular symmetry in the conductor 
remains). The magnetic shell obtained in this way predicted the much 
larger shift of --2.7 ppm for the benzene protons. In an effort to improve 
the agreement with experiment, Waugh and Fessenden 5o) pointed out 
that the electrons involved in the molecular circulations are formally 
located in 2pro orbitals which have a node in the plane of the ring, and 
proceeded to remove the ring current from the carbon skeleton by split- 
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ring it into two current loops symmetrically disposed above and below 
the hexagon (with radius unchanged). I t  is difficult to assess the validity 
of this procedure, particularly as the distance of separation of the two 
magnetic shells does not have a readily measurable experimental value. 
In order to obtain agreement between the predicted and "measured" 
values of the ring current chemical shift in benzene, Waugh and Fessen- 
den set the separation of the magnetic shells at 1.2/~. Johnson and 
Bovey 53} presented the results of this method in graphical form, and an 
extended tabulation is presented in appendix B, volume 1 of reference 48}. 

While the appeal to classical electromagnetic theory has been some- 
what drastic, the methods have proved to be quite successful in practice. 
These are virtually the only two numerical techniques which find every- 
day use in the estimation of ring current shielding effects and they have 
found wide application in the calculation of chemical shifts for protons 
which are known to be in the vicinity of a benzene ring. For obvious 
reasons (deviation from circular symmetry, bond alternation, etc.) these 
two free electron methods are not applicable to the annulenes in general 
(see however ref. ~4}). 

Molecular Orbital Methods 

Although Pople 88} first applied the London theory of ring current dia- 
magnetism to the calculation of chemical shifts in aromatic molecules, it 
was McWeeny 557 who showed how the problem could be treated as a 
unity. Rather than proceeding via the calculation of the ring current, 
McWeeny included the vector potential due to a magnetic dipole at the 
proton under consideration (in addition to the vector potential of the 
applied field) directly into the Hamiltonian of the molecule. By means 
of this device the total energy and both the magnetic anisotropy and the 
chemical shift contribution from the ring current can be estimated. 
McWeeny had to make certain approximations to simplify the calculations 
and as a result the theory is invalid for points close to the ring 82}. The 
equations may be solved exactly for simple systems, but the secondary 
fields calculated are too large (a shift of --2.5 ppm for benzene), com- 
parable in fact to the fields estimated by the uniform magnetic shell 
method of Waugh and Fessenden 50}. Other molecular orbital methods 
show the same trends; the SCF 56} and VESCF 57} adaptions which have 
appeared give estimates of --2.5 and --2.5s ppm respectively for the 
benzene shift (these methods are notable chiefly because they may be 
applied to ring systems in which unequal charge densities are developed 
5s}). Because the values are uniformly too large, it has been necessary to 
scale the results (the factor used is commonly that  multiplier (ca. 2/3) 
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which gives agreement between the calculated and experimental values 
for benzene) 56-5s). In obtaining the initial estimates of the benzene 
chemical shift, the molecular orbital methods use as a standard the ex- 
perimental diamagnetic anisotropy of benzene in order to estimate 
certain integrals which are treated as empirical parameters. I t  will be 
remembered, however, that  the more sophisticated calculations indicated 
that  only a part  of the observed magnetic anisotropy of benzene originates 
from ring current effects; when this is taken into consideration the results 
become more reasonable. 

In 1960 Longuet-Higgins and Salem 7) proposed a simple method for 
obtaining "exact"  chemical shifts from calculated ring currents. Al- 
though Longuet-Higgins and Salem use the London method in their 
calculation of the ring current, any reliable method would suffice. They 
proceed by  considering the line current in each bond of the cycle and, 
using the Biot-Savart law, obtain the secondary field at a particular 
proton as a sum of the contributions from each carbon-carbon bond in 
the molecule. In their original work Longuet-Higgins and Salem cal- 
culated the ring current and hence the chemical shifts as a function of the 
degree of bond alternation in the carbocyclic ring 7). They applied the 
method to [181annulene and obtained remarkably good results (again 
with reference to the benzene value). With X = (}1/~2) = 0.8 (see caption 
to Fig. 3) the technique predicts the following ring current shifts: 
outer protons --2.6 ppm, inner protons 8.4 ppm. These results in con- 
junction with the olefinic chemical shift of �9 4.2 give absolute values of 

1.6 and 12.6 ppm for the outer and inner protons, respectively (cf. 21 in 
Table 4). The degree of bond alternation found is not inconsistent with 
the molecular structure as it is known today (the structure had not been 
solved at this time, and ideal geometry was assumed). In an independent 
s tudy Salem 59) applied the method to benzenoid hydrocarbons. For 
benzene, the ab initio SCF ring current predicts a shift of --1.67 ppm 
whereas the London rang current gives a value of --1.02 ppm 59). Al- 
though the method of Longuet-Higgins and Salem has largely been 
ignored, it does appear ideally suited for calculations on the annulenes 
(which in the main have been lacking; part ly due to the difficulties in 
correctly treating the geometry) and work is currently in progress to test 
this hypothesis 8o). 

A word of warning should be inserted here with regard to the model 
used in all these calculations. The free electron methods treat the ring 
current as a line current in the carbocyclic skeleton, and it may be argued 
that  the close agreement between the quantum mechanical methods and 
the (single) circular magnetic shell method with respect to the calculated 
chemical shift of benzene implies that  the same criticism may be levelled 
at the non-classical methods (and is probably related to the effects of 
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electronic repulsion) 34). Whether the double magnetic shell method of 
Waugh and Fessenden 50) (which does a t tempt  to take into account the 
actual distribution in space of the ~-currents) is a valid approach still 
remains open to question. Even more disturbing, however, is a calculation 
by  Pople 42~ which indicates that  a part (ca. --0.7 ppm) of the aromatic 
downfield shift in benzene has its origins in local anisotropic effects, and 
even though the calculation is open to serious criticism 45) it does suggest 
a re-evaluation of the present proceclure which equates the aromatic shift 
wholely with ring current effects 34,42). 

Finally, we should mention the work of Musher 617 who has also 
discussed the magnetic properties of aromatic compounds, but  in a 
manner which has lead to some controversy. While we feel that  there 
is little excuse for the substitution of dogmatic iconoclasm for reasoned 
criticism, the fact tha t  the chief protagonists have largely ignored one 
another's work has hardly served to resolve the scientific questions in- 
volved. While no one denies the need for a continuing renaissance in 
chemical thought one must reflect at length before discarding a theory 
which has found such wide application and apparent verification. In 1965 
Musher published a paper 61a) (and subsequently a review 61b)) which 
flatly denied the reality of ring currents or any other non-local phenomena 
and implied that  there is a complete analogy between the magnetic sus- 
ceptibility contributions in aromatics and cycloalkanes. The ring currents 
arising from London's calculation (and all others) were labelled as artifacts 
originating from the approximations therein. Not surprisingly this created 
something of a furor, and when Gaidis and West 627 raised certain ex- 
perimental objections to this local model, Musher 63) compounded his 
remarks by  suggesting that  experimental evidence was irrelevant with 
regard to his propositions ("anti-theory").  This is a very dangerous state- 
ment and always carries by  implication a spectre of the countercharge 
that  one's work is not related to physical reality, for it must be remem- 
bered that  in the final analysis experiment is the arbiter of theory (and 
not vice versa). Musher somewhat moderated his position in a subsequent 
paper ~4) which admits the existence of local and non-local (molecular) 
terms in the contribution made by  the n-electrons to the magnetic sus- 
ceptibility of benzene. Ironically, Musher also shows that  the molecular 
terms sum to zero in the cycloalkanes, a proof that  London himself 
a t tempted unsuccessfully in his original paper 27a). A major criticism of 
Musher's contribution remmns his apparent unwillingness to put  numbers 
to his theory and calculate values for the parameters of interest (for 
example the magnetic susceptibility of benzene in ref. 647). Until this is 
accomplished it will be difficult to assess the power of his method and 
practitioners in the field will probably adhere to the older theories whose 
index of reliability is common knowledge. 
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Conclusion 

In  summary ,  we m a y  therefore conclude tha t  while quant i ta t ive  chemical 
shift predictions on the  larger annulenes have not  as yet  been reported 
there is a qual i tat ive agreement  on chemical shift directions: protons on 
the exterior of a [4n + 2]annulenes will experience a downfield shift while 
those protons on the interior will suffer an upfield shift of somewhat  larger 
magnitude,  bo th  shifts resulting from the  presence of an induced diamag- 
netic ring current  9.9,30). The reverse will hold t rue for [4n]annulenes 
with the exterior protons moving upfield and the interior protons down- 
field (again to a greater  extent) as a result of the induced paramagnet ic  
ring current  29,3o). The presence of any  per turbat ions  to  the pa th  of con- 
jugat ion such as non-planari ty ,  severe angle strain (leading to re-hybridi-  
sation), the inclusion of triple bonds or hetero-atoms,  cross-conjugation 
or a large degree of bond  al ternation m a y  be expected to quench, to some 
extent,  the ring current,  and, b y  association, the  magni tude  of the  chemi- 
cal shift t rends detailed above. 

We therefore conclude tha t  n .m. r ,  will differentiate between the 
[4n]- and [4n + 2]-annulenes, for it is quite apparent  t ha t  proton chemical 
shifts are sensitive to the magnet ic  properties of the =-electrons therein. 
Insofar  as this p roper ty  parallels the Hiickel predictions regarding 
aromat ic  and  ant i -aromat ic  character  (which we now identify with dia- 
magnet ic  and paramagnet ic  ring currents) then  n. m. r. is a qual i tat ive g) 
criterion of aromat ic  character  in the annulenes. 

g) The origins of the chemical shifts are probably not sufficiently well understood 
(as yet), to allow a quantitative discussion of aromatic character in the annulenes. 
If such a concept is considered meaningful it would probably best be defined in 
terms of the degree of bond alternation therein, which is of pivotal importance 
to the n-electron properties (see Sectioils B and C). Apart from theoretical cal- 
culations, a number of physical methods have demonstrated their ability to 
estimate the extent of bond alternation in annulenes (crystallographic analysis, 
electronic/vibronic spectral analysis, diamagImtic anisotropy/susceptibility ex- 
al~tion measurements and of course n.m.r.), see ref. 6) for a full discussion. 
(Furthermore the known correlation between n.m.r, vicinal coupling constants 
and carbon-carbon bond orders is of potential utility in any determination of 
bond alternatio~ ss)). 
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Before embarking on a detailed discussion of the n.m.r ,  spectroscopy of 
the annulenes, some general remarks are appropriate. Although Htickel 
published his findings almost forty years ago, it has only been in the past 
decade with the pioneer work of Sondheimer and his co-workers that  ex- 
tensive experimental verification of Htickel's predictions has been real- 
ized. 

In all cases the structures given for the various annulenes have been 
established utilizing some or all of the following techniques. Hydrogena- 
tion to the saturated carbocycle establishes the monocyclic nature of the 
annulene. The molecular formula is determ;ned by  elemental analysis, 
or more recently and reliably, by  accurate mass measurement with a 
high resolution mass spectrometer. Infrared, ultraviolet spectroscopy, 
and in some cases X-ray data further help to establish uniquely the 
structures. The n.m.r ,  spectrum, by  indicating the number and type of 
protons present, confirms the structure, and, in particular, demonstrates 
handsomely the aromatic nature of the molecule by reflecting the pres- 
ence or otherwise of an induced ring current. References to the synthesis 
and structural elucidation of each compound will be given, and for those 
cases where a structure is uncertain, the various possibilities will be cited. 

For many of these compounds the interpretation of the n.m.r .  
spectrum is complicated (or aided!) by a temperature dependence which 
arises because various protons can be interchanged between different 
environments within the molecule. The mechanism of interchange may 
be the rotation of a trans double bondm in the ring, sometimes in con- 
junction with a valence isomerization. 

If such a process is fast on the n.m.r ,  t ime scale, each proton will 
resonate at a ~-value which represents the average of the chemical shifts 
at each of its environments. This averaged spectrum we will refer to as 
a "mobile" spectrum 66). The spectrum may be a simple average, if the 

11) The  process  "'rotation of  a lrans doubIe  b o n d "  shou ld  n o t  be confused  w i th  
" r o t a t i o n  a b o u t  ~ double  b o n d " .  T he  former ,  in  fact ,  i nvo lves  a co-opera t ive  
ro t a t i on  a b o u t  t he  two  ca rbon -ca rbon  single b o n d s  ad jo in ing  t h e  double  bond ,  
w h i c h  p re se rves  t h e  trans s t e r eo -chemis t ry  t h r o u g h o u t  t h e  process.  
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interconversion involves equivalent conformers, or a weighted average 
in cases where the interconverting conformers are unequally popula ted .  
On decreasing the temperature of such a sample it is often possible to 
slow down the proton interchange to such an extent  that  discrete spectra 
of each conformer are observed. In such a "non-mobile" spectrum 68) 
the inner and outer protons of an annulene are more clearly recognisable, 
and more definite conclusions as to the aromaticity of the molecule in 
question are possible. The dehydroannulenes are less susceptible to rapid 
interchange processes than the corresponding annulenes, making the 
informative non-mobile spectrum more readily attainable. 

The smallest conceivable (neutral) annulene is cyclobutadiene, and 
while it appears fairly certain tha t  this molecule (a 4nn system, where 
n =  1) occurs as a transient intermediate in certain reactions 87) the 
parent hydrocarbon has not been isolated. On the basis of the experi- 
mental evidence and theoretical predictions to date, the molecule appears 
to be unstable with respect to dimerization, and little hope remains for 
its long lived existence. 

Benzene, being a strain-free, planar (4n + 2) r: system (n ---- 1) 
is the ideal aromatic compound, and has a reported chemical shift of 

2.734 68). 
All the protons of cyclooctatetraene (4n~, with n = 2) resonate at 

a single frequency of �9 4.309 G8). This magnetic equivalence is brought 
about by  two processes, a ring inversion between two tub-shaped forms, 
and bond shifts, yielding the two structures 3a and 3b, which, in the 
absence of substitution are equivalent. Studies of the n. m. r. temperature 

2 3 

1 6 1 

6 

S ~ '7 8 ~ 7  

3a 3b 

dependence of derivatives of 3 indicate that  ring inversion takes place 
much more rapidly than bond shift, and this inversion probably proceeds 
via a planar transition state with alternate single and double bonds 69, 7o) 
whereas the bond shift probably involves a less favorable, nearplanar 
transition state with all bond lengths equal 69) (see however, ref. 7o)). 

[10]Annulene, the next highest analog of benzene in the ( 4 n + 2 ) r :  
series, with n = 2, is of considerable theoretical interest. I t  has proved to 
be very elusive, however, due no doubt to the unfavourable geometry 
of the possible isomers. 
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1 4 5 

6 7 8 

The structure possessing two trans double bonds, 7, can be considered 
as a valence tautomer of dihydronaphthalene, 4 and 5. The large non- 
bonded interaction expected 71} for the internal hydrogen atoms of 1 
presumably precludes any approach to planarity. The all-cis configura- 
tion 6 possesses no such unfavorable interaction, but  must involve 
considerable ring strain, as the inner bond angles in a planar molecule 
would be 144 ~ Again, ring strain is expected for 7 73). Despite these 
unpromising considerations, approaches to the synthesis of cyclodeca- 
pentaene have been made, with varying degrees of success J). 

Mono-trans-[lO]annulene, 7, has been postulated as an unstable in- 
termed]ate in the conversion of bicyclo[6.2.0]deca-2,4,6,9-tetraene, 8, to 
trans-9,10-d]hydronaphthalene, 5 7s}. I t  is also claimed that  [10]annulene 
is an intermediate in the photocatalyzed isomerization of traus-9,10- 
dihydronaphthalene, 5, to the cis isomer, 4, and that  it can be t rapped 
at low temperatures by  diimide reduction to cyclodecane ~7~. These last 
mentioned results 7~), however, have been challenged in a recent com- 
munication ~2). Thus, cis-9,10-dihydronaphthalene 4, not the trans iso- 
mer, is reported to yield [10]annulenes, 6 and 7, in moderate amounts 
under carefully controlled conditions. The photolysis of 4 between 
--50 ~ and --70 ~ was followed by  n.m.r . ,  and the emergence of two 
new signals was observed. A signal at �9 4.16 (--40 ~ which broadened 
at lower temperatures was at tr ibuted to 7, and a sharp, temperature- 
independent singlet at x 4.34 was assigned to 6. The structural assign- 
ments for these two products are supported by  their isomerization to 
9,10-dihydronaphthalenes, which was followed by n.m.r .  ; 7 isomerized 
to 5 at  ca. --25 ~ and 6 to * at ca. --10 ~ Furthermore, hydrogena- 
tion (rhodium catalyst) of the compounds responsible for the signals at 

4.16 a n d ,  4.34 resulted in the formation of cyclodecane. 

l) Annelated derivatives of [10]amlulene have been prepared but all of these com- 
pounds show n.m.r, spectra typical of non-planar systems, and do not represent 
delocalized 10re-electron systems 7~,74,75). 
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It  is concluded that  the two [10]annulenes exhibit no significant dia- 
magnetic current around the ring system, as their signals appear in a 
non-aromatic region. However, in the light of conflicting reports, con- 
firmatory data  would be welcome. In particular, the low temperature 
(down to --80 ~ broadening of the signal of mono-trans-[lO]annulene 
should be further investigated, as a similar phenomenon has heralded 
the approach of non-mobile spectra in the case of [14]annulene, and 
higher homologues (see 9J), 10 and 14, Table 4). Should such non-mobile 
spectra be obtained a more meaningful discussion of the aromaticity of 
this compound could be entertained. 

The [12]annulenes, being 4n= systems, (n-----3), are expected to be 
anti-aromatic. This prediction has been substantiated by  the n .m.r .  
investigation of three compounds in this series. 

1,5,9-Tridehydro-[12]annulene 7s,6~), 1, (see Table 4, p. 134) shows a 
singlet at x 5.55 in carbon tetrachloride ~s~, arising from the six equi- 
valent outer protons. That  the chemical shift of this singlet, which per- 
sists at least to --80 ~ 79}, does in fact reflect the presence of a paramag- 
netic ring current is shown by  the comparison of 1 with a model com- 
pound 8o~, cis-hex-3-ene-l,3-diyne, 9. The olefinic protons of 9 resonate 
at ~ 4.11, indicating that  the upfield shift of 1 from g arises from a para- 
magnetic ring current and not soley from the anisotropy of the triple 
bond 29}. 

9 

1,5-Didehydro-[12]annulene, 2 sl), (see Table 4) possesses one inner 
proton [H(I')] and seven outer protons, but  at room temperature the 
spectrum indicates that  H(I ')  is magnetically equivalent to the other 
proton [H(1)] at tached to the single tmns double bond. Furthermore, 
H(2) is magnetically equivalent to H(2"), H(3) to H(3') and H(4) to 
H(4'). The most likely explanation of this phenomenon is that  the mole- 
cule is rapidly interconverting between two equivalent conformers, one 
with H(1) as the inner proton, the other having H(I ' )  as the inner proton 
~.9). This interchange arises from rotation of the trans double bond, a 
process which is still operative at --80 ~ Such a process has been 
observed for many of the larger annulenes, and will be described in 
due course. In the present case a hypothetical non-mobile spectrum 
can be inferred 29,66) by  assuming that,  in a frozen conformer, H(1) 
will have a chemical shift similar to that  of the other outer protons. 

J) Bold-faced arabic numerals refer to formulae given in Tables. Italicised arabic 
numerals pertain to formulae in the running text. 
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Table 4". Unbridged annulenes r 

Compound Chemical shifts (Z) Coupling 

constants 

(Hz) 

Solvent, 
t empera tu re  

Ref. 

H H 

H H 

1 

1,5,9-Tridehydro-[12] 
annulene 

5.55 (s.) 

(also quoted  a t  5.58 66,80)) 

10.5 q- 1 

J13c-H --~ 
1694- 1 

CC14 
Spec t rum 
unchanged  
to ---80 ~ 

See Ref. 79) 
for o t h e r  
solvents  and  
t empera tu res  

78) 

H i H4 

2 

1,5-Didehydro-[12] 
annulene 

Mobile spectrumS) 

- -0 .90  (q., H t ,  H1,) 
4.97 (o., He, He,) 
5.47 (Ha, H4,) 
5.82 (Ha, Ha,) 

Non-mobile  spec t rum 

J2 ,3~5 
Je,3" = 2.5 

J i , 2  ~ 10.5 

CC14 
Non-mobi le  
spec t rum 
persists  
to  - - 8 0  ~ 

Inner Outer 

protons protons 

< - - 1 . 5 5  ca. 4 .8--5.8  
(presumably  
ca. - -7 )  

Inferred 
f rom R.T. 
spec t rum 

81,90) 

29,82, 
S6) 

* The  following abbrevia t ions  will be used in Tables t h r o u g h o u t  this  t ex t :  

s. ~ singlet 
d. - -  double t  
d.d. - -  double double t  
t. -- t r iplet  
q. - -  qua r t e t  
quin. - -  qu in te t  
o. -- octet 
m. -- mult ip le t  
b. -- broad band 
c. - -  complex 
1H - -  area corresponding to one p ro ton :  similarly for 2H, etc. 
h.h.w. - -  wid th  of peak  a t  half  he ight  
R.T. - -  r oom t empera tu re  
T H F  - -  t e t r ahyd ro fu ran  
DMSO - -  d imethylsulphoxide  
]:)ME - -  d ime thoxye thane  
T F A  - -  trifluoroaeetic acid 

1 3 4  



Table 4 (continued) 

N.M.R. Spectra of the Annulenes 

Compound Chemical shifts (v) Coupling Solvent, 
constants temperature 
(Hz) 

Ref. 

H4 Hs 
3 

5-Bromo-l,9-didehydro- 
[12]annuleue 

--6.4 (HI) 

4.6--5.7 (all other 
protons) 

J1,2m9.4 CC14 
J~,am 10.2 R.T. 

82) 

H H 
4 

1,5,9-Tridehydro- [14] - 
annulene 

Inner 
protons 

14.96 (I H) 

Outer 
protons 

0.53--0.81 
(2H, m.) 

1.46--1.92 
(SH, ~.) 

CC14 

R.T. 

66,85) 

H z Hz 
f 

1,8-Didehydro-[14]- 
annulene 

Inner Outer J2,3 = 13.3 
protons protons 

15.48 (t.,Ha) 0.36 (q., H2) J1,2=8.0 

1.46 (d., HI) 

CDClaR.T. 
Spectrum 
unchanged 
to 100 ~ 

66,87, 
9o) 
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Table 4 (continued) 

Compound Chemical shifts (7:) Coupling 
constants 
(Hz) 

Solvent, 
temperature 

l~ef. 

H H 

6 

1,7-Didehydro-[14]- 
annulene 

Inner Outer 
protons protons 

10.7 1.4--2.7 
(2H, d.d.) (8H, c.) 

CC14 

R.T. 

66,90) 

H H 

H 3 ~ H 3  

HI~y~H2 H2~HI 

tt H 
7 

Monodehydro-[14Jannulene 
"Stable conformer" g) 

Inner Outer 
protons protons 

10.7 1.5--2.7 
(2H, d.d.) (10H, c.) 

J1,2 --- 14.8 

f s , 2  = 12.3 

CDCIs 
R.T. 

66,90, 
91,92) 

H H 

H H 

H H 

8 

Inner Outer 
protons protons 

10.6 1.6--2.6 
(2H, m.) (10H, c.) 

Monodehydro-[ 14]annulene. 
"Unstable conformer" s) 

CDCI3 
R.T. 

66,90) 
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N. M. R. Spectra of the Annulenes 

Compound Chemical shifts (v) Coupling Solvent, 
constants temperature 
(Hz) 

Ref. 

9 

Mobile spectrum 

4.42 (s.) 

Non-mobile spectrum 

Inner Outer 
protons protons 

CDCi 3 66,90, 
ca. 40 ~ 91,93, 

95) 

[14]Annulene. 10.0 (4H, 2.4 (10H, 
"Isomer A".  H1 and H4 h.h.w., h.h.w., 
above Ha and Hi1. g) ca. 25 Hz) ca. 40 Hz) 

CDC13 
- -60  ~ 

68,90, 
93,95) 

10 

[14]Annulene. 
"Isomer B".  H1 and H6 
above H 4 and H u .  g) 

Mobile spectrum 

3.93 (s.) 

CDCI3 63,90, 
c a .  40 ~ 91,93, 

95) 

H 4 I ~ I ~ H a  

11 

1,3,9-Tridehydro-[16]- 
aIll]nlene 
(one of the four possible 
conformers). 

Mobile spectrum b) 

0.8 Co., H3, He) 

1.5 (~., H4) 
2.65 (d.d., H7) 
3.95 (&&, H2 or Hg) 
4.30 (d.&, H9 or H2) 
4.55 (d.d., H5) 
5,0--5.4 (c., H1, H6, H10) 

J,~,8 = 15 
J l , ~ =  II  
J9,1o = 11 
J2,3 = 8 or 9 
J g , a - - 9  or 8 
J5,6 = 11 
J5,4 ~" 8.5 
J0,7----2.5 

acetoile_d6 98,99, 
35 ~ loo) 
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Table 4 (continued) 

Compound Chemical shifts (v) Coupling 
constants 
(Hz) 

Solvent, 
temperature 

Ref. 

11 

(continued) 

Non-mobile spectrum b) 

--3.60 (0.4H, d.d., H3int 
or H 4int) 

--3.05 (0.4H, d.d., Hsmt) 

---2.00 (0.6H, d.d., Hsint 
or H41nt) 

1.10 (0.6H, d., HTint ) 
2.40 (0.6H, d.d., 

H8ext) 
3 . 5 4 . 6  (7.5H, c., 

H3ext, H4ext, H7ext) 

J7,8 : 15 

J8ext,9 : 5 

Jslnt,9 = 12 

acetone-de 

--75oC 

98) 

It 1 FI~ 

H 2 H~ 

/ - -  \ 
H I H1 

12 

1,9-Didehydro-[16]annu- 
lene (no conformation 
implied). 

Mobile spectrum c) 

2.12 (q., Hs, Ha') 
4.12 (o., H2, H2') 
4.73 (d., H b  HI')  

Non-mobile spectrum 

Inner Outer 
protons protons 

0.2 (2H) 3.92---4.55 
(10H) 

acetone-d 6 
37 ~ 

acetone-de 
- -80  ~ 

66,98) 

66,98) 

I-I~ Hs H. 

H4 ~ H9 

H2- ~ --3--7 HI~ ]~Hl l  

Hx H~ 
13 

1,3-Didehydro-[16Jannu- 
lene (one of the four 
possible conformers). 

Non-mobile spectrumb) 

--3.05 (d.d., HT) 
--0.53 (d.d., H a or HI0) 
--0.48 (d.d., H3 or H1O) 

1.8 (d d., Ha) 
1.87 (,i.d., Hg) 
4.42 (d.d., H2 or Hll)  
4.55 (d.d., H 2 or Hll)  

~4 .8  (d.d., Hs) 
~4 .8  (d.d., Ha) 

5.25 (d.d., Hs) 
5.50 (d., H: ,  HI2 ) 

J 7 , 8  = 15.8 
J7,6 = 11 

J4,3 = 15.5 
J 4 , 5 = 8  
Jg,10 = 15.5 
Jg,s = 9 

J 5 , 6 =  11 
]5,4 = 8 

acetone-de 
0 ~ 

98) 
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N. M. R. Spectra of the Annulenes 

Compound Chemical shifts (v) Coupling Solvent, 
constants temperature 
(Hz) 

Ref. 

Mobile spectrum 
H H H ~  3.30 (s.) 

(also quoted at 3.27 in 
H H CC14 90)) 
H H 

Non-mobile spectrum 

Inner Outer 
protons protons 

14 

[16]Annulene 
(One of the two configura- 
tions in equilibrium in 
solution.) 

--0.32 4.8 
(~4H, t.) (~12H, m.) 

cs2/  
CD2C12 

30 ~ 66,99, 
103) 

C52/ 1o8, 

CDsCI2 104) 

--120~ 

IS 

2.98 (s.) 

1,3,7.9,13,15-Hexadehydro- 
[18]annulene. 

CC14 80) 

Inner 
Hlb H2b protons 

t l a a ~ H o  tt/sb ~ 7.80 (q.) 

. . . . .  

Hz a Hs a 
16 

1,3,7,13-Te tradehydro- [ 18] - 
anrmlene (one of the/our  
possible structures). 

Outer 
protons 

3.0--3.5 
(m., Hla, 
Hlb) 
2.2--3.0 
(m., H4a, 
S4b, H5a, 
Hsb) 
2.03 (q., 
H2a, H2b) 

3r3,4 ~ 15 
J3,2 = 12 
J1,2 ~ lO 

CC14 107) 
60 ~ 
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Table 4 (continued) 

Compound Chemical shifts (v) Coupling Solvent, 
constants temperature 
(Hz) 

Ref. 

C H a ' C H a  

I I 
CH CH 3 

H 2 H 2" 

17 

1,5,10,14-Tetramethyl-6,8,- 
15,17-tetradehydro-[18] - 
annulene. 

Inner Outer CH3 J1,2 ~--- 16 THF---d8 
protons protons 

(t., Hi)  (d., H~) (s.) 

13.66 0.10 6.65 - -60  ~ 

15.24 0.34 7.42 22.5 ~ 

14.99 0.44 7.78 64 ~ 

108) 

H4 

H2 
nl H 4 

18  

1,7,13-Tridehydro-[18]- 
annulene, isomer I. 

Inner Outer 
protons protons 

8.26 (d.d., 2.98 (d.d., 
H3) HI) 

2.44 (d.d., 
Ha) 
1.9o (a.d., 
n2) 

J3,4 = 15 CDCI 3 
60 ~ 

J 2 , a =  12.2 Spectrum 
esssentially 

J 1 , 2 =  10.0 unchanged 
at 150 ~ 

66,90, 
91,107) 

/ - -  \ 
H H z 

19 

1,7,13-Tridehydro-[18]- 
annulene, isomer I I  

Inner Outer 
protons protons 

8.17 (2H, q.) 1.7----3.1 
(9H, c.) 

8.28 (IH, q.) 

Ja,2 = 12 cc14 
J3,4~- 15 6 0 ~  

66,90, 
107) 
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N.M.R. Spectra of the Annulenes 

Compound Chemical shifts (v) Coupling Solvent, 
constants temperature 
(Hz) 

Ref. 

NO2 
20 

3-Nitro-l,7,13-tridehydro- 
[18]annulene 

Inner Outer 
protons protons 

8.4--9.2 0.64 
(SH, ~.) (a., H2) 

1.6---8.0 
7H, c.) 

J2 ,3= 12 CDCls 111) 

Mobile spectrum 
4.55 (s., h.h.w, ca. 5 Hz) 

H H 
H ~ ~ H H  Non-mobile spectrum 

Inner Outer 
H H protons protons 
H H (6H, quirt.) (12H, q.) 

12.26 0.97 
H H 12.49 0.89 

21 

[18]Annulene 

THF-ds 60,9o, 
110 ~ 95) 

THF-ds 
OoC 

--20~ 

12.75 0.80 --40 ~ 
12.99 0.72 --60~ 

14.22 0.75 toluene-de, 101) 
--60oC 

22 

Nitro-[18]annulene 

Mobile spectrum 

1.4--2.0 (4.7H, b.) 
6.7 (12.3H, b.) 

Non-mobile spectrum 

Inner Outer 
protons protons 

toluene-de 
100~ 

13.0--14,0 --0.5--0.7 
(6H, c.) (llH, c.) 

THF-ds 
--70 ~ 

111) 
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Table 4 (continued) 

Compound Chemical shifts (v) Coupling 
constants 
(Hz) 

Solvent, 
temperature 

Ref. 

COCHa Non-mobile spectrum 

O Inner Outer 
protons protons 

12.3--13.3 0.0--1.3 
(6H, c.) (llH, c.) 

23 6.55 (s., CHa) 
Acetyl-[ 18] annulene 

CDC13 
--60 ~ 

ill) 

Mobile spectrum e) 
1.60 (m., Hm HS') 

H~" tt I 2.55 (m., Ha, H4") 
_ ~ ~  4.32 (m., Hs, Hs,) 

Hi H2 4.91 (m., HI, HI') 
H' ff-~-s H./~'-H 3 

4 ~  H~ ]~tt~ Non-mobile spectrum 
H3 ~ 4 Inner Outer 

: 2 protons protons H 
H~ 24 H~ --1.6 (2H, 4.40 (a., 

b., Ha,) H~, H~,, 
Hm H4") 

1,11-Didehydro-[20]- .---0.45 4.93 
annulene (2H, b., H4) (c., H1, Hi') 

THF-d8 
37 ~ 

THF-d8 
--80 ~ 

6s) 

/fi___•N 1 ] I - I  Non-mobile spectrum 
3 

~ N  _ _ _ H ? H  ~ Inner Outer 
protons protons 

1.60 4.40--5.02 
(4H, d.d.) (12H, c.) 

- -  (See Ref. 91) for shifts in 
25 CDCla) 

1,7,13,19-Tetradehydro- 
[24] annulene. 

J1,2 --- 15.5 
J2,3 = 11.0 

toluene-d8 
37 ~ 
Spectrum 
essentially 
unchanged 
at 150 ~ 

66,91) 
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N.M.R. Spectra of the Annulenes 

Compound Chemical shifts ('r) Coupling Solvent, 
constants temperature 
(Hz) 

Ref. 

Mobile spectrum t) 

2.75 (s.) THF-d9 iiv) 
40 ~ 

Non-mobile Spectrum 

Inner Outer 
protons protons 

--2.9--1.2 5.27 (b.) 
(b.) 

26 
Intensity Ratio 
1:1.86 

[24]Annulene (one of the 
two most likely conforma- 
tions). 

THF-ds 
--80 ~ 

2.0--4.5 CDC13 or 

i ~  {very broad m.) acetone-d6 
R.T. 

Spectrum 
unchanged 
on cooling 
to --60 ~ 

27 

Tridehydro-[26] annulene 
(one of many possible 
structures). 

il8) 

a) The validity of this analysis has recently been questioned 98). In acetone-d6 these 
chemical shifts occur at v --1.18, 4,84, 5.32, and 5.73 resp. 66). 

b) Assignments based on frequency-swept double-irradiation experiments 98). 
e) In CCla these chemical shifts occur at z 2.25, 4.35 and 4.93, resp. 90,92). 
d) These assignments based on the assignment of the 15 Hz coupling to the H3, H4 inter- 

action 91) 
e) Assignments based on decoupling experiments 66). 
t) The chemical shift in CDCI3 at 40 ~ is v 2.78 ilT) (e.f. that reported in Ref. 65) and 9i) 

wh/ch is erroneous). 
g) See also Addendum, p. 208. 
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Thus, the quartet at �9 --0.90 [H(1), H(I ')]  could be considered as the 
average of a very low field signal at about ~ --7, and a higher field 
signal within the range of -r 4.8 to 5.8. In this system long range shielding 
by the two triple bonds would augment the contribution of the para- 
magnetic ring current to the downfield shift of the inner proton(s). 

The n.m.r ,  of a substituted derivative, 5-bromo-l,fl-didehydro- 
[12]annulene sg~, 3, (see Table 4) bears out this prediction. This com- 
pound can be considered as a prototype for a frozen conformer of 2, 
because the large bromine atom will strongly prefer the outer position 
and only one conformer will be significantly populated. Thus, the one 
proton on the trans double bond is held in an inner position, and it is seen 
to resonate well within the predicted range (~ --6.4). The magnitude and 
direction of this effect indicates the presence of an induced paramagnetic 
current in 3, and, by  analogy, in the parent compound 2 (the long range 
shielding effect of the triple bonds still remains an unknown factor). The 
coupling constant between protons 1 and 2 in 3 (see Table 4) has a value 
of about 9.4 Hz. In the unsubsti tuted compound 2 the averaged value 
of J1,2 and .]v,2" is 5 Hz. If J l ' ,2 '  is assigned a value of about 9 Hz by  
analogy with J l ,~  in 3, J l ,~  must then be of the order of 1 I-Iz. This 
very low value no doubt reflects a substantial deviation from plan- 
ari ty in 1,5-didehydro-[12Jannulene. Nevertheless, the mobile, room 
temperature spectrum of 2 in itself indicates that  2 is anti-aromatic, as 
the protons fixed in an outer position resonate in a region which is 
not aromatic, but  which is shifted upfield relative to typical cyclic 
mono-olefins s~). 

The parent hydrocarbon of this series, [12]annulene, 10, is probably 
still unknown*, a fact which presumably reflects the unfavorable steric 
interactions ~1) of the three internal hydrogens in such a molecule 81, 
83,84). 

lO 

The [14~annulenes are within the Hiickel criterion for aromaticity 
(n = 2) and a diamagnetic ring current is expected; the spectrum of each 
compound so far investigated in this series tends to verify such a predic- 
tion (although a variety of temperature conditions are required to obtain 
satisfactory non-mobile spectra). 

* T h e  p r epa ra t i on  a n d  an  n . m . r ,  s t u d y  h a v e  now been  repor t ed  (see A d d e n d u m ,  
p. 208). 
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At room temperature 1,5,9-tridehydro-[14]annulene 85,66), 4, (see 
Table 4) shows a large shielding of its one inner proton (7 14.96) and a 
deshielding of the seven outer protons (v 0.53 to 1.92). 

1,8-Didehydro-[14~annulene 86,87), 5, (see Table 4) is unusual in that  
no conventional formula of alternating single and double or triple bonds 
can be written to represent its structure. Rather it is best represented by 
the resonance hybrid given in Table 4, which encompasses such cumulene- 
containing canonical forms as ]]a and 11b. X-ray analysis sT,ss) has 

11a llb 

indicated that  the molecule is planar, despite the close approach of the 
two internal hydrogens which a planar structure implies. The n.m.r,  is 
typically aromatic; the two inner protons resonate at 7 15.48 (the most 
shielded of the annulenes) while the outer protons are strongly deshielded 
(7 0.36 to 1.46) k). 

A positional isomer of 5, 1,7-didehydro-[14]annulene 66,9o% 6, (see 
Table 4) also exhibits chemical shifts characteristic of an aromatic 
compound, the inner protons (7 10.7) and the outer protons (T 1.4 to 
2.7) covering a somewhat narrower range (9.3 ppm) than the IS ppm 
separation observed for 5. 

Monodehydro-[14]annulene (see Table 4) appears to be isolable in at 
least two forms, one being called the "stable conformer" ss,ss,91,92), 7, 
and the other the "unstable conformer" 66,9o% 8, which changes to 7 on 
standing. Two possible structures for 7,12 a and 72 b, have been considered, 

H H H H 

H ~  . ---- .I H H ~ I H  
H H 

H - -  H H ~ - - ~  
H 

H H H H 
12a 12& 

although the unsymmetrical structure 12b appears less likely from 
the preliminary X-ray crystallographic analysis 6B). N.m.r.  integration 
has shown that  the both 7 and 8 contain four cis and two trans double 

k) For the n . m . r ,  spectra  of  the  3-nitro and the  3 - m o n o m e t h y l - s u l p h o n a t e  of  5, 
see Ref. 89). 
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bonds but  the structures represented in Table 4 have not been unequi- 
vocally established (see however Addendum, p. 209). Both conformers 
have similar spectra, the two inner protons resonating at a b o u t ,  10.7 
and the seven outer protons in the range -~ 1.5 to 2.71). 

When the n.m.r ,  of [141annulene sd) was first investigated 91,92) it 
was seen to consist at 40 ~ of two singlets at -~ 3.93 and �9 4.42, in a 
ratio of approximately 1:6. Subsequently it became apparent 98) that  
each of these singlets represented the mobile spectrum of a distinct 
isomer of [14]annulene. These isomers differ simply in the spatial position 
of the four inner protons relative to each other, a phenomenon which is 
possible because the carbon skeleton is not perfectly planar 94,71). The 
two isomers 9 and 10 can be separated by  thin layer chromatography on 
Kieselgel G coated with silver nitrate, but  solutions of either isomer 
rapidly convert to an equilibrium mixture, the composition of which is 
dependent on temperature 9~). Crystalline [14~annulene s6) appears to 
consist mainly of "'Isomer A", 9, the n. m.r. of flesh solutions showing 
virtually only a singlet at -~ 4.42. That  this more plentiful isomer is the 
one represented as 9 in Table 4 is suggested by  the X-ray s tudy at room 
temperature which indicates a centrosymmetric molecule 94) (allowing 
for a molecular packing disorder). 

When flesh solutions of Isomer A are cooled 95) the spectrum under- 
goes marked changes. The singlet at �9 4.42 broadens until at --30 ~ it 
can no longer be seen. At --60 ~ the presence of two new peaks at �9 10.0 
a n d ,  2.4 represents the non-mobile spectrum, the peaks being assigned 
to the four inner protons and the ten outer protons, respectively. In 
compliance with Htickel's rule Isomer A of E14]annulene thus has a non- 
mobile spectrum typical of an aromatic compound, despite the lack of 
perfect planarity. The spectrum of Isomer 13, however, is unchanged on 
cooling to --60 ~ except for a slight broadening of the singlet at -~ 3.93 
66). I t  is to be expected that  the non-mobile spectrum could be eventually 
observed at lower temperatures (for further conclusions concerning these 
isomers see Addendum, p. 209). 

In the [16]annulene series, those compounds examined show typi- 
cally anti-aromatic spectra in agreement with the prediction for 4nr~ 
systems (n =4) .  

1,3,9-Tridehydro-[16]annulene 96,97) 11, (see Table 4) shows a very  
complex spectrum at room temperature 98-100). The assignments as 
shown in Table 4 were aided by  frequency swept double irradiation ex- 
periments. There exist in this molecule two trans double bonds, rotation 
of each of which could lead to four conformational isomers 73a-d of 11. 

1) Fo r  t h e  n . m . r ,  of a n i t ro  de r iva t ive  (unce r t a in  s t ruc ture )  a n d  of two a p p a r e n t  
r n o n o r n e t h y l s u l p h o n a t e s  of Inonodehydro- [14]annu lene ,  see Rcf .  89). 

146 



N.M.R. Spectra of the Annulenes 

At room temperature, rapid interconversion between these conformers 
prevents the observation of discrete bands corresponding to inner and 
outer protons. 

H 4 ~  Ha 

,3a  3,b 

13c 73d 

On cooling to --75 ~ the interconversion between different con- 
formers is effectively "frozen out" (on the n.m.r,  time scale). At this 
temperature the n.m.r ,  consists of a superposition of the non-mobile 
spectra arising from the conformers 73a-d 9sL From a consideration of 
the integration, and again with the help of double irradiation experi~ 
ments, assignments can be made. These assignments lead to the con- 
clusion that  the conformers having H(7) in an internal position (13a and 
73b) are slightly preferred to those in which I-1(7) is in an external position 
(13c and 13d). No conclusion can yet be reached about the favoured con- 
formation of the other trans double bond. 

There is a further interesting facet of the double irradiation ex- 
periments performed on the mixture of conformers at --75 ~ If H(8) 
in its external environment (, 2.40) is irradiated, the signal correspond- 
ing to the internal 11(8) (T --3.05) disappears. A similar result has been 
noticed for [18]annulene lO1~. This phenomenon arises because the ir- 
radiated protons exchange to the alternative environment before relaxa- 
tion is coml~lete. Thus chemical exchange occurs before equilibrium mag- 
netization is restored, and transfer of saturation results x02~. In this 
particular case, the disappearance of the signal a t ,  --3.05 supports the 
assignment that  the signals at , 2.40 a n d ,  --3.05 are due to the same 
proton in different sites. 

The large difference in the chemical shifts of 11(7) (-~ 1.10) and H(8) 
(-; --3.05) in their internal environments has been attributed to long 
range stfielding by the lone triple bond. However, this must be incorrect 
as the analogous difference for the ,t- and cis-~-protons in vinyl acetylene 
is predicted to be only 0.15 ppm 49~. Furthermore, planar models indicate 
that  H(7) should be more deshielded by the di-yne system than 11(8). 
I t  may well be that  the observed shift of H(7) represents greater non- 
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planarity in that  conformation (73a or b). This is supported by the rather 
low value (5 Hz) for Js,9 in this conformer. 

The room temperature spectrum 66,9o,9s) of 1,9-didehydro-[16]- 
annulene 96), 12 (see Table 4), again is of the mobile type, and again the 
magnetic equivalence of various sets of protons is brought about by the 
rapid rotation of each of the two trans double bonds present in this mole- 
cule. At --80 ~ the interconversion is slowed down sufficiently for the 
observation of distinct environments for the two inner protons (-~ 0.2) 
and the ten outer protons (~ 3.92 to 4.55). These chemical shifts are 
in the regions expected for a molecule possessing a paramagnetic ring 
current. 

The rapid rotation of these bonds should give rise to two non- 
identical conformers, 14a and b 9s). In fact it has not yet been possible 
to determine the relative importance of these conformers, as the spectrum 
of this molecule at --80 ~ shows little of the fine structure which made 
possible the conformational analysis of 11. 

14a 14b 

For 1,3-didehydro-[16]annulene 96), 13 (see Table 4), analogous in- 
terconversion between non-equivalent conformers occurs. The n.m.r .  
spectrum 9s) was investigated at 0~ as the compound is very unstable. 
Double irradiation again aided in the interpretation of this spectrum. 
At this temperature it appears that  rotation of only two of the three 
double bonds occurs, leading to four possible conformers, 75a-d 9s). Thus 

H8 

H4 H4 lo 

15a 15b 

H8 

H3 I~ lo 

15c 75d 
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H(7) is held in an inner position, and resonantes a t ,  --3.05 whilst H(8), 
attached to the same trans double bond, resonates at approximately 

4.8. Using these two chemical shift values as standards, it can be in- 
ferred that  H(3) and H(10) (, --0.53 to --0.48) occupy an inner position 
for about two-thirds of the time, and thus H(4) and H(9) (T 1.8 to 1.87) 
occupy an outer position preferentially. 

On cooling, changes occur which can be at tr ibuted to the slowing 
down of the interchange between H(3) and H(4) and between H(9) and 
H(10). However, no further information concerning the relative con- 
tributions of the four possible conformers has been obtained. 

In considering the interconversion between non-equivalent con- 
formers in 11, 12 and 13, only planar forms have been discussed, and the 
large shifts observed between inner and outer protons for each of these 
compounds would justify this assumption, at least as a first approxima- 
tion. In each ease the low chemical shift of the inner protons and the 
upfield shift of the outer protons is consistent with the prediction of 
anti-aromaticity. 

The parent annulene of this series, [16]annulene 96.97,103), 14 (see 
Table 4) shows a singlet s6) at room temperature at about ~ 3.30. As 
predicted 291 this spectrum changes to the non-mobile type at low 
temperatures 103). Thus, at --120 ~ the inner protons appear at a very 
low field (-: --0.32), and the outer protons at -c 4.8. 

A quantitative analysis 1047 of the n.m.r ,  spectra of [161annulene 
between 0 ~ and --150 ~ (in carbon disulphide/perdeuteriotetrahydro- 
furan) has yielded the result that  in solution a dynamic equilibrium 
exists between two configurations of the compound I6a and 16b probably 
via other intermediate conformations. 

Considering planar molecules (although X-ray studies 105) have in- 
dicated that  such a simplification is not necessarily justified) the ob- 
servation of a singlet at 30 ~ can be interpreted as being due to three 
rapid processes whereby all protons become equivalent 108,104). Thus, 
interconversion between 76a and 16b, (rapid above --57 ~ rotation 
of the trans double bonds (conformational isomerism) and movement of 
the r: bonds (valence isomerism) combine to allow each proton to ex- 
perience the same environment (see Fig. 5). At lower temperatures 
(--67 ~ interconversion between the two configurations 16a and 16b 
is frozen out, and a signal due to each is observed. Broadening of the 
singlet at �9 3.63 heralds the slowing of the bond rotations in lga, whereas 
a sharp singlet at  �9 2.93 at tr ibuted to 16b indicates that  the intercon- 
versions in this system are more rapid than those in 16a. At --83 ~ 
the 16b signal also broadens noticeably, and at very  low temperatures 
(--130 ~ the bond rotations in both 16a and 16b are frozen out, and 
discrete bands due to inner and outer protons can be observed. That  
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N. M. R. Spectra of the Annulenes 

most of the (still broadened) inner and outer proton signals of 16b 
are hidden beneath the well-defined bands of 16a at this temperature,  
and that  76a is three times as prevalent as 76b accounts for the 
earlier assumption *that /da was the only configuration present in 
solution TM) 103). 

The [18]annulenes are a Hiickel system, having (4n + 2) re-electrons, 
where n = 4. Furthermore,  the ring size is now such tha t  the crowding 
of internal hydrogen atoms should not be severe enough to cause sub- 
stantial distortions from planarity. On these two grounds, then, diamag- 
netic ring currents should cause typically aromatic spectra, and each 
member  of this series so far investigated amply  substantiates this predic- 
tion. 

1,3,7,9,13,15-Hexadehydro-[18Jannulene so) 15, (see Table 4) pos- 
sesses no inner protons and the six equivalent outer protons resonate at 

2.98. This represents a downfield shift of over 1 ppm from a model 
compound, cis-hex-3-ene-l,5-diyne, 9, (~4.11). This model compound 
also served to clarify the interpretation of the singlet at  �9 5.55 in the 
case of 1,5,9-tridehydro-E12]annulene, 1, a molecule for which aromatici ty  
is not predicted. The downfield shift of 15 and the upfield shift of 1 from 
the acyclic model can then be at t r ibuted to a diamagnetic ring current 
in 15 and a paramagnetic ring current in 1. 

The outer protons of 1,3,7,13-tetradehydro-[18]annulene i0~), 16, 
(see Table 4) resonate in a range encompassing the chemical shift of the 
hexadehydro-[18]annulene, and, as expected, the two inner protons of 
this compound are shielded, and absorb as two quartets at  v 7.66 and 
-r 7.80. The structure given in Table 4 is the most likely 10T) of the four 
structures possible n} for a tetradehydro-[18]annulene containing three 
cis and two trans double bonds. 

1,5, I0,14-Tetramethyl-6,8,15,17-tetrahydro-[ 18]annulene 10s), 17, is 
an interesting system for several reasons. I t  cannot be represented by  a 
conventional formula of conjugated double and triple bonds (c.f. 1,8- 
didehydro-[14]annulene, 5) and the equivalence of its four outer protons 
(~ 0.34 doublet) and its two inner protons (v 15.24, triplet) shows tha t  
it is best represented as the symmetrical  structure shown in Table 4. 
Such a structure can be thought of as representing the resonance hybrid 
of the two Kekul6 structures 17a and 17b. 

m) Studies of the temperature-deperxdent spectra of two substituted [16]annulenes 
have also been described 108). 

n) The four structures are possible because the two cis/trans butadiene units can 
each be incorporated into the ring in two ways. This degeneracy is inherent in 
the preparation by oxidative coupling of 1,5-hexadiyne and subsequent pro- 
totropic rearrangement 107). 
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C H s ~ ~ - C H s  

I I 

C CH3 

CH3~C~3 

CH 3 CH~ 

?7b 

This non-mobile spectrum is clearly indicative of an aromatic com- 
pound, and the various protons retain their separate "identities" over 
a temperature range of --60 ~ to + 64 ~ However, the actual chemical 
shifts of each of the three types of protons (inner, outer, and methyl) 
are temperature dependent. Thus the inner protons are shifted upfield 
with decreasing temperature while both tile outer H(2) protons and the 
methyl protons are shifted downfield. If the difference in chemicM shifts 
between inner and outer protons is an index of the magnitude of the ring 
current, it would appear tha t  the ring current increases with decreasing 
temperature. Such a phenomenon has been observed for [18]annulene 90, 
954 21, and agrees with the fmding in that  case 109) that  the displacement 
of the atoms from the mean molecular plane decreases as the temperature 
is decreased. Such confirmatory data is not available in the present 
case, however. 

The possibility of varying the sequence of a given number of lrans 
and cis double bonds around a ring (within limits set by  the positions 
of the acetylene bonds) has been referred to for 1,3,7,13-tetradehydro- 
[18]annulene, 15. In the case of 1,7,13-tridehydro-[18]annulene 110) this 
phenomenon has lead to the isolation of two distinct isomers 10T) of this 
compound, isomer I, 18, and isomer II, 19 (see Table 4). 

The n.m.r ,  of isomer I 911 has been completely assigned, and it in- 
dicates that  the inner protons resonate at high fields (~ 8.26) and the 
outer protons are deshielded (v 1.90 to 2.98). The equivalence of the three 
inner protons and of the three sets of three outer protons requires the 
formulation of tile head-to-tail arrangement of the double bonds shown 
in Table 4. The spectrum is unchanged up to 150 ~ a consequence of 
the fact that  a rotation of one the trans double bonds would lead to a 
conformer in which one of the three inner protons suffer considerably 
increased steric interference. 

Examination of the spectrum of isomer II  shows non-equivalence 
of the inner protons, and tiffs compound must therefore be the isomer 
with a head-to-head linkage of two diene-yne units. 

Actually two of the three inner protons are magnetically equivalent 
and as this is not  implied in the structure of 19 it must be due to an ac- 
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cidental equivalence. Assignments to specific inner protons are not 
feasible as inspection of modcls reveals little difference in the immediate 
environments of these three protons. 19, like 18 exhibits a highfield 
chemical shift for the inner protons, and a deshielding of the outer protons 
in accord with its expected aromatic nature, as does the 3-nitro deriv- 
ative 111), 20, of isomer I. 

The n .m.r ,  investigation of [18Jannulene 11~), 21, (see Table 4) was 
originally quite difficult as no well defined bands were observed in most 
solvents 91,92). The difficulty arises because the room temperature  
n. m.r.  is an intermediate exchange case (somewhere between a mobile 
and non-mobile spectrum) and as a result the absorptions are so broad 
as to be almost unrecognizable. Thus the two very broad bands ob- 
servable in perdeuteriotetrahydrofuran at  room temperature  sharpen as 
the sample is cooled, until at  --60 ~ a well defined quintet at �9 12.99 
(six inner protons) and a quartet  at  �9 0.72 (twelve outer protons) are 
observable o). 

This non-mobile spectrum shows [18]annulene to be aromatic, a fact 
which follows from Hiickel's theory, together with the finding 118) tha t  
this molecule is almost planar, displacement of the carbon atoms from 
the mean plane being less than 0.1 A. Further  X- ray  crystallographic 
analysis 114) shows tha t  there is no bond alternation in this molecule, 
(but not all bonds are exactly the same length). 

On heating the sample to 110 ~ the bands coalesce to a singlet at  
-r indicating tha t  all protons are experiencing identical average 
environments, via the same processes which were discussed for [16]- 
annulene, 14. No mobile spectrum has been observed for any of the 
dehydro-E18]annulenes as one conformer predominates for each com- 
pound. 

There appears to be a further n .m.r ,  temperature  dependence for 
this system similar to tha t  noted for 17, in that  the separation between 
the inner and outer proton bands increases as the temperature  is lowered. 
Thus the separation at  --60 ~ (12.27 ppm) is larger than that  at --20 ~ 
(11.60 ppm) 9o.95). This can be accounted for in terms of an increased 
ring current at lower temperatures in agreement with the observation 
109) tha t  the molecule becomes more planar with decreasing temperature.  
The magnitude of this effect is larger than tha t  observed for 17, where 
the separation a t  --60 ~ (15.56 ppm) decreases to 15.30 ppm at --20 ~ 
108), perhaps indicating tha t  there is a greater tendency towards non- 
planari ty in [18]annulene at  room temperature.  

o) That the shifts reported 101) for this compound in perdeuteriotoluene are quite 
different (in particular the inner protons are shifted upfield to T 14.22) implies 
strong solvent/solute interactions in this system. 
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The low temperature spectra ill) of two substituted [18]annulenes, 
the nitro and the acetyl derivatives (22 and 23 resp.), are also indicative 
of aromatic compounds, as they show the characteristic shielding of the 
six inner protons and the deshielding of the eleven outer protons. On 
warming these solutions the spectra do not coalesce to a singlet, but  
rather seem to represent the coalescence of only some of the protons 
(c.f. the temperature-dependent spectra of some substituted [16]- 
annulenes lO~)). Thus, for 22 about five protons remain permanently in 
an external position (,  1.4 to 2.0, area 4.7) whilst the remaining twelve 
protons are averaging (~ 6.7, broad band, area 12.3). This can be ex- 
plained in terms of the three possible conformers of a mono-substituted 
[18]annulene, 18a-c 111). If R is a bulky group the conformer in which it 

R R 

H H 

H H 

H H 

18a 18b 18c 

occupies an internal position will be unfavourable. Thus, the five protons 
associated with R will not occupy an internal position, and these are the 
ones which continue to absorb in the low-field region as the temperature 
is raised. The high temperature spectra of 22 and 23, then, represent two 
interchanging conformers, 18b and 18c whereas for the unsnbsti tuted 
[18]annulene, 18 (R = H), all three conformers are possible and a singlet 
results. 

Of the various [20]annulenes prepared 115,ilO only one compound 
has as yet  been investigated by  n.m.r .  This is 1,11-didehydro-[20]- 
annulene, 24, whose n. m. r. 66) indicates the presence of a paramagnetic 
ring current. The room temperature spectrum is of the mobile type 
arising from the rotation of two pairs of trans double bonds, which leads 
to an averaged "symmetrical" molecule (a similar case was seen for 
1,9-didehydxo-[16]annulene, 12). When the bond rotation is "frozen out"  
at --80 ~ one sees the deshielded inner protons (~--1.60 to --0.48) 
and shielded outer protons (, 4.40 to 4.93) characteristic of an anti- 
aromatic compound. 

The [22]annulene series is predicted to be aromatic [(dn + 2) out-of- 
plane n-electrons, where n---- 5] and to be capable of sustaining a diamag- 
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netic ring current. However no (unbridged) compound in this series has 
yet  been prepared and the predictions remain untested. 

1,7,13,19-Tetradehydro-[24]annulene 11~ 91), 25, exhibits a spectrum 66) 
typical of an anti-aromatic compound, with its four equivalent inner 
protons absorbing at ~ 1.60, and the outer protons appearing upfield 
at �9 4.40 to 5.02. Heating to I50 ~ does not result in a mobile spectrum, 
presumably because rotation of any of the four trans double bonds 
would lead to a non-equivalent conformer having more severly hindered 
inner protons. In this regard 25 is similar to 1,7,13-tridehydro-[18]- 
annulene, 18. In fact, the rotation of a trans double bond adjacent to an 
acetylene seems to be generally unfavourable, the only example so far 
found being that  of 1,3,9-tridehydro-[16]annulene, 11 9s). 

[24]Annulene 11 ~), 26, the two most likely conformations of which are 
19a and 19b (containing three and four cis double bonds, respectively) 
exhibits a fairly broad singlet at "r 2.75 at room temperature 117). This 
arises from the type of averaging processess (bond rotations and bond 
isomerizations) seen in the case of [16]annulene 103). Consequently ~9) 
cooling to --80 ~ results in the observation of the non-averaged spec- 
t rum 117) (see Table 4) where the inner ring protons (~ --2.9 to --1.2) 
absorb downfield from the outer protons (,  5.27). This non-mobile spec- 
t rum shows [24]annulene to be anti-aromatic, but  the experimental 
integration of the two bands (1 : 1.86) does not distinguish between the 
two possible conformations (1:1.67 for 19a and 1:2.00 for 79b) and may 
even indicate the presence of a mixture of the two. 

79a 79b 

A tridehydro-[263annulene, 27, has been reported 118), but  the 
structure is only one of the many possible, as the positions of the triple 
bonds and the stereochemistry of the double bonds are as yet  undeter- 
mined. The n.m.r ,  consists of a very  broad multiplet at , 2 . 0  to 4.5, 
and on cooling to --60~ no discrete inner or outer proton resonances 
are observed. I t  is concluded that  this compound, although formally 
a Htickel ( 4n+2)  system, is not aromatic. As noted previously, the 
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Htickel criterion for aromatici ty becomes insufficient where bond alterna- 
tion is preferred 2e,7). The critical size which demarks the onset of bond 
alternation has been calculated 2e, and is expected to fall between [22]- 
and [26]-annulene. Hence among the (4n+2)7 :  annulenes, aromatic 
character is predicted for values of n ~< 5, whereas for n />  6 non-aromatic, 
or polyenic properties are expected. The results reported to date for 
(4n + 2) r: systems seem to be compatible with this prediction, as all of 
the n~<5 annulenes appear  to be aromatic, while a tridehydro-[26]- 
annulene (n = 6) does notP). The s tudy of the [22]annulene series (n = 5) 
will serve to demark more clearly the limit at  which bond alternation 
quenches the ring current. Preliminary studies of the n .m.r ,  of two 
compounds in the n = 7  series, viz. a pentadehydro-[30]annulene ll0) 
and a tridehydro-[30]annulene 11o, also indicate tha t  their ring size is 
above the bond-alternation limit, as they  both exhibit complex signals 
in much the same region (x 2.5 to 4.5) 66) as did 27. The isomeric pur i ty  of 
these last three compounds does not seem to have been unequivocally 
established, but  the observation that  all three are non-aromatic is prob- 
ably sound. In  the non-Htickel 4nn series, in every case where a non- 
mobile spectrum has been achieved, compounds having n = 3 to 6 have 
reflected the type of behaviour expected from compounds which sustain 
a paramagnetic  ring current ~9-31). 

Coupling constants in this series have proved useful in spectral 
assignment. Thus, the cis and trans coupling constants across formal 
double bonds fall in the expected ranges of 10 to 13 and 15 to 16 Hz, 
respectively. These values are somewhat reduced in cases where resonance 
is well developed. For example the o-coupling constant in benzene is 
7.7 Hz 119) and the cis and trans coupling constants in 1,8-didehydro- 
[14]annulene, 5, have value of 8.0 and 13.3 Hz, respectively. The coupling 
constants across formal single bonds will, of course, va ry  with the dihe- 
dral angles, and it is reasonable to suppose tha t  abnormally low values, 
such as encountered in 1,5-didehydro-[12]annulene, 2, and the conformers 
13a and 13b of 1,3,9-tridehydro-[16]annulene, 11, (see p. 147) reflect the 
degree of non-planari ty in such systems. 

Table 5 summarizes the chemical shifts of the unsubsti tuted com- 
pounds studied to date (excluding those three having ring sizes above that  
expected for bond alternation). The range of chemical shifts of inner 
protons for the (4 n + 2) ~ systems in Table 5 is ~ 7.66 to 15.48, whereas 

P) As was pointed out earlier, the difference in energy between the symmetrical 
and distorted configurations is expected to be rather small in this case, and by 
introducing three triple bonds into [26]annulene we may have prejudiced 27 
towards a bond alternation which would not necessarily be present in the parent 
compound. 
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Tab le  5. Chemical shif ts  and Hi~chel pari t ies  for  unsubst i tuted annulenes  and dehy- 
droannulenes 

Series C o m p o u n d  Chemica l  sh i f t s  (T) Hiickel  

I n n e r  O u t e r  p a r i t y  
p ro tons  p ro tons  

(4 n + 2)z,  n = 1 B enzene  2.734 + 

4 n z ,  n = 3 1 ,5 ,9-Tr idehydro-  5.55 - -  
[12]annulene  

1 ,5 -Didehydro- [12]a rmnlene  ca. - - 7  ca. 4.8 - -  

(4 n + 2)~, 1 ,5 ,9-Tr idehydro-  
n = 3 [14]annulene  

1 ,8-Didehydro- [14]armulene  

to  5.8 

14.96 0.53 + 
to  1.92 

15.48 0.36 + 
to  1.46 

10.7 1.4 + 
to  2.7 

10.7 1.5 + 
to  2.7 

10.6 1.6 + 
to  2.6 

ca. 10.0 ca. 2.4 + 

Non-mob i l e  s p e c t r u m  + (?) 
u n a c h i e v e d  

4 n~,  n = 4  

(4 n + 2)z,  
n = 4  

4 ~$~, ~$~--5 

4 n~z, ~ = 6  

1 ,7-Didehydro- [  14] a n n u l e n e  

Monodehydro- [14]  a n n u l e n e  
"S t ab l e  c o n f o r m e r "  

Monohydro-[14]  annu lene .  
" U n s t a b l e  c o n f o r m e r "  

[14]Annulene .  " I s o m e r  A "  

[14]AImulene.  " I s o m e r  B "  

1,3 ,9-Tr idehydro-  - - 3 . 6 0  2.40 - -  
[16]annulene  to  1.10 to  5.6 

1 ,9 -Didehydro- [16]annu lene  0.2 3.92 - -  
to  4,55 

1,3-Didehydro-[16]  a n n u l e n e  ---3 1.8 - -  
to --0.5 to 5.5 

[16]Annulene  - - 0 . 3 2  4.8 - -  

1 ,3 ,7 ,9 ,13 ,15-Hexadehydro-  2.98 + 
[18]annulene  

1 ,3 ,7 ,13-Te t radehydro-  7.66 2.03 + 
[18]annulene  to  7.80 to  3.5 

1 ,7 , I3 -Tr idehydro-  8.26 1.90 + 
[18]armulene,  i somer  I to  2.98 

1,7,13-Tridehydro-  8.17 1.7 + 
[18]annulene ,  i somer  I I  to  8.28 to  3.1 

[18]Annulene  12.99 0.72 -[- 

1 ,11-Didehydro-E20]armulene - - 1 . 6  to  4.0 to  - -  
---0.45 5.1 

1 ,7 ,13 ,19-Te t radehydro-  1.60 4.40 to  - -  
[24]annulene  5.02 

[24]Annulene  - - 2 . 9  to  5.27 - -  
- - 1 . 2  
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their outer protons appear in the range ~ 0.36 to 3.5. Conversely the 
4 nz~ systems show a relative deshielding of the inner protons (,  ca .  

--7 to 1.60), whilst their outer protons resonate at higher fields (~ 2.4 to 
s.8). 

In summary then, it appears that  all of the monocyclic, unbridged 
annulenes and dehydroannulenes so far investigated do indeed show the 
predicted behaviour with regard to "Hiickel aromaticity" (within the 
ring size limit). Throughout the s tudy of these compounds the question 
of steric interference of the inner protons has been an important one 
(as deviations from planarity are expected to quench the ring current to 
some degree). This consideration has not been critical in the large rings, 
but  becomes more severe with the smaller rings, and is a contributing 
cause in the difficulty experienced in isolating [12]annulene and [10]- 
annulene (see however Addendum, p. 208). 
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In the preceding section we have included those annulenes of general 
structural formula CnHn (n even) and their dehydro analogues. There 
are however, other compounds which are in the spirit of annulenes and to 
a greater or lesser extent fit within the purview of this review. These 
"quasi-annulenes" may conveniently be considered to fall into three 
subgroups. 

Perhaps the most important  class is comprised of those compounds 
which have come to be known as bridged annulenes. Many of these 
compounds bear formal analogy to cata-condensed benzenoid hydro- 
carbons with the exception that  any bond common to two or more ring 
systems is replaced by  a non-conjugating bridge group (hence retaining 
the concept of a single conjugated cycle of carbon atoms). In addition 
to the property of n-insulation expected of a bridge group, it is also 
expected that  the hybridization and bond lengths will be such that  the 
perimeter r:-system will, as far as possible, be able to assume its preferred, 
presumably planar configuration. For many of the compounds considered 
here it is obvious that  the bridging group does not interact electronically 
with the perimeter n-systems, and this observation may often be corro- 
borated by  spectral evidence. In less well defined cases, the decision to 
include a compound usually indicated that  bridge-perimeter interactions 
are expected to be minimal. However this assertion is not well founded 
in the case of some macrocycles discussed below (which also lie outside 
our stated aims in that  they contain some hetero-atoms in the path of 
conjugation), thus to some extent  the decision to include a particular 
compound reflects the authors' own emphasis. I t  should be stressed that  
the bridging group is not necessary to hold these molecules together, 
rather it is inserted to prevent the molecules from being drastically 
deformed by  the abuttal  of internal hydrogen atoms; thus the bridge 
absorbs the free valence created by the removal of the offending protons. 

In the second class we discuss the aromatic ions, which are of general 
+ 1") ~+ formula C(4~+t)H('4n+l) or C(dn+3)H(dn+3) ("Type and CanHan or 

2- 2") CdnHan ("Type . Although the HMO method does not strictly 
apply to charged species it has again qualitatively indicated the correct 
direction of investigation. All the ions possess a closed shell configuration 
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Bridged Annulenes 

with the n-electrons occupying low lying molecular orbitals. The n-energy 
levels for the singly charged species are somewhat analogous to those 
of the neutral aromatic annulenes (no anti-aromatic ions with unit charge 
have yet been studied by n.m.r.), and their shielding constants are 
expected to be subject to the same type of effects (in addition to the 
perturbations associated with the full charge they bear), hence their 
inclusion is mandatory. 

Of recent interest is the class known as homoaromatic compounds 
which contain one or more sp 8 hybridised carbon atoms in an otherwise 
conjugated cycle. These compounds apparently prefer to take up a 
conformation such that the conjugating segments of the molecule may 
overlap to some extent, thus "completing" the n-cycle, presumably 
in order to gain resonance stabilisation and efficient dispersal of charge 
(all the well authenticated examples of this phenomena bear a residual 
positive or negative charge). Naturally this homo-conjugation between 
segments wilI be characterised by a considerably smaller overlap integral 
than is normally appropriate for n bonds in carbocyclic systems. For 
efficient interaction of the conjugated segments, coplanarity and proxim- 
ity are at a premium and the unhappy methylenic carbon is forced to lie 
almost vertically above the "periphery" of any resulting cycle. Thus a 
convenient probe exists in these molecules and the resulting n.m.r. 
spectra are quite characteristic. 

1. Bridged Annulenes 

1On-Systems 

It has already been noted that planarityin di-trans-[lO]annulene (1, p. 112) 
is precluded by the overlap of the van der Waals radii of the two internal 
hydrogen atoms. Replacement of these two hydrogen atoms, by a bridg- 
ing methylene group, however, removes this steric inhibition, and the 
C10 skeleton might be expected to approach planarity. This interesting 
concept lead Vogel and his coworkers to synthesize a series of bridged 
10 and 14 n-electron systems, which in most cases have n.m.r, spectra 
typical of that expected for (4 n + 2)n annulene systems. 

When the parent compound of the bridged [10]annulene series, 
1,6-methano-[10]annulene 11,120), 28 (see Table 6), was first prepared, 
it was necessary to distinguish between three possible structures: a) the 
"double norcaradiene" structure 20, b) a rapidly fluctuating system (c.f. 
cyclooctatetraene), possibly proceeding through low equilibrium concen- 
trations of the double norcaradiene, 21, or c) a delocalized 10 n-electron 
system 22. 
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20 

21 

22 

The n.m.r ,  of this compound z1,~7,1~1) establishes the delocalized 
nature of the 10 n-electron system 22, and it can be rightly considered as 
a [10]annulene. Thus the eight peripheral hydrogens absorb not in a 
typically olefinic region (as would be expected for 20), but are deshielded 
(AA' BB' system centered at x 2.9) while the two protons of the bridging 
methylene are shielded (-~ 10.5). The double norcaradiene structure is 
further mitigated against by  a consideration of the 13C-H coupling 
constant for the bridging methylene group. This is 142 Hz, whereas a 
typical value for a CH2 group incorporated into a cyclopropane ring is 
160 Hz. That  the spectrum is unchanged from room temperature to 
--140 ~ 17) makes the rapid interconversion 21 very unlikely, and the 
C~v symmetry of the molecule, as reflected by  its n.m.r, spectrum, rules 
out the unlikely possibility of a structure with fixed double bond posi- 
tions. There is some coupling between the bridge protons and the four 
~-protons as shown by double irradiation experiments 1~1). Irradiation 
at the frequency of resonance of the r162 results, then, in a sharpen- 
ing of the methylene proton signals from a width at half height of 2.0 
Hz to 0.7 Hz. 

Consideration of 9,10-ethano-9,10-dihydronapththalene, 23 12~,123), 
a reasonable model for 20, further supports the delocalized nature of 
1,6-methano-[10]annulene. The AA'BB' system of olefinic protons in 23 

2 

~ ~ 4.50 (8 protons) 
r 7.45 (4 protons) 

5 

23 

J ~ , 3 = 9 . 7 1  Hz  
J3,4 = ,5.48 Hz  
J2 ,4  = 0.72 H z  
J 2 , 5  = 1 .09  H z  
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Table 6*. Bridged 10r~ systems 

Compound Chemical shifts Coupling Constants Solvent, Ref. 
(r) (Hz) temperature 

2.7274-0.001 (H2, H5) J 2 ,5 =  1.464-0.04 CC14 
Fllla,.c~Hllb 3 4 ~  3.051 4-0.001 (Hs, H4) J s , 4 =  9.19+0.04 (1M solu- 

10.5194-0.002 (Hll) J2,3 = 8.97 4- 0.03 tion) 
J3,5 = 0.02 i 0.03 R.T. 

5 
28 2.896• (H2, H5) ] 2 , 5 =  1.47-t-0.04 Neat 

3.1824-0.001 (Ha, H4) fa,4---= 8.97 4- 0.05 ca. 50 ~ 
10.4864-0.002 (H1i) J2,a=8.954-O.04 

1,6-Methano- Js,5 = 0.01 -q- 0.05 
[10]annulene 

J l  3o..H11 = 142 i2~ 

]Hl la ,  Erll b = 6.91 
-4- 0.26 a) 

131) 

CH 2 2.585 (H2, Hs) J2 , s=8 .85  
2.984 (H., rI,) : , . , = 9 . 4 3  

2 J2,r  
6.808 (CI-I 2) ]2,5-~ 1.32 

5 

CCI 4 13 5) 

11-Methylene- 1,6- 
methano- 
l10]annulene 

2.5414-0.001 (H2, Hs) ]9. ,~=1.13q-0.05 
2 2.7444-0.001 (Hs, Ha) J3 ,4=9.28  4-0.05 

J2,3 = 8.77 4- 0.04 
5 J2,4--= 0.28 -4- 0.03 

30 

1,6-Oxido- 
[lO]annulene 

CCla 121) 

* See footnote to Table 4, p. 134. 
a) Coupling constant inferred from compound monodeuterated in the bridge position x21). 
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Table 6 (continued) 

Compound Chemical shifts Coupling constants Solvent, Ref. 
(r) (Hz) temperature 

H 2.592 (H2, Hs) J2,3---- 8.82 
/ 2.889 (Hm H4) J3,4 ---- 9.31 

N 2 Js,4 = 0.06 ~ : ~ n.2 (~H) 15,5 = 1.so 

5 

31 

1,6-Imino- 
[10]annulene 

CC14 i~5) 

2.734 (Hs, Hs) J2,a=8.94 
~H3 2.997 (Hs, H4) Js,4---- 9.08 

z J~,4:0.11 
9.415 (CHa) J2 ,5 :1 .47 

5 
32 

N-Methyl- 1,6- 
imino- 
[ 10] annulene 

CC14 i85) 

2.80 (Hi, H4) f i , 2 =  4.2-4- 0,2 
2 3 

2.49 (H2, Ha) 
1 4 Js,e = 8.0 

2.14 (Hs, HT) 
s 2.41 (H6) 

33 

CCla i4s, 
149) 

Cycl[3,2,2Jazine 
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resonate at �9 4.5, and the bridging CH2 protons resonate as low as ~- 7.45. 
Thus the unusually low-field olefinic absorption and the high-field methy- 
lene absorption for 1,6-methano-[10]annulene arises from the presence 
of a diamagnetic ring current in this system. The fact that this molecule 
can be considered aromatic but that a stable unbridged [10]annulene is 
unknown demonstrates anew the profound effects which steric require- 
ments exert on the electronic nature of the ring. 

Various substituted 1,6-methano-[10]annulenes have been prepared 
and characterized, and in particular the n.m.r, of such compounds 
reflects their delocalized nature 17,x20,1~.4-1aT) (a~-complex formed from 
reaction of 1,6-methano-[10Jannulene with hexacarbonylchromium has 
also been characterized 128)). The X-ray crystallographic analysis 129) 
of the 2-carboxylic acid derivative 2~ shows the bridge angle to be 
99.6 ~ and thus that the C10 perimeter is even flatter than expected 
from molecular models. Furthermore, the ten perimeter bonds have 
lengths which vary over the narrow range 1.38 to 1.42 A, the values 
being typical of benzenoid aromatic bonds. This lack of appreciable 

COOH COOCH 3 

24 25 

bond alternation is also demonstrated by the similarity of the vicinal 
coupling constants J1,2 and J2,8 (see Table 6) 1~.1). 

The methyl ester of this compound, 25, has served to clarify the ques- 
tion as to whether the bridge can flip through the plane of the carbon 
perimeter in this series of compounds, as an optically active sample of 
25 would be racemized by such a flipping process. That optical activity 
is retained even up to 250 ~ shows the absence of bridge flipping in 25, 
and, by inference, in the unsubstituted compound 130). 

1,6-Methano-[10]annulene undergoes acid catalyzed deuteration to 
yield the ~-d4 compound 26, in which the AA'BB' system is now a 
singlet due to the remaining four ~-protons. The bridge proton singlet 
has sharpened, indicating (as did double irradiation experiments 121)) 

methylene proton 
10.5 (t.) 

J'rr,D = 1 . 0 6 - t - 0 . 0 4  H z .  
D D 

26 27 
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that a small a-proton to bridge proton coupling occurs in the undeute- 
rated parent hydrocarbon 17). The do, dl, and. d3 intermediate cases have 
also been prepared and studied 131~. 

The derivative, 27, mono-deuterated in the bridge position has been 
synthesized, and the observed geminal JH,D for this system of 1.06 Hz 
corresponds to a value for the geminal methylene coupling in the un- 
deuterated compound of 6.91 Hz. This value for a geminal coupling 
is similar to that observed for bridges in norbornene and benzonor- 
bornadiene and is substantially larger than the values for cyclopropane 
methylene groups 1217. 

The bridge protons of 1,6-methano-[10]annulene are formally allylic, 
but this position is unreactive. Such unreactivity is due to the fact that 
anypr~ orbital which might be formed at the bridge would be orthogonal 
to the ~bz orbitals of the perimeter n-system, and consequently would not 
be resonance stabilised. The study of bridge substituted compounds 
could only be undertaken by introducing substituents at an earlier stage 
of the synthesis 17) and, starting with l l-bromo-l,6-methano-[10]annu- 
lene, an extensive series of such derivatives have been prepared and 
studied 132-1:34). 

Of particular interest is l l-methylene-l,6-methano-[10]annulene 17, 
132,18s), 29 (see Table 6). The olefinic bridge protons are shifted to 
unusually high field (~ 6.8), reflecting substantial shielding by the 10 =- 
system. However, the parameters of the AA'BB' perimeter system remain 
similar to those of 1,6-methano-[10]annnlene, and the ultraviolet spectra 
of 28 and 29 are almost identical, indicating that the 10 =-electron system 
of 29 is not perturbed by interaction with the n-electron system of the 
bridge. The bridge methyl protons of l l-methyl-l,6-methano-[10]annu- 
lene 17), 28, also provide a probe for a shielding effect in the region above 
the 10 7:-electron system, and once again an upfield shift (~ I0.3) is 
observed ls6). 

v 10.3 (4 protons) 
v 3.1 (8protons) 

28 

A final sub-group within the bridged 10 =-electron systems includes 
those compounds bridged by heteroatoms. The synthesis and n.m.r. 
investigation of 1,6-oxido-[10]annulene 137-189,142) and many of its 
derivatives 17,1~5,13s,14o) have accordingly been executed. The n.m.r. 
spectrum 17,121~ of 1,6-oxido-[10]annulene itself (30, seeTable 6) consists 
of an AA'BB' system centered at ~ 2.65 (in CC14; also quoted at ~ 2.52 
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in CDCI8 138)), being shifted downfield by approximately 0.2 ppm from 
the 1,6-methano-[10]annulene. Definite assignments to the a- and ~- 
protons in the AA'BB' system cannot be made from a consideration of 
the coupling constants JA,A" and JB,B', since the calculated spectrum is 
insensitive to interchange of their values (1.1 and 9.3 Hz) 121). However, 
the spectrum of 1,6-oxido-[10]annulene-2,5,7,10-d4 establishes that  the 
less shielded protons are at the a-positions. This is in agreement with a 
prediction based on Pople's point dipole approximation 52) when applied 
in the same manner as for naphthalene 181) The u.v. spectrum of the 
oxido analogue 30 is almost identical to that  of the parent hydrocarbon 
28, implying no interaction between the lone pairs of electrons on oxygen 
and the 10 ~-electron system 139). The X-ray study of this compound 141) 
shows its perimeter to be more planar than that  of 1,6-methano-[10]- 
annulene-2-carboxylie acid, 24, with the eight proton-bearing carbons 
having a root mean square deviation from the mean plane of only 0.025 A, 
and the C(1) and. C(6) atoms being 0.35 ~ above this plane. The carbon- 
to-carbon bond lengths all lie within a typically aromatic range close to 
1.39/~. This lack of bond alternation is further manifest in the almost 
identical values of the 1,2 and 2,3 vieinal coupling constants (8.8 and. 
9.3 Hz, resp.) 121). 

The nitrogen bridged analogue, 1,6-imino-[ 10]annulene, 31 (seeTable6), 
also possesses an n.m.r, spectrum which reflects the delocalized nature of 
the 10 ~-electron system 143,135). The eight peripheral protons appear as 
an AA'BB' system centered a t ,  2.8, the C~v symmetry of the C10 peri- 
meter being the result of a rapid inversion of the nitrogen atom 135). 
Further indication of a diamagnetic current in 31 is the strong shielding 
of the imino proton which resonates at T 11.2, and again the u. v. spectrum 
adds proof that  the methylene, oxido and imino bridged [10]annulene 
compounds have very similar delocalized 10 r~-systems 143). 

Various N-substituted derivatives of 31 have been synthesized, and 
their n.m.r, spectra investigated 148,1a9). In particular the n.m.r, of the 
N-methyl compound 185), 32 (see Table 6), shows the shielding of the 
methyl protons (-~ 9.4) expected for a group situated above a delocalized 
10 rr system. That the methyl resonance is a sharp singlet, and 
that  the vinylic protons still appear as a symmetrical AA'BB' system 
necessitates a process by which the methyl group "sees" both sides of the 
molecule equivalently. This process could be a rapid inversion at the 
nitrogen 135,143) as is seen for 31. Alternatively, it has been suggested 144) 
that  the nitrogen is sp a hybridized and the methyl group is thereby held 
in a position symmetrical with respect to the two half-rings. Low tem- 
perature n.m.r, has not distinguished between these two possibilities, 
and experiments with asymmetrically substituted derivatives have, to 
date, proved inconclusive 135). 
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The spectral parameters of compounds 28 to 32 are all very  similar, 
and dramatic changes in the bridging group throughout the series do 
not significantly affect the perimeter coupling constants. The molecular 
geometry thus does not change much throughout the series 129,135,141). 
The bridging unit enables a fair degree of planarity to be attained and 
thus allows delocalization of the 10 r~-electrons to take place. Such planar, 
(4 n + 2) = systems (where n = 2) are expected, by  our earlier definition, 
to be aromatic in nature, and the n.m.r, spectra of these compounds 
have amply reflected the presence of a diamagnetic ring current in each 
case. Furthermore, the perimeter ortho coupling constants do not vary  
largely within each compound, indicating a strong tendency toward 
bond equalization throughout the series 65,121,129). 

Another Clo perimeter which becomes feasible with suitable bridging 
is the structure 29 possesssing three tra~s double bonds. In this case the 
unfavourable steric interaction of the three internal hydrogen atoms 

& 
29 

would be circumvented by replacing them with a trigonally hybridized 
bridging group, preferably one whose inclusion in the molecule will not 
perturb the peripheral =-system. Cycl[3,2,2]azine z45,146), 33 (see Table 6), 
where the system is bridged by  a nitrogen atom, appears to satisfy this 
condition. Calculations 147) have shown that  the extent  of delocalization 
into the perimeter =-system of the lone pair of electrons on nitrogen is 
small. That  the perimeter system of 33 can be considered as an annulene 
is seen by  its n.m.r, spectrum 148,149). 

Thus the protons resonate in the range ~ 2.1 to 2.8, which is typically 
aromatic. It  should be realized that  any delocalization of the nitrogen 
lone pair electrons will cause an upfield shift in the proton absorptions, 
and accordingly the low field resonances observed must reflect a substan- 
tial diamagnetic ring current. 

72re-Systems 

The next highest homolog of 33 is cyclE3,3,3]azine. This compound has 
been synthesized l~0) and shown to be a good model for the unknown 
[12]annulene, 30 (see however Addendum, p. 208), the three internal 
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& 
3O 

hydrogen atoms of which are replaced by a bridging trigonal nitrogen 
atom (34, see Table 7). Thus the protons absorb as an AeB system at 

6.35 and ~ 7.93 150). These remarkably high field shifts both reflect 
and magnify the trend noted for the unbridged dehydro-[12]annulenes. 
I t  should be noted that  these shifts cannot be accounted for solely in 
terms of a delocalization of the nitrogen lonepair electrons into the 
periphery of the ring, since they correspond to an electron density 
greater than that  which would result if the two electrons were totally 
distributed amongst these positions. 

Table 7 *. A bridged 127~ system 

Compound Chemical shifts Coupling constants Solvent Ref. 
(T) (Hz) 

3 4 6.35 (t., H2, HS, Hs) J l , ~ = c a .  8 bis(tri- is0) 
2r 7.93 (d., H1, H3, H4, methyl- 
1 ~ 6  He, HT, H0) silylether) 

8 

34 

Cycl[3,3,3]azine 

* See  f o o t n o t e  t o  T a b l e  4, p.  134. 

So it is that  the two cyclazines, 33 and 34, formally similar in 
structure, have n.m.r, spectra dominated by the ring currents which are 
surely present in their peripheral =-systems; a diamagnetic current in 
the case of the [10]annulene-like cycl[3,2,2]azine and a paramagnetic 
current in the [12]annulene-like cycl[3,3,3]azine. 

14=-Sys t ems  

In the bridged 14 =-electron systems, as in the 10 =-bridged compounds, 
there is the possibility of synthesizing molecules having different peri- 
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meter geometries. The pyrene-type perimeter 37 requires the involvement 
of four perimeter carbon atoms in bridging to eliminate the steric crowd- 
ing which four inner protons at these positions would introduce. Four 

31 32 

internal protons must also be replaced in a bridged [14]annulene having 
the anthracene-like perimeter 32; in this case two independent bridges 
could render the system almost planar. A perimeter of type 31 is that 
assigned to [14]annulene itself, which, it was seen, exists as two distinct 
conformers (9 and 10, see Table 4). These conformers arise because the 
four inner protons cannot be accommodated in one plane (see however 
Addendum, p. 209). The bridged [14]annulenes synthesized by Boekel- 
heide and coworkers possess this perimeter bridged by an internal 2,3- 
butano, 3,4-hexano, or 4,5-octano unit, and provide a clue to the nature 
of a (hypothetical) planar [14]annulene (see also Addendum, p. 209). 

Trans-15,I6-dimethyldihydropyrene 151,152), 35 (see Table 8), has 
perimeter protons which are well deshielded, appearing in a range of -~ 
1.33 to 1.86. Assignment of absorptions to particular protons is simplified 
by the study of 33, the 2,7-dideuterated derivative of 35 151,152). A 
multiplet centered at -~ 1.86 disappears on deuteration, and can thus be 

D 

D 

3 3  

v 1.33 (s.) 
v 1.37 (s,) 
z 14.25 (s.) 

assigned to protons 2 and 7. The singlet due to H(4), H(5), H(9) and 
H(10) remains unchanged and two peaks at �9 1.33 and 1.43 in the parent 
compound become a singlet at , 1.37 on deuteration, indicating that 
in 35 the 1,3,6 and 8 protons are the A2 part of an A~B system, being 
split by protons 2 and 7. 
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Table 8*. Bridged 14r~ systemsC) 

Compound Chemical shifts Coupling constants Solvent Ref. 
(3) (Hz) 

2 1.33 (s., H4, HS, Ha, 
t ' ~ 3 t "  3 HI0) 

l o ~ 4  1.37 (d., I l l ,  Ha, Hs, 

1.86 (m., H2, H7) 
8 ' , . ~ s  14.25 (s., CH3) 

7 
35 

trans-15,16- 
Dimethyl- 
dihydropyrene 

CDCls 

J I ,2=7.5  
(=J2,3--J6,7=J7,8) 

152) 

2 1.36 (s., I-I4, HS, H~, 
1 3 

1 0 ~ 4  
9%~'y.~ J~s 1.33 (d., HI., H3, H6, 

Hs) 
V'.~'6 2.05 (l., H 2, H7) 

7 11.86 (t., CH3) 
36 

13.96 (q., CH2) trans-15,16- 
Diethyl- 
dihydropyrene 

J1,2 = 7 CDC13 

(---- 12,3 = .[II,7 = 17,S) 

Jv/~ (ethyl group) 
-----7.5 

150 

2 1.33 (s., H4, Hs, Ha, 

~ ~  1.33 (d., rq .  H~. H~. 
H8) 

2.05 (t., H2, H7) 
, ,  . ~ , ~  "n ~r lO.65 <t., v--CH3) 3 ~  

7 11.82 (m., [3--CH2) 
37 14.03 (m., r 

trans- 15,16-Di-n- 
propyl- 
dihydropyrene 

J1, 2 = 7 CDCls 

(=  J2,s =J6,7 --~J7,8) 

157, 
230) 

* See footnote to Table 4, p. 134. 
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Table 8 (continued) 

Compound Chemical shifts Coupling constants Solvent ]ReI. 
(r) (Hz) 

l:zO 140 2 2.06 (s., HT, H14) J 2 , 3 = 9 . 0  
n ~  3 Ja,4 = 9.2 
l O ~ 1 ~  \ ~ )) 4 J2,4 = 0.3 

9 7 5 J2,5 = 1.1 
2.25 (H2, H5, H9, I-I12) 38 
2.40 (Hs, H4, H10, H i t )  

syn- l ,6;  8,13- 
Dioxido- 
[14]annulene 

CDCI 3 16o) 

H15 Hrs. 11.39 (H16) 
9.08 (H15) 

i t  s 2.346 (H2, Hs) 
I o ~  4 2.664 (H3, Ha) 

9 7 s 2.358 (H9, HI2) 
39 2.571 (HI0, H l l )  

2.254 (HT, H14) 
syn- 1,6-Methano- 
8,13-oxido- 2.375 (H2, Hs) 
[14]annulene 2.700 (Hs, H4) 

2.402 (Hg, H12) 
2.631 (H10, H l l )  
2.290 (HT, H14) 

J15,16= I0.58 
J16,s -~J15,5 = 1.15 

J2,s  = 8 . 8 2  
J3,4 = 9 . 2 8  
J9,1o --- 9.44 
Jlo,11 = 9.05 

CDC18 

J2,a = 8 . 7 2  
Ja,4 = 9 . 5 5  
J9,1o = 9.42 
J lo ,  l l  = 9.30 

CC14 

159, 
162, 
246) 

le 2.264 a) (H2, HS, Hg, 
1T " 15 HI~) 

11 12 ~ 3 2.446 a) (H3, HI,  H10, 
1 . ~ 4  Hl l )  

9 7 5 2.115 a) (H7, H14) 
40 10.611 a) (2H, H16) 

11.157 a) (H15, HI',,) 

1,6; 8,13-1:~ropano - 
[ 14] an.uulene 

J2,5 --~ 1.37 b) 
J s ,4  = 9.50b) 
J8,5 = 0.41 bt 
J4,5 - -  9.15b) 
J15,16 = 2.84 b ) 

CDC13 ~65~ 

a) Es t imated  error less t han  0.002 ppm. 
b) Es t imated  error less t han  0.1 Hz. 
e) See also Addendum, Table 17, p. 211. 
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Without doubt, however, the most striking aspect of the n.m.r. 
spectra of these two compounds is the pronounced shielding of the methyl 
protons of the bridge, which absorb as a sharp singlet at -~ 14.25. These 
methyl groups, which extend into the cavity of the n-electron cloud, are 
a sensitive probe to the magnetic field arising from the diamagnetic 
current in the periphery. The planarity necessary for significant delocaliza- 
tion is demonstrated by the X-ray study 153) of 2,7-diacetoxy-trans-15,16- 
dimethyldihydropyrene, 34 154). The perimeter atoms are approximately 
coplanar, the maximum deviation of these atoms from a mean plane 

OCOCH3 + 
OCOCH~ 
34 

being not greater than 0.027 A. The bonds of the perimeter have values 
which vary between approximately 1.386 and 1.401 A, which is in the 
range of typical benzenoid aromatic bonds. The n.m.r, spectrum of this 
compound 152,154), as well as those of other substituted derivatives of 
35 lss), reflect deshielding of the peripheral protons, and the large 
characteristic upfield shift of the bridge methyl groups. 

Two higher homologues, trans-15,16-diethyldihydropyrene 15 s), 36, and 
trans-15,16-di-n-propyldihydropyrene lS7,230), 37 (see Table 8), similarly 
possess ring currents as evidenced by the low-field absorption of their 
perimeter protons (~ 1.33 to 2.05) and the strong shielding of the ethyl 
and n-propyl protons. In 36 and its various derivatives 15s) the methylene 
protons of the ethyl group are shifted to higher fields than the methyl 
protons (~: 13.96 and ~ 11.36, respectively for 36). 

Similarly, in 37 a decrease in shielding occurs on progression from the 
~-CH2 group (, 14.03) to the ~-CH2 (~ 11.82) and the y-CH3 (* 10.65). 
This effect reflects the changing profile of magnetic field with position. 
Once again X-ray studies on the diethyl compound 15B) indicate an almost 
planar perimeter, where the maximum deviation from a mean plane 
(0.081 A) is greater than that for the dimethyl derivative, as expected 
for a compound having a bulkier internal substituent (the peripheral bond 
lengths vary between 1.393 and 1.401 A). 
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The other series of bridged 14 ~-electron compounds comprises those 
systems with anthracene perimeter (e. g. 32, a system which, if allowed to 
attain planarity, is also predicted to have aromatic character). These 
compounds can be considered as the next highest members in the series 
of bridged annulenes based on linearly fused hydrocarbons, extending 
the study of the naphthalene-perimeter bridged E10]annulenes. There 
is in the system 35 a possibility of geometrical isomerism, in that the 

12 13 14 2 
I I ~  3 

I 0 ~  4 
9 7 5 

35 

two bridges can be syn or anti with respect to eactl other. Substantial 
planarity of the ring perimeter is possible only with the syn form. 

Equally important in determining the possibility of aromaticity 
in these systems is a consideration of the orbital overlap between the 
2p~ orbitals of C(6), C(7) and C(8) (and between C(1), C(14) and C(13)). 
In the syn isomer substantial overlap is possible, as the orbitals can be- 
come almost parallel (36). In contrast, the 2pro orbitals of C(7) and C(8) 
in the anti form are twisted out of alignment, as are those of C (6) and 
C (7), (37). This decrease in overlap would inhibit resonance stabilization 

8~/~ X'C13 O ~ "/X''C 13 

7 ~  X''C1 7 ~ x / C  1 

36 37 

in the anli form. However, in the syn form there is a possibility of serious 
steric interaction between the two bridges. Thus, it has not yet been 
possible to synthesize syn- 1,6; 8,13-dimethano- E 14~ annulene, 36, due no 
doubt to the interference of the protons on the bridging methano groups. 

38 
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The n.m.r ,  of the anti isomer of 1,6;8,13-dimethano-[14]annulene 
127,159,244b,247), 39, does reflect the olefinic character expected from a 
consideration of its geometry. The perimeter protons absorb in a region 
typical of a cyclic polyolefin (,  3.6 to 3.8) whilst the bridging methylene 

39 

z 3.67 (s.. 2 protons) 
z 3.80 (s., 8 protons) 

ZA 7.52 / AB system 
TB 8.12 ] 
JAB = 11.0 Hz. 
(Room Temperature) 

protons show no undue shielding (AB system, *A 7.44, and "~s 8.07), 
and in fact resonate in a region close to that  of the bridging methylenes 
in the 7,14-dihydro-anti-dimethano-[141annulene (AB system, "~A 7.27 
and -~B 8.54) 159). 

The n.m.r, of 39 exhibits a temperature dependence 159,244b,24~) which 
indicates that  the room temperature spectrum consists of the average of 
two structures, 39 a and 39 b, which rapidly intereonvert by  fluctuation 
of the double bonds. At low temperatures (--135 ~ in carbonyl sulphide 
and 20% carbon distflphide) the exchange is slowed and the spectrum 

39a 39/3 

reflects the distinct environments of the olefinic protons. These peripheral 
protons resonate in the range ~ 3.4 to 4.3; the absorptions of H(2) to H(5) 
constitute an AA'XX'  system which is distinct from, but  overlaps, the 
AA'XX'  multiplet of H(9) to H(12). The absorption of the H(7) and 
H(14) protons remains as a singlet (,  3.67), as their environment is not 
altered by  interconversion of 39a to 39b. The bridge protons, however, 
no longer appear as a single averaged AB system, but  as two separate 
AB systems, one having ~A 7.33 and ~B 7.71, and the other with "~i 7.61 
and *B 8.53. An alternative averaging process, involving collapse of one 
bridge to the double norcaradiene 39c is ruled out because the bridge 
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geminal coupling constants (JA,B= 11 Hz) are well outside the range 
expected for the cyclopropane methylene group in this structure 159). 

39c 

The steric interaction between the two bridging methylenes which 
prevented the synthesis of syn-l,6;8,13-dimethano-[14lannulene is ex- 
pected to be overcome if the methylene groups are replaced by bridging 
oxygen atoms and thus the synthesis of syn-l,6;8,13-dioxido-[14]annu- 
lene has been achieved 1~o), even though the near approach of the two 
bridging oxygens (2.55 A) is the shortest non-bonded oxygen-oxygen 
distance yet reported 161). The n.m.r,  of this compound, 38 (see Table 8), 
clearly reflects the delocalized nature of the peripherM 14 n-electrons. 
The ring protons all absorb in the range of �9 2.0 to 2.4, and the near- 
equality of the vicinal coupling constants (J~,3 -- 9.0, J3 ,4=9 .2  Hz) 
indicates that  there is no appreciable bond alternation in the perimeter 
of this molecule 160). This is substantiated by the finding that  the carbon- 
carbon bond lengths fall within the range 1.39 4-0.01 A 161). The low-field 
position of the proton resonances and the symmetry of the spectrum 
thus supports the existence of a diamagnetic ring current in the 14 ~- 
electron perimeter. Various substituted derivatives of 38 have also been 
investigated 127,159). 

The syn stereochemistry of 38 has been firmly established 127,140). 
That its anti form is not predicted to have significant resonance stabiliza- 
tion (as a result of decreased p= overlap) no doubt accounts for the fact 
that  it has not been isolated 140). Moreover, at high temperature the 
anti-tetrabromo precursor 40 is dehydrobrominated to syn-dioxido- 
[14]annulene, 38 136). This must imply a flipping of the oxygen through 
the plane of the fourteen carbon perimeter, presumably via 41 and 
the unstable 42a to d2b (which leads to 38 under reaction conditions). 
Indeed, after prolonged heating of either 47 or d2b an equilibrium mix- 
ture is established, favouring the syn compound (75%) x59). Such a ring 

0 0 0 

40 41 42a 42 b 

176 



B r i d g e d  A n n u l e n e s  

inversion has been shown not to occur in the methano-[10]annulene 
series (p. 165) la0), and the n.m.r, spectrum of 43 indicates that it is also 
unfavourable in the oxido-[10]annulene. Thus the two methyl groups of 

o 

OH 

43 

43 absorb as distinct singlets in the n.m.r., indicating that the free 
energy of activation for flipping in tiffs system must be greater than 
25 kcal]mole I~6). 

The system possessing one oxygen bridge and a syn methano bridge 
has been synthesized 159,24sl and its n.m.r, spectrum (and those of its 
various derivatives 159)) reflects the aromatic nature of this system. For 
instance the peripheral protons of syn-l,6-methano-8,13-oxido-[14]annu- 
lene, 39 (see Table 8), absorb in a low-field region, in the form of a singlet 
at -r [H(7) and H(14)] and two superimposed AA'BB' systems 
[H(2) to H(5), and H(9) to H(12)] centred at approximately , 2.5 
x59,162). The two methano protons experience the shielding of the 
14 n-electron ring current, and H(16) absorbs a t ,  11.39. H(15) however, 
absorbs at ~ 9.08, and this relatively low-field shift is caused by the 
proximity of H(15) to the bridging oxygen. The same effect has previ- 
ously been observed for the half-cage compound dd is3). Thus Ha is 
deshielded relative to Hb in this system and absorbs at -c 6.45, which 
is about 2.5 ppm downfield from the otherwise similar endo protons in 

�9 ~ 6 .45 

Sb 9 .12 

44 

norbornane (-~ 8.8). This effect, which also causes a slight shielding of 
Hb in 44, and thus perhaps of H(16) in 39, appears not to be well under- 
stood, although tentative explanations have been suggested 159,163k 
The existence in 39 of a weak coupling (1.15 Hz) of bridge proton H(15) 
to the protons of position 2 and 5, observable in its effect on the appear- 
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ance of the H(15) resonance, has been proved by  double irradiation ex- 
periments. However H(7) and H(14) are not coupled to either of the 
bridge protons 159,162). 

In the dioxido system, a bridge flipping of the dihydro precursors, 
47-~42b, was accomplished by  heating at 80--100 ~ for about forty 
hours. In the present case, synthesis of the anti-l,6-methano-8,13- 
oxido-[14]annulene has not been possible, because the anti-dihydro pre- 
cursor, presumably as the open form45a, (c.f. 41), as derived from the anti- 
tetrabromide, isomerizes spontaneously to the syn compound d5b at 
room temperature x~9}. Consequently, syn-l,6-methano-8,13-oxido-[14]- 
annulene, 39, is the ultimate product from the anti precursors. 

O 

45a 45b 

I t  was previously observed that  the syn-d]methano-[14]annulene, 38, 
is subject to a very large steric interference of the inner protons of the 
two bridges, and for this reason is not expected to be stable. Such a 
problem is identical to the interference of the two internal protons in 
di-trans-[lO]annulene, 7, which was overcome by the replacement of the 
protons in question with a bridging methylene group. In the present 
case, the application of the same principle has lead to the synthesis of 
1,6;8,13-propano-[14]annulene, 40 (see Table 8) 164,165~. Such a com- 
pound allows the observation of the effect of the 14 n-electron system on 
the protons of bridging groups, unperturbed by  the proximity of an 
oxygen atom. As expected the bridge protons are shielded and resonate 
as two triplets at ~ 10.61 and �9 11.16. The assignment of these triplets 
to the "internal"  methylene protons and the "external"  methine protons, 
respectively, is based on studies of 46, the di-deuterated derivative of 
40, formed from deuterium exchange in the ketone precursor 186). The 
peripheral protons of 40 appear in a low-field region (singlet at-~ 2.12, 
AA'BB' system at ~ 2.35) similar to that  for 38 and 39. 

H H  

46 
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The n.m.r ,  spectra of the unbridged [14]annulenes discussed earlier 
(4 to 9, Table 4) consist of deshielded outer protons resonating in the 
range ~ 0.36 to 2.7, and inner protons shifted upfield to between ca. 

10 to 15. The chemical shifts of the outer and "inner" (i.e. bridging) 
protons in the bridged 14 r~ analogues of both pyrene (35 to 37) and an- 
thracene (38 to 40) perimeters fall within these ranges. Despite con- 
siderable degrees of distortion from planarity in some of these bridged 
and unbridged molecules, and despite large variations in structure be- 
tween the three types of [14]annulenes, all reflect a common effect which 
is abundantly apparent from their n.m.r,  spectra -- namely that  each 
compound possesses a diamagnetic ring current. The degree to which 
the ring current is present must largely depend on the planarity of each 
compound. Thus the slightly buckled [14]annulene, 9, has a smaller sepa- 
ration between inner and outer protons (ca. 8.4 ppm) than does the planar 
1,8-didehydro-[14]annulene, 10 (ca. 14.5 ppm). Such an argument may 
also explain why the deshielding of the outer protons in the pyrene- 
perimeter bridged compounds is more pronounced than for some of the 
more hindered unbridged [14]annulenes, and for the less planar an- 
thracene-perimeter systems. Thus 35 would secm to approach more 
nearly the behaviour expected for the planar [14]annulene itself (if it 
could exist). The protons incorporated into the bridges in both types 
of bridged compounds are strongly shielded, and, although they cannot 
strictly be considered as models for the inner protons in the unbridged 
series, they do establish the nature of the shielding effect which a dia- 
magnetic ring current gives rise to in that  region in and above the centre 
of the area which it circumscribes. 

18=-Systems 
From the early work on the n.m.r,  spectra of porphyrins 1~6-1s8) it was 
apparent that  these compounds, and their dihydro (chlorin) and tetra- 
hydro derivatives exhibit a characteristic deshielding of the peripheral 
protons and large, upfield shifts of the nitrogen-bound hydrogen atoms. 
These effects were recognized as being due to a diamagnetic ring current 
16s,xsg) and thus this class of compounds can be considered as the 
[18]annulene-like, having two nitrogen atoms in the path of 18 n-electron 
delocalization, as in either 47a  or 47b.  The two bridging nitrogen groups 
are assumed not to perturb too seriously the [18]annulene character of 
the molecule. Furthermore, the additional double bonds in porphyrins 
appear to be minor perturbations, since the essential character of the 
n.m.r ,  spectra remains unchanged on progression to the di- and tetra- 
hydro derivatives. 

Extensive work in recent years has resulted in the tabulation of 
many such spectra, and we shall not at tempt a complete coverage of this 
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47a 47b 

area 170). Rather, a few examples of simple systems in the series will be 
chosen to illustrate the general trends. 

The chemical shifts in deuteriochloroform of the meso  protons and 
nitrogen-bound protons in 1,2,3,4,5,6,7,8-octaethylporphine and its di- 
hydro and 1,2,3,4-tetrahydro derivatives are given in Table 9, (41, 42 
and 43, respectively) 171). In the porphine the meso  protons (r --0.07) 
resonate more than 3 ppm lower than benzene, and the imino protons 
(-~ 13.65) are about 13 ppm higher than that  of pyrrole. The presence of 
a ring current is also clearly implicated in 42 and 43. 

However, the use of chloroform as a solvent has certain disadvan- 
tages, in particular a concentration dependence of spectra in this solvent 
has been noted 17z). Furthermore, many porphyrins, including porphine 
itself, are only sparingly soluble in chloroform, and this has lead to wide 
use of trifluoroacetic acid (TFA) as a solvent, in which these compounds 
exist as di-cations. Protonation of two of the nitrogen atoms results in 
an increased separation between the chemical shifts of the internal and 
external protons. Thus, in deuterio-TFA the meso  protons of the 
octaethylporphine, 41, are shifted even further downfield to r 
while the imino protons, whose increased shielding more than com- 
pensates for the positive charge on the nitrogen atoms, are shifted up- 
field to "~ 14.65 171,173). 

I t  is claimed that  this effect reflects an increased ring current in the 
porphyrin di-cation, arising from the greater resonance stabilization of 
such a structure possessing four equivalent nitrogen atoms 169). Alter- 
natively, an increase in the separation of chemical shifts could arise from 
the deshielding effect of the two positive charges on the external protons, 
and an increased shielding of the inner protons by the removal of two 
known, (strong) deshielding factors, namely hydrogen-bonding 174) and 
the anisotropy of the nitrogen lone pairs 175). 

Because the effect of di-protonation is seen to be simply a magnifica- 
tion of an effect already present in the neutral molecule, the spectrum 
of the porphine di-cation, 44 (see Table 9), yields information concerning 
porphine itself which is too insoluble in chloroform to enable its spectrum 
in this solvent to be observed. 
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Table 9". P o r p h y r i n s  and their ..aZog.eso) 

Bridged Annulenes 

Compound Chemical shifts (r) Solvent Ref. 

Et Et 

H H 

Et t 

H" ~ "H 

Et Et 
41 

1,2,3,4,5,6,7,8-Octaethyl- 
porphine 

--0.07 (4H, s., meso protons) 
13.65 (2H, N--FI) 

CDC13 17 I) a) 

Di-protonated 41 --0.98 (s., meso protons) TFA-dt 171, 
14.65 (N--H) 173) 

Et Et 0.32 (H#) CDCI 3 171) 
H p ~ H  a 1.16 (Ha) 

12.49 (N--H) 

E t @ ~  H N ~ H E t  

Et 

Et Et 
42 

1,2,3,4,5,6,7,8-Octaethyl- 
chlorin 

Et Et 

H B ~ Ha 

43 

1,2,3 , 4 ,5 , 6, 7 ,8-Octae th  yl-  
1,2,3,4-teeahydroporphine 

1.51 (1H, HQ 
2.53 (2H, H~) 
3.14 (1H, Ha) 

CDC13b ) 171) 

* See footnotc to Table 4, p. 134. 
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Table 9 (continued) 

Compound Chemical shifts (r) Solvent Ref. 

--1.22 (4H, meso protons) TFA 16s) 
0.08 (8H, ~-protons) 

14.40 (4H, N--H) 

meso, 

44 

Di-protonated porphine 

Me Et 

Et 

45 X = S  

46 X = O  

--0.06 (2H, s.) ~ meso 
0.00 (2H, s.) ~ protons 

0.02 (2H, s., thiophene 
protons) 

14.98 (N--H) 

CDCIs 17o) 

--0.12 (2H, s.) ~ meso 
0.02 (2H, s.) j protons 
0.31 (2H, s., furan protons) 

CDC1 s 17 ~) 

Me Et  

Me Et 

47 X = O 
Di-protonated 

--1.71 (4H, s., meso protons) 
--0.98 (4H, s., furan protons) 

TFA 17 s) 

48 X ~ S  --0.59(2H, s.) ~ ~neso CDCla lvs) 
---0.05(2H, s.) I protons 
--0.01(2H, s.) furan and 

0.31(2H, s.) thiopcne protons 

~) See also Inhoffen, H. H., Fuhrhop, J-H. ,  Voigt, H., Brockmann, H., Jr. : Lie- 
bigs Ann. Chem. 695, 133 (1966). 

b) Measured at successive dilutions; final steady values quoted. 
c) See also Addendum (p. 208). 
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Bridged Annulenes 

Thus in TFA the m e s o  protons of porphine resonate at ~--1 .22,  
the ~-protons at  "~ 0.08, and the imino protons upfield a t ,  14.40 168}. 
That  the m e s o  protons q} are more deshielded than the other peripheral 
protons is reflected in the ring-current calculations lSg}. 

Some porphyrin-like aromatic macrocycles, in which one or two  of 
the pyrrole nitrogen atoms have been replaced by  oxygen or sulphur, 
have been studied 176}, and their n .m.r ,  shows the same characteristic 
deshielding of the peripheral protons (see 45, 46, 47 and 48, Table 9). 

These few typical examples (41 to 48) indicate the dramatic  effects 
operating in these systems, where the m e s o  protons resonate about 3 
ppm downfield from normal olefmic protons, and the imino protons, 
even when at tached to a positively charged nitrogen atom, are shifted 
to very high fields. This behaviour is indicative of a substantial  diamag- 
netic ring current in these molecules and lends credence to their in- 
clusion as bridged [18]annulenes. 

The porphyrins were considered as bridged [18]annulenes arising 
from hypothetical  diaza-[18]annulenes (e. g. 48), systems which contain 
two heteroatoms in the pa th  of conjugation. We shall now consider a 
series of bridged compounds which more strictly adhere to the definition 
of an annulene, in tha t  they are (tri)bridged derivatives of [18]annulene 
itself, where the six inner hydrogen atoms are replaced by  three bridging 
groups X as in 49, where X can be O, S or NH, or various combinations 

4 8  4 9  

of these. In  [18]annulene the crowding of the six inner protons is not so 
severe as to preclude a reasonable planarity,  and a typically aromatic  
spectrum hasbeen observed for this compound (21, seeTable 4). In  m a n y  
of the bridged compounds of type 49, however, the formation of the 
bridges is not sterically advantageous, and in some cases non-planarity,  
and consequent lack of delocalization occurs. 

r Systematic studies in TFA have shown that the m e s o  protons in various octa- 
alkylporphyrins lSS) resonate at T--1.004-0.02, and thus the effect of alkyl 
substituents at all ~-positions is to increase the shielding of the raeso protons by 
about 0.22 ppm. 
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This difficulty arises especially when the bulky sulphur atom forms 
the bridge. Thus the n.m.r ,  spectrum of [18]annulene 1,4;7,10; 13,16- 
trisulphide, 50 177,178) (in carbon tetrachloride), shows two peaks at 

3.32 and 3.27, arising from six identical protons in the ~-positions of 

5o 

the thiophene rings, and from the other six identical protons, respectively. 
These chemical shifts reflect the lack of aromaticity which follows from 
the lack of planarity, 178 and which indeed was predicted 179) by a cal- 
culation on this molecule. 

Similar internal crowding occurs for [18]annulene 1,4-oxide-7,10; 
13,16-disulphide, 51 18o,181), and 1,4-epimino-[18]annulene 7,10;13,16- 
disulphide, 52 182). The protons of 5"1 resonate as four doublets and two 
singlets between �9 2.90 and 3.58 lSl), and those of 52 are seen as two 

51 52 

doublets and two singlets in the region v 3.00 to 3.60, with the broad 
imino proton singlet located at v 1.77 is2). The relatively high-field ab- 
sorption of the peripheral protons in these three compounds is consistent 
with the lack of a macrocyclic ring current in each case, a conclusion 
which is corroborated for 52 by the low-field resonance of its imino proton. 
The ultraviolet and visible spectra of the three compounds are similar, 
emphasizing their inter-relation. These three systems, then, may be con- 
sidered to consist of three heterocyclic tings joined by three olefinic 
linkages. 

When two more of the bridging groups are the less bulky oxygen atom, 
near-planarity results, and the concomitant effect on the delocalization 
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of the 18 T~-electrons is seen in the n.m.r ,  spectra of [18~annulene 1,4; 
7,10-dioxide-13,16-sulphide 183,184) and [18]annulene 1,4 ; 7,10; 13,16- 
trioxide lS0,1ss,ls6) (49 and 50, respectively, see Table 10). The spectrum 
of 49 consists of two AB quartets and two singlets in the range -c 1.00 
to 1.72 lS4), while that  of 50 shows two peaks of equal area at ~ 1.32 
and 1.34 lS5). These chemical shifts, which are in the same region as 
those of the outer protons of [181annulene , represent a downfield shift 
from the resonances of acyclic vinyl furans (~ 3.0 to 3.9) lS7) and are 
quite distinct from those of the three non-planar bridged compounds 
discussed earlier. The presence of an appreciable diamagnetic ring 
current in 49 and 50 is thereby implied; in addition, the u.v. spectra of 
these two compounds are similar to that  of the isoelectronic tfidehydro- 
[18]annulenes (18, 19), suggesting that  the 7:-electrons of the three bridg- 
ing heteroatoms are not critically involved in the peripheral conjuga- 
tion 184,185). 

Although 50 possesses a ring current, the derivative 53, containing 
three methoxycarbonyl  substituents does not. This is a result of a severe 
steric interaction between the substituents and the furan rings, which is 
evidently sufficient to destroy the planarity of the macrocyclic ring 185). 

~ coocH3 

COOCH3 

53 

In the series [183annulene trisulphide, oxide-disulphide, dioxide- 
sulphide and trioxide, the relationship between planarity and delocaliza- 
tion has again been demonstrated. The trisulphide and oxide-disulphide 
are predicted from Catalin models to be non-planar and their n.m.r .  
does reflect the absence of a ring current over the total 18 n-electron 
system. Models suggest that  the dioxide-sulphide is near-planar and the 
trioxide planar, and indeed these compounds are aromatic ls3,1s5>. 

Two bridged [18]annulenes of type 54, possessing four bridging 
groups ( X = O ,  N, or NH) have also been investigated lss). Thus the 
two furan-pyrrole macrocycles 51 and 52 (see Table 10) possess n~eso 

protons which are very strongly deshielded (-~ 0.51 to 0.82), in analogy 
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Table 10". Bridged [18Jannulenes 

Compound Chemical shifts (r) Solvent Ref. 

3 1.62 ~ (H2, Ha, Hs, H9) 
1.70 J 

ITS" ~ \)s J2,3 = Js,7 = 2.4 Hz a) 
1~"S n ~  1.64 (s., H14, H15) 

1 5 ~  ~ . ~ ? s  1.13 ~ (i_~11 ' H12, H17, ~-I18) 
14 "~ ~ / l o  ~ 1.59 J 

m v J l l , l ~ = J 1 7 , 1 s = 1 2 . 5  Hz 

49 1.15 (s., I-I5, H6) 

[ 18] Annulene- 1,4; 7,10- 
dioxide-13,16-sulphide 

CDC13 lsa) 

50 

[18]Annulene-l,4 ;7,10; 
13,16-tr/oxide 

1.32 CC14 185) 
1.34 (equal area) 

Me Me 

51 

0.75 (2H, s.) ~ meso CDCI a 188) 
0.82 (1H, s.) .[ protons 

Me 

H H 

Me Me 

Et  IiI Et  

$2 

0.51 (1H, s.) / 
0.67 (1H, s.) I meso 
0.76 (1H, s.) protons 

CDCla 188) 

* See footnote to Table 4, p. 134. 
a) The coupling constant of 3.4 Hz quoted in ref. 184 is not consistent with the 

chemical shift data therein. 
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with those of the porphyrins. In this case reasonable planarity is not 
prevented by small oxygen and nitrogen bridging groups, and the aro- 
maticity of these systems is evident. 

H 

54 

22z~- to 36~-Systems 

I t  was noted earlier that  no example of an unbridged [22]annulene had 
been reported. For this reason the syntheses 176,1ss) of two [22]annulenes 
bridged by five heterocyclic groups (53 and 54, see Table 11) are par- 
ticularly significant. [22]Annulenes are predicted 2c) to prefer a delo- 
calized structure, without the onset of severe bond alternation v). The 
n. m.r. spectrum of mono-protonated 53 is clearly indicative of the pres- 
ence of a diamagnetic ring current, the meso protons resonating at a very 
low field (~ --2.28) and the NH protons being greatly shielded (, 15.5 
and 16.8). By analogy with the porphyrins, such protonation of a bridg- 
ing nitrogen, while altering the magnitude of the chemical shifts in the 
periphery to some extent, is not expected to affect the conclusion regard- 
ing the aromaticity in this system. The spectrum of the free base 54 
lends support to this thesis. 

Two isomeric, bridged [24]annulenes, 55 and 56 (see Table 12), have 
been prepared lSd,ls9) and they, like their unbridged analogues, appear 
to sustain a (small) paramagnetic ring current. The most likely configu- 
rations of the [24~annulene 1,4;7,10;13,16;19,22-tetraoxides are as 
shown, the configuration having four trans double bonds linking the 
furan segments being assigned to 56 largely on the n. m.r. data, as three 
singlets only (1:2:1) are observed. These configurations are supported 
by infrared studies, and alternative stereochemistries are considered less 
likely lSg). In both isomers there are two distinct regions of absorption; 
a high-field (~ 4.1 to 5.2, outer protons) and a low-field (~ 1.3 to 1.4) 
region. The low-field resonances correspond to three protons for 55 and 
four for 56, and are due to the inner protons, which, like those inner 
protons in the unbridged [24]annulenes 25 and 26, are deshielded by the 
paramagnetic ring current in the peripheral system. The electronic 
spectra of these molecules are very similar to those of [24]annulene and 
tetradehydro-[24]annulene, confirming that  there is a related peripheral 
delocalization in each system. 
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Table 11". B r i d g e d  [ 2 2 J a n n u l e n e s  

Compound Chemical shifts (r) Solvent Ref. 

Et  H ~ I  Et  

Et  Me 

53 (monoprotonated) 

--2.28 (4H, s., meso  CDCla-TFA 
protons) (4 : 1) 

15.5, 16.8 (NH) 

188) 

Me H 

Et 

Me 

Me Et 

54 

--0.52 (1H, t.) t) meso  

--0.06 (2H, s.) ~ protons 

0.42 (4H, furan protons) 
14.85 (2H, NIt) 

CDCla 176) 

* See footnote to Table 4, p. 134. 

Members of the [28]annulene series have yet to be reported, and no 
bridged analogues have been synthesized to date. 

[30]Annulene pentoxide, 55 (no configuration implied), has been iso- 
lated as two geometric isomers, the configurations of which could not be 
determined 186,189). The n. m.r. spectra 189) of both isomers (practically 
invariant from --60 ~ to +100 ~ showed absorptions (, 3.3 to 4.0) 
similar to those of the acyclic vinyl furans 187) and of the unbridged 
pentadehydro- and tridehydro-[30] annulenes 110,116! Once again the ultra- 
violet spectra of these compounds are closely related to the unbridged 
analogues. The peripheral atoms in these two isomer of 55 4o not appear 
to deviate markedly from coplanarity 189), and thus the apparent absence 
of ring currents must reflect severe bond alternation. 
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Bridged Annulenes 

Compound Chemical shifts (v) Ref. 

55 

Inner protons Outer protons 

1.3--1.4 (3H) 4.1--5.2 (13H) 

189) 

56 

Inner protons Outer protons 

1.29 (4H, s.) 4.1--5.2 (12H) 

189) 

* See footnote to Table 4, p. 134. 

The  spec t rum of the  4nn sys tem [36]annulene hexox ide  189>, 56, also 
reflects the  absence of a r ing current ,  as the  p ro tons  absorb  in the  range  

2.4 to  4.2. 

55 56 
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The prediction 20, then, that in the (4n + 2) ~ series the [22] and 
lower annulenes should be aromatic while the [26] and higher annulenes 
should be non-aromatic is supported by the evidence available to date. 
However, the investigation of unbridged [22]annulenes would add 
weight to this conclusion. Of even more importance would be the avail- 
ability of further data on [26]annulene (at the present time only a tride- 
hydro-[26]annulene, 27, has been studied,see Table 4). 

Thus, from a consideration of both bridged and unbridged annulenes 
ranging from 6 to 36 peripheral n-electrons, it has been seen that, in 
planar systems, n.m.r, spectroscopy can distinguish clearly between 
those aromatic (4n+2)~ systems and the anti-aromatic 4n~ cases, 
until, at very larger ring size where Hiickel's rule becomes invalid, both 
series merge into non-aromatic behaviour. 

2. Charged Annulenes 

For ease of presentation, it is convenient to divide those ions which 
can be considered as "charged annulenes" into two sub-groups. The first 
sub-group ("Type 1"; see Fig. 6) comprises those systems possessing an 
odd number of carbon atoms in the peripheral ring system. Obviously no 
closed shell neutral annulene with such a carbon skeleton is possible. 
These systems bear a formal single positive or negative charge, and will 
include both bridged and unbridged molecules. 

With one exception, all of the compounds in the sub-group "Type 2" 
are formally derived from neutral, anti-aromatic annulenes by the addi- 
tion or removal of two electrons from the n-system (see Fig. 6). It  has 
been pointed out earlier that the occurence of bond alternation and para- 
magnetism in the anti-aromatic annulenes is due to the near degeneracy 
of the non-bonding orbitals of these systems. This behaviour may be 
reversed by either removing the two non-bonding electrons (di-cation 
formation), or adding two additional electrons (di-anion formation), thus 
giving a closed shell configuration for which no Jahn-Teller distortion is 
predicted (see Fig. 6). 

Our interest is mainly focused on ring current effects in these quasi- 
annulenes. However, it is well known that deviations from electro- 
neutrality at a carbon atom affects the shielding at that carbon and at 
the nearby protons. This latter effect is electrostatic in origin and is 
determined principally by the component of the electric field in the 
direction of the C--H bond. It is necessary to separate out the shielding 
contributions of such electrostatic effects, in order to make a meaningful 
comparison between the ring current effects in the ions and the neutral 
annulenes. Such a separation, however, is fraught with difficulties. In 
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particular, the relationship between charge density and proton chemical 
shift has in the main been built up empirically from such systems as the 
ions we are about to consider by subtracting all contributions to the 
chemical shifts other than the charges 190-19~ E A further problem arises 
in that  some of the ions, unlike the neutral annulenes, embody quite 
severe angle distortions. This will undoubtedly influence the hybridiza- 
tion of the carbon atoms and may alter the proton shieldlngs because 
of the concomitant differences in effective electronegativity which 
result. 

Nevertheless, a generally accepted approximation is that  a proton is 
shielded by about 10 ppm by the presence of one electronic charge on 
the sp 2 hybridized carbon atom to which it is bound, and similarly a 
unit positive charge produces a deshielding of 10 ppm 193,194). This value 
will be used in this review to aid comparison with the uncharged species, 
but  too much weight should not be placed on the shifts thus obtained, 
particularly in view of the unknown contribution of solvent and counter- 
ion. 

Where possible, only the parent system will be discussed, exceptions 
being those cases where the unsubstituted compound has not yet been 
reported. 

Type I 

The cyclopropenyl cation 195,196) (57, see Table 13), a 2z~3C system r}, 
has no analogy in the neutral annulenes, but  represents a lowest member 
in the series of cyclic (4n+2)=-electron systems (n =0 ) .  The n.m.r .  
spectrum of cyclopropenyl hexachloroantimonate shows a singlet at 

--1.1 ~gs). The deshielding of a single positive charge distributed over 
three carbons is taken as approximately 3.3 ppm, giving rise to a "cor- 
rected" chemical shift of �9 2.2 for this system. Although no direct com- 
parison to a neutral molecule is possible, this low-field resonance (down- 
field from benzene) is consistent with the formulation of an aromatic 
molecule possessing a conjugated 2 n-electron system. 

It  has been found that  saC chemical shifts are quite sensitive to 
local ~-electron densities, with a proportionality constant of 4- 160 ppm 
(with reference to benzene) per T charge, holding to good accuracy. 
Such shifts, then, provide a useful experimental criterion for the charge 
densities in a particular molecule (the effect of ring current on 13C shifts 
is probably negligible). In the present case the 13C chemical shift of 

r) For nomenclature used see Winstein, S. : Aromaticity, Special Publication No. 21, 
The Chemical Society, London, 1967, p. 5. 
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Table 13'. Type 1 ions 

Compound Chemical shift ~ Solvent Counter- Conc. Ref. 
(r) Corrcctcd ion temp. 

for charge 

A 
57 

2rr3 C 

--1.1 2.2 CHaCN SbCI~ 
with 

J13C_H = 265 Hz SbC15 

CHsCN BFTt 

SO2 BF~ 

--0.87 2.4 FSOaH SbCI~ 

195) 

--0.80 2.5 FSO3H FSO~ 196) 

C1S03H CISO~ 

~18C= +17.8 ppm from 
CS2. J l a c - ' H =  262 Hz 

SbFs--  SbFsC1- - -6 0 ~  �9 206) 
SO2 

@ 
58 

4.70a) 2.7 DMSO Na + 2%, 30~ 19s) 
4.52a) 2.5 CHaCN Na + 2%, 30 ~ 
4.45 a) 2.5 THF Na + 2%, 30 ~ 
4.47 a) 2.5 THF Li+ 2~/o, 30 ~ 

6vr C 4.44a) 2.4 THF Na + 8 mole % 
4.40 a) 2.4 THF Na + 4 
4.36 a) 2.4 THF Na + 2 
4.33 a) 2.3 T H F  Na + 1 
4.32 a) 2.3 T H F  Na + 0.5 
4.31 a) 2.3 THF Na + 0 (extrap.) 
4.56 a) 2.6 CHaCN Li+ 4 
4.56a) 2.6 CHaCN Li§ 2 
4.56 a) 2.6 CHaCN Li§ 1 

190) 

~lac = -[-25.7 ppm from 192) 
benzene. (calc. +32  ppm). THF 
J lac -H = 157 Hz 

Q 0.79 a) 2.2 DMSO C10~ 2%, 30~ 198) 
0.86 a) 2.3 CHaCN CIO] 2%, 30 ~ 
0.80 a) 2.2 DMSO BF~ 2~o, 30~ 

59 0.86 a) 2.3 CHaCN BF~ 2~/o, 30 ~ 

6r:7C 0.82 a) 2.3 CHsCN Br -  0.2mole% 190) 

~18C = --27.6 ppm from H20/  BF~ 192) 
benzene. (calc. --22.9 ppm) HBF4 
J13C-H= 171 Hz 

* See footnote to Table 4, p. 134. 
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Table 13 (continued) 

Compound Chemical shift z Solvent Countcr- Conc. Ref. 
(v) Corrected ion temp. 

for chargc 

Q 2.96 1.9 THF-d8 K + 901) 
3.15 2.0 THF-d8 Li + 

3.28 2.2 T H F  Li + ~o2) 
60 3.18 2.1 DMSO-d6 N(Et)~ 

10w9C 81aC~ +19.0 ppm from 
benzene. (calc. +17.8) 
JlaC-H ~ 137 Hz 

Li+ 

0.4--1.7 (m.) 
10.3, 11.8 
(bridge protons: 

6 1  l = 10 H z )  

10rcllC 

1.3--2.6 CDaCN BF~ 2oa) 

3.2 (2H, d.d.) 2.1 
4.0--4.6 (5H, m.) 2.9--3.5 

10.7, 11.2 
62 (bridge protons: 

J = 7.5 Hz) 
10~9C 

DMSO-d6 Na + 204a) 

2.94 (2H, d.d.) 1.8 
3.98 (SH, m.) 2.9 
10.45, 10.95 
(bridge protons: 
J =  7.5 Hz) 

DMSO-d~ Na + S0ab) 

OCH s --0.47 (t., H15) Outer 
fl" H protous" 

~ - h ' Y  17 . �9 
. ~ " /  )1 0.09 (q.) | H6, --1,1 to 1.6 
1-14"((// H16~'(H15 0.18 (q.) ~ H13 

/~-Hs --  H,a-~ 0.34 (d.,H4, H17) 
H 6 - ~  "" ) ~ H l a l . 6 0  (d.)~ I-17, Inner 

. H,, 2.16 (d.) [ H i t  protons: 
7 17.9 to 18.5 

63 5.38 (s., OCHa) 

18x17C 18.54 (t.) ] H5, 
18.85 (t.) / Hz4, 
19.09 (t.) H16 

J s , 4 = J s , , = J 1 3 , 1 4 = ] 1 4 , 1 5  =J15,16 =J16,17 = 13 Hz 
J6,7 = . / 1 2 , 1 3  = 9 Hz 

THF-d8 Li+ or K + - 3 5  ~ 205) 

a) Chemical shifts originally quoted relative to benzene. The conversion to the z-scale is 
made by adding 2.73 ppm to the quoted values. 
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+ 17.8 ppm from 13CS2 (47.8 ppm downfield from benzene) is in reason- 
able agreement with that  calculated (-t-12.3 ppm, or 53.3 ppm from 
benzene) on the basis of complete delocalization of 2 n-electrons over 
this positively charged system 197~. 

The cyclopentadienyl anion (6n5C) and the tropylium cation 
(6n7C) are planar, aromatic ions directly analogous to benzene. The 
n.m.r, spectrum of the cyclopentadienyl anion has been extensively 
studied in various solvents and at various concentrations, with both 
sodium and lithium as the counterion 190,19S,199) (58, see Table 13). 
The proton resonance varies within the r a n g e .  4.3 to 4.7, the variability 
reflecting, in the main, the changing conditions, although results by  
different workers on similar solutions have not always been compatible 
190,198). The correction for the negative charge yields a shift of about 

2.3 to 2.7, which is clearly in an aromatic region. 
The tropylium cation has also been studied under various condi- 

tions 190,198,1991 with chemical shift values of -~ 0.79 to 0.86 being 
reported (59, see Table 13). Tile corrected chemical shift (,  2.2 to 2.3) 
is slightly lower than the range for the cyclopentadienyl anion, in 
agreement with the prediction ~0o~ that  the ring current effect should 
be larger in the tropylium ion than in C6H6 or CsHg, due in part to the 
larger area of the carbocyclic ring. However, the accuracy of our corrected 
values is such that  small differences in chemical shift cannot be deemed 
significant. 

The 13C chemical shifts for these two systems have also been deter- 
mined 19~), and compare quite favourably with the calculated values 
(see Table 13). 

A charged analogue of the unknown [10]annulene, the cyclonona- 
tetraenyl anion (10n9 C) possesses aromatic character as demonstrated by  
its IH and 13C n.m.r, spectra ~01,202~ (60, see Table 13). The protons of 
this compound absorb as a sharp singlet in an aromatic region (T 2.96 
to 3.28), the exact position being dependent on counterion ~01,2021 and 
concentration 202~. The correction for the shielding effect of the electronic 
charge distributed over nine carbon atoms further enhances the low-field 
position of these protons (-~ 1.9 to 2.2). The 18C spectrum 209.1 (doublet 
at 19.0 ppm upfield from benzene) is also entirely compatible with a 
delocalized aromatic compound, the predicted chemical shift of such a 
system being 17.8 ppm. 

Two bridged, ionic 10 n systems directly analogous to the bridged 
1,6-methano-[10]annulene discussed earlier, have been studied. Thus tile 
cation 61 and anion 62 (see Table 13) bear a similar relationship to 1,6- 
methano-[10Jannulene, 28, as do the tropylium ion and cyclopentadienyl 
anion to benzene. The n.m.r, spectrum of cation 61 17,203) is characterized 
by  low-feld absorptions of the peripheral protons (,  0.4 to 1.7) and by  
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enhanced shielding of the bridging protons (~ 10.3, 11.8) as was observed 
for the neutral compound. The anion 62 17,204~ has absorptions near 

3, and "~ 4, and again the high-field shift of the bridging protons 
(~ 10.4 to 11.2), together with their large geminal coupling (7.5 Hz) which 
was present in 61 and 28 (10 Hz and 6.9 Hz, respectively), and which 
is compatible with the structures shown. 

The cation possesses a more favourable geometry than 1,6-methano- 
[10]annulene, being able to incorporate the 10 ~-system into a more 
planar structure. I t  is evidently more stable than the tropylium ion, as 
it can be formed from its neutral hydrocarbon precursor 57 by a hydride- 
transfer reaction with tropylium tetrafluoroborate las). The anion, on 
the other hand, involves substantial steric strain and is not as planar as 
either the cation or the neutral bridged [10]annulene. Whereas formation 
of the cation from 57 was seen to be most favourable, the anion precursor 
58 is much less acidic than cyclopentadiene, although in the presence of 

57 58 

the dimethylsulphoxide anion, 62 is readily formed. The chemical shifts 
of the peripheral protons in 61 and 62, when corrected for the charge 
distributed over eleven and nine carbons respectively, yield values of 
-r 1.3 to 2.6 for the cation, and x 1.8 to 3.5 for the anion, comparing well 
with the shifts (x 2.7 to 3.1) of the aromatic neutral molecule (note, 
however, that  the equality of charge densities in the carbocyclic perimeter 
is no longer dictated by symmetry). 

The increase in chemical shift on progression from the cationic to 
neutral to anionic species (in so far as it is significant) parallels the 
decreasing ring area and the increasing departure from planarity in this 
series. Furthermore, the corrected shifts (x 1.9 to 2.2) of the cyclonona- 
tetraenyl anion, 60, in which steric inhibition to planarity is minimal, are 
comparable to those of the bridged cation. In any case, the n.m.r, spectra 
of the two bridged [10]annulene-like ions clearly reflect their aromatic 
nature. 

Among the higher annulenes, a mono-charged analogue has been 
reported in one case, that  of the seventeen-carbon macrocycle 63 (18 r: 
17C) (see Table 13) 205). This anion is a counterpart of the tridehydro- 
[18]annulenes, and contains 18 out-of-plane n-electrons. Like the neutral 
higher annulenes, it possesses both inner and outer protons, the reson- 
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ances of which provide a dramatic proof of aromaticity. The outer 
protons resonate over the range ~ --0.47 to 2.16, and the inner protons 
appear as three superimposed triplets at remarkably high field (~ 18.54, 
18.85 and 19.09) ~05). The assumption of equal charge densities at each 
of the peripheral carbon atoms, which has been used in evaluating the 
charge correction factor, is not expected to be a very good approximation 
in this case, due, in part, to the presence of the acetylenic bonds. In- 
deed, the wide spread in chemical shifts observed for the outer proton 
resonances does indicate an uneven charge distribution. In any case, the 
theoretical correction of --0.6 ppm is trivial in view of the large chemical 
shift differences which provide such strong evidence for aromaticity and 
the presence of a diamagnetic ring current in this system. 

Type 2 

The cyclobutenium di-cation, 59, is formally derived from the (as yet  
unisolated) anti-aromatic cyclobutadiene by  the removal of two n- 
electrons. This di-cation, like the cyclopropenyl cation, represents a 
member of the aromatic sub-group possessing just two ~-electrons. The 
tetramethyl  derivative of 59, 64 (see Table 14), has been studied 200) 
and its n.m.r, spectrum appears to possess the expected aromatic 
characteristics. The methyl  groups resonate at -: 6.32 in SbF5--S02 
solutions and at -~ 5.89 in SbFs-SO2C1F. A reasonable model for this 

CH~ 
~ 3  H ~1=V3= 7.19 H H HaC C s 

v2 : 7.85 

H~[ F~CHs H H CH~ CH:~ 

59 60 

compound is 60 (the 1,2,3,4,4,5-hexamethylcyclopentenyl cation) 207), 
in which the 1- and 3-methyl groups (-r 7.19) are similarly attached to 
sp2-carbon atoms which have a charge density of approximately 0.5. 
The relative deshielding of the protons of 64, then, probably reflects a 
ring current effect. The 13C chemical shifts of 64 constitute further proof 
of its delocalized nature, as the observed value 206) for the ring carbons 
of 80 ppm downfield from benzene is exactly that  calculated for this 
system. 
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I t  was seen earlier tha t  cyclooctatetraene, 3, is a non-planar, non- 
aromatic compound. The addition of 2 n-electron converts this system 
to the di-anion 65, and the new species appears to be planar and highly 
resonance stabilized. The protons of this lOr:SC system resonate at 
x 4.3 190,2o8) (there is a discrepancy in some early work 200)), the charge- 
corrected value being -r 1.8, which is clearly in an aromatic region. The 
18C chemical shift 192) of +42.5  ppm from benzene is also as expected, 
the calculated value being + 4 0  p p m .  

A similar dramatic  change is observed when the three trans-15,16- 
dialkyldihydropyrenes, 61, discussed earlier are converted to their respec- 
tive di-anions, 66, 67 and 68 (see Table 14) 157). In  this case, the conver- 
sion corresponds to a change from the aromatic 14 r~-electron molecule to 

61 

R = methyl, ethyl 
or n-propy! 

the anti-aromatic 4n system containing 16 n-electrons, and is clearly 
marked b y  the change in the proton chemical shifts 1571. Whereas the 
external protons in the neutral precursors (35, 36, 37, see Table 8) were 
deshielded and resonate in the r a n g e ,  1.33 to 2.05, they are now observed 
ill the range ~ 12.50 to 13.96. Furthermore the interior protons at the 
x-carbon atoms, which were found at ~ 13.95 to 14.25 in the neutral 
molecules are shifted to x --11.0 to --11.24 in the di-anions, a downfield 
shift of 25 ppm[ The protons at the ~-carbon in the charged species are 
also deshielded but  to a lesser extent (~ --0.70 to --2.59), and those at the 
,(-carbon atoms in the di-n-propyl di-anion resonate at -: 4.49. This change 
in the proton shielding pat tern  on formation of the all-anion thus gives 
unassailable proof of the concomitant change from a diamagnetic to a 
paramagnetic ring current. 

A contrasting conversion from an anti-aromatic to an aromatic 
system is illustrated by the addition of 2 n-electrons to [16]annulene, 
and the results are equally remarkable.  I t  was seen that  in E16]annulene 
itself a dynamic equilibrium exists between the two configurations 76a 
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Table 14". Type 2 ions 

Compound Chemical shift 
(3) 

v Solvent Counter- Conc. 
Corrected ion temp. 
for charge 

Ref. 

Me Me 

Me Me 
64 

2=4 C 

6.32 SbF5-- 2 CI- - -65  ~ 
SOs 

5.89 SbFs- -  2 CI- - -78  ~ 
SOaCIF 

813C ~- --14.4 ppm from CS2 SbFs--SO2 - -70  ~ 
or = ---80 ppm from 
benzene. 

~13C = --15.7 ppm from SbF5-- - -70  ~ 
CS~. SO~C1F 

Jx~ccrr = 4.0 Hz 

Z06) 

Q 4.3 a) 1.8 THF 2 K + 0.6 l~I 208) 

4.33 b) 1.8 CH3CN 2 Na + 3 mole ~/o loo) 

65 
4.32b) 1.8 THF 2 Ha + 3 mole % 

10n8C 

~13C= +42.5 ppm from THF 1~2) 
benzene. J13c_ H = 145 Hz 

66 

16~14C 

- - 1 1 . 0  (0~--CH3) 

13.19--13.96 11.8--12.6 
(external (external 
protons) protorts) 

THF-d8 2 K + ---65 ~ 157) 

* See footnote to Table 4, p. 134. 
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Charged Annulenes 

Compound Chemical shift v 
(r) Corrected 

for charge 

Solvent Counter- Conc. Ref. 
ion temp. 

~ O  --11.15 (~--CH2) 
- -  0.70 (~--CH3) 

12.50--13.14 11.1--11.7 
(external (external 
protons) protons) 

67 

16~14C 

THF-d8 2 K + --65~ 152) 

~ G  --11.24 (c~--CH$) 
- -  2.59 (}--CH2) 

4.49 (y--CH3) 

12.56--13.14 11.2--11.7 
(external (external 

68 protons) protons) 

16~14C 

THF-d8 2 K+ --65~ x57) 

69 

18rd6C 

1.17 (8H) --0.1 THF-d$ 

2.55 (4H) 1.3 

18.17 (4H, 16.9 
internal protons) 

2 Li + Un- 
2 Na+ changed 
or 2 K + from 

--1O0 ~ 
to 
+ 140 ~ 

~io) 

a) Reported as shifts relative to the lower solvent band. 
b) Reported relative to benzene. 
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16a 1#1} 

and 16b, 16a being favoured. The spectrum of the di-anion =10) 69 which 
results after prolonged contact (3 days at 0 ~ between a [16]annulene 
solution in tetrahydrofuran and potassium (or sodium or lithium) metal, 
is attributed to the di-anion having solely the "16a type configuration, 
whereby the four inner protons (v 18.17) and the two sets of different 
outer protons (~ 1.17, 8H and -~ 2.55, 4H) uniquely arise (see Table 14). 
This configuration is most favourable from a resonance point of view 
whereas the other likely alternative 16b possesses an increased hindrance 
to planarity due to the steric interference of the five internal protons ~1o). 

Thus, by  the mere addition of two electrons to [16]annulene the 
inner protons are shifted from ~ --0.61 (--140 ~ to ~ 18.17, whilst the 
outer protons z 4.70 (--140 ~ are shifted downfield to ~ 1.17 and z 2.55, 
such noticeable shifts paralleling the change from a system possessing a 
paramagnetic ring current to one with a diamagnetic current. 

The spectrum of the di-anion is unchanged from --100~ to +140~ 
unlike the isoelectronic [18]annulene, and the [16]annulene precursor 
for both of which, at elevated temperatures, the inner and outer protons 
are rendered magnetically equivalent by an exchange process. I t  follows 
that  if such an exchange process is possible for the di-anion system, its 
free energy of activation must be at least 24 kcal]mole, or some 10 kcal/ 
mole greater than the corresponding value (13.8 kcal/mole at 140 ~ 
for [18]annulene. This implies that  resonance plays a larger role in the 
di-anion than in the isoelectronic, neutral [18]annulene. Such behaviour 
is not hard to understand, as any bond rotation process in the di-anion 
will lead to a transition state involving an (energetically unfavourable) 
increase in the localization of electronic change s). 

s) This is somewhat similar to the phenomenon observed in 63, the mono-anion 
analogue of tridehydro-[18lannulene. The spread in the mono-anion (63) chemical 
shifts (between inner and outer protons) is ca. 16 ppm, which is to be compaxed 
with the corresponding neutral tridehydro-[18]armulenes (18 and 19) whose 
chemical shifts span about 7 ppm. This argues for a larger ring current in the 
charged species which in the present case would be expected to reflect a decrease 
in bond alternation. Again this behaviour occurs because a more completely 
delocalized structure is favoured by the exigencies of charge dispersal over the 
carbocyclic ring. Related effects may be operative in the porphyrins (the ring 
currents of which apparently increase on protonation) and the homoaromatics 
(where all weal authenticated examples bear a formal charge). 
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3. Homoaxomatic Systems 

Some examples of homoaromatic systems are summarized in Table 15. 
The pentamethylcyclobutenyl cation 211) possesses a strong 1,3 inter- 
action, aided by the proximity inherent in a 4 membered ring, and it 
thus can be considered as a 2 r~ monohomocyclopropenyl species 21a) 
(70, Table 15). Although the best evidence for this enhanced 1,3 w-overlap 
comes from ultraviolet spectroscopic studies, the n.m.r, spectrum 2x0) is 
consistent with this hypothesis. A comparison with the resonances of the 
methyl protons of the model compound 60 (1,2,3,4,4,5-hexamethylcyclo- 
pentenyl cation 207)) indicates that there resides a lower positive charge 
at the 1,3 positions and a higher positive charge at the 2 positions of the 
cyclobutenyl cation, thus implying partial bond character between the 
1 and 3 carbon atoms, a conclusion also supported by charge density 
calculations based on the chemical shifts of 70 ~zl). 

An example of a bishomocyclopropenyl system is the 7-norbornenyl 
cation, 71 (see Table 15) 212-~14), whose chemical shifts and coupling 
constants are not entirely incompatible with the formulation in which 
C(7) interacts equally with C(2) and C(3). However, the high chemical 
shift of the proton on the bridging carbon atom (H(7), �9 6.76), although 
explained in terms of the tendency of the bridging carbon atom to 
rehybridize from sp 2 to sp 3 212,213), suggests that ring current effects 
are not operative in this system. 

In the bicyclo[3.2.1]octadienyl anion, formulated as a bishomocyclo- 
pentadienyl anion (72, see Table 15), those protons which would be 
involved in the cyclopentadienyl unit have resonances ranging from 

4.61 to 7.16 215). Even when corrected for charge (on the naive assump- 
tion of equal charge density at all five carbon atoms) this range (, 2.6 to 
5.2) is too fax upfield for protons attached to a delocalized 6n system in 
which a diamagnetic ring current is present, although the relative order 
of chemical shifts in the five protons concerned is as expected from simple 
HMO calculations 212,215). 

The nature of the 1,3 orbital overlap in homoaxomatic systems is 
intermediate between ~ and n. Apparently the hybridization of the atoms 
concerned is important in determining whether a ring current effect is 
operative, or at least readily recognizable from the n.m.r, spectrum. 
Thus in systems 71 and 72 the n.m.r, spectra do not unambiguously 
reflect a ring current. The data is more convincing in the case of the 
bicyclo[5.1.0]octadienyl cation, 73 (see Table 15). The n.m.r, spectrum of 
this ion 216,21~) is compatible only with the homotropylium structure 64. 

The structure 62 is eliminated in that H(1) and H(7) resonate at 
about �9 3.5, which is far too low for a typical cyclopropyl proton. Further- 
more, the coupling constants of H(1) to H(a) and H(b) are not as expected 
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Table 15". Homoaromatic systems 

Compound Chemical shifts Coupling 
(v) constants 

(Hz) 

Solvent Coun- 
terion 

Conc. 
temp. 

Ref. 

Me Me 7.36 (6H, C1 
~ s  Me and CS) 

7.63 (3H, C2) 
Me Me 8.40 (6H, C4) 

70 

2:;3 C 

CH2C12 AlCl~ R.T. to 
80 ~ 

211) 

Hr 2.93 a) (Ha) 

~ H  5.76 a) (Hb) " 6.76 a) (He) 
8.13 ~) (Hd) 

He 7.56a) (He) 
a 

Ha 2.81 b) (Ha) 
5.73b) (Hb) 
6.73 b) (Hc) 
8.16 b) (Hd) 
7.61 b) (He) 

Ja,c =- 2.5 
Jb,o = 2.6 
Je,d = 0.8 

S02-- 
SbF~ 
--FSOsH 

FSO~ --60 ~ 
to 
---35 ~ 

212, 
213) 

2n3 C 

71 
SO3-- 
FSOsH 

FSO~ --60 ~ 214) 

Ha 8.Hb 7.55 (H1, H5) 
7.16 (H~, H4) 

7 4.61 (Hs) 
a 6.33 (H6, HT) 

6 4 9.13 (Hsa) 
9.58 (H8b) 

72 

6n5C 7.51 (H:, Hs) 
7.18 (H2, H4) 
4.65 (Hs) 
9.16 (H8a) 
9.58 (Hsb) 

fSa,Sb ~ 8 
J2,a--  6.7 
J1 ,2=5.3 
J l , s a = 4  
J l , s b  < 2 
J1 ,7<  2 

THF-d8 

DME 

K+ 

K + 

215) 

* See footnote to Table 4, p. 134. 

202 



Table 15 (continued) 

Homoaromatic Systems 

Compound Chemical shifts 
(0 

Coupling 
constants 
(Hz) 

Solvent Coun- Conc. Ref. 
teflon temp. 

S 

1.4 (H~ to Ha) 

3.4 (HI, HT) 
4.8 (Hsb) 

10.6 (Hsa) 

98% 
H2S04 

HS0~ 210 

73 

6r:7 C 

1.53 (H2 to Hs) 
3.58 (HI, HT) ] a s , l = 9 . 8  
4.90 (Hab) Jab,1 = 7.5 

10.67 (Hsa) Jsa, sb = 6.5 

conc. HSO~ 217, 
H2SO 4 212) 

H a ~  Hb 

6 1 

5 
4 3 

74 

10r~SC 

r  4.5 (H~ to 
H~) 

6.0 (HI, Ha) 
I0.0 (H9a) c) 

THF-d8 K + - -60  ~ 218) 

ca. 4.8 (H2 to 
HT) 

6.1 (H:, Ha) 
8.0 (Hgb) 

10.0 (H9a) 

DME-dl0 K+ ~ 6 0  ~ 

H a n t I  b 3.19 (Hs ,  H7) ]2 ,3  ~ 11.0 DM SO 
~ X ~ ~  2 4.18 (Ha, H9) J 3 , 4 = 8 . 3  
'~"- "~_'-"~' 5.09 (It 4, H8) ./4,5 = 7.9 
8 ~ 4  5.28 (H2, HlO) 

9.62 (Hlla  or 
CH~SOCH3 Hllb)  

75 9.90 ( H l l a  or  ] l l a , l l b  = 10.5 
Hllb) 

10n9 C 

Na + 219) 

a) Measured relative to CH2CI~.. 
b) Measured relative to (CH3)4N+CI-. 
c) The absorption due to proton Hgb is obscured by solvent. 
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N.M.R. Spectra of the Quasi-Annulenes 

for 6 2  217), and the geminal coupling constant J s a ,  sb =6 .5  is substan- 
tially larger than that  expected for cyclopropane methylene groups. The 
planar 63  is rejected because H(a) and H(b) are not magnetically equiva- 
lent. Thus, the low-field resonances of the protons at postions 1 to 7 

H ~ ~ - ~ b  

62 63 64 

(~ 1.4 to 3.4) 216), and the dramatic chemical shifts of the methylene 
protons (, 10.6 for H(a), tile proton above the ring, and -~ 4.8 for H(b)) 
argue strongly for the homoaromatic 6 r~ system in which a diamagnetic 
ring current is present. 

Similarly, the monohomocyclooctatetraene di-anion, 74, (see Table 
15) 212,218) has deshielded peripheral protons, and a differential shielding 
of the methylene protons, whereby that  proton situated above the ring 
(H(a), ~ 10.0) is more shielded than tile "outer" proton (H(b), �9 8.0). 
The chemical shifts of the peripheral protons (centered at ca. ,r 4.5 to 4.8) 
are shifted upfield from those of the parent hydrocarbon by only 0.4 to 
0.7 ppm. As the upfield shift expected from charge density considerations 
alone is 2.5 ppm, a deshielding effect associated with a diamagnetic 
current is clearly implicated 218). 

A homoaromatic structure also best explains the n.m.r, characteristics 
of the anion 75 (see Table 15), which was derived from 1,6-methano- 
[10]annulene 219). This 10~9C system has peripheral protons which 
absorb from -r 3.19 to 5.28 (or ca. "r 2.1 to 4.2 on correction for charge 
density), and bridge protons which are about 2.5 ppm more shielded than 
the corresponding protons in 65,  the compound formed on protonation 
of the anion. 

CH2 

! 
CH3 
65 

1,3 overlap does not seem to be particularly significant in compounds 
where resonance stabilization of an incipient charge is not necessary (see 
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Homoaromatic Systems 

footnote p. 200). Thus, neutral compounds which appear to have the 
option of homoaromaticity seem to exist as unconjugated polyolefins 
(76, 77 and 78, see Table 16) 220-223). 

A potentially anti-homoaromatic species (79, see Table 16) has been 
generated by protonation of 1,6-methano-[10]annulene at the 2-position 
224). As expected, 1,3 overlap is not significant and the compound can be 
formulated as a classical carbonium ion. In fact the abnormally large 
H(2a) to H(2a) coupling constant of --24.9 Hz indicates that the 1,3 
distance has been maximized in order to avoid the expected destabiliza- 
tion, and thus there is no evidence for a paramagnetic ring current in 
this system. 

In spite of the fact that aromaticity is usually associated with (rea- 
sonable) planarity of the r~-system, Goldstein 22s) has set forth certain 
rules which, though based on HMO theory, apply to bicyclic hydrocar- 
bons. Perhaps because the interactions postulated are expected to be 
fairly small, evidence for this type of stabilization is difficult to adduce 
from the observed n.m.r., and will have to await a more thorough-going 
investigation. 

However, two compounds which are potentially within this definition 
have been prepared and their spectra obtained (80 and 81, see Table 16). 
The 7-norbornadienyl cation, 80 226,227), definitely prefers not to avail 
itself of bicycloaromatic stabilization of the bridge carbonium ion by 
"both" double bonds, as the expected C2~ symmetry is ruled out by the 
n.m.r, spectrum which in fact resembles that of the 7-norbornenyl 
cation, 71. Thus, bishomoconjugation only is observed, and the barrier to 
bridge flipping is estimated to be >~19.6 kcal/mole 22s). 

The required symmetry appears to be present in the case of the 
bicyclo[3.2.2]nonatrienyl anion, 81 229), as the spectrum in diglyme is 
invariant down to --35 ~ Thus, if bridge flipping occurs in this system 
its free energy barrier must be <11.8 kcal/mole. Once again the n.m.r. 
results are not definitive with respect to the degree of non-classical 
resonance in this compound. 
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N. M. I~. Spectra of the Quasi-Annulenes 

Table 16". 

Compound Chemical shifts Coupling Solvent Coun- Conc. Ref. 
(v) constants (Hz) terion temp. 

6.05 (HA) 
HB 7.74 (HB) 

4.44 (Hx) 

Hx 7.04 (HA, HB) 
4.53 (Hx) 

76 

JA,B = 12.4 CDC13 - -40  ~ 220) 

CDCI3 80 ~ 

4.23 (olefinic 
protons) 

7.76 (aliphatie 
77 protons) 

CDCI 3 37 ~ 22~) 

4.32 (olefinic 
protons} 

6.23 (aliphatic 
78 protons} 

CDC13 223) 

* See footnote to Table 4, p. 134. 
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Homoaromatic Systems 

Table 16 (continued) 

Compound Chemical shifts Coupling Solvent Coun- Conc. ReL 
(v) constants (Hz) terion temp. 

Ha, u~.~ ~IIb 5.54I(H2a, H~.b) J2a,2b --~-- --24.9 FSOsH--  
5 ~  6.10j ~0.1 SO2C1F 

, 6 8 J ~ , 3  = 5.8-~- 0.2 
a ~  9 J3,4 = 10.04-0.5 
Hall  b 2.21 (Ha) J4,5 = 6.5-V 0.2 

2.56 (H4) J7,8 = 9,0 -4- 0.5 79 1.52 (Hs) Js,9 = 9.0 -4- 0.5 
2.12 (HT) Yg,lO = 8.0 =I= 0.5 
2.43 (Ha) J l i a , l l b  ~-~ 

--9.3 :t: 0.3 
1.96 (1-I9) 
2.68 (Hlo) 
7.78 } (Hlla, 
8.42 t t l lb)  

Ca. 
---85 ~ 

7 

5 v 

80 

2.42 (H2, Ha) 
3.74 (H5, He) 
4.73 (Hx, H4) 
6.52 (HT} 

] l , a = 6 . 1  
J l , a =  1.5 
J ~ . . 3  = 4.6 
J1,4 = 0.5 
J2,~,=2.7 
J l , a  = 1.8 
J1,5 = 1.8 
Jx ,~=2 .8  
J5,7 = 1.0 

SO2 BF'~ ca. 0.9 M 2~7) 

3 

7 6 

8 1  

7.71 (HI, H5) J1 ,2=7 .6  
6.95 (H~, H4) J l , a ~  1.0 
4.76 (H3) J t , 5 ~ 0 . 7  
5.02 (He to  H9) J1,6~--- 1.8 

J l , 7 =  6.4 
] 2 , 3 = 7 . 6  
J2 , ' /~1 .5  
J 8 , ~ 7 . 5  

DME-dlo K+ e'~9) 
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G. A d d e n d u m  

[127A nnulene 

[12] annulene, 82, was originally postulated as the common intermediate 
in the photochemical and thermal equilibria between 66, 67 and 68 281). 
Some recent careful work has resulted in it being trapped at - -80  ~ and 

66 67 68 

identified by n.m.r .  232). At this temperature the spectrum consists of 
two bands of equal intensity due to the protons on the cis- and trans- 
double bonds. The equivalence results from rapid rotation of the trans- 
double bonds in this structure 69. This process has an extremely low 

b 

69 

energy of activation and its rate only becomes comparable with the n. m. r. 
time scale in the temperature range --  140 ~ to --  170 ~ By an iterative 
line shape analysis it was possible to derive the chemical shifts in the 
absence of exchange as well as the kinetic parameters ~83) 

As pointed out above (p. 144) the inner protons are subject to very 
unfavorable steric interactions which accounts for the relatively small 
paramagnetic shielding of these protons. 

A hydrazino bridged [12]annulene, believed to have the structure 70, 
has been reported 2s4L The proton chemical shifts do not indicate the 

.4.78 (4H) 
4.87 (4H) 

7O 
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Addendum 

existence of a ring current, but the detailed geometry of this system has 
not yet been established. 

[ ; 4]Annulenes 

Professor Sond_heimer informs us that he and his colleagues no longer 
regard the two known forms of monodehydro-[14]annulene as con- 
formational isomers but believe them to be geometric isomers 90). 

They have reached similar conclusions concerning the two isomeric 
[14]annulenes. Isomer A (p. 146) definitely has the structure 9 as pre- 
viously assigned, but Isomer B probably has the configuration 71. 

71 

Bridged [ l dJAnnulenes 

Boekelheide and iris coworkers 235,236) have now reported data for the 
parent hydrocarbon, trans-15, 16-dihydropyrene, 83. As expected, the 
bridge protons are very strongly shielded. They have also prepared a 
monoaza analogue, trans-l,3, 15, 16-tetramethyl-15, 16-dihydro-2-aza- 
pyrene, 84, the chemical shifts of the internal methyl groups of which 
indicate a slight attenuation of the ring current 237). 

Professor Boekelheide has kindly informed us that his group has now 
obtained cis-15, 16-dimethyldihydropyrene, 85. In this compound there 
is a significant decrease in the shielding of the internal methyl groups, 
suggesting a more serious departure from planarity of the carbocyclie 
perimeter than in the trans-isomer s3s). 

Bridged [18]Annulenes 

A meso-thiaporphin 72 has been synthesized and is non-aromatic 23s). 

Et" ~ ~ ' C O  z 

Et  Me 
72 
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Addendum 

A porphin analogue 86, in which the two bridging NH groups are 
replaced by sulphur atoms, has been reported and, as expected, its n. m. r. 
spectrum indicates a ring current comparable with other compounds in 
this series 38s). 

The n.m.r, spectra of NN'-dimethylporphyrins, 87 and 88, have 
been reported 289). The N-methyl groups must, of course, lie out of the 
plane of the macrocyclic ring and they are strongly shielded. 

Heteronins : IOn-Systems 

Four compounds, 89 240), 73 241), 7z~ 242) and 75 242) in the nine membered 
10n heteroannulene series have now been reported; these compounds 
are isoelectronic with the cyclononatetraenyl anion, 60, a planar 
aromatic system. Of the three heteronin systems (N, O, S) reported 
however, only 1-H azonin, 89, appears to possess aromatic character, as 
judged by the n.m.r, spectra 240). 

73 74 75 

1,4-Bishomotropylium Ion 

An n. m. r. study 2as) of the bicyclo[4.3.0]nonatrienyl cation now provides 
the most clear-cut evidence for the existence of bishomoaromatic species. 
The 1,4-bishomotropylium ion 248), 90, shows n. m.r. absorptions which 
are in general quite reminiscent of those observed for the monohomo- 
tropylium ion, 73, and the tropylium ion, 59. 

Bridged [14]Annulenes 

Professor Vogel 344) and his co-workers have now reported the synthesis 
of the aromatic compound 1,6;8,13-butan~o-[14]annulene, 91 345). In 
addition, an X-ray structural analysis of 1,6; 8,13-propano-[14] annulene 
has appeared 246). 
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Table 17". Addendum 

Addendum 

Compound Chemical shifts (r) Coupling 
constants 
(Hz) 

Solvent, 
temperature 

Ref. 

~ H2 

Hs 
H 4 

82 

[ 12] Annulene 

Mobile spectrum 

3.12 (HI, H2) 
4.03 (Ha, Ha) 

Inferred non-mobile 
spectrum a) 

THF-d8 
- -  80 ~ 

1.98 (q., H1) 
4.35 (q., H2) 
3.82 (q., H a or H4) 
4.39 (q., Ha or Ha) 

THF-ds/ 
CDsOCD3 
(1 : 1 b y  vol.)  
< -- 170 ~ 

232) 

233) 

2 

1 0 ~ 4  

7 

8S 

1.42 (s., Ha, Hs, Hg, 
H10) 

1.50 (d., H1, Ha, He, Ha) 
1.98--2.11 (m., H2, HT) 

15.49 (s., HIs,  Hie) 

J1,2 = 7.5 
C=J2,a-- 
Je,7 = JT,S) 

Cydo- 
hexane 

235, 
236) 

trans-15,16-Dihydropyrene 

84 

1.0--1.9 (7H, m., ring 
protons) 

6.57 (6H, s., external 
methyls) 

13.75 (314. s.) ~ (internal 
13.80 (3H, s.) S methyls) 

CDCI3 237) 

trans-1,3, 15,16-Tetra- 
mefiwl-15,16-dihydro-2- 
azapyrene 

* See footnote to Table 4, p. 134. 
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Addendum 

Table 17 (continued) 

Compound Chemical shifts (x:) Coupling 
constants 
(Hz) 

Solvent, 
temperature 

Ref. 

2 

1 0 ~ 4  

7 

g5 
cls- 15, 16-Dimethyl- 
dihydropyrene 

1.26 (H4, HS, Hg, HlO) 

1.76 (d., HI, Ha, He, H8) 
2.50 (m., H2, HT) 

12.06 (CH3) 

J1,2 = 7.5 
(=J2 ,8= 
Je,7 = J~,s) 

235) 

Me Et 

<5 
Me Et 

$6 

-- 0.71 ] m e s o  

-- 0.68 J" protons 
CDC13 23s) 

R Et 

E t ~ R  

R" ~ "Et 

Et R 
87 R----Me 

NN'-Dimethylaetiopor- 
phyrin-I monohydro- 
chloride 

--0.21 (1H) ~ m e s o  

-- 0.33 (3H) f protons 
13.76 (IH, N--H) 
lS.88 (3H) } 
15.92 (3H) N--CH3 

CDCI a 289) 

88 l~=Et 

NN -Dimethyloctaethyl- 
porphyrin monohydro- 
chloride 

--0.43 (3H) ~ m e s o  

--0.10 (1H) J protons 
13.70 (1H, N--H) 
15.70 (6H, N--CHs) 

CDC13 289) 
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Table 17 (continued) 

Addendum 

Compound Chemical shifts (r) Coupling 
constants 
(Hz) 

Solvent, 
temperature 

Ref. 

6 5 2.85 (2H, d.d., H2, Hg) 

2 s 3.27 (4H, m., H4, H~, 
He, H7) 

H 3.92---4.25 (2H, m., 
8,9 Hs, H8) 

CDCla 
Unchanged 
from -- 50 ~ 
to 35 ~ 

240) 

1-H Azonin 

H s H1 1.77 (H~, Hg) 
2.48 (Ha, H4) 
2.62 (Hs) 

s +~X~/t)2 3.60 (H2, Hs) 
4 s 6.37 (H:, H6) 

9 0  

J 2 , 3 ~ J 4 , 5  
= 8 . 4  
J3,4 = 6.7 
12,4 =J3 ,5  
= 0 . 9  
J2,5 = 0.0 
J T , s - J s , 9  
---3.9 
J z , s = J 4 , e  
- -0 .8  

CHDCI2 243) 
- -  1 2 5  ~  

2.43 (H2, Hs, Hg, H12) J2,5 = 1.53 
17 16 1B~-'~-~5 2.88 (H3, H4, H10, H l l )  J3 ,4=9 .31  

2.14 (H7, HI4 ) J3 ,~=0.21  
n 3 9.48 (4H, H16 , HI7 ) .]4,5=9.24 
I o ~ 4  10.96 (Hi5, His) J l s , l e  = 2.4 

9 7 5 f 1 5 , 1 7  = 1 . 9  

9 1  

1,6; 8,13-Butano- 
[14]annulene 

CC14 245) 

a) Chemical shifts originally quoted relative to benzene. The conversion to the ~ scale is 
made by adding 2.73 ppm to the quoted values. 
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