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Hfickel theory predicts the experimentally observed stabilities of the cyclic polyene ions 
CnH~-, C~H,,+, n = 3, 5, 7 (Calla + stable, Call 3- unstable, etc.) correctly. This result can also 
be obtained by a simple valence bond calculation which takes into account only the lowest 
energy resonance structures. E. g. it turns out that Calla+ should be a singlet ground state 
while Call3- should be a triplet ground state. However, the stability cannot be explained by 
just counting the number of resonance structures. 

Es wird gezeigt, dab die Stabilitgtsverh~ltnisse der Cyclopolyenionen C,,H,~-, CnH~ +, 
n = 3, 5, 7 (C3Ha + stabil, C~H a- instabil, usw.), die nach der tIiickeltheorie richtig erkl/irt 
werden, auch naeh der VB-2V[ethode vorhergesagt werden k6nnen. Dabei ist es ausreichend, 
nut die energetisch niedrigsten Resonanzstrukturen mit zu berficksichtigen. Es ergibt sieh 
dann z. B., dab Call3 + einen Singulett-Grundzustand besitzt, CaH 3- dagegen einen Triplett- 
Grundzustand. Die Anzahl der mSglichen Resonanzstrukturen erlaubt jedoeh keinen t~fick- 
sehlug auf die Stabilitgtsverhgltnisse. 

La th6orie de tIiickel pr6dit eorrectement les stabilit6s exp6rimentales des ions des cyclo- 
poly~nes C,,H~-, CnH~+, n = 3, 5, 7 (Calla + stable, C~H3- instabJe, etc.). Ce r6sultat peut ~tre 
obtenu aussi par un simple caleul au cadre de la m6thode de la m6som6rie, ne comprenant que 
les formules de plus basse 6nergie. I Ien  r6sulte, par exemple, quel'5tat fondamental du CaH~ + 
devrait 6tre un singulet, celui de CaII ~- un triplet. Cependant, on ne peut pas expliquer la 
stabilit6 en comptant le nombre des formules m6som6res. 

A l though  resonance is stil l  widely used in chemis t ry  to expla in  facts  re la t ing 
to molecular  s tab i l i ty ,  there  are m a n y  cases in which these  explana t ions  are 
misleading.  A s t r ik ing  case of this  concerns the  s t ab i l i ty  of  a romat ic  hyd roca rbon  
ions. I t  is said t h a t  cyclopentadiene  is a re la t ive ly  s t rong acid because i ts  anion 
is s tabi l ized b y  resonance be tween the  five s t ructures  which exist  of the  t y p e  I .  

I 

Bu t  the  same a rgumen t  can be used  to  pred ic t  the  s t ab i l i ty  of CsH +, since there  
are  jus t  as m a n y  s t ructures  for the  ca t ion as for the  anion, and  y e t  the  ca t ion  has  
never  been obta ined.  The  reverse s i tua t ion  occurs for the  seven membered  r ing:  
the  ca t ion is s table  bu t  the  anion not.  

Molecular-orbi ta l  t heo ry  gives a ve ry  s imple exp lana t ion  of  the  above  results.  
The lowest  energy 7~-molecular o rb i ta l  of  a cyclic polyene  is non-degenerate ,  and  
the  higher  ones are doub ly  degenerate ,  except  for the  highest ,  which is degenera te  

e Now at Max Planck-Institut fiir Medizinisehe Forsehung, Heidelberg. 



464 H. FISCHER and J. N. ~UI~I~ELL : 

for an odd membcred ring and non-degenerate for an even ring. Stability is then 
predicted for cyclic polyenes having 4n + 2 ~-electrons (Hfickel's rule), since these 
have closed-shell structures. I t  follows that  the ions CaH+, QH-~, CTH +, etc., 
should be stable. 

I t  is interesting to ask why molecular-orbital theory gives such a simple 
explanation but resonance theory fails to explain the facts [2]. Valence-bond 
theory must  also explain the facts if it is applied correctly to the problem. What  
does one need in valence-bond theory to explain the stability of the aromatic 
hydrocarbon ions ? Is it multiple ionic structures; is it electron interaction ? 
In  fact neither: we will show tha t  the oifly thing necessary is to take account of 
the sign of the interaction element linking the resonance structures. 

Let  us first be clear on what molecular-orbital theory says: ions with 4n § 2 
electrons will have closed-shell structures; those with 4n electrons ~ have open 
shells (be triplet-states). The stability rule just follows from the generally 
recognized instability of open shells. I t  needs to be shown that  valence-bond theory 
says as much. We will examine the form of the interaction elements between the 
resonance structures for the three and five membered rings and then extend the 
results to higher members of the series. 

Three membered ring 
A wave function for the resonance structure of the positive ion having a 

positive charge on nucleus a is: 
,% 

c b 

[bc[ represents a Slater determinant formed of the 2p~ atomic orbitals b and c, 
orbital b having an associated ~-spin function and c a fi-spin function. This re- 
presents a singlet-spin state. The two other equivalent structures are 17 t+ and 
17J+. For the negative ion we have a typical singlet function 

1 
1 T y  = - ~ [ ]. 

e b 

For the triplet states typical wave functions are (the dots represent unpaired 
electrons): 

Ib l 
c b 

A i i~ab~ l 
c b 

We can confine our attention to just one component of the triplet (Sz = i). 
I f  we now evaluate the overlap integrals between the three structures of each 

type we find, to first order ill S: 

( 1~-/~- ] l~ / /b  > = ( 3~$'/a~ I " ~ {  > = - s ,  e t c ,  
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where S represents the overlap integral between neighbouring atomic orbitals 
(S = (a ] b)). 

Each of the structures is normalized to first order in S, so that  the overlap 
matrices to this order are as follows: 

Singlet + and Triplet-  Singlet- and Triplet + 

T~ -Tb Tc T~ Tb T~ 

Tv S 1 S T0 - - S  t - - S  
T c  S S l T c  S - -  S l 

The eigenvalues of these matrices are: 

] + 2 S ,  I - - S ,  i - - S  J . + S , i + S , i - - 2 S  

To interpret stability we need to evaluate the eigenva]ues of the t tamil tonian 
matrix, but qualitatively one can see what will happen from the overlap matrices. 
A positive overlap integral between two structures corresponds to a stabilizing 
(negative energy) term in the t tamil tonian matrix. The Hamiltonian matr ix  
element will be roughly proportional to the overlap matrix element. As far as the 
diagonal t Iamil tonian matr ix  elements are concerned: the terms which are inde- 
pendent of overlap in the overlap matr ix  correspond to Coulomb interactions in 
the Hamiltonian matrix and these are independent of electron spins. The diagonal 
exchange terms in the Hamiltonian matrix which will be different for singlet and 
triplet states, are of order S ~. I f  overlap is small the eigenvalucs of the I-Iamiltonian 
matrix are dominated by  the off-diagonal terms of order S rather than by the 
diagonal terms of order S 2, since because of the degeneracy of the resonance 
structures the off-diagonal terms of order S contribute to order S in the eigen- 
values of the tIamiltonian [1]. 

From the above statements we conclude tha t  the resonance stabilization of 
the lowest state from the singlet + and t r ip le t -  states will be proportional to S. 
From this we conclude that  for the cation the singlet state will be more stable 
than the triplet, and for the anion the triplet will be more stable than the singlet. 
In  other words the ground state of Call + is a closed shell, that  for C3H a is an 
open shell: this is identical with the molecular orbital conclusion. 

Five membered ring 

Typical singlet state functions for the positive and negative ions respec- 
tively are : 

c d 

1 T 2  = b ~ - 2 .  r 

c d 

1 

& 

The rule for constructing the wave functions is that  ff there is a bond (singlet state) 
between two atoms the wave function must change sign on exchanging the spins 
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of the two electrons forming the bond. For example 1T+ must change sign on 
replacing bc by bc and vice-versa. For the triplet state the function must be 
unchanged on exchanging electron spins of the two unpah'ed electrons. For the 
five membered ring there is more than one triplet state. Each of the followhlg 
structures represents a triplet state of the positive ion: 

II  I I I  IV V 
but only three of these arc independent. We will take IV to represent the most 
stable triplet. ] t  has one short bond like I I  and I I I  which will give it stability; 
and the unpaired electrons are far apart, which will give it less instability than I I  
and I I I .  Our wave functions for typical resonance structuring of the ions are then : 

1 

The overlap integrals between these resonance structures are then to first order 
in overlap : 

The overlap integrals between two structures in which the charges are not on 
neighbouring atoms can be taken to be zero. The overlap matrices are then as 
follows : 

Singlet + and Triplet- Singlct- and Triplet + 

T~ T~ We Ta T~ T~ T~ T~ T~ We 

Tb --S/2 1 --N2 0 0 ~ N2 I S/2 0 0 
v,~ 0 - s / 2  1 - s / 2  0 ~ 0 s/2 I s/2 0 
Ta o o - s / 2  1 - s / 2  T~ o o s/2 I s/2 
T~ --s/2 0 0 --s/2 1 To s/2 0 0 s/2 I 

The eigcnvalues of these matrices are: 

1 + 0 . 8 1 S ,  1 + 0 . 8 1 S ,  1 - - 0 . 3 1 S ,  1 + S ,  1 + 0 . 3 1 S ,  1 + 0 . 3 1 S ,  
t - -  0.31 S, 1 - -  S 1 - -  0.8t S, l - -  0.8t S 

For the five membered ring we see that  the negative ion should have a closed 
shell ground state and the positive ion an open shell ground state. 

Seven membered ring 
i t  can be shown that  the seven membered ring is analogous to the three 

membered, if the lowest triplet state is built up from structures in which there 
are two conjugated double bonds and the unpaired electrons are on next nearest 
neighbours: 
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The resonance ocurring in the ions discussed above, and the ions of other 
non-alternant hydrocarbons, is different from that  encountered for the alternants. 
For ions such as allyl or triphcnylmethyl one can only draw perfect pairing 
structures having short bonds which have the charge residing on alternant atoms; 
for example 

a = b - - c  + and a + - b  = c 

The interactions between these structures now depend either on the overlap 
between orbitals a and c or the square of overlap between neighbouring orbitals. 
The interaction between different structures is therefore a less important stabilizing 
feature than it is for the non-alternants. For the radical ions of the even alternants 

), there is again interaction of order S between the structures, but in (e.g. 

these cases the eigenvalues of the overlap matrix are obtained in pairs i + kS, 
so that  the signs of the overlap integrals are unimportant as far as energy is 
concerned. 

The lesson to be learnt from this paper is that  although one cannot explain 
the stability of hydrocarbon ions simply by examining the number of resonance 
structures, a valence bond treatment which takes into account only the lowest 
energy structures will probably be sufficient to give agreement with experiment. 
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