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Differences in Expected Stability of the Triplet State in Cyclic n-Systems 
Containing 412 Electrons 

By WESTON THATCHER BORDEN 

(Department of Chemistry, Harvard University, Cambridge, Massachusetts 02 138) 

Summavy Theoretical considerations indicate that in 4n 
n-electron systems the triplet state in rings of 4n atoms is 
less stable with respect to the lowest singlet than in the 
isoelectronic systems consisting of 4n & 1 or 4n & 2 
atoms. 

SIMPLE Huckel theory allows one to predict that molecules 
containing 4n w-electrons in a ring of 4n or 4n & 1 atoms 
should be nonaromatic. Furthermore, since two electrons 
must be distributed between two degenerate orbitals, such 
molecu’.es should have ground states which are either 
symmetrical triplets or Jahn-Teller distorted singlets.1 
An SCF-MO calculation predicts2 and experiments seem to 
confirm3 that the latter alternative is preferred in cyclo- 
butadic ne. However, in several cyclopentadienyl cations 
the triplet is either the ground state or very close to it.4 I 
present a theoretical demonstration that this difference 
between isoelectronic 4n n-systems in rings of 4n and 
4n lir: 1 atoms is to be generally expected. Only in the 
latter is the triplet state expected to show any stability with 
respect to the lowest singlet. 

A plmar symmetrical ring of m atoms belongs to the 
point group Dmh. If the molecule has 4n w-electrons, two 
electrons must be placed in two orbitals which belong to the 
degenerate E:(m = 4% f 1) or Eng(m = 4%) representation 
of the Sroup. The symmetries of the electronic states so 
formed may be deduced from the irreducible representa- 
tions spanned by the direct product E: x EE in a ring of 
4n If 1 atoms and En, x En, in a ring of 4% atoms. The 
former gives rise to states A;, Ein- (1-+f1)/2, and A; 
in a 4n -J= 1 membered ring. The A ;  state can be shown to 
be the triplet which lies 2Kij lower than the l.4 state and K i j  
lower. than the pair of degenerate singlet states, where $i 
and $rj are the degenerate molecular orbitals and 

~ i j  = J$:c 1 )+;(2) ( e2 /~12)  $j ( 1 ) $i (2) d7 (1) 

In the sroups D,, (m = 4n) the direct product En, x Eng 
spans Jlg,  Blg, B,,, and A Z g .  Again lA1, and 3A2,  are 
split b? 2Kij ,  but the other two singlet states are, in general, 
no lonFer degenerate. They are split by 2K;,, where 

The fact that group theory shows a degenerate pair of 
states in rings of 4n f 1 atoms means that in these systems 
the symmetry of the degenerate orbitals must cause Kij to 
vanish. However, for rings of 4% atoms symmetry does 
not cause Kij to vanish. In  fact, in these systems it can be 
shown that Kij = Kij ,  if the usual approximation of zero 
differertial overlap is made.5 This means that within the 
validity of this approximation, t in 4% n-electron systems 

consisting of 4n atoms, the lowest singlet and triplet have 
the same energy.$ 

In order that Kij = Kij ,  comparison of equations (1) and 
(2) shows that a sufficient condition is 

This equality can be *demonstrated using two symmetry- 
related properties of #i and y$j. The first is that because 
they are a degenerate pair, they can be written as complex 
conjugates of each other: 

The second is that as two nonbonding molecular orbitals in 
an alternant hydrocarbon,6 if y$i is written 

2n 2n 

where the atomic orbitals have been divided into two sets, 
K and I ,  which alternate around the ring, then $j may be 
written 

2n 2n 

k 
$$ = ck#lc - 7 ct#Z (6) 

Substituting (5 )  and (6) into (4) yields 

Equating coefficients, 

* * 
c k  = CkandCz == - c, (8) 

showing that the C ,  must be pure real and the C, pure 
imaginary numbers. 
Use of (5) ,  (6), and (8) gives 

Finally, since zero differential overlap implies 

#k$l  = (11) 
the cross terms vanish and 

(xck#k)2 $- (xc$$Z)2 = (xc,+k)’ + ( - ~ ] c ~ # , ) 2  
Q.E.D. (12) 

The different situations with regard to the energy of the 
states in 4n -& 1 and 4n systems are summarized in the 

t When differential overlap is not neglected the triplet falls below the singlet. 

$ Thi:j follows from the fact that all four states have the same coulomb repulsion energy when complex MO’s are used. 
= K,?, but one must show that the coulomb repulsion energies for the states are the same. 

However, inclusion of extensive configuration 

When real 
The proof 

interaction has the opposite effect. 

MO’s are used, obviously 
is similar to  the demonstration that K; = I T i j  for complex MO’s. 

See ref. 1 for a discussion of the particular case of cyclobutadiene. 
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Figures.’ 
triplet lies lowest. 

In fully symmetrical rings of 4n & 1 atoms, the 
Even if the ground state of the system 

should play a much less important role in rings of 4n atoms 
than in the isoelectronic 4n wsystems of 4n f 1 atoms.§ 

FIGURE 1. 
v-electrons. 

State energies of a 4n f 

is a distorted singlet, the triplet, 

2Kjj i 
1 atom ring contailling 4n FIGURE 2. 

electrons. 
State energies of a 4n atom ring containing 4n T- 

once populated, should Group theory shows that rings of 4n f 2 atoms containing 
show Some stability if the distortions caused by the mol- 4n electrons also have a degenerate pair of singlet states. 
ecular vibrations are sufficiently small for the singlet to Therefore, they are expected, like the isoekctronic 4n f 1 
remain above the triplet and if tunnelling is unimportant. atom. rings, to have a symmetrical triplet state of Some 
In contrast, even in fully symmetrical rings of 4n atoms the potential stability. Hoijtink has d m ~ ~ e d  stable triplet 
lowest singlet lies very close to the triplet, and a pseudo- states in the dianions of triphenylbenzene and decacyclene.8 
Jahn-Teller distortion is capable of further lowering its 
energy. Therefore, i t  is predicted that the triplet state (Received, May 28th, 1969; Corn. 735.) 

5 As ring size increases, the magnitude of Kit decreases; so the stability of the triplet relative to the undistorted singlet in 4% f 1 
atom rings should be greatest in small systems. 
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