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Introduction 

Reports of ESR spectra of radical ions of benzene and its 
mono- and polysubstituted derivatives abound in the litera
ture.2 These studies have provided elegant confirmation of a 
symmetry-orbital model for the IT system of benzene. In con
trast, while there have been a number of ESR studies of mo-
nosubstituted cyclooctatetraene (COT) radical anions,3 par
ticularly in the last 2 years, investigations of polysubstituted 
COT radicals have been limited to two 1,3,5,7-tetrasubstituted 
derivatives3d'4a'b and a single 1,2-disubstituted one.5 This 
difference presumably has its origins in the far greater syn
thetic difficulties inherent in COT chemistry. 

Recently the syntheses of 1,4- and l,5-Me2COT have been 
accomplished.6 The availability of these compounds offered 
us the opportunity to obtain ESR spectra of the corresponding 
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radical anions, with a view toward exploring further the pre
dictions of symmetry-orbital models of COT- - . 

Experimental Section 

The radical anions of COT and its two dimethyl derivatives were 
generated by electrolytic reduction of the neutral hydrocarbons in 
TV.iV-dimethylformamide (DMF) at -55 0C with tetra-K-pro-
pylammonium perchlorate as electrolyte. The electrolysis was done 
in a flat quartz cell (Wilmad Glass Co., No. WG-808) small enough 
to fit inside the Dewar system of the spectrometer. The cathode was 
a platinum wire passed into the bottom of the cell through a Teflon 
plug. The platinum anode was brought in through a rubber septum 
on one arm of a Y-tube at the top of the cell. Outgassed solutions of 
compound and electrolyte were drawn from a storage flask into a sy
ringe equipped with a Teflon valve and a 10-in. long 26-gauge needle. 
The solutions were injected into the flat part of the cell through a 
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septum on the other arm of the Y-tube. The spectra were recorded on 
a standard Varian X-band spectrometer,7 and the magnetic field 
strength was calibrated at 5-G intervals with a precision Gaussmeter. 
Analyses of the spectra were confirmed by computer simulation; the 
reported coupling constants are the values obtained by least-squares 
fitting.8 

Results and Discussion 
A. COT*-. The ESR spectrum of COT-- is that of a radical 

anion with eight equivalent protons. The proton coupling 
constant «H for COT-- in tetrahydrofuran (THF) is -3.21 G,9 

while in NH3 the radical shows a slightly larger splitting, 
-3.278 G.10 We find that aH for COT-- in DMF at -55 0C 
is -3.27 G. This radical anion in solvents of low polarity, such 
as THF, and in the presence of alkali metal cations exists as 
ion pairs. There appears to be no evidence that COT-- forms 
ion pairs with tetraalkylammonium cations, however, and we 
accordingly consider our ESR spectra to be those of the free 
anions, uncomplicated by effects of ion pairing. 

For planar w radicals, one commonly calculates the unpaired 
7r-electron spin density pM on carbon \i from the experimental 
coupling constant «H.M by the McConnell equation: 

aH,n = Qpu U) 
where Q is a proportionality constant having a value of —22 
to —28 G. As an is the same for all eight protons of COT--, the 
spin density p must be V8 at each carbon. Therefore, in the 
following discussion we take Q = —3.27/0.125 = —26.16 G 
for substituted COT radical anions in DMF at —55 0C. 

There are several different molecular structures for COT--

which are consistent with the observation of equal spin densities 
at all eight carbons. Of these, a tub-shaped (Dm) geometry 
like that of the neutral compound has been ruled out on the 
basis of the normal Q value, as well as other evidence.10'1' A 
planar structure with a fourfold symmetry axis and alternating 
short and long C-C bonds (Z)4/,) has received more serious 
consideration. The two occupied orbitals of highest energy for 
a COT-- with Z)4/, symmetry would be T MO's ^4 and ^5, 
belonging to B\u and B2u representations. These MO's would 
have the forms:12 

4>4 = 0.354(0, + 02 - 4>s ~ 04 + 05 + <t>6 ~ 4>i ~ fa) (2) 

ti - 0.354(0, - 02 - 03 + 04 + 05 - 4>6 - 07 + 08) (3) 

If the short bonds are taken to be C-l:C-2, C-3:C-4, C-5:C-6, 
and C-7:C-8, \p4 is lower in energy than \ps. In the ground state 
\p4 is filled, and the unpaired electron occupies 1̂ 5. It is clear 
from the form of this MO that the unpaired spin density should 
be equally distributed over all eight carbons, as is observed 
experimentally. 

Also possible is a regular octagonal structure (Z)8/,) like that 
generally accepted for the diamagnetic COT dianion.13 The 
MO's 4>4 and \p$ are a valid pair of symmetry orbitals for 
COT-- in the Z)8/, point group, just as in D4/,. However, in the 
more symmetrical structure they are energetically degenerate, 
belonging to an E2u representation. Consequently, there are 
two equienergetic electronic states, one with the unpaired 
electron in \p4 and the other with ^5 as the half-filled MO. 

It might be expected that a Z)8/, COT-- would undergo a 
Jahn-Teller distortion to a structure of lower symmetry, such 
as Z)4/,, to remove the energetic degeneracy.14 It has been ar
gued on the basis of the electronic spectrum of COT--, though, 
that it does have a Z)8/, structure.10 In any case, ESR evidence 
including the anomalously large line width and the power-
saturation behavior indicates that the ground state is in fact 
degenerate.4b 

B. 1,5-Me2COT--. The ESR spectrum of 1,5-Me2COT--
in DMF at —55 0C results from a six-proton splitting of 6.27 
G, which we assign to the six methyl hydrogens; a four-proton 
splitting of 0.48 G, assigned to the hydrogens at C-2, C-4, C-6, 

H -3.11 G 

-CH3 +aso G H - 5 ^ 5 G C H 3 

I H 0.48 G 

CH 3 - / V-CH3 +6.27 G 

la 
Figure 1 

and C-8; and a two-proton splitting of 5.85 G, assigned to the 
hydrogens at C-3 and C-7 (Figure la). With Q = -26.16 G, 
anon of 0.48 G corresponds to a very low spin density at the 
four even-numbered carbons: p2,4,6.8 = 0.018. The large 
splitting of 5.85 G for 03,7 shows that the spin density at these 
two odd positions is high: p^j = 0.224. Using Vincow's value 
of CCCH3

 = +25 G,4b one can calculate from AH(CH3) = 6.27 
G that pi,5 = 0.25. As the total T spin density must be 1.00, the 
large p values for the four odd positions clearly are positive. 
Accordingly, «3,7 must be negative and OH(CH 3 ) positive. 
Because of the very small absolute magnitude of p2,4,6,8 and 
the uncertainty in the value of £>CCH3> the sign of a2,4.6,8 cannot 
be established from considerations of unit total 7r spin densi
ty-

The p values we find for 1,5-Me2COT- can be accounted 
for in terms of the same symmetry-orbital model previously 
used to explain the coupling constants found for other substi
tuted COT radical ions.3 The MO's required are not \p4 and 
\p5, but are instead linear combinations of these two MO's, 
which we designate as \pA and ^s to indicate that \pA is an
tisymmetric and \ps symmetric with respect to a plane per
pendicular to the ring plane and passing through C-I and C-5. 
The forms of \p\ ar>d 'As are: 

^A = O.5O(02 - 04 + 06 - (4) 

^s = 0.50(0, - 03 + 05 - 07) (5) 
Electron-releasing groups like methyl, when located at odd 
positions, raise the energy of î s more than that of Î A- Conse
quently, in the ground state the unpaired electron occupies \ps, 
in which it is localized on the odd carbons only. The values of 
p i,3,5j and p2,4,6,8 from Hiickel MO theory for an electron in 
\ps are 0.25 and 0.00, respectively. Plainly the distribution of 
spin density predicted by this simple model is in remarkably 
good agreement with our experimental p values. 

If the unpaired electron did in fact occupy a "pure" ifs MO, 
however, electron correlation should result in substantial in
duced negative spin density at the even carbons and corre
spondingly enhanced positive spin density at the odd positions. 
To the extent that comparison with a nondegenerate radi
cal-like allyl15 is valid, p,,3.5,7 might well be as large as 0.35, 
with a negative p2,4,6,8 of —0.10. This estimate is supported by 
our INDO calculation on MeCOT-- (Z)8/, geometry for the 
ring carbons), which gives p, 357 = 0.337 ± 0.004 and pi4(, 8 
= -0.095. 

It has been pointed out, though, that in degenerate systems 
like COT-- the electronic and vibrational wave functions are 
coupled. From the form of the Z)4/, MO ^5 it can be seen that 
a vibration which distorts the ring from Z)8/, to Z)4/, geometry 
(the b2u mode) will tend to distribute the unpaired electron 
more evenly over the eight ring carbons on the average. Our 
INDO calculation on MeCOT-- with alternating C-C lengths 
of 1.34 and 1.46 A gives almost uniform distribution of the 7r 
spin density, with p values ranging from a minimum of 0.111 
to a maximum of 0.135. Concepcion and Vincow4b state that 
in alkyl COT radical anions the contributions of electron 
correlation and vibronic coupling tend to cancel, and conse
quently "the Hiickel model yields a fairly good approximation 
for the spin-density distribution". 

The distribution of 7r spin density in substituted COT radical 
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anions is strongly dependent on the nature of the substituent. 
This dependence has generally been accounted for in terms of 
thermal (Boltzmann) mixing of the ground state, in which the 
unpaired electron occupies î s, with a low-lying excited state 
in which î A is the half-filled MO. The electronic effects of the 
substituent determine the energy difference AE between the 
two states and consequently the extent to which the upper state 
contributes. The value of irE can be calculated from the 
equation: 

P(T) = 
p° + pE exp(-AE/kT) 

1 +exp(-A£/A:0 
(6) 

where p(T) is the spin density at a given position at tempera
ture T, and pG and pE are the spin densities at that position in 
the ground and excited states, respectively. Assuming pG = 
0.25 for odd carbons and 0.00 for even ones, with pE = 0.00 for 
odd positions and 0.25 for even ones, Stevenson3cd found Af 
to be 0.45 kcal/mol for CH3CH2COT--. The splitting pro
duced by the four methyl groups of 1,3,5,7-MCjCOT-- is re
ported to be approximately four times larger.3d'4b Taking A£ 
for 1,5-Me2COT--, with two alkyl groups, to be 0.9 kcal/mol, 
and assuming the same values of pG and pE, we calculate that 
at -55 0C pi,3,5,7 = 0.222 and p2,4,6,8 = 0.028. These values 
are in quite satisfactory agreement with our experimental 
values of 0.224 and 0.018. 

The existence of a low-lying excited state with ^A half-filled 
implies that spin density should shift from the odd to the even 
carbons with increasing temperature, and that the coupling 
constants should be temperature dependent. Vincow has found 
that the coupling constants of l,3,5,7-Me4COT-- are indeed 
temperature dependent.4*3 The signs of the temperature coef
ficients for both splittings, as well as the magnitude of that of 
the methyl splitting, are entirely consistent with the expected 
redistribution of spin density. 

We find a very similar temperature dependence for 
^ H ( C H 3 ) and a37 in 1,5-Me2COT--. The absolute values of 
these coupling constants over the range —55 to +21 0C change 
from +6.27 to +6.10 and -5.85 to -5.60 G, respectively, 
corresponding to da^/dT values of —2.2 and +3.3 mG per 
degree. These values are somewhat smaller than the ones 
predicted for E = 0.9 kcal/mol. Using Vincow's equation:4b 

(7) 
daH ^ Q(PE ~ pG)(AE/kT) sxp(-AE/kT) 
dT T[\ + exp{-AE/kT)]2 

one calculates dflH(CH3)/dr = —5.1 and da3,7/dT = +5.3 
mG per degree for T = 273 K. 

As for 02,4,6,8,-it appears to remain constant from —55 to 
+21 0C within our limits of accuracy. Any change in its value 
must be an order of magnitude or more smaller than the change 
predicted from eq 7. Vincow4b also found an anomalously small 
temperature dependence for a2,4,6,8 in his study of 1,3,5,7-
Me4COT--. The source of these discrepancies between theory 
and experiment is not clear. It would seem that at the present 
time our understanding of the temperature dependence of spin 
densities in substituted COT radical anions and similar radicals 
is incomplete. 

C. 1,4-Me2COT--. To date the only COT-- derivative with 
substituents at both odd and even carbons to be studied by ESR 
is the radical anion of bicyclo[6.2.0]deca-l,3,5,7-tetraene. 
Bauld et al. reported that the six olefinic protons in this radical 
ion all have the same coupling constant, —3.25 G.5 This result 
is also consistent with the symmetry-orbital argument. In

spection of eq 4 and 5 reveals that the combined effect of the 
perturbations produced by the two methylene groups at C-I 
and C-2 would be to raise the energies of the MO's ^s and ^A 
equally. Thus, a 1,2-disubstituted COT-- with two identical 
substituents should, like COT-- itself, have a doubly degen
erate ground state, and the unpaired electron should be uni
formly distributed over all eight positions, just as in COT--. 

The argument applies in exactly the same way to 1,4-
Me2COT--, which is also predicted to have uniform distri
bution of spin density around the ring. The ESR spectrum of 
this radical anion in DMF at -55 0C results from two six-
proton coupling constants (Figure lb). One of them, an = 3.11 
G, which we assign to the six ring protons, corresponds to a it 
spin density at these six carbons of 0.119. The other, an = 3.50 
G, is assigned to the methyl protons; with 2CHH3 = +25 G, one 
calculates p 1,4 to be 0.140. As the total ir spin density must be 
1.00, both p values are positive. Therefore, a 1,4 is positive and 
«2,3.5,6,7,8 negative. 

The nearly even distribution of T spin density we find for 
1,4-Me2COT-- is in excellent agreement with the prediction 
based on symmetry arguments. 

Summary 

This appears to be the first ESR study of 1,4- and 1,5-di-
substituted COT radical anions. The dramatic contrast be
tween the uniform distribution of r spin density in 1,4-
Me2COT-- and the pronounced odd-even alternation in the 
1,5 isomer provides a striking demonstration of the power of 
symmetry-orbital models for COT-- and its derivatives. 
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