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l~e Electron Spin Resonance Spectrum 

of the Radical Anion of 1, 3, 5 -

Cycloheptatriene and the· Spin 

H 
Polarization Constant ~'CH 
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Department of Chemistry, and Inorganic Materials Research Division, 
Lawrence Radiation Laboratory, University of California7 
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Abstract 

The radical anion of 1, 3, 5 - cycloheptatriene has been prepared 

by electrolysis in liquid ammonia. The proton hyperfine structure of 

its electron spin resonance spectrum was assign~d with A(l,6) = 7.64, 

A(2,5) = 0.59, A(3,4) = 4.90 and A(7) = 2.16 gauss. Satisfactory agree-

ment between calculated and observed coupling constants is only obtained 

if the radical anion is assumed to have a non-planar boat conforrnation 

and if the methylene coupling is assumed to arise primarily from spin 

polarization by the spin density on adjacent carbon atoms. A value 

for this spin polarization constant is obtained,and we find that either 

H 
QC'CH = 4.33 or -3.09 gauss. The recent data of Morton are in good agree-

ment with the positive value, but the theoretical calc1uation by Colpa and 

de Boer indicate that it should be probably negative in sign. 

1 ' ' 
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Introduction 

The <?rigin of the proton hyperfine splittings in aromatic radical 

anions has.been well understood for some time. These protons lie in 

the nodal plane of the pi-electron system and the hyperfine coupling 

between them and the odd electron is generally accepted as being due to 

a spin exchange polarization between the odd pi-electron and the sigma-
. 1 3 

electrons in the carbon-hydrogen bond. - Considerable interest has 

also been shown in the origin of the proton hyperfine coupling from methyl 

and methylene groups substituted on pi-radicals. These substituent 

protons do not lie in the pi-electron nodal plane and consequently there 

are two possible mechanisms that will give rise to hyperfine splittings. 

The first is a spin exchange polarization mechanism similar to that which 

produces aromatic proton splittings, and the second is a hyperconjugation 

mechanism4 which leads to a non-zero pi-electron spin density at the 

substituent protons. 

SeveraLworkers have postulated that the hyperconjugation mechanism 

is by far the more important~ Bolton and co-workers5 showed that the 

pairing principle of Ruckel theory, 6-7 which predicts that the radical 

cations and anions of a given alterna:ht hydrocarbon should have very 

similar ESR spectra, would be carried over to methyl coupling constants 

if these coupling constants arose via a spin polarization mechanism. 

HO"I·rever, if. hyperconjuga'tion were the principal mechanism there 1vould be 

no reason for cation and anion methyl coupling constants to be equal. 

They took the experimental fact that they are not equal as evidence that ,-

the principal mechanism w~s indeed hyperconjugation. Using a h~~ercon-
/' 

jugation model they calculated a series of ratios A(methyl cation)/. 

A(methyl anion) which were in good. agreement with the .eA."Perimental ratios. 
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8 . 
Colpa and de Boer pointed out that while the particular model of 

Bolton et al •. · could predict the proper cation/ anion ratios, the absolute 

magnitudes of the coupling constants predicted by this theory were far 

too small. They developed a different hyperconjugation model which 

successfully predicted'both.the cation/anion ratio and the absolute 

magnitude of the coupling constants in a number of cases. In addition, 

they performed a configuration interaction calculation on the C'-CH2 

fragment ( C" being the unsaturated ce,rbon to which the methylene group 

is attached)· to obtain an estimate of the magnitude of the sr>in exchange 

]Jolarization mechanismo They found that the spin polarization contribution 

to methylene couplin~ constants should be given by 

A(H) (1) 

and that this Q value was far too small to account for the large coupling 

constants observed. They point out that the approximations in such a 

calculation naturally leave the numerical results in some d011bt. None-

theless they felt that the order of magnitude of the results substantiated 

their main argument. 

These two treatments give a good indication that hyperconjugation is 

the predominant mechanism for hyperfine coupling in methyl and methylene 

substituted. a:roma.tics. How~ve:r, :tt would. seem desirable to have a case 

in which the hyperconjugation and spin polarization mechanisms are clearly 

separated. This would provide direct evidence for the importance of 

hyperconju.gation in these radicals and in addition would provide a 

quantitative experimental measure of' the spin polarization mecha11ism. The 

radical anion of cycloheptatriene provid.es such a case. 
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The usefulness of this radical anion is due to the fact ~that as iong 

as pi-electron~electron interactions are neglected synnnetry consj.derations 

require the first anti-bonding molecular orbital of cyclohept·.::~.triene to 

have a node passing down the symmetry axis which goes through the methylene 

carbon. This means that within this approximation there can be no hyper~ 

conjugation contribution to the methylene coupling constant, and conse-

quently any coupling constant can only be ~he result of spin J>Olarization. 

Even ii' one includes electron correlation effects the contribution of 

hyperconjugation is small and can be estimated by an approximate SCF 

calculation. Thus the methylene proton coupling constant in this radical 

. anion gives a direct experimental measurement of the magni tud·= of the 

spin polarization mechanism. 

Experimental Results 

We have prepared the cycloheptatriene radical anion by electrol~ing 

a three millimolar solution of the parent hydrocarbon dissolved in a 

solution of liquid ammonia. The solution was saturated with tetramethyl- . 

ammonium iodide. The electrolysis apparatus and spectrometer have been 

previously described.9-lO The spectrum is shown in Fig. la. 

The spectrum has four coupling constants but· the assignment is made 

considerably easier by the fact that the two outer.most triplets,are so 

well resolved. One coupling constant is given by t};le distanc(: bet1.;reen 

the two triplets, and thesecond is given by the spacing within: either 

triplet. The total width of the spectrum determines the fourth coupling 

constant if the first three are knowri, and the remaining coupling constant 

. I 
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was assigned by trial and error with very little difficulty. '.I"ne 

reGulting assignment is given in Table I, and the theoretical :;pectrum9 

ca:::..culated from this assignment is shown in Fig. lb. As can te seen 

there is excellent agreement between the theoretical and experimental 

spectra. 

With no further experiments it is impossible to assign vrhich of the 

coupling constants are associated with which protons. As can be seen 

from Fig. 1 the molecule contains four sets of two symmetrically equiva-

lent protons each. The radical anion of cycloheptatriene in which one 

11 of the methylene protons had been replaced by deuterium was prepared. 

In Fig. 2 we show the experimental spectrum for Cf
7

D and a ca.lculated-

one with the deuterium coupling assigned to position 7 as given in Table I. 

It can be seen that there·was negligible proton exchange with the solvent 

and that the methylene coupling constant must be 2.16 gauss as given in 

Table I. 

Discussion 

The assignment of the coupling constants in Table I to the three 

vinyl hydrogen positions requires some further ~iscussion. T'ne_electron 

d . f-"' ' . 12 ' d 13 d t . -l .~.rac-cwn an nmr a a in.dlcate that 1, 3, 5 - cycloheptatriene 

does not have a planar structure. It has a boat conformation which is 

consistent with the bond angles expected for the sigma-system of such a 

molecule. In this structure the carbon atoms 1, 2 and 5, _6 as shown in 

Fig. 1 form a plane. _ The methylene carbon 7 and the carbon atoms 3, 4 

are bent above this plane to form a boat conformation. In this structure 
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perfect pi-overlap would be provided between positions 3-4 but the 

pi-overlap between the other adjacent carbon atoms depends upon the 

exact structure of the molecule• In the simple valence bond structure 

shmm in Fig. 1 the major reduction in pi-oyerlap would be between 

positions 2-3 fu~d 4-5· In the case of cyclooctatetraene there is some 

evidence14, 15 that the mono- and di-anions are planar. This is taken 

as confirmation of the '4n + 2 rule, but since these considerations do 

not apply to 1, 3, 5 - cycloheptatriene it seems likely that its radical 

anion is still non-planar and in a boat conformation similar to the 

parent hydrocarbon. 

. 16 
We have used the approximate SCF theory of · McLachlan together 

with the matrix elements of Coulson and Crawford17 to estimate the effect 

of electron correlation in the methylene group. Because of the nodal 

properties of the one-electron f'unctions of simple Ruckel theory the 

methylene group can not hyperconjugate with the odd electron unless 

electron correlation is included. We have calculated coupling constants 

for one Huckel case and for two SCF cases and.the results are shown in 

Table I. 

In the Ruckel case we have assumed a:rplanar structure so that the 
··. 
l 
' 

pi-overlap is the same between all adjace~t positions except for the 
\. 

. /'. 17 
methylene group where Couls.on and Crawfora•s matrix elements were useci. 

r> 
. ·'.-5,; 

There is fair agreement in this case between the calculated and observed 

. · coupling constants and the :methylene group; .• coupling constant :Ls zero as 

required by symmetry. In~ the SCF planar case we have used :McLachlan's 16 

technique and negative spin densit~es are obtained at positions 2, 5 and 
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at the methylene group.. It can be seen that the calculated cou:pling 

constant of the methylene group, even when electron correlation is 

included, is much too small to explain the observed value of 2.16 gauss. 

The interesting fact about the SCF planar calculation is that it 

predicts too large a coupling constant ?t positions 1, 6 and too small 

a one at positions 3, 4. The effects of non-planarity would be to 

decrease the pi-overlap between positions 2-3 and 4-5 and·also possibly 

between position~ 1-2 and 5...:6. A structure of alternating single and 

double bonds as shown in Fig. 1 would only allow a decrease in the 

pi-overlap between positions 2-3 and 4-5, but it is also possible for 

all four positions to have decreased pi-overlap. If it is a~:Sw'ned that· 

the"pi-overlap of positions 1-2, 2-3, 4-5 and 5-6 are all equally 

decreased then a SCF calculation does not give bet\:er agreement with 

the observed coupling constants at positions 1,6 and 3,4. If, on the 

other hand, one only decreases the pi-overlap between~ .positions 2-3 and 

4-5 an improved agreement is obtained as shown in the last column of 

Table I. The best agreement was obtained with 13(2-3) = 0.7 H3-4). If 

one assumes that the resonance integral is proportional to the cosine 

of the angle between the Pz orbitals then this angle should be close to 

45°· Molecular models of cycloheptatriene, with alternate single and 

double bonds and in a boat conformation, show a considerable twist 

between the Pz orbitals on positions 2-3. and 4-5 and a.c"'lgles close to 

45° can be obtained. Thus tne observed coupling constants a~ positions 

1, 6 and 3, 4 seem to clearly show that this radical anion, like the 

parent hydrocarbon, is non-planar. 
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It is also interesting to observe that a norcaradiene structure13 

cannot· explain the observed coupling constants. In· the norcaradiene 

structure there is a bond between positions 1 and 6 so that carbon 

atoms l, 6 and 7 form a cyclopropane ring fUsed to a.cyclohexadiene 

ring. The pi-system in norcaradiene would be that of a 1, 3 - butadiene 

but with some hyperconjugation to the orbitals on positions 1, 6. This 

is very similar to l, 3 - cyclohexadiene and its radical anion has been 

10 observed. Its coupling constants are'll.l, 8.2 and 2.0 gauss 1-1here 

the largest one is due to the methylene groups. A compa~ison with 

Table I shows that a norcaradiene structure with a pi-system sim:i,lar 
•, 

to l, 3 - cyclohexadiene could not explain the observed spectrU."'TI. without 

an unreasonable adjustment of .both Q and the hyperconjugation parameters~ 

Spin Polarization Constant 

Tne methylene coupling constant observed in Table I is much larger 

than that calculated even if the SCF corrections are made. This same 

SCF calculation has been made for a number of radicals containing 
. 10 

methyl and methylene groups .. and in all other cases· the matrix elements 

of Coulson and Crawford yield. satisfactory agr,eement with experiment_.. 

Spin polarization by the large spin density on the nearby carbon atoms 

must be the source of this discrepancy, for electron correlation in 

cycloheptatriene radical anion could never be expected to yield a 

co~pling constant of 2.16 gauss at the methylene position. 

The fact that hyperconjugation is not effective in this radical 

allows us to obtain an experimental value for the constant % 'CH H. 

The SCF McLachlan calculation predicts that essentially all the spin 

\.1 

r 
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densit;y is in the unsaturated part of the molecule and that the spin 

density at all positions is positive for.the non-planar confo:rmation. 

· Assuming that this is correct we can obtain a value· of Q for the 

unsaturated part of the molecule by the equation 

6 

IQI = L 
n = 1 

A. 
l 

26.26 (2) 

Using this Q, the experimental 'coupling constant A
1

, and McConnell's 

relationship1
- 3 A. = Qp., one finds the unpaired spin density on carbon 

l l 

atom 1 is 0.291 and the total unpaired spin density adjacent to the 

methylene group is 0.582. The total methylene coupling constant consists 

' of a swall hyperconjugation part and a larger spin polarization part. 

The hYJ)erconjugation part was estimated in Tab.le I to be -0.36 gauss. 

Colpa and de Boer
8 

performed an approximate calculation of ~~CHH 
which indicated that it was negative in sign. If this were true, then 

the spin polarization and electron correlation contribution to the 

observed methylene. coupling constant -in Table I are of the same sign. 

However, the data of Morton1~ give a value for the spin polarization 

constant that is positive.in sign. We shall make both assumptions and 

for our first calculation we shall assume that ~'CHH is ~ositive. With 

this assumption we have for the spin polarization coupling constant 

JA(spin pol.) I = ! JA(obs. ).I.+ IA(hypercon.) II = 2. 52 gauss (3) 
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This coupling constant. and. the adjacent spin density.of 0.582 gives 

from eq. (1) the experimental value QC ~CHH = 4.33 gauss. If the spin 

polarization constant is negative in sign then the hyperconjugation 

contribution has to be substracted from the observed coupling and 

H 
QC~CH = -3.09 gauss .. 

18 
Morton used the postulated equation 

(4) 

for the {3- hydrogen coupling constants in irradiated organic a.cids. 

':!?he constant B0 in eq. (1~) is equivalent to our QC ~en; H. He finds that 

B0 and B2 have the same sign and he finds .from two determination.=> that 

B0 = 3·9 ± 0.7 gauss. Since B
2 

must be positive in.sign then B0 must 

also be positive according to Morton's data. 19 The agreement between 

our value of 1+. 33 and ~orton is 3· 9 gauss is strong support for the fact 

H 
that QC ~CH must be positive, s.ince it is difficult to believe that 

Morton's use of eq. (4) could yield th~ correct value of B
0 

but one. 

which was wrong in sign. 

In their calculation, Colpa and de Bo_er
8 

find that % ~CH H is the 

sum of two terms. One·of these terms is negative and one is positive. 

The negative term is the direct spin polarization of the CH bond by the 

spin density of the atom C'. This term is similar to the usual spin 

polarization mechanism in arc;>matic · hydrocarbons but it should he quite 

small due to the decrease in the exchange integrals. Colpa and de Boer 

estimate a -1.76·gauss contribution from this term. The second term 

. . 

l.t 
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appears as a second-order term and it is due to the spin polarization 

in the CH bond caused by the spin density in the C'C bond. The spin 

d.ensity in the c'c bond comes from direct spin polarization and they 

Karplus and Fraenkel's 20 
value of Q,C'C 

c 14 gauss. use = -

Tl1.is value of %'c 
c derived by Karplus and Fraenkel for the 2s was 

contribution for c13 interaction through spin polarization of an sp
2 

orbital. It" is not appropriate for proton interaction through spin 

polarization of its ls orbital unless if multiplied by the factor
20 

3 x 507.6/1191. This slightly modifies Colpa and de Boer's second-order 

H 
term to +0.83 and the resulting theoretical value is Q,C'C = - 0~9 gauss. 

Colpa and de Boer make several serious approximations in their cal-

culation and in addition their calculation does not exactly apply to.our 

case. Their calculation is for sp2 hybridization with the H-atom in the 
-, 

usual pi-electron nodal plane while our determination is for sp~ hybridi-

zation with the H-atoms in a nodal plane between two pi-orbit:;.ls. The 

first-order contribution can be quite different in the two cases for the 
I 

exchange integrals between the pi-electron and the C-H orbitals are 

dependent upon the angle between them~ It is quite possible, however, 

that the McLachlan calculation given in Table I contains most of the 

correction for the C-H bond not being in the usual pi-electron nodal 

plane. If this is the case, then the agreement between Morton's value 

H 
and our positive value of QC'CH is good evidence that the Colpa and 

de Boer calculation gives the wrong sign for spin polarization. 
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