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Abstract

The radical anion of 1, 3, 5 - cycloheptatriene has been prepared
by electroiysis in liquid ammonia. The proton hyperfine structure of
its electron spin resonance spectrﬁm was assigned with A(1,6) = 7.6k,
A(2,5) = 0.59, A(3,L) = h790 and A(7) = 2.16 gauss. Satisfactory agree-
ment between calculated and observed coupling constants is only obtained
if the radical gnion is assumed to have a non-planar boat conformation
and if the methylene coupling is assumed to arise primarily from spin_'
pblarization by the spin density on adjacent carboﬁ atoms. ‘A value
for this spin polarization constant is obtained and we find that eitheri
QC’CHH = 4.33 or -3.09 gauss. The recent'datavof Morton are in good agree-
' ' ment with the positive value,.but the theoretical calculation by Colpa and

de Boer indicate that it should be probably negative in sign.
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‘electrons in the carbon-hydrogen bond.
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Introduction

The origin 6f the protéﬁ hyperfine.splitfingslin:aromatic radical
anions has.been well understood for some time. These ﬁrotons lie in
the nodal plane of‘the pl-electron system and the hyperfiné coupling
between them and the odd electroﬁ is generally acpepted as being dué to
a spin exchange polarization.between'the odd pi-electron and the'sigmaf

1-3

Considerable,intereét 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-eleétron nodal plane and consequently there

~ are two possible mechanisms that will glve 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.

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

substituent protons.

‘Several -workers have postulated that the hypercénjuggtion mechanisnm
is by far the more impdrtanto Bolton and co-w'orkers5 showed that the}
pairing principle of Huckel thebry,6-7vwhich predicts that the radical

cations and anions of a given alternént'hydrocafbon should have very

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

if these coupling constants arose via a spin polarization mechanism.

However, 1f hyperconjugation were the principal mechanism there would be - -

" no reason for cation and anion methyl éoupling constants ﬁo_be'equal;

They tcok the experimental fact that they are not equal as evidence thatl

the principai mechanism was indeed hyperconjugation. Using a hyvercon-

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

A(methyl anion) which were in good agreement with the experimental ratios.

N



-3-

Colpa ;nd de Boer8 pointed out that while the particular model of
Bolton et als. couid predict the propef cation/anion ratios, the absolute
magniéudes of the coupling constants predicted by this theory'were far
too small. 4They developed a different hypercdnjugation model. which
successfully predicted;both.the cation/anion ratio and the absolute
magnitude of the coupling consténts in a number of cases. In addition,
they performed a confiéuratipn interaction célculation on the C’-CH2
fragment (C’ being the unsaturated corbon to which the methylene group
is attached) to obtain an estiméte of the magnitude of thelspin exchange

polarization mechanism. They found that the spin polarization contribution

to methylene coupling constants should be giveh by
H .
A(H) = Qg Pg- ‘ (1)

and that this Q wvalue wds far too small to acgéunt for the lérge coupling
consténtS'observed. They point out that the approximations in such a
calculation ﬁaturally leave the nuﬁerical results in some doubt.. None-
theléss they feit that the order of magnitude of the results subgtantiated
thelr main arguﬁent; |

These two treatments givé a good indication that hyperconﬁugation is

he predominant mechaniém for hyperfine coupling in méthyl and methylene
substituted aromatics. However, it would geem desirable to heve a case ‘
“in which the hyperconjugation ahd.spin polarization mechanisms are clearly
Separated. This would prdvide direct evidence for the importance of |
hyperconjugation in these radicals and invaddition Woﬁld provide a
quantitative experimental measure of'the spiﬁ polarizaﬁion mechenism. The

radical anion of cycloheptatriene providgs such d case.
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The usefulness of this rsdical‘anionpis duevto the'fact‘that as long ;'-V'
s pi-electroneelectroﬁ interactions are neglected symmetry considerations |
1 require the first anti-bonding molecular orbital of cycloheptatriene to
lhave a nede pessing down phe symmepry axis‘which‘goes through the‘methylene
carbon. This means that within this appfox;mation there can be no hyper-
conjugation contribution tc the methylene coﬁpling constant, and conse-
quently any.coupling copstant can only be the result of spin polarizatien;
Even if' one includes electron correlation effects the contribution of
hyperconjugation is small and can be estimated by anlapproxhnate SCF
calculation. Thus the methylene proton coupling constant in this radical
;-anlon gives a direct experlmental measurement of the magnluude of the'

)

~ spin polarization mechanism. _ ' o0
Experimental Results -

We have prepared the cycloheptatriene radical anion by electrolyz;ng
a three millimolar solution of the parent hydrocarbon dlSSOlVLd in a
solution of liquid ammonia. The solution was saturated with te»ramethYl—.
ammoniuvm iodide. The electrolys1s apparatus and spectrometer have been

9-10

prev1ously described. The spectrum is shown’in Fig. la.:

The spectrum has four coupling consteﬁts btﬁt the assignment is made
considerably easier by thel fact that ‘bhe two outermost triple"'cs; a.:i‘e S0
well resolved. One coupling constant is given by the distance beuween"
the two trlplets, and the. second is given by the spacing w1tth elther '

. triplet. The total width of the spectrum determlnes the fourth coupllng f
constant if the first three are kncwﬁ, and the remaining coupling constant }*

t . : C

£ e o}
. . ot
: '
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was assigned by trial and error with very little difficulty. The

9

resulting assignment is given in Table I, and the theoretical spectrum

. casculated from this assignment is shown in Fig. 1b. As can te seen

there is excellent agreement between the theoretical and experimental .

-

spectra.

With no'further experiments it is impossible to assign which 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-

1ent‘protons each. :The radical anion of cycloheptatriene in which one

of the methylene protbns had been feplacéd by deuterium was ?repared.ll

in Fig. 2 we show the experimgntal spectrum fér C7H7D and a caléui;ted

one with the deuterium coupling assigned to position 7 as given in Teble I.
It can be seen that theré-was'negligible broton exbhahge 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 Ito thé three
vinyl hydrogen positions requires.some further discussionf The,elecfron
diffraction12 ahd nmr13 data indicate thatfl, 3, 5 - cycloheptatiriene
does not havé a planar structure; It has é boat confofmation which is
consistent with the bdnd'ahgleé expec%ed for the sigma-system of such é
molecule. - In this structure thé carbon atoms 1, 2 and 5,‘6 as shown in
Fig. 1 form a plane. The methyléné carbon 7'and the carbon atoms 3, L |

are bent above this plane to form a boat conformation. In this structure



. ~_6_.

perfect pi-overlap would be provided bétween positioné 3jh but the
pi—ovérlap betweeﬁ.the other adjacent carbon atoms_depends'upon ﬁhe

. exact sfructure of the molecule;v In the simpié valence bond structure:
shown in Fig. 1 the major reduétion in pi-overlap would be_bepween‘.
positions 2-3 and M—S.. In the caéevof cycléoctatétraeﬁe'there is some

evidencelh’15

that the mono- and di-anions are planar. Ihis is taken
as confirmation of'ﬁhe{hn + 2 rule, but since these considerations do
»not‘apply to i; 3, 5'— cycloheptatriene it seems likely that its radical
anion is still non-planar aﬁd in a boat conformatiop similar to the
parent hydrocarﬁon.

We have used the'approximafe SCF theoryibf’ Mciachlanl6 t;gethef
- with the matfix'elements of Coulson and Crawfordl7 to esfimate the effect
of electron correlation in the methylené group. Beéause of the nodal
properties of the onéfeleétron'functiohs of simple Huickel theory the
methylené.group can not hyﬁerconjugate with the odd electron unles;
electron correlation is included. We have calculatedvcoup;ing constants
for one Hickel case and for two SCF cases:and'the reéults are shown in'
Table I. | ‘
i

In the Hickel case we have assumed agplanar structure so that the
i

pi-overlap is the same between all adjaceﬁt positions except for the

17

_ . s .
methylene group where Coulson and Crawford's matrix elements were used.

There is falr agreement in this case betwéén the calculated and observed
" coupling constants andﬁﬂxymethylene grbup}fcoupling constant is zero as

required by symmetry. In.the SCF‘plénar}éase we have usediMcLaéhlanfség

technique and negative spin'densit;és'are,obtained at posiﬁions 2, 5 and
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at the méthylene groups It can be seen that the calculated coupling
constant of the ﬁéthylene group, eveﬁ when electron corfelation is
. included, is much too small fovexplain the observed value of 2.16 gaués.
The interesting fact about the SCF planar calculation is that it
predicts too large a coupling constant at'posifions 1, 6 and too smgll
a one af positions 3, 4. The effects of non-planarity would be to
decrease the pi-overlap betweeh positions 2-3 and 4~5 and-also possibly
between positioné l~2.and 5-6. A structure of alternating éingle and
double bonds as showm in Fige 1 would only allow a decrease in the
pi-overlap between positions 2-3 and 4-5, but it is also possiblg for
ali four posiﬁions to have decreaséd pl-overlap. If it is assumed that
the pi-overlap of positions 1—2; 2-3, L-5 and 5—6-aré all equélly
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 énd
L-5 an improved agreement is obtained as éhown in the last column of
Table I. The best agreedent was obtained with B(2-3) = 0.7 (3-4). If
one assumes that the resonance integral is proportional ﬁo the cosine
of the angle between the pz.orbitals then this angle should be qlose to.
- 45°. Molecular models of cycloheptatriene,.ﬁith alternate single and
double bonds and in a boat co'nforma.'bio'n,' show a considefable twist
between the pZ §rbitals on positions 2-3'and 4-5 and angles close to
:h5° can be obtained. .Thus the observed coujling constants at positions
1, 6 and.3, L seem to clearly show that this radical anion, like the

parent hydrocarbon, is non-planar.
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It ie also interesting.tc observe.thet a norcaradiene stnnctnre
cannot: explain the obserQed conpling constants. In the norcaradiene
© structure there is a bcnd between positions 1 and 6 so that carbon
" atoms 1, 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'similer to 1, 3 - cyclohexadiene and its radical anion:hes been
observed.lo Its coupling constants are 1l.1, 8g2 and 2.0 gauss ﬁhere
the largest cne is due tc the methylene groups. A comparison with
Table T shcws that a norceradiene structure with a pi—e&etem'slmilar_

to 1, 3 - cyclohexadiene could not explain the observed spectrum without

an unreasonable adjustment of.botth and the hyperconjugation parameters:'

Spin Polarization Constant

The methylene coupling constant observed in Table I is much larger .
than that calculated even 1if the SCF corrections are made. This.same -

" SCF calculation has been made for a number of radlcals contalning

10 S
mnethyl and methylene groups - and in all other cases the matrix elements

of Coulson and Crawford ‘yield . satisfactory agreement 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 tc yield a
“coupling constant of 2.16 gauss at the methylene p051t10n.

-The fact that hyperconaugatlon is not effective in thls radical

H
H

The SCF NcLachlan. calculatlon predicts that essentially all the spin

allows us to obtain an experimental value for the constant QC ‘G

v
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density is in the unsaturated part of the molecule and that the spin '
density at all positions is positive for the non-planar conformation.

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

unsaturated part of the molecule by the equation

6
ol = Z A, = 26.26 (2)
| =y .

Using this Q, the experimental coupling constant A., and McConnell's

1
relaﬂ:ionshipl—3 Ai =’Qpi, one finds the unpaired spin density on carbon
atom 1 is 0.291 and the total unpaired spin density adjacent to ﬁhe
methylene group is 0.582. The total methylene coupling constant consists
of a small hyperconjugation pért énd a larger spin polarization partl
The hyperconjugation part was estimated in Table I to be -0.36 gauss.
Colpa and de Boer8vperformed an approximate calculation of QC’CHH
which indicated that it Qas negative.in sign._ If this were true, then
the spin polafization and electron correlation contribution to the -
observed methylene‘coupiing constant in Table I are of the same sign.
However, the data of Mort6n18 give a value for the spin polarization
constant ‘that ié positive_in_sign.‘ We shall make both assumﬁtions and

Tor our first calculation we shall assume that QC'CHH is positive. With

this assumption we have for the spin polarization coupling constant

IA(spiﬁ poi.)[ ='1|A(obé.)J;+_]A(hypércdn.)]] = 2;52 gauss  (3)
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‘This coupling cohstant;énd,the'adjacent spin density-of 0.582 gives
from eq. (1) the experimental value QC CHH =’h;33 gauss. If the spin
polarization constant is negatlve in sign then the hynercongugation

contribution has to be suostracted from the observed coupling and

H N
QC’CH = -3.09 gauss.

Morton™® used the postulated equation

) o ,2_ | . _ . "
»AB(G) = By, + Bpcos 0 , '_ ) (%)
for the B- hydrogen coupling constants in irradiated organic acids.

The constant Bo'in eq- (&) is equivalent to our QC’CHH’ He'finds that
BO and B2 have the same sign and he finds from two determinations that
BO = 3.9 & O.f gauss. Since B2 must be positive in sign then BO must

also be positive according to Morton{s data.l9 " The agreement belween -

our value of 4.33 and Morton‘s 3.9 gauss is strong su@port for the fact

H , , : :
that QC’CH must be positive, since it is difficult to believe that
_Morton's use of eq. (k) could yield the correct value of B, but one .
which was wrong in sign.

In their calculatlon, Colpa and de BOer8 find that QC CHH is the

sum of two terms. One of these terms is negatlve and one is pos1t1ve

' The negative term is the direct spin polarlzatlon of the CH bond by the '

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

polarization mechanism in arqmatichhydrocafbons but it should be quite..

" small due to the decrease in the exéhangé integrals. Colpa'and de Boer

estimate a -1.76 gauss contribution from this term. The second term
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appears és a second-order term and it is due to the spin polarization
in the CH bond cauéed by the spin density in the C’C bond. The spin

density in the C’C bond comes from direct spin polarization and they

use Karplus and Fraenkel'sgo value of QC’CC = - 14 gauss.

This value of QC'CC was derived by Karplus and Fraenkel for the~25
contribution for C13 interaction through sﬁin polarization of an sp
orbital. If is not appropriate for proton interaction through spin
polarization of its l1s orbital unless if multiplied by the factorgo
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 QC'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 3p2 hybridization with the H-atom in the
usual pl-electron nodal plane while our determination is for sp3 hybridi—
zation with the H-atoms in a nodal plane between two pi-orbitals. The
first-order contribution can be quite different in the two caszes for the
exchange integrals between the pi-electron and the C—ﬁ orbitals are
dependent upon the angle between them. It is quite possible, however;
that the Mclachlan calcdulation given in Tdble I contains most of the
correction for the C-H bond not being in th¢ usuai pi~electron nodal
plane. If this is the case, then the agreement between Morton's value

and our positive value of QC’CHH is good evidence that the Colpa and

de Boer calculation gives the wrong sign for spin polarization.

N
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