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g ABSTRACT o

The. ESR Spectra of the radlcal anions of 2 3 dlmethyl l 3—butad1ene,."."'

l 3—cyclohexad1ene and isoprene have been examlned in llquld amonla._':olu

The proton hyperflne'lnteractlon,can be readily a551gned except for the A

case of 1soprene where there 1s 8 small dlscrepancy between our assign- -

ment. and the observed spectrum. In the case of 2, 3-d1methyl J 3-butad1ene .

5 coupllng constants are observed as mlght be p0551ble for i

the radical anlon in either a cls or trans conformatlon, Hickel theory

with the inclusion of hyperconjugation are;in good agreement with:the'

observed proton‘coupling constants. ].Q,';'{fpf




INTRODUCTION
‘i‘he ‘Ee'chniqube"devevloped for the eiec’croly‘cic generation of rad:%.ca.l
anions 1n llquzd ammoma.l’e can be used for a varlety of conaugated
hydrocarbons.. In this paper, we use this method for the electron spin ‘
'resonance spectra of three 1, B-dienes.‘ If the molecular symmetry is
- fairly high as it is for 2 3-d:1.me’chyl 1, 3«-butad:.ene and for 1, 3—-cyclo—' o
| “hexadiene a complete ass:.gnmerrbv of the proton.coupllng consta.nts is a o
.- very easy task. In the case of isoprene [CH2 CC}% CH"CH2] we find that; ;
" the increase in .the nwnbér of‘possible éoupling constants ma.kes our :
assignment less certain and only a tentatlve ass:Lgnment is glven.
For all of these radlcals some of the proton hyperfine 1nteract:t.on
can bex considered as ari smg through hyperconguga’c:.on with the pl-system ’  _
| of ’chexd.:s.ene.5 The equa,t:.ons developed by Levyl't’5 .have been used to -
o jlnclude hypercongugatlon in a }I'uckel_calculatlon for the prot_on éOu.plin'g‘ '

constants and to 'help confirm the assignments of the experimental spectra.

EXPERIMENTAL METHOD
The apparatus is the same as previously described..l In most cases
~ the electrolyfe is provided by using a saturated solution of tetramethyle
\

ammonium iodide but for isoprene ‘the "'spectra were run usiﬁg a saturated .

‘solution of tetraethylammonium iodide. Wide variations were observed.

, in the voltage necessaxry for the'best‘spectmm and some of these detailé e '

are given in the next section. The best spectrum is probably a comprow= . -
mise between removal of the parent molecule to reduce exchange broadening,
the lifetime of the radical anion and 'any'mther reduction to other

species. TIn most cases a good spectrum could be ébtained without the



e

appearance of the solvated electron line in ﬁhe spectrum.i Further
experimentalﬂdetails can be found elsewhere.

The chemicals used were of the best avaiiable commercial grade and '
in some casee they were also purified furﬁher._ Several.sampleé_of‘
isoprene were ueed and both purification'and mass~spectiographic anaxysisf

‘were made in an_efforﬁ'to eithe: eliminate or‘establish the‘apparent ”
source of the extra linee observed‘for,fhisvcompound.‘

' EXPERIMENTAL RESULTS

The radlcal anion of 2 3~d1methy1 l,5-butad1ene was prepared from
a 0.01 M solutlon of the parent hydrocarbon dlssolved in llquld ammonla.f p'
At low voltages (e.g. lO‘volts) the spectrum‘con31sted of five septets “1"

of rether wide lines. Aévthe vbltage was raised (e,g..jo volts) the - o

: 1ineé narrowed and the lines of the inner septets were further split to T: co

give the spectrum shown in Flg. 1. If the voltage was ralsed even

 ifurther (e.g. 100 volts) the line width remalned roughly constant but f 

the spectrum became con51derab1y weaker. If the vcltage was at this
:point reduced to the intermediate level the spectrum.would grow very

V rapidly and then decay to the levei it originally had when the uoltageﬁ
was at an intefmediate (e.g. SO.volp) level. We interpret this behavior ?

as evidence for the formation of a felapive;y steble diamagnetic dianion?k .

' which‘is in equilibrium with theieiectron'and the radical anion.

A spectrum consisting of five septets could be readily assigned to ”;

the splittings caused by four equlvalent methylene protons and s1x
equlvalent methyl protons. However, the addltlonal small spllttlngs of
the inner septets can only be accounted for by assumlng a sllght ine

equivalence of the_methyiene protons wh;ch produces two sets of two






equivalent protons. - On that basis the spectrum can be completely
assigned with the coupling constants glven in Table I.

The usual treatments for hyperfine coupling constants predict‘a
single ti—sigma‘interaction parameter far.anw given carbon‘and conse- .
" quently imply that all protons attached to a given carbon should have
the same coupllng constant even if they are geometrlcally'unequlvalent. .
This conclus1on is generally true and only one other case of unequlvalentf ;
‘pr0uons attached to the same carbon has been reported. -Fessendon and |

“~

‘ Schuler5 have noted that the two methylene proton coupllng constants in .

'vthe allyl radlcal dlffer by 0. lo.gauss. In order to explaln thls phenom—f ﬁiA

enon an’ extension of the usual treatments of sigma—pl 1nteract10n 1s fg,in‘“'
necessary. N I S e |
.The radical anion.of 1,5-cyclohexadiene was'prepared from a e
>lmillimélar solution of cyclohexadiene in liquid ammonia. -In this case?r‘i“
the optlmum s1gnal~to-n01se ratio was produced w1th a rather hlgh
“electroly31s voltage (ca. 60 volts). The resulting spectrum with the
1,signal of the solvated electron sdperlmposed is shown in Flg. 2. -The
.outermost trlplet 1nd1cates that one of the coupllng constants is glven

by the spac1ng of the llnes in the trdplet and a reasonable value for

a second coupllng constant would be the distance between the first and ”'Fff ’

\

" fourth lines. The third coupllng constant is determlned from the total -
width of the spectrum. The coupllng constants derived from this a831gn; f}"
ment are also given 1n.Table I. |
| The' radical anionvof~isoprene was prebared from a'0.0l M solution‘l
of the parent molecule in liquld ammonis. The best spectrum shown in
_Flg. 3 was produced at rather hlgh electrolys1s voltages (ca. 80 volts)

‘wAt these voltages a large electron llne 1s superlmposed upon the 1soprene
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Table I.- Observed and Calculated Proton Ceupling Constants

‘Molecule . Position® Coupling .Corfstaritl.) ' e

obs.” .~ - : ~cal.

2,3-dimethyl * . ' CH, = e f 7.2l
butadiene o o oL 7.033

003 . T.et
L003f :

+ 1+

i+

.ooa:"' o :' 3.61

"j,cﬂs - ;»'f;"V 1.200

" Cyclohexadiene® . . 1-CH - U .71.996 % .009 -7 2.6L
LT x

'+ Isoprene® B l-CH2 SRR, X001

Lo RaCH ool te 08212 0,011 T 6.5
o 3eCHy . 1maak £ 012 0 L 1k,30

M

05 1
.03 lff*_2fjffije]3.73,»‘je
W e

03 . ._'.7.33

A

"

L 2aCH, N 3.h2

T

‘; 3-CH 3.0

H

" (e)

 For 'the out-of-—plane CH2 and CH3 groups see Ref. L 5, for the method

"Position numbers given first when necessa.ry - See (d) and (e)

®)

Absolute magnltudes :Ln gauss. 3

Assumlng Q= 20 82 for the :Ln-pla.ne CH and CH2 groups (see Ref l)

" of :anludlng hy-perconaugatlon. .

(a)

'.Ring numbered in order starting with the two equiﬁalerfc Aad'.',jacent
- CH groups. | ‘

Numbe'red‘in order starting with “‘che‘CH:2 group next to ‘the/'CH3 group.
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spectrum. B& loueringhthe'electrolysis voltage the electron line could
‘be eliminated but this did not change the details of tke radical anion
'spectrum other than to weaken it. | = o |
Unfortunately in bhis case the as51gnment of the spectrum is not a ; h
triv1al matter. Assuming that the protons on any glven methyl or methy-
lene group are equlvalent or almost equlvalent the spectrum should be }f .
able to be as31gned with four coupllng constants. After con31derable
effort to assign the spectrum by the usual intuitive method an attempt
was made at a systematlc approach to the problem.' To begin w1th, it lS‘,ff
clear from the spin Hamiltonian that inrgeneral every distinct coupllng ;
constant in any given radical'is represented by thevdistance between
. the outermost line in the spe.ctrum‘and one of the 'iri‘terior lines‘. This
'givea a large number of posslble assignments which can be tested withpr
the constraint imposed by total width = 1| "An |. Most of the combin—j .
ations are'ruled out because they do not satisfy this‘constraint. Ofvthe”;:
‘-_lO5 possible a531gnments only 208 satlsfled thls constralnt w1th1n ex- .
‘_perlmental error. The complete spectrum predlcted by each of these was'
: calculated ‘but none af them agreed with the experlmental spectrum
The cause of the dlfflculty is lines b and 5  indicated by arrows

in Fig. 3. If the existance of these lines is ignored a very good

© assignment can be made for the reét»of the spectrum with the coupling

f:.constants listed in Table I. The theoretical Spectrum based on these

- coupling constants is shown in Flg. 4 and may be seen to be in excellent L
st

agreement with the rest of the experlmental spectrum This excellent fit

and the fact that the ass1gnment agrees 'so well w;th‘the predictions ofq~;

molecular orbital theory have led us to the conclusion that lines four

and flve are anomalous, perhaps caused by 1mpur1t1es, and that the as51gn-

- ment given in Table I is prcbably cerrect.
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DISCUSSION

ln the case of 2 5-dimethyl' 1, B—butadiene, the most interesting

- observatlon is the two CH2 coupllng constants. ‘For this molecule it

‘seems very llkely that it is held rather flrmly in a transconflrmatlon"
.as a result of the sterlc_effect-of the two methyl groups. Previously -

1fornl'5—butadiene,l we only observed‘a s'ingleCH2 coupling constant

" under condltlons of sllghtly poorer resolutlon. From the experimental-

f;spectrum, however, we are able to say that any two CH2 coupllng constants

in l,B—butadlene must differ by less than 0. l gauss 'The difference in- -

'these two cases 1is elther due to a lower 01s-trans barrler in butadlene

giving a greater v1brat1onal averaging or poss1bly to a clear differencej

.'in the source of the different proton_hyperfine.interaction for_two hl4"

protons bonded to the same carbon. "‘ -"'h S

? It d-orbltals are 1ncluded in a Huckel type of treatment 1t is

then pos31ble to have two protons bonded to the same carbon atom with

1:d1fferent coupling constants through a-spln polar;zation mechanlsm.'-ﬂ‘
' Sovers and Kauzimsn| have'made an‘effort‘to inclnde d-orbitals in.a'df
| !Hﬁckel'treatment for butadiene~ploh ﬁhe basié:Of their moleculariorbitals: o
.'.coefficients and>Q values for d—orbitals near 20 gaﬁSs‘it is possible tb'_”
‘"'predlct two CHé coupllng constants in butadiene whlch should dlffer by
’l.about 0.05 gauss. It is not clear at thls time 1f such a treatment ‘
could explain:the larger difference observedlfor 2,3-dimethyl butadieneihn:;n!ﬁ:

* but calculations are being done in this direction.

In Table I a'number'of calculated coapling constants are given.
These values were determlned utlllzlng Huckel molecular orbitals without:

overlup w1th the hyperconaugatlon parameters of Coulson and Crawi‘ord.8

P
P

N
The exact method of 1nclud1ng these parameters 1s dlscussed elsewhere 22



'dlnd of agreement that led some workers

- ,Thc vsmaller CH

. far more sen31t1ve-one. While the calculated methyl coupling- constant

] ]

E but the agreement shown.in Table l isuadreasonable confirmation of

- both the method and our . a351gnments.f

The large CH coupling constant Observed for cyclohexadlene 1s to "

be expected9 and the caleulated value 1s ‘very satlsfactory in thls case.~_;7»'

[

" The similarity of the CH and CH5 coupllng constants in igsoprene is the ,-’J
9

vto assume‘a spin polarlzatlon

mechanlsm for methyl or methylene groups w1th Q values both neaxr 20

3 coupllng constants in 2 B-dlmethyl butadlene is a good

| “test of hyperconjugation vs spin polarization for methyl group coupllng Re

V.constants, although the catlon/anlon ratlos used by Bolton et al3 is a

given in Table I is in only fair agreement w1th the observed one, Levyh’5 ;f‘
| :

has found that generally good agreement can be obtalned for a number of

rad&cals 1f hypercongugatlon is 1ncluded 1n the usual Hhckel treatment
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, FIGURE CAPTTONS l g

.'-,The observed spectrum for the radlcal anion of 2 3-dumethyl
1, B—butadlene. ' |

The Qbserved-spectrum for the‘raaicalyanicn‘of‘l,B—cyclohex_
adiehe. The etrong‘signai near the!center cf the spectrumxis T
l'due to the "solvated electroh" | E
The dbserved spectrum for the radical enlon of-csoprene. vThe',
two arrows mark the llnes which are not as51gned. Only the
half of the spectrum free from the solvated electron" is.

~ shown (eee Fig 2, for example) . . .
‘;;A theroetical spectrum for 1soprene based upon the coupllng

'"constants glven in Table I. The pair of llnes marked by '

* arrows in Fig. 3 are not a331gned although these llnes appear q.f

“’_clearly in both halves of the experlmental spectrum
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