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The Radical Ions of 4,5,7,8-Tetramethyl[2.2]paracyclophane 

By Jurg Bruhin, Fabian Gerson," and Hiroaki Ohya-Nishiguchi, Physikalisch-Chemisches lnstitut der 
Universitat Basel, Klingelbergstrasse 80, CH-4056 Basel, Switzerland 

By the use of strong oxidising and reducing agents, 4,5,7,8-tetramethyl[2.2]paracyclophane (11) has been con- 
verted to its radical cation (II+.)  and to its radical anion ( I F - ) .  These radical ions, as well as those generated from 
the 12,13.15,16-tetradeuterio ( [2H4]II) and the 1,1,10,10,12,13,15,16-octadeuterio-derivative ( [2H8]II),  have been 
studied by e.s.r. and, in part, by e.n.d.0.r. spectroscopy. In (It+.), the bulk of the spin population is  located on the 
methyl-substituted benzene ring, whereas, in (11-*), it is found on the ring bare of methyl groups. This result 
corresponds to the effect of the alkyl substitution which enhances the donor and weakens the acceptor character 
of a x-system. Comparison of the hyperfine data for ( I I .+ )  with those of the dimeric radical cation ( II ,+ . )  reveals 
considerable deviations from the ratio of ca. 0.5, expected for the coupling constants of the protons in such two 
species. In the e m .  spectra of (11-*) the large splittings from the nuclei of the counterions (39K 0.1 02 and 13,Cs 
0.596 mT) are notable ; they exceed by one order of magnitude the corresponding values for the radical anion of 
[2.2]paracyclophane ( I ) .  

IN the last two decades, the radical anions of many 
cyclophanes have been studied by e.s.r. 1-9 and, more 
recently, also by e.n.d.0.r. spec t ros~opy.~-~  The cor- 
responding radical cations are, in general, not sufficiently 
stable to be investigated in solution. Only in the case of 
[2.2] (9,lO)anthracenophane, which contains two rather 
extended and readily ionisable n-systems, could both the 
radical anion 3p498 and the radical cation be charac- 
terised by hyperfine data. 

Among the derivatives of [2.2]paracyclopliane (I) ,  
a promising candidate for the generation of the radical 
cation is the 4,5,7,8-tetramethyl-substituted compound 
(11) l o  which possesses an ionisation potential of 7.5 eV, 
i . e .  0.6 eV lower than that of the parent hydrocarbon (I) 
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(8.1 eV)." Some time ago, it has been reported that the 
compound (11) yields a dimeric radical cation (112+*) 
when it  is oxidised electrolytically a t  low temperature 
(183-203 K) in methylene chloride-trifluoroacetic 
acid-trifluoroacetic anhydride (10 : 1 : 1 ratio).12 The 
hyperfine data for this dimer are consistent with an 
effective symmetry Dzh or D 2 d ;  thus the four benzene 
rings lie in parallel planes, on top of each other. 

Under the relatively mild conditions used for the 
generation of ( 112+.) no significant amounts of the 
monomeric radical cation (II+*) were formed, because the 
conversion of (11) into (II+') requires a more rigorous 
treatment. For reduction of (11) to the radical anion 
(IIY) strong agents are likewise necessary, since the 
tetramethyl-substituted compound (11) possesses an 
even lower electron affinity than the parent [2.2]para- 
cyclophane (I).13 The present paper deals with the 

preparation and the hyperfine data of the radical cation 
(11-I*) and of the radical anion (11-*). The radical ions 
produced from the 12,13,15,16-tetradeuterio- and the 
1,1,10,10,12,13,15,16-octadeuterio-derivatives have also 
been investigated. 

RESULTS 

Rndiccd Cation (11+').--Altliougli formation of (II-'.) 
could be brought about by alternative methods, such as 
reaction of (11) with AlCI,, in nitromethane a t  333 K, e.s.r. 
spectra of good quality were preferentially obtained for 
(11+*) upon dissolving (11) in unpurified SbC1, a t  353 K . 1 4  

The oxidking agent, responsible for the generation of (IIs') 
by this procedure, is thought to be SbC1, (or HSbC1,) 
present in trace rtrnounts.15 Figure 1 shows an e.s.r. 
spectrum of (11+*),  taken in SbCl, a t  323 K ;  very similar 
spectra were observed with the 12,1R, 15,lS-tetra- and 
1,1,10,10,12,13,15, IS-octa-deuterio-derivatives (r2H4]1I) and 
([2H8]11), as starting materials. Obviously, a t  least partial 
dedeuteriation must have occurred under the rigorous 
conditions of the experiment, due to protic impurities 
which are inevitable in hygroscopic SbCl,. These condi- 
tions (polar solvent and relatively high temperature) 
also precluded the observation of the corresponding e.n.d.0.r. 
spectra. 

The e.s.r. spectrum of (11 ') was satisfactorily fitted with 
the use of three coupling constants, 0.574 (12 H),  0.188 (4 H), 
and 0.112 in'l' (4 H) ,  as is evident from the computer 
simulation o f  the experiniental curve (Figure 1). The 
assignnient of the largest value (0.574 mT) to the twelve 
equivalent protons of the four methyl groups (aHa, ,, 7, s(fiH,)) 
is straightforward. Unfortunately, this does not hold for 
the remaining coupling constants, each from a set of four 
equivalent protons, because specific deu teriation fails to 
provide the relevant information (see above). According to 
experience,*? 16$ l7 it is, however, reasonable to assume that 
the relative magnitudes of these values follow the sequence 
of the corresponding coupling constants for the dimer 
(1I2+*),  in which case the assignment was unambiguous, 
based on comparison between the e.s.r. spectrum of (II,+') 
with those of {([aH4]11)2+'} and (([2H8]II),+'}.12 (No 
dedeuteriation took place under the milder conditions 
required for generation of the dimeric radical cations.) 
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With such an assumption, the larger (0.188 mT) and the 
smaller (0.112 mT) of the two four-proton coupling constants 
observed for (II+') have been assigned to the sets of four 
equivalent protons in the 2- and 9-methylene groups 
(aa2, ~(a,)) and the benzene ring (aH12.13.15, re) ,  respectively. 

1 mT B 
. I  1 - -  

' OH2,9(CH2) 

k 
"4,5,7,8 (CH,) 

FIGURE 1 E.s.r. spectrum of the radical cation of 4,5,7,8- 
tetramethyl[2. 2lparacyclophane (11). Top : experimental 
spectrum ; solvent SbCl,, temperature 323 K. Bottom : 
spectrum simulated with the use of the coupling constants 
0.674 (12 H), 0.188 (4 H), and 0.112 mT (4 H);  line-shape 
Lorentzian, line-width 0.014 mT 

This assignment implies that  the splitting from the four 
equivalent protons in the 1- and 10-methylene groups 
(uH~,~~(cH,) )  is too small t o  be resolved ( < O . O l  mT). The 
finding that both ([2H4]II) and ([2H,JII) yield upon oxidation 
the same e.s.r. spectrum as (11) can then be rationalised by a 
rapid D-H exchange at the 12,13,15,16-positions of the 
benzene ring. Owing to such an exchange, ([2H4]II) is con- 
verted into (II+*), while analogous reactions of ([2H,]II) lead 
to the radical cation of the 1,1,10, I0-tetradeuterio-derivative 
([2H4]II'). It is to be expected that the e.s.r. spectra of 
(II+*) and of this radical cation will not differ significantly if 
the coupling constant U H ~ , ~ ~ ( C H , )  for (II+*) and an even smaller 
deuteron splitting aD,, lo (cn,) for ( [2H4]II'+*) escape observ- 
ation. 

Radical Anion (11-').-Reaction of (11) with potassium or 
cesium mirrors in 1 : 1 1,2-dimethoxyethane (DME)-tetra- 
hydrofuran (THF) at low temperature proved to be a 
suitable procedure for the generation of (11-*) in a sufficient 
concentration. Figure 2 shows an e.s.r. spectrum of (II-') 
in such a solvent mixture, taken a t  163 K with Kf as the 
counter-ion. The corresponding spectra of ( [2H4]II-') and 
([*H,]II-'), which are not reproduced in this paper, were 
poorly resolved and rather uninformative. In contrast the 
effect of deuteriation was very conspicuous in the e.n.d.0.r. 

spectra obtained under the same conditions. The potential 
of this technique is illustrated by Figure 3 which displays 
thelH e.n.d.0.r. signals for (11-*), ([2HJII-*), and ([zHE]II-.). 
Thus, the high-frequency part (v > vH) of the e.n.d.0.r. 
spectrum of (11-') consists merely of four signals which 
correspond to  the four coupling constants. The most 
intense of these signals, at 15.2 MHz (0.099 mT), stems from 
the twelve equivalent protons of the four methyl groups, as 
is confirmed by the multiplicity of the corresponding 
splitting, aH4,5,,,8(cH,), in the e.s.r. spectrum (Figure 2). Of 
the three remaining signals, due to sets of four equivalent 
protons, the outermost one, a t  17.9 MHz (0.295 mT) dis- 
appears on going from (II-.) to ([2H4]II-*). Further 
deuteriation to ([2HE]II-*) causes the second outermost 
signal, at 16.1 MHz (0.168 mT) to vanish. These two 
signals must therefore be assigned to the sets of four 
equivalent protons in the benzene ring (aH12,13,15 16) and the 

FIGURE 2 E.s.r. spectrum of the radical anion of 4,5,?,8- 
tetramethyl[2.2]paracyclophane (11). Top : experimental 
spectrum; solvent DME-THF (1 : l),  counter-ion K+, temper- 
ature 163 I<. Bottom: spectrum simulated with the use of the 
coupling constants 0.295 (4 H), 0.168 (4 H), 0.099 (12 H), 
0.015 (4 H), and 0.102 mT (39K); line-shape Lorentzian; 
line-width 0.015 mT 

1- and 10-methylene groups (aH1  lo(^^,)) of (11-'), respect- 
ively. As a consequence, the innermost signal, a t  14.0 
MHz (0.015 mT) is left for the four equivalent protons in 
the 2- and 9-methylene groups (aH2,,cca,>). 

Analysis by computer simulation (Figure 2) indicates 



1980 1047 
that  the e.s.r. spectrum of (11-*) exhibits, in addition to  the 
four above-mentioned proton coupling constants, a sub- 

H L ,  5,7,8 (CH,) 
f l  

1 I 1 I I I I 
12 13 14 15 16 17 18 M H z  

E.n.d.0.r. spectra of the radical aiiioiis of 4,5,7,8- 
tetramcthyl[2.2]paracyclophane (11) (A) ,  and its 12,13,15,16- 
tetrade~terio-([~H,]II) (€5) and 1, l  , lo,  10,12,13,15,16-octa- 
deuterio-derivatives ([2H,]II) ( C ) .  Solvent DME-THF (1 : l),  
counter-ion K+, temperature 163 K. vH = frequency of the 
free proton 

l;IcuKE 3 

stantial hyperfine splitting, UK 0.102 niT, from the 391i 
nucleus ( I  3/2) of the counter-ion. Using cesium instead 

the analogous values for the dimeric radical cation (112+') 
and for the radical anion (I-*) of the parent [2.2]para- 
cyclophane. According to the proton coupling con- 
stants for (II+*) and (11-'), the bulk of the x-spin popu- 
lation in the radical cation is accommodated on the 
methyl-substituted benzene ring, whereas the x-spin 
distribution in the radical anion favours the alternative 
ring which is bare of methyl groups. The preference of 
the unpaired electron for different aromatic moieties in 
(II+*) and (II-.) is thus consistent with the effect of the 
alkyl substitution which enhances the donor, and weakens 
the acceptor, character of a x-system. 

On passing from a monomeric to a dimeric radical 
cation, one expects that  the corresponding coupling 
constants will be approximately halved. In fact, the 
ratios of such values have been found to be in most 
cases close to, or slightly lower than 0.5.16717 For (II+*) 
and (112+'), the ratio, 0.223 mT : 0.574 mT = 0.39, of the 
largest coupling constants @4,5,7,8(CH,) is still comparable 
to the analogous values, 0.50 mT : 1.10 mT = 0.45 and 
0.351 mT : 0.808 mT = 0.43, obtained for the methyl 
protons in dimeric and monomeric radical cations of 
durene l7 and 9,1O-dimethylanthra~ene,**~~ respectively. 
However, the remaining smaller coupling constants of 
the protons in (II+') and (112+*) exhibit much larger 
deviations from 0.5. One may argue that the structure 
of (II2+.) is essentially different from those of other 
dimeric radical cations which consist of only two parallel 
~ - s y s t e m s . ~ ~ l ~ * ~ ~  The observed symmetry, Dah or D z d ,  

of (112+*) requires that four benzene rings should lie in 
parallel planes whereby the two molecules of (11) must 
have the equivalent rings (i.e. both bearing methyl 
groups or both not substituted) in adjacent positions.12 
The x-systems of these two adjacent rings can thus 
interact more strongly upon dimerisation than those of 
the remaining, distant ones, and, as a consequence, the 

1 mT R 
------I - 

FIGURE 4 E.s.r. spectrum of the radical anion of 4,5,7,8-tetramethyl-l, l,lO, 10,12,13,15,16-octadeuterio[2.2]paracyclophane 
Solvent DME-THF (1  : l ) ,  counter-ion Cs+, temperature 163 K ([2Hw,]II). 

of potassium as a reducing agent, this splitting was replaced 
by the one from the 133Cs nucleus ( I  7/2). The large niagni- 
tude of acs, which amounts to 0.596 mT, is particularly 
evident in the case of the deuterio-derivatives, as shown by 
the e.s.r. spectrum of ([zH8]II-*) in Figure 4. 

DISCUSSION 

Figure 5 summarizes the hyperfine data and the g 
factors for the radical ions (II+*) and (Ire*), along with 

x-spin distribution in (112+') need no longer faithfully 
reflect that  in (11"). Changes in geometry, which can 
occur on passing from (II+*) to (112+') and do not sub- 
stantially alter the x-spin distribution, should also be 
considered. Such changes would affect @H4,5,7,8(c~,) to 
a lesser extent than the remaining coupling constants, 
namely flH12,13,15,16 (due to its sensitivity to the distortion 
of the benzene ring from planarity Is), as well as LZH~,JO(CE,) 
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and a H 2 , 9 ( a , )  (because of the well known dependence on 
the conformation of the dimethylene bridges 19). 

The most striking results for (11-*) are the unusually 
large coupling constants due to the 39K and lmCs nuclei 
of the counter-ions (a= ca. 0.1 and acs ca. 0.6 mT). 

g 2.0024 
(II?) 

M+ 

g20024 
rir;] 

M+ - .  

I 
I 0.373 

0.125 

0.070 

H,C' 'CH, 0.099 0.193 

M = K  0~0-102 g 2.0026 M = K  0~0.012 g2.0028 

M=CS 0.596. g2.0014 M = CS dCs 0.022 g 2*OO22 

(11') (1') 
FIGURE 5 Coupling constants (mT) and g factors for the radical 

cation, the radical anion, and the dimeric radical cation of 
4,5,7, %tetramethyl[ 2. Zlparacyclophane (I I), and for the 
radical anion of [2.2]paracyclophane (I). (II+*), solvent SbCl,, 
temperature 323 K;  (II-.), solvent DME-THF (1 : l), temper- 
ature 163 K; (IIz+*), solvent CH,Clz-CF,C02H-(CF,CO)20 
(10: 1 : l), temperature 193 K; (I-.), solvent THF, temper- 
ature 193 (M = K) and 173 K (M = Cs) 

Values of this magnitude have hitherto been observed 
only in exceptional cases where the alkali-metal cations 
are bound in a chelate-like fashion to two oxygen atoms 
of a radical anion; the best known example are the ketyls 
of o-dimesitoylbenzenes.20 By contrast , for the counter- 
ions associated with the radical anions of hydrocarbons, 
the coupling constants GK and a& are much smaller, 
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because the structure of the ion pair formed by (I-') with 
K+ has been clarified in a previous work.* In this ion 
pair, the cation is located above the centre of one benzene 
ring which accommodates the larger part of the x-spin 
population; as a consequence, the symmetry of the 
radical anion is lowered from Du to C%. It is reasonable 
to assume that a similar structure of CsU symmetry is 
encountered not only with the ion pairs of (I-*) and Cs+,  
but also with those of (II-.) and K+ or Cs+. According 
to the n-charge distribution in (11-*) , the counter-ion 
should be situated above the benzene ring which is not 
substituted by the methyl groups (Figure 5) .  The 
fact that (11-*) has only one such preferred site, whereas 
two equivalent sites of this kind are present in (I-*), 
constitutes a distinctive mark of the ion pairs in question. 
Correspondingly, the ion pairs of (11-') should be longer 
lived and, presumably, tighter than those of (I-'), for 
which the replacement of the solvent THF by DME 
suffices to speed up the intramolecular migration of the 
counter-ion to a frequency that is high on the hyperfine 
time scale.2 The answer to the question whether this 
distinction alone can account for the differences of one 
order of magnitude in the coupling constants must 
await the results of further studies on ion pairs of 
structurally related radical anions. I t  is noteworthy 
that the large value aa, for (II-.) is combined with a low 
g factor (Figure 5). 

N s s ,  B 

K+' 

EXPERIMENTAL 

4,5,7,8-TetramethyZ[2.2]paracycZophane (11) .-The un- 
deuteriated compound (11) was synthesized by Jenny and 
Davatz lo and generously donated to us by Professor W. 
Jenny. 

cyclophane ([2HJII) and 4,5,7,8-TetranzethyZ-1,1,10,10,12,13,- 
15,16-octadeuterio[2.2]~aracyc2ophane ( [2H8]II) .-The pre- 
paration of ([2H,]II) was carried out according to Scheme 1. 

Repeated treatment of an emulsion of p-xylene in 
D,SO,-D,O (molar ratio 1 : 1) 22 led to the 2,3,5,6-2H4- 
derivative (97 % isotopic purity) which was subsequently 
reacted with two equivalents of N-bromosuccinimide 
(dibenzoyl peroxide as initiator), to afford the correspond- 

4,5,7,8-TetramethyZ- 12,13,15,16-tetradeuterio[2.2]para- 

+ 11 

O D 

(C2H43 ID) 
SCHEME 1 

generally by one order of magnitude.21 This finding is 
exemplified in Figure 5 by the data for (I-*) (aK ca. 0.01 
and acs ca. 0.02 mT; see also Appendix). Their corn- 
parison with those for (11-') is of particular interest, 

ingp-xylylene dibromide (40%), m.p. 145 "C. An equimolar 
mixture of this dibromide and 3,6-bis(mercaptomethyl)- 
durene in tetrahydrofuran was added dropwise to a solution 
of KOH in methanol (5% HZO), a t  60 "C, with vigorous 
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stirring and under nitrogen. After removal of the solvent, by the method introduced previously in the synthesis of 
the resulting 2,l l-dithia-5,6,8,9-tetramethyl-l4,15,17,18- non-symmetrically substituted [2.2]para~yclophanes.~~ A 
tetradeuterio[3.3]paracyclophane (L2HJIII) was extracted 1 0 - 3 ~  solution of ([2H,]III) in trimethyl phosphite was u.v.- 
with chloroform, purified by chromatography on alumina irradiated for 4 h under nitrogen by an immersed high-pres- 

+ f- 

104 (4%) 264 ( 20'10) 
SCHEME 2 

(Fluka, neutral, activity I ,  benzene as eluting agent) and 
recrystallised from hexane-chloroform (2 : 1) (45%), m.p. 
200 "C. Sulphur extrusion from ([2H,]III) was carried out 

,'------( ' H 12,13,15,16 

FIGURE 6 E.s.r. spectra of the radical anion of [2.2]para- 
Solvent THF, counter-ion Cs+,  temperature as cyclophane (I). 

indicated 

+ . - 
160 (100 ' l o )  

+ 

sure mercury lamp (Hanau TQ 150; Pyrex filter). Evapor- 
ation of the solvent afforded crude product ([2H,]II) which 
was chromatographed on alumina (Fluka neutral, activity I, 
hexane as eluting agent), recrystallised from ethanol and 
sublimed a t  60 "C and 0.1 Torr (35%), m.p. 109 "C. 

An analogous reaction sequence starting with perdeuterio- 
fi-xylene (Aldrich; Gold Label) led to 2,l l-dithia-3,6,8,9- 
tetramethyl-1,1,12,12,14,15,17,18-octadeuterio[3.3]para- 
cyclophane ([2H8]III) which was converted into ([2H8]II), 
m.p. 110 "C. 

The isotopic purities of ([2H,]II) and ([2H,]II), deter- 
mined by comparison of their lH n.m.r. spectra with that of 
(11), were 97 and 99%, respectively. The mass spectrum 
of (11) impressively demonstrated the higher tendency of 
the tetramethyl-substituted moiety to accept a positive 
charge, as is indicated (Scheme 2) by the m/e values of the 
relevant peaks and their relative intensities (in parentheses). 
Similar intensities were also found for the deuterio-deriva- 
tives, for which the m/e numbers 264 and 104 were increased 
by 4 and 8, in the case of ([2H,]II) and ([2H8]II), respect- 
ively. 

E.s.r. spectra were taken with a Varian ESR-E9-spectro- 
meter coupled to a Varian ENDOR-1700-system. The 
experimental error is &0.002 and fO.001 mT for coupling 
constants larger and smaller, respectively, than 0.1 mT. 
The accuracy in the g factors is fO.000 1. 

APPENDIX 

The radical anion of [2.2]paracyclophane (I) has been 
studied only at low temperatures (below 193 K),2-6 although, 
due to its higher stability relative to the radical anion of the 
4,5,7,8-tetramethyl derivative (11), such an investigation 
can be carried out up to 243 K. Moreover, no data are yet 
available for (I-.) with the counter-ion Csf. In  order to 
make up for these deficiencies and to provide data for com- 
parison with the corresponding values of (11-'), the e.s.r. 
spectra of (I-.) in T H F  were taken in the range between 163 
and 243 K, with both K+ and Cs+ as counterions. Con- 
trary to the coupling constants of the protons, which were 
only slightly affected by the changes in experimental condi- 
tions, those of the 39K and 133Cs nuclei proved to be strongly 
temperature-dependent. The Table lists the values of U K  

and a(=, obtained over 163-243 K, along with the g factors 
which also exhibit a marked sensitivity to variations in tem- 
perature. It is interesting to note that the coupling constant 
a(=* changes its sign a t  ca. 193 K, at which temperature its 
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value is ca. 0. This finding is illustrated in Figure 6 by the 
e.s.r. spectra of (I-') at 173, 193, and 213 I<. According to 
previous reports on analogous systems, the sign of acs 

Temperature dependence of the g factor and of the 39K and 
133Cs coupling constants [aK and acs (niT)] for the ion 
pairs formed between the radical anion of [2.2]para- 
cyclophane (I) and the alkali-metal counter-ions 
(M+) a 

T/ K 
163 < 
173 
183 
193 
203 
213 
223 
233 
243 

M =  
a K  

0.008 
0.0080 
0.0090 
0.01 15 
0.0135 
0.0150 
0.0165 
0.0180 
0.0195 

K M -  

g acE! 
2.0029 0.038 

0.024 
2.0028 0.016 

< 0.005 
2.0028 0.007 

0.017 
0.019 

c s  

g 
2,0020 
2.002% 
2.0023 
2.0024 

2.0027 

@ Experimental error: j 0 . 0 0 0 5  mT in aK, * O . O O l  niT in 
acs, and & O . O O O l  in g 

should be negative and positive, respectively, below and 
above 193 K.24 
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Basel, for a sample of (11). We also thank Mr. A. Raas, Mr. 
R. Fink, and Ms. A .  Brogli, this Institute, for mass and lH 
n.ni.r. spectra. This work was supported by the Swiss 
National Science Foundation. Financial assistance by 
Ciba-Geigy, Sandoz, and F. Hoffman-La Roche is also 
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