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The ESR spectra of the anion radicals of dimethyl, diethyl, and diisopropyl esters of biphenyl-
o, o'- and p, p'-dicarboxylic acids, and of the di-t-butyl ester of the o, o'-derivative, have been 
studied. The anion radicals were prepared by electrolytic reduction in acetonitrile, and also by 
reduction with sodium and potassium metals in dimethoxyethane and tetrahydrofuran. The 
MO calculations of the spin densities were made by McLachlan's method; all the splitting con-
stants observed were assigned to the ring protons and the α-protons in the ester groups. A

comparison of the experimental splittings with the calculated spin densities suggests that the

anions of p, p'-derivatives are in a planar conformation, while those of o,o'-derivatives have a twisted

structure in which the twisting angle between the two rings was about 35-60°. Astructural

model was proposed for an ion complex formed between the anion of the o, o'-derivative and a

sodium or a potassium cation.

In a previous paper2) in this series, ESR spectra 
have been reported for the anion radicals of several 
diesters of o-, m-, and p-phthalic acids. The present 
article was undertaken in an attempt to study the 
ESR spectra of the anion radicals of several diesters 
of biphenyl-o, o'- and p, p'-dicarboxylic acids. 

The MO calculation of spin densities has suggested 
that the biphenyl anion may be in a planar con-
formation.3) Moreover, in the case of the anion 
radicals of some biphenyl derivatives, a discus-
sion has been made of the orientation between 
the two rings; it has been suggested that the anion 
of p,p'-dicyano biphenyl is planar,4,5) while the 
anion of p, p'-dinitro biphenyl is twisted,5) and for 
the anion of o, o'-dimethyl biphenyl the twisting
angle has been estimated to be 30-45•‹.6) However,

no anions of biphenyl-o, o'-derivatives with electron-

withdrawing groups have yet been investigated. 

In the present paper, the orientation between 

the two rings in the two series of anions will be 

discussed by comparing the calculated spin densities 

with the experimental splitting constants. The 

magnitude of the ring-proton splittings observed 

with the o, o'-derivative anion was found to vary 

slightly with the ester group. In view of this fact, 

a theoretical consideration suggests that the 

magnitude of steric hindrance might increase in

the order of dimethyl, diethyl, diisopropyl, and 
di-t-butyl ester anions. 

Experimental 

The details of the ESR spectrometer and the electro-
lytic cell used in the present study have been described 
elsewhere.7) The anion radicals were prepared by 
electrolysis in acetonitrile (ACN), using tetra-n-propyl-
ammonium perchlorate as the electrolyte, and also by 
alkali-metal reduction in dimethoxyethane (DME) 
and tetrahydrofuran (THF), using sodium and potas-
sium metals as reducing agents. 

Dimethyl, diethyl, and diisopropyl esters of biphenyl-
p, p'-dicarboxylic acid were synthesized from p, p'-
dicyano biphenyl, and methyl, ethyl, and isopropyl 
alcohols respectively. Dimethyl and diethyl esters of 
biphenyl-o, o'-dicarboxylic acid were prepared from 
diphenic acid by esterification, while diisopropyl and 
di-1-butyl esters were synthesized by the reactions of 
diphenic acid chloride with isopropyl and t-butyl 
alcohols respectively in pyridine. 

 Results 

Dimethyl, Diethyl, and Diisopropyl Esters 
of Biphenyl p, p'-Dicarboxylic Acid. The 
electrolysis of any of these esters gave a yellow 
solution, which in turn yielded a stable radical at 
room temperature. The spectrum obtained by 
the reduction of the diisopropyl ester, shown in 
Fig. 1(a), was composed of two quintets and a 
triplet with a ratio of splitting constants of 6 : 2 : 1; 
this spectrum was consistent with that to be ex-
pected from the anion radical of this compound. 
The two quintets may be attributed to the two

1) Presented in part at the symposium on Electron 
Spin Resonance, Kyoto, November, 1963. 

2) M. Hirayama, This Bulletin, 40, 2234 (1967). 
3) A. D. McLachlan, Mol. Phys., 3, 233 (1960). 
4) P. H. Rieger and G. K. Fraenkel, J. Chem. 

Phys., 37, 2795 (1962). 
5) P. H. Rieger and G. K. Fraenkel, ibid., 39, 

609 (1963). 
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Fig. 1. The ESR spectrum of the anion radical 
 of diisopropyl ester of biphenyl-p, p'-dicarboxylic 

acid prepared by electrolysis in ACN (a), and 
its reconstruction (b). 

TABLE 1. HYPERFINE SPLITTING CONSTANTS FOR 
THE p, p'-DERIVATIVE ANIONS PREPARED BY THE 

ELECTROLYSIS IN ACN

sets of four equivalent ring protons, and the triplet, 
to the two equivalent a-protons*' in the two ester 
groups. The splitting constants measured are 
shown in Table 1. A reconstruction based on 
the splitting constants listed in Table 1 is given in 
Fig. 1(b).

Fig. 2. The ESR spectrum of the anion radical of 
diethyl ester of biphenyl-p,p'-dicarboxylic acid 
prepared by electrolysis in ACN, and its recon-
struction. 

The reduction of dimethyl and diethyl esters 
gave spectra consisting of 23 and 21 lines respec-
tively, with. an average line-width of 0.25 gauss. 
The spectrum of the diethyl ester anion is shown in 
Fig. 2, along with its reconstruction. These two 
spectra were analyzed to a septet and a quintet(III) 
respectively, in addition to two quintets identical 
with those of the spectrum of the diisopropyl ester 
anion. The septet and quintet(III) are considered 
to arise from, respectively, the six and four equiva-
lent a-protons in these two anions. The larger 
one of the two common quintets was assigned to 
the four equivalent ring protons ortho to the ester 

group; this assignment was made on the basis of 
a MO calculation of the spin densities to be de-
scribed later. 

Also, by the reduction of these esters with potas-
sium and sodium metals in DME or THF, similar 
spectra were obtained. 

Dimethyl, Diethyl, Diisopropyl, and Di-t-
butyl Esters of Biphenyl-o, o'-Dicarboxylic 
Acid. The electrolytic reduction of all these 
esters gave a yellow-green solution. Since the 
radicals produced were relatively unstable at room 
temperature, no good resolved pattern of ESR 
hyperfine lines could be observed. The splitting 
constants measured are shown in Table 2. The 
spectrum obtained by the reduction of the diethyl 
ester is shown in Fig. 3, along with its reconstruc-
tion. From the similarity of the three spectra

*1 The proton position is defined by the notation:
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TABLE 2. HYPERFINE SPLITTING CONSTANTS FOR THE o, o'-DERIVATIVE ANIONS PREPARED BY THE 
ELECTROLYSIS IN ACN AND FOR THE ION COMPLEXES PREPARED WITH ALKALI METALS IN DME

* Could not be measured .

Fig. 3. The ESR spectrum of the anion radical of diethyl ester of biphenyl-o, o'-dicarboxylic 

acid prepared by electrolysis in ACN, and its reconstruction.

obtained from dimethyl, diethyl, and diisopropyl 

esters, the three triplets common to them may be 

attributed to the three sets of two equivalent ring 

protons in these anion radicals. They were as-

signed to the ring positions on the basis of the MO 

calculation of the spin densities, which will be 

described later. The splittings due to the residual 

ring protons may be covered by the line-width.
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Thus, the residual splittings, i. e., a triplet, a 

quintet, and a septet for the diisopropyl, diethyl, 
and dimethyl ester anions respectively, were at-

tributed to the a-protons of two equivalent ester 

groups in each anion. The electrolysis of the di-t-
butyl ester gave a poorly-resolved spectrum, which 

consisted of two triplets assignable to two sets of 

two equivalent ring protons. 

The esters in contact with potassium metal in 

DME yielded an orange solution which displayed 

a strong ESR signal. However, when the solution 

was separated from the metal, the signal decayed 

slowly and the solution gradually turned red. All 

four esters gave almost identical poorly-resolved 

spectra, shown in Fig. 4, consisting of three triplets, 

arising from three sets of two equivalent ring protons, 

with much larger coupling constants than those 

obtained by electrolysis. The splittings due to 

the a-protons and the fourth ring protons could 

not be measured.

Fig. 4. The ESR spectrum of the ion complex 

between the anion radical of dimethyl ester of 

biphenyl-o, o'-dicarboxylic acid and potassium 

cation in DME.

The dimethyl ester in contact with sodium metal 
in DME gave an orange solution which displayed 
a well-resolved spectrum of about 80 lines (cf. 
Fig. 5). Analysis showed a small triplet arising 
from the fourth ring protons and a quartet due to

a sodium nucleus, in addition to the three triplets 
identical with those obtained with potassium metal. 
The methyl proton splitting could not be measured, 
for it was much smaller than that obtained by 
electrolysis. 

Discussion 

MO Calculations of Spin Densities and 
Assignment of Splitting Constants. The MO 
calculations of spin densities were performed for 
the anion radicals studied here by the HUckel ap-

proximation and by McLachlan's method.3) The 
MO parameters used for the ester group have 
been described elsewhere.7) The results for the 

p, p'-derivative anion shown in Table 3 predict 
that the spin density at the position 2 will be larger 
than that at the position 3, as in the cases of the 
anions of biphenyl,3) p, p'-bipyridyl,5) and p, p'-
dicyanobiphenyl.4,5) Thus, the larger one of the 
two ring-proton splittings was assigned to the posi-
tion 2. The reduction of the resonance integral 

parameter for the central bond from 1.15 results in 
poor agreement with the experimental values, as is 
shown in Fig. 6. Consequently, one may consider 
that these p, p'-derivative anions are in a planar 
conformation, as are the anions of biphenyl3) and 

p, p'-dicyanobiphenyl.4) 
In order to confirm a steric effect between the 

rings on the ring proton splittings in the o, o'-de-
rivative anions, the spin densities were calculated 
with the modification that the resonance integral
of the central bond was estimatcd to beβcosθ,

where θ is a twisting angle between the two rings.

The dependence of the spin density distribution

on the ring on the twisting angle, θ, is shown in

Fig. 7, along with the experimental spin densities 

for the four anion radicals. As is illustrated in 

Fig. 7, the theoretical spin density at the position

Fig.5. The ESR spectrum of the ion complex between the anion radical of dimethyl ester

of biphenyl-o,o'-dicarboxylic acid and sodium cation in DME.

8) R. L. Ward, J. Am. Chem. Soc., 83, 3623 (1961).
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TABLE 3. CALCULATED AND EXPERIMENTAL SPIN DENSITIES

*1 See Table 1 for numbering of the position
. 

*2 Calculated from the equation
, aHi= QHexƒÏƒÎi, where |QHCH|= 24.0 gauss.

*3 Calculated withγ1-1'=1.15.

*4 Calculatcd withγ
1-1'=0.64.

Fig.6. Spin densities ρ on the ring calculated by

McLachlan modification of MO theory for 
the p,p'-derivative anion as a function of the 
resonance integral parameter for the 1-1' bond, 

and the experimental spin densities calculated
H

using QHCH=-24.0 gauss. ρII and ρIII are

experimental spin densities. The numbers on 

the curves indicate the positions in the radical.

5,ρ5, is enhanced with an increment of θ and be-

comes equal to the experimental spin density,

ρv, in the range of θ=52-59°, while p4 is re-

duced and becomes equal to ρIV in the range of

θ=46-52°, Furthermore, at both the 4 and 5

positions, the magnitude of θ at which the theoret-

ical spin density agrees with the corresponding

experimental spin density increases in the order 

of dimethyl, diethyl, diisopropyl, and di-t-butyl 

ester anions. This order is consistent with that in 

the steric hindrance expected for these four anions.

Sincc the valuc ofρVI increases with an incremera

in the size of the ester group, as in the case of ρV,

one can expect that the theoretical spin density

corresponding to ρVI will increase with an in-

crement in θ. Consequently, a possible theoret-

ical spin density corrcsponding to ρVI is |ρ6|in

the range ofθ>20° or |ρ3|in the range ofθ>52°.

However, since from ρVI>ρIII, the theoretical

spin density corresponding to ρVImust bc larger

than that corresponding to ρIII, the possible theoret-

ical spin density corresponding to ρVI is only

|ρ6|in the range ofθ>37°, as may be seen from

Fig.7. Therefore, pui may be assigned to the

position 3, and, assuming thatρIII<0.006,|ρ3|

becomes equal to pill in the range of θ=46-57°.

Thus, McLachlan's calculation led to the conclusion

that the two rings were twisted about 35-60°from

each other. The spin density distribution calculated

with θ=50°is liven in Table 3.

Formation of Ion Pair. The experimental 

data obtained from the alkali-metal reduction of 

o, o'-derivatives imply that an ion complex is formed 

between the alkali metal cation and the o, o'-

derivative anion, and that the cation exists at a 

position symmetric to both the rings. MO cal-
culations were undertaken to explain the spin 

density distribution considerably affected by the
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Fig.7. Spin densities ρ calculated by McLachlan

modification of MO theory for the o,o'-deriva-

tive anion as a function of the twisting angle

θ between the rings, and the experimental spin

densities calculated uing QHCH=-24.0 gauss.

pug-VI are experimental spin densities, where

a,b, c, and d are those of dimethyl, diethyl,

diisopropyl, and di-t-butyl ester anions, respec-

tively. The numbers on the curves indicate

the positions in the radical. The broken

curves:|ρ|.

cation. The experimental data could not be ex-

plained by varying the value of the Coulomb in-
tegral parameter for the carbonyl oxygen atoms or 

that of the resonance integral parameter for the 

central bond. As is illustrated in Fig. 8, when the

resonance integral parameter,γ2-2a, is reduced

from 1.0 (the value of γ1-1' is tentatively fixed

as 0.6),ρ4 and |ρ3| increase with a decrease in

γ2-2a, whileρ5 and |ρ6| decrease, and while ρ2c

decreases gradually. The value of γ2-2a at which

the theoretical spin density becomes equal to the 
corresponding experimental spin density varies 
considerably with the position on the ring. Never-
theless, the large change in the experimental spin 
density distribution may be roughly interpreted 
by considering as follows: each ester group is 
twisted from the ring by the attractive force between 
each carbonyl oxygen and the alkali-metal cation, 
so that the distance between each carbonyl oxygen 
and the cation becomes shorter than in a structure 
with the ester group not twisted. If this interpre-
tation is correct, the largest ring-proton splitting 
may be attributed to the 4 position; the second, to 
5; the third, to 3, and the smallest, to 6. (In Table 
3, each splitting constant is tentatively assigned 
according to this interpretation.) Thus, it may be

Fig.8. Spin densities ρ calculated by McLachlaxn

modification of MO theory for the o, o'-deriva-

tive anion as a function of the resonance inte-

gral parameter for the 2-2a bond(as γ1-1'=

0.6), and the experimental spin densities:

obtained from the ion complexes. ρIII-VI are

experimental spin densities. The numbers on

the curves indicate the positions in the radical.

The broken curves:|ρ|.

Fig. 9. A proposed structure of the ion complex 

between the alkali metal cation and the o, o'-

derivative anion.

○ …The alkali metal cation.

supposed that the cation exists between the two 

carbonyl oxygen atoms, which approach each other 

in such a considerably twisted structure as is shown 

in Fig. 9. The magnitude of sodium splitting 

observed seems to reveal that the interaction 

between the sodium cation and the o, o'-derivative 

anion is much weaker than that between the sodium 

cation and the dimethyl o-phthalate anion.2) 

In analogy with the o-phthalate-alkali metal 

system,2) a potassium splitting of about 0.08 

gauss may be expected in the present case; however,
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it could not be observed because it would be cov-

ered by the large line-width. 
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