T-ELECTRON STRUCTURE OF THE NITROFURAN SYSTEM
I.* EFFECT OF THE MEDIUM ON THE CHARACTER OF THE
ESR SPECTRA OF 5-NITROFURAN ANION RADICALS
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The effect of the ionic composition and the concentration of the components of a mixed water—
dimethylformamide medium on the 7 -electron structure of anion radicals of the nitrofuran
series was studied. The formation of ion pairs with the cations and hydration of the anion
radicals somewhat increase the hyperfine structure constants in their ESR spectra, espe-
cially those caused by the nitrogen atom of the nitro group, and this should be taken into ac-
count in high-accuracy quantum-chemical calculations. A mathematical description of the
change in the hyperfine structure constants in mixed water —dimethylformamide media is
given, and a number of empirical regularities that link the magnitudes of the constants with
the electronic effects of substituents and media factors are presented.

Anion radicals II, which have sufficient stability for their detection by ESR even in aqueous media
{2,3], are formed in the one-electron electrochemical reduction of 5-nitrofuran and its derivatives (). Our
previously determined hyperfine structure (HFS) constants of the ESR spectra of II, which characterize the
distribution of the density of the unpaired electron in the investigated anion radicals (II), the electrophilici-
ties of the individual positions of the starting I molecules [4,5], and the polarographic potentials for the ad-
dition of the first electron have served as an experimental basis for the calculation of the molecular orbit-
als of the m-electron system of 5-nitrofurans by the Hiickel method {1, 6]. Our subsequent investigations
have demonstrated that when 5-nitrofurans undergo one-electron electrochemical reduction in dimethyl-
formamide (DMF), their half-wave potentials and the HFS constants of II differ markedly from the corre-
sponding values for the same anion radicals in aqueous media [7]. In this connection, a question arose as
to how adequately the quantum-chemical calculations made on the basis of starting parameters selected
from the experimental data in aqueous media reflect the true w-electron structure of the 5-nitrofuran sys-
tem and whether effects of solvation, formation of ion pairs, etc., are introduced in this case. The effect
of the medium @ion composition, fraction of the organic component in the agueous organic mixture) on the
HFS constants of the ESR spectra of anion radicals II and, consequently, on the 7 ~electron structure of this
system was therefore studied in detail in the present paper.

The effect of the ionic composition of the medium on the ESR spectra of anion radicals II was followed
by means of the one-electron electrochemical reduction of 5-nitrofurans I in DMF according to the reaction
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When the nature of the indifferent salt ¢etraethylammonium halide) changes, an insignificant (<0.3 Oe)
decrease in the an,s value is observed in the case of anion radicals IIa as the anion (€17, Br™, I") radius

*See [1] for communication II.
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Fig.1l. Changes in the HFS constants @Nﬁ)vof the ESR spectra of anion radicals Il as a
function of the cation radius: 1) IIa; 2) IIb; 3) Ilc; 4) Ile; 5) IIf.

Fig. 2. ESR spectra of anion radical Ila at various concentrations of water in a water—DMF
medium: 1) 0 M H,0; 2) 10 M H,0; 3) 56 M H,O.

Fig. 3. Changes in the HFS constants of the ESR spectra of anion radicals II as a function of
the molar concentration of water in a water —DMF medium: 1) Ilb, ay s; 2) ITa, ay 5; 3) Te,
aN 53 4) Ila, afy 43 5) IIb, af 43 6) 11d, ay 43 7) IIb, aH;3 [the points are the experimental values,
while the dotted lines are the curves calculated from Eq. (3)].

TABLE 1. HFS Constants of the ESR Spectra of Anion Radicals IIb
in DMF Containing Various Cations

HFS constants, Oe

Cation | AN | gy, l a3 | an,g
Na+ ‘ 11,5 | 58 1.1 43
K+ 10,8 5,7 1,0 41

(CoHs) m: . 10,1 5,5 1,0 4.0

(CalHo) N | 10,1 55 0,9 | 3.9

TABLE 2. HFS Constants of the ESR Spectra of Anion Radicals IT

‘ Spectr ! ___HFS constants, Oe
ngt IN5 } 11,4 J .3 ZH(N),2
|DMF 1o | DMF| Ho |DMF’| mo | DMF| mo DMF | H:o0
cm 381 483 | 102 | 132 ] 58 | 65 ! 09 | 081 39| 48
30,1 | 385] 99| 132 56 | 61 | 10 | 09 | 40 | 47
COOH 258 | 31| 98| 121 | 51 | 56 | 10| 12 | — | —
211 | 3161 69| 116| 44 | 56 | 10 | 15 ] 08 | 08
cocH, arl 621 — | 37| — | 12| = | 13| =
CHO 170 | 256 | 53| 92| 34 | 44 |20 | 15| 08 | 13

decreases [8] (Fig.1). However, this sort of effect was not observed for the other anion radicals studied.
The HFS constants, which correspond to the distribution of the density of the unpaired spins on the ring car-
bon atoms, proved in all cases to be absolutely insensitive (within the limits of the resolving power of the
spectrometer) to a change in the nature of the anions in the order C17, Br™, I”. This sort of weakly ex~
pressed effect of the anions on the 7 -electron system of II is explajned by mutual repulsion because of like
charges.

The effect of various cations on the HFS constants of II in DMF is illustrated in the case of the anion
radical of 5-nitrofuran (IIb): the ay s constant increases in the order Na*, K+, (C,Hy),N*, (CHy) N as the
volume of the singly charged cation decreases (T'able 1). This sort of effect is explained by the fact that a
decrease in the cation volume facilitates its approach and also promotes a stronger interaction with the
anion radical, which has the opposite charge. Proceeding from this sort of concept, it is preferable to use
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indifferent salts that contain cations with a large radius or have a substituent-shielded cation charge (tetra-
alkylammonium salts, for example) to decrease the perturbation of the 7 -electron system of anion radicals
by the medium during their electrochemical generation (ECG).

The most pronounced changes in the ESR spectra occur on passing from protogenic (H,0, CH,OH,
C,H;0H) to aprotic media (acetonitrile, DMF) [9-11]. In view of this, we decided to follow the manner in
which these changes are realized and the factors responsible for them on passing from a protogenic to an
aprotic solvent, i.e,, in mixed media containing different concentrations of water in DMF. In the case of
the ESR spectra of the anion radicals of 5-nitro-2-methylfuran (IIa) (Fig. 2), it is seen that the ESR spectra
are gradually elongated, and the resolution of the components improves as the concentration of water in
DMF increases. The same thing is also observed for other anion radicals II. A gradual change in the
composition of the medium makes it possible to follow the change in the components of the ESR spectra and
thereby facilitates the interpretation of the HFS of the ESR spectra.

The character of the change with the composition of the water ~DMF medium for various HFS con-
stants of the ESR spectra of anion radicals IIb is presented in Fig. 3. The same type of change is also
peculiar to the remaining anion radicals (II) studied: a characteristic sharp increase in the ay 5 and a4
HFS constants is observed as the concentration of water in the mixed medium increases. An increase in
the HFS constant, which is due to splitting in the nitrogen atom of the nitro group @y 5), is observed at
water concentrations above 10~ M in DMF. A change in this HFS constant possibly also occurs at lower
water concentrations, but we did not observe this because of the inadequate resolving power of the ESR
spectrometer and because the water content during ECG of free radicals may reach a concentration of the
order of 10™° M as a result of manipulations with anhydrous DMF [12].

Changes in the ayy HFS constants caused by splitting in the protons of the furan ring are observed only
when the water concentration in a sample is about 10 M. By comparing the HFS constants for the same
form of ion radicals II with one another and the change in these values on gradual transition from DMF to
an aqueous medium, one can observe approximate symbatic character between these values (Fig. 3), i.e.,
the larger the HFS values, the greater the changes that they undergo on passing from one medium toanother.

A comparison of the HFS constants of anion radicals in DMF and in water is presented in Table 2. By
comparing the HFS constants due to the protons, we see that the ay 4 constant and thereby the density of the
unpaired electron [13] in the 4 position can change by up to 30% of the initial density in this position, mea-
sured in DMF, for anion radicals II on passing from DMF to water. In the II series, the changes in the HFS
constants as a function of the medium for the same ion radical are interrelated (Fig. 4), This is evidence
that the effect of the medium on the anion radicals is not restricted only by the "reaction center" (.e., the
solvation center) but is distributed over the entire w-electron system. By comparing the magnitudes of the
HTS constants due to the protons of the benzene [10] and furan rings, respectively, for the anion radicals of
nitrobenzene and nitrofuran, one may note that the changes in these values on passing from DMF to water
are greater in the case of nitrofuran, This confirms our previous conclusion, drawn on the basis of the
character of the PMR spectra [14], that the 7 -electron system of the furan ring is more mobile than the 7 -
electron system of benzene. The changes in the HFS constants (vedistribution of the density of the unpaired
electron) for various anion radicals II on passing from DMF to water are inversely proportional to the HFS
values measured in DMF (Fig. 3); i.e., the mobility of the unpaired electron in the 1 system increases as
the electrophilicity of substituent X increases, Interaction of anion radicals II with water molecules fixes
the w-electron system and makes it less susceptible to the effect of substituent X than is the case with DMF
The slope of the curves that represent the changes in the HFS constants with the nature of the substituent in
DMF and water (Fig. 5) attests to this. The changes in the HFS constants as a function of the nature of sub-
stituent X in DMF proved to be greater by a factor of 1.2 than in water.

The decrease in the effect of substituent X on the 7 -electron system of anion radicals Il on passing
from DMF to water and the character of the change in the HFS constants during this transition (which is
similar to the character of the changes in these values as the cation. radii decrease) are evidence that anion
radicals II are more strongly solvated by water molecules than by DMF molecules.

The mechanism of the interaction of the medium with anion radicals II, which determines the redis-
tribution of the unpaired electrons in these particles, does not change basically on passing from DMF to
water (Fig. 4). The dynamics of the interaction of the anion radicals with the solvent molecules can be rep-
resented mathematically by an equation of the change in the aN 5 constants, which are quite accurately
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measured experimentally. In conformity with the concepts in
[15], we assume that free anion radical II in DMF and H,O forms
the relatively stable solvates {I)npMr and (H)HZO with molecules
of each of the solvents and that the solvated complexes are in
equilibrium in the mixed media:

Ry
(II)DMF +H;0 f (11 HJO+ DMF (@)

If resolvation in a mixed medium were accomplished slow-
ly, overlapping of the ESR spectra of two forms — one corre-
sponding to anion radicals II solvated by water molecules and
the second corresponding to II solvated by DMF molecules —
should be observed [16]. However, this sort of additional split-
ting of the ESR spectra is not observed for anion radicals II.
This is evidence that the lifetime (1) of the individual solvates is

Fig. 4. Interrelationship between the
an s and aN 4 HFS constants during a
gradual change in the water concen-
tration in a DMF—water medium: 1)
IIb; 2) Ila; 3) IId; 4) Ile,

much less than the difference ay ,O ~ UDMF expressed in recip-
rocal frequency units, ie., T « 10"7 sec. In this case, in con-
formity with [14], the observed ay,; constant in a mixed medium
can be expressed by Eq. (3):

. a=1/2(a pMF T4 0)+]/2[(Ka’_1)(Km+1)_'1](ano—aDMF ), )
% 7002 s where apyF and ay ,0 are the aN ,5 constants in pure DMF and
12 . o3 in pure water, respectwely, a= CH 0/CDMF is the ratio of the
j molar concentrations of the solution components, and K =k /k,
° s is the solvation equilibrium constant,
% ? 2 . The experimentally found ay 5 values (Fig. 3) lie satis-
6 % N factorily on the calculated [from Eq. (3)] curves that reflect the
4 el dependence of the aN,s HFS constants on the molar concentration
of water in the mixed medium, Side phenomena such as the in-
? [335,% oo . Oe stability of the anion radicals and the admixture of water in the

P starting DMF samples introduce a certain inaccuracy into the
DMF HTS constants. The K values for anion radicals ITa, @b, and Ile
prove to be 1.86 , 1.80, and 1.5, respectively, from which it fol-
lows that the stability of the hydrates increases somewhat as the
electron-donor properties of substituent X increase.

Fig. 5. Interrelationship between the
HFS constants of anion radicals in
DMF and water: 1) ITb; 2) IIa; 3) Iic; J
4) 11d; 5) Ile; 6) IIf, It follows from the present investigation that the previously
[1,6] calculated 7 ~electron structure of the 5-nitrofuran system
to a first approximation qualitatively reflects the true distribution of the 7 electrons, since the solvation ef-
fects change symbatically with the effect of substituent X on the distribution of the 7 -electron density in
various media (pure water, pure DMF, and mixed water—DMF media). However, as a consequence of spe-
cific solvation and the formation of ion pairs of anion radicals with cations, there is a certain redistribution
of the m~electron density, and this should be taken into account in high-accuracy quantum-chemical calcula-

tions of the systems.

EXPERIMENTAL

The anion radicals of the investigated compounds were obtained by ECG on the surface of a mercury
drop in a microcell installed in the Hy; cylindrical-resonator of an ESR spectrometer [17]. For this, solu-
tions of the indicated substances were prepared in a solvent (DMF, water, water—DMTF) in a concentration
of 107 M containing 10~! M of an indifferent salt [Nal, Ki, (C,H;),NI, ,H;),NBr, ,H;),NC1]. The electro-
chemical generation of the anion radicals was accomplished at the plateau potentials of the limiting currents
of the first polarographic wave. The ESR spectra of the anion radicals were recorded with an RE-1301
spectrometer with a resolving power of about 0.4 Oe. The magnetic-field scanning was calibrated from the
ESR spectrum of nitrobenzene anion radicals [18].
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