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Electronic spectra of the active m-electronic dianion of 1,4-benzoquinone and its hydrogen-bonded complex with
CH;O0H, generated at sequential electroreduction steps, have been discussed from the points of view of the observation
techniques and n—o charge-transfer interaction of the dianion with a weak hydrogen donor. An improved method involving
rapid circulation of the electrolyzed solution via a photodiode array detector to avoid comproportionation and side reactions
was used for successful measurements of the clear spectra resulting from the dianion generation. CNDO/S-CI calculations
well reproduced the longest-wavelength band observed for the dianion, assigning to the benzenoid 'Bs,«" A, band under
D,; symmetry. The hydrogen-bonding interaction of the 1,4-benzoquinone dianion with CH3OH allows the 1B3.J<—1Ag
band to be blue-shifted. This behavior has been well explained in terms of the strong n—0 type charge-transfer interaction
of the dianion with CH30H. These results have been extensively discussed with regard to coupled electron and proton

transfer reactions in the quinone-hydroquinone redox system.

Great interest is currently devoted to the m-dianions of
organic molecules generated by sequential electroreduction
and two-electron reduction with an alkali metal, with re-
gard to the interaction with cationic species and hydrogen
donors,' the electronic multiplicity,*—” the conformational
properties,®” and the reactivity.'*? The electrochemical be-
havior of the dianion generation has been well-documented
in terms of their intrinsic chemical interest and biological
importance.>'> The dianions of quinones are of especial
interest in view of the key biological functions of coupled
electron and proton transfer reactions.*®'® In our previous
paper have been discussed for the first time the problem of
how active the p-quinone ;-dianions are as proton acceptors,
with the aid of electrochemical evaluation of the formation
constants for the two-point hydrogen-bonded complexes with
CH;OH." After that, hydrogen bonding and protonation ef-
fects in electrochemistry of quinones in aprotic media have
been extensively discussed on the basis of electrochemical
and vibration spectral measurements, and molecular orbital
calculations with regard to the biological importance.>®

Spectroscopic measurements are currently done to char-
acterize the organic dianions.>*—*'Y Most workers have doc-
umented dependence of the NMR behavior upon the struc-
ture and the electronic states of the dianions generated by
the reduction with an alkali metal.*—"*!) Spectral measure-
ments for the electrochemically generated dianions are of
great importance in gaining deeper insight into the coupled
electron-transfer process. Recently, resonance Raman and
FTIR spectra were adapted to analyze the conformation and
the electronic states of the electrochemically two-electron
reduced quinones.® Spectroelectrochemistry in the ultravi-

olet and visible regions is indispensable to characterize the
dianions and to analyze the interaction with additives as it
has contributed the research for radicals. However, the spec-
tral investigation is surprisingly limited to the stable dian-
ions involving CN groups and halogens such as TCNQ and
2,3-dichloro-5,6-dicyano-1,4-benzoquinone, mainly due to
instability which comes from comproportionation and side
reactions.? In this paper we have devised a more suitable
and simpler method for spectroelectrochemical observation
of the dianions than those reported in the literature such as
the pulse electrolysis stopped-flow, column-electrolysis and
thin-layer electrolysis methods.'*~'® Discussion has been
extended to spectral characteristics of the 1,4-benzoqui-
none (BQ) dianions and the hydrogen-bonded complex with
CH;OH. Asapart of our continuing studies on active organic
ni-dianions, the strong n—o charge-transfer interaction of
BQ?~ with a weak proton donor is documented on the basis
of these spectral data and the CNDO/S-CI calculation results.

Experimental

Spectroelectrochemical and Electrochemical Measurements.
Controlled-potential electrolysis was done in a bulk electrolysis cell
of 100 dm®, with a three-electrode system consisting of a reticu-
lated vitreous carbon working electrode available from BAS, Co.,
an Ag/AgNOs (in CH3CN) reference electrode, and a platinum wire
counter electrode, illustrated in Fig. 1. The reference electrode was
sealed by Vycor glass, and the counter electrode was separated from
the bulk solution by a Vycor frit. A Hokuto Denko HA-501 poten-
tiostat was used for the electrolysis, the electrode potential being set
at sufficiently negative values to generate the anion radical and di-
anion species in consideration of the cyclic voltammograms (CV).
A Shimadzu SPD-M10A photodiode array detector with the optical
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Fig. 1. Schematic diagram of the rapid circulation system

consisting of a controlled-potential electrolysis cell, a poten-
siostat, and a photodiode array detector equipped with a
personal computer.

path length of 1.0 cm equipped with a Gateway P5-100 personal
computer was used for the spectral observation. The flow-type
detector was connected with the electrolysis cell via a Shimadzu
LC-10AD pump by Teflon® tubes of 0.8 mm inner diameter, in
which the electrolyzed solution was circulated at a fast flow rate of
5 dm® min™', as shown in Fig. 1. N, gas was sufficiently bubbled
into the sample solution before electrolysis to remove the dissolved
oxygen. During the measurements the sample solution was vig-
orously stirred and bubbled with N, gas without exposure to an
atmosphere. CV measurements were done with a BAS 100B elec-
trochemical workstation, using a three-electrode system consisting
of a glassy carbon working electrode, a platinum wire counter elec-
trode, and an Ag/AgNOs (in CH3CN) reference electrode.
Chemicals and Solvents. BQ was commercially available
from Nacalai Tesque, Inc., and was purified by repeated sublimation
under reduced pressure, then once again just before use.”” CH;OH
and CH3CN of spectrograde purity were purchased form Nacalai
Tesque, Inc., and was dried over molecular sieves (3A) for more
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Fig. 2.

Electronic Spectrum of the Quinone Dianion

than 2 d and then carefully distilled. Tetrapropylammonium per-
chlorate (TPAP) was used as a supporting electrolyte for CH3;CN,
being recrystallized twice from methanol and then dried in a high
vacuum before use.'”

Molecular Orbital (MO) Calculations. Semiempirical
CNDO/S-CI calculations were done to clarify the spectral char-
acteristics and to analyze the electronic states of BQ, BQ*~ and
the hydrogen-bonded complexes with CH;0H. The parameters
necessary for the calculations were taken from the literature of
Jaffé’s group and others.>' —® Two-center repulsion integrals were
evaluated using the Nishimoto—Mataga equation.?” Only the one-
electron transition was taken into account for calculations of the
configuration interaction (CI). Molecular geometries of BQ, BQZ" s
and their hydrogen-bonded complexes with CH30H used for the
calculations were those optimized by HF/6-31G(d) calculations.

Results and Discussion

Observation of the Electronic Spectrum of Electrogen-
erated BQ*~. It is well-known that sequential elec-
troreduction of BQ affords BQ~ and BQ?~ in aprotic media
such as CH3CN, showing two reversible waves on the cyclic
voltammograms. The half-wave reduction potentials were
evaluated as —0.50 V (vs. Ag/AgNO; (in CH3CN)) for the
redox couple of BQ/BQ™, and —1.07 V for the BQ~/BQ?*~
couple. BQ were also easily one-electron reduced in the bulk
electrolysis cell at the applied potential of —0.9 V, and the
absorption spectra of BQ systematically changed with the
BQ™ generation, giving clear isosbestic points, as is shown
in Fig. 2a. The characteristic bands of BQ™ were intensified
in the beginning of the electrolysis, and the spectra changed
no longer with the decrease in the cathode current for elec-
trolysis, indicating the complete conversion into the anion
radical. The stability of BQ™ allows the absorbance of the
band to be unreduced for a long time after the electrolysis is
stopped. Next, the spectral change with the BQ?>~ generation
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Spectral change of BQ with electrolysis for the reaction of BQ+e™ —BQ™ (a) and BQ™ +e™ —BQ*™ (b). The sample

concentration is 1.22x10™* mol dm~> in CH;CN. The spectrum denoted by a dotted line in Fig. 2(b) corresponds to BQ”™ itself,
calculated from the decrease in the absorbance of the 420 nm band of BQ™. A dashed line in Fig. 2(b) denotes the spectra obtained

after long electrolysis time. See the text for details.
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has been observed at the applied potential of —2.5 V, showing
clear isosbestic points, as shown in Fig. 2b. An increase in
absorbance at 358 nm is observed with electrolysis time, cor-
responding to the BQ?~ generation. When the electrolysis is
stopped, BQZ_ is quenched, probably due to the reoxidation
by O, in minute quantity in solutions and the compropor-
tionation reaction with the neutral species. It is difficult to
record the systematic spectral change for the BQ>~ genera-
tion with electrolysis time without circulation at a flow rate
rapider than 5 dm® min~! and vigorous stirring of the sample
solution. The important points for measuring the spectra of
the electrogenerated active dianions with a flow system are
therefore to complete the reduction quickly and effectively,
and to quickly lead the electrolyzed solution into the optical
cell without exposing it to an atmosphere. Rapid circulation
of the electrolyzed solution via a photodiode array detector
is suitable for this purpose. The prolonged electrolysis time,
however, allows the spectra to get out of the isosbestic points
as denoted by a dashed line in Fig. 2b, being indicative of
resulting from the side reactions. The standard flow and col-
umn electrolysis methods as far as we used them gave only
the similar spectra without isosbestic points, which were in
agreement with the published spectrum for BQ.>~® These
spectra may arise from the quinhydrone formation due to
incomplete reduction and an unsuspected trace of moisture
contaminating the solution during electrolysis. Although this
method did not give the spectrum of BQ?~ itself observed for
the completely electrolyzed solutions, the systematic change
in the spectra allowed it to be calculated from the decrease
in absorbance of the 420 nm band of BQ, as denoted by a
dotted line in Fig. 2b.

Electronic Spectrum of the Strongly Hydrogen-Bonded
Complex of BQ*~ with CH;0H. In our previous papers
it has been electrochemically and theoretically demonstrated
that BQ?>~ forms two-point hydrogen-bonded complexes
with CH3;0H in CH3CN.V The rapid circulation technique
has been used for the spectral measurements of the hydrogen-
bonded complex of BQ?>~ with CH;OH. The same spectral
change with electrolysis time as those in Fig. 2 was observed
on an addition of various concentrations of CH3;OH to the BQ
solutions. The spectra corresponding to BQ?~ itself were es-
timated in the same manner as mentioned above. It has been
found that the 358 nm band of BQ2_ is blue-shifted, depend-
ing upon the concentration of CH3OH. Figure 3 shows the
spectra of BQ?~ in the absence and in the presence of 1.23
moldm™3 CH;0H. The CH;0H concentration is enough
to yield the two-point hydrogen-bonded complexes of all
the BQ?~ molecules, judging from the observed formation
constant previously reported.” The spectrum of B therefore
corresponds to the hydrogen-bonded complex itself. We have
safely said that the hydrogen bond to BQ?~ is characterized
as the blue shift in the BQZ" spectra, which is analogous to
the case of the intramolecular charge-transfer m—n™ bands®®
and n—* bands.?® Table 1 lists the spectral data of BQ?>~
and the hydrogen-bonded complexes. It is clearly found that
the absorption maximum of the BQ?>~—~(CH30H), complex
is in consonance with that of BQ?~ generated by deprotona-
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Fig. 3. Electronic spectra of BQ?~ (A) and the hydrogen-
bonded complex with CH3;0H (B). These spectra were
observed for the electrolyzed solutions in the absence of
CH;O0H (A) and in the presence of 1.23 mol dm—3 CH;0H
(B). See the text for the details.

Table 1.  Absorption Maxima of BQ*~ and the Hydrogen-
Bonded Complex with CH;OH in CH3CN, and BQ? ™ in

C2H5 OH and HzO

Compounds Solvent A/mm
BQ*™ CH;CN 358
BQ?~— (CH;0H), CH;CN 322
BQ* ¥ C,Hs0H 323%
BQ*~ 9 H,0 3169

a) Generated by deprotonation of BQH; in C;HsOH. b) Data
from Ref. 30. c¢) Generated by deprotonation of BQH, in H,O.
d) Data from Ref. 8.

tion in C,HsOH, and appears a wavelength longer than that
of BQ?~ in water.** These spectral data clearly show that
degree of the blue shift indicates the strength of hydrogen
bonding to BQ*~.

CNDO/S-CI Calculations for BQ?>~ and the Hydrogen-
Bonded Complex. Table 2 lists the spectral data for BQ,
BQ?~, and the hydrogen-bonded complex observed and cal-
culated by the CNDO/S-CI calculation method. The longest
wavelength band of BQ?~ is assigned to the 'Bs,«!A,
transition corresponding to the benzenoid 'Ly state with a
transition moment along the x-axis under D,, symmetry,
mainly contributed from the b;;-HOMO—a,-LUMO elec-
tronic configuration. This indicates that the BQ?~ prefers the
benzenoid structure rather than the quinonoid form, which
agrees with the optimized geometry calculation and the res-
onance Raman spectroscopic results."® The benzenoid band
of BQ?~ is regarded as red-shifted by the substituent effect
of a strongly electron-donating substituents such as the two
p-(dimethylamino) groups on the 'L, band of benzene in
consideration of the observed absorption maximum and the
calculated HOMO—LUMO nature.>"

Next, discussion was extended to the hydrogen-bonding
effect on the BQ?>~ spectra. The CNDO/S-CI calculations



1216 Bull. Chem. Soc. Jpn., 72, No. 6 (1999)

Electronic Spectrum of the Quinone Dianion

Table 2.  Spectral Data and CNDO/S-CI Calculation Results for the Longest Wavelength Bands of BQ, BQ*~, and Their Hydrogen-

Bonded Complexes with CH;OH

Observed” Calculated
Compounds EleV (Alam)  EleV (Amm) > CI(%)° Assignment®
BQ 5.12 (242) 5.34 (232) 0.82  92(b —bsg), S(bag —ay) By — A,
BQ-(CH;0H), 5.10 (243) 5.36 (231) 0.87  93(bi —bsg), 5(byg —ay) By, — A,
BQ*~ 3.46 (358) 3.47 (357) 0.17  93(bsg— auw), S(byy — bu)  'Bau A,
BQ? ~(CH;OH),  3.85(322) 3.79 (327) 0.16  91(bsg — ay), 9(by — br)  'Bsy A,

a) Values at the maximum intensity in CH3CN. b) Oscillator strengths.

¢) For example, (by,—bsg) means a singly

excited configuration from the by, filled 1-MO to the b3, unoccupied n-MO. - d) Under D, symmetry.

reproduced the experimental blue shift with hydrogen-bond
formation, as is seen from Table 2. The calculations fur-
thermore provided clear-cut evidence for the blue shift in
the BQ?~ spectra by hydrogen bonding. Figure 4 shows the
calculated MO’s relevant to the electronic transitions con-
cerning the BQ and BQ?~ bands. The origin of the blue
shift upon hydrogen bonding appears to be the stabilization
of the b3,-HOMO of BQ?~ with hydrogen-bonded complex
formation. The active MO of BQ?~ to the hydrogen bonding
is the bs, and by, n-orbitals localized on the carbonyl oxygen
atoms, which is activated enough to accept a proton with
two-electron reduction. The activation of the b3;-HOMO
of BQ?~ as well as the n-orbitals are weakened by the in-
termolecular n—0 type charge transfer through the hydrogen
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Fig. 4. CNDO/S-CI SCFMO energy levels and the MO il-
lustration relevant to the longest wavelength band of BQ,
BQ’~ and the hydrogen-bonded complex with CH;OH, and
BQH:. The axes used for the MO calculations are shown
for D,;, symmetry.

bond of BQ?>~ with CH30H, as illustrated in Fig. 4. The
blue shift in the BQ?~ spectra is attributable to the strong
stabilization of the b3g-HOMO with the hydrogen-bond for-
mation. A considerable effect of the hydrogen bonding on
the m-electron distribution in BQ?~ has been found in spite
of the negligible st-type charge transfer by hydrogen bond-
ing. It is reasonably understood that the HOMO—LUMO
transition for BQH; as the most strongly interacted model
appears at a wavelength shorter than that of the hydrogen-
bonded complex, as shown in Fig. 4. The blue shift of the
BQ?~ spectra is therefore well explained in terms of the n—0
type charge-transfer interaction from the carbonyl oxygen
atom of BQ?~ to the hydrogen atom of the alcoholic hy-
droxy group. This may be considered to be the same spectral
behavior as the blue shift in intramolecular charge-transfer
bands observed for heterocyclic amine N-oxides®™ because
the excited state of BQ?~ is mainly contributed from the
bsg—a, intramolecular charge-transfer configuration, as can
be seen from Fig. 4.

Conclusion

The method involving rapid circulation of the electrolyzed
solution via a photodiode array detector is suitable for the
observation of electrogenerated active dianions. We have
recorded the electronic spectra of BQ?>~ and its hydrogen-
bonded complex by the use of this method. The hydrogen
bonding of BQ?*~ with CH;OH allows the spectra of BQ>™ to
be blue-shifted. The CNDO/S-CI calculations have demon-
strated that the band of BQ?~ is assigned to the benzenoid
11, band arising from the benzenoid structure altered by two-
electron reduction. Hydrogen-bonding of BQ?~ is charac-
terized as a blue shift in the BQ?~ spectra, resulting from
stabilization by the hydrogen bonding involving strong n—o
type charge-transfer interactions. Further inspection of this
model can give deeper insight into characterizations of the
electrogenerated active dianions and the electron transfers
coupled with hydrogen-bonding/proton-transfer interaction
of the quinone-hydroquinone redox system.
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