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A systematic study of the redox properties of six parent quinones has been carried out using quantum chemistry
methods. The reduction of the ortho-\ and para§-) isomers of benzoquinone and naphthoquinone, 9,10-
anthraquinone and 9,10-phenantrenequinone to the corresponding hydroquinones and semiquinone radicals
was investigated at the B3LYP/6-3tG(d,p) level of theory. Thermodynamic functions in the gas-phase
were calculated for all the reduction reactions. Gibbs energies of reaction and standard potentials in water for
the reductions were determined using the HERCM model and an empirical correction to the calculations
based on the limited thermodynamic data available for the quinones. Potentials were calculated both for the
direct reduction to the quinols, and for the two-step reduction via the neutral semiquinones. The calculated

potentials for the 2 2H* reductions were found in good agreement with experiment and to display the
same trends as gas-phase enthalpies and energies, i.e., to correlate with the nurs@rdwiuBle bonds,
as well as on the relative position of the=O groups. The small deviations between experiment and

theoretically predicted standard potentials were found to originate from basis set incompleteness and the
shortcomings in the B3LYP exchange correlation functional rather than the models used for the thermochemical

calculations or description of solvation. Accurate theoretical shifts in standard potentials jefotheairs of

Q < HQ and HQ< H,Q reactions are presented and compared to experiment. Reliable standard potentials

and shifts for the neutral semiquinones are predicted for the first time.

1. Introduction anism of these reactions is unclear, but electrochemical tech-
niques can be used to map the course of quinone reduction and
the reactivity of the intermediates with,Or'he electrochemical
reduction of Q can proceed by a 4-electron mechanism to yield
water or by a 2-electron mechanism to yield hydrogen peroxide.

nThere is a considerable interest to find electrocatalysts that stop

carrier between the different components of the electron the reaction at the hvdrogen peroxide st ince this would
transport chain in the mitochondrion and as a redox component € reaction at the nydrogen peroxige stage since this wou
allow the simultaneous production o6&, and electrical energy

for the coupling of electron and proton transfer for the generation . .
of pH gradients across the mitochondrial membrane (the Q n af_uel cell. Recent Wo_rk has ;jlemonstrate_d thz?\t guinones can
cycle)12 Compounds derived from naphtho- and anthraquinones functl_on precisely in this way'* and tha_t in this case, the .
also appear in important biochemical pathways. Naphthoquinonere"fmIon oceurs betwgen an electrochemically generated semi-
is the parent compound of vitamin Xyhile anthraquinone is quinone and oxygen:

a basic component of many biological molecul@svo natural

1.1. Importance of Quinone Chemistry. Quinones are
involved in the redox chemistry of virtually all living organisms
and fulfill important biological functions. For example, ubiquino-
ne-10, a 1,4-benzoquinone derivative, acts both as an electro

naphthoquinones, alkannin and shikonin, are known to display Qopte— Q(o)ﬁ ()
wound healing, antiinflammatory, antibacterial, antirhombotic, . . H,0
topoisomerase inhibitory, and antitumor propertiée best Quw T0)(ad)— Q) + 0O, (agy—H,0, (Il

understood function of biological quinones is their involvement

in electron-transfer reactions. The environment plays an im-  The quinone molecule @ in reactions | and Il is chemically
portant role in these reactions, for example, in controlling the attached to a carbon electrode surface. The details of reaction
bifurcation of the electron transfer from the 2exidant I are still unknown. An important issue is the value of the redox
ubihydroquinone into two separate 1transfers. In this case, potential of the Q/@ couple, which strongly influences the
quinone functionality is determined by the stability of the kinetics of reaction. This potential depends strongly on the
semiquinone radical, which in turn depends on the reaction substituents present. The aim of the present work was to obtain

environmeng basic thermodynamic data of quinones using quantum chemical
Another important area of quinone chemistry is in the calculations in order to provide a framework for the understand-
industrial synthesis of hydrogen peroxiti€he detailed mech-  ing of quinone-redox processes in aqueous media. As described
above, quinone reactions of biological and industrial importance
" Goteborg University. occur in water and the use of electrochemical information from
: Chalmers University of Technology. nonaqueous solvents is of limited usefulness in particular, in
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2853 of intermediates. A detailed quantum chemical investigation of
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the reactions between quinones angv@ll be presented in a Although the results from these investigations were in
subsequent publication. approximate agreement with experimental data, several of the
The paper is divided into three sections. First, a brief calculations were performed with small basis sets, e.g. missing
description of the results from previous quantum chemical polarization functions on the H atoms or lacking diffuse
calculations for the quinones investigated and on the corre- functions. Only few studies have employed basis sets that are
sponding redox potentials is presented, as well as a summaryreasonably large and balanced in their description of all atoms
of the available experimental standard potentials data. Secondjn the molecule. Eriksson et al. studied structural, electronic
quantum chemical calculations are carried out for the various and magnetic properties of species in the 1,4-BQ system using
molecules involved in the redox chemistry of tipe and B3LYP and the 6-311G(d,p) basis $ét-However, the larger
o-isomers of benzo- and naphthoquinone, and for 9,10-an- 6-311+G(2df,p) basis set was used for calculating, e.g., electron
thraquinone and 9,10-phenanthrenequinone. The results of theaffinities. Basis set effects were observed for this specific
calculations comprise thermodynamic functions for the reduction property, but no systematic investigation of trends were made.
reactions in the gas-phase, as well as Gibbs energies of reductionvestigations of the electron affinity of 1,4-BQ using DFT
and standard potentials in water. Finally, the results of these methods as well as high-level wave function based methods
calculations are compared with experimental data. have recently been carried out by Kim et&alThe basis set
convergence was, however, not investigated, although large basis

2 Backgrom_md and Methods ) _ sets are necessary when using these methods in order to achieve
2.1. Previous Quantum Chemical CalculationsQuantum  an accurate description of electron correlation.

chemical calculations have been previously carried out to

. . - o 2.2. Experimental Measurements of Standard Potentials.
investigate quinone compounds as models for ubiquinone

. > C ' The redox properties of quinones have been investigated for a
plastoquinone (another BQ derivative) and for the two natural |5, time. The accuracy of standard potentials measurements

forms of vitamin K (phyllo- and menaquinon€$):l” These  \aries and, e.g., for 9,10-anthraquinone, the low solubility of
studies provided accurate vibrational spectra, hyperfine coupling o quinone in water makes an exact determination of its
constants ang-tensors for the quin_ones and Fheir rad_ical anions. gtandard potential difficult. For the less soluble components of
The calculation of redox potentials of quinones in aqueous yhe quinone series, information is available for voltammetric
solutions has attracted considerable attention. Reyifoffisised 1055 rements carried out for the quinone adsorbed on carbon

the two wave function based methods Hartréeck (HF) and  g|0codes. There is a problem with these data when assessing

Mﬂller—_PIesset second-order perturb_at|on theory (MF.)Z) for the interactions with the surface and to what extent these affect
calculations on benzo- and naphthoquinones. Whéeapplied the value of the measured redox potentials

HF, MP2, an nsity functional theory (DFT) using the B3LYP . .
’ , and density functional theory (DFT) using the B3 The most important literature d&dfa®! on the standard

functional for calculation on benzoquinone. The work of the tential of th . . tigated ted in Table 1
Wheeler group was subsequently extended to chloro-substituted?©'€Nt&! Of the quinones investigated are presented in 1avle 4,
and in what follows, the reasons for the choice of the particular

BQs using B3LYP only? Rzepa et at® and Namazian et . ) ) .
al2¢-3nvestigated the standard potentials for various quinones Yalues émployed in the comparison with the quantum chemical

using semiempirical methods (MNDO, PM3, AVE)25 as well calculations are discussed. The data presented in Table 1 have
as the HF*26 and B3LYP method%‘?vﬁ Nam,azian ét al. have Peen corrected to pk 0 when necessary. The values reported
also extended their investigations to calculations of potentials are formal potentials™) since activity coefficient corrections

in nonaqueous solvent$:3° Recent studies on disulfonated have not been performed. o
anthraquinone by Rosso et®lkemploying B3LYP calculations 2.2.1.0-Benzoquinone (1,2-BQ)The long-term stability of
have shown good correlation with experimental results. the aqueous solutions of this quinone is very poor, with clear
Two different methodological approaches were applied in €vidence of decomposition. The results by Conant and Fieser
these studies, both employing thermodynamic cycles. That of are therefore unreliable since the potentiometric measurements
Reynoldsi8-20 Rzepa et af® and Namazian et &F3 used (titration curve method) were carried out in solutions were
isodesmic reactions (e.g./1@ + Q — QH, + Q') in order to condensation reactions were taki_ng .place. In. contrast, the
calculate Gibbs energies of reaction relative to a reference measurements by Proudfoot and Ritéhigere obtained by the
system (QQ'H,). Both 1,4-BQ and 1,4-NQ were used for this in situ oxidation of benzene-1,2-diol in a cyclic voltammetric
purpose but the results were somewhat dependent on theexperiment. In this case, the time scale of the experiment was
reference quinone used. Since different reference systemsVery short and interference by oxidation reaction of the quinone
predicted different potentials, it is difficult to verify the validity ~ formed did not affect the measured potentials. For this reason,
of a specific reference without comparing each calculated the value reported in these experiments of 0.830.016 V
potential to experimental values, which limits the predictive Was employed as the most accurate experimental value of the
power of this method. A second approach was taken by Wheelerstandard potential.
et al.?21?2Namazian et &” and Rosso et atlin which electrons 2.2.2.p-Benzoquinone (1,4-BQ)Hale and Parsof%studied
and protons were used explicitly as the reference system forthe electrochemistry of mixtures of the quinones and the
the reactions. This is a direct approach since it requires corresponding quinols using a dropping mercury electrode. The
calculations to be carried out for one quinone only in order to solutions were very sensitive to adventitious leakage of oxygen
obtain a specific potential. from the air. A quasi-reversible behavior was observed which
Two strategies for calculating the approximate Gibbs energies might account for the discrepancy in the values obtained with
of solvation were used in the previous works. Reynolds and those reported form equilibrium measurements (see below).
Wheeler used a free energy perturbation (FEP) method in Similar considerations apply to the results by Driebergen t al.
conjunction with molecular dynamits22 whereas Rzepa and  who employed the same electrode. The half-wave potential was
Namazian used the polarized continuum models (PCM), which measured as a function of pH but no corrections for the
are less computationally demanding. The calculated reductionirreversibility of the reaction were taken into account. The work
potentials using these techniques were generally within 10 of Bailey and Ritchi€® employed cyclic voltammetry to measure
100 mV of the experimental values. the half-wave potential of 1,4-BQ and several aqueous solutions
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TABLE 1: Summary of Literature Data for the Values of the Standard Potentials of the Quinone/Quinol Couples in Aqueous
Solutions

1,2-BQ potential vs NHE/V  ref comments
i 0.787+ 0.001 34  obtained by potentiometric titration of quinone solutions with, Tihere the value ot for the 0.1 M
HCI solution was chosen to minimize possible errors due to the protonation of the quinone
ii 0.831+ 0.016 35  cyclic voltammetry of solutions of benzene-1,2 diol (catechol) on a gold electrode at different pH values
1,4-BQ potential vs NHE/V ref comments
iii 0.659 36 dropping Hg electrode. From B BQH, solutions at pH 3.9, with measurement at only one pH.
iv 0.709 37 adsorbed on highly ordered pyrolytic graphite (HOPG) from 0.24d 2olutions,
with results calculated from cyclic voltammetry
Y 0.636 38 dropping Hg electrode, where only the quinone was present in the solution and the halfwave
potentials were determined at 20
Vi 0.694 39 cyclic voltammetry on a Au electrode, where only the quinone was present in solution.
vii 0.6990-+ 0.001 40 quinone in solution. No quinhydrone formation could take place. The measurement was
made by potentiometric titration with i
1,2-NQ potential vs NHE/V ref comments
viii 0.566 41 ac voltammetry on glassy carbon, where the solutions under study contained the dissolved quinone
in M HCIO, and the measurement corresponds to the adsorbed quinone
ix 0.565 42 DPV results (no NQ concentration reported)p#.0; the value reported here has been corrected
topH=0
X 0.5474+ 0.002 34,43  the results were obtained by measuring the potentials at different stages of titration of a 1,2-NQ
solution with TF+
1,4-NQ potential vs NHE/V ~ ref comments
Xi 0.514 36 same as entry iii but using a NEQNQH. solutions (Hg); pH= 3.9, where the results were
corrected for pH
Xii 0.446 41 same as entry vii; ac voltammetry on glassy carbon, where the solutions under study

contained the dissolved quinone. The measurement corresponds to the adsorbed quinone
and not to the species in solution

Xiii 0.464 37 adsorbed on HOPG from 0.2 te®1 solution, with results calculated from cyclic voltammetry
Xiv 0.424 44 Q+QH. mixed with carbon, where the equilibrium potential of this mixture was measured for
different values of the pH.
XV 0.440 38 same as entry v, where a dropping Hg electrode was used, and only the quinone was present
in the solution and the half wave potentials were determined &€20
XVi 0.485 39 same as entry vi; cyclic voltammetry on a Au electrode, where only the quinone was present in solution.
Xvii 0.470+ 0.002 40,43 potentiometric measurement, for titration of NQ wili;TNQ only was present in the solution
9,10-AQ potential vs NHE/V ref comments
Xviii 0.106 41 ac voltammetry on glassy carbon, where the solutions under study contained the dissolved quinone;
the measurement corresponds to the adsorbed quinone.
XiX 0.124 37 adsorbed on HOPG from 0.2 ta /@ solutions, with results calculated from cyclic voltammetry
XX 0.110 45 carbon surface chemically grafted with 1-AQ
XXi 0.079 45 carbon surface chemically grafted with 2@
XXii 0.124 46 AQ grafted at position 1; measurement in 0.5p%6,; corrected for pH.
(xxiii) 0.05 47 AQ grafted on a diamond electrode and measurements carried out in 0,1 M KOH, where the
potential of the Q/Q? couple was measured and corrected fiér pK, = 9.7; K, = 12.05
9,10-PQ potential vs NHE/V ref comments
XXV 0.446 41 ac voltammetry on glassy carbon, where the solutions under study contained the dissolved quinone
and the measurement corresponds to the adsorbed quinone
XXV 0.439 48 adsorbed onto pyrolytic graphite from a®®l solution. Cyclic voltammetry.
XXVi 0.432 37 adsorbed on basal plane pyrolytic graphite from 0.2 Bolutions, with results calculated
from cyclic voltammetry
XXVii 0.431 49 voltammetry of PQ absorbed on HOPG. data in HCt®rected to pH=0
XXViil 0.445 50 voltammetry of PQ adsorbed on a carbon paste electrode JHEIQ.1M; corrected for pH
XXiX 0.442+ 0.002 51 potentiometric titration with ¥i; quinone present in solution; no interference by possible

formation of the quinhydrone
aT = 20°C.

of sulfonate derivatives since these provided good solubility. calculated the standard potential from the whole potentiometric
This approach requires an analysis of the currg@utential titration curve rather than taking the value at a particular point.
dependence to extract thermodynamic information from a 2.2 3.0-Naphthoquinone (1,2-NQ).The poor solubility of
nonequilibrium system. Their results were close to those this compound and that of the other larger quinones presents
obtained from very careful equilibrium measurements by LaMer serious difficulties for the measurement of their standard
and Baker'? using a potentiometric titration method. Similar potentials. For this quinone, its properties when adsorbed on
results were also reported in ref 34. The value in ref 40 (entry glassy carbon electrodes have been investigated (entries viii and
vii in Table 1) was accepted as the most accurate determinationix) and these studies give similar values Bf. The values

of the standard potential for this quinone since LaMer and Baker reported in refs 34 and 43 are more accurate since they refer to
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full titration curves of species in solution. For this reason, the reasonable agreement with the results obtained for adsorbed 9,-
value given by Conant and Fieser in entff was employed as ~ 10-PQ and was used to compare with calculations.

the standard potential for 1,2-NQ. 2.3. Computational Techniques.

2.2.4.p-Naphthoquinone (1,4-NQ).Three different types of 2.3.1. General ConsiderationsThe hybrid Hartree Fock
measurements have been carried out. Eflevalue by Hale (HF)/density functional theory (DFT) method B3L¥Pwas
and Parsor# is too positive, and this may be related to the used for the calculations. B3LYP was selected as the preferred
way the equilibrium potentials was calculated for nonequilibrium method since extensive investigations have demonstrated that
conditions that required a diffusion-activated reaction model for it can be applied successfully to different types of chemical
abstracting the standard potential from the currgrdtential systems?3 Close agreement with experimental results and with
curves. The same problem appears to apply to entry xv. Entriesexplicitly correlated wave function based quantum chemical
xii and xiii correspond to measurements of the adsorbed quinone.methods were obtained in these studies. In the present work,
Entry xiv** is an equilibrium measurement. However, in this the quality of some of the B3LYP results was tested by
case, the equilibrium involves ttelid quinone/quinol phases  comparisons with several such methods, including Mgller
and hence, these results do not correspond to the properties oPlesset perturbation theory of second and higher orders (MP2,
the solution species that were calculated in the present work MP3, and MP4) and coupled cluster theory (CCSD and CCSD-
by quantum chemistry methods. The most reliable measurement<T)). The results from these calculations are presented in the
for this quinone are those of LaMer and Bak&who employed Supporting Information. None of the results obtained by these
a potentiometric titration of the quinone with®Tiand calculated computationally expensive methods was conclusively more
average values d&°' at many points in the titration curve. reliable than the B3LYP results. This negative result with respect

2.2.5. 9,10-Anthraquinone (9,10-AQ).No data could be to the wave function baged methpds is simply'due to the sIovy
found in the literature for the standard potential of this quinone convergence of electronic energies as a function of both basis
in aqueous solutions. The reason for this is the very low set and theor_etlca_l treatment of electron correlathn. Although
solubility of this compound in water. The only data that can be It IS Possible in principle to converge the electronic energy to
used for the evaluation of the standard potential are those derivedVithin @ few kilojoules per mole from the true value using
from voltammetric measurements for the adsorbed or chemically C¢SP(T). this becomes practically impossible even for the

attached quinone on inert electrodes. Carbon has been used atgenzoquinones, which are th_e small_est molecules in the present
a support in voltammetric studies of adsorbed 9,10-AQ. study. The number of basis functions that are needed for

Schreuers at 4t measured the reduction of the quinone convergence of the coupled cluster calculations leads to disk

adsorbed from its saturated aqueous solution. The equilibrium L?qtur'renxr:tsh (BEGZ% GIFt dr?]per;cilnoglg onAmoItrectuIar syrln-d
potentials of mixture of anthraquinone, anthraquinol and carbon MEUY). Which are difficult to meet today. Accurate couple
as a function of pH was measured by Binder t&rom these cluster calculations on the reduction of anthraquinone would

results, the potential at pH 0 was 0.118 V vs the NHE. Since require at IeaSt 8578 Of. disk space, in _addltlon to t.h‘.a Very
; ; - time-consuming computations. On the basis of these difficulties
this result corresponds to the solid phase (and to the quinhy-

drone), this value is not comparable with the calculations in in cpnvergi_ng the wave function based methods Wi.th respect to
this pa’per. basis functions, only B3LYP results are presented in this work.
Entries xx-xxiii correspond to carbon surfaces that have been The GAUSSIAN 98 and GAUSSIAN 03 program packages
. X . . . were employed for the calculatiofSMolecular structures were
chemically funcnonahzgd W'th 9.10-AQ. T.h's approach has the optimized and analytical Hessians were subsequently calculated
advantage that the quinone is not specifically adsorbed to the

bon b her it is chemically bonded. for i by th for all the optimized geometries using B3LYP and the basis
carbon ut rather it is c emically bonded, for Instance by the o ised for the optimization. Besides structural information and
reduction of the corresponding diazonium salt. It would be

X . vibrational spectra, data from the Hessians were used for the
expected that this approach would produce a more reliable valuehermochemical calculations. The electronic energies of the

of E* since this would be equivalent to measuring the properties giationary structures involved in a particular reaction were used
of a substituted quinone. However, it is not possible to correct 1, c4icylate the electronic reaction energy0aK (AE(0 K)).

for the inductive effect of the surface on the redox potential. Reaction enthalpies & K (AH(0 K)) were obtained by adding
The measurements from alkaline solution are based on theyhe zero-point vibrational energies of the reacting molecules.
indirect measurement of the surface concentration of quinone siandard reaction enthalpiead°) were then calculated by
species as a function of potential based on the reactivity of the taking into account the corresponding translational, rotational,
semiquinone radical with oxygen. Although the deconvolution yiprational and electronic partition functions. The partition
of the oxygen reduction current in different contributions can fynctions were also used to calculate the standard reaction
be carried out successfully, there is a great deal of uncertainty entropy and therefore, the standard Gibbs energy of reaction at
in the K values required to transform these measurements t0298 K (A,G°). A detailed description on the theoretical approach
pH = 0. Because of these uncertainties, only a range in the pehind the thermodynamic calculations has been given by
likely value of theE®' for this compound can be given and in  Ochterskie5 All four values AE( K), AH(0 K), AH°, and

the absence of better information, the average of all the aboveA,G°) are reported in the tables in kilojoules per mole.

de_term|n§1t|ons was taken. The likely range of values for this  pq explained above, the explicitly correlated wave function
quinone isE* = (0.09+ 0.03) V. based methods were found to require as large basis sets as
2.2.6. 9,10-Phenanthrenequinone (9,10-P(ntries xxiv— possible (e.g., 6-3HG(3df,3pd)) for converging the electronic
xxviii correspond to cyclic voltammetry measurements for this energy. DFT calculations are known to be much less sensitive
quinone adsorbed on various carbon electrodes. The averageo the size of the basis set, and this allows for the use of small
of all these determinations & is 0.439+ 0.006 V.E® has basis sets as long as some requirements are fulfilled. Most of
been measured from solution using a potentiometric titration the B3LYP calculations were performed using the 6-8Gt
technique’® This determination made use of all the points in  (d,p) basis set-57 This basis set includes polarization functions
the titration curve. The value &°' calculated was 0.442 V, in on all atoms and diffuse functions on C and O, which is expected
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to be sulfficient for the calculation of molecular geometries and great care must be taken when designing calculations that
reaction energies. The effects of changing the basis set wereemploy incomplete solvation models and can benefit from
investigated in two ways. Severe problems with the convergencecancellation of errors.
of the Kohn-Sham orbitals were encountered for some of the  To avoid ambiguities as mentioned above, the standard
anthraquinone species. The problems were most severe wherpotentials of the overall cell reactions involving neutral species
diffuse functions were included, as in the 6-3G(d,p) basis have been considered in the present work rather than the
set, and convergence was much better with the smaller 6-311G-individual half-cell reactions. Since the reference for the
(d,p) basis set. As a consequence, results from calculations usingneasurement of standard potentials is the hydrogen electrode
both basis sets are presented for most of the anthra- and(SHE), the use of the overall reaction with(g) limits the need
phenanthrenequinones. This makes it possible to determine theo model charged species in solution. It is not possible, however,
effect of diffuse functions on reaction energies. Investigations to eliminate all ionic species that appear in electrochemical
of the basis set expansion up to 6-3¥3(3df,3pd) were reactions by this approach and it becomes necessary to
performed for the two benzoquinones. Results are presented inincorporate acid/base equilibria and charged species into the
sections 3.1.1 and 3.2.1 for this basis set and the slightly smallermodel for calculations of potentials as functions of pH. By
6-311+-G(2df,2pd) set. applying standard conditions, i.e+ = 1, all weak acids appear
Solvation by water was investigated using a polarized in their neutral forms. However, the substantial ionicity of the
continuum model (PCM). Molecular structures were optimized solvent under these conditions is not explicitly included in the
in a model water medium using the IEPCM® method as models used.
implemented in the GAUSSIAN 03 package. Subsequently,
analytical Hessians, Gibbs energies of reduction and standard3. Results and Discussion
potentials were calculated for the optimized structures.

2.3.2. Calculation of Standard Potentials from Quantum The reduction reactions of six different parent quinones, the
Chemical Gibbs Energy Data.Standard potentials€Ef) were p- and o- derivatives of benzo- and naphthoquinone, 9,10-
calculated from anthraquinone, and 9,10-phenanthrenequinone, have been in-

vestigated. 1,4-BQ, 1,4-NQ, and 9,10-AQ denoteptogiinones,
E° = —AG°/nF (1) while 1,2-BQ, 1,2-NQ, and 9,10-PQ denote th@uinones.

Reduction reactions via semiquinone intermediates were also
A/G® is the calculated Gibbs energy for the redox reaction: ~ Studied. Only reactions involving neutral species as reactants
and products have been considered.

Figures 1, 2, 4, and 5 depict the optimized structures of the
molecules studied, together with selected bond lengths, enthal-
pies and Gibbs energies of reduction at the B3LYP/6-43&1
nis the number of electrons transferred per molecule of reactant(d,p) level of theory. Conformational isomers with respect to
Ox(aq), F is Faraday’s constant and Ox(aqg) and Red(aq) are the orientation of the OH groups were investigated for 1,4-H
the oxidized and reduced species, respectively. The calculationBQ and 1,4-HNQ. While the cis 2) and trans §) isomers are
of the standard potential of an individual redox couple requires energetically degenerate for hydrobenzoquinone, thé&gisim
the determination of the Gibbs energy of formation for all is favored over the tran$) conformation for 1,4-bNQ. This
reactants and products using quantum chemistry methods. Inis @ consequence of the repulsion between the H atoms in the
addition, the reducing equivalent must be modeled properly. OH and C-H groups, which is balanced by the attraction

One commonly used alternative procedure is to model between the lone pair on the O atom and theHCgroup. In
electrons and protons separately. The energy of the electronl,4-H:NQ, the asymmetry caused by the side-ring allows the
depends on which reference is used, vacuum or an electrodelatter interaction to dominate. Consequently, only the trans form
Calculations of redox potentials using explicit electrons and (8) was investigated for 9,104AQ, since the symmetrical
solvated protons were recently performed by Namazian et al. positioning of the side-rings results in repulsion between the
for quinones as one of the methods used in ref 27. AndersonC—H and OH groups analogous to that observed for 134-H
and co-workers discussed the relationship between results fromBQ. Similarly to the 1,4-HBQ molecule, the cis and trans
such calculations with experimentally determined standard isomers are considered degenerate for 9,384 The most
potentials?®6%|n these investigations, the solvation energies of stable conformational isomers of the quinols were used in these
H* and OH were computed, rather than using literature values calculations.

Ox(ad)+ 5H,(g) — Red(aq) 2)

as was done for Hin ref 27. There are difficulties with the Basis set expansions were found to alter bond distances in
explicit modeling of the solvation of Hand OH when using both quinones and quinols by less than 0.01 A. This effect is
a limited number of water molecules in the calculati®fThe too small to affect any trends. Consequently, the following

values of the calculated binding energies are strongly dependentiscussion concerns bond distances calculated using thet6=311
on the basis set employed and also ambiguities in the way (d,p) basis set, for which data are available for all the
enthalpy and Gibbs energy contributions are taken into account.investigated molecules. Afi-quinols have €O bond distances
The problems associated with a calculation of the thermo- between 1.35 and 1.39 A, which are typical bond lengths for
dynamic properties of the solvated proton are illustrated by the phenols®3® An aliphatic alcohol usually has a longer (1.42 A)
differences that are observed when increasing the number ofC—O bond distancé? The shorter GO bond length in a phenol
water molecules in the calculation and using an extended basisresults from electron donation from the nonbonding electron
set. For example, the standard Gibbs energy of solvation pair on O to the aromatig-system of the carbon framework.
calculated for the systemH+ n,H,O were —7.08, —8.34, Electron donation increases the strength of theQtbond, and
—8.97, and—9.46 eV respectively fon, = 1, 2, 3 and 41 thus the OH group of the hydroquinone becomes more tightly
These values should be compared to the best current estimatebonded to the carbon framework compared with the hydroxyl
of single ionic solvation for the proton of-11.447 e\f? group of an aliphatic alcohol. Ap-quinones have very similar
Consequently, the convergence to bulk water is rather slow andC=0 bond lengths (1.221.22 A), while the bonds in the central
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TABLE 2b: Calculated Thermodynamic Functions for the Gas Phase Reduction op-Quinones To Yield the Corresponding
Quinols®

AE(0 K) AH(0 K) AH° AG°(calc) AG°(corr)

1,4-BQ(g)+ Ha(g) — cis-1,4-HBQ(g) -161.5 -126.7 —133.6 —-98.6
— trans-1,4-H,BQ(Q) —162.0 —-127.1 —-134.1 -99.0 —107.3

—168.0 —133.0 —140.0 —104.7

—167.4 -132.4 —139.6 -104.0

1,4-NQ(g)+ Hz(g) — trans-1,4-H,NQ(Q) —107.1 —73.8 —80.3 —45.8
— cis-1,4-H:NQ(g) —-112.6 —79.7 —86.0 —50.0 —63.5

—118.5 —84.6¢ -91.% —54.3

9,10-AQ(g)+ Ha(g) — trans-9,10-HAQ(g) —29.7 +0.8° —4.® +30.2¢
—-37.7 —-5.9 —-12.0 +22.3 +8.8

a1,4-BQ= 1,4-benzoquinone; 1,4-N& 1,4-naphthoquinone and 9,10-A8 9,10-anthraquinone. The symbols used have been defined in the
text. All thermodynamic functions are given in kJ mbl° Notes: B3LYP and the 6-331G(d,p) basis set were used except as indicated. See
sections 2.3.1 and 3.1.1 for discussions on basis set eff@8t.YP and the 6-31+G(2df,2pd) basis set.B3LYP and the 6-31+G(3df,3pd)
basis set® B3LYP and the 6-311G(d,p) basis set.

Ce-ring display significant variations. The four—€C single by the basis set expansion as compared with the quinone. This
bonds next to the €0 groups have bond lengths between 1.48 in turn makes the\\E(0 K) values more negative. In general,
and 1.49 A, while the remaining two are either double bonds most basis set effects were covered by using the 6+&-1
(1.34 A) or aromatic bonds (1.41 A). 1,4-BQ) (has two double (2df,2pd) basis set, while an increase to the larger 6+33-1
bonds, 1,4-NQ 4) one double bond and one aromatic bond, (3df,3pd) basis set alteretE(0 K) by less than 1 kJ/mol for
and 9,10-AQ 7) two aromatic bonds. The fact that different B3LYP. Other combinations of polarization functions were also
bond types are found for each of the parg@afuinones is investigated, mainly by using fewer functions for the H atoms.
important for understanding the trends in enthalpies and Gibbs However, it was found that the additional polarization functions
energies of reduction to the quinols. on the H atoms are particularly important for converging the
The few standard enthalpies of formation reported in the energy. The reaction energy increases by 5 kJ/mol for the
literature are indicated in the text. No Gibbs energy of formation reduction of 1,4-NQ, when the 6-3%1(2df,2pd) basis set is
or entropy data could be found in the literature for any of the used. The magnitude of this basis set effect is consistent with

compounds studied. that observed for 1,4-BQ. However, since the basis set effect
3.1. Calculation of Thermodynamic Functions for the beyond 6-311+G(d,p) appears to be fairly constant, it can be

Reduction of p-Quinones. easily corrected for in the calculations of the thermodynamic
3.1.1. Reduction Reactions Yielding HydroquinonesTable functions.

2 shows the results for the calculations for the reaction @(g) Diffuse functions were included in the basis sets used for

H2(g) — H2Q(g). All four thermodynamic functions\(E(0 K), 1,4-BQ and 1,4-NQ, i.e., 6-3#1G(d,p), but the reduction of

AH(0 K), AH°, andAG°—see section 2.3.1) are presented to 9,10-AQ was also investigated using the 6-311G(d,p) basis set.
show the various contributions to the reaction enthalpies and This was due to difficulties with the convergence of the Kehn
Gibbs energies. The trends observed are similar for all the Sham wave function used in DFT for reduced species related

quinones investigated. Zero-point energies ade 3 kJ/mol to 9,10-AQ (see section 2.3.1). The inclusion of diffuse functions
to the electronic reaction energigsE(0 K)), whereas the effect  lead to a stabilization of the quinol form by-8 kJ/mol with

of temperature on reaction enthalpies lowers the valugld{0O respect to the quinones for all the thermodynamic functions
K) by 6—7 kJ/mol. Thus, the standard enthalpies are-28 calculated. On the basis of this, it was estimated that diffuse
kJ/mol more positive thanE(0 K). At 298 K, the entropy of functions makes all calculated thermodynamic functiong! 3
reaction adds a further 3436 kJ/mol toAH°. In total, 60-63 kJ/mol more negative (for some reactions and functions less
kJ/mol have to be added to the electronic energted K in positive) when one OH group is formed (e.g., the neutral
order to obtain the standard Gibbs energies of reaction. Thesesemiquinone) and 78 kJ/mol more negative when two OH
contributions are substantial and therefofgkz(0 K) is not a groups are formed.

good measure of the thermodynamic feasibility of these reac- Table 2 shows a clear trend in the thermodynamic functions
tions. Importantly, the effects on the thermodynamic contribu- for the reduction of th@-quinones. As the number of aromatic
tions to A\E(0 K) from changing the size of the basis set are bonds in the central £ing of the quinone increases, the
generally less than 1.5 kJ/mol. The details of basis set effectsenthalpies and Gibbs energies of reduction decrease. The
on the calculated values fa«E(0O K) in particular are discussed comparisons below are based on the results obtained using the
in the following paragraph. 6-31HG(d,p) basis set, for which data are available for all three
The convergence of the calculated thermodynamic functions reactions. While the reduction of 1,4-BQ is distinctly exothermic
with increasing size of the basis set was investigated in detail (A/H° = —134 kJ/mol) and spontaneous,G° = —99 kJ/mol),
for the 2 €, 2 H' reduction of 1,4-BQ and in particular the the reaction becomes barely exothermi¢H° = —12 kJ/mol)
addition of polarization functions to the 6-3t&G(d,p) basis and nonspontaneoudG° = +22 kJ/mol) for 9,10-AQ in the
set. While the effect om\\E(0 K) of expanding the basis set gas-phase. The values for the reduction of 1,4-NQ are inter-
was found to be more than 20 kJ/mol for the explicitly correlated mediate AH° = —86 kJ/mol andA.G° = —50 kJ/mol). As
MP2 method, the effect is limited to 6 kJ/mol for B3LYP. This discussed above, this trend arises mainly from changes in the
is expected since a large number of polarization functions are electronic reaction energ¥E(0 K).
needed for the accurate description of electron correlation in  Experimental values for the standard reduction enthalpies are
methods such as MP2 and CCSD(T), while DFT methods are AH® = —142.4 kJ/md® for 1,4-BQ andAH° = —99.5 kJ/
much less sensitive to the size of the basis set (see Supportingnolf*%5for 1,4-NQ. The present calculations using the 6-BG:
Information). The explicitly correlated methods and B3LYP (d,p) basis set (Table 2) underestimate the reaction enthalpy by
display the same trend of increased stabilization of the quinol 8.3 kJ/mol for 1,4-BQ and by 13.5 kJ/mol for 1,4-NQ. A
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TABLE 3: Calculated Differences in the Gibbs Energies of Solvation (kJ/mol) and Gibbs Energies of Reaction (kJ/mol) for the
Reduction of p-Quinones in Water, Together with the Calculated Standard Potentials (V) for the 2-e Reduction of the
p-Quinones; ay+ = 12

AGsoly AG°,{calc) AG°,corr) E°(calc) E°(corr) E°(exp)
1,4-BQ(aq)+ Ha(g) — trans-1,4-HBQ(aq) —-26.6 —-125.6 —-133.9 0.651 0.694 0.6990 0.001
1,4-NQ(aq)+ Ha(g) — cis-1,4-H:NQ(aq) -27.0 -77.0 —-90.5 0.399 0.469 0.47@ 0.002
9,10-AQ(ag)+ Hz(g) — trans9,10-HAQ(aq) —-23.1 -0.8 —-14.3 0.004 0.074 0.02 0.03

aNotes: B3LYP, 6-311+G(d,p) basis set and the IEFPCM method were used. Gibbs energies were obtained by using optimized molecular
geometries and Hessians of the solvated species in viEialc) is the standard potential for the uncorrected Gibbs enefgfigrr) is that for
the Gibbs energies corrected as described in sections 3.1.1 and 3.122 @) are the most reliable experimental values (see section 2.2 and
Table 1).

TABLE 4: Calculated Gibbs Energies of Solvation (kJ/mol) for the Individual Species Involved in the Reduction ofp-Quinones
in Water?2

AG‘osolv AG‘osolv AG‘osolv
1,4-BQ(g)— 1,4-BQ(aq) —-31.4 1,4-NQ(g)— 1,4-NQ(aq) —25.8 9,10-AQ(g)—~ 9,10-AQ(aq) -19.4
1,4-HBQ(g)— 1,4-HBQ(aq) —58.5 1,4-HNQ(g)— 1,4-HNQ(aq) —52.8 9,10-HAQ(g)~ 9,10-HAQ(aq) —40.5

trans1,4-H,BQ(g) — trans-1,4-H,BQ(ag) —58.0 cis-1,4-H,NQ(g)— cis-1,4-H,NQ(aq) —52.8 trans9,10-HAQ(g) — trans9,10-HAQ(aq) —42.6
2 Notes: B3LYP, the 6-311G(d,p) basis set and the IElPCM method were used.

substantial part of this error is due to the limited number of polar groups in this sequence. The calculated Gibbs energy of
basis functions, whereby the underestimaté@i® is reduced solvation of the individual quinones (Table 3) decreases from
to 4.2 kd/mol for 1,4-BQ and 8.0 kJ/mol for 1,4-NQ using the —31 kJ/mol for 1,4-BQ to—26 kJ/mol for 1,4-NQ and te-19
6-311+G(2df,2pd) basis set (Table 2). At basis set convergence, kd/mol for 9,10-AQ. This trend is expected considering the

both values fall within the average 9.3 kJ/mol ebfanf the increased hydrophobic character of these molecules due to the
B3LYP method. This error is due to the inexactness of the presence of aromatic side rings in both the oxidized and reduced
exchange-correlation functional in B3LYP. forms of 1,4-NQ and 9,10-AQ.

It appears reasonable to assume that the calculai¢tivalue The calculated=°(corr) value for 1,4-BQ is 0.694 V using

for 9,10-AQ is underestimated by a similar amount (i.e., 13.5 the IEF-PCM solvation model. This is close to the well-
kJ/mol), as was found for 1,4-NQ. This correction compensates determined experimental value 0.69200.001 V at pH= 0
for both the basis set incompleteness and the methodological(see section 2.2). The result validates the corrections to the
error. The rationale for this approach is the fact that similar values ofA;G° in the gas-phase previously discussed. For the
reduction reactions are considered. Corrected Gibbs energieseduction of 1,4-NQE°(corr) is 0.469 V, which compares very
for the reduction reaction\,G°(corr), using the corrections to  well with the experimental value of 0.478& 0.002 V. The
the B3LYP/6-31%#G(d,p) enthalpies<8.3 kJ/mol for 1,4-BQ calculatede®(corr) for 9,10-AQ is 0.074 V. There is a scarcity
and—13.5 kJ/mol for 1,4-NQ and 9,10-AQ), are given in Table of reliable literature values for this quinone and an average value
2. An important result is that in contrast to 1,4-BQ and 1,4- of 0.09 + 0.03 V was determined in section 2.2 as the best
NQ, the reduction of 9,10-AQ is not spontaneous in the gas- experimental estimate fd&°(exp). The corrected potential falls
phase. within the error bars oE°(exp). It is concluded that all three
The above corrections were employed to all reactions below, E°(corr) values are within the error bars Bf(exp) or a few
and both corrected (corr) and uncorrected (calc) values are givenmillivolts below (4 mV for 1,4-BQ) the experimental potentials.
in Tables. The error is thus much smaller than the uncertainty of the
3.1.2. Calculation of Gibbs Energies of Solvation and  B3LYP method, as the deviation observed for 1,4-BQ corre-
Standard Potentials.Solvation was taken into account for the sponds to less than 1 kJ/mol error in theG°,q values.
calculations of the Gibbs energy of reaction,@°,g) and 3.1.3. Reduction Reactions Yieldingp-Semiquinones.A
standard potential€() in water. The calculations were carried general feature of all the semiquinones investigated is that while
out with molecules optimized using the IEPCM model as an electron is symmetrically delocalized in the conjugated
described in section 2.3.1 and the results are shown in Table 3.system of the semiquinone radical anion, the inclusion of the
In addition, Table 3 shows the differences in Gibbs energies of proton in the molecule breaks this symmetry and localizes the
solvation between reactants and produ&tg(s.) calculated electron onto one of the=80 groups. Although there are several
by subtracting thé\,G° values in water from those obtained in  sites available for proton binding, the present investigation
the gas phase (from Table 2). The Gibbs energies of solvationfocuses on those relevant to the formation of the dihydroquinone,
(AG°sq) for each of the molecules investigated are shown in i.e., protonation at one of the=€D moieties.
Table 4. Standard potentials were calculated both from the The molecular structure of all the semiquinones, 1,4-HBQ,
AG®,q values E°(calc)) and from the corrected,G° values 1,4-HNQ, and 9,10-HAQ (Figure 8, 10, and11, respectively),
given in Table 1 and from\,G°son (E°(corr)) and the standard  display structural features intermediate between those of a
potentials are compared with experimental data. Although there quinone and a quinol. The-&C and C-O bonds can only be
is some uncertainty in the exact value Bf(exp) for an- partially classified as single, double or aromatic since the bond
thraquinone (see section 2.2 and Table 1), the agreementengths are between those typical for each bond type. This
between calculated and experimental values is very good. reflects the transformation of the conjugatessystem in the
The A/G°sqy values, which compare the reaction in the gas quinone to the aromatic hydroquinones on reduction. The
phase and in water, are similar for the three quinones, and fall structure of the neutral semiquinone of 9,10-AQ},(Figure 2)
between—23 and—27 kJ/mol. These negative values reflect displays a small imaginary vibrational frequencyi(4fn~1) at
the higher solvation energy of the<©H group compared with  the B3LYP/6-31#G(d,p) level of theory, indicating that the
C=0 and their similarity is due to the presence of the same potential energy surface (PES) is very flat. No energy minimum
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Figure 1. Optimized structures of the threg-quinones and the ) o o
correspondingd-quinols (dihydroquinones). The values &fH® and Figure 2. Optimized structures of neutratsemiquinones (monohy-
AG° for the reduction reactions and for some selected bond lengths droguinones), shown together with the corresponding quinones and
are shown. Results were obtained using B3LYP/6-3G1d,p). 1,4- quinols. The values oAH® andA,G° for the two reduction steps and
benzoquinonel), cis-1,4-hydrobenzoquinong), trans-1,4-hydroben- for some selected bond lengths are shown. Results were obtained using
zoquinone §), 1,4-naphthoquinonel), trans-1,4-hydronaphthoquinone ~ B3LYP/6-311G(d,p). 1,4-semibenzoquinong)( 1,4-seminaphtho-
(5), cis-1,4-hydronaphthoquinon@); 9,10-anthraquinone?y, and 9,- quinone (0), and 9,10-semianthraquinon&lj.

10-hydroanthraquinone). step. The effect on energies and enthalpies from adding

could be located for the semiquinone structure using this basispolarization functions is thus equally distributed over the two
set. Without the addition of diffuse functions to the 6-311G- reduction steps.
(d,p) basis set, the conformation calculated represents a true A possible explanation for the instability toward dispropor-
energy minimum on the PES since all vibrational frequencies tionation is the stabilization of the unpaired electron in the
are real. The structure contains one pherdlit.36 A) and a semiquinones compared with the other quinone oxidation states.
C=0 group (1.23 A). The bond lengths of the fourC bonds While the aromaticity of the quinol ensures the stability of the
proximal to these two groups (1.43 and 1.48 A, respectively) additional two electrons compared to the quinone, conjugation
are between typical aromatic and single bonds. This is consistenteffects are less effective in stabilizing odd electron systems such
with the features observed for the semiquinones of the two as the semiquinones. If the unpaired electron were allowed to
smallerp-quinones. Table 5 summarizes the thermodynamic data delocalize over the entire-system of the carbon framework, it
calculated for the neutral semiquinones in the gas phase, whilewould benefit from the conjugation of the quinone. This would
Table 6 contains the calculated Gibbs energies of reduction in be the situation for the unprotonated semiquinone radical anion.
water and the corresponding reduction potentials. Table 7 showsHowever, protonation of the radical anion in one of thre@
calculated Gibbs energies and potentials for the disproportion- group forces the electron distribution to be more localized. This
ation reaction, in which two semiquinones produce one quinone can be seen in, e.g., the Mulliken spin population analysis (not
and one quinol. shown). The localization of the unpaired electron is thus the
The neutral semiquinone is an unstable reduction intermediatemost likely cause for the instability of 1,4-HBQ.
in the 2 e, 2 H* reduction of 1,4-BQ, and this is reflected in Aqueous seminaphthoquinone displays the same problems of
the values of the corresponding Gibbs energies. While the stability toward disproportionation as found for 1,4-HBQ.
formation of 1,4-HBQ in the first 1 ereduction step is both  Although the formation of 1,4-HNQ from 1,4-NQ is slightly

exothermic AH®° = —27 kJ/mol) and spontaneoud,G° = exothermic AH°® = —3 kJ/mol), the process is not spontaneous
—13 kJ/mol), these values are significantly lower than those (A.G° = +13 kJ/mol). As for 1,4-BQ, the largest fraction of
for the second reduction stepH°® = —107 kJ/mol and\,G° the reduction energy is released at the second reduction step

= —87 kJ/mol). Consequently, the continued reduction of 1,4- from 1,4-HNQ to 1,4-HNQ (A/H° = —83 kJ/mol and\G° =

HBQ to the quinol is thermodynamically favorable. Moreover, —63 kJ/mol). Consequently, the thermodynamic functions for
the thermodynamic functions of the second reduction step renderthe disproportionation of two 1,4-HNQ to 1,4-NQ and 1,4-H
the disproportionation reaction of 1,4-HBQ to be both exother- NQ becomes similar to those determined for 1,4-HBQH’

mic and spontaneoud\(H® = —80 kJ/mol andAG° = —74 = —81 kJ/mol andA;G° = —76 kJ/mol). It is concluded that
kJ/mol). Calculations using the larger 6-31&(2df,2pd) basis this protonated semiquinone is an unstable reduction intermedi-
set (Table 4) show that none of these effects stem from basisate for the same reason as 1,4-HBQ.

set incompletenesaH° and A,G° are both lowered by 2 kJ/ An endothermic and nonspontaneous first step is observed
mol for the first reduction step and by 3 kJ/mol for the second (AH®° = +26 kJ/mol andA,G° = +42 kJ/mol, see Table 5)
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TABLE 5: Calculated Thermodynamic Functions for the Gas Phase Reduction op-Quinones To Yield the Corresponding
Neutral Semiquinones, Where 1,4-BQ= 1,4-Benzoquinone, 1,4-NG= 1,4-Naphthoquinone, and 9,10-AQ= 9,10-Anthraquinone?

AE(0 K) AH(0 K) AH?® AG°(calc) AG°(corr)
1,4-BQ(g)+ Y» Ha(g) — 1,4-HBQ(g) —39.0 -23.1 -27.1 -125 -16.1
—41.8 —25.8 —29.7 —15.°
1,4-HBQ(g)+ Y2 Ha(g) — trans-1,4-H,BQ(g) —123.0 —104.0 —107.0 —86.5 —90.7
-126.4 -107.3 -110.4 —89.6
1,4-NQ(g)+ 2 Ha(g) — 1,4-HNQ(g) —14.0 +1.0 -2.7 +13.2 +6.4
1,4-HNQ(g)+ Y2 Ha(g) — cis-1,4-H:NQ(g) —98.6 —80.7 —83.3 —63.2 —70.0
9,10-AQ(g)+ Y2 Ha(g) — 9,10-HAQ(g) +22.7 +35.3 +32.8 +45.4 +35.3
+18.2 +30.2 +25.8 +42.0
9,10-HAQ(g)+ 2 Ho(g) — trans9,10-HAQ(g) —52.4 —34.5 —37.F -15.3 —26.5
—55.9 —36.2 —37.8 —19.7

aNotes: B3LYP and the 6-31G(d,p) basis set were used except as indicated. See sections 2.3.1, 3.1.1, and 3.1.3 for discussions on basis set
effects.? B3LYP and the 6-313G(2df,2pd) basis set.B3LYP and the 6-311G(d,p) basis set.

TABLE 6: Calculated Differences in the Gibbs Energies of Solvation (kJ/mol) and Gibbs Energies of Reaction (kJ/mol) for the
Reduction of p-Quinones via the Corresponding Semiquinones in Water, Together with the Calculated Standard Potentials (V)
for the 1-e~ Reduction Steps of thep-Quinones @™ = 1)2

AG®solv AG°,{calc) AG°a{corr) E°(calc) E°(corr)
1,4-BQ(ag)yt Y2Hx(g) — 1,4-HBQ(aq) —27.2 —39.7 —43.8 0.411 0.454
1,4-HBQ(aqg)+ Y2H(g) — trans-1,4-H,BQ(aq) +0.5 —86.0 —-90.2 0.891 0.934
1,4-NQ(ag)+ Y-Hz(g) — 1,4-HNQ(aq) —27.0 —13.8 —20.5 0.143 0.213
1,4-HNQ(aq)H Y.Hx(g) — cis-1,4-H,NQ(aq) 0.0 —63.2 —70.0 0.655 0.726
9,10-AQ(aq)+ Y-Hx(g) — 9,10-HAQ(aq) —-21.1 +20.9 +14.2 -0.217 —0.147
9,10-HAQ(aqH Y-H,(g) — trans9,10-HAQ(aq) 21 —21.8 —28.5 0.226 0.295

aNotes: B3LYP, the 6-31tG(d,p) basis set and the IEFPCM method was used in general. Gibbs energies obtained by using optimized
molecular geometries and Hessians of the solvated species in &aferlc) is the standard potential for the uncorrected Gibbs eneigfiésrr)
is that for the Gibbs energies corrected as described in section 3.1.3.

TABLE 7: Calculated Gibbs Energies of Reaction (kJ/mol) for the Disproportionation of p-Semiquinones to the Quinone and
Quinol in the Gas-Phase and in Water, together with the Calculated Standard Potentials (¥)

AG° AGyq E°
2(1,4-HBQ(g))— 1,4-BQ(g)+ 1,4-H:BQ(Q9) —74.0
2(1,4-HBQ(aq))— 1,4-BQ(agi 1,4-H:BQ(aq) —46.3 0.240
2(1,4-HNQ(g))— 1,4-NQ(g)+ 1,4-H:NQ(9) —76.4
2(1,4-HNQ(aq))— 1,4-NQ(ag)t 1,4-H:NQ(aq) —49.4 0.256
2(9,10-HAQ(g))— 9,10-AQ(g)+ 9,10-HAQ(g) —-61.7
2(9,10-HAQ(aq))— 9,10-AQ(ag)+ 9,10-HAQ(aq) —42.7 0.221

a2 Notes: Values were calculated using data from Tables 4 and 5.

for the formation of 9,10-HAQ using the 6-315(d,p) basis used for the 2 & 2 H* reduction of 9,10-AQ. Consequently,
set. At the same level of theory, values/H® = —38 kJ/mol an enthalpy underestimate of 6.75 kJ/mol for each step in the
and A,G° = —20 kJ/mol are obtained for the reduction of 9,- reduction via 1,4-HNQ and 9,10-HAQ can be assumed. Values
10-HAQ to the quinol. The use of diffuse functions results in a for A;G° corrected in this way are shown in Table 5. These
4 kJ/mol stabilization of the reduced forms for each1seep, corrections do not change the conclusion that the protonated
i.e., half the basis set effect observed for the overal™2 e semiquinones are unstable reduction intermediates for the three
reduction. The thermodynamic functions for the reduction of p-quinones in the gas phase.

9,10-AQ to 9,10-HAQ are approximately 30 kJ/mol more The calculated Gibbs energies of reduction in wate( g
positive than those for the first reduction step on 1,4-NQ. The were calculated as described in section 2.2.1 and the results are
values are 4645 kJ/mol more positive for the second reduction shown in Table 5. These values were used for calculating the
step. The Gibbs energy change for the second reduction step igifferences in Gibbs energies of solvatidgG°s),) and standard
smaller for 9,10-AQ than for 1,4-NQ or 1,4-BQ. This does not potentials E°(calc)) for the Q/QHM and QH/QH, couples.
alter the thermodynamic functions for the disproportionation Corrected potentialsE¢(corr)) were calculated based on the

reaction, which is similar to that of the smalfgguinones AH° corrections toAG° in Table 5, i.e., assuming that the energy
= —64 kJ/mol andA,G° = —62 kJ/mol for 2 9,10-HAQ— underestimate from the calculations is equally distributed over
9,10-AQ + 9,10-HAQ). the two redox couples. A comparison of all calculai¢corr)

In the absence of experimental data on the heats of formationvalues are shown in Figure 3. The Gibbs energies of solvation
for any of the semiquinones, it is not possible to verify the (AG°sq) for each of the semiquinones are shown in Table 4.
quality of the calculated thermodynamic functions. However,  The stabilization by solvation of the semiquinones is similar
the overall standard reduction enthalpy for 1,4-BQ is underes- to that of the quinols (section 3.1.2). The total changes in
timated by 8.3 kJ/mol compared to experimental data (section A;G°sqy are 23-27 kJ/mol for the thre@-quinones and most
3.1.1). A reasonable guess is that this deviation is equally of the energy changes result from the first reduction step Q/QH
distributed over the two 17& 1 H' reduction steps via 1,4-  Although most of the solvation energy gain applies to the first
HBQ, i.e., 4.15 kJ/mol for each step. The underestimate wasredox couple, formation of the neutral semiquinone is less
found to be slightly larger (13.5 kJ/mol) for the reduction of favorable than that for the reduction to the quinol. This has
1,4-NQ to the corresponding quinol and this value was also notable consequences on thegs°,, values for the dispropor-
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Figure 3. Calculated and corrected valué= (corr)) for the reduction reactions @ */;H, — QH, QH+ 1/2 H, — QH, and Q-+ H, — QH, for
the threep-quinones.

tionation reactions (1,4-HBQ;46 kJ/mol; 1,4-HNQ—49 kJ/ 146 A 1394 1.40 A
mol; 9,10-HAQ, —43 kJ/mol), which are lower than the gas-
phase energies. However, disproportionation remains spontaneous
It can be noted that the Gibbs energies are very similar for the | 35 5

threep-semiquinones at pt= 0. !

The corrected potentials calculated are probably the best g
estimates available for the stepwise reductiop-guinones at {5 A/ 157A  AH=-175 Klfmol 140 A
pH = 0. All the calculated and corrected potentials for the H AG" =139 kJ/mol © 1364
Q/QH couple in Table 6 are significantly less positive than 13

those determined for the QIQH, couple, which is illustrated 1.35 A
by the patterns in Figure 3. The difference in #fevalues for
the two couples are fairly similar for the threequinones and
corresponds to the doubled potentials for the disproportionation
reactions (1,4-BQ, 0.24 V; 1,4-NQ, 0.26 V; 9,10-AQ, 0.22 V).
3.2. Calculation of the Thermodynamic Functions for the
Reduction of o-Quinones.
3.2.1. Reduction Reactions Yielding Quinols and Their
Standard Potentials. The structures of the-quinones are LA a4 146A 143A
displayed in Figure 4. Three of the four-C single bonds in \

[ O
AHY =-123 kKl/mol

14 121 A 1.56 A 136 A

A,G" =-86 kJ/mol i&

the central Gring have bond lengths between 1.47 and 1.48 A
and the remaining two bonds in the ring have either double
(1.35 A) or aromatic (1.41 A) bond character. 1,2-BIQ)(has

two double bonds, 1,2-NQ14) one double bond and one +H,

aromatic bond, and 9,10-PQ8&) two aromatic bonds. Thus, o m—— 1 A
the o-quinones are very similar to the correspondipg ﬁﬁ:;’;:mﬁ: ' \ = i
compounds. There is, however, one significant difference in the . 1A L A anll e

length of the C-C bond that connects the two carbonyl groups, o o
which is greater (1.551.57 A) than that of the other three single  Figure 4. Optimized structures of the three-quinones and the
bonds. The increased length is due to electrostatic repulsionCo”eSpond'n@-quOlS (dihydroquinones). The values &fH° and

! . . . . . AG° for the reduction reactions and for some selected bond lengths
between the neighboring=€0 units. This arises from the partial are shown. Results obtained using B3LYP/6-36(d,p). 1,2-benzo-

.positive. charge on the two C atoms, as well as from the quinone (2), 1,2-hydrobenzoquinond ®), 1,2-naphthoquinoneld),
interactions between the-electrons and the lone-pairs of the 1 2-hydronaphthoquinona%), 9,10-phenanthrenequinorts), and 9,-

two C=0 groups. The elongation of thg-€C, (Co—C;0) bonds 10-hydrophenanthrenequinonEr),
in the o-quinones, as compared to theguinones, affects the
enthalpy and Gibbs energy of reduction. The thermodynamic Similarly to thep-quinols, the C-O bond lengths ir-quinols
functions for the reaction Q(g) Hx(g) < H»Q(g) are shown (1.36-1.39 A) are typical for phenols. These bonds are shorter
in Table 8. The computed values for the standard Gibbs energieshan those found in alcohols due to electron donation from the
of reaction for the 2 2 H' reduction ofo-quinones are found  nonbonding electron pair on the O into the aromatisystem.
to be 64-66 kJ/mol more positive than th&E(0 K) values, A shortening of the &-C, (Co—Cy) bond length on reduction,
which is remarkably similar to that observed for figuinones. which is specific to the-quinones, is observed. The resulting
All the o-quinols investigated, 1,24BQ (catechol) {3), 1,2- bond lengths (1.361.40 A) can be classified as aromatic.
HoNQ (15), and 9,10-HPQ (17), have the OH groups oriented Table 8 indicates a similar trend in the reduction energetics
in a syn conformation (Figure 4). The syn orientation optimizes as previously discussed for tlpequinones (cf. Table 2). Yet,
intramolecular interactions, although the resulting hydrogen althoughAH® andA,G° decrease in the sequence 1,2-BQ, 1,2-
bond between the two OH groups is rather weak. This is shown NQ, and 9,10-PQ, i.e., as the number of aromatic bonds in the
by the distances of the interconnecting-B bonds, which are quinone central Ering increases, the decrease is much smaller
between 2.14 and 2.15 A for the thregjuinols. Two different for the o-quinones compared with thequinones (i.e., in the
C—0 bond lengths are observed in each of the quinol molecules.sequence 1,4-BQ, 1,4-NQ, and 9,10-AQ). The values of the
The longer C-O bond is found for the COH group, which is  thermodynamic functions for reduction are higher for the
the acceptor for the hydrogen bond from the other COH group. o-quinones than for th@-quinones 40 kJ/mol for BQ and
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TABLE 8b Calculated Thermodynamic Functions for the Gas Phase Reduction 0b-Quinones To Yield the Corresponding
Quinols®

A[E(0 K) AH(0 K) AH?® AG°(calc) AG°(corr)
1,2-BQ(g)+ Hz(g) — 1,2-H:BQ(g) —203.6 —167.6 —-174.8 —139.0 —-147.3

-210.2 —-173.3 —181.0 —143.9

—209.3 -172.3 —180.¢ —142.6
1,2-NQ(g)+ Hz(g) — 1,2-H:NQ(g) —150.3 —-116.1 —122.9 —86.0 —99.5
9,10-PQ(g)t+ Ha(g) — 9,10-HPQ(g) —-117.¢ —-82.9 —90.F -51.8

—123.8 —89.6 —96.5 —-57.1 —70.6

a1,2-BQ= 1,2-benzoquinone, 1,2-N& 1,2-naphthoquinone and 9,10-R€0,10-phenanthrenequinorfeéNotes: B3LYP and the 6-33G(d,p)
basis set were used except as indicated.See sections 2.3.1 and 3.2.1 for discussions on basis s&3tfféetand the 6-31+G(2df,2pd) basis
set.9B3LYP and the 6-31+G(3df,3pd) basis set.B3LYP and the 6-311G(d,p) basis set.

TABLE 9: Calculated Differences in the Gibbs Energies of Solvation (kJ/mol) and Gibbs Energies of Reaction (kJ/mol) for the
Reduction of 0-Quinones in Water, together with the Calculated Standard Potentials (V) for the 2-e Reduction of the
0-Quinones @4+ = 1)?

AGCsoiv AG°,{calc) AG°,corr) E°(calc) E°(corr) E°(exp)
1,2-BQ(ag)}t+ Ha(g) — 1,2-H,BQ(aq) -13.2 —152.2 —160.5 0.789 0.832 0.83t 0.016
1,2-NQ(aqg)+ Ha(g) — 1,2-H.NQ(aq) —8.8 —95.2 —108.7 0.493 0.563 0.54¥ 0.002
9,10-PQ(aq)t Ha(g) — 9,10-HPQ(aq) -15.9 —73.0 —86.5 0.378 0.448 0.442 0.002

aNotes: B3LYP, 6-311+G(d,p) basis set and the IEFPCM method were used. Gibbs energies were obtained by using optimized molecular
geometries and Hessians of the solvated species in viEgalc) is the standard potential for the uncorrected Gibbs enefgfigrr) is that for
the Gibbs energies corrected as described in section 3.2.Eafekp) is the most reliable experimental value in each case (see section 2.2 and
Table 1).

NQ and~90 kJ/mol for AQ/PQ). This trend originates from
differences inAE(0 K), probably caused by the repulsion
between the two neighboring=€D groups.

The relaxation of the &C;—C,=0 unit upon reduction can
be assumed to account for the main fraction of the 40 kJ/m
reduction energy increase observed for 1,2-BQ and 1,2-NQ,

2pd) basis setAE(0 K) was lowered by 7 kJ/mol arti;H® by

6 kJ/mol (Table 8). The lowering was slightly smaller for the

6-311+G(3df,3pd) basis set (6 kd/mol fdE(0 K) and 5 kJ/

mol for AH®°). These values are very similar to the basis set
ol effects observed for the reduction of 1,4-BQ. Th&° values
asin Table 8, obtained directly from calculations (calc), were

compared to 1,4-BQ and 1,4-NQ. It appears reasonable to assigrtonsequently corrected using the same corrections as were used
a similar increase in the reduction energy of 9,10-PQ, as for the p-quinones 8.3 kJ/mol for the reduction of 1,2-BQ

compared to 9,10-AQ, to the shortening of the-C;o bond.

and—13.5 kJ/mol for the reductions of 1,2-NQ and 9,10-PQ).

However, the additional 50 kJ/mol increase in this comparison As previously discussed, the reason behind the corrections is
must be due to another effect, which is important for the larger that they compensate for both the basis set incompleteness at
quinones. An interesting structural feature in this context is the the 6-311#G(d,p) level and for the systematic inaccuracy of

bond lengths of the aromatic-€ bonds in the two side rings.
A larger range of bond distances is found for 9,18 (1.37-
1.44 A) than for 9,10-6PQ (1.38-1.42 A). This difference
indicates that the aromatic conjugation is more efficient in 9
10-H,PQ than it is in 9,10-KAQ. No difference of this type is

the B3LYP method. The similarity in the value of the corrections
is a consequence of the similarity of the reactions compared.
The corrected Gibbs energies are showA&@°(corr) in Table
- 8.
Gibbs energies of reactiom\(G°,y) in water and standard

present in the two quinones (9,10-AQ and 9,10-PQ), which have potentials E°) were calculated using the same methodology as

the same bond distance ranges (£3941 A). It is therefore

for thep-quinones. Table 9 shows values obtained both directly

reasonable to assume that the differences in aromaticity betweerfrom calculations A,G°a4calc) andE°(calc)), and values that
the two quinols account for the additional reaction energy have been corrected as described abavy&{.{corr) andE°-
observed in the reduction of 9,10-PQ, as compared to the (corr)). The changes in the Gibbs energies of solvation in the
reduction of 9,10-AQ. One reason the aromatic system is morereduction reactionX,G°s.) are also presented in Table 9.

disturbed in 9,10-pAQ than it is in 9,10-HPQ is that the central

The calculated differences between gy, values are

locations of the €&OH groups in anthraquinol destroys the significantly lower for theo-quinones (9-16 kJ/mol) than for
electronic conjugation between the side rings. In phenanthrene-the p-quinones (23-27 kJ/mol). This is a result of the smaller

quinol, the unsubstituted-©C bond opposite to the two-6OH

change in solvation energy for the reduction of thquinone

groups connects the side rings with each other. This allows for to o-quinol compared with the same processgajuinone. The

conjugation between the two side rings, which is energetical

ly individual Gibbs energies of solvatio\G°sq,) for the three

favorable. The effect of diffuse functions (i.e., the 6-311G(d,p) o-quinones (Table 10) are similar to those obtained for the
vs 6-311-G(d,p) basis sets) on the thermodynamic functions p-quinones. The observed difference betweemi& <., values

for the reduction of 9,10-PQ was a lowering by B kJ/mol.

of the two quinone types is due to the low Gibbs energies of

This effect is of similar magnitude as observed for 9,10-AQ. solvation for theo-quinols as compared to those of firguinols.
No experimental values have been found for any of the This is probably the result of the weak intramolecular hydrogen
guantities in Table 8. It is therefore not possible to obtain exact bond in theo-quinols. One of the €0OH groups is thus less

figures on the magnitude of errors, but it seems reasonable

toprone to interact with the solvent, which results in the observed

assume that B3LYP underestimates reduction energies andreduction of the solvation energy.

enthalpies to a similar extent to those observed for the reducti

on The calculatede®(corr) value for the reduction of 1,2-BQ is

of p-quinones. The effect of expanding the basis set with respect0.832 V. This result is within the error of the experimental
to the number of polarization functions was investigated for potential (0.831+ 0.016 V, see section 2.2 and Table 1),

the reduction of 1,2-BQ. By employment of the 6-31G(2df,-

although there is considerable uncertainty inEigexp) value.
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TABLE 10: Calculated Gibbs Energies of Solvation (kJ/mol) for the Species Involved in the Reduction ad-Quinones in Water?

Ac':‘Osolv AGosolv Ac':‘Osolv
1,2-BQ(g)— 1,2-BQ(aq) —31.3 1,2-NQ(g)— 1,2-NQ(aq) —34.8 9,10-PQ(g)~ 9,10-PQ(aq) —23.1
1,2-HBQ(g)— 1,2-HBQ(aq) -30.4 1,2-HNQ(g)— 1,2-HNQ(aq) —-29.9 9,10-HPQ(g)~ 9,10-HPQ(aq) —25.6
1,2-HBQ(g)— 1,2-H:BQ(ag)  —44.5 1,2-HNQ(g) — 1,2-H:.NQ(aq) -43.9 9,10-HPQ(g)— 9,10-HPQ(agq)  —39.0

2 Notes: B3LYP, the 6-311G(d,p) basis set and the IElPCM method were used.

TABLE 11: Calculated Thermodynamic Functions for the Reduction of o-Quinones To Yield the Corresponding Neutral
Semiquinoné-

AE(OK) AH(0K) AH® A/G°(calc) AG®(corr)
1,2-BQ(g)+ %-H(g) — 1,2-HBQ(g) ~96.8 ~78.4 -83.3 —-64.8 -68.9
1,2-HBQ(g)+ Y-Hz(g) — 1,2-HBQ(g) —106.8 -89.2 -916 —74.2 —78.4
1,2-NQ(g)+ YzHo(g) — 1,2-HNQ(g) —64.6 —47.3 —51.7 -31.9 -38.6
1,2-HNQ(g)+ Y2Hx(g) — 1,2-HNQ(g) —85.7 -68.8 -71.2 —54.1 -60.9
9,10-PQ(g)+ Y>H2(g) — 9,10-HPQ() —53.8 —36.9 —41.3 —22.7 -31.0
-56.9 —40.6 —44.8 —24.3
9,10-HPQ(g)+ %-Hx(g) — 9,10-HPQ(g) ~63.3 —46.0 —48.8 —29.7 395
~66.9 —49.1 —51.7 -32.8

21,2-BQ= 1,2-benzoquinone; 1,2-N8 1,2-naphthoquinone and 9,10-R€0,10-phenanthrenequinorfeNotes: B3LYP and the 6-311G(d,p)
basis set were used except as indicated. (a) B3LYP and the 6-311G(d,p) basis set. See sections 2.3.1 and 3.2.1 for descriptions of the effects of
diffuse functions on reaction energetics (stabilizing the lone-pairs on O in-@Hunits in 9,10-HPQ and 9,10,FAQ). ¢ B3LYP and the 6-311G(d,p)
basis set were used.

TABLE 12: Calculated Differences in the Gibbs Energies of Solvation (kJ/mol) and Gibbs Energies of Reaction (kJ/mol) for
the Reduction of 0-Quinones via the Corresponding Semiquinones in Water, Together with the Calculated Standard Potentials
(V) for the 1-e~ Reduction Steps of theo-Quinones @+ = 1)

AGsolv AG°,fcalc) AG°,{corr) E°(calc) E°(corr)
1,2-BQ(aqy Y-H,(g) — 1,2-HBQ(aq) +1.0 —63.8 —67.9 0.662 0.704
1,2-HBQ(aq)+ Y-Hx(g) — 1,2-H:BQ(aq) -14.1 —88.3 —-92.5 0.915 0.959
1,2-NQ(ag)+ ¥.Hz(g) — 1,2-HNQ(aq) +4.9 -27.0 —-33.7 0.280 0.349
1,2-HNQ(aq)+ ¥2Hx(g) — 1,2-H:NQ(aq) —14.0 —68.1 —-74.9 0.706 0.776
9,10-PQ(aq)+ ¥-Ha(g) — 9,10-HPQ(aq) -25 —26.8 —33.5 0.278 0.347
9,10-HPQ(aqg)t Y-Ha(g) — 9,10-HPQ(aq) —13.3 —46.1 —52.9 0.478 0.548

aNotes: B3LYP, the 6-31tG(d,p) basis set and the IEFPCM method were used. Gibbs energies obtained by using optimized molecular
geometries and Hessians of the solvated species in water.

TABLE 13: Calculated Gibbs Energies of Reaction (kJ/mol) for the Disproportionation of 0-Semiquinones to the Quinone and
Quinol in the Gas-Phase and in Water, together with the Calculated Standard Potentials (¥)

AG® AG E°
2(1,2-HBQ(g))— 1,2-BQ(g)+ 1,2-HBQ(g) -10.0

2(1,2-HBQ(aq))— 1,2-BQ(ag)+ 1,2-HBQ(aq) —245 0.127
2(1,2-HNQ(g))— 1,2-NQ(g)+ 1,2-HNQ(g) -22.2

2(1,2-HNQ(aq))— 1,2-NQ(ag)+ 1,2-HNQ(aq) —-41.1 0.213
2(9,10-HPQ(g)))— 9,10-PQ(g)+ 9,10-HPQ(q) -85

2(9,10-HPQ(aq)))~ 9,10-PQ(aq)+ 9,10-HPQ(aq) -19.3 0.100

@Notes: Values were calculated using data from Tables 11 and 12.

The value is considerably higher than the calculated potentials between thé=°(corr) andE°(exp) values shows the usefulness
presented previously in the literature, e.g., those obtained by of the systematic corrections to tieG° values.

Reynolds et at’ using MP2 and a quinone reference method.  3.2.2. Reduction Reactions Yielding-Semiquinones The
Although the difference is due to the use of an empirical thermodynamic functions for reductions in the gas phase are
correction in the present work, tti€(corr) value is supported  presented in Table 11. A comparison with to the results for the
by a critical evaluation of th&°(exp) value used in, e.g., ref  p-semiquinones indicates that the proximity of the @H group

20 (see section 2.2.1.). The use of the correction is justified by to the carbonyl group influences the enthalpies and Gibbs
the agreement oE°(corr) and E°(exp) for the two larger energies of reaction. Table 12 shows the calculated Gibbs
o-quinones. A value of 0.563 V has been calculated for the energies of reduction in water and the corresponding reduction
corrected reduction potential of 1,2-NQ, which is 14 mV more potentials using the same corrections as described for the
positive than the high end of the experimental range (0647  p-quinones, and Table 13 presemtg&s® andE® values for the
0.002 V). The error corresponds ta\aG°;(corr) value that is disproportionation reactions.

approximately 2.7 kJ/mol too negative. This could mean that  Similar to the observation fop-semibenzoquinonep-

the 13 kJ/mol correction is slightly too large, but importantly it - semibenzoquinone, 1,2-HBQ®), displays structural parameters
shows that the correction has the right sign and magnitude. Thethat are intermediate between those of the quinone and the
E°(corr) value for the reduction of 9,10-PQ is 0.448 V, which corresponding quinol. There are however two important differ-
is 4 mV more positive than the high end of tB&exp) value. ences. The €OH bond length (1.33 A), is slightly shorter than
This deviation corresponds to an uncertainty of less than 1 kJ/in phenols and closer to that found for crystalline erfélhis

mol in theA,G°,corr) value for 9,10-PQ. The close agreement is due to the interaction between the-OH and C=0O groups,
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which can be described as a long hydrogen bond (The¢d1O
bond distance between the two groups is 2.06 A). The lengths
of the other G-C and C-0O bonds fall between those for single,
double or aromatic bonds. The transformation of thgystem

of the quinone to an aromatic ring in the quinol is more complete
than for 1,4-HBQ. However, the shortening of the-C; bond

to 1.47 A is more important for the reaction enthalpies and
energies, as was discussed for the 22 H" reduction in the

previous section. The bond is shortened due to the lower A~ Akl H A =-92 Kljmol
repulsion between the carbonyls when one group is replaced 3 AR g AFEE
by C—OH. Another effect of hydrogen bonding between the L, 136 A
C—OH and G=0 groups is that radical localization is mini- f L45 A
mized. This is contrary to what was found for 1,4-HBQ (see /
section 3.1.3). Consequently, the first I eeduction step ‘}2“
becomes exothermicA¢(H® = —83 kJ/mol) and spontaneous
(A/G° = —65 kJ/mol), with values fairly similar to those for - e’ SRl
the second reduction stepH° = —92 kJ/mol andA,G° = s TR gk el
—74 kJ/mol). The disproportionation of 1,2-HBQ is thus much 14 iﬁﬁ::gi el ‘;ﬁ;g il
less favoredAH° = —8 kJ/mol andA,G° = —10 kJ/mol) than o
for the 1,4-HBQ counterpart. VY U

Similar trends are observed for the reduction of 1,2-NQ to
1,2-HNQ (19). The CG-OH bond distance (1.33 A) is typical of
an enol, while the lengths of the other bonds are less typical.
The G—C; bond is shortened to 1.46 A. The formation of 1,2- =, g
HNQ from 1,2-NQ is exothermicXH°® = —52 kJ/mol) and +iHy \ s V-
spontaneousA;G° = —32 kJ/mol). The values, however, are —— A — -
19-22 kJ/mol more negative for the second reduction step 16 iﬂ:jﬁﬂﬂz: 2 ifé.:jiiﬂﬂz: 17

(AH° = =71 kd/mol and\,G° = —54 kJ/mol), which is larger . . o

. . . Figure 5. Optimized structures of neutraksemiquinones (monohy-
than for 1,2-HBQ. Consequently, the disproportionation of 1,2- yroquinones), shown together with the corresponding quinones and
HNQ is more favorableAH° = —19 kJ/mol and\,G°® = —22 quinols. The values afH° andA,G° for the two reduction steps and
kJ/mol). The structure of the neutral semiquinone of 9,10-PQ for some selected bond lengths are shown. Results obtained using

(20) is shown in Figure 5, and the shortening of the-Cio B3LYP/6-31+-G(d,p). 1,2-semibenzoquinon&g), 1,2-seminaphtho-
bond follows the trend observed for the otiequinones. Both ~ duinone ¢9), and 9,10-semiphenanthrenequinoe)(

reduction steps are exothermic and spontaneous, but the ) o )
difference in energy between the two steps is similar to those SOVation G’sqy) for each of the semiquinones are shown in

of 1,2-HBQ. The enthalpy and Gibbs energy for the dispropor- 1able 10. The main contribution to the stabilization by water
tionation reaction are similangH° = —7 kJ/mol andA,G° = (13—14 kJ/mol) corresponds to the @RH, redox couple. This

—9 kJ/mol). It can be noted, that the addition of diffuse functions IS different from thep-semiquinones but a consequence of the
to the basis set lowered the thermodynamic function for the hydrogen bond between the-©H and G=O groups, which
first reduction step on 9,10-PQ by 2 kJ/mol, and by 3 kJ/mol limits the solvation energy as discussed for the quinols.
for the second step. The higher disproportionation energy and Comparisons of the calculated and corrected potentials for the
enthalpy for 1,2-HNQ compared to the other tersemiquino- _couples involved in the reduction of tllequinones are shown
nes is observed already in thgE°(0 K) values. The difference 1N Figure 6.
between theAE°(0 K) values of the two reduction steps is All the calculated and corrected potentials for the Q/QH
approximately 10 kJ/mol larger for 1,2-NQ than for 1,2-BQ and couple in Table 12 are less positive than those determined for
9,10-PQ. The effect is thus due to different stabilities of the the QH/QH, couple. However, the two couples differ much
electronic structures of the semiquinones compared to theless for the reduction of 1,2-BQ and 9,10-PQ, than for the other
quinone and quinol. four quinones. This effect is observed for the difference in the
Similarly to thep-quinones, the Gibbs energies of reaction E° values between the two couples, which corresponds to the
were corrected by adding 4.15 kJ/mol to each reduction steptwo times (e = 2) the potentials for the disproportionation
for 1,2-HBQ and 6.75 kJ/mol for the steps involving 1,2-HNQ reactions (1,2-BQ, 0.13 V; 1,2-NQ, 0.21 V; 9,10-PQ, 0.10 V).
and 9,10-HPQ. The corrections correspond to half the correction This trend is due to that the Gibbs energies for the dispropor-
used for the 2 & 2 H* reduction of theo-quinone to the  tionation reactions of 1,2-HBQ and 9,10-HPQ in water are

o-quinol. Both calculated and corrected values /G° are approximately half of those found for 1,2-HNQ and the three
shown in Table 10. p-semiquinones.
Gibbs energies of reaction in watex,(5°,g), calculated using 3.3. Calculation of Potential Shifts.It is possible to avoid

the previously described methodology, are shown in Table 11. the use of additive corrections by calculating the shift in standard
The calculated values were used for obtaining the differences potentials when th@- ando-forms of a particular quinone are

in Gibbs energies of solvatiol\(G°s.,) and standard potentials ~ considered. This technique follows the same principle as the
(E°(calc)). Values of E°(corr)) for the Q/QH and QH/QH, isodesmic reactions that were employed by Reynbid¥,
couples were calculated based on the correction&,@f in Rzepa et al?? and Namazian et &30 Thus, it relies on the
Table 11, i.e., assuming that the energy underestimate is equallycancellation of errors when computing relative reaction energies
distributed over the two redox couples. The Gibbs energies of for similar molecules. Three such isodesmic reactions are
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Figure 6. Calculated and corrected valué=’(corr)) for the reduction reactions @ /;H, — QH, QH + ¥;H, — QH,, and Q+ H, — QH, for
the threeo-quinones.

TABLE 14: Calculated and Experimental Shifts (V) between the Standard Potentials op- and 0-Quinones

E°(calc)[p-Q(aq)+ Ha(g) — p-H2Q(aq)] — E°(calc)-Q(aq)+ Ha(g) — o-HxQ(aq)] AE°(calc)lV. AE°(exp)/V
E°(calc)[1,4-BQ(ag} Hz(g) — trans1,4-H:BQ(aq)] — E°(calc)[1,2-BQ(agH Hz(g) —1,2-H:BQ(aq)] —0.138 —0.132+ 0.016
E°(calc)[1,4-NQ(ag)t Hz(g) — cis-1,4-H.NQ(aq)] — E°(calc)[1,2-NQ(agH- Hz(g) — 1,2-H:NQ(aq)] —0.094 —0.077+ 0.002
E°(calc)[9,10-AQ(ag)t Ha(g) — trans9,10-HAQ(aq)] — E°(calc)[9,10-PQ(ag) Ha(g) — 9,10-H:PQ(aq)] —-0.374 —0.352+ 0.03

E°(calc)p-Q(aq)+ 2Hz(g) — p-HQ(aq)] — E°(calc)lo-Q(aq)+ 2Hz(g) — 0-HQ(aq)] AE°(calc)/V

E°(calc)[1,4-BQ(ag} Y-Ha(g) — 1,4-HBQ(aq)]— E°(calc)[1,2-BQ(g)+ Y-Hz(g) — 1,2-HBQ(g)] —0.251
E°(calc)[1,4-NQ(ag)t Y-H2(g) — 1,4-HNQ(aq)]— E°(calc)[1,2-NQ(agh- Y-Hx(g) — 1,2-HNQ(aq)] —0.137
E°(calc)[9,10-AQ(ag)t+ Y2H2(g) — 9,10-HAQ(aq)]— E°(calc)[9,10-PQ(ag)- Y2H2(g) — 9,10-HPQ(aq)] —0.495
E°(calc)[p-HQ(aq)+ Y2H2(g) — p-H2Q(aq)] £°(calc)o-HQ(aq)+ Y2H2(g) — 0-HQ(aq)] AE°(calc)/V
E°(calc)[1,4-HBQ(aqg)t+ Y2Hx(g) — trans-1,4-H,BQ(aq)] — E°(calc)[1,2-HBQ(ag)t Y/2H2(g) — 1,2-H:BQ(aq)] —0.024
E°(calc)[1,4-HNQ(aqg)t+ ¥.H2(g) — cis-1,4-HNQ(aq)] — E°(calc)[1,2-HNQ(aq)}t+ Y2Hx(g) — 1,2-H,NQ(aq)] —0.051
E°(calc)[9,10-HAQ(aq)} Y2H2(g) — trans-9,10 HAQ(aq)] — E°(calc)[9,10-HPQ(ag)- Y2H(g) — 9,10-HPQ(aq)] —0.252

aNotes: Values were calculated using data from Tables 3, 6, 9 and 12.

considered in Table 14: (phenanthrenequinone) for boph and o-quinones lowers the
enthalpies and Gibbs energies of reduction.
p-Q + 0-QH, — p-QH, + 0-Q (1 (2) The reduction energies and enthalpies ofdkgiinones

. were significantly more negative compared with those of the
P-Q + 0-QH—p-QH +0-Q (V) p-quinones. This is due to (a) elongation of the-©CO single

p-QH + 0-QH, — p-QH, + 0-QH V) bonds caused by the repulsion between tkeOQunits and (b)

interference between the aromatic side rings in 9,10-PQ. No

In the case of reaction lI, the calculation of the shifts is based Such effects were observed for thejuinones.

on E°(calc) and the availabl&°(exp) values In contrast, no Furthermore,o- and p-quinones were found to display
experimental potentials are available for the neutral semiquino- differences in the reaction energies toward formation of the
nes and hence no experimental shifts can be associated wittheutral semiquinones. While it was concluded that the QH
IV and V. It is gratifying to note that the calculated shifts for radical is an unstable intermediate in the reductiop-géiinones,

the reactions involving 1,2-BQ and 1,4-BQ as well as 9,10-AQ its stability was significantly enhanced for theguinones. This
and 9,10-PQ are within the error bars of the experimental shifts was concluded from the very different Gibbs energies in the
(see Table 14). The calculated shift in the comparison involving gas-phase for the disproportionation reactions, in which two QH
1,2-NQ and 1,4-NQ is 15 mV larger than the experimental shift. radicals form one quinone and one quinol molecule. This
This deviation corresponds to a discrepancy in the Gibbs energydifference is a further manifestation of the observation (2a)
of reaction, which is less than 3 kJ/mol. This could be due to above. The effect of solvation was found to make the two
incomplete cancellation of errors in the calculated energies (i.e., quinone types more similar with respect to disproportionation.
that the reductions of 1,2-NQ and 1,4-NQ are not fully Indeed, 1,2-HBQ and 9,10-HPQ were found less prone to
comparable), but it could also reflect experimental uncertainties. disproportionate than were thpesemiquinones and 1,2-HNQ.
From the quantum chemical point of view, the error is smaller  The convergence of reduction enthalpies and energies with
than the average error in the B3LYP method and could therefore respect to the size of the basis set was investigated. Although
just reflect the inexactness of the exchange-correlation func- the effect are smaller for B3LYP than for MP2 and CCSD(T),

tional. quite large basis sets are required for all methods. The most
accurate B3LYP results were obtained using the 643&2df,-
4. Conclusions 2pd) or 6-311#G(3df,3pd) basis sets. For these, the errerg (

kJ/mol) in the converged reaction energies are below the 9.3
The thermodynamic functions for the reduction of quinones kJ/moP2 average error of the B3LYP method. Most of the basis
have been calculated using quantum chemical methods. Twoset effects can be compensated for by adding corrections to the
effects were found to be particularly important: results produced with the 6-3+5(d,p) basis set. The effect
(1) The replacement of €C double bonds with aromatic  of using the incomplete 6-3#1G(d,p) basis set was to
bonds in the sequence benzo-, naphtho-, and anthraquinonainderestimate the energetics of the 2 8 H' reduction by
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approximately 6 kJ/mol. In addition, the estimated errors in the
exchange-correlation functional for the full reduction reactions
were determined to 2.3 kJ/mol for the BQs and 7.5 kJ/mol for
the NQs, AQ and PQ.
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