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DFT/B3LYP is used to calculate the gas-phase absolute and relative phendlib@nd dissociation enthalpies
(BDEsSs) in hydroxy/methoxy ortho substituted phenols. The PCM and SCIPCM continuum models are applied
to calculate the liquid-phase BDEs. This is the first theoretical determination of liquid-phase BDEs of phenols,
the corresponding experimental data of which is rare. The solvated-phase optimized structures of both the
parent phenols and their respective radicals are also presented for the first time. A systematic study on a
series of 17 different basis sets on phenol, 2-hydroxyphenol (catechol), and 2-methoxyphenol (guaiacol) leads
to the optimum 6-31G(,3pd) basis set. Derived BDEs are among the most accurate of any gas-phase ones
(deviations of the absolute gas-phase BDEs do not exceed 0.20 kcal/mol, relative to experiment, and those of
the relative ones do not exceed 0.24 kcal/mol). Use of the optimum basis set to obtain the absolute gas-phase
BDEs of 2,6-dimethoxyphenol (syringol) and 2,6-dihydroxyphenol (pyrogallol), the liquid-phase BDEs, the
solvent, and substituent effects of phenols shows the usefulness of this approach. Seven solvents, differing in
their H-bonding ability and polarityp-heptane, benzene, acetone, acetonitrile, ethanol, methanol, and water,
are used to model different environmental situations. Only the PCM model describes well the “bulk” solvent
effects, which, depending on tIE{, and/ora polarity parameter values of the solvent, modify the structure

of the solute. Calculated liquid-phase BDEs are in close agreement with the experimental ones, where available,
exceeding those in the gas-phase by as much as ca. 8 kcal/mol in some media. Solvent effects are common
for catechol and phenol and different for guaiacol. Close agreement is derived between the theoretical and
the experimental solvent effects for known phenolic antioxidants, namely, ubiquinols and flavonoids. The
different ortho groups in catechol and guaiacol lead to different substituent effects in accordance with
experimental findings.

Introduction antioxidants, important in the protection of human low-density
lipoproteins (LDL); flavonoids are useful drugs in the treatment

behavior of molecular systems; hence, understanding the influ-©f Several diseases. In addition, a variety of (t§hese compounds
ence of the solvent is required to make the connection to the € Widely used as additives in food technolégyPrediction

solution environment, which is of principal experimental interest. of antioxidant activity is of vital importance nowadays, because

Interestingly, although the vast majority of the bond dissociation It Will improve the selection of new, more effective compounds
enthalpy (BDE) determination in the literature refers to gas- With low toxicity and save experimental work. As a conse-
phase reactions, most of the chemistry to which they are alOp”edquence, the mteregt in the rel_atlve evaluation of ant|OX|danj[s,
occurs in solution. As a consequence, the range of the solutionthrough the theoretical calculation of relevant molecular descrip-
values for the phenolic BDE(©H) (hereafter denoted as [©'S: Increases. _ _ . o
BDE.qy for the liquid-phase and BDE for the gas-phase) is well The main m_echanlsm of action of phenollc ant|o>_<|dants
outside the claimed experimental errors of e£ kcal/mol. (ArOH) IS co_r15|dered.to be the scavenging of free radicals by
Following such evidence, a theoretical study will be presented donating their phenolic hydrogen atonmamely

in this paper on the “bulk” solvent effects on the BRE
determination of some phenols. To the best of our knowledge,

thisd i? thftgirsﬁ thgorheticalBgeEterr?inﬁtionl (L,:ﬁ"?g contjnuurtlwl where ROO (formed as R+ O, — ROCO), ArOH, ROOH,
g‘ot ebs)_o e 'équ' TE ase h S‘_Ot P _enors],_, hetlkr]_expt))erlrge_n Al and ArO are a lipid peroxide radical, the parent phenolic
ata being rar€.” thermochemistry in which this bond 1S 5n4oyigant, the lipid hydroperoxide, and the respective anti-

brokenf IS ;elﬁvani[. to t?”‘.jders'[tand'ggth b?th thg. a|r1t|OX|?ant oxidant aroxyl radical, respectively. Their antioxidant character
properties ot phenolic antioxidants and the Iree radical reéactions, ., ;4 pe related to the readily abstractable phenolic H atom
in general. Moreover, knowledge of the BDE values is crucial

in deciding whether a certain reaction is enthalpically favorable. ArOH — ArO® + H° @)
Phenolic compounds are useful antioxidants in both living

organisms and life-supporting substances. For example, substias a consequence of the rather weak phenolieHObond
tuted phenols, such astocopherol and ubiquinol-10, are natural  dissociation enthalpy, BDE, defined by eq 3

Solute-solvent interactions have a significant effect on the

ROO + ArOH — ROOH+ ArO* 1)

* To whom correspondence should be addressed. Phb8@2310997695. _ 40 . [T 0
Fax: +302310997738. E-mail: bakalbas@chem.auth.gr. BDE(ArO—H) = H{(ArO") + H¢(H") — H{(ArOH) (3)
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where,H;’s are the theoretically calculated gas-phase heats with DFT on phenol (its BDE provides a reference value for
of formation (in kcal/mol at 298 K) of the aroxyl radical ArO all phenolic antioxidants), catechol (2-hydroxyphenol, as model
the hydrogen atom tiand the parent phenol ArOH. BDEs in  for flavonoids), and guaiacol, (2-methoxyphenol, as model for
solution are derived by an analogous equation, in which all of ubiquinol-0) and led to an optimum compromise between
the H?’s have been replaced by their correponding ohi%s, computational speed and accuracy. An application of our
i.e., the enthalpies of solvation. methodology, using the derived optimized basis set, has been

The formation and breaking of the-@4 bonds can be  the calculation of the gas-phase BDEs of syringol (2,6-
calculated theoretically, with an accuracy of 1 kcal/mol in the dimethoxyphenol) and pyrogallol (2,6-dihydroxyphenol). The

gas phase. The G2 method of Curtiss et &!.gives heat of ~ detérmination of the gas-phase BDE of pyrogallol had a
formation to within 2 kcal/mol for most systems. Nevertheless, Predictive character, due to the absence of corresponding
this method is much more computationally demanding than even experimental data. It was decided that the continuum models
large-basis DFT calculations, because of the high-order depen-°CM and SCIPCM, at the same level of theory, were to be
dence of the QCISD component of the calculation on the number Used for the treatment of thg solv_ent effects. These methods
of basis functions. On the contrary, DFT methods scale much &€ Most proper for the medium-sized molecules under study

more favorably with the size of basis 48! Because of the ~ P€caus&2e< () they are much less time-consuming than
large size of the antioxidant molecules, semiempirical AM1 comparative quantum-chemical calculations using explicit sol-

quantum-chemical methods have been employed for the struc-vent molecules and (ii) have already been applied successfully

tural optimization and the frequency calculati&rend/or AM1 for the calculation of many solvation processes. To model

ones for the geometry optimization and frequency calculation, differ_ent environmental s_ituations, seven dielectric media,
followed by a DFT single-point calculation with a large basis anging from strong polarity (water, ethanol, and methanol),

setl3-16 |nterestingly, this data is in better agreement than'data via dipolar aprotic, acetonitrile, and acetone to the nonpolar,
computed at a higher level of theory, namely, MP2 and MP4. n-heptane and benzene, were selected. Hence, the absolute and

Furthermore. Wu and Lai. foud@lthat the JMW/DN level of relative solution-phase BDEs, the “bulk” solvent effects, and

theory afforded better BDE values than the nonlocal BLYP one the substituent effects of the ortho substituents of some simple
both with 6-31G(d) basis set. " phenolic molecules have also been studied theoretically. In a

recent paper, Wright et &f.identified the need of introducing

a solvent model into the calculations, in an attempt to verify
whether the solution-phase BDEs follow the same trends which
are apparent in the gas-phase. This constitutes one of the main
targets of the present study.

Despite the rather extensive literature data, concerning the
determination of the BDE of various antioxidants in the gas
phase, there is a deficiency in regard to those in solution. EPR
spectroscopy, electrochemical cycles (EC), photoacoustic cal-
orimetry (PAC), and kinetic methodologies have been reported
in the literature for the determination of BDE in the liquid phase.
These latter methods, however, are mainly used for the
determination of equilibrium and rate constant,p, etc., Gas PhaseAll calculations reported in the present study were
constituting the so-called kinetic solvent effect (KSEY! This carried out using the density functional thedhas implemented
is directly related to the hydrogen-bonding interactions between ijn the Gaussian 98 program sutteBecke’s 3-parameter hybrid
ArO—H and the solvent. It was shown that the experimental functional combined with the LeeYang—Parr correlation
phenolic BDEs,, depend mainly on the experimental technique functional, abbreviated as B3LYP level of density functional
used. Hence, the agreement between the values measured Wittheory35-37 was used. Five-component Cartesian d polarization
the various techniques is poor. Derived values are well outside functions were used for the seventeen different basis sets. Full
the claimed experimental errors. Therefore, there is a greatgeome'[ry Optimization was performed’ with [|gh'[ convergence
divergence between them and the selected value given in acriteria, on each species and each particular basis. In all
recent reviewt? computations, no constrains were imposed on the geometry. All

Modeling of the solution environment is a growing area of structures were true minima on the calculated potential surface,
interest within the computational chemistry. Reliable solvation verified by final frequency calculations that provide energy
models help this link to be accomplished in a quantitative minima with certainty. UB3LYP and ROB3LY® were used
fashion. Monte Carl&2 molecular dynamics techniquésand for the geometry and vibrational frequency calculations of the
continuum reaction field modéefs?® represent simple and respective radicals and the hydrogen atom. The latter method
popular approaches to describe the solution environment andis the high-level model (HLM) described previoudfychosen
have been explored extensively. The main advantage of the lattebecause it is computationally feasible for our case (molecules
models is substantial savings of computational time; still they with less than 15 heavy atoms); the former is a variation of the
have been proved quite successful in a variety of applicafibns. HLM introduced by us. Either method constitutes fully consis-

As part of a continuing investigation of the structteetivity tent calculation, because both the phenol and its respective
relationships on phenolic antioxidaris3° we have embarked ~ radical are calculated at the same level of theory.
on a project to investigate their energetics in both the gas- and BDEs can be calculated by using eq 3. Theoretical values
the liquid-phase. Our aim is to establish a simple theoretical given in the present study are BDEs at 298 K, also known as
methodology, suitable for general application and capable to heats of formationAHggg. BDEs are the sum of tHe|298 of the
accurately calculate absolute and relative gas- and liquid-phaseproducts (radicals) minus those of the reactants (parent mol-
phenolic BDEs. The agreement with the experimental data ecules). In particular, the pure electronic energy of a molecule
should be within 1 kcal/mol or better. To accomplish this goal, should be corrected thermochemically, to be parallel with the
the widely used DFT level of theory with the B3LYP function experimental one, by adding zero-point energy (ZPE), transla-
was employed, because it provides both a reliable and economi-ional (3/2RT), rotational (3/2RT), and vibrational contribution,
cal approach for prediction of phenol BDEas well as accurate  Hyj,. Finally, RT (PV-work term) is added to convert the energy
geometries, vibrational frequencies, and spin densities for theto enthalpy. The total enthalpy at 298 K for the parent molecules
phenoxyl radicab! A series of 17 different basis sets were tested is the sum of the thermal correction to the enthalpy and the

Method of Calculation
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B3LYP energyt® that for the radicals involves the thermal were calculated numerically, resulting in more time-consuming

correction to the enthalpy and the UB3LYP or the ROB3LYP calculations. All of the final geometries and energies in both

energies$ the gas- and the liquid-phase are available as Supporting
Due to the fact that the theoretical harmonic vibrational Information (Tables S1 and S2).

frequencies are larger than the fundamentals observed experi-

mentally38 generic frequency scaling factors are often applied. Results and Discussion

Because the thermal contribution to enthalpy is particularly Preliminary Calculations in the Gas Phaseln an attempt

sensitive to low-frequency vibrations, two different scale factors .
are used; one scale factor for the ZPE and another one for thet0 approach the gas-phase absolute and relative BDES of phenol,

e . catechol, and guaiacol, the B3LYP functional along with a
thermal contribution to enthalpy. By following the comprehen- variety of basis sets were used. The BDE of phenol provides a
sive paper of Scott et al? a frequency scale factor of 0.9610 y ) P P

_ 1 reference value for all phenolic antioxidants. There are several
EI:r:SSFT ZZGP?EnsT ;r?drlld- Scizgzgtﬁlreslffvc\)/frselgear{:/ig.?c?rggilj?r reviews in the literature discussing the best experimental gas-
optimized basis set.VIIb—’|owever e ,marginally close 1o one prllase value fj)sr phenol, the cor5rzezsponding values being£7.0
(0.9985) scale factor value results in an insignificant correction 1,°88.3+ 0.8 and/or 8.7+ 0.5% kcal/mol. After the review

for the corresponding BDE. Actually, the BDE difference, of Dos Santos and Simoéthe experimental BDE for phenol

. . . was taken to be 88.74 kcal/mol. The corresponding ones for
derived between the BDE calculated by using two d|ffe:\rent.scale catechol and guaiacol were taken td4#1.64 and 84.54 kcal/
factors (0.9810 for the ZPE and 0.9985 for the vibrational ; 2 1r N
enthal d that. in which th | of 0.9810 and 1.0000 mol, respectively? It is worth mentioning here that the

n apyc)j an at" |r: whic | ggggsesk " : LM an m experimental value of the latter corresponds to tway
was used, respectively, 1s only U. > Kea/mol. Morep .. conformer of guaiacol (being the one, in which the intramo-
corresponding increase of the BDE is only 0.15 kcal/mol, if

. - lecular H bond has been eliminated). In both experimental
only the scale factqr for the DFT ZPEs is used. For thls reason, o died.12 for guaiacol, theA(BDE)s of theaway conformer
one could work without resorting to ZPE and/or vibrational

. L N ( r r -4.2 kcal/mol. Moreover, it is clearly writtén
enthalpy scaling. In the BDE determination, the electronic eported are ca- cal/mol. Moreover, itis clearly writté

| f the hvd tom f h ticular basi that the aboveA(BDE) corresponds to the pure<M BDE,
energy values of the hydrogen atom for each particular basis excluding all inter- and intramolecular hydrogen bond enthalpies,
set were used, instead of the exact electronic energy value

- 40 namely in the G-H BDE of the away conformer. Because,

( 0'50090 hartree. ) throughout preliminary calculations, our practice has been to
Solvation. Solvent effects were calculated using both the gimylate the available experimentat-® BDEs andA(BDE)s,

polarized continuum model (PCH)*?and the self-consistent  the aboveA(BDE) for guaiacol has been used.

isodensity polarized continuum model (SCIPCMnplemented The variation in the phenolic BDE of phenol, catechol, and

in the Gaussian prograifi.The PCM analytical gradients, in  g,ajaco| (unscaled calculated BDEs for the DFT ZPE and
its original dielectric formulation (D-PCM), available in the  gnihaipy corrections are used in this section) as a function of
recent Gaussian 98 program, allows solution-phase geometryseyenteen different basis sets is shown in Figureclalong
optimization within the PCM-UAHF framework and also \yith the corresponding experimental BDEs (dotted lines) for
includes nonelectrostatic contributions to the solvation energy. iha same compounds. BDEs derived on the basis of 10
This model was used for both the parent molecules and their conyentional basis sets (triangles) clearly show that, as ex-
respective radicals throughout, in the seven different media, pected®49 all of the absolute BDEs lie well below the

specified only by their solvent dielectric constant valaeA corresponding experimental values. The biggest conventional
wide spectrum ok values was selected, ranging fromi® (- pagis set of 6-31£G(2d,2p) gives a BDE which is still over
heptane) to 78.39 (water). The cavity was described by a5 11 720, and 5.97 kcal/mol too low for phenol, catechol, and
different number of tessarae, with average area of ®4 A guaiacol, respectively, (see also Table 1). A more careful
depending on eaph specific basis set, sqlute, and solvent. Forinspection of Figure 1 also shows that (i) BDEs of the three
the PCM calculation of the hydrogen radical, a van der Waals phenols under study, increase by ca. 4.43 (phenol) to 4 (guaiacol)
radius (Bondi'$® or Pauling's® hydrogen radius) was assigned  yca|/mol, going from the minimal to the largest basis set, (i) if
to the hydrogen, to built its cavity. the basis set is reasonable [643&(d,p) or larger] the resulting
The cavity in the SCIPCM model is based upon an isosurface BDE is very close to the largest basis set one, (iii) the inclusion
of the total electron density, and in our case, the value of 0.001 of diffuse functions on the heavy atoms basis sets results in an
au isodensity contour was used for the isosurface leyeds improvement of the absolute calculated BDES, (iv) the opposite
suggested by Zhan et #l.The most common convergence however, holds true for the concomitant inclusion of diffuse
problems that appeared are mostly due to the multi-center functions on the hydrogen atoms basis sets, (v) the inclusion of
integration procedure applied as default. Therefore, the single-d polarized functions on the heavy atoms basis sets results in a
center integration procedure, being a most accurate and stablglecrease in the absolute calculated BDEs, and (vi) the inclusion
method, was used with cavity surface points values of770  of a second p polarization function on the hydrogen atoms basis
974, for the special grids of the solutes studied. The SCIPCM sets approaches closer the corresponding experimental value than
calculation of the hydrogen radical itself did not show any any other conventional basis set. Moreover, the accuracy
difficulty, yielding to different energy value for each particular achieved by the relativeA(BDE)s is poor; they deviate
solvent. [AA(BDE)% values] by as much as 36.6% (for catechol) and
For all molecules in solution, full geometry optimizations 28.6% (for guaiacol) from the experimental values (see also
were carried out, with tight convergence criteria, at each Table 1).
corresponding B3LYP/basis level. For convergence reasons, the The above points {ivi) could help to bring the absolute and
starting geometry was that optimized in solution, using a lower relative BDEs into closer agreement with the experiment. It is
basis set. However, the very first starting geometry, for each evident that d functions should be avoided on the heavy atoms
particular solute, was that derived at the same lower level in basis sets and diffuse functions on the hydrogen atoms ones,
the gas phase. Because of program limitations, the frequenciesbecause they result to a decrease in the absolute calculated
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Figure 1. Variation in the BDEs of the phenol (a), catechol (b), and guaiacol (c) as a function of the basis set.

BDEs. On the contrary, the inclusion of diffuse functions on  Absolute BDESs, derived on the basis of this modification for
the heavy atoms basis sets and a second p polarization functiorseven unconventional basis sets (circles in Figure 1) show that
on the hydrogen atoms basis sets results in an improvement of(i) there is a significant improvement of the absolute BDEs, as
the absolute calculated BDEs. Therefore, the use of unconven-compared to those of the conventional basis sets, (ii) there is a
tional basis sets results as a reasonable consequence of our detaibntinuous approach of the experimental value from below, upon
study on the variation of BDEs on the basis set. Whether or addition of a second p polarization function on the hydrogen
not this is a reasonable choice must be verified a posteriori by atoms basis set [absolute BDEs, derived using the unconven-

the ability of this kind of basis sets to accurately reproduce the tional basis sets, 6-31G(,p) and 6-3%+G(,2p), lie within the

experimental BDEs. experimental error of 1 kcal/mol], and (iii) the basis set 6-8&k
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TABLE 1: Calculated Gas-Phase BDEs (in kcal/mol) as a Function of Basis Sets

Bakalbassis et al.

sum of electronic
and thermal enthalpiés

phenols basis set A0 ArOH BDES ABDES! A(BDE)®"  AA(BDE)%
phenol 6-31%#G(2d,2pY —306.826675 —307.459739 83.63 —5.11

catechol 6-313G(2d,2p) —382.086208 —382.704628 74.44 —7.20 —-9.2 29.6
guaiacol 6-313G(2d,2p} —421.354724 —421.979733¢421.986251) 78.57 (82.66) —5.97 (-7.42) —5.1(-1.0) 21.4
phenol 6-33-G(d,2p)  —306.748047 —307.379817 84.00 —4.74

catechol 6-33-G(d,2p} —381.982761 —382.600402 75.13 —6.51 —8.9 25.4
guaiacol  6-3%G(d,2p)  —421.242822 —421.866852{421.873833) 79.14 (83.52) —5.40 (-6.56) —4.9 (—0.5) 16.7
phenol 6-33-G(d,2p) —306.744324 —307.379817 86.33 —2.41

catechol 6-3+G(d,2p) —381.980410 —382.600402 76.61 —5.03 —-9.7 36.6
guaiacol  6-3%G(d,2p)  —421.239932 —421.866852{421.873833) 80.95 (85.33) —3.59 (-4.75) —5.4 (~1.0) 28.6
phenol 6-31-G(,p) —306.675142 —307.314110 88.51 -0.23

catechol 6-3+G(,p) —381.886400 —382.514074 81.43 —-0.21 -7.1 0
guaiacol  6-3+G(,p) —421.132517 —421.76394421.773823)  83.78 (89.98) —0.76 (-0.10) —4.7 (+1.5) 11.9
phenol 6-3%G(,2p) —306.675949 —307.316425 89.46 0.72

catechol 6-31G(,2p) —381.888443 —382.517281 82.16 0.52 7.3 2.82
guaiacol  6-3%G(,2p) —421.134115 —421.767144{421.776676) 84.79(90.77)  0.25(0.69) —4.7 (+1.3) 11.9
phenol 6-33%G(,3pdy —306.683824 —307.322822 88.53 —-0.21

catechol 6-33G(,3pd}y —381.896831 —382.524908 81.68 0.04 —6.9 2.82
guaiacol  6-3%G(,3pd}  —421.143700 —421.776063(421.785284) 84.37 (90.16) —0.17 (+0.08) —4.2 (+1.6) 0

2 All enthalpy values in hartree8.The sum of electronic and thermal enthalpies for the hydrogen radical for all but thet8=§2d,2) basis
set, being—0.499795 hartree, was calculated to-bd.497912 hartre€®. The experimental BDEs are 88.74, 81.64, 84.54, and 90.08 kcal/mol for
phenol, catechol, guaiacol, and guaiatmisard, respectively (for refs see text) ABDE has been estimated ABDE = BDEcac — BDEey, ¢ A(BDE)
has been estimated &4BDE) = BDEaon — BDEpnon f The experimentah(BDESs) are—7.1, —4.2, and+1.34 kcal/mol, for catechol, guaiacol,
and guaiacoteward, respectively (from ref 128 AA(BDE)% has been estimated AA(BDE)% = [A(BDE)cac — A(BDE)ex) x 100/A(BDE)exp.
h The enthalpies of all radicals were derived at the UB3LYP level of thédrye enthalpies of all radicals were derived at the ROHF level of
theory.] Calculated values in parentheses correspond to the gud@aeatd conformation.

(,3pd), derived upon addition of a third p and a fourth d tion with UHF and/or ROHF level of theory are used. The only
polarization function on the hydrogen atoms basis set, leads toconcern with the latter level is in regard to the determination
only 0.2, 0.04, and 0.17 kcal/mol deviations for the absolute of geometries and particularly vibrational frequencies for the
BDEs from the experimental values of phenol, catechol, and molecules tested in the present study, which are very time-
guaiacol, respectively (see also Table 1). A considerable consuming. Therefore, the UB3LYP/6-8G(,3pd) is adopted
improvement was also derived for tag¢BDE)s, by using the as our favorite level. It is worth noting here that the corre-
6-31+G(,3pd) basis set; those of catechol and guaiacol deviatesponding Figure 1 for the available theoretical value of the
by only 2.82 and 0%, respectively, from the experimental values. toward conformer of guaiacol (90.08)?2is given as Supporting
This is the first well-documented and reasonable adoption of Information (Figure 1S). Figure 1S shows that the theoretical
unconventional basis sets as a necessary tool in approachingalue of guaiacol is also well-calculated by our best basis set
the experimental BDEs and(BDE)s of phenols, with our (vide infra also and Tables 1 and 4).
difference being in adopting this particular kind of basis set  Preliminary Calculations in the Liquid Phase. Despite the
from the work of Wright et al3 Moreover, contrary to that work, ~ optimum basis set derived in the previous section, attempts were
which modified the normap-exponent value on hydrogen from  also made to confirm its validity for the liquid-phase calcula-
0.75 to 1.00, this value was used unmodified in all of the tions. Figure 2 shows the variation in the BREof phenol as
unconventional basis sets tested in the present study. a function of four unconventional basis sets for the three
Despite the accuracy achieved, the ROB3LYP formalism was different solvents, r-heptane (a), benzene (b), and acetonitrile
our second modification to the usual DFT/B3LYP method, (c)), for which experimental data is available. Results of one
because it was shown that it plays a i@ obtaining a good conventional basis set are also shown for comparison. The
absolute BDE accuracy. Absolute BDEs of this type (squares experimental BDEg), for phenol inn-heptane, benzene, and
in Figure 1) also show that they vary with the corresponding acetonitrile aré? 89.36, 90.51, arfid3.00 kcal/mol, respectively
basis set in the same way as the respective conventional anddotted lines in the figure); calculated ones, corresponding to
unconventional ones, derived at the UB3LYP level. In addition, the five basis sets, are given as triangles. The experimental and
there is an energy gain of 2.32, 1.52, and 1.87 kcal/mol (meanthe calculated gas-phase BDEs for phenol are also shown for
values) for the phenol, catechol, and guaiacol BDESs, respec-comparison, as dashed lines and circles, respectively.
tively. All corresponding BDEs, derived using the conventional  Inspection of the absolute BDEg, presented in each
basis sets, lie well below the experimental values. The bestindividual drawing of Figure 2, clearly shows that (i) all
conventional basis set of 6-31(d,2p) gives BDEs which are  calculated BDEg,, lie below the corresponding experimental
still 2.41, 5.03, and 3.59 kcal/mol low for phenol, catechol, and values, however, (ii) all unconventional BDEgsappear larger
guaiacol, respectively. Nevertheless, BDEs calculated with the than the conventional one, (iii) the variation of the phenolic
6-31+G(,p) and 6-3%+G(,2p) unconventional basis sets, lie BDEsyqy With the basis set is identical to that observed in the
within the experimental error of 1 kcal/mol. The improvement gas-phase calculations [for each particular basis set, the differ-
derived for theABDEs of catechol is excellent, very good for ence between the BDE and BRE values corresponds to the
guaiacol (see also Table 1). From this exercise, one couldinfluence of the solvent and will be discussed in a following
conclude that the standard DFT/B3LYP approach can achievesection], and (iv) on going from the conventional (6+33-
a 0.2 kcal/mol accuracy level for the absolute BDEs of the three (d,p)) to the largest unconventional one, 6+%i(,3pd), the
phenols examined, along with a very good accuracy for the BDEsqy of phenol increases by ca. 5 kcal/mol, for all three
A(BDE)s, considering that unconventional basis sets in conjunc- solvents. In particular, both 6-31G(,2p) and 6-31G(,3pd)
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Figure 2. Variation in the BDEs,, of phenol in then-heptane (a),
benzene (b), and acetonitrile (c) as a function of the basis set.

basis sets afford BDEg, in n-heptane (Figure 2a), close to
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calculations basis set derived could both facilitate comparisons
with them and account well for the accuracy of the BRES
which are to be calculated. It should be pointed out here that
the 3pd polarization functions on the H atom basis set are quite
common in the theoretical papers dealing with the study of
inorganic®® organi®® and/or simple H molecular syster?t&>?

In our case, use of extra functions on H could be considered as
reasonable because, in the gas-phase, H atoms strongly partici-
pate in (a) the crucial phenolic-€H bond to be broken through

an homolytic dissociation and (b) the formation of the also
crucial intramolecular H-bonds, neighboring the phenoketD
bond. In addition, in the liquid phase, both the above as well as
the benzene-ring H atoms also patrticipate in the selstdvent
“bulk” effects.

Equilibrium Geometries in the Gas and the Liquid Phase.

As it was shown in the previous section, phenol and the
phenoxyl radical were used as reference compounds in both
the gas and liquid phase preliminary calculations. The gas-phase
structure and properties of both molecules have been re-
ported!354To compare with the previous results and to predict
the influence of the solvents on their properties, these molecules
are reinvestigated here with a series of different basis sets, as
stated above. To our knowledge, experimental and/or theoretical
liquid-phase geometrical data has not been published so far.
The seven solvents tested throughout this study could be divided
into three groups: (A) nonpolar, aprotim-fieptane and
benzene), (B) dipolar, aprotic (acetone and acetonitrile), and
(C) polar, protic (methanol, ethanol, and water); this notation
will be used hereafter. This classification scheme stems from
their Dimroth and Reichardt® EJ, and Kamlet-Taft5556 o
polarity parameters values. THEL parameter show$ the
ability of a protic solvent to donate a hydrogen bond to a solute
in addition to its polarity per se; the parameter is a measure

of the hydrogen bonding ability of solvents that was designed
to be devoit of contributions from the polarity and electron-
pair donicity.

Despite the various geometrical parameters of phenol obtained
in the present study, only those of the 6433(,3pd) optimized
basis set in the gas and the liquid phase, and those of the largest
one in the gas-phase are compared with the experinténtal
values in Table 2. Our gas-phase optimized results from the
6-31+G(,3pd) basis set are in very good agreement with the
experimental values, the corresponding average absolute devia-
tion (error) being 0.006 A. This error is of the same order of
magnitude to that (0.007 A) of ref 13, in which an unconven-
tional 6-31(,p) basis set was also used. Our largest basis set,
however, gives the smallest error of 0.001 A.

In an attempt to study the influence of the solvent on the
structure of phenol in solution and because of the absence of
experimental and/or theoretical structural data, its PCM liquid-
phase data was compared to the corresponding gas-phase ones
derived at the same level of theory. An inspection of these data,
summarized in Table 2, clearly shows that the liquid-phase
structural data, derived for the group A and group B solvents,
does not deviate much from the gas-phase one. Moreover, the
liquid-phase structural data, derived in the group C solvents, is
identical to each other. However, there are some minor to

the experimental value. However, in benzene (Figure 2b), only moderate bond-length variations with respect to the gas-phase

the latter basis set affords BDf&gin excellent agreement with

data, related to a minor lengthening of al-C bonds, ranging

the experimental value and to some extend in acetonitrile from 0.001 (group A) to 0.004 A (group C). Contrary to the
solution (Figure 2c). Based upon these results, we decided toabsence of variations in the group A solvents, the-& and

use the 6-31G(,3pd) basis set, because it afforded the least Cs—H bonds, ortho- to the phenolic OH group (see Scheme 1),
deviations from the experiment for the liquid-phase BDEs of present a lengthening of 0.01 A in the group C solvents; still
phenol tested. The identical to the corresponding gas-phasethe G—H, C;—H, and G—H bonds become longer by ca. 0.005
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TABLE 2: Comparison of Bond Lengths and Bond Angles at the Optimized Geometry for Phenol, in Both the Gas- and the
Liquid-Phases (PCM model, B3LYP/6-31#G(,3pd))?

gas phase solution

struct. param.  6-3tG(,3pdy 6-311H-G(2d,2py exgd heptane benzene acetone acetonitriie ethanol methanol  water

CiC, 1.400 1.393 1.391 1.400 1.400 1.400 1.400 1.401 1.401 1.401
CCs 1.402 1.391 1.394 1.401 1.401 1.402 1.402 1.403 1.403 1.403
CsCs 1.401 1.390 1.395 1.401 1.401 1.402 1.402 1.404 1.404 1.404
C4Cs 1.404 1.393 1.395 1.403 1.403 1.403 1.403 1.405 1.405 1.405
CsCs 1.399 1.389 1.392 1.399 1.399 1.400 1.400 1.403 1.404 1.403
CeCa 1.399 1.393 1.391 1.399 1.399 1.400 1.400 1.402 1.402 1.402
CoHg 1.083 1.084 1.086 1.081 1.081 1.082 1.083 1.092 1.092 1.092
CsHg 1.081 1.082 1.084 1.081 1.080 1.081 1.082 1.085 1.085 1.085
C4H10 1.081 1.081 1.080 1.080 1.079 1.081 1.081 1.085 1.085 1.084
CsHi1 1.081 1.082 1.084 1.081 1.080 1.081 1.082 1.086 1.086 1.086
CeH12 1.080 1.081 1.081 1.079 1.078 1.081 1.081 1.090 1.090 1.090
Ci0y 1.403 1.370 1.375 1.402 1.402 1.403 1.402 1.405 1.405 1.405
O7H13 0.966 0.962 0.957 0.967 0.966 0.970 0.970 0.981 0.981 0.981
CiCCs 1195 119.7 119.4 119.4 119.4 119.3 119.3 119.2 119.2 119.2
CoCsCy 120.4 120.5 120.5 120.4 120.4 120.5 120.5 120.5 120.5 120.5
C3sCyCs 119.5 119.3 119.2 119.5 119.5 1195 119.5 119.6 119.6 119.6
C4CsCs 120.6 120.7 120.8 120.6 120.6 120.5 120.5 120.6 120.6 120.6
CsCs C1 119.4 119.6 119.2 119.3 119.3 119.3 119.3 119 119 119
CeCiCo 120.7 120.1 120.85 120.8 120.8 120.9 120.9 121.3 121.3 121.3
CiCoHsg 120.2 120.0 120.0 120.2 120.2 120.1 120.1 119.9 119.9 119.9
CsCsH12 1215 121.4 121.6 121.4 121.4 121.2 121.1 120.9 120.9 120.9
CiO7H13 110.7 109.7 108.8 110.7 110.7 110.7 110.7 110.1 110.0 110.0

aAll bond lengths are in A, and bond angles are in degredserage absolute deviation error 0.006 A from experimental valu&serage
absolute deviation error 0.001 A from experimental valdésxperimental data from ref 54.

TABLE 3: Comparison of Bond Lengths and Bond Angles at the Optimized Geometry for Phenoxyl Radical, in Both the Gas-
and the Liquid-Phases (PCM Model, B3LYP/6-31#+G(,3pd))?

gas phase solution

R 6-3H-G(,3pdp 6-31G(P) 6-3114-G(2d,2p) heptane benzene acetone acetonitrile  ethanol  methanol water
CiC, 1.443 1.443 1.449 1.443 1.443 1.444 1.444 1.445 1.445 1.444
C.Cs 1.386 1.385 1.372 1.385 1.385 1.385 1.384 1.385 1.385 1.384
CsCs 1.413 1.412 1.406 1.413 1.413 1.414 1.414 1.416 1.416 1.416
CoHs 1.080 1.083 1.081 1.080 1.080 1.081 1.081 1.084 1.084 1.084
CsHo 1.081 1.084 1.082 1.081 1.081 1.081 1.081 1.082 1.082 1.082
CsHio 1.081 1.084 1.081 1.080 1.080 1.081 1.081 1.085 1.085 1.085
CiO; 1.298 1.296 1.253 1.298 1.298 1.299 1.299 1.300 1.300 1.300
CiCCs 120.5 120.8 120.5 120.4 120.4 120.4 120.2 120.2 120.2
CoCsCy 120.1 120.3 120.2 120.2 120.2 120.2 120.3 120.3 120.3
C3C4Cs 120.6 120.7 120.6 120.6 120.6 120.6 120.5 120.5 120.5
CeCiCy 118.1 117.2 118.2 118.2 118.3 118.3 118.5 118.5 118.5
CiCoHs 117.5 117.1 117.6 117.7 117.8 117.8 118 118 118

aAll bond lengths are in A, and bond angles are in degreéserage absolute deviation of 0.008 A from the results of the 6+Z3(Rd,2p)
calculation.

SCHEME 1 0.6°, whereas the C-C,—Cz and G—C,—Hg ones decrease by
Hjs ca. 0.3, C;—Cs—Cs by 0.#, Cs—Ce—H12 by ca. 0.6, and G—
07/ *0, O;—Hi3 by 0.7. The moderate variations in bond lengths and
| | angles in the protic solvents could be the result of a hydrogen
Hy, C, Hg Hy, C, Hg bond formation between the phenolic OH group with the
\C6/ \Cz/ \c6/ \cz/ appropriate groups of the protic solvents. Moreover, the minor
| Q | || | | lengthening of all G-C and G-H bonds could be the result of
Cs 3 Cs Cs an induced “bulk” solvent effect on the molecular geometry of
~N ’ . .
H“/ c4/ \H9 H“/ \C4/ \Hg the solute (phenol) in the group C solvents. It is noteworthy
| | that the phenolic ©H bond in the four aprotic solvents
Hio Hio remained unchanged, with respect to the gas-phase one, ac-

counting for almost equal phenolic BDEs in both the liquid and
A. A minor lengthening of ca. 0.002 A is observed for the @ the gas phase. On the contrary, the samé{®ond in the three
bond. Variations, ranging to a lengthening of as much as 0.015 Protic solvents became longer. This could account for unequal
A, are observed for the ©H bond. This bond remains Phenolic BDEs between the liquid and the gas phase. All of
unchanged in the group A solvents, whereas a minor |engtheningthese will be discussed in detail in the next section. It should
of 0.004 A is observed in the group B and a moderate one of be stressed at this point that all corresponding SCIPCM liquid-
0.015 A in the group C solvents. Only the group C solvents phase structural data is not shown in Table 2, because it is
structural data presents bond-angle variations as compared tddentical to each other and to that of the gas-phase one. This
the gas-phase one. Thg-&C;—C, bond angle increases by ca. equality could account for its failure to describe well the “bulk”
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TABLE 4: B3LYP/6-31+G(,3pd) BDEs for Phenol, SCHEME 2

Catechol, Guaiacol, Syringol, and Pyrogalldi break

phenols BDE BDE! ABDE'" A(BDE) A(BDE) y

phenol 8874 8853 -021 000 o o 0----H
(88.69) (-0.05) o o s

catechol ~ 81.6%4 81.68 0.03 -7.10 —6.86 H H
(81.83)  (0.19) — —

guaiacol 84.54 8437 -—-0.17 -—4.20 -4.16
(84.52) (-0.02)

guaiacol 90.08 90.16 +0.08 +1.34 +1.63 Il
(90.32) (0.24)

syringol 83.75 84.31 —0.56 —4.99 —4.22 H H
(84.47) (0.72) o\, break o

pyrogallol n.a. 77.26 n.d. -11.29 o ) °
(77.40) H

aAll absolute and relative enthalpy values in kcal/ndExperi-
mental valuest From ref 22.9 From ref 12.¢ Lucarini, M.; Pedrielli,
P.; Pedulli, G. F.; Cabiddu, S.; Fattuoni, £.Org. Chem1996 61, .
9259.f Non available8 Our unscaled and scaled (parentheses) calcu- DFT-Computed BDEs and Conformers in the Gas Phase.

lated BDEs" Calculated ABDE has been estimated asBDE = It is well-known that”31spin contamination significantly affects
BDEcac — BDEex, ' A(BDE) has been estimated A8DE) = BDEaron the calculated BDEs. The value of the spin operdi®i]
— BDEphon ! Our calculated\(BDE)s. computed through the Gaussian program, although not that of

a real system, provides reasonable estimates of spin contamina-
tion.1":31 Earlier studies have also shown that the spin contami-
nation in DFT calculations generally is low even when the
in the gas-phas&:s859Two of thent85°used an identical CAS methods are applied to aromatic radicals. The values qf the spin
operator [Ifor the phenoxyl, catechoxyl, and guaiacoxyl

(ngg-g)l;ﬁfga) (Icea:/ ell, Ov;gl(;{; )l;fri?jid ;il\,%gzilry {S‘ngr% radicals are 0.82, 0.80, and 0.78, respectively; that is, they were
: S ) ' all found to be close to the expected value of a pure doublet

would be expected to be intermediate between the benzoquinone

value (1.225 A) and the sinale €0 bond distance in pherfdl wave function, 0.75. Therefore, the results of our DFT calcula-
(1375 A)'_ C—H bond wouldg be of the order of ca 2084 A tions are less affected by spin contamination in the gas-phase.

Therefore, we decided to use the B3LYP/6-313(2d,2p) All of these could be reflected to the computed energies. Hence,

calculation as a reference for the gas-phase structural studiesfaccurate computed absolute BDEs, as compared to the experi-

With that choice, our B3LYP/6-3tG(,3pd) structural data, mental ones, shpuld be expepted as well. ) .
shown in Table 3, gives a very good error at 0.008 A and of The fully consistent calculations of the present study, in which

the same order of magnitude to that of ref 13, derived at the both the phenol and its respective radical are calculated at the

B3LYP/6-31G(,p) level. Certainly, both calculations yield-@ same level of theory, are not expected to introduce any
bond lengths that are too long (of the order of 1.296 A). systematic error in the BDEs. The relative error over a family

Moreover, contrary to the parent phenolic molecule, that of its ©f Phenols is also expected to largely cancel out, because in all
radical indicates a quinoid structure, evidenced by the significant ©3S€S W€ aré looking at the conversion from a phenol (substituted
lengthening of both ¢-C, and G—Cs bonds (1.443 A) and ' not) to the corresponding radical (substituted or not) plus
C,—Cs and G—Cs bonds (1.413 A), followed by a concomitant e H radical. _
shortening of both €-C; and G—Cg bonds (1.386 A). The DFT-computepI ga;-phase absolute and relative BDEs
No experimental and/or liquid-phase structural data exists for &t 298 K are summarized in Table 4. Values refer to the lowest
the phenoxyl radical. The influence of the solvent on the €nergy conformers of the parent phenolic compound and the
phenoxy! radical structural data was also studied, by comparing 'eSPective radical.
its PCM liquid-phase data to the gas-phase one, derived at the Calculations have shown that both unscaled and ZPE scaled
same level. Inspection of these data (see Table 3) clearly showdBDEs of phenol are in excellent agreement with the experiment;
that (i) all liquid-phase phenoxyl radicals also present the they differ by only 0.21 and 0.05 kcal/mol, respectively.
quinoid structure, observed in the gas-phase study, (ii) data in For catechol, calculations have shown that the hydrogen-
all aprotic solvents is identical to the corresponding gas-phase,bondedtoward parent-radical conformers pair, having both
however, (iii) radical structural data in the three protic solvents hydroxyl groups in the plane of the phenyl ring, affords an
presents only minor bond-length variations, with respect to gas- almost identical to the experiment BDE of 81.83 kcal/mol. We
phase one. The £Hg and G—Hj, bonds as well as the,€ consider here that there is only one BDE value for catechol,
Hio0ne (see also Scheme 1) present a lengthening of ca. 0.004egardless of which ©H bond is broken in the parent molecule.
A, and this is also the case (lengthening of ca. 0.002 A) with This is because the radical is allowed to rearrange, at room
the G—C, and G—Cg and G—C, and G—Cs bonds. The minor temperature, affording the most stattieward conformet®
lengthening of both €C and C-H bonds could again be the (Scheme 2). The calculated enthalpy difference between the
result of an induced “bulk” solvent effect of the protic solvents awayand thetoward parent conformers is 5.07 kcal/mol. The
only on the solute (phenoxyl radical) molecular geometry. A calculatedA(BDE) relative to phenol{6.86 kcal/mol) is in
hydrogen-bonding effect is not obvious in the case of the very good agreement with the experim@n(=7.1 kcal/mol).
phenoxyl radical structural data in protic solvents, in close Moreover, the calculated absolute hydrogen bond enthaipy (
agreement with the experimental findirfdg?61SCIPCM liquid- BDEaw — BDEw) of —5.07 kcal/mol lies between the two
phase structural data is not presented in Table 3, because it igublished corresponding values' 6f4.4 and® —5.7 kcal/mol.
identical to each other and to that of the gas-phase one. The All possible conformers for the parent guaiacol and the
SCIPCM structural data is given as Supporting Information.  respective radicals were investigated in our calculations. The

effects. The SCIPCM structural data is given as Supporting
Information (Table S1).
For the phenoxyl radical, there are three theoretical studies
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parent compound has three stable conformers, of wibierd

is the most stable onawayis energetically less stable by 5.80
kcal/mol, the third by 5.73 kcal/mol. In this latter conformer,
the OMe group is tilted out of the phenyl plane by ca® éhd

is pointing toward the OH group, which is pointing away from
the OMe group. For the respective radical, two planar conform-

Bakalbassis et al.

conformer of ref 4, which has the one OMe group pointing
toward and the other away from the radical O atom. Additional
calculations, using multiple starting points, in which either both
or only one of the OMe groups were tilted out of the phenyl
ring, have been performed to ensure that optimized parent and
radical structures were found. The calculated BDE of 84.47 kcal/
mol, derived by assuming that the most stable conformers
correspond to the experimental BDE value, is in very good
agreement with the experiment. This is also the case with the
calculatedA(BDE) (—4.22 kcal/mol compared te-4.99 kcal/
mol).

The most stable conformer of the parent compound of
pyrogallol has one OH group pointing toward the central OH
group and the second pointing away. Moreover, two radicals,
possessing two intramolecular hydrogen bonds, are formed
through an H radical elimination from the central OH group;
the second radical is formed from either one of the two outer
hydroxyl groups. The dissociation of these outer groups leads
to the same radical conformer, by assuming that the OH group
at the one end is rotated to the more stable radical confémer

ers were identified. The lowest energy conformation has the (Scheme 4)

OMe group pointing toward the radical O atom. The less stable
one adopts the away conformation, its enthalpy difference from

the former being 2.59 kcal/mol. Theway parent conformer
affords a scaled calculated BDE of 84.52 kcal/mol along with
aA(BDE) (—4.16 kcal/mol), relative to phenol, and an absolute

hydrogen bond enthalpy, (5.79 kcal/mol), in excellent agreement

with the experimental values'8f?24-84.54,—4.2, and® +5.70
kcal/mol, respectively. De Heer et @llso found the same
lowest energytoward parent-radical conformers pairs. How-
ever, the two parent conformers, chosen by Wright éédlave
the OMe group pointing away and toward the OH group,
respectively, affording BDEs, which deviate by 2.43 and 3.26
kcal/mol from the experiment, respectively. In this paper,
information regarding the two radicals chosen for the BDE
determination is not provided. Thewardparent conformation
with its respective radical yields a scaled BDE of 90.32 kcal/
mol, deviating by only 0.24 kcal/mol from the existing theoreti-
cal valué3?2 and A(BDE) in close agreement with the corre-
sponding theoretical value.

Gas-phase BDE study on phenol, catechol and guaiaco
clearly shows that DFT calculations provide very accurate

A(BDE) and absolute hydrogen bond enthalpies, once the

The calculated absolute BDE, corresponding to the dissocia-
tion from the central OH group, is 77.40 kcal/mol; #&$BDE)
is —11.29 kcal/mol. Furthermore, the absolute BDE, corre-
sponding to the dissociation from any one of the outer OH
group, is 82.89 kcal/mol; it&\(BDE) is —5.80 kcal/mol. The
former A(BDE) deviates by ca. 2.9 kcal/mol, and the latter by
ca. 1.8 kcal/mol from the two analogous theoretical values
appeared recenthf. Nevertheless, our calculatesf{BDE) of
the outer OH group is roughly half that of the central group, in
close agreement with the difference calculated by the same
authors. Unfortunately, neither BDE nA{BDE) experimental
values exist in the literature for comparisons to be made.
Therefore, calculated pyrogallol values can only be used for
predictive purposes.

DFT-Computed BDEs and Conformers in the Liquid
Phase.Calculatedi®values of the phenoxyl radical in the
seven different solvents tested were all found to be below 0.80
(ranging from 0.78 to 0.79) in both PCM and SCIPCM models.

|Therefore, the results of our DFT calculations are less affected

by spin contamination in the liquid-phase, too; hence, accurate
absolute BDEg,, should be expected as well.

absolute BDE has been approached. This is another evidence Table 5 summarizes the calculated absolute B3LYP/6G1

for the correctness of our method.

(,3pd) BDES,), along with theA[BDE]s and A(BDE)s Of

The successful implementation of our optimum basis set on the three phenols studied. The absolute SCIPCM BEHsr

the calculation of the gas-phase BDBA{BDE)s, and absolute

phenol only are also presented. All BDEgrefer to the lowest

hydrogen bond enthalpies of the above phenols, prompted us€Nergy conformers of the parent phenolic compound and the

to apply it also on the calculation of those of 2,6-dimethoxy-
phenol (syringol) and 2,6-dihydroxyphenol (pyrogallol).

Calculations have shown that the most stable parent con-

respective radical. Contrary to phenol, experimental liquid-phase
BDEs are missing for catechol and are scarce for guaiacol.

The SCIPCM model fails to describe the solvent effect, as

former of syringol has the hydrogen-bond accepting OMe group €videnced by its almost equal to the gas-phase BEHsr

pointing away from the OH group, the other OMe group is tilted Phenol (ca. 88 kcal/mol) in all media. This was also the case
out of the phenyl plane, by 55pointing toward the hydroxyl ~ with the BDEs,y of catechol and guaiacol; therefore, these
group (Scheme 3). This conformer, however, presents aVvalues are notshown in the table. This failure may ariseft6m
significant difference compared to the fully planar one of ref the incorrect defined cavity size and shape, derived from the
13:0ne of its OMe groups is tilted out of the phenyl plane. solute charge distribution isosurface. The inability of the
Moreover, our conformer is more stable by 0.40 kcal/mol than SCIPCM model to provide nonelectrostatic contributions could
the planar corresponding one of ref 4, which has the two OMe be another reason for its failure. Moreover, because hydrogen-
groups pointing away from the OH group. The most stable bonding is neglected in this model, both protic (water) and
conformer of the aroxyl radical is the one, in which the two aprotic (acetonitrile) solvents would show the same solvation
OMe groups lie in the phenyl plane and are pointing toward €nergy difference® This is actually the case with the above
the radical O atom. This conformer is more stable by 0.88 kcal/ results regarding the three phenols.

mol than that coming from our most stable parent one. Contrary to the SCIPCM absolute BD&g PCM ones for
Moreover, it is more stable by 2.94 kcal/mol than the radical all phenols considered appear different than their gas-phase
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TABLE 5: B3LYP/6-31+G(,3pd) BDEs, for Phenol, Catechol, and Guaiacol, Calculated in the Liquid Phase with the PCM
Model, along with Those of Phenol with the SCIPCM Oné

ArOH solvent EP ExP Eg° BDE BDEcx® A[BDE]¢ A(BDE)son®
SCIPCM

phenol gas phase —306.683824  —0.497912 —307.322822 88.53
n-heptane —306.688160  —0.497958 —307.326524 88.11 89.36
benzene —306.689041  —0.497965 —307.327314 88.04 90.51
acetone —306.695145  —0.498003 —307.333317 87.96
acetonitrile —306.695566  —0.498005 —307.333777 87.98 93 (95)
ethanol —306.695295  —0.498004 —307.333480 87.96
methanol —306.695498  —0.498005 —307.333702 87.98
water —306.695865  —0.498006 —307.334108 88.00

PCM

phenol gas phase —306.683824 —0.497912 —307.322822 88.53 0
n-heptane —306.688875  —0.496407 —307.328869 90.10 89.36 1.57
benzene —306.686017 —0.495751 —307.325290 90.06 90.51 1.53
acetone —306.691173  —0.496193 —307.332227 90.90 2.37
acetonitrile —306.686622 —0.495442 —307.327899 91.51 93 (95) 2.98
ethanol —306.695518  —0.495970 —307.344330 95.91 7.38
methanol —306.698643  —0.496325 —307.347766 95.88 7.35
water —306.695652 —0.495546 —307.345316 96.71 8.18

catechol gas phase —381.896831 —0.497912 —382.524908 81.68 0
n-heptane —381.901885  —0.496407 —382.531517 83.60 1.92 —6.50
benzene —381.898991 —0.495751 —382.527895 83.55 1.87 —6.51
acetone —381.904306  —0.496193 —382.535679 84.83 3.15 —6.07
acetonitrile —381.899378  —0.495442 —382.530917 85.40 3.72 —6.11
ethanol —381.912183  —0.495970 —382.549950 88.98 7.30 —6.93
methanol —381.915676  —0.496325 —382.553795 88.98 7.30 —6.90
water —381.912646  —0.495546 —382.551285 89.79 8.11 —6.92

guaiacol gas phase —421.143700 —0.497912 —421.785284 90.16 0
n-heptane —421.150672 —0.496407 —421.791092 90.37 0.21 0.27
benzene —421.147368  —0.495751 —421.787169 90.39 8846 1.5 0.23 0.33
acetone —421.155493 —0.496193 —421.792615 88.43 —-1.73 —2.47
acetonitrile —421.150200  —0.495442 —421.786735 88.54 —1.62 —-2.97
ethanol —421.164348  —0.495970 —421.803297 89.72 —0.44 —6.19
methanol —421.168447 —0.496325 —421.807403 89.50 —0.66 —6.38
water —421.165000  —0.495546 —421.803930 89.97 -0.19 —6.74

2 Gas-phase values are also presented for comparison (all values in kcal/i&dadplute enthalpy data for the parent, p, its respective radical,
r, and the hydrogen radical, h, are in hartréegalues from refs 22, 3, (1), and 4 A[BDE] has been estimated #&§BDE] = BDEsoy — BDEgas
eA(BDE)sow has been estimated MBDE)SDIV = BDEsolv,ArOH — BDEsoIv,PhOH

BDEs. This difference, implying an inherent solvent effect, leads their radicals. Actually, in guaiacol, radicals are stabilized
to larger BDEso for phenol and catechol in all media and slightly stronger in solution, relative to the parent compounds,
smaller for guaiacol. This is the result of a stronger stabilization evidenced by theE, and E; value differences (Table 5).
of the parent molecules in the two former relative to that of Moreover, the BDEs— BDEs, differences derived could
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TABLE 6: PCM Calculated BDEs¢y2 for Phenol, Catechol,
and Guaiacol along with thee, EJ,, and a. Parameters of the a) %8
Seven Solvents Used
BDE.o, .
solvent € EL o phenol catechol guaiacol é 94 4
n-heptane 192 0012 O 90.10 83.60 90.37 é
benzene 2247 0111 0 90.06 8355  90.39 R %2
acetone 20.7 0.355 0.08 90.90 84.83 88.43 2
acetonitrile 36.64 0.460 0.19 9151 85.40 88.54 90
ethanol 2455 0.654 0.86 9591 88.98 89.72
methanol 32.63 0.762 0.98 95.88 88.98 89.50 38
water 78.39 1.000 1.17 96.71 89.79 89.97 2 2 2 2 s 3 B
All BDESgq in kcal/mol. 2 2 2 ke 3 g
Solvent <
suggest that the PCM model describes “bulk” solvent effect
phenomena well. The solvent effect will be discussed in the ) 92
next section. Table 5 also shows that the three phenols exhibit
similar BDEsq, in pairs f-heptane-benzene, acetone-aceto- %01
nitrile), and/or in triads (methanol, ethanol and water) of the S s -
solvents tested. Based upon this particular solvent dependence £
of the absolute BDEs), the seven solvents could be divided § 86+
into three groups in excellent agreement with (i) the A, B, and 2
. . . 8 84
C groups, derived previously and (ii) theh‘:,{, and a. param- ]
eters scale values (see also Table 6). Bﬁihanda param- 82 A
eters present similar parameter value-trends to each other, which
are not in line with that of the dielectric constant valuesf 80— . - . - - N
the same solvents. E 0§ & E §F E 2
Calculated BDEgy, for phenol inn-heptane (90.10 kcal/mol) = & < § E g
<

and in benzene (90.06 kcal/mol) are in excellent agreement with Solvent
the available experimental orféf 89.36 kcal/mol (in iso-

octane) and 90.51 kcal/mol (in benzene). However, the calcu- C)
lated BDE,yy for phenol in acetonitrile (91.51 kcal/mol) is not 91

in good agreement with the experiment (95 kcal/mofs it o | =\
89 - \_—_/\/

was mentioned in the Introduction, the experimental BRES
88 -

92

depend on both the technique used and the solvation enthalpy
value for the hydrogen atom used in their determination. Because
solvation enthalpy for hydrogen cannot be measured experi-
mentally, it is either used as a constant in all solvents or defined 87 -
with the standard state of the H atom in the gas phase. This

latter approach yielded an experimental BR\Eof® 93 kcal/ 86
mol for phenol in acetonitrile, deviating by only 1.5 kcal/mol

from our calculated value.

PCM calculations for catechol have shown that the planar Solvent
hydrogen-bondetbwardparent-radical conformers pairisthe  gijgyre 3. Solvent effect on the phenol (a), catechol (b), and guaiacol
most stable in all solvents tested. Ttwwvard conformer of (c). Gas-phase BDEs (solid, straight line) are also shown.
catechol forms an intramolecular hydrogen bond, which does
not constrain its ability to form intermolecular hydrogen bonds kcal/mol. These values are in good agreement with available
with some solvents. To the best of our knowledge, all calculated experimental onésof 2 + 0.5 kcal/mol.
absolute BDEg)y for catechol in the different media of Table Solvent Effect. Figure 3 illustrates the B3LYP/6-3%

BDE (kcal/mol)

Heptane
Benzene
Acetone
Acetonitrile
Ethanol
Methanol
Water

5 are the first ever predicted. . G(,3pd) BDEy, variation of phenol, catechol, and guaiacol as
Experimental studié$> have shown that guaiacol may be  a function of the seven solvents selected (solvent effect). Gas-
present, in solution, in four different forms, of which tleevard phase BDEs are also shown for comparison. It is seen that the

and theaway conformers are the most important. Moreover, solvent effect is similar for phenol and catechol but different
even in strong hydrogen bond accepting (HBA) solvents, for guaiacol. On going from the group A to the group C solvents,
guaiacol was found entirely in thesward conformation, in  BDEs,,, of phenol and catechol increase significantly (by ca.
excellent agreement with the results of our calculations. 7.3—8.2 kcal/mol), with the solvent polarity, relative to the gas-
Calculated BDEs,, for guaiacol in heptane and benzene are phase (see also Table 5). On the contrary, there is a decrease of
almost identical to each other (ca. 90.4 kcal/mol) and to the the BDEs,, of guaiacol with the solvent polarity. Although

gas-phaseoward conformer value. Our calculated BRJ for BDEsoy in the group A solvents remains almost identical to the

guaiacol in benzene is in very good agreement with the only gas-phase value (Figure 3c), it decreases by ca. 1.7 and ca. 0.5

existed experimental 0hg88.6 + 1.5 kcal/mol). kcal/mol in the group B and C solvents, respectively. These
As it can be easily calculated, on the basis of Hyevalues latter data could account for a relatively easier tendency for

given in Table 5, the variation between the DFT enthalpies for hydrogen atom abstraction in both groups of solvents, in
hydrogen atom in various solvents ranges between 1 and 1.55excellent agreement with the experiméht.
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98 CalculatedA(BDE)sq for guaiacol, being very small (ca. 0.3

% kcal/mol) in the group A solvents, increase to be€a.5 and

—6.5 kcal/mol in the groups B and C, respectively.
Experimental studies have shotrhat the presence of an

21 ortho substituent is the main factéin the solvent effect study,

90 ~ because it affects the phenolic Gidolvent interaction. Phenols

88 - with the same substituents in the ortho position would show

the same solvent effect, whereas for different ortho groups, a

significant solvent effect is expected. This is also in accordance

with our theoretical results, because catechol and guaiacol,

82 possessing different ortho groups, also present different solvent

effects.

94 4

BDE (kcal/mol)

86 -
84 -

Heptane
Benzene
Acetone
Acetonitrile
Ethanol
Methanol
Water

Summary and Conclusions

Solvent Gas-phase BDE study on phenol, catechol and guaiacol shows
Figure 4. Substituent effect on the phenol (rhombs), guaiacol that the B3LYP/6-3%G(,3pd) level of theory provides very
(triangles) and catechol (squares). accurateA(BDE)s and absolute hydrogen bond enthalpies, once
the absolute BDE has been approached, providing a strong
It is well-known that the main mechanism of action of eyidence for the correctness of our method. Deviations of the
phenolic antioxidants, in the nonpolar (group A) solvents, is apsolute gas-phase BDEs do not exceed 0.72 kcal/mol, com-
the scavenging of free radicals by donating their phenolic pared to experiment, and those of the relative ones do not exceed
hydrogen atom; the larger the BDE andA{BDE] the weaker (.24 kcal/mol. It also yields scaling factor values very close to
the antioxidant activity. As it was stated in the Introduction, gne and could thus often be used directly without resorting to
catechol was selected because it contains the structural unit thaypg scaling, which is advantageous for the study of the BDEs.
appears to be the main center responsible for the antioxidant of the two continuum models, PCM and SCIPCM, used in
activity of the flavonoids. The activities of two antioxidants, ihe present study, the former only well describes the “bulk”
namely the monophenol (2,6-tift-butyl-4-methylphenol) and  sojvent-effects, and it becomes essential to get the correct
the flavonoid (3,5-dkert-butylcatechol), were foufdto de-  gescription of the interactions due either to non polar solvents
crease, on transferring from hexane to the HBA solvents. This ang/or to polar H-bonded ones. This additional long-range field
is also the case with our theoretical results, indicating that the mogifies both the structures and the BREsof the solutes.
antioxidant activity of phenol and catechol decrease on going cajculated BDEs,, are in very good agreement with the

from hexane to the HBA solvents. experimental ones, where available, depending on the solvent
Guaiacol is expected to mimic the antioxidant behavior of in which the compound is solvated. Solvent effects, depending
the ubiquinol-0. The kinetic solvent effect, studiédn six on the Ey, and/oro. polarity parameter values of the solvent,

solvents, differing in their HBA properties, on the hydrogen are common for phenol and catechol and different for guaiacol.
atom abstraction reaction from ortho-methoxy phenols was Calculated solvent effects are also in line with the experimental
found to be smaller than for non-hydrogen bonded phenols. In gpnes of known antioxidants, belonging to flavonoids and
addition, the small solvent effects make ubiquinol-0 a good ubiquinols. Substituent effects in solution show that the presence
antioxidant even in a polar environment. These results are alsoand the nature of an ortho-substituent play a key role in the
in excellent agreement with ours, showning that guaiacol (a) in BDEs,,, values. Phenols with different ortho groups, like
all media presents lower solvent effects than monophenols andcatechol and guaiacol, show significant different solvent effects.
(b) exhibits its lower BDE&N, hence, its better antioxidant Overall the B3LYP/6-3§[—G(,3pd) procedure, providesavery
activity in the polar media. Consequently, our assumption made cost-effective means of determining derived thermochemical
for a hydrogen atom transfer mechanism, for the reaction of guantities, like BDEs of hydroxy/methoxy ortho substituted
the antioxidants under study, is correct for all solvents selected, phenols, in both gas and liquid phases. It could be also used as
not only for the group A ones, and/or our methodology describes the basis set in the primary region of a locally dense basis set
the “bulk” solvent effects well in a wide spectrum of solvents. (L DBS) method, instead of a larger one, for the study of bigger
Substituent Effect. In Figure 4, the substituent effect on the antioxidant molecules. The accuracy in the BDE of the phenols
BDEssy Of phenol is shown. It is easily seen that, contrary to achieved was based exclusively upon the derived data from the
the significant OH effect on the absolute BREsof phenol, calculations; there was no need for further corrections regarding
that of OMe is low. Actually, the presence of the second OH the ZPE values, the vibrational enthalpies, and the hydrogen
group in catechol reduces BD&g of phenol in all media. exponents. It is relatively inexpensive, can be routinely used to
Guaiacol shows a similar substituent effect to the OH group in give accurate estimates of experimental data, and shows no
the case of group C solvents only, and those in the group B dramatic failures.
and A solvents appear different. Hence, the presence and the
nature of an ortho substituent play a key role in the BRES Supporting Information Available: Table S1, Cartesian
in all media tested. coordinates of all the stationary points. Table S2, energies

The substituent effect could be also studied with the aid of computed at these geometries. Figure S1, effect of basis set on
the A(BDE)soy Values of Table 5. Calculatefi(BDE)sso for the BDE in thetoward guaiacol. This material is available free

catechol, relative to phenol, range froa6.1 to—6.9 kcal/mol of charge via the Internet at http://pubs.acs.org.
in all media tested. These values are very close to the
experimental corresponding gas-phaseldfe7.1 kcal/mol). References and Notes
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