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The reaction enthalpies related to the individual steps of two phenolic antioxidants action mechanisms, single
electron transferproton transfer (SET-PT) and sequential proton loss electron transfer (SPLET), for 30 meta
and para-substituted phenols (ArOH) were calculated using DFT/B3LYP method. These mechanisms represent
the alternative ways to the extensively studied hydrogen atom transfer (HAT) mechanism. Except the
comparison of calculated reaction enthalpies with available experimental and/or theoretical values, obtained
enthalpies were correlated with Hammett constants. We have found that electron-donating substituents induce
the rise in the enthalpy of proton dissociation (PDE) from Ar®Fkadical cation (second step in SET-PT)

and in the proton affinities of phenoxide ions Ar@eaction enthalpy of the first step in SPLET). Electron-
withdrawing groups cause the increase in the reaction enthalpies of the processes where electron is abstracted,
i.e., in the ionization potentials of ArOH (first step in SET-PT) and in the enthalpy of electron transfer from
ArO~ (second step in SPLET). Found results indicate that all dependences of reaction enthalpies on Hammett
constants of the substituents are linear. The calculations of liquid-phase reaction enthalpies for several para-
substituted phenols indicate that found trends hold also in water, although substituent effects are weaker.
From the thermodynamic point of view, entering SPLET mechanism represents the most probable process in

water.
Introduction ROO + ArOH — ROO + ArOH™ (2.1)
Phenols are widely used as synthetic organic materials and ArOH™ — ArO* + H™ (2.2)
also as antioxidants in living organisms. Phenoxyl radicals
represent important intermediates in many biological and ROO + H" — ROOH (2.3)

industrial application=2 Their importance in relation to the _ _ _
antioxidant activity of phenols has led to an increased interest The net result is the same as in the HAT mechanism (eq 1).
in these systems in last years. The function of phenolic Although BDE can be considered the main parameter in HAT,
antioxidants (ArOH) is to intercept and react with free radicals ionization potential (IP) and ©H proton dissociation enthalpy
faster than the substraté. (PDE)2930 describe the energetics of the SET-PT process.

There are two generally accepted mechanisms of phenolic However, _Iow IP_vaIues_ also enhance the chance of generating
antioxidants actiod;¢ namely hydrogen atom transfer (HAT) @ superoxide anion radical through the transfer of the electron
and single-electron transfer followed by proton transfer (SET- directly to surrounding €332

PT). The role of the antioxidant is to interrupt the chain reaction ~ Recently, another mechanism has been discovered. This was
according to named sequential proton loss electron transfer (SPEEY}S

It was experimentally confirmed that vitamin E and other
phenols can react with dppl{2,2-diphenyl-1-picrylhydrazil
radical) and other electron deficient radicals (RP8y two

. . different and nonexclusive mechanisms, HAT and SPEET.
A high rate of hydrogen atom transfer is expected to be related SPLET is not uncommon for ArOH/ dppleactions in solvents

to a low phenolic G-H bond dissociation enthalpy (BDE). 4 t ionizatio”® SPLET be d ibed by th
Knowledge of the BDEs has been accumulated substantiallyeqia?iléﬂzor lonizafion- can be described by Ihese

for the past 15 years, owing to the recent development of both
experimenta&®’~15 and quantum chemical techniqué€s?® The

ROC + ArOH — ROOH + ArO" 1)

- +
second possible mechanism, by which an antioxidant can ArOH —ArO~ +H 3.1)
deactivate a free radical, is single-electron transfer, in which ArO™ + ROO — ArO” + ROO™ (3.2)
the radical cation ArOH is first formed, followed by its
deprotonation ROO + H" — ROOH (3.3)

* To whom correspondence should be addressed. E-mail: erik.klein@ The reaction enthalpy of the SPLET first step corresponds to
stuba.sk; Phone:++421 2 59 32 55 35; Fax:++421 2 52 49 31 98. the proton affinity, PA, of the phenoxide anion (Ar{?3:37-39
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In the second step, electron transfer from phenoxide anion towhereE, is the calculated total electronic energy, ZPE stands
ROO occurs and the phenoxyl radical is formed. The reaction for zero-point energy,AHyans AHro, and AH,i, are the
enthalpy of this step we will denote as electron transfer enthalpy, translational, rotational, and vibrational contributions to the
ETE. Again, from the antioxidant action viewpoint, the net result enthalpy, respectively. FinalfgTrepresents PV-work term and
of SPLET is the same as in the two previously mentioned is added to convert the energy to enthalpans (3/2 RT),
mechanisms, i.e., ArOH> ArO* + H-. AHiot (3/2 RT or RT for a linear molecule), andAH,,
Because in chemistry one often needs to compare a group ofcontributions to the enthalpy can be calculated from standard
reactions differing only in the substitution, it is important to formulas?® The zero-point energies can be scaled to reflect the
study also the effect of substituents on the reaction enthalpy.difference between the (harmonic) computed frequencies and
Substituent effects are among the most important concepts ofthe actual anharmonic experimental frequerté€¥n this work,
structural effects influencing the chemical, physicochemical, and the total enthalpies were calculated according ed 4-(300
biochemical properties of chemical specied! In previous K), and ZPE values were not scaled.
work, we have studied various para- and meta-substituted From the calculated total enthalpies, we have determined
phenols. Molecules and their radical structures were studied following quantities
using DFT/B3LYP method to calculate the-® bond dis-

sociation enthalpies (BDEs). Besides, vertical ionization po- IP, = H(ArOH™) + H(e") — H(ArOH) (5)
tential (IR) values were calculated using DFT/B3LYP and HF . i T
methods'2430btained DFT/B3LYP BDEs and HF vertical IPs PDE=H(ArO’) + H(H") — H(ArOH ™) (6)
were _found to be in very good accordance_ with available PA=H(ArO") + H(H+) — H(ArOH) @)
experimental data. Employed methods describe the effect of

substituents on BDE and JPsatisfactorily, and the results ETE= H(ArO") + H(e') — H(ArO") (8)

showed that dependences of BDEs and IPs on Hammett
constants of the studied substituents were linear.

The goal of this work is to calculate “reaction” IPs (corre-

sponding to the reaction enthalpy of ArOH ArOH™ + & Constants.lonization potentials calculated according eq & (IP
process, further denoted as)|PPDEs, PAs, and ETEs of phenol T P X . geq ,
values) are different from those obtained using Koopman’s

and 30 meta- and para-substituted phenols and to assess th h -
. " : eorem, where vertical |Rs related directly to the energy of
substituent effect on these quantities. Except for the comparison . . ’
. . . the highest occupied orbital {P= —enomo). IPr values reflect
of found DFT/B3LYP values with available experimental and/ L . g .

L " , the geometry relaxation in the radical cation formation process,
or calculated data, the values of individual quantities will be whereas vertical IPs are related to the neutral molecule
correlated with Hammett constants published in ref 41. Although .

) . o ) . geometry. IR values, that we calculated using HF mettdd,
in the literature it is possible to find several reports focused on and IR values obtained from ea 5 are summarized in the Table
the substituted phenols PBE and PA&337 calculations, these ' 4

papers do not cover the entire energetics of SET-PT and SPLETl‘ We decided to use HF method rgsults mstead.of DFT data,
. - i . because DFT significantly underestimates experimentally de-
mechanisms. Besides, we decided to study a slightly larger set . . 3 . X
. . - termined vertical P43 From the comparison of |Pand IR it
of substituents located in para and meta positions. Except the

gas-phase reaction enthalpies, we will compute enthalpies infOIIOWs that v_ertical values are higher by 4122 kJ mof*,
liquid-phase in water solutions for several para-substituted The largest difierences, 100 and 122 kJ molvere found for

henols NMe, group in meta and para positions. The average deviation
P Lo . . between IR and IR is 68 kJ mof?! (0.70 eV). If we exclude
Computational Details. All calculations were performed

) ; data for NMe group, average deviation reaches 65 kJ Thol
using the Gaussian 03 program packégEhe geometry of each AIP; values representing the difference between substituted

compound, radical, radical cation, and anion was optimized 4,4 nonsubstituted phenol IPs, IP(X-PhOH)P(PhOH), are
using DFT method with UB3LYP furl10t_|onal without any g mmarized in the Table 2. Obtained values show that sub-
constraints (energy cutoff of 18kJ mol, final RMS energy ity ient induced changes in Malues are in 233 kJ mol range.

gradient under 0.01 kJ mol A™%). The calculations were Electron-donating substituents lowef {Rlues, whereas electron-
performed in the 6-31+G** basis set® The optimized \indrawing groups cause the increase in the ionization
structures were confirmed to be real minima by frequency paiential. An exceptionally large drop in Iduces a strong
calculation (no imaginary frequency). For the species having gjectron-donating NMe group. Studied substituents induce
more conformers, all conformers were investigated. The con- gimijar changes in vertical IPs, where calculated values are in
former with the lowest electronic energy was used in this work. 505 3 mott range.

Accuracy of the energy evaluation for systems involving  The Hammett equation (and its extended forms) has been
open-shell species is sensitive to spin contamination. Spin gne of the most widely used means for the study and interpreta-
contaminations of radicals and radical cations were found in tion of Organic reactions and their mechanisms. Hammett
the 0.76-0.78 range. After the annihilation of the first Spin constantson, (for substituent in meta position) anq) (for
contaminant, they dropped to the correct value of 0.75. sypstituent in para position) obtained from ionization of organic
Therefore, spin contamination should not bias obtained values. acids in solutions can frequently successfully predict equilibrium

and rate constants for a variety of families of reactitrfSigure
Results and Discussion 1 shows the correlation between Hammett constasgsagd

. . . om, shortly denoted as,m) and IR values. The equations
In the case of DFT method, which does not provide enthalpies gptained from the linear regression are as follows

directly, the total enthalpies of the species P{(X), at the
temperaturd are usually estimated from the expreséiof2° IP/kJ mol * = 770+ 1285, (9)

The calculated enthalpy of protoRl(H™), is 6.197 kJ mol;
the enthalpy of electrorki(e™), is 3.145 kJ motl.47
lonization Potentials and their Dependence on Hammett

H(X) = E, + ZPE+ AH, s+ AH,. + AH,;, + RT (4) IP/kJ mol ' = 756+ 1760, (10)

trans rot
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TABLE 2: AIP, and APDE Values in kJ mol1, Hammett
Constantso,m and g,

TABLE 1: Calculated Vertical (IP ,) and Reaction (IR)
lonization Potentials and Proton Dissociation Enthalpies
(PDE) in kJ Mol 1

_ APDE

substituent IR 1P, PDE

— a53 206 ool substituent AIP; 6-311++G** 6-31+G(,3pd} 6-31G**® op°  0,°
p-NMe, 767 645 082 p-NMe, —161 121 125 121 —0.83 —0.12
p-NH> 763 685 943 p-NH; —121 83 88 91 -0.66 —0.15
p-OH 810 748 898 p-OH -58 37 32 42 —0.37 —0.37
iy 820 755 o0 DBe a7 40 > * 0% o1

-t- u - - - . - .
B-Me 822 770 888 p-Me —-37 28 28 26 —0.17 -0.17
m-NH, 779 719 043 mNH,  —87 83 87 85 —0.16
m-NMe, 779 678 986 mile, 128 15 131 12z 00
m\'ﬁBe“ gﬁ ;gé ggg mMe  —18 19 21 20 -0.07

Ph 290 726 932 p-Ph -81 71 —0.01 0.02
P p-F 1 -8 -19 -2 0.06-0.03
p-F 868 808 853 T Ph s il 0.06

m-Ph 818 751 916 L OH e >3 20 012

m-OH 847 782 884 mMeO  —49 44 46 48 012
m-MeO 831 757 905 o-Cl s 4 5 5 023 019
p-Cl 862 798 865 p-Br ~14 11 7 023 025
p-Br 858 792 872 m-F 24 —20 —28 -16  0.34

m-F 892 831 841 m-Cl 16 —12 -17 -15 037

m-Cl 886 822 849 m-MeCO 11 -9 0.38
mMeCO 880 817 852 m-Br 10 -7 —7 0.39

m-Br 884 816 854 m-CFs 46 —-37 —49 —-29 0.43
m-CF; 908 853 824 p-MeCO 11 -4 0.50 0.84
p-MeCO 889 817 857 p-CFs 49 -37 —52 -30 0.54 0.65
p-CFs 926 855 824 m-CN 56  —45 —43 —47  0.56

m-CN 924 862 815 mMeSQ 41 —32 0.60
mMeSQ 922 847 828 p-CN 45  —36 -35 -36 066 1.00
p-CN 917 851 824 mNO;, 67  —55 —62 -56  0.71
mNO, 940 874 805 p-MeSQ, 46  —31 0.72 1.13
p-MeSQ 946 852 830 p-NO, 72 55 —65 -61 078 1.27
P-NO 965 879 806 aFrom ref 5, PDE of phenol: 871 kJ mal ® From ref 30.¢ From

aFrom ref 43. ref 41.

900

Correlation coefficients are 0.957 and 0.910 for the substituents
in para and meta positions, respectively. Analogous results we
obtain fromAIP; = f(o,) and AIP, = f(on) correlations, only

the line intercept will be lower by 806 kJ mdl (IP; of the
phenol). Found dependences show that increase (irwith
Hammett constant is significantly steeper for groups in meta

850

@
o
o

position (the ratio of the line slopes is 1.38).
The conversion of IPvalues from kJ mol® to eV enables
us to compare obtained Hammett dependences with those for

IP /kJ mol”
g

-~
o
t=]

vertical IPs® The comparison of line slopes confirms that both
ionization potentials show identical dependence on the Hammett
constants. It can be concluded that studied substituents in meta ) . ) . ) . ) . )
and para positions induce the same change;ian® IR, values. -0 08 -06 04 -02 00 02 04 06 08 10

PDEs and their Dependence on Hammett Constant®DE Gp
represents the reaction enthalpy of the second step in SET-PTrigure 1. Dependence of ivs. o, (M, solid line) andor, (O, dashed
mechanism (eq 2.2). For the whole SET-PT mechanism line).
energetics knowledge it is also important to study PDE and the
effect of substituents on it. Two theoretical studies of paral . . ]
metasubstituted phenol PDEs are available. Zhang éf al. in Table 2, we can see that all three applied approaches give
studied 13 paraand 9 metesubstituted phenols using DFT/ similar results. Electron-donating substituents cause increase in
B3LYP method W|th 6-31G** basis set to Calculate relative SubStituted phenO|S PDES, Whel’eaS e|ectr0n-WIthdraWIng gI’OUpS
PDEs, i.e., PDE(PhOH} PDE(X-PhOH) differences. Vafiadis decrease PDE. We found thaPDE values are in 180 kJ mdl
and Bakalbassi®mployed DFT/B3LYP method with 6-3G- range. Zhang et & found APDEs in 196 kJ mof', and
(,3pd) basis set to obtainPDEs, whereAPDE = PDE(X- Vafiadis and BakalbasSisobtained values in 183 kJ midl
PhOH) — PDE(PhOH), for 13 substituents in para and meta range. This indicates that all three employed basis sets predict
positions. PDEs that we have calculated are shown in Table 1.analogous substituent effect on PDE.
Table 2 summarizes determinA®DEs together with the values The differences betweehPDEs obtained using the 6-31G®
published in the two above-mentioned woPk8 Relative PDEs and larger 6-31%++G** basis set do not exceed 9 kJ mé|
from ref 30 were converted tAPDES; this resulted only in the  the largest discrepancies can be foundda¥H,, p-F, p-CFs,
change of the sign. m-CFs, and p-NO, substituents. Deviations iNPDEs of the

We will focus on theAPDE values which can be compared remaining 14 values are within 6 kJ mél The average
with literature data. From the comparison of the values compiled deviation reached 3.6 kJ mdl
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L I e e L B B B TABLE 3: Experimental and Calculated Proton Affinities
120 § (PA) and Calculated Electron Transfer Enthalpies (ETE) in
] kJ mol—1

] substituent  PAr*  PAuwpw®  PAmRS  PAgH PA ETE

- 1461 1450 1456 1454 1449 218
p-NMe; 1470 1451 1453 174

100

80

60

o
E® ] p-NH; 1475 1468 1470 1473 1466 162
5 ] p-OH 1470 1462 1463 1455 1901
e o ] p-MeO 1466 1453 1464 1464 1456 188
S 50 ] p-t-Bu 1458 1454 1449 210
40 ] p-Me 1466 1455 1461 1459 1454 204
m-NH, 1467 1454 1462 1455 207
-60 . ] m-NMe;, 1466 1457 207
-80 P S S S S S mt-Bu 1459 1449 214
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 08 1.0 m-Me 1463 1452 1452 216
o p-Ph 1419 238
Figure 2. Dependence oAPDE vs.o, (H, solid line) andon (O, P-F 1451 1439 1444 1443 1436 224
dashed line). m-Ph 1434 233
m-OH 1451 1444 1446 1440 225
The largest deviations (115 kJ mot?) between ouAPDESs g%? €0 112??2 11235‘ 1433 11122 111;2 22%1?
and those obtained using the 643&(,3pd) basis sefre again p-Br 1427 1417 247
predominately for the substituents containing fluorine atom(s), mF 1438 1426 1430 1423 248
i.e., p-F, p-CFs, andm-CFs. The average deviation between the =~ M-Cl 1431 1417 1420 1415 256
two sets ofAPDESs reached 5.3 kJ mdl If we do not consider mMeCO 1433 1415 254
. o m-Br 1411 260
p-F, p-CFs, andm-CF; substituents, the average deviation drops m-CF; 1420 1411 1403 274
to 4.2 kJ mot®. We can conclude that employed basis sets do  p-Meco 1404 1387 287
not affect APDEs markedly. Substituents containing fluorine  p-Ck 1410 1402 1399 1390 288
atom(s) represent the only exception. A larger difference in nCN 1405 1390 1395 1390 288
APDE was found also fq-NO; in the case of the 6-3#1+G** mMeSQ, 1386 289
. p-CN 1390 1387 1377 1372 304
and 6-31%G(,3pd) basis sets. m-NO; 1399 1376 1391 1383 296
Studied phenols show roughly linear dependencesRIDEs p-MeSQ, 1385 1371 311
on Hammett constants (Figure 2). These can be described with p-NO, 1372 1342 1370 1353 1346 339
following equations aFrom ref 38.° From ref 39.¢ From ref 37.¢ From ref 23.
APDE/kJ mol'* = 26-930, (11) slope of ABDE = f(op) is steeper than the slope ABDE =
APDE/KJ mol* = 491505 (12)  [om dependence.

PAs and their Dependence on Hammett Constantdn the
] o case of proton affinities, obtained calculation results can be
Correlation coefficients reacheet0.933 and —0.900. The compared with experimental values. Fujio ef@aperformed
correlation of APDEs withg, constant¥4%4lis worse than  gas-phase acidity measurements with pulsed ion cyclotron
correlation witho,. Zhang et af also found better correlation  resonance (ICR) mass spectrometer. Found PAs are shown in
for the groups in the para position, in the case of 9 groups in the Table 3 (P column). Standard deviation of the measured
meta position the correlation coefficient reached only.878. values is 8.8 kJ mot. McMahon and Kebarf® determined
Vafiadis and Bakalbassiobtained similar reSUltS, too. The gas_phase PAs of substituted phen0|s and benzoic acids;
comparison of line slopes indicates that groups in meta position experimental values were measured using pulsed electron beam
exert stronger influence upohPDE (or PDE) than groups in high-pressure mass spectrometer (HPMS). Their results are
the para pOSition, i.e., the decrease in PDE with Hammett summarized in the Péoms column of Table 3. Standard
constant is significantly steeper for groups in meta position (the deviations of obtained values are in-82.5 kJ mot-* range.
slopes ratio reached 1.71). The two experimental data sets are in good agreement. Although

Because in all three possible mechanisms (HAT, SET-PT, |ICR values are higher than HPMS ones, differences for the
and SPLET) the overall result is the same (ArGHArO* + majority of substituents do not exceed 15 kJ MglL%). Larger
H*), ABDE represents the sum @IP; and APDE. In other  deviations were found only fom-OH, m-NO,, and p-NO,

words, the sum of slopes @iP; = f(op m) and APDE = f(ap,m) groups, where differences between determined values are-in 22
dependences should correspond to the line slopes of found3p kJ mot? range.
ABDE = f(op,m) dependencéd Except the experimentally found PAs, calculated values are
available, too. Vianello and MakKsitobtained PAs of para-
ABDE/kJ mol'* = —9.8+ 36.70,, (13) substituted phenols from MP2(fc)/6-31G**//B3LYP/6-31G-
(d) calculations applying triadic formula (TF). Their results are
ABDE/kJ mol'* = —2.01+ 18.7,, (14) in the column denoted PA (Table 3). Chandra and Uchimafu

employed the DFT/B3LYP method to compute BDEs and PAs
The sums of line slopes for para- and meta-substituted phenolsof 9 para- and 9 meta-substituted phenols using two basis sets.
reached 35 and 17, respectively. These are in good agreemenTable 3 in the column P& contains PAs calculated using
with the slopes in egs 13 and 14. Although the line slopes relatedthe larger, 6-31%+G(2df,2p), basis sé Our results for
to substituents in meta position &P, = f(or,) and APDE = 6-311++G** basis set are summarized in the “PA” column.
f(om) dependences are significantly steeper than those related From the comparison of obtained PA values with ICR data
to groups in para position, the overall effect is inverse, i.e., the itis clear, that experimental values are higher, average deviation
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1480

TABLE 4: Experimental and Calculated APA Values and
Calculated AETE Values in kJ mol~?!
1460 -
substituent APAu:zca APAHpMsb APATFC APALBd APA AETE
p-NMe; 9 -5 4 —44 1440 =
p-NH2 14 18 14 19 18 —56 1420 1
p-OH 9 6 9 6 —27 S
p-MeO 5 3 8 10 7 -31 E ol
p-t-Bu -3 -2 1 -8 2
p-Me 5 5 5 5 5 —14 2 ol
m-NH; 6 4 8 7 -11
m-NMe, 5 8 -11 1360 |
m-t-Bu -2 0 -4 .
m-Me 2 2 3 -3 1340 | E
_ — 1 1 1 1 1 1 1 1 1
p Ph 29 19 1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0
p-F —-10 —-11 —12 —-11 —-13 6
m-Ph -15 15 mp
m-OH —10 —6 -8 -9 7 Figure 3. Dependence of PA vs, (M, solid line) andsr, (O, dashed
m-MeO -5 -6 -4 -3 -2 line).
p-Cl —25 —28 —-23 27 —-27 23
ﬁ;BFr 3 s —29 o :gg gg Figure 3 shows the P f(g,) and PA= f(o) dependences.
mCl 30 33 34 _3a 138 Linear regression provides these equations
m-MeCO —28 —33 35 1
m-Br -38 42 PA/kJ mol™ = 1425-710, (15)
m-CF; —41 —43 —46 55
p-MeCO  -57 -62 69 PA/kJ mol* = 1445-880,, (16)
p-Cks —51 —54 —55 —58 70
m,\CA':SQ —56 60 —59 :gg ;(1) Correlation coefficients are-0.931 and—0.978 for groups
p-CN -7 —74 —69 77 —-77 86 in para and meta positions, respectively. If we exclpdeMe,
mNO, —62 —66 -63 —66 78 group from the regression analysis, the correlation coefficient
p-MesQ  —76 -78 93 reaches-0.965 and the line slope jumps te82 kJ mot L. This
p-NO; -89 —-108 -8 -101 -103 120 indicates that substituents located in para and meta positions

aFrom ref 38.° From ref 39.¢ From ref 37.9 From ref 23.

is 14.1 kJ mot®. The largest difference was found in the case

have rather similar influences on PA. Experimental ICR values
follow analogous trends, obtained dependences with correlation
coefficients—0.945 (para) and-0.974 (meta) are as follows

of p-NO, group (26 kJ moit). However, the two experimental PA/kJ mol't = 1440-660 (ICR) (17)
values are significantly different for this group, too. Our results .
are in very good agreement with HPMS PAs; the average PA/kJ mol* = 1457-780, (ICR) (18)

deviation reached only 2.2 kJ madl Generally, PAs obtained
from triadic formula are in better accordance with ICR data,

With the respect to the found standard deviations of the line

whereas the DFT/B3LYP method gives values closer to HPMS slopes (6 and 7 kJ mol for groups in para and meta positions,

PAs. Applying the larger 6-3H1+G(2df,2p) basis sétresults
in higher PAs. Differences in the two DFT/B3LYP results are

still within the experimental errors range, because the differences

between individual values are in9 kJ mol! range and the
average deviation reached 6.3 kJ moWe can conclude that
our DFT/B3LYP proton affinities are in the best agreement with

respectively), we can conclude that there cannot be observed a
significant difference between the two slopes.

In the case of substituents in para position, PA values can be
successfully correlated with,~ constant$33’ These are used
for phenols and anilines if the permanent negative charge on
the reaction site can be resonance stabilized by a substifént.

16 available HPMS values, whereas the MP2 method (and Linear fit confirmed that PA values correlate with constants

application of the triadic formuld) offers values in best
accordance with experimental ICR d&ta.
Table 4 contain?\PA values, APA = PA(X-PhOH) — PA-

(PhOH). These show that electron-donating substituents slightly

better in comparison withy, constants. We obtained following
linear dependence

PA/kJ mol * = 1425~ 670, (19)

increase PA, whereas electron-withdrawing substituents are able

to lower PA significantly. Found PAs are in 121 kJ miolange.
From theAPAs point of view, all experimental and calculated

with the correlation coefficient-0.976.
ETEs and their Dependence on Hammett Constants.

values are in considerably good agreement. Larger deviationsElectron transfer from the phenoxide ion represents the second
between the individual data sets can be observed only for thestep in SPLET mechanism. Although there are no experimental/
strongest electron-donating and electron-withdrawing groups, theoretical values of its reaction enthalpy available, obtained
p-NMe; andp-NO,, respectively. Differences between the rest ETEs can be considered reliable, because we found reasonably
of experimental (ICR, HPMS) and calculated (TF, LB, and our good agreement between experimental and calculated values
values) APAs exceed 5 kJ mol only in three cases. The of proton affinities and phenolic ©H bond dissociation
average deviation between the two experimental data sets isenthalpies’® ETE values (Table 3) are significantly lower than
3.4 kJ motl. Deviations between the individual sets of PAs. From the calculated data, especially fraAfBTEs (Table

calculated and experimental values lie in 438 kJ mof?
range; the largest deviation is betwe&RAs determined from

4), following trend is observable: electron-donating groups
cause the decrease in ETE and electron-withdrawing groups

HPMS experiments and the those calculated on the basis ofinduce the increase in ETE. All values are in the 164 kJ ol

triadic formula.

range. Electron-withdrawing groups alter ETE more than
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360 —— T T T T T T T ] TABLE 5: Experimental PR and Calculated (PCM model)
340 | ABDEq, in kJ mol 1
320 - substituent PR PCM A(ABDEg)°
sor p-NH; -53 -56 -3
_ 20 p-OH —34 —29 5
S 20} p-MeO -23 -26 -3
S ol p-Me -9 -10 -1
4
o f p-Cl 0
e 20 p-Br 1
200 p-MeCO 8 17 9
180 [ p-CN 19 21 2
ol p-NO, 25 32 7
1401'0 aFrom ref 10.> A(ABDEg,) = ABDEg(PCM) — ABDEg(PR).
O-m,p
Figure 4. Dependence of ETE vs, (M, solid line) and, (O, dashed the O-H group of a substituted phenol represents the process
line). with the highest energy requirement.

Solvent Effect: Influence of Water on the IR, PDE, PA,
electron-donating ones. Dependences of ETEs on Hammettand ETE. Because SET-PT and SPLET mechanisms are of
constants (Figure 4) show that substituents located in para andmportance in solvated media, it is interesting to explore how

meta positions exert identical effect upon ETE the solvent alters the reaction enthalpies of individual steps of
the two mechanisms. To shed light on the solvent effect, we
ETE/kJ mol't = 232.0+ 105.4, (20) performed PCM (polarized continuum model) method calcula-
tiong?2:27:49-51 in B3LYP/6-314-+G** basis set for the non-
ETE/kJ mol'* = 220.1+ 106.3s,, (21) substituted phenol and nine para-substituted phenols in water.

PCM method developed by Tomasi and co-work&tsprovides

Correlation coefficients reached 0.970 (para) and 0.973 (meta).the solvatation free energy corresponding to the 1 mof L
The sums of the corresponding line slopes of EFH(j, ) standard state and 298 K. Although correcting gas-phase

and PA= (o, dependences give 34.4 and 18.3 for para- and enthalpies with PCM solvatation free energies does not represent
meta-substituents, respectively. These values agree with the linOrTect approach, calculated enthalpies can be considered
slopes describing the substituent effect on BDE (eqs 13 and"€@sonable approximations. Moreover, it can be assumed that
14) satisfactorily. reaction entropies of the phenolic-®1 bond splitting-off are
Found Hammett-type dependencies confirm that substituents@lmost identical for the nonsubstituted and substituted phnols
produce considerable changes in all studied reaction enthalpies2nd the contribution stemming from the different standard states
If we compare gas-phase BDEand IPs, we can see that both  rélated to the gas-phase values and the solvent effect calculations

dependences are analogous. Electron donors cause considerabfé!l 2lso cancel in the case &§BDE, AP, APDE, APA, and
drop in the two quantities. Electron-withdrawing groups raise AETE values. Therefore, these two contributions do not affect

BDEs and IPvalues of substituted phenols, however substituent the line slopes of the corresponding Hammett dependences.
produced changes are smaller. ThgBPE ratios are in 1.82 Because Gaussian 03 allows solution-phase geometry optimiza-
2.26 range that can be considered narrow. The averaDP tion, thl_s apprqach was _used fo_r the parent molecules and their
ratio is 2.12, and 95% of values lie in 2.320.04 range. IP respective radicals, radical cations, and anions.
BDE ratio rises with the Hammett constants, but this trend is Hereafter, we will label solution related quantities with the
very weak and individual IPBDE values are quite scattered. Subscript “sIn”. For the enthalpy of the hydrogen radical, H
From the comparison of BDEs and PAs it is clear that these hydratation, we usee-4 kJ mof* value?°3
quantities follow opposite trends. Although electron-donating ~ BDEs of phenol and para-substituted phenols in the water
groups lower BDEs, they cause slight increases in the protonwere calculated to ascertain the reliability of applied compu-
affinities. Electron-withdrawing substituents lower PAs and raise tational approach. The obtained phenol BRRialue, 352 kJ
BDEs. The PA/BDE ratio drops from 4.4-{NMey) to 3.4 (- mol~%, is lower than experimentally determined BDE in the
NO,). PA/BDE ratio decreases with the increase in Hammett water, 369 kJ mo*.1° However, 5 kJ moi* difference between
constant. The trend can be considered linear because thdhe calculated gas-phase BDE, 347 kJ mdf and BDEy, is
correlation coefficient of this dependence reached 0.978.in very good agreement with other published results. Bizzaro
Therefore, in comparison to strong electron-donating substitu- et al.?? on the basis of photoacoustic calorimetry experiments
ents, we can expect that strong electron-withdrawing groups and semiempirical AM1 calculation of the difference between
will have a higher tendency to enter the SPLET reaction enthalpies of hydrated phenol and hydrated phenoxy radical,
pathway. found that BDE, of phenol in water is higher than gas-phase
We can conclude that substituents caused the largest changeBDE by 4 kJ mof!. The difference between the latest
in IP; values. The found ranges of substituent induced changesrecommended gas-phase BDE (362.4 kJ &t and the above-
are in this order: 1P(233 kJ mot?1) > PDE (180 kJ mot?) > mentioned experimental value 369 kJ miin water is ca. 7
ETE (164 kJ mot}) > PA (121 kJ motl). These are  kJ mol™

significantly larger than 62 kJ mol found for BDEs*® Table 5 contains calculatesBDEg, values, wheré\BDEg,
Because calculated gas-phase ionization potentials and protor= BDEg (X —CsH4OH) — BDEg(CsHsOH), together with those

affinities are significantly higher than phenolic-® group obtained from pulse radiolysis (PR) experiméftfor para-

BDEs, we can conclude that homolytic-® bond splitting- substituted phenols in water. It is advantageous toABBE,

off represents the most probable process in the gas phase fronvalues for the comparison of the substituent effect, because DFT
the thermodynamic point of view. Abstraction of the proton from generally underestimates individual BDEs. The differences
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TABLE 6: Calculated BDE, IP,, PDE, PA, and ETE Values
of para-Substituted Phenols in Water in kJ mol!

substituent BDEx IPr gir2 PDEy, PAgin ETEg®
— 352 346 6 152 201
p-NH 297 237 60 165 132
p-OH 323 291 32 160 163
p-MeO 326 296 30 157 169
p-Me 342 326 15 156 186
p-Cl 352 347 6 143 236
p-Br 353 345 8 142 211
p-MeCO 369 377 -8 121 247
p-CN 373 394 —22 121 251
p-NO, 384 410 —-27 102 281

aValues represent lower limits. For explanation, see the text.

between calculated and experimentBDEg, values did not
exceed 9 kJ moll. The average deviation between calculated
and experimentaABDEg, values reached 4.1 kJ mél Such
deviations are usual for the results of various experimental
approaches, tod7:%11

It is also interesting to compare calculated and experimental
BDEs when we want to compare energy requirements of all
possible mechanisms of phenols antioxidant action. Obtained
BDEs, values are in 297384 kJ mot! range (Table 6),
whereas experimental values lie in 3184 kJ mot ! rangel®
Differences are in the range from 10 to 19 kJ mcand the
average deviation reached 14.9 kJ mol

CalculatedABDEg, and BDEy, values show that chosen
approach may provide reasonable results for the estimation of
substituent effects on the reaction enthalpies related to SET-
PT and SPLET mechanisms in water solutions and for the
comparison of energy requirements related to HAT, SET-PT,

and SPLET mechanisms. We can compare only calculated andypizined the followin

experimental BDE;, values, because no experimental study of
the energetics of SET-PT and SPLET mechanisms in solvated
media is available yet.

Water causes considerable changes of the enthalpies of

molecule, radical, anion and the radical cation of studied
phenols. Hydratation of nonsubstituted phenol, its radical cation
and radical produces 224 kJ méldecrease in lPand 235 kJ
mol~! increase in PDE. In the case of SPLET mechanism,
hydratation of the molecule and anion caused 207 kJ hubsbp

in PA. On the other hand, obtained ETE is due to hydratation
of anion and radical higher by 219 kJ mél All these values

do not take the enthalpies offHand electron hydration into
account. Enthalpy of H hydratation is—1090 kJ mot?1.46 |t

Klein and Lukes

Because IRy, and ETE,, related to the following reactions

ArOH(ag)— ArOH""(aq)+ e (aq)IP. (24)

,sIn

ArO (ag)— ArO’(aq)+ e (ag)ETE,, (25)
depend om\pygH(€™), usingAnyaH(e™) = —236 kJ mot?, one
can find lower limits of IRg, and ETE,. For the phenol it
represents IR, = 346 kJ mot! and ETEj, = 201 kJ mot ™.
Calculated PA, and PDE, values together with estimated
lower limits of IR, gnand ETEy, values are compiled in the Table
6. It can be assumed that actualJPand ETEy, are by several
tens of kJ mot? higher. HoweverAn,qH(e™) value does not
affect substituent induced changes inglPand ETE, values
expressed ad\lP; g, and AETEy, (differences between the
enthalpies of substituted phenol and the phenol itself).

PAgin values from Table 6 indicate that the energy requirement
of the SPLET first step in water is significantly lower than
BDEg, or IPs,. BDEgy values and lower limits of IR, values
for the majority of studied substituents are similar. We can
conclude that in water SPLET represents the most probable
reaction pathway from the thermodynamic point of view, i.e.,
low PAgn values favor entering SPLET. RAdecreases with
an increase in the electron-withdrawing effect (Hammett
constant) of a substituent. For electron-withdrawing groups, the
difference between BDJ and PA, values is significantly more
pronounced in comparison to strong electron-donating groups.
Whereas the BD&/PAg, ratio for NH, reached 1.8, in the case
of the NG, group, this ratio is 3.8. This implies that substituted
phenols with an electron-withdrawing group may enter the
SPLET pathway more likely than phenols with electron-donating
substituents.

Using linear regression, for the studied quantities, we have
g dependences @g(or o)

IP, = 325+ 109, (26)
PDE= 16— 530, 27)
PA=151— 350, (28)
ETE= 197+ 980, (29)

Absolute values of the correlation coefficients are in 0:977
0.985 range. All these dependences are less steep than those
found for gas-phase data. However, for #hd ETE values,

the differences are relatively small. Moreover, the regression
analysis was performed only for 9 groups instead of all 15.

severely affects the enthalpy of reaction in these two processespptained results predict a smaller effect of substituents on the

ArOH"*(ag)—~ ArO"(ac)+ H' (aq) PDE,,  (22)

ArOH(aqg)— ArO™(aq)+ H'(aq) PA,, (23)
For phenol, it results in PDg = 6 kJ mol! and PA, = 152
kJ mol ™.

Because the enthalpy of electron hydratatidmyqH(e™),
could not be found in the literature, its upper limit was estimated
from the calculated gas-phase total enthalpies of proton (6.197
kJ mol™?), electron (3.145 kJ mot),*” and hydrogen atom
(—1312.479 kJ molt) and the enthalpies of hydratation of the
hydrogen atom-4 kJ mol1)4%50and HF (—1090 kJ mot?).46
The thermodynamic cycle treatment giveg,qH(e™) = —236
kJ moll, when the enthalpy of Haq) + e (aq) — H*(aq)
reaction is zero. Actually, this reaction has to be exothermic
and the trueAnygH(e™) value has to be higher (less negative).

studied quantities in water. However, found trends remain

identical. Generally, Hammett-type dependences play also
important prediction role, because obtained equations enable
to estimate new IP, PDE, PA, and ETE values from Hammett

constants or vice versa.

Understanding why one mechanism is preferred over another
requires knowledge of both thermodynamics and kinetics of the
reaction. Besides, the kinetic barriers related to individual steps
of a considered mechanism are also important. For example, it
is known that reactions of €H bonds and carbon radicals are
much (10) slower than analogous reactions of RB and RO
at the same driving forc®. Depending on the solvent and
present radical species properties, in the solutions one of the
possible antioxidant action mechanisms may prevail, as it was
confirmed in refs 33-36. Because HAT does not involve charge
separation, it is preferred in nonpolar solvents, whereas SET-
PT and SPLET mechanisms are favored in polar media due to
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the charge separation procé8©ur results show that solvent (6) Musialik, M.; Litwinienko, G.Org. Lett 2005 7, 4952.

may affect substituent induced changes in the studied quantities  (7) Denisov, E. TPolym. Degrad. Stat1995 49, 71.

in some extent, although for BDEs and especially ABDEs Che(n’%l)' ggg%"gx'ﬂae&%géng' X.-M.; Satish, A. V.; Cheng, J.&Am.
it was found that solvents/phases and experimental tech- (9) Bordwell, F. G.; Cheng, J.-B. Am. Chem. Sod.991 113 1736.
niqgues employed to determine BDEs do not affa@DEs (10) Lind, J.; Shen, X.; Eriksen, T. E.; Merenyi, G.Am. Chem. Soc.
markedly379-11.15480n the other hand, DFT/B3LYP calcula- 1990 112, 479.

tions showed certain differences betwesBDE values in a (11) Mulder, P.; Saastad, O. W.; Griller D. Am. Chem. Sod.98§

, : X 110, 4090.
vacuum and in DMSO solutlor?é,espec_lally for strong electron- (12) Wayner, D. D. M.; Lusztyk, E.; P4g®.: Ingold, K. U.; Mulder,
donating groups. However, trends in the substituent effects p.; Laarhoven, L. J. J.; Aldrich, H. §. Am. Chem. S0d.995 117, 8737.
should be independent of the phase or solvent. (13) Wayner, D. D. M,; Lusztyk, E.; Ingold, K. U. Org. Chem1996
61, 6430.

(14) Correia, C. F.; Nunes, P. M.; dos Santos, R. M. B.; ®smd. A.
M. Thermochim. Act&2004 420, 3.

In this article, the reaction enthalpies of the individual steps _ (15) de Heer, M. I.; Korth, H.-G.; Mulder, R Org. Chem1999 64,
of two antioxidant action mechanisms, SET-PT ar}d SPLET, (16) Pratt, D. A.: DiLabio, G. A.: Mulder, P.: Ingold, K. Ucc. Chem.
for meta- and paraubstituted phenols were studied. Both Res2004 37 334.
mechanisms may represent alternative ways to the extensively (17) Haeberlein, M.; Brinck, TJ. Phys. Chem199§ 100, 10116.
studied HAT mechanism (mainly in terms of BDEs). The 20(()28)10J7ogr58503n, E. R.; Clarkin, O. J.; DiLabio, G. A. Phys. Chem. A
calcqlatlons provided the full qurmatlon related to the energy (19) D}Labio; G. A Pratt, D. A LoFaro, A. D.. Wright, J. S. Phys.
requirements of the two mechanisms. We can conclude that thechem. a1999 103 1653.

DFT/B3LYP method with 6-31%+G** basis set giVGS prOton (20) Brinck, T.; Haeberlein, M.; Jonsson, NI. Am. Chem. S0d.997,
dissociation enthalpies and proton affinities in very good 119 4239.
agreement with the available experimental and/or theoretical Ch(ezr#) g’\(’)rc'gggfﬁa igz%e”te“ D.J;; McKay, D. J.; Ingold, K.JJAm.
_data._ Beca_use in all studied mecha_msms the_ overall result is (22) Fu, Y.: Liu, L.; Mou, Y.: Lin, B.-L.; Guo, Q.-X.J. Mol. Struct.
identical with that of HAT mechanism, obtained values of (THEOCHEM)2004 674, 241.
ionization potentials (representing the reaction enthalpy of (23) Chandra, A. K.; Uchimaru, Tint. J. Mol. Sci.2002, 3, 407.
X-PhOH— X-PhOH'"* + e7) and enthalpies of electron transfer (24) Yao, X.-Q.; Hou, X.-J.; Jiao, H.; Xiang, H.-W.; Li, Y.-W. Phys.
from phenoxide ion can also be considered reliable Chem. A2004 108 10834. )

. . " (25) Estaio, S. G.; do Couto, P. C.; Cabral, B. J. C.; da Piedade, M. E.
~We have found that electron donatlng_ substlt_uents induce the : simees, J. A. M.J. Phys. Chem. 2003 107, 9991.
rise in PDE and PA, whereas electron-withdrawing groups cause (26) Cabral, B. J. C.; Canuto, €hem. Phys. Let2005 406, 300.
the increase in the reaction enthalpies of the processes WhereC h(27) ABz%kgslbagsisé %’ G.; Lithoxoidou, A. T.; Vafiadis, A. P.Phys.
the electron i tracted (IPs and ETEs). Gr in meta“nem- 107, 8594.

€ e ectro S. apstrac eq (IPs .a d S) G oups . cta (28) Klein, E.; Matis, M.; LukésV.; Cibulkovg Z. Polym. Degrad. Stab.
position have in comparison with the substituents in para 5405 91 262.
position significantly greater influence on IP and PDE, i.e., for  (29) zhang, H.-Y.; Ji, H.-FJ. Mol. Struct. (THEOCHEMROO03 663
the groups in para position the same difference in Hammett 167.
constant leads to smaller change in these quantities. In the casg (30) Zhang, H.-Y.; Sun, Y.-M.; Wang, X.-LJ. Org. Chem2002, 67,
of the PAs that are related to SPLET mechanism, the same®’ oo;

. 8 ! . (31) Pratt, D. A.; DiLabio, G. A.; Brigati, G.; Pedulli, G. F.; Valgimigli,
difference in Hammett constant also leads to larger change inL. 3. Am. Chem. So@001, 123 4625.
PAs for the groups in meta position. However, this difference  (32) Burton, G. W.; Doba, T.; Gabe, E. J.; Hughes, L.; Lee, F. L.; Prasad,
is not so pronounced as in the case of IPs and PDEs. The twol- Ingold, K. U.J. Am. Chem. Sod 985 107, 7053.

(33) Litwinienko, G.; Ingold, K. UJ. Org. Chem2003 68, 3433.
dependences of ETEs on Hammett ConStam@"‘X have (34) Litwinienko, G.; Ingold, K. UJ. Org. Chem2004 69, 5888.

practically identical line slppes; substituents in both positions (35) Foti, M. C.; Daquino, C.; Geraci, 0. Org. Chem2004 69, 2309.
induce the same change in ETE. (36) Litwinienko, G.; Ingold, K. U.J. Org. Chem2005 70, 8983.
Finally, we have estimated JFPDE, PA, and ETE values of (37) Vianello, R.; MaksicZ. B. Tetrahedron2006 62, 3402.

phenol and nine para-substituted phenols in water and confirmed (38) Fujio, M.; Mclver, R. T.; Taft, R. W.J. Am. Chem. Sod981,
that found trends are valid also for the liquid-phase values. 1033301,\;“ hon. T. B. Kebarle. R1. Am. Chem. Sod977 99 2222
However, the results indicate that solvation attenuates the 2403 Kr(i/ggwgﬂi‘, T.M.; Se;e?éﬁB- T. gﬁem-egé- 2805 105 3482.
substituent effect, especially in the case of PDEs and PAs. From  (41) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165.
the thermodynamic point of view, entering SPLET mechanism  (42) Klein, E.; Lukés V.; Cibulkova Z.; Polovkova J.J. Mol. Struct.

represents the most probable process in water. (THEOCHEM)2006 758 149. .
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