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A theoretical analysis is presented concerning the study of the influence of the substituent X on the acidity
of a set of parasubstituted phenols-BsH,OH. Linear correlation analyses between calculated Gibbs free
energy changes on dissociation of parasubstituted phenols in the gas AB8¥elie hydrogen atom charge

of X—CgH4OH (gn), and the electronegativity of the fragment-XsH4O (yxcqn,0) Show that acidity is related

to gn and yxcH,0- When the electronegativity increases, the hydrogen atom charge and the acidity of the
parasubstituted phenols increase as well. These results suggest that there is no direct interaction between the
X substituent and the hydrogen atom; the effect is primarily due to the interaction of X witheti®C

group. The substituent does transmit its effect throughntisgstem of the benzene ring, agd shows the

effect of the electronegativity of the fragment-XsH,4O on the hydrogen atom. Analytical equations obtained
from density functional theory (DFT) and the hard and soft acids and bases principle (HSAB) provide guidelines
to obtain a quantitative description of the fit parameters in the linear correlation equations. The results obtained
suggest thatyy is representative of the gas-phase acidity of parasubstituted phenols.

Introduction Recently we were working with a simple linear regression
Acidity and basicity play important roles in determining the analysis to predict the effect of substituents on the reactivity of
chemical reactivity of organic compounds. Several organic parasubstituted phenolate anidAsThe reaction betweep-
reactions begin with steps that involve reagent protonation or nitrophenethyl bromide, N§ZsH,CH,CH,Br, and a set of
deprotonatior. In the elimination (E2) and substitution (&) parasubstituted phenolates ¥GO ~ yielded elimination (E2)
reactions of alkyl halides, the eliminatiesubstitution ratio (E2/ ~ and substitution () products® The linear regression analysis
S\2) depends on the basicity of the nucleopRila.particular, between equilibrium (K2) and kinetic (E2/§2 ratio) parameters
the reaction betweep-nitrophenethyl bromide and parasubsti- showed that phenol acidity is related to the E2$atio. The
tuted phenolates shows that the (EZpratio increases when  extent of charge dispersal in the parasubstituted phenolate anions
the phenol acidity decreases (phenolate basicity incredses). was considered to be the key to understanding the gas-phase
The influence of the substituent on the acidity of benzene acidity orders. The parasubstituted phenolssMdfO—H, with
compounds has been explained, in general, in terms of resonancéighly delocalized conjugate base anions (resonance stabilized
and inductive effect$ Although a substituent on a benzene ring by an electron-accepting substituent), were relatively strong
is expected to interact by the two mechanisms, the simple acids in the gas phase, whereas those whose conjugate base
linearity of manyop relationships might seem to imply the anions were strongly localized behaved as weak acids in the
existence of a single interaction mechanfsfor example, in gas phase. Because the effects of the substituents on the acidity
the benzoic acid ionization where the scale is widely of phenols were largely determined by effects in the phenolate
applicable, it has been suggested that the substituent effect isaniond?~16 and because there was a close correspondence
primarily inductive, due to the fact that there is no direct between the positive charge carried by the phenolic hydrogen
resonance interaction between the substituent and the reactioratom @) and the [, values of the phenol&,the objective of
center® In the ionization ofp-nitrophenol, where correlation  this paper is to show that the substituent influence should be
with the o scale is not observed, it has been suggested that thedescribed in terms of the properties of phenol (bond polarization
nitro substituent can come into direct resonance interaction with XC¢H40%°~—H%* and bond dissociation X&,0—H) and
the 7 system of the benzene ring and the reaction center; in phenolate anion (anion stabilization ¥@,0~). To our knowl-
these cases the balance of inductive and resonance contributionedge, no study has been presented so far in this regard.

of the substituent is significantly different from that in the | this context, we have calculated the phenol/phenolate Gibbs
benzoic acid system, as the resonance interaction will becomefee energy changeAG°) in a set of parasubstituted phenols
more imp(_)rta_nﬁ. ) o ) XCeH4OH in the gas phaseAG® describes the acidity of the

~ Aquantitative understanding of the acidity substituent effect g pstituted phenol and therefore is sensitive to the substituent
is of general interestHowever, analytical equations for acidity  gffect. Great guantitative agreement between experimental and
substituent effects remain absent, and the extra-thermo-¢y|cylated data was obtained. Linear variations betws@h,
dynamic equations often found are simple linear Gibbs free ¢ hydrogen atom charga), and the electronegativity of the
energy relationship®? In the Hammett equation, for example, fragment %-CsHsO (yxcq,0) Were obtained; when the elec-
log({ K3} {K3}) = po, the assumption is that within a particu-  tronegativity of the ¥-CgH,4O fragment increases, the hydrogen
lar class of acids, the substituents produce free energy changegtom chargey, and the acidity of the parasubstituted phenols
which are linearly additivé?!* XCgH4OH increase as well. To understand the nature of the

* Author to whom correspondence should be addressed [telephone Prameters involved in determining the acid strength of para-
(52)55-58046417; fax (52)55-58046415; e-mail fm@xanum.uam.mx]. substituted phenols X§El;OH, the phenol/phenolate Gibbs
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Acidity of Parasubstituted Phenols

TABLE 1: Absolute Gas-Phase Acidity AG® of the
Parasubstituted Phenols (All Values Are in Kilocalories per
Mole)

X AG(cJalcdl61 AG'gxptlb |AG(c)alcdli AG‘;xptll
Chks 3251 331.1 5.6
CH.CHjs 339.8 343.6 3.8
CHs 340.9 344.1 3.2
CHO 321.6 327.2 5.6
Cl 332.6 337.1 4.5
CN 320.9 326.4 55
COOCH; 326.1 331.3 5.2
COOH 324.2 333.2 9.0
F 336.2 340.7 4.5
H 3394 343.0 3.6
i-Pr 3395 343.1 3.6
NH2 343.2 346.3 3.1
NO, 314.6 322.1 7.5
OCH; 340.2 344.2 4.0
OH 340.3 344.2 3.9
t-Bu 3394 342.4 3.0

aValues obtained through the equatid®;; = G°(XCsH4O™) +
GQ(H+) - GO(XC5H4OH). The gapG°(XCeH4O‘) - GO(XC5H4OH)
and G°(H*) were obtained by means of a vibrational calculation and
statistical thermodynamics, respective®’,(H") = — 6.26 kcal/mol.

b Experimental values obtained from ref 22.

energy gap was described in terms of bond polarization
XCeH4O%~—H%t, bond dissociation XgH.O—H, and anion
stabilization XGH4O~. An extra-thermodynamic equation was
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relationship applies. The two-parameter linear model was
used?324

AG® =a,+ a;x; (3)
In eq 38 and a; are the fitted constants. The electronic
properties of the fragmenig considered in this study were the
hydrogen atom charggu, the chemical potentiak, and the
hardnesg;.1” The DFT global properties andy represent the
system as a whole, and they have the same value everywhere
in the molecule. The chemical potentiatepresents the change
in energyE with the number of electrony, u = (dE/oN),, and
it is identified as the negative of the electronegativjtyu =
— x).?® Pearson’s chemical hardnesg,is the change in the
chemical potentialx with the number of electrond\j, » =
(0uldN), (the chemical softness is the inverse of the hardness
S = 571).1726The derivatives can be evaluated under a finite
differences scheme?” asu = Yy(I + A) andy = Yo(l — A),
wherel is the ionization potential andélis the electron affinity.
The structures and energies of the gkigO, XCgH,4, and X
fragments were calculated at the B3LYP/6+33** ground
geometry of the XgH4OH by means of GAUSSIAN 98 The
| andA values of the structures were calculated from the energies
of the oxidized and reduced (cation and anion) species at the
geometry of the neutral for all of the fragments and parasub-
stituted phenols. There was no spin contamination for the
doublet open shell structures calculated at the UB3LYP/6-
31+G** level. Table 2 shows the hydrogen atom chargg) (

obtained and then was developed in terms of the density and the DFT global properties of the X640, XCsHa, and X

functional theory (DFTY and the hard and soft acids and bases
principle (HSAB)8

Results and Discussion

fragments and the parasubstituted phenolgbKOH.
Table 3 shows the results of a simple linear regression
analysis between thaGg,, values and thejy of the XCsHa-
OH and the DFT global properties of the ¥€,0, XCgH,4, and
X fragments and the Xg1,0OH. In generalgn, uxcgH,om, and

The ground-state structures and energies of 16 parasubstituteg;yc 4,0 yield correlation coefficient&2 > 0.90. On the other

phenols XGH,OH and 16 parasubstituted phenolatesMO~
were calculated at the B3LYP/6-315** level by means of
GAUSSIAN 981° The dissociation reaction of the substituted
phenols XGH4OH is represented in the gas phase by eq 1:

X—@—OH — x—@—o* + H

(1,
(@ (@ (2

the absolute gas-phase aciditys;, is given by

AGYy= G°(XCH,O) + G°(H") — G°(XCgH,OH) (2)
The Gibbs free energieG°® (XCeH,OH) andG® (XCeH4O7)
were obtained by means of a vibrational calculation using
GAUSSIAN 981° The Gibbs free energ®°(H™) was obtained
considering the translational energy of the proton, using
statistical thermodynamic relatio®sln agreement with previous
calculationg! good values ofAGZ;, were obtained. The
calculatedAGg, .4, values underestimate theGe,,, values by

9 to 3 kcal/moF2 From Table 1 we can observe that the acidity
of the phenol is altered by adding a substituent X in the para
position; the electronic influence of the substituent X can be

exerted at the reaction center OH and/or at the base structure

CeH4, where X and OH are bonded. We propose that the

electronic influence of the substituent X should be assessed in

one of the following fragments: X, X§H4, or XCsH4O. If X; is

the electronic property of each fragment, the criterion for
deciding whether the variable has been correctly identified is
simple: the plot ofAGZ, versusx must be linear over the
range of substituents to which the extra-thermodynamics

hand, nxceH,, UxceHs 71x, @andux yield correlation coefficients
R? <0.87. The correlation analysis shows that the acidity of
the parasubstituted phenols depends on the positive hydrogen
net chargeyy and the fragment electronegativigycH,0 (YxcaHa0
= — uxcg0)- The acidity has no linear dependence on the X
and XGH, fragment propertiesx, 17x, txceH, andyxcg, (there
is a significant linear correlation witlaixcg,). The results suggest
that the effect is primarily due to the interaction of X with the
CeH40 structure. If the substituent perturbation is included in
the XGH4O fragment, then the substituent does transmit its
effect through ther system of the benzene ring, agg should
show the effect of the electronegativity of the fragmegin,o
on the hydrogen atom. For this reason, there is no linear
regression with ther scale, mentioned before; the substituent
X behaves as a part of the ¥&,0 fragment.

To obtain an analytical equation for the relationship between
the gas-phase acidity and the hydrogen atomic cha&xG&,can
be calculated asAG® = AH° — TAS.28 In general, a
thermochemical cycle is used for calculatindd®; the cycle
involves the following step42?

XCgH,OH ~ XC¢H,0° + H°
Ho—H" +e
XCgH,0° + € — XCgH,0~

DH°(XCgH,0—H) (4)
(%)
(6)

Iy
—AxcH,0
XCH,OH — XCH,0™ +H*
AH° = DHO(XC6H4O_H) Tly— AXC6H4O ™

AS can be evaluated using statistical thermodynarfics.
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TABLE 2: Calculated Values for gy and the DFT-Based Electronic Propertiesy and 5 for Parasubstituted Phenols and Their
Fragments (@ and 5 Values Are in Electronvolts)

X s txcarion (xcer on)° txcerio (xceH0)° txcers (xCoHa)° ux (17x)°
Ch 0.358 —4.18 (4.84) ~6.26 (3.48) —5.77 (4.38) —7.01 (5.41)
CH,CHs 0.350 359 (4.48) —5.39 (3.34) ~5.11 (4.19) —4.83 (4.84)
CHs 0.350 —3.55 (4.57) —5.40 (3.40) ~5.12 (4.23) ~5.69 (5.30)
CHO 0.358 —4.44 (4.42) —6.25(2.71) —5.69 (4.19) ~5.17 (5.01)
cl 0.353 ~3.77 (4.63) —5.75 (3.45) —5.60 (4.28) ~9.46 (5.74)
CN 0.357 —4.29 (4.62) —6.31 (3.30) —5.94 (4.27) ~9.59 (5.57)
COOCH, 0.357 —4.11 (4.52) ~6.00 (3.29) —5.49 (4.19) ~5.79 (4.67)
COOH 0.358 —4.25 (4.54) —6.15 (3.33) 561 (4.23) —6.30 (4.85)
F 0.352 —3.82 (4.71) ~5.75 (3.53) —5.56 (4.39) —12.46 (8.95)
H 0.351 368 (4.78) —5.68 (3.54) 5.2 (4.31) 2718 (6.43)
i-Pr 0.351 —3.58 (4.46) ~5.36 (3.31) ~5.00 (4.16) —4.40 (4.48)
NH; 0.348 ~318 (4.19) —4.87 (3.24) —4.92 (4.11) ~6.72 (6.07)
NO, 0.362 —5.02 (4.28) —6.65 (3.34) ~6.10 (4.30) ~7.52 (5.15)
OCH 0.350 336 (4.33) ~5.11 (3.28) 517 (4.27) ~7.06 (5.81)
OH 0.351 —3.51 (4.40) —5.25 (3.38) ~5.28 (4.31) ~9.06 (7.30)
t-Bu 0.351 —3.57 (4.43) —5.35 (3.28) —5.07 (4.14) —4.27 (4.16)

2 Obtained from a Mulliken population analysisCalculated through the equations= Y5(1 + A) andy = Y51 — A).

TABLE 3: Correlation Equation for the Parasubstituted the charge shifted in the electronic density reshuffling at constant
Phenols Involving g4 or a Single DFT-Based Electronic chemical potential.

Eﬁ%@g%’rig)ée?ﬁ;;)fo + ax; (AG® Values Are in By substitution of the local expressicfig* AE, = —(upy —
txceri0)2207y + 16) and AE, = —2(n5 16)12(15 + 16) into

fragment X & a R eq 8 we obtain
XCgH4OH OH —1926.34 1018.56 0.96

UXCeH40H 15.70 398.24 0.92 _ 2 - 4

XM ~4.93 359.74  0.01 AHO_(”H “xci0) i (74 10) L~ A 9)
XCeH4sO HUXCeH40 14.59 420.97 0.90 2( 4 +) 2( 4 +) H XCgH,0

MXCaHO 13.93 290131  0.11 w ™ Mo w T Mo
XCeHs UXCeHs 20.90 450.74 0.87

MXCeHa —20.09 422,72 0.04 The condensed hardness valugs and ng represent the
X Ux 0.38 340.19 001 atomic hardness involved in the process when theHGbond

1% 1.69 328.01 0.07 is broken. They reflect how the electronic density in the H and
3 AGg,,y values were used for the linear regression analysis. O atoms may respond to the electronic perturbations resulting

) ) ) _ from removal and addition of charges in the H and O atoms,

There is an expression for the interaction eneryfin respectively. They$, value is obtained fromy = yxcano/fS,

between two chemical speciestAB — A — B in terms of the

chemical potentialu(s, us) and the hardness, is).*° The nucleophilic attackf *(r) = (3p(r)/aN),™. The integration of
gquatlo_nAEim - AE”_+ AE, was obtained by dividing the total +(r) in the neighborhood of t¢1e O atom can be approximated
g\teractlor}“ enzr%y In two_ steps, tlhe charg_(;tgnsfecrj phrocessby using the gross populatiogo for the O atom in the

etween A an at constant nuclear positi , and the - . e _ N
electronic density reshuffling at constant chemical potential X CeH40 neutral and anion specief, = Go(X~CeHa0")
AE,.%° Because the DH(A — B) term can be approximated
by —AEy, the expressiomEn = AE, + AE, provides a
formula to estimate the bond strength DA — B).31 AH®
can be approximated as

wheref§ is the condensed version of the fukui function for

go(X—CeH40°).3536 The 7, value corresponds to the global
hardness of the free H atom; the experimental valug,is=
6.43 eV® Thel parameter is a constant related withedfectve
number ofvalence electronghat participate in the interaction
between H and XCgH4O. It bears information on the system
AH® ~ — AE, — AE, + I,y — Ayc 4 o (8) XCgH4sO—H when H and %X-CgH4O are far away from each

e other and when the Xg1,0—H system is at equilibriuri-37
The results obtained in some organic reactions as 1,3-dipolar
cycloadditons® and the addition of singlet carbenes to alkelies,
yielded/ values equal to 1. Using the local expressios, =
(un — pxce0)/2075 + 15) and eq 9 INAG® = AH® — TAS’,
AG®° can be expressed as

AH° is expressed in terms of the X¥@,0°~—H* bond
polarization energyAE,), the XGH4O—H bond stabilization
energy AE,), the anion stabilization energ¥ycg,0), and a
constant valuelf).

It is interesting to observe from eq 8 that thg  Axcg,0
— AE,)) term is an energy charge-transfer term, and it corre- 5
sponds to the energy required to transfer1AN, electrons ~ AG® ~ [¢ + AN, (AN, — ¢))] + (¢; — 2C,AN,)gy + C,0y
from H to XCsH4O (AN, is the contribution of the charge (20)
transferred between A and B at constant nuclear positins).
In the dissociation reaction, the H atom increases its positive Where co = Iy — Axcgio — TAS €1 = A0y 7o)/ (un —
net charge fromgy to +1. Reed has studied the influence of fixcg,0), andca = 2(p, + 15). It is interesting to observe in
the atomic charge on the proton affinity and has shown that the eq 10 thatAG® becomes a quadratic function qf. Ickowsky
charging energy for the proton affinity reaction is the energy and Margrave have suggested an energy formulation of a neutral
needed to transfer the amount of charge which would bring the atom as a quadratic function of the charge carried by the atom:
conjugate base fragment and the hydrogen to the charges that-Eq = aq + /2bc?, wherea and b are empirical constants
they would carry in the product.The relationship between  obtained from spectroscopic défalable 4 shows the calculated
gn andAN, can be stated ag = AN, + AN,, whereAN, is vaIuesng, TAS’, andAxcgh,0 for the X—CgH4O species; these
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TABLE 4: Electron Affinity (  A), Entropy (AS°), and the substituent constant~ (the Hammet constant that takes into
Oxygen Condensed Hardnessi() Values for the XCsH 40 account the resonance interaction between the substituent and
Species the substrate)we made a linear correlation analysis. The result
X Axcaid® TAS © AN ne obtained suggests that there is no linear relationship betdveen
and o~ (R? = 0.64). However, a simple regression analysis
Ck 64.3 7.6 0.360 250.0 . . . .
CH,CHs 472 74 0.354 3333 shows that there are linear relationships betweerand gy;
CH; 46.4 7.3 0.355 333.3 o~ = 98.12% — 34.393 R = 0.97) andAN, ando™; 0~ =
CHO 81.8 7.4 0.361 200.0 124.1AN, — 44.105 R = 0.93). Haeberlein and Brinck have
Cl 55.4 7.6 0.358 250.0 found a close linear relationship betweenand the electrostatic
CN 69.7 7.5 0.361 166.7 potential ¥/min).16 A multiple-regression analysis shows that there
COOCH 62.6 7.5 0.359 333.3 : ) . 7 o
COOH 65.2 75 0.360 333.3 is a relationship betwees, g4, andAN,: ¢~ = 18.292AN,
E 51.2 75 0.358 200.0 + 84.419y — 36.093 {2 = 0.97); whengy andAN,, increase,
H 49.2 7.5 0.355 166.7 o~ increases as well. Table 5 shows the experimentalalues
i-Pr 47.4 7.5 0.354 333.3 obtained by Fujio, Mclver, and Taft for a set of 10 parasubsti-
NH, 37.6 7.9 0.355 250.0 tuted phenols in the gas phase used by us in the linear regression
NO, 76.4 7.3 0.365 142.9 analvsis?
OCH; 42.2 7.9 0.356 333.3 ySIS. . . . .
OH 43.1 8.6 0.357 250.0 To obtain an analytical relationship between o4, andAN,,
t-Bu 47.7 75 0.354 500.0 we use eq 10 and the expression = —(log e/pRT)(AGy —

aValues of the charge shifted in the electronic density reshuffling AGp) obtained through the equatiodss® = —RT In K, and

at constant chemical potentiahil,) (A and AS® values in kcal/mol po = loQ(KaH/KaX)' The substituent ConSte_‘m_ can _be
and ¢, values in eV)? Obtained through the equatich= E(N) — expressed in terms afN, andgy by the following equation:
E(N + 1). ©AS’ was obtained by means of a vibrational calculation _loge

using GAUSSIAN 98¢ Calculated through t_he eqLiatloqs = AN, o~ g {lc, + ANﬂ(CZANM —c)+(c, — ZCZAN#)qH +
+ AN, and AN, = — (un — uxc:0)/201; + 13). ¢ Calculated pRT '

through the equations = 7xcao/fo- o041y — [6o+ AN,(C,AN, — ¢;) + (¢; — 26,AN,)q, +
values and the experimental valugs= 313.8 kcal/mol and o040} (A1)
un = —7.18 eV can be used to evaluate thg c;, andc;

constants. Table 4 also shows thbl, values calculated from  Table 5 shows the~ values calculated with eq 11, and the
equationgy = AN, + AN,. Table 5 shows the calculated values experimental values obtained by Fujio, Mclver, and Taft for a
AGZ, .42 UsING eq 10 withl=1. Good values oAGZ,, 4, Were set of 10 parasubstituted phenols in the gas pPaSeée
obtained, theAGZ, .4, values underestimate theGg, values calculateds— values underestimate the experimeitaivalues

by 5.50 to 30.96 kcal/mol. At this point, it would be interesting by 0.02-0.22 except for the CHO substituent, which is
to obtain thel values for whichAGE, .4, = AGE,,. Table 5 overestimated by 0.4. The calculated value trends are

shows the calculated values obtained by substitution of the oy o0 acceptor > OH > Oelection-releasing - | the calculateda

Angptl into eq 10; they are>1. The A value trends for the values are used in eq 1&;alcd: a;xptl (see Table 5)
parasubstituted phenols in the gas phaselaggron-acceptor™>

/‘LH > lelectrorrreleasiné Conclusions

Aero > /1N02 > Acoon ™ Aen > ,1CF3 > /‘LCOOCH;Z;LH > The present analysis allows us to explain the dissociation
reaction of the parasubstituted phenols¢dEgOH in the gas-
phase X@H4OHg) — XCeHiO, + Hyg, in terms of DFT and
}LNHZ the local HSAB principle. The simple linear regression analysis
obtained between the phenol/phenolate Gibbs energy gap and
To see if there is a relationship between fthealues and the  the hydrogen atom chargg suggests that there is an important

A= Ag > e = A= Aipr ™ Aon = Atgu ~ Aoch, ~

TABLE 5: Parasubstituted Phenols Absolute Gas-Phase AciditAG® and the Substituent Constantse~ (AG® Values Are in
Kilocalories per Mole; T = 298.15 K andp = 14.66)

|AGga|c32@:1) -

X AGSachZ@;l)a AG(-:'xptllb /I(Aega\cz= AG&&C g d o ¢ (07)f
Cks 314.4 16.7 1.23 0.59 0.53 (0.59)
CH,CH; 331.9 11.7 1.16 —0.12 (-0.03)
CHs 332.8 11.3 1.16 —0.06 —0.15 (-0.06)
CHO 296.2 31.0 1.43 0.79 1.19 (0.79)
Cl 3231 14.0 1.19 0.30 0.21 (0.30)
CN 308.2 18.2 1.25 0.83 0.75 (0.83)
COOCH 316.6 14.7 1.20 0.59 0.44 (0.59)
COOH 313.7 19.5 1.27 0.55 (0.49)
F 326.9 13.8 1.19 0.12 0.07 (0.12)
H 328.8 14.2 1.20 0.00 0.00 (0.00)
i-Pr 331.8 11.3 1.16 —0.11 (-0.01)
NH. 340.8 5.5 1.08 -0.17 —0.44 (-0.17)
NO; 300.9 21.2 1.30 1.04 1.02 (1.04)
OCHs 336.3 7.9 1.11 —0.06 —0.28 (—0.06)
OH 334.3 9.9 1.14 —0.20 (-0.06)
t-Bu 331.9 10.5 1.14 —0.11 (0.03)

a Calculated through eq 10 with= 1. ® Experimental values obtained through ref 2Zalculatedi values.? Values obtained by Fujio, Mclver,
and Taft?? ¢Values obtained through eq 11 with= 1. f Values obtained through eq 11 with calculafeslalues.
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extra-thermodynamic relationship betweA®G® and qy. The (15) Karaman, R.; Huang, J.-T.; Fry, J. L.Comput. Cherri99Q 11,

; ; P 1009.
equation obtained from DFT and the local HSAB principlé (16) Haeberlein, M.: Brinck, TJ. Phys. Chem1996 100, 10116.

~ [co + ANﬂ(CzAN/A - a)] + (Cl, — 2CAN)on + Czqa was (17) Parr, R. G.; Yang, WDensity Functional Theory of Atoms and
developed in terms of the XE,0°~—H? + bond polarization, Molecules Oxford University Press: New York, 1989. o
the XCsH4O—H bond energy, and the %8,0~ anion stabi- (18) Pearson, R. GChemical HardnessWiley-VCH: Weinheim,

o : G , 1997
lization. The results obtained suggest that the hydrogen atom e(r{g?nzrisch M. J.: Trucks, G. W.; Schlegel, H. B.: Scuseria, G. E.: Robb

chargeqgy is representative of the parasubstituted phenols’ M. A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr;
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one, and the trends af@lectron—acceptor> An > 1e|ectron—re|easing Ochterski, J.; Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick,
A multiple-regression analysis shows that there is a relationship D. K.; Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.;
betweeno™, g, and ANM. The equation obtained from DFT Ortiz, J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,

L P.; Komaromi, I.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-
and the local HSAB principle shows that the calculatedralue Laham, M. A.; Peng, CPY.; Nanayakkara, A.; Gonzalez, C.; Challacombe,

trends arer, > 04 > 0, In general, the M.; Gill, P. M. W.; Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.;

electron-acceptor electron-releasing

; i ; ; i onzalez, C.; Head-Gordon, M.; Replogle, E. S.; Pople, J. A. Gaussian 98,
analysis suggests that there is no direct interaction between thegvision A.7- Gaussian, Inc.. Pittsburgh, PA, 1098,

substituent and the hydrogen atom; the effect is primarily due "~ 20) Levine, I. N.Physical ChemistryMcGraw-Hill: New York, 1996.
to the interaction of the substituent with theHGO group. The (21) Voets, R.; Fragmise, J.-P.; Martin, J. M. L.; Mullens, J.; Yperman,

substituent transmits its effect through thesystem of the  J.; Van Poucke, L. CJ. Comput. Cheml99q 11, 269.
(22) Fujio, M.; Mclver, Jr, R. T.; Taft, R. WJ. Am. Chem. S0d.981,

benzene ring, andy shows the effect of the electronegativity 103 4017,
of the fragment X-CgH4O on the hydrogen atom. The analytical (23) Although relationship 3 is outside the thermodynamics, its math-
equations obtained from DFT and the local HSAB principle ematical simplicity may result in large part from the tendency of such

provide guidelines to obtain a quantitative description of the fit quantities as the free energy to be additive functions of molecular structure.
. . . . See ref 8, pp 128262.
parameters in the linear correlation equations. (24) Draper, N. R.; Smith, HApplied Regression Analysidiley: New
York, 1966 .
Acknowledgment. This work has been supported by a (25) Parr, R. G,; Donnelly, R. A;; Levy, M.; Palke W. EE.Chem. Phys.

research grant (29299E) and a Ph.D. scholarship (M. L. Romero)lgzgs?%gﬁ?lﬁl G.: Pearson, R. G. Am. Chem. Sod983 105 7512,

from the _Consejo Nacional de Ciencia y TecnG&ggCONA- (27) The finite difference approximation to the= (9E/dN), andy =

CYT-México. (du/dN), is exact for systems in the grand canonical ensemble at zero
temperature, within exact DFT, but for the approximate functionals the finite
difference equationg = /(I + A) andy = Y/,(I — A) are also approximate

References and Notes (see: Perdew, J. P.; Parr, R. G.; Levy, M.; Balduz, J. L.Phys. Re.

(1) Pine, S. H.; Hendrickson, J. B.; Cram, D. J.; Hammond, G. S. Lett. 1982 42, 1691, and Ayers, P. W.; Parr, R. G. Am. Chem. Soc.

Organic Chemistry4th ed.; McGraw-Hill: New York, 1980. 2000 122, 2010). However, Pearson has incorporaiednd  into the
(2) March, J Advanced Organic Chemistry, Reactions, Mechanisms commonly used orbital energy diagramg: = "/>(€Lumo — €owo) and

and Structure4th ed.; Wiley-Interscience: New York, 1992. u = *a(eLumo + enomo) (see: Pearson, R. ®roc. Natl. Acad. Sci. U.S.A.
(3) Hudson, R. F.; Klopman, Gl. Chem. Socl964 5. 1986 83, 8440). Hard molecules have a large HOMOUMO gap. To

(4) Lowry, T. H.; Schueller Richardson, ilechanism and Theory in test these definitions, we compared them and observed that the trends do
Organic Chemistry3rd ed.; Harper and Row, Harper Collins Publishers; Not change.

New York, 1987. (28) Atkins, P. W.Physical ChemistryFreeman: New York, 1998.
(5) Yukawa, Y.; Tsuno, YBull. Chem. Soc. Jpri959 32, 971. (29) Cumming, J. B.; Kebarle, Ran. J. Chem1978 56, 1.
(6) Pross, ATheoretical and Physical Principles of Organic Reaity; (30) Gazquez, J. L. Chemical HardnesStruct. Bondingl993 80, 27.
Wiley-Interscience: New York, 1995, (31) Gaquez, J. LJ. Phys. Chem. A997, 101, 9464.
(7) (a) Isaacs, N.Physical Organic Chemistry Addison-Wesley (32) Reed, J. LJ. Phys. Cheml1994 98, 10477.
Longman: Reading, MA, 1995. (b) Rablen, P.JRAm. Chem. So200Q (33) Méndez, F.; Gaquez, J. LJ. Am. Chem. Sod994 116 9298.
122, 357. (c) Peez, P.; Toro-LabheA.; Contreras, RJ. Phys. Chem. A (34) Mendez, F.; Gaquez, J. L. Theoretical Models for Structure and
200Q 104, 11993. Dynamics in ChemistryProc. Indian Acad. Sci., Chem. Sdi994 106,
(8) Leffler, J. E.; Grunwald, ERates and Equilibria of Organic 183. )
ReactionsDover Publications: New York, 1989. (35) Yang, W.; Mortier, W. JJ. Am. Chem. Sod 986 108 5708. )
(9) Perrin, D. D.; Dempsey, B.; Serjeant, E. X, Prediction for (36) In previous papers we have determined the condensed fukui function
Organic Acids and Base€hapman and Hall: New York, 1981. fk+ for several organic compounds through Mulliken population analysis.
(10) Hammett, L. PPhysical Organic ChemistryMcGraw-Hill: New We found that the trends do not change when we use a finite differences
York, 1970. scheme*(r) = pn+a(r) — pn(r) to evaluate the derivative™(r) = (3p(r)/
(11) Johnson, K. FThe Hammett EquatinCambridge University oN),* (see refs 33 and 34 and 'Meéez, F.; Galvan, M.; Garritz, A.; Vela,
Press: New York, 1970. A. Gazquez, J. LJ. Mol. Struct.1992 81, 277).
(12) Mendez, F.; Romero, M. de L.; De Proft, F.; Geerlings,JPOrg. (37) Parr, R. G.; Gequez, J. LJ. Phys. Chem1993 97, 3939.
Chem.1998 63, 5774. (38) Mendez, F.; Tamariz, J.; Geerlings, P Phys. ChemA 1998 102
(13) Pross, A.; Radom, L.; Taft, R. W. Org. Chem198Q 45, 818. 6292.
(14) Kemister, G.; Pross, A.; Radom, L.; Taft, R. \l.. Org. Chem (39) Mendez, F.; Gara-Garibay, M. AJ. Org. Chem1999 64, 7061.

198Q 45, 1056. (40) Ickowski, R. P.; Margrave, J. 0. Am. Chem. S0d961, 83, 3547.



