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Table 1. Energy change of isodesmic reaction (3)? in kcal mol™.

Substituent Calculated total energy

RHF/6-31G(d) MP2/6-31G(d) // MP2/6-31G(d) // B3LYP/6-31G(d)//  B3LYP/6-31+G(p, d) Exptl. ©

+7PE RHF/6-31G ()+7PE”  RHF/6-31G () +1C° RHF/6-31G()+7PE>  +7PE’
p-NMe, 1.23 1. 60 1.24 1.25 -0. 81 -2.1(-3.1)a
p-NI, -2.35 -3.29 -3.42 -4.12 -4.07 -3.3
p-OH -1.25 -1.78 -1.79 -2.56 -1.75 -1.2
p-0CH, 0.28 0. 46 0.63 -0. 36 -1.10 -1.2
p~CH, -0. 78 -0. 29 0.17 -0. 24 -1.28 1.1
p—C,H; 0. 02 0. 62 0. 62 0.72 0. 67 -0.6
p-i-C,H, 0. 39 1. 12 1. 10 1. 14 -0. 17 -0. 1
p—t—C,H, 0. 64 1. 40 1.43 1.35 0. 00 0.6
p-F 2. 90 3. 64 3.63 2.88 3.24 2.3
p—C1 8.93 8. 00 8. 11 8. 44 6.71 5.9
H 0. 00 0. 00 0. 00 0. 00 0. 00 0.0
p-C0,CH, 15. 10 13.67 13.63 15. 08 13. 34 11.7
p-SOCH, 15. 28 13. 45 13.63 14. 08 12. 77 11.4
p-CF, 14. 21 13.79 13. 24 13. 57 13.90 11.9
p—CN 21. 06 19. 25 19. 32 20. 59 18. 51 16. 6
p-S0,CH, 22.70 20. 33 20. 36 20. 70 18. 46 17.6
p-CH,CO 15. 72 14. 94 14.91 16. 42 14.95 13.3
p—C4H.CO 17. 16 17.22 17.15 18. 68 16.73 15.9
p-CHO 18. 35 17. 49 17.45 19. 30 17.91 15. 8
p-NO, 27.12 24. 00 23.85 26. 30 25. 05 20.9

a) Reaction (3): Ph-0(-) + Ar-OH = Ph-OH + Ar-0(-). b) ZPEs are calculated at the RHF/6-31G(d) level
which are scaled 0.8929. ¢) Thermal corrections to Gibbs free energy at 373. 15K and 2.5 X 10 "Torr,
which are scaled 0.8929. d) ZPEs are calculated at the B3LYP/6-31+G(p, d) level which are scaled
0.8929. e) Fujio, M.; McIver, R. T., Jr.; Taft, R. W. J. Am Chem. Soc. 1981, 103, 4017-4029.
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AL, R0.994 24572, diffuse BIELZ 3 A L 7= B3LYP/6-31+G(d, p) +ZPE L ~/LClgd RWVFHES %
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Table 1. Continued.
Substituent Calculated total energy

RHF/6-31G(d) MP2/6-31G(d) // MP2/6-31G(d) // B3LYP/6-31G(d)//  B3LYP/6-31+G(p, d) Exptl. ©

+7PEP RHF/6-31G(d) +7PE"  RUF/6-31G(d)+TC° RHUF/6-31G(d)+7ZPE"  +7ZPE’

m—NMe, 0.59 0. 48 0.51 -0.21 -2.01 -1.2(-1.7)a
m-NH, -0. 38 -1.34 -1.24 -2.03 -1.97 -1.4
m—OH 3.53 2. 40 2.45 1.84 2. 17 2.4
m—O0CH, 2.14 1.37 1. 50 1.13 0.81 1.1
m—CH, -0.10 -0.26 -0. 17 -0.23 -0.70 -0.4
m—C,Hs 0. 36 0.43 0.41 0. 42 0. 69 -0.1
m—1i-C,H, 0. 69 0. 87 0. 85 0. 87 0.10 0.1
m—t—C,Hy 0. 56 0.94 0.94 0.95 -0.03 0.5
m-F 7.20 6. 21 6. 26 5.61 6. 21 5.3
m—Cl 9.76 9. 36 9.41 9. 69 8.18 7.1
H 0. 00 0. 00 0. 00 0. 00 0. 00 0.0
m—C0,CH, 5. 47 6. 85 7.00 6. 65 5.35 5.1
m—SOCH, 9.77 10. 22 10. 53 10. 00 10. 17 7.8
m—CF, 10. 39 11. 15 9.76 10. 31 10. 74 9.6
m—CN 14.93 15. 57 15. 55 15. 32 14. 02 13.0
m—S0,CH, 15.53 16. 51 16. 61 16. 01 14. 32 12.8
m—CH,CO 6. 97 8. 20 8. 30 8.07 7. 40 6.5
m—C¢HsCO 7.74 9.17 9.21 9.04 8. 06 7.6
m—CHO 9.01 10. 32 10. 33 10. 43 9.85 .5
m-NO, 16. 30 16. 63 17.06 16. 42 15. 45 14. 4

a) Reaction (3): Ph-0(-) + Ar—OH = Ph—OH + Ar-0(-).

which are scaled 0.8929.
which are scaled 0.8929.

0. 8929.

b) ZPEs are calculated at the RHF/6-31G(d) level
¢) Thermal corrections to Gibbs free energy at 373. 15K and 2.5X 10 "Torr,
d) ZPEs are calculated at the B3LYP/6-31+G(p, d) level which are scaled

e) Fujio, M.; Mclver, R. T., Jr.; Taft, R. W. J. Am. Chem. Soc. 1981, 103, 4017-4029.
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Table 2. Results of linear regression analysis for DE,.4 or DG, against DG’.,,."°
Theoretical levels a b R
RHF/6-31G (d) +ZPE (scaled 0.8929) 1. 16 0. 69 0. 991
MP2/6-31G (d) //RHF/6-31G (d) +ZPE (scaled 0.8929) 1. 10 0. 87 0. 994
MP2/6-31G (d) //RHF/6-31G (d)+TC (scaled 0.8929)° 1.09 0.89 0. 994
B3LYP/6-31G(d) //RHF/6-31G (d) +ZPE (scaled 0.8929) 1.17 0.50 0. 994
B3LYP/6-31+G (d, p) +ZPE (scaled 0.8929) 1.12 0.04 0. 996

=ax (-DG°, ., )+b. R

expt

25

a) For Eqn. (3). Least squares method was applied for (-DE;..) or (-DG°...)
is correlation coefficient. b) ZPE correlations and thermal corrections to Gibbs free energy were
applied. See text.
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Table 3. Energy change of isodesmic reaction (5)-(8) in kcal mol™.?

Substituent Calculated total energy

(5) (6) (7) (8)

n=1 n=2 n=3 n=4 n=1 n=1(CP)* n=2 n=2(CP)" n=Il n=1

p—NMe, 1.20  0.88 0.64 0.48 1.90
p—NH, -3.26 -3.30 -3.31 -3.29 -2.92
p—OH -1.76 -1.78 -1.84 -0.20 -1.91 -2.40 -2.77 -4.52 -1.71 -3.93
p—0CH, 0.23 0.04 -0.17 -0.29 0.10 -0.36 1.14 1.35 0. 62 -1.45
p—CH, -0.35 -0.32 -0.34 -0.31 -0.16
p—C,H; 0.39 0.24 0.12 0.07 0.71
p—i—C.H; 0.79 0.57 0.39 0.30 1. 20
p—t—C,H, 1.01 0.75 0.51 0.39 1.53
p—F 3.40 3.22 2.88 2.66 1.92 1.05 0.11 -1.5 3. 20 2. 20
p—Cl 6.95 6.17 5.35 4.80 4.98 5.89 7.27
H 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0. 00 0. 00
p—CO,CH, 10.96 8.90 7.38 6.32 12. 88
p—SOCH, 11.14 9.30 7.84 6.87 12. 54
p—CF, 11.68 10.09 8.70 7.74 12. 65
p—CN 16.40 14.22 12.33 11.01 16.91 17.72 13.65 15.16 17. 68 17.98
p—S0,CH, 17.15 14.62 12.58 11.14 18. 80
p—CH,CO 12.18 9.97 8.37 17.25 15.35 13.92 14.55 13.10 14. 06 11. 44
p—CgH:CO 13.80 11.19 9.30 7.99 16. 34
p—CHO 14.44 12.00 10.19 8.92 17.48 16.66 16.74 15.16 16. 35 14. 66

p-NO, 19. 96

—_
>

.92 14.49 12.80 22.24° 22.02° 20.65° 19.53° 22.21 23.27°

a) Calculated at the MP2/6-31G(d) //RHF/6-31G(d) + ZPE(scaled 0.8929) level. See text for reaction
(5)-(8). ‘n’ is the number of water coordinated to the sunstrate. b) BSSEs are corrected by means
of CP method. c¢) Configurations of H,0s were fixed as optimized configuration of corresponding COCH,

derivatives.

i (AG(aq)) EEEL7z, F/h “RIBICLDEHRMEEORRE ZN i Table 4 B LU BITFE &
Wic, Flo, BA AU HOICK L EE LS KO p-NO K7 =/ F 3 KA A2 @ RHF/6-31G(d)
L~V O i $s K OV Natural Population Analysis (NPA) [2511C & » TR 7= 7 L— 7 &
ZFig. 21R LTz, FRRICEREHILICK LW 2007 = /) X2 R4 42 O L OVER
ZFig. 3 (=) BLUFig. 4 (=212, b R VLT3 mEsLickfliz-7=/—1o
g L OVEM % Fig. 5 IR LT,
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Table 3. Continued.

Substituent Calculated total energy

(5) (6) (7) (8)

n=1 n=2 n=3 n=4 n=1 n=1(CP)* n=2 n=2(CP)* n=Il n=1

m—NMe, 0.29 0.12 -0.25 -0.29 0.72
m-NH, -1.13 -0.69 -1.38 -1.29 -1.05
m—OH 2.35  2.08 1.46 1.33 2.33  1.35 1.87 0.04 2.29 0.17
m—O0CH, 1.37 1.17 0.59 0.53 1.27 0.11 0.93 -1.31 1. 45 -0.97
m—CH, -0.28 -0.29 -0.35 -0.33 -0.20
m—C,Hs 0.28 0.18 0.01 -0.01 0. 50
m—1i-C,H, 0.70 0.56 0.25 0.20 0. 87
m—t—C,Hy 0.68 0.51 0.21 0.16 1. 04
m-F 5.34 4.61 3.96 3.50 4.86  3.8b5 3.32  1.49 5.49 4.98
m—Cl 7.99 6.79 5.86 5.15 13.29 10.98 8. 39
H 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0. 00 0. 00
m—C0,CH, 5,81 4.88 4.16 3.61 5.81
m—SOCH, 10.12 8.82 7.34 6.53 8.19
m—CF, 9.73 8.41 7.34 6.51 9.90
m—CN 13.65 11.86 10.40 9.29 12.59 13.60 8.36 10. 35 13.88 14. 57
m—S0,CH, 14.32 12.44 10.57 9.35 14. 44
m—CH,CO 7.32 6.51 5.37 4.81 7.00 6.00 6.06 4.22 7.04 5. 56
m—C¢HsCO 7.79 6.53 5.60 4.90 8. 04
m—CHO 8.97 7.94 6.75 6.01 8.33 8.21 7.60 5.71 9.07 8. 40
m-NO, 14.55 12.43 10.95 9.72 13.17° 13.34° 11.21° 10.00° 14. 65 16. 55°

a) Calculated at the MP2/6-31G(d) //RHF/6-31G(d) + ZPE(scaled 0.8929) level. See text for reaction
(5)-(8). ‘n’ is the number of water coordinated to the sunstrate. b) BSSEs are corrected by means
of CP method. c¢) Configurations of H,0s were fixed as optimized configuration of corresponding COCH,

derivatives.

BO& (5) IZoWTIEERNL L7e K F O () 2 LS 4 HE TR ST, REHEIZHD
TRUB VR EBI OB EOBHITAD T () OIS bR > TIEICHE K L, EEHRAT
X, XUB VR EOEAMIL-0.320 (n=0) 2>5-0. 145 (n=4) 2, p-H T EO&EMIX0. 189 (n=0) 2>
5 0.203 (n=4) IZHERK L TWD, FEEIZ p-NO, RDEM L, X2 B U BM 0.267 725 0.360, E
F503-0.479 72 5-0. 384 ITHIR L7z, (Fig. 2) K43 FH (n) DX & & 72 > TERE ORRER DK
DF~OFBEPRKELRY | FERTALA~OREMOSHBBA LB LND, WEDOE
b (Fig. 2) bz ZFFT 5, WMERKTIE, n OEINCE B 72> TO0-C, B LUC,C, DfE
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Fig. 2. Structure and natural charge for H and p-NO, phenoxide ions hydrated at the anion center. Length in A,
group charges are underlined.
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Fig. 3. Structure and natural charge for phenoxide ions mono-hydrated at the ring substituents. Length in A, group
charges are underlined.
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Fig. 4. Structure and natural charge for phenoxide ions di-hydrated at the ring substituents. Length in A", group

charges are underlined.
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Fig. 5. Structure and natural charge for hydrated phenols. Length in A", group charges are underlined.
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H T 20kcal mol™, 443 H T 15kcal mol™ ZE( LTz, BREM DK T ~DIERIELDEE N
WEEINL, KRN ZEl Lz EZ BN, 4HOKSFIXETHEHBEREA 4 v Lo kERE
L. H—ENE AR L T2, BERIR T EICIEIEIAE 735 3/ d 5 DTk 3l £ TIElH
FIZZEELTWE, AHENOEZE/DOEENID/NESL holotBZEXOND, @THRLI/NT
EAREMEB LA ZEREO T T > NI, AE(@IZX L TETOR (n=1-4) TENZERHEE
(FEBAFRELR>0. 994) 27~ 9, X 1En DI & b 70> THFRIZHAD L, n=4 T slope,.,=0. 61 %
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F v (=D IZ OV THERE » =) VX —Z5HH Lo, = b e B3 FRER G TR R mE R 1% 2
@A L, KPR FICENL Lo kit s ng, 20T ¥ —72 ERho @k L
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Stabilities of hydrated phenoxide ions estimated from AE(S) / kcal mol!
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Fig 6. Effect of specific hydration to the anion center of phenoxide ions on the acidities of phenols.
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Fig 7. -AE(5) vs. experimental acidities of phenols determined in aquaous phase.
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-18-



PO R IR NTHNT OILIGERE N KA IS TR L2 E R 22 LT\ 5, AE(,
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Fig 8. Effect of specific hydration to the ring substituents of phenoxide ions on the acidities of phenols.
BSSEs are corrected by CP method.
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Fig9. -AE(6) vs. experimental acidities of phenols determined in aquaous phase.
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Fig 11. -AE(7) vs. experimental acidities of phenols determined in aquaous phase.
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Fig 12. Combined effect of hydration for phenoxide ion hydrated at the anion center and phenol hydrated at the
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Fig 13. -AE(8) vs. experimental acidities of phenols determined in aquaous phase.
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Table 4. Results of linear regression analysis for DE against DE(g).“

Reaction n” Substituents® a b R N

(3) 0 meta 1 1 28
all 1 1 37

(5) 1 meta 0. 886 -0. 083 0. 9987 28
all 0. 848 -0. 012 0. 9983 37

2 meta 0. 774 -0. 142 0.9973 28

all 0. 724 -0. 052 0. 9957 37

3 meta 0. 687 -0. 347 0.9973 28

all 0. 634 -0. 250 0. 9942 37

4 meta 0. 606 -0.271 0. 9939 28

all 0. 556 -0. 186 0.9911 37

(6) 1 meta 0. 814 -0. 138 0.9971 11
all 0. 920 -0. 372 0.9915 15

1(cp)? meta 0. 866 -0. 818 0. 9929 11

all 0. 947 -1.015 0. 9945 15

2 meta 0. 656 -0. 288 0. 9672 11

all 0. 826 -0. 748 0. 9656 15

2(cp) ¢ meta 0. 708 -1.435 0. 9427 11

all 0. 858 -1. 843 0. 9696 15

) 1 meta 0. 868 0.113 0.9991 28
all 0. 909 0. 032 0. 9988 37

(8 1 meta 1.028 -1. 560 0. 9894 11
all 0. 998 -1.565 0. 9921 15

a) DEs of reactions (3), (5)—(8) are calculated at the MP2/6-31G(d)//RHF/6-31G(d) + ZPE (scaled
0.8929) level. DE(g)s (=DE(3)) are calculated from reaction (3) in gas phase. Least squares method
was applied for -DE = aX (-DE(g))+b. R is correlation coefficient. b) Number of water molecule(s)
coordinated to the substrate. c¢) Substituents included in the analyses. The ‘meta’ means para
electron releasing and meta substituents. d) BSSEs are corrected by CP method.
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Table 5. Results of linear regression analysis for DE against DG(aq).*?

Reaction n’ Substituents® a b R N

(3) 0 meta 6. 878 0.478 0. 9555 22
all 6. 162 0.769 0.9697 31

(5) 1 meta 6. 142 0. 345 0.9612 22
all 5.218 0.691 0.9649 30

2 meta 5.363 0. 240 0. 9606 22

all 4. 448 0.574 0. 9588 30

3 meta 4.732 -0. 002 0.9523 22

all 3. 882 0. 306 0.9516 30

4 meta 4.162 0. 059 0.9492 22

all 3. 401 0.3312 0.9477 30

(6) 1 meta 5. 887 —-0. 043 0.9682 10
all 5.724 0.044 0. 9889 14

1(cp)9 meta 6. 167 -0. 659 0.9497 10

all 5.809 —-0. 498 0.9785 14

2 meta 4.674 —-0. 268 0.9477 10

all 5. 246 -0. 494 0.9851 14

2(cp) 9 meta 4. 859 -1.312 0.8813 10

all 5.334 —-1. 465 0.9654 14

(7) 1 meta 5. 954 0.522 0.9488 22
all 5.623 0.684 0.9718 30

(8) 1 meta 7.334 —-1. 308 0.9382 10
all 5. 957 -0. 814 0.9494 14

a) DEs of reactions (3), (5)—(8) are calculated at the MP2/6-31G(d)//RHF/6-31G(d) + ZPE (scaled
0.8929) level. DG(aq)s are experimentally observed acidities in water from ref. [14]. Least
squares method was applied for -DE = aX (-DG(aq))+b. R is correlation coefficient. b) Number of
water molecule(s) coordinated to the substrate. c¢) Substituents included in the analyses. The

‘meta’ means para electron releasing and meta substituents. d) BSSEs are corrected by CP method.
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