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Dihedral-Angle Dependence of the Substituent Effects

on the Gas-Phase Stabilities of Benzoate Anions
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Relative gas-phase stabilities of ring-substituted benzoate anions, of which the dihedral angle ¢ between the
benzene ring and the COO planes was fixed, were computationally determined utilizing isodesmic
reactions.  The energies of respective species involved in the reactions were calculated by
B3LYP/6-311+G(2d,p) level of theory. The ¢ was varied from 0° to 90° by steps of 10°. Obtained 10
kinds of substituent effects were analyzed by an extended Yukawa-Tsuno equation:
—AEy = p(OO +r AOg+sA0). Resultant 7~ value increased from -0.03 (¢=0°) to 0.38 (¢=90") with the
increase of the ¢. To reveal the mechanism of the through-resonance in benzoate anions, NBO analyses
were performed. It has become apparent that the donation of electrons from the lone pairs on the O atoms

to the benzene m-electron system is crucial to the through-resonance in twisted benzoate anions.

Keywords : Substituent Effect, Benzoate Anion, Extended Yukawa-Tsuno Equation, DFT calculation, NBO
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Fig. 1. Structures of benzoate anions.
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Fig. 2. Structures of benzoate anions.
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% 1. 1a(9) DOFIXF KL EME(-AE,).” 4
Table 1. Relative gas-phase stabilities of 1a(¢) (- AE, ).

7 2. 1a(9) DFIXF KL EME(-AE,).” 4
Table 2. Relative gas-phase stabilities of 1a(¢) (- AE, ).

Substituents” o/ Substituents” o/
0¢ 10 20 30 40 50 60 70 80 90¢
p-Me,N 232 239 243 252 298  p-MeN 314 329 288  -3.50  -3.59
p-NH, -1.96 =206 -2.15 229 -245  p-NH, 264 281 295 -3.04 -3.07
m-Me,N 182 -1.72 -1.71  -1.71 -1.72 m-MeN 175 -1.79  -1.84  -1.88 -2.17
p-MeO 0.64 -066 -0.73 -0.84 -097  p-MeO 111 <125 -138  -145 -1.47
p,m-Me, 2124 124 -125 -127 -128  pm-Me, -130  -131  -134  -135 -1.35
p-MeO-m-Cl ~ 3.01 298 292 278 263  p-MeO-m-Cl 248 235 221 215 213
p-t-Bu 031 -031 -031 -032 -032  p-tBu 033  -034 -035 -035 -037
p-Me 068 -0.70 -0.72 -0.74 -0.77  p-Me 080 -0.84 -0.86 -0.89 -0.89
m-MeO 081 079 075 069 0.63 m-MeO 057 051 047 044 044
m-Me 057 -057 -057 -056 -054  m-Me -0.53  -0.51 -0.50 -0.48 -0.48
He 000 000 000 000 000 H® 000 000 000 0.0 0.00
(0) (-0.14) (-0.53) (-1.10) (-1.78) (-2.47) (-3.08) (-3.55) (-3.85) (-3.94)
p-Cl 444 443 439 435 430  p-Cl 426 423 420 419 419
m-F 338 337 336 335 335 m-F 337 339 341 343 344
m-Cl 447 446 444 442 442  mCl 443 445 445 447 448
m-CF; 6.47 646 644 642 641 m-CF; 641 641 641 642 642
m-CHO 733 732 727 722 7.6  m-CHO 712 7.08 7.04  7.02 7.01
m-COMe 633 631 626 6.18 6.09  m-COMe 600 591 584 578 576
m-CN 893 892 890 887 88  m-CN 886 888 888 889 890
m-NO, 948 948 947 947 948  m-NO, 951 953 954 955 956
p-CF; 699 699 7.02 7.08 7.17  p-CFs 727 737 746 151 7.53
p-CHO 731 736 750 772 799  p-CHO 826 851 870 882  8.86
p-COMe 558 563 575 594 617  p-COMe 641 663 680 692 696
p-CN 973 975 981 991 1004 p-CN 10.19 1033 1045 1052 10.55
p-NO 9.79  9.89 10.15 10.53 1097  p-NO 11.40 1178 12.06 1223 12.29
p-NO, 1090 1096 11.13 1138 11.69  p-NO, 12.01 1229 1252 12.66 12.71

a) Determined as the energy differences of the isodesmic
reactions of ¢°-fixed Ph-COO(-) + Ar-H = Ph-H +
¢°-fixed Ar-COO(-) at the B3LYP/6-311+G(2d,p) level
in unit of kcal mol™.

b) Ring substituents (X).

c¢) Dihedral angle between the benzene ring plane and
COOC(-) plane.

d) Data taken from Ref. 10.

e) Numbers in parentheses are the stabilities of 1a(H,()
relative to 1a(H).
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a) Determined as the energy differences of the isodesmic
reactions of ¢°-fixed Ph-COO(-) + Ar-H = Ph-H +
¢°-fixed Ar-COO(-) at the B3LYP/6-311+G(2d,p) level
in unit of kcal mol™.

b) Ring substituents (X).

¢) Dihedral angle between the benzene ring plane and
COOC(-) plane.

d) Data taken from Ref. 10.

e) Numbers in parentheses are the stabilities of 1a(H,()
relative to 1a(H).

# 3.1a(9)D- AE, (ZFA 555 1-#8F 7 = > R .7
Table 3. Results of Y-T analyses on the - AE,, of 1a(¢).”

system 0 r’ s R® SD°
1a° 13.74  -0.03 0.66 0.999 0.33
1a(¢p=10°) 13.73  -0.01 0.64 0.999 0.31
1la(9=20°) 13.68 0.03 0.62 0.999 0.29
1la(9=30°) 13.62 0.10 0.58 0.999 0.26
la(9=40°) 13.59 0.17 0.47 0.999 0.24
la(9=50°) 13.58 0.24 0.41 0.999 0.21
1la(9=60°) 13.57 0.30 0.36 1.000 0.19
1la(9=70°) 13.54 0.35 0.39 1.000 0.18
1a(9=80°) 13.57 0.38 0.27 1.000 0.16
1a(9=90°)" 13.59 0.38 0.24 1.000 0.17

a) AE, s were determined as the energy differences of
the isodesmic reactions of ¢°-fixed Ph-COO(-) + Ar-H =
Ph-H + ¢°-fixed Ar-COO(-) at the B3LYP/6-311+G
(2d,p) level. Substituent effects were analyzed by an
extended Yukawa-Tsuno Eq. (1).

b) Correlation coefficients.

¢) Standard deviations.

d) Data taken from Ref. 10.
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Fig. 6. Extended Y-T plots for -AEx of

90°-fixed benzoate anions.
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Fig. 7. Plot of bond distance C*-N in 1a(4-NO», ¢)
against the  — value.
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Fig. 8. Plot of sum of natural charge on the phenyl ring
in 1a(H, ¢) against the r — value.
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Fig. 9. Plot of donor-acceptor interactions of NBOs
in 1a(H, ¢) against the dihedral angle ¢.
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