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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 φ 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 φ was varied from 0˚ to 90˚ by steps of 10˚.  Obtained 10 
kinds of substituent effects were analyzed by an extended Yukawa-Tsuno equation: 
–ΔEX = ρ(σ

0 + r−Δσ R
− + sΔσ S ) .  Resultant r– value increased from -0.03 (φ=0˚) to 0.38 (φ=90˚) with the 

increase of the φ.  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 π-electron system is crucial to the through-resonance in twisted benzoate anions. 

�
Keywords : Substituent Effect, Benzoate Anion, Extended Yukawa-Tsuno Equation, DFT calculation, NBO 
Analysis 
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Ż 1. 1a(φ) /ŎàĪŎÚÜü(– ΔEX ).a 
Table 1. Relative gas-phase stabilities of 1a(φ) (– ΔEX ).a 
–––––––––––––––––––––––––––––––––––––––––––––– 
Substituentsb                   φc /˚   
           –––––––––––––––––––––––––––––––––– 
               0d     10     20     30     40 
–––––––––––––––––––––––––––––––––––––––––––––– 
p-Me2N  -2.32 -2.39 -2.43 -2.52 -2.98 
p-NH2  -1.96 -2.06 -2.15 -2.29 -2.45 
m-Me2N  -1.82 -1.72 -1.71 -1.71 -1.72 
p-MeO  -0.64 -0.66 -0.73 -0.84 -0.97 
p,m-Me2  -1.24 -1.24 -1.25 -1.27 -1.28 
p-MeO-m-Cl  3.01 2.98 2.92 2.78 2.63 
p-t-Bu  -0.31 -0.31 -0.31 -0.32 -0.32 
p-Me  -0.68 -0.70 -0.72 -0.74 -0.77 
m-MeO  0.81 0.79 0.75 0.69 0.63 
m-Me  -0.57 -0.57 -0.57 -0.56 -0.54 
He  0.00 0.00 0.00 0.00 0.00 
 (0) (-0.14) (-0.53) (-1.10) (-1.78) 
p-Cl  4.44 4.43 4.39 4.35 4.30 
m-F  3.38 3.37 3.36 3.35 3.35 
m-Cl  4.47 4.46 4.44 4.42 4.42 
m-CF3  6.47 6.46 6.44 6.42 6.41 
m-CHO  7.33 7.32 7.27 7.22 7.16 
m-COMe  6.33 6.31 6.26 6.18 6.09 
m-CN  8.93 8.92 8.90 8.87 8.86 
m-NO2  9.48 9.48 9.47 9.47 9.48 
p-CF3  6.99 6.99 7.02 7.08 7.17 
p-CHO  7.31 7.36 7.50 7.72 7.99 
p-COMe  5.58 5.63 5.75 5.94 6.17 
p-CN  9.73 9.75 9.81 9.91 10.04 
p-NO  9.79 9.89 10.15 10.53 10.97 
p-NO2  10.90 10.96 11.13 11.38 11.69 
–––––––––––––––––––––––––––––––––––––––––––––– 
a) Determined as the energy differences of the isodesmic 
reactions of φ˚-fixed Ph-COO(-) + Ar-H = Ph-H + 
φ˚-fixed Ar-COO(-) at the B3LYP/6-311+G(2d,p) level 
in unit of kcal mol-1.   
b) Ring substituents (X).   
c) Dihedral angle between the benzene ring plane and 
COO(-) plane.   
d) Data taken from Ref. 10.   
e) Numbers in parentheses are the stabilities of 1a(H,φ) 
relative to 1a(H).   
 
 
���� 8-&"N;0�
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Ż 2. 1a(φ) /ŎàĪŎÚÜü(– ΔEX ).a 
Table 2. Relative gas-phase stabilities of 1a(φ) (– ΔEX ).a 
–––––––––––––––––––––––––––––––––––––––––––––– 
Substituentsb                   φc /˚   
           –––––––––––––––––––––––––––––––––– 
              50      60     70     80     90d   
–––––––––––––––––––––––––––––––––––––––––––––– 
p-Me2N  -3.14 -3.29 -2.88 -3.50 -3.59 
p-NH2  -2.64 -2.81 -2.95 -3.04 -3.07 
m-Me2N  -1.75 -1.79 -1.84 -1.88 -2.17 
p-MeO  -1.11 -1.25 -1.38 -1.45 -1.47 
p,m-Me2  -1.30 -1.31 -1.34 -1.35 -1.35 
p-MeO-m-Cl  2.48 2.35 2.21 2.15 2.13 
p-t-Bu  -0.33 -0.34 -0.35 -0.35 -0.37 
p-Me  -0.80 -0.84 -0.86 -0.89 -0.89 
m-MeO  0.57 0.51 0.47 0.44 0.44 
m-Me  -0.53 -0.51 -0.50 -0.48 -0.48 
He  0.00 0.00 0.00 0.00 0.00 
 (-2.47) (-3.08) (-3.55) (-3.85) (-3.94) 
p-Cl  4.26 4.23 4.20 4.19 4.19 
m-F  3.37 3.39 3.41 3.43 3.44 
m-Cl  4.43 4.45 4.45 4.47 4.48 
m-CF3  6.41 6.41 6.41 6.42 6.42 
m-CHO  7.12 7.08 7.04 7.02 7.01 
m-COMe  6.00 5.91 5.84 5.78 5.76 
m-CN  8.86 8.88 8.88 8.89 8.90 
m-NO2  9.51 9.53 9.54 9.55 9.56 
p-CF3  7.27 7.37 7.46 7.51 7.53 
p-CHO  8.26 8.51 8.70 8.82 8.86 
p-COMe  6.41 6.63 6.80 6.92 6.96 
p-CN  10.19 10.33 10.45 10.52 10.55 
p-NO  11.40 11.78 12.06 12.23 12.29 
p-NO2  12.01 12.29 12.52 12.66 12.71 
–––––––––––––––––––––––––––––––––––––––––––––– 
a) Determined as the energy differences of the isodesmic 
reactions of φ˚-fixed Ph-COO(-) + Ar-H = Ph-H + 
φ˚-fixed Ar-COO(-) at the B3LYP/6-311+G(2d,p) level 
in unit of kcal mol-1.   
b) Ring substituents (X).   
c) Dihedral angle between the benzene ring plane and 
COO(-) plane.   
d) Data taken from Ref. 10.   
e) Numbers in parentheses are the stabilities of 1a(H,φ) 
relative to 1a(H).   
 
 
Ż 3. 1a(φ)/- ΔEX.Ƭ�?Ĵç�ƣƧl{_b.a 

Table 3. Results of Y-T analyses on the - ΔEX  of 1a(φ).a 
–––––––––––––––––––––––––––––––––––––––––––––– 
system         ρ      r -      s       Rb   SDc   
–––––––––––––––––––––––––––––––––––––––––––––– 
1ad  13.74 -0.03 0.66 0.999 0.33 
1a(φ=10˚)  13.73 -0.01 0.64 0.999 0.31 
1a(φ=20˚)  13.68 0.03 0.62 0.999 0.29 
1a(φ=30˚)  13.62 0.10 0.58 0.999 0.26 
1a(φ=40˚)  13.59 0.17 0.47 0.999 0.24 
1a(φ=50˚)  13.58 0.24 0.41 0.999 0.21 
1a(φ=60˚)  13.57 0.30 0.36 1.000 0.19 
1a(φ=70˚)  13.54 0.35 0.39 1.000 0.18 
1a(φ=80˚)  13.57 0.38 0.27 1.000 0.16 
1a(φ=90˚)d  13.59 0.38 0.24 1.000 0.17 
–––––––––––––––––––––––––––––––––––––––––––––– 
a) ΔEX s were determined as the energy differences of 
the isodesmic reactions of φ˚-fixed Ph-COO(-) + Ar-H = 
Ph-H + φ˚-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.   
c) Standard deviations.   
d) Data taken from Ref. 10.   
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Fig. 7. Plot of bond distance C4–N in 1a(4-NO2, q) 
against the r – value.
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Fig. 11. Plot of donor-acceptor interactions of NBOs
in 1a(H, q) against the r – value.
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