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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 

�
�

	����1��

�

� ōŮŵŅKfyO}Ƭ�¨[1-3]0ƽm|Z|Ƌá�

HL|/ÚÜü�<1µûü/�ĳ.ĝł-Ąį*

�?�ƘïƽĂ
0ƽĝħFeL|ś/ĪŎÚÜü

.´5�ůďÌ¯ĠCƃğ�?ŌŊ*ƽ�Ðē�=

-?ąôĴç−ƣƧñCĎĢ�$�[4-13]   
 
 −ΔEX = ρ(σ

0 + r−Δσ R
−
+ sΔσ S )  (1) 

 
ÌĵůďÌÜēƻσ 0Ƽ0ƽ�¬Ŋ-ƱÖ¯ĠCÁ6

-�ƽ )/ůďÌ�ć(ÌĞŊ-ƱÖŊŴ«CŻ

�ůďÌÜē*�?�[3]¡ƺůďÌÜēƻ Δσ R
−
Ƽ�

<1T^uz}Uv|ůďÌÜēƻ Δσ SƼ0ƽ"@

#@ƽ�¬Ŋ-ōČ¡ƺ�<1T^uz}Uv|¯

Ġ/Ŵ«CŻ�ůďÌÜē*�>ƽσ –�=σ 0CĲ

�?�+.<')ÜŰ�@)�?�ƃğ/ũĠø=

@? r−��<1 s�0ƽ»HL|/ōČ¡ƺ�<1
T^uz}Uv|/ð¼�CŻ�Üē*�?��@

6*ś
/FeL|Ťƻm|Vy�FeL|Ťƽ[4-5]

kJeyFrcFeL|Ťƽ[6]kJgNUcFeL

|ƽ[7-8]m|\K}bFeL|ƽ[9-10]kJeyFY`

}bFeL|ƽ[10-11]qHZ|hHq}Ʃ�ƽ[12]�<

1ƽkJeyFeL|[13]Ƽ.ñ(1)CƠł�ƽ )/
Î¼*ƹţð.ōŮŎƬ�āş�?�+�ŒƊ�@

$� 
� ıŎÝƸŤ.��)ƽ�– ÌĵŤ0kJg}y/

ī�/ƥüðƽ�-B&ƽkJgNUcFeL|/

ī�/ÚÜüC�ł�ƽ�0 ÌĵŤ0kJeyƤƥ

/ī�/ƥüðƽ�-B&ƽkJeyFY`}bF



28 

Copyright © 2016 Hosei University� � � � � � įđÓÙþÍtaGFĒųőŞY|]}őŞÍÂ Vol.30 

eL|/ī�/ÚÜüC�ł�)�?�[3]ñ(1)0Ķ
Õ¯ĠCÁ6-�ĪŎ�/ōŮŵŅKfyO}Ƭ�

¨*�?$9ƽůďÌÜē0ĶÕ¯ĠCÁD*0-

=-��"/$9ƽ�–/ÌĵŤ+�)ÝƸŤ.àû

�?kJgNUcFeL|/ĪŎÚÜü��ł�@

)�?�~ĕƽ�0ÌĵŤ+�)0ÝƸŤ*�ł�@

)�?kJeyFY`}bFeL|*0-�m|\

K}bFeL|/ĪŎÚÜü��ł�@)�?�[10] 
� �0 ÌĵŤ+�)kJeyFY`}bFeL|�

�ł�@-�/0ƽĞŤ/ñ(1)Cł�$ůďÌ¯Ġ
ƃğ.��)m|\K}bFeL|<>ĝÿ.Ó�

- r−�ƻ r− =0.35Ƽ�Ɓĳ�@$$9*�?�kJ
eyFY`}bFeL|.��)�ƪ/ C-Cũ¼0
m|Z|ŀîƳ.à�) 63.1˚/ƂðC-�)�?�
�ƪ/ C-Cũ¼Cm|Z|ŀ+¡îƳ.ÉÜ�?+
m|\K}bFeL|+¾š/â�- r− �ƻ r−

=0.00ƼC��$�kJeyFY`}bFeL|.�
�)�ƪ+m|Z|�ƱÖŤ��=�/ƔƞŎ��

łCź�ƽ"@Cƛ�)ĝÿ-ōČ¡ƺCŉĽ�?

�+�ŔÄ�@$�~ĕƽm|\K}bFeL|*

0�ƪ/ COO îƳ0m|Z|ŀ+¡îƳ.ěƠ±
�@â�- r−�ƻ r− =0ǁÜŰƼCŔ��ƽ90˚.É
Ü�)ůďÌ¯ĠCƃğ�?+ĝÿ- r− �ƻ r−

=0.38Ƽ�Ɓĳ�@$�90˚ÉÜm|\K}bFeL
|*0ƽCOOƢ�+m|Z|�ƱÖŤ/ƔƞŎ��
łCƛ�$ōČ¡ƺ�ŔÄ�@$�[10] 
� �@=/�Ý0m|Vy�FeL|/<�.m|

Z|ŀ.ƮČ�?	�.FeL|�ùCć$-�)

:ƽFeL|�ù+m|Z|ŀ�ōČ¡ƺCź��

?�+CŔ�)�?�"/<�-ōČ¡ƺ.<?F

eL|/ÚÜ±/tMeXsCƉŧ.ģƆ�?�+

0ƽñ(1)/ r−�/ľƃ%�*-�ƽĝħFeL|ś
/ÚÜ±/ħĤ.Ƭ�?ÌœŊ-ŏƀC:$=�+

��ķ*Ʀſ*�?��/Ɓķ�=ƽĞőŞ*0

COO Ƣ�/m|Z|ŀ.à�?ƂðCÒĥ.ÉÜ
�$m|\K}bFeL|C¶>��ƽůďÌ¯Ġ

CƉŧ.ģƆ�$�ø=@$ r−�ƽ»śĤƜĈĦƽ
�<1 NBO ƃğ/ũĠš�=ōČ¡ƺ/tMeX
s.(�)Ɖŧ.ģƆ�$� 
 
���/4�

�

� COO Ƣ�+m|Z|ŀîƳ�-��ƳƂƻφƼC

ÉÜ�$ŀůďm|\K}bFeL|ƻ1a(X, φ)Ƽ/
àû�?ŀĸůďFeL|ƻ1a(H, φ)Ƽ.à�?Ŏ
àĪŎÚÜü0ƽñ(2)*Ż�@?šƱÖµû/Kf

yO}êƻ ΔEX Ƽ+�)ĮÜ�$��

�

�

�

�

�

�

   (2) 
�

ĞƎĔ*0ƽ±ÙśCŔ�ē×/÷.FykEm_

b/ a C¬�)FeL|ś*�?�+CĘŔ�$�
6$ƽ"@.ū�Ćó¢.ŀůďÌ/¿ŘƻXƼ�
<1�ƳƂƻφƼCúſ.û�)�¬�$�ñ(2).
��)ƽE 0»±Ùś/KfyO}CŻ��ĞŤ/
KfyO}êƻ ΔEXƼ0ñ(3)*��=@?��
�

 ΔEX  = EH(H) + EX(-) – EH(-) – EX(H)  (3) 
�

� »±Ùś/ĤƜěƠ±ƅŢ0ƽ�3) Gaussian 09
l{Qws[14]Cł�)Ýź�ƽƅŢũĠ/¥ÖĤƜ

/ŻŔ.0 GaussViewCł�$�ƅŢzmy0ƽś

/FeL|.(�)a}]�¦ł¸Ŵ*�?++:

.ÝƸ�CţðŶ�£Ľ�? B3LYP/6-311+G(2d,p)
zmy/ßðĭƬēįCċł�$�ěƠ±ƅŢ/÷ƽ

¾zmy/Ċ°ƅŢCź')ÚÜĤƜ*�?�+C

ŒƊ�$��?±Ùś.(�)Žē/S|nt}U

v|�ØÊ�?Î¼.0ƽ�3)/S|nt}Uv

|.(�)ĤƜCěƠ±�ƽě:ÚÜ-S|nt}

Uv|/KfyO}(E)Cñ(3)/ƅŢ.�ł�$��
@=/ƅŢ�<1¥ÖĤƜŻŔ0ƽįđÓÙþÍt

aGFĒųőŞY|]}/wowbx.ƈů�@$

FlxR}Uv|T}i�*źB@$� 
� ŀůďÌƻXƼ+�)ƱÖĬòü/ p-NO2Ì�=

ƱÖ��ü/ p-Me2NÌ6*ƱÖŊ.Òĥ- 25ś/
ŀůďÌCá��ƽ»ůď�.Ƭ�)ŎàĪŎÚÜ

üCŢ¤�?�+.<>ƽůďÌ¯ĠCĮÜ�$�

�ƳƂ0 0˚�90˚6* 10˚§7*Ð±�!ƽ¼ƅ* 10
śƶ/ůďÌ¯ĠCø$�ø=@$ůďÌ¯Ġ0ą

ôĴç-ƣƧñ(1).<')ƃğ�$�-�ƽůďÌÜ
ē0ĔļƇƖ/ĕį [15].<') B3LYP/6-311+ 
G(2d,p)zmy*ĮÜ�$:/C�ł�$� 
� r− �.µę�@?ōČ¡ƺ/�łħĤ.(�)
ģƆ�?$9 NBOƃğ[16-18]Cź'$��

 
���7N
2.9+�

 

X

++

X

H H

EX(-)EH(H)EX(H)EH(-)

O OO O

φφ



29 

Copyright © 2016 Hosei University� � � � � � įđÓÙþÍtaGFĒųőŞY|]}őŞÍÂ Vol.30 

��	� O>
)*,�

 
� ŀĸůďFeL|0 C2 àŘCŔ�$��+�)

1a(H), 1a(H, φ=30˚), 1a(H, φ=60˚), �<1 , 1a(H, 
φ=90˚) /ĤƜC Fig. 1�<1 Fig. 2.Ŕ��³Ö/
�Ň.(�)0 Fig. 1.ŻŔ�$�6$ƽñ(3).<
')Ĭ9$ )/FeL|/ŎàĪŎÚÜüƻ- ΔEXƼ

0 Table 1�<1 Table 2.6+9$�Ż�*0ē×
�Ĩ.Ó��4,ÚÜ*�?�+CŔ��Ż¢.0

ĸůď� 1a(H, φ)/ 1a(H).à�?ÚÜü:Ćó¢
.¬�)�?� 
� ĸůď� 1a(H)/�ƳƂCÉÜ�-�Û ěƠ±
ƅŢ0¡îƳĤƜƻφ=0.0˚ƼC��$�m|Z|ŀ
¢/ũ¼Ɠư.Ƭ�)ƽũ¼ C1-C2�ě:ƫ�ƽC3-C4ƽ

C2-C3/ƴ.Ő�-')���m|Z|/<�. )

/ C-Cũ¼�¾�ũ¼ƓưCŔ�-�/0ƽ�ƪ/
C=O ũ¼+m|Z|ŀ+/¡ƺ��-³Ç*�?
+ű�=@?��ƳƂφCÓ���?.(@) C1-C2

0<>ƫ�-?�C3-C4045~Ü/ƫ�CŬć�?

~ĕ*ƽC2-C30Ő�-')���6$ƽC1-C7/ũ

¼Ɠư0φ/Ï¬.�')²ƍ.Ĳã�$��/<�

-ũ¼Ɠư/Ð±0m|Vy�FeL|/ r−�/
Ð±.��ũ¼Ɠư/Ð±.ƶ��)�?��/�

0ƽ�ƳƂÉÜm|\K}bFeL|Ťƻ1a(φ)Ƽ.
��)φ�Ó��4,ōČ¡ƺƻFeL|�ù+m| 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Z|�ƱÖŤ+/�Ɣƞ/Ŏ��łƼ�Ó��-?

�CŔÄ�)�?� 
� 1a(H, φ)/ÚÜü0�ƳƂφ/ÏÓ.�')²ƍ

.Ĳã�ƽ1a(H, φ=90˚)0φ=0˚/ 1a(H).à�) 3.9 
kcal mol-1�ÚÜ*�'$�àû�?ÚýƷƥƻ1n(H)Ƽ
/�ƳƂCÐ±�!$+�Aƽ1a(H, φ)+¾ĥƽφ/

ÏÓ.�')ÚÜü0Ĳã�¡îƳ�ƻ1n(H, φ=0˚)Ƽ
+ō��ƻ1n(H, φ=90˚)Ƽ+* 6.5 kcal mol-1/êCŔ

�$�1a(H, φ)�<1 1n(H, φ)¡.¡îƳĤƜ�ÚÜ
*�?/0ƽ�±Ùś¡. C=Oũ¼+m|Z|ŀ+
/¡ƺKfyO}�ÚÜ±.Ó��Þ��)�?�

=*�?+ű�=@?�1a(H, φ=90˚)*0�ƙ/ōČ
¡ƺ.<?ÚÜ±���)�?$9 1n(H, φ=90˚)<
>:ÚÜ±�ƽ1a(H, φ).��?¡îƳ�+ō��
+/KfyO}ê� 1n(H, φ)<>:â��-'$+
ű�=@?� 
� ĸůď�/ 1a(H).ƱÖĬòüÌCá��?+F
eL|0ÚÜ±�)��ƽp-NO2�* 10.90 kcal mol-1

ÚÜ±�$�µà.ƱÖ��üÌCá��?+�Ú

Ü±�)��ƽp-Me2N�* 2.32 kcal mol-1�ÚÜ±

�$��ƳƂφ/ÏÓ.�')ƽ�@=ÚÜ±�<1

�ÚÜ±/Ó��0²ƍ.ÏÓ�$�1a(H, φ=90˚)
*0ƽp-NO2�/á�* 12.71 kcal mol-1ÚÜ±�ƽ

p-Me2N�/á�* 3.59 kcal mol-1�ÚÜ±�$� 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

�OC7C1C2 ���Û�������Û

�OC7C1C2 ����Û��������Û

)LJ�����6WUXFWXUHV�RI�EHQ]RDWH�DQLRQV�

1a(H)

1a(H, q ��Ý�

ᅗ ᵓ㐀ࡢࣥ࢜ࢽ࢔ࢺ࣮࢚ࢰ1��࣋ࣥ ���.

C1 C7
C2

H8H9

H10

H11 H12

C3
C4

C5 C6

O13

O14

C1 C7
C2

O

O

1.3926

1.3938

1.3938

1.3937

1.3937

1.3923

1.3923

1.3965

1.3965

1.5450

1.2530

1.2530

1.3926
1.3959

1.3959
1.5509

1.2530

1.2530

�OC7C1C2 ����Û��������Û

�OC7C1C2 ����Û�������Û

)LJ�����6WUXFWXUHV�RI�EHQ]RDWH�DQLRQV�

1a(H, q ��Ý�

1a(H, q ��Ý�

ᅗ ᵓ㐀ࡢࣥ࢜ࢽ࢔ࢺ࣮࢚ࢰ2��࣋ࣥ ���.

C1 C7
C2

O

O

C1 C7
C2

O

O

1.3917

1.3937

1.3937

1.3936

1.3936

1.3915

1.3915

1.3985

1.3985

1.5332

1.2514

1.2514

1.3917
1.3978

1.3978
1.5365

1.2521

1.2521



30 

Copyright © 2016 Hosei University� � � � � � įđÓÙþÍtaGFĒųőŞY|]}őŞÍÂ Vol.30 

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).   
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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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