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Second-order rate constants have been measured for two series of nucleophilic displacement reactions, i.e., 
reactions of 4-nitrophenyl benzoate with Z-substituted phenoxides and those of Y-substituted phenyl benzoates 
(1a-h) with 4-chlorophenoxide (4-ClPhO–) in 80 mol% H2O/20 mol% DMSO at 25.0 ± 0.1 oC. The Brønsted-type 
plot for reactions of 4-nitrophenyl benzoate with Z-substituted phenoxides exhibits an excellent linear correlation 
with βnuc = 0.72. Reactions of 1a-h with 4-chlorophenoxide result in also a linear Brønsted-type plot with βlg = –0.62, 
a typical βlg value for a concerted mechanism. The Hammett plots correlated with σo and σ– constants show many 
scattered points for reactions of 1a-h with 4-chlorophenoxide. In contrast, the corresponding Yukawa-Tsuno plot 
exhibits an excellent linear correlation with ρY = 2.26 and r = 0.53, indicating that expulsion of the leaving group 
occurs at the rate-determining step (RDS) either in a concerted mechanism or in a stepwise pathway. However, a 
stepwise mechanism with leaving group departure being the RDS is excluded since the leaving Y-substituted 
phenoxide is less basic and a better nucleofuge than the incoming 4-ClPhO–. Thus, the reactions have been 
concluded to proceed through a concerted mechanism, in which bond formation between the nucleophile and 
electrophilic center is more advanced than expulsion of the leaving group in the transition state on the basis of the 
magnitude of βnuc and βlg values. 
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Introduction

Acyl-group transfer reactions have been reported to pro-
ceed through a concerted mechanism or through a stepwise 
mechanism depending on reaction conditions.1-5 Aminolysis 
of aryl acetates and benzoates have generally been understood 
to proceed through a stepwise mechanism with a change in 
rate-determining step (RDS) on the basis of curved Brønsted- 
type plots found for reactions of esters with a good leaving 
group (e.g., 2,4-dinitrophenoxide).1-5 RDS has been suggested 
to change at pKa

o defined as the curvature center of a curved 
Brønsted-type plot, i.e., RDS changes from breakdown of the 
intermediate to its formation as the incoming amine becomes 
more basic than the leaving aryloxide by 4 to 5 pKa units.1-5

However, reactions with anionic nucleophiles have not 
been completely understood. Williams et al. have concluded 
that reactions of 4-nitrophenyl acetate with a series of sub-
stituted phenoxides, whose basicity straddles the leaving 
4-nitrophenoxide, proceed through a concerted mechanism 
on the basis of a linear Brønsted-type plot.6 This is because a 
curved Brønsted-type plot would be expected if the reaction 
proceeds through a stepwise mechanism.6 In contrast, it has 
been reported that reactions of substituted phenyl acetates 
with phenoxide proceed through an addition intermediate 
with its formation being RDS.7 The evidence provided was 
that σ– constants result in a poorer Hammett correlation than σo 
constants.7 

We have recently shown that deduction of reaction mechanism 
based just on Hammett correlations with σ– or σo constants 
might be misleading for alkaline hydrolysis and ethanolysis of 
Y-substituted phenyl diphenylphosphinates and related com-

pounds.8 It was found that σo constants result in better Ham-
mett correlation than σ– constants. Traditionally, such a result 
was taken as evidence for a stepwise mechanism.9-13 However, 
we concluded that the reactions proceed through a concerted 
mechanism since the corresponding Yukawa-Tsuno plot resul-
ted in an excellent linear correlation.8,14

To get more information on mechanism for acyl-group 
transfer reactions, our study has been extended to reactions of 
4-nitrophenyl benzoate with a series of Z-substituted phenoxides 
and those of Y-substituted phenyl benzoates (1a-h) with 
4-chlorophenoxide (Scheme 1). We have concluded that the 
reactions proceed through a concerted mechanism on the 
basis of LFERs (e.g., Brønsted-type plots, Hammett plots, and 
Yukawa-Tsuno plots).

Results and Discussion

The kinetic study was performed under pseudo-first-order 
conditions with the concentration of nucleophile in excess 
over the substrate concentration. All reactions obeyed first-order 
kinetics with quantitative liberation of Y-substituted phenoxide 
ion. Pseudo-first-order rate constants (kobsd) were calculated 
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Table 2. Summary of Second-order Rate Constants for Reactions of 
Y-Substituted Phenyl Benzoates (1a-h) with 4-Chlorophenoxide 
(4-ClPhO–) in 80 mol% H2O/20 mol% DMSO at 25.0 ± 0.1 oC.a

Y pKa
Y-PhOH k4-ClPhO‒ /M-1s-1

1a 3-COCH3 10.4 3.45 × 10-3

1b 3-CHO 10.1 6.10 × 10-3

1c 3-NO2 9.32 4.16 × 10-2

1d 4-COCH3 8.94 2.36 × 10-2

1e 4-CHO 8.45 5.52 × 10-2

1f 4-NO2 7.79 1.85 × 10-1

1g 4-Cl-2-NO2 6.92 2.15 × 10-1

1h 3,4-(NO2)2 5.60 7.19
apKa in 20 mol% DMSO calculated from equation, pKa

Z-C6H4OH
 in 20% 

DMSO = 1.27pKa
 Z-C6H4OH

 in H2O –1.28.

Table 1. Summary of Second-order Rate Constants (kZ-PhO‒) for 
Reactions of 4-Nitrophenyl Benzoate with Z-Substituted Phenoxides
(Z-C6H4O–) in 80 mol% H2O/20 mol% DMSO at 25.0 ± 0.1 oC. 

Entry Z pKa 
Z-C6H4OH 103 kZ-PhO– /M–1s–1

1 4-Me 11.7a 925
2 H 11.3a 452
3 4-Cl 10.5a 185
4 3-Cl 10.2b 90.3
5 4-COMe 8.94b 8.88
6 4-CN 8.60a 5.10

apKa in 20 mol% DMSO taken from ref. 7(a). bpKa in 20 mol% DMSO 
calculated from equation, pKa

Z-C6H4OH
 in 20% DMSO = 1.27 pKa

 Z-C6H4OH

in H2O ‒ 1.28.
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Figure 1. Brønsted-type plot for reactions of 4-nitrophenyl benzoate 
with Z-substituted phenoxides (Z-C6H4O–) in 80 mol% H2O/20 mol% 
DMSO at 25.0 ± 0.1 oC. The identity of points is given in Table 1. 
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from the equation ln(A∞ – At) = –kobsdt + C. The plots of kobsd 
vs. nucleophile concentration were linear. Second-order rate 
constants were determined from the slope of the linear plots 
and summarized in Tables 1 and 2. It is estimated from replicate 
runs that the uncertainty in the rate constants is less than ±3 %. 

Effect of Basicity of Incoming Aryloxides on Reactivity. 
As shown in Table 1, the second-order rate constant (kZ-PhO‒) 

for reactions of 4-nitrophenyl benzoate with Z-substituted 
phenoxide (Z-C6H4O–) decreases as the basicity of incoming 
aryloxide decreases, e.g., it decreases from 0.925 M-1s-1 to 
0.185 and 5.10 × 10-3 M-1s-1 as the pKa of the conjugate acid of 
the aryloxide decreases from 11.7 to 10.5 and 8.6, in turn. The 
effect of basicity of aryloxides on reactivity is illustrated in 
Figure 1. The Brønsted-type plot exhibits an excellent linear 
correlation with βnuc = 0.72.

The magnitude of βnuc values has generally been understood 
to represent a relative degree of bond formation in the tran-
sition state.15,16 Accordingly, βnuc has been taken as a measure 
of reaction mechanism, e.g., βnuc = 0.5 ± 0.1 for reactions 

proceeding through a concerted mechanism while βnuc = 0.2 ± 
0.1 or 0.9 ± 0.2 for those reported to proceed through a 
stepwise mechanism depending on the rate-determining step 
(RDS).15,16 The current βnuc value of 0.72 implies that the degree 
of bond formation in the transition state is relatively high. 
Thus, one might suggest that the current reaction proceeds 
through intermediate 2, in which expulsion of 4-nitrophenoxide 
from 2 occurs in the RDS on the basis of the βnuc value.

The RDS for a stepwise mechanism would be determined 
by the basicity of nucleofuges, e.g., 4-nitrophenoxide and 
Z-substituted phenoxide in this study. One might expect that 
4-nitrophenoxide would depart more rapidly than Z-substi-
tuted phenoxide, since the former is less basic and a better 
nucleofuge than the latter. Accordingly, expulsion of 4-nitro-
phenoxide from 2 is expected to occur after the RDS. Thus, 
one can suggest that the current reaction proceeds through a 
concerted mechanism and the βnuc value of 0.72 found in this 
study would be an upper limit for a concerted mechanism (i.e., 
a large bond formation in the transition state).

Effect of Leaving-Group Basicity on Reactivity. To examine 
the above argument, second-order rate constants (k4-ClPhO‒) 
have been measured for reactions of Y-substituted phenyl 
benzoates (1a-h) with 4-chlorophenoxide (4-ClPhO–). As 
shown in Table 2, k4-ClPhO‒ increases as the leaving aryloxide 
becomes less basic, e.g., it increases from 3.45 × 10-3 M-1s-1 to 
5.52 × 10-2 and 7.19 M-1s-1 as the pKa of the conjugate acid of 
the leaving aryloxide decreases from 10.4 to 8.45 and 5.60, in 
turn. 

The effect of leaving group basicity on reactivity is illustra-
ted in Figure 2. The Brønsted-type plot is linear with βlg = –0.62, 
which is a typical βlg value for reactions reported to proceed 
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Figure 2. Brønsted-type plot for reactions of Y-substituted phenyl 
benzoates (1a-h) with 4-ClPhO– in 80 mol% H2O/20 mol% DMSO at 
25.0 ± 0.1 oC. The identity of points is given in Table 2. 
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Figure 3. Hammett correlations with σo (A) and σ– (B) for reactions 
of Y-substituted phenyl benzoates (1a-h) with 4-ClPhO– in 80 mol% 
H2O/20 mol% DMSO at 25.0 ± 0.1 oC. The identity of points is given 
in Table 2. 
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Figure 4. Yukawa-Tsuno plot for reactions of Y-substituted phenyl 
benzoates (1a-h) with 4-ClPhO– in 80 mol% H2O/20 mol% DMSO at 
25.0 ± 0.1 oC. The identity of points is given in Table 2. 

through a concerted mechanism.8,17-20 However, one cannot 
obtain conclusive information on mechanism for the current 
reactions since the plots exhibit many scattered points.

To get more conclusive information on the reaction mechanism, 
Hammett plots have been constructed using σo and σ– constants 
in Figures 3A and 3B. One might expect that σo constants would 
result in a better Hammett correlation than σ–, if the leaving 
group departure is not advanced at RDS. In contrast, σ– con-
stants would give a better correlation than σo, if the leaving 
group departure occurs in RDS either in a stepwise mechanism 
or in a concerted pathway. This is because a partial negative 
charge, which can be delocalized on the substituent Y through 
resonance, would develop on the oxygen atom of the leaving 
aryloxide when the leaving group departure occurs in RDS. 
As shown in Figures 3A and 3B, σ– constants result in a 
slightly better Hammett correlation than σo constants, but both 
plots exhibit highly scattered points. Thus, these Hammett 
plots cannot provide definitive information on reaction me-
chanism. 

We have recently shown that deduction of reaction mechanism 
based just on a linear or nonlinear Hammett plot can be mislea-
ding for reactions of 2,4-dinitrophenyl X-substituted benzoates 
and related compounds with amines as well as with anionic 
nucleophiles such as OH–, CN–, and N3

–.5,14,21,22 Instead, 
Yukawa-Tsuno plots have been found to be highly effective to 
elucidate reaction mechanism.5,14,21,22 Thus, a Yukawa-Tsuno 
plot has been constructed using the current kinetic results to 
deduce reaction mechanism. As shown in Figure 4, the Yukawa- 
Tsuno plot results in an excellent linear correlation with ρY = 
2.26 and r = 0.53. The r value in the Yukawa-Tsuno equation 
(eq 2) represents the extent of resonance contribution between 
the reaction site and substituent Y.23 Since eq (2) becomes the 
Hammett equation when r = 0 or 1, the fact that r is neither 0 
nor 1 is consistent with the poor Hammett correlations with σo 

or σ– constants shown in Figure 3. 

log kY/kH  =  ρ (σo + r (σ– – σo)) (2)

The r value of 0.53 indicates that a negative charge develops 
partially on the oxygen atom of the leaving aryloxide. Since 
such a negative charge can be delocalized onto the substituent 
Y through resonance interaction, two different mechanisms 
are possible, i.e., a concerted mechanism and a stepwise 
process in which expulsion of the leaving group occurs in the 
RDS. However, one can exclude the latter mechanism as 
mentioned above, since expulsion of the leaving group is 
expected to occur rapidly after the RDS on the basis of the fact 
that 4-ClPhO– is more basic and a poorer nucleofuge than all 
the Y-substituted phenoxides employed in this study. Thus, 
one can conclude that the reactions of aryl benzoates 1a-h 
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with 4-ClPhO– proceed through a concerted mechanism, in 
which bond formation between the nucleophile and the elec-
trophilic center is expected to be more advanced than expulsion 
of the leaving group. 

Summary

(1) The Brønsted-type plot for reactions of 4-nitrophenyl 
benzoate with Z-substituted phenoxides exhibits an 
excellent linear correlation with βnuc = 0.72. 

(2) Reactions of Y-substituted phenyl benzoates (1a-h) with 
4-ClPhO– result in a linear Brønsted-type plot with βlg = 
–0.62, a typical βlg value for a concerted reaction. 

(3) Hammett plots correlated with σo and σ– constants 
exhibit highly scattered points for the reactions of 1a-h 
with 4-ClPhO–, while the corresponding Yukawa-Tsuno 
plot results in an excellent linearity with ρY = 2.26 and 
r = 0.53, indicating that expulsion of the leaving group 
occurs at the RDS. 

(4) A stepwise mechanism with leaving group departure 
being the RDS is excluded since the nucleophile is 
more basic and a poorer nucleofuge than the leaving 
Y-substituted phenoxides. 

(5) The current reaction proceeds through a concerted 
mechanism, in which bond formation is expected to be 
more advanced than expulsion of the leaving group on 
the basis of the magnitude of βnuc and βlg values.

Experimental Section

Materials. Y-Substituted phenyl benzoates (1a-h) were 
readily prepared from the reactions of Y-substituted phenol 
and benzoyl chloride in anhydrous ether in the presence of 
triethylamine. Their purity was checked by their melting points 
and 1H NMR spectra. Phenols were generally recrystallized 
before use. DMSO and other chemicals were of the highest 
quality available. Doubly glass-distilled water was further 
boiled and cooled under nitrogen just before use.

Kinetics. The kinetic study was performed using a UV-Vis 
spectrophotometer equipped with a constant temperature cir-
culating bath. The reactions were followed by monitoring the 
appearance of Y-substituted phenoxide at a fixed wavelength 
corresponding the maximum absorption. Due to low solubility 
of substrates 1a-h in pure water, kinetics were performed in 80 
mol% H2O/20 mol% DMSO. Typically, the reaction was 
initiated by adding 5 µL of a 0.02 M of substrate stock solution 
in MeCN by a 10 µL syringe to a 10 mm UV cell containing 
2.50 mL of the reaction medium and nucleophile. The nucleo-
phile stock solution of ca. 0.2 M was prepared in 25.0 mL 
volumetric flask under nitrogen by adding 2 equiv. of Z-sub-
stituted phenol to 1 equiv. of standardized NaOH solution to 
obtain a self-buffered solution. Transfers of solutions were 
carried out by means of gas-tight syringes. All reactions were 
carried out under pseudo-first-order conditions in which 
nucleophile concentrations were at least 20 times greater than 
the substrate concentration. 

Product Analysis. Y-Substituted phenoxide was identified 
as one of the products by comparison of the UV-Vis spectra at 

the end of the reactions with the authentic samples under the 
same reaction conditions.
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