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INTRODUCTION

Iminophosphorane (

 

A

 

), alkenephosphorane (

 

B

 

),
and phosphine oxide (

 

C

 

) are among the most important
double bonds involving the phosphorus atom [1]. The
chemistry of the phosphonium ylide (

 

B

 

) has been
extensively studied in regard to its synthetic utility
[1, 2]. In contrast, relatively little is known about the
reactions of the closely related iminophosphoranes (

 

A

 

).
The literature results indicate that the imino nitrogen of

 

A

 

 (R = alkyl or aryl) is a typical nucleophile, undergo-
ing reactions such as alkylation, acylation, halogena-
tion, and carbonyl addition [3, 4].

Staudinger and coworkers [5] have reported the first
isolation of iminophosphoranes formed by reactions of
azidobenzene with triphenylphosphine. Briggs 

 

et al.

 

 [6]
found that N-aryliminophosphoranes, when treated
with alkylhalide in OH

 

– 

 

(aq), afforded the N-alkylben-
zeneamine in good yields. Kim [7] has also synthesized
N-aryliminotriethoxyphosphoranes and investigated
their reactions with benzaldehyde. They reported that
iminophosphorane reacts readily with benzaldehyde to
form the corresponding imines in good yields. The
imine yield increased with the electron withdrawing
ability of the substituent of benzaldehyde, although no
relationship is readily apparent between the N-aryl sub-
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stituent of iminophosphorane and the product yields.
These results underline the high nucleophilicity of the
imino nitrogen of the iminophosphoranes.

In spite of the many uses of iminophosphorane in
organic synthesis [8], it has been the subject of only a
few kinetic studies [9]. In this work, we have investi-
gated the hydrolysis reaction of N-aryliminotriphe-
nylphosphoranes (

 

I

 

) (Eq. (1)). The effects of substitu-
ent, general base catalysis, and pH on the rate constant
have been studied kinetically. The results of these stud-
ies are presented here.
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EXPERIMENTAL

 

General procedure.

 

 All chemicals were reagent
grade unless otherwise specified. Substituted azidoben-
zenes were prepared by the literature method [10].
Kinetic studies were carried out as before [11] using a
Pye-Unicam 85000 UV-Vis spectrophotometer 150-20.
IR spectra were taken with a Jasco-A-202. 
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Abstract

 

—Hydrolysis reactions of N-aryliminotriphenylphosphoranes (

 

I

 

) at varying pH have been investi-
gated kinetically. The reactions produced aniline derivatives and triphenylphosphine oxide as the products. The
reactions are first-order, and the Hammett 

 

ρ

 

 values are –0.29 and –0.63 at pH 3.0 and 8.0, respectively. The
reaction rate increased linearly with acetate ion concentration at [AcO

 

–

 

] < 0.05 M and approached a limiting
value at higher base concentration. The plot of  versus pH shows that there are two different regions in

the rate profile; one part in which  increases with hydronium ion concentration and the other where 

 

k

 

t

 

 is
a constant regardless of pH. On the basis of these results, a plausible hydrolysis mechanism is proposed. At
pH < 8.0, the reaction proceeds by protonation of the iminophosphorane nitrogen atom, followed by the addi-
tion of a water molecule. At pH > 8.0, the proton transfer from water to 

 

α

 

-nitrogen of the iminophosphorane
becomes the rate limiting step.
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spectra were obtained with a Varian Model EM-360
(60 MHz), and melting points were measured with a
Büchi-510 apparatus. An Orion Research digital-611
Model pH meter was used for pH measurement of the
buffer solution. All of the buffer solutions were pre-
pared from reagent grade chemicals, and the ionic
strength was maintained at 0.1 M by the addition of
sodium chloride except when pH 1.0 and pH > 13.0.

 

Materials.

 

 N-aryliminotriphenylphosphoranes
(

 

1a

 

−

 

1e

 

) were synthesized as described previously [5].
All of 

 

1a

 

–

 

1e

 

 were prepared in reasonable yields by
slowly adding the appropriate azidobenzene (25 mmol)
in Et

 

2

 

O (10 ml) to the solution of Ph

 

3

 

P (25 mmol) in
Et

 

2

 

O (25 ml) at 25

 

°

 

C. The solution was stirred for 2 h,
and the solvent was removed under reduced pressure.
The products were recrystallized from ethanol. The
spectral and analytical data of the compounds were
consistent with the proposed structures. The yield (%),
melting point (

 

°

 

C), IR (KBr, P=N, cm

 

–1

 

), 

 

1

 

H NMR
(CDCl

 

3

 

), and elemental analysis data for the new com-
pounds are as follows.

 

(

 

C

 

6

 

H

 

5

 

)

 

3

 

P

 

=

 

NC

 

6

 

H

 

4

 

-2-

 

NO

 

2

 

 

 

(1a).

 

 Yield 87%;
m.p. 

 

151–152°

 

C; IR 1381; 

 

1

 

H NMR 

 

δ

 

 7.2

 

 (m, 19H, phe-
nyl). For C

 

24

 

H

 

19

 

N

 

2

 

O

 

2

 

P anal. calc.: C, 72.36; H, 4.77; N,
7.03; P, 7.78. Found: C, 72.40; H, 4.75; N, 7.04; P, 7.78.
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3
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=
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6

 

H

 

3

 

-2-

 

NO

 

2

 

-4-

 

OCH

 

3

 

 

 

(1b). 

 

Yield
82%; m.p. 

 

136–138°

 

C; IR 1362; 

 

1

 

H NMR 

 

δ

 

 7.1

 

 (m,
18H, phenyl), 3.4 (s, 3H, OCH

 

3

 

). For C

 

25

 

H

 

21

 

N

 

2

 

O

 

3

 

P
anal. calc.: C, 70.17; H, 4.95; N, 6.55; P, 7.43. Found:
C, 70.11; H, 4.94; N, 6.56; P, 7.40.
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CH

 

3

 

 

 

(1c). 

 

Yield 83%;
m.p. 

 

139–141°

 

C; IR 1359; 1H NMR δ 7.1 (m, 18H,
phenyl), 2.1 (s, 3H, OCH3). For C25H21N2O2P anal.
calc.: C, 72.92; H, 5.15; N, 6.81; P, 7.54. Found: C,
72.88; H, 5.13; N, 6.81; P, 7.64.

(C6H5)3P=NC6H3-2-NO2-4-Cl (1d). Yield 91%;
m.p. 153–155°C; IR 1364; 1H NMR δ 7.2 (m, 18H,
phenyl). For C24H18ClN2O2P anal. calc.: C, 66.68; H,
4.20; N, 6.48; P, 7.18. Found: C, 66.83; H, 4.22; N,
6.47; P, 7.12.

(C6H5)3P=NC6H3-2,4-(NO2)2 (1e). Yield 92%;
m.p. 156–158°C; IR 1379; 1H NMR δ 7.3 (m, 18H, phe-
nyl). For C24H18N3O4P anal. calc.: C, 65.11; H, 4.10;
N, 9.49; P, 7.01. Found: C, 65.21; H, 4.11; N, 9.48;
P, 7.20.

Product studies. The hydrolysis product from the
reaction of 1e under acidic condition was identified by
reacting 1e (7 mmol) with 50 ml HCl solution for 4 h at
80°C. The mixture was extracted with CH2Cl2, dried
over anhydrous MgSO4, and the solvent was evaporated
in a vacuum. The crude product was purified by column
chromatography on silica gel using EtOAc/CHCl3 (1:1)
as the eluent. The products were 2,4-dinitroaniline and
Ph3PO, which were stable under the experimental con-
ditions. The products were also identified by periodi-
cally monitoring the UV absorption of the reaction
mixtures under the reaction conditions. The absorbance
at 386 nm due to the reactant decreased and those for

the 2,4-dinitroaniline (λmax = 340 nm) and Ph3PO
(λmax = 260 nm) increased as the reaction proceeded.
Clean isosbestic points were noted at 250 and 350 nm.
The reaction product was identified under basic condi-
tion by the same procedure as described above for the
product analysis under acidic conditions, except that
H3BO3/NaOH buffer solution (pH = 9.0) was used. The
products were 2,4-dinitroaniline and Ph3PO.

Kinetic studies. A solution of 1a–1e (6.0 × 10–4 M,
1.0 ml) in MeCN was added to a 100 ml volumetric
flask and diluted with water to 100.0 ml. The flask was
immersed in a water bath maintained at 25°C. Each ali-
quot portion (3.0 ml) of the solution was removed from
the volumetric flask after a measured time interval and
was placed in a quartz cuvette. The decrease in absorp-
tion at the wavelength of maximum absorption (λmax =
404 nm) for 1a and its derivatives (1b–1e, λmax = 386–
433 nm) over time was monitored.

pKa values of iminophosphoranes. The pKa values
of 1a–1e in water were determined by analyzing their
absorption spectra by the Davis–Geissman method
[12]. The pKa of iminiumphosphoranes (SH+) were
measured spectrophotometrically at 300–360 and 386–
433 nm, where the differences between  and εS are

largest. The pKa values were determined by plotting of
 or εS vs. pH. The results are summarized in

Table 4.

Control experiments. The stability of 1a–1e in
MeCN solutions was determined by periodical scan-
ning of the solutions with the UV spectrophotometer.
The solutions of 1a–1e in MeCN were stable for at least
two weeks when stored in the refrigerator.

RESULTS

Rate constants. Figure 1 shows the plot of logA vs.
reaction time for the hydrolysis of 1e at pH 3.5. The
plot is linear, indicating that the reaction is first-order to
the substrate. Similar results were obtained for all com-
pounds under all reaction conditions employed in this
study. The first-order rate constant (kobsd) was calcu-
lated from the slope of this plot. The values of kobsd
measured at various pH are given in Table 1, from
which the pH-rate profile shown in Fig. 2 is con-
structed. First-order rate constants of the other deriva-
tives are summarized in Table 2.

Substituent effect. The influence of the N-aryl sub-
stituent upon the hydrolysis rates of 1a–1e correlated
satisfactorily with the Hammett equation using σ val-
ues (Fig. 3). The Hammett ρ values are negative at all
pH ranges, indicating that electron-donating groups
facilitate the reaction. In addition, the value of ρ =
−0.29 ± 0.06 at pH 3.0 is smaller than that (ρ = −0.63 ±
0.04) calculated at pH 8.0. This indicates less positive
charge development in the transition state under acidic
condition.

ε
SH

+

ε
SH

+
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General base catalysis. To determine whether the
reaction is general base catalyzed, the rate constants for
1a were determined by varying the acetate ion concen-
tration at pH = 4.78. As shown in Fig. 4, the rate
increased linearly with the acetate ion concentration at
[AcO–] < 0.05 M and reached a limiting value at a
higher general base concentration.

Brønsted plot. Table 3 includes the rate constants

(k1/k–1)  for the deprotonation of intermediate IV by gen-

eral bases with different structural types. The (k1/k–1)
values showed good correlation with the pKa values of
the general bases (Fig. 5). The Brønsted β value is
0.44 ± 0.01 with excellent correlation (r = 0.997).

DISCUSSION

The hydrolysis reactions of 1a–1e produced aniline
derivatives and triphenylphosphine oxide as the prod-
ucts. The reaction is first-order to the substrate, and the
rate increases with hydronium ion concentration at low
pH and remains constant at pH > 8.5 (Figs. 1, 2). A rea-
sonable mechanism consistent with these results is
shown in schemes 1 and 2.

Under basic conditions, the reaction appears to pro-
ceed by the protonation of the α-nitrogen of the P=N
bond followed by the addition of a hydroxide ion to
β-phosphorus (Scheme 1).

The α-nitrogen of the P=N bond is expected to be
basic enough to abstract a proton from water under the
reaction conditions, to afford I. The addition of water to
the latter to produce II should be an exothermic process
because a new P–O bond is produced. This intermedi-
ate would then undergo a rapid intramolecular retro-
addition to afford the products. The formation of an
intermediate such as II has been previously proposed
by Jencks in the Schiff base hydrolysis [14]. Although
II could not be detected experimentally, its half-life
was estimated by an indirect kinetic method [15].

k2
B

k2
B

The rate-limiting step for this reaction may be
assessed by the Hammett ρ value. Figure 3 shows that
the Hammett ρ value –0.63 at pH 8.0, indicating a small
positive charge development at the reaction site in the
transition state. Since the electron density at the reac-

Table 1.  Rate constants for the hydrolysis of (C6H5)3P=N–
C6H4-2-NO2 at varying pH and 25°C

pH Buffer solution**
kobsd × 106, s–1

obsd. calc.

1.0 HCl 910 897
2.0 ″ 898 897
3.0 ″ 901 892
3.5 HOAc + NaOAc 886 881
4.0 ″ 832 881
4.5 ″ 804 764
5.0 ″ 645 583
5.5 ″ 446 349
6.0 ″ 178 177
6.5 KH2PO4 + K2HPO4 89.2 113
7.0 ″ 45.6 87.4
7.5 ″ 16.9 22.9
8.0 H3BO3 + NaOH 1.02 0.906
9.0 ″ 0.469 0.512

10.0 ″ 0.513 0.512
11.0 NaOH 0.508 0.512
12.0 ″ 0.511 0.512
13.0 ″ 0.512 0.512
14.0 ″ 0.512 0.512

* [Substrate] = 6.0 × 10–6 M.
** The ionic strength was maintained at 0.1 M by the addition of

sodium chloride except at pH 1.0 and above 13.0. Estimated
uncertainty, ±5%.
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Fig. 1. Plot of log absorbance vs. time for the hydrolysis of
(C6H5)3P=N–C6H3-2,4-(NO2)2 at pH 3.5 and 25°C.

Fig. 2. pH-rate profile for the hydrolysis of (C6H5)3P=N–
C6H4-2-NO2 at 25°C. Circles are experimental points, and
solid line is drawn according to equation (11).



24

KINETICS AND CATALYSIS      Vol. 46      No. 1      2005

PYUN et al.

tion site decreases in the first step and remains nearly
the same in the second step, the small negative ρ value
would be consistent if either step is rate limiting. How-
ever, considering that deprotonation from I would be
endothermic, whereas addition of OH– to I should be
exothermic (vide supra), it seems most reasonable to
expect that the first step is rate limiting.

The plausible mechanism under acidic condition is
in Scheme 2, which is similar to that shown in
Scheme 1 except that water is added to the SH+.

In the first step, the α-nitrogen of the P=N bond is
assumed to be protonated by H+ because nitrogen is a

stronger base than phosphorus. Resonance stabilization
by IIIb is important because the positive charge is delo-
calized over the phosphorus atom. In addition, the result-
ing protonated iminiumphosphorane (SH+) species is
highly reactive toward nucleophilic attack at the β-phos-
phorus because of the contribution by IIIb. In the second
step, either H2O or OH– may add to [SH+]. However, the
second possibility has been ruled out because the
hydroxide ion concentration is much smaller than that of
water. A similar mechanism was proposed by Chaturvedi
et al. [9a] for the hydrolysis of iminotriethoxyphospho-

N X + H2O(C6H5)3P

NO2

N X(C6H5)3P

NO2

H

2+
+δ

N X + OH–(C6H5)3P

NO2

+ ..
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N X(C6H5)3P

NO2

..

HOH

O + H2N X(C6H5)3P
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Scheme 2.
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rane. They have also provided strong evidence in support
of the existence of intermediate (IV).

The rate-determining step of the reaction may be
determined by the ρ, β, and general base effect. The ρ
value measured at pH 3.0 is –0.29, which is signifi-
cantly smaller than the ρ = –0.63 at pH 8.0. An elec-
tron-donating substituent at the N-aryl ring is expected
to increase  and decrease k1. This would predict a

negative ρ value for the former and a positive value for

the latter, respectively. On the other hand,  should be
relatively independent of the aryl substituent because
the –  is too far away from the substituent, i.e., the
ρ value should be near zero. Therefore, the small ρ
value could be explained if either k1 or  is the rate-
determining step. Note that the protonation step is
assumed to be rate limiting under basic conditions (vide
supra).

Additional evidence in support of this conclusion is
provided by the general base catalysis. Figure 4 shows
that  increases linearly with acetate ion con-
centration when [AcO–] < 0.05 M. This indicates that
the general base catalyzes the deprotonation step and

that  is involved in the rate-limiting step under these
conditions. On the other hand, the rate of hydrolysis
approaches the limiting values when [AcO–] > 0.05 M.

Under this condition, [AcO–] � k–1, and k1 becomes
the rate-determining step. It is interesting to note that
the Brønsted β value for this reaction is 0.44. This indi-
cates a significant proton transfer in the transition state.

The pH-rate profile shown in Fig. 2 provides con-
vincing evidence in support of the proposed mechanism
under all reaction conditions. The observed constant
(kobsd) can be divided into two parts, each representing
a different mechanism:

(2)

where k11 is the rate constant for the addition of water
or a hydroxide ion to conjugated acid (SH+) and k0 is
the rate constant for the hydrolysis reaction which is
insensitive to pH, i.e.,  can be defined as the acid

dissociation constant of the protonated form, SH+.
/[H3O+] +  is the mole fraction of the conju-

gated acid (SH+) species at each pH.

The steady-state assumption can be employed fre-
quently, since the concentration of highly reactive inter-
mediates generally attains a low concentration quite
rapidly. When assuming the low pH mechanism, one
can apply the steady-state approximation with respect
to [IV] [11].

K
SH

+

k2
B

OH2
+

k2
B

kobsdlog

k2
B

k2
B

kobsd k11 1
K

SH
+

H3O
+[ ] K

SH
++

-----------------------------------– k0.+=

K
SH

+

K
SH

+ K
SH

+

Table 2.  Observed rate constants for the hydrolysis
of (C6H5)3P=N–C6H4-2-NO2-4-X at varying pH and 25°C

pH Buffer solution
kt × 10–6, s–1

1b 1c 1d 1e

1.0 HCl 994 957 821 521

2.0 ″ 993 956 820 512

3.0 ″ 993 957 778 480

3.5 HOAc + NaOAc 947 952 743 290

4.0 ″ 932 933 594 126

4.5 ″ 911 908 402 52.1

5.0 ″ 862 848 298 36.8

5.5 ″ 665 633 81.2 7.74

6.0 ″ 359 309 43.2 1.56

6.5 KH2PO4 + K2HPO4 101 90.2 9.87 0.931

7.0 ″ 47.2 45.4 4.79 0.733

7.5 ″ 8.21 11.2 1.13 0.659

8.0 H3BO3 + NaOH 1.85 1.40 0.774 0.373

9.0 ″ 0.821 0.781 0.448 0.370

10.0 ″ 0.833 0.802 0.434 0.371

11.0 NaOH 0.827 0.785 0.431 0.372

12.0 ″ 0.826 0.784 0.431 0.371

13.0 ″ 0.826 0.784 0.431 0.371

14.0 ″ 0.826 0.784 0.431 0.371

Notes: [Substrate] = 6.0 × 10–6 M.
The ionic strength was maintained at 0.1 M by the addition 
of sodium chloride except at pH 1.0 and above 13.0. Esti-
mated uncertainty, ±5%.

Table 3.  Effect of base strength upon the (k1/k–1)  values
for the hydrolysis of (C6H5)3P=N–C6H4-2-NO2 at 25°C

Base pKa* (k1/k–1) , s–1

H2O –1.70 1.06 × 10–3

ClCH2COO– 2.82 1.91 × 10–1

CH3COO– 4.75 1.66

p-Toludine 5.18 2.82

Pyridine 5.36 3.31

Lutidine 6.64 1.23 × 10

H2P 7.32 2.09 × 10

OH– 15.7 5.32 × 104

* Reference [13].

k2
B

k2
B

O4
–
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The rate equation can be expressed as

(3)

where

(4)

or

(5)

From Eq. (4), it can shown that, if the concentration of

general base is high ( [B] � k–1), then k11 = k1. Thus,
if the concentration of general base is high, k11 will take
5.84 × 10–3 s–1, which is the limiting value of general
base catalysis in Fig. 4.

If water and hydroxide ion are the only general
bases present, Eq. (5) becomes

(6)

At pH < 3.0, the concentration of hydroxide is negligi-
ble, Eq. (6) becomes

(7)

As an example, the overall rate equation (kobsd) for the
hydrolysis of 1a can be determined by the following
method. At high general base concentration, k11 =

w = SH
+[ ]

dt
--------------–  = k11 SH

+[ ] = 
k1k2

B
B[ ]∑

k 1– k2
B

B[ ]∑+
----------------------------------- SH

+[ ],
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k1k2
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B
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-----------------------------------=

1
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------

k 1– k2
B

B[ ]∑+

k1k2
B

B[ ]∑
----------------------------------- 1

k1
----

1
k1

k 1–
------ 

  k2
B

B[ ]∑
-----------------------------------.+= =

k2
B

1
k11
------ 1

k1
----

1
k1

k 1–
------ 

  k2
B

H2O[ ] k2
OH

OH
–[ ]+{ }

------------------------------------------------------------------------.+=

1
k11
------ 1

k1
----

1
k1

k 1–
------ 

  k2

H2O
H2O[ ]{ }

----------------------------------------------.+=

5.84 × 10–3 s–1, which is the limiting value of general

base catalysis in Fig. 4. At low pH, since the [OH–]

is negligible compared to the (k1/k2)/ , the value of

(k1/k2)/ [H2O] can be determined from k1 = 5.84 ×
10–3 s–1, and the observed rate constant kobsd = 9.01 ×
10−4 s–1 at pH 1.0 and is found to be 1.06 × 10−3 s–1. In
addition, by substituting kobsd = 1.78 × 10–4 s–1 at pH 6.0

into Eq. (6),  = 5.32 × 104 s–1 can be obtained. This
measures the efficiency of hydroxide ion as a base cat-
alyst, B, in our mechanism.

Hence, the rate constant k11 becomes

(8)

(9)

(10)

Based on Fig. 2, we obtained k0 = 5.12 × 10–7 s–1 for pH
greater than 8.0.  of 1a in water gave 6.03 × 10–6

(Table 4). By substituting the above data into Eq. (2),
the overall rate equation constant (kobsd) can be
obtained. As a result, the overall rate equation constant
becomes

(11)
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5.84 10
3–×

--------------------------
1
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Fig. 3. Hammett plots for the hydrolysis of N-aryliminot-
riphenylphosphoranes [(C6H5)3P=N–C6H3-2-NO2-4-X] at
pH 3.0, 8.0 and 25°C.

Fig. 4. General base catalysis hydrolysis of (C6H5)3P=N–
C6H4-2-NO2 at pH 4.78 and 25°C. Circles are experimental
points, and solid line is drawn according to Eq. (17c).
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Table 1 and Fig. 2 show that the values of overall rate
constant kobsd calculated by Eq. (11) are consistent with
observed values.

If water, hydroxide ion, and the various bases are
present as the general base catalyst, Eq. (6) becomes

(12)

From the k1 = 5.84 × 10–3 s–1, (k1/k–1)/ [H2O] =

1.06 × 10–3 s–1, (k1/k–1) [OH–] = 5.32 × 104 s–1 and
observed rate constant (kt), the values of catalytic con-

stants of various bases ((k1/k–1) ) can be determined.

The values of the ratio (k1/k–1)  calculated by Eq. (12)
and pKa of the bases are given in Table 3, and Fig. 5
shows the Brønsted plot. Note that the catalytic con-

stant  cannot be separated from the hydration equi-

librium constant k1/k–1. However, (k1/k–1)  will be

mainly dependent on  because the term k1/k–1 is con-
tained in all catalytic constants.

The calculated  values are summarized in

Table 4. As an example, by substituting kobsd = 1.78 ×
10–4 s–1, [OH–] = 10–8 å and [H3O+] = 10–6 M at pH 6.0
into Eq. (11), the results of calculation are consistent
with the observed values.

Similarly, the rate equation obtained for the hydrol-
ysis of 1a derivatives:

p-OCH3:

(13)

p-CH3:

(14)
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(16)

If acetate ions are present as a general base catalyst,
Eq. (5) becomes
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Fig. 5. Brønsted plot for the hydrolysis of (C6H5)3P=N–
C6H4-2-NO2 promoted by various bases in water at 25°C.

Table 4.  pKa values of N-aryliminotriphenylphosphoranes
[(C6H5)3P=N–C6H4-2-NO2-4-X] in water

X pKa

 × 106

obsd. calc.

OCH3 5.65 2.24 2.24

CH3 5.55 2.82 2.83

H 5.22 6.03 6.05

Cl 4.43 37.2 37.3

NO2 3.30 501 504

Note: [Substrate] = 3.18 × 10–5 M.

KSH
+
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(17)

From the value of k1 = 5.84 × 10–3 s–1, (k1/k–1) ×

[H2O] = 1.06 × 10–3 s–1, (k1/k–1)  = 5.32 × 104 s–1,
[CH3COO–] = 0.1 M, [OH–] = 6.03 × 10–10 M, and the
observed rate constant kobsd = 4.82 × 10–3 s–1, the acetate

ion catalytic constant value (k1/k−1)  = 2.42 × 10–4 s–1

can be obtained. By substituting the above into
Eq. (12), k11 is given by the following Eq. (17a).

(17a)

(17b)

As a result, the overall rate constant becomes

(17c)

Figure 4 shows that the values of overall rate constant
kobsd calculated by (17c) are in good agreement with the
observed values.
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