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A large kinetic isotope effect in the reaction
of ascorbic acid with 2-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl 3-oxide (PTIO�)
in aqueous buffer solutions†

Ikuo Nakanishi, *a Yoshimi Shoji,a Kei Ohkubo, ab Toshihiko Ozawa,c

Ken-ichiro Matsumoto a and Shunichi Fukuzumi *de

A large kinetic isotope effect (KIE, kH/kD) of 12.8 was observed for

the hydrogen-transfer reaction from ascorbic acid to 2-phenyl-

4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide (PTIO�) in a phos-

phate buffer solution (0.05 M, pH/pD 7.0) at 298 K. The isotopic

difference in the activation energies (6.8 kJ mol�1) determined from

the temperature dependence of the KIE suggests that quantum

mechanical tunneling may partly play a role in the reaction,

although the isotopic ratio of the Arrhenius prefactor (AH/AD =

0.86) is within the semiclassical limits.

Quantum mechanical tunneling in hydrogen-transfer reactions1–3

in biological redox systems has attracted considerable attention
with regard to the quantum mechanical behaviour in biology in
recent years.4 Uršić et al. reported that a large kinetic isotope
effect (KIE, kH/kD) of 24.2 was observed in water for the hydrogen-
transfer reaction from ascorbic acid (AscH2), one of the represen-
tative water-soluble antioxidants, to 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO) radicals.5 This is the first report about hydrogen
tunneling in a reaction involving AscH2. On the other hand, Li has
recently reported a new and simple antioxidant assay in vitro
using 2-phenyl-4,4,5,5-tetramethylimidazoline-1-oxyl 3-oxide
radicals (PTIO�), one of the nitronyl nitroxide radicals, where
a hydrogen transfer occurred from antioxidants to PTIO�.6 How-
ever, little is known about the kinetics of the reaction between

antioxidants and PTIO�, as well as the KIE. We report herein the
observation of a large kinetic isotope effect for the reaction of
AscH2 with PTIO� in a phosphate buffer. A possibility of the
involvement of quantum mechanical tunneling is also discussed
based on the temperature dependence of the KIE.

When AscH2 was added to the phosphate buffer solution
(0.05 M, pH 7.0) of PTIO�, the bands at 345 and 560 nm
decreased immediately with clear isosbestic points at 218,
244, 279 and 313 nm as shown in Fig. 1. Since the pKa value
of AscH2 is reported to be 4.1,7 AscH2 undergoes deprotonation
and exists in its anionic form, AscH�, in phosphate buffer
solution (0.05 M, pH 7.0). Thus, this spectral change indicates
that AscH� efficiently scavenged PTIO� in phosphate buffer.
The spectral titration (inset of Fig. 1) shows that the stoichio-
metry of the reaction is given by eqn (1), where AscH� reacts
with 2PTIO�.

(1)

The decay of the absorbance at 560 nm monitored by a
stopped-flow technique obeyed pseudo-first-order kinetics,
when the concentration of AscH2 ([AscH2]) was maintained at
more than a 10-fold excess of PTIO� concentration (Fig. 2). The
pseudo-first-order rate constants (kobs) linearly increased with
increasing [AscH2] (Fig. 3). From the slope of the linear plot, the
second-order rate constant (kH) for the scavenging reaction of
PTIO� by AscH2 [eqn (2)] was determined in a phosphate buffer
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(0.05 M, pH 7.0) to be 2.4 � 103 M�1 s�1. This value is smaller
than that determined for the reaction between AscH2 and
b-cyclodextrin-solubilised 2,2-diphenyl-1-picrylhydrazyl radicals
(DPPH�)8 under the same experimental conditions (kH = 5.6 �
103 M�1 s�1). Thus, the reactivity of PTIO� toward AscH2 is lower
than that of DPPH�.

(2)

When H2O was replaced by D2O to prepare the phosphate
buffer, the exchangeable O–H protons in AscH2 are replaced by
deuterons from D2O to produce AscD2. The second-order rate
constant (kD) thus determined for the reaction of AscD2 with
PTIO� was significantly decreased to be 1.9 � 102 M�1 s�1.

Thus, the KIE (kH/kD) is calculated to be 12.8. Such a large KIE
value has clearly precluded an electron-transfer pathway in the
oxidation reaction of AscH2 by PTIO�. This value is beyond the
maximum expected semiclassical value of 7.9 for the dissocia-
tion of the O–H bond.9 We also performed the reaction of
AscH2 with PTIO� in the temperature range from 288 to 308 K
and the kH and kD values were determined from the slopes of
the linear plots of the kobs values vs. concentrations of AscH2 or
AscD2 (Table 1).

Furthermore, as the Arrhenius plots are shown in Fig. 4,
linear correlations of ln kH vs. T�1 and ln kD vs. T�1 were
observed in the reaction of AscH2 with PTIO� in the whole
temperature range. From the intercepts of Fig. 4, the isotopic
ratio of the Arrhenius prefactor (AH/AD = 0.86) was obtained.
This value can be fitted within the semiclassical limits of
0.7–1.4 for the AH/AD value in a hydrogen-transfer process.9

The isotopic difference in the activation energies Ea(D)–Ea(H)
was 6.8 kJ mol�1, which is beyond the difference in zero-point
energies of 5.1 kJ mol�1.9 A large AH/AD value (c1) in hydrogen
transfer of some enzymes has been reported by Klinman et al.,
proposing a full tunneling mode to explain such observation.3

Furthermore, Uršić et al. claimed that quantum mechanical
tunneling plays a role in the reaction between AscH2 and
TEMPO in water–dioxane (1 : 1 v/v) based on the large KIE value
of 31.1 and Ea(D)–Ea(H) value of 8.2 kJ mol�1, although the
AH/AD value is 1.2.5 Thus, quantum mechanical tunneling may

Fig. 2 Spectral change (interval: 25 ms) observed during the reaction of
AscH2 (4.0 � 10�3 M) with PTIO� (9.4 � 10�5 M) in phosphate buffer
(0.05 M, pH 7.0) at 298 K. Inset: The first-order plot of the absorbance at
560 nm.

Fig. 3 Plots of pseudo-first-order rate constants (kobs) vs. concentrations
of AscH2 in phosphate buffer (H2O, 0.05 M, pH 7.0) (closed circles) and in
phosphate buffer (D2O, 0.05 M, pD 7.0) (open circles).

Table 1 kH, kD and kH/kD values for the reaction of AscH2 or AscD2 in
phosphate buffer solutions (0.05 M, pH 7.0 or pD 7.0)

T/K kH/M�1 s�1 kD/M�1 s�1 kH/kD

288 1.5 � 103 9.6 � 10 15.6
293 2.0 � 103 1.5 � 102 13.3
298 2.4 � 103 1.9 � 102 12.8
300 2.8 � 103 1.9 � 102 14.8
303 2.9 � 103 2.2 � 102 13.3
308 3.1 � 103 2.6 � 102 12.2

Fig. 1 Spectral change observed upon addition of AscH2 (0–5.2 �
10�5 M, 4.6 � 10�6 M each) to PTIO� (1.0 � 10�4 M) in phosphate
buffer (0.05 M, pH 7.0). Inset: Plot of the absorbance at 560 nm vs.
[AscH2]/[PTIO�].

Communication ChemComm

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
A

ug
us

t 2
02

0.
 D

ow
nl

oa
de

d 
on

 8
/1

/2
02

5 
7:

14
:1

1 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cc05214k


This journal is©The Royal Society of Chemistry 2020 Chem. Commun., 2020, 56, 11505--11507 | 11507

partly play a role in the reaction between AscH2 and PTIO� in a
phosphate buffer solution.

In summary, a large KIE was observed for the hydrogen-
transfer reaction from AscH2 to PTIO�. The temperature depen-
dence of the KIE suggests that quantum mechanical tunneling
may partly play a role in the reaction, although the isotopic
ratio of the Arrhenius prefactor (AH/AD) is within the semiclassical
limits. Because there are only a few reports about a large KIE
in a reaction involving AscH2, this study provides valuable

information for the biological redox reactions including
ascorbic acid.
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Fig. 4 Arrhenius plots of ln kH vs. T�1 (closed circles) and ln kD vs. T�1

(open circles) in phosphate buffer (H2O, 0.05 M, pH 7.0) and in phosphate
buffer (D2O, 0.05 M, pD 7.0), respectively.
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