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Kinetic studies on oxidations of leucomethylene blue and
leucothionine by iron (lll) in aqueous solution
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ABSTRACT: The reaction kinetics and mechanism of the oxidations of leucomethylene blue (MBH) and
leucothionine (TH) by iron (l11) sulfate in agueous solution were studied spectrophotometrically by the stopped-flow
technique. MBH and TH, which were freshly prepared by photoreduction of methylene blue and thionine,
respectively, with ascorbic acid were used in the kinetic measurements. The pseudo-first-order rate ckgpsfants (
show kinetic saturation at high initial concentrations of iron (lll) sulfate for MBH and TH. It was found that the
reciprocal ofk.psqincreases linearly with increase in the reciprocal of[fg A broad absorption band was observed

on mixing MBH and F&" solutions at low temperatures, and this was attributed to a charge-transfer complex between
MBH and F€". The effects of F&" ion andL-(+)-ascorbic acid on the rates of oxidation were also investigated. A
small kinetic isotope effect on the oxidation rate for MBH was observed. The results can be explained by a general
mechanism with stepwise electron—proton—electron transfers with the formation of a complex between reactants.
Copyrightd 1999 John Wiley & Sons, Ltd.
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INTRODUCTION oxidatioin of bleached thionine with Bé by following
the reappearance of thionine absorption after flashing. In

There has been considerable interest in the reactionthese system, however, the starting conditions of
mechanism of hydride transfer from various substrates to oxidation were ambiguous, because the photostationary
n-acceptors:* Since leucomethylene blue (MBH) and state depends on the light intensity and the concentrations
leucothionine (TH) are very unstable and easily oxidized of F€* and FE€". It seems that thereafter there has been
by co-existing oxygen in solution, few kinetic studies on no report of the reaction of TH or MBH with one-electron
the reactions of these compounds witlacceptors have  oxidants. A detailed kinetic study of the oxidations of TH
been reported. Recently, we have studied the kinetics ofand MBH with FE€" is important for elucidating the
the reactions of TH and MBH with two-electron oxidants reaction mechanisms for the photoreduction of ahd
by producing TH and MBH in a closed system by MB™" with Fe*.
photoreductions of thionine (7 and methylene blue In this study, we followed the reactions of TH and
(MB™) with triethylamine™ Kinetics, isotope effects and  MBH with Fe>* by producing TH and MBH by means of
other evidence have proved that the reactions proceedohotoreductions of T and MB" with ascorbic acid in a
through stepwise electron—proton—electron (EPE) trans-closed system and by mixing a solution of TH (or MBH)
fer pathway. with a solution of F&". This paper reports detailed

Thionine and methylene blue exist as monovalent kinetics and mechanisms of the reactions of TH and
cations in the ordinary pH region and their redox MBH with Fe**.
reactions are reversible. These dyes are hardly reduced
by FE€" ion in the dark, but the reduction of the dyes
occurs easily on irradiation with visible light. It has been EXPERIMENTAL
reported®“°that since the intermediates and products of
the photoreductions are re-oxidized to &nd MB" by Materials. Thionine (T CI7) and methylene blue (MB
Fe*" ion produced during the photoreductions of the dyes CI~) were purchased from Tokyo Chemical Industry and
by F&, certain photostationary states exist. Hatchad andWako Pure Chemical Industries, respectively(+)-
Parket® and Schlaff investigated the kinetics of the re-  Ascorbic acid (AA), iron (Il) sulfate [F&(SOy)s-nH0]
*Correspondence tdS. Yamamoto, Department of Chemistry, Faculty and iron (Il SUIfat.e (FeSQ7H2.O) were obtained from
of Science, Okayama University, 3-1-1, Tsushima-naka, Okayama YWako Pure Chemicals Industries. The compounds were
700, Japan. used as received. Aqueous solutions were deaerated by

Copyright( 1999 John Wiley & Sons, Ltd. CCC 0894-3230/99/030194-07 $17.50



KINETICS OF OXIDATION OF LEUCOMETHYLENE BLUE AND LEUCOTHIONINE 195

0.8
2 i
£ E
< <
<
- — ‘. L . N
500 600 700 1 | |
Wavelength/nm 600 650 700
Figure 1. Absorption spectra of MB™ taken (1) before and (2) Wavelength/nm
after photoreduction and (3) absorption spectrum of a . ) , ,
equivolume mixture of MBH and Fe>* Figure 2. Rapid-scan spectra for the formation of MB™ in the

reaction of MBH with Fe* at 25°C in aqueous solution.
Cycle time, 40 ms

bubbling 99.99% nitrogen gas for more than 30 min just
before use. The concentration ofFavas determined by  obtained at-63°C and the spectrum changed to that of
EDTA titration. MB™ as the temperature increased.

Kinetic measurements. MBH (or TH) solution was
prepared by irradiating MB (or T*) and AA aqueous  RESULTS

solution (concentration ratio 1:15), deaerated by bubbling

with nitrogen gas, with visible light supplied by a 650 W We produced TH and MBH by photoreductions of
projector lamp in a bath whose temperature was thionine and methylene blue with AA. Figure 1 shows the
thermostated at the reaction temperature. On irradiation,absorption spectra of MBtaken before and after the
the solution changed from blue to colorless immediately. photoreduction [(1) and (2)] and the spectrum of a
This indicates that the leuco dyes (TH and MBH) were equivolume mixture of MBH and FEé solutions (3).
formed. Then, the solutions of TH (or MBH) and e

were separately charged in drive syringes of a stopped-

flow apparatus (Otsuka Electronics stopped-flow spectro-
photometer, RA-401). Mixing was performed within 1

ms by means of nitrogen gas pressure. After mixing, the 1
change in the absorbance at 655 nm for M@t 599 nm

for T™) was monitored. The runs were repeated 20-30
times. All the runs were performed with excess’Fe
concentrations. During the measurements, the solution of
MBH (or TH) was being irradiated continuously to
prevent reoxidation of the lueco dyes by oxygen
remained in the solution.

Absorbance

0.5

Spectroscopic measurements. Rapid-scan spectra were
taken every 40 ms after mixing the MBH (or TH) solution : .
with Fe*" solution at 298 K. When EPA (diethyl ether— 0 1 2 3 4 5
pentane—ethanol) solutions of MBH and *Fewere Time/s

mixed below—70°C, a colored solution was obtained . i ) N
immediately. The absorption spectra of this solution were 2'595“;; z%t;mxiﬂgpggdl\%ﬁssoﬂ tigES%EEOFneﬁfscl)\lﬂuBtionast
obtained at various temperatures with a Union SM-401 | isial concentrations; [MBH]g=1.20 x 10~ M; [Fe>*]o =0
spectrophotometer using a cryostat with optical windows. (0): 2.31 x 103 m; (1); 2.75x 10>M (2); 3.37 x 10 > M
An absorption spectrum different from that of MBvas (3); 437 x 10>M (4) and 6.24 x 10> M (5)

Il
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Figure 4. Plots of the observed rate constant (kopsq) Vs Fe>*

concentration for the oxidation of MBH by Fet at25.4 (@),
30.0 (©), 34.7 (W) and 39.8°C (O)

Figure 1 can be explained by the formation of MBH by
photoreduction and re-production of MBoy oxidation

Y.-J. LIU, S. YAMAMOTO AND Y. SUEISHI

similar manner. Similar saturation curves between the
kobsaVvalue and [F&'], were obtained.

Since we used a large excess of AA as a reducing agent
for photoreductions of MB and T", we examined the
influence of AA on the rate of oxidation of MBH (or TH)
with Fe*" and found thatkopsq is independent of the
concentration of AA in the concentration range used here
(Table 1).

We produced leucomethylene blde{MBD) by
photoreduction of MB using DO instead of HO as
solvent and measured the rate of the reaction between
MBD and Fé™.

DISCUSSION

As mentioned above, saturation curves were obtained
between thé,,sqVvalues and [F%*]o for MBH and TH.
The dependence of thesq Values on [Fé+]o can be
described by

a[Fett],

o L oFe T,

(1)

with F€*". Inspection of Fig. 1 shows that more than 98%
of MB" was re-produced. Figure 2 shows the rapid scan wherea andb are parameters discussed later. Equation
spectra for the formation of MB (1) can be rewritten as
Time-dependent curves of the absorption at 665 nm
after averaging the repeated runs are shown in Fig. 3. The 1 E’+ 1
absorbances at 665 nm increased rapidly and reached a kobsa @ alFe’],
constant value after mixing of the MBH solution with
Fe*" solutions of several concentrations, whereas it did This equation is verified by plots of Ky,sq versus 1/
not increase when MBH solution was mixed with the [Fe*'],, which are straight lines as shown in Fig. 5. The
deaerated solvent. This shows that under these experifinearity of 1k.psqVersus 1/[F&'], is characteristic of
mental conditions, the reactions with*feproceed nearly ~ 1:1 complex formation between MBH (or TH) andte
to completion, and that the oxidation of MBH by oxygen which equilibrates much more rapidly than the hydride
remaining in the solvent after deaeration and oxygen transfer between these species. Indeed, Fukuetiai*
which was dissolved on mixing and during the reaction observed the absorption band from a charge-transfer (CT)
can be neglected. complex formed between 9,10-dihydro-10-methylacri-
The rates of formation of MB in the presence of a  dine (DHMA) and F&" and discussed the kinetics of the
large excess of Fé obeyed pseudo-first-order kinetics. formation and decay of this complex and its role in the
The apparent first-order rate constantg,d) were electron-transfer reaction from DHMA to Feaccording
estimated for several concentrations of Fat different to the above equations. We expected the formation of a
temperatures. The rate constakt,(d increases with CT complex in the present reaction system. At room
increasing F&" concentration. Saturation curves were temperature, however, there was no indication of the
obtained on plotting thégpsq values against [Fe], at formation of a CT complex (only the spectrum for MB
each temperature ( Fig. 4). The rate constakjg§ for was obtained between 400 and 700 nm at 13 ms after
the reaction of TH with F& were also obtained in a mixing of solutions of MBH and F&). When the EPA

(2)

Table 1. Effect of the concentration of L-(4)-ascorbic acid on kgpsq for the leucomethylene blue—iron(lll) sulfate reaction at
25.4°C?

10°%[AA] o (M) 1.44 1.69 2.05 2.53 3.01
[AA)/[MB ] 12 14 17 21 25
Kobsd (5™ %) 0.860 0.855 0.866 0.858 0.871

2[Fe*"]o=6.65x 10 >M, [MBH]o=1.20x 10 °m.
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Figure 5. (a) Plots of 1/kgpsq Vs 1/[Fe” "], for the oxidation of [MBH]o ~ 10> M and [Fe3"], ~ 10% M
MBH by Fe** at 25.4 (@), 30.0 (O), 34.7 (W) and 39.8°C

(m))

(CTC). The rate-controlling step is the slow electron

solutions of MBH and F& were mixed at low transfer from TH to F&' giving MBH ™ and F€" [Eqn
N . 3]. Subsequently, MBH is deprotonated by solvent
temperatures below-63°C, a broad absorption band . .
With Apay= 590 M was obtained, and on increasing the water to provide MBradical [Eqn 4]. Further, the second
tempe?gtxure the spectrum chang’ed to that of MBig electron transfers from MBto the other F&" [Eqn 5].
i > : ) The overall stoichiometry can be written as

6). The broad band is characteristic of an intermolecular
CT complex. These findings show that a CT complex
formed between MBH and Bé at low temperatures MBH + 2Fé" — MB™ + 2F&" + Ht (9)
below —63°C, and that the hydride transfer reaction
occurred and MB was formed at higher temperatures. At
room temperature, the formation of the CT complex was A di iibri h hesis. if 1B&1- is i
not detected, because of its low concentration compared ccording to equilibrium hypothesis, | [Felo is in
with that at low temperatures or the rapid formation of Ye'Y large excess, the pseudo-first-order rate constant
MB™ (even during the dead-time of the stopped flow (Kobsd for the formation of MB is given by Eqn 10
apparatus appreciable amounts of M&ere formed).

Such a complex may be productive (Scheme 1) or non- Kk, [F€¥],
productive (Scheme 2) and these two possibilities are kobsd:m (10)
kinetically indistinguishable. 0
K . .
MBH + Fé+ — cTc X MBHH L F 3) which can be rewritten as Eqn 11
MBH™* 4+ H,O — MB" + Hz0" (fast) (4) 1 1 1
MB' + Fe" — MBT + F&" (fast) (5) PR Kk [Fé (11)
Scheme 1

K-1 " In Scheme 2, the CTC is considered to be a
CTC = MBH + Fet 2 MBH™ + F&" (6) ‘bystander.” Equation 6 can be described as a rapid

MBH* + H,O — MB' + HzO* (fast) (7) equilibrium with a slow electron transfer. From Scheme
2, kopsaiS given by Eqn 12
MB: + Fe" — MB* + F&" (fasi) (8)

Scheme 2 - kZ[Fe%]o
Kobsd = 11 KFe T, (12)

In Scheme 1, it is assumed that there is a rapid
equilibrium between MBH, F& and the CT complex  which can be rewritten as Eqn 13

Copyrightd 1999 John Wiley & Sons, Ltd. J. Phys. Org. Cheni2, 194-200 (1999)
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Table 2. Influence of added Fe?* on Ky for the reaction of MBH and Fe3* at constant [Fe*>*], and 40.6°C?

10“[FeZ+J0 (M) 0 0.48 1.92 3.84 6.05
Kobsd (S5 2.30 2.26 2.32 2.38 2.41

a[Fe*]p=2.46x 103 M, [MBH]o=1.20x 107> M.

Table 3. Summary of rate data for the reaction of TH and MBH with Fe>* at various temperatures in aqueous solution®

Compound T (°C) a(lmol™ts™ b (I mol™) alb (s
TH 19.8 945 361 2.62
24.7 1470 331 4.44
29.8 2137 275 7.77
35.1 3039 259 11.73
MBH 25.4 526 460 1.14
30.3 749 390 1.92
34.7 1105 346 3.19
39.8 1591 283 5.62

@ For Scheme 1a=k;K, b=K anda/b=ky; for Scheme 2a=k,, b=K anda/b = ky/K.

1 K 1 transfer step is not reversible in the present reactions.
=t (13) Okamoto et af® and Fukuzumi et &* also proposed
kobsa K2 = ko[FE*], . . o .
reaction mechanisms with irreversible electron-transfer
steps for the reaction of 1-propyl-1, 4-hydronicotinamide
Equations 10 and 11 are kinetically indistinguishable with Fe(CN)>~ and the oxidation of 1-benzyl-1,4-
from Eqns 12 and 13, and Egns 11 and 13 predict a lineardihydronicotinamide by iron(lll) complexes, respec-
correlation between kfpsq and 1/[F€]o. This agrees tively.
fairly well with the results obtained (Fig. 5). The parametera andb in Eqns 1 and 2 were obtained
Hatchard and Parkét studied briefly the kinetics of ~ from the slopes and intercepts of straight lines shown in
the re-oxidation of bleached thionine with ¥e by Fig. 5. Sincea=k;K (Scheme 1) ok, (Scheme 2) and
following the reappearance of thionine absorption after b =K (Schemes 1 and 2), the valueskgir k, andK can
flash photolysis of thionine and iron (Il) sulfate. They be obtained from the slopes and intercepts of straight
observed that the apparent first-order rate constantlines at several temperatures and are listed in Table 3.
increased linearly with increasing ¥e concentration Figure 7 shows plots of kfysq versus 1/[F&", for
for low concentrations of F& and leveled off at high  MBH and MBD. From the slopes and intercepts of the
concentrations of F&. They explained these findings by  straight lines, ratio&!'/k{ (or (kt'KP/k5 K™) = 1.9+ 0.2
two independent reaction mechanisms: (a) by directand K"/KP=1.2+0.1 were obtained. The reaction
oxidation of leucothionine with F& to give semithio-
nine, followed by oxidation of the latter, or (b) by
oxidation of the equilibrium concentration of semithio-
nine by FE". Scheme 1 corresponds to mechanism (a),
but the Scheme | includes more detailed reaction steps
involving the proton-transfer step.

In both schemes, the rate-determining step is the @
electron transfer from MBH to Fe. If this reaction is 3
reversible, retardation of the Feoxidation of MBH by A

Fet must be observed. Powell et &l.studied the
kinetics of hexacyanoferrate (lll) oxidations of dihydro-
pyridines (PyH). They observed that the reactions were
inhibited by added Fe(CNj . and proposed a reaction
scheme which involves a reversible electron-transfer step o
between Pyh and Fe(CNg* . If a similar reaction 0 100 200 300 400
scheme holds for the present reactions, inhibition of the
reaction by added Eé could be observed. As is shown in
Table 2, the kypsg Values are independent of the Figure 7. Plots of 1/kgypeq Vs 1/[Fe®'], for the oxidations of
concentration of Fe. This shows that the electron- MBH (O)and MBD (@) by Fe*" at 25.4°C

i

[Fe’'y M
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10 maximum of the complex is the same as that of the free
radical cation (GsH.gNMe™ ). Although the only kinetic
evidence for the formation of the complex for the present

Kk, (k,) cases was obtained at room temperature, the nature of the
complex is thought to be similar to that of the complex
® ® © between DHMA and F¥, since ther-electron structures

S

E S of TH and MBH are similar to that of an acridine ring and
= the kinetic behaviour for the reaction of TH and MBH
es with Fe** is similar to that for the reaction of DHMA
= with Fe*".

s

<

]

k, (ky/K) The mechanistic involvement of CT complexes in a
variety of reactions of electron donors and acceptors has
B been always questioned by an alternative mechanism in

which the CT complex is merely an ‘innocent bystander’
' in an otherwise dead-end equilibrium. Recently, we

1 )

1
3.2 3.3 34 observed a negative activation enthalpy for the reaction
10°T'/K? between bis[4-(dimethylamino)phenyllmethane (MH
. . , and 2,3-dichloro-5,6-dicyanp-benzoquinone (DDQ) in
F . Arrh Van't Hoff plots of Kk (or k), k . . .
k'z%r:nsd Kr;of%frfaegciﬂ:r? ;f ISIBI-F; \C/)\;ﬁﬁ Fe3+1 (or ko). ki or trichloroethane and pointed out that the hydride transfer

from MH, to DDQ occurs via electron transfer in the CT
complex formed between MHand DDQ?° As has been

sequences in Scheme 1 or 2 predict the secondary isotop@ointed out in many cases, however, Schemes 1 and 2
effect on the rate. The observed valuekgf/k,” is too  could not be distinguished in the reactions of TH and
large to be accounted for by the normal secondary isotopeMBH with Fe>".
effect, and small for the rate-determining deprotonation.
Okamotoet al?® obtained similar results for the reaction
of 1-propyl-1,4-hydronicotinamide with Fe(CMY).
They pointed out that this reaction under weakly basic CONCLUSIONS
conditions proceeds through a mechanism with an
electron transfer followed by a proton transfer and that We obtained the rate constanksyg for the oxidation of
the transfer of a proton participates in the rate-determin- MBH and TH by Fé" by means of a combination of the
ing electron-transfer step. The results obtained in this formation of MBH and TH by photoreductions of MB
study indicate that the reaction of MBH with Fe and T" by ascorbic acid and the stopped-flow technique.
proceeds through a similar mechanism. We observed thak.psq increased with increasing #e

Figure 8 shows the Arrhenius and the Van't Hoff plots concentration and saturation curves were obtained
of ky (orko/K), kK (ork,) andK. The heat of formation of  betweenk,psq and [F€']o. We have demonstrated that
CTC and the activation enthalpy and entropy for the reaction schemes with the formation of a complex
electron-transfer reaction were obtained and are listedbetween MBH (or TH) and F& hold in the present
in Table 4. These values for the reaction between TH andreactions. Scheme 1 corresponds to one of the reaction
Fe*" are also listed in Table 4. mechanisms proposed by Hatchard and ParKer the

It has been reportédthat the blue transient complex re-oxidation of bleached thioine with #e This study
formed between P& and DHMA is a n-complex could give a more quantitative relationship betw&ggnq
between F&" and the acridine ring and that this and [F€"o. The method using a combination of the
complex is stabilized by a ligand-to-metal charge- formation of unstable species by photoreduction and the
transfer interaction. The degree of charge transfer wasstopped-flow technique proved to be useful for kinetic
estimated to be close 100%, because the absorptiorstudies of rapid reactions of unstable species.

Table 4. Summary of activation parameters for the reactions of TH and MBH with Fe>* in aqueous solution

Compound Ea(kJmol®)  AH# (kJ molt) ASE(IK tmol™) AH° (kI mol?) AS (J K tmol™)
TH Kka (ko) 56.9+ 2.2 54.44 2.2 —~1.8+0.05
K —17.3+25 -10.2+ 1.4
ka(ko/K) 74.2+3.3 71.7+3.3 8.4+ 0.4
MBH Kka(K2) 59.84+ 0.9 57.3+0.9 —-0.9+0.01
K —25.4+3.8 —34.3+2.1
ka(Ko/K) 85.24+ 0.9 82.7+ 0.9 33.4+0.3
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