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Abstract

The kinetics of the hydride transfer reaction between Methylene Blue (MB ") and 1-benzyl-1,4-dihydronicotinamide
(BNAH) were studied in 10% ethanol-90% water mixed solvents containing f- and y-cyclodextrins (f-CD and y-
CD). The pseudo-first order rate constant shows kinetic saturation at high initial concentration of BNAH. This
indicates the formation of a complex between MB ™ and BNAH. The reaction was suppressed by addition of f-CD,
but enhanced by addition of y-CD. MB™ and BNAH were separately accommodated within the f-CD cavity and
the cavity walls may protect the activity site of the reactants. On the other hand, in the MB " -BNAH-7-CD system,
the inclusion of the complex between MB" and BNAH with y-CD occurred. This effect of y-CD can distinguish
between the productive and non-productive nature of the complex.

Introduction
Mechanism-2
Cyclodextrins (CDs) possess cavities with a truncated 1/Ker i
cone shape with a nonpolar and hydrophobic interior CTC = A+D-P (2)

and two hydrophilic rims formed by primary and sec-
ondary alcohol groups. CDs are capable of forming
inclusion complexes by admitting guest molecules into
their cavities [1]. Changes in the physico-chemical
properties and reactivities result from such host-guest
interactions. The effects of inclusion complexes on

where A and D denote an electron acceptor and donor,
respectively, CTC denotes a charge transfer complex,
and P denotes a product. It was shown that the exper-
imental rate constant ke, is related to k; and k, as

A | follows:
reactivities vary widely and depend on the guest, the
CD, and the reaction [2,3]. o — ki Kcr[Al (3)
Hydride transfer reactions have been an attractive P Kcr[A]

research topics in vivo as well as in vitro[4—6]. There has
been considerable interest in understanding the reaction
mechanisms of hydride transfer from various substrates
to acceptors [7-12].

Ohno et al. [8] and Bunting et al. [13] suggested that
charge-transfer (CT) complexes formed as intermediates
between the reactants in some hydride transfer reac-
tions. However, the mechanistic involvement of a CT
complex has always been questioned by an alternative
mechanism in which the CT complex acts as a bystander
in an otherwise dead-end equilibrium. The two possible
mechanisms are:

Mechanism-1

ka[Al,

1+ Ker [A]O (4)

kexp =

where Kc is the equilibrium constant for the formation
of the CT complex and [D], « [A]p. Since Equations (3)
and (4) indicate that saturation curves can be obtained
by plotting the values of k., against [A]y, Mechanisms 1
and 2 are kinetically indistinguishable at constant tem-
perature.

For mechanism 1, the rate of formation of P is ex-
pected to increase, while for mechanism 2 the rate to
(0 decrease with increasing CTC concentration. Therefore,

if the concentration of CTC can be controlled by
physical or chemical factors, we can distinguish between
mechanism | and 2 by examining response of the rate to

Ko .
A+DZcTchp
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these factors. Since the formation of CTC generally
exothermic, the concentration of CTC is decreased by
increasing temperature. Negative and positive tempera-
ture dependence of the rate for the formation of P might
be observed in mechanism 1 and 2, respectively.
Unfortunately, in most hydride transfer reactions,
however, the positive temperature dependence for k;
step overwhelms the negative temperature dependence
for Kcr step, and eventually positive temperature
dependence of overall rate for the formation of P was
observed. As pointed out by Kiselev and Miller [14], the
observation of negative activation enthalpy for the
second order rate constant can be taken as experimental
proof that the reaction passes through formation of
CTC (mechanism 1). Recently, negative activation
enthalpies were observed for some hydride-transfer
reactions, and it was concluded that CT complexes act
as real intermediates in these reactions [15-17].

Ueno et al. [18] observed that two molecules of
1-naphthyl acetate were accommodated within y-CD
cavity to form a ternary complex. It has been further
reported that y-CD includes the dimers of Methylene Blue
[19,20], Acridine Orange [20], Roccellin [21], and Pyro-
nine Y [22], etc.

Tan et al. [23] have reported that a ternary 1:1:1
inclusion complex was formed among y-CD, 2,6-naph-
thalenecarboxylate ion, and 2,6-bis(1-pyridiniomethyl)
naphthalene dibromide. Hamai has observed that ter-
nary inclusion complexes between y-CD and a 1:1
complex of thionine with 2-naphthalenesulfonate [24]
and between y-CD and a 1:1 complex of MB with
1-naphthol orange [25] were formed. The cavity of y-CD
is too large to fit some molecules and ions, but y-CD
forms stable inclusion complexes with their dimers or
1:1 complexes between them.

If y-CD forms a stable ternary inclusion complex with
CTC, the total concentration of CTC increases, and the
rate of the formation of P is expected to increase and
decrease in mechanism 1 and 2, respectively. Therefore,
the effects of y-CD on the rates of hydride transfer
reactions would be taken another experimental proof for
the speculation of role of CTC in them.

Sevcik and Dunford studied the kinetics of the oxi-
dation of dihydronicotinamide adenine dinucleotide
(NADH) by MB™ [26]. They obtained a saturation
curve by plotting the observed rate constant against
[NADH]y, and proposed mechanisms which include the
formation of a 1:1 complex between NADH and MB ™.
However, they could not distinguish whether the com-
plex was productive or nonproductive.

In hydride transfer reactions, 1-benzyl-1,4-dihydro-
nicotinamide (BNAH) and related compounds have
been regarded as model compounds of NADH [27].
Although the reaction mechanisms of hydride transfer
reactions have been widely studied, little attention has
been paid to the inclusion effects of CDs in hydride
transfer reactions.

In this paper, we studied the effects of - and y-CD
on the reaction of MB' with BNAH in 10%

ethanol-90% water mixed solvents. The kinetic study of
the effects of CDs on the rate of reduction of MB™ by
BNAH is of interest in view of (1) whether CDs inhibit
or promote the hydride transfer from BNAH to MB ™,
and (2) whether detailed information on the mechanistic
aspect of the reaction can be obtained.

Experimental
Materials

BNAH was obtained from Tokyo Kasei Kogyo
Chemical Industry. Methylene Blue (MB™), - and
y-cyclodextrins (- and y-CD) were purchased from
Wako Pure Chemical Industries. These compounds
were used as received. 10 vol% ethanol aqueous
solutions of substrates were deacrated by bubbling
99.999% nitrogen gas for more than 20 min just
before mixing.

Kinetic measurements

The spontaneous decomposition of BNAH was
observed in neutral or weakly basic solutions. We
determined the rate constant for this spontaneous
decomposition to be ky=1.0% 107 s™! at pH=7.5,
ksp=1.4x107s7" at pH=8.5 and ky, =2.7x107° s™" at
pH =9.2 in glycine-KOH buffer at 25 °C. We have never
observed any measurable decomposition of MB™ in
buffers in the absence of BNAH. In all cases, conditions
were chosen so that such background reactions occurred
to an extent of less than 1% of the rate of the reduction
of MB™ by BNAH.

The reactions were followed by recording the
decrease in absorbance at 665 nm, due to the disap-
pearance of MB" under deaerated conditions, using a
Shimadzu MultiSpec-1500 photodiode-array spectro-
photometer. A typical kinetic procedure was as follows.
The cuvette which contained BNAH solution of different
concentrations in glycine-KOH buffer (pH=9.2) in 10%
ethanol-90%water (v/v) mixed solvents was capped with
a rubber septum. Inlet and outlet needles were attached,
and nitrogen (99.999%) was bubbled through the solu-
tion for at least 5 min. The cuvette was placed in a cell
holder and thermostated. Previously deoxygenated
MB™ solution was injected with a microsyringe into the
cuvette. The initial concentration of MB" was always
1.0x107> mol dm™ and the initial concentrations of
BNAH were in 10-fold or larger excess over MB™". The
reaction was initiated by addition of a stock solution of
MB". The absorbances were recorded till reaction
completion. All the runs except for those in the presence
of y-CD gave good first-order plots over 3 half-lives. The
absorption spectra of reaction mixtures in EPA (ethyl
ether-pentane-ethanol) were measured at various tem-
peratures with a Simadzu MaltiSpec-1500 photodiode-
array spectrophotometer. The absorption spectra in the
visible region at temperatures between 170 K and 240 K
were consistent with that of MB ™.



It is well known that equilibrium between the
MB™ monomer and its dimer exists in aqueous solu-
tions. The equilibrium constant reported for MB™
dimerization is 9600 mol dm™ [28]. Judging from the
equilibrium constant about 7% of MB™ exists as the
dimer at 1.0x107° mol dm™ MB™" in aqueous solu-
tion. Since hydrophobic interactions are generally
decreased by adding organic solvent to water, to re-
duce the portion of the dimer, 10% ethanol-90%
water mixed solvent was used in this study.

Results and Discussion
Kinetics of the reduction of MB* by BNAH

The reaction of MB™ with BNAH, illustrated by Eq.
(5), was studied in 10% ethanol-90% water mixed
solvents under deaerated conditions.

@H/CONﬂz (@/
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Figure 2. Plots of the observed rate constant (kopsq) vs. BNAH con-

centration for the reaction of MB™ with BNAH in 10% ethanol-90%
water mixed solvent at 298 (O), 303 (A), 308 () and 313 K (V).

reaction of MB™" with BNAH obeyed a first-order rate
law in the presence of excess BNAH.

| ko
CH, + M@ —_— CHz +
(H;C), N*(CHy), W@[:I:L )
(H4C), N(CHg),

BNAH MB* MBH

Figure 1 shows the time dependence of the absorp-
tion spectrum for the reaction of MB " with BNAH. The
time-dependent curves of the absorbance of MB™ at
665 nm showed that the absorbance gradually decreased
after mixing MB™" solution with BNAH solutions of
several initial concentrations, while the absorption of
BNAH at 360 nm showed only slight decreases, because
BNAH was in excess. Under these experimental condi-
tions, more than 97% of MB™ changed to leuco Meth-
ylene Blue (MBH) (the MB™" concentrations were
recovered almost quantitatively to the initial values on
aeration of the reaction mixtures in which MB™ disap-
peared completely). Similar results were obtained for
runs in the presence of CDs. It was found that the
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Figure 1. Repetitive scan of absorbance for the reaction of MB™ with
BNAH in 10% ethanol-90% water mixed solvent at 298 K.
[MB"]o=1.0x10"; [BNAH]o=1.86x10"* M. Spectra were taken at
(1) 5,(2) 75, (3) 120, (4) 160, (5) 200, (6) 240, (7) 340, and (8) 440 s after
mixing.

The apparent first-order rate constants (kqypsq) Were
obtained with several concentrations of BNAH at
various temperatures. Saturation curves were obtained
by plotting the k,psq values against [BNAH], at each
temperature (Figure 2). The dependence of kypq On
[BNAH], can be described by

a[BNAH],

I+ H[BNAH], (6)

kobsa =
where a and b are parameters discussed later.
Equation (6) can be rewritten as
[BNAH], 1 b
——=—-+-[BNAH 7
fo a m lo ()
This equation is verified by plots of [BNAH]y/kopsa
versus [BNAH],, which are straight lines as shown in
Figure 3. The linearity of [BNAH]y/konsa Versus
[BNAH], is characterized by a 1:1 complex formation
between MB™ and BNAH which equilibrates much
more rapidly than the hydride transfer between these
species. Such a complex may be productive (Scheme A)
or nonproductive (Scheme B) and these two possibilities
are kinetically indistinguishable.

+ & kp +
MB™ + BNAH = Cp — MBH + BNA
Scheme A

MB* + BNAH g Cnp

K/
MB* + BNAH > MBH + BNA™
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Scheme B
In Scheme A, the complex (Cp) is considered to be
productive. From Scheme A, kypsq 1s given by Equation

(8).
kp Kp[BNAH],

Kobsd = 77, [BNAH], ®)
which can be rewritten as Equation (9).
[BNAH], 1 1
= — [BNAH 9
kPKP + kP [ ]0 ( )

kobsd

In Scheme B, the complex (Cyp) is considered to be a
“bystander”. From Scheme B, k,pusq 18 given by Equa-
tion (10).

kp [BNAH],
ko sd — 1
7 11 Knp[BNAH], (10)
which can be rewritten as Equation (11).
[BNAH], 1 Knp
— =+ BNAH 11
kobsd kP’ kin [ ]0 ( )

Equations (8) and (9) are kinetically indistinguishable
from Equations (10) and (11), and Equations (9) and
(11) predict a linear correlation between [BNAH]o/kopsa
and [BNAH], This agrees fairy well with the results
obtained (Figure 3).

As mentioned above, for only the reactions which
activation enthalpies were negative, we could conclude
that CT complexes act as real intermediates. In this
study we investigated the temperature dependence of the
rate of the hydride transfer reaction between MB ™ and
BNAH.

As shown in Figure 2, saturation curves were ob-
tained by plotting the k,,sq values against BNAH con-
centration at various temperature. Figure 3 shows the
plots of 1/ k,psq against 1/[BNAH].

The values of kP (kNP/KNP), KP (KNP) and kap (kNP)
at various temperatures can be obtained from the
intercepts and the slopes of straight lines in Figure 3.
Figure 4 shows the Arrenius and van’t Hoff plots of kp
(kNP/KNP)a KP (KNP) and kPKP (kNP) The activation
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Figure 3. Plots of [BNAH]o/kobsa Vvs. [BNAH]y for the reaction of
MB™ with BNAH in 10% ethanol-90% water mixed solvent at 298 (O),
303 (A), 308 (O) and 313 K (V).
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Figure 4. Arrhenius and van’t Hoff plots of kpKp (or kp’) (A), kp (or

kp’/Knp) (O) and Kp (or Knp) (0) for the reaction of MB™ with
BNAH in 10% ethanol-90% water mixed solvent.

InKp, InkpKp, Inkp

and reaction enthalpies for kp (or knp/Knp), Kp (or Knp)
and kpKp (or knp) were obtained (AH, * =65.2 for kp
(or knp/Knp), AH>,=-30.7 for Kp (or Kyp) and
AH;* =34.5 kJ mol™" for kpKp (knp)). Since the posi-
tive apparent activation enthalpy for kpKp (knp) was
obtained, Scheme A and B could not be distinguished
from the temperature dependence of the rate of the
hydride transfer reaction from BNAH to MB™.

Effect of $-CD on the hydride transfer reaction between
BNAH and MB™

For -CD, details of inclusion complexation with many
kinds of guest molecules and their actions on the reac-
tions (effects on both the equilibrium and rate constants)
have been examined extensively. In general, inhibition of
bimolecular reactions by f-CD is due to separation of
the reactants, that is, only one reactant can fit into the
CD cavity, or two reactants are separately included by
two cavities.

Figure 5 illustrates the changes in kopsq With S-CD
concentration. As shown in Figure 5, the reaction be-
tween BNAH and MB " was retarded by the addition of
p-CD. This is due to separation of the reactants by -CD,
that is, for MB" (and BNAH) included in the cavity of
p-CD.
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Figure 5. Effect of f-CD on the observed rate constant (kpsq) for the
reaction of MB™ with BNAH in 10% ethanol-90% water mixed solvent
at 298 K.



The addition of f-CD to MB™ and BNAH solutions
in 10% ethanol-90% water mixed solvent caused changes
in their absorption spectra. Although the spectral changes
were small, the rough values of the equilibrium constants
for the formation of 1:1 complexes between MB™
(BNAH) and p-CD could be obtained. The values
obtained for MB™ and BNAH were 130 and
220 dm® mol™", respectively. These values were consider-
ably smaller than those obtained for the formation of 1:1
complexes between MB ™ (BNAH) and $-CD in aqueous
solution (values of 420 [19] and 460 dm® mol™" [29] for
MB™* and 810 dm® mol™' for BNAH [30] were reported).

Taking into account the formation of the complexes
of BNAH and MB ™" with -CD and assuming that these
inclusion complexes does not react with each other, nor
with free reactants, the following equation can be
obtained.

Kapp
1+ Ki[f — CD])(1 + K1[f — CDJ)

kobsd = ( ( 12)

where k,,, is the apparent rate constant in the absence
of f-CD with same initial concentration of BNAH.

The solid line in Figure 4 shows the values calculated
by Equation (9) using K;=130 dm’® mol™' and
K>=220 dm® mol™'. As shown in Figure 5, the agree-
ment between observed and calculated values is good. In
this reaction, MB " and BNAH were separately included
in the cavities of different §-CDs, and the cavity walls
may protect the activity sites of the reactants.

Previously we observed that the mixed surfactant
systems of cationic or anionic surfactants with nonionic
surfactants have inhibition effects on the hydride
transfer reaction between leuco methylene blue and 2,5-
dihydroxy—1,4-benzoquinone [31]. These effects were
attributed to the effect induced by the absorption of one
of substrates on mixed micelles.

Effect of y-CD on the hydride transfer reaction between
BNAH and MB™

It is well known that equilibrium between the MB™"
monomer and its dimer exists in aqueous solution. The
absorption spectrum of MB" was found to depend on
the concentration of MB™ also in 10% ethanol-90%
water mixed solvent. This showed the formation of
MB™ dimer in regions of high concentration. The
equilibrium constant obtained for the dimerization of
MB" was 4300 mol dm™. This value is smaller than
that reported value for MB™" dimerization in aqueous
solution (9600 mol dm™> [28]).

Judging from the equilibrium constant, only 4% of
MB™ exists as the dimer under the present conditions
(IMB"1o=1.0x107 mol dm™ in 10% ethanol-90%
water mixed solvent). As described above, f-CD sta-
bilized the monomer and the dimer proportion in
solutions further decreased in the presence of [-CD.
Thus, existence of the dimer was negligible in 10%
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ethanol-90% water mixed solvent and in the presence
of p-CD.

On the other hand, a decrease in the MB™ monomer
peak (664 nm) with a concomitant increase in the MB™*
dimer peak (604 nm) with an isosbestic point at 623 nm
was clearly observed by adding y-CD to the solution, as
illustrated in the literature [19]. This indicated that the
MB™ dimer was included and stabilized in the cavity of
y-CD. This shows that in the presence of y-CD the
existence of the dimer species can not be neglected.

Tan et al. [23] and Hamai and Satou [19] found
that a ternary 1:1:1 complex formed between y-CD
and some organic ions. Although the evidence of
ternary 1(1(1 complex formation among BNAH, MB™
and y-CD could not be obtained, because the hydride
transfer reaction between MB' and NDAH is too
fast, the Corey-Pauling-Koltum model analysis
showed that the dimension of the y-CD cavity was
suitable to include both BNAH and MB™ simulta-
neously. The y-CD cavity was too large to form stable
inclusion complexes with the monomer of MB" and
BNAH.

As mentioned above, the MB™ dimer is stabilized in
the cavity of y-CD. Furthermore, in the MB " -BNAH-y-
CD system, the formation of a ternary 1:1:1 complex
among them is also possible. In this case, MB ™" exists as
the species shown by the following reactions in the
reaction mixtures in the presence of y-CD.

MB* + BNAH = C (13)

2MB* 7~ CD=D ——CD (14)

MB* + BNAH + 7 — CD == MB* — BNAH — 7 — CD
(15)

The absorbance at the MB™
(664 nm) is expressed as follows:
A = em[MB*] + &c[C] + ep[D — y — CD]
+ ey [MBT - BNAH - y — CD]
= (em + &cKi[C] + epKa [y — CDJ[MB™]
+ e K3[BNAH] [y — CDJ,)[MB"]
— BMB*]

monomer peak

(16)

where €y, ec and €, are the molar absorption coeffi-
cients of the MB™ monomer, the complex and the ter-
nary complex (MB " -BNAH-}-CD), respectively; and ep
is that of the MB ™ dimer complex (D-y-CD) at 664 nm.
Since the initial concentrations of BNAH and y-CD are
at least 10-fold larger than that of MB ", B depends only
on [MB]. In the early stages of the reaction (for
example, when the reaction extent is less than 20%), B
can be assumed to be nearly constant. Therefore, the
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Figure 6. Effect of y-CD on the observed rate constant (kopsq) for the

reaction of MB™ with BNAH in 10% ethanol-90% water mixed solvent
at 298 K.

rate of the decrease in absorbance at 664 nm is

expressed as follows:
d[MB*]

dA
S B2 Br i [MBY
ds dr bsa[MB7]

= kobsdA

(17)

In this case, the decrease in 4 with reaction time can be
regarded as a first-order decay. The absorbance-time
data within the 20% reaction extent were fitted by a
first-order integrated equation, and the values of the
pseudo-first-order rate constant (kgpsq) for various
concentration of y-CD were obtained.

As shown in Figure 6, the k,,q-value increases with
increasing y-CD concentration. If the 1:1:1 ternary
complex among MB", BNAH and y-CD can be as-
sumed to the inclusion complex of the complex (C) be-
tween MB" and BNAH, it is possible to distinguish
between two mechanisms for the reaction of MB " with
BNAH (Scheme A and B shown above). For Scheme A,
the following reactions (18) and (19) must be added to
the mechanism to discuss the effect of y-CD on the rate,
and for Scheme B, only reaction (18) has to be added to
the mechanism.

Ct+y—-CDLC_y_CD (18)
C-y—-CD-“MBH+BNA"+y-CD  (19)

From Scheme A and reactions (18) and (19), kopsq 1S
given by Equation (20)
(kPKP + k/f/,KPKCD b} — CD}O)[BNAH]O
1 + Kp[BNAH], + KpKcp[BNAH], [y — CDJ,
(20)

kobsd =

On the other hand, from Scheme B and reaction (18),
kobsa 18 given by Equation (21)

k,[BNAH],
1 + KNP[BNAH}O + KNPKCD[BNAH]O[’)/ — CD]O
(21)

kobsd =

Equations (20) and (21) indicate that Scheme A and B
show the opposite effect of p-CD on kgpeq, that is, in
Scheme A, y-CD enhances the hydride transfer reaction
and in Scheme B, it suppresses the reaction. As shown in
Figure 6, the k,psq-value increased with increasing y-CD
concentration.

The values of the kinetic and thermodynamic
parameters in Equation (20) were determined by a
nonlinear least-squares curve-fitting method. The fitting
of the experimental data with Equation (20) indicated
that Scheme A was valid. The values of the equilibrium
constant Kp and rate constant kp obtained above were
used as known constants. The Kcp and kp” values ob-
tained by curve-fitting were 2700 dm® mol™' and
0.11 s™'. The evaluated value of kp” is in good agree-
ment with that of kp, revealing that the reactivity of the
complex (C) in the cavity of y-CD is similar to that of
the free complex (C). This shows that the assumption
that the 1:1:1 ternary complex among MB ", BNAH and
7-CD is the inclusion complex of C is valid.

Although in the present reaction system, there was
no spectroscopic evidence of the formation of a complex
during the reaction of MB™* with BNAH and the sta-
bilization of the complex by y-CD, enhancement of the
reaction by y-CD was observed. As mentioned above,
this enhancement of the reaction can be explained by the
formation of the inclusion complex of the productive
complex between MB" and BNAH. Therefore, the
enhancement of the reaction observed in the present
reaction system must indicate that the complex acts as a
real intermediate.

It is possible that the effects of y-CD on the rate of
the hydride transfer reaction suggest another ways by
which we can distinguish between the productive
(Mechanism-1) and non-productive (Mechanism-2)
nature of the complex in some cases. This study shows
that the inclusion phenomenon into CD can provide
conclusive information on the reaction mechanism.
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