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The acid-catalyzed reactions of 1,5-dihydroriboflavin-2',3',4',5'-tetraacetate
(FIHp) with quinones (Q) result in the one-electron oxidation of FIHp to FIHp** and the
two-electron reduction of Q to the hydroquinones (QHp) in the presence of HCIO4 in
acetonitrile. In the presence of Me4NOH, the base-catalyzed reactions result in the two-
electron oxidation of FIH to Fl and the one-electron reduction of Q to Q™.

In the biological redox systems, flavins and quinones are known to undergo both two-electron and one-
electron redox reactions with obligate two-electron donors (e.g., NADH) and obligate one-electron reagents
(e.g., iron-sulfur clusters and heme proteins), respectivcly.l) Considerable efforts have so far been made to
understand the mechanism of the redox switch between one- and two-electron redox systems of flavins and
quinoncs.2'7) However, most redox reactions of flavins and the two-electron reduced form (dihydroflavins)
have so far been studied in protic media where two-electron redox chemistry predominates in both acidic and
basic conditions.#") We have recently reported unequivocal evidence that the reactions of 1,5-dihydroribo-
flavin-2',3',4',5'-tetraacetate (FIHp) with quinones (Q) in an aprotic medium (acetonitrile) proceed via electron
transfer from FIH) to Q, followed by proton and hydrogen transfer, resulting in the net two-electron reduction of
Q to QH» and two-electron oxidation of FIHp to F 1.8) we report herein that acid and base in acetonitrile (MeCN)
can control the one- and two-electron redox switch in the reaction of 1,5-dihydroflavin and quinones.

The FIHp was prepared by the reduction of riboflavin-2',3',4',5'-tetraacetate (FI) by sodium dithionite

5

according to the literature.9) Upon mixing FIH> (1.0 x 104 mol dm'3) and p-benzoquinone (Q; 5.0 x 107~ mol

dm'3) in the presence of HCIO4 (1.5 x 102 mol dm'3) in deaerated

9H2OCOCH3 MeCN, the two-electron reduction of Q to hydroquinone (QHp) occurs
(C,HOCOCH3)3 accompanied by the one-electron oxidation of FIH) to the radical cation
(,:H2 H (FlH2**). The stoichiometry was determined by the spectral titration as
Me I N | N\fo given by Eq. 1. The electronic spectrum of FIHpt* (Apax = 504 nm)
Me N NH 2FIH, + Q + 2H' ——» 2FIH;*" + QH; 1)
H 0o

FIH, formed in the reaction of FIH) with p-benzoquinone is shown in Fig. 1.
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The FIH*® thus formed was very stable and no
apparent decay was observed in 7 days. In the presence FIH3+

of slight excess HCIOy4, FIHp is protonated to FIH3t 1.0 FIH2+
in MeCN as shown in Fig. 1. The reducing ability of /
FIH3" is decreased significantly as compared to FIHp,
judging from the more positive one-electron oxidation
potential of FIH3* than that of F1H2.10) Thus, the

unprotonated FIHp that is in equilibrium with FIH3*

Absorbance

may reduce Q to QHp, accompanied by the oxidation of |

FIH, to FIH (Scheme 1). It is well known that FIH* 555 400 500 600
Wavelength / nm

FIHb + Q + H —>» FIH" + QH;

FlHa* Fig. 1. Electronic spectra observed before and
+ H* -H 3 o, : -5
after the addition of p-benzoquinone (5.0 x 10
mol dm-3) to FIHp (1.0 x 10-4 mol dm-3) in the
+ {]
FlH; 2FIH," presence of HC1O4 (1.5 x 10-2 mol dm-3) in
Scheme 1. MeCN at 298 K.

is readily converted to FIHy** by the facile compropor-
tionation reaction with FIH3" in the presence of HCIO4 in MeCN (Scheme 1).2’3’ 11)

The net reaction in Scheme 1 gives the overall stoichiometry of Eq. 1, where the rate-determining step may
be the reaction of FIHp with Q. In such a case, the rate of formation of FIHp** should obey the second-order
kinetics under the experimental conditions that the ratio of initial concentrations of FIH» to Q is 2 ([FIH2]g/[Qlp
=2), as given by Eq. 2, where t is reaction time, and [FIH**] and [FIH**]« are the concentration at the reac-

kobsd t = A[FIH2*"]eo - [FIH2*"]) - 1/[FIHp*"]oo 2

tion time t and the final concentration of FIHpt*, respectively. The kinetic formulation of Eq. 2 was confirmed
by measuring the rate of formation of FIHy** with use of a stopped-flow spectrophotometer. The kyhgd values
were approximately constant with an increase in [HC1O4] as reported for the acid-catalyzed reduction of Q by
10-methyl-9,10-dihydroacridine (AcrHp),12) since the increase in the reactivity of FIHy toward Q with an
increase in [HClO4] may be canceled by the deactivation of FIH due the protonation (Scheme 1). The kyhsd
values for various quinones in the presence of HClOy are listed in Table 1, together with the kgpgd values in the
absence of HClO4.8) The kgpgd values in the absence of HCIO4 increase with an increase in the EOred
values,13) indicating the significant contribution of the electron transfer process from FIHp to Q in the rate-
determining step for the overall two-electron reduction of Q38) The Kobsd values in the presence of HClO4 are
larger than those in its absence, indicating the efficient acid catalysis on the reduction of Q. However, the
difference in the kgpgd values decreases with an increase in the Eored value, since the kgpgd values in the
presence of HClO4 are rather constant except for anthraquinone. Such constant reactivities of various quinones
may be ascribed to the canceling effect such that the stronger oxidant is less activated by acid as reported for the
acid-catalyzed electron transfer reduction of Q1% as well as the acid-catalyzed reduction of Q by AcrH». 12)

In the presence of a base, tetramethylammonium hydroxide (Me4NOH), in deaerated MeCN, the
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Table 1. Observed Second-Order Rate Constants kgpgd for the Oxidation of FIHp by Q in MeCN at 298 K and
the One-Electron Reduction Potentials (Eored) of Q in MeCN

Kobsd / dm3 mol-1 s-1 in the presence of

Q g Noneb) HCIO4 Me4NOH
Vvs. SCE (9.7 x 104mol dm=3) (1.0 x 103 mol dm™3)

Anthraquinone -0.94 8.3x 1072 1.8x 103 1.1 x 103
Vitamin K; -0.86 8.76) 3.4x104 6.3 x 104
Tetramethyl-p-benzoquinone -0.84%) 3.4 53x 104 4.5x 104
Trimethylp-benzoquinone -0.75%) 5.7x10 6.8 x 104 8.6 x 10°
Methyl-p-benzoquinone -0.589)  23x103 6.7 x 104 d)
p-Benzoquinone 0.5  1.1x 104 6.3 x 104 d)

a) Taken from Ref. 13. b) Taken from Ref. 8 unless otherwise noted. c) This study. d) Too fast to be

determined accurately.

stoichiometry of Eq. 1 is reversed: the one-electron reduction of Q to semiquinone radical anions (Q-*) occurs
accompanied by the two-electron oxidation of FIH to Fl. The spectral titration in the presence of equivalent
amount of OH" to FIH» revealed the stoichiometry as given by Eq. 3, where one-third of Q is reduced to QH»
The spectral change according to the stoichiometry in Eq. 3 is shown in Fig. 2. The addition of equivalent

FIH; + (3/2)Q + OH ——> Fl + Q" + (1/2QH, + H0 (3)
amount of OH™ to FIHy results in the facile deproto- 1.5
nation of FIHp to FIH™ as also shown in Fig. 2. When
the ratio of OH™ to FIHj is larger than 2, only one-
electron reduction of Q is observed (Eq. 4). Such a § 1.0~ Fl and Q-
change in the stoichiometry depending on the amount 3
of OH" can be well explained by Scheme 2. The FIH" §
formed by the deprotonation of FIHy with OH™ reacts < 05
with Q to yield Fl and Q2" in the presence of excess
OH". The Q2"is converted to Q~° by the compropor-
tionation reaction with Q, resulting in the net one- %00 460 - 500
electron reduction of Q. In the presence of equivalent Wavelength / nm
amount of OH™ to F1Hp, no OH" is left to deprotonate
QH" and the QH" is converted to (1/2)QHp and Q™° by Fig. 2. Electronic spectra observed before and
the reaction with Q.13) after the addition of p-benzoquinone (7.5 x 10-4
The rate of formation of Fl was determined mol dm-3) to FIHp (5.0 x 10-4 mol dm'3) in the
under the experimental conditions that [Q]y, [OH ] presence of Me4NOH (5.0 x 10-4 mol dm-3) in

>> [FIH2]p (3.3 x 10-3 mol dm'3) with use of a MeCN at 298 K.
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FIH, + 2Q + 20H —— > Fl + 2Q° + 2H;0 4)

fast

Fl1H, ﬁ»FlH— Fl
; ; fast 5 fast
OH H,0O Q QH ﬁ» Q- 7——" 20

OH H70 Q

Scheme 2.

stopped-flow spectrophotometer, obeying the first-order dependence on [FIHp] and [Q]. The observed second-
order rate constants (kohgd) Were approximately constant with an increase in [Me4NOH], and the kopgd values
are also listed in Table 1. The kgphgq value in the presence of Me4NOH increases with an increase in the Eored
value in parallel with that in its absence. The approximately 104 times larger kypgd values in the presence of
Me4NOH than those in its absence (Table 1) may be ascribed to the stronger electron-donating ability of FIH™ as .
compared to FIH7 (the one-electron oxidation potentials of FIH and FIH™ are -0.21 V and -0.36 V vs. NHE in
H70, respectivcly).lo)

In conclusion, acid and base catalyze efficiently the redox reactions of FIHy and quinones in MeCN, and
contro] the one- and two-electron redox switch.
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