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Acid-catalysed Reduction of Flavin Analogues by an NADH Model Compound, 
10-Methyl-9,lO-dihydroacridine and cis-Dialkylcobalt(l11) Complexes 

Shunichi Fukuzumi," Sadaki Kuroda, Tatsushi Goto, Kunio Ishikawa, and Toshio Tanaka 
Department of Applied Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565, Japan 

An acid-stable NADH model compound, 10-methyl-9,lO-dihydroacridine (AcrH,) (3), and cis- 
dialkylcobalt(iii) complexes, cis- [R,Co(bipy),] + (R = Me, Et; bipy = 2,2'-bipyridine), can reduce 
flavin analogues {FI: 3-methyl-1 0-phenylbenzo[g]pteridine-2(1 H),4(3H)-dione (1 ) and riboflavin 
( Z ) } ,  efficiently in the presence of perchloric acid (HCIO,) in acetonitrile (MeCN) at 298 K to yield 
the corresponding dihydroflavin radical cations (FIH,"). Essentially, no reaction occurs in the 
absence of HCIO, under the same conditions. The radical cations (FIH,") formed are very stable to 
oxygen in the presence of HCIO, in MeCN. Large primary kinetic isotope effects [k,/k, 
9.6 f 0.8 and 9.9 f 0.8 for (1) and (2), respectively] have been observed for the formation of 
FIH,", indicating that hydride transfer from AcrH, to the protonated flavins (FIH') to give the 
dihydroflavins (FIH,) is followed by fast comproportionation between FIH, and FIH+ to yield FIH2" 
in the presence of HCIO, in MeCN. The reaction mechanisms of hydride transfer from AcrH, to FIH' 
are compared with the acid-catalysed electron-transfer reactions from cis- [R,Co(bipy),] -t to FIH +. 

The reduced and oxidized forms of nicotinamide adenine 
dinucleotide (NADH and NAD +, respectively) and flavins are 
typical coenzymes which play essential roles in biological redox 
reactions, especially in the primary step for the reduction of 
dioxygen through the respiratory chain.' Since Singer and 
Kearney ' discovered the non-enzymatic oxidation of NADH 
by riboflavin extensive studies on the reactions between various 
NADH model compounds and flavin analogues have been 
reported, which aid the understanding of the mechanisms of 
these fundamental Most studies on the reactions, 
so far reported, have been limited to those in aqueous soh-  
t i ~ n , ~ - '  since flavin analogues are more reactive in aqueous 
solution than in aprotic  solvent^.^ 

As previously reported the oxidizing ability of flavin 
analogues in MeCN is significantly improved by complexation 
with Mg2+ and Zn2+ ion.'O In fact, a typical NADH model 
compound, 1 -benzyl- 1,4-dihydronicotinamide (BNAH), is 
readily oxidized by flavin analogue-Zn2 ' complexes in MeCN, 
although essentially no reaction occurs in the absence of the 
metal ion.g Since the metal ion which can activate a flavin 
analogue may act as hard acid, more efficient activation may be 
expected if a stronger acid such as perchloric acid (HCIO,) is 
used. However, NADH and the ordinary model compounds are 
known to be subject to acid-catalysed hydration,",'2 and so 
cannot be used as the reductants in the presence of strong acids. 

It was the aim of the present work to use an acid-stable 
NADH model compound, 10-methy1-9,10-dihydroacridine 
(AcrH,) (3),13 as a reductant in order to investigate the acid- 
catalysed reduction of flavin analogues in the presence of 
HClO,, (in MeCN). The acid-catalysed electron- transfer 
reactions from cis-dialkylcobalt(rr1) complexes, cis-[R,Co- 
(b i~y)~] ' ,  to flavin analogues in the presence of HCIO, in 
MeCN, which can be compared with the acid-catalysed 
reduction of flavin analogues by AcrH,, is also reported. 

Experimental 
Materials.-Preparation of 3-methyl-lO-phenylbenzo[g]- 

pteridine-2( lH),4(3H)-dione (1) ' 0,14 and AcrH, ' is described 
elsewhere. Riboflavin (2) was obtained commercially and 
purified by standard procedures. The 9,lO-dideuteriated 

Q 

analogue of AcrH,, AcrD,, was prepared by reduction of 10- 
methyl-9-acridone with LiAlD,.' 6*1 ' 10-Methylacridinium 
perchlorate (AcrH +ClO,-) was prepared by the addition of 
Mg(C10,), to 10-methylacridinium iodide in water. cis- 
Dialkylco bal t(rrI) complexes, cis-[R,Co(bipy),]CIO, (R = Me, 
Et) were prepared by the reaction of CoC12.6H20 with an 
excess of NaBH, in the presence of the corresponding alkyl 
halide.''*'9 They were isolated as the perchlorate salts and 
recrystallized from methanol-water. Perchloric acid (70%) was 
obtained from Wako Pure Chemicals. Reagent grade aceto- 
nitrile was purified by a standard procedure.20 

Analyticd Procedures.-Electronic absorption spectra were- 
measured using a Union SM-401 spectrophotometer with 
a quartz cuvette which was placed in a thermostatted 
compartment at 298 K. The protonation equilibria of (1) were 
examined from the change in the electronic spectra of (1) by 
addition of HClO, to MeCN solutions of (1) with a range of 
water concentration. Spectral titrations were carried out by 
adding known quantitites of a deoxygenated stock solution of 
AcrH, or cis-[R,Co(bipy),]+ in MeCN to a quartz cuvette 
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Table 1. Protonation equilibrium constants ( K , )  of (1) in the presence 
of HClO, in MeCN containing H,O at 298 K. 

H,O/mol dm-3 K,/dm3 mol-' 
< 10-3 2.7 x lo6 

27 9.2 x 1C1 
5.4 x 1 k 1  4.3 x 103 

FI H;- 
d N ( 5 ) I  0.675 mT 
a[H(5)1 1.255 mT 

a[H(8)1 0.465 mT 
a[N(10)] 0.210 mT 

AHmsl 0-050 mT 
'Me 

1.0 mT 

Figure 1. (a) E.s.r. spectrum of (1)H, +' formed by the reduction of (1)H+ 
(5.0 x 10-4 rnol dm-3) by AcrH, (5.0 x mol dm-3) in the presence 
of HClO, (1.0 x I t 2  mol drn-j) in degassed MeCN; (6) the computer- 
simulated spectrum of (l)H2+*. 

containing a known aliqout of the flavin analogue (Fl) in the 
presence of HClO, in MeCN. The amounts of the dihydroflavin 
radical cations (FlH, +') and 10-methylacridinium ion (AcrH+) 
formed were determined from the absorbances at h,,, [470 and 
500 nm for (l)H,+' and (2)H,+', respectively, and 358 nm for 
AcrH']. The gaseous products formed in the reactions of cis- 
[R2Co(bipy),]+ with the flavin analogue in the presence of 
HClO, in MeCN were analysed by gas chromatography using a 
2 m Unibeads 1 s  column. 

The e.s.r. spectroscopic measurements were carried out 
using a JEOL-X band spectrometer (JES-ME-LX) at room 
temperature. After the completion of the reaction of (1) or (2) 
(8.0 x 10-4 rnol dm-3) with AcrH, or cis-[Et,Co(bipy),]+ 
(1.1 x mol dm-3) in the presence of HClO, (2.0 x l t 3  
mol dm-3) in degassed MeCN, an aliquot of the resulting 
solution was transferred to a 1 mm quartz tube under nitrogen, 
and it was thoroughly degassed by successive f reezepump 
thaw cycles. The e.s.r. spectra were recorded with a non- 
saturating microwave power (modulation amplitude 8.0 x 1 t 2  

mT). Further reduction of modulation amplitude did not 
improve the hyperfine coupling resolution. The g-value and the 
hyperfine coupling constants (h.f.c.) of the e.s.r. spectra were 
calibrated using an Mn2+ e.s.r. marker. The e.s.r. spectra were 
simulated using a NEC 9801 VM, microcomputer. 

Kinetic Measurements.-Kinetic measurements were carried 
out using a Union RA-103 stopped-flow spectrophotometer 
for reactions of half-life less than 10 s and a conventional 
spectropho tometer for the anaerobic reactions (half-lives 
greater than 100 s). Rates were monitored by the rise in the 
absorbances at h,,, of FlH, + *  (see above) under pseudo-first- 
order conditions in the presence of more than tenfold excess F1 
and HClO, at 298 K. Pseudo-first-order rate constants were 
determined by least-squares curve fitting using a Union System 
77 microcomputer. 

Results 
Protonation of Flauin Analogues.-Flavin analogues (Fl) are 

known to be protonated at the N-1 position in strongly acidic 
aqueous solution (pK, ca. O).2' In MeCN, the protonation of 
(1) [equation (l)] occurs much more readily than in H,O, 

F1 + H +  -;FlH+ (1) 
K, 

and the absorption band due to (1) (A,,, 439 nm) in the 
absence of HClO, in MeCN undergoes a hypsochromic (blue) 
shift in the presence of HClO, even in slight excess (h,,, 366 
nm). Such a blue-shift due to protonation is also observed for 
(2)H' in MeCN (A,,, 388 nm). The protonation equilibrium 
constant K ,  ( K ,  = K,-') can be determined from the spectral 
change using equation (2), [ A ,  is the absorbance at 439 nm due 

to (1) in the absence of HC104, A is the absorbance in the 
presence of HClO,, and the subscript 0 denotes the initial 
concentration. The K ,  values for different concentrations of 
H,O in MeCN, determined from the slopes of the linear plots 
of A, /A  - 1 us. [HClO,], + ( A / A ,  - l)[Fl],, are listed in 
Table 1. The k ,  value in MeCN, which is much larger than that 
in H,O, decreases significantly with an increase in the H,O 
concentration in MeCN (Table 1). 

Formation of Dihydroflavin Radical Cations.-On mixing 
AcrH, with the protonated flavin analogue FlH+ [(l)H+ or 
(2)H '3 in the presence of HC10, in MeCN, an absorption band, 
characteristic of AcrH+ (h,,, 358 nm), was observed together 
with new absorption bands at A,,, = 470 and 500 nm for (l)H + 

and (2)H+, respectively. The absorption band at 500 nm 
derived from (2)H+ can be assigned to the dihydroriboflavin 
radical cation, (2)H, + * . 2 2 9 2 3  Thus, the new absorption band at 
A,,, 470 nm derived from (1) may also be assigned to the 
corresponding dihydroflavin radical cation, (1)H, +*. This 
assignment was confirmed by the e.s.r. spectrum (a) of the 
resulting solution (see Figure 1). A computer-simulated 
spectrum of (l)H,+' is also shown (b) with the best-fit 
parameters, the hyperfine coupling constant (h.f.c.), a,(N) 0.675, 
a,(H) 1.255, aB(H) 0.465, alo(N) 0.210 mT, and the maximum 
slope line width, AH,,, = 0.050 mT. The simulated spectrum 
agrees well with the observed spectrum, except for some line 
intensities, which probably disagree due to disregarding the 
h.f.c. for the 10-phenyl group. The large h.f.c. value due to N-5 
proton and the lack of appreciable h.f.c. due to C-6 and C-9 
protons are characteristic of a dihydroflavin radical cation.24 
The lack of appreciable h.f.c. due to the C(7) proton, N-1, or N-3 
is also seen for flavin radical species [flavosemiquinone radial 
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Figure 2. Plots of the concentration of F1H2+' formed in the reduction 
of FlH' [(2)H'] by (a) AcrH, (0) and (b) cis-[Et,Co(bipy),]+ (0) 
in the presence of excess HClO, in MeCN us. [AcrH,],/[(2)Hf], and 
[cis-Et,Co +],/[(2)H '10. 

anion (Fl - *), neutral flavosemiquinone (FlH'), and dihydro 
flavin radical cation (F1H2+')],24 as confirmed by the MO 
c a l ~ u l a t i o n . ~ ~  Essentially the same electronic and e.s.r. spectra 
were observed in the reactions of (l)Hf with cis-[R,Co- 
(bipy),] + in the presence of HClO, in MeCN. 

The dihydroflavin radical cations (FlH,") are stable to 
oxygen in the presence of HClO, in MeCN, and it takes ca. 10 h 
to be completely oxidized by oxygen. The stability of FlH, + *  to 
oxygen may be due to the protonation of FlH', equation (3). In 

FlH' + H f  L FlH,+' (3) 
K2 

fact, the deprotonated flavosemiquinone F1-' is known to be 
most reactive towards oxygen (rate constant of 2.5 x lo8 dm3 
mol-' s-'), but the direct oxidation of the protonated species 
(FIH') by oxygen becomes so slow that the oxidation of FlH' 
may occur only uia Fl-' which is in equilibrium with F1H*.26 
Thus, further protonation of FlH' to FlH+' may decrease 
reducing ability significantly. 

The stoicheiometry of the formation of FlH, +*, determined 
from the electronic spectra in the reaction of (l)H+ with AcrH, 
in the presence of HClO, in MeCN [Figure 2 (a)], is given by 
equation (4). In contrast with the case of AcrH, which is a two- 

H H  

tie 

AcrH, 

(3  1 

+ 2FlH:' (4  1 

I 
Me 

A C ~ H +  

electron donor, the stoicheiometry of the reaction of (1)H' with 
cis-[Et,Co(bipy),] + in the presence of HClO, in MeCN 
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[HCIOLl 110-3 mol dm-3 

Figure 3. (a) Dependence of the observed second-order rate constant 
kobs on [HClO,] for the reduction of FIH', (1)H' (0) and (2)H' (O),  
in the presence of HClO, in MeCN at 298 K, and (b) the [HCIO,] 
dependence of kobs of (1)H' in the presence of 0.54 mol dm-3 H,O in 
MeCN (A). 

[Figure 2(b)] indicates that cis-[Et,Co(bipy),] + acts as a one- 
electron donor. Quantitative amounts of ethane and butane 
were obtained in the reactions of (1) with cis-[R,Co(bipy),]+ 
(R = Me and Et, respectively) in the presence of HCIO, in 
MeCN (see the Experimental section), as observed in the one- 
electron oxidation of cis-[R,Co(bipy),] + by organic and 
inorganic one-electron oxidants. 19,27 Thus, the stoicheiometry 
is given by equation (5). 

cis-[R,Co(bipy),]+ + FlH' + H f  
R-R + [Co(bipy),I2+ + FlH,+' (5) 

Kinetics.-The rate of formation of F1H2+' in the reduction of 
FlH+ by AcrH, obeyed pseudo-first-order kinetics in the 
presence of excess F1 and HClO,, and the pseudo-first-order 
rate constant was proportional to the FlH' concentration, as 
given by equation (6). The dependence of the observed second- 

d[FlH,+']/dt = kob,[AcrH,][FIH+] 

order rate constant kobs of both (1)H' and (2)H' on the HClO, 
concentration in MeCN is shown in Figure 3(a). In the absence 
of HCIO,, essentially no reaction occurs, but the kobs value 
decreases with an increase in the HClO, concentration [Figure 
3(a)]. When H,O (0.54 mol dm-3) is added to the AcrH,-(l)H+ 
system, the decrease of kobs with an increase in the H C D 4  
concentration [Figure 3(a)] is suppressed and kobs becomes 
independent of the HClO, concentration [Figure 3(b)].  The 
primary kinetic isotope effects were also examined by replacing 
AcrH, with the 9,9'-dideuteriated analogue (AcrD,) and the 
kH/k, values for the reduction of (1)H' and (2)Hf by AcrH, 
and AcrD, in the presence of various concentrations of HClO, 
in MeCN at 298 K are listed in Table 2. 

The kH/k, values are constant with the change in the HCIO, 
concentration and large primary kinetic isotope effects are 
observed for both (l)H+ and (2)Hf, k,/kD = 9.6 f 0.8 and 
9.9 f 0.8, respectively (Table 2). 
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Table 2. Primary kinetic isotope effects (kH/kD) for the reduction 
of FIH+ [(l)H+ and (2)H+] by AcrH, and AcrD, in the presence of 
HCIO, in MeCN at 298 K. 

k,/k," 
CHClOJ P 
mol dm-3 (1)H + (2)H + 

1.9 x 10-4 9.3 
4.2 x 10-4 9.6 10.2 
8.7 x 10-4 8.8 10.6 
1.9 x 10-3 10.4 9.1 
3.9 x 10-3 9.8 9.9 

- 

The experimental errors are within f 10%. 
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Figure 6. Plots of the reduction potentials of F1 us. log([H+]/mol dm-9; 
(a) one-electron reduction potential of (2)H' [E(FIH+/FlH, +*)I in the 
presence of HCIO, in MeCN at 298 K, determined from the one- 
electron reduction of (2)H' by cis-[R,Co(bipy),]+ [R = Me (.) and 
Et (O)] using equation (8); (b) the reported one-electron reduction 
potential of (2) [E(Fl/FIH')] (A) and (2)H' [E(FIH'/FIH,)] (A) in 
H,O;,' and (c) the two-electron oxidation potential of AcrH, [E- 
(AcrH+/AcrH,)] in the presence of HClO, in MeCN.15 

The rate of electron transfer from cis-[R,Co(bipy),] + to 
(2)H' in the presence of HClO, also obeyed the second-order 
kinetics, equation (7). In Figure 4, the log kobs values for 

d[FlH, +']/dt = kobs[R2Co+][F1H '1 (7) 

electron transfer from cis-[R,Co(bipy),]+ (R = Me and Et) to 
(2)H+ in the presence of HClO, in MeCN at 298 K are plotted 

-2 -1 0 against log [H']. The dependence of kobs on the concentration 
of H,O, which is added to the cis-[Et,Co(bipy),]+-(2)H+ 
system in the presence of 0.10 mol dmP3 HClO, in MeCN, is 
shown in Figure 5. In contrast with the case of AcrH, (Figure 
3), the kobs value increases linearly with an increase in the 
HClO, concentration but decreases with an increase in the 
H,O concentration (Figures 4 and 5, respectively). 

log([HCIO,l l m o l  d ~ n - ~ )  

Figure 4. Plots of log(ko,/dm3 mol-~  s - ~ )  l)s. log([HCIO,]/mol 
dm-3) for the reduction of (2)H+ by cis-[R,Co(bipy),~+ [R = Me 
(a) and Et (O)] in the presence of HCIO, in MeCN at 298 K. 

3 

A 
7 
I 
VI 

m 
E 
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0 ll 9 

Discussion 
Redox Potentials of Fl in the Presence of HC104 in MeCN.- 

The observed second-order rate constants kobs of electron 
transfer from cis-[R,Co(bipy),] + to organic one-electron 
oxidants in MeCN at 298 K have been correlated with the one- 
electron reduction potential of the oxidant (E:ed) by equation 
(S)," where the E:x is the one-electron oxidation potential 

logkobs = - 15.3(E:x - ErOed) + 6.2 (8) 

of cis-[R,Co(bipy),]+ (0.63 and 0.57 V us. SCE, for R = Me 
and Et, respectively).' Then, the one-electron reduction 
potential of FlH+ in the presence of HC10, in MeCN at 298 K, 
E(FlH+/FlH,+'), can be evaluated from the kobs value using 
equation (8). The dependence of E(FlH+/F1H2+') on the 
HClO, concentration, thus obtained, is shown in Figure 6, 
where the E(F1H+/F1H2+') values derived from the rate 

I I I 1 constants of cis-[Me,Co(bipy),] + agree well with those derived - 0.6 -0 *4 -0.2 from the rate constants of cis-[Et,Co(bipy),] + [Figure 6(a)]. 
The E(F1H+/F1H2+') values are much more positive than the 
reported value of the one-electron reduction potential of (2) in 
the absence of HC104 in an aProtic solvent (-0.69 v US. 
SCE),,' and shifted to the positive direction with an increase in 
the HClO, concentration [Figure 6 (a)]. Such a positive shift of 

log([H,Ol/ rnol dm-3) 

Figure 5. Dependence of kobs on the H,O concentration for the 
reduction of (2)H+ by ci,y-[Et,Co(bipy),]+ in the presence OfHCIO, in 
MeCN containing H,O at 298 K. 
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E(FlH+/FlH,+*) may be casued by the protonation of FlH' 
[equation (3)]. Under the conditions that the protonation 
equilibrium constant K,  4 [HC104]-', the Nernst equation of 
E(FlH+/FlH+') may be given by equation (9) where F i s  the 

E(FlH+/FlH,+') = 

E'(FlH+/FlH') + (2.3RT/F)(log[H+] + logK,) (9) 

Faraday constant (2.3RT/F = 0.059 at 298 K). According to 
equation (9), the E(FlH+/FlH,+') value is expected to be 
shifted to the positive direction by 0.059 V/log[H+], in 
accordance with the results in Figure 6(a) [the dotted line is 
drawn with the slope according to equation (9)]. Thus, the 
electron transfer from cis-[R,Co(bipy),] + to FlH+ becomes 
energetically more favourable with increased in HClO, con- 
centration in MeCN and the rate is proportional to [HCIO,] 
(Figure 4). The cis-[R,Co(bipy),12 + formed in the electron 
transfer may be subject to the facile reductive coupling of the 
alkyl groups to yield R-R (Scheme l ) . " ~ ~ ~  

I 
c i s  -[R,Co(bipy),12+ + FlH:' 

R-R + [ C ~ ( b i p y ) ~ I ' +  

Scheme 1. 

The reported values of the one-electron reduction potential 
of F1 [E(Fl/FlH')] and FlH' [E(FlH*/FlH,)] in aqueous 
solutions29 are also plotted against log[H+] in Figure 6(b). 
The positive shifts of E(Fl/FlH') and E(FlH'/FlH,) with a 
decrease in pH (= -log[H+]) are known to be caused by the 
protonation of F1-' and FlH- [equations (10) and (ll)], 

re~pectively.,~ In an aqueous solution, the further protonation 
of FlH' [equation (3)] occurs only in a strongly acidic solution, 
since the protonation equilibrium constant K2 [equation (3)] in 
H,O (K,  = 1) 2 1  is much smaller than that in MeCN. Thus, the 
one-electron reduction potential in the presence of HClO, in 
MeCN is shifted to the positive direction relative to that in H,O, 
due to the further protonation of FlH' in MeCN [equation (3)], 
as shown in Figure 6. This may be the reason why the rate 
constant of electron transfer from cis-[Et,Co(bipy),] + to (2)H + 

in the presence of a fixed concentration of HClO, decreases 
significantly with an increase in the H 2 0  concentration in 
MeCN (Figure 5). According to equation (9), the E(FlH+/ 
FlH,") value may be shifted to the negative direction with an 
increase in the H,O concentration, since the K2 value may 
decrease with an increase in the H,O concentration, when the 
electron transfer becomes energetically more unfavourable. 

The other important difference between the one-electron 
reduction potentials in H 2 0  and MeCN is that the E(Fl/FlH') 
value in H,O is always more negative than the E(FlH'/FlH,) 
value, whereas the E(FlH+/FlH,+') value in MeCN is always 
more positive than the E(FIH,+'/FIH2) value (-0.10 V us. 
SCE).30 Thus, the disproportionation equilibrium in H,O 
[equation (12)] favours the formation of FlH2, while the 

2FlH'-+F1 + FlH, (12) 

comproportionation equilibrium [equation (1 3)] in MeCN 

FlH, + FlH+ + H+-+2FlHz+' (13) 

favours the formation of F1H2+'. This may be the reason why 
FlH," is formed in the reduction of FlH+ by AcrH, [equation 
(4)] and cis-[R,Co(bipy),] + [equation (5)] in the presence of 
HCIO, in MeCN. 

Mechanisms of the Reduction of FlH+ by AcrH, in the 
Presence ofHClO, in MeCN.-The Gibbs energy change AG of 
the reduction of FlH+ by AcrH, in the presence of HClO, in 
MeCN [equation (l)] is obtained from equation (14), where 

AG = 2[E(AcrH+/AcrH,) - E(FlH+/FlH,+')] (14) 

the dependence of E(FlH+/FlH,+') on [HClO,] is shown in 
Figure 6(a) and the two-electron oxidation potential of AcrH, 
[E(AcrH+/AcrH,] is given by equation (15). 

E(AcrH+/AcrH,) = 
[E(AcrH*/AcrH,) + E(AcrH+/AcrH')]/2 (1 5) 

The dependence of E(AcrH+/AcrH,) on [HClO,], obtained 
from the reported values of Eo(AcrH,+'/AcrH2) (0.80 V 
us. SCE), E'(AcrH+/AcrH*), and pK, of AcrH," (2.0) in 
MeCN l 5  using equation (15), is also shown in Figure 6(c) 
where the AG value in equation (14) becomes negative in the 
region [HClO,] > 5 x lo-' mol dm-3. On the other hand, 
the Gibbs energy change of hydride transfer from AcrH, to 
FlH' [equation (16)], AGh obtained from the two-electron 

AcrH, + FlH+ --% AcrH" + FIH, (16) 

oxidation potential [E(AcrH+/AcrH,)] and the two-electron 
reduction potential [E(FlH+/FlH,)] using equation (17), is 

AG,, = 2F[E(AcrH+/AcrH,) - E(FlH+/FlH,)] (17) 

positive, 11 kJ mol-', which is independent of [HCIO,], and so 
the hydride transfer is always endothermic. Thus, the overall 
reaction [equation (l)] becomes exothermic by the combin- 
ation of the hydride transfer [equation (16)] with the com- 
proportionation reaction [equation (1 3)]. 

Extensive studies on the hydride transfer reactions between 
NADH and NAD' analogues have been reported by Kreevoy 
et aZ.'6731 The rate constants of the hydride transfer reactions 
have been correlated with the AGh values and the self-exchange 
rate constants between the same pair of NADH/NAD+ anal- 
o g u e ~ . ~ '  By applying the Kreevoy's relation3' to the present 
case, the rate constant of the hydride transfer from AcrH, to 
FlH+ [equation (16)] is calculated as 5.1 x dm3 mol-' s-' 
from the self-exchange rate constant of AcrH+/AcrH, (4.3 x 
lo-' dm3 mol-' s-l) and the AGh value (described above). 
In order to compare the calculated rate constant with the 
observed rate constant, the protonation of AcrH, [equation 
(18)] should be taken into account, since the protonated species 

AcrH, + H +  T A c r H 3 +  (18) 
K3 

(AcrH,') is known to be a much weaker reducing agent than 
free AcrH,.13 In such a case, the observed second-order rate 
constant (kobs) is related to the rate constant of hydride transfer 
from unprotonated AcrH, to FlH+ [kh, equation (16)] as given 
by equation (19), which agrees with the result in Figure 3(a), 
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reaction, which is expressed by equation (21), where 2 is the 
Table 3. Comparison of the observed rate constant (kobs) for the 
reduction of (2)H' by AcrH, in the presence of HCIO, in MeCN at 
298 K with the calculated rate constant (kca,c) for the hydrogen transfer 
from AcrH, to (2)H'. 

[HC1041/ kobs/ kcalc "I 
mol dm-3 dm3 mol-' s-' dm3 mol-' s-l 

4.2 x 104 1.3 1.9 
8.7 x 10-4 1 .o 1 .o 
1.7 x 10-3 0.60 0.53 
3.9 x 10-3 0.20 0.25 

Calculated based on equations (21) and (22), see the text. 

where kobs decreases with an increase in the HClO, con- 
centration. Equation (19) can also account for the effect of H 2 0  
shown in Figure 3(b) where kobs is independent of [HCIO,] in 
the presence of H,O (0.54 mol dmP3), since the K3 value is known 
to be decreased significantly in the presence of H,O (0.54 mol 
dm-3) in MeCN.' Thus kobs becomes independent of [HCIO,] 
provided K3[HC104] 4 1 [equation (19)]. According to 
equation (19), the calculated rate constant based on Kreevoy's 
relation should be divided by (1 + K,[HClO,]) in order to 
compare the calculated rate constant with the observed rate 
constant in Figure 3. The calculated value using the K3 value 
(1.1 x lo4 mol-' dm3) 
mol dm-3, however, is 2 x lo3 times smaller than the corres- 
ponding observed rate constant of (2)H+ in Figure 3(a). 

Kreevoy et al. also reported the correlation of the kinetic 
isotope effects (kH/kD) for hydride transfer reactions between 
NADH and NAD' analogues including a flavin analogue with 
the AG,, value.I6 According to the correlation,'6 the kH/kD 
value is estimated as 5.4, which is much less than the ob- 
served value, 9.9 0.8 (Table 2). Thus, neither the rate con- 
stant nor the kinetic isotope effect can be correlated with the 
hydride transfer reactions between NADH and NAD+ ana- 
logues, which are claimed to occur via the one-step hydride 
transfer.' 6 9 3 0  

An alternative mechanism for hydride transfer from AcrH, 
to F1H' is shown in Scheme 2, where the hydrogen-atom 

in MeCN in the region [HzO] 4 

AcrH, + FlH' A (AcrH' FIH,") 2 AcrH+ + FlH, 

Scheme 2. 

(electron plus proton) transfer from AcrH, to FlH+ occurs to 
give the radical pair (AcrH' FIH,+*), followed by the facile 
electron transfer from AcrH' to FlH,", yielding AcrH' and 
FlH,, the latter of which is converted into FlH,+' by the fast 
comproportionation reaction [equation (1 3) ] .  The Gibbs 
energy change of electron transfer from AcrH' to FlH," is 
highly exothermic ( - 3 2  kJ mol-') based on the one-electron 
oxidation potential of AcrH' (-0.43 V us. SCE)" and the one- 
electron reduction potential of F1H2+' (- 0.10 V us. SCE) 31 in 
MeCN. Thus, hydrogen transfer from AcrH, to FIH+ in 
Scheme 2 may be the rate-determining step. The Gibbs energy 
change of the hydrogen transfer from AcrH, to FlH' (AGH) 
is given by equation (20), where AGH is independent of 

AGH = F[E(AcrH'/AcrH,) - E(FlH+/FlH,+')] (20) 

the HCIO, concentration, since both E(AcrH'/AcrH,) and 
E(FlH+/FlH,") are shifted to  the positive direction by 0.059 
mV/log[H '3. 

The Marcus theory of atom-transfer reactions3' can be 
applied to calculate the rate constant of the hydrogen-transfer 

kH = Zexp(-AGk/RT) (21) 

frequency factor, taken as 1 x 10" dm3 mol-I s-', and the 
activation Gibbs energy (AG k) is given as a function of AGH by 
equation (22).,,  The AGb value corresponds to the activation 

Gibbs energy at AGH = 0. The AG 6 value may be taken as 22.6 
kJ mol-1 which is the sum of the AG 5 values of the self-exchange 
of AcrH, +'/AcrH, and AcrH'/AcrH, +*.' Then, the k, value 
can be calculated from the AG ?, and AGH values using equations 
(21) and (22). According to equation (19), the calculated k,  
value should be divided by (1 + K3[HC104]) in order to 
compare it with the observed rate constants. The calculated 
values kcalc thus obtained in the presence of various concen- 
trations of HClO, in MeCN at 298 K agree well with the 
observed values as shown in Table 3. Thus, it may be concluded 
that the reduction of FlH' by AcrH, in the presence of HClO, 
in MeCN proceeds uia a hydrogen (or electron plus proton) 
transfer from AcrH, to FlH+ (Scheme 2).  At present, however, it 
is not clear whether the hydrogen transfer occurs via a direct 
transfer of a hydrogen atom or via the combination of electron 
and proton transfers. In the latter case, the acid-catalysed 
electron transfer from AcrH, to F1H' to yield AcrH," and 
FlH,+' is unlikely to occur since the subsequent proton transfer 
from AcrH2+' to FlH," may be energetically unfavourable. 
Thus, the electron transfer from AcrH, to FlH+ may be 
followed by proton transfer from AcrH,+' to FlH' yielding 
the radical pair (AcrH' FlH,+') which is removed by the 
subsequent, fast electron transfer from AcrH' to FlH,+' without 
separation by diffusion to give the products, AcrH' and FlH,. 
The FlH, is converted into the stable radical cation (FlH,+') by 
the facile comproportionation reaction [equation (13)]. In such 
a case, it may be difficult to distinguish clearly between the one- 
electron process (Scheme 2) and the direct one-step two- 
electron process (direct transfer of a hydride ion), although the 
former process can account for the magnitude of the observed 
rate constant better than the latter (see above). It should be 
emphasized that both one-electron and two-electron processes 
are rather extreme approaches to visualizing the actual trans- 
ition state; the former from the energetics of formation of the 
high energy species (AcrH' FlH2+') used as a model of the 
transition state and the latter from the end of the energy surface 
of the reaction based on the overall Gibbs energy change. In 
any case, determining the actual approach should be based on 
the need to provide a better description of the energetics, as 
we have recently shown in the hydride-transfer reactions from 
NADH model compounds to a series of p-benzoquinone 
derivatives.' 5*33  
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