
J. CHEM. SOC. PERKIN TRANS. 11 1989 1037 

Mechanisms of Photo-oxidation of NADH Model Compounds by Oxygen 
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When an oxygen-saturated acetonitrile (MeCN) solution containing the NADH model compound, 
9,lO-dihydro-I 0-methylacridine (AcrH,), is irradiated with U.V. light firstly in the presence and 
secondly in the absence of perchloric acid (HCIO,), AcrH, is oxidized by oxygen to yield the 10- 
methylacridinium ion (AcrH +) and 10-methyl-9-acridone (Acr=O) respectively, and reduction of 
oxygen yields hydrogen peroxide. The U.V. irradiation of a neutral aqueous solution containing 1 - 
benzyl-I ,4-dihydronicotinamide (BNAH) also results in the oxidation of BNAH by oxygen to yield 
BNA+ and H,O,. Kinetic studies and detection of radical intermediates by e.s.r. spectroscopy have 
revealed that the photo-oxidation of NADH model compounds by oxygen proceeds via radical-chain 
reactions, which are initiated by electron transfer from the singlet excited state of NADH model 
compounds to oxygen. The chain carrier for the photo-oxidation of AcrH, in the presence of HCIO, in 
MeCN as well as for the photo-oxidation of BNAH in a neutral aqueous solution is hydroperoxy radical 
(HO,'), while acridinylperoxy radical (AcrO,') acts as a chain carrier for the photo-oxidation of AcrH, in 
the absence of HCIO, in MeCN. 

Although no photo-oxidation of AcrH, by oxygen occurs under visible-light irradiation, AcrH, is 
efficiently oxidized to AcrH+ in the presence of a flavin analogue used as a sensitizer, in MeCN 
under otherwise identical conditions. The flavin-sensitized photo-oxidation of AcrH, by oxygen 
proceeds via one-electron reduction of a flavin analogue by AcrH, followed by the efficient 
oxidation of the reduced flavin by oxygen without the appreciable contribution of radical-chain 
processes. 

Reduced nicotinamide adenine dinucleotide (NADH) plays a 
vital role as the electron source in the reduction of oxygen by the 
respiratory chain.' Without appropriate catalysts such as flavin 
and its  analogue^,^*^ NADH itself is stable to oxygen unless 
either oxygen or NADH is activated. An activated-oxygen 
species, singlet oxygen, can oxidize NADH to yield NAD+ and 
H202., U.V. irradiation of NADH in the presence of oxygen 
also results in the oxidation of NADH to yield NAD' and 
H202.5-7 However, the mechanisms of photo-oxidation of 
NADH and the model compounds are not fully understood. 
For example, the singlet excited state of NADH is known to 
be oxidized by electron transfer to oxygen to produce the 
superoxide anion 02-', but the quantum yield is lo5 and lo6 
times smaller than that for the NAD+ f ~ r m a t i o n . ~ , ~  The effect 
of acid on the photo-oxidation of NADH and the model 
compounds has also not been reported, since they decompose 
due to acid-catalysed hydration.* 

This work reports mechanistic studies on the photo- 
oxidation of the NADH model compounds, AcrH, and BNAH, 
by oxygen under U.V. irradiation in acetonitrile (MeCN) and/or 
H20,  as well as the photocatalytic oxidation of AcrH, by 
oxygen in the presence of a flavin analogue used as a sensitizer 
under visible-light irradiation in MeCN and H20.  The effect of 
an acid (HClOJ which causes the change in the mechanism of 
the photo-oxidation is also reported by using an acid-stable 
NADH model compound, AcrH,.' 

Experimental 
Materials.-Preparation of 9,lO-dihydro- 10-methylacridine 

(AcrH,) and 1-benzyl- 1,4-dihydronicotinamide (BNAH) were 
described elsewhere. ' 10-Methylacridinium perchlorate 
(AcrH+CIO,-) was prepared by the addition of Mg(ClO,), 
to 10-methylacridinium iodide in H,O. [9,9-2H2]-9,10- 
Dihydro-10-methylacridine (AcrD,) was prepared by LiAlD, 
(sold as 98 atom % D by Aldrich) reduction of 10-methyl-9- 

acridone." Riboflavin 2',3',4',5'-tetra-acetate (RFTA) was 
prepared by the literature method.', 10-Methyl-9-acridone 
( A c d ) ,  perchloric acid (70%), electron acceptors (fumaro- 
nitrile, diethyl fumarate), and sodium iodide were obtained 
commercially. Potassium ferrioxalate, used as an actinometer, 
was prepared according to the literature l 3  and was purified by 
recrystallization from hot water. Acetonitrile used as a solvent 
was purified and dried by the standard pr~cedure. '~ 

Photo-oxidation of NADH Model Compounds by Oxygen- 
Typically, AcrH, (2.5 x lo-' mol) was added to an n.m.r. tube 
containing CD3CN (0.5 cm3) in the presence of HC10, 
(1 x lW3 mol) and H 2 0  (2.6 mol dmW3). After the reactant 
solution had been saturated with oxygen, it was irradiated with 
a high-pressure mercury lamp for 25 h. The oxidized product 
was identified by comparing the 'H n.m.r. spectrum of the 
resulting solution with that of AcrH' [Gfppm: 4.62 (3 H, Me)]. 
The photo-oxidation of AcrH2 by oxygen was also carried out 
in the absence of HCIO, and H 2 0  in CD3CN under conditions 
otherwise identical with those described above. The oxidized 
product was identified by comparison with the 'H n.m.r. 
spectrum of 10-methyl-9-acridone ( A c d )  [6/ppm: 3.98 (3 H, 
Me)]. The 'H n.m.r. spectroscopic measurements were carried 
out using a Japan Electron Optics JNM-PS-100 'H n.m.r. 
spectrometer (100 MHz). 

The photo-oxidation of NADH model compounds (AcrH, 
and BNAH) by oxygen under irradiation with light from an 
Ushio Model U1-501 Xenon lamp through a Toshiba UV-D33S 
filter were also monitored by the rise of the absorption band due 
to oxidized species [AcrH+ (A 400 nm, E 4.0 x lo3 mol-I dm3 
cm-I), Acr=O (Amax. 400 nm, E,,,. 8.64 x lo3 mol-' dm3 cm-') 
and BNA+ (&.,,axe 270 nm, E ~ ~ ~ .  3.84 x lo3 mol-' dm3 cm-')I or 
the decay of the absorption band due to BNAH (Amax. 350 nm, E 
6.00 x lo3 mol-' dm3 cm-'). The amount of reduction product, 
H,02, was determined by the standard method (titration 
against iodide ion); the solution of the product mixture was 
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treated with excess amounts of NaI and the amount of 1,- 
formed was determined by visible spectroscopy (hma,.. 365 nm, 
E,,,. 2.8 x lo4 mol-' dm3 cm-').16 -. 

The photo-oxidation of AcrH, by RFTA (9.2 x 1 t S  mol 
dm-3) in the presence of HClO, (1.0 x l e 3  mol dm-3) in 
deoxygenated MeCN/H,O (5 : 1 v/v) under light irradiation 
through a Toshiba Y-43 filter, which eliminated radiation below 
400 nm, was monitored by the decay of the absorption band due 
to RFTA (Amax. 444 nm). Alternatively, the photo-oxidation of 
AcrH, with oxygen, catalysed by RFTA (9.2 x lo-' mol dmP3) 
in the presence of HClO, (1.0 x l t 3  mol dmh3) in air- or 
oxygen-saturated MeCN-H,O (5 : 1 v/v), was monitored by the 
rise of the absorption band due to AcrH+ (h 400 nm, E 
4.0 x lo3 mol-' dm3 cm-'). The amount of H,O, was 
determined by the method described above.16 

Quantum-yield Determinations.-A standard actinometer 
(potassium ferrioxalate) was used for the quantum-yield 
determinations of the photochemical reactions of AcrH, and 
BNAH with oxygen. In the case of direct irradiation of AcrH, or 
BNAH, the quantum yield was determined under filtered light 
(220 nm < h < 440 nm) since the effect of monochromatized 
light was too weak to discriminate between the photochemical 
rate and the rate of thermal oxidation of AcrH, by oxygen, in 
the presence of HClO, in MeCN, or the hydration of BNAH in 
a neutral aqueous solution. Thus, the actinometry experiments 
were carried out at the same incident light intensity by using the 
same filter as employed in the photo-oxidation of AcrH, and 
BNAH. Since light absorption by the actinometer, AcrH, and 
BNAH is incomplete in each wavelength region, depending 
on the concentration, the fraction of light absorbed by the 
actinometer, AcrH, and BNAH must be considered explicitly.' 
The concentration of ferrous ions [Fe2+] formed in the 
irradiated solution of the actinometer through the filter is then 
given by equation (l) ,  where C is a constant used to obtain the 

[Fe2+] = Cqot s," x(h)F(h)[l - exp( - 2.3A9ldh (1) 

absolute light intensity absorbed by the actinometer, cpo is the 
quantum yield for the actinometer, taken as 1.18 which is the 
average value between 365 nm and 436 nm,' t is the irradiation 
time, ~ ( h )  is the relative emittant light intensity at wavelength h, 
determined by using rhodamine 6G as a standard, F(h) is the 
wavelength dependence of the transmitting efficiency of the 
filter, and A: is the absorbance of the actinometer at wavelength 
h. Similarly, the quantum yields cp for the photochemical 
reactions of AcrH, and BNAH with oxygen are given by 
equations (2) and (3), respectively, where A ,  is the absorbance of 

cp = [AcrH+]/ { Ct 1; x(h)F(h)[l - exp( - 2.3A,)dh] 

cp = A[BNAH)/ 

{ Ct 1; x(h)F(h)[l - exp(-2.3Ak)dh] (3) 'I 
AcrH, or BNAH at wavelength h, and A[BNAH] is the 
concentration of BNAH consumed in the photochemical 
reaction. The C value was determined from the actinometry 
experiments by substituting [Fe2'], cpo, t ,  and the integral term 
(calculated by the numerical integration) into equation (1). 
With the C value, the quantum yields, cp, for the photo- 
oxidation of BNAH and AcrH, by oxygen were determined by 

numerical integration using equations (2) and (3), respectively. 
In the case of the RFTA-sensitized reaction, the quantum 

yield was determined for filtered visible light (h  > 400 nm) at 
wavelengths at which only RFTA is excited. In such a case, the 
amount of ferrous ions [Fe2+] formed in the irradiated solution 
of the actinometer through the filter is given by equation (4), 

[Fe2+] = Ct s," cp;x(h)F(h)[l - exp( -2.3A9ldh (4) 

where cp: is the quantum yield of the formation of Fe2+, which 
varies with h for longer wavelengths and is placed, therefore, 
inside the integral term. The quantum yield, cp, for the RFTA- 
sensitized reaction of AcrH, is given by equation (2). However, 
the quantum yield for the photochemical reaction in the absence 
of oxygen is given by equation (9, where ACRFTA] is the 

amount of RFTA consumed by the photochemical reaction and 
A ,  is the absorbance of RFTA at wavelength h. The cp values 
in equations (2) and (5) were determined by the numerical 
integration using the C value which was determined by the 
numerical integration in equation (4). 

Fluorescence Quenching of ' AcrH,*.-Quenching experi- 
ments of the AcrH, fluorescence were performed using a Hitachi 
650- 10s fluorescence spectrophotometer. The excitation wave- 
length was 285 nm for AcrH,. The monitoring wavelength 
corresponds to the maximum of the emission band (AcrH,, 385 
nm). Relative emission intensities were measured for MeCN 
solutions of AcrH, (5.0 x l W 5  mol dmP3) with a quenching 
agent at various concentrations. The shape did not change but 
intensity of the emission spectrum did on the addition of the 
quenching agent. The Stern-Volmer relation [equation (6)]  

was obtained for the ratio of the emission intensities in the 
absence and presence of a quencher, I:/If, and the quenching 
agent concentration, [Q]. The fluorescence lifetime T of 'AcrH2* 
has been reported as 14 ns." 

Oxidation of AcrH, by Oxygen, Initiated by the Fenton 
Reaction.-Rates of the oxidation of AcrH, and AcrD, by 
oxygen in the presence of H20,, FeCl,, and HClO, in MeCN 
containing H,O (2.6 mol dm-3) at 298 K were followed by 
the rise of the absorption band due to AcrH'. The kinetic 
measurements were carried out under pseudo-first-order con- 
ditions where the concentrations of oxygen, HClO,, and H,O, 
were maintained in excess of [AcrH,]. Pseudo-first-order rate 
constants, kobs, were determined by least-squares curve fitting, 
using a microcomputer. 

EZectron Spin Resonance Measurements.-The e.s.r. measure- 
ments were carried out by using a JEOL X-band spectrometer 
(JES-ME-LX) at 77 K. An oxygen-saturated MeCN solution of 
AcrH, (5.0 x mol dm-3) was irradiated with an Ushio 
Model U1-501 Xenon lamp for 1 h at 77 K. The photolysis of an 
oxygen-saturated MeCN solution of Acr=O (2.0 x mol 
dm-3) in the presence of H,O (1.0 mol dm-3) was also carried 
out for 30 min at 77 K. The e.s.r. spectra were recorded under 
non-saturating microwave power conditions. The g-value of 
e.s.r. spectrum was calibrated by using an Mn2+ e.s.r. marker. 
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Figure 1. Electronic spectra observed in the photo-oxidation of AcrH, 
(5.6 x rnol dm-3) by oxygen (2.6 x lC3 rnol dm-3) in the presence 
of HC104 (1.0 x lp3 rnol dm-3) and H,O (2.6 rnol dm-') in MeCN 
irradiated with light (220 nm < h < 440 nm); each spectrum was 
measured at intervals of 30 s. 
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Figure 2. Dependence of the quantum yield on the AcrH, concentration 
for the photo-oxidation of AcrH, by oxygen (2.6 x lW3 rnol dm-3) in 
the presence of HC104 (1.0 x 1C3 rnol dm-3) and H,O (2.6 rnol dm3)  
in MeCN (light: 220 nm < h < 440 nm); light intensity (Zn) 3.4 x lW7 
(O), 5.5 x (O), and 3.4 x lC5 (A) einstein s-' dm-j. 

Results and Discussion 
Photo-oxidation of AcrH, by Oxygen in the Presence of Acid 

in MeCN.-When an air-saturated MeCN solution containing 
AcrH,, HClO,, and H,O is irradiated with U.V. light (220 
nm < h < 440 nm), an absorption band due to AcrH+ (hmax. = 
358 nm) appears and the absorbance increases with the 
concomitant disappearance of the absorption band due to 
AcrH, = 285 nm), as shown in Figure 1. The presence of 
H,O is necessary in order to prevent the protonation of AcrH, 
by HClO, in MeCN, which would cause the disappearance of 
the absorption band due to AcrH2.' The quantitative formation 
of AcrH' has also been confirmed by the measurement of 'H 
n.m.r. spectra (see the Experimental section). After the 
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Figure 3. Dependence of the quantum yield on the light intensity (In) for 
the photo-oxidation of AcrH, by oxygen (2.6 x lW3 rnol dm-') in the 
presence of HC104 (1.0 x lW3 rnol dm-3) and H,O (2.6 rnol dmP3) in 
MeCN (light: 220 nm < h < 440 nm); [AcrH,] = 1.3 x lo-' (0), 
1.0 x 1C2 (o), and 3.6 x (A) rnol dm-3. 

completion of the photochemical reaction, an approximately 
equivalent amount of hydrogen peroxide (95% based on the 
initial amount of AcrH,) was formed (see the Experimental 
section). Thus, the stoicheiometry of the photochemical 
reaction is given by equation (7). 

AcrH, + O2 + H + h V . A c r H +  + H20,  (7) 

ine  quantum yieia ror me pnoro-oxiaauon or ncrn ,  DY 
oxygen in the presence of HClO, (1.0 x mol dm-3) in 
MeCN containing H,O (2.6 mol dm-3) is proportional to the 
concentration of AcrH, with each light intensity as shown in 
Figure 2, where the quantum yield exceeds unity for high 
concentrations of AcrH,. In particular, when the light intensity 
absorbed by AcrH, is 3.4 x einstein dm-3 s-', cp = 11. 
The dependence of cp on the light intensity at fixed AcrH, 
concentrations is shown in Figure 3, where the cp value is 
proportional to the reciprocal of the square root of light 
intensity for each concentration of AcrH,. The large quantum 
yields exceeding unity in Figure 2, combined with the 
dependence of cp on the light intensity in Figure 3, strongly 
indicate that the photo-oxidation of AcrH, by oxygen in the 
presence of HClO, proceeds via radical-chain reactions, 
initiated by U.V. irradiation. The dependence of the quantum 
yield on the HC104 concentration is shown in Figure 4, where 
cp is constant with the variation in [HCIO,]; the photo- 
oxidation of AcrH, in the absence of HClO, in MeCN is 
described below. 

The primary kinetic isotope effect (PH/(PD is determined by 
using AcrD, for the ratio of the rate of formation of AcrH' to 
that of AcrD'. The (PH/(PD value is plotted against the logarithm 
of the concentration of AcrH, in Figure 5, where the (PH/(PD 

value is approximately unity in the region [AcrH,] < lo4 rnol 
dm-3 and increases gradually in the region [AcrH,] > 10-4 mol 
dm-3 to reach a constant value ((PH/(PD = 3.0) in the region 
[AcrH,] > lW3 mol dm-3. Such dependence of qH/qD on the 
AcrH, concentration suggests that the chain length remains 
close to unity for low AcrH, concentration (c lC3 mol dm-3), 
while for high AcrH, concentration (> mol dmP3) the chain 
length is sufficiently long for the (PH/<PD value to be determined 
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Figure 4. Dependence of the quantum yield on the HClO, 
concentration for the photo-oxidation of AcrH, by oxygen (2.6 x 
mol dm-3) in the presence of HClO, in MeCN containing H,O (2.6 mol 
dm-3) (light: 220 nm < h < 440 nm). 
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Figure 5. Dependence of the primary kinetic isotope effect (qH/qD) on 
the AcrH, concentration for the photo-oxidation of AcrH, by oxygen 
(2.6 x rnol dm-3) in the presence of HClO, (1.0 x mol dm-3) 
and H,O (2.6 rnol d m 3 )  in MeCN (light: 220 nm < h < 440 nm). 

Table 1. Quenching rate constants (k,) of the fluorescence of AcrH, by 
oxidants and the Gibbs energy change (AGZ) of the electron transfer 
from 'AcrH; to the oxidants in MeCN at 298 K. 

Oxidant AGZ/kJ mol-' k,"9b/dm3 mol-' s-' 
Oxygen -2.2 x lo2 1.9 x 10" (1.6 x lolo) 

Diethyl fumarate -1.5 x 10' 1.6 x lO"(1.8 x 10") 

are those measured in the presence of HClO, (1.0 x 

Fumaronitrile -1.6 x lo2 2.3 x 10" (2.0 x 10") 

The experimental errors are within k 10%. The values in parentheses 
mol dmP3). 

$. 

H2°2+ 0, 
Scheme 1. 

mainly by the propagation step in which the abstraction of 
hydrogen from AcrH, or AcrD, may be involved. 

The excitation of an MeCN solution of AcrH, at 285 nm in 
both the presence and absence of HCIO, results in fluorescence 

= 385 nm). The quenching rate constants k,  have been 
determined from the Stern-Volmer plots [equation (6)]. The k, 
values are listed in Table 1, together with the values of Gibbs- 
energy change of electron transfer from the singlet excited state 
of AcrH, to the oxidants (AG:,), which were determined from 
the oxidation potential of 'AcrH,* (E,q, = -3.1 V), which is 
obtained by subtracting the zero-zero transition energy (3.9 eV) 
from the E:x value of the ground state AcrH, C0.80 V) "3 and 
the reduction potentials of oxidants (EPed). 'O9'' The electron 
transfer from 'AcrHT to any oxidant in Table 1 is highly 
exothermic, and thus the k, values of the oxidants in both the 
presence and absence of HClO, are diffusion limited. 

Based on the above results, the radical-chain mechanism for 
the photo-oxidation of AcrH, by oxygen in the presence of 
HClO, may be given by Scheme 1. In the initiation step, the 
excitation of AcrH, results in the formation of the singlet state 
of AcrH, (' AcrHf), which transfers an electron to 0, to produce 
the radical-ion pair (AcrH;' OT*) which may dissociate to 
yield AcrH' and HO; by the facile proton transfer from AcrHl' 
to 0;'. In the propagation step, HO; abstracts a hydrogen 
atom from AcrH, to give H,02 and AcrH'. The electron 
transfer from AcrH' to O2 is endothermic in MeCN, since the 
oxidation potential of AcrH' (-0.43 V) lo  is more positive than 
the reduction potential of O2 (-0.86 V).,' In the presence of 
HC104, however, the reduction potential of 0, may be shifted 
in the positive direction,,' thus it is possible that AcrH' 
transfers an electron to 0, to yield AcrH', regenerating HO; 
(Scheme 1). The termination step is the disproportionation of 
HO; to yield H 2 0 z  and 0, (Scheme 1). 

By applying the steady-state approximation to the radical 
species (HO', and AcrH') in Scheme 1,  the quantum yield ( c p )  is 
given as the function of the light intensity (In) and the con- 
centration of AcrH, [equation (S)], where cpo is the quantum 

yield of the initiation step, k, is the rate constant of the rate- 
determining propagation step, and k, is the rate constant of the 
termination step. Equation (8) agrees well with the experimental 
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Figure 6. (a) Formation of AcrH’ in the oxidation of AcrH, 0 and 
AcrD, A by oxygen in the presence of FeCl, (1.1 x lo-, mol dm-3), 
H,O, (4.9 x lo-’ mol dm-3), and HClO, (1.0 x mol dm-3) in 
MeCN containing H,O (2.6 mol dm-3); (b) the pseudo-first-order plots. 

Fez+ + H202 + H+ 

Fe3++ H20  
kib 

Scheme 2. 

result that the cp value is proportional to the AcrH, concentr- 
ation (Figure 2) and to the reciprocal of the square root of the 
light intensity (Figure 3), and is independent of the HC104 
concentration (Figure 4). The absence of the primary kinetic 
isotope effect (cpH/vD = 1.0 & 0.1) and its presence (qH/cpD = 
3.0 & 0.3) in the low and high concentrations of AcrH,, 
respectively (Figure 5) ,  are also consistent with Scheme 1, since 
no primary kinetic isotope effect is expected at low AcrH, 
concentrations when the chain length is close to unity and the 
rate is mainly determined by the electron transfer from ’ AcrH: 
to oxygen, while an appreciable primary kinetic isotope effect is 
expected at high AcrH, concentrations when the chain length is 
sufficiently long for the rate to be mainly determined by the 
chain-propagation step in which the hydrogen abstraction of 
HO; from AcrH, or AcrD, is involved. The primary kinetic 
isotope effect of the hydrogen abstraction of HO’, from AcrH, is 
also examined independently below. 

Oxidation of AcrH, by Oxygen, Initiated by the Fenton 
Reaction.-Although AcrH, is thermally stable to oxygen, as 

0 0 -5  1 a 0  1 =5 
I I I 

3 -  

“0 1 2 

[ H z 0 2  1”’ I lo-’ mo;” ~ i m - ~ ’ ~  

Figure 7. Plots of kobs us. [FeCl,]* and [H,O,]* for the oxidation of 
AcrH, by oxygen in the presence of FeCl,, H,O,, and HClO, 
(1.9 x l t 3  mol dm-3) in MeCN containing H,O (2.6 mol dm”) at 298 
K. 

well as H,Oz, in the absence of HC104 in MeCN containing 
H,O (2.6 mol dmP3), the addition of FeCl, and HC104 results in 
the facile oxidation of AcrH, to AcrH+. The rate of formation of 
AcrH + obeys pseudo-first-order kinetics under conditions 
such that the concentrations of oxygen, H,O,, and HC10, 
are maintained at >tenfold excess of the concentration of 
AcrH, as shown in Figure 6. When AcrH, is replaced by the 9,9’- 
dideuteriated analogue (AcrD,), the pseudo-first-order rate 
constant kobs obtained from the slope of the plot in Figure 6(b) 
is smaller than the corresponding value of AcrH,, demonstrat- 
ing the presence of a primary kinetic isotope effect, k,/kD = 
3.2 & 0.3, which is essentially the same as that observed in the 
photo-oxidation of AcrH, by oxygen at the high AcrH, con- 
centrations (Figure 5) .  This value is also compatible with the 
reported k,/k,  value for the hydrogen abstraction of HO; from 
BNAH observed in the autoxidation of BNAH in the presence 
of N,N,N’,N’-tetramethyl- 1,4-phenylenediamine in an aqueous 
solution.22 

It is well known that the Fenton reagent (Fe2+ and H 2 0 2 )  
produces the hydroxyl radical (HO’), which may convert AcrH, 
into AcrH’ as shown in Scheme 2, where the subsequent 
reactions are the same as those in Scheme 1. In the same manner 
as the case for Scheme 1, the rate of formation of AcrH+ is given 
by equation (9), where ki is the initiation rate constant of the 

d[AcrH+]/dt = k,[A~rH,](k~/k,)~[FeCl,]~[H,0,]~ (9) 

Fenton reaction and the other rate constants (k ,  and k,) are the 
same as in equation (8). The dependence of kobs on the FeCl, 
and H,O, concentrations in equation (9) is confirmed as shown 
in Figure 7, where kobs is proportional to [FeCl,]* and 
[H202]*. Thus, the agreement of the primary kinetic isotope 
effects between the photochemical (Figure 5) and thermal 
(Figure 6) radical chain reactions confirms that the chain carrier 
in both cases is the HO; radical. 
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Photo-oxidation of BNAH by Oxygen in an Aqueous Solu- 
tion.-When an air-saturated aqueous buffer solution contain- 
ing BNAH is irradiated with U.V. light (220 nm < h < 440 nm), 
an absorption band due to BNAf (kmax. = 270 nm) appears 
and the absorbance increases with the concomitant disappear- 
ance of the absorption band due to BNAH (Amax, = 350 nm). 
The quantum yield for the photo-oxidation of BNAH by 
oxygen is proportional to the concentration of BNAH (Figure 
8), as is the case for the photo-oxidation of AcrH, by oxygen in 
the presence of HClO, (Figure 2). 

The radical chain mechanism for the photo-oxidation of 
BNAH by oxygen may be given by Scheme 3, which is 
essentially the same as Scheme 1 ,  except for the propagation 
step where BNA' can transfer an electron to 0, to yield BNA' 
and 0;' in the absence of acid, since the electron transfer from 
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T 
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Figure 9. Electronic spectra observed in the photo-oxidation of AcrH, 
(5.6 x mol dm-7 by oxygen in air-saturated MeCN (light: 220 
nm < h < 440 nm), [O,] = 2.6 x mol dmw3; each spectrum is 
measured at 1 min intervals. 

BNA' to oxygen is highly exothermic based on the one electron 
oxidation potential of BNA' (- 1.08 V) l o  and the one-electron 
reduction potential of 0, (-0.4 V),' in a neutral aqueous 
solution. The hydroperoxyl radical HO',, which exists in 
equilibrium with Oi*,  can abstract hydrogen from BNAH to 
yield H,O,, regenerating BNA'. According to Scheme 3, the 
quantum yield is proportional to the BNAH concentration, in 
agreement with the experimental observation in Figure 8. The 
smaller cp value in the case of BNAH (Figure 8) than the case 
of AcrH, (Figure 2) may be ascribed to the unfavourable 
equilibrium for HO; (pKa = 4.7),' in a neutral aqueous 
solution where 0, predominates ( > 9979, and also to the less 
efficient quenching of 'BNAH* than 'AcrH; due to the shorter 
lifetime of the former (z 0.76 ns); 18,23 for the latter z 14 ns.18 

Photo-oxidation of AcrH, by Oxygen in the Absence of Acid in 
MeCN.-When an air-saturated MeCN solution containing 
AcrH, in the absence of HCIO, is irradiated with U.V. light (220 
nm < h < 440 nm), the absorption band due to Acr=O (Amax, 
440 nm) appears and the absorbance increases with the 
concomitant disappearance of the absorption band due to 
AcrH, (Amax. 285 nm), as shown in Figure 9. The quantitative 
formation of Acr=O has also been confirmed by the measure- 
ment of 'H n.m.r. spectra (see the Experimental section). After 
the completion of the photochemical reaction, a somewhat 
smaller amount of hydrogen peroxide than that for Ac& (60% 
based on the initial amount of AcrH,) was detected (see the 
Experimental section), probably because of the photo-de- 
composition of hydrogen peroxide under prolonged irradiation 
by U.V. light. Thus, the stoicheiometry of the photochemical 
reaction may be given by equation (10). 

AcrH, + $ 0 2 5 A c r = 0  + H 2 0 2  (10) 

Conversely, for the case of the photo-oxidation of AcrH, by 
oxygen in the presence of HCIO, (Figures 2 and 3), the quantum 
yield for the photo-oxidation of AcrH, by oxygen in the absence 
of HClO, is independent of the concentration of AcrH, and the 
light intensity, as shown in Figure 10. 

In order to detect the reactive intermediate produced in this 
photochemical reaction, the e.s.r. spectra were measured after 
the U.V. irradiation of an oxygen-saturated MeCN solution of 
AcrH, at 77 K (see the Experimental section). The result is 
shown in Figure l l ( a ) ,  where the isotropic signal at g = 
2.0036 & 0.0002 is observed, together with the small aniso- 
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Figure 10. Depedence of the quantum yield on the AcrH, concentration 
(0) and the light intensity (0) for the photo-oxidation of AcrH, by 
oxygen (2.6 x 1C3 mol dm-3) in MeCN (light: 220 nm < h < 440 nm). 

\ \ 
Q = 2-0036 I A 

\ I g = 2.0038 

Figure 11. E.s.r. spectrum observed (a) after the irradiation of an oxygen- 
saturated MeCN solution containing AcrH, (5.0 x 1W2 mol dm-3) 
with U.V. light for 1 h at 77 K, (6) after the irradiation of an MeCN 
solution containing Acr=O (2.0 x mol dm-3) and H,O (1.0 mol 
dm-3) for 30 min at 77 K. 

tropic signal (g, ,  2.034 & 0.001), due to AcrHO;, characteristic 
of alkylperoxy radicals.24 No appreciable amount of HO;, 
which can be readily identified by the large proton hyperfine 
structure (AII 1.35 and A, 0.86 rnT),,' was observed. Essentially 
the same isotropic signal as in Figure 1 l(a) was observed at g = 
2.0038 & 0.0002 in the photolysis of Acr=O in the presence of 
H,O, as shown in Figure 1 l(b) (see the Experimental section). 
The excitation of a carbonyl compound is known to result in 
the abstraction of hydrogen frpm a solvent to yield the 
corresponding alcohol radical (COH).26 Thus, the isotropic 
e.s.r. signal in Figure 1 l(a) may be tentatively assigned to 
AcrO H'. ' 9 ,  

On the basis of the above results, the mechanism of the photo- 
oxidation of AcrH, by oxygen in the absence of HC104 may be 
given by Scheme 4. The excitation of AcrH, results in the 
formation of singlet-state AcrH, (' AcrHz), which transfers an 

Acr=O A c r H o ~ - - * ? J G A c r H o . ~ * C r ; O  

d 
O2 0, + AcrHO' 

Scheme 4. 

electron to 0, to produce the radical-ion pair (AcrHl' O;*). 
The radical ion pair may dissociate to yield AcrH' and HO; by 
proton transfer from AcrHi' to 02..  In the absence of HC104, 
an electron transfer from AcrH' to 0, is endothermic, shown by 
the oxidation potential of AcrH' and the reduction potential of 
O2 in MeCN (-0.43 V lo and -0.86 V,20 respectively). Thus, in 
the propagation step, the addition of oxygen to AcrH', instead 
of electron transfer, may occur to yield acridinyl peroxyl radical 
AcrHO; as detected by e.s.r. spectroscopy [Figure 1 l(a)]. The 
bimolecular reaction of AcrHO; gives AcrOH' and O,, the 
former of which is also detected by e.s.r. measurement [Figure 
1 l(a)]. The AcrOH', which is a carbon-centre radical, may react 
with O2 to yield Acr=O and HO;, the latter of which can 
abstract hydrogen from AcrH, to yield H202,  accompanied 
by regeneration of AcrH'. The termination step may be the 
disproportionation of AcrHO; to give Acr=O, AcrHOH, and 
0,. According to Scheme 4, the stoicheiometry of the photo- 
oxidation agrees with the experimental results [equation (lo)]. 
By applying the steady-state approximation to the reactive 
intermediates (AcrH', AcrHO;, AcrOH', and HO',) in Scheme 
4, the quantum yield may be given by equation (1 l), where the cp 

value is independent of the concentration of AcrH, and the light 
intensity, which agrees with the experimental results in Figure 10. 

RFTA-sensitized Photo-oxidation of AcrH, by Oxygen.- 
When an argon-saturated MeCN-H,O (5: 1 v/v) solution 
containing RFTA (8.0 x lCF4 mol dm-3), AcrH, (8.9 x l t 3  
mol dm-3), and HC104 (1.0 x lo-, mol dm-3) is irradiated with 
visible light (h > 400 nm), the absorption band due to F1 
(hmaX. = 444 nm) disappears with the concomitant appearance 
of the absorption band due to AcrH'. Upon introducing 
oxygen into the resulting solution, the facile regeneration of 
RFTA was observed. Thus, the excited state of RFTA can 
oxidize AcrH, to AcrH+ under visible light irradiation when 
RFTA may be reduced to RFTAH,, which is readily oxidized 
by oxygen to regenerate RFTA.16 In fact, AcrH, (3.2 x lod3 
mol dm-3) is readily oxidized by oxygen in the presence of a 
catalytic amount of RFTA (9.2 x l t '  mol dm-3) under visible 
light irradiation, although no photo-oxidation of AcrH, by 
oxygen occurs in the absence of RFTA under otherwise 
identical conditions. 
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Figure 12. Plots of log cp us. log[AcrH,] for the photochemical reaction 
of AcrH, with RFTA (9.2 x lo-' rnol dm-3) in the absence of oxygen 
(A), in the presence of air (0) and oxygen (a) in MeCN-H,O ( 5 :  1 v/v) 
(light: h > 400 nm). 

Table 2. Primary kinetic isotope effects ((PH/(PD) for the photochemical 
reactions of AcrH, and AcrD, with RFTA (9.2 x rnol dm-3) in the 
absence and presence of oxygen in MeCN-H,O (5: 1 v/v) containing 
HCIO, (1.0 x rnol dm-3) under visible light irradiation (A > 400 
nm). 

CAcrH2I or CAcrDJ ~ H / v D ~ ' ~  ( P H / ( P D ~ . ~  
rnol dm-3 
3.6 x 1 0 - 5  4.8 1.8 
3.6 x 10-4 4.5 1.8 (1.5)d 
3.6 10-3 4.4 1.8 (1.5)d 
1.5 x lo-, 4.3 1.6 (1.6)d 

a The experimental error is f 10%. 
pressure. 
noted. Under air at atmospheric pressure. 

Under argon at atmospheric 
Under oxygen at atmospheric pressure unless otherwise 

The logarithm of the quantum yield for the photochemical 
reactions of RFTA with AcrH, in the presence of HClO, 
(1.u x iu I I W  UIII - )  uriuttr argun, air, anu oxygen ai 
atmospheric pressure are plotted, as a function of log[AcrH, J in 
Figure 12. The quantum yield in the absence of oxygen is 
constant even in the low concentration range of AcrH, (< 10-4 
mol dmP3). Thus, the minimum lifetime (T) of the excited state of 
RFTA is estimated to be T > 1 ps by assuming that the reaction 
between the excited state of RFTA and AcrH, is diffusion 
limited. Such a long lifetime indicates that the excited state of 
RFTA involved in the photo-oxidation of AcrH, by RFTA is 
the triplet state (3RFTA*), since the lifetimes of the singlet 28 

and triplet 29 excited states of flavin analogues are known to be 
and ca. l&4-10-5 s, respectively. In the presence of oxygen, 

the cp value increases with increasing AcrH, concentration 
to reach a constant value in the high AcrH, concentration 
(> 5 x lW4 mol dm-3). The constant cp value in the presence of 
oxygen is significantly larger than the cp value in the absence of 

The primary kinetic isotope effects (PH/(PD in these reactions 
were determined by using AcrD, as the ratio of the rate of 
formation of AcrH' to that of AcrD'. The cpH/cpD values are 
listed at various concentrations of AcrH, in the presence and 
absence of oxygen in Table 2. The (PH/(PD values in the absence 

4 I 
3RFTA* (AcrH:'RFTA-') * ( A c r H '  R F T A H ' )  

AcrH2 AcrH+ + RFTAH, 

A c r H 2 +  R F T A  

Scheme 5. 
R F T A  

of oxygen are always larger than those in the presence of 
oxygen. 

Kaptein et aL3 has reported that NADH can transfer an 
electron to the triplet excited state of a flavin analogue to 
produce the radical-ion pair on the basis of the CIDNP study, 
which suggests also that NAD' is formed mainly via the radical- 
ion pair in the absence of oxygen. The present kinetic results in 
Figure 12 as well as the kinetic isotope effect (Table 2) support 
the conclusion of the CIDNP study as follows. 

The reaction mechanism of the photo-oxidation of AcrH, by 
RFTA in the absence and presence of oxygen is shown in 
Scheme 5. Firstly, electron transfer from AcrH, to 3RFTA* may 
occur to produce the radical ion pair (AcrHz' RFTA-'), 
followed by the proton transfer from AcrH;' to RFTA-' in the 
cage to give AcrH' and RFTAH'. Secondly, electron transfer 
from AcrH' to RFTAH' takes place to give the products AcrH+ 
and RFTAH, in the presence of HC104 in MeCN/H,O. The 
electron transfer is exothermic as shown by the fact that the one- 
electron oxidation potential of AcrH' (-0.43 V) l o  and the one- 
electron reduction potential of RFTAH' (the reduction potential 
of the flavosemiquinone radical in the presence of HClO, 
should be more positive than -0.41 V which is the value in the 
absence of HC104).30 Thus, the kinetic isotope effect (cpH/cpD 
4.5 0.4 in Table 2) may correspond to that for the proton 
transfer from AcrHz' to RFTA-', which is also exothermic 
based on the difference of pK, between AcrH:' (2.0) l o  and the 
flavosemiquinone radical (7.0).31 In such a case, the limiting 
quantum yield may be determined by the competition between 
the proton transfer from AcrH;' to RFTA-' and the back 
electron transfer from RFTA-' to AcrH;'. 

In the presence of oxygen, the back electron transfer from 
RFTA-' to AcrH;' may be prevented by the trapping of the 
radical RFTA-' by oxygen in the presence of HC10, to product 
HO;, accompanied by regeneration of RFTA. Thus, the 
quantum yields in the presence of oxygen become larger than 
those in the absence of oxygen. The trapping of radical species 
by oxygen prior to the proton transfer may reduce the kinetic 
isotope effect in the presence of oxygen (cpH/cpD 1.7 0.2), 
compared with that in the absence of oxygen (cpH/'pD 4.5 f 0.4), 
as shown in Table 2. Alternatively, there is a possibility that the 
kinetic isotope effect is ascribed to the hydrogen abstraction of 
3RFTA* from AcrH, to produce directly the radical pair 
(AcrH' RFTAH'). In such a case, however, it is difficult to 
account for the decrease in the primary kinetic isotope effect in 
the presence of oxygen. 

The constant quantum yield in the high concentration range 
of AcrH, ( > 5  x 10-4 mol dm-3) in the presence of oxygen 
(Figure 12) suggests that the involvement of the radical-chain 
reactions (Scheme 1) may be negligible in the case of flavin- 
catalysed photo-oxidation of AcrH, by oxygen because of the 
facile reaction between AcrH;' and HO> in the cage to yield 
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H,O, and AcrH’ (Scheme 5). The decrease in the quantum 
yield in the low concentration range of AcrH, (< 5 x 1CP mol 
dm-3) in Figure 12 suggests that the lifetime of 3RFTA* is 
decreased in the presence of oxygen by the energy transfer from 
3RFTA* to 0,.32 
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