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Dihydronicotinamide adenine dinucleotide (NADH) is the most
important electron source in the biological redox reactions.1 NADH
and analogues usually act as the source of two electrons and a
proton, thus formally transferring a hydride ion to a suitable
substrate.2,3 However, there have been a number of instances where
NADH acts as one-electron donor in electron-transfer reactions.4-8

Gebicki et al. have shown that certain classes of radical cations
can undergo spontaneous tautomerization and that such radical
cation tautomerization can be expanded for radical cations generated
from NADH model compounds as shown in Scheme 1, where
1-benzyl-1,4-dihydronicotinamide (BNAH) is shown as a typical
NADH model compound.9,10 The tautomerization is important in
the regeneration of NADH/NAD+ coenzymes employed as chiral
catalysts.2,3

Despite the extremely important role of NADH as an electron
source, the direct detection of the one-electron-oxidized species,
that is, NADH radical cation or its analogues, has yet to be attained
because of the instability of the radical cations. The ESR detection
of radical cations of NADH analogues would provide definitive
information on the structure of the radical cation as to whether it
is the keto form or the enol form.

Here we report the first successful direct detection of radical
cations of NADH analogues as the transient absorption spectrum
as well as the ESR spectrum in the electron-transfer oxidation of
NADH analogues at low temperatures. The ESR spectra clearly
indicate that the generated radical cations of NADH analogues are
the keto form.

The relatively long lifetime of the radical cation of BNAH
enabled us to detect the ESR spectrum for the first time in the
electron-transfer oxidation of BNAH with Fe(bpy)3

3+ in deaerated
acetonitrile (MeCN) by applying a rapid-mixing ESR technique as
shown in Figure 1a.11 Theg-value is 2.0031 which is slightly larger
than the free spin value, indicating the contribution of spin-orbit
coupling due to electron spin at the nitrogen and oxygen atoms.
The hyperfine coupling constants (hfc) are determined by com-
parison of the observed spectrum with the computer-simulated
spectrum as shown in Figure 1b. By comparing the hfc values with
the spin densities obtained by the DFT (density functional theory)
calculation, the hfc values are assigned as shown in Figure 1b.12 A
large hfc value (53.0 G) is assigned to the two protons at the C(4)
position. This clearly indicates that the observed radical cation is
the keto form rather than the enol form in Scheme 1.

Deuterium substitution at these positions permits an experimental
verification of the assignment of the observed radical species, since
a single deuteron gives a triplet (instead of doublet) hyperfine
pattern and the deuteron splitting should decrease by the magne-
togyric ratio of proton to deuterium (0.153).13 In fact, deuterium
substitution of two hydrogen atoms at the C(4) position of the keto

form of BNAH•+ results in drastic changes in the splitting pattern
from the spectrum in Figure 1a to that in Figure 1c, where BNAH
is substituted by BNAH-4,4′-d2. The computer simulation spectrum
using the same hfc values except for the deuterium (I ) 1) at the
C(4) position, which are reduced by a factor of 0.153, agrees well
with the observed ESR spectrum of the BNAH-4,4′-d2

•+ (Figure
1d). Such an agreement confirms the hfc assignment in Figure 1.

The dynamics of electron-transfer oxidation of BNAH was also
examined using Fe(bpy)3

3+ as a one-electron oxidant in MeCN.
The initial electron transfer from BNAH to Fe(bpy)3

3+ is too rapid
to be monitored using a stopped-flow technique. This is consistent
with the largely negative free energy change of electron transfer
from BNAH (Eox

0 vs SCE) 0.57 V)5 to Fe(bpy)33+ (Ered
0 vs SCE
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Scheme 1

Figure 1. (a) ESR spectrum of the keto form of BNAH•+ generated by
oxidation of BNAH (8.3× 10-3 M) with Fe(bpy)33+ (1.0 × 10-2 M) in
deaerated MeCN at 233 K and (b) the computer simulation spectrum with
the hfc values. (c) ESR spectrum of the keto form of BNAH-4,4′-d2

•+

generated by oxidation of BNAH-4,4′-d2 (8.3 × 10-3 M) with Fe(bpy)33+

(1.0 × 10-2 M) in deaerated MeCN at 233 K and (d) the computer
simulation spectrum with the hfc values.
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) 1.06 V).14 The differential absorption spectra were recorded by
subtracting the final absorption spectrum from the observed spectra
during the electron-transfer reaction as shown in Figure 2. The new
absorption band at 380 nm appears upon mixing MeCN solutions
of BNAH and Fe(bpy)33+ and disappears, accompanied by the
appearance of the absorption band at 520 nm due to Fe(bpy)3

2+.
The absorption band at 380 nm can be assigned to BNAH•+. The
decay rate of the BNAH•+ obeys first-order kinetics, coinciding
with the rate of formation of Fe(bpy)3

2+. When BNAH is replaced
by BNAH-4,4′-d2, the kinetic isotope effects (kH/kD ) 1.9 at 243
K) were observed for both the decay rate of BNAH•+ and the rate
of formation of Fe(bpy)32+.15,16 This indicates that the decay of
BNAH•+ occurs via deprotonation to produce BNA‚which is rapidly
oxidized by Fe(bpy)32+ as shown in Scheme 2. The Eyring plot of
the deprotonation afforded the activation parameters for BNAH•+

(∆Hq ) 3.1 kcal mol-1, ∆Sq ) 42 cal K-1 mol-1) and BNAH-
4,4′-d2

•+ (∆Hq ) 4.1 kcal mol-1, ∆Sq ) 39 cal K-1 mol-1).17

Judging from the highly negative oxidation potential of BNA• (Eox
0

vs SCE) -1.08 V),5 which is equivalent to the reduction potential
of BNA+, the electron transfer from BNA• to Fe(bpy)32+ (Ered

0 vs
SCE) 1.06 V) is highly exergonic, and thus it is expected to be
diffusion-limited. In such a case, the rate-limiting step for formation
of Fe(bpy)32+ is the deprotonation from BNAH•+ as observed
experimentally.

When BNAH is replaced by 4-t-BuBNAH where the hydrogen
at C(4) position is substituted bytert-butyl group, no transient
absorption spectrum due tot-BuBNAH•+ has been detected. One-
electron oxidation oft-BuBNAH is known to result in the selective
C(4)-C bond cleavage oft-BuBNAH•+ to givet-Bu‚ and BNA+,8b,18

both of which have no absorption bands in the visible region. In
such a case, two-electron oxidation oft-BuBNAH occurs with 2
equiv of Fe(bpy)33+. The second electron transfer fromt-Bu‚(Eox

0

vs SCE) 0.09 V),19 which is generated via the facile C-C bond

cleavage int-BuBNAH•+, to Fe(bpy)33+ (Ered
0 vs SCE) 1.06 V)

is as rapid as the initial electron transfer fromt-BuBNAH (Eox
0 vs

SCE) 0.71 V)18 to Fe(bpy)33+.20
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Figure 2. Differential spectral change in thermal electron transfer from
BNAH (1.0 × 10-4 M) to Fe(bpy)33+ (1.5× 10-4 M) in deaerated MeCN
at 298 K; time interval 20 ms.
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