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Abstract: 4-Acetyl-N,N-diisopropyl-1-benzylnicotinamidinium ion (ABNA+) and 1-benzyl-4-phenylnicotina-
midinium ion (PhBNA+) were newly synthesized as NAD+ analogues to examine the electron-transfer
reactivity and the effects of metal ions on the reactivity in comparison with those of 1-benzylnicotinamidinium
ion (BNA+) and 1-methyl-4-phenylpyridinium ion (MPP+) which has no amide or acetyl group. A remarkable
positive shift in the one-electron reduction potential of ABNA+ was observed in the presence of Sc3+ which
forms a 1:1 complex with ABNA+ through both acetyl and amide groups, whereas no such shift in the
presence of Sc3+ was observed for the one-electron reduction of MPP+ which has no acetyl or amide
group. Similar but less positive shifts in the one-electron reduction potentials were observed in the presence
of Sc3+ for the one-electron reduction of BNA+ and PhBNA+ both of which have only one amide group.
The rate of electron-transfer reduction of ABNA+ is enhanced significantly by the complexation with Sc3+

to produce stable ABNA•-Sc3+ complex which has been successfully detected by ESR. The electron self-
exchange rates of the MPP•/MPP+ system have been determined from the ESR line width variation and
are compared with those of the ABNA•/ABNA+ system.

Introduction
A variety of biological redox reactions are mediated by

nicotinamide adenine dinucleotide (NAD+) and the reduced
form (NADH).1 The effects of metal ions on oxidation of NADH
analogues have attracted considerable interest in relation to the
essential role of metal ions in the redox reactions of nicotinamide
coenzymes in the native enzymatic system.2-5 The essential roles
of metal ions have also been well recognized in a variety of
enzymatic functions.6-9 In contrast to well-known coordination

of metal ions to NADH analogues,3,4,10few attempts have been
made heretofore to examine the effects of metal ions on
reduction of NAD+ or NAD+ analogues.11 Thus, there has so
far been no report on the complex formation between metal
ions and NAD+ analogues or the one-electron reduced radical
species. Due to the instability of the radicals, no ESR spectrum
of NAD• radical analogues has ever been reported.12,13As such,
the spin distributions of NAD• radical analogues or the effects
of metal ions on the electron-transfer reduction of NAD+

analogues have yet to be clarified.
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Among metal ions, rare-earth metal ions have attracted much
attention as much more effective Lewis acids than divalent metal
ions such as Mg2+ and Zn2+ in various carbon-carbon bond-
forming reactions due to the strong affinity to carbonyl oxygen.14

Scandium ion (Sc3+) has recently been reported to be the
strongest Lewis acid among metal ions.15

We report herein the complex formation between NAD+

analogues [see Chart 1: 1-benzylnicotinamidiniumion (BNA+)
and 4-acetyl-N,N-diisopropyl-1-benzylnicotinamidinium ion (AB-
NA+)] and scandium triflate (Sc(OTf)3), which is shown to result
in significant enhancement of electron-transfer reduction of the
NAD+ analogues for the first time. The ABNA+ was newly
prepared, since the one-electron reduced radical (ABNA•) may
be stable enough to be detected. The complex formation of
ABNA • with Sc3+ has also been confirmed by successful
detection of the ESR spectrum. The redox behavior of 1-benzyl-
4-phenylnicotinamidinium (PhBNA+) and the change due to the
complexation with Sc3+ were also examined in comparison with
that of 1-methyl-4-phenylpyridinium ion (MPP+) which has no
amide group like NAD+ analogues (Chart 1). MPP+ is known
to cause Parkinsonian Syndrome,16 and the redox reactivity of
MPP+ has merited considerable interest.17 A comparison of the
redox behavior between MPP+ and the NAD+ analogue thus
also provides an interesting opportunity to clarify the role of
amide group in the redox reactivity.

Experimental Section

Materials. Phenylmagnesium bromide was obtained from Kanto
Chemical Co., Inc. Decamethylferrocene [Fe(Cp*)2] was obtained from
Wako Pure Chemicals. Scandium trifluoromethanesulfonate, Sc(OTf)3

(99%, FW ) 492.16) was obtained from Pacific Metals Co. Ltd.
(Taiheiyo Kinzoku). 1-Benzylnicotinamidinium perchlorate (BNA+ClO4

-)
was prepared by following the literature procedure.18 1-Methyl-4-
phenylpyridinium iodide (MPP+I-) was obtained from Sigma, which
was converted to the perchlorate salt (MPP+ClO4

-) by addition of
magnesium perchlorate in methanol and purified by recrystallization
from methanol. Tris(2,2′-bipyridyl)ruthenium(II) chloride hexahydrate
[Ru(bpy)32+] was obtained from Aldrich. Acetonitrile (MeCN) and
propionitrile (EtCN) were purified and dried by the standard proce-
dure.19 The sodium salt of the naphthalene radical anion (2.4× 10-1

M in THF) was prepared by reduction of naphthalene (5.5 mmol) with
sodium (5.0 mmol) under deaerated conditions in distilled THF at 298
K.20

Synthesis. ABNA+PF6
- was synthesized as follows. First, 4-acetyl-

N,N-diisopropylnicotinamide was prepared according to the literature.21

ABNA +Cl- was obtained by the reaction of 4-acetyl-N,N-diisopro-
pylnicotinamide (0.40 g, 1.5× 10-3 mol) with benzyl chloride (2 mL,
1.7 × 10-2 M) in methanol (5 mL) for 24 h. It was converted to the
hexafluorophosphate salt (ABNA+PF6

-) by addition of potassium
hexafluorophosphate to ABNA+Cl- in water and purified by recrys-
tallization from water (280 mg, 5.8× 10-4 mol, 38%).1H NMR (300
MHz, CD3CN) δ 8.88 (dd,J ) 6.4, 1.3 Hz, 1H), 8.71 (d,J ) 1.3 Hz,
1H), 8.28 (d,J ) 6.4 Hz, 1H), 7.49 (m, 5H), 5.73 (s, 2H), 3.55 (m,
2H), 2.64 (s, 3H), 1.46 (d,J ) 6.7 Hz, 6H), 1.08 (d,J ) 6.7 Hz, 6H);
ESI-MSm/z (ABNA+) 339. Anal. Calcd for C21H27N2O2PF6: C, 52.07;
H, 5.62; N, 5.78. Found: C, 52.11; H, 5.63; N, 5.74. FT-IR (KBr)
1710, 1640 cm-1. Mp 172.9-173.5°C.

PhBNA+ClO4
- was prepared by the following procedure. First, the

phenylated BNAH (PhBNAH) was prepared by the Grignard reaction
of PhMgBr with BNA+Cl-.22 PhBNA+Cl- was prepared by oxidation
of PhBNAH by p-chloranil and addition of HCl according to the
literature,23 and it was converted to perchlorate salt (PhBNA+ClO4

-)
by addition of sodium perchlorate to PhBNA+Cl- in water,24 and
purified by recrystallization from water (380 mg, 1.2× 10-3 mol, 39%).
1H NMR (CD3CN) δ 9.31 (dd,J ) 6.4, 1.5 Hz, 1H), 8.85 (dd,J ) 8.3,
1.5 Hz, 1H), 8.39 (dd,J ) 8.3, 6.4 Hz, 1H), 7.04-7.68 (m, 10H), 5.86
(s, 2H);25 ESI-MS m/z (PhBNA+) 289. Anal. Calcd for C19H17N2O5-
Cl‚H2O: C 56.10, H 4.71, N 6.89. Found: C 56.56, H 4.31, N 6.96.
Mp 106.5-107.2°C.

X-ray Structure Determination. ABNA+ClO4
- was obtained from

ABNA+Cl- by conversion to the perchlorate salt by addition of sodium
perchlorate in water. Single crystals of ABNA+ClO4

- were obtained
by evaporating methanol from a methanol solution of ABNA+ClO4

-

in the presence of an excess amount of water, although single crystals
of ABNA+PF6

- were not obtained. Data of X-ray diffraction was
collected by Rigaku RAXIS-RAPID imaging plate two-dimensional
area detector using graphite-monochromated Mo KR radiation (λ )
0.71069 Å) to 2θ max of 55.0°. All the crystallographic calculations
were performed by using teXsan software package of the Molecular
Structure Corporation [teXsan: Crystal Structure Analysis Package,
Molecular Structure Corp. (1985 and 1999)]. The crystal structure was
solved by the direct methods and refined by the full-matrix least-squares.
All non-hydrogen atoms and hydrogen atoms were refined anisotro-
pically and isotropically. The experimental details include data collec-
tion, data reduction, and structure solution and refinement as well as
the atomic coordinates andBiso/Beq, anisotropic displacement parameters.

Electrochemical Measurements.Electrochemical measurements of
ABNA+PF6

-, ABNA+PF6
--Sc(OTf)3 complex, and MPP+ClO4

- were
performed on a BAS 100W electrochemical analyzer in deaerated
MeCN containing 0.10 M Bu4N+ClO4

- (TBAP) as a supporting
electrolyte at 298 K. The platinum working electrode was polished with
BAS polishing alumina suspension and rinsed with acetone before use.
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Chart 1
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measurements of PhBNA+ClO4
- and MPP+ClO4

- with Sc(OTf)3 were
performed on a BAS 100W electrochemical analyzer in deaerated
MeCN containing 0.10 M TBAP as a supporting electrolyte at 298 K.
The gold working microelectrode (i.d.) 10 mm, BAS) was polished
with BAS polishing alumina suspension and rinsed with acetone before
use. The counter electrode was a platinum wire. The second harmonic
ac voltammetry (SHACV) measurements of PhBNA+ClO4

-, PhBNA+-
ClO4

--Sc(OTf)3 complex, BNA+ClO4
-, and BNA+ClO4

--Sc(OTf)3
complex were carried out with a BAS 100W electrochemical analyzer
in deaerated MeCN containing TBAP as a supporting electrolyte at
298 K. The platinum working electrode was polished with BAS
polishing alumina suspension and rinsed with acetone before use. The
counter electrode was a platinum wire. The measured potentials were
recorded with respect to an Ag/AgNO3 (0.01 M) reference electrode.
The E0

red values (vs Ag/AgNO3) are converted into those vs SCE by
adding 0.29 V.

Spectral and Kinetic Measurements.The formation of the Sc-
(OTf)3 complex with ABNA+PF6

- and BNA+ClO4
- was examined from

the change in the UV-visible spectra of ABNA+PF6
- and BNA+ClO4

-

in the presence of various concentrations of Sc(OTf)3 by using a
Hewlett-Packard 8453 diode array spectrophotometer. Kinetic measure-
ments of electron transfer from Fe(Cp*)2 to ABNA+PF6

- in the presence
of Sc(OTf)3 were performed on a UNISOKU RSP-601 stopped-flow
rapid scan spectrophotometer with a MOS-type high-sensitive photo-
diode array at 298 K using a Unisoku thermostated cell holder designed
for low-temperature experiments. Typically, rates of electron-transfer
reactions from Fe(Cp*)2 (1.0× 10-3 to 2.5× 10-3 M) to ABNA+PF6

-

(1.0× 10-4 M) in the presence of Sc(OTf)3 (5.0× 10-3 - 4.0× 10-2

M) were monitored by measuring the rise of the absorption band atλ
) 792 nm due to Fe(Cp*)2

+. All kinetic measurements were carried
out under pseudo-first-order conditions where the concentrations of Fe-
(Cp*)2 were maintained at greater than 10-fold excess of the concentra-
tions of ABNA+PF6

- at 298 K. Pseudo-first-order rate constants were
determined by least-squares curve fits using a microcomputer.

Emission Quenching.Quenching experiments of the emission of
Ru(bpy)32+ were carried out on a SHIMADZU spectrofluorophotometer
(RF-5000). The excitation wavelength of Ru(bpy)3

2+ wasλ ) 450 nm
in MeCN. The monitoring wavelength corresponded to the maximum
of the emission band atλmax ) 590 nm. Typically, an MeCN solution
was deaerated by argon purging for 8 min prior to the measurements.
Relative emission intensities were measured for MeCN solutions
containing Ru(bpy)32+ (1.0 × 10-5 M), BNA+ClO4

- (1.0 × 10-3 to
1.9× 10-2 M) and Sc(OTf)3 (0-1.0× 10-1 M). There was no change
in the shape, but there was a change in the intensity of the emission
spectrum by the addition of a quencher (Q). The Stern-Volmer
relationship (eq 1)

was obtained bewteen the ratio of the emission intensities in the absence
and presence of Sc(OTf)3 and the concentrations of BNA+ClO4

-

[BNA +]. The emission lifetime26 of Ru(bpy)32+ was determined asτ
) 850 ns in deaerated MeCN solution at 298 K by single-photon
counting using a Horiba NAES-1100 time-resolved spectrofluoropho-
tometer. The observed quenching rate constantskq (KSVτ-1) were
obtained from the Stern-Volmer constantsKSV and the emission
lifetime τ.

ESR Measurements.The ESR spectra of MPP•, ABNA •, and the
ABNA •-Sc3+ complex were measured using a JEOL JES-FA100 ESR
spectrometer. MPP• and ABNA• were generated by the reduction of
MPP+ClO4

- (1.0 × 10-2 M) and ABNA+PF6
- (1.0 × 10-2 M) with

naphthalene radical anion (6.0× 10-3 to 1.0× 10-2 M) in deaerated
propionitrile (EtCN), respectively. The ESR spectra of MPP• and
ABNA • were measured at various temperatures (-90 to-30 °C) using

an attached VT (variable temperature) apparatus. The Sc3+ complex
of ABNA • was generated by addition of Sc(OTf)3 (1.0 × 10-2 M) to
an EtCN solution of ABNA• (1.0× 10-2 M) at 298 K. The ESR spectra
were recorded under nonsaturating microwave power conditions. The
magnitude of modulation was chosen to optimize the resolution and
signal-to-noise (S/N) ratio of the observed spectra. Theg value and
hyperfine coupling constants (hfc) were calibrated using Mn2+ marker.

Theoretical Calculations. Density functional calculations were
performed on a COMPAQ DS20E computer using the Amsterdam
Density Functional (ADF) program version 1999.02 developed by
Baerends et al.27 The electronic configurations of the molecular systems
were described by an uncontracted triple-ú Slater-type orbital basis set
(ADF basis set IV) with a single polarization function used for each
atom. Core orbitals were frozen through 1s (C, O, N). The calculations
were performed using the local exchange-correlation potential by Vosko
et al.28 and the nonlocal gradient corrections by Becke29 and Perdew30

during the geometry optimizations. Final geometries and energetics were
optimized by using the algorithm of Versluis and Ziegler31 provided
in the ADF package and were considered converged when the changes
in bond lengths between subsequent iterations fell below 0.01 Å.

Results and Discussion

Complexation between NAD+ Analogues and Sc3+. The
preparation of ABNA+ClO4

- was carried out as shown in
Scheme 1 (see Experimental Section). Single crystals of
ABNA+ClO4

- were obtained by evaporating methanol from a
methanol solution of ABNA+ in the presence of an excess
amount of water. The crystallographic data are summarized in
Supporting Information (Table S1), and the ORTEP drawing is
shown in Figure 1.

The cyclic voltammograms of ABNA+ in acetonitrile (MeCN)
containing 0.10 M TBAP exhibited the reversible one-electron
redox couples at-0.66 V (E0

red vs SCE) as shown in Figure
2a. Addition of Sc(OTf)3 (1.0× 10-2 M) to an MeCN solution
of ABNA+ results in a remarkable positive shift in theE0

red

(26) Bock, C. R.; Connor, J. A.; Gutierrez, A. R.; Meyer, T. J.; Whitten, D. G.;
Sullivan, B. P.; Nagle, J. K.J. Am. Chem. Soc.1979, 101, 4815.
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B 1986, 34, 7406.
(31) Versluis, L.; Ziegler, T.J. Chem. Phys.1988, 88, 322.

Figure 1. ORTEP drawing of ABNA+ClO4
-.

Scheme 1

I0/I ) 1 + KSV[BNA+] (1)
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value (E0
red vs SCE) 0.01 V) as shown in Figure 2b. Further

addition of Sc3+ resulted in no further positive shift in theE0
red

value. In contrast to the case of ABNA+, there is no change in
the E0

red value by the addition of Sc3+ (1.0 × 10-2 M) in the
case of MPP+ which has no amide or acetyl group (Figure 3).
Thus, the remarkable positive shift inE0

red may be caused by
the complexation of ABNA+ with Sc3+ through the amide group
or the acetyl group or both.

To examine the effects of the amide and acetyl groups on
the one-electron reduction potential of NAD+ analogues, the
E0

red values of PhBNA+ and BNA+ were determined using a
fast-scan cyclic voltammetry and a second-harmonic ac volta-
mmetry, respectively (see Experimental Section). Although the
redox wave of PhBNA+ was irreversible at slow CV scan rates,
it becomes reversible at fast scan rates (e.g., 167 V s-1) using
a microelectrode. TheE0

red values in the absence and presence
of Sc3+ are listed in Table 1.32 The E0

red values of PhBNA+

and BNA+ are shifted to positive directions by 0.42 and 0.36
V in the presence of Sc3+ (1.0 × 10-2 M) as the case of
ABNA+, but the magnitude of the positive shift is smaller as
compared to the case of ABNA+ (0.67 V). This indicates that
both amide and acetyl groups of ABNA+ are involved in
complexation with Sc3+, resulting in the larger positive shift as
compared to the case of PhBNA+ or BNA+, each of which has
only one amide group.

The complexation of ABNA+ with Sc3+ is confirmed by the
electronic spectral changes of ABNA+ in the presence of Sc3+

in MeCN at 298 K (see Supporting Information, Figure S1).
The new absorption band due to the ABNA+-Sc3+ complex
appears atλmax ) 282 nm. The absorbance atλmax ) 282 nm
increases with increasing Sc3+ concentration to approach a
constant value (Figure 4a). This indicates that ABNA+ forms a
1:1 complex with Sc3+. The formation constantK for the Sc3+

complex of ABNA+ is determined from a linear plot of (A -
A0)-1 versus [Sc3+]-1 in Figure 4b, whereA0 and A are
absorbances due to ABNA+ and the Sc3+ complex, respectively.
The linearlity of the plot in Figure 4b indicates the 1:1 complex
formation of ABNA+ with Sc3+. From the slope and the
intercept is obtained theK value as 530( 20 M-1.33 This value
is consistent with the constantE0

red value at [Sc3+] > 1.0 ×
10-2 M (vide supra), where most ABNA+ molecules form the
1:1 complex with Sc3+.

BNA+ also forms a complex with Sc3+ as indicated by a red-
shift of an absorption band of BNA+ in the presence of Sc3+

(λmax ) 319 nm) (Figure S2). The formation constantK is also
determined from the spectral change as 7.1( 1.0 M-1 (Figure
S3) as listed in Table 2. TheK value of ABNA+ is much larger
than the value of BNA+. This is consistent with the larger
positive shift in theE0

red value of ABNA+ due to complexation
with Sc3+ as compared to that of BNA+ (Table 1). The much
largerK value of ABNA+ results from the interaction of Sc3+

with both amide and acetyl groups of ABNA+ in contrast to
BNA+ which has only one amide group.

Sc3+-Promoted Electron Transfer. The significant positive
shift in the one-electron reduction potential of NAD+ analogues
in the presence of Sc3+ suggests that an electron transfer from
an electron donor to NAD+ analogues which cannot occur
thermodynamically becomes possible in the presence of Sc3+.
No electron transfer from decamethylferrocene (Fe(Cp*)2: E0

ox

vs SCE) -0.08 V)34 to ABNA+ occurs thermally in MeCN

(32) The change ofE0
red values depending on the diameter of the electrode,

and the scan rate has been confirmed to be negligible in both CV and
SHACV measurements of Sc3+-free systems before measurements in the
presence of Sc3+.

(33) The overlapping absorption due to Sc3+ was subtracted to obtain absorbance
due to the ABNA+-Sc3+ complex.

(34) Fukuzumi, S.; Mochizuki, S.; Tanaka, T.Inorg. Chem. 1989, 28, 2459.

Figure 2. (a) Cyclic voltammogram of ABNA+PF6
- (1.0 × 10-3 M) in

the absence of Sc(OTf)3 (sweep rate: 50 mV s-1) and (b) cyclic
voltammogram of ABNA+PF6

- (1.0 × 10-3 M) in the presence of Sc-
(OTf)3 (1.0 × 10-2 M) (sweep rate: 500 mV s-1) in deaerated MeCN
containing 0.10 M TBAP with a Pt working electrode at 298 K.

Figure 3. (a) Cyclic voltammogram of MPP+ClO4
- (5.0 × 10-3 M) in

the absence of Sc(OTf)3 (sweep rate 200 mV s-1) in deaerated MeCN
containing 0.10 M TBAP with Pt working electrode at 298 K and (b) fast
scan cyclic voltammogram of MPP+ClO4

- (5.0× 10-3 M) in the presence
of Sc(OTf)3 (1.0 × 10-2 M) (sweep rate 250 V s-1) in deaerated MeCN
containing 0.10 M TBAP with an Au working microelectrode at 298 K.

Table 1. One-Electron Reduction Potentials (E0
red) of

ABNA+PF6
-, MPP+ClO4

-, PhBNA+ClO4
-, and BNA+ClO4

- in the
Absence and Presence of Sc(OTf)3 Determined by the Cyclic
Voltammetry and Second Harmonic ac Voltammetry

E0
red vs SCE

[Sc3+] ) 0 M [Sc3+] ) 1.0 × 10-2 M

ABNA+ -0.66a 0.01b

MPP+ -1.21c -1.21d

PhBNA+ -1.12e -0.70f

BNA+ -1.08g -0.72f

a Sweep rate: 50 mV s-1. b Sweep rate: 500 mV s-1. c Sweep rate: 200
mV s-1. d Sweep rate: 250 V s-1. e Sweep rate: 167 V s-1. f Determined
by SHACV. g Taken from ref 5a.

A R T I C L E S Fukuzumi et al.

9184 J. AM. CHEM. SOC. 9 VOL. 124, NO. 31, 2002



at 298 K as expected from the highly positive free-energy
change of electron transfer (∆G0

et ) 0.58 eV). Addition of 1.0
mM of magnesium perchlorate (Mg(ClO4)2) or lutetium triflate
(Lu(OTf)3) to an MeCN solution of ABNA+ (1.0 × 10-4 M)
and Fe(Cp*)2 (1.0 mM) resulted in no change in the visible
spectrum. In the presence of Sc3+ (1.0 × 10-2 M), however,
electron transfer from Fe(Cp*)2 to ABNA+ becomes exergonic
(∆G0

et ) -0.09 eV), judging from theE0
red value of ABNA+

in the presence of Sc3+ (Table 1). In fact, addition of scandium
triflate (Sc(OTf)3: 1.0 mM) to an MeCN solution of ABNA+

(1.0 × 10-4 M) and Fe(Cp*)2 (1.0 mM) resulted in formation
of Fe(Cp*)2

+ as indicated by appearance of the absorption band
due to Fe(Cp*)2

+ at λ ) 792 nm.
The rate of formation of Fe(Cp*)2

+ obeys pseudo-first-order
kinetics in the presence of a large excess of Fe(Cp*)2, and the
pseudo-first-order rate constant increases linearly with [Fe(Cp*)2]

(Figure S4). The second-order rate constant of electron transfer
(kobs) determined from the linear plot increases with increasing
Sc3+ concentration to approach a constant value (Figure 5a).
Such a saturated dependence ofkobs on [Sc3+] indicates that
the electron transfer occurs via the complex formed between
ABNA+ and Sc3+ as shown in Scheme 2.35 According to this
scheme the dependence ofkobs on [Sc3+] is given by eq 2,

whereK is the formation constant for the complex between
ABNA+ and Sc3+. From a linear relation betweenkobs

-1 and
[Sc3+]-1 derived from eq 2 is determined theK value as 550(
90 M-1 and theket value as 1.4× 103 M-1 s-1 (Table 2). The
K value derived from the kinetic analysis of electron transfer
agrees with the value determined directly from the spectral

(35) The shift of the stretching bands assignable to the amide group in IR spectra
was observed due to the complexation of the amide group of ABNA+ with
Sc3+; however, it was not possible to determine which atom (O or N) is
responsible for coordination to Sc3+.

Figure 4. (a) Plot of (A - A0) vs [Sc3+] and (b) plot of (A - A0)-1 vs
[Sc3+]-1 for the spectral change atλ ) 282 nm due to the complexation of
ABNA+PF6

- with Sc(OTf)3.

Table 2. Formation Constants of ABNA+PF6
--Sc(OTf)3 and

BNA+ClO4
--Sc(OTf)3 (K), and Rate Constants (ket) of

Electron-Transfer Reaction from Fe(Cp*)2 to ABNA+PF6
- and from

Ru(bpy)3
2+* to BNA+ClO4

- in the Presence of Sc(OTf)3 in
Deaerated MeCN at 298 K

λmax, nm K, M-1 K, M-1 ket, M-1 s-1

ABNA+-Sc3+ 282 5.3× 102 a 5.5× 102 b 1.4× 103

BNA+-Sc3+ 319 7.1c 6.0d 5.0× 108

a Determined from the plot in Figure 4b.b Determined from the plots in
Figure 5.c Determined from the plots in Figure S3.d Determined from the
plots in Figure S6.

Figure 5. (a) Dependence ofkobson [Sc3+] and (b) plot ofkobs
-1 vs [Sc3+]-1

for electron transfer from Fe(Cp*)2 to ABNA+PF6
- (1.0× 10-4 M) in the

presence of Sc(OTf)3.

Scheme 2

kobs) ketK[Sc3+]/(1 + K[Sc3+]) (2)
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change of ABNA+ in the presence of Sc3+ (530( 20 M-1) in
Figure 4. Such an agreement strongly supports the validity of
Scheme 2.

The complex formation of BNA+ with Sc3+ also facilitates
the electron-transfer reduction of BNA+ (vide infra). Although
little emission quenching of Ru(bpy)3

2+ (bpy) 2,2′-bipyridine)
(E0

ox ) -0.83 V)36 occurs by BNA+ (E0
red ) -1.08 V)5a via

photoinduced electron transfer,5a addition of Sc3+ to the Ru-
(bpy)32+-BNA+ system results in efficient emission quenching
via electron transfer from the excited state of Ru(bpy)3

2+ to
BNA+. The quenching rate constants (kq) in the presence of
various concentrations of Sc3+ were determined from the Stern-
Volmer plot and the emission lifetime (850 ns) (Figure S5).
Thekq value increases with an increase in [Sc3+] to approach a
constant value (Figure S6a). Such a saturated dependence ofkq

on [Sc3+] is also explained by the formation of 1:1 complex
between BNA+ and Sc3+ as the case of electron transfer from
Fe(Cp*)2 to the ABNA+-Sc3+ complex (Scheme 3). From a
linear relation between (kq - kq0)-1 and [Sc3+]-1 (Figure S6b)
derived from eq 2, wherekobs is replaced bykq - kq0, is
determined theK value as 6.0( 1.0 M-1 and theket value as
5.0× 108 M-1 s-1 (Table 2). TheK value agrees with the value
determined directly from the spectral change of BNA+ in the
presence of Sc3+ (7.1 ( 1.0 M-1).

ESR Detection of MPP• and NAD• Radicals Analogue and
Electron Self-Exchange.MPP• and ABNA• are relatively stable
radicals, and they can be detected by ESR. To determine the
self-exchange rate constant (kex) between MPP• and MPP+

(Figure 6, Scheme 4), the ESR spectra of MPP• were measured
in the presence of various concentrations of MPP+ in EtCN.
The hyperfine coupling constants of MPP• determined by
computer simulation7b,37,38 were similar to those of MPP•

observed in 2-methyltetrahydrofuran.39 The maximum slope line
width (∆Hmsl) of each line increases linearly with an increase
in the concentration of MPP+ as shown in Figure 7. The rate
constants (kex) of the electron-exchange reactions between MPP•

and MPP+ were determined using eq 3,

where∆Hmsl and∆H0
msl are the maximum slope line widths of

the ESR spectra in the presence and absence of MPP+,
respectively, andPi is a statistical factor.40

Figure 8a shows an ESR spectrum of ABNA• produced by
the one-electron reduction of ABNA+ with naphthalene radical
anion in deaerated EtCN at 298 K. The hyperfine coupling
constants (hfc) are determined by comparison of the observed
spectrum with the computer-simulated spectrum as shown in
Figure 8b. By comparing the hfc values with the spin densities
obtained by the DFT (density functional theory) calculation,7b,37,41

the largest spin density (0.242) is found at the C-4 position.
This is consistent with the one-electron reduction products of
NAD+ as well as with the model compounds being identified
as diasteroisomeric dimers with a symmetric 4,4′-linked struc-
ture.42 Thekex values for the electron exchange between ABNA•

and ABNA+ were also determined in a manner similar to those

(36) Kavarnos, G. J.; Turro, N. J.Chem. ReV. 1986, 86, 401.
(37) Gauld, J. W.; Eriksson, L. A.; Radom, L.J. Phys. Chem. A1997, 101,

1352.
(38) The assignment of the hfc values is made by comparison with the hfc values

predicted by the DFT calculation (triple-ú Slater-type orbital set (frozen
core: C (1s), N (1s), O (1s); ADF basis Set IV)). The calculated hfc values
are obtained as 4.70 G (N1), 3.45 (H2, H6), 0.35 (H3, H5), 6.79 (H7),
2.08 (H9, H13), 0.30 (H10, H12), 2.64 (H11), which are used for assignment
of the observed hfc values.

(39) Akiyama, K.; Kubota, S.; Ikegami, Y.Chem. Lett. 1981, 469.
(40) (a) Chang, R.J. Chem. Educ. 1970, 47, 563. (b) Cheng, K. S.; Hirota, N.

In InVestigation of Rates and Mechanisms of Reactions; Hammes, G. G.,
Ed.; Wiley-Interscience: New York, 1974; Vol. VI, p 565.

(41) The assignment of the hfc values is made by comparison with the hfc values
predicted by the DFT calculation (triple-ú Slater-type orbital set (frozen
core: C (1s), N (1s), O (1s); ADF basis Set IV)). The calculated hfc values
are obtained as 1.76 (CH3), 1.67 (H2), 1.11 (H5), 1.57 (H6), 3.04 (CH2-
Ph), 3.93 G (N1), which are used for assignment of the observed hfc values.

(42) Moracci, F. M.; Liberatore, F.; Carelli, V.; Arnone, A.; Carelli, I.; Cardinali,
M. E. J. Org. Chem.1978, 43, 3420.

Scheme 3

Figure 6. (a) ESR spectrum of MPP• generated by reduction of MPP+ClO4
-

with naphthalene radical anion in the absence of MPP+ClO4
- in deaerated

EtCN at 228 K and (b) the computer simulation spectrum with the listed
hfc values. (c) ESR spectrum of the MPP• in the presence of MPP+ClO4

-

(4.2× 10-3 M) in deaerated EtCN at 228 K and (d) the computer simulation
spectrum with the listed hfc values.

Scheme 4

kex ) (1.52× 107) (∆Hmsl - ∆H0
msl)/{(1 - Pi)[MPP+]}

(3)
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for that between MPP• and MPP+ (Figure 9), and thekex values
of MPP• and ABNA• are listed in Table 3.

Arrhenius plots of logkex versus 1/T give the activation
enthalpy (∆Hq) and activation entropy (∆Sq) (Figure S7). The
∆Hq values for MPP• and ABNA• were determined as 2.1 and

3.0 kcal mol-1, respectively. The∆Sq values for MPP• and
ABNA • were determined as 5.1 and 6.2 cal K-1 mol-1,
respectively.

By addition of Sc3+ to the solution of ABNA•, the ESR
spectrum of ABNA• is drastically changed to the spectrum in
Figure 10a, which is well-reproduced by the computer simula-
tion spectrum with the hfc values including a superhyperfine
coupling due to one scandium nucleus (a(Sc) ) 1.24 G) as
shown in Figure 10b. The observation of such a superhyperfine
coupling due to one scandium nucleus strongly indicates
formation of the 1:1 complex between ABNA• and Sc3+. The
other hfc values are attenuated due to the complex formation
of ABNA • with Sc3+.

Conclusions
In conclusion, the rate of electron-transfer reduction of NAD+

analogues is enhanced significantly by the complexation with

Figure 7. Plots of∆Hmsl vs [MPP+] for ESR spectra of MPP• in deaerated
EtCN (O: 183 K, b: 198 K, 0: 213 K, 9: 228 K).

Figure 8. (a) ESR spectrum of ABNA• generated by reduction of
ABNA+PF6

- with naphthalene radical anion in the absence of ABNA+PF6
-

in deaerated EtCN at 298 K and (b) the computer simulation spectrum with
the listed hfc values. (c) ESR spectrum of the ABNA• in the presence of
ABNA+PF6

- (2.0 × 10-3 M) in deaerated EtCN at 243 K and (d) the
computer simulation spectrum with the listed hfc values.

Figure 9. Plots of ∆Hmsl vs [ABNA+] for ESR spectra of ABNA• in
deaerated EtCN (O: 198 K, b: 213 K, 0: 228 K, 9: 243 K).

Table 3. Rate Constants (kex) for Electron Self-Exchange between
MPP• and MPP+ClO4

-, and between ABNA• and ABNA+PF6
-

T, K MPP•/MPP+ kex, M-1 s-1 ABNA•/ABNA+ kex, M-1 s-1

183 8.0× 108 -
198 1.2× 109 2.2× 108

213 1.7× 109 3.8× 108

228 2.6× 109 5.9× 108

243 - 9.3× 108

Figure 10. (a) ESR spectrum of the ABNA•-Sc3+ complex and (b) the
computer simulation spectrum with the listed hfc values.
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Sc3+ to produce stable NAD• analogue-Sc3+ complex which
has been successfully detected by ESR. This study thus provides
valuable insight into the catalytic role of metal ions in controlling
the redox reactivity of NAD+ analogues.
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