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Abstract: The electrochemical oxidation of dihydronicotinamide mononucleotide (NMNH), dihydronicotinamide adenine
dinucleotide (NADH), and dihydronicotinamide adenine dinucleotide phosphate (NADPH) has been studied in aqueous
media at carbon electrodes and in dimethyl sulfoxide at platinum electrodes. These 1,4-dihydropyridines undergo two-elec-
tron oxidation to generate the parent pyridine nucleotides, which, in turn, are reduced at considerably more negative poten-
tial in one-electron processes to free radicals which dimerize. The dimers are oxidized at considerably less positive potential
than the dihydropyridines to regenerate the parent nucleotides. Protonation of the dihydropyridines by protons liberated at
the electrode-solution interface during oxidation of the dihydropyridines or protons available from other solution species
leads to their decomposition, producing species which further decompose to give products absorbing at 280-290 nm; the
pseudo-first-order rate constants for the acid-catalyzed decomposition in aqueous solution are about 1073 sec™! at pH 4.1
and 1075 sec™! at pH 7.1 with NADH decomposing somewhat slower than the other two dihydropyridines. Bases such as
pyridine and tributylamine and dissolved oxygen have no appreciable effect on the oxidation of the dihydropyridines in

DMSO.

The importance of the pyridine nucleotides and their di-
hydro reduction products in the series of oxidation-reduc-
tion reactions termed the biological electron transport
chain?3 emphasizes the desirability of thorough electro-
chemical investigation of their redox half-reactions. Al-
though the electrochemical reduction of the pyridine nu-
cleotides has been moderately extensively investigated,3->
there are only a few systematic studies of the electrochemi-
cal oxidation of relevant dihydropyridine derivatives.5-%
Blaedel and Haas5® investigated the oxidation of 1-alkyl-
dihydropyridines (1-(2,6-dichlorobenzyl)-, 1-methyl-, 1-
benzyl-, and 1-(n-propyl)-1,4-dihydronicotinamides) in ac-
etonitrile at platinum and carbon electrodes. In the pres-
ence of bases such as pyridine or tributylamine, these
RNH-type compounds underwent a 2 e oxidation to yield
pyridinium salts (RN™T). In the absence of base, the RNH
compounds were oxidized by a 1 e process to RN* and sev-
eral unidentified species. These results suggest that the
dihydropyridines might be oxidized in a 1 e process at acid-
ic pH and in a 2 e process in basic pH. Such studies in
media more acidic than pH 6 or 7 are hampered by the in-
stability of the dihydro compounds in these media.'!? Leduc
and Thevenot” concluded that 1-propyl- and l-benzyl-1,4-
dihydronicotinamides and NADH underwent a stepwise 2 e
oxidation in aqueous solution to yield the corresponding nic-
otinamides (RN™).

Oxidizing agents such as 2,6-dichlorophenol, indophenol,
and malachite green have been successfully employed in the
oxidation of 1-(2,6-dichlorobenzyl)-1,4-dihydronicotinam-
ide and 1-(2,6-dichlorobenzyl)-1,6-dihydronicotinamide to
the corresponding parent nicotinamides; most of the chemi-
cal oxidations have been explained in terms of the direct
transfer of a hydride ion from the dihydropyridine to the
oxidizing agents.!! Enzymatic oxidations of NADH and
NADPH to NAD* and NADP* are well known and have
been similarly explained.!?

As part of a systematic study by electrochemical tech-
niques of the redox patterns and allied chemical behavior
for the sequence of compounds from 3-nicotinamide itself
through the NAD species, we have examined the electro-
chemical oxidation patterns for the following biologically
active 1,4-dihydropyridine nucleotides in both aqueous and
nonaqueous media: dihydronicotinamide mononucleotide
(NMNH), dihydronicotinamide adenine dinucleotide
(NADH), and dihydronicotinamide adenine dinucleotide
phosphate (NADPH).

Experimental Section
Materials, 1,4-Dihydronicotinamide mononucleotide (NMNH,
purity 90%), 1,4-dihydronicotinamide adenine dinucleotide

(NADH, purity 98%), and 1,4-dihydronicotinamide adenine dinu-
cleotide phosphate (NADPH, purity 96%) (Sigma Chemical) were
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used as received since polarography and spectrophotometry, and
the nature of the probable impurities, indicated the absence of sig-
nificant interferences. Tetra-n-butylammonium perchlorate (Fish-
er Scientific; ACS Grade; dried under vacuum at 100° for 6 hr)
was used as background electrolyte (0.1 ) in DMSO. Pyridine
(Matheson; Spectral Grade) and tri-n-butylamine (Aldrich) were
used. DMSO was purified by distillation; the middle fraction was
used.

Buffer solutions (0.1 M in their minor constituent) were pre-
pared from reagent grade chemicals; their ionic strengths were ad-
justed to 0.5 M with KCl, except for the pH 7.1 Tris buffer which
had an ionic strength of 0.8 M. The solution components were
HOACc and NaOAc for pH 3.8, 4.1, and 4.9, potassium hydrogen
phthalate and NaOH for pH 5.6, and KHCOs and K,COj; for pH
10.2; the pH 7.1, 8.1, 9.2 and 9.4 solutions were prepared from
tris(hydroxymethyl)aminomethane (Tris) and HCI.

Electrodes. The working electrode for voltammetry in aqueous
media was a l-cm (length) X 0.3-cm (diameter) glassy carbon disk
(Tokai Electrode Manufacturing Company of Tokyo), cemented
into 5-mm o.d. glass tubing with Techkits E-7 epoxy adhesive;
electrical connection was made by dipping a nickel wire into a mer-
cury pool contained above the carbon. The glass tubing and carbon
were ground flush to each other on a rotating 600-mesh SiC paper
disk and then polished by hand on a hospital tissue. Between runs,
the electrode was rinsed with distilled water and wiped with a
paper tissue; no further grinding with the SiC paper was required.
The effective electrode area was found to be 0.0410 cm? by mea-
surement of the anodic potassium ferrocyanide cyclic voltammetric
peak (n = 1; D = 6.32 X 107 cm?/sec).13

Large-scale electrolyses in aqueous media were made on a l-cm
(diameter) pyrolytic graphite (Pyroid; Space Age Materials Corp.)
electrode, prepared similarly to the glassy carbon electrode. It was
necessary to resurface this electrode between electrolyses on the
SiC disk.

The reference electrodes used in both aqueous and nonaqueous
studies were aqueous saturated calomel electrodes.

In DMSO, a platinum wire working electrode of 0.057 cm? area
was employed in cyclic voltammetry. The counter electrode was a
platinum coil.

Electrochemical Cells. A three-compartment, water-jacketed
celll* was used in the aqueous studies. Nonaqueous experiments
were performed in a previously described cell attached to a vacuum
line.!

Spectrophotometry. Spectral studies were carried out in I-cm
quartz cells with a Beckman DB spectrophotometer connected to a
Heathkit Model EUW-20 recorder.

Procedures. Aqueous polarographic dme and rotating glassy
carbon electrode (rgce) studies were made at a scan rate, v, of
about 3 mV /sec. A variable speed Caframo motor was used to ro-
tate the rgce at 4 rps, except where otherwise specified. Cyclic vol-
tammetric studies were made at v between 0.05 and 30 V/sec. A
multipurpose instrument! was used for all electrochemical mea-
surements.

In DMSO, the solution was degassed by a freeze-pump-thaw
cycle and the vacuum was released by introduction of a nitrogen
atmosphere. In the cyclic voltammetric studies, v ranged from 0.04
to 10 V/sec; at higher v, the peak current was not well defined as a
result of the large charging current. The peak currents were mea-
sured, using the base line obtained by extrapolating the back-
ground current seen before the oxidation of the electroactive
species. In this connection, the cyclic voltammetric curves obtained
for background electrolytes alone were useful in checking the
background currents observed at the potentials where peaks ap-
pear. The probable precision of peak current measurements by this
procedure is about £2%. Coulometric experiments were conducted
with a coiled platinum working electrode with the number of cou-
lombs passed being determined by using a voltage-to-frequency
converter and counter combination.!” Other electrochemical mea-
surements were made with a multipurpose instrument, based on
solid state operational amplifiers.16.18

In the hydrolytic stability studies, 10 ml of pH 4,1 buffer solu-
tion was added to the cell at 25° and deaerated by bubbling nitro-
gen through it for at least 15 min. A weighed portion of a dihydro-
pyridine nucleotide was added (time of addition recorded). A vol-
tammogram at the rgce was immediately recorded from O to 1.5 V,
followed by a dme voltammogram (0 to —1.3 V); times at start and

finish of each voltammogram were noted. This procedure was re-
peated at varying time intervals over a period of 4.5 hr for NADH
and NADPH, and 10 hr for NMNH. The pH was then measured
(it was unchanged at pH 4.1 in all cases) and adjusted to between
pH 7 and 8§ by addition of about 0.2 ml of saturated sodium hy-
droxide solution (resulting dilution was only about 2%). Final vol-
tammograms were then recorded at the rgce and dme.

In the pH 7.1 stability studies, voltammetric scans from 0 to 1.4
V at the rgce were made on similarly prepared solutions at varying
time intervals throughout a total period of about 24 hr. The rate
constants were calculated from the decrease in # of the dihydropy-
ridine anodic wave.

Results and Discussion

The electrochemical oxidation of the dihydropyridine nu-
cleotides was studied by cyclic voltammetry, potential step
electrolysis, rotating disk voltammetry, and controlled elec-
trode potential electrolysis and coulometry in buffered
aqueous media (pH 3.8 to 10.2) at glassy carbon electrodes
(pyrolytic graphite electrodes were used for large scale elec-
trolyses) and in dimethyl sulfoxide (DMSO; tetra-n-bu-
tylammonium perchlorate as background electrolyte) at
platinum electrodes. All potentials are referred to the aque-
ous saturated calomel electrode unless otherwise specified.

In pH 7.1 aqueous medium, each dihydropyridine shows
a single, well-defined, anodic peak at about 0.7 V on cyclic
voltammetry (Table I, Figure 1). Reversal of the scan at a
potential positive to this peak produces a cathodic peak at
about —1.15 V, which is due to reduction of the product of
the anodic peak process. Initial scan toward negative poten-
tials did not generate this cathodic peak; it appeared only
after an initial oxidation and was identified as due to reduc-
tion of the pyridine nucleotide itself; all of the latter show
reduction peaks at —1.15 £+ 0.03 V. A cathodic peak com-
plementary to the anodic peak, corresponding to a revers-
ible redox couple, was not seen in the 0.5 to 0.7 V region
even at scan rate (v) of 30 V/sec.

The anodic peak height varied linearly with v'/2 as ex-
pected from theory!® (Figure 2). The ratio of the cathodic
and anodic peak heights (ipc/ipa) increased with increasing
v (Figure 3) to a limiting value between 0.3 and 0.4. For
scan rates greater than those shown in Figure 3, the back-
ground charging current became large with respect to the
peak currents and meaningful measurements could not be
made.

Based on the difference in £/ between pH 4.1 and 7.1,
the anodic wave seen at the rotating glassy carbon electrode
(rgce) shows a slight pH dependence of —0.011 V/pH for
NADH and of —0.017 V/pH for NMNH and NADPH. It
is possible that the observed shifts are due not to pH but to
differences in buffer composition and /or ionic strength.

In DMSO, each dihydropyridine nucleotide also shows a
single, well-defined anodic peak (Table I; Figure 4), whose
height varies linearly with v!/2; at v exceeding 10 V/sec, the
peak merges with background discharge. Scan reversal pos-
itive to the oxidation peak generates a cathodic peak at
about —1.0 V (Table I), which can be identified with the
peaks shown by the pyridine nucleotides themselves, e.g.,
Epc at a hmde of —0.99 V for NMN+, —0.98 for NAD*,
and —1.06 for NADP*. No complementary peaks were
seen for the anodic and cathodic peaks even at v of 5 to 10
V/sec.

On the basis of the anodic processes in both water and
DMSO being 2 e in nature with inconsequential loss due to
acid-catalyzed reactions under cyclic voltammetric condi-
tions (cf. subsequent discussion), the viscosities at 25° of
1.996 for DMSO and 0.894 for water lead to an expected
current function (ipa/AC) ratio for HyO/DMSO of about
1.49. The ratios for the Table I data are 1,75 for NMNH,
1.50 for NADH, and 1.52 for NADPH. It is difficult to ac-
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Table I. Voltammetric Behavior of Dihydropyridine Nucleotides?
Anodic peak Cathodic peak
ipa/AC, ine/ AC,
Compd Medium? Epas V Ipas HA pA/{em*mM)  —Epe, V ipes A pA/{cm® mM) ipclipa
NMNH H,0 0.67 13.1 210 1.17 4.0 65 0.31
DMSO 0.76 9.1 120 0.97 2.2 29 0.24
NADH H,0 0.67 11.8 204 1.13 3.0 52 0.25
DMSO 0.89 16.0 136 0.95 4.2 36 0.26
NADPH H,0 0.72 10.7 240 1.18 2.5 55 0.23
DMSO 0.84 3.6 158 1.00 1.1 48 0.31

@ Scan rate was 0.10 V/sec; electrode types and areas were carbon (0.041 cm?) for H,O and platinum (0.057 cm?) for DMSO solutions.
Estimated error in current measurement is +2%. b Aqueous solutions were pH 7.1.

CATHODIC
B

-

CURRENT
[e]

POTENTIAL, V.

Figure 1. Cyclic voltammograms at a glassy carbon disk electrode in
pH 7.1 aqueous Tris buffer of (A) NMNH (dihydronicotinamide mo-
nonucleotide) (1.5 mAM), (B) NADH (dihydronicotinamide adenine di-
nucleotide) (1.4 mM), and (C) NADPH (dihydronicotinamide ade-
nine dinucleotide phosphate) (1.1 mM). Scan rate: 0.2 V/sec. Arrow-
head indicates direction of scan.
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Figure 2. Effect of cyclic voltammetric scan rate, v, on the anodic peak
height at a glassy carbon disk electrode in pH 7.1 aqueous Tris buffer
for (A) NMNH (1.5 mM), (B) NADH (1.4 mM), and (C) NADPH
(0.7 mM).

count for the ratio for NMNH being 17% higher than ex-
pected.

The overall irreversibility of the anodic electrode pro-
cesses is demonstrated by the lack of complementary ca-
thodic peaks, (E, — Ep/2) values of 80 to 110 mV (Figure
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Figure 3. Effect of cyclic voltammetric scan rate, v, on the ratio of ca-
thodic peak current (i5c) to anodic peak current (ips) at a glassy carbon
disk electrode in pH 7.1 aqueous Tris buffer for (A) NADH (1.1 mM),
(B) NADPH (1.1 mM), and (C) NMNH (1.5 mM).
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Figure 4. Cyclic voltammograms at a platinum electrode in dimethyl
sulfoxide (BusNClO4 background) of (A) NMNH (1.3 mM), (B)
NADH (2.1 mM), and (C) NADPH (0.4 mM). Scan rate: 0.2 V.sec.
Arrowhead indicates direction of scan.

1), and an (£, — Ey;2) value of 70 mV for NADH at pH
7.1.

Irreversible cyclic voltammetric peak currents are de-
fined by the expression?®

i, = [2.98 X 10%n(an,)!/?AD!/2C vt /2 (1)

where i is the peak current (uA) at scan rate v (V/sec), 4
is the electrode area (cm?), D is the diffusion current
(cm?/sec), C is the bulk solution concentration (mM), « is
the transfer coefficient, and s, is the number of electrons in
the rate-determining step. The number of electrons, n,
transferred in the faradaic process was estimated by setting
the slope of the i, — v'/2 plot for each dihydropyridine
equal to the bracketed term in eq 1 and by estimating the
product an, from the slope of the E,/>-log v plot for each
compound??

an, = 0.0294/slope (2)

The estimated an, values in pH 7.1 solution were 0.81,
0.46, and 1.01, for NMNH, NADH, and NADPH, respec-
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Table I, Faradaic n Values for Dihydropyridine Nucleotides
Mediuma Compd nb ne nd
H,0 NMNH 1.9 1.4 1.9
(pH 7.1)

NADH 2.0 1.3 2.0

NADPH 2.0 1.5 2.4

DMSO NMNH 2.0 1.6 2.0
NADH 1.9 1.6 2.0

NADPH 21 1.6 2.2

4 Supporting electrolyte in DMSO was (C H,),NCIO,. Tris buffer
was used for the aqueous medium of pH 7.1. gCalculated from
cyclic voltammetric data. ¢ Calculated from controlled electrode
potential coulometry. 4 Calculated from chronoamperometric data.

tively. On using D for the oxidized pyridine nucleotides,?!
the n values listed in Table II were calculated.

NMNH (1.32 mM in DMSO) shows an anodic peak at
0.84 V (v = 40 to 200 mV /sec) at a graphite disk electrode.
Reversal of the scan at a potential positive to this peak re-
sults in a cathodic peak at —0.97 V. Since the high back-
ground current at the graphite electrode in DMSO made
current measurements difficult, no further studies were
done with graphite in DMSO.

Effect of Added Bases. Earlier studies® of NADH ana-
logs in acetonitrile ascribed the increase in peak current to
almost twice its original magnitude on pyridine and tri-n-
butylamine addition to a 2 e oxidation process in the basic
medium. The effects of these bases on the oxidation of 0.8
mM NADH in DMSO were examined. Pyridine in concen-
trations up to 129 mM did not significantly affect the anod-
ic or cathodic peak currents.

Studies involving tributylamine were complicated by the
closeness of its oxidation peak to that of NADH; the tri-
butylamine peak shifts to more positive potential with in-
creasing amine concentration. Thus, the 0.89-V peak grew
with increasing amine concentration but, above 1.3 mM
amine, a second peak separated from the 0.89-V peak,
which decreased to its original magnitude, i.e., the amine
and NADH peaks are superimposed until the amine con-
centration is sufficiently large to shift the amine peak to a
potential positive enough to resolve the two peaks. At high
amine concentrations (50 mM), the NADH peak appeared
on the rising portion of the amine peak, but the magnitude
of its current was apparently unaffected.

In the presence of either tributylamine or pyridine, the
two more positive peaks of the three anodic peaks observed
for 1-(2,6-dichlorobenzyl)-1,4-dihydronicotinamide in ace-
tonitrile disappeared, and the least positive peak approxi-
mately doubled in height;® a similar effect was not observed
in the present studies.

Effect of Dissolved Oxygen. Since oxygen has been found
to have a considerable effect on the voltammetry of NADH
analogs in acetonitrile,® the behavior of NADH in the pres-
ence of oxygen in DMSO was examined. The anodic
NADH peak is unaffected by the presence of oxygen. On
removal of oxygen by nitrogen purging, the anodic-cathodic
pattern is identical to that of the original solution.

In the presence of oxygen, a large cathodic peak with E
of —0.75 V appeared; this is in agreement with the reported
Ey; of oxygen in DMSO ranging from —0.72 to —0.85 V
with —0.73 and —0.77 V being favored.?? It should be noted
that in some experiments, apparently at random, a small
peak of E, = —0.75 V was observed, which may have been
due to residual oxygen and/or to oxygen produced at the
very positive potentials to which the original scan was car-
ried in DMSO, perhaps by electrolysis of residual water.

Chronoamperometry. Chronoamperometry was used to
estimate the number of electrons involved in the dihydropy-
ridine oxidation. In DMSO, the working platinum electrode

potential was stepped from O to well within the limiting cur-
rent region: 0.90 V for NMNH, 1.06 V for NADH, and
1.00 V for NADPH. During electrolysis, the current de-
cayed smoothly to a steady state value; typical decay curves
are shown in Figure 5. The decay current may be fitted to
the expression

it = nFADi/Zc/ﬂi/ZIi/Z (3)

where iy is the current at time 7 during electrolysis. On
using D for the oxidized form of the pyridine nucleotides,?!
n values of 2 were calculated (Table II).

In pH 7.1 aqueous medium, the carbon electrode poten-
tial was stepped from 0 to 0.80 V and »n was similarly calcu-
lated (Table II).

Controlled Potential Coulometry. Large-scale controlled
electrode potential electrolysis at 0.80 V of pH 7.1 solutions
of NMNH, NADH, and NADPH (three or four electrolys-
es of each) gave faradaic n values ranging between 1.2 and
1.7 (averages given in Table II). The solutions (originally
0.3 to 3.5 mM) were colorless throughout electrolysis,
whose duration varied from 2 to 7 hr.2* Oxidation of
NADH at pH 10.2 gave an 7 of 1.5. Due to the relatively
rapid decomposition of the dihydropyridines in acidic
media, it was difficult to determine » accurately in such
media.

Coulometric oxidation of the dihydropyridines in DMSO
yielded an n of 1.6 (Table II). The electrolysis current de-
cayed steadily with time and reached background value.

Product Identification. Prior to electrolytic oxidation in
aqueous media (pH 7.1), NMNH had one ultraviolet ab-
sorption maximum at 338 nm (molar absorptivity (¢) = 3.6
X 10%). After oxidation, which was not complete, the 338-
nm peak decreased considerably (apparent e = 0.5 X 10%)
and a new peak appeared at 265 nm (apparent ¢ = 3.2 X
103). After two of the four oxidations, a third peak attribut-
able to decomposition reaction products appeared at about
275 nm with an absorbance of about 0.8 that of the 265-nm
peak. Since NMN shows a single peak at 265 nm (e = 3.6
X 10%), the major oxidation product is likely to be NMN*,

NADH and NADPH themselves have two peaks each
(Figure 6) at pH 7.1 at about 338 and 260 nm (e = 5.0 X
10% and 15 X 103, respectively, for NADH, and 5.3 X 103
and 14 X 103, respectively, for NADPH). The 338-nm peak
is attributable to the dihydronicotinamide moiety and the
260-nm peak to the adenine moiety (p 626 of ref 11). After
electrolysis, the 338-nm peaks decreased to apparent e
values of 1.6 X 103 for NADH and 0.3 X 103 for NADPH,
while the 260-nm peaks increased slightly with either no no-
ticeable change in shape or a slight broadening on the long
wavelength side of the peak, probably due to the absorption
by the decomposition products, to apparent e values of 16 X
10® for NADH and 15 X 10? for NADPH. NAD* and
NADP? each show only one peak at about 260 nm (Figure
6) due to the combined absorption of the adenine and nico-
tinamide moieties with e values of 18 X 103 for NAD* and
15 X 103 for NADP*,

Prior to electrolytic oxidation of NNMH, NADH, or
NADPH in pH 7.1 aqueous solution, no cathodic dme wave
was visible between 0 and —1.6 V. After oxidation of
NMNH (four runs), a wave of Ei;2 = —0.93 V appeared;
in two runs, a second wave appeared (E 2 = —1.07 V),
whose height was about 0.2 that of the first wave in one
case and about equal in the other. Oxidation of NADH
(three runs) produced a single wave (E,/; = —0.89 V);ina
fourth run, a wave was also seen at —1.06 V (height was
about 0.2 that of the first wave). After oxidation (three
runs), NADPH solutions gave waves at £y,> of —0.90 V in
all cases and of —1.07 in two cases; the latter wave was
about 1.4 times the height of the —0.90-V wave in one case
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Figure 5. Typical chronoamperometric decay curves obtained at a plat-
inum electrode in dimethyl sulfoxide (BusNClO4 background) for (A)
NMNH (1.3 mM), stepped from 0 to 0.90 V, and (B) NADH (2.1
mM), stepped from 0to 1.06 V.

and about 0:23 times its height in the other. Samples of
pure NMN*, NAD*, and NADP* gave single dme waves
at Eyj; of —0.93, —0.89, and —0.90 V, respectively. The
possible origin of the waves at ca. —1.06 V is subsequently
discussed (cf. section on stability).

Large-scale reduction at —1.00 V at a mercury pool elec-
trode of the pH 7.1 solutions obtained on large-scale elec-
trolytic oxidation gave solutions which showed an anodic
polarographic wave (E;; = —0.24 V for the NMNH deriv-
ative and about —0.30 V for the NADH and NADPH de-
rivatives). Identical anodic waves, observed!6-21:24 after re-
duction at —1.0 V of NMN* NAD+* and NADP™*, have
been attributed to oxidation of the dimers produced on 1 e
reduction of the nicotinamides to the corresponding free
radicals.

Addition of alcohol dehydrogenase (ADH) and ethanol
to a pH 7.1 solution of the NADH oxidation product results
in disappearance of the cathodic dme wave at —0.89 V and
growth of a rgce anodic wave at 0.59 V. Since the NADH
wave prior to the electrolysis was at 0.60 V, the enzymatic
reaction probably regenerated the original dihydronicoti-
namide. ADH and ethanol react specifically with NAD? to
yield NADH.?3

The results of large-scale electrolyses in DMSO are in
general agreement with these obtained in aqueous media.
The dihydronicotinamides have absorption maxima at 263
and 335 nm. After controlled potential oxidation, absorp-
tion maxima are present at 263 and 280 nm. The 263-nm
peak is due to the nicotinamide and adenine chromophores
in the pyridine nucleotides;!!:26:27 the 280-nm peak is due to
decomposition products.

Prior to electrolysis of the dihydropyridines in DMSO, an
initial voltammetric scan toward negative potential shows
the absence of any reducible material. After electrolysis, an
initial scan toward negative potential produces a cathodic
peakatca. —1.0 V.

Stability of Dihydropyridine Nucleotides. After large-
scale electrolytic oxidation of the dihydropyridines at pH
7.1, a second cathodic dme wave was sometimes observed at
—1.06 or —1.07 V in addition to the wave always present at
—0.89 to —0.93 V and due to the parent pyridine nucleo-
tide. Examination of adenine, adenosine, and adenosine mo-
nophosphate at the rgce and dme in pH 7.1 solution re-
vealed no oxidation or reduction waves between 1.2 and
—1.6 V; consequently, none of the voltammetric waves ob-
served prior to or after oxidation of the dihydropyridine nu-
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Figure 6. Ultraviolet spectra of 3.6 X 10.‘5 M aqueous solutions (pH
7.1 Tris buffer) of (A) NADH, (B) NADH after oxidation at 0.80 V
at a pyrolytic graphite electrode for 6.6 hr, and (C) NAD™.
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Figure 7. Variation in electroactivity (limiting current, i) with time of
a pH 4.1 solution of NMNH (0.76 mM): (A) anodic wave (rgce) at ca.
0.68 V; (B) anodic wave (rgce) at ca. 1.08 V; (C) cathodic wave (dme)
at ca. —0.96 V. At 575 min, B was 3.3 uA; at 590 min, C was 0.79 pA.
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Figure 8. Variation in electroactivity (limiting current, i) with time of
a pH 4.1 solution of NADH (0.62 mM): (A) anodic wave (rgce) at ca.
0.65 V; (B) anodic wave (rgce) at ¢a. 1.10 V; (C) cathodic wave (dme)
atca. —0.96 V.

cleotides can be attributed to adenine species. Since a possi-
ble source of the —1.06-V wave was a compound produced
on acid-catalyzed decomposition of the dihydropyridines,
the latter was examined.

Figures 7 to 9 summarize the changes in voltammetric
patterns of pH 4.1 dihydropyridine solutions with time. In
each figure, curve A corresponds to the original rgce anodic
dihydronicotinamide wave (la) (£,/2 between 0.64 and 0.71
V), and curves B to a rgce anodic wave (Ila) at about 1.1 V
and C to a dme cathodic wave (I¢) (Ei2 = —0.94 to —0.98
V), which appear with time. Neither wave Ila nor I¢c was
observed on repeated voltammetric scans of pH 7.1 solu-
tions of the dihydropyridines, although wave Ia slowly di-
minished with time.2® Wave Ic cannot be attributed to the
parent pyridine nucleotides, since these give highly repro-
ducible pH-independent dme waves at —0.93, —0.89, and
—0.90 V for NMN+ NAD*, and NADP*, respectively.

For each dihydropyridine, the wave Ia limiting current
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ANODIC i, pA
CATHODIC iy, pA

TIME, min.

Figure 9. Variation in electroactivity (limiting current, #1) with time of
a pH 4.1 solution of NADPH (0.59 mM): (A) anodic wave (rgce) at
ca. 0.67 V; (B) anodic wave (rgce) at ca. 1.08 V; (C) cathodic wave
(dme) at ca. —0.98 V.

(i) at pH 4.1 decreased with time and disappeared com-
pletely after about 100 min; wave Ila increased from zero to
a maximum value at about 100 min and then decreased;
wave Ic increased and approached a limiting value after
about 200 min. A plot of log [(i) for wave Ia)/C] vs. time
gave a straight line which extrapolated to a value at time
zero, which was that expected for the compound involved,
and from which line a rate constant for the decomposition
could be calculated.?®

The pseudo-first-order rate constants for the acid-cata-
lyzed decomposition are estimated to be 8.2 X 10~4 sec™!
for NMNH, 5.9 X 107* sec™! for NADH, and 8.5 X 10—4
for NADPH at pH 4.1, and 1.0 X 1075 sec™! for NMNH,
0.7 X 1073 sec™! for NADH, and 1.1 X 105 sec—! for
NADPH at pH 7.1.

The constancy with time of absorption spectra and vol-
tammetric curves of DMSO solutions of the dihydropyri-
dine nucleotides indicate their normal stability in such
media.

Identity of Acid-Hydrolysis Products. Upon adjustment
of the solution pH, after standing, from 4.1 to 7 to 8 by
NaOH addition, waves IIa and I¢ disappeared, a small an-
odic wave appeared at about the same potential as that of
the original dihydropyridine but with only 0.1-0.2 of its
height, and a new dme cathodic wave (IIc) was observed at
—1.06, ~1.08, and —1.04 V respectively for original
NMNH, NADH, and NADPH solutions. This was accom-
panied by a new cathodic wave for NMNH solution near
background discharge at 1.23 V, whose large height would
tend to indicate that it was due to discharge of a solution
constituent such as oxygen evolution, and by a small ca-
thodic wave for NADH solution at —0.91 V.

The dme wave (Ei, = —1.06 V; iy = 0.23 pA) observed
on adjustment of a 0.76-mM NMNH solution to pH 8.0
after 5 hr at pH 4.1 compares with waves of —1.07 V and
0.26 uA observed after 3-hr electrolysis in pH 7.1 buffer of
1.4 mM NMNH and 2-hr electrolysis of 0.32 mM NMNH.
The two cathodic waves (—0.91 V and 0.14 yA; —1.08 V
and 0.06 uA) seen on similar adjustment of a 0.62 mM
NADH solution after 4 hr to pH 7.1 compare with an i of
0.09 uA at —1.06 V after 2.5-hr electrolysis of the one
0.37-mM NADH solution which showed a second wave (cf.
Product Identification). After adjustment of a 0.59 mM
NADPH solution (5 hr electrolysis) to pH 7.8, the single
wave (—1.04 V; 0.17 npA) observed compared with one of
—1.07 V and 0.17 uA seen after 7-hr electrolysis of 0.78
mM NADPH, and of —1.07 V and 0.78 uA seen after 4-hr
electrolysis of 0.45 mM NADPH.

A pH 7.1 solution of NADH did not show any cathodic
dme wave even after standing for 7 hr, which was the lon-
gest period used for an electrolysis.

Although it is not immediately obvious what species pro-
duce waves Ila and Ic, it is apparent that these result from
the acidity of the solution (pH 4.1). The change to pH
7.1-8.0 results in the formation of wave Ilc between —1.04
and —1.08 V. Although this is not proof that the waves
sometimes observed at —1.06 or —1.07 V after electrolytic
dihydropyridine oxidation were formed in a manner analo-
gous to that by which wave Ilc was formed, the closeness of
the half-wave potentials does make it seem likely

There is general agreement in the literature393! that the
primary acid-catalyzed decomposition product of a com-
pound with the general structure of I has structure II (eq 4)
(compounds studied have included NMNH, NADH, and
NADPH). Although there is some disagreement as to how
compound II reacts further and as to the products of these
reactions, there is unanimity that II does react to give sec-
ondary acid-reaction product(s).

0
I

i
C—NH, (—NH,
0
HO T

(H")
| }g()\A

R R X, ete. (4)
I I

However, since the following sequence of reactions is postu-
lated to occur with a rapid first step and a slow second
step®®

B* oy~
RNH — H(RNH)* — H(RNH)OH (5)
I 1I

H(RNH)* is a likely intermediate species (cf. Mechanistic
Pattern).

On the basis of the relative variation in magnitude of the
waves in Figures 7 to 9 and previously reported data, it
would be reasonable to assign the anodic wave at 0.6 to 0.7
V to oxidation of I (RNH; the dihydropyridine nucleotide),
the anodic wave at ca. 1.1 V to oxidation of H(RNH)™, and
the cathodic wave at —0.96 to reduction of compound II
and, perhaps, also of the secondary hydrolysis product(s).
Subsequent change in pH from 4.1 to 7 to 8 could then alter
the ease of reduction of the secondary hydrolysis products
and/or the chemical nature of the latter to produce at times
the dme wave at —1.06 or —1.07 V. An anodic wave at 1.1
V (vs. NHE) observed at a rotating platinum electrode for
pH 4.6 to 7.0 solutions of 1 benzyl-1,4-dihydronicotina-
mide, which was about 0.4 V more positive than the expect-
ed RNH wave, was attributed’ to the oxidation of com-
pound II (eq 4), where R is benzyl.

Mechanistic Pattern

The following mechanism for the electrochemical oxida-
tion of the 1,4-dihydropyridine nucleotides in both aqueous
and nonaqueous media is considered to fit best the results
obtained in the present study

RNH — RN* + H" + 2e ®6)

RNH + H* == H(RNH)" ¢h)
H(RNH)" — decomposition products

absorbing at 280—290 nm (8)

where RNH represents the dihydropyridine nucleotide,
H(RNH)* is its protonated form, and RN* is the pyridine
nucleotide itself (oxidized form). (Reaction 8 may well in-
volve formation of H(RNH)OH as indicated in eq4ands.)
During the short time scales of cyclic voltammetric and ro-
tating electrode experiments, reaction 8 proceeds to a negli-
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gible extent and, consequently, the number of electrons in-
volved in the electrode process approaches two per molecule
of RNH (Table II). Under large-scale electrolysis condi-
tions, reaction 8 removes enough RNH to give the observed
coulometric n values of 1.3 to 1.6. H(RNH)* would not be
electrolyzed at the applied potential of 0.80 V, since it
would be expected to be considerably more difficult to oxi-
dize than RNH (£ = 0.6 to 0.7 V) (cf. previous assign-
ment of the anodic wave at ca. 1.1 V to oxidation of
H(RNH)*).

Results obtained in the present study are compatible with
acid catalyzed decomposition, i.e., the RNH limiting cur-
rent decreases with time on rotating disk voltammetry in
acidic medium (pH 4.1) and the rate of decomposition de-
creases with increasing pH. For a rate constant of 1 X 1073
sec”!, the RNH will be 7, 14, and 19% decomposed after
periods of 2, 4, and 6 hr (typical electrolysis times); during
an actual electrolysis, the loss would be less due to constant
removal of RNH by the electrochemical reaction (eq 6).
This must be balanced against the possibility of decomposi-
tion occurring more rapidly during electrolysis due to a de-
crease in pH near the interface as a result of the generation
of H* (eq 6) at the electrode surface. An appreciable de-
crease in pH from 7.1 would cause the dihydropyridines to
decompose much more rapidly (compare rates at pH 7.1
and 4.1). The release of H* at the interface during electrol-
ysis could sufficiently alter the pH in the vicinity of the
electrode, in spite of the presence of a buffering system, to
allow formation of acid-catalyzed, decomposition product,
which would then be altered by the pH change upon diffu-
sion into the bulk solution to yield a product corresponding
to the second dme wave (cf. stability discussion). A check of
references,3? in which Tris was suggested for biochemical
studies, failed to reveal any mention of the rate of equilibra-
tion of the buffer. The mean coulometric n value of 1.4
(Table II) for the dihydropyridines in aqueous solution
would result if 30% of the dihydropyridine decomposed dur-
ing electrolysis.

Acid-catalyzed decomposition reactions such as reactions
7 and 8 have been found!? to give decomposition product(s)
with an absorption maximum around 280-290 nm (cf. ref
30). Spectra of pH 3.8 and 4.1 solutions of the dihydropyri-
dines for time periods about the same as those used for elec-
trolyses, but at Yho of the concentration, show absorption
maxima in the 280-290-nm region; the characteristic dihy-
dronicotinamide moiety peak at 338 nm disappears during
the same time period at pH 3.8 and 4.1 (the 338-nm peak
only decreases slightly at pH 7.1, e.g., 1 to 2%).

Similar formation of protonated dihydropyridine nucleo-
tides could occur during electrolysis in DMSO (eq 6 and
7); the rate of decomposition would be expected to be less
due to the lower dielectric constant and higher viscosity,
and the low residual water content. The coulometric # of
1.6 (Table II) corresponds to 20% dihydropyridine decom-
position (eq 7).

Leduc and Thevenot” proposed the following two step-
wise mechanisms (generalized from their equations for
NADH)

+

e~ . - -H
RNH = RHN* =—= RNH?* =—— RN* 9)

slow rapid rapid

RNH —» RNH' === RN —=RN'  (10)
slow rapid

They were undecided as to which of these two reaction
paths was actually followed. We have considered these
mechanisms as well as other similar mechanisms, but have
found no evidence which indicates a stepwise reaction with-
in the time scales of even our fastest cyclic voltammetric
studies.
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Comparison with 1-Alkyl Analogs. It has been common in
the study of the pyridine nucleotides to use 1-alkyl nicotin-
amides as model compounds, e.g., the early elucidation?? of
the nonenzymatic reduction of NAD*. Such model com-
pounds have also been moderately extensively used in elec-
trochemical studies.3> The caution that needs to be exer-
cised in such situations is emphasized by the differences ob-
served between NADH in DMSO in the present study and
the 1-alkyl analogs in acetonitrile (AN) in the Blaedel and
Haas® study. The number of electrons involved in oxidation
of the analogs varied between 0.8 and 0.9, and was consid-
ered, together with other evidence, to be suggestive of the
following process®

RNH — RNH* + e (11)
2RNH' — RN* + H(RNH)" (12)
RNH + H* —> H(RNH)* (13)
RN*
/
H(RNH)* (14)

290-nm absorbing products
+ nonabsorbing products

where H* in reaction 13 could be due to trace amounts of
acidic impurities in the AN. The increase in the cyclic vol-
tammetric i, to a maximum of twice the original peak cur-
rent on addition of pyridine or tri-n-butylamine was ex-
plained as due to the process

RNH —» RNH' +e (15)
RNH' + B — RN + HB® (16)
RN = RN’ + e 1mn

where B is sufficiently more basic than the electroactive
species RNH and RN to ensure only minimum protonation
of the latter, and the neutral pyridinyl radical RN is more
readily oxidized than RNH and, consequently, is oxidized
as it is formed.

The mechanism of eq 15 to 17 does not seem to apply to
DMSO solutions even on the basis of the assumption that
DMSO is a sufficiently strong base to drive reaction 16 well
to the right. It is difficult to evaluate the validity of this as-
sumption. DMSO is a more basic solvent than AN; e.g.,
Huber342 classifies AN as an aprotic neutral solvent and
DMSO as an aprotic basis solvent; for autodissociation of
the pure solvent, pKa = —log [CH3CNH*][CH,CN™] =
19.5 for AN, and —log [C;H¢SOH*][C;HsSO~] = 33.3
for DMSOQ.34b (Dielectric constants are 36 for AN and 49
for DMSO.) However, if DMSO were a strong enough base
to drive reaction 16 rapidly and completely to the right, far-
adaic n values of appreciably less than 2 would not be ex-
pected. On the other hand, if the difference in basicity of
AN and DMSO is assumed not to be significant in respect
to the oxidation of dihydropyridines, the fact that addition
of base has a pronounced effect in AN but none in DMSO
indicates either that the mechanisms in the two solvents
must be different or that the compounds investigated in the
two solvents must react differently.

The mechanistic path of eq 11 to 14 is excluded for
DMSO by the lack of effect on pyridine and tributylamine
addition.

Unfortunately, the poor solubility of NADH, NMNH,
and NADPH in AN prevented a comparable study of these
compounds in that solvent. On the other hand, the results
obtained in aqueous medium indicate that the reaction
scheme proposed in eq 6 to 8 is applicable throughout the
pH range of 4 to 10.

For at least the present, differences in the behavioral pat-
terns of the alkyl analogs and nucleotides are attributable to
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differences in the basicity of the solvents employed (AN vs.
DMSO) and to the presence of ribose and phosphate groups
in the nucleotides. The ultimate product(s) of decomposi-
tion of H(RNH)* obtained in both studies has an absorp-
tion maxima at 280-290 nm, which indicates?* the presence
of a chomophore of the type

[

—N—C=C—C—
o

It is quite possible that the electroactive function produc-
ing the cathodic dme wave at ca. —1.06 V is not the same as
the chromophore producing the 28u-nm absorption, but
that the compound containing the electroactive function
also contains the chromophore, i.e., the chromophore may
be in all of the acid-catalyzed decomposition products in-
cluding H(RNH)*.
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