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Summary: Electrochemical oxidation potentials of a
number of N-alkylpyridinyl radicals (measured using
photomodulation voltammetry) were combined in a ther-
mochemical cycle with hydride transfer equilibrium data
to provide an estimate of the relative C~H bond dissoci-
ation enthalpies of the NADH model compounds.

Recently, Bordwell and his co-workers? have shown that
reliable relative bond dissociation energies (BDE) can be
obtained by combining relative pK, and redox data in a
thermochemical cycle (eqs 1-3). This acidity oxidation

R-+RH—RH+R- AG°®° =2303RTApK, (1)
R*+R-—R +R" AG® = 23.06AE°  (2)
R*"+RH—RH+R"* AG°~ ABDE 3

potential approach (AAQP) has provided bond energy
estimates for a number of R-H bonds that are not amen-
able to direct measurement. The efficacy of this approach
is based essentially on two assumptions. It is assumed that
the differences in the irreversible potentials are the same
as the differences in the standard potentials, E° (the vast
majority of oxidation potentials of the anions are irre-
versible electron processes). This assumption will be
justified provided that the electrode mechanisms for the
reactions being compared are the same and the rates of
the homogenous follow-up reactions do not vary by more
than a factor of ten.® It also is assumed that the entropy
contributions cancel since the pK, and E° values are free
energies while the BDE'’s are enthalpies. This assumption
has been shown to be justified for most simple hydro-
carbons.*

The utility of the Bordwell method can be attributed
to the large number of pK, values for weak carbon acids
that are available in the literature.® However, this ap-
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proach is not restricted to proton-transfer equilibria. In
this work, we have used hydride-transfer equilibrium data
that are available for a number of NADH model com-
pounds (1H-3H, eq 4)%7 along with the reduction poten-

R*+RH—RH+R* AG° = 2303RTApKy- (4)
R*+R*—-R*+R" AG°® = 23.06AE°  (5)
R*+R'RH—RH+ R* AG° =~ ABDE

tials of the corresponding pyridinium salts (1*-3*) in
acetonitrile (eq 5) in order to determine the relative C-H
BDE'’s for these species. To our knowledge, this is the first
time that this approach has been used. Furthermore, we
have addressed the issue of the use of irreversible electrode
potentials in the thermochemical cycles. Thus, we have
determined the reduction potentials of the pyridinium salts
(by cyclic volammetry) and, under the same conditions
(i.e., solvent, electrolyte, electrode material) determined
the oxidation potential of the corresponding pyridinyl
radical (by photomodulation voltammetry®). Under these
conditions, E° must be bracketed by the two measure-
ments.? Both of the electrochemical techniques have been
described in detail elsewhere.310

H H H H H H
X X
N N N
CH, R R
1H 2Ha,R = CH3; X =CN 3Ha, R = PhCHy; X =CN

2Hb, R = PhCH,; X = CN 3Hb, R = PhCHy; X = C(O)CH,

3Hc, R = PhCH,; X = C(O)NH,
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Table I. Thermochemical Data for the NADH Model Compounds
compd Ep(red)® (V va SCE) E,, (ox)* (V vs SCE) E°¢ (V vs SCE) AAG°(H™)¢ (kcal mol?)  ABDE? (kcal mol™)
1* -0.393 ~0.45 -0.41 (] 0y
2a* -0.530 -0.56 -0.53 -0.20 27+ 12
2b* —0.482 -0.52 -0.49 1.72 3513
3a* -0.838 -0.84 -0.82 -6.61 3011
3b* -0.973 -0.99 -0.97 -9.80 31%£1.2
3c* -1.058 -1.13 -1.08 -11.2 43+ 15
e 0.30¢ or
5* 0.208 -5.0 = 1.5

¢ Measured by cyclic voltammetry in acetonitrile, 0.1 M tetrabutylammonium perchlorate (TBAP) at a gold disk electrode (0.100 V/s scan
rate). The peak potentials have been corrected assuming an EC(dimerization) mechanism (-108 mV for 2k, = 2 X 10° M 57). ®Refers to
the oxidation of 1-5° measured by photomodulation voltammetry in acetonitrile/di-tert-butyl peroxide (9:1, v/v)/0.1 M TBAP at a gold
minigrid electrode. Modulation frequency was 53 Hz with detection of the quadrature component of the signal. Under these conditions
where the product (cation) is infinitely long lived and the radical has a lifetime of ca. 1 ms, a +38 mV correction has been applied to Ey,
(Nagaoka, T; Griller, D.; Wayner D. D. M. J. Phys, Chem. 1991, 95, 6264). °E° = 0.5 [E,(red) + 0.03 + E)5(0x)]. ¢Equilibrium constant
for hydride exchange (eq 4, ref 7). *ABDE = AAG(H") - 23.06AE°. /All values are relative to 1*/1H unless otherwise indicated. #Reference
12 a. "BDE = 78 + 1 kcal mol™! (ref 10). ‘BDE value relative to 4H (ref 12b).

The compounds 1*-3* were synthesized by alkylation
of the appropriate nitrogen heterocycle using either methyl
iodide or benzyl bromide.! The reduced form of these
species were synthesized by dithionite reduction of the
pyridinium salt.! The cyclic voltammetric data for the
reduction of the cations in acetonitrile containing 0.1 M
tetrabutylammonium perchlorate (TBAP) are given in
Table I. The photomodulation voltammetric data for the
oxidation of the radicals, 1°-3°, also are given in Table 1.
In the latter case, the radicals were generated by the
photolysis of di-tert-butyl peroxide folllowed by hydrogen
atom abstraction from 1H-3H by the tert-butoxyl radical
(egs 6 and 7).

t-BuO-OBu-t — 2:-Bu0* ©)
t-BuO* + RH ~ R* + t-BuOH @

Hydride-transfer equilibrium data both in 2-propanol-
/water (4:1)® and in acetonitrile? are available in the lit-
erature. There is little solvent effect on the equilibrium
constants,!! and for consistency, only those data that
pertain to acetonitrile have been used in the calculations.
The free energy changes associated with the hydride
transfer between the NADH model compound (AH) and
1* (eq 8) in acetonitrile are given in Table I.

AH+ 1t =2 A*+ 1H 8

The combination of cyclic voltammetry and photomo-
dulation voltammetry to determirie the E° value for a given
redox couple has the advantage, in this case, of bracketing
the value of E° to a small potential range (typically £20-30
mV, 0.5-0.7 kcal mol™). Hence, the uncertainties asso-
ciated with the BDE values are more easily defined than
they are when only one irreversible potential for each ion
or radical is available.

The ABDE values are given in Table I. For comparison,
BDE(C-H) values for 9,10-dihydroanthracene (4H)!° and
cyclohexadiene (5H)!? (compounds in which the N-R
group has been replaced by methylene) also are included.
Interestingly, benzannelation tends to decrease the
BDE(C-H) by 3-4 kcal mol™ for the dihydropyridines
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(Table I) while, in the hydrocarbon systems, benzan-
nelation increases the BDE(C-H) by ca. 5 keal mol™. A
more detailed EPR, kinetic (laser flash photolysis) and
thermodynamic (photoacoustic calorimetry), study of these
systems as well as systems with other heteroatoms (e.g.,
0, S) is underway in order to gain some insight into the
nature of these substituent effects.

These data also make an important contribution to
understanding the energetics for the various mechanisms
that have been proposed for reduction reactions of NADH
and a number of structurally similar model compounds.
Mechanisms that have been demonstrated in simple
chemical reductions include a single-step hydride trans-
fer,713 a two-step electron/hydrogen atom transfer,™ and
a three-step electron/proton/electron transfer.!® It is clear
from Table I that changes in E° for the oxidation of the
NAD* model are actually energetically greater than
changes in the hydride affinity of the NAD* model (i.e.,
the large change in E° is partially offset by the change in
the BDE). For example, the change in hydride affinity
between 1* and 3¢+ (a common NADH mimic) is -11 keal
mol!, while the change in E° is equivalent to -15.5 keal
mol. The corresponding change in the BDE is only +4
kcal mol . Since the variations in the BDE are relatively
small, these results lead to two conclusions: (1) the more
effective hydride donors also have a predilection to par-
ticipate in the electron/hydrogen atom transfer radical
chain reactions!* so care must be taken to avoid adven-
titious radical initiation with these reagents and (2) the
best hydride-transfer reagents can be designed by focusing
on those factors that influence the reduction potential of
the pyridinium ion.
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