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N1-(2,6-dichlorobenzyl)-1,4-(1H2)dihydronicotinamide and N1-(2,6-dichlorobenzyl)-1,4-
(1H,2H)dihydronicotinamide were oxidized with nitrosobenzene (NOB), 2,6-dichloro-
indophenol (DCPIP), 2,4,6-trinitrobenzenesulfonic acid (TNBS), 10-methyl-acridinium ion
(MAI), and 10-methyl-9-phenyl-acridinium ion (MPAI). In addition, 2-propanol-h8 and 2-
propanol-d8 were oxidized by NAD1 in the presence of yeast alcohol dehydrogenase.
Investigation of the temperature dependence of the kinetic isotope effect indicated that the
redox reactions with MAI and MPAI have very similar thermodynamic characteristics and
proceed via a linear transition state. Redox reactions with NOB, DCPIP, and TNBS have
entirely different thermodynamic characteristics, and probably proceed via a different
transition state. Thermodynamic characteristics of enzymatic reaction are very similar to
model redox reactions with MAI and MPAI.  1997 Academic Press

INTRODUCTION

Transfer of a hydride equivalent from reduced pyridine-nucleotide coenzymes
to a variety of substrates is catalyzed by enzymes of the dehydrogenase family (1).
Since it was found that NAD(P)H as well as many simple dihydropyridine com-
pounds will transfer hydride anion to various substrates, also in the absence of
enzyme, the latter type of reactions has been studied extensively as a model for
enzymatic processes (2).

For more than a decade, the main mechanistic question under discussion seemed
to be whether the hydride equivalent is transferred in a single step, or via a single
electron transfer pathway (3). This discussion unjustly overshadowed equally im-
portant questions about the structure of the transition state and the charge dis-
tribution in the same. Some time ago, it has been proposed by Harold Kwart,
mainly on semiempirical grounds, that the study of the temperature dependence
of the primary kinetic isotope effect can yield valuable information about the
geometry of transition state (4). The applicability of these semiempirical criteria
as a tool to probe the transition state structure met initially with severe criticism
(5, 6).

A very limited amount of experimental data has been published in the literature,
concerning the TDKIE of hydride transfer reactions mediated by NADH-models
(7–9). In this work, we have expanded this experimental basis by performing TDKIE
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measurements with novel substrates, in order to better validate the TDKIE as a
practical method to probe transition state structure of hydride transfer reactions.
For comparison, a study of a TDKIE of an enzymatic hydride transfer from 2-
propanol-h8 or 2-propanol-d8 to NAD1, catalyzed by yeast alcohol dehydrogenase,
has been included.

MATERIALS AND METHODS

The synthesis of N1-(2,6-dichlorobenzyl)nicotinamide bromide was performed
according to Krohnke and Ellegast (10). N1-(2,6-dichlorobenzyl)1,4-(1H2) dihydro-
nicotinamide (DBND-4H2)1 was synthesized according to the method of Wallenfels
et al. (11). DBND-4H,4D was synthesized in an analogous manner in D2O (99.8%);
care was taken to recrystallize the product of reaction several times to maximize
its purity.

Absorption spectra and kinetic measurements were taken in a selfrecording
spectrophotometer SPECORD UV VIS, Carl Zeiss, Jena (Germany), in thermo-
stated cuvette holders at 258C. Anaerobic conditions were obtained essentially as
described by Wallenfels and Gerlach (12). The concentration of reactants was
calculated from their absorption spectra, as previously described (9, 13–15). The
TDKIE measurements were performed with extreme care, as previously described
(9). In all calculations, the secondary KIE was assumed to be equal to unity (7, 9).
Aqueous solutions and water : methanol mixtures were buffered with 0.1 M sodium
phosphate buffer, pH 7.5.

The estimation of DEa and AHH/ADD is sensitive to the secondary KIE and to
the isotopic impurity of DBDN-4D,4D (7, 15, 16); the estimation of the primary
KIE at different temperatures helps to minimize the random errors, but does little
to eliminate the systematic errors. Therefore, the sources of inaccuracy in the
estimation of the primary KIE remain the secondary KIE and the isotopic impurity
of DBDN-4H,4D.

Thermodynamic parameters in Table 2 were calculated from relationships:

DS1 5 R (ln A 2 ln RT 1 ln Nh) 2 R [1]

DH1 5 Ea 2 RT [2]

DG1 5 DH1 2 TDS1 [3]

Yeast alcohol dehydrogenase (EC 1.1.1.1), NAD1, and NADH were obtained
from Sigma, and 2-propanol-d8 was obtained from Aldrich. Initial rate data for the
oxidation of 2-propanol-h8 or 2-propanol-d8 with NAD1 in the presence of YADH,
were collected at 4 or 5 different concentrations of alcohol at a constant NAD1;

1 Abbreviations used: YADH, yeast alcohol dehydrogenase; TS, transition state; TDKIE, temperature
dependence of the kinetic isotope effect; NOB, nitroso-benzene; DCPIP, 2,6-dichloroindophenol; TNBS,
2,4,6-trinitrobenzenesulfonic acid; MAI, 10-methyl-acridinium ion; MPAI, 10-methyl-9-phenyl-acridin-
ium ion; BDN, N1-(2,6-dichlorobenzyl)-1,4-dihydronicotinamide.
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the same procedure was repeated at 4 or 5 different concentrations of NAD1. Initial
rate data were fitted to Eq. [4] with the Fortran programs of Cleland (17):

vo/eo 5
V1[A][B]

KiaKb 1 Kb[A] 1 Ka[B] 1 [A][B]
[4]

where vo is the initial rate (M.s21), eo the concentration of enzyme active sites (M),
V1 the maximal catalytic constant (s21), Ka and Kb the Michaelis constants for
NAD1 and alcohol (M), Kia the inhibitory constant for NAD1 (M), and [A] and [B]
the concentrations of NAD1 and alcohol (M), respectively (18). Extreme care was
taken to precisely measure the temperature in enzymatic reactions.

RESULTS

Stoichiometry and Product Identification

NOB, DCPIP, and TNBS were readily reduced by N1-(2,6-dichlorbenzyl)-1,4-
(1H2)dihydronicotinamide, N1-(2,6-dichlorobenzyl)-1,4-(1H,2H)dihydronicotinam-
ide, or NADH in dry methanol, methanol : buffer mixtures, or neutral buffers. The
three redox reactions strictly followed the first-order rate law under the pseudo-first
order conditions, or the second-order rate law under the second order conditions, for
at least 2 to 3 half-times, under a variety of conditions. It was previously shown
that, in each case, a direct addition of hydride anion plus proton to NOB (9),
DCPIP (19), or TNBS (14, 15) afforded the primary product of reduction; NOB
afforded hydroxylamine, DCPIP the corresponding phenol, and TNBS the corre-
sponding dihydro compound, respectively. In each case, the stoichiometry and the
primary product of reaction were identified kinetically.

TDKIE in Model Reactions

NOB, DCPIP, and TNBS were readily reduced by DBDN-4H2 or by DBDN-
4H,4D in dry methanol or in methanol : buffer mixtures; anaerobic conditions were
maintained in order to prevent the interference of radical oxygen species (9, 13).
Table 1 shows the bimolecular rate constants (k) of each of the above redox
reactions, measured at several temperatures between 148C and 508C.

The kinetic data from Table 1 were fitted to the following Arrhenius equa-
tions:

Nitrosobenzene:

ln kHD 5 (16.21 6 0.34) 2 (28.05 6 0.68 kJ/mol)/RT [5]

r 5 0.999

ln kHH 5 (16.78 6 0.40) 2 (28.02 6 0.67 kJ/mol)/RT [6]

r 5 0.997
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TABLE 1
Temperature Dependence of Bimolecular Rate Constants (k) for the Reduction

of Neutral Substrates with DBDN-4H2 and DBDN-4H,4D, under Anaerobic Conditions

A. Reduction of nitrosobenzene by DBDN

temp, K 289.0 292.4 297.6 301.5 307.6 313.0 318.1
kHD 93.7 111.0 131.6 148.4 188.7 232.7 275.9
temp, K 289.0 292.4 297.6 302.0 307.8 313.2 318.8
kHH 165.0 184.9 239.8 287.1 347.2 391.5 497.7

B. Reduction of 2,6-dichloroindophenol by DBDN

temp, K 287.1 291.1 297.6 302.6 308.1 318.1
kHD 66.2 74.4 81.2 95.5 108.2 127.0
temp, K 289.1 291.1 297.6 302.6 308.1 318.1
kHH 131.1 134.3 161.4 180.3 196.6 236.3

C. Reduction of 2,4,6-trinitrobenzenesulfonic acid by DBDN

temp, K — 292.1 296.7 302.1 307.1 313.1 322.6
kHD — 78.7 95.4 118.6 144.2 184.8 251.0
temp, K 287.4 292.1 296.7 302.1 307.1 313.1 322.6
kHH 100.9 130.4 148.6 191.3 230.1 282.9 409.8

Note. Rate constants are given in M21min21. (A) [Nitrosobenzene] 5 1,24.1023 M; [DBDN-4H2] and
[DBDN-4H,4D] 5 1,48.1024 M in dry methanol. (B) [2,6-Dichloroindophenol] 5 3,72.1025 M; [DBDN-
4H2] 5 6,48.1024 M; [DBDN-4H,4D] 5 5,98.1024 M, in methanol/buffer mixture (1 : 1, v/v). (C) [2,4,6-
Trinitrobenzenesulfonic acid] 5 9,06.1024 M; [DBDN-4H2] 5 1,60.1024 M; [DBDN-4H,4D] 5 1,66.1024

M, in 0.1 M sodium phosphate buffer, pH 7.5.

2,6-Dichloroindophenol:

ln kHD 5 (10.96 6 0.24) 2 (16.16 6 0.36 kJ/mol)/RT [7]

r 5 0.995

ln kHH 5 (11.47 6 0.23) 2 (15.86 6 0.32 kJ/mol)/RT [8]

r 5 0.997

2,4,6-Trinitrobenzenesulfonic acid:

ln kHD 5 (16.74 6 0.43) 2 (30.05 6 0.77 kJ/mol)/RT [9]

r 5 0.999

ln kHH 5 (17.21 6 0.48) 2 (30.06 6 0.84 kJ/mol)/RT [10]

r 5 0.999

From Eqs. [5]–[10], the difference in activation energies (EDD 2 EHH) and, after
correction for the isotopic impurity of DBDN-4H,4D (20), the ratio of frequency
factors (AHH/ADD) for hydride vs deuterium transfer were calculated and presented
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TABLE 2
TDKIE Criteria and Thermodynamic Parameters for Hydride Transfer Reactions

to Neutral and to Positively Charged Substrates, at 258C

Ea
DD–Ea

HH DG1 DH1 2DS1

Redox pair (kJ/mol) AHH/ADD kHH/kDD (kJ/mol) (kJ/mol) (e.u.) Reference

Nitrosobenzene DBDN-4H2 0.2 7.6 8.3 59.4 25.5 113.7 Table 1
DBDN-4D2 64.7 25.8 130.6

2,6-Dichloro- DBDN-4H2 0.8 5.1 3.9 60.9 13.8 157.8 Table 1
indophenol DBDN-4D2 65.7 14.6 171.4

2,4,6-Trinitroben- DBDN-4H2 0.1 4.0 3.9 60.4 27.6 110.1 Table 1
zenesulfonic acid DBDN-4D2 63.8 27.5 121.7

Compound-1a (4H2 ,49H) 0.0 2.7 2.7 77.0 34.7 141.8 8, 16
(4D2 ,49D) 79.5 34.7 150.1

10-Methyl- MPDN-4H2 7.7 0.2 5.2 67.6 31.9 119.6 7
acridinium ionb MPDN-4D2 71.1 39.5 106.0

10-Methyl-9-phenyl- BDN-4H2 4.3 0.7 4.2 71.0 23.1 161.0 8, 16
acridinium ionb BDN-4D2 74.1 27.4 158.4

Note. MPDN-4H2 , N1-methylphenyl-1,4-(1H2)dihydronicotinamide; MPDN-4D2 , N1-methylphenyl-1,4-(2H2)dihy-
dronicotinamide; BDN-4H2 , N1-benzyl-1,4-(1H2)dihydronicotinamide; BDN-4D2 , N1-benzyl-1,4-(2H2)dihydronico-
tinamide.

Compound-1

N N

NH2

(CH2)3

C

O O

NH2

C
+

a In dimethylsulfoxide-D6 .
b In acetonitrile.

in Table 2. In Table 2, also, thermodynamic parameters DG1, DH1 and DS1, plus
kinetic isotope effects (kHH/kDD) for all three redox reactions were calculated at
258C. For comparison, all above kinetic and thermodynamic parameters for another
three substrates, 10-methyl-acridinium ion (7), 10-methyl-9-phenyl-acridinium ion
(8), and compound-1 (8), were included in Table 2.

Solvent Effects in Hydride Transfer Reactions

The presence of water, a polar protic solvent of high dielectric constant, has a
very strong influence on reaction rate of redox reactions of NOB, DCPIP, and TNBS
with DBDN-4H2 . Figure 1 shows the relationship between the natural logarithm of
bimolecular rate constants for above reactions (ln k) and the molar concentration
of water in buffer : methanol mixtures, determined at pH 7.5. The kinetic data in
Fig. 1 were treated assuming a linear relationship between ln k and the molar
concentration of water in buffer : methanol mixtures, according to Eq. [11]:

ln k 5 ln ko 2 A [H2O] [11]
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FIG. 1. Linear relationship between ln k and the molar concentration of water in buffer : methanol
mixtures for redox reactions of nitrosobenzene (n), 2,6-dichloroindophenol (h) and 2,4,6-trinitroben-
zenesulfonic acid (s) with DBDN-4H2 in 0.1 M sodium phosphate buffer, pH 7.5, at 258C, under
anaerobic conditions.

where k and ko are bimolecular rate constants (M21min21) in the presence and in
the absence of water in buffer : methanol mixtures. A is a constant, and [H2O] the
molar concentration of water in buffer : methanol mixtures. From the data in Fig.
1, kinetic constants ko and kw were calculated for all three redox reactions and
presented in Table 3. For comparison, the same kinetic parameters, for redox
reactions of 10-methyl-acridinium ion with BDN-4H2 and CPDN-4H2 were included
in Table 3.

TABLE 3
Solvent Effects in Hydride Transfer Reactions at 258C

ko
a kw

b

Redox pair (M21min21) (M21min21) kw/ko Ref.

Nitrosobenzene DBDN-4H2 192 665300 3456 Fig. 1
2,6-Dichloroindophenol DBDN-4H2 13 4650 360 Fig. 1
2,4,6-Trinitrobenzenesulfonic acid DBDN-4H2 0.8 154 190 Fig. 1
10-Methyl-acridinium ion BDN-4H2 10800 33000 3 21

CPDN-4H2
c 21000 38000 2 21

a Rate constant in methanol.
b Rate constant in 0.1 M sodium phosphate buffer, pH 7.5.
c N1-cyclopentyl-1,4-(1H2)dihydronicotinamide.
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TABLE 4
Temperature Dependence of V1 for YADH-Catalyzed Oxidation

of 2-Propanol-h8 and 2-Propanol-d8 with NAD1 at pH 7.0

2-Propanol-h8 2-Propanol-d8

Temp (8C) V1 (sec21) Temp (8C) V1 (sec21)

17.5 0.53 6 0.03 17.7 0.18 6 0.02
21.0 0.71 6 0.03 20.75 0.22 6 0.01
25.3 0.94 6 0.05 25.0 0.34 6 0.01
30.1 1.26 6 0.05 30.5 0.42 6 0.01
35.8 1.58 6 0.12 35.5 0.65 6 0.02
41.3 2.01 6 0.03 41.2 0.85 6 0.06

TDKIE in YADH-Catalyzed Enzymatic Reaction

In order to compare the model hydride-transfer reactions with similar enzymatic
reactions, the yeast alcohol dehydrogenase-catalyzed oxidation of 2-propanol-h8 or
2-propanol-d8 with NAD1 has been investigated. Table 4 shows the temperature
dependence of V1 for both substrates at several temperatures, from 17 to 428C.

The kinetic data for V1 from Table 4 were fitted to the following Arrhenius equa-
tions:

ln VDD 5 (19.60 6 0.60) 2 (51.62 6 1.50 kJ/mol)/RT [12]
r 5 0.995

ln VHH 5 (16.80 6 0.50) 2 (42.03 6 1.00 kJ/mol)/RT [13]
r 5 0.994

From Eqs. [12] and [13], the following thermodynamic parameters for the enzy-
matic reaction were calculated: EDD 2 EHH 5 10.05 kJ/mol; AHH/ADD 5 0.10; kHH/
kDD 5 2.68; DG1 was 73.3 (h8) and 76.0 (d8) kJ/mol, DH1 was 39.5 (h8) and 49.6
(d8) kJ/mol, and 2DS1 was 113.4 (h8) and 88.6 (d8) e.u., at 258C.

DISCUSSION

All redox reactions listed in Table 2 were reasonably fast to afford kinetic mea-
surements with sufficient accuracy and were devoid of side reactions which can
severely disturb the interpretation of TDKIE (7–9, 14–16, 19, 21).

Redox reactions listed in Table 2 are clearly segregated into two distinct groups,
according to their thermodynamic properties. The first group comprises neutral
and negatively charged substrates NOB, DCPIP, and TNBS, and the second group
the positively charged substrates MAI and MPAI. In the first group, the difference
in activation energies was close to zero, and the ratio of frequency factors was
very high (4.0–7.6). Free energy of activation was always higher for DBDN-4D2
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compared to DBDN-4H2 by 3.4–5.3 kJ/mol; similar difference in activation enthal-
pies was close to zero. The activation entropy for DBDN-4H2 was always higher
compared to DBDN-4D2 by 11.5–16.9 e.u. In the second group, the ratio of fre-
quency factors was close to zero, and a difference in activation energies was high
(4.3–7.7 kJ/mol); activation enthalpy, entropy, and free energy of activation was
always higher for deuterated, compared to nondeuterated dihydropyridines (Ta-
ble 2).

This overall similarity within a group, and great differences between both groups,
indicates that hydride transfer proceeds via two different transition states. A simple
electrostatic argument indicates that a parallel-endo (sandwich) bent TS should be
unstable in hydride transfer reactions to positively charged substrates, since both
hydride-donor and acceptor gain a partial positive charge in the TS and thus repel
each other into the linear exo-arrangement (8, 16). The same electrostatic argument
suggests that in case of hydride transfer between 1,4-dihydropyridine and a neutral
or negatively charged substrate a bent TS might be favored. In accordance with
this, the TDKIE criteria of Kwart, when applied to reactions listed in Table 1,
typify a bent TS for neutral and negatively charged substrates, and a linear TS for
positively charged substrates (4, 8, 16).

In compound-1, a sandwich-type orientation is forced upon on sterical grounds;
indeed, TDKIE criteria of Kwart and thermodynamic parameters typified a bent
TS (Table 2), despite the fact that an intramolecular hydride transfer takes place
from neutral to the positive portion of the molecule (8, 16). Kurz and Frieden
studied the secondary KIE for reductive desulfonation of 4-cyano-2,6-dinitroben-
zene sulfonates with dihydronicotinamides; from anomalous value of the secondary
KIE they concluded that hydride transfer occurs via a sandwichtype bent TS (14, 15).

Quantum-mechanical calculations of complete reaction profiles for some closely
related hydride transfer reactions only partially supported the above conclusions.
Verhoeven et al. (8) performed calculations for hydride transfer reactions from 1,4-
dihydropyridine to pyridinium ion (positively charged substrate) and from dihydro-
pyridine to 1,1-dicyano-ethene (neutral substrate), in the gas phase. Extrapolation
of their results to solvents of high dielectric constant indicated a strong preference
for a linear TS for a hydride transfer reaction to positively charged substrate, in
agreement with TDKIE measurements. Contrary to that, linear TS was slightly
favored over bent TS in hydride transfer to a neutral substrate; in solvents of high
dielectric constant difference will increase in favor of linear TS as the sandwich TS
loses its electrostatic advantage (8, 16), which is at variance with TDKIE measure-
ments.

In hydride transfer reactions to neutral substrates charge separation occurs, pro-
ducing an ion pair from neutral reactants. Hydride transfer to positively charged
substrates represents a ‘‘charge-exchange,’’ for which reactants and products have
equal charges. As might be expected, the former type of reaction is extremely
sensitive to polar protic solvent, while the latter is practically insensitive to the
same (Fig. 1, Table 3).

Thermodynamic parameters obtained for enzymatic oxidation of 2-propanol-h8

or 2-propanol-d8 with NAD1 resemble closely the properties of hydride transfer
reactions from DBDN-4H2 or DBDN-4H,4D to positively charged substrates, MAI
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or MPAI. The striking thermodynamic similarity between both types of reactions
indicates that the transition states in both cases may have common structural fea-
tures.

The extent of tunneling during hydride transfer reactions in NADH model systems
was investigated by measuring the TDKIE. To assess the magnitude of tunnel
effects we employed a computer program of Kaldor and Saunders (22). This pro-
gram assumes that the Arrhenius equation adequately describes the temperature
dependence of a reaction with tunneling if a tunnel correction factor, Q, is included
(Eq. [14]):

kH 5 QtHAtH exp[2EaH/(RT)] [14]

When the additional assumption of isotopically insensitive semiempirical preex-
ponential factors (ASH 5 ASD) is made, the temperature dependence for the isotope
effects is given by Eq. [15]:

kH/kD 5 QtH/QtD exp[(EaD 2 EaH)/(RT)] [15]

where Qt is calculated by using the first term of the Bell equation (23). Table 5
lists the quantities derived from the fits of data for MAI, MPAI, and the YADH
catalyzed reaction.

The tunnel correction factors for QtH vary from 1.5 to 4.0 for MAI and MPAI
and from 3.5 to 5.0 for enzymatic reaction; this is indicative of a moderate amount
of tunneling but not enough to give rise to any striking phenomena. The ratios of
QtH/QtD reflect the extent to which tunneling is affecting kH/kD ; at 408C, in each
case, less than half of the observed isotope effect arises from the tunneling contribu-
tion (7).

The application of the computer program of Kaldor and Saunders (22) to reactions
with NOB, DCPIP, TNBS, and compound-1 afforded unrealistically high sums of
squares of errors; this indicated that the Bell equation is unsufficiently adapted for

TABLE 5
Tunnel Corrections in Hydride Transfer Reactions

MAIa MPAIb YADH

Temp (8C) QtH QtH/QtD Temp (8C) QtH QtH/QtD Temp (8C) QtH QtH/QtD

5.0 4.00 2.25 19.9 1.65 1.32 17.65 4.99 2.65
14.0 3.54 2.07 24.9 1.62 1.29 20.9 4.72 2.55
23.0 3.19 1.93 29.9 1.59 1.28 26.65 4.37 2.39
32.0 2.91 1.83 34.9 1.56 1.26 30.3 4.08 2.28
41.0 2.69 1.74 39.9 1.54 1.25 36.5 3.76 2.16
50.0 2.51 1.66 44.9 1.52 1.24 41.25 3.55 2.08

49.9 1.50 1.23
54.9 1.48 1.22

a Data taken from Powell and Bruice (7).
b Data calculated from van Gerresheim and Verhoeven (24).
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these types of reactions (25). Once again, the redox reactions listed in Table 2 were
segregated into two distinct groups, according to their thermodynamic properties;
the tunnel correction factors for MAI, MPAI, and the enzymatic reaction were
precisely calculated by using the first term of the Bell equation, while the same
equation was inadequate for calculating tunnel corrections for hydride transfer
reaction to neutral or negatively charged substrates NOB, DCPIP, TNBS, or com-
pound-1.
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