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species.14 The present work constitutes the first structural 
indications of what could be the active site in the reduced 
pentacoordinate state of P-450. Indeed, I contains a high-spin 
(S = 2) pentacoordinate ferrous mercaptide porphyrin species. 
Solutions of I in chlorobenzene present a magnetic moment 
of 4.8 ± 0.1 MB (NMR) indicating that the pentacoordinate 
high-spin iron(II) complex is also predominant in that medi
um.6 The visible spectrum presents bands at 422 (5.13), 530 
(3.87), 580 (3.73), 630 (3.60) nm in chlorobenzene. These 
solutions quickly pick up CO to give rise to a compound 
displaying a hyper-porphyrin-type spectrum with bands at 386 
(4.94), 458 (4.96), 565 (3.63), and 615 (3.63) nm.15 CO ab
sorption can be followed in the infrared where a new absorption 
appears at 1920 cm-1. This reaction is completely reversible 
and the spectrum of I is regenerated when the UV cell is purged 
with argon. It is noteworthy that CO uptake also occurs re-
versibly in the solid state (i>co 1930 cm -1). 

The carbonyl adduct has been crystallized as the TTP 
complex (II) and an X-ray analysis at 75 K has confirmed the 
presence of CO at the sixth coordination site. II is diamagnetic 
in solution. The porphyrin ring is planar. At the present stage 
of refinement, the average Fe-Np bond distance is 1.993 (4) 
A and a general contraction of the porphyrinato core attrib
utable to a high-spin to low-spin transition of the iron atom 
takes place (0.04 A). The displacement of the iron atom with 
respect to the mean plane of the four nitrogen atoms (0.02 A) 
is within experimental error. The Fe-S bond distance of 2.352 
(2) A is not significantly different from that of 2.360 (2) found 
in I.16 Fe-C and C-O bond lengths (1.78(1) and 1.17(I)A) 
are not significantly different from those present in Fe(TTP)-
(Py)(CO).'? 

Mossbauer spectral studies of I and II and X-ray studies of 
other iron mercaptide porphyrin complexes are presently un
derway. 
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Models for NADH Coenzymes. 
Evidence for an Electron-Transfer Mechanism 
Yielding a Radical-Cation Intermediate in the 
JV-Benzyldihydronicotinamide-iV-Benzylnicotinamide 
Salt Transhydrogenation Reaction 

Sir: 

The study of the oxidation-reduction reactions of models 
for nicotinamide coenzymes has provided important infor
mation about the mechanism of such processes.1 We have been 
investigating the redox mechanism of the TV-benzyl-1,4-di-
hydronicotinamide (l)-TV-benzylnicotinamide salt (2) trans
hydrogenation reaction as a model reaction for an NADH 
dependent redox process2 (Scheme I). In this communication, 
we report two major findings: one, the presence of the nico
tinamide salt catalyzes the hydration of the dihydronicoti-
namide, and two, the presence of the nicotinamide salt cata
lyzes the exchange of the C-4 hydrogen of the dihydronico-
tinamide with the hydrogen from water. We believe that these 
observations provide evidence for an electron-transfer mech
anism with an intermediate radical-radical-cation pair during 
the course of transhydrogenation. 

An examination of a reaction mixture consisting of 0.05 M 
A-'-benzyldihydronicotinamide3 (1) and 0.05 M /V-benzyl-
nicotinamide chloride (2) in 0.1 M (pH 8.6) aqueous phosphate 
by high pressure liquid chromatography (HPLC) revealed the 
formation of a new product during the course of transhydro
genation at 40 0C. This product was identified as the primary 
hydration product of /V-benzyldihydronicotinamide, 3, by a 

O 

CH2 

C6H5 

3 
comparison of spectral and chromatographic properties with 
those of an au then t ic sample prepared by the acid-catalyzed 
hydrat ion of A'-benzyldihydronicot inamide. 4 The formation 
of 3 is catalyzed by the presence of 0.1 M phosphate (pH 8.6). 
If the transhydrogenation is carried out in 0.1 M carbonate or 
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Figure 1. Time course of the /V-benzyldihydronicotinamide (M)-N-ben-
zylnicotinamide salt ( • ) transhydrogenation reaction and the formation 
of the primary hydration product of the dihydronicotinamide (A). The 
reaction mixture consisted of 0.046 M /V-benzyldihydronicotinamideand 
0.043 M [7-l4C]-jV-benzylnicotinamide chloride in an acetonitrile-0.1 
M aqueous phosphate (pH 8.6) solvent mixture (1:3, v/v) maintained at 
40.0 ± 0.1 0C. Infinity points were taken at 420 min. 

Scheme I 
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borate buffers (pH 8.6-9.0), the formation of 3 is not observed 
during two half-lives of transhydrogenation. The course of 
transhydrogenation and hydration product formation was 
monitored by using a radiochemically labeled dihydronico
tinamide or nicotinamide salt and observing the change in the 
specific activity of the reaction components as a function of 
time. The reaction components were separated by HPLC and 
assayed for radioactivity by liquid scintillation counting after 
correcting for quenching. Since the sum of the radioactivity 
over all components remained constant during the reaction and 
was equal to the total radioactivity injected into the chroma-
tograph, the progress of the reaction was evaluated by ob
serving the percent of the total radioactivity of each component 
as a function of time. A typical run is shown in Figure 1. 

The observation that the rate of formation of the hydration 
product, 3, is catalyzed by the nicotinamide salt, 2, provides 
an important clue to the mechanism of hydration. An HPLC 
study of a series of reaction mixtures consisting of 0.04 M 
[£e«zj.7-3H]-/V-dihydronicotinamide and various concentra
tions of nicotinamide salt (0-0.05 M) demonstrated that the 
initial rate of 3H appearance in the hydration product was 
linearly dependent on the concentration of nicotinamide salt 
(Figure 2). Control experiments with added sodium chloride 
(0.5 M) demonstrated that this hydration reaction is insensitive 
to increases in ionic strength. The slope of (3.3 ±0.2) X 10 -2 

M - 1 min-1 represents the second-order rate constant of nic-
otinamide-catalyzed hydration at the indicated conditions. 

0.16 
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Figure 2. Variation of the initial rate of 3H appearance in the primary 
hydration product, 3, measured by HPLC as a function of the concen
tration of added nicotinamide salt. Reactions were carried out with 0.04 
M [be«z_W-3H]-yV-dihydronicotinamide in an acetonitrile-0.1 M aqueous 
phosphate (pH 8.6) solvent mixture (1:3. v/v) maintained at 40.0 ± 0.1 
0C. 

TIME (min) 
Figure 3. Time course of the appearance of 3H activity (O) and 14C activity 
( • ) in the primary hydration product, 3, expressed as the percent of the 
total radioactivity in the reaction mixture. Reactions containing 0.04 M 
[6enz>>/-3H]-/V-dihydronicotinamide and 0.04 M [7-,4C]-/V-benzylni-
cotinamide chloride were carried out in an acetonitrile-0.1 M aqueous 
phosphate (pH 8.6) solvent mixture (1:3, v/v) at 40.0 ± 0.1 0C. The plot 
represents the results of several duplicate experiments. 

The hydration product, 3, originates from the dihydroni
cotinamide rather than from the nicotinamide salt during the 
course of transhydrogenation. A time course study of a reaction 
mixture consisting of [foe«zy/-3H]-Af-dihydronicotinamide and 
[7-i4C]-/V-benzylnicotinamide chloride in a 0.1 M aqueous 
phosphate (pH 8.6) solvent mixture demonstrated that the 
initial rate of 3H appearance in the hydration product is ten 
times faster than the initial rate of 14C appearance in the hy
dration product (Figure 3). This observation indicates that in 
the initial stages, before much transhydrogenation has oc
curred, ~9 out of 10 molecules of hydration product, 3, origi
nated from the dihydronicotinamide. When the reaction 
mixture was examined over longer time periods (Figure 4) the 
rates of 3H and 14C appearance in the hydration product be
came equal in the later stages of the reaction as a result of the 
statistical distribution of 3H and 14C labels among the dihy
dronicotinamide and nicotinamide salt as a consequence of 
transhydrogenation. 

The kinetic isotope effect resulting from 3H substitution at 
C-4 of the dihydronicotinamide, in the nicotinamide salt cat
alyzed hydration, was calculated from the measured compe-



7404 Journal of the American Chemical Society / 101:24 / November 21, 1979 

O 
3 
Q 
O 
CC 
Q. 

< 

S 
> 
X 
Z 
UJ 
O 
CC 

100 150 200 250 '600 650 

TIME lminl 
Figure 4. Extended time course of the appearance of 3H activity (O) and 
14C activity ( • ) in the primary hydration product, 3, expressed as the 
percent of the total radioactivity in the reaction mixture. A reaction con
taining 0.05 M [6e/jz_y/-3H]-A-dihydronicotinamide and 0.05 M [7-
,4C]-A'-benzylnicotinamide chloride was carried out in an acetonitrile-0.1 
M aqueous phosphate (pH 8.6) solvent mixture (1:3, v/v) maintained at 
40.0 ±0.1 0C. 
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Figure 5. Time course of a transhydrogenation reaction demonstrating 
the loss of 3H from the C-4 positions of the redox pair. A reaction mixture 
containing equimolar quantities (total concentration, 0.052 M) of [4-
3H]-A-benzyldihydronicotinamide, [7-14C]-A-benzyldihydronicotin-
amide, [4-3H]-A'-benzylnicotinamide chloride, and [7-l4C]-A-benzyl-
nicotinamide chloride was incubated in an acetonitrile-0.1 M (pH 8.8) 
borate buffer mixture (1:3, v/v) maintained at 70.0 ± 0.1 0C. 

tition reaction between [7-l4C]-/V-benzyldihydronicotinamide 
and [4-3H]-/V-benzyldihydronicotinamide to form the hy
dration product in the presence of 0.025 M /V-benzylnico-
tinamide chloride in 0.1 M (pH 8.6) phosphate buffer. The 
ratio of the specific rates of the two dihydronicotinamides 
(kinetic ratio) was obtained from the fractional conversion of 
the two radiochemically labeled dihydronicotinamides into the 
hydration pjoduct by a procedure described previously2 pro
viding a kinetic ratio of ku/kj = 1.03 ± 0.02. 

In the presence of the nicotinamide salt, the C-4 hydrogen 
of the dihydronicotinamide undergoes exchange with the hy-
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Figure 6. Time course of a transhydrogenation reaction demonstrating 
the loss of deuterium from the C-4 position of the dihydronicotinamide 
(O) catalyzed by the nicotinamide salt. A reaction mixture consisting of 
0.049 M [4,4-2H2]-A'-benzyldihydronicotinamide and 0.037 M [4-2H]-
A'-benzylnicotinamide chloride in acetonitrile-0.1 M (pH 8.8) aqueous 
borate buffer mixture (1:3, v/v) is maintained at 70.0 ±0.1 °C and ana
lyzed by mass spectrometry. A control reaction mixture ( • ) , where the 
nicotinamide salt has been left out, shows no loss of deuterium. 

drogens from the solvent. This exchange can be demonstrated 
via two types of experiments. 

A transhydrogenation mixture consisting of equimolar 
quantities (total concentration, 0.052 M) of [4-3H]-7V-ben-
zyldihydronicotinamide, [7-14C]-./V-benzyldihydronicoti-
namide, [4-3H]-Ar-benzylnicotinamide chloride, and [7-
14C]-/V-benzylnicotinamide chloride is incubated in an ace
tonitrile-0.1 M (pH 8.8) borate buffer mixture (1:3, v/v) at 
70 0C. Under these conditions, the half-life of transhydroge
nation is 12 min. Aliquots were removed at various times; the 
dihydronicotinamide and the nicotinamide salt were separated 
by HPLC, collected and analyzed for 3H and 14C activity. The 
percent of tritium remaining in the redox pair at any time (t) 
compared with that at the beginning of the reaction (0) can be 
readily determined from the following relationship 

%3H = [(L 3H/I: 1 4C), / ( I ; 3H/E 1 4C)O] x ioo (i) 

where 2 represents the sum of the radioactivity in the dihy
dronicotinamide and the nicotinamide salt. During the course 
of 45 half-lives of transhydrogenation we observe that the 
percent of tritium in the redox pair decreases. The time de
pendence of this tritium loss is shown in Figure 5. The tritium 
exchanged from the C-4 position of the redox pair can be lo
cated in the HPLC eluant corresponding to the "water peak". 
The HPLC eluant directly after the void volume of the HPLC 
column is rich in tritium and very low in 14C as would be ex
pected for the HPLC analysis of a tritiated water sample. The 
amount of tritium found in the "water peak" accounts for the 
tritium lost from the C-4 position of the redox pair. 

The catalysis of hydrogen exchange from the C-4 position 
of the dihydronicotinamide by the nicotinamide salt could also 
be demonstrated by mass spectrometry. A transhydrogenation 
mixture consisting of [4,4-2H2]-A'-benzyl-l,4-dihydronico-
tinamide (0.049 M) and [4-2H]-/V-benzylnicotinamide chlo
ride (0.037 M) was incubated at 70 0C in the same solvent 
mixture as the previous experiment.4 At various times, aliquots 
were removed and the dihydronicotinamide was separated by 
extraction into dichloromethane. The dihydronicotinamide was 
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analyzed for deuterium content by mass spectrometry using 
the solid probe inlet. The amount of mono- and dideuterium-
labeled dihydronicotinamides was ascertained by comparing 
the respective 215 and 216 molecular ions of the reaction ex
tracts with those of samples of known deuterium composition. 
We observe that during the course of transhydrogenation the 
amount of dideuterium-labeled dihydronicotinamide decreases 
with a corresponding increase in the monodeuterium-labeled 
dihydronicotinamide. The time dependence of this C-4 deu
terium exchange process with the solvent is shown in Figure 
6. In sharp contrast to the above result, an analogous incuba
tion mixture where the nicotinamide salt has been left out 
shows no exchange (Figure 6) but rather a modest enrichment. 
The latter observation is probably due to a small amount of air 
oxidation of the dihydronicotinamide with a kinetic preference 
for the singly labeled compound. 

In this communication we have demonstrated that the nic
otinamide salt, 2, catalyzes the hydration of the dihydronico
tinamide under conditions where the acid-catalyzed mecha
nism is negligible. This conclusion is based on the first-order 
dependence of the hydration on both the dihydronicotinamide 
and nicotinamide salt as measured by radioactive labeling. In 
analogy to the known specific acid- and phosphate-catalyzed 
hydration of nicotinamides,5 these observations suggest that 
the nicotinamide salt functions to develop positive charge at 
the C-6 position of the dihydronicotinamide prior to the formal 
addition of water across the C-5 double bond. We propose that 
the developed positive charge at the C-6 position of the dihy
dronicotinamide is the consequence of electron transfer from 
the dihydronicotinamide to the nicotinamide salt to form a 
radical-cation-radical pair.6 We further propose that the 
radical-cation-radical pair lies on the reaction pathway toward 
transhydrogenation (Scheme II). The proposed scheme is 
consistent with the observed kinetic behavior of both the 
transhydrogenation2 and the nicotinamide salt catalyzed hy
dration of the dihydronicotinamide. The observation2 that a 
primary deuterium isotope effect of 6 is obtained for the 
transhydrogenation reaction indicates that the hydrogen-
transfer step is at least partially rate determining and that the 
value of /c3 is smaller than kj_ in Scheme II. Hence, one would 
predict the absence of a primary isotope effect in the nicotin
amide salt catalyzed hydration of the dihydronicotinamide and 
this is demonstrated by our experiments. Furthermore, the 
observation that the hydration product originated from the 
dihydronicotinamide rather than the nicotinamide salt is also 
in agreement with the proposed scheme.7 

The electron-transfer mechanism outlined in Scheme II is 
further supported by the observed nicotinamide salt catalyzed 
exchange of the C-4 hydrogen of the dihydronicotinamide. 
Control experiments indicate that this exchange is strictly 

dependent on the presence of the nicotinamide salt. These 
observations suggest the formation of an intermediate capable 
of undergoing hydrogen transfer with solvent, namely the 
radical cation of the dihydronicotinamide.8 Such radical cat
ions are known to be strong acids.9,10 Moreover, carbamido-
pyridinyl radicals generated via one-electron addition to pyr-
idinium ions are known to disproportionate to pyridinium and 
dihydropyridine in addition to giving dimerization products.10 

Although we cannot isolate dimerization products, we see 
numerous decomposition products that could arrive from the 
breakdown of the dimer. 

A comparison of the rate of transhydrogenation with the rate 
of C-4 hydrogen exchange indicates that the latter process is 
~50 times slower. The very slow hydrogen exchange with 
solvent relative to transfer to the oxidant is consistent with the 
widely recognized observation that enzymic and model NADH 
reactions occur with specific transfer of the hydrogen from 
NADH to the oxidant without loss to solvent.11 To the best of 
our knowledge, the transhydrogenation reaction represents the 
first example where this very slow loss to solvent has been 
measured. Our ability to measure this slow exchange rests on 
the unique property of the transhydrogenation reaction, 
namely that the process is "perpetual" owing to the symmetry 
between reactants and products. 

In summary, the observations reported in this communi
cation support a scheme where the electron transfer from 
A'-benzyldihydronicotinamide to TV-benzylnicotinamide salt 
leads to an intermediate radical-radical-cation pair which may 
undergo one of three further possible processes: (a) hydrogen 
transfer from the radical cation to the radical leading to 
transhydrogenation, (b) reaction of the radical cation with 
water leading to hydration of the dihydronicotinamide, and 
(c) hydrogen transfer from the radical cation to solvent leading 
to exchange. The existence of one-electron-transfer process in 
the model redox systems for NADH coenzymes suggests the 
possibility that similar processes occur in the enzyme-catalyzed 
reactions. 
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Models for NADH Coenzymes. 
Reactions of 2-Carboxyl-Substituted Pyridines 
with N-Alkyl-l,4-dihydronicotinamides 

Sir: 

The reductions of carbonyls by iV-alkyl-l,4-dihydronicoti-
namides have been extensively studied'~3 as model reactions 
for the enzyme-catalyzed reduction of a carbonyl by NADH. 
Since we previously observed that the rate of reduction of tri-
fluoroacetophenone by Ar-propyl-l,4-dihydronicotinamide4 

was markedly accelerated by the inclusion of water in the re
action mixture,5 we decided to study the reactions of 2-car-
boxyl-substituted pyridines (1) with iV-alkyldihydronico-
tinamides (2) in aqueous solution as model reactions for NADH 

NH, 

la , R = H 

^X) 
f^\ Uk^R 
^A H7I)H 

3a, R = H b'R-X^ 

I R' 
2a, R' = - C H J C H J C H , 

b, R' = -CH2C4H5 

f 9 XJ^ 
rPrn, S* I 

4a, R' = - C H J C H J C H 
b, R' = -CH2C6H5 

dependent redox processes. In this communication, we report 
that the reaction of 2-carboxyl-substituted pyridines with 
jV-alkyldihydronicotinamides leads to the formation of three 
products: the expected redox products, the primary hydration 

product of the dihydronicotinamides, and a 1:1 adduct of the 
carbonyl and dihydronicotinamide to which one molecule of 
water has been added. The course of the reaction is dependent 
on the steric hinderance between reactants and the reaction 
conditions. The implications of the results on the reported 
disparity between the measured kinetic and partitioning isotope 
effect in several model systems are discussed. 

Pyridine-2-carboxaldehyde (la) reacts rapidly with /V-
propyldihydronicotinamide (2a) in aqueous solution. The ki
netics of the reaction were studied spectrophotometrically in 
0.1 M aqueous (pH 9.9) carbonate buffered solvent or solvent 
mixtures maintained at constant temperature in a thermo-
stated cell holder. In the presence of an excess of pyridine-2-
carboxaldehyde (la), the disappearance of iV-propyldihydro-
nicotinamide (2a) monitored at 360 nm, follows first-order 
kinetics for over 4 half-lives. The variation in the pseudo-
first-order rate constant, &0bsd, with increasing concentrations 
of pyridine-2-carboxaldehyde is linear and provides the self-
decomposition rate, £deo of 2a and the second-order rate 
constant, k, for the reaction of la and 2a through the following 
equation: 

^obsd = £dec + ^ [ I a ] 

Rate constants were evaluated by computer via the method of 
least squares. 

The rate of the reaction of la and 2a is very sensitive to the 
nature of the solvent or solvent mixture. The reaction occurs 
in methanol at 35.0 ±0.1 0C with a second-order rate constant 
of (6.0 ± 0.8) X 10-3 M"1 mirr1. Changing the solvent to 
water increases the rate of the reaction by a factor of over 7000 
as shown by a second-order rate constant of 43.4 ± 1.2 M - 1 

min-1 at the same temperature. The measured value of k^ 
in aqueous solution was 0 in accord with the known stability 
of dihydronicotinamides at high pH.6 To determine if the C-H 
bond at the 4 position of the dihydronicotinamide was broken 
in the rate-determining step, the primary isotope effect for the 
reaction was measured. A comparison of the second-order rate 
constants at 30.7 ± 0.1 0C in 0.1 M (pH 9.9) carbonate buffer 
for the reaction of la with /V-propyldihydronicotinamide (Zc HH 
= 32.5 ± 0.9 M - 1 min-1) and [4-2H]-Ar-propyldihydronico-
tinamide (AHD = 31.4 ± 1.2 M - 1 min-1) indicates no signif
icant primary isotope effect. 

The course of the reaction of pyridine-2-carboxaldehyde (la) 
and /V-alkyldihydronicotinamides (2) in aqueous solution was 
also monitored by high pressure liquid chromatography 
(HPLC). In a typical experiment, preequilibrated buffered 
solutions of pyridine-2-carboxaldehyde (la) and [7-14C]-A'-
benzyldihydronicotinamide (2b) are mixed and maintained at 
40.0 ± 0.1 0C. Aliquots are removed at various times and the 
reaction components separated by a high pressure liquid 
chromatograph coupled to a UV detector. Peaks corresponding 
to the reactants are quantified by their peak heights and the 
use of standard curves. All peaks are individually collected and 
assayed for radioactivity by liquid scintillation counting. Ob
served counts per minute are corrected for quenching by the 
use of an external standard. 

Time dependent HPLC studies of the above reaction dem
onstrated the complete consumption of pyridine-2-carboxal-
dehyde (la, by UV detection) and /V-alkyldihydronicotinamide 
(2, by UV and radiochemical detection) during the course of 
the reaction. A typical run is shown in Figure 1. HPLC anal
ysis, however, failed to demonstrate the production of the ex
pected reduction product, the carbinol (3a). Instead, HPLC 
analysis (UV and radiochemical detection) demonstrated the 
appearance of three other products during the course of the 
reaction. Radiochemical measurements demonstrated that 
these three products account for >90% of the yV-alkyldihy-
dronicotinamide consumed in the course of the reaction. All 
these products showed a UV maximum at 290 nm. The peaks 
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