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The reaction between 1-benzyl-3-carbamoyl-1,4-dihydropyridine (BNAH) 1 and various 1-arylpyridinium salts 2, and the
reaction between 1-(4-methylphenyl)-1,4-dihydropyridine 4b and 1-aryl-3-carbamoylpyridinium (1-arylnicotinamide) salts §
were carried out. The extents of reaction in equilibrium were estimated by nmr integration data. The equilibrium constants
for the reactions, K, and the standard Gibbs free energy changes for the reduction of the pyridinium salts to the correspond-
ing 1,4-dihydropyridines AG®’ were evaluated. The Hammett plot of log K for the reaction between 1 and 2, and AG°®”
against o, of the substituents in 1-aryl moiety shows linear correlation with the reaction constant p of 9.4 (for log K vs o) and
-54.5 KJ/mole (forAG®’ vs a,). It was found that 1-aryl-1,4-dihydropyridines have much higher reducing power than the cor-
responding 1-aryl-1,4-dihydronicotinamides, and the power is affected greatly by the electron-withdrawing ability of the
substituents in aryl group. The reactions were utilized for preparation of 1,4-dihydropyridines bearing highly electron-
withdrawing groups such as 4-nitrophenyl and 2,4-dinitrophenyl, which could not be obtained by conventional dithionite
reduction of the corresponding pyridinium salts due to the base-labile nature of the salts.

Introduction

The fact that a “hydrogen-transferring coenzyme’ is a
reduced form of nicotinamide, 3-carbamoylpyridine,
derivative has stimulated work on model of NAD(P)H coen-
zyme.! Thus considerable efforts have been made in syn-
thesizing NAD(P)H mimics, exploring the reactions and
mechanisms involving the compounds, and utilizing them in
a variety of synthetic reactions.?*

Reduction by NAD(P)H model compounds was first
reported by Westheimer for reduction of Malachite Green by
1-benzyl-1,4-dihydronicotinamide (BNAH) in 1955.5 There-
after numerous works on reduction of unsaturated func-
tionalities by 1,4-dihydropyridines have been followed.
These include reduction of ketones and aldehydes to
alcohols,® and imines to amines.” The net chemical change in
the reduction processes is the transfer of hydride ion from
1,4-dihydropyridines to substrates. Similarly, the transfer of
other nucleophiles from 4-substituted 1,4-dihydropyridines
was synthetically utilized.? Also, recycling of NAD(P)H by
reduction of NAD(P)* with dihydropyridines in NAD(P)H

dependent enzyme-catalyzed organic synthesis was in-

vestigated.®

Afore-mentioned applications of dihydropyridines in
organic synthesis are based on the reducing ability of the
compounds. Though 1,4-dihydropyridines can reduce
various organic functional groups, the reduction by them are
applicable only to activated unsaturated groups, and
1-alkyl-1,4-dihydronicotinamides were mainly used as NAD
(P)H model. Little work has been reported on the correlation
between structure and reducing power of dihydropyridines.
Therefore information on the factors governing the reducing
power of dihydropyridines is clearly desirable. In this paper,
we report the results of reactions between various pairs of
1,4-dihydropyridines and pyridinium salts, which show that
the reducing power of 1,4-dihydropyridines is greatly af-
fected by the substituent at 1-or 3-position.

Experimental

Hl-nmr spectra were taken with a Varian Model EM-

360A or FT-80A spectrometer, and chemical shifts were ex-
pressed as units relative to TMS (in CDCl,) or DSS (in D,0)
as an internal standard.

l-arylpyridinium 2 and 1-aryl-3-carbamoylpyridinium
(nicotinamide) salts 5 were prepared by the procedures
described elsewhere.l® 1-benzyl-3-carbamoylpyridinium
chloride 3 was obtained from the reaction of nicotinamide
with benzyl chloride. 1,4-dihydropyridines 1, 4 and 6 except
1-(2,4-dinitrophenyl)-1,4-dihydropyridine 4f and 1-(4-nitro-
phenyl)-3-carbamoyl-1,4-dihydropyridine 6e, 1-(Z,4-dinitro-
phenyl)-3-carbamoyl-1,4-dihydropyridine 6f, were made by
reducing the corresponding pyridinium salts with sodium
dithionite.!! The compounds 4f, 6e and 6f were prepared by
reactions of Egs. 1 and 2 applying the procedures in the
following.

Reactions between BNAH 1 and 1-arylpyridinium
chlorides 2(Eq. 1). The mixtures of 0.214 gr (1 mmole) of
BNAH 1 and 1 mmole of 1-arylpyridinium chloride 2a-f in 40
m/ of absolute ethanol were stirred at 30°C under nitrogen
atmosphere for 3 or 6 hours. For dark condition, the reaction
vessel was wrapped with aluminium foil. The reaction mix-
tures were concentrated by a rotary evaporator under reduc-
ed pressure. The residue was taken up in 5-10 m/ of water
and the undissolved solid was filtered. The water-insoluble
solid was dissolved in CDCl, and its nmr spectrum was
taken. The filtrate was concentrated under reduced pressure
to obtain water-soluble pyridinium salts, and its nmr spec-
trum was taken in D,0O.

Reactions between 1-(4-methylphenyl)-1,4-dihydro-
pyridine 4b and 1-aryl-(3-carbamoylpyridinium chlo-
rides 5(Eq. 2). The mixtures of 0.171 gr (1 mmole) of 4b
and 1 mmole of 1-aryl-3-carbamoylpyridinium chloride 5a-f
in 40 ml of 90% ethanol were reacted and worked up as
described above for reactions of Eq. 1. The nmr spectra of
the water-insoluble componer:s (dihydropyridines) were
taken in the mixture of CDCl, and DMSO-d,.

Results and Discussion

To compare the reducing ability of dihydropyridines with
different substituents, the reactions between BNAH 1 and
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l-arylpyridinium salts 2 (Eq. 1), and between 1-(4-methyl-
phenyl)-1,4-dihydropyridine 4b and 1-aryl-3-carbamoylpy-
ridinium (1-arylnicotinamide) 5 (Eq. 2) were carried out.

L/j,COI\Hz + mCOI\HZ O
p—
CH?C(”H5 @ CHg(,hHr) @X oy
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X= 4>OCH3(a), 4—(,H3(b), H(c), 4-Cl{d), 4-NOy(e), 2,4-dinitro(f)

The compounds 1 and 4b were chosen because of easiness in
quantitization of the reaction mixtures by nmr techniques
discussed below.

After concentrating the reaction mixtures, water-
insoluble components (dihydropyridines) were separated
from the aqueous solution of pyridinium salts (water-
soluble). The extents of reactions were determined from nmr
integration data of the water-soluble and water-insoluble por-
tions. A typical spectrum is shown in Figure 1 for water-
soluble components of the reaction mixture between 1 and
2c: this is the composite spectra of 2¢ and 3 free of water-
insoluble dihydropyridines, 1 and 4c. Similarly, the nmr
spectra of water-insoluble portion showed little evidence of
contamination from the water-soluble pyridinium salts. This
suggests that the dihydropyridines are quantitatively
separated from pyridinium salts.

Peaks of nmr spectra can be easily assigned,'®!! and for
calculation of the ratio of dihydropyridines or pyridinium
salts in the reaction mixtures the integration data were used.

For example of Figure 1, the peaks at #7.9 and §7.7 corres-,

pond to those of 5H of phenyl group in 2c and 5H of phenyl
group in 3, respectively. Also, peak at 6.0 arises from ZH
of methylene group in 3 and peaks at §8.1-9.7 are due to 4H
of nicotinamide ring in 3 and 5H of pyridine ring of 2c.
Either of ratios of these shows that 2c and 3 are present in
the ratio of 49:51 in this mixture. To ensure the equilibrium,
we ran the reactions for 6 hours in addition to normal 3
hours. Also, the reverse reactions of Egs. 1 and 2 were car-
ried out. In all case, we obtained virtually same results in-
dicating that the compositions of the reaction mixtures are in
equilibrium.

Since we carried out the reaction in 1:1 mole ratio and no
appreciable side products were detected, the ratio of two
dihydropyridines (ratio of 1 and 4, for example of Eq. 1) from
nmr data of water-insoluble portion would be same as that of
two pyridinium salts (ratio of 2 and 3) obtained from nmr
spectrum of water-soluble portion. Indeed, the ratio agreed
well within experimental error range (5%). We took average
of both ratios and the results are summarized in Table 1.

We also calculate the equilibrium constants of the reac-
tions of Eq. 1. The equilibrium constants K are related to the
standard Gibbs free energy change of the corresponding
reactions by Eq. 3.
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Figure 1. Pmr spectrym of water-soluble portion of the reaction
mixture of 1-benzyl-3-carbamoyl-1,4-dihydropyridine 1 and
1-phenylpyridinium chloride 2c.

Table 1. Extents of Reactions and Equilibrium Constants of
reactions between 1-Benzyl-3-carbamoyl-1,4-dihydropyridine
1 and 1-Arylpyridinium Salts 2 (Eq. 1), and Estimated Standard
Gibbs Free Energy Changes for Reduction of 1-Arylpyridinium
Salts.

Compds. X Ext. of Rex.(%) K AG®° ¢, KJ/mole
2a 4-OCH; 4 0.0017 16.1

2b 4-CH, 15 0.031 8.8

2c H 51 1.08 -0.19

2d 4-Cl 91 102 -11.7

2e 4-CN 100% 1.3 x10% -35.6°

2f 2,4-dinitro 100% — —

2These values defined at 30°C in ethanol are calculated from -RT In
K and with respect to the value for BNA/BNAH couple.  The reac-
tions proceeded nearly quantitatively, and therefore we could not
estimate K and AG® * for these reactions directly. “These values are
estimated from the Hammett plot in Figure 2.

(Gpup—Gpd)+Gynan—Gana) =-RTIn K (3)

DHP, PS, BNAH and BNA stand for the compounds 4, 2, 1
and 3, respectively. The standard free energy change for the
reduction of 2 with respect to BNA/BNAH couple, 4G°*, is
simply -RT In K and the values were included in Table 1.
This Table shows that the reduction of 1-arylpyridinium salts
2 by BNAH 1 becomes more favorable when the substituent
at 1-position of 2 is more electron-withdrawing, i.e., the
reducing power of dihydropyridines becomes less as the
1-substituent is more electron-withdrawing.

To correlate the reducibility of 1-arylpyridinium salts
with the characteristics of the substituents in 1-aryl moiety,
we plotted the log K and 4G°* against o, of the substituents.
The results are shown in Figure 2. The Hammett plot shows
good linear correlation (r = 0.997) with reaction constant p of
9.4 (for log K) and -54.5 KJ/mole (for 4G® ). This result
matches well with the observation of the correlation between
rate constants of reduction of N-methylacridinium ion by
l-aryl-1.4-dihydronicotinamides and ¢ values of the substi-
tuents.!® This is an indication of high sensitivity of the
reducibility of pyridinium salts, i.e., reducing power of
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Figure 2. Hammett plot for logarithm of equilibrium constants and
standard Gibbs free energy change of reactions in Eq. 1 (r = 0.997).
The o, values were taken from Ref. 12.

dihydropyridines, on the electron-withdrawing nature of the
1-substituent and suggests the reducing power of dihydro-
pyridines are greatly affected by the lone-pair electron densi-
ty on the ring nitrogen.

The reduction of l-arylnicotinamides 5 by 1-(4-methyl-
phenyl)-1,4-dihydropyridine 4b proceeded quantitatively to
the forward direction, except for the reduction of 1-(4-
methoxyphenyl) nicotinamide 5a of which extent of reaction
was 96%. The latter value gives equilibrium constant of 580
for the reaction between 4b and 5a, and standard Gibbs free
energy change of -16 KJ/mole for the reduction of 5a with
respect to 2b/4b couple. If one assumes that the same Ham-
mett relationship is applied for both pyridinium 2 and
3-carbamoylpyridinium salts 5, the equilibrium constant for
the reaction of 4b with 5b would be 5000 and the difference
in standard Gibbs free energy of reduction of 5b with respect
to the same of 2b is estimated to be -21.5 KJ/mole.'* Similar
K value is expected for reactions between pairs of dihydro-
pyridine 4 and nicotinamide salt 5 bearing the same 1-sub-
stituent. Also, reduction of a compound by dihydropyridine 4
would be energetically more favorable than the correspond-
ing reduction by dihydronicotinamide 6 having the same
1-substituent by as much as 21.5 KJ/mole, i.e., -223 mV in
terms of standard redox potential.

So far we have shown that 1,4-dihydropyridine 4 is more
powerful reducing agent than the corresponding 1,4-dihydro-
nicotinamide 6, and the reducing power becomes less when
electron-withdrawing group is attached to the pyridine
ring.!® In this aspect, it is surprising to note that it has been
generally granted that the 3-carbamoyl moiety is necessary
for 1,4-dihydropyridines to be effective as reducing agent.
Only few 1,4-dihydropyridines without 3-carbamoy! group
were tested.!®!” The group rather decreases the reducing
ability of the dihydropyridines. However, it might play a
critical role in the formation of NAD(P)H-enzyme complexes
or in dihydronicotinamide-substrate interaction when
dihydronicotinamide is utilized as a reducing agent.

The pyridinium salts with highly electron-withdrawing
groups become very base-labile!8, thus the compounds 4f, 6e
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and 6f could not be obtained by conventional dithionite
reduction!! of the corresponding pyridinium salts, which re-
quires basic condition. For these cases, the reactions of Egs.
1 and 2 provide convenient means for preparation of
1,4-dihydropyridines.
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