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Abstract

13C and17O NMR spectroscopy show that adducts arising from dithionite reduction of 3- or 3,5-cyano- or
carbamoyl-substituted pyridinium salts to the corresponding 1,4-dihydropyridines, areS-anions of esters of the
simplest parent sulfinic acid. A pathway for formation of the 1,4-dihydropyridines, involving an intramolecular
hydride transfer, is suggested. © 2000 Elsevier Science Ltd. All rights reserved.
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Sodium dithionite is a versatile and powerful reducing agent, widely used in chemical and biochemical
research. As a representative example of the use of dithionite, coenzyme NAD+ can be converted to the
reduced form NADH; indeed dithionite reduction appears to be applicable to all pyridinium salts bearing
electron-withdrawing substituents (-CN or -CONH2) in the 3- or 3,5-positions.1 The reactions afford
almost exclusively, as the final products, the corresponding 1,4-dihydropyridines.2–8 In the course of the
reduction, intermediate adducts are formed which have been identified as the sulfinate anionsA (Scheme
1). These adducts are stable in alkaline solutions, whereas, in neutral or mildly basic solutions, they
decompose into 1,4-dihydropyridines with elimination of SO2. It has been suggested that, at lower pH,
sulfinate anions should be protonated to sulfinic acidsB which should be then converted directly to
1,4-dihydropyridines.2,4–6 Otherwise, according to the Blankenhorn and Moore proposal,9 the sulfinic
acid adducts could be heterolytically dissociated into pyridinium and sulfoxylate ionsC, from which
sulfinate ionsD could arise by tautomerization. Lastly, sulfinate ions, in view of their good hydride donor
properties, should be able to reduce pyridinium ions to dihydropyridines (Scheme 1). From that reported
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above, it is evident that considerable disagreement exists about the last step of the dihydropyridine
formation pathway. Neither of the suggested mechanisms accounts fully for the experimental evidence
and the main objections can be summarized thus: (i) the sulfinate anionsA and not the protonated forms
B should be converted directly into dihydropyridines, while the actual occurence shows the stability of
dithionite adducts in basic solutions;9 and (ii) intermolecular hydride transfer from sulfinate to pyridinium
ions does not explain the high regioselectivity of dithionite reduction.10

Scheme 1.

In this paper we present13C and17O spectroscopic evidence showing that the intermediate adducts are
S-anions of esters of the simplest parent sulfinic acid (Scheme 2). To our knowledge, such compounds
have not been reported previously. Furthermore, we suggest a reaction pathway which better accounts for
the direct conversion of the protonated adducts to dihydropyridines as well as the high regioselectivity of
the reduction.

During the course of our studies on the reduction of pyridinium salts, models of the coenzymes NAD+

and NADP+,11 we have had occasion to acquire1H and 13C NMR data concerning the intermediates
arising from the reaction with dithionites of several 3- or 3,5-cyano- or carbamoyl-substituted pyridinium
salts. We have also recorded1H and13C NMR spectra of the sulfonate derivatives obtained by reaction
of the same pyridinium salts with sulfite ions.

Table 1 reports13C chemical shifts of carbons 4 in the dithionite adducts2a–g and in the corresponding
sulfite adducts5a–g,12 as well as in the model compounds 1-ethyl-4-piperidyl-hydrogen sulfate6 and
4-piperidyl sulfonic acid7. It was found that the carbons 4 of the dithionite adducts are significantly
deshielded relative to carbons 4 of the sulfite adducts. Starting from the carbon 4 chemical shifts in
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Scheme 2.

the 1,4-dihydropyridine4a, c andd (22.6,13 21.714 and 22.3 ppm,15 respectively), the magnitude of the
substituent chemical shift (SCS) effect can be determined for both the2and5series. The SCS effect of the
sulfonate group in5a, c andd ranges from 35.34 to 36.50 ppm, in reasonable agreement with the lowfield
shift (31.53 ppm) observed in7 relative toN-methyl-piperidine.16 The SCS effect in the dithionite adducts
2a, c andd ranges from 44.08 to 45.20 ppm. An SCS effect of such a magnitude suggests that carbons 4
are directly bonded to an oxygen atom. In fact, the substituent effect of an oxygen atom on the chemical
shift of 13Cipso is 49 ppm in linear alkanes17 and 42.4 ppm in cyclohexane derivatives.17,18The enhanced
lowfield shift of carbon 4 in compound6 (50.35 ppm relative toN-methyl-piperidine) could be due to
the presence of three terminal oxygens which significantly reduce the electron density at the sulfur atom.
To compensate for this, the electron density in the C–O–SO3

� fragment is pulled away from the carbon
atom, thus increasing the deshielding of carbon 4 in6 with respect to the adducts2.

Table 1
1H and13C chemical shift values (�, referred to TMS) of H4 and C4 in compounds2, 5, 6and7
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In compounds2, hydrogens 4 resonate at higher field than in the corresponding compounds5 (Table 1).
This behavior cannot be accounted for on the basis of the SCS effect of the –O–S–O� and –SO3

� groups,
because in the literature no data are reported concerning the –O–S–O� group and those related to the
–SO3

� group are scarce. In addition, the chemical shift of hydrogen 4 depends also on the conformation
of the dihydropyridine ring which could be influenced differently by the steric demands of the two groups.
We have performed theoretical calculations, at the MNDO level of approximation, on adducts2 and
5. It was found that the optimized geometries are quite similar in both series of compounds and the
magnetic anisotropy of substituents in the 3 and 5 positions do not affect hydrogen4 chemical shifts.
According to MNDO calculations,19 in compounds2 hydrogens 4 have electron densities higher than in
the corresponding compounds5 (Table 2). This could explain the hydrogen 4 upfield shifts observed for
dithionite adducts with respect to sulfite adducts. It is worth noting that MNDO predicts a hydrogen 4
electron density difference (�) between compounds5 and2 which is in reasonable agreement with the
values calculated by the Lamb formula (�H4sulfite adduct��H4dithionite adduct=17.8��10�6).20

Table 2
H4 charges (millielectrons) in compounds2 and5

It was decided to attempt to find conclusive evidence of the structure of the dithionite adducts by17O
NMR spectroscopy. Indeed,17O NMR spectra of the sulfinate anionsA should display a single resonance
signal, while for the sulfinic esters2 two signals should be found.17O NMR spectra of2c, d and g
(Fig. 1) showed two partially overlapping signals in the chemical shift range found for S–O–C and S–O
oxygens.21,22 By deconvolution, the occurrence of two signals was confirmed, and their chemical shift,
half height linewidth and integral values were determined (Table 3). This leads to the conclusion that in
the compounds examined there are two different oxygen atoms as in structure2. The linewidth values
observed are in agreement with this structure. Indeed, the17O spectra of other compounds containing the
C–O–S–O sequence22 (methyl and ethyl arenesulfinate,23 methyl arenesulfonate23 and sulfonyl-exo-2-
norbornyl brosylate24) show that terminal S–O oxygens are always characterized by a linewidth narrower
than bridge oxygens. This behavior is due to a different symmetry of the electron distribution, which is
invariably lower around the bridge oxygen. As expected for sulfonate anions, the17O NMR spectra of
5b andg 21 show a single broad signal whose chemical shift (158 and 164 ppm, respectively) is in good
agreement with the values commonly found for sulfonate.23,25

In conclusion, the mechanism of reduction of pyridinium salts by dithionite appears to involve, as
intermediates, the sulfinic esterS-anions2 which originate from the attack on the electrophilic carbons
4 of the pyridinium salts by dithionite oxyanions, with simultaneous heterolysis of the S–S bond and
elimination of SO2 (Scheme 2). Indeed, it was shown that hard nucleophilic centers originate in dithionite
anions from the localization, to a large extent, of the negative charges on the oxygen atoms.26 Hence,
the formation of C–O–S bonds can be the expected result of the reaction of dithionite with pyridinium
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Fig. 1.17O NMR spectrum of compound2g at 11.7 tesla. The following operating conditions were used: 90° observing pulse;
spectral width 41 700 Hz; acquisition time 0.05 s; number of scans 2.4�106

Table 3
17O chemical shifts (�, referred to H217O) and linewidths (LW, Hz) of bridge and terminal oxygens in

compounds2

salts. The ambident sulfite ions stand in considerable contrast; sulfur can expand its valence shell to
produce a soft nucleophilic center,27 which is highly reactive in bond formation to electrophilic carbons.28

Therefore,S-nucleophilicity accounts for the formation of sulfonates by the reaction of sulfite ions with
pyridinium salts.

The structure we propose for dithionite adducts better accounts for the experimental evidence.
According to the reaction pathway depicted in Scheme 2, protonation of the alkali-stableS-anions2
gives rise to labile esters3, which quickly decompose into 1,4-dihydropyridines with elimination of
SO2. This lability is likely to be due to a hydride induced intramolecular displacement of the sulfinic
substituent, aided by the good leaving group properties of SO2. Thus an intramolecular regioselective
hydride transfer from the sulfinic SH group to the adjacent carbon atom can take place.
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