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where fm and represent the mole fractions and 6m and 6 A  the [ H + ] % H ~  + [H+]KIGm + KiK26A 
[H+]' + [H+]Ki + KiK2 chemical shifts of the acid in ita protonated and deprotonated 

states. The model equation for a monoprotic acid is obtained by 
expressing fm and f A  in terms of the acid dissociation constant, 
K .  

[ H + ] 6 ,  + K6A 
[ H + ]  + K (2) 60ta = 

The following model equation for a diprotic acid is derived in the 
same way. 6477-52-7. 
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A MNDO and AM1 study of the isomerization of pyrans, thiopyrans, dihydropyridines, and their methoxy 
derivatives was carried out so aa to clarify the nature of the effects causing the observed thermodynamic 
regioselectivity in nucleophilic addition to pyridinium, pyrylium and thiopyrylium cations. The results show 
that, in contrast to W-thiopyram, W-pyrans and 1,2-dihydropyridines are sisnificantly stabilized by a generalized 
anomeric effect when the group bonded to the 2 position is OMe. It is pointed out that in the case of reversible 
additions, a clear distinction should be made between the kinetic and the thermodynamic regioselectivity because, 
in contrast with current usage, the latter cannot be interpreted in terms of frontier orbital theory but by the 
presence or absence of a generalized anomeric effect. It is also pointed out that predictions of kinetic regioselectivity 
based on frontier orbital theory are not supported by literature data. The kinetic regioselectivity seems to be 
governed by the relative electron density at the carbon under attack, independent of the hard or soft character 
of the nucleophile. 

There has been considerable interest in the regioselec- 
tivity of nucleophilic attacks on pyridinium ions, due, in 
part at least, to the biological importance of the reduction 
of NAD.' The first attempt to rationalize the literature 
data on these systems was made by Kosower? who related 
the position of attack by a nucleophile to the possible 
intermediacy of a chargetransfer complex (CTC) prior to 
the attack. In particular, nucleophiles'with a low ionization 
potential were presumed to proceed via a CTC which 
subsequently would evolve into the 4H adduct, while nu- 
cleophiles not forming the CTC would directly attack the 
2 position. 

In a more recent and theoretically-rooted approach by 
Klopman: the regimlectivity was related to the hard/soft 
character of the nucleophiles. According to this view, since 
the total charge density in a pyridinium ion is larger at C2 
than at C4, whereas the coefficient of the LUMO is larger 
at C4 than at C2, hard nucleophiles would attack C2 
(charge control), while soft nucleophiles would attack C4 
(frontier orbital control). Both of the models implicitly 
assume that the experimental distribution of the products 
is due to irreversible reactions or that, in the case of re- 
versible reactions, the lower-energy product is formed from 
the lower-energy transition state. However, this assump- 
tion is critical because in many cases it has been reported 
that the kinetically favored product differs from the 

Scheme I 

la-7a 1 b-7b 

1, X = 0, Y = H 

2, x = 0, Y = OM0 

3, X = S, Y = H 

4, x = s, Y = OM0 

5, X = NMa, Y = H 

6, X = NH, Y = H 

7, X = NH, Y = OMe 

product of thermodynamic control (vide infra). In fact, 
these experimental findings have been overlooked and the 
Klopman approach to the problem of regioselectivity has 
gained wide acceptance,' though it is mainly based on 
equilibrium data rather than kinetic data, as required by 
the theory. 

In order to understand the causes of the thermodynamic 
regioeelectivity in nucleophilic additions to pyridinium and 
to the related pyrylium and thiopyrylium cations, we have 
undertaken a MND05 and AMls study of the equilibria 
reported in Scheme I. The results of this investigation 
are reported herein. 
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Figure 1. Enthalpy profile (0, left acale) and bond length profilea 
for 01-42 (A, right scale) and for C2--OMe (0, right scale) in 
the m e  of 2-methoxy-W-pyran, as calculated by the AM1 me- 
thod. 

Computational Procedure 
Calculations were carried out on an IBM 3090/600 computer 

(CICS, University 'La Sapienza", Roma) using MNDob and AMls 
aa implemented in the M A C 7  package of computer programs. 
The block data fde within W A C  was updated with the recently 
introduced AM1 parameters for sulfur? AU the calculations were 
carried out with full optimization of all the geometrical variables 
and by adopting the option PRECISE. For the compounds 
without internal rotations (1,3,6) the option THERM0 was used 
in order to calculate entropies at 25 "C. 

For the compounds 2,4,5, and 7 in which there are internal 
rotations, a preliminary search of the most stable conformation 
waa carried out. This was accomplished by a 360" rotation, in 
steps of lo", of the substituent (OMe in the compounds 2,4,7, 
and Me in the compounds 5) about the bond leading to the ring. 
At each step all the other internal variables were optimized. 
Finally, the nearest conformation to each minimum was fully 
optimized. A typical energy profile is reported in Figure 1 for 
the compound 2b. The energy of the lowest conformational 
minimum was assumed to represent the heat of formation of the 
compound. 

Results and Discussion 
The semiempirical MND06 and AMls methods have 

been shown to reproduce the ground-state properties of 
a wide variety of neutral species in a satisfactory and 
convenient manner. However, before introducing the re- 
sults of the present investigation, it is appropriate to 
consider the available experimental data about equilibria 
in solution. 

In Table I are reported either the experimental upper 
limits or the experimental values of the statistically cor- 

Table I. Experimental Free Energies (AG',)" and 

in kcal/mol 
Calculated Enthalpies of Reaction (AH') at 26 "C. Valuer 

equilibrium A G O ,  AH' (MNDO) AHo (AM1) 
1 1.2 -0.9 
2 5-4.7 -6.1 -8.1 
3 5-1 0.2 2.6 
4 5-2 -1.4 4.9 

6 C 1.8 3.3 
7 <-2c -3.8 -0.3 

5 2.296 1.7 2.8 

'Corrected for the statistical factors. *Obtained in DMSO at 
91.6': Fowler, F. W. J. Am.  Chem. SOC. 1972, 94, 5926-5927. 

rected standard free energies of reaction (AGO,) for the 
equilibria 1-7. Numbering refers to Scheme I, so that 
equilibrium 1 corresponds to the equilibrium between la 
and lb, and so on. The liiting values of AGO, have been 
estimated as follows. 

Degani et al. isolated 2-methoxy-223-thiopyran (4b) as 
the only product of the reaction of thiopyrylium ion with 
a methanolic solution of NaHC03.@ Since the methoxide 
attachment in methanol to thiopyrylium ions is a reversible 
process,1o the isolation of only the 2H adduct indicates that 
its yield is greater than 98% or, in other words, that AGO, 
for the equilibrium 4 is lower than -2 kcal/mol. However, 
the value of AGO, should not be significantly lower than 
this limit because the equilibria for isomerization of the 
symmetrical substituted 2,4,6-triphenyl-4-methoxy-4& 
thiopyran and 2,4,6tri-tert-butyl-4-metho~-~-thiopy 
in MeOH at 25 OC have A G O ,  = -2.1 and -0.9 kcal/mol, 
respectively.1° 

Experimental data for the equilibrium 3 are not avail- 
able; however, a comparison of the equilibrium data for 
the isomerization of a number of variously substituted 
thiopyrans in CD,CN, with analogous data referring to the 
isomerization of the corresponding methoxythiopyrans in 
MeOH, has shown that the equilibrium constants for Y 
= H are slightly lower than those for Y = OMe, the dif- 
ference being less than a factor of 5 in all of the cases.l0 
Thus, adding RT In 5 (-1 kcal/mol) to the AGO, limit for 
the equilibrium 4, we can estimate that A G O ,  for the 
equilibrium 3 is 5-1 kcal/mol. 

In a previous paper, it was concluded that the equilib- 
rium involving methoxypyrans is 2.7 kcal/mol more exo- 
thermic than that involving the corresponding methoxy- 
thi0pyrans;ll thus, AGO, for the equilibrium 2 is given by 
AGO, for the equilibrium 4 less 2.7 kcal/mol, i.e., 5-4.7 
kcal/mol. 

The hypothetical equilibrium 7, which is supposed to 
resemble the equilibria involving N-substituted dihydro- 
pyridines, was chosen because it offers the advantage of 
greater simplicity of calculations (vide infra). From the 
observation that N-aryl-12 and N-tert-butoxypyridiniumlS 
ions react reversibly with MeO- in MeOH to yield exclu- 
sively the corresponding 2-methoxy-l,2-dihydropyridines, 
it follows that, on the analogy of equilibrium 4, AGO, 
should be <-2 kcal/mol for the equilibrium 7 also. 

No data are available on the equilibrium 1, involving the 
isomerization of pyrans, because 223-pyran (2b) is an 
unstable species that undergoes a fast ring-opening reac- 
tion.14 

Hypothetical equilibrium (see text). 

(7) Dewar, M. J. S. QCPE, Program No. 639. 
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Table I also shows the standard enthalpy of reaction 
(AH") for the equilibria 1-7, calculated by both MNDO 
and AM1 methods. Since the entropies of reaction cal- 
culated for the compounds without internal rotations (1, 
3, 6)'were negligible when allowance was made for the 
statistical factore, it was assumed that the same holds for 
the other equilibria. Therefore, W can be identified with 
AGO,. 

Comparison of the calculated data for the equilibria 5 
and 6 shows that N-methyl substitution does not signifi- 
cantly affect the AH" value, thus justifying the choice of 
equilibria 7 to represent the behavior of N-substituted 
dihydropyridines. 

In the case of equilibrium 1, MNDO and AM1 indicate 
a different order of stability for 2H- and 4H-pyran; how- 
ever, because enthalpy differences are small (ca. l kcal/ 
mol), the two methods substantially agree and indicate a 
similar stability for the two isomers. A large increase in 
the heat of reaction (ca. 7 kcal/mol) is calculated with both 
the methods when Y = OMe (see data for the equilibrium 
2). A lower increment (ca. 3-6 kcal/mol) is observed in 
the case of dihydropyridines by comparing the data for 
equilibrium 5 (or 6) with that of equilibrium 7. A still 
lower increment (1.6 kcal/mol) is observed in the case of 
thiopyrane (equilibria 3 and 4), as far as the MNDO resulta 
are concerned. The AM1 results in this case are signifi- 
cantly overestimated and do not seem reliable. 

The increase in the heat of reaction on passing from Y 
= H to Y = OMe may well be due to stabilizing geminal 
interactions between the methoxy group and the ring 
heteroatom in W adducts (2b, 4b, 7b). Indeed, it is known 
that when two significantly electronegative atoms such as 
N, 0, F, and, to a lesser extent, S are bonded to the same 
tetrahedral carbon a stabilization occurs (generalized 
anomeric effect) which is due to inductive and negative 
hyperconjugation effe~ts. '~J~ The stereoelectronic prer- 
equisite for hyperconjugative contributions is that an 
electron pair of a donor atom Y is oriented antiperiplanar 
to a polar C-X bond. The geometrical consequences, 
which are easily understood in terms of "double-bond- 
no-bond" resonance (Y-Cb-X - Y+=CR, X-), are the 
shortening of the C-Y bond and the lengthening of the 
C-X bond. In order to verify the presence of hypercon- 
jugative contributions, we have studied the effects of ro- 
tation of the methoxy group in 2b, 4b, and 7b. The results 
obtained in the case of 2b with AM1 are displayed, by way 
of illustration, in Figure 1. Three curves are shown; one 
refers to the enthalpy of formation of 2b and the others 
to the lengths of the bonds 0 1 4 2  and C2-OMe, respec- 
tively. The enthalpy profile shows two minima corre- 
sponding to the structures in which an oxygen lone pair 
of the methoxy group is antiperiplanar to 01. In the re- 
gions where the enthalpy is minimal, the bond length 
curves for 0 1 4 2  and C2-OMe show a maximum and a 
minimum, respectively, in agreement with a double- 
bond-no-bond resonance effect. It is interesting to note 
that at 0" and 18O0, where the effect of negative hyper- 
conjugation is presumably very small, the bond lengths of 
0 1 4 2  and C2-OMe are almost the same. Similar effects 
were found in the case of 2-methoxy-l,2-dihydropyridine 
(7b), whereas in the case of 2-methoxy-!2H-thiopyran (4b), 
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where the stabilizing interactions are smaller, a third 
minimum of comparable energy was detected at ca. 180". 

Turning to the problem of regioselectivity in nucleophilic 
addition to pyridinium cations, an important observation 
was made by Lyle and Gauthier17 who showed that in the 
reversible addition of cyanide ion to some pyridinium ions, 
the principal product of kinetic control, the 1,a-dihydro- 
pyridine, is different from that of thermodynamic control, 
the 1,Cdihydropyridine; i.e, the lower-energy product is 
formed from the higher-energy transition state. 

It appears, therefore, that in the case of reversible re- 
actions, a clear distinction should be made between the 
kinetic regioselectivity and the thermodynamic regiose- 
lectivity because only the former can possibly be inter- 
preted by models based on perturbation theory,%4 whereas 
the latter only depends on those factors affecting the 
stability of the products. 

A typical case is that regarding the addition of cyanide 
ion (a soft nucleophile) and methoxide ion (a hard nu- 
cleophile) to pyridinium ions. Both the reactions are re- 
~ e r s i b l e , ' ~ J ~ J ~ J ~ ~  and both nucleophiles have shown a 
kinetic regioselectivity contrasting with the thermodynamic 
0ne.17J9 In the case of methoxide ion, this behavior has 
also been shown in the addition to pyrylium and thio- 
pyrylium cations.21 Despite these precedents, the ther- 
modynamically controlled formation of the 1,a-dihydro- 
pyridine, in the case of cyanide ion, and of the 2 isomer, 
in the case of methoside ion,= is often justifmi on the basis 
of the hard/soft concept.= Since it has been shown that 
the CN group does not give significant geminal interactions 
with the N atom,lsb we suggest that cyanide ion gives the 
4 isomer simply because this is the intrinsically more stable 
isomer (see the data for the equilibrium S), whereas 
methoxide ion gives the 2 isomer because of the anomeric 
effect (see the data for the equilibrium 7). In most of the 
cases the attacking atom of hard nucleophiles is 0 or N, 
while that of soft nucleophiles is C or S; therefore, it is 
easily unde r s td  why the thermodynamic regioselectivity, 
caused by the presence or absence of anomeric effects in 
the products, has been erroneously attributed to hard/soft 
interactions in the transition states.' 

One can wonder if the frontier orbital theory provides 
at least a rationale for the kinetic regioselectivity. To the 
best of our knowledge, there is not a single example of 
nucleophilic addition to the 4 position of the pyridinium 
ring which can be ascribed with any certainty to kinetic 
control and which is not forced by differential steric and 
conjugative effects between positions 2 and 4. Kinetically 
controlled distributions can be obtained with certainty 
either by irreversible reactions or by kinetic studies of 
those reversible reactions that show a kinetic distribution 
of products different from the thermodynamic one. Indeed 
if a reaction is reversible, the observation of the 4 isomer 
as the only reaction product does not imply that it is also 
the product of kinetic control because a very fast isom- 
erization converting the kinetically favored 2 isomer into 

(15) (a) Schleyer, P. v. R.; Kos, A. J. Tetrahedron 198S, 39,1141-1150. 
(b) Hehre, W. J.; Radom, L.; Schleyer, P. v. R.; Pople, J. A. Ab Initio 
Molecular Orbital Theory; Wiley: New York, 19f+ pp 35&-360. (c) 
Deslongchamps, P. Stereoelectronic Effects in Orgamc Chemmtry; Per- 
gamon: Oxford, 1983. (d) Kirby, k G. The Anomeric Effect and Related 
Stereoelectronic Effects of Oxygen; Springer Verlag: Berlin, 1983. 

(16) It has been suggested that ale0 u conjugation plays an important 
role: Dewar, M. J. S. J.  Am. Chem. SOC. 1984,106,669-682. 

(17) Lyle, R. E.; Gauthier, G. J. Tetrahedron Lett. 1965,4615-4621. 
(18) KnvHlek, J.; Lycka, A.; MachHcek, V.; Sterba, V. Collect. Czech. 

(19) Damji, S. W. H.; Fyfe, C. A. J.  Org. Chem. 1979,44, 1757-1761. 
(20) Foster, R.; Fyfe, C. A. Tetrahedron 1969,25, 148*1496. 
(21) Doddi, G.; Ercolani, G. J.  Chem. SOC., Perkin Tram. 2, 1986, 

(22) In some cases, due to the presence of substituents on the pyri- 
dinium ring, the formation of the 4 isomer at equilibrium can be signif- 
icant ale0 for the methoxide ion addition. However, to our knowledge, 
the cyanide ion addition on the same pyridinium ions always produces 
a larger quantity of the 4 isomer (cf. refs 19 and 20). 

(23) See, for example: Katritzky, A. R.; Chen, J.-L.; Wittmann, D. K.; 
Marson, C. M. J. Org. Chem. 1986,51, 2481-2485. 
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the 4 isomer could have taken place. Another possibility 
could be that even though the rate constant for the for- 
mation of the 2 isomer is greater than that of the 4 isomer, 
the 2 isomer could not even form as a transient species, 
simply because its equilibrium of formation is shifted to- 
ward the reagents under the reaction 

Among the commonly studied nucleophiles (complex 
hydrides, organometallic reagents, cyanide, hydroxide, 
alkoxides, dithionite, thiolates, amines, stabilized carban- 
ions derived from nitromethane, ethyl acetoacetate, ethyl 
cyanoacetate, etc.), only the reactions of complex hydrides 
and organometallic reagents with a pyridinium ring can 
be considered to be irreversible; in both cases the nu- 
cleophilic attack occurs preferentially at the 2 position.’ 

In conclusion, the available experimental data suggest, 
as proposed by Lyle and Gauthier,17 that the kinetic re- 
gioselectivity in nucleophilic addition to pyridinium and 
related cations is governed by the relative electron density 
at the carbon under attack, independent of the hard or soft 
character of the nucleophile.28 This view is also supported 

(24) An analogous kinetic behavior hae been shown in the reaction of 
2,6-di-tert-butyl-4-(p-(dimethylamino)phenyl)thiopyrylium ion with 
methoxide in methanol (see ref 25). 

(25) Di Vona, M. L.; Doddi, G.; Ercolani, G.; Illuminati, G. J. Am. 
Chem. SOC., 1986,108,3409-3415. 
(26) “‘hew conclusione refer to a polar mechaniem. Should an electron 

transfer occur between a nucleophile and pyridinium ion, then recom- 
bination of the formed radicale would occur preferentially at the 4 poe- 
ition because of ita higher spin density. For the evaluation of spin den- 
sities in pyridinium ion, see: Zeldes, H.; Livingaton, R. J.  Phys. Chem. 
1972, 76,3348-3355. 

by the work of Ritchie on cation-anion combination re- 
a c t i o n ~ . ~ ~  Ritchie showed that the rates of combination 
of a large collection of nucleophiles (including hard and 
soft ones) with preformed carbocations follow the simple 
“constant selectivity” N+ relationship (eq l), in wliich k 

log k log ko + N+ (1) 
is the rate constant for the reaction of a cation with a given 
nucleophilic system &e., a given nucleophile in a given 
solvent), ko is the rate constant for a reference nucleophile 
and is dependent only on the identity of the cation, and 
N+ is a parameter dependent only on the nucleophilic 
system. If the nucleophilic attack at the 2 and 4 positions 
were rate determining (this has been shown to be the case 
for the methoxide addition to thiopyrylium and pyrylium 
 cation^),^^*^^ each site should independently follow the 
Ritchie equation. This would imply that the regionse- 
lectivity is constant, i.e., independent of the nature of the 
nucleophile. Of course since the N+ relationship encom- 
passes a wide reactivity range, a scatter that would be 
insignificant for eq 1 could involve a significantly different 
regioselectivity. However, the Ritchie equation strongly 
indicates that frontier orbital interactions are not signif- 
icant in determining the reactivity of cation-anion com- 
bination reactions* and thus the kinetic regioselectivity 
of nucleophilic attack to pyridinium and related cations. 

(27) Ritchie, C. D. Can. J. Chem. 1986,64,2239-2250. 
(28) Ritchie, C. D.; Gandler, J. J.  Am. Chem. SOC. 1979, 101, 

7318-7323. 
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The four lowest energy tautomers of cytosine have been modeled in the gas phase and in aqueous solution 
using ab initio methods. A basis set that includes polarization functions on all atoms is needed to predict the 
correct ordering of the tautomers in the gas phase. The effect of solvent has been modeled using both the 
self-consistent reaction field and polarized continuum methods. The results are consistent and agrea with experiment 
for all but the 3(H)-aminmxo form, where only the self-consistent reaction field method is in accord with 
experimental observations. 

There is continuing interest in an accurate evaluation 
of the tautomeric behavior of the purine and pyrimidine 
bases due in large measure to the biological implications 
of mispairing by the rare tautomeric forma of these bases.’ 
While gas-phase studies are of fundamental interest, the 
effect of the environment, such as solvation, must also be 
considered if molecular modeling studies on these mole- 
cules are to have relevance in a biological context. It is 
well-known that solvent and solid-state effects can be 
critical in determining the tautomeric equilibrium in such 
heterocyclic systems. The tautomerism in cytosine has 
been extensively studied both experimentally2 and theo- 
retically.- Of the six possible tautomers of this molecule, 
four have been identified experimentally and are generally 

Present address: Glaxo Grow Research, Greenford Road, 

considered to be of lower energy than the remaining two. 
It is thege four species, 1,2,4, and 5 (to be consistent with 
the labeling of Kwiatkowski et ale4), which are studied 
theoretically in this paper. 

A recent IR study of cytosine isolated in a low-tem- 
perature matrix has resulted in spectral assignments in 
terma of the aminmxo form (1) and amino-hydroxy form 
(4).7 We have shown that IR frequencies computed for 

(1) Kwiatkowski, J. S.; Zielinski, T. J.; Rei, R. Adv. Qwntum Chem. 

(2) Dreyfus, M.; Bemaude, 0.; Dcdin, G.; Duboiia, J. E. J. Am. Chem. 

(3) Scanlan, M .  J.; Hillier, I. H. J.  Am. Chem. SOC. 1984,106,3737. 
(4) Kwiatkowski, J. 5.; Pereon, W. B.; Szrrepaniak, K.; Szczesniak, M. 

(5) Les, A.; Adamowicz, L.; Bartlett, R. J. J.  Phys. Chem. 1989, 93, 

1986,18,85. 

SOC. 1976,98,6338. 

Acta Biochem. Pol. 1987,34,165. 
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Greenford, Middlesex UB6 OHE. (6) Katritzky, A. R.; Karelaon, M. J. Am. Chem. SOC. 1991,113,1561. 
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