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Abdmt-STWG ab kitb calculations show that tbc IIrst site of protonation in 2-, 3- and hminopyridines is tbc 
cyclicnitro~n,whrteverthepositionofthcrmino~~.nKreiamtxcelkntlinesrrclrtionshipbetwanthculculrttd 
proton affinities and tbc experimental pK, values (r = 0.995). Tbc protonation site is also conlirmed by w + W* transition 
cntrgyvPrhtionrasrfunctianof~~~of(berminoqoupdue~protoNtion;tbcsccffccts~~nn~~wi~h~NO 
structures. Basicity and reactivity in alkylalioo r~csl lone pair localiition. 

While investigating the redox reaction of heterocyclic 
amines with tetracyanoquinodimcthahanc (TCNQ) and 
hydroquinone which led to radical salt (Scheme I), it was 
found that solid state properties of the resulting salts 
depend essentially on the starting amine structure.’ Salts 
obtained from 2- and 3-aminopyridines have a metallic 
behavior in contrast to Caminopyridine. One reason could 
be a change of the protonation site along the series. Either 
the ring nitrogen atom or the amino group nitrogen atom. 

In the case of 2- and 3-aminopyridines, protonation on 
the ring nitrogen atom is suggested as it involves bath- 
ochromic shifts on the lowest II + # transition of 13 and 
27nm respectively;’ if it involved the extracyclic one, 
hypsochromic shift would have been expected.- For 
protonation of the 4-aminopyrinine, as a very small hyp- 
sochromic shift is observed’ the situation is rather com- 
plex and difficult to assess. Protonation on an extracyclic 
nitrogen atom has been already proposed for I, 2.3 or 4- 
aminoacridines but in position 5 the cyclic nitrogen 
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seems to be protonated first by comparison of UV spec- 
trum of 5-aminoacridine and 9-aminoanthracene.’ 

Quantum mechanical calculations of the electronic 
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structure of aminopyridines and their cations have been 
reported?’ indicating a ring nitrogen protonation for all 
cases. Meanwhile, these calculations cannot take into 
account the amine basicitics by evaluation of proton 
affinities, and do not predict UV spectra correctly for 
neutral aminopyridines. 

First we calculated, using a minimal basis set STO- 
3G,’ the two protonated systems 1 and 2 in order to 
appreciate which one of the two is the more stable. 

As ob i&i0 molecular calculations at the minimal 
basis set STO-3G level’ have been successful in 
reproducing the experimental gas phase energies (relative 
proton tinities) for a variety of proton transfer quili- 
ti.“’ we now describe calculations for amino- 
pyndmes and their monocations. The protonation energy 
(+ also defined as the negative proton tinity”) cor- 
responds, in the gas phase, lo the following reaction: 

IHI ‘---B+H+ 

We then calculated the protonation energies AE,,,,, for 
protonation of aminopyridines eitkr at the cyclic Nc 1 or 
at the extracyclic NT2 by taking the differences between 
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the total energies of B and the total energies of 1 or 2: 

AE pro* I = Et”’ - E’“’ B I 

AE,,O, 2 = EF - E:’ 

I 0 2 

(~=unsubstituted; b=2-NH2;c=3-NHz;d= 4-NHz) 

These values can be tentatively correlated with the 
observed pK. values. 

From the calculated molecular orbitals, we tried to 
confirm the protonation effect on the lowest transition 
shifts. 

Protonation sites of aminopyridines 
Relative stabilities of the two protonated species. 

Results of the ab initio calculation (E,,,) and the 
differences of stabilities between the protonated species 
in position 1 and 7 {AE = EY - E:“‘} are given in Table 1. 

For pyridine, the employed geometry parameters come 
from X-ray data-l3 For aminopyridines, their ring struc- 
tures are taken identical to that of pyridine with standard 
parameters for NH2 groups” and postulating a sp3 
hybridation of the extracyclic N atom as in ani1ine.‘5~‘6 
For the protonated species, we assume the ring structure 
being unchanged. When the ring nitrogen is protonated, 
the planarity around it is taken as suggested by previous 
calculations” with a N’-H bond length of 1.943 A, opti- 
mized value in CHrNH,‘, very close to the 1.04 A found 
by Jordan.” In the tetrahedral protonated aminogroups, 
the C-N’ bond length is calculated as 1.51 A, value 
optimized in CH&H-NH,+, and N+-H ones as 1.044 A.” 

For each pair of cations, the calculated AE values 
indicate that systems 1 are more stable than cations 2. 
These results cordirm the Konishi previous calculations6 
using a semiempirical method for valence electron sys- 
tem? Calculations are in,agreement with the conclusions 
obtained from UV data for monoprotonation of amino- 
pyridinesL5 

Correlation between atninopyridine pK,s and the cal- 
culated protonation energies. The basicity of aromatic 
heterocycles can be related to the protonation energy 
AE,,, of a base so far as the entropy of protonation is 
constant or proportional to the protonation energy.z’-23 

The ALo, values against the pK, ones given in Table 1 
are plotted in Fig. 1. 

Figure 1 shows a very good linear relationship between 
the observed PK., values and the calculated A&,,, for 
monoprotonation on the cyclic nitrogen N,.= On the 
other hand, there is no such a relationship if we consider 
the Al&,, for protonation on the extracyclic nitrogen 
atom N7. This clearly indicates that the ring nitrogen is 
involved in the first protonation. 

It is noteworthy to point out, as shown several times, 
the existence of a good parallelism between the relative 

proton affinities in the gas phase and amine basicities in 
solution.2s*M It was also shown a relationship between 
pK, and the delocalized bond energy AE, of the hetero- 
cyclic compound.*’ This good agreement between cal- 
culated AE,,, values and observed pK, ones is con- 
sistent with the fact, reported by Elliott and Mason** that 
the variation in the pK.‘s is primarily due to enthalpy 
changes rather than entropy changes. With the Gaussian 
70 program with a minimal basis set STO-3G, we get a 
very good linear relationship (r = 0.995) though a ASMO- 
SCF treatment leads to a discrepancy between AE,,, 
and pK. values.6 As the assumed geometries are the 
same for Ref. 6 and us, this good correlation observed is 
due to a much better parametrization of the program 
used here. 

As previously noticed29-32 the net electronic charges 
are not adequate neither to predict the different basi- 
cities, since qN7> qN, (see Table 1) nor to take into 
account the relative basicities since qN, sequence is 
different from the pK, one. It has also been shown’* that 
it exists a good linear correlation between the n orbital 
energy and the experimental proton affinities. 

Transition energies in aminopyridines aad their cations 
Up to now, the only experimental fact for the first site 

of protonation of aminopyridines comes from UV 
observations. As STO-3G calculations give good results 
for predicting the protonation site and the basicity scale, 
one can wonder if it works as well to take into account 
of the transition energies of the neutral molecules and 
their monoprotonated corresponding ones. Therefore, we 
have to evaluate the lowest UV transition, i.e. the 
difference energies Ae between the HOMO and the 
LUMO of the P systems: 

A.4 = l ,+ - E,. 

Neutral molecules. In Table 2 are listed the energy 
levels 4 and e,,* of highest occupied s molecular 
orbitals and the lowest unoccupied ?r* ones. We also 
report the calculated Ar, and, for sake of comparison, we 
indicate the A,.x observed values.2*33 

As shown in Fig. 2, it appears a good agreement 
between the calculated transition energies and the 
reciprocal of the experimental A,., values (r = 0.971). 

So the Ac calculated values obtained for the two 
lowest T+~T* transitions are predict quite well the 
observed effects on A,., according to the substituents 
positior?’ in contrast with the previous calcu1ations.6 

Monoprotonated systems. In Table 2, we also give the 
?r and 7~* energy levels of the pyridinium and amino- 
pyridinium 1 and the calculated he values with the 
observed A,.,. 2*33 The same parameters are given for 
the N7 protonated species 2. As already noticed for 
neutral species, we observed a very good relationship 
(r = 0.%6) between calculated Ae and the experimental 
ones figured by l/A,., values (see Fig. 3). We should 
notice that such a linear relationship is not observed if we 
consider the first protonation site to be nitrogen atom 7. 

Protonation effect on the transition energy changes. 
From comparison of the calculated AE values for neutral 
species B and monoprotonated ones 1 or 2 it appears that 
(a) if the first protonation occurs at the extracyclic N7 
atom, a hypsochromic effect should be expected since 
calculated Ae is increased by protonatiod’ (for instance 
Ar = 0.498 a.u. for Bb and 0.532 a.u. for 2b (b) if it occurs at 
the cyclic N, atom, a bathochromic effect could be 
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predicted since At is decreased by protonation (for in- 
stance be = 0.498 B.U. for Bb and 0.451 a.u. for lb). 

ConsqucnUy, the observed bathochromic effects on 
A,,_, positiomr’ argue for the N cyclic protonatiun.” 

This batbochromic effect (i.e. the ff and S* become 
energetically closer when the mokcules are protonated) 
is due to a more important stabilisation of tbc o* molc- 
culu orbital vs the u one. It is known that the effect of 
protoustion on all molecular orbitals is to stabilize them 
and it ir much more effective when the orbitals are more 
locplized_6.30*~ 

Calculations show lhut in neutral species the MO 
atomic coe&ients OR the NI atom ic greater in the u* 
MO compared lo the vr one (see Table 3) inducing a 
gnrrter stabilization of rlrr I* MO and thenfon the 
botochmmic dect. We should notice that this effect is 

much greater as the magnitude of the coefficients in s* 
and ?r are more ditferent. 

Such an explanation is also consistent with the hyp- 
sochromic effect observed for the second protonation of 
3-aminopyridine? This cffoct could be foreseen when 
considering the MO atomic coefficients on N7 atom in 
monocation k as they have greater value in the u than in 
the P* orbital (0.593 in a versus 0.047 in n*). 

We may quote here that it can be easy, in the same 
way, to justify the protic solvent effects on the n + A* 
and s+ o* transitions of the ~cnones.~ As an n orbital 
is more localized than ?I* one an hypsochromic effect 
occurs on the n *II* transition. while the II* is more 
localixed on oxygen atom than the P orbital,” a bathochr- 
omit effect is expected and observed4 on tbe u+s* 
transition. 

Regioselecliuily of the aikylation of aminopyridines 
In protonation we have been dealing with a ther- 

modynamic process. We now investigate a kinetic 
process considering the alkylation of aminopyridines. 
These species can be considered as ambident nucleo- 
philes which are abk to react either by the cyclic N, 
atom or by the extracyclic N7 atom. From a general point 
of view, regioselectivity can be either under charge con- 
trol or orbital control. 

(i) Under churge conrrol reaction could be expected 
on the cxtracyclic N7 atom since the total charge density 
is greater on N7 atom than on N, atom (see Table I). 

(ii) Under orbital control two ways of approaching the 
aminopyridines can be envisaged: (a) B attack which 
would be the frontier orbital controlled reaction” as u 
MO is the frontier orbital HOMO. The u approach on N, 
atom implies the complete loss of aromaticity when bond 
making is developing while the r approach on N7 atom 
implies a less important loss of resonance energy. Con- 
sequently the better n approach should occur at N7 
atom. (b) a (I attack of N, lone pair along the NC4 axis, 
which is a subjacent orbital controlled reaction. Prc- 
vious calculations concerning the approach of the proton 
on pyridineU have concluded to a preferential u attack 
versus the B one (in gas phase the calculated difference 
is about 80 LcaUmol) due to the loss of aromaticity in the 
a approach. As the n orbital is much more localized than 
the tr one on atom N7, (I attack on N, is under orbitul 
ooerlop conlroP while tr attack on N7 is under orb&s/ 
energy gap control. 

As it exists a linear Hammett relationship for 22 sub 
stituted pyridines without deviation for NH2 groupsU, 
experiments suggest that the cyclic nitrogen N, is always 
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the attacking site of alkyl iodides”*4s or of acrylic deriva- 
tives.” Consequently, alkylation of aminopyridines are 
overlap control reaction underlying thus the great im- 
portance of IT energy loss in this case. An immediate 
consequence of this orbital control lies in the fact that 
the Mentschukin reaction rates should be enhanced as 
the LUMO orbital energy levels of the electrophile is low 
lying: C-I > C-Br > C-Cl > C-F?’ This reactivity order 
is actually the experimental one.” For some generaliza- 
tion of this aspect of the reactivity, it seems to us that 
acylations may be treated by the same way.” 

CONCLUSION 

Considering thermodynamic equilibrium of protona- 
tion, STO-3G ab inirio calculations suggest that the first 
protonation site of 2-, 3- and Caminopyridines remain 
the cyclic nitrogen whatever NH2 position is. A very 
good linear relationship (r = 0.995) is observed between 
experimental pK,‘s and calculated proton affinities if the 
N, atom is involved, confirming thus the protonation site 
and the reliance of the STO-3G computation for this type 
of problem. We point out that basicity and reactivity are 
not connected to charge densities on nitrogen atoms 
since N, atoms bear a more important negative charge 
than N, atoms. So, we have, classically, to consider that 
the n orbital localization is a determinant factor as the N, 
cyclic lone pair is much more localized than the N7 
extracyclic one which is conjugated with $he IT system. 
To the most localized lone pair corresponds the most 
basic aminopyridine. These calculations allow also to 
justify the experimental arguments in favour of the N 
cyclic protonation (i.e. bathochromic shifts on Almnx for 
the lowest s+ ?r* UV transitions, whereas hypsoch- 
romic shifts should have result from N, protonation); 
these effects are connected with the relative magnitude 
on atomic coefficients in r and IT* MO at the protonation 
site. 

Considering alkylation of aminopyridines, we are led 
to copclude to overlap controlled reaction as cyclic N1 
is always the attacking site. Such a u approach is due to 
the great localization of the lone pair on N, atom. 

These results show that, in order to explain the pre- 
vious observation about metallic properties of radical 
salts (Scheme l), the difference of behaviour of 4- 
aminopyridines vs 2- and 3-aminopyridines is not due to 
a difference in protonation site. 
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