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THE SIGNIFICANCE OF A CYCLIC n-SEPTET IN 
SOME REACTIONS OF PYRIDINE AND ITS SALTS 
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Abdrac-A general electron mechanism bnscd on the semiempirical LCAO-MO methods has been 
proposed for some rcactiuu of pyridine and its salts occur&g predominantly at the 4-position of the 
pyridinc ring. 

THE transition of a single electron into the lowest anti-bonding x*-orbital of pyridine 
(Ia) or its salt (Ib) results in the anion IIa or in the neutral molecule IIb with a cyclic 
x-electron septet. Experimental evidence of the existence of these “open-shell” systems 
has been based on ESR spectra by a number of authors.‘-’ These systems have been 
considered as the reaction intermediates in some cases. ‘* 3* ‘* 6 Substances of the IIb 
type (R=CH*Ph or COPh) may be isolated according to the literature.7*’ Making use 
of the semiempirical LCAO-MO method in the investigation of the reactivity, we have 
now found that, taking the systems IIa and IIb into consideration a satisfactory 
alternative interpretation can be given for the mechanism of a number of reactions in 
which the reactivity of the position 4 in the molecules Ia,b is increased in an unexpected 
manner as compared to simple electrophilic (positions 1 and 3), nucleophilic (position 
2) and radical (position 2 in addition to 4 and 3) reactions. 

RESULTS AND DISCUSSION 

The reactivity of the x-electron system of the molecules IIa,b will be strongly 
affected by the unpaired electron in the x*-orbital. Iu this case an adequate index of 
chemical reactivity corresponds to the probability of finding this electron in the 
particular positions, i.e. to the frontier density. It follows from Table 1 that, regardless 
of the method of calculation, the highest value of this index in the quantum chemical 
model of substances IIa,b is always to be found in the position 4, which is in agreement 
with determined experimental spin densities. i-I The symmetry of the wave function of 
this electron in position 4 is most favourable for overlapping with the orbital of the 
attacking reagent as follows from the values of A0 coefficients and from the position of 
both nodal planes a, and a2 of the lowest x*-orbital (cf. Fig 1). These data permit also a 
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qualitative interpretation of the experimentally determined9 stability of substance IIb 
subatiited by an electronegative alkoxycarbonyl group in the position 4. This substi- 
tuent is able to decrease the absolute value of the A0 coefficient, and consequently also 
the reactivity of the n-electron septet in the ahove position. The values of free valences 
calculated for a HMO model of III with parameters 13 > h, > 0 also indicate a 
preferential reactivity of position 4 in IIa,b. The use of the HMO localization theory 
for distinguishing the one-electron mechanism from a two-electron nucleophilic mecha- 
nism does not seem appropriate because the quantum-chemical models of Wheland’s u- 
complexes, which result from a radical attack of the substratea IIa or IIb and from a 
nucleophilic attack of the substances Ia or Ib, are identical in structure. Consequently, 

L,(7) = L,(6) - k - 

where L,(7) is the atomic localization energy of the n-septet IIa or IIb, respectively, 
L,(6) is the analogous nucleophilic energy of the n-septet Ia or Ib, respectively, and k 
is tk energy of the n-MO into which the electrons pass fran the attacking reagents In 
contradiction to the localization theory our interpretation employs a model of the 
activated complex which more or less approaches a radical pair (the charge-transfer is 
successive). 

a, 

-qzc 

-0.37 

RfASfNT 

-Q2+ 

FICL 1. Cocfikients of AO’s computed by the SCF method. 

Electrolytic reductions. The eleztroreduction of pyridine in protic media, i.e. with a 
possibility of the reaction Ia+H’= Ib leads prevalently to piperidine” the formation 
of which can be elucidated by a further reduction of l&dihydropyridine IV 
(R’= R’=H) formed by a one electron attack in position 4 according to the following 
schemes: Ia + e- + Ha; IIa + H+ = IIb; Ib + e = IIb(R = H); IIb + e+ + IV. 

In the polarographic reduction of pyridine no separate wave corresponding solely to 
the reduction of the pyridine nucleus has been foundlz13 in addition to the wave of 
catalytic hydrogen evolution typical for nitrogen containing bases. This ‘may be due to 
the merging of the two waves owing to instability of the intermediate IIb (R = H) under 
the given experimental conditions. The n-electron excess obviously lowers the polarity 
of the N-H bond and makes easier the homolysis IIb+H.+Ia, 2 H.-+HP This reaction 
is connected with a transfer of one n-electron into the non-bonding orbital of nitrogen. 
In the eIcctrolytic reductions of quarternary salts Ib(R = alkyl) at the lead electrodes, l- 
alkylpiperidines” and the corresponding 4,4’dipiperidyls” were isolated as the main 
products. The formation of the former may be interpreted by electroreduction of 1,4- 
dihydroderivatives IV (R’=alkyl,R’=H) which result in a similar manner as the 



pyridine reduction (Ib + e- +IIb, IIb + e- + H+ + IV) and the formation of the later 
mentioned product by electroreduction of 4,4’dimers V (RI= alkyl, R’=H) obtained 
by the reaction 2 IIb+V. It was Emmertls who succeeded in isolating the reduction 
intermediates V (R=CHJ’h and Et) using a platinum electrode. Moreover in a 
potentiostatic reduction of homologous quarternary salts lb at a mercury electrode, the 
formation of the blue radical cation VI has been provedi by means of ESR spectra. 

TAB= 1. FRONTIER EIZCI-RON Dmmnes OF SUWTANCES IL+ 
ANDrIB 

Method Position 
of 

calculatiMl 1 2 3 4 

HMO (h,,=O.5). O-298 o-134 0.057 0.321 
HMO (h,,= l.Oy 0.246 0.179 0.039 o-317 
HMO (h,,= 1.5y O-196 O-215 0.028 0.317 
HMO (h,=2.Oy o-154 0.243 0.020 0.319 

SCP @aY 0.280 0.133 0.061 0.331 

SCP OIbY 0.277 0.141 0.057 O-327 

’ Parameters: a,,=ac + h,/?,,, ficn=/lce 
’ Geometry: bonds l.SA, angles 120°; ionization potentials 

Ic= 11.16 eV. I,= 14.2 eV, IN = 13.55 eV; electron &bit& 
4=0-03 eV, A,=1.78 eV, A, =2.53 cV; gamma-integrals 
acwding to Mataga-Nishiioto, h,=O, j&=-2.388 eV. All 
cahxdation8 have ham carried out by mcdus of standard prog- 
rams on a E503 computer in the Computer Ccntrc of the Institute 
of Chanicd Technology in Prague. 

In a mixed electroreduction of pyridine with acetone at lead cathodes a considerable 
quantity of the piperidine derivative VII (R = H) has been found” in addltion to the 2- 
substituted 3-piperidine derivative. The formation of VII corresponds to an electro- 
reduction of the l&dihydro&rivative IV (RI= H, RZ= (CH,)&(OH)). ‘!he other reac- 
tion partner seems to be a transient radical (CH,)&O+e-+H’-+ (CH,)&-OH which 
attacks the lrelectrar septet in the position 4: Ilb (R = H) + (CHJ,C--OH + IV. 

R’ H 
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Reactions with metals. Reaction of pyridine with alkali metals in aprotic media leads 
prevalently to 4,4’-bipyridyl (VIII). ‘* ‘* The mechanism Ia+ M+IIa+ M’, 2 IIa+IX, 
IX+VIII+ 2 H- was considered by several authors,‘* 3*6 but the prevailing 4,4’- 
coupling was ascribed to sterical effects.6 In protic media piperidine is the main 
product l9 formed from 1Pdihydropyridine IV (R ’ = R* = H) according to the scheme : 
Ia + Na+IIa + Na’, Ha + H*-tIIb + (Na + H’)+IV + Na’. The presence of substance 
IV in the reaction mixture was proved by hydrolysis to glutaraldehyde.M In the 
reduction of quaternary salts Ib (R = alkyl) by the sodium amalgam, a 4,4’dimeriza- 
tion to substance V (R' =alkyl, R’=H) occurred. The reaction mechanism is 
as follows: Ib + Na+IIb + Na’, 2 IIb-tV. An analogous bisdihydropyridine derivative 
V (RI= AC, R*=H) results in the reduction of pyridine by zinc in acetic 
anhydride’[Ia+Ac,O=Ib+AcO- (R=Ac), 2 Ib+Zn-,IIb+Zn* or 2 Ia+Zn+2 
IIa + Zn”, IIa + Ac20 +IIb + AcO- and in the last step 2 IIb+ VI and is regarded6* ** 
as the key intermediate of the Wibaut-Arens 4-alkylation of pyridine.** In accordance 
with the experimental knowledge about the fission of V (R’= AC, R*=H) to pyridine 
and Cacetylpyridine X (R = AC)” one may write V + 2 IIb (cf.“) where, owing to the 
presence of a n-septet a homolysis of the N-AC bond is made possible: IIb+Ia+Ac*; 
this is followed by the reaction IIb+Ac+IV (R’,R*=Ac) and IV+X 
(R= AC) + AcH(?). The smaller quantity of 4-substituted products in the Emmert 
reaction of pyridine by action of ketone and metal6 could be interpreted by an 
analogous mechanism as in the mixed electroreduction” under consideration of 
Ia + Al +IIb (R = Al-) but the prevailing 2-substitution points either to the important 
role of the sterical factor owing to a polyvalency of the metal6 or to the simple 
nucleophilic substitution of the n-septet in Ia by the action of the reagent (R,c- 
0M)-.z4 It cannot be excluded that the reaction with the metal (R = Hg) affects in a 
decisive manner the potentiostatic reduction of pyridine and acetone at the mercury 
cathode because exclusively 2-substituted products2’ were isolated (contrary to the 
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same reaction at a lead cathode”). 

t-H R 

1 
0 

R 

c, 0 6x 
“I” 
H 

XII 

Reactions with organometallic reagents. In contrast to the usual nucleophilic 2- 
substitution by organolithium reagents, the reactions of pyridine with organometals of 
the benzyl or ally1 type R’MgR* (R’= benzyl, R* =Cl or benzyl), or RLi (R = benzyl 
or allyl) take place exclusively or prevalently in the position 4.*&* It is characteristic 
for anions derived from these organometallic reagents that in reactions they represent 
donors of weakly bonded nelectrons from non-bonding MO. As a result of this, the 
joining of the alkyl to pyridine may be preceded by a transition of a single n-electron 
from the reagent to the pyridine nucleus, yielding thus the n-septet of IIa which only in 
a further step is alkylated by a radical mechanism, e.g. Ia+R’MgR*+IIa+R’* 
+ MgR’, and IIa + R’ ~+XI+X+H(R1=R),orIa+RLi+IIa+R*+Li+,and 
IIa+ R* +X1, XI+X + H-. The 4-butylation of pyridine by action of butyl chloride 
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and magnesium at increased temperature (R’=Bu and RZ=C1)29 and probably also 
the reaction of the cation Ib (R= benxyl) with cyclopentadienyl lithiumW probably 
occur in an analogous manner. Phenyl- and ethyl magnesium bromide, which at low 
temperatures exhibit a poor reactivity towards pyridine, yield only a mixture of 
bipyridyls at raised temperature. 31 This fact indicates the possibility of a radical 
mechanism (dimerixation of the radical anion Ha). 

Thermic tran.@mations. The outstanding 4-alkylation in the Ladenburg thermic 
transformation of quatemary pyridinium salts (R = alkyl) has been elucidated lo* 32 and 
is based on more recent experimental information by the following mechanism: Ib + A- 
(A=Cl, Br,I) +IIb+ R* (R=A), IIb+R l +X11 (R=alkyl). On longer standing with 
ketones, I-acylpyridinium salts give rise to 1,4dihydropyridines IV (R’=acyl, R2= 2- 
ketonyl) which have been isolated. In the case of acetophone the following scheme 
is to be considered: Ib + Cl + PhCOCH, + PhCOCH,* + HCl + IIb (R = PhCO), 
IIb + PhCOCH2* +IV (R’= PhCO, R2= PhCOCHJ. This mechanism could be taken 
into account in the analogous reaction of salts Ib (R = PhCO) with dimethylaniline.34 

XIII 

Reactions with inorganic halogenides. By homolysis of the intermediate IIb 
(R=Cl) one may also explain the prevailing 4-substitution in the reaction of pyridine 
with thionyl chloride35* 46 and of pyridine-Noxide hydrochloride (Ib, R=OH) with 
sulphuryl chloride.” In the lirst case substance XIII is formed: Ia+SOCl,-+Ib 
(R=SOCl)+Cl-, 2 Ib+2 Cl-+2 IIb (R=Cl)+2 Cl*+2 S+O, IIb+Cl*+ 
IV(R’=R2=C1), IV+XII (R=A=Cl), XII+Ia+XIII. In the second case the 
reaction evidently stops at the stage of 4chloropyridine hydrochloride (XII, 
R = A = Cl); since no free pyridine is present in the reaction mixture: Ib(R = OH) + Cl- 
-+IIb(R=Cl)+OH., IIb+OH*+IV(R’=Cl, R2=OH), IV-+XII (A=Cl, R=OH), 2 
XII (R=OH)+S02C12+2 XII (R=A=Cl)+H,SO,. It cannot be excluded that the 
role of OH is taken over by the more complex fragment of the -OS02C1 type. 

Silylation: Also the prevailing formation of substances IV (RI = SiMe3, R2 = H) 
and XIV in the reaction of pyridine with trimethylsilane3*: Ia + Me,Si* -+ IIb 
(R = SiMe,), IIb + H* + IV (R’ = SiMe,, R2 = H), 2 IIb -_) V (R’ = SiMe,, 
R2 = H) -. XIV + 2H. 
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