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Abstract-The method of predicting aromaticity based on simple Hiickel calculations’ is applied lo hderocyclic 
systems which contain the imine nitrogen. The necessary heteroatom integrals were ietermined from 
thermochemical data. Replacement of C by N in akernant systems produced no dramatic changes, hut in 
nonaltemants the effect can be large and unexpected as in the azapentalenes where interesting synthetic possibilities 
are suggested. 

IXIRODUCTION 

We have shown previously that the Hiickel energies of 
acyclic conjugated hydrocarbons’ and of acyclics which 
contain certain heteroatom? are additive. That is, their 
HBckel energies can be obtained very accurately by 
merely adding n-bond energy terms. This suggests the 
definition, as proposed by Dewar: of resonance energy as 
the difference between the energy of the molecule and the 
energy of an additive reference structure. For example, 
the resonance energy of benzene is obtained by subtract- 
ing from the Hiickel n-binding energy the energy of the 
model compound cyclohexatriene. This resonance energy 
represents the additional stabilization of benzene over 
what it would have had if it behaved like an acyclic 
polyene. 

In contrast to delocalization energies, which are 
calculated with an ethylene reference structure, reso- 
nance energies calculated as described above appear to 
correlate extremely well with experimental aromaticity 
for a wide variety of both altemant and nonalternant 
hydrocarbo# as well as for heterocycles.” Further- 
more this method accommodates the current idea that 
some cyclic systems are destabilized relative to the 
acyclic polyenes, i.e. they are antiaromatic, as in the case 
of cyclobutadiene.* In fact, what is found is a continuum 
of aromaticities for cyclic systems ranging from very 
antiaromatic (cyclobutadiene) lo non-aromatic (fulvene) 
to very aromatic (benzene). 

We have also shown that the simple Hiickel method can 
be used to obtain quite accurately the heats of atomization 
of conjugated systems.ug This allows a direct quantita- 
tive comparison between our theoretical resonance 
energies and experimental heats of atomization. 

The present paper describes the extension of this 
method to heterocycles containing the imine nitrogen as in 
pyridine. Such an extension to a new system requires 
three steps. First, values for any resonance and Coulomb 
integrals must be gotten. Second, using these integrals,.the 
Hiickel n-binding energies of acyclics containing the new 
atom are computed lo see whether they can IX 
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approximated accurately as the sum of empirical bond 
energy terms. Finally, if the second step succeeds, the 
resulting bond energy terms are used to compute energies 
of reference structures and then resonance energies for 
cyclic compounds. 

mn AND DISCUSSION 

Evaluation of Coulomb and resonance in&g&s. Al- 
though there are a number of determinations of the imine 
nitrogen Coulomb and resonance integrals 

aN = ac + ~A/~CC (1) 

/TCN = kc&c (2) 

in the literature, none were determined systematically 
from ground state experimental data. Since resonance 
energy is a ground state property we felt it would be best 
to fix the nitrogen integrals in this way. We choose to use, 
in particular, the ground state heat of atomization (AH.). 
As for hydrocarbons? the heat of atomization of a 
conjugated compound containing the imine nitrogen can 
be written 

AI% = -@c&x + nc&H + nc&A + IV) (3) 

where P.8 is the ?r binding energy of the compound, ncc 
is the number of C-C bonds it contains, Ecc is the sigma 
energy of each such bond, and analogously for 
nc~, . . ., Ecn. 

Since there are relatively few thermochemical data 
available for such compounds, we decided to include also 
compounds containing the imine-amine bond. Equation 
(3) then becomes 

AH. = -(nc&c + nc&~ + Norse, + ntiEicir + ncrsh 

t nhEtiH + P$) (4) 

and three additional integrals are needed in the computa- 
tion of P.8 

ati = ac + h&c (9 
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‘BCN = kc&c (6) 

,%h. = k,.&c. (7) 

Previously determined’ values of Ecc, EC”, ECN, En”, hQ 
and kcN were used and hN, kcN, ktiN, ECN, EAA and /3 were 
evaluated as follows. An initial guess was made for hN, 
J(CN and kNN, and the ?r binding energy in units of B (i.e. P 
in Eqn (4) was calculated by the Hiickel method for the six 
compounds in Table I. These ?r binding energies were 
substituted into Eqn (4), and the least squares method used 
to fit calculated to experimental AH.‘s. The pattern search 
technique” was then employed to vary hN, kcN and kNN 
and minimize the sum of squares of the differences 
between experimental and calculated heats of atomiza- 
tion. The resulting heats of atomization are shown in 
Table 1 and the best parameters in Table 2. 

We note that this determination is based on a minimal ’ 
number of experimental heats of atomization. Ideally one 
would like thermodynamic data for more and for a much 
wider range of compounds, but unfortunately they are not 
available. Nevertheless, the results obtained appear to be 
reasonable when compared with other estimates.“.‘* 

Empirical bond energy terms. To obtain resonance 
energies of heterocyclics which contain the imine 
nitrogen, the empirical additive rr-bond energies must first 
be obtained from the energies of acyclics. That is, one 
must determine whether one can approximate the x 
binding energy accurately as a sum of empirical bond 
energies 

where n is the number of bonds of type i and E,” is an 

Table 1. Observed and calculated heats of atomization 

Compound 

Obsd. Calcd. 

W (eV) 
Diff. 

(eV) 

Pyridine 51.84 51.82 0.02 

Pyrimidine 46.51 46.52 -0.01 

Pyrazine 46.51 46.51 O@Zl 

Quinoline 85.34 85.34 OGI 

Pyrazole 39.24 39.24 O@I 

Benzpyrazole 72.77 12.78 -0.01 

Table 2. Parameters obtained 

using the heats of atomization in 

Table 1 

Parameter Value 

gx 

0.38 

0.70 

.NN 1.27 
E CN -3.4725 eV 

-1M45eV 
-1.3173eV 

empirical constant. The sum in Eqn (8) runs over all types 
of bonds in the molecule. We have done this not only for 
the C-N bonds, but also for the I&Q bonds. As in the case 
of the hydrocarbons it was necessary to consider not just 
a single bond value and a double bond value, but to 
consider different types of each bond according to the 
number of attached p-centers as well as to their 
orientation. If one does this one finds there are five C=N 
bonds, two C-I? bonds and three l&i bonds (Table 3). 
We chose a total of 74 acyclic compounds which 
contained one or more of the bonds listed in Table 3 
and calculated their B binding energies. These with the 
previously determined empirical n-bond energies of C-C 
bonds’ and the C-i bonds’ were used to obtain the 
penergies listed in Table 3. This was done in exactly the 
same manner previously described’.’ and, as was the case 
with hydrocarbons, one of the n-bond energies had to be 
assigned arbitrarily due to linear dependence. This of 
course in no way affects the resonance energy values 
which follow. Because of this arbitrariness no particular 
physical interpretation of the bond energies should be 
attempted; they are to be used only in the computation of 
resonance energies. Again, as previously, the acyclics 
were found to be additive. The standard deviation 
between the Hiickel and additive energies divided by the 
number of rrelectrons was O%M29/3. This is quite an 
acceptable fit since, as will be seen, resonance energies 
per x electron for cyclic compounds turn out to be about 
an order of magnitude larger. 

Resonance energies. The p-bond energies in Table 3 
may now be used to calculate resonance energies of hetero- 
cyclics which contain the C-G and/or I&h bond. One 
merely determines the number of each type of bond 
in a resonance form of the heterocycle and sums the 
corresponding bond energies using Eqn (8). This sum is 
then subtracted from the Hiickel T-binding energy of the 
heterocycle to give the resonance energy. Listed in Table 
4 are the resonance energies and resonance energies per n 
electron (REPE) for a variety of imine containing 
heterocycles. The additive energies are an average of the 
energies of all resonance forms when more than one is 
possible. In no case were these individual additive 
energies for a given molecule significantly different. 

Table 3. Empirical n-bond energies 

Bond type 

CH=tiH 

CH,?ti 

C=NH 
CH=fi 
c=l;r 

CH-fi 

C-ti 
JMH, 

ti;(-fiH 

h-3 

Ir-Bond 

energy W 

1.5492 

1~1010 

164J25 

1.22% 
1.3231 

06000” 
0.5986 

I .0332 

1 GM4 
I.0251 

“Arbitrarily assigned. 
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The REPE’s of alternant systems I-19 closely parallel 
those of the analogous hydrocarbons. Compare for 
instance the REPE of pyridine (O.OSS##) with that of 
benzene (0465/3). The only significant conclusion which 
really can be made about these results is that the behavior 
of these systems should be closely similar to those of the 
corresponding hydrocarbons. This is in fact well known to 
be the case. 

However, the nonaltemants (20-34) are more interest- 
ing. Note the range in REPE for the aza- and 
aiazapentalenes (2&M). Compound 22 is predicted to be 
highly antiaromatic (-0.0378) while 26 is predicted to be 
nonaromatic (-0401/3), and compare this with the REPE 
of pentalene (-0*018/3). This strongly suggests that the 
choice of placement of a nitrogen in the pentalene system 
may affect the stability of the system. The recent 
preparations of alkyl-substituted pentalenes”.‘* appear to 
make the possibility of testing these predictions syntheti- 
cally possible. 

A similar result is found with the ataazulenes. The 
substitution of a nitrogen into the azulene system 
definitely appears to affect the REPE of the resultant 
compound depending upon its placement. Even more 
dramatic is the case of the azafulvenes (32-34). Fulvene 
itself is nonaromatic (-0402/3). However, substitution 
for the exocarbon (32) leads to a highly antiaromatic 
system (-0.0328). On the other hand, substitution in the 
ring does not really change the REPE from that of the 
hydrocarbon significantly. 

We are grateful to a referee for point out that many of 
the trends above can be predicted easily by treating 
nitrogen substitution as a perturbation on the correspond- 
ing hydrocarbon. The resulting changes in Coulomb and 
resonance integrals are related to charge and bond order, 

aE, 
aa, = q, 

aE, 
aSl, = Pw (10) 

Thus the effect on REPE of changing ai is approximately 

AREPE=(q, - qi(ref))Aa,. (11) 

The reference structure is a hypothetical polyene. It is 
therefore altemant and qi(ref) = I. If the compound in 
question is also altemant, q, = 1, and AREPE=O. The 

effect of than 
g: 

‘ng ,9, is more difficult to estimate. If we 
may neglect it, then the entire effect is given by Eqn (I 1) 
and the resonance energies of all altemants are, to lirst 
order, unaffected by N-substitution. This agrees roughly 
with our results. However, note that the three diazacyclo- 
octatetraenes do differ substantially in REPE. For 
non-alternants q[ may be greater or less than one. If q, > 1, 
nitrogen substitution should increase REPE (in units of 
R). Conversely, for q,< 1, nitrogen substitution should 
decrease stability. Thus, as found above, N substitution in 
the a position of pentalene (q=O*81) is destabilizing, 
while stabilizing in the /.I position (q = 1.17). 

So far as we are able to tell then, it appears that the 
simple Hiickel method, together with Dewar’s definition 
of resonance energy, can make accurate predictions of the 
aromaticity of conjugated imines, as it can in all other 
cases we have examined. 

Acknowledgements~ne of the authors (B. A. H) wishes to thank 
the National Academy of Sciences for the award of a I year 
exchange visit to the Czechosolvak Academy of Sciences where 
in part this work was carried out. He also wishes to acknowledge 
useful discussions with Dr. Rudolph Zahradntk. 

REFERENCES 

‘B. A. Hess, Jr. and L. J. Schaad, 1. Am. Chem. Sot. 93,305 (1971) 
‘B. A. Hess, Jr., L. J. Schaad and C. W. Holyoke, Jr.. Tetrahedron 
28, 3657 (1972) 
‘B. A. Hess, Jr., L. J. Schaad and C. W. Holyoke, Jr., Ibid 28, 
5299 (1972) 
‘B. A. Hess, Jr. and L. J. Schaad, 1. Am. Chem. Sot. 95, 3907 

(1973) 
‘M. I. S. Dcwar and C. de Llano, Ibid. 91, 789 (1969). 
‘B. A. Hess, Jr. and L. J. Schaad, Ibid. 93, 2413 (1971) 
‘B. A. Hess, Jr. and L. J. Schaad, 1. Org. Gem. 36,3418 (1971) 
‘R. Breslow, R. Grubbs and S.-I. Murahashi. 1. Am C/tern. Sot. 93, 
4139 (1970) 
‘L. J. Schaad and B. A. Hess, Jr., Ibid 94, 3068 (1972) 
“‘D. 1. Wilde, Optimum Seeking Methods, p. 145. Prentice-Hall, 
Bnaetwood Cliffs. New Jersey (1964) 

” A.-Streitwieser, Jr., Mole&~ Orbitof Theory for Organic 
Chemists, p. 117. Wiley, New York (l%l) 

“W. P. Purcell and J. A. Singer, 3. C/tern. Engng Data 12, 235 
(J%7) 

“R. Bloch, R. A. Marty and P. de Mayo, 1. Am. Gem. Sot. 93, 
3072 (1971) 

“K. Hafner and H. U. Stiss, Angew. Chem. fnrernat. Edif. 12,575 
(1973) 

“M. J. S. Dewar, The Molecular Orbital Theory of Organic 
Chemistry, p. 3%. McGraw-Hill, New York (l%9) 


