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Abstract

Heats of formation derived from the AM1 semiempirical method were
used to determine the aromatic energles (AE) of the following systems: pyridine,
pyridazine, pyrimidine, pyrazine, 1,2,4,5-tetraszine, phosphabenzene, 1,2-, 1,3-,
1,4-diphosphabenzene, hexaazine, hexaphosphabenzene, silabenzene, thiophene,
pyrrole and furan. Two methods were employed for AE estimates. One used the heats
of union of atomic pairs (with elimination of H) of apprepriate nenaromatic
precursors, The other method used a comparison of the heats of hydrogenation of

arcomatic specles to estimate the AE,

INTRODUCTION

While the nature of aromaticity has been a major concern of organic chemists for over a
hundred years, there is still no general agreement concerning the best way to define it or
the procedures to be used in assessing its Importance iIn specific molecules' ™. However,
while & wide wvarlety of molecular properties has been used in this connection, there are
good reasons for iInsisting on thermochemical criteria, because the abnormal chemical
behaviour of aromatic species is due simply to the fact that their molecular energles are
mote negative than would be expected for an analogous nonaromatic melecule, i.a. one with

localized!” single and multiple bonds.

This was first recognized by Pauling!® who introduced the term resonance energy to describe
the difference in energy between a given molecule and & nonaromatic analog with localized
bonds. It was generally believed at that time that the bonds in saturated molecules, and in
molecules with isolated multiple bonds, can be well represented in terms of two-cente; bonds
formed by sharing of palirs of electrons between atoms, This belief, however, has proved to
be incorrect. Bonds that are localized in this sense are found only in diatomic molecules.
While one can write arbitrary "localized®” wave functions for larger molecules, corresponding

te bonding by localized pairs of electrons, these do not correspond to real states of the
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systems in questfen. Relaxation of the restraints responsible Ffor locallrzation leads to
delocalization of the electrons and a concommitant decrease in energy. Since this is true
for all polyatomic molecules, the energy of any such molecule Is necessarily more negative
than that of any localized analog. Thus In this literal sense, 2ll polyatomic molecules are
resonance stabilized, & conclusion which would vitiate any value that the concapt of

resonance stabilization might otherwise have,

Any property of a loecalized molecule i{s, by definition, an additive sum of contributions by
the individual bonds. The properties of such & molecule can then be equated to an
appropriate sum of fixed bond properties. Chemists have known for many years that certain
properties of saturated molecules, in particular their energies, geometries, and dipole
moments, can indeed be expressed to a good approximation in this way, as additive sums of
empirically determined bond properties. This result was formerly taken as evidence that the
bonds in such molecules are indeed localized, being formed by localized pairs of electrons,
and theoretlclans have spent much fruitless effore in attempts to explain this "faet™.
Further confusion was caused by the fact that other properties of such molecules (e.g.

light absorption and lonization energy) are not additive.

The situation was clarified many years ago by Dewar!® who pointed out that, in MO terms, the
properties of a molecule can be divided inte two categories, collective properties that
depend collectively on all the valence electrons and one-electron properties that depend on
the electrons occupying specific MOs. Omly cellective properties show additivity, This
additivity results moreover mnot from bond locallzation but from additivity of the
interactions between the ;alence electronsg, I1f we start with an analog of such a melecule
in which the bonds are artificilally localized and If we then allow them to interact with one
another, the interaction energles are themselves additive functions of the bonds??. If
appropriate corrections are absorbed into the values of the bond energles, the heat of
atomization of a molecule can then be written as a sum of the corresponding bond energies.
While the additivity 1s not perfect, the errors due to departure from it are small. Similar
comments apply to other collective properties of molecules, e.g. geometries and dipole

moments,
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The only satisfactory definition of bond localization depends on this result?!, If the
collective properties of a molecule can be expressed as additive functions of bond
properties, the molecule, and the bonds in it, are regarded as locallzed., It was formerly
assumed that this kind of localization holds only for melecules that are saturated or
contain only isolated multiple bonds. This, however, is not the case. It is true for all
classical molecules, a classical molecule being one for which only a single classical
(unexclted resonance) structure can be written. Classical conjugated polyenes are locallzed

in this sense?!,

Additivity breaks down in the case of nonclassical molecules. The heat of formation of a
classical analog of a nonclassical molecule can be approximated by a sum of the
corresponding bond energies. Comparison with the actual heat of formation of the molecule
itself then provides & measure of the stabilization, or destabilization, due to
delocalization, The quantities found in this way have been termed "Dewar resonance
energies”. However, in view of the ambiguity of the term "resonance energy", the term

stabilization enerpgy (SE) seems more appropriate.

Following the same reasoning, the aromatic energy (AE) of a cyclic conjugated molecule can
be equated to minus the difference between its energy and that of an analog where one of the
bonds in the ring has been replaced by a localized bond. Following the convention used in
defining resonance energles, a positive AE corresponds to stabilization. In the case of a

ring with an even number of atoms, the AE Is equal to the astabilization energy, because

localizing a bond in the ring turns the molecule into a classical specles. This is not
generally the case for odd-numbered rings because corresponding open chain analegs are also

delocalized; c¢f cyclopentadienate anion (1) with pentadienate lon (2).

AEs, unlike resonance energles, are clearly defined quantities which can in principle be
determined by experiment, by comparing the heat of reaction for any process that converts
the molecule in question intoc one or more classical molecules with an analogous process
involving only classical molecules. Use of different reactions in this scheme should in
principle lead to identical estimates of AEs, However, since the additivity of bond
energies 1s not exact, different estimates of the AE of a given compound will show a similar
variation, It is also difficult to avoid complications due to steric and hyperconjugative

interactions that are present Iin one of the systems being compared but not in the other.
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Lack of the necessary thermochemical .data presents a further problem. Theoretical
calculations have then to be used instead. These suffer from the fact that no current
procedure gives accurate eatimates of heats of formatlon, Indeed, few systematic studies of
AEs have as yet been carrfed out. Galculations of this kind were reported?? some time ago
for a wide range of aromatic hydrocarbons, using a x SCF MO procsdure?®, While this proved
remarkably successful for conjugated hydrocarbons, reproducing the heats of formation of
unstrained alternant hydrocarbons {AH} as accurately as they can be measured by current
procedures, and while &analogous calculations have been teported?? for some hetercaromatic
species, the results for molecules containing heteroatoms were clearly less relisble and use
of x approximations in connectlons such as this now seems in any case a bit old fashicned.
We therefora decided to carry out a gystematic study of the aromatic energies of a wide
range of monocycli{c aromatic compounds, using a wore modern procedure, partly to Illustrate
the procedure and partly to test the potential of theoretical caleulations In this

connection.

In connections such as this, high level ab initio procedures are usually the amethods of
cholce, provided that the necessary caleculations do not require a prohibltive amount of
computing time. We decided instead to use the AM] model?® because our objective was to
illustrate. the ways in which AEs can be estimated, rather than to obtain the most accurate
possible resulets for a few simple systems. Since AMl provides results comparable with those
from good ab initio models at less than one-thousandth the cost?®, it is in any case prudent
to try it first before embarking on a very expensive and possibly unnecessary ab initio
study. We also hoped to extend our calculations‘to polycylic aromatic systems where use of

adequate ab initio methods would involve a prohibitive amount of computatien,

FPROCEDURE

The calculations were carried out using the AM1 procedure?® as implemented in the AMPAC
program?’,  All geometries werea fully optimized, assuming only that the aromatic species
were planar. Aromatic energies were estimated in the way indicated above, using appropriate

comparisons of the aromatic species with a nonaromatic analog.

Attempts to paramatrize MNDO or AM1 for phosphorus and sulfur failed until recently to give
satisfactory results for compounds containing these elements in thelr higher valence states

VoIV
(P, s

, and SVI). We had assumed that this fallure was due to omission of 4 AOs in MNDO
and AM1. This problem now seems to have been overcome, AM1 parameters have been developed

that seem to give satisfactory results for compounds of both sulfur?® and phosphorus??® In
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all thelr valence states, even though d AOs are still not included, These were used in the

present work.

Early attempts to estimate "resonance energles"” of aromatic compounds were often bagsed on
comparisons of thelr heats of hydrogenation with those of nonaromatic models. As has often
been pointed out, complications commonly arlse in this approach from ring strain and hyper-
conjugation. We have been careful te allow for these In estimating AEs from heats of

hydrogenation.

We also used an alternative approach, based on heats of union (HOU), the HOU of two
conjugated molecules being the change Iin heat content when the molecules combine by

elimination of hydrogen and formation of a ¢ bonds; e.g.:

HCCH +u+ HCCH -+ HC~CH-CH-CH + H
2 2 2 2 2 H 2

If the bonds in classical polyenes are indeed localized, the HOU of twoe classical polyenes
to form a single classical species should have a fixed value, which can be determined from
appropriate thermochemical data. The energy of a classical analog of a given noneclassical

species (equivalent classical energy; ECE) can then be found from the heat of reaction for

its formation by Intramolecular union of a classical precursor or Intermolecular union of
classical precursors. The stabilization energy of a nonclassical molecule is equal to the
difference between its energy and fts ECE. In the case of a eyclic molecule, this is, by

definition, its aromatic energy (AE).

HEATS OF FORMATION

Table 1 lists the molecules studied here together with thelr calculated heats of formaticn
and experimental values where these are available. Unless otherwise noted, the experimental
values for heats of formation, here and subsequently, are from & recent compilation by
Pedley et al%®®. The geomstries are not reproduced since they presented no unusual features.
4M1 calculations have already been reported for a number of these molecules. Appropriate
references are given In Table I. Our results agree with the published values, ARCHIVE

files suitable for Input to AMPAC are available.™
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The large pusitive errors for furan and pyrrole have been noted previously2®, aMl performs

erratically for flve-membered rings. Otherwise the agreement with experiment is reascnable.

Table I. Heats of Formation for Molecules Calculated in this Study (kcal/mol).

Molecule AHE (calc.) AH: (exp.) Molecule AH: (calc.)} AHr (exp.)
(6} 22.0 19.8° (41) 55,2
(9} 17.5 25.&; t42) 47.5
(11} 27.0 25.4 (43) 76.7
(13) 32.0 346" (44} 80.3

s 25.1 (45) 56.3

(15) 10.2 (46) 66.4

(16) 27.5 (47} 62.4
(17) 19.2 (48) 86.5

(18) 39.6 (49) 53.4

(19) 35.2 (50) 53,3

23 60.9 (51) go.;

(24) 55.8 (52} 1.

(25) 55.3 53.7° (53) 19.4

(26} 47,0 (54) 46.3

(27) 43.9 46.8" (55) 27.6

(28) 36.4 (55; -62.;

(29) 40 .6 (57 -3,

(30) 44,2 46.9* (62) 169.8

(31) 39.1 (63) 162.2

(32} 63.3 (64) 184.2

(33) 63.4 (65) 176.3

(34) 97,5 (66) 188.6

(35) 87.0 (67} 182.0

(36) 44 .4 (68) 198.4

(a7n 65.0 (69) 192.4

(38) 39.2 (70) 188.5

(39} 34.2 (71} 39.7

(40} 38.2

J. B. Pedley and G, Rylance. "Suasex-N.P.L, Computer Analysed Thermochemical Data:
Organic and Organometallic Compounds", Sussex Unilv., 1977, 'J. B. Pedley, R. D. Naylor
and 8. P. Kirby. “Thermochemical Data of Organic Compounds, 2nd Ed.", University Press:
Cambridge, 1986.
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HEATS OF UNION

In order to determine aromatic energies in the manner indicated above, we meed to know the
HOUs for the wvarious possible types of union. These can be found from the energetics of
specific examples, preferably by using experimental heats of formation if accurate wvalues
are avallable. Thus the HOU for union via two carbon atoms (HOU/CC} can be found from the
HOU for union of two molecules of ethylene (3} te form 1,3-butadiene, The result depends on
whether the product of union is cis (4; Figure la) or traems (5; Figure lb). Since the links

in conjugated rings are normally all cis, HOUs should refer to the formation of ¢is isomers.

(a) 3 vu+ 3 -+ 4 HOU, 3.5 kcal/mol
12.5 28.5
(b 3 +~us»3 =35 HOU, 1.2 keal/mal
12.5 26.3
{c} 7 +a+»7 -+ 8 HOU, 1.2 kecal/mol
4.8 10.8
(d) 6 vu+s 3 =~ Ph-CHGH2 HOU, 3.1 keal/mol
19.8 12.5 5.4
(e} 6 vu+ 6 = Ph-Ph HOU, 3.9 kcal/mol
19.8 43.4

Mean HOU(cis), 3.5 kcal/mol

Figure 1.
Estimation of the Heats of Union for Coupling of Hydrecarbons (HOU/CG)

The e¢is isomers are higher in energy, the difference in the case of butadiene being 2.3
kcal/mol. This could, however, be due to steric repulsion between the terminal methylene
groups in 4. Since such repulsions are absent in benzene (6), it would then be appropriate
te use the HOU for union of 3 to 4. However, the HOU for union of two molecules of propene
(7) to form trans-2,3-dimethylbutadiene (8) is the same as the HOU for union of two
molecules of ethylene (3) to form trans-1,3-butadiene (5); cf, Figures 1b and le. Since
the steric repulsions In B are similar te those in 4, they can play at most a minor role in

the difference in energy between & and 5.

Flgures 1d and le show two further estimations of HOU/CC, using different types of unien,
Note that the HOU for union of any two even alternant hydrocarbons is expected to have a
fixed value?!, The thrae values for HOU/CC, found by using experimental heats of formation,
agree as well as could be expected, given that bond energies are not accurately additive.

We will adopt thelr mean, 3.5 kecal/mol.

Estimation of the HOU for union involving heteroatoms is more difficult because experimental
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values for the rtelevant heats of formation are often not available and because the
theoretical values that have to be used are subject to appreciable uncertainty. Table II
lists the mean values of HOUs for various types of union, found by schemes similar te that

in Figure 1 and using calculated heats of formation from Table I.

Table II. Heats of Union (kcal/mol)

XY cC CN Csi NN
HOU/XY 3.5 4.7 -4.0 19.6

AROMATIC ENERGIES OF BENZENE AND HETEROBENZENES

Aromatic energles were estinated for benzene and a number of 1ts hetercaromatic analogs,
using the approach Indicated above, The comparisons used for the individual compounds, and
the derived AEs, are discussed below while Table III compares means of the various estimates

for each molecule with AEs and resonance energles obtained by other procedures.

Table III. Mean Values of Aromatic Energies (kcal/mol).

Compound Mean AE Previous Estimate
Benzene (6) 28.3 24.8°
Pyridine (13) 25.6 25.4"
Pyridazine (25) 22.7 za.z;
12,3
Pyrimidine. (27) 25.0 26°
Pyrazine {30) 24.6 24,03
1,2,4,5-Tetraazine (34) 12.4 -
Phosphabenzene (38) 26.0 15,24
1,2-Diphosphabenzene (4l) 24.6 -
1,2-Diphosphabenzene (46) 25.3 -
1,4-Diphosphabenzene {(49) 25,8 -
5ilabenzene (52) 25.3 22°
Hexaazine (70) non-aromatic -
Furan {58) 12.1 23.7°
Pyrrole (22) 22.5 -
Thiophene (58) 16.5 29.3"

*See Ref. 32, l’J. Tjebbes, Acta Chem. Scand., 1962, 16, 916, M. J. 5. Dewar:

'Electronic Theory of Organic¢ Chemistry’, Oxford University Press, London,.19¢»9. . F,
pedford, A, E. Beezer, and C. T. Mortimer, J. Chem. Soc., 1963, 2039. "See Ref. 35,
*See Ref. 37. £z, B. Guthrie, D. W, Scott, W, N. Hubbard, ¢. Katz, J. P.
McCollough, M. E. Gross, K. D. Williamson, and G. Waddington J., Am. Chem. Soc.
1952, 74, 4662, hR M. Acheson, ‘'An Introduction to the Chemlstry of Heterocyclic
Compounds, 3rd Ed.', John Wiley & Sons, New York, 1976,

<,
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A. Benzens. Since adequate thermochemical data were avallable for the speciles involved iIn
estimating the AE of benzene (6), there was no need for recourse to theoretical
calculations., The processes used to estimate the aromatic energy of benzene (6) included
reduction of 6 to 1,3-cvclohexadiene (9), and formation of & by union of 3 with 4 or union

of three molecules of 3; see Figure 2.

(ay 6 ==+ 9 + 10 EAHr, +3.8 keal/mol
19.8 23.6 20.1 '
strain
free

(b) trans-PhCHGHPh + cis-PhCHCHPh + cis-PhCH2-CH2Ph  6aH , -24.4 keal/mol

56.4 58.6 34.2
AE {a and b), 28.2 kcal/mol
(e) 4 + 3 -+ & AE, 28.2 keal/mel
28.5 12,5 19.8
(d) 3 +3+3 -~ & AE, 28.3 kcal/mol
12.5 19.8

Mean AE, 28,3 kcal/mol

Figure 2.
Estimations of the Aromatic Energy (AE) of Benzene

Problems arise in the first reaction because 9 1s stabilized by twe hyperconjugative
(sp?/sp?)} interactions and destabilized by ring straln, factors that were commonly Ignored
in early attempts to estimate the "resonance energy” of 6 from its heat of hydrogenation.
An estimate (23.6 kcal/mol) of the heat of formation of “"strain-free" 1,3-cyclohexadlene can
be obtained by constructing it by intramolecular union from 1,5-hexadlene (10); see Figure
2. The heat of hydregenatien of 6 to strain-free 1,3-eyclohexadiene is thus +3.8 kcal/mol.
A suitable nonaromatic model for the conversion of 6 to 1,3-eyclohexadiene 1s provided by
the reduction of cis-stilbene to gis-1,2-diphenylethane; see Figure 2b. Here again
complications arise from the steric strain in cig-stilbene, which is much greater than that
in 4. An appropriate value for the heat of formation of cis-stilbene in this context can,
however, be obtained by assuming the cis-trans energy difference to be the same as for

1,3-butadiene (5 - 4), i.e 2.2 kecal/mol; see Fipure 2b.
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The other two estimates of the AE of & (see Figures 2¢ and 2d) used estimates of the ECE of
benzene derived from union of 3 with 4 or of three molecules of 3. As Figure 2 shows, the

three values agreed closely, their mean being 28.3 kcal/mol.

This 1Is much greater than the value (20.0 keal/mol) given by the earlier =« SCF
approximation??, a surprizing result in view of the high accuracy of the heats of formation
it gives for alternant hydrocarbons. The discrepancy is, however, easily explained, The
earlier estimate depended on the assumption that the heat of atomizatjon of a classical
molecule is equal to a sum of the corresponding bond energies. The values for these were
derived from the heats of formation of classical polyenes Iin Cthelr ground state
conformations where adjacent double bonds are trans to one another. The estimate of the ECE
of benzene is thus too low by three times the difference in energy between 4 and 5, i.e. 7

kcal/mol, This sceounts quantitatively for the discrepancy.

As noted above, other estimates of the AE of benzene are subject to errors of this kind.
The one possible exception, based on a recent high level ab initio calculation®?, led to a

value agreeing with ours to within the limits of error ef the procedure used?3,

B. Pyridine., Our estimates of the AE of benzene could be, and were, based entirely on
experimental values for the relevant heats of formation. This unfortunately was not the
case for the other aromatic species studied here. Theoretical values therefore had to be

used for some or all of the relevant compounds. In such cases it is usually advisable to
use calculated heats of formation throughout because errors in the values for related

molecules are likely to be similar. The notable exception to this was the use of the

experimental AH£ for ethylene throughout the paper.

The AE of pyridine (13) was again deduced both from its heat of hydrogenation and from the
heats of unfon from suitable pyecursors. In this case the complications that normally arise
in use of heats of hydrogenation were aveided by comparing the heat of hydrogenation of 13
to 3,4-dihydropyridine (14) with that of benzene (6) to 1,3-cyclohexadiene (9); see Figure
3. It is reasonable to assume that any complicating effects are the same {In both cases,
For reasons Indicated above, AMl values for heats of formation were used throughout. The
results indicated that the AEs of benzene and pyridine are similar, a conclusion supported

by the other estimates Indicated in Figure 3.
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(a) 6 - O
22.0 7.5
) AE, 25,8 kcal/mol
(b} 13 -+ 14
32.0 25.1

{c) 18 + 3 -+ 13 AE, 27.1 kcal/mol
39.6 12.5 32,0

(d) 19 + 3 - 13 AE, 23.9 kcal/mol
35.2 12.% 32,0

Mean AE, 25.6 kcal/mol

Figure 3,
Estimations of the Aromatic Energy (AE) of Pyridine

Organic chemists have generally assumed that the aromatic energy of pyridine (I3} must be
close to that of benzene, =& conclusion supported by PMO theory3? as well as the present
estimates. Indeed, PMO theory predicts®? the AEs of all the azabenzenes to be the same, to
a first approximation. It has been suggested®*' that the aromaticity of pyridine should be
decreased by the electron-attracting nitrogen atom. Neither our results, nor the ab initio
ones referenced above, support this suggestlon in the case of pyridine itself, However, in
view of their limited accuracy, no definlte conclusions can be drawnm. Positive evidence for
the suggestion .15 presented below in the form of calculations for molecules containing twe

or more heteroc atoms.

€. Pyridazine, Pyrim{dine, end Pyrazine. The AEs of pyridazine (25), pyrimidine (27), and
pyrazine (30) were estimated in a simllar, manner; sees Figures 4-6. The AEs were
determined, as before, from comparisons of heats of hydrogenation and energies of wunion,
The AEs of the diazines are much less than those for benzene or pyridine, the difference

being least for pyrimidine,

(ay 25 - 26
55.3 47.0
} AE, 21.9 kcal/mol
(b) 13 - 16
32.0 25,5

{c) 23 + 3 -+ 25 AE, 25,1 kecal/mol
60,9 12.5 55.3

(dy 24 + 3 -+ 25 AE, 21,2 kcal/mol
55.8 12.5 55.3

Mean AE, 22.7 kcal/mol

Figure 4.
Estimations of the Aromatic Energy (AE)} of Pyridazine

— 1146 —




HETEROCYCLES, Vol 28, No. 2, 1989

{a) 2y -+ 28
43.9 36.4

)} AE, 25.3 kcal/mol
by 13 =+ 16
32.0 27.5

(e) 27 =+ 29
43.9 40.6
1 AE, 26.5 kecal/mol
(dy 13 =+ 15
32.0 30.2

(e) 18 + 17 -+ 27 AE, 23.1 kecal/mol
39.6 19.2 43.9

Mean AE, 25,0 kcal/mol

Figure 5.
Estimations of the Aromatic Energy (AE) of Pyrimidine

(ay 30 - 131
64,2 39,1
) AE, 25.0 keal/mol
(b) 13 =+ 15

32,0 30.2

{e) 32 - 30 AE, 26.1 kcal/mol
63.3 442

{d) 18 + 17 - 30 AR, 22.8 kcal/mol

39.6 19.2 44.2
Mean AE, 24.6 kcal/mol

Figure 6,
Estimations of the Aromatic Energy (AE) of Pyrazine

Few alternative estimates are avallable and, for reasons indicated above, little attention
need be paid to them. A previous estimate of the AE of pyridazine (12.3 keal/mol; Table

I111) is clearly too small,

Various attempts have been made to deduce the relative aromaticities of the azines, using
miscellanecous criteria. Thus Papadopoulos and Waltel®, using polarizability as a criterion,
predicted the order: pyridazine > pyrimidine = pyridine > pyrazine. Bird!!, using a cyelic
bond wvariation method, predicted the order: pyridazine > pyrimidine = pyridine > pyrazine.
Our predicted order (pyridine > pyrimidine > pyrazine > pyridazine) differs from either of
the earlier ones, This, however, is not surprising because there is no valid reason why
either of these properties should correlate with the corresponding AEs, The differences are

in any case too small for our predictions to carry much weight.
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D. 1,2,4,5-Tetraazine, 1,2,4,5-Tetraazine (34) presents problems because the difference iIn
energy between single and double NN bonds is much greater than the corresponding differences
for CC or CN bonds. This problem seems to be avoided by the comparisons in Figure 7 which
lead to similar values for the AE, both much less than the AEs of benzene, pyridine, or the
diazines. These results account for the well knowm chemical Instability of the tetraazine

ring.

(a) 3¢ -+ 35
27.5 87.0
} AE, 16.9 kecal/mol
(b) 13 -+ 158
32,0 30,2

(e} 33 + 17 - 34 AE, 9.5 kcal/mol
63.4 19.2 97.5

Mean AE, 13.2 kecal/mol

Figure 7.
Estimations of the Aromatic Energy (AE) of 1,2.,4,5-Tetraazine

E. Phosphabenzene., Figure 8 shows the comparisons used to estimate the AE of phosphabenzene
(38). The agreement beatween the three values 1s acceptable, their mean (26.0 kecal/mol;
Table 1I1) being only a little less than that for benzene or pyridine, This is surprising,
because it has usually been assumed that phosphorus forms only weak » bonds to second period
elements. The only previous estimate®® (15.24 keal/mel,) was derived from a much less

reliable procedure, i.e. graph theory, and is therefore likely to be incorrect,

{a}) i3 =+ 39
39,2 34,2
} AE, 26.8 kcal/mol
by 13 -+ 1¢

32,0 25,5

{c} 37 -» 38 AE, 26.3 kcal/mol
65.0 39.2

{d) 3 + 3 -+ 38 AE, 24.7 kcal/mel

44 4 12,5 43,9
Mean AE, 26,0 keal/mol

Figure 8.
Estimations of the Arcmatic Emergy (AE) of Phosphabenzene
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This apparent inconsistency cam be attributed to the tendency of Group V elements to avoid
using hybridized AOs to form bonds™®. The ground state valence shell configuration of a
Group V element (X) is s2p?, the s AD being filled while the p AOs are each singly occupied.
Consider a corresponding molecule XYS, where X 1is trivalent. If X uses sp3® hybrid AOs to
form the bonds to Y, the lone pajr AQ0 will alsoc be a sp® hybrid, The corresponding valence

sl'zspa'”, corresponding to promotion of 0.75

state of X will then be (sp2®)5, 1i.e.
electrons from the s A0 to the p AD, Since the sp separation is of the order of 10 eV,
there is a strong tendency for X to use p AOs to form the XY bonds, the lone pair AQ being
essentially an s AQ. The bond angles of such molecules are indeed wusually close to %0°,
except when X i1s nitregen, when repulsions between the ligands (Y}, due to the small size of
the nitrogen atom, increase the bond angles and lead to hybridization of the nitrogen AOs,
Otherwise the unshared electrons of X cannot be used to form x bonds unless the lone pair AO
acquires some p character, which involves promotion of s electrons and a corresponding
decrease In the strength of the resulting = bond. The apparent reluctance of the later
Group V elements to form n bonds does not therefore indicate that such bonds are necessarily
any weaker than In the case of nitrogen. The situation in 38 is different because the
planar geometry of phosphorus ensures that the p A0 involved in = bonding remains
unhybridized. The corresponding x bonds can therefore form without hindrance so the AE of

phosphabenzene 1s comparable with that of pyridine.

F. Diphosphabenzenes. Figures 9-11 show the comparisons used to estimate the AEs of 1,2-

(41), 1,3- (46), and 1,4- (49) diphosphabenzene.

{a) 41 -+ 42
55.2 47.5

) AE, 23.4 kcal/mol
(b) 38 -~ 39

39.2 34.1

(c) 43 - 41 AE, 25.0 kcal/mol
76.7 55.2

(d) 44 - 41 AE, 29.2 kcal/mol
80.3 55.2

(e) 45 + 3 -+ 4l AE, 20.6 kcal/mol

56,3 12,5 55.2
Mean AE, 24.6 kcal/mol

Figure 9.
Estimations of the Aromatic Energy (AE) of 1,2-Diphosphabenzene
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(a) 46 -+ 47
66.4 62.4
} AE, 27.0 keal/mol
(b) 38 -+ 39

39.2 34.2
(e) 48 -~ 46 AE, 23.6 kcal/mol
86.5 66.4

Mean AE, 25,3 kecal/mol

Figure 10.
Estimations of the Aromatic Energy (AE) of 1,3-Diphosphabenzene

{a) 49 -+ 50
53.4 53.3
} AE, 26.9 kcal/mol
(b) 38 « 40

39.2 38.2
{e) 51 = 49 AE, 24.3 keal/mol
80.7 3.4

Mean AE, 25.6 keal/mol

Figure 11.
Estimations of the Aromatic Energy (AE) of 1,4-Diphosphabenzene

While the different estimates of the AEs of the diphosphabenzenes show more <variatlion than
usual, 1t 1is nevertheless possible te conclude that these molecules are lass aromatic than
their nitregen coumterparts, as would be expected in view of the general assumption, that CP

n bonds are weak,

This result is in fact quite intelligible and the explanation ralses a point of general
concern. in nonclassical conjugated hydrocarbons, and indeed in most of their heteroatom--
containing counterparts, the various classical structures contain similar bonds and so
should have similar energles, within the limits of additivity of bond energles. This,
however, Is not the case for 41, Here one of the two classlecal (Kekuléd) structures contains
a P=P double bond and two P-C single bonds while the other contains two P=C double bonds and
one P-P single bond. The definition of AE in such a system is ambiguous, depending on the
classical structure wused as the reference. Problems of this kind become extreme in odd
corijugated lons containing heteroatoms. It 1s often difficult te find satisfactory

definitions of the stabilization energies ("resonance energles") of such systems,
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The other results require no special comment except that, in contrast to the corresponding
azines, the AEs of the 1,2- 1,3- and 1,4- diphosphabenzenes are similar to that of
phosphabenzene. This difference presumably reflects the fact that phosphorus differs much

less in electronegativity from carbon than does nitrogen.

G. &ilabenzene The reactions used to estimate the AE of silabenzene (52), and the three
concordant values obtalned, are shown in Figure 12. The average AE (25.3 kcal/mol; Table
IIT) is close to that for benzene, This is significantly larger than previous estimates
from ab initio calculatlons (22 keal/mol3®7 and 20-25 keal/mol®; Table IIL). The discrepancy

is probably due to the factors indicated above.

(a) 32 =+ 53

} AE, 22,3 kcal/mol
(b) E »- 9

22.0 7.5

(e) 54 -+ 52 AE, 28.2 kcal/mol
46,3 21.6

{4) 535 + 3 - 52 AE, 25.5 keal/mol

27.6 12,5 21.6
Mean AE, 25.3 kcal/mol

Figure 12.
Estimations of the Aromatic Energy (AE) of Silabenzene

H. Pyrilium(62), Pyridinfum{f4), Phosphiliuwn(68), and Thiapyrilium(66). These four ions are
well Lknown aromatic species., Use of wunion to estimate thelr aromatic energles seemed
dubious because the effect of the positive charge on energies of union is wuncertain. The
AEs were therefore estimated relative to that of benzene by appropriate comparisons of heats
of hydrogenation to dinydro derivatives; see Table IV, Since the heats of formation of the
ions and ctheir dihydro derivatives were estimated using AMl, it seemed appropriate to alse
use AM1 energles to calculate the energetics of the reference reaction, 1.e. the
hydrogenation of benzene. Tha procedure used is indicated in detail in Table IV, together
with the resulting AEs. These are all much less than that of benzene, supporting the
suggestion®* concerning the effect of electronegative atom on the aromaticity of benzane.
The effect should be much greater for a positively cbarged substituent than for & mneutral

one.
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Table IV, Aromatic Energles of Cyclic Ions and Benzene.

Molecule sH " Dihydro an saH® AE®
b4 4 t
derivative
Benzene (6) 22.0 9 17.5 -4,5 28.3
Pyrilium (62) 169,76 €3 162.16 -7.6 25,2
Pyridinium (64) 184,16 65 176.30 7.9 24,9
Phosphilium (68) 198.36 69 192.44 -5.9 26.9
Thiapyrilium (66) 188, 57 &7 181.99 -6-6 26.2

“AM1 heat of formation (kcal/mol).
*Heat of hydrogenation (kcal/mol}.
®aromatic energy (kcal/mol},

I. Hexaheterobenzenes., AMI predicts the NN bonds In hexaazabenzene (70) to alternate in
length. However, the symmetrical aromatic structure is predicted to be only 2 keal/mol
higher in energy, being the transition state for Interconversion of the two Kekulé 1isomers.

Similar conclusions have been drawn from previous calculationg’-14718/387¢0

The AM1 resgults for Pa (hexaphosphabenzene, 71} 1illustrate a known failing of the new
parameters for phosphorus??. In order to allow calculations to be carried out for compounds
of phosphorus in both 1ts valence states (PIII and Pv), an additional repulsive Gaussian

term had to be included in the core repulsion function, peaking at 3 A, This leads to
energies that are too positive In situations where some other atom is at this distance from
phosphorus. While the error 1s relatively small and rarely causes complicatlons, problems
arise in the case of 71 if it has CJV or D symmetry because the P1P3 distance is then ca

3A. As a result, the molecule distorts into a lozenge-shaped structure, the PIP3 distances

being alternately greater and less than 3A.

NEUTRAL AROMATIC COMPOUNDS WITH FIVE-MEMBERED RINGS

Problems arise In attempts to estimate the AEs of hetercaromatic compounds containing
five-membered rings, in particular furan (58), pyrrole (22), and thiophene (59), due to the
complicating effects of ring strain and the difficulty of finding suitable nonaromatic
species for comparison, AM]l moreover gilves erratic results for these compounds. However,
reasonable estimates of their AEs cam be obtained by the approach indicated above, using

experimental values for the heats of Formation (AHS); see Figure 13.

— 1152 —




HETERQCYCLES, Yol 28, No 2, 1989

{(a) 11 -+ 12(strain free) 12(obs.) Strain Energy, 3.4 kcal/mol
25.2 28.7 2.1
(b) 56 = 57 -+ 58(eclassical) 58(obs.} AE, 12.1 kcal/mol
-60.2 -3.2 3.6 -8.5
{e} 20 =+ 21 =~ 22(classical) 22(obs.) AE, 22.5 keal/mol
-17.3 39.7 46.6 24.1
(d) 60 -+ 61 -+ 59(classical) 59(obs.) AE, 16.4 kcal/mol
-20.0 37.0 43.9 27,5
Figure 13.

Estimations of the Aromatic Energy (AE) of Neutral Five-Membered Ring

The AHt of strain-free cyclopentadiene (12) can be estimated to be 28.7 Lkcal/mol by
considering its formation by intramolecular wunion from 1,4-pentadiene {(11) (AHz' 25,2
kcal/mel). Compariscon with the observed AH! of cyclopentadiene (32.1 kcal/mol) leads to an
estimate of the strain energy, i.e. 3.4 kcal/mol. Since this 1s small and since
replacement of the methylene group by a hetercatom is wunlikely to lead te any large
percentage change in the strain energy, it can resonably be assumed that the strain energies

in these compounds are all the same as in 12, i.e. 3.4 kcal/mol.

The heat of formation of strain-free "classical" furan can be estimated to be 0.25 keal/mol
by considering 1ts formation by intramolecular union from divinylether (57; AH:, -3.25
kcal/mol®%). Since the strain energy is assumed to be 3.4 keal/mol, the AHt of "classical"
furan is then 3.65 kcal/mol. Comparison with the observed AH£ (-8.45 kcal/molao) leads to

an estimate (12.1 kecal/mol) for its AE (Table III).

This argument cannot be applied directly to pyrrole (22) or thiophene (59) because no
experimental walues seem to be avallable for the AHr of divinylamine (21) or divinylsulfide
{61). These can, however, be estimated from the heats of formation of diethylamine (20)
{-17.3 kcal/mol®’) and diethylsulfide (60) (-20.0 kcal/mol) on the reasonable assumpclon
that the heats of hydrogenation of 21 and 61 are similar to that (-57.0 kecal/mol) of
divinylether (57}. The values obtained in this way (39.7 and 37.0 kcal/mol, respectively),
together with the observed AH‘ for 22 (24.1 kcal/mol?9) and 59 (27.5 kecal/mol®?), lead to

estimated AEs for pyrrele (22,5 kcal/mol} and thiophene (16,4 kcal/mol},
The values obtained in this way imply that aromaticity decreases in the order pyrrole >

thiophene > furan, which agrees with the qualitative evidence from chemical reactivity,

Table I1l compares our values with earlier estimates of rescnance energles. These are
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naturally much larger than ours because they represent estimates of the stabiliz:ition

relative to hypothetical reference structures with "pure" single and double bonds.

CONCLUSIONS

The calculations reported here illustrate the ease with which aromatic energles can be
agtimated, accurately and without ambiguity, £from experimental data when these are
available. They also 1llustrate both the usefulness and limitaticns of the AML
semiempirical model in this comnection, as a source of thermochemical Information in cases
where experimental data are lacking. The techniques developed here should also be generally
ugeful in assessing the stabilities of aromatic, or potentlally aromatle, rings, in
particular ones with odd numbers of atoms which present well known problems, Our AEs seem
to be in much better general agreement with the chemistry of such systems than the resonance

energles darived earlier by other methods.
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