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Preface

Aromaticity is a notion that appeared in the mid-nineteenth century to differentiate
between unsaturated hydrocarbons and formally unsaturated benzene [1-3]. At the
end of the nineteenth century it seemed that cyclicity was a necessary condition for
differentiation between the two, but at the beginning of the twentieth century it
turned out that the above assumption was not correct because cyclooctatetraene
exhibited typical properties known for polyenes [4]. The essential property of ben-
zene-like compounds, often identified with aromatic compounds, was low reactiv-
ity. Hence thermodynamic stability was defined as resonance energy [5, 6] and was
the first quantitative measure of aromaticity. Many theoretical approaches were
proposed later to estimate this quantity, and now the criterion is often considered to
be the most fundamental [7]. Almost at the same time, magnetic susceptibility was
used to describe aromaticity [8, 9]. Consequently, many concepts based on magne-
tism were developed, probably the most effective in assessment of aromaticity
being nucleus independent chemical shift (NICS) [10] or Fowler’s maps of ring
currents [11]. The criterion served Schleyer as a basis for a definition of aromatic-
ity: “Compounds which exhibit significantly exalted diamagnetic susceptibility are
aromatic. Cyclic delocalisation may also result in bond length equalization, abnor-
mal chemical shifts and magnetic anisotropies, as well as chemical and physical
properties which reflect energetic stabilisation”[12]. For a long time bond length
alternation has been used as an indication of non-aromaticity, but a quantitative
approach based on this criterion was only invented by A. Julg in 1967 [13]. This
idea was extended in 1972 [14] and can be used to estimate both the local and
global aromaticity of molecules. Actually there are many quantitative descriptors
assumed to be, or even named as, aromaticity indices. To make the situation clearer,
widely acceptable criteria were reported in Tetrahedron: [15]

A cyclic mt-electron compound is aromatic if there appears a measurable -elec-
tron delocalization in the ground state of the molecule. This is associated with:

1. Anincrease of stability related to the system without cyclic m—electron
delocalization

2. Intermediate and unaltered bond lengths that are close to the mean value
of the length for the typical single and double bonds

3. Inducing m-electron ring current when the molecule is exposed to the
external magnetic field
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An additional criterion, in our opinion a very important one, but which is not a
property of the ground state, is reactivity. Generally, aromatic compounds undergo
electrophilic substitution reactions (aromatic substitution) more easily than addi-
tion, which is often expressed as a typical tendency of these kinds of systems to
retain their initial w-electron structure [16, 17].

Since aromaticity has been recognized as a multidimensional phenomenon [18,
19] two modern definitions take into account all the above-listed features.
Krygowski, Katritzky et al. [15] proposed:

Those cyclic m-electron systems which follow all the features of aromatic character
(including reactivity) are aromatic, while those which follow some but not all of them are
partly aromatic.

In turn, Chen, Schleyer et al. [20] proposed that:

Aromaticity is a manifestation of electron delocalization in closed circuits, either in two or
in three dimensions. This results in energy lowering, often quite substantial, and a variety
of unusual chemical and physical properties. These include a tendency toward bond length
equalization, unusual reactivity, and characteristic spectroscopic features. Since aromatic-
ity is related to induced ring currents, magnetic properties are particularly important for its
detection and evaluation.

So far, aromaticity has no unique and widely accepted definition. Despite this shortcom-
ing, or maybe perversely due to it, the phenomenon has been a subject of an ever-
increasing number of intense studies. What is the reason for that? The concept, although
theoretical in nature, is of immense practical importance [15]. Its impact on modern
organic chemistry can hardly be overestimated. Let the facts speak for themselves. Two
thematic issues of Chemical Reviews have been devoted to aromaticity in the last
decade [7, 20-53]. The 2001 May volume of the journal, which explicitly dealt with
the topic [21-39], was recognized as being extremely successful. The Association of
American Publishers awarded that work the Best Single Issue Prize in the
“Professional and Scholarly Publishing Division” [40]. The 2005 October issue,
dedicated more generally to electron delocalization in sigma and pi sense, was a
consequence of that success [7, 20, 40-53]. In the meantime two excellent single
review articles appeared: “Aromaticity as a cornerstone of heterocyclic chemistry”
[54] and “Aromaticity of polycyclic conjugated hydrocarbons™ [55]. Soon after, the
December 2006 thematic issue of Chemical Reviews on “Designing the molecular
world” [56] contributed with a number of highly recommended articles on the sub-
ject: “Twisted acenes,” [57] “Aromatic molecular-bowl hydrocarbons: synthetic
derivatives, their structures, and physical properties,” [58] “Heterofullerenes,” [59]
and “Renaissance of annulene chemistry” [60]. Conferences, symposia, and work-
shops organized all over the world gathered scientists representing different fields of
science and having different experience and skills. Let us note just few of those
events: European Science Foundation Exploratory Workshop: New Perspectives on
Aromaticity, organized in Exeter (2004) [61-74] or ISNA — International Symposium
on Novel Aromatic Compounds [75, 76], arguably the most important and influen-
tial conference in the field, which is now organized every two years, with the next
meeting to be held in Luxembourg 2009 [75, 77-94].
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The question has been posed: how does aromaticity change if in a carbocyclic
n-electron system one or if a few CH units are replaced by heteroatom(s)? What
can be expected? Undoubtedly, these kinds of changes are associated with changes
in electron structure due to different electronegativity, e.g., x(Csp?) = 2.75 as com-
pared with ¥ (Nsp?) = 3.94, x(B) =2.04, x(S) = 2.56, %(P) = 2.19 (Tables 6.5 and
6.7 in [95]) and should be reflected in m-electron delocalization. In consequence,
many properties typical of aromaticity may change, sometimes dramatically.

This volume consists of seven contributions, which present various kinds of het-
eroaromatic compounds and various aspects of their chemistry, physical chemistry,
and structural chemistry. The aromaticity of these compounds is, however, the cru-
cial point of these contributions and makes this notion more understandable.

The first chapter by M. A. R. Matos and Joel F. Liebman deals with recent
advances in the experimental thermochemistry of nitrogen, oxygen, and sulfur
derivatives of indane and indene. Analyses are based on enthalpies of formation in
gaseous phase, and are mostly concerned with aromatic stability and strain destabi-
lization in cases where molecules contain a saturated fragment. At the end there is a
table of enthalpies of formation of indanes and related dibenzoannulated species.
The table also presents enthalpy differences between indane/indene analogs and
their five-membered fragments, which are fused to benzene. The differences are a
rough estimation of enthalpy of formation of benzene but also contain the contribu-
tion resulting from conjugation between the benzene ring and a fused fragment.

Chapter 2 by Lészl6 Nyuldszi and Zoltdn Benkd deals with the chemistry and
physical organic chemistry of aromatic phosphorus heterocycles and is divided into
four subchapters dealing with three- , four-, five-, and six-membered rings, in which
there may be more than one phosphorus atom. The chapter begins with a clear pre-
sentation of the electronic structure that phosphorus may achieve in molecules with
CP bonds. For cyclopentadiene and phosphole eight aromaticity indices are col-
lected. Almost all of them indicate that phosphole is more aromatic than cyclopen-
tadiene. It is also shown that even small structural effects (substituent, bonding
modes) can have a substantial impact on the chemistry of the reported systems.

Chapter 3 by Marcin Stgpien and Lechostaw Latos-Grazynski deals with wt-elec-
tron delocalization in relation to tautomerism and chemical properties in porphy-
rines and porphyrinoids. An important and very interesting problem discussed here
is that for the title systems aromaticity may be concerned either locally (for one or
a few rings) or for a whole macrocycle. The body of the chapter is based on analy-
ses of '"HNMR and UV/Vis spectroscopies and takes into account the relations
between mt-electron delocalization and tautomeric equilibria.

In the next chapter by Ibon Alkorta and José Elguero, applying computational
approaches presents interrelations between aromaticity and chemical and physico-
chemical properties of heterocycles. The following problems and properties are
considered: tautomerism, conformation analysis, acid—base equilibria, H-bonding
and proton transfer, energetics, reactivity, IR-, NMR-, and MW-spectroscopies. At
the end is a discussion of problems related to supramolecules and macrocycles.

Alexandru T. Balaban in the fifth chapter considers six-membered rings with
one heteroatom and even some metallobenzene derivatives. Thus, analysis of the
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role of heteroatom becomes more precise. There is a comparison of the aromaticity
of 18 charged and neutral species with indicated values of NICS. Since the forma-
tion of the title compounds results from replacement of a CH fragment by an appro-
priate heteroatom or its substituted derivative, the original “aromaticity constants”
(that may also be considered “relative electronegativities” of these groupings) of
the first row atoms are presented.

Alzbeta Krutosikova and Tibor Gracza present in the sixth chapter recent studies
of heteroanalogs of pentalene dianion in which the CH fragment is replaced by O,
NH, S, Se, and Te atoms. Mostly the syntheses of these kinds of compounds or their
derivatives are presented, but the distinction between particular representatives is
well outlined.

Chapter 7, by Jacek Mtochowski and Mirostaw Giurg deals with aromatic and
related selenaheterocycles and their applications. The chapter presents firstly the
chemical properties of selenaheterocyclic rings: tautomerism, reactions on the car-
bon atom and on the heteroatom, and finally ring transformations. Next are pre-
sented the syntheses of selenaheterocyclic compounds like selenphanes,
isoselenazoles, selenazoleds, selenadiazoles, and selenoporphyrines. Finally, an
outline of the applications of selenaheterocycles is presented.

The role of the concept of aromaticity in the field of heterocyclic chemistry can
hardly be overestimated. It is considered to be a cornerstone of heterocyclic chem-
istry [54]. We believe that the presented selection of recent achievements in the
field supports this opinion very well.

Warsaw, Summer 2008 Tadeusz Marek Krygowski
Michat Ksawery Cyranski

References

Kekulé A (1865). Bull Soc Chim Fr 3:98

Wotiz JH (ed) (1993) The kekulé riddle. A challenge for chemists and psycholo-

gists. Clearwater, FL, Vienna IL

Erlenmeyer E (1866). Liebigs Ann Chem 137:327

Willstaetter R, Waser E (1911). Ber 44:3433

Pauling L, Sherman J (1933). J Chem Phys 1:606

Pauling L, Wheland GW (1933). J Chem Phys 1:362

Cyranski MK (2005). Chem Rev 105:3773

Pauling L (1936). J Chem Phys 4:673

Dauben HJ, Wilson JD, Laity JL (1968). J] Am Chem Soc 90:811

Schleyer P v R, Maerker C, Dransfeld A, Jiao H, van Eikema Hommes NJR (1996).

J Am Chem Soc 118:6317

11. Fowler PW, Steiner E, Havenith RWA, Jenneskens LW (2004). Magn Reson Chem
42:S68

12. Schleyer PvR, Jiao H (1996). Pure Appl Chem 68:209

13. Julg A, Francoise P (1967). Theor Chim Acta 7:249

Do —

COXNINN AW

—_



Preface xi

14.
15.

16.
17.
18.

19.

Kruszewski J, Krygowski TM (1972). Tetrahedron Lett 3839

Krygowski TM, Cyranski MK, Hifelinger G, Katritzky AR (2000). Tetrahedron
56:1783

March J (1993). Advanced organic chemistry, reaction, mechanism and structure,
4th edn. Wiley, New York

Minkin VI, Glukhovtsev MN, Simkin BY (1994). Aromaticity and antiaromaticity.
Electronic and structural aspects, Wiley, New York,

Katritzky AR, Barczynski P, Musumarra G, Pisano D, Szafran M (1989). J Am
Chem Soc 111:7

Cyranski MK, Krygowski TM, Katritzky AR, Schleyer PvR (2002). J Org Chem
67:1333

. Chen Z, Wannere CS, Corminboeuf C, Puchta R, Schleyer PvR (2005). Chem Rev

105:3842

. Schleyer PvR (2001). Chem Rev 101:1115

. King RB (2001). Chem Rev 101:1119

. Biihl M, Hirsch A (2001). Chem Rev 101:1153

. Williams RV (2001). Chem Rev 101:1185

. Bleeke JR (2001). Chem Rev 101:1205

. Nyulaszi L (2001). Chem Rev 101:1229

. Minkin VI, Minyaev RM (2001). Chem Rev 101:1247

. Watson MD, Fechtenkotter A, Miillen K (2001). Chem Rev 101:1267
. Mitchell RH (2001). Chem Rev 101:1301

. Wiberg KB (2001). Chem Rev 101:1317

. Allen D, Tidwell TT (2001). Chem Rev 101:1333

. Gomes JANF, Mallion RB (2001). Chem Rev 101:1349

. Krygowski TM, Cyranski MK (2001). Chem Rev 101:1385

. Katritzky AR, Jug K, Oniciu D C (2001). Chem Rev 101:1421
. De Proft F, Geerlings P (2001). Chem Rev 101:1451

. Schaad LJ, Hess BA Jr (2001). Chem Rev 101:1465

Jug K, Hiberty P C, Shaik S (2001). Chem Rev 101:1477

. Shaik S, Shurki A, Danovich D, Hiberty PC (2001). Chem Rev 101:1501

. Slayden SW, Liebman J F (2001). Chem Rev 101:1541

. Schleyer PvR (2005). Chem Rev 105:3433

. Balaban AT, Schleyer PvR, Rzepa HS (2005). Chem Rev 105:3436

. Kertesz M, Choi CH, Yang S (2005). Chem Rev 105:3448

. Krygowski TM, Stgpien BT (2005). Chem Rev 105:3482

. Sobczyk L, Grabowski SJ, Krygowski TM (2005). Chem Rev 105:3513

. Raczynska ED, Kosinska W, Osmialowski B, Gawinecki R (2005). Chem Rev

105:3561

. Chen Z, King B (2005). Chem Rev 105:3613

. Lu X, Chen Z (2005). Chem Rev 105:3643

. Rzepa HS (2005). Chem Rev 105:3697

. Boldyrev AI, Wang LS (2005). Chem Rev 105:3716

. Geuenich D, Hess K, Kohler F, Herges R (2005). Chem Rev 105:3758
. Merino G, Vela A, Heine T (2005). Chem Rev 105:3812

. Heine T, Corminboeuf C, Seifert G (2005). Chem Rev 105:3889

. Poater J, Duran M, Sola M, Silvi B (2005). Chem Rev 105:3911

Balaban AT, Oniciu DC, Katritzky AR (2004). Chem Rev 104:2777

. Randi¢ M (2003). Chem Rev 103:3449

. de Meijere A, Hopf H (2006). Chem Rev 106:4785

. Pascal RA (2006). Chem Rev 106:4809

. Wu YT, Siegel JS (2006) Chem Rev 106:4843

. Vostrowsky O, Hirsch A (2006). Chem Rev 106:5191

. Spitler EL, Johnson CA, Haley MM (2006). Chem Rev 106:5344



Xii

Preface

. Lazzeretti P (2004). Phys Chem Chem Phys 6:217
. Corminboeuf C, Heine T, Seifert G, Schleyer PvR, Weber J (2004). Phys Chem

Chem Phys 6:273

. De Proft F, Geerlings P (2004). Phys Chem Chem Phys 6:242

. Hiberty PC, Shaik S (2004). Phys Chem Chem Phys 6:224

. Rassat A (2004). Phys Chem Chem Phys 6:232

. Soncini A, Fowler PW, Jenneskens LW (2004). Phys Chem Chem Phys 6:277

. Rzepa HS, Sanderson N (2004). Phys Chem Chem Phys 6:310

. Havenith RWA, Engelberts JJ, Fowler PW, Steiner E, van Lenthe J, Lazzeretti P

(2004). Phys Chem Chem Phys 6:289

. Poater J, Garcia-Cruz I, Illas F, Sola M (2004). Phys Chem Chem Phys 6:314

Diudea MV (2004). Phys Chem Chem Phys 6:332

. Taylor R (2004). Phys Chem Chem Phys 6:328
. Steiner E, Fowler PW (2004). Phys Chem Chem Phys 6:261
. Havenith RWA, Fowler PW, Steiner E, Shetty S, Kanhere D, Pal S (2004). Phys

Chem Chem Phys 6:285

. Krygowski TM, Cyranski MK (2004). Phys Chem Chem Phys 6:249

. Toyota S (2008). Pure Appl Chem 80:iv

. Kivala M, Diederich F (2008). Pure Appl Chem 80:411

. Michl J (2008). Pure Appl Chem 80:429

. Sekiguchi A (2008). Pure Appl Chem 80:447

. Stahl J, Bohling JC, Peters T B, de Quadras L, Gladysz JA (2008). Pure Appl

Chem 80:459

. Luh T-Y, Lin H-C, Chou C-M (2008). Pure Appl Chem 80:475
. Griffiths KE, Stoddart JF (2008). Pure Appl Chem 80:485
. Morita Y, Nishida S, Kawai J, Takui T, Nakasuji K (2008). Pure Appl Chem

80:507

. Haley MM (2008). Pure Appl Chem 80:519

. Yao T, Yu H, Vermeij RJ, Bodwell GJ (2008). Pure Appl Chem 80:533

. Suzuki T, Takeda T, Kawai H, Fujiwara K (2008). Pure Appl Chem 80:547

. Matsuda K (2008). Pure Appl Chem 80:555

. West R (2008). Pure Appl Chem 80:563

. Hirsch A (2008). Pure Appl Chem 80:571

. Ie Y, Umemoto Y, Nitani M, Aso Y (2008). Pure Appl Chem 80:589

. Suk J-M, Chae MK, Kim N-K, Kim U-I, Jeong K-S (2008). Pure Appl Chem

80:599

. Miiller TJJ, D’Souza DM (2008). Pure Appl Chem 80:609
. Tykwinski RR, Gholami M, Eisler S, Zhao Y, Melin F, Echegoyen L (2008). Pure

Appl Chem 80:621

. LvJ, Liu H, Li Y (2008). Pure Appl Chem 80:639
. Jacquot de Rouville H-P, Vives G, Rapenne G (2008). Pure Appl Chem 80:659.

. McWeeny R (1979) Coulson’s valence. Oxford University Press, Oxford,



Contents

Experimental Thermochemistry of Heterocycles

and Their Aromaticity: A Study of Nitrogen,

Oxygen, and Sulfur Derivatives of Indane and Indene ..................c.cccoeenee. 1
M. A. R. Matos and Joel F. Liebman

Aromatic Phosphorus Heterocycles ..............cccooceeviieiiiiiiiniiniienieeeeees 27
L. Nyulédszi and Z. Benkd

Aromaticity and Tautomerism in Porphyrins and Porphyrinoids............ 83
M. Stepien and L. Latos-Grazynski

How Aromaticity Affects the Chemical and Physicochemical
Properties of Heterocycles: A Computational Approach .......................... 155
I. Alkorta and J. Elguero

Aromaticity of Six-Membered Rings

with One Heteroatom .................coccoviiiiiiiiiiiiiiiicieceeeeeee e 203
A.T. Balaban
Chemistry of Hetero Analogs of Pentalene Dianion.................................. 247

A. Krutosikova and T. Gracza

New Trends in Chemistry and Application of Aromatic
and Related Selenaheterocycles...............cccoovieriiiiiieniiieiienieeeeee e 287
J. Mtochowski and M. Giurg



Top Heterocycl Chem
DOI:10.1007/7081_2008_5
© Springer-Verlag Berlin Heidelberg

Experimental Thermochemistry of Heterocycles
and Their Aromaticity: A Study of Nitrogen,
Oxygen, and Sulfur Derivatives of Indane

and Indene

M. Agostinha R. Matos and Joel F. Liebman

Abstract In the current chapter the study of aromaticity is limited to thermochemi-
cal concerns (just to those derived from enthalpies of formation in gaseous phase) and
to heterocycles containing nitrogen, oxygen, and sulfur as found in a ring (or collec-
tion of rings) for which there is unbroken n bonding between the constituent atoms.

We will take a semiempirical approach using numerous molecules, models,
assumptions, and estimates rather than doing new calorimetric experiments and/or
quantum chemical calculations. Indeed, we will also test what is probably the sim-
plest assumption — that (4n + 2) « electrons found within a conjugated ring species is
expected to result in enhanced stability and that this compound is called “aromatic.”
We will consider the dihydroindene (indane) skeleton composed of a benzene ring
fused to a nonaromatic five-membered ring that lacks additional double bonds, and
will use this carbocyclic hydrocarbon with X =Y =7 = CH, as a paradigm for many
heterocyclic derivatives for which the possible aromaticity is of relevance to the
current chapter. Similarly we use indene with {-X-Y-} = {-CH=CH-},Z = CH,
for a variety of unsaturated heterocycles of interest here.
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1 Introduction: Composition and Compounds

Aromaticity (and antiaromaticity) is a key, multifaceted, and elusive molecular prop-
erty. There are now three standard enunciated “tripartite” criteria (energy, magnetic,
and structure). In the current chapter the study of aromaticity is limited to thermo-
chemical concerns (just to those derived from enthalpies of formation) and to
heterocycles containing nitrogen, oxygen, and sulfur as found in a ring (or collection
of rings) for which there is unbroken n bonding between the constituent atoms. This
includes species such as pyridine (I) and the isomeric diazines: pyridazine (II),
pyrimidine (III), and pyrazine (IV). Species such as pyrrole (V), furan (VI), and
thiophene (VII) likewise qualify.
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Explicitly included are species with carbonyl (>CO) groups such as the isomeric
phthalimide (VIII) and isatin (IX), and with thiocarbonyl (> CS) groups such as the
isomeric benzo-1,2-dithol-3-thione (X) and benzo-1,3-dithiol-2-thione (phenylene
trithiocarbonate) (XI). Conversely, species with the isoelectronic >BF (and the
related >BH) are ignored. Thus the question of the aromaticity in carboranes never
arises in this chapter, even had we been explicitly interested in three-dimensional
aromaticity (another issue we will ignore here).
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2 Applications of “Isomeric’’ and “Experimentally
Realized Dewar-Breslow’’ Reasoning

2.1 Benzene

It is to be acknowledged that many of the logical approaches to the evaluation of
aromatic character that work for carbocycles are absent in this chapter on hetero-
cycles, as attention is paid only to thermochemical information from the experi-
mental (i.e.,noncalculational theoretical literature), with occasionalaccompaniment
from seemingly necessary estimates. As such, many of our comparisons derived
from “isomeric” [1-3] and “experimentally realized Dewar—Breslow” [4-6] rea-
soning, which work so well for carbocycles and even one-ring heterocycles, are
generally without use for the heterocycles of interest in this study. For example,
benzene may be interrelated to the hydrogenated cyclohexene and cyclohexane
along with, quite sensibly, 1,3-cyclohexadiene; with the (“isotoluene”) 5-methyl-
ene-1,3-cyclohexadiene; with 1,3,5-hexatriene (see the diene/polyene review
[7]), or perhaps reluctantly with its diphenylated counterpart, stilbene (XII) (the
trans-isomer chosen because of its planarity and greater stability).

o~

Benzene may also be interrelated with the simplest acyclic double bond-
containing organic compound, ethylene, as well as with (Z)- and (E)-2-butene,
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the simplest acyclic organic compound where the double bond is flanked by two
carbon—carbon single bonds rather than only carbon—hydrogen bonds. Toluene,
which to us is the simplest substituted plausibly aromatic carbocycle, can be
related to either isomer of methylenecyclohexadiene. Indeed, the methyl group is
innocuous enough that this comparison serves us well for understanding the aro-
maticity of benzene. Ion chemistry has given us the enthalpy of formation of the
o-isotoluene needed for the isomerization approach [8]. Likewise this discipline
has given us values for p-isotoluene [8, 9], but these are in significant
disagreement. Hydrogenation calorimetry gives us the enthalpy of formation of
both (Z)- and (E)-1,3,5-hexatriene. The latter in an inert hydrocarbon solvent [10]
is to be trusted more than the nearly identical value from the earlier study in ace-
tic acid [11] since solvent effects may be ignored in the former. Both results can
be trusted more than the value from a still-earlier combustion calorimetric inves-
tigation [12]. This arises from the general observation that combustion calorime-
try is prone to greater experimental uncertainty in its measurement than
hydrogenation calorimetry. More precisely, when both measurements can be
performed, the final enthalpy of hydrogenation is so much smaller than that of
combustion. A given percent error because of impurities or any other source of
mismeasurement results in a smaller numerical error [13]. This is especially the
case for reactive or unstable species, such as the easily oxidized and easily
polymerized triene.

2.2 Pyridine

This chapter is devoted to heterocycles, not carbocycles. By analogy to benzene,
should we wish to study reasoning derived from isomeric and Dewar—Breslow
approaches, we would thus turn to the isoelectronic, isovalent, m-conjugate
pyridine, I. This species is plausibly the simplest heterocycle to discuss from the
vantage points of aromaticity and thermochemistry. This species would naturally
be related to its hydrogenated species, but enthalpy of formation data is limited in
the experimental thermochemical literature to the hydrogenated A'2- [14] and
A4-piperideine and piperidine (the reference for the second (A**-) piperideine and
for piperidine is Pedley [15]; from now on all unreferenced data may be assumed
to come from this archival source). The enthalpy of formation remains unknown
for both 1,2- and 1,4-dihydropyridine and for both of their corresponding derivatives
save that of a nineteenth century measurement for a highly substituted species,
3,5-dicarbomethoxy-2,4,6-trimethyl-1,4-dihydropyridine in the solid phase [16]
(as cited by [17]). However, equilibration studies show the N-methyl derivative of
1,2-dihydropyridine to have a higher enthalpy by 10 kJ mol™" than its 1,4-isomer
[18]. Relatedly, hydride transfer studies for a variety of substituted phenyl-1,
2-dihydropyridines show these species to be ca. 6 kJ mol™" less stable than their
corresponding 1,4-isomer [19]. We start with plausibly the simplest substituted
heterocycle, methylpyridine, to enable understanding of pyridine itself. But, we
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must ask: “which one?” since there are enthalpy of formation data available for
each of the three so-called picolines. The three values are close enough, with only
a7 kJ mol”' spread, that we can content ourselves with any of them. However, there
is no directly measured enthalpy data for the corresponding methylene-
dihydropyridines (aza-cyclohexadienes). Estimates from solution phase basicity
(pK,) determinations suggest that pyridine has 84 and 75 kJ mol™' more resonance
stabilization than 4-methylene-1,4-dihydropyridine and 2-methylene-1,2-dihy-
dropyridine, respectively [20].

We acknowledge that although thermochemical estimates will occasionally be
used in the current study, we forego the results from quantum chemical calculations
largely in the name of brevity. We are forced to use benzalaniline (XIII), there
being no enthalpy of formation known for its acyclic counterpart CH,=CH-
CH= N—CH:CHZ, for either of its isomers CHZ: CH-CH=CH-CH=NH and
CH2=CH—CH:CH —N= CHZ, nor an unequivocal measured value for CHZ:NH or
any of its methylated derivatives (see the summaries of imine thermochemistry [21,
22]). We additionally note that benzalaniline, taken as its frans-isomer like its
hydrocarbon counterpart stilbene (XII), is a conventional,

Cf“@

Xl

convenient organic compound for the thermochemically inclined investigator
[23, 24]. We recall the multidecade-old dialogue between one of the authors (JFL)
and the highly respected, recently deceased ion chemist Sharon G. Lias [25] on the
feasibility of studying a compound of mutual interest:

SGL to JFL: “My idea of synthesis is opening a bottle.”
JFL to SGL “As a theorist, my idea of synthesis is convincing you to open that bottle.”

While many other thermochemists are more willing to indulge in organic synthe-
sis (such as the other author MARM), it is nonetheless unequivocal that ease of
acquiring, purifying, and handling a compound of interest is a rate-determining step
for many researchers. We also note that, even here, our thermochemical archive refers
to two measurements of its enthalpy of formation that differ by ca. 15 kJ mol™'.

2.3 Pyrrole, Furan and Thiophene

The second simplest heterocycle, or should we say set of heterocycles, are the six-n
electron pyrrole (V), furan (VI), and thiophene (VII). While all tetrahydrogenated
derivatives are known to the thermochemist, only the dihydrofuran and
dihydrothiophene also are. Both the 2- and 3-methylthiophenes have been studied,
and not surprisingly their enthalpies of formation are very close. However, no such
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values are available for any gaseous methylated pyrroles or furans (save 2,5-
dimethylpyrrrole [15] and 2,5-dimethylfuran [26]) and in no case are the exo-meth-
ylene derivatives needed for the isomerization method. The enthalpies of formation
of divinyl ether and sulfide are known, but not of divinylamine. The three diphenyl
amine, ether, and sulfide derivatives have all been studied and the use of their
enthalpies of formation gives us confidence in the experimental Dewar—Breslow
approach [4-6].

However, measured data is missing for numerous cases of putative aromatic spe-
cies with multiple heteroatoms, a situation only worse for the aforementioned
approaches to thermochemical understanding of the aromaticity of these more gen-
eral heterocycles. We are not ready to relinquish this study to computational theo-
rists and so we will present yet other models in this chapter. While these models are
not universal, i.e., not all comparisons can be made for all heterocycles, they inter-
leave in that we may use more than one comparison for some heterocycles and
derive inequalities and bounds for their varying degrees of aromaticity.

2.4 Is There a Unifying Model?

Reiterating, our analysis will be piecemeal in that we will offer no unifying method
or mode of understanding the thermochemistry of aromatic heterocycles: in that
way, we are taking a semiempirical approach using numerous molecules, models,
assumptions, and estimates rather than doing new calorimetric experiments and/or
quantum chemical calculations. Indeed, we will also test what is probably the sim-
plest assumption — that (4n + 2) © electrons found within a ring species is expected
to result in enhanced stability, and that this compound is called “aromatic.” As said
above we will endeavor to use only experimentally measured values of enthalpies
of formation. Also, given a choice, we will consider species only in splendid isola-
tion, in their gas phase where there are only intramolecular interactions to under-
stand, to confound, and to help in explanations. Indeed, the term “enthalpy of
formation” will refer implicitly to gas phase species unless otherwise stated. No
attempt will be made to distinguish « and o effects on stability; strain energies con-
tributing to the latter are ignored, or more properly it is assumed that these values
are independent of the number of double bonds in the ring of the heterocycle being
discussed.

3 Indane as a Carbocyclic Paradigm

3.1 Defining Reactions

Consider the dihydroindene (indane) (XIV) skeleton composed of a benzene ring fused
to a nonaromatic five-membered ring that lacks additional double bonds. We may con-
sider this carbocyclic hydrocarbon with X=Y=7=CH, (XV) as a paradigm for a



Experimental Thermochemistry of Heterocycles and Their Aromaticity 7

9 olig ik
Y Z X
/
X \—/
XV XV XVI

variety of derivatives for which the possible aromaticity is of relevance to the cur-
rent chapter. Certainly there is no reason to believe that indane will be any more
aromatic than benzene or any simply alkylated derivatives thereof. Consider the
formal reaction, with accompanying enthalpies of formation (kJ mol™):

Indane + 2C,H, — 0-C,H, (CH,), + CH,(CH,),CH, (1)
60.3+2(-83.8) = 19.1+(~146.9)

This reaction is exothermic by 20.5 kJ mol™". It is not zero as might be expected
since it preserves the same number and types of C—C and C—H bonds. However, a
five-membered ring is destroyed in the process and its strain energy released. This
reaction may be generalized to:

C,H,XYZ +2C,H, — 0-C,H,(CH,), + CH,XYZCH, )

The endo- or exothermicity of this reaction will be taken as a probe of the aromaticity of
the molecule of interest. There is an encouragingly large collection of species defined by
their individual “ordered triple” of X, Y, and Z (XV) (e.g., if X and Y are different, then
the species defined by X, Y, and Z is not the same as that defined by Y, X, and Z).

3.2  Why Not Use Monocyclic Species?

Indeed, this abundance of data is the reason why we have chosen to discuss these
bicyclic species rather than the simpler, monocyclic five-membered ring compounds
recognized as C,H XYZ (XVI) for which the desired thermochemical data is very
often lacking. For these monocyclic compounds we can write the related reaction:

C,H,XYZ+2C,H, —1,2—C,H,(CH,), + CH,XYZCH, 3)

The enthalpy of this reaction is the same, within a numerical constant, as the differ-
ence of enthalpies of formation of C,H,XYZ and CH, XYZCH,. Were there a more
or less constant enthalpy of formation difference between methyl and phenyl deriv-
atives (an assumption employed in [27] that “looked better” in kilocalories than in
kilojoules), the enthalpy of this reaction would be the same (again to an additive
constant) as the difference of the enthalpies of formation of C,H,XYZ and
CHXYZCH,, the defining relationship in the experimental Dewar—Breslow

appfoach [4-6].



8 M.A.R. Matos, J.F. Liebman

Most assuredly, there is a difference in strain energy of the mono and bicyclic spe-
cies, as well as in phenylene (- C.H,—) and vinylene (—CH=CH-) bonding. However,
the difference is small. Taking C,H,(CH,), as the (Z)-isomer of 2-butene (choosing
the (E)-isomer introduces just an additive constant), we find the reaction:

Indane + C,H, (CH,), — Cyclopentene + 0-C;H,(CH,), 4)
60.3+(-7.1) > 34.0+19.1

Deviation from thermoneutrality is by less than 1 kJ mol™, less than the error bars in
the measured enthalpies of formation. This is the equivalent to the difference of reac-
tions 1-3, equal strain energies both sides, so our previous reasoning is legitimized.

A price of our analysis is that the enthalpy of formation of some of the
CH,XYZCH, species will have to be estimated. In principle, one could use Benson
group increments [28] in lieu of these estimates but then, many of these increments
would also have to be estimated because many compounds containing the groups
are unknown, inadequately precedented, or even limited to but one species, the one
of interest. Benson said in a related context to one of the authors (JFL) some dec-
ades ago: “If the universe was kind, your approach would agree with mine, and both
would agree with the universe.”

3.3 1-Indanone and Other Keto Derivatives of Indane

3.3.1 1-Indanone

Returning now to the discussion of other carbocyclic species, we will consider the
process involving 1-indanone and other keto derivatives of indane. We expect no
special stabilization or destabilization over that of indane — none of these species
may be expected to be aromatic or antiaromatic save that of the benzene ring
therein. Starting with 1-indanone itself (X = CO, Y =Z = CH,):

1-Indanone + 2C,H, — 0-C,H, (CH,), + CH, (CH, ), COCH, (5)
—64.0 +2(~83.8) — 19.1+(~258.8)

Using the enthalpy of formation of 1-indanone from [29], we find this reaction is
exothermic by 8.1 kJ mol™. We are not surprised that this reaction is less exothermic
than the earlier one (1) because we have lost the conjugation energy associated with
conjugation of a carbonyl group attached to a benzene ring.

3.3.2 2-Indanone

Consider now the related reaction with the isomeric 2-indanone [29] (X =Z = CH,,
Y = CO):
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2-Indanone + 2C,H, — 0-C,H, (CH,), + CH,CH,COCH,CH, (6)
~56.6+2(—83.8) — 19.1+(-257.9)

This reaction is exothermic by only 14.6 kJ mol™), in line with our expectations,
since 2-indanone lacks the conjugation found in its 1-isomer. The exothermicity for
2-indanone is not the same as it is for indane. Then again, do we really expect the
strain energy for 2-indanone to be the same as for indane? Are our concepts really
precise to that degree of thermochemical resolution?

3.3.3 Indane-1,3-dione

Finally, consider indane-1,3-dione [29] (X = Z = CO, Y = CH,) (XVII), where we
make use of the value for 2,4-pentanedione, the tautomer specified [30], and not the
enol-majority mixture that is usually named this species (or even more commonly,
but strictly speaking misnamed, “acetylacetone”):

Indane-1,3-dione + 2C,H, — 0-C,H, (CH,), + CH,COCH,COCH,  (7)
~165.0+2(~83.8) — 19.1+(-358.9)

This reaction is exothermic by only 7.2 kJ mol™. Even correcting for the 1,3- or
B-diketo groups, we would not expect to have twice the phenyl-carbonyl conjuga-
tion stabilization energy of 1-indanone. More precisely, there is still some destabi-
lization because of ortho di-keto repulsions, analogous to those found in other
ortho-disubstituted benzenes where we have electron-withdrawing substituents
(e.g., CN, CN; NO,, NO,; NO,, CN [31]; COOCH,, COOCH, [32, 33]). So, why is
indane-1,3-dione seemingly stabilized?

O o]
o (D
(0]
XVII XVIII XIX

3.4 Phthalic Anhydride, Phthalan and Phthalimide

3.4.1 Phthalic Anhydride

Consider now phthalic anhydride, (X =Z = CO, Y = O) (XVIID). This species has
eight m electrons. Is it antiaromatic? Hiickel’s 4n + 2 rule would suggest this
although we acknowledge that this rule strictly applies only to monocyclic species.
The relevant reaction is:



10 M.A.R. Matos, J.F. Liebman

Phthalic anhydride + 2C,H; — 0-C,H,(CH,), + CH,COOCOCH, (8)
—371.4+2(-83.8) = 19.1+(-572.5)

This reaction is exothermic by 14.4 kJ mol™. This value is some 7 kJ mol 'more
exothermic than that of its carbocyclic counterpart of 1,3-indanedione. Is this to be
ascribed to destabilization of phthalic anhydride and plausible antiaromaticity asso-
ciated with its eight m electrons?

3.4.2 Phthalan

Before doing so, consider the corresponding reaction for phthalan (X =Z = CH,,
Y = O) (XIX), where no additional aromaticity is expected beyond that found in
its benzene ring. Using the related reaction and the enthalpy of formation of
phthalan [34]:

Phthalan +2C,H, — 0-CH, (CH,), + CH,CH,0CH,CH, )
~30.1+2(-83.8) = 19.1+(-252.7)

This reaction is exothermic by 35.9 kJ mol™', some 15 kJ mol™' more exothermic
than indane. The reaction for phthalic anhydride is but 7 kJ mol™ more exothermic
than indane-1,3-dione. Putting this all together we would conclude that phthalic
anhydride is stabilized relative to phthalan by 8 kJ mol™!, the difference between
these relative exothermicities. Is that 8 kJ mol™" significant? Would we really want
to say that the aromaticity of the three isomeric methylpyridines differ by 7 kJ
mol~!, as suggested by the spread of their enthalpies of formation? Or would we
want to say that the diverse dimethylpyridines have a spread of 14 kJ mol™' and
hence their aromaticity varies? It is not to say that an enthalpy difference of some
7 kJ mol™, or even 14 kJ mol™', cannot significantly affect the value of an equilib-
rium constant or relative yields, but rather that our concepts lack resolution at that
level of purported precision. Perhaps we should content ourselves with the conclu-
sion that phthalic anhydride is mildly antiaromatic.

3.4.3 Phthalimide

What about the nitrogen or sulfur analog of phthalic anhydride? Acknowledging
earlier disparate results for solid phthalimide (X = Z = CO, Y = NH) (VIII), the
enthalpy of formation of gaseous phthalimide has recently been measured as
—211.1 kJ mol™" [35]. Accepting this value, using the equation:

Phthalimide + 2C,H, — 0-C,H, (CH,), + (CH,CO),NH (10)
—211.1+2(~83.8) — 19.1+(—427.6)
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and the enthalpy of formation of acetimide [36], we found that this reaction is exo-
thermic by 19.8 kJ mol~'. While there are no enthalpy data measurements for 1,3-
dihydroisoindole, the NH counterpart of phthalan, the closeness of this exothermicity
to that found for phthalic anhydride makes it highly suggestive that the net degree
of antiaromaticity of phthalimide is quite minimal, and somewhat more destabiliz-
ing than that found in phthalic anhydride.

3.5 Reversing Carbonyl and Ether or Amine Groups

If we reverse the carbonyl and either the ether or amine groups above, we convert
the putatively antiaromatic eight-m phthalic anhydride and phthalimide into the
putatively aromatic ten-m phenylene carbonate (X = Z = O, Y = CO) (XX) and
2-benzimidazolinone (X = Z = NH, Y = CO) (XXI), and interpolating these last
species 2-benzoxazolinone (X = O, Y = CO, Z = NH) (XXII). Calorimetric data are
absent for phenylene carbonate (benzo-1,3-dioxole-2-one).

CL0 (e (e 0 (e

XX XXI XX XXl XXIV

3.5.1 2-Benzimidazolinone

For 2-benzimidazolinone, we take the contemporary results of [37] (noting the ear-
lier studies of solid 2-benzimidazolinone [38]) and those of [39] for N,N'-dimethy-
lurea, for the reaction:
2-benzimidazolinone + 2C,H, — o-C;H,(CH,), + CH,NHCONHCH,
—63.9 + 2(-83.8) = 19.1 + (-224.9)

(11

This reaction is endothermic by 26 kJ mol™', very different from the exothermicities
described before for the carbocycles. This strongly suggests that 2-benzimidazolone is
significantly aromatic. While we lack thermochemical data for 2,3-dihydrobenzimida-
zole (benzimidazoline, X =7 = NH, Y = CH,) and, for that matter, for any of its deriva-
tives and of CH,NHCH,NHCH, [however, data is available for (CH,),NCH, N(CH,),
and the polycyclic (CH,),(NH),], we note that the reaction for its oxygen counterpart
benzo-1,3-dioxole (X =7 =0, Y = CH,) (XXIII) is exothermic by 19.4 kJ mol ™

Benzo-1,3-dioxole + 2C,H, — 0-C,H, (CH,), + CH,OCH,0CH,  (12)
~142.7+2(-83.8) — 19.1+(=348.5)
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Benzo-1,3-dioxole (XXIII) is presumably nonaromatic, other than in its benzene
ring. That there are ten 7 electrons does not make this species aromatic because the
conjugation is interrupted [40, 41], much as the six-m cycloheptatriene may enjoy
homoaromatic stabilization but not aromatic stabilization, per se [42]. Accordingly,
we are confident that 2-benzimidazolinone (XXI) with its ten m electrons is
aromatic.

3.5.2 2-Benzoxazolinone

For 2-benzoxazolinone (XXII) [37] we have the reaction:

2-Benzoxazolidinone + 2C,H, — 0-C(H,(CH,), + CH,NHCOOCH, (13)
—219.0 +2(-83.8) = 19.1+ (-420)

This reaction (13) is exothermic by 14 kJ mol~! and so 2-benzoxazolinone seems
to be nonaromatic. The same reaction enthalpy value as for 2-indanone (six © elec-
trons), not far from indane (21 kJ mol™), suggests that it lacks aromaticity other
than found in its benzene ring, much as found for indane and the indanones.
Admittedly, the enthalpy of formation of CH,NHCOOCH,(N,0-dimethylcar-
bamate) is unknown; however, we may estimate the value to be —420 kJ mol™' by
assuming thermoneutrality for reaction 14:

NH,COOCH,[43]+ CH,NHCONH,[39] — CH,NHCOOCH, + NH,CONH,[39]
—425.3+(-231.9) - —420 +(-237.6) (14)

3.6 Isatin and 3-Indazolinone

3.6.1 Isatin

We now turn to isatin (X = NH, Y = Z = CO) (IX), where we choose the contem-
porary measurement [44] rather than one that is a century old [45] (as cited in [46]),
and to 3-indazolinone (X =Y = NH, Z = CO) (XXIV) (again from [37] rather than
from [47]). Analysis of the energetics of the formal reactions:

Isatin +2C,H, — 0-C,H, (CH,), + CH,COCONHCH, (15)
~133.0+2(~83.8) = 19.1+(=351)

3-Indazolinone + 2C,H, — 0-C;H,(CH,), + CH,CONHNHCH, (16)
70.2+2(-83.8) = 19.1+(-130)
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may appear thwarted because we lack experimentally measured enthalpy of forma-
tion data for the two acyclic amides.

However, let us make estimates. We will assume that the enthalpy of formation of
CH,COCONHCH, istheaverage of those of CH,COCOCH, and CH,NHCOCONHCH,
and approximate that of the latter by assuming thermoneutrality for reaction 17:

CH,COCONH, + CH,NHCONH, [39] — CH,COCONHCH,
+NH,CONH, [39] - 357 + (~231.9) — —351 + (~237.6) (17)

In this reaction we have used the value =357 kJ mol™ for the enthalpy of formation
of CH,COCONH,,. This value was estimated assuming thermoneutrality for reac-
tion 18 and using the archival value for the enthalpy of formation of the a-diketone
and that of the diamide from [48]:

CH,COCOCH, + NH,COCONH, — 2CH,COCONH, (18)
—327.1+(=387.1) = 2(-357)

3.6.2 3-Indazolinone

For 3-indazolinone (XXIV) it is necessary to estimate the enthalpy of formation of
CH,CONHNHCH,. A value of —~130 kJ mol™" is obtained if we assume thermoneu-
trality for the next reaction (using a value from [49] for the enthalpy of formation
of CH,CONHCH,):

CH,CONHCH;, + CH,NHNH, — CH,NH, + CH,CONHNHCH,  (19)
—248.0+94.7 — —23.4+(~130)

Reaction 15 for isatin is exothermic by 38 kJ mol™, thereby suggesting that isatin
is significantly antiaromatic (as befits its eight m electrons). Reaction 16 for 3-
indazolinone (with ten 7 electrons) is exothermic by 14 kJ mol™, the same value as
found for 2-indanone (six m electrons) and not far from indane (21 kJ mol™).
Accordingly, like 2-benzoxazolinone with ten m electrons, it is suggested to lack
aromaticity other than found in its benzene ring, much as found for indane and the
isomeric indanones.

3.7 Sulfur-Containing Species

Finally, we turn to sulfur-containing species. Many indane derivatives may be
suggested. However, there are only a few for which the enthalpy of formation has
been determined: phenylene trithiocarbonate (benzo-1,3-dithiole-2-thione) (X =
Z =S,Y = CS) (XI), the isomeric benzo-1,2-dithiole-3-thione (X =Y =S, Z =
CS) (X) [501,
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S 0 0
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saccharin (X = SO,, Y = NH, Z = CO) (XXV) [51], and the dideoxy derivative
(XXVI) of the last species, (1,2-benzisothiazol-3(2H)-one) (X =S, Y =NH, Z =
CO) (Matos et al. unpublished results). For the first (XI) we write the reaction:

Phenylene trithiocarbonate + 2C,H, — 0-C;H, (CH,), + CH,SC(S)SCH, (20)
242.0+2(—-83.8) > 19.1+57.7

This reaction is essentially thermoneutral. Although we lack enthalpy of formation
data for the corresponding 1,3-benzodithiole, the weakness of 1,3 sulfur—sulfur
interactions as manifest by the near equality [52] of the enthalpies of formation of
1,3- and 1,4-dithiane (unlike 1,3- and 1,4-dioxane) suggests no special interaction in
this nonaromatic heterocycle. Said differently, the thermoneutrality of the above
reaction, as opposed to profound exothermicity (21 kJ mol™) for indane (six m
electrons) and the endothermicity (29 kJ mol™") for benzimidazolinone (ten 7 electrons),
suggests phenylene trithiocarbonate (ten m electrons) has an intermediate degree of
aromaticity. For the latter two species, analysis of the related reactions:

Benzo-1,2-dithiole-3-thione + 2C,H, — 0-C,H, (CH,), + CH,C(S)SSCH,  (21)
Saccharin +2C,H, — 0-C,H, (CH,), + CH,SO,NHCOCH, (22)

is thwarted by ignorance of the enthalpies of formation of the acyclic sulfur-con-
taining species. More precisely, while the enthalpy of formation of a few
thiolesters and dithiocarbamates are archivally known, there are no such data for
“simple” dithiocarboxylates or trithio-peresters. There are also a few measure-
ments for N-acylsulfonamides [53, 54] but these are for solid state species that we
hesitate to use.

4 Indene as a Carbocyclic Paradigm

In the above we considered indane derivatives that lacked endocyclic double bonds,
i.e., indene and its derivatives. However, we recall the invocation of partial double
bond character between the X, Y, and/or Z groups in many of the above species.
Why don’t we now consider indene and its derivatives? More precisely, let us con-
sider indene (XXVII) itself, with {-X-Y-} = {-~CH=CH-} and Z = CH, and the
related reaction:
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Indene +2C,H, — 0-C,H,(CH,), + CH,CH,CH= CHCH, (23)
163.4+2(—83.8) > 19.1+(-31.9)
This reaction is exothermic by 8.6 kJ mol™'. We are not surprised that this reaction
is less exothermic than the one for indane itself because we have lost the conjuga-

tion energy associated with conjugation of the endocyclic double bond attached to
a benzene ring.

XXVII XXV XXIX XXX

4.1 Indole, Benzo[b]furan, and Benzo[b]thiophene

Consider now indole (XXVIII), benzo[b]furan (XXIX) and benzo[b]thiophene
(XXX) with {-X-Y-} = {-CH = CH-} and Z=-NH—-, —O—, and —S— and the
reactions:

Indole +2C,H, — 0-C,H, (CH,), + CH,CH = CHNHCH, (24)
156.6+2(~83.8) = 19.1+ 40

Benzofuran [55]+2C,H, — 0-C,H, (CH,), + CH,CH = CHOCH.  (25)
13.6+2(~83.8) = 19.1+(~134)

Benzothiophene + 2C,H, — 0-C.H,(CH,), + CH,CH = CHSCH,  (26)
166.3+2(-83.8) - 19.1+29

The enthalpy of formation of none of these 1-propenyl derivatives are known. However,
they all may be reliably estimated from combining the rearrangement enthalpies:

CH, = CHCH,ZCH, — CH,CH = CHZCH, 27)

(Z = NH, —-17 kJ mol™! [56], Z = O, =20.2 kJ mol™' [57],Z = S, (13.9 kJ mol™!
[58]). Estimated enthalpies of formation for the allyl species (Z = NH, 57.3; Z = O,
—113.6; Z = S, 43.1) may be derived arithmetically thus:

Z=NH,
J[(CH,CH,CH, ), NH + (CH, ), NH] + CH,CH = CH, — CH,CH,CH, (28)
Y(=116.0—18.8) +20.0 — (=104.7) = 57.3
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There is no enthalpy of formation data for methyl n-propylamine:

Z=0,
CH,CH,CH,0CH, + CH,CH = CH, - CH,CH,CH, (29)
~238.14+20.0 - (—104.7) = —113.4

%[(CH,CH,CH,),0+(CH,),0]+CH,CH = CH, -CH,CH,CH,  (30)
¥(=293.0-184.1)+20.0— (~104.7) = —113.8

The latter expression (30), which parallels that for the Z = NH case, is seen to give
an essentially indistinguishable result to the former (29), which directly uses
methyl n-propyl ether as an input number:

Z=5,
CH,CH,CH,SCH, + CH,CH = CH, — CH,CH,CH, 31)
~82.2+20.0—(~104.7) = 42.5

%I(CH,CH,CH, ),S+(CH,),S]+CH,CH = CH, —-CH,CH,CH, ~ 32)
Y(=125.7-37.4)+20.0—(~104.7) = 43.2

The latter expression (32), which parallels that for the Z = NH case (28), is seen to
give an essentially indistinguishable result to the former (31), which directly uses
methyl n-propyl sulfide as an input number. We may also use:

CH, = CHCH,SC,H, + C,H,SCH, — C,H,SC,H, (33)
21.0-82.2—(~104.8) = 43.6

Indeed, all three expressions give essentially the same value for allyl methyl
sulfide.

Our aromaticity-determining reactions for the three heterocycles are endother-
mic by 70, 40, and 48 kJ mol™, to be compared with the exothermicity for the cor-
responding carbocycle, indene, of nearly 9 kJ mol™'. Indole, benzofuran, and
benzothiophene are truly aromatic species in terms of thermochemical
stabilization.

4.2 Benzimidazole, Benzoxazole, and Benzothiazole

Consider now benzimidazole (XXXI), benzoxazole (XXXII), and benzothiazole
(XXXIII). These species are respectively {-X=Y—-} = {-N=CH-}, Z =NH, O, and
S, respectively, with the reactions:
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Benzimidazole + 2C,H, — 0-C;H,(CH,), + CH,N = CHNHCH, (34)
181.7+2(-83.8) = 19.1+28.1

Benzoxazole[59]+2C,H, — 0-C,H,(CH,), + CH,N = CHOCH,  (35)
45.1+2(-83.8) = 19.1+ (~124)

Benzothiazole[59]+ 2C,H, — 0-C,H,(CH,), + CH,N = CHSCH,  (36)
204.2 +2(-83.8) > 19.1+89

H O S
oo oo
N N N
XXXI XXX XXX

4.2.1 Benzimidazole

The enthalpy of formation of CH,N=CHNHCH, is unknown and all but unprece-
dented. Indeed, if we exclude such cyclic and already (if only putatively) aromatic
species such as adenine and cytosine, the only amidines for which the enthalpies
of formation are known are 3,4,5,6-tetrahydropyrimidine [34] and the 2,4,5-triar-
ylated imidazolines, “amarine” [60], “anisine” [60], and “hydrocinnamide” [61]
from studies over a century old (as cited in [46]). The last species have only been
studied as solids, and their antiquity additionally suggests ignoring these values.
Accordingly, let us use the first enunciated value and assume thermoneutrality for
the reaction:

Tetrahydropyrimidine + CH,CH = CHCH,CH, — CH,N = CHNHCH, + cyclohexene (37)
55.1+(-31.9) — 28.1+(-4.9)

We thus derive the enthalpy of formation of CH,N=CHNHCH, to be 28.1 kJ mol™!
and an endothermicity of 33 kJ mol™ results for benzimidazole. Benzimidazole
(XXXI) is considerably aromatic.

4.2.2 Benzoxazole and Benzothiazole

The enthalpy of formation of CH,N=CHOCH, also has to be estimated. Experimental
measurements to derive the enthalpy of formation of imidates are as rare as they are
for amidines. To do so, we assume the same enthalpy of rearrangement to the
corresponding amide as measured for CH,N=C(CH,)OCH,, 68 kJ mol™! [62], and add
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this to the enthalpy of formation of HC(O)N(CH,),, —=192.4 kJ mol™', to get —124
kJ mol™!. So doing results in an endothermicity of 45 kJ mol™! for benzoxazole,
suggesting this is a significantly aromatic species. In [62] we are told that the
rearrangement enthalpy for a thioamide is some 8 kJ mol™ less than that of the cor-
responding amide. As such we take the rearrangement enthalpy to be 60 kJ mol™.
The enthalpy of formation of HC(S)N(CH,), is unknown. Let us approximate it by
assuming thermoneutrality for the reaction:

HC(O)N(CH,), + C,H,C(S)N(CH,),[63] —
HC(S)N(CH,), +C,H,C(O)N(CH,),[64,65], (38)
~192.4+136.1 — 29+ (~85)

to derive 29 kJ mol™" for the enthalpy of formation of HC(S)N(CH,), and 89 kJ
mol™' for CH,N=CHSCH,. The reactions for benzoxazole (XXXII) and benzothia-
zole (XXXIII) are 49 and 71 kJ mol™ endothermic, suggesting considerable aro-
maticity for both heterocycles.

4.3 Indazole and Benzisoxazole

4.3.1 Indazole

For indazole ({-X-Y—-} = {-CH=N -}, Z = -NH-) (XXXIV), we naturally use the
reaction:

Indazole + 2C,H, — 0-C,H,(CH,), + CH,CH = NNHCH, (39)
243.0+2(~83.8) > 19.1+138

There being no enthalpy of formation for gaseous CH,CH=NNHCH,, we first esti-
mate the liquid phase value. We use the values for 11qu1d C,H,CH= NNHC ,H, and
C,H,CH=NNHC,H,, -30 and 22 kJ mol” "'from [66] and correct these values by five
and three “universal methylene increments” of 25.7 kJ mol™! [67] to result in ca.
100 kJ mol™". Estimating the enthalpy of vaporization by the CHLP protocol [68]
(using three Cs, one NH as from secondary amines, and one =N— from pyridines)
we derive a phase change enthalpy of 38 kJ mol™, resulting in an enthalpy of forma-
tion of gaseous CH,CH=NNHCH, of 138 kJ mol™'. With an endothermicity of 80

kJ mol™', indazole is suggested to have significant aromaticity.
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4.3.2 Benzisoxazole

The aromaticity of benzisoxazole ({—X-Y—-} = {-CH=N-}, Z = O) (XXXYV) is
studied using the reaction:

Benzisoxazole + 2C,H, — 0-C.H,(CH,), + CH,CH = NOCH, (40)
139+2(-83.8) = 19.1+(-7)

The endothermicity of this reaction is 40 kJ mol™ and so we deduce benzisoxazole
has significant aromaticity. No direct measurements of the enthalpy of formation of
any acyclic oxime ethers appear in the literature. However, from the calculational
literature [69] we find a value for the enthalpy of formation of CH,CH=NOCH, of
—7 kJ mol™!, Unmeasured by combustion calorimetry because of experimental com-
plications, the enthalpy of formation of benzisoxazole was recently suggested [70]
to be 139 kJ mol™.

4.4 Some Additional Species

We make no comment about benzoisothiazole, ({—-X-Y-} = {-CH=N-}, Z = -S-)
(XXXVI), 1,2,3-benzoxadiazole (XXXVII), 1,2,3-benzothiadiazole (XXXVIII), or
1,2,3-benzotriazole (XXXIX) ({-X-Y-} = {-N=N-}, Z = -NH—,—O—- and -S-)
since we lack experimental measurements for the enthalpy of formation of these spe-
cies in the gas phase and also for their reference species. Estimations can be made for
the enthalpy of formation of all of these species, but this seems ill-advised in the
current context.

H
S, o, S\N N,
P v N ¢ N//N
XXXVI XXXVII XXXV XXXIX

5 Other Approaches

5.1 Another Generic Reaction for Indanes?

A plausible alternative (supplementary?) approach to the aromaticity of our diverse
derivatives of indane and indene makes use of the deviation from thermoneutrality
for the generic reaction:

CH,XYZ+CH, +CH,YCH, - CH, - X -~ Y -CH, +CH, - Y - Z-C,H, (41)
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We no longer have need of the enthalpy of formation of CH,—X-Y-Z-CH,. Again
starting with the carbocyclic indane (X =Y =Z = CH,) (XIV):

Indane + C,H, + CH,CH,CH, — 2C,H,CH,CH,CH, (42)
60.3+82.6+(~104.7) = 2(7.9)

This reaction is exothermic by 22 kJ mol™!, a deviation that may be once again
ascribed to release of the strain energy in the five-membered ring. (X =CO, Y =7
= CH,):

I-Indanone + C¢H, + CH,CH,CH, — C,H,COCH,CH, + C,H,CH,CH,CH,  (43)
—64.0+82.6+ (—104.7) > —100.7+ 7.9

This reaction is exothermic by 7 kJ mol™. If we argue that this is due to the strain
energy of the five-membered ring, we conclude that indane and 1-indanone have dif-
ferent strain energies, a plausible result. For 2-indanone (X =Z = CHZ, Y = CO):

2-Indanone + C;H, + CH,CH,CH, — C,H,COCH,CH, + C;H,CH,CH,CH, (44)
—56.6 +82.6 +(-104.7) —» —100.7+ 7.9

This reaction is exothermic by 14 kJ mol™', very nearly the same as for the isomeric
I-indanone. For indane-1,3-dione (X = Z = CO, Y = CH,) (XVII) we have:

Indane-1,3-dione + C.H, + CH,CH,CH, — 2C.H,COCH,CH, (45)
—-165.0+82.6 +(-104.7) — 2(-100.7)

This reaction is exothermic by 14 kJ mol™'. We would have expected a greater exo-
thermicity given the destabilization of the two keto groups. Again, we conclude
there is some surprising stabilization for this diketone:

Consider now phthalic anhydride, X =Z = CO, Y = O (XVIII). This species has
eight © electrons. Is it antiaromatic? Hiickel’s 4n + 2 rule would suggest this
although we acknowledge that this rule strictly applies only to monocyclic species.
The relevant reaction is:

Phthalic anhydride + C,H, + CH,0CH, — 2C,H,COOCH,[32,33]  (46)
~371.4+82.6+(—184.1) — 2(-276.1)

This reaction is 79 kJ mol™' exothermic. Does it follow that phthalic anhydride is
significantly antiaromatic? Consider the related reaction of the unequivocally non-
aromatic, acyclic acetic anhydride:

CH,C(0)OC(O)CH, + CH,0CH, — 2CH,COOCH, (47)
~572.5+(~184.1) — 2(-413.3)
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It is exothermic by 70 kJ mol™'. Anhydrides are not acyl esters or diacyl ethers, at
least from the vantage point of enthalpies of formation. It was accordingly ill-
advised to dismember the C(O)OC(O) group or, by inference, other XYZ groups.
Our newly suggested reaction could be amended to read:

C,H,XYZ+CH, + CH,XYCH, + CH,YZCH, — (48)
C,H,XYCH, +CH,YZCH, + CH,XYZCH,

However, this returns us to needing thermochemical information for CH,XYZCH,.

5.2 De-benzoannelation

Consider now the enthalpies of formation of our diverse indane heterocycles and
corresponding one-ring species formed by de-benzoannelation (Table 1).
De-benzoannelation resulting in aromatic one-ring species is generally more favo-
rable than processes involving non- or antiaromatic species. The enthalpy of forma-
tion difference for aromatic species is typically 50-60 kJ mol™', for nonaromatic
species typically ca. 30 kJ mol™', and for antiaromatic species ca. 24 kJ mol~'. The
difference of the enthalpies of formation between the benzoannelated and one-ring
dithiol-2-thiones is —11 kJ mol~'. No explanation for this discrepancy is apparent.

Table 1 Enthalpies of formation [15] of indanes and related debenzoannelated species

AH" AH" Difference
Indane/Indene (kJ mol™) One-ring (kJ mol™) (kJ mol™)
Indene 163.4 Cyclopentadiene 134.3 29
Indane 60.3 Cyclopentene 34.0 26
Phthalan -30.1 [34] 2,5-Dihydrofuran -67.2 [71] 37
Dihydrobenzofuran —46.5 [55] 2,3-Dihydrofuran -72.2[72,73] 26
1-Indanone -64.0 [29] 2-Cyclopentenone —100.3 [74] 36
Phthalic anhydride -371.4 Maleic anhydride -398.3 27
N-methylphthalimide -233.9 [75]* N-methylmaleimide -256.0 [75]* 22
Benzofuran 13.6 [55] Furan -34.8 48
Benzothiophene 166.3 Thiophene 115.0 51
Benzimidazole -181.7 Imidazole -132.9 49
Indazole 243.0 Pyrazole 179.4 64
Indole 156.6 Pyrrole 108.4 48
Benzoxazole 45.1 [59] Oxazole -15.5 60
Benzisoxazole 139 [70] Isoxazole 82.0 [34] 57
Benzothiazole 204.2 [59] Thiazole 152° 52
1,3-Benzodithiole-2-thione  242.0 1,3-Dithiole-2-thione 253.0 -11

*We employed the data for N-methylphthalimide and N-methylmaleimide because there were no
literature data for maleimide itself
°This value for thiazole was obtained by assuming the same demethylation enthalpy for 4-meth-
ylthiazole as for 2-methylpyridine
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5.3 What About Iso-Species?

It is now admitted that all of the benzoannelated species corresponded to annela-
tion on a formal double bond of the five-membered ring of the single-ringed
heterocycles. What is to be done about the so-called iso-species? Presumably the
above de-benzoannelation difference quantities can be directly compared. We
know of no analog to the first procedure involving CH,XYZCH, species in that
these would generally be biradicals and/or zwitterions. There are few enthalpy of
formation data for such species — indeed, the only cases where the heterocycle, its
generally assumed less stable “iso-analog,” and the one-ring species have been
thermochemically investigated in the experimental literature are those of ben-
zisoxazole (the value used above and to be used here was from solution phase
studies), anthranil (XL) (see [70]), isoxazole [34], and isobenzofuran (XLI),
where more precisely we are referring to the 1,3-diphenyl species for this last het-
erocycle [76]. There are enthalpy of formation data for benzofurazan (XLII) and
benzofuroxan (XLIII) as well as for some derivatives of furazan (XLIV) and
furoxan (XLV), from which the desired quantity for the parent species may

N N
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be obtained. However, we have no enthalpy of formation for the isomeric 1,2,3-
oxadiazole, 1,2,3-oxadiazole-N-oxide, or for their benzo derivatives to compare
with any of these 1,3,2-species unless we allow for consideration of quinone
diazides (XLVI and XLVII) [77]. (For simplicity of drawing, we show five-
bonded nitrogens rather than concern ourselves with formal charges and choice of
resonance structures.)

5.4 Comparison with Amides

We also note a comparison of acyclic and heterocyclic amides with the correspond-
ing imines in which it was asserted that 3-indazolinone has considerably less
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aromatic stabilization than 2-benzoxazolinone and 2-benzimidazolinone [37].
These results corroborate the conclusions from our first method discussed above.

6 More Heteroatoms and/or More Rings

Finally, we note that all of the discussed heterocyclic derivatives of indane and
indene have heteroatoms only in their five-membered ring. There are many other
heterocycles related to indane that have the heteroatoms located elsewhere. However,
the thermochemistry of such species is essentially uncharted. The enthalpy of formation
of purine (XLVIII), with its four nitrogens dispersed through both rings, has been
measured in recent times [78], and chronicled in the archive [15] with yet a later
value [79]. These two values inexplicably differ by over 2000 kJ mol™'. In the
absence of a value for the enthalpy of sublimation we are hesitant to discuss this
species further, other than to note two estimates from a paper more than 100 years
old [80] that straddle the results in [78] by ca. +20 kJ mol".

o Qo GO Gl

XLV XLIX L LI

Should we wish to allow for related multi-ring species (> three rings), there are also
enthalpy of formation data for carbazole (XLIX), dibenzofuran (L) and dibenzothi-
ophene (LI), some benzo and dibenzotetraazapentalenes (also called benzoannelated
triazolotriazoles) (e.g., LII, LIII, both drawn without formal charges) [81] and their
nitro derivatives [82], for 4-methyl-4H-aza- (LIV) and 4-oxa-indene (LV) [83] (also
called N-methyl-azalene or 1-pyrindene, and oxalene, respectively), or more properly
the 2,3:5,6-dibenzo derivatives thereof, and for 1,2,4,5-benzenetetracarboxylic dian-
hydride (LVI) [84]. However, in the name of brevity we have decided not to discuss
these benzoannelated species in this chapter. Instead, these await future analysis.
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Aromatic Phosphorus Heterocycles

L. Nyulaszi and Z. Benké

Abstract Phosphorus an element with an electronegativity somewhat less than
that of carbon and is an excellent and versatile building block of aromatic systems.
Thus, in many systems carbon can be replaced efficiently by phosphorus. The
versatility is a consequence of the many different bonding modes available for the
pnicogen element. The extent of the aromaticity is different with the different bond-
ing modes, and can also be fine tuned by utilizing various substituents that have
inductive or steric effects. It is noteworthy that even small effects can have a large
impact on the chemistry of these compounds. Thus, the analysis of subtle changes
in aromaticity can be of importance in the future.

Keywords Aromaticity, Delocalization, Phosphorus heterocycles, Structure

Contents

I Introduction ... ... 28
2 Three-Membered RINgs . . ... ..o oot 34
3 Four-Membered RIings. . ... ..ot 40
4 Five-Membered Rings . . ... ... 47
5 Six-Membered Rings. . . ..ot 66
References .. ... i 74
Abbreviations

AIM Atoms in molecules

ARCS Aromatic ring current shielding

ASE Aromatic stabilization energy

L. Nyuldszi (P*J) and Z. Benkd

Department of Inorganic and Analytical Chemistry, Budapest University of Technology
and Economics, Szent Gellért tér 4, 1111 Budapest, Hungary

e-mail: nyulaszi @mail.bme.hu, zbenko @mail.bme.hu



28 L. Nyulaszi, Z. Benk6

B3LYP Becke three-parameter hybrid functional combined with Lee—Yang—
Parr correlation functional

BDSHRT Bond shortening inde