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HETEROCYCLIC AROMATICITY
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Abstract - The concept of aromaticity for heterocyclic compounds is summarized. The different
methods available for calculating aromaticity are discussed. Overall conclusion are presented
together with the outlook for further work.
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1. Introduction

Aromaticity as a qualitative concept is very well established in teaching and research in organic, and
particularly in heterocyclic chemistry."8 The characteristics which distinguish aromatic from non-aromatic
compounds have been realized for a very long time (Scheme 1), and it would be inconceivable to attempt to
teach or practice heterocyclic chemistry without the use of the concept of aromaticity.

Scheme 1. Characteristics of an Aromatic Compound

Cyclic Compound with a Large Resonance Energy
Tendency to reaci by Substitution rather than Addition
Aromatic Sextet and Reversion to Type (R.Robinson)
4n + 2 n-Electrons (Hiickel rule)

Ability to support a Diamagnetic Ring Current

bos W o
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Cyclic compounds are now routinely divided into aromatic, non-aromatic, and anti-aromatic (Scheme 2), and
this qualitative distinction is quite clear.

Scheme 2. Aromatic, Non-Aromatic, and Antiaromatic Compounds

o O o pe
Ny ISI ) R
non-aromatic:
ONF | | [ :]

CH

antiaromatic:

DO F}} )

However, it is also well recognized that aromaticity is not only a qualitative but also a quantitative concept.
Thus as shown in Scheme 3, some compounds are clearly more aromatic than others, and thus, quite
obviously, a quantitative scale of aromaticity would be extremely useful.

aromatic:

Scheme 3.  Aromaticity: Some are More Equal Than Others

Furan, less aromatic than benzene, shows some diene character (Diels-Alder).

pronounced diene character of isoindole:

W= N

isoindole indole \H

anthracene shows diene character - phenanthrene does not;

LD

hydrogenation of naphthalene to tetralin relatively easy:

< @
naphthaiene two benzenes

Hence a quantitative aromaticity scale would be useful
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The methods that have been used to try 1o obtain a quantitative measure of aromaticity may be divided into
three main groups (Scheme 4)[ref. 9 and references therein].

Scheme 4.  Criteria for a Quantitative Measure of Aromaticity

1} Experimental methods to try to measure the energy (heat of formation) of the
compound in question and to compare this with that of a hypothetical model
compound without the cyclic conjugation,

2) Experimental methods which have looked in particular at the geometries and

magnetic properties of aromatic compounds, and have compared them with
non-aromatic analogs .

3) Molecular orbital calculations corresponding to both (1) and (2) above .

A great deal of effort has gone into the construction of such quantitative aromaticity scales, and some of this
work will be summarized here. However, it is quite clear that there have been very considerable difficulties
which have arisen for a variety of reasons some of which are given in Scheme 5.7

Scheme 5.  Problems Encountered in the Definition of

Quantitative Aromaticity Scales

1. Differences Between the Electronic Structire of Heteroatoms
and Carbon

2.  Incompatibility of Different Physical and Chemical Molecular
Characteristics

3. Comparison of Experimental Data Obtained in Different Media

Difficulties in Definition of Non-Aromatic Model to Compare
with Aromatic Compound

2, Determination of Energy Scales of Aromaticity
a. Aromatic Energies by Combustion or Hydrogenation

Combustion was the first method used for the determination of aromatic stabilization energies. The principle
is shown in Scheme 6 for benzene,!?

Scheme 6. Combustion Method for Determination of Aromacit
for benzene

Q- 0=0
' ! /

CO, + H,0 CO, +H,0 €O, + H0

model for hypothetical cyclohexatriene

Unfortunately, application to heterocycles is more difficult as shown in Scheme 7.° On combustion, the
presence of the nitrogen atom can form various N-oxides and oxyacids which can attack the material of the
bomb used for the combustion. This leads to significant errors.
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Scheme 7.  Aromaticity of Pyridine by Combustion : Complications

H

SENeIS

C02 + H20 + N2 + N2O + NO + N02 + N203

HN02 +HNO3'_—" F6203 + FC(NO3)3

The hydrogenation method for quantitative measurement of aromatic stabilization energies utilizes the
principle shown in Scheme 8.1° Again, application to heteroaromatic compounds is difficult because the

presence of the nitrogen and sulfur often cause poisoning of the catalyst.

Scheme 8.  Hydrogenation Method for Determination of Aromaticity

L

Cyclohexatriene + 3 H,

Benzene + 3 Hy

k A
36
3x 28.6=85.8 (deduced)
(taken as three -
fold cyclohexane) v
49.8
Cyclohexene + H, — (measured)
| 28.6
(Measured)
Y Y
Cyclohexane Eg =3 x 28.6 - 40.8 = 36 keal mol!

The results of such determinations of aromaticity by combustion and by hydrogenation!® are gathered in

Scheme 9. The combustion method has quite large errors.

@

Cyclohexane

Scheme 9. Quantitative Measurement of Aromaticity from

Heats of Hydrogenation and Combustion

Combustion
Benzene 36-37
Pyridine 23-43
Thiophene 24 -31
Furan 16 - 23
Pyrrole 14 - 3]

Hydrogenation
36

29
22

Large errors involved because of small differences between large quantities
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b. Determination of Aromatic Stabilization Energies by Basicity Measurements Related to Proton Addition
In contrast to hydrogenation or combustion, which measure AH directly, methods depending on the study of

equilibria measure AG. Hence a problem here is the conversion of AG wvalues 1o AH values. Alternative
methods for dealing with this problem are shown in Scheme 10.

Scheme 10.  Methods for the Conversion of AG to AH

(i) By consideration of the temperature variation of measured Ky values

(ii) Using variable temperature determination of basicities

(iii) AG taken as an approximation for AH;, which excludes solvent interactions
as suggested by Larson and Hepler 1

(iv) A general consideration of the variation of acidity function with temperature
which suggests '2 AH = 1.1 ApKa

Unfortunately, very few temperature variations of basicities, and still fewer of Ky are available which make
impractical methods (i) and (ii). We have therefore used method (iv) of Scheme 10 to estimate AH values.

It is well known that pyrrole is a very weak base, the reason being that it coordinates at the o-carbon atom

with loss of the aromatic resonance energy. The somewhat similar compounds 1,2- and 1,4-dihydropyridines
are much stronger bases as shown in Scheme 11.13

Scheme 11. Basicity of Pyrrole

T — ok 7 »
N NNy x —
Me Me
pK, =-29 =-
o’ + =
@ 7 .
= . H
N N | | = |
Me Me
pK,=9.5 Me pK,=7.4
ApK, = 124 ApK, = 125

This difference in the basicities of pyrrole and model compounds can be used to calculate the aromatic
stabilization energy of pyrrole. The principle used is shown in Scheme 12.!
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Scheme 12.  Aromaticity of Pyrrole

AAH®=11ApK,

o
Hence | | i |

N N
Me Me
@ delocalization energy difference = 14 kcal mol-!
resonance energy = 6 kcal mol!

N
Me Therefore pyrrole aromaticity is = 20 kcal mol™

Similar methods have been used to determine the aromaticity of other heteroaromatics. The comparisons
used for indole are shown in Scheme 13 for carbazole in Scheme 14 and for indolizidine in Scheme 15.14

Scheme 13. Aromaticity of Indole

AH,, for hemi-protonation

-1.8 H
| =< + H | _
-~
N7 pK, =23 N pK,=7.9 N
c
(0))] Me @

N
Me Me

ApK, =102 corresponds to AH® of 11

Resonance Energy of (2) is 36 (Benzene) + 6 keal mol!
Hence Resonance Energy of Indole = 53 kcal mol!

Scheme 14.  Aromaticity of Carbazole

AHO,
H* + B _ pK, =149
N N

7N
H

H H
AH
H* + 3 _ . pK,=0.77
N
H /AN
H H
' AHP
e GO0 2 QR0 wew
"N

N
H

. A carbazole = Apangpp+ 3 = 78 + 5 = 83 keal mol!
o A Lutasole = 2Apengene + 12 = 72 + 12 = 84 keal mol!
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Scheme 15.  Aromaticity of Indolizidine

0 3
At | pK, = 3.94
- +
N~ )
AH? =
—_ S
T ﬁ/ pK, =19.3 (est)
|
Me |
CH, Me
RS
= |
_ e pK, =193
"§CH2 N Me
I
Me .. ApK,=154
= Appridine - A(1) + 17 keal mol!

32 — 14 + 17 = 35kcal mol’!
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The application of this method to furan is more difficult because this compound is still less basic and one has
to grapple with the addmonal difficulty of the definition of acidity functions in the strongly acidic regions

needed - see Scheme 16.14

Scheme 16.  Aromaticity of Furans

Estimating for effect of di-t-butyl given for furan pK,=-13

From estimate

H ~
' + H pK, =0
OH OH o H

PK, ~0 ApK, =13

Hence, aromaticity of furan 14 + stabilization.of dieneol thus
furan =~ 18 kcal mol'!
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¢. Determination of Aromatic Stabilization Energy from Heats of Dehydration
An alternate method for the estimation of aromaticity is the determination of heats of dehydration.!S This has

been carried out for pyrazole and isoxazole as shown in Schemes 17 and 18 respectively. Whereas pyrazole
has quite a high stabilization, that found for isoxazole is very low.

Scheme 17. Resonance Energy of Pyrazole from Heat of Dehydration

Crystal to Estimate of
Ph H,80, CHCl, Vapors to H,S0,
| !
N
Phh N° 1 -16.4 3.3 -19.7
]
Ph
H20 = - '82
HO Ph
| il 2 -47.6 5.0 52.6
N
Ph N
|
Ph

Hence
2—» 1 + H,O + 24.7 keal mol !
Resonance Energy of Pyrazole = 24.7 + 4* - 3% je = 26 kcal mol'!

* N -N=C resonancein 2 #5-Ph/ring resonance in 1

Scheme 18. Resonance Energy of Isoxazole from Heat of Dehydration

Crystal to Estimate of
Ph H2504 CHC]3 Vapors fo H2304
| 1 227 4.0 267
0/
H,0 - ) 82
Ph
N 2 -15.5 09 14,6
6 "o~

Hence
2—» 1 + H, O

+ 3.9 kcal mol'!

Resonance Energy of Isoxazole = 3.9 + 4%, ic = 8§ kcal mol™!

* O-N=C resonance in 2
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d. Aromatic Stabilization Energies for 6-Membered Rings Using Pseudo-Base Equilibria

It is clearly not possible to gain a measure of the aromaticity of a six-membered ring compound such as
pyridine by simply measuring the basicity towards proton addition, because aromaticity is retained in-the
protonated cation. However, it is possible to gain insight into the aromatic stabilization energy by
considering the basicities of pseudo-bases derived from N-methylheteroaromatic cations and corresponding
model compounds. The principle is shown in Scheme 19 for isoquinoline. The model taken here is
2-methyl-3,4-dihydroisoquinolinium cation. Corrections have to be made for the conjugation energies in the
fragments (shown in Scheme 19 second part) and when this is done, a value can be derived.

Scheme 19.  Aromaticity and Pseudo-base Equilibria

A

al - . N
Ao X2 W
= N\Me pPK, =163 ud €
= 1\\4 pK, = 10.75 “Me

3 € (4) HO H

ApK,=5.5; AAH’ = 6 kcal mol?

Hence: Ajoquin = Apenzene + 6 + X + Y

Where: Conj. energy X @O .
N M greater resonance

energy over benzene

= 2 (cf. styrene
yrene) of this compound

D
Conj. energy Y N
~
Me
HO H ]
= 4 {for enamine) + 2 (for styrene) = €
Hence Ajgquin = 36 + 6 + 2 + 6 = 50 kcal mol !
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Thisl 7method can be extended to pseudo bases derived from the azoles as illustrated for thiazole (Scheme
20).

Scheme 20.  Thiazolium Pseudo-bases
Me

+ ,Me

N/

|
- N
SR

PKrome = 16.9
N Me re
[ \> roOMe = I: ><H
S PKrome = 8.2 S OMe

Assuming AH°=11ApK,
Agiaolium = 1.1 (16.9-82) +10* = 20 kcal mol™!

* rough estimate of resonance interactions in thiazolium pseudo-base

e. Deduction of the Aromatic Stabilization Energy of Benzene from Tautomeric Equilibrium

It is very well recognized that phenol exists as such in the hydroxy form and not as cylcohexadienone
whereas cyclohexenol does exist predominantly as the carbonyl form, cyclohexanone. The reason for the
different behavior is clearly the aromaticity in phenol. By comparing the tautomeric equilibrium constants, it
should be possible to derive a measure of this stabilization energy (Scheme 21).

Scheme 21. Aromaticity of Benzene and
Tautomeric Equilibria

v oY
-

favored

OH
O/

In some cases direct measurements of the tautomeric equilibriutn constants in solution are not available, The
ways in which they have been estimated are summarized in Schemes 22 and 23, which leads to the result of
Scheme 24.

favored
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Scheme 22.  Tautomeric Equilibrium Constants of Phenol and Cyclohexanone
OH +0OH

H

— H

estimate pK, =-12
as H, for 1/2 protonation is -7.1 at para and the Hy, acidity function followed,
ie. pK =-11.3 at para

Sedod &

estimate pK, = -

Hence pKr = 9.5

Scheme 23. Keto-Enol Equilibrium_Constant_of Cylclohexanone.
OH O

pKp= 63918

Scheme 24.  Calculation of the Aromaticity Resonance Energy of Benzene

from Tautomeric Equilibria Data

OH o) OH 0
T = Y (-
Using AG® = 1.37 pK|
AGY = 13 £ 3 kcal mol! AGY = 9+ 05 kecal mol’!

Hence AA HO0= 12 AAGY= 26 + 4 kcal mol!

Hence

H-0 "o

AGY = 3.2 keal mol! resonance AH? =6 *1 kcal mol!

So aromaticity of benzene = 32 + 5 kcal mol’!
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[f.Estimation of Aromatic Stabilization Energies of Pyridones from Tautomeric Equilibrium

The factors which influence the tautomeric equilibria of a compound such as 2-pyridone are of two types:
external factors and internal factors (Scheme 25).1°

Scheme 25.  Factors Influencing Tautomeric Equilibria
of Heterocycles

L, =

N X

1. External factors

(a) Polarity of the solvent
(b) Intramolecular H-bonding

2. Internal factors

(a) Relative resonance stabilization of the six m-electron systems
~a ~
| and |
=~
N X N X

H
(b) Inherent stabilities of the functionalities

, z
= and \N {
/ /

XH ¥

Once again, by a comparison of the tautomeric equilibrium constants in a compound such as 2-pyridone with
a model detivative such as tetrahydro-2-pyridone, it is possible to obtain an estimate of the difference in the
aromatic stabilization energies of 2-hydroxypyridine and of 2-pyridone. The calculation method used is
shown in Scheme 26 and the respective energy diagram in Scheme 27.2° It should be noted that the
tautomeric equilibria of pyridones and analogous compounds are highly dependent on the medium: this
implies that aromatic stability also depends on the medium. All the data given in the present section refer to
aqueous solution.

Scheme 26.  The Aromaticity of 2-Pyridone as Estimated on the
Basis of Tautometic Equilibrium Constants

Y K A K,
o= ) —
N OH N O N OH N O
1
H

H
AHy = [ Apyridone + Interact (NH/CO)] - [A
AH Interact (NH/CO) - Interact (N /OH)
~AHg - AHy = Apnidine - Apyridone
AH, = AG, + TAS, = -RTInK, + TAS,
Appridine = Apyridone = RTIN(KYK) + T(AS - AS )

It

pyridine *+ Interact (N /OH) ]
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Scheme 27.  The Enthalpy of Tautomeric Equilibria for the Resonance

Energy Calculation of 2- Pyridone.

LEnthﬂpy
S
oy (1= C
/ N” OH N” “OH
S
i | =
ll\l (0] l\iI 0
H H | ~
Empirical =

> R
esonance N
Energy OH
(Apyridone)
AN K, —AH,
= |
N O

The results for 2-pyridone and related compounds are given in Scheme 28 in detail.”!

Scheme 28, Results for the Aromaticity Calculations of 2-Pyridone
and Related Compounds

E SN
| | o P
X N7 TXMe 4Gy

N X

Ilq ) N XA Me AGS AGU - AGS

Me Me
X PK, PK, kcal mol?  pK, pK, kcal mol! kcal mol’!
5 -1.22 3.62 -6.7 -1.76 6.9 -12.0 53
o 03x 3.28 4.1 0.19 7.5 -10.0 65
NH 13.02 6.86 8.5 assumed equal 0.0 85

by symmetry

CH; 1938 597 19.0 114 943 2.7 16.3

We havl% gilgmarized results for 4-pyridone, 2-quinolone, and 1-isoquinolone compounds in Schemes 29, 30
and 31.%4
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Scheme 29.  Aromatic Resonance Energy for 4-Pyridone and Its Analogs
XMe X X X
X
~2 | | ~ | 4-series 2-series
Xy N N N Apy-Ax  Apy-Ax
Me . Me
estimated estimated .
PK, PK, pK, pK keal mol?  keal mol”
S 5.97 1.30 6.0
0 6.66 333 @ @\ 75
NEt NMe,
NH 9.66 15.75 assumed equal by symmetry 9.6
eit. |
CH ! 21.3 7.4 9.45
2 6.02 p-MeCgH CH=N-Bu’ cf Ny 20.2 18
10.45
Me
Scheme 30.  Aromatic Resonance Energy for 2-Quinolone and Its Analogs
@flm O\, O, OO .
PK, Me K, M
estimated P estimated Me pK,  kcal mol-l
SEt
é - PhNMeC'SMe
S 3.7t -1.40 - 29
w 384 -3.34 '
PhNMeCOMe
O 3.17 -0.71 /O 2.0
5. 06
Me Me Me Me
925 M
n
5.8 r;:
10.0 Me
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Scheme 31.  Aromatic Resonance Energy for 1-Isoguinolone and Its Analogs

O L B B

estimated pK, cstlmatcd pK,  kcal mol'!

a a
S 3.93 2.13 604 o 261 Svem 43
éEt l\IIHMe.
MeN. CPh PhCONMe
0 3.05 -1.80 6.20 op  -1.62 4.1
NH 762 11.38 assumed equal by symmetry 6.0
CH, 6.42 15.62 ' 8.30 13.06 70

Using the results described above for the aromatic stabilization energies of the parent pyridine, guinoline and
isoquinoline molecules, we can now give the differences in the aromatic Jesonance stabilizations for these
pyridone-like compounds compared to the parent heterocycle in Scheme 32.23

Scheme 32.  Comparison of Aromatic Resonance Energy Differences for
Different Heterocycles (kcal mol” 1 )

A A

pyridine ~ 4 pyridone A quinoline - A jsoquinoline -
X 2 - series 4 - series A quinolone A jsoquinolone
S 6 - 3 4
0] 1.5 8 2 4
NH 10 10 5 6
CH, 18 20 7.5 7

g. Aromatic Resonance Energies from MO Calculations

Two of the best known calculated energy criteria are: a)the Hess-Schaad resonance energy?*® and b) the
Dewar resonance energy,?® (Schemes 33 and 34).

Scheme 33. Hess - Schaad Resonance Energy Definition

E ymo - HMO =x-system energy

E | oc - Empirical isolated n-bond energies
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Scheme 34. Dewar Resonance Energy Definition

Ep =AH;- nyEcy - weEee - ncEeg

AHf - heat of formation

"H -~ number of CH bonds with energy Ecy

W¢ - number of single CC bonds with energy E -

n"c - number of double CC bonds with energy E¢_-
Compound Eg (V)
Benzene 0.97
Naphthalene 1.46
Anthracene 1.78
Naphthacene 2,03
Phenanthrene 2.13
Perylene 2.89
Azulene 0.30

An 2a_}!temative Dewar resonance energy DRE’ can be calculated using AM1 heats of formation (Scheme
35).

Scheme 35. Dewar Resonance Energy Definition (DRE")
DRE’ = n (Ecx (s) - E'cx) + m(Egx(d) - E'cx) + Epp
X=CN0S8

n - total number of C-C and C-X bonds
m - total number of C=C and C=X bonds
Ecx(s) - ©- bond energy of "single” bond in acyclic polyene
Ecx(d) - - bond energy of "double” bond in acyclic polyene
E'cx - ©-bond energy of "single” bond in cyclic polyene
E”cx - o bond energy of "double” bond in cyclic polyene
Epp, - ®- bonding energy
gg%‘: r,%gg,%tgivc values of different theoretical resonance energies of aromatic compounds are given in Scheme

Scheme 36.  Calculated Resonance Energies of
Some Aromatic Compounds

Compound DRE HSRE
{keal mol!) (kcal mol'l
Benzene 22.6 8.0
Pyridine 23.1 8.0
Pyrimidine 20.2 6.8
Pyrazine 17.1 6.8
Thiophene 6.5 4.5
Furan 43 1.0
Pyrrole 53 5.3

Imidazole 154 5.8
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The Dewar resonance energy in its original form cannot be calculated for compounds containing N-N single
bonds, N-N double bonds N-O bonds or N-§ bonds as the polyene bond energies are not available for these
compounds. Similarly, the Hess-Schaad resonance energy cannot be calculated for any compounds

containing N-N double bonds, N-O single bonds or N-§ single bonds as Huckel =-bond energies are not
available,

3. Non-Energetic Criteria of Aromaticity

a. Geometrical Criteria for Heteroaromaticity

It has long been suggested that the geometry of a ring can be used as a criterium for the degree of aromaticity.
Thus, Bak ef al. pointed out that the order of decreasing aromaticity of Scheme 37 could be inferred from

microwave-derived bondings. Julg sought to make this approach quantitative with his aromaticity index
(Scheme 37).3!

Scheme 37. Quantitative Geometrical Aromaticity Index

(a) According to bond order data, aromaticity decreases 30

TR\ N—-N )
N/ \N > / \ > ( » > NI )N
~ S rd S S \0
(b) Aromaticity index A
A = 1-225 5 - de)Z
n (rs) d

where:

n =no. of x - electrons

= 4 =1 Z
d, = bondlength/d = - (rs)drs

i.e. deviation of bonds from equal lengths

Benzene A=1 Furan A = 0.87
Thiophene A= 093 Fulvene A = 0.62
Pyrrole A= 091

Other quantitative measures derived from geometry or similar sources are Pozharskii’s index { Scheme 38)32
and the Berezin coefficient of influence® and Balaban’s aromaticity constant>* (Scheme 39).

Scheme 38. Pozharskii’s Aromaticity

Index Definition

_ ZAN
A N = )
n
AN - difference in bond order

n - number of bonds
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Scheme 39.  Other Quantitative Measures of Aromaticity

"Coefficients of Influence" (V. 1. Berezin)

X . = sumof the internal angles of a 6 membered aromatic ring.
Benzene X = 2.130 Pyridine 1. 987
Pyrazine 2. 046 s-Tetrazine 1. 666

"Aromaticity constant” K = X k, where k values express the

tendency of an atom to release or attract w-electrons from the delocalized
aromatic cloud. (Balaban)

*

k = (0.478 %— - L0 - mp 100

¥ =25 - 0.85my -0.525m ,, - 0.175mg

Z = nuclear charge m = number of electrons in the K shell

Z* = effective charge m ,, = number of nonbonding L electrons

r = covalent radius A® m 1 = number of bonding L electrons

my = number of & electrons

Benzene 0 Thiophen -1 Pyrrole -26
Pyridine +23 Furan -3 Pyrrole anion -77
Pyridinium +97 Phenol -7

Cyclopentadienyl anion -100

This35a 6proach has been expanded most recently by Bird to give the Bird aromaticity indicies (Scheme
40).

Scheme 40.  Definition of Bird Aromaticity Indicies

% N2
Isqy = 100|:1 Ty :I where  y _ 100 Z(N-Nof
K

Ng n
15

v for a five - membered heterocycle
K =

33.3 for a six - membered heterocycle

XN
N is the bond order n

N,= . n is the number of bonds in cycle
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Another “geometrical” aromacity parameter A, can be defined on the basis of the quantum-chemically
calculated harmonic force constants for "out-of-plane” vibrations of ring atoms in cyclic systems (Scheme
41)3" This parameter is also an energetic measure of the rigidity of an aromatic =-system towards spatial
distortions.

Scheme 41.  Aromatic x - System Rigidity Parameter

Xy

AE
Kn = Az?
Aromaticity = Geometric mean of k,,
A, = Iky
n

b. Magneric Criteria for Heteroaromaticity

It has long been known that the ring current in an aromatic compound exerts a deshielding effect on atoms
outside the ring and a shielding effect on atoms inside the ring. Numerous attempts have been made to apply
this in a qualitative way. However, it has been exiremely difficult to get the correct model compounds and

make the right corrections. As is shown in Scheme 42, different workers have come to quite different results
using this method. Some of the difficulties are illustrated in Scheme 43.38

Scheme 42. uantitative Measurement of Aromaticity by Nmr Ring Currents

Estimated by Elvidge ¢
B Ly

5% 46 % 75 % 59 %

Estimated by Abraham*® Estimated by Wynberg 4!
!\ ) ) !\
o} S 0 S

= 100% = 100% 60 % 77 %
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Scheme 43. Nmr_ Ring Current Method for Aromaticity

oo g

] O o

A o is effect of %
e
alternative measure of effects / \
of ring current

0

The molar dlamagncnc susceptibility exaltation has been widely proposed as a criterion of aromaticity
{(Scheme 44).42

Scheme 44.  Molar Susceptibility As a Criterion

of Aromaticity
Susceptibility Exaltation (van Vieck, 1932)

(Ring Current Increases Magnetic Susceptibility)
X m(obs) - X m(calc)

s =
X m {obs) A
© 57.5 -0.8

Cyclohexene

© 54.8 13.7

Benzene

The "intensity" of the ring current can also be measured by the AM (magnetic parameter) which is related to
the p,-orbital coefficients of the ring atoms of the 2n+1 "aromatic” molecular =-orbital (Scheme 45).3



Scheme 45.
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Aromaticity Index by Ring Current Intensity

A, - z H(ciu)%
)

i

Where n is the number of ring atoms; the summation is taken of
the (2n + 1)th w-orbital over all the ring atoms,

¢ isthe MO coefficients at the 2n+ 1 "aromatic" m-orbital.

4. Statistical Approach to Aromaticity

a. Summary of Classical Approaches to Heteroaromaticity and Need for a New Approach

Although very useful insight is obtained regarding the aromatic stabilization of a variety of compounds from
the work just described, the overall picture is nevertheless one of confusion and complication. In particular,
the different measures do not tie up with each other. Thus in Scheme 46, a plot of the aromaticities deduced
from the Bird aromaticity indices with those from molar magnetic susceptibility shows absolutely no

correlation.

Scheme 46. _Plot of Bird Aromaticity Parameters I 5 ¢, Against
Molar Susceptibility Exaltation, A
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There is no common relationship between the A, and A_ parameters, calculated by the same
quantum-chemical method (AM1 SCF LCAQ MO) (Scheme 47).% However, the five- and six-membered
rings can be separated into two groups, which have a slight dependence between those parameters. Notably,
the five-membered rings are more sensitive towards the "magnetic” Ay parameter whereas the six-membered
rings have larger dispersion of "structural” A, parameters.

Scheme 47.  Plot of AM1 Calculated A »4 Aromaticity Parameters

Apgainst AM1 Calculated A Parameters

O,
11
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074+
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In this situation, a new approach was required, and we decided 1o apply the method of Principal Component
Analysis to all available data. In our initial approach, we chose a set of 16 familiar monocyclic aromatics
(Scheme 48).

Scheme 48. A Model Set of Sixteen Familiar Monocyclic Aromatic Compounds

4 4 g 4 /4\ 4
QOO O Oy
2 )I 2 ey N GK\)Z |
6y X 2 ey N 2 N G\N,Nz
1 1 1 1 1

1

Benzene Pyridine Pyrimidine Pyrazine Pyridazine s-Triazine 1,2,4-Triazine

54/03 2 5‘@3 2 54/@3 2 sd‘/C/\\: 2 54(§3 2 54[§3 2
1 0, 1i‘ 1 Tl“ 1 ]i‘ 1 51

H H H
Thiophene Furan Pyrrole Pyrazole Imidazole Thiazole
4 N3 4 3 N 3
. 0 L)
5 2 5 N2 SN M2
05y 0/1 T[ 1
H

Oxazole Isoxazole 1,2,4,-Triazole

We treated by the SIMCA method, a total of 12 variables of which 4 were geometric (the Bird indices derived
from experimental data, the Bird indicies derived from AM1 calculated ring geometries, the Julg measure of
ring current, and the Pozharskii indicies), five were energetic (Dewar resonance energies derived from
experimental quantities and from AMI calculated geometries, Hess-Schaad resonance energies, and heats of
formation both experimental and calculated by AMI), and three were magnetic (molar magnetic
susceptibility, diamagnetic susceptibility exaltation and the average >N chemical shift).? The data set of 12
characteristics and 16 compounds used is shown in Scheme 49.

To determine the number of statistically significant eigenvectors, the method of cross-validation is used. The
number of principal components is selected as three. The results on the PC analysis are given in Scheme 50.
It is seen that two Principal Components account for 74% and three for 87% of the variance.

With 48.4% of the total variance in the data set, eigenvector number one is comprised predominantly of I, I,
and AN. Characteristics DRE, DRE’, HSRE, RC, and AH; are also moderately relevant. For AHgay,y low
utility and for %, A, and 3N zero utility in the model (zero modeling power) were observed. For the second
PC four variables (I, I',., RC and AN) are highly relevant and those remaining have moderate modeling
powers. For third PC, the geometrical and energetic variables have sirnilar, high utility in the model, with the
magnetic variables having somewhat lower utility.
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Scheme 49. Data Set for Familiar Monocyclic Compounds

Variables

Campounds 1 2 3 4 5 & 7 8 ] 10 1 12

1 II' RGC AN DRE DRE" HRSE AHy  AH xy A 15,
1 Benzene 100.0 100.0 1.774 00 377 384 0.065 198 220 548 179 —
2 Pyridine 85.7 841 1.571 0.10 385 412 0.058 346 320 492 183 -835
3 Pyrimidine 84.3 82.4 1.498 0.13 3.37 360 0.050 47.0 468 431 182 845
4 Pyrazine 888 908 1.561 0.06 285 4.00 0.049 469 444 376 127 461
5 Pyridazine 789 734 1.468 018 -— — — 664 554 405 87 202
§ s-Triazine 100.0 100.0 1.483 00 - 333 0040 540 801 379 190 -985
71,2,4-Triazine 86.1 e 1.398 19— — — 624 685 — — 6.7
8 Thiophene 88.0 67.7 1.533 025 1.08 096 0.032 276 401 574 178 —
9 Furan 430 35.2 1.105 047 072 063 0007 83 30 431 139 —-
10 Pyrrole 89.0 66.5 1.344 0.24 140 215 0039 252 401 476 145 -2246
11 Pyrazole 73.0 74.2 1.3186 018 -—- — 0055 433 885 426 155 -1265
12 Imidazole 64.0 68.0 1.306 0.21 257 334 0.042 306 51.0 443 17.2 -169.0
13 Thiazole 64.0 59.4 1,283 032 187 132 0034 370 499 506 17.0 -574
14 Oxazole 33.0 378 1.075 040 — 207 0007 -3.7 126 392 160 -1270
15 Isaxazole 47.0 48.1 1.042 036 -— - 188 444 375 143 27
16 1,2, 4-Triazocle 81.0 747 1.273 017 — — 00850 463 740 — — -13

Scheme 50.  Results of PC Analysis on Sixteen Objects

Principal Component(s) Percentage of Variance

Accounted For

19} 48.4
t +t 65.2 (48.4 + 16.8)
Hh+th+t 73.7 (48.4+ 16.8 + 8.3)

To assess the predictive power, the data matrix containing i objects and k independent variables per object
was treated as follows: cach data point, x;, was omitted successively one at a time and a PC analysis was
carried out in each case on the remaining set of data. A new value for the data point omitted was then
recalculated using the new values of the scores and the new values of the loadings. These recalculated values,
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when compared with the input values, demonstrate the predictive power of the model. They are plotted
- . 2 - T . . . .
against the input values and R* is determined for the 1:1 line to determine a measure of fit. The resulting

plots are shown in Scheme 51.

Scheme 51..

Plots of Recalculated vs. Original Data for Monocyclic

Aromatic Compounds
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The PC scores for all 16 compounds are plotted graphically in Scheme 52, with the Principal Component
scores t; and t, as the ordinate and absicca, respectively, and the score ¢4 for the third PC shown within the
circle,

Scheme 52 shows that in the three-dimensional space defined by their principal components scores ty, t;, and
13, the compounds 1-16 can be divided into four or five groups. Benzene and pyridine have all three t;, t,, and
t3 values positive. Di- and triazines are placed in another quartile with only t; negative. Azines and azoles
with two nitrogen atoms in adjacent positions in the ring form a separate group with both t, and t; negative.
The final group contains five-membered rings with nitrogen and/or sulfur heteroatoms (moderately negative
t; negative and 15 positive).

Scheme 52.  Scores Plot of t;_vs. t, for Monocyelic Compounds with 13 Indicated
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The PC loadings for the 12 characteristics are given in Scheme 53. In the three-dimensional space defined by
their PC loadings, the characteristics can be divided into three main groups: those (Group A) dominated by
the p; GC loadings (I,, I';, AN, DRE, DRE’, HSRE) and with small p, and py loadings; the second group
(B) is comprised of the magnetic parameters yp;, A, and !N, and is marked by a very small p, component but
large positive p, and variable p; components; the remaining characteristics form the third group. Two of
these groups, A and B, are almost orthogonal to each other, and can be related to the concepts of “classical”
and "magnetic" aromaticity.

Scheme 53.  Loadings Plot of p,_vs. p; for Monecyclic Compounds with p; Indicated
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c. Bicyclic Heteroaromaticity

We have extended this work to bicyclic compounds.*> The bicycles studied are shown in Scheme 54, and the
corresponding data set in Scheme 55.

Scheme 54.  Bicycles Studied

@ @ij @Nj )
-z N N
N = z NT

Naphthalene Quinoline Isoquinoline Quinoxali:e Cinnoline
A A = X
D o= O
(o] N\ . 5 N\
Renzofuran Indole I Tsoindole Benzothiophene Benzimidazole H
N N
\/N \> @\\/N @E \> \/N
N Q 0 s s
Indazoie \H Benzoxazole 2.1-Benzisoxazole Benzothiazole Benzisothiazole
N\\ /N\ /N\
) - (X
N N N
1H-Benzotriazole \H 2H-Benzolriazole Benzothiadiazole

Scheme 55. Data Set for Bicyclic Compounds

Variables

Compounds 12 3 4 5 6 7 8 3 0 12

b 'y Re 4N DRE DRE’ HSRE BH, AHgy, Xy A 15,
1 Naphthalone 773 769 1,648 018 336 3.35 0.055 36.1 408 919 362 -
2 Quinefine 730 739 1.383 018 330 3.38 0052 500 52.1 B0 .3 675
3 Isoquincline 721 782 1.447 0.14 341 365 0051 500 502 839 342 693
4 Quinoxaline 719 705 1.368 021 281 3.20 0048 83.0 656 — - 501
5 Cinnoline 708 613 1.268 027 '  — - 810 74.3 - 429
6 Benzofuran 45.4 56.6 1.059 033 203 076 0.036 65 208 798 38 -—
7 Indole 70.0 665 1311 023 238 147 0047 446 552 850 331 2536
8 Isqindole 720 €8.9 1.378 022 116 076 0028 56.0 61.7 - - -2180
9 Benzothicphene 57.0 761 1.515 0.18 248 118 0044 400 539 933 M5 —
10 Benzimidazole 71.0 653 1.265 028 309 139 0.050 434 671 9 260 -1864
11 Indazole 68.9 70.8 1.202 023 ~— — 005 60.7 823 727 268 -130.7
12 Benzoxazole 380 44.8 1.100 095 — 080 0031 — 313 744 324 -1315
132,1-Benzisoxazole 540 543 1.084 03¢ — — — — 694 716 208 -75
14 Benzothiazole 570 65.7 1.223 023 -~ 135 0047 —— 841 BB5 36.1 647
15 Benzisothiazole 68.0 69.6 1.280 020 ~— — - 731 851 327 -76.0
16 1H-Benzotriazole §7.0 589 1.178 928 — — — 830 1042 — - -B79
17 2H-Benzotmazole 730 686 1.417 028 — — 0087 -— 1170 — - BO7

18 Benzothiadiazole 56.2 464 1.072 038 — - e - 931 - = 519
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The results of PC analysis are given in Scheme 36. Here, two significant PCs are found, which together
explain 63% of the variance.

Scheme 56.  Results of PC Analysis for Bicyclic
Compounds

Principal Compenent(s)

Percentage of Variance

Accounted For

Wty

37.5
63 (37.5 +25.5)

The PC loadings and PC scores are plotted in Schemes 57 and 58, respectively.

Although the monocyclic and bicyclic compounds form two completely independent data sets, we find most
significant correlations between both the loadings and the scores of the two sets. Scheme 59 compares the
loadings for mono and bicyclic derivatives: a close correspondence is found.

Scheme 57.  Loadings Plot of p,
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Scheme 58.  Scores plot of t, vs. -t, for Bicyclic Compounds
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Scheme 59.  Loadings of Bicycles Compared to Monocveles -- Plot
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Scheme 60 shows plots of the individual p; and p, for bicyclic vs. monocyclic compounds, and gives the
correlation coefficients.

Scheme 60. Loadings of Bicycles Compared to Monocycles -- Correlation Coefficients
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In Scheme 61, the scores for the benzoheterocycles are compared with those for the corresponding
monoheterocycles. Very good agreement is again found.

Scheme 61.  Scores of Bicycles Compared to Monocycles -- Plot
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Scheme 62 shows the plots for individual 1, and t, for bicyclic vs. monoeyclic compounds.

Scheme 62.  Scores of Bicycles Compared to Monocycles -- Correlation Coefficient
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¢. Less Familiar Monocyclic Heteroaromatics

This work has been extended to a further set of 23 less-familiar monoheterocycles (Scheme 63). The
available characteristics were treated by PC analysis using the loadings derived from the 16 standard
monoheterocycles, already described, to give the scores of the new heterocycles.

Scheme 63.  Additional Monoheterocycles Studied
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The scores for the total set for 16 + 23 = 39 monoheterocycles are shown in Scheme 64. The dominant
influence on t, is the size of the ring, and the nature of the heteroatoms present, whereas the dominant
influence on t, is the number of heteroatoms present.

It is concluded that pyridine-like nitrogen atoms have relatively little effect on classical aromaticity:
five-membered rings are less aromatic than six-membered, the presence of an oxygen atom has a particularly
aromaticity-reducing effect, whereas the effect of sulfur is much less than oxygen and only a little more than
nitrogen. The predictive power for the presem compounds is limited by the relative pancity of, and some

problems with, the input data, but succeeds well for I, AN, and AHy.

Scheme 64.  Scores for the Total Set of Monocyclic Heteroaromatics
) 1 |
5-membered rings ! 5-membered rings | 6-membered
with O ! without O ! rings
| | | | ] ] | 1
. S T T j 1 1 1 T
2
44 +
PHOSPHARENZENE BENZENE
3T o
THOPHENE
= A 1
. heteroatom
1 L PYFIROLE [E’ N
E, VA R S ... S Sy ——
1,3,5-TRIAZINE 1
0 —— nuzou.s! ml MWOL eyrazoLLPYRIMIDINE 2 o}x; 3 not adjacent
—oxazoLe-{15 ] o [y = cteroatoms
@ |ISOTHIAZOLE e T I i B e e
-1 - 33,4 OXADIAZOLE @m .
1,2.4-OXADIAZOLE @ : o 4H124-TRIAZOLE 2H1 o | 2or3
OXAZOLE ) 2.4 THADAZOLE YRAZINETRIAZOLE
-2 l Laamwanizots = with adjacent
125 THADIAZOLE Q 1,24-TRIAZINE
1,2, 3-0XAMAZOLE —
-3+ TH1.23 TRIAZOLE PYRIDAZINE “T" heteroatoms
3’““”'”0"5 1H~1.2,3.4“JE‘FHAZDLE
4t © R
1.2,5-OXADIAZOLE
"'5 T @ 1,23 TRIAZINE — | 4
—_ 6 i 2H-1,2,3,4-TETRAZOLE -]
._)) 1,2,34-OXATRIAZGLE heteroatoms
""7 T~ 1,235 THIATRIAZOLE L?,J.#-TETRJ\ZINE 4
-8 —+ @ 1,23 4-THATRIAZOLE , ZASTETRAZINE |
1,2,35-OXATRIAZOLE o
_9 4 1
5
=10 - =
. PENTAZOLE heteroatoms
— | ] | | 1 l } |
11 | i | 1 1 | [ |




160 HETEROCYCLES, Vol 32, No. 1, 1991

In conclusion, we believe that in this work, we have been able 1o a considerable extent to resolve the apparent
impasse between classical and magnetic aromaticity and to provide a firm basis for the consideration of
aromaticity as a quantitative concept. In fact, there are at least two types of aromaticity. The best available
measure of classical aromaticity is provided by the Bird-I-5-6 pararneter, and this correlates well for AN and
for DRE. The second type is magnetic aromaticity, which is best measured by the molar magnetic
susceptibility Xy These two types of aromaticity, classical and magnetic, are orthogonal. Other aromatic
characteristics are inferred by both "classical" and by "magnetic” aromaticity to varying extents. Hence, we
believe that there are at Ieast two quantitative aromaticity scales.
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