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Aromaticities of azines relative to benzene;
a theoretical approach through the
dimethyldihydropyrene probe

Maria?, Riffat U. Nisa®, Muhammad Hanif?, Adeem Mahmood®*
and Khurshid Ayub®P°*

The aromaticities of azines relative to benzene have been estimated by fusion with 15,16-dimethyldihydropyrene. Chemical
shift data for the azine-fused dihydropyrenes (calculated at GIAO HF/6-31G*//B3LYP/6-31 + G*) were used to estimate the
reduction in the dihydropyrene nucleus aromaticity. Choice of the saturated reference model was quite crucial in reliable
estimation of aromaticity. Reference models with partial unsaturation at azine (21,23,25-32) gave better estimate of aroma-
ticity than the parent dimethyldihydropyrene. Aromaticities of azines through chemical shift data and geometric parameter
analysis were found to be 90-100% to that of benzene, highly consistent with the aromaticity estimation by nucleus indepen-
dent chemical shift),,, calculations. Copyright © 2014 John Wiley & Sons, Ltd.
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INTRODUCTION

Aromaticity is a general, commonly used, but quite controversial
concept in organic chemistry. Qualitative description of a
compound as aromatic, non-aromatic or anti aromatic is gener-
ally less contentious; however, quantitative estimation of aroma-
ticity is not trivial and generally leads to controversies, primarily
due to the quantification methods applied.""’ The aromaticity of
a compound may vary considerably depending on the method
used for quantitative analysis. Three major categories to quantify
aromaticity are energetic, structural and magnetic, essentially all
theorectical

Dewar resonance energy,”™’ Huckel resonance energy,
Hess-Schaad resonance energy,® ' Schleyer isomerization sta-
bilization energies'™ and topological resonace energies!'®'®
are a few important energetic criteria. The Harmonic Oscillator
Model of Aromaticity (HOMA), """ Julg aromaticity index,** Bird's
aromaticity index®>~" and Fringuelli structural index?®2%! are the
most important structure-based methods for the quantification
of aromaticity.

The most common magnetic criteria include magnetic suscepti-
bility exaltation,**>*"" nuclear magnetic resonance (NMR)Z642-48
and nucleus independent chemical shifts (NICS).*?! NMR-based
methods are generally more diverse and include chemical shift
analysis of ®He and “Li nuclei placed above the aromatic
nucleus,%42=481 T4 chemical shift®>>" analysis of probe protons
usually in the center of the nucleus under consideration and
coupling constants™>*3 analysis in H-NMR (Gunther Q-values).
However, NMR-based methods generally require that a suitable
model or probe is chosen. NMR-based methods may even provide
experimental scale of aromaticity for theoretical NICS values.>"
A probe of high accuracy based on 'H NMR chemical shift is
15,16-dimethyldihydropyrene 1.
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The internal methyl protons in 15,16-dimethyldihydropyrene
1 appear at  —4.25 and its comparison with the non-conjugated
model 2 § 0.97 indicates large shielding of ~5.2ppm due to a
strong ring current.”® When an aromatic ring is [a]- or [e]- fused
to the dimethyldihydropyrene, the ring current in the latter is re-
duced. The internal protons of [e]- fused benzodihydropyrene®”
3 appear at —1.85 ppm which means that the internal methyl
protons in 3 are shielded by 2.82ppm, and this leads to an
experimental estimate of the aromaticity for 3 relative to 1 to
be 52%. The greater the aromaticity of the fused ring, the greater
is the reduction in the ring current of the dihydropyrene (DHP),
and this concept can be used to compare the relative aromatic-
ities of any two molecules provided the following two conditions
are met: (i) the effect of fusion on the geometry of the probe
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molecules is negligible and the ring current around the probe
molecule is only affected by the new delocalization and (ii) the
chemical shift of the probe protons is not affected by through
space anisotropic effects. Dimethyldihydropyrene is an excellent
probe to fulfill these requirements and has successfully been
used to compare aromaticities of a large number of molecules,
and so far the only failure is the aromaticity quantification of 4
and is believed to be mainly due to orientation of the shielding
cone of alkynes.””

Aromaticity of azines has created some controversies in the liter-
ature. Comparison of resonance energies calculated by Wiberg®®
(benzene vs 5: 36 vs 34 kcal mol "), by Bird®*"*® (benzene vs 5:
45.8 vs 43.3 kcalmol ') and aromatic stabilization energies through
homodesmotic equations'® (benzene vs 5:28.8 vs 31.0 kcal mol ™)
reveals that both benzene and pyridine are almost equally
aromatic. However, Mosquera®®® based on an N-Centre delocal-
ization index pointed out that azines are less aromatic than ben-
zene. Another inconsistency appears in the cases of contiguous
azines; contiguous azines are more aromatic than benzene
based on Mosquera’s n-DI®°=%? but less aromatic according to
resonance energies (REs) derived from isodesmic reactions. The
HOMA %2 aromaticity index revealed a quite divergent aromatic-
ity order for di, tri and tetrazene; however, HOMED™*' (harmonic
oscillator model for electron delocalization) indicated almost
comparable aromaticities for azines to that of benzene. Very
recently, Schleyer et al,’®” based on NICS calculations, have also
shown that azines are of comparable aromaticities to benzene
regardless of the contiguous or non-contiguous nature.

To the best of our knowledge, the dimethyldihydropyrene
probe has not been used in quantification of aromaticities of
nitrogenous bases relative to benzene. In the present study, we
set to quantify the aromaticities of azines relative to benzene
by fusion to 15,16-dimethyldihydropyrene probe and then to
compare with the relative aromaticities reported in the literature,
especially those reported recently by Schleyer through NICS.

RESULTS AND DISCUSSION

Choice of the reference system

Choice of a non-aromatic model is crucial to the reliable quantifica-
tion of aromaticies, in particular to the aromaticities of heteroarenes,

work, we compare different reference model systems for the quan-
tification of aromaticity of azines. Moreover, we also show here the
importance of selecting a proper reference model.
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Parent DHP as a reference model
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Mitchell and his team have spent over three decades in devel-
oping dimethyldihydropyrene as a probe to quantify aromatic-
ity,29%15%33) and in most of their reports the parent DHP 1 is
used as a reference model. The change in ring current of the
DHP nucleus (DHPN) on fusion with any arene (pyridine in this
case) can be calculated by:

[ methyl protons of N heterocyciclic fused DHP] — [ methyl protons of DHP]

[0 methyl protons of non conjugated model] — [§ methyl protons of DHP]

and arenes with small ring size. The non-aromatic model should
nullify other effects (such as anisotropic effects etc.). Mitchell et al.
have shown that for the quantification of anti-aromaticity of
cyclopentadieneone, compound 6 was used as a non-aromatic
model for 7 in order to nullify anisotropic effect of the carbonyl
group. Later, re-examination led them to conclude that compound
8 is a better non-aromatic model. Similarly, for compound 9, com-

[012] — [01] )
[02] — [o1]

The equation above is actually a measure of bond fixation in
dimethyldihydropyrene by fusion of an aromatic moiety. Based
on the formula above, aromaticity of arene (pyridine) relative
to benzene can be estimated by:

[ methyl protons of N heterocyclclic fused DHP] — [8 methyl protons of DHP]

[0 methyl protons of benzo — DHP] — [8 methyl protons of DHP]

pounds 10 and 11 are effective non-aromatic models because they
contain suitable substitution as well as the proper ring size. In this

012] — [61]
[03] — [o7]
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The majorities of examples reported in the literature for the quan-
tification of aromaticity through DHP are based on these model and
reference systems. A main reason for this choice lies in the fact that
the reported examples are related to carbacycles such as benzene,
naphthalene, anthracene, cyclopentadienone and cyclooctatetraene.
Heterocycles present additional anisotropy effects, as well as po-
tential conjugation effects, and so far have not been extensively
studied. Our efforts in this paper are centered on azines, which,
of course, do contain heteroatoms. Our calculations (explained
below) of the degree of bond fixation in DHPN and of the relative
aromaticities of a variety of azines to benzene, using Eqns (1) and (2),
are given in Table 1.
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Although experimental chemical shifts of DHPs 1 and 3 are
available in the literature, to maintain consistency, theoretically
calculated values of chemical shifts are used for the aromaticity
quantification of benzene (row 1, Table 1). A pyridine ring can
be fused to dimethyldihydropyrene to generate two isomeric
species 12 and 13, as pairs of enantiomers! Since the chemical
shifts of the two different internal protons are very similar, any
local anisotropic effects are very similar for both types of pro-
tons. For example, in 13, proton “a” appears at 6 —2.06 whereas
proton “b” appears at 56 —2.05. On the basis of calculated NMR,
fusion of a pyridine ring in 13 reduces the DHPN aromaticity to
57.5%, compared with 58.3% for benzene. This indicates that
both pyridine and benzene have comparable effect on reduction
of the DHPN aromaticity. The internal protons in isomeric DHP
12 appear at § —2.17 and & —2.14 which translate into 55.9-56.3%
reduction in the DHPN aromaticity. Reduction in DHPN aromaticities
of 56.3 and 57.5% relative to 58.3% for benzene is indicative of
comparable aromaticities of pyridine and benzene. A small differ-
ence in the reduction in DHPN aromaticities is probably due to
through space anisotropic effect and bond length alternation in
pyridine. However, for pyridazines, the aromaticity turns out to
be 102.3% of benzene if 16 is used, or 80.4% if 17 is used for
quantification (Table 1, entries 6 and7). A similar discrepancy is
also observed in the case of triazine where relative aromaticities
of 102.7-103% or 84-85% were observed when 19 or 18 are
used, respectively (Table 1, entries 8 and 9). These significant dif-
ferences between two isomeric fusions of arenes might have
arisen from contiguous nature of these arenes but definitely
point out the failure of the model, in particular the reference
model. A benzene ring or a pyridine ring when fused to the
DHP may provide quantitative estimate of local aromaiticity.
The equation above does not provide global estimate of aroma-
ticity. For a global estimate of aromaticity of benzene and azines,
a method should be chosen in which both fusion provide similar
quantitative estimate of aromaticity

Table 1. 'H NMR chemical shifts of the internal protons of azine fused DHPs 12-20 and the calculated bond fixation and percent
aromaticities relative to benzene using Eqn (2).
Entry Arene Comp. # Protons Sppm calc. % fix. DHPN % arom. (benzene)
1 Benzene 3 —-1.99 583 100
2 Pyridine 12 a —-2.14 56.3 95.0
b —2.17 55.9 943
3 Pyridine 13 a —2.06 57.4 96.8
b —2.05 57.5 97.0
4 Pyrimidine 14 a —2.16 56.0 94.5
b —22 55.5 93.6
5 Pyrazine 15 a —2.22 55.2 93.2
b —2.22 55.2 93.2
6 Pyridazine 16 a —1.82 60.6 102.3
b —1.82 60.6 102.3
7 Pyridazine 17 a —2.78 47.6 80.4
b —2.78 47.6 80.4
8 Triazene 18 a —2.59 50.2 84.7
b —261 49.9 84.2
9 Triazene 19 a —-1.8 60.9 102.7
b —-1.79 61.2 103.0
10 Tetrazene 20 a —2.31 54.0 91.1
b —2.31 54.0 91.1
%Fix =% bond fixation, %Arom.=% aromaticity relative to benzene
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For a better estimate of aromaticity, partially saturated azine
non-aromatic reference model was chosen in such that the
model is very similar to the azine under study, but it lacks the
aromaticity of azine. The non-aromatic model 21 for pyridine
fused dimethyldihydroopyrene was chosen because it is ex-
pected to nullify all other effects except the aromaticity of pyri-
dine. The aromaticity of azine through the reference model 21
for pyridine was calculated using the Eqn (3) shown below

12 and 13 (“a” and “b"), and use of chemical shifts of proton
“b” in isomeric DHPs resulted in 98% aromaticity of pyridine rela-
tive to benzene. The chemical shifts of protons “a” in 12 and 13
delivered somewhat overestimated (but not very different) aroma-
ticity values of 103.5 and 105.1%, respectively. The aromaticities of
azines calculated using Eqgns (3) and (4) are shown in the Table 2.

Thus, the discrepancies associated with the aromaticity of
pyridazine and triazine through method 1 are mostly overcome.

[ methyl protons of N heterocyciclic fused DHP] — [ methyl protons of sat. N hetero DHP]

[ methyl protons of non aromatic model] — [§ methyl protons of sat. N hetero DHP]

[012] — [621]

2] — [o21] )

Aromaticity of azine relative to benzene can be calculated by

#2-lo21] /
[p22)-[o21] @
(031-1023] / [024]—[623]

29 30 31

As discussed earlier, the compound 21 is expected to be a bet-
ter reference model compound for pyridine-DHP 12, and simi-
larly 22 is believed to be a better non-conjugated model for 12
than compound 2; therefore, a better estimate of aromaticities
can be obtained using the equation above (equations 3 and 4),
which incorporates similar changes for the benzo fused DHP.
Indeed, the modified equation and the model compounds
turned out to be quite effective and free of any considerable
anisotropic effects. Comparable results on the aromaticity of
pyridine relative to benzene are obtained with both isomeric
DHPs 12 and 13. There exist two different types of protons in

Pyridazine has almost 96-100% of the aromaticity of benzene
calculated (through proton “b”) by any of the fused DHP (Table 2,
entries 6 and 7). The aromaticities of a series of azines are re-
ported relative to benzene in the Table 2. Similarly, for triazine,
the aromaticities were also found very comparable (Table 2 en-
tries 8 and 9). Although the aromaticity values calculated by this
method are quite different when protons “a” and “b” are used,
very similar aromaticity values of azines were obtained for iso-
meric fusion when the protons of a similar label are chosen; for
example protons “b". This method provides somewhat global es-
timate of aromaticity of azines where isomeric fusion does not
impart significant effect on the aromaticity. We were able to cal-
culate the relative aromaticities of pyridine, pyrimidine, pyrazine,
pyridazine, triazine and tetrazine. However, relative aromaticities
of pentazine and hexazine are not possible through this method
because this would involve incorporation of nitrogen atoms in
the DHPN which of course requires reinvestigation of proper
non-aromatic and non-conjugated models. Relative aromaticities
of different azines relative to benzene through protons “b” are
within 95-100% except pyrazine, and these results are indicative
of comparable aromaticities of azines with respect to benzene,
quite consistent with the literature (NICS and other aromaticity
indices).**> Non aromatic model 27 for pyrazine fused DHP is
not perfectly ideal because it contains a sp3 nitrogen atom very
next to the DHPN which is expected to additionally affect the
aromaticity by conjugation effect.

/

N
33
I E

37 38 39 40

Since chemical shifts of the internal protons in 24 and 33-40
are quite similar among themselves as well as to the non-
conjugated model 2, therefore the chemical shifts of the latter
can safely be applied instead of using the these individual refer-
ence compounds. In most of the calculations, two different pro-
tons are available for the quantification of aromaticities. Results
of the aromaticity quantification through two different protons
are shown in Table 2. Generally with protons of type “b”, less
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Table 2. Percent aromaticities of azines fused DHPs 12-20 relative to benzene calculated using Eqn (4)
Entry Azine dppm  Non-ar. model 3dppm  Non-conjug model 3dppm % bond fixation % arom. (benzene)
1 Benzene —-1.99 23 —5.45 24 1.11 53.2 100
2 Pyridine —2.14 21 —6.09 22 1.1 55.1 103.5
—2.17 —5.99 1.17 53.9 97.9
3 Pyridine —2.06 25 —6.1 33 1.05 56.7 105.1
—2.05 —5.98 1.08 55.8 98.4
4 Pyrimidine —2.16 26 —5.7 34 1.09 52.2 935
—2.2 —5.78 1.02 523 100.1
5 Pyrazine —2.22 27 —55 35 1.08 49.8 85.1
—2.22 —542 0.92 48.8 98.2
6 Pyridaz. —1.82 28 —6 36 1.06 58.5 112.0
—1.82 —5.91 1.08 58.5 99.9
7 Pyridaz —2.78 29 —6.18 37 1.07 47.9 98.0
—2.78 —6.06 1.14 46.1 96.2
8 Triazine —2.59 30 —6.1 38 1.06 48.5 105.2
—261 —5.96 1.09 47.2 97.3
9 Triazine —-1.8 31 —4.45 39 1.13 474 100.5
-1.79 —4.38 1.14 46.9 99.0
10 Tetrazine —2.31 32 —5.88 40 1.14 50.8 108.4
—2.31 —5.71 1.14 49.9 98.0

variation in the aromaticities has been observed as compared to
protons “a”. Intuitively one would expect the opposite results be-
cause “b” protons are closer to the heteroatoms and they are
more prone to the anisotropic effects arising from these hetero-
atoms. To solve the problem, “which set of protons give the most
reliable estimate of aromaticity”, we analyzed geometric param-
eters of azene-fused DHPs 12-20, and the results are summa-
rized in Table 3.

The geometric data illustrate that bond fixation for all azines is
lower than that of benzene except for pyridazine fused 16.
Second, the bond fixation for all azines is within 90-100% to that
of benzene, and this data is consistent with estimation of

aromaticity of azines obtained when proton “b” are used. Now
the question arises why the protons “b” give reliable estimate
over protons “a” even though the protons “b” are close to the
heteroatom and are more prone to anisotropic effect. An obvi-
ous reason for this behavior could be the planarity of the system
in the region of proton “b” than proton “a” in the reference
models.

A comparison of our calculated aromaticity values through the
dimethyldihydropyrene probe with other methods reported in
the literature®*®°! is given in Table 4. The aromaticity values ob-
tained through our NMR and geometric method are comparable
to the aromaticity values obtained through other magnetic NICS
©nzz and energetic (ECRE) methods. Since NICS(),,, only takes
into account the contribution of the out of plane (zz) tensor com-
ponents of the = MOs directly relevant to aromaticity which is
very comparable to our NMR method. The methyl protons in
dimethyldihydropyrene are out of the plane and are expected
to be affected by aromaticity only, and local anisotropic effects
should be negligible. Aromaticity values obtained through
protons “b” of dimethyldihydropyrene by using Eqns (3) and (4)
are very similar to the aromaticity values through NICS o).,
Moreover, this data is consistent with the bond localization
values in Table 3. The extra cyclic resonance energy (ECRE)
values calculated through bond localized wavefunction (BLW)
also give similar results. A main reason for the similar results
through ECRE lies in the fact that BLW separates all electrons
and basis functions into sets of localized MOs which ultimately
disables intramolecular interaction among selected subgroups.
Absence of any intramolecular interaction in subgroups delivers
better estimate of resonance energies. In short we have shown
that with a suitable model, magnetic (NMR and NICSq),,,), ener-
getic (ECRE through BLW) and geometric (bond fixation) give
comparable estimates of aromaticities. Moreover, we have
shown that the dimethyldihydropyrene nucleus can reliably be
used for the quantification of aromaticity of azines provided a
suitable saturated reference model and non-aromatic model
are available.
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Table 3. Calculated lengths for azine fused DHPs 12-20 and the associated bond fixation

Bond fixation = X(bond)Bold — X(bond)Plain.

3 12 13 14 15 16 17 18 19 20
c1-C2 1.376 1.378 1.377 1.379 1.380 1.378 1.380 1.381 1.380 1.382
C2-C3 1.417 1.416 1.416 1.417 1.417 1.418 1.414 1.414 1.418 1.416
G3-Cc4 1.382 1.383 1.382 1.384 1.384 1.382 1.385 1.385 1.382 1.384
C4-C5 1.419 1.419 1.419 1.419 1.420 1.421 1.416 1.417 1.421 1.419
C5-C6 1.382 1.383 1.382 1.383 1.383 1.382 1.385 1.385 1.382 1.384
C6-C7 1.417 1.417 1.417 1.416 1.417 1.419 1.414 1.415 1.419 1.416
C7-C8 1.377 1.380 1.377 1.380 1.380 1.378 1.380 1.382 1.378 1.382
C8-C9 1.428 1.426 1.428 1.426 1.427 1.429 1.424 1.425 1.429 1.425
co-C10 1.373 1.372 1.373 1.372 1.372 1.369 1.375 1373 1.369 1.373
C10-C11 1.454 1.448 1.451 1.442 1.445 1.450 1.443 1.440 1.448 1.437
C11-C12 1435 1434 1.430 1.429 1434 1432 1421 1.420 1432 1.420
C12-C13 1.454 1.451 1.450 1.448 1.445 1.449 1.443 1.440 1.441 1.437
C13-C14 1.373 1.373 1.373 1.373 1.372 1.372 1.375 1374 1.372 1.372
C14-C1 1.428 1.427 1.427 1.428 1.426 1.428 1.424 1.425 1.427 1.425
Y(bond)Bold 1430 1429 1430 1.428 1.428 1430 1425 1.425 1429 1425
Y(bond)Plain 1.385 1.386 1.385 1.386 1.386 1.385 1.386 1.386 1.385 1.385
Bond fixation 0.0454 0.043 0.044 0.0423 0.0418 0.0457 0.039 0.0396 0.0439 0.0401

Table 4. Comparison of our calculated aromaticity parameters through the dimethyldihydropryene probe with other criteria for

aromaticity
NMR (%) Bond fix. NICS(0)rzz ECRE® BLW?

Benzene 100 0.0454 —36.12 29.29 61.39
Pyridine 97.9 0.043 —35.94 29.68 61.30
Pyridine 98.4 0.044 —35.94 29.68 61.30
Pyrimidine 100.1 0.0423 —35.15 29.46 60.87
Pridazine 99.9 0.0452 —36.11 32.50 25.98 63.82 53.38
Pyridazine 96.2 0.039 —36.11 32.50 25.98 63.82 53.38
Pyrazine 98.2 0.0418 —34.75 29.93 59.59
123Triazine 97.3 0.0396 —36.34 27.21 53.74
124Triazine 99.0 0.0439 —35.88 31.63 28.44 60.85
Tetrazine 98.0 0.0401 —36.36 29.80 53.02
“Taken from reference 65.
b Taken from reference 66.

COMPUTATIONAL METHODS CONCLUSIONS

All calculations were performed with Gaussian 09 suite of programs.®!

Geometries of the structures were optimized without any symmetry con-
straints at hybrid B3LYP method using 6-31+ G* basis set.®”) The B3LYP
method, which consists of parameter hybrid functional of Becke® three
in conjunction with the correlation functional of Lee, Yang and Parr,!
provides a nice balance between cost and accuracy, and it is known to
perform very well for the prediction of geometries of a number of
DHPs.”% The 6-31 + G(d) basis set was evaluated for the prediction of ge-
ometries of dihydropryenes and compared with the results obtained
from 6-31G(d) basis set (see Supporting Information). Each optimized
structure was confirmed by frequency analysis at the same level
(B3LYP/6-31 + G*) as a true minimum (no imaginary frequency). Predic-
tions based on the B3LYP method for the DHPN have led to the develop-
ment of robust photoswitches””" as well. TH NMR chemical shifts were
calculated by Hartree-Fock (HF) Gauge Independent Atomic Orbital
(GIAO) method at 6-31G* basis set on the B3LYP/6-31 + G* optimized ge-
ometries (GIAO-HF/6-31G*//B3LYP/6-31 + G*). GIAO-HF/6-31G* was cho-
sen because the predicted aromaticities of a number of DHPs through
this method correlate very well with the experiment.”?

The aromaticities of azines relative to benzene have been
estimated by fusion with dimethyldihydropyrene. Chemical shift
data for azine-fused DHPs (calculated at GIAO HF/6-31G(d)//
B3LYP/6-31+G(d)) were used to estimate the reduction in
the DHPN aromaticity. Aromaticities of pyridine, pyrimidine,
pyridazine, pyrazine, triazine and tetrazene have been estimated
with dimethyldihydropyrene probe. In the estimation of
aromaticity with dimethyldihydropyrene probe, the choice of
non-aromatic reference model is of vital importance. Reference
models with partial unsaturation 21, 23, 25-32 where nitrogen
atoms are part of the unsaturation provide reliable estimate
of aromaticity. Aromaticities of azines were found 95-100% to
benzene. Aromaticities of azines were also obtained by
geometric analysis and were found 90-100% to that of benzene,
consistent with magnetic shielding. Moreover the aromaticities values
obtained through dimethyldihydropyrene probe are very close to
those obtained from NICS ...
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