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Identification and quantification of local
antiaromaticity in polycyclic aromatic
hydrocarbons (PAHs) based on the magnetic
criteriont
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The spatial magnetic properties, through-space NMR shieldings (TSNMRSs, actually the ring current effect
in 'H NMR spectroscopy), of a selection of entirely antiaromatic and aromatic polycyclic conjugated
hydrocarbons (PCHs), and aromatic PCHs with antiaromatic components, have been calculated using the
GIAO perturbation method employing the nucleus independent chemical shift (NICS) concept and visual-
ized as iso-chemical-shielding surfaces (ICSSs) of various sizes and directions. Using both in-plane and
above/below-plane ICSS data, polycyclic aromatic hydrocarbons can be readily distinguished from poly-
cyclic antiaromatic ones, even when antiaromatic components are present in the polycyclic aromatic
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hydrocarbons (PAHs). These antiaromatic zones can also be attributed to internal components of the in-
plane deshielding belt present in aromatic compounds and possible partial antiaromatic ring current
effects in the same place. This makes it possible to unequivocally confirm correctly assigned or adjust
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Introduction

The Hiickel (4n + 2) rule holds strictly only for monocyclic
n-conjugated systems such as cyclopropenyl cation, benzene,
cyclobutadiene, cyclopentadienyl cation and larger conjugated
rings. Polycyclic aromatic hydrocarbons (PAHSs) cannot comply
with this rule, e.g. pyrene is aromatic despite its 16 n-electrons.
It quickly became clear that the reason for pyrene’s aromaticity
is the 14 m-electrons of the conjugated perimeter of sp> hybri-
dized carbon atoms: accordingly, within Platt’s ring perimeter
model’ PAHs were divided into the perimeter and the inner
core. Clar’s n-sextet rule,” finally, regarded aromaticity of PAHs
as a local property of six-membered rings. The aromatic
n-sextets are localized in single benzene rings which are separ-
ated from adjacent rings by formal C-C single bonds; the
more sextets can be found, the more stable and the more rea-
listic should be the corresponding mesomeric descriptor of
the PAH.? The required extended bond length analysis of the
X-ray structures was conducted in 1996 by Paul von Ragué
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incorrectly assigned antiaromaticity of individual rings in the same molecule.

Schleyer who calculated Nucleus-Independent Chemical Shifts
(NICSs) in the centre of the aromatic ring species [NICS(0)]
and/or 1 A above the centre [NICS(1)] and introduced these
parameters as simple and efficient aromaticity probes;*™ later,
and in addition, parts of the NICSs (e.g. NICS, . values) and
NICS; ., scans were introduced by Amnon Stanger®® which
consider only the n-proportion (s-contributions do not have an
effect on ring currents) and improved the accuracy of the aro-
maticity statement based on the magnetic criterion.

In proton NMR spectroscopy, the ring current effect of aro-
matic compounds (generally: the anisotropy effect of functional
groups) proves to be a useful tool in assignment procedures:
protons positioned stereochemically above/below the benzene
ring plane are high field, and in-plane ones are low field
shifted. The initially calculated causative ring current and the
effect on proton chemical shifts in "H NMR spectra deter-
mined by Pople and Untch,’ could be later visualized by
Herges et al.'® using the Anisotropy of the Induced Current
Density (ACID) method by vector maps (vectors indicate direc-
tion and intensity of the in-plane current and contours/
shading the total magnitude); anticlockwise (clockwise) circu-
lations represent paratropic (diatropic) ring currents.
Comparable models to quantify and visualize electron delocali-
zation have been developed by Dickens and Mallion'' and
Sundholm et al.? Pioneering works for developing the theore-
tical study of the ring current have been carried out by Todd
Keith and Richard Bader."?
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The relationship of NICSs and ring currents for evaluating aro-
maticity, Current Density Analysis (CDA) and NICS,,, (single
value or scan), has been studied by Fowler's and Stanger’s
groups' and the consensus was found to be surprisingly high,
considering the differences between the methods.™*

Polycyclic conjugated hydrocarbons (PCHs) often have
unique optoelectronic and supramolecular properties and,
therefore, are often found as components of organic electronics
such as light emitting diodes, transistors and photovoltaic cells.
Structure elucidation is carried out by single crystal X-ray analysis.
Beside the photophysical properties (UV-vis absorption and emis-
sion spectra) and related QC calculations to get information
about the HOMO-LUMO gap, the (anti)aromaticity of individual
rings of the PCHs is evaluated by performing a NICS analysis,
usually [NICS(1),.], based on the crystal structure. Based on the
NICS(1),., values aromatic, non-aromatic and antiaromatic rings
are identified and, as support, very often the ACIDs are calculated
and the clockwise (diatropic) and counter-clockwise (paratropic)
ring currents are compared with NICS(1),,, values or scans to
verify the identity. The final information obtained is existing aro-
maticity (—NICS, ., values), antiaromaticity (+NICS,,, values), and
local/global/peripheral dia- and para-tropic
respectively.

But NICS analysis (in all its versions) of individual rings in
multi-ring systems contains contributions from all induced
magnetic fields including contributions from adjacent
induced ring currents. Thus, local aromaticity has no special
chemical meaning and Stanger argues that the term “local aro-
maticity” should not be used for multi-ring systems,'*”
because (anti)aromaticity of PCHs is not easily defined,
especially in compounds with dominant diatropic currents
(local and/or global) which contain only small counter-paratro-
pic current loops.

Ring currents (employing the corresponding tools) can be
visualized and the strength measured as well; the NICS index
(in all its versions) is an experimentally unavailable quantity of
aromaticity.>* However NICS values on a grid around (anti)aro-
matic structures (spatial NICS)'® can be computed as Through-
Space NMR Shieldings (TSNMRSs) and visualized as Iso-
Chemical-Shielding-Surfaces (ICSSs)."® This TSNMRS grid has
been successfully employed to qualify and quantify the ring
current effect in the 'H NMR spectra of (anti)aromatic moi-
eties.'® Because there are continuing reservations'”'® about
quantifying molecular response properties by an unobservable
quantity such as NICSs,"® we were able to prove that spatial
NICSs (TSNMRSs) can successfully assign the stereochemistry
of structures,?®”>* even preferred conformers in dynamic pro-
cesses still fast on the NMR timescale.>® Hence, the experi-
mentally measurable ring current effect As/ppm in '"H NMR
spectra proves to be the molecular response property of TSNMRS
(spatial NICS).*°”** Consequently, we have a method">'*** in
hand which precisely visualizes and qualifies (anti)aromaticity
based on the magnetic criterion** and proves useful for the
intended magnetic characterization of PCHs.

The basic usability of our concept of spatial NICSs
(TSNMRSs) was not only applicable for successfully corroborat-

ring currents,
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ing or predicting experimental NMR studies but also for the
general re-evaluation and classification of reactive species such
as for example carbenes®* and carbones,?® and it lends itself to
the basic assessment of corresponding chemical issues.

Also a 3D isotropic magnetic shielding contour plot
method for contorted PAHs has been published recently.”®

Computational details

The quantum chemical calculations were performed using the
Gaussian 09 program package®” and carried out on LINUX
clusters. The studied structures (in Fig. 1-5) were fully opti-
mized at the MP2/6-311G(d,p) level of theory without
constraints.

NICS values™® were computed on the basis of MP2/6-311G
(d,p) geometries using the gauge-independent atomic orbital
(GIAO) method®® at the B3LYP/6-311G(d,p)**>" theory level.*?
To calculate the spatial NICSs, ghost atoms were placed on a
—10 A to +10 A lattice with a step size of 0.5 A in the three
directions of the Cartesian coordinate system. The zero points
of the coordinate system were positioned at the centers of the
studied structures. The resulting 68921 NICS values, thus
obtained, were analyzed and visualized by the SYBYL 7.3 mole-
cular modeling software;*® different iso-chemical-shielding
surfaces (ICSSs) of —0.5 ppm (orange) and —0.1 ppm (red)
deshielding, and 5 ppm (blue), 2 ppm (cyan), 0.5 ppm (green)
and 0.1 ppm (yellow) shielding were used to visualize the
TSNMRS of the studied structures. ICSSs are a quantitative
indication of the diatropic or paratropic ring current effect in

Fig. 1 Benzene 1 (left; side and top view) and cyclopentadienyl cation
2, the prototypes of 6n-aromaticity and 4x-antiaromaticity; visualisation
of TSNMRSs by different ICSSs of —0.5 ppm (orange) and —0.1 ppm (red)
deshielding and 5 ppm (blue), 2 ppm (cyan), 0.5 ppm (green) and
0.1 ppm (yellow) shielding.

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 TSNMRSs of the benzofused 20x-indenofluorene regioisomers, from left, 3 (indenol[1,2-alfluorene), 4 (indenol1,2-blfluorene), 5 (indeno[1,2-
clfluorene), 6 (indenol[1,2-alfluorene) and 7 (indenol1,2-blfluorene); visualisation of TSNMRSs (above, top view; below, side view) by the different
ICSSs of —0.5 ppm (orange) and —0.1 ppm (red) deshielding and 5 ppm (blue), 2 ppm (cyan), 0.5 ppm (green) and 0.1 ppm (yellow) shielding.

Fig. 3 TSNMRSs of, from left, the 24x-electron cyclopentalpgrlindenol2,1,7-ijk]ltetraphene (9) and the 28z electron cyclopentalpgrlindeno(7,1,2-
cde]picene 10, the 16x-electron benzofused indeno[1,2-alfluorene 8, the dibenzola,flpentalene 11, and dibenzola,elpentalene 12 (above, side view;
below, top view); visualization by different ICSSs of —0.5 ppm (orange) and —0.1 ppm (red) deshielding and 5 ppm (blue), 2 ppm (cyan), 0.5 ppm

(green) and 0.1 ppm (yellow) shielding.

15,16,22

"H NMR spectroscopy; the closer the distance (in A) of a
certain shielding (deshielding) ICSS to the center of the mole-
cules, the stronger the corresponding ring current effect which
is measurable as A5(*H)/ppm in "H NMR spectroscopy.

Results and discussion

Ring current effects of benzene and cyclopentadienyl cation
(CPDC) as references

The ring current effects of benzene and CPDC are due to the
present diatropic and paratropic ring currents, respectively,

This journal is © The Royal Society of Chemistry 2024

very diagnostic for the present aromaticity and antiaromaticity,
respectively (Fig. 1). The ring current effects of both molecules
show opposite signs and are therefore particularly easy to dis-
tinguish based on their ICSSs with regard to their aromaticity
(shielding above/below the plane, deshielding in-plane) and
antiaromaticity (deshielding above/below the plane, shielding
in-plane). In the following text we use for this reason both ring
current effects as a reference for aromaticity and antiaromati-
city present in the investigated PCHs, although the underlying
ring currents are only determined by the direction and size of
the = loops, but the corresponding ring current effects rep-
resent sum parameters that contain further effects, especially

Org. Biomol. Chem., 2024, 22, 3035-3044 | 3037
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Fig. 4 TSNMRSs of, from left, s-indazene 13, as-indazene 14, a stable 12x benzo-pentalene 15, pentalenol1,2-c]pyrrole 17 and the zwitterionic
polyazapentalene 16 (above, side view; below, top view); visualisation by different ICSSs of —0.5 ppm (orange) and —0.1 ppm (red) deshielding and

5 ppm (blue), 2 ppm (cyan), 0.5 ppm (green) and 0.1 ppm (yellow) shielding.

Fig. 5 TSNMRSs of, from left, perylene 19, pyrene 20, biphenylene 18 and the stable 24x diindeno[2,1-b:2',1'-h]biphenylene 21 (above, side view;
below, top view); visualisation by different ICSSs of —0.5 ppm (orange) and —0.1 ppm (red) deshielding and 5 ppm (blue), 2 ppm (cyan), 0.5 ppm

(green) and 0.1 ppm (yellow) shielding.

o components and ring current effect shares of neighboring
rings.

Aromaticity/antiaromaticity of the bis-benzo-annelated
indenofluorene regioisomers and analogues

The indenofluorene regioisomers (Scheme 1) each contain 20n
electrons and thus are fully antiaromatic according to Hiickel’s
rule.*® However, when being studied and characterized by the
NICS parameter it was found out surprisingly that only two of
them are antiaromatic (3 and 7), the remaining three regio-

3038 | Org. Biomol. Chem., 2024, 22, 3035-3044

isomers prove to be proaromatic (4-6).>* Generally, paratropi-
city of the indacene core and diatropicity of the outer benzenes
were found for the latter group, and, in addition, the antiaro-
matic indenofluorenes receive more resonance stabilization
energy in the diradical form and thus show greater diradical
character.®® Also the "H chemical shifts at high field of the
protons of the antiaromatic regioisomers were employed as
hints to the present antiaromaticity.>®

The spatial magnetic properties (actually the ring current
effects) of the benzofused 20z-indenofluorene regioisomers

This journal is © The Royal Society of Chemistry 2024
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indeno|[2,1-a]fluorene

Scheme 1 Structures of the indenofluorene regioisomers (3—7, antiaromatic in red) and the n-extended and curved analogues (8—10).

are given in Fig. 2. Both groups of the regioisomers can be
readily distinguished: the antiaromatic representatives 3 and 7
indicate the present antiaromaticity by the paratropic ring
current effects (deshielding above/below and shielding in
plane), the remaining three regioisomers are aromatic PCHs
and are most clearly recognized by the deshielding belt. While
in the antiaromatic analogues 3 and 7 both deshielding ICSSs
above/below the plane and the shielding ICSSs in plane are
closed and completely intact, the diatropic ring current effects
of the aromatic regioisomers (shielding ICSS above/below the
plane) 4-6 are accompanied by paratropic areas (deshielding
above/below plane); only the deshielding belt (in plane
deshielding ICSSs) remains completely intact and classifies
unequivocally these three compounds as PAHs. The paratropic
areas within the indenofluorene core of the aromatic regio-
isomers can be discussed in two ways: (i) as inner parts of the
deshielding belts of the dominant diatropic ring current
effects or (ii) as indications of weak counter-paratropic current
loops in the ring members of the indofluorene core. The latter
interpretation is usually the result of NICS studies: only indi-
vidual NICS values and/or the corresponding NICS values
along a scan are available for evaluation; there is no infor-
mation from the existing deshielding belts of the diatropic
ring current effect that should be included necessarily in the
interpretation.

These internal contributions are more intense than in the
external aromatic deshielding belt and for this reason should
be addressed as antiaromatic contributions of the indenofluor-
ene core of the PAHSs.

This journal is © The Royal Society of Chemistry 2024

The indeno[1,2-a]fluorene regioisomer 3 is still unknown
but its antiaromaticity is completely clear from the spatial
magnetic properties reported in this paper. The aromaticity of
PAH 4, the basic structure of a number of synthesized indeno
[1,2-b]fluorenes and assigned as formally antiaromatic,®”
proves to be unequivocal now and misattributions can be
excluded;’” Haley’s group already found through an NICS(1),,
scan study the very slightly paratropic indacene core and the
aromaticity of the outer rings,””*® and assigned the associated
ring currents.*® They came to the same result for regioisomer
5;°73% which we could confirm through the present TSNMRS
study. Substituted indeno|[2,1-a]fluorenes 6 and [2,1-b]-ana-
logues 7 were synthesized by the group of Yoshito Tobe;***!
while aromaticity of the terminal benzene rings and an anti-
aromatic central indazene moiety in 6 was identified,’® the
antiaromaticity of 7 was not noted but a moderate contri-
bution of a biradical canonical structure to the ground state
electronic configuration was proved by ESR.*"

These partly uncertain results on the (anti)aromaticity of
the indeno[1,2-a]fluorene regioisomers, which resulted from
various NICS value and/or NICS scan studies, were confirmed,
unified and merged by the present calculations of the spatial
magnetic properties. Hereby, the inclusion of the shielding/
deshielding belts in the plane of the planar (anti)aromatic
hydrocarbons, respectively, was particularly valuable.

It is worth mentioning that the found aromaticity/antiaro-
maticity of the regioisomers is in complete accordance with
Clar’s rule:” the two m-sextets in the aromatic regioisomers 4-6
and 8 are sufficient to introduce aromaticity, one n-sextet in 3

Org. Biomol. Chem., 2024, 22, 3035-3044 | 3039
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and 7 proves to be inadequate and the less stable antiaromatic
PCHs remain.

The 24- and 28-m-electron analogues, namely, cyclopenta
[pgrlindeno[2,1,7ijk]-tetraphene (9) and cyclopenta[pgrlindeno
[7,1,2-cde]picene (10) (Scheme 1) were synthesized and further
studied by NICS calculations by the group of Xinliang Feng in
Dresden.*” They obtained results which are in accordance with
an antiaromatic nature of 9 and 10 and the two PCHs having
rings with different degrees of net aromatic or antiaromatic
nature.*” In the five- and six-membered rings in the central
regions Feng et al.** found paratropic currents to be dominant,
in the peripheral moieties are patterns common for nonaro-
matic and antiaromatic entities.*?

The TSNMRS visualizations of 9 and 10 in Fig. 3 display not
much different spatial magnetic properties than the aromatic
indenofluorene regioisomers (4-6 and 8). Like the latter group,
9 and 10 prove to be PAHs with possible weak counter-paratro-
pic current loops in the ring members of the indofluorene
core and dominant diatropic ring currents along the peri-
pheral moieties. However, the inner ICSS(-0.5) and ICSS(-0.1)
in 9 and 10 are of about same size as the outer ICSSs of the
deshielding belt of these PAHs. This observation suggests that
the inner indenofluorene core is non-aromatic rather than
slightly anti-aromatic. On the other hand, 8, with addition of
another annelated phenyl ring to the 20z-indenofluorene
regioisomer 4, is insufficient to tilt the antiaromaticity of 3
towards aromaticity (Scheme 1 and Fig. 3): the antiaromaticity
in 8 as in 4 remains, only the antiaromatic shielding belt
around the additional phenyl ring proves to be slightly
extended and indicates an existing very weak counter-diatropic
current loop in the additional phenyl ring; this is also due to
the still only one n-sextet in 8 in complete accordance with the
Clar rule.” Benzannelation of the indeno[1,2-b]fluorene 4 was
also studied by Haley et al.®” Because 4 proves to be already
aromatic, annelation continues and deepens the already
present aromaticity.

The ring currents of the regioisomeric 16x-dibenzo[a,f]- (11)
and dibenzo[a,e]pentalenes (12) were studied in detail and
global antiaromaticity was found in 11, in 12 only the core

ot %

H
-0
n oG
18
19
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showed antiaromaticity while the terminal Clar n-sextets were
characterized by aromaticity.**™*> The spatial magnetic pro-
perties (TSNMRs) confirm the global antiaromaticity of
dibenzo[a,f]pentalene 11 (Fig. 3). The dibenzo[a,e]pentalene
regioisomer 12 is divided into aromatic terminal phenyl rings
and an antiaromatic core, however, there is no global antiaro-
maticity as suggested but there is a weak counter-paratropic
current loop in the core pentalene rings.*® The corresponding
ICSS (-0.5 ppm) and ICSS (—0.1 ppm) are more pronounced
than the expected inner parts of the deshielding belts - there-
fore antiaromatic contributions to the core paratropic ring
current effect can be concluded. Finally, the shielding belt in
11 and the deshielding belt in 12 are crucial in characterizing
dibenzo[a,f]pentalene 11 as a PAH and dibenzo[a,e]pentalene
regioisomer 12 as an antiaromatic PCH.

The balance of aromaticity and antiaromaticity in the same
molecule based on the magnetic criterion

The TSNMRSs of the aromatic benzo-fused 20z-indenofluorene
regioisomers 4-6 and 8, the n-extended and curved analogues
9 and 10 and the dibenzopentalene regioisomer 12 have been
unequivocally assigned to be PAHs due to the clear presence of
deshielding belts; however, additionally antiaromatic contri-
butions to the ring current effect of variable size could be con-
cluded (vide supra). In order to quantify the minor antiaro-
matic contributions beside the dominant aromatic contri-
butions (and vice versa) a larger variety of compounds have
been studied in the same way to thereby expand the variety to
have a larger number of correlation possibilities available.
Thus, in addition to the compounds just discussed, other sub-
stances 13-21 were examined in the same way (Scheme 2). The
spatial magnetic properties (TSNMRS), actually the ring
current effects, of 11 and 12 are given in Fig. 3, and 13-21 in
Fig. 4 and 5.

Antiaromatic compounds are generally highly reactive and
kinetically unstable. Thus, molecules with paratropic contri-
butions within the same molecule are partially less stable rela-
tive to their fully aromatic relatives. A qualification of antiaro-
matic contributions in PAHs (and vice versa) is also possible

21

Scheme 2 Structures of studied dibenzo-pentalene regioisomers 11 and 12, PCHs 13—-15, the N-heterocycles 16 and 17, biphenylene 18, perylene
19, pyrene 20 and diindenol2,1-b:2',1'-h]biphenylene 21 with different numbers of annelated rings and ring sizes.

3040 | Org. Biomol. Chem., 2024, 22, 3035-3044
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using the spatial magnetic properties (see above); a corres-
ponding quantification would be desirable. The paratropic
contributions in PAHs are only poorly evaluable using NICS-
based tools because they are sum parameters of (i) the inner
part of the deshielding belt of the diatropic ring current effect
and (ii) the deshielding from weak counter-paratropic current
loops. On the other hand, the evaluation of the diatropic ring
current effect above and below the ring plane should be worth-
while, because the diatropic components present here should
be able to be recorded on their own, although reduced by the
existing destabilizing components of the paratropic ring
current effects of varying strength. And that's what we’re
aiming for. We have measured the TSNMRS values and col-
lected ICSS (+5 ppm), ICSS (+2 ppm) and ICSS (+0.5 ppm) in
Table 1 for the various substances. The reduced aromaticity of
the various PCHs due to antiaromatic components should be
evident from this; as references the corresponding ICSS values
of benzene and naphthalene are included.

There is no doubt that the indazene regioisomers 13 and 14
are antiaromatic compounds due to their ring current effects
(deshielding above/below the ring plane and a complete, con-
tinuous shielding belt in-plane) and the zwitterionic polyaza-
pentalene 16 (Fig. 4), on the other hand, is an aromatic com-
pound;*® the benzopentalenes 15 and 17 behave differently:*”
comparable aromatic and antiaromatic components of the
ring current effects can be observed. Approximately equal pro-
portions of aromaticity and antiaromaticity in the same mole-
cule can be concluded. If the TSNMRS values are also used, a
more precise picture emerges: the pentaleno[1,2-c]pyrrole 17
can be addressed as an antiaromatic PCH; the aromatic
content of the phenyl moiety, compared to benzene, is greatly
reduced (Table 2).

On the other hand, in the 12x benzo-pentalene 15, the pro-
portion is increased and sufficient to classify 15 not as an anti-
aromatic PCH like 17 but clearly as a mixed antiaromatic/aro-
matic PCH.
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Table 2 TSNMRS values of benzene compared to those of 17 and 15

ICSS (+5 ppm) ICSS (+2 ppm) ICSS (+0.5 ppm)

TSNMRS  blue cyan green
Benzene 2.0 A 3.0A 50A
17 14A 1.8A 2.5A
15 1.6 A 2.0A 3.8A

The PAHs perylene (19), pyrene (20) and biphenylene (18)
in Fig. 5 fit well into the picture drawn by the spatial magnetic
properties (TSNMRSs): pyrene (20) with the global and two
local diatropic ring currents*® proves to be clearly aromatic,
perylene (19), on the other hand, based on the TSNMRS repre-
sentation in Fig. 5, can be electronically assigned as two
naphthalene sub-units and two single bonds connecting them
via a 6-membered ring.*® Beside the aromatic naphthalene
moieties is the central six-membered ring non-aromatic at all:
the paratropic area in the centre is of exactly the same size as
the deshielding belt; thus, it is only the inner part of the
deshielding belt of the PAH and is in no way caused by any
small residual paratropic ring current within the central part
of the molecule. The TSNMRSs of biphenylene 18 also display
some paratropic area in the central part of the overall clearly
aromatic molecule (see the complete deshielding belt in
Fig. 5). The extension of the paratropic area in the 4-membered
ring (also clearly visible in Fig. 5) is significantly larger than
the merely deshielding belt in pyrene (20). Thus, in the
4-membered ring moiety it can be concluded on a partial para-
tropic ring current effect in addition to the inner deshielding
belt contribution; actually, the antiaromaticity of the 4-mem-
bered ring must be significant because the ring current effect
of the terminal phenyl moieties proves to be tolerably reduced
(Tables 1 and 3). This confirms on the basis of the magnetic
criterion the results of the NICS studies reported by Gershoni-
Poranne and Stanger® (various versions) and the ring current
calculations performed by Steiner and Fowler.>!

Table 1 Through space NMR shieldings (TSNMRSs) of polycyclic conjugated hydrocarbons (PCHs) and present (anti)aromaticity

TSNMRSs (as various ICSSs) of aromatic moieties in the studied PCHs

No. ICSS (+5 ppm) blue ICSS (+2 ppm) cyan ICSS (+0.5 ppm) green Remarks

Benzene 2.0 A 3.0A 5.0 A —

4 1.7A 2.5A 4.4A PAH

5 1.8A 2.6 A 4.6 A PAH

6 1.6 A 2.4A 42 A PAH

9 1.9A 2.9A 5.8 A PAH

10 — 324 6.2 A PAH [central = external ICSS (—0.5/—0.1 ppm)]
8 1.5A 2.0 A 3.1A PAAH“

12 1.7A 2.4A 4.0A PAAH*

Perylene 19 1.94 3.3A 6.5A PAH [central = external ICSS (—0.5/—0.1 ppm)]
Pyrene 20 2.5 A 41A 7.5 A PAH

Biphenylene 18 1.6 A 2.4 A 3.8A PAH

15 1.6 A 2.0A 3.4A PAAH*

17 1.4 A 1.8 A 2.5A PAAH"

21 1.8A 2.9A 5.0 A PAH

Naphthalene 2.2A 3.4A 6.05 A PAH

“PAAH = polycyclic antiaromatic hydrocarbon.
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Table 3 TSNMRS values of benzene compared to those of 18,
naphthalene, 19 and 20

ICSS (+5 ppm)  ICSS (+2 ppm) ICSS (+0.5 ppm)

TSNMRS blue cyan green
Benzene 2.0 A 3.0A 5.0 A
Biphenylene 1.6 A 2.4 A 3.8A
Naphthalene 2.2 A 3.4A 6.05 A
Perylene 2.1A 3.4A 6.4 A
Pyrene 2.5A 41A 754

The initially qualitative classification of perylene (19)*° and
biphenylene (18)°> as PAHs without and with slight paramag-
netic contributions in the central part of the molecule, respect-
ively, can also be quantified using the ICSS values if compared
to benzene or naphthalene, respectively (Table 3).

While pyrene proves to have the strongest aromaticity, the
ICSS data of biphenylene are reduced as expected with respect to
the benzene aromaticity due to paramagnetic contributions in
the central part of the overall aromatic molecule. And the two
undisturbed naphthalene molecules in perylene demonstrate
with their spatial magnetic properties (TSNMRS values) the divi-
sion of the molecule into two naphthalene moieties and a com-
pletely non-aromatic/non-antiaromatic 4-membered ring.

We studied also the relatively complex molecule diindeno
[2,1-b:2',1"-h]biphenylene 21 which was (heavily substituted)
synthesized and studied by the group of Yao-Ting Wu in
Tainan.>® Concerning available ring current(s) in the formally
aromatic 26x molecule containing two Clar’s® n-sextets, they
found out by X-ray and NICS-analysis that the six-membered
rings of 21 are aromatic and the others weakly antiaromatic.
Amnon Stanger,> who significantly further developed the
NICS index,"* also studied 21 by a NICS(1.7), ., approach and
found a relatively strong global diatropic ring current with
counter-currents in inner 5/6/4/6/5-rings; the outer 6-mem-
bered rings are diatropic. When studying the relatively
complex molecule 21 he came to the final conclusion that
“local aromatic indices should not be used for the full analysis
of multi-ring conjugated systems”,>* and that “the local aroma-
ticity concept should be abandoned”>* because NICS(1) should
provide misleading information.

In addition to NICS(1) values, we calculate all TSNMRSs and
thereby obtain a much more comprehensive picture of the spatial
magnetic properties. The TSNMRSs of 21 are given in Fig. 5, and
the ICSSs above/below the center of the terminal phenyl rings are
given in Table 1. First the ICSS (+5 ppm) to ICSS (+0.5 ppm) of
the terminal phenyl moieties: there is no difference with the
corresponding values of benzene, they are fully aromatic and the
67 aromaticity is not influenced nor distorted by the middle 5/6/
4/6/5-membered rings. These rings located in the middle of the
molecule also develop isolated diatropicity (of smaller size than
the terminal 6x phenyls) and separated only by the inner parts of
the deshielding belt of the global PAH 21.

Lately, the validity of paratropic ring currents as tools for
the characterization of antiaromatic species has been ques-
tioned Foroutan-Nejad.>’
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Conclusion

The ring current effects of a variety of Polycyclic Conjugated
Hydrocarbons (PCHs) have been calculated by the GIAO pertur-
bation method employing the nucleus independent chemical
shift (NICS) concept and visualized as iso-chemical-shielding
surfaces (ICSSs) of various size and direction. Thus, not only
single NICS values or NICS scans (in all their versions) are
used to find the global aromaticity or antiaromaticity of the
PHCs or individual rings, but also the complete existing
spatial magnetic properties (i.e. the ring current effect in the
'"H NMR spectrum). This means that the out of plane ICSSs in
particular will be included in the indication of the spatial
para- and diatropic chemical shift areas for the first time. This
makes a holistic assessment of the existing PCHs based on the
magnetic criterion possible: (i) the presence of deshielding
belts in aromatic PCHs (or single rings in PAHs) or shielding
belts in the antiaromatic analogues clearly characterizes the
molecules as aromatic or antiaromatic PCHs; (ii) inner parts of
the de-shielding or shielding belts can be clearly identified as
such in comparison to the outer belt sizes or can be assigned
as an additional part of slightly paratropic ring current effect
component(s) in the corresponding ring moiety.
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