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Abstract

Besides the most common form of aromaticity involving a n-ring, hexaiodo-
benzene and hexakis(phenylselenyl)benzene dications also present
c-aromaticity in the outer ring formed by the main group substituents. These
two compounds are considered o- and n-double aromatic, and their characteri-
zation is of special interest to the fields of organic and structural chemistry. In
this work, we decided to explore the double aromaticity in substituted tropy-
lium cations for three reasons: (i) the seven neutral halogen substituents of the
tropylium cations will, without oxidation, lead to 14 oc-electrons (a 4n + 2
Hiickel number); (ii) tropylium cations are highly stable and can be easily gen-
erated experimentally; and (iii) whereas in substituted benzenes the distances
between substituents in the optimized structures or X-ray crystals are too large
to allow strong c-aromaticity, these distances are expected to be shorter in
substituted tropylium cations. Yet, instead of the expected c-aromaticity, we
found that the most stable geometries are highly puckered, meaning that delo-
calization in both n- and o-systems is lost. Our results, which include also the
tropylium anion and trication in the singlet and triplet state, show that there is
a need to open a lone pair hole by oxidation to generate c-aromaticity. Among
the systems studied, only triplet C,Br,"> with an internal Hiickel aromatic
tropylium ring and an external incipient Baird aromatic Br; ring shows double
n- and c-aromaticity. This result, however, is functional-dependent and reveals
that °C,Br,” " is at the borderline for onset of double aromaticity.
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1 | INTRODUCTION

Aromaticity has been a central concept in chemistry
since the discovery of benzene by Michael Faraday in
182511 It has traditionally been associated with cyclic
conjugated organic compounds that present a high
n-electron delocalization.”?! For a long time, aromaticity
was exclusively associated with n-electrons. However,
already in 1979, Dewar introduced the concept of
c-aromaticity to explain the properties of cyclopropane,[s]
although, much more recently, Schleyer proved that
cyclopropane is not a c-aromatic molecule.*! The sim-
plest aromatic molecule, H,*, is, in fact, a c-aromatic
molecule.®”! The first doubly aromatic system, the
3,5-dehydrophenyl cation, was identified by Schleyer and
coworkers to possess o- and n-aromaticity.[ﬁ] In recent
years, the concept of aromaticity has been extended into
inorganic chemistry.m It turns out that aromaticity in
all-metal and semimetal clusters is much more complex
than in organic chemistry with several possible combina-
tions of aromaticities and antiaromaticies in the same
molecule. The list of molecules with double or triple
aromaticity or conflicting aromaticity is large. We briefly
mention here four species: LiAl,~, which is double o-
and n-aromatic,[g] LizAl,~, which in the singlet state is
c-aromatic and n-antiaromatic!® and in the triplet state is
Hiickel c-aromatic and Baird n-aromatic,!*°! B¢2~, which
is double 6- and n-antiaromatic,'" and Hf,, which is tri-
ple 6-, n-, and §-aromatic.!”>*?

Double aromaticity in classical organic chemistry is
much more elusive. Cyclo[18]carbon, recently character-
ized by high-resolution atomic force microscope, can be
considered as one such example of double Hiickel x;,, and
Toue aromaticities.'*! Another example is the cyclo[16]
carbon in its quintet state that was reported to be double
Baird m;, and 7.y, aromatic.'* Let us mention here that
Baird's rule states that annulenes with 4n n-electrons are
aromatic and those with 4n + 2 are antiaromatic in their
lowest triplet states.!'™ In 1989, Sagl and Martin!'®! syn-
thesized the stable singlet ground state dication of hex-
aiodobenzene, Cgls™ (see Scheme 1A, right). Martin
et al. provided much evidence on that such a dication
had a double Hiickel s-aromaticity (with 10 delocalized
electrons through the hexaiodo substituents) and
n-aromaticity (with six delocalized electrons in the ben-
zene ring).l'®!”! Further theoretical studies supported the
double o- and n-aromaticity of the hexaiodobenzene cat-
ion.!"8] Other hexahalobenzene dications and the singlet
and triplet C¢(ChH)s*>" (Ch =S, Se, Te) species were
explored computationally as potential candidates of dou-
ble aromatic compounds.”'®! Sundholm, Liegeois et al.*!
concluded that not only Celg®" but also CeAts*",
Co(SeH)s> ", Ce(SeMe)g>t, Cq(TeH)s> ", Co(TeMe)s> ", and

Ce(SbH,)s>" dications are doubly aromatic sustaining
spatially separated ring currents in the carbon ring and
in the outer ring of the molecule. Borazine analogues of
hexaiodobenzene and hexakis (selenyl)benzene dication
B;N;I*" as well as B;N3(TeH),>" were also reported to
be doubly aromatic.”!! Double o- and n-aromaticity was
further claimed in a synthesized bishomotriboriranide!
and in twisted thienylene-phenylene structures in toroi-
dal and catenated topologies.'**!

Scheme 1 shows different 6- and z-electron counting
situations in hexahalo- or hexachalco-substituted ben-
zene and tropylium species in two oxidation states.
Substituted benzene (Scheme 1A, left) is Hiickel m-aro-
matic. Despite the fact that it has 12 c-electrons, a 4n
number, it cannot be Baird aromatic because one cannot
generate a lowest-lying triplet state within the c-orbital
framework formed by the in-plane lone-pairs of the X
substituents as these orbitals are fully occupied in the sin-
glet ground state. Doubly oxidized benzene in its singlet
ground state with two electrons removed from the
o-system (Scheme 1A, right) is double Hiickel o- and
w-aromatic for some X substituents (X = I, At, SeH, TeH,
...). On the other hand, the tropylium cation in its singlet
ground state (Scheme 1B, left) could be hypothetically
classified as Hiickel aromatic in both the o- and =-sys-
tems. Finally, doubly oxidized tropylium cation in a trip-
let state with two electrons removed from the o-system
and two unpaired o-electrons could be hypothetically
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SCHEME 1
n-electron counting situations in hexahalo- or hexachalco-

(A, B) Representation of different - and

substituted (oxidized) benzene and tropylium species
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Hiickel m-aromatic and Baird o-aromatic (double
Hiickel-Baird aromatic, Scheme 1B, right).

In 2018, Saito and co-workers reported in a combined
computational and experimental study on the double o-
and mw-aromatic character of the bench-stable
hexakis(phenylselenyl)benzene dication a in
Figure 1).1**! Yet, the distance between the Se atoms in
the X-ray crystal structure were 3.24-3.34 A, and as a
result, the o-aromaticity can only be weak. Recently, with
the aim to increase the overlap between the atoms of the
outer cycle, Fowler and Havenith performed a computa-
tional study of the double aromaticity in larger eight-
membered ring model systems Cglg? with charges g = 0,
+1, +2, +4, —2.[231 However, the large I-I steric repulsion
led to highly puckered structures with lack of both o- and
n-aromaticity. The authors demonstrated that in the case
of planar constrained geometries with D, symmetry the
systems exhibit double o- and =-aromaticity. To our
knowledge, to date no studies have been performed on
substituted tropylium cations and anions (Scheme 1B
and 2, 3, and 4 in Figure 1) as possible candidates for
double o- and w-aromaticity. Tropylium cations are espe-
cially interesting for three reasons: (i) the tropylium cat-
ions are highly stable and can be easily generated

Previously reported New proposed double
double aromatic system aromatic systems:
+ +
sk ]° X7
X X
RSe SeR
X X
RSe SeR
SeR X X
1 2
6 Hiickel-A X = Halogen or SePh
100 Hickel-A 67 Hickel-A
146 Hickel-A
- 3+
X X
X X —| X X—|
X X X X
X X X X
3 4
X =Br X =Br
8n HiJckeI-AA]In the lowest ~ 6m Hiickel- A]In the lowest
140 Hickel A singlet state 120 Huckel- AA singlet state
8n Baird-A ]In the lowest 67 Hickel- A} In the lowest
146 Hiickel-Al triplet state 120 Baird-A ] triplet state

FIGURE 1
study (A stands for aromatic and AA for antiaromatic). In cases

Systems with tropylium rings considered in our

where the electron count leads to antiaromaticity, we expect the
systems to pucker to become non-aromatic.

et~ WILEY -2
experimentally and dissolved in a variety of solvents
including methanol; (ii) whereas in the case of
substituted benzene the distances between substituents
in the optimized structures or X-ray crystal are too large
to allow strong o-aromaticity, these distances are
expected to be shorter in substituted tropylium cations,
allowing for stronger through-space interaction (how-
ever, if the X-X repulsion is too strong the molecule may
pucker, losing aromatic character); and (iii) the halogen
substituents of the tropylium cations lead to a 14 c-elec-
trons, a 4n + 2 Hiickel number; that is, we can test the
ability to form a c-aromatic ring when that halogen ring-
system is neutral. Apart from the heptahalotropylium
cation, several other combinations with tropylium anion
and trication (3 and 4) with expected Baird/Hiickel and
Hiickel/Baird double aromaticities in their triplet states
have been tested (see Figure 1).

The ground state of the heptahalotropylium cation
2 is a singlet state that may be described by a 6n-electron
Hiickel-aromatic cycle and a 14c-electron Hiickel-
aromatic cycle. Yet, for the heptahalotropylium anion 3,
the situation could be different as the singlet state poten-
tially needs to be described as non-aromatic in both the
8n- and 14c-electron cycles as the 8n-electron ring likely
distorts so as to alleviate the Hiickel-antiaromaticity at
the D;, symmetry, whereby the weak 14c-electron
Hiickel aromaticity will be destroyed. In contrast, in the
triplet state of 3 one can have a D, symmetric structure
with a Baird-aromatic 8x-electron cycle as well as a 14c-
electron Hiickel-aromatic cycle. With this investigation,
we would like to answer questions such as the following:
To what extent can neutral c-electron systems sustain
o-aromaticity? Which are the limitations of double aro-
maticity and which general guiding rules can be given?
Which state is the ground state of the heptahalotropy-
lium anions, the singlet or the triplet?

2 | COMPUTATIONAL DETAILS

All density functional theory (DFT) calculations were
performed with Gaussian 16,?°! using BLYP, which com-
bines Becke's 1988 exchange functional with the Lee,
Yang, and Parr correlation functional.!*”! The electronic
configuration of the H, C, F, Cl, and Br atoms was
described with the 6-311+G(d,p) basis set of Pople and
co-workers,[zg] whereas for I atoms the small-core quasi-
relativistic Stuttgart/Dresden effective core potential,
with an associated valence basis set (SDD), was
employed.'*”! The geometry optimizations were carried
out with D+, (and C, when D-;, was not possible) symme-
try and also without symmetry constraints, and analytical
frequency calculations were computed for the
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characterization of the located stationary points. It is well
known that the BLYP functional exaggerates delocaliza-
tion in aromatic systems.[so] In our study, we use this
functional to exaggerate delocalization so as to not over-
look any system that potentially could be in-plane c-aro-
matic. However, to check the reliability of our results, in
some particular cases, we have evaluated the perfor-
mance of hybrid, B3LYP?”>*! and M06-2X,"*?! and long
range corrected, CAM-B3LYP,!**! functionals (see sup-
porting information, SI, for more details).

The aromaticity has been quantified using structural,
electronic, and magnetic probes of aromaticity. As struc-
tural measure of aromaticity, the planarity root-summed-
square (RSS) index!** was used. This index measures the
deviation of a selection of atoms (in our case the seven or
eight C atoms—RSSc.—or the seven or eight halogen
atoms—RSSx) from the best fitted plane and it is related
to the fact that small aromatic systems usually prefer to
be planar. As electronic indices,**! we employed the mul-
ticenter index (MCI)"*®! and the electron density of delo-
calized bonds (EDDB).*”) MCI measures the electron
delocalization between different centers. Because of its
size dependency, when comparing MCI of rings of differ-
ent sizes, it is advisable to use the normalized version,
MCIYN, where N is the number of atoms in the ring.!**!
The EDDB method decomposes the one-electron density
in several “layers” corresponding to different levels of
electron delocalization,*”! namely, the density of elec-
trons localized on atoms (EDLA) representing inner
shells, lone pairs, and so on; the electron density of local-
ized bonds (EDLB) representing typical (2-center
2-electron) Lewis-like bonds; and EDDB, which repre-
sents electron density that cannot be assigned to atoms or
bonds due to its (multicenter) delocalized nature. The
EDDB population of electrons delocalized through the
system of all conjugated bonds in a ring can be used as
an indicator of aromaticity.!*" Finally, as magnetic indi-
cator, we used the out-of-plane component of the
nucleus-independent chemical shift (NICS), placing the
probe at the ring plane and at 1 A above and below it
(NICS[0, 1, and —1],,).1*!! In this case, negative values
are indicative of aromatic structures, while positive
values indicate non- or anti-aromaticity. In all cases, the
computational level was the same as for the geometry

9 17
[+ F cl

\\COI“"J(' DSECO o ﬁ ge?é ;’;'_ozo

RSS. 0.000 0.023
RSS, 0.000 0.277

FIGURE 2

optimization. Gaussian 16 was employed in the computa-
tion of all aromaticity and delocalization indices to get
the geometry and wavefunction information used in
AIMAII*?! together with ESI-3D!**! packages (for MCI),
and NBO 6.0 together with the RunEDDB code for
EDDB.*

3 | RESULTS AND DISCUSSION

This section is organized as follows. First, we discuss the
results for the C,X," cationic species (X = F, Cl, Br, and
I); second, we analyze the singlet and triplet C,Br;”
anionic systems; and, finally, we investigate the possibil-
ity of having double aromaticity in the singlet and triplet
states of the C,Br,"> species.

3.1 | The tropylium cation derivatives

Figure 2 and Table 1 contain the most important geomet-
ric parameters of the restricted to D, symmetry and fully
optimized (C;) C;X," species 2 (X =F, Cl, Br, and I) in
their singlet states. As can be seen, the molecule remains
planar only in the case of C,F,". For all other systems,
the planar geometry is a transition state for ring inversion
with at least two out-of-plane distortions that stabilize
the molecule. Moving from D, to C; symmetry releases
0.0, 1.3, 8.1, and 34.4 kcal/mol for C,F,", C,Cl,*, C,Br,*,
and C;I,", respectively. According to the RSS values of
Figure 2, the loss of planarity for the X; ring is much
larger than that for the C; ring. Except for X = F, the X-
X lone pair repulsions are strong enough to force the
molecule to pucker losing the potential c-aromatic char-
acter. Through the distortion of the planar geometry, the
X-X distance increases from 0.05 for X = Cl to 0.15 A for
X =1. Puckering is not unexpected given that (i) the
angle strain in seven-membered rings (7-MRs) can pro-
mote puckering as compared to the hexagonal 6-MRs,
which are ideal for sp? C atoms!**; (ii) the lowest out-of-
plane (oop) frequency changes from 212 cm ™' in planar
'C,H," to 81 cm ™! in planar 'C,F," (see Table S2), show-
ing that increasing the size of X in 'C,X," increases steric
congestion that promotes puckering of the 7-MR; and

53

0.088
1.866

Front and side view of the fully optimized 'C,X," (X = F, Cl, Br, and I) geometries using BLYP/6-311+G(d,p)~SDD(I) and

the planarity root-summed-square (RSS) index computed for the C- and X-rings (RSSc and RSSy, respectively)
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FIGURE 3 The HOMO-5 of Dy, 'C,F," and the HOMO of D,

(iii) the highest occupied molecular orbital (HOMO) of
D, C,X;7 (X =Cl, Br, and I) contains seven in-plane
antibonding interactions in the ring of X substituents (see
Figure 3). The same type of HOMO with maximal in-
plane antibonding interaction between the substituents
was found by Fowler and Havenith in Dy, constrained

Interestingly, the distortion has a relatively small
effect on the aromaticity of the tropylium ring, except in
the case of X =1, for which the aromaticity reduction
when going from D,, to C; is more pronounced (see
Table 2). This is in agreement with previous studies
showing that m-aromaticity is quite robust with respect to
out-of-plane and in-plane distortions.!*®! Table 3 provides
the aromaticity indices corresponding to the X; ring. As
can be seen, the MCI is zero and the EDDB points to a
residual delocalization in the X, ring, marginally larger
for compounds with D;;, symmetry. In contrast, double
aromatic 'C¢(SePh)s>" and 'Cel>" (especially the latter)
have relatively large MCIx and 6-EDDBy. In the case of
planar 'C,F,", the 2p orbitals of F are not diffuse enough
to generate o-delocalization. For the rest of the systems,
which lose planarity, MCI, EDDB values, small X-X
delocalization indices (see Table S3) as well as ring cur-

ESCAYOLA ET AL.
FECECIEE s o Ao
& g < < <
© £
= = N < <t
~
9]
%)
N—
=}
O “ .g
-
B I o o
< S 8
= oA A
el 0 ©
=} <t Nel
< N O
- oA oA -
5 o HOMO-5
e =
d ‘B C,F*
i S g 8 77
as] S N =
~ o) oA
Il < n 0 0
X 2 o Bl I
~ e} I A A
T o0 I < —
" A 8 & IS4
N ) 2 ! :
Q o on on o
il N o~ I\ N~ OV O O
) 2 n 38 I8 88 AT
¥ oo oo on & O ~H O 0 5
_§ =B SV T N T N TP S T Vo S S SR SV St A L.
g —
g “*
)
=) o
9 o b
£ 5 ~
s — ~
(o)
Z 2 g HOMO
; 0 | C,Br,*
& 2 > 7507
A o .
- — ~
=] > N =)
< o —~ <)
o] ~ ) — 1
2 = = i\ C,X,7 (X =Cl, Br, and I)
< & = 3
e 5 o —
Z — — ~
S o o
< = 5 Sz
— . . . a
S — — [ I
holin ORI = N S S-S N o Yo B IS I s
s D fh ¥ 9 d ¥ T N o N g
gE g3 F 2258 g 8
e
& P
o > =}
E 2 £
~ [
5 w o B
£ 8 -—< © g
ER 0 3 Cyl 1!
w— =}
< o —
° L = = 3
23 g 5
E 5 < ¥ B
SU — — 8
g + <+ 0 ~ 2
s o § 8§ § z
TN = = = S
© © e
< IS o s 5
~ 5 ~ ~ 8z
29 — — — a
S m ~ ) s+ 2
=R o I w9
.‘ia — — — T
S B O N YV NN T VA O Y T
) O © © H & & o ¥ I un 3
ol ;2“2 N ¥ 5 5 8 ¥ 5 5 F @
é&]’ e e L e o [ | O
2
o— o
° £ A
< B8 o]
> 8 >~
53 2
o 2 5 Z
- 3 = <
[N R E‘
O & Q) &
& g hd . P — ~ g
3 d 8 E 2 £ £ 2~ g
© o ST QAU AL & g
4 ’Eesevvvvg &) =)
9
mte BB & 4 et et T %
=g 8 e 00 A AN S F
M~ g%% ~ N ™~ N N ~ T §
o] O U LD LU LV LU LU VU LU D =2
< PN g G G G e =%
[ e

rents (see Figure S6) are in agreement with lack of

85U8017 SUOLILLOD dATea10 3edldde aup Aq peusenob aJe e YO ‘SN JO Sa|n 1oy ARiqiT8uljuO A8|IAN LO (SUONIPUOD-PUR-SLLIBIALIOD" A3 1M A0 Ul UO//SANY) SUORIPUOD pUe SWLB | 8L 88S *[£202/20/22] Uo Ariqiauliuo A8|Im ‘akog utey Aisiealun efesddn Aq Lty00d/200T 0T/I0p/woo A8 1M Aiq pul|uoy/:sdny wouy pepeojumod ‘T ‘€202 ‘S6ETE60T



6o0f 11 W ILEY— Journal of Physical

ESCAYOLA ET AL.

‘Organic Chemistry’
System MCI: o-EDDBc(r) w-EDDB(r)
1C¢(SePh)s> " (Dp)*  0.0517  0.381 4.683
LCeI?t (Den) 0.0548  0.472 4.666
1c,H, ™ (Do) 0.0579  0.385 5.865
'C,F, (Do) 0.0253  0.182 4.698
1C,ClLT (Do) 0.0228  0.306 4397
'c,cl,t () 0.0221 0274 4228
'C,Br, " (D) 0.0238  0.406 4.505
'C,Br, " (Cy) 0.0210  0.310 3.800
'C1, T (Do) 0.0291  0.609 4733
c,1,t (C) 0.0168  0.432 2.548

NICS(0),, NICS(1),, TABLE 2 Aromaticity indices (MCI
and EDDB in electrons, NICS in ppm)
-25.0 —-35.1 corresponding to the C-ring for the
=3ILY -37.3 relaxed and D5}, constrained geometries
-15.9 -25.6 of C;X,* (X =H, F, Cl, Br, and I)
138 _183 compounds calculated at the
BLYP/6-3114+-G(d,p)~SDD(I) level of
-34 -12.7 theory
-4.2 -12.7°
—4.2 -12.0
-4.0 -10.9°
18.5¢ 27.9¢
-7.8 -11.1°

#Optimized geometry at B3LYP-D3/6-31G(d)~SDD level of theory obtained from previous reference.*4]
“In the case of the non-symmetric systems the NICS(1) corresponds to the average of NICS(1) and (—1).
“These positive NICS values are an artifact produced by the exchange between LUMO and LUMO+2 when

moving from 'C,Br;" (D) to 'C,I," (D) (see Figure S2).

TABLE 3 Aromaticity indices (MCI and EDDB in electrons)
corresponding to the X-ring for the relaxed and D5, constrained
geometries of C;X;" (X = F, Cl, Br, and I) compounds calculated at
the BLYP/6-311+G(d,p)~SDD(I) level of theory

System MCIx o-EDDBx(r) n-EDDBy(r)
1Ce(SePh)s* " (Dyy)*  0.0055  2.923 0.062
1Cele*" (Den) 0.0444  5.251 0.087
'C,F, (Do) 0.0000  0.103 0.200
1C,ClL T (Do) 0.0000  0.210 0.338
'c,Cl,t () 0.0000  0.201 0.301
1C,Br, " (D7) 0.0000  0.217 0.379
'C,Br; T (Cy) 0.0000  0.230 0.324
1C,I;T (D) 0.0000  0.180 0.462
c,1,t (C) 0.0000  0.299 0.301

*Optimized geometry at BALYP-D3/6-31G(d)~SDD level of theory obtained
from previous reference.*!

c-aromaticity in C,X;" (X = Cl, Br, and I). The above
statement, is reinforced when we compare the MCI and
EDDB values (Table 3) of 'C,X," with 'C¢(SePh)s>", pre-
viously characterized as weakly c-aromatic, observing
that the latter are more than an order of magnitude
higher. As to the n-aromaticity, such aromaticity is found
in the D, species and is reduced somewhat when going
to the final optimized species. As a whole, despite having
a favorable electron counting (Figure 1), C,X;" (X =F,
Cl, Br, and I) species are not double - and z-aromatic,
they are simply n-aromatic. Finally, let us mention that
we obtained unexpected positive NICS values for C,I;*.
These positive NICS values are an artifact produced by
the exchange between LUMO and LUMO+2 when

moving from 'C,Br," (D;) to 'C,I;7 (Ds) (see
Figure S2) that results in a change in the direction of the
ring current that becomes paramagnetic (see Figure S6),
thus explaining the positive NICS values. This is another
example of the fact that there is not always a correspon-
dence between ring currents and aromaticity.*”! Since
NICS failures are more common in open-shell species,**!
we decided not to include NICS values in the discussion
of the coming sections.

3.2 | The tropylium anion derivatives

Next, we decided to analyze compound 3 for X = Br,
C,Br,, in the singlet and triplet states. In the singlet
state, with 8z-electrons, we do not expect aromaticity in
the tropylium ring. For the triplet state, however, it is
possible to have Baird n-aromaticity in the tropylium ring
and Hiickel c-aromaticity in the external ring through
the Br; ring (14c-electrons). We limited our study to
'C,Br,” and *C,Br, for two reasons: (i) X = Br is pre-
ferred over X = I to avoid excessive steric congestion that
will result in ring puckering and (ii) X = Br is preferred
to X = Cl because the Br atom has more diffuse 4p
orbitals that can lead to better overlaps. In the case of the
triplet state, the D, optimization was not possible and
instead a planar C, optimized geometry was obtained.
Going from planar to puckered C,Br; , the molecule is
stabilized by 47.2 kcal/mol in the singlet state and by
18.6 kcal/mol in the triplet state. As expected, the stabili-
zation due to puckering in the singlet state is larger
because of the release of antiaromaticity when going
from planar to puckered structure. According to the RSS
values of Table 4, the loss of planarity for the Br; ring is
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TABLE 4 Rc.c, Repr, and R, g, distances (A), RSS, and number of imaginary frequencies for the relaxed and Dy, (C,) constrained geometries in the singlet and triplet states of C;Br,

optimized at the BLYP/6-311+G(d,p) level of theory

N; imag.

RSSBr

RSSc

RBl'-Bl' (A)

3.228

RC-Bl' (A)

2.114

o

Rcc (A)

1.393

System

4(A/I)
0

0.000

0.000

1C7Br74 (D7m)

1.707
0.000

0.077

3.505 3.578 3.459 3.641
3.186 3.188 3.190 3.191

2.053 1.970 2.030 1.990
2.036 2.044 2.049

1.391 1.429 1.360 1.451

1C7Br7_ (&)

4A") 1(A)

0

0.000
0.061

1.374 1.404 1.443 1.461

3C7Br74 ()

1.601

1.979 1.967 2.428 1.980 1.972 2.073 2.003 3.488 3.459 3.780 3.618 3.462 3.431 3.716

1.396 1.415 1.400 1.358 1.447 1.371 1.422

3C7Br7_ (&)

et W LE Y-
much larger than that of the C; ring. When going from
the planar to the non-planar structure, the C-C bond
length alternation increases and the Br-Br distance
increases by 0.3-0.5 A.

Taking the values of 'C,Br," (D5,) in Table 2 as refer-
ence, the MCl¢ and the n-EDDBc(r) of the C, ring of
'C,Br,” (D7) in Table 5 are somewhat higher than that
of 'C;Br;" (D;,). QTAIM charges in the Br, ring of
'C,Br," (D;,) and 'C,Br;” (D) are 1.035 and —1.183
electrons, respectively (see Table S11). Therefore, the two
added extra electrons in 'C,Br,” (D) are mainly located
in the Br atoms. This is why the MCIc and the
7-EDDB((r) of the C, ring of *C,Br," (D) and 'C,Br;~
(Dsy) are similar. Now, moving from D,y 'C,Bry to Cy
'C,Br,, MCI and n-EDDB(r) decrease due to the
increase in the bond length alternation that results in
higher n-electron localization. When going from 'C,Br;~
(D) to *C;Br;~ (C,), MCI and n-EDDB((r) point to a
decrease that we attribute to the loss of symmetry and
increase in the bond length alternation that leads to a
greater m-electron localization. Spin density of *C,Br;
(C,) shows that the excess of spin «a is distributed among
the C, and Br; rings (see Figure 4). Therefore, the planar
C, ring cannot be considered fully Baird aromatic.
Finally, release of the planarity in *C,Br,  leads to fur-
ther reduction of the MCI and n-EDDB(r).

TABLE 5 Aromaticity indices (MCI and EDDB in electrons)
corresponding to the C-ring for the relaxed (C;) and constrained
(D7 or C,) geometries in the singlet and triplet states of C,Br; ™
computed at the BLYP/6-311+G(d,p) level of theory

System MClIc 6-EDDB(r) w-EDDB(r)
'C,Br,” (D7) 0.0381 1.168 4.924
'c,Br, (Cy) 0.0080 0.477 2.327
3C,Br; (Cy) 0.0172 0.711 3.530
3C,Br; (Cy) 0.0121 1.119 2.336

FIGURE 4 Spin density distribution of (A) C, and (B) C;
3C,Br, . The isodensity corresponds to a value of 0.002 e~ /bohr”.
The positive and negative spin densities are represented in blue and
red, respectively.
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The loss of planarity, the low MCI and EDDB values
in Table 6, and the delocalization indices (see Table S4)
are in agreement with lack of c-aromaticity in the Bry,
ring of 'C,Br,” and °C,Br, . In summary, neither
'C,Br; nor *C,Br, , the latter despite having a favorable
electron counting for Baird n- and Hiickel c-aromaticity,
are double o- and n-aromatic.

3.3 | The tropylium trication derivatives
As shown in previous subsections, following Hiickel or
Baird electron counting rules does not warrant the exis-
tence of double aromaticity. As pointed out by Schleyer
et al.[*1P! aromaticity requires electron delocalization in
closed circuits. In the Valence Bond language, this means
that we must have a number of resonance structures with
same or similar weights. In C,X;", we have seven reso-
nance structures of the same weight, the resonating elec-
trons being the 6m-electrons of the tropylium ring.
However, the c-electrons of the external electrons of X,
ring are non-resonant localized lone pairs. Without the
delocalization of the o-electrons, in general, the systems
cannot be oc-aromatic and they are only =m-aromatic.
Therefore, not only must the electron counting rules be
fulfilled but also the c-electrons in the external ring have
to be delocalized. For instance, in the double aromatic
Cel¢ ™, double oxidation of C¢ls opens a hole in one of
the 5p orbitals of iodine that generates six possible reso-
nance structures (Scheme 2 shows only three) that have
the same weight. The existence of these resonance struc-
tures and the fulfillment of the Hiickel's rule generate the
double o- and w-aromaticity.

TABLE 6 Aromaticity indices (MCI and EDDB in electrons)
corresponding to the Br-ring for the relaxed (C;) and constrained
(D4, or C,) geometries in the singlet and triplet states of C,Br;
computed at the BLYP/6-3114+-G(d,p) level of theory

System MCIg,  6-EDDBg(r)  7-EDDBg,(r)
'C,Br,” (D;n)  0.0003 0.742 0.236
1C,Br,” (Cy) 0.0000 0.180 0.136
3C,Br;” (Cy) 0.0002 0.406 0.165
3C,Br, (Cy) 0.0000 0.091 0.314

With this idea in mind, we decided to explore the sin-
glet and triplet C,Br, " species (system 4 in Figure 1).
We expect that double oxidation of C,Br," to generate
C,Br, " will create the necessary o-delocalization. For
the singlet, with 6n-electrons we expect Hiickel aromatic-
ity of the tropylium ring and Hiickel antiaromaticity from
the 12c-electrons of the external Br; ring. On the other
hand, for the triplet, we could have Hiickel aromaticity of
the tropylium ring and Baird aromaticity from the 12c-
electrons (10 paired and two unpaired electrons) of the
outer Br; ring.

Interestingly, the 'C,Br, "> species is the first of our
studied systems (except ‘C,F,") that keeps the planarity
and the D;, symmetry (see Table 7). For the D, triplet,
we have been unable to converge the self-consistent field
(SCF) procedure; this was only possible for the C, sym-
metry. However, we have found a *C,Br, " species of C;
symmetry that it is very close to the D,;, symmetry, with
minor bond length alternation and RSS¢ and RSSg, close
to zero. The energy difference with respect the C, con-
strained geometry is insignificant, only 0.03 kcal/mol.
The singlet is more stable than the triplet by only
13.3 kcal/mol. These two species are good candidates to
have both n-aromaticity and o-(anti)aromaticity.

The MCI and EDDB results of 'C,Br,"* and *C,Br, "
in Table 8 are almost identical to those of 'C,Br,", thus
confirming the n-aromatic character of the tropylium ring
in both states. Indeed, the spin density of Figure 5 is fully
located in the outer Br, ring. On the other hand, the MCI
and EDDB results of Table 9 point out the antiaromatic
character of the Br, ring in the 'C,Br,"* species with a
negative and relatively large MCI value. To our knowl-
edge, this is the first example of an organic molecule
showing conflicting aromaticity. The aromatic character
of the Br, ring in C; *C,Br,"* with a low MCI value is
weak. Still this MCI value is the largest among the series
of analyzed systems and is comparable to that of
Ce(SePh)s>"  (MClIg” =0.583 as compared to
MClg."/® = 0.420 of C4(SePh)s*"). In addition, the high
stability of the triplet with respect to the singlet is in
agreement with the change from antiaromatic to aro-
matic character of the Br; ring when moving from the
singlet to the triplet C,Br,">. Unfortunately, this double
aromaticity is not confirmed by ring currents because of
the high paratropic ring currents shown by the f

2+
C o |

SCHEME 2
- . in Cglg*™ and similar species requires

The double aromaticity

the opening of an electronic hole to
generate o-delocalization as indicated by
the different resonance structures.

85U8017 SUOLILLOD dATea10 3edldde aup Aq peusenob aJe e YO ‘SN JO Sa|n 1oy ARiqiT8uljuO A8|IAN LO (SUONIPUOD-PUR-SLLIBIALIOD" A3 1M A0 Ul UO//SANY) SUORIPUOD pUe SWLB | 8L 88S *[£202/20/22] Uo Ariqiauliuo A8|Im ‘akog utey Aisiealun efesddn Aq Lty00d/200T 0T/I0p/woo A8 1M Aiq pul|uoy/:sdny wouy pepeojumod ‘T ‘€202 ‘S6ETE60T



ESCAYOLA ET AL.

Re.c, Rex, and Ry.x distances (A), RSS, and number of imaginary frequencies for the relaxed and D, constrained geometries in the singlet and triplet states of C,Br, "

optimized at BLYP/6-311+G(d,p) level of theory

TABLE 7

N; imag.
0
1

RSSBr
0

RSSc

Rxx (A)
3.080

Rcx (A)

1.914

Rcc (A)

1.419

System

0.000
0.000
0.008

0.000

1(:7]31’71L3 (D7n)
3(-«'7]31‘7-*—3 ()
3(:7]31’71L3 (&)

0.000
0.001

2.965 2.998 3.101 3.237

1.910 1.924 1.932 1.937

1.416 1.419 1.425 1.426

3.206 2.984 3.018 3.250 3.074 2.968 3.146

1.908 1.926 1.936 1.920 1.913 1.933 1.930

1.426 1.418 1.421 1.426 1.424 1.416
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TABLE 8 Aromaticity indices (MCI and EDDB in electrons)
corresponding to the C-ring for the relaxed (C;) and constrained
(D or C,) geometries in the singlet and triplet states of C,Br, "3
computed at BLYP/6-311+G(d,p) level of theory

System MClI¢ 6-EDDB(r) 7-EDDB((r)
1C,Br, 2 (Do) 0.0247 0.477 4.442
3C,Br; 7 (Cy) 0.0247 0.427 4.458
3¢,Br, 2 (C)) 0.0246 0.541 4.303

FIGURE 5 Spin density distribution of *C,Br,">. The
isodensity corresponds to a value of 0.002 e /bohr>. The positive
and negative spin densities are represented in blue and red,
respectively.

TABLE 9 Aromaticity indices (MCI and EDDB in electrons)
corresponding to the Br’-ring in the singlet and triplet states of
C,Br, ™ computed at BLYP/6-311+G(d,p) level of theory

System MClIg, 6-EDDBg,(1) 7-EDDBg, (1)
'C,Br, ™ (D;)  —0.0246  5.484 0.440
3C,Br, 3 (C,) 0.0027  2.787 0.519
3¢,Br, 73 (C) 0.0023  2.626 0.489

electrons in *C,Br, ™ (see Figure S7). Still, we think that
the results based on electron delocalization measures are
more reliable than those derived from magnetic
measures.

Finally, as discussed in Section 2, BLYP functional
exaggerates delocalization in aromatic systems. There-
fore, we expect the lack of double aromaticity in 'C,Br, ",
'C,Br,~, and *C,Br,~ to be confirmed with the B3LYP or
CAM-B3LYP functionals. Less clear is the situation in
triplet C,Br,">. Indeed, results obtained at the CAM-
B3LYP/6-311+G(d,p) level of theory suggest that
3C,Br; " has only n-aromaticity (see Tables S11 and S12).
On the other hand, B3LYP results (MClg,"” = 0.296 and
c6-EDDBg(r) = 2.313) are intermediate between those of
BLYP and CAM-B3LYP.
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In summary, we have found that, first, *C,Br; "> spe-
cies has conflicting aromaticity,[“’g] with an internal
Hiickel aromatic tropylium ring and an external Hiickel
antiaromatic Br, ring; and second, *C,Br, "> has double
aromaticity with an internal Hiickel m-aromatic tropy-
lium ring and an external weak Baird c-aromatic Br,
ring. The presence of double aromaticity in triplet
C,Br; ", however, depends on the functional used. It is
likely that same situation is experienced by most of the
so far reported double aromatic compounds.

4 | CONCLUSIONS

Double aromatic classical organic molecules follow two
requirements: (i) they must have an electron counting
corresponding to the Hiickel or Baird rule for both the o-
and the n-systems and (ii) they must have - and the
n-electron delocalization that in the valence bond lan-
guage means they need to have more than a single reso-
nance structure to correctly represent the o- and the
n-electron density. These are two necessary but not suffi-
cient conditions. The presence of strong electronic repul-
sion between the external substituents or substituents
with np orbitals that are not diffuse enough may quench
the o-aromaticity by puckering the benzene or tropylium
cation rings. Among the species analyzed, the most inter-
esting ones are 'C,Br,">, which according to BLYP
results has an internal Hiickel aromatic tropylium ring
and an external Hiickel antiaromatic Br; ring, and
*C,Br;"* with an internal Hiickel aromatic tropylium
ring and an external weak Baird aromatic Br; ring. This
result, however, is not confirmed by the B3LYP and
CAM-B3LYP functionals. Yet, the functional dependent
results on *C,Br,> " indicate that this species is at the bor-
derline for double aromaticity, and it reveals the impor-
tance of balancing a number of factors in the design of
double aromatic molecules: (i) the size of the substituents
should allow for close through-space contacts but not
overcrowding, (ii) the orbital occupancies should be such
that orbitals with maximal antibonding in-plane interac-
tions between the substituents must not be occupied
(achieved by oxidation), and (iii) the inherent angle strain
of a compound, which promotes puckering of the carbon
framework, should be as low as possible. Hence, for
8-MRs one needs tetraoxidation to achieve double
aromaticity,**! with 7-MRs it is achieved for the trication,
and with 6-MRs it is dications that can exhibit double
aromaticity.!*
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