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Ring currents in benzo- and benzocyclobutadieno-annelated

biphenylene derivates

Slavko Radenkovi¢*®, Jelena Togovi¢®®, Remco W.A. Havenith®® and Patrick Bultinck™™

Abstract: The effect of benzo- and benzocyclobutadieno-annelation
on the current density induced in a series of biphenylene derivates is
examined at the B3LYP/cc-pVDZ level of theory, using the CTOCD-
DZ method. It is shown that angular (respectively linear) benzo-
annelation increases (respectively decreases) the intensity of
paratropic (antiaromatic) current density along the four-membered
ring of biphenylene. The opposite effect is found for
benzocyclobutadieno-annelation. It is shown that the extent of local
aromaticity of the four-membered ring in biphenylene congeners can
vary from highly antiaromatic to nonaromatic by applying different
modes of annelation.

Introduction

Biphenylene and structurally related [n]phenylenes are of
significant interest to experimental and theoretical chemistry,
because these conjugated systems contain both six-membered
rings (likely causing bond-length equalization and aromatic
stabilization) and four-membered rings (likely causing double-
bond fixation and antiaromatic destabilization). Numerous
[nlphenylenes have been synthesized so farl™™! and their
aromaticity/antiaromaticity has been scrutinized.®= In addition,
these compounds are of considerable interest from a
photophysical and spectroscopic point of view.!

Several effects govern the degree of
aromaticity/antiaromaticity in conjugated polycyclic compounds,
including [n]phenylenes."®"¥ The most intriguing is the effect of
different benzo-annelation (B-annelation) modes.!'">"'") Already in
2004, it was found that the extent of cyclic conjugation of the
central six-membered ring in polybenzoperylenes is significantly
influenced by the presence of annelated benzene rings.I'® Later
these effects were found to occur rather generally in benzenoid
(1518 and non-benzenoid polycyclic conjugated hydrocarbons.[™
Attaching a benzene ring to a polycyclic conjugated molecule
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can be performed in two different ways relative to a given ring R:
either in linear or in angular position. If two benzene rings are
both angularly annelated to the same benzene ring, then these
are said to be geminal with regard to ring R. These modes of B-
annelations are depicted in Figure 1. In the present paper
annelated biphenylene derivates are considered and R is the
central four-membered ring in biphenylene (Figure 2). For this
reason, only the results referring to the case where the size of R
is divisible by four are discussed, although there are more
results obtained in the previous studies.'>'® The following
regularities have been found at the Hiickel level of theory:'®

Regularity 1B: If ring R has size (i.e., number of atoms) 4n
with n an integer, angular and geminal B-annelations increase
the local antiaromatic character of ring R compared to the same
ring in the parent compound.

Regularity 2B: If ring R has size (i.e., number of atoms) 4n
with n an integer, linear B-annelation decreases the local
antiaromatic character of ring R compared to the same ring in
the parent compound.
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benzocyclobutadieno-annelation

Figure 1. Two types of annelation of a benzene ring to a polycyclic molecules
(benzo- and benzocyclobutadieno-annelation) and the three modes of the
annelation relative to ring R: linear, angular and geminal.

A different way of attaching a benzene-ring to a polycyclic
molecule, referred to as benzocyclobutadieno-annelation
(BCBD-annelation), has been investigated. Such annelation is



also illustrated in Figure 1. In previous works, cyclobutadieno-
and benzocyclobutadieno-annelation have been shown to be a
useful strategy to induce alternation of the C-C bond lengths in
benzene.2>?% Compared to the previous case, opposite
regularities hold for BCBD-annelation:'”!

Regularity 1BCBD: If ring R has size (i.e., number of
atoms) 4n with n an integer, angular and geminal BCBD-
annelations decrease the local antiaromatic character of ring R
compared to the same ring in the parent compound.

Regularity 2BCBD: If ring R has size (i.e., number of
atoms) 4n with n an integer, linear BCBD-annelation increases
the local antiaromatic character of ring R compared to the same
ring in the parent compound.

The regularities described above were derived from
energy-effect (ef) values calculated using simple Hiuckel
molecular orbital theory."® The ef-value of a circuit quantifies the
energy-effect caused by cyclic conjugation of 1-electrons along
the given circuit. Details on this method are outlined in ref .
Eventually, these regularities were confirmed in a number of
other theoretical studies using geometrical and electron
delocalization indices of aromaticity.'>""?"*! Note that the
obtained regularities have never been tested for magnetic
indices of aromaticity. This is the main subject of this paper: do
magnetic indices confirm these trends or do they rather
contradict them?

In the present study current density maps were calculated
at the B3LYP level of theory with the diamagnetic-zero (DZ)
variant of the continuous transformation of origin of current
density (CTOCD) method.®**¥ In the CTOCD-DZ method, also
known as the ipsocentric method,***¥ a distributed origin of the
vector potential is used and the current density at each point in
space is calculated by choosing itself as the origin of the vector
potential. To our knowledge, current density maps of
[n]phenylenes have only been recently examined for the first
time.® In addition, antiaromaticity is much less studied and
much less understood compared to aromaticity. In view of this,
examining the suspected aromatic character of the six-
membered rings and suspected antiaromatic character of the
four-membered rings in phenylenes is an intriguing topic. In this
paper a detailed study of the current density maps obtained for
B- and BCBD-annelated biphenylene derivates (Figure 2) is
presented. This way, we aim to assess the effect of B- and
BCBD-annelation on the current density distribution in a series
of annelated biphenylene molecules.

Computational details

The structures of the examined molecules were optimized at the
B3LYP/cc-pVDZ level of theory using the Gaussian 09
program.®”! The optimized geometries of biphenylene and all its
considered derivatives were found to be perfectly planar.
Hessian calculations showed that the planar geometries of the
examined molecules correspond to minima on the potential
energy surface at this level of theory. The main reason to use
the B3LYP method is that for strongly conjugated hydrocarbon
molecules the computed structures are known to be close to
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CCSD(T) results.®® Note also that the DFT/B3LYP approach
has also been used for optimizing geometries in the benchmark
W1 thermochemical protocol for very accurate thermochemical
calculations.®
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Figure 2. Biphenylene and the labeling of its annelation sites (a = angular, / =
linear with regard to the central four-membered ring). The B- and BCBD-
annelated biphenylenes are indicated by the sites of annelation. Jnax values
were calculated for the outer carbon-carbon bonds (indicated by arrows) that
belong to the central four-membered ring in the examined molecules.

The current density calculations were performed at the
B3LYP/cc-pVDZ level of theory using the CTOCD-DZ
method.B®34 |n all calculations a unit magnetic field
perpendicular to the molecular plane was used and the
calculated ring currents were plotted on a grid in the plane
parallel to the molecular plane with a diatropic or aromatic
current represented by a counterclockwise circulation and a
paratropic or antiaromatic one represented by a clockwise
circulation. The plotting planes were chosen at 1a, above the
molecular plane.

In order to obtain more quantitative information about the
current density distribution in a molecule of interest, the largest
magnitude of the current density through a cross section of a
bond (Jmax) was employed in this work. Jmax can be used as a
measure of the bond current strength and was successfully
applied in a series of recent studies.*'*

Calculations of ring currents were performed using in-
house Fortran routines, GAMESS-UK*4 and SYSMO"®.,

Results and Discussion

Total and T-electron current density maps of biphenylene
calculated at the CTOCD-DZ/B3LYP/cc-pVDZ//B3LYP/cc-pVDZ
level of theory are presented in Figure 3. The current density
maps of biphenylene (Figure 3) clearly indicate the existence of
a strong paratropic (antiaromatic) circulation within the four-
membered ring and a somewhat weaker diatropic (aromatic)
circulation along the six-membered rings. The current density
distribution in biphenylene is in agreement with a naive
application of a local version of Hiickel 4n+2 rule if we assume
that the four-membered ring harbours 4 1 electrons and the



benzene rings 6. It is a noteworthy fact that biphenylene is a
stable molecule, although it sustains such a strong paratropic
current density which is usually related to thermodynamic
destabilization. A significant advantage of the CTOCD-DZ
method is that the total current density can be partitioned into
molecular orbital contributions.®*®*! The contribution of an
occupied orbital is determined by the accessibility of the
unoccupied orbitals by rotational and translational transitions.
The contribution of the given transition becomes more important
as the energy difference between the occupied and virtual orbital
is smaller. Rotational transitions lead to paratropic (antiaromatic)
circulation, whereas translational transitions lead to diamagnetic
(aromatic) circulation. Figure 3 presents orbital current densities
of the highest four occupied molecular orbitals in biphenylene. It
can be seen that the m-HOMO (2bsg) current density has the
most significant contribution to the total current density, and
practically completely determines the current density distribution
in the central four-membered ring. The orbital current densities
of HOMO-1 (1a,) and HOMO-3 (2bs,) contribute to the diatropic
current density along the molecular perimeter. The orbital
current density of the HOMO-2 (1byg) level has only minor
contributions to the paratropic circulation along the four-
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membered ring, as well as to the diatropic circulation along the
six-membered rings.

In order to examine the effect of the two different types of
annelation (Figure 1) all possible B- and BCBD-annelated
biphenylene derivates were considered. In order to simplify
notation, the sites of annelation in biphenylene are labeled as
indicated in Figure 2. The total current density maps of two B-
annelated (B-hk and B-aja,asas) and two BCBD-annelated
biphenylene derivates (BCBD-1~ and BCBD-aja:azas) are
presented in Figure 4. The total and m-electron current density
maps of all other examined molecules are given in the
Supporting information. The main goal of this work is to examine
the changes of the induced current density along the central
four-membered  ring of biphenylene upon annelation. From
Figure 4, as well as from Figures S1 and S2 (see Supporting
information), it is evident that the current density distribution
along the central four-membered ring of biphenylene derivates
depends significantly on the number and position of B- and
BCBD-annelations.

a)

b)

Figure 3. Current density maps of biphenylene obtained with the CTOCD-DZ/B3LYP/cc-pVDZ method: total (o + 1) current density (a), T-electron current density
(b), HOMO (2b2) current density (c), HOMO-1 (1a,) current density (d), HOMO-2 (1b4g) current density () and HOMO-3 (2bg,) current density (f). H and C atoms

are represented by dotted and filled circles, respectively.
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Figure 4. Total current density maps obtained with the CTOCD-DZ/B3LYP/cc-pVDZ method for two benzo-annelated biphenylenes: B-/ik (a), B-aia.asas (b) and
two benzocyclobutadieno-annelated biphenylenes: BCBD-/ik (c), BCBD-asazasas (d).

Table 1. Largest magnitudes (Jna) of the T-electron current density
(expressed relative to the Jnacvalue of cyclobutadiene) through the cross
sections of the outer carbon-carbon bond of the central four-membered ring
in B- and BCBD-annelated biphenylenes (Figure 2).

compound Imax compound Imax A L G
biphenylene  0.630 0 0 0
B-/; 0.491 BCBD-/ 0.639 0 1 0
B-a; 0.796 BCBD-ay 0.380 1 0 0
B-hk 0.380 BCBD-hk 0.593 0 2 0
B-aik 0.611 BCBD-aik 0.343 1 1 0
B-aia, 0.833 BCBD-aiaz 0.194 0 0 2
B-aias 1.046 BCBD-a;az 0.250 2 0 0
B-ajas 1.065 BCBD-ajas 0.250 2 0 0
B-aiazk 0.639 BCBD-aiazk 0.139 0 1 2
B-aiazas 1.130 BCBD-ajazas 0.139 1 0 2
B-aiacazay 1.222 BCBD-aja»azay 0.111 0 0 4

In order to obtain a quantitative measure of the current
density along the central four-membered ring, the Jmax of the
outer ' carbon-carbon bond that belongs to this ring was
examined (Figure 2). Jnax thus serves as a measure of the

intensity of the induced current density along the central four-
membered ring in the given molecule. Jnax values of the outer
carbon-carbon bond that belongs to the central four-membered
ring of the studied systems are given in Table 1. Jmax values for
all "carbon-carbon bonds in the examined molecules are
presented in Figures S3 and S4 (Supporting information). The
number of annelated rings attached by angular-, linear- and
geminal-annelation are indicated by A, L and G, respectively
(Table 1). In the case of angular and linear annelation one new
ring is attached to the peripheral hexagonal ring, and in the case
of geminal annelation, two new rings are attached to the
peripheral hexagonal ring of biphenylene (Figure 1).

In what follows the data from Table 1 is used to scrutinize
the validity of the different regularities. For the B-annelation, the
data show that both regularities 1B and 2B are satisfied. This
can be illustrated by the following data: Jma = 0.630 for
biphenylene (no annelation); Jmax = 0.796 for B-a; (one angular
B-annelation); Jmax = 0.491 for B-/i (one linear B-annelation).
These examples indicate that angular (respectively linear) B-
annelation increases (respectively decreases) the magnitude of
paratropic (antiaromatic) circulation within the central four-
membered ring. The effects of angular and linear annelations
have about the same intensity, as seen from Jnax = 0.611 for B-
aili (one angular and one linear B-annelation). In addition, the
effect of B-annelation is proportional to the number of the
attached benzene rings. For instance, Jmax = 0.833 for B-aa»
(two angular B-annelations); Jmax = 1.130 for B-ajacas (three
angular B-annelations); Jmax = 1.222 for B-ajacasas (four angular
B-annelations), and Jmax = 0.380 for B-4k (two linear B-
annelations).
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Figure 5. Frontier orbital energy levels (in au) of biphenylene, BCBD-/ 4, BCBD-

a1apasas, B-hk and B-aja.asas obtained at the B3LYP/cc-pVDZ level of theory.

Full arrows represent the main rotational (paratropic) transitions, and dashed arrows represent the main translational (diatropic) transitions. The width of arrows
reflects the magnitude of the contribution of the given transition relative to the analogous one in biphenylene (for details see ref. %),

A different picture is found for BCBD annelation. Regularity
1BCBD is found to be valid throughout, but regularity 2BCBD is
not. Regularity 1BCBD is illustrated by the following result: Jmax =
0.630 for biphenylene (no annelation) and Jmax = 0.380 for
BCBD-a; (one angular BCBD-annelation). This implies that the
effect of BCBD-annelation is opposite to the analogous effect of
B-annelation: angular BCBD-annelation decreases the intensity
of paratropic (antiaromatic) circulation within the four-membered
ring. The effect of angular BCBD-annelation is proportional to
the number of the annelated rings. This is convincingly clear
from the following data: Jmax = 0.194 for BCBD-aya, (two angular
BCBD-annelations); Jmax = 0.139 for BCBD-aya.a; (three angular
BCBD-annelations); Jmax = 0.111 for BCBD-aiarasas (four
angular BCBD-annelations). The obtained results (Table 1) are
not in agreement with regularity 2BCBD, although it can be seen
that the effect of linear BCBD-annelation on the current density
induced in the four-membered ring of biphenylene is rather
negligible. As seen from Table 1, the paratropic current densities
induced along the four-membered ring in biphenylene (Jnax =
0.630), BCBD-/i (Jmax = 0.639) and BCBD- /1 (Jmax = 0.593) have
practically the same intensity. With the exception of BCBD-/, all
BCBD-derivatives have. weaker intensity of paratropic currents
within the central four-membered ring than biphenylene.

Regularities stated above give a qualitative description of
the effect of B- and BCBD-annelations. The data from Table 1
show that the Jmacvalues differ slightly for isomers with the
same values for A, L, and G. In ref " it has been shown that
between the efvalues and the position and number of B-
annelated rings exists a quantitative relation. By applying the
same methodology, it is now found that the intensity of the
current -density induced within the four-membered ring,
measured through the Jnax—Vvalues can be expressed as a linear
function of A, L and G numbers, indicating the numbers of B-
and BCBD-annelations in angular, linear and geminal position,

respectively. The following relations for B- and BCBD-annelated
biphenylene derivates were obtained, respectively:

J e (B)=1(0.22£0.03)A - (0.15£0.04)L

max 1
+(0.14+0.02)G +(0.61£0.05) @

(BCBD)=—(0.18£0.04)A-(0.03+0.05)L
—(0.15£0.03)G +(0.60£0.07)

The parameters that appear in Egs. 1 and 2 were determined by
least-squares fitting for the sets of 11 B-annelated and 11
BCBD-annelated biphenylene derivates, respectively. The
respective correlation coefficients are 0.9817 and 0.9324.

It is found that in the case of B-annelation, the coefficient
of G in Eq. (1) is lower than the coefficient of A. This implies that
two angular B-annelations on the same ring have a significantly
weaker influence on the intensity of cyclic conjugation in the
central four-membered ring compared to the effect of two
angular annelations on different rings.

In order to assess the basis set effect, the current density
maps were calculated using the minimal STO-3G basis set. The
plot of the Jmaxvalues of the outer carbon-carbon bond of the
central four-membered ring in B- and BCBD-annelated
biphenylenes calculated with the cc-pVDZ basis set versus the
respective values obtained with the STO-3G basis set is shown
in Figure S5 (see Supporting information). As seen from Figure
S5 there is a good linear correlation between the two Jmax-values.
This is in agreement with the previous works showing that a
minimal basis set provides essentially the same information
about the calculated current densities as other larger basis
sets.*®#7! |n addition, it has been shown that even the pseudo-T
method can provide the necessary information about the current
density distribution*® in polycyclic conjugated hydrocarbons.
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Figure S6 (see Supporting information) shows that there exist a
reasonably good, but evidently non-linear correlation between
the Jmax-values of t-electron and total (m+o) current density.
This implies that B- and BCBD-annelations affect in a similar
way both o- and m-electronic systems of the studied molecules.
As seen from Figure 3, in biphenylene the main
contribution to the paratropic current density induced in the
central four-membered ring comes from the HOMO (2bzg) level.
There are two relevant transitions from the HOMO (2bzg) level in
biphenylene: rotational transition to the LUMO (2by4) level and
translational transition to the LUMO+1 (3bs,) level (Figure 5).
The latter weakens the overall paratropic contribution of the
HOMO to the total current density. By inspection of the orbital
current densities, it was found that the main part of paratropic
circulations within the central four-membered ring of B- and
BCBD-annelated biphenylenes comes from a single frontier
orbital current density. Figure 5 presents analogous transitions
relevant for the current density induced in the central four-
membered ring of B-/hh, B-ajaxazas, BCBD-41,L and BCBD-
araazas. Note that the paratropic current within the central four-
membered ring of B-hik, BCBD-/ikh, BCBD-aja.asas is weaker,
and of B-aiazazas is stronger compared to the analogous current
in biphenylene (Table 1). The data from Figure 5 show that in B-
Ik the LUMO (4bs,) level is energetically more accessible for the
translational transition from the HOMO (3bzg) level than the
LUMO+1 (3byg) level for the corresponding rotational transition.
The magnitude of these transitions relative to the magnitude of
the analogous transitions in biphenylene reveals that the overall
paratropic HOMO current density is weaker in B-/k than in
biphenylene. The energy differences between the HOMO (4 bzg)
and LUMO (4byg) and between the HOMO (4b2g) and LUMO+1
(5bsy) in B-ajapazas are smaller compared to the analogous
energy differences in biphenylene. The relative magnitude of the
contribution of the respective transitions shows that the
paratropic HOMO current density in B-aia»azas is stronger than
in biphenylene. The relative contributions of the rotational
transiton HOMO (4by;) to LUMO (3byg) in BCBD-4kL and
translational transition HOMO-1 (5bzg) to LUMO (6bsy) in BCBD-
aiarazas are remarkably smaller than the corresponding ones in
biphenylene. On the other hand, there are two additional
relevant transitions in these molecules: rotational transition
HOMO (4byg) to LUMO+4 (4b4g) in BCBD-hk and translational
transition HOMO-1 (5b) to LUMO+2 (5a,) in BCBD-ajaxasau.
The relative contribution of the relevant transitions shows that
the paratropic current density in the central ring of BCBD-/;», and
BCBD-aja-asas are weaker than the one in biphenylene.

Conclusions

The effect of B- and BCBD-annelation on the local aromaticity of
the central four-membered ring in annelated biphenylenes was
examined by means of the induced current density, calculated at
the CTCD-DZ/B3LYP/cc-pVDZ// B3LYP/cc-pVDZ level of theory.
This way, the effect of different modes of annelation was tested
using'-magnetic indicators of aromaticity. It is shown that angular
(respectively linear) B-annelation increases (respectively
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decreases) the magnitude of paratropic (antiaromatic) current
density along the four-membered ring of biphenylene. The
analogous effect of BCBD-annelation is found to be opposite to
the effect of B-annelation. It is shown that the effect of B- and
BCBD-annelation can be well represented by a linear function of
the number of angular, linear and geminal annelations. These
results are in agreement with the regularities found with other
indices of aromaticity. It is found that the local aromaticity of the
four-membered ring in biphenylene congeners can vary from
highly antiaromatic to nonaromatic by applying different types of
annelation. The effect of different annelation modes can be used
for tuning the local aromaticity to the desired degree.
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