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We have studied the changes in the aromatic nature of two cyclobutadiene (C4H4) molecules on
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decreasing the intermolecular distance and approaching the cubane structure in a face-to-face fashion.
The analysis based on the calculations of the magnetically induced current density and the induced

magnetic field shows that the aromaticity of the two C4H,4 rings changes from a strongly antiaromatic
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character at long distances to an aromatic transition state of stacked C4H4 rings at intermediate
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1 Introduction

Non-covalent n-r stacking interactions of aromatic rings play a
crucial role in stabilizing biological systems." However,
chemical concepts like n—m stacking and aromaticity are difficult
to measure. Therefore, they are mainly characterized by using
computational approaches.>”® The molecular magnetic response
is one of the commonly used methods to identify the aromatic
nature of molecules.” " In the presence of an external magnetic
field, aromatic molecules sustain a diatropic ring current flowing
in the classical direction that induces a secondary magnetic field
in the opposite direction to the applied external one.’*** Anti-
aromatic molecules sustain a paratropic ring current flowing in
the non-classical direction. The paratropic ring current induces a
secondary magnetic field strengthening the applied external
magnetic field. Non-covalent n-r stacking can also affect the
aromaticity or vice versa.">'® Ring currents usually flow along
covalent bonds around molecular rings."*">" However, there are
also examples of molecules with stacked rings exhibiting
through-space current densities.'®>*>¢

An interesting property of n stacked molecules is the depen-
dence of the tropicity of the ring current on the distance between
the antiaromatic rings. The ring current is paratropic representing
antiaromaticity when the face-to-face stacked molecules weakly
interact far away from each other and diatropic indicating aroma-
ticity when they strongly interact at a shorter distance between the
molecular rings.">®**® Bean and Fowler found that at short
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internuclear distances when approaching the antiaromatic state of cubane.

interring distances the rotational transitions between the occupied
and virtual frontier orbitals of the dimer are forbidden, whereas the
translationally allowed transitions dominate resulting in a diatropic
ring current.'® There is also a significant current density between
the rings suggesting a through-space delocalization of the =
electrons.'>

The distance dependence of the aromaticity of the C,H,
dimer is even more complicated. The global minimum of the
C,H, dimer is cubane (CgHg), which is a cage structure belong-
ing to the Oy point group with single C-C bonds between C,H,
rings. Cubane has single sp® hybridized bonds between the C
atoms and pyramidal C-H bonds.?® In the presence of an
external magnetic field, cubane exhibits a paramagnetic
response and sustains a paratropic ring current like C,H,.>%%!

Li and Houk studied the dimerization of cyclobutadiene in
detail.** They noted that the face-to-face stacked structure is a
transition state with two degenerate imaginary vibrational
modes.*” Later, Alonso et al. showed that there is a change in
the degree of antiaromaticity along the face-to-face reaction
coordinate.*>® They employed the harmonic oscillator model of
aromaticity (HOMA)** to determine the degree of aromaticity.
For this purpose, they also calculated the fluctuation aromatic
(FLU)** and nucleus-independent chemical shift (NICS)*®
indices. The three approaches yielded somewhat inconsistent
interpretations. The HOMA and FLU calculations showed that
the rings are aromatic when they are between 3.4 A and 1.9 A
apart, while the NICS values suggested that the dimer is
antiaromatic in this interval.*® However, these calculations
were performed for structures belonging to the D,y point group,
which prevents analyzing changes originating from the transi-
tion from the rectangular (D,;,) structure of the non-interacting
C4H, molecules to the octahedral (Oy) structure of cubane.*?

It is known that calculations of single NICS values can lead
to misinterpretations of the aromatic character of three-
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Fig.1 The picture shows different steps in the process of bringing
two C4Hy4 rings together until they join forming the cubane structure.
The molecular structures are optimized for fixed interring distances d in
the range of 15 > d > 2.96a¢ (bohr).

dimensional molecules and the aromatic character of mole-
cules containing stacked rings.'®*”~*° Although a change in the
degree of aromaticity of the C,H, dimer in the face-to-face
stacking process has been suggested, it has not been elucidated
to what extent it happens and at what distance between the
C,H, rings it occurs.

Qualitative and quantitative analyses of global and local aro-
maticity can be addressed by calculating and visualizing the
magnetic response and the magnetically induced current density
of the studied molecule.'®*® In this work, we analyze the changes
in the aromatic character by calculating the magnetic response for
a number of steps of the process in which two face-to-face
oriented C,H, rings approach each other from far away until they
reach the cubane structure (see Fig. 1). Our study based on the
calculations of the magnetically induced current density®*"**> and
the induced magnetic field**** reveals that the C4H, rings change
their strongly antiaromatic nature to an aromatic transition state
to again reach the antiaromatic state of cubane.

2 Computational methods

The molecular structures were optimized at the density functional
theory (DFT) level using the B3LYP functional*® and the semi-
empirical dispersion interaction (D3(BJ))*” in combination with
basis sets of the triple-{ polarization quality (def2-TZVP).*® The
molecular structures were constrained to the D,y point group. For
given distances between the C,H, rings, the rest of the structural
degrees of freedom was fully optimized. The molecular structures
were optimized for interring distances d in the range of d €
[2.96,15]a, (bohr) in a step of 0.1a,. Single-point calculations at
the second-order Mogller-Plesset perturbation theory (MP2)* and
the coupled-cluster single, double, and perturbative triple
(CCSD(T))*° levels were performed for each d value. The Cartesian
coordinates can be found in the ESI.} Vibrational analyses were
performed on the optimized structures with d = 7.522, 4.435, and
2.961a, (3.996, 2.347, and 1.566 A). The optimized structures
belong to the Dy, Dy, and Oy, point groups, respectively.
Re-optimizations at the spin-component-scaled MP2 (SCS-
MP2) level®" using the def2-TZVP basis sets*® were performed at
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these minima (saddle points). The interring distance was not
optimized. Single-point MP2 and CCSD(T) energy calculations
using these geometries were repeated using quadruple-{ polar-
ization quality basis sets (def2-QZVP).**

The magnetic response was addressed by calculating the
magnetically induced current density®*"** (J) and the induced
magnetic field***° (B™) using the GIMIC**"**> and Aromagnetic™
programs, respectively. The electronic structure calculations were
carried out using the Turbomole program.”*** The magnetic
response calculations were performed at the DFT level using the
BHandHLYP functional® and the def2-TZVP basis sets*® because
the BHandHLYP functional yielded a good agreement with refer-
ence data for magnetic properties calculated at the CCSD(T) level.”®
We assume that the strength of the induced magnetic field
depends linearly on the strength of the external one. In the
presentation of the induced magnetic field, we therefore formally
apply an external field of 1 T parallel (|B™| = 1 T) to the z axis,
which coincides with the highest symmetry axis of the studied
molecular systems. The analysis of B™ can then be reduced for the
discussion of its scalar z component (BI"%), which is the dominant
one.”*™* The ring-current strengths (I%) of the C,H, molecules
were calculated by integrating the J'™ flux through a plane which
intersects one of the C-C bonds.**"** Changes in the current-
density flux can be obtained by calculating profiles of the current-
density strength along one coordinate of the integration
plane.®**2 The profile curve is the derivative of ™ (d/™/dz) with
respect to z-coordinate. The profile curves along the z-axis show
how ™ changes on decreasing the interring distance.

3 Results and discussion

The interaction energy between the C,H, rings as a function of
the interring distance is shown in Fig. 2. Similar potential
energy curves are obtained at different levels of theory. The
potential energy curve can be divided into three regions. In the
first region (denoted as R,), there is a weak interaction between
the C,H, rings due to van der Waals attraction (d > 7a,). In the
second region (denoted as R,), where the C,H, rings interact
more strongly, the energy is ca. 30 kcal mol ™" below the energy
at the van der Waals minimum calculated at the CCSD(T) level.
The narrow region at short distances (R;) is where the C,;H,
rings bind covalently forming cubane. The global minimum

L R

10 T
-10 T

Et(kcal /mol)

——B3LYP-D3(BJ) ——MP2 ——CCSD(T)

2.5 :IE 3.5 4 r'lfs’) ; 5?3 (Ii GTS 7 7?5 éli 8.5
d (ay)
Fig. 2 The interaction energy (E™) between the C4H, rings as a function
of the interring distance calculated at different levels of theory using the
def2-TZVP basis set. The vertical dashed lines divide the potential energy
curve into the three regions.
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Table 1 Relative energies (in kcal mol™?) calculated at different levels of theory using the def2-TZVP basis set. The energies and magnetic properties
were obtained using structures near the minima (saddle points) of each region. The vibrational frequencies (in cm™) were calculated at the B3LYP-
D3(BJ)/def2-TZVP level for the optimized structures. The NICS(0) and B'(0) values (in ppm) were calculated at the BHandHLYP/def2-TZVP level in the
center of one of the C4H, rings. The ring-current strengths (/"® in nA T~ were also calculated at the BHandHLYP/def2-TZVP level

d (ap) B3LYP-D3(B]) MP2 CCSD(T) MP2a CCSD(T)* Imaginary frequencies NICS(0) Bi"(0) nd

7.0 61.1 75.5 65.5 73.9 64.4 58.9i, 44.2i, 34.5i, 33.6i 28.2 113.6 -19.9
4.4 28.2 16.3 35.6 14.4 34.3 447.81, 447.8i —32.0 17.4 4.7
2.96 0.0 0.0 0.0 0.0 0.0 — 15.3 59.1 -4.6

“ Calculated using the def2-QZVP basis sets and the molecular structure optimized at the SCS-MP2/def2-TZVP level.

(cubane) is at d = 2.961a, (see Table 1). However, the minimum
of the potential energy curve at d = 4.435q, in the R, region is
actually a saddle point with two imaginary frequencies. The van
der Waals minimum at d = 7.522a, is also a saddle point with
four imaginary frequencies (see Table 1). The same energetic
behavior is confirmed by MP2 and CCSD(T) calculations using
the def2-QZVP basis sets and the molecular structures opti-
mized at the SCS-MP2/def2-TZVP level (see Table 1).*>"

The calculated magnetic response elucidates that the three
minima correspond to the transitions from two antiaromatic
rings in the R, region, to an aromatic transition state in R,, and
cubane in Rz, which is dominated by paratropic ring currents
corresponding to antiaromaticity. The change in the tropicity
along the face-to-face reaction coordinate is identified by
computing the ring-current strengths for each d value as shown
in Fig. 3. Along this reaction coordinate, the ring-current
strength of each C,H, ring goes from being strongly paratropic
of ca. —20 nA T~ to diatropic of ca. 5 nA T, and revert to a
paratropic ring current of ca. —5 nA T~ " when forming cubane.

At large distances (d > 7ay), the interaction energy between
the rings is small and dominated by the van der Waals
interaction. In the R; region, the C,H, rings are rectangular
belonging to the D,; point group. We study the magnetic
response for the structure at d = 7a,, which is near the van
der Waals minimum representing the molecular structure in
the R, region. The optimized structure at the van der Waals
minimum is a saddle point with four imaginary frequencies
(see Table 1).

From the
independent

magnetic point of view, the C,H, rings show
paratropic ring currents and large deshielded

Imd(nA/T)

2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5
d (ag)
Fig. 3 The ring-current strength (/") as a function of the interring

distance (d) calculated at the BHandHLYP/def2-TZVP level. The vertical
dashed lines divide the d range into three regions.

This journal is © the Owner Societies 2023

B™ cones that overlap between the rings. Animations of the
magnetically induced current density are shown in the ESL¥

The NICS(0) and B™ (0) values are strongly positive
(Table 1), which is practically the magnetic response of a single
C,H, molecule.’” The antiaromatic character also explains why
the R, structures have a rather small gap of 3.6 eV between the
highest-occupied molecular orbital (HOMO) and the lowest-
unoccupied molecular orbital (LUMO). The HOMO-LUMO gap
for the dimer in R, is very similar to the one for cyclobutadiene.
The aromatic transition state in R, has a significantly larger
HOMO-LUMO gap of 4.96 eV than the one for cyclobutadiene.
Cubane has by far the largest HOMO-LUMO gap of 8.23 eV. The
HOMO-LUMO gap as a function of the interring distance d is
shown in Fig. 4.

The C-C bonds of the C,H, rings of the optimized molecular
structure at d = 4.435q, are equally long. Thus, the structure in
R, belongs to the Dy, point group. The potential energy curve
has sharp peaks at the boundaries between the three regions
because there are different occupied frontier orbitals in the
adjacent regions (see Fig. 2). For a given d value, the occupation
of the frontier orbitals suddenly changes in the self-consistent-
field optimization of the orbitals leading to a lower energy.

The highest occupied frontier orbitals of the molecular
structure in R, have ungerade parity and the lowest unoccupied
frontier orbitals have even parity. Since translation has ungerade
parity and rotation has even parity, the formal excitation from
the occupied orbitals to the unoccupied ones is translationally
allowed but rotationally forbidden, which leads to the aromatic
nature of the transition state."®

The HOMO of the molecular structure in R; belongs to the
Bj, of the D,y point group and LUMO+1 has also gerade parity

HOMO-LUMO (eV)

75 85 95 105 115 125
(
Fig. 4 The HOMO-LUMO gap as a function of the interring distance

calculated at the B3LYP-D3(BJ)/def2-TZVP level.
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implying that the formal excitation from the HOMO to LUMO+1 is
rotationally allowed leading to the antiaromatic cyclobutadiene
dimer at long interring distances.’® Thus, at the borderline
between R; and R,, the frontier B3, and Bs, orbitals flip from
occupied to unoccupied and vice versa.

The HOMO, HOMO-1, LUMO and LUMO+1 of cubane
belong to the T,y, Ty, T1y and A, irreducible representations
of the Oy, point group, respectively. The HOMO—1 to LUMO
transition is rotationally allowed leading to antiaromaticity.
The HOMO to LUMO+1 transition is translationally allowed
and would contribute to the aromatic nature of cubane. Since
the HOMO and HOMO-1 as well as the LUMO and LUMO+1
are almost degenerate, the contributions are expected to be of
the same size with the opposite sign leading to a rather weak
ring current. The maximum in the potential energy curve at the
borderline between R, and R; is also due to the flipping of the
occupied and virtual frontier orbitals.

The diatropic ring-current is strongest for the saddle point at
d = 4.435q, (see Fig. 3 and 6). Following the imaginary frequencies
of the saddle point at d = 4.435a, and relaxing the symmetry
constraints lead to a syn-type structure where two C-C bonds are
formed between the layers, which Li and Houk also reported.*>
They pointed out that the saddle point is stabilized due to a
reduction in the antiaromaticity. At the CCSD(T) level, the transi-
tion state is energetically ca. 36 kcal mol " above cubane, which is
the global minimum.

Integration of the magnetically induced current density (J
passing through a plane that cuts the C-C bond of one of the

C4H, rings confirms that there is a diatropic ring current (%)

ind)

2

-30 ) E—: )

Fig. 5 The pictures in left panel show the 3" vector maps when (a) d =
7.0, (b) d = 4.4, and (c) d = 2.96a,. The diatropic and paratropic contribu-
tions to the current density in the C4H4 plane are shown in blue and red,
respectively. The pictures in the right panel show the B isolines calcu-
lated in the vertical symmetry plane and in the horizontal symmetry plane
of the stacked C4H,4 rings. The calculations were performed at the
BHandHLYP/def2-TZVP level.
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of 4.7 nA T~ " that flows around each ring (see Fig. 5 and
animations in the ESIf). The profiles of the ring-current
strength in Fig. 6 show that the ring current at an interring
distance of 7a, consists of two almost independent paratropic
ring currents in the C4H, rings. The double peak shows that the
ring current is sustained in the n orbitals of the C,H, rings.
Cubane with an interring distance of 2.961a, sustains a para-
tropic ring current in the o orbitals at the C,;H, plane. The
transition state at d = 4.435a, sustains a diatropic ring current
in the o orbitals of the two C,H, rings. However, it also sustains
a strong diatropic ring current between the C,H, rings. Despite
this, the B™ plots exhibit deshielding cones that are smaller than
those in the R, region suggesting a lower degree of antiaromaticity.
However, the calculation of the induced magnetic field does not
directly reveal that the transition state is aromatic. Thus, inter-
pretations of the aromatic/antiaromatic character based on NICS(0)
and B™ (0) calculations are not completely unproblematic.

In the R; region, the energy decreases significantly due to
the formation of interring carbon bonds between the C,H,
rings. Finally, the cubane structure is obtained at d = 2.961a,
(see Fig. 2), where the aromatic nature obtained in R, switches
to antiaromaticity. The paratropic ring current flows mainly in
the planes of the four-membered rings that are perpendicular
to the direction of the external magnetic field (see Fig. 5 and 6).
The diatropic ring-current is the strongest for the saddle point
at d = 4.435a, (see Fig. 3 and 6).

Integration of J™ for cubane yields a ring-current strength
of —4.62 nA T~ ! in each ring. The B™ calculations confirm that
cubane is deshielded suggesting antiaromaticity. Havenith et al.
explained that the paratropicity of cubane is due to collective
contributions from the four-membered rings.*' Although cubane
has been considered to be super-antiaromatic due to the large
positive NICS(0) value of 15.3 ppm,*® we show here that this is not
the case. When the two C,H, rings approach each other, the C,H,
dimer reaches an aromatic transition state with different occupied
frontier orbitals than at long distances between the rings. Cubane
is antiaromatic sustaining paratropic ring currents in the ¢ orbitals
of the strained sp® bonds. The large B value of —58.9 ppm in the

10
7.5

z (ay)

dI™/dz (nA/T/a,)

Fig. 6 The ring-current strength profiles (d/™/dz) along the z-axis are
calculated for the two C4H, rings with distances of d = 7.0, 4.4, and 2.96a¢
using an integration plane that intersects both rings. The horizontal dashed
lines denote the positions of the C4H, rings. Integration of the df™%/dz
curves yields twice the ring-current strengths in Table 1.
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middle of a C4H, ring of cubane is due to the paratropic ring
current in the ring plane.

4 Conclusions

We have studied how the aromatic character changes when two
cyclobutadiene rings approach each other in the face-to-face
orientation from far away as separate molecules to the cubane
structure. The magnetically induced current density and the
ring-current strength have been calculated at different distances
between the C,H, rings. The induced magnetic field in the
vicinity of the molecule has also been calculated in each step
along the reaction coordinate. The calculations show that the
C,H, rings are antiaromatic at long distances and that cubane is
also dominated by paratropic ring currents, whereas the transi-
tion state at intermediate interring distances is aromatic sustain-
ing diatropic ring currents in the two rings and between them.
Calculations at the B3LYP-D3(BJ), MP2, and CCSD(T) levels show
that the interaction energy between the C,H, rings increases as
they get closer. The face-to-face reaction coordinate can be
divided into three regions with significantly different tropicities
of the magnetically induced current density leading to signifi-
cant differences in the induced magnetic field in the vicinity of
the molecule. The first region of the reaction coordinate repre-
sents the regime where the C,H, rings interact weakly. Their
magnetic response is similar to two non-interacting antiaromatic
cyclobutadiene molecules. The van der Waals minimum (saddle
point) is obtained at an interring distance of 7.522a,. The second
region in the range of d = [3.4,4.7]a, corresponds to a transition
state with strongly interacting aromatic n-stacked C,H, rings
belonging to the Dg;, point group. The interring distance of the
aromatic transition state is 4.435a,. Finally, for short interring
distances that are less than 3.4a,, interring carbon bonds with a
length of 2.961a, are formed yielding the cubane structure
belonging to the Oy, point group. The strongly strained cubane
structure is known to be antiaromatic even though it has sp®
hybridized molecular orbitals forming single C-C bonds.
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