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Stabilization of [2.2]paracyclophane anion
as a result of transannular interaction ¥
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Topological analysis of the electron density distribution in the [2.2]paracyclophane radical
anion and radical cation based on the results of B3PW91/6-31+G(d) calculations revealed that
reduction of the electron affinity energy down to —0.5 eV (more than a twofold decrease
compared to benzene) is a result of transannular interaction between the benzene rings.

Key words: [2.2]paracyclophane and its radical anion and radical cation, theory "Atoms in
molecules," quantum-chemical calculations, transannular interaction

Intramolecular and intermolecular interactions be-
tween aromatic systems play a great role in the formation
of supramolecular structure. They are responsible for a
number of physicochemical properties of these systems
and can also serve as a basis for biological recognition
processes.:2 Analysis of the structures retrieved from the
Cambridge Structural Database (CSD) showed that in
most cases intermolecular stacking interaction is accom-
panied by minor displacement of aromatic rings relative
to each other while a perfect, "face-to-face" arrangement
of the rings is rare to occur.3 On the contrary, in the case
of intramolecular interactions between n-systems this type
of ring arrangement occurs quite frequently (see, e.g.,
Refs. 2, 4).

A classical example of the molecule with forced "face-
to-face" arrangement of aromatic rings is provided by
[2.2]paracyclophane (1, Fig. 1). Based on the geometric
criteria only, a strong stacking interaction must occur in

this system. According to X-ray analysis data,5 the dis-
tance between the "boat" planes of two aromatic rings in
unsubstituted [2.2]paracyclophane 1 is much shorter than
the sum of the van der Waals radii (3.099(1) vs. 3.40 A,
respectively). However, an experimental and theoretical
study of the electron density distribution function, p(r),
performed in the framework of the topological theory
"Atoms in molecule" (AIM)® in the same study? revealed
no attractive interaction between the ring nt-systems both
in the crystal and in isolated molecule. Similar results
were also obtained for the 4,7-benzoquinone[2.2]para-
cyclophane molecule with nonequivalent rings.” It should
be noted that in the last-mentioned molecule the rings are
rotated relative to each other by 11.4 in the crystal and
by 38° in the isolated molecule.

With allowance for intramolecular charge transfer8 in
the excited state of molecule 1 it was of interest to assess
how the changes in the HOMO and LUMO energies will
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Fig. 1. General view of and atomic numbering scheme for the
[2.2]paracyclophane molecule.

affect the character of the inter-ring intramolecular inter-
action. Such changes can be achieved by introducing elec-
tron-donor or electron-acceptor substituents and by
changing the charge of the molecule. Formally, molecules
with acceptor or donor substituents can be modelled us-
ing the [2.2]paracyclophane radical anion (1a) and radi-
cal cation (1c) as "electron-rich" or "electron-deficient”
systems, respectively.

This work was carried out in a continuation of our
investigations of the derivatives of compound 1.5:7 Here,
we report on a quantum-chemical study of radicals 1a
and 1c. The electron density distribution was analyzed in
the framework of the AIM theory. The advantages of this
theory in treating forced intramolecular interactions were
demonstrated in a number of theoretical”? and experi-
mental studies.>>19—12 Since in molecule 1 we deal with
charge delocalization between two aromatic systems, one
can expect a decrease in the electron affinity energy and
in the first ionization potential of 1 compared to the cor-
responding characteristics of benzene. For comparison,
we also calculated the energies of neutral benzene mol-
ecule and of the benzene anion and cation.

Quantum-chemical calculations of all the systems
studied in this work were carried out using the density
functional approach (UB3PWO91 functional) with the
6-31+G(d) basis set and the GAUSSIAN-98 program
suite.13 Full geometry optimization was performed us-
ing conventional convergence criteria (0.00045 and
0.0018 a.u. for the maximum force and displacement,
respectively).

When calculating open-shell systems, the problem of
spin state purity poses, because the wave function is not
an eigenfunction of the total electron spin operator and
can therefore contain an admixture of higher multiplet
states. In our calculations of the molecules containing
one unpaired electron the spin state purity evaluated from
the <S> magnitude deviates from an ideal value of 0.75
by at most 0.018 (2.4%, Table 1). Hence, the radicals

Table 1. Total energies (E), first ionization potentials (IP),
and electron affinity energies (EA) of [2.2]paracyclophane mol-
ecule 1, radical anion 1a, radical cation 1¢, benzene molecule,
benzene radical anion, and benzene radical cation obtained from
B3PW91/6-31+G(d) calculations

Sys- E,/hartree <S> EA P

tem oV

1 —619.0850172 0 —0.50 —7.45 (-8.1)4
la —619.0668275 0.755 — —

1c —618.8100389 0.759 — —
CeHy —232.1666136 0 —1.34 (—1.12)) —9.10 (=9.24)
CgHg™ —232.1173546 0.756 — —
Ce¢Hg™ —231.832088  0.768 — —

@ According to UV photoelectron spectroscopy data.!4
b Obtained from B3LYP/DZP++ calculations.15:16

under study are characterized by small admixture of higher
multiplet states.

Topological analysis of the function p(r) was performed
using the AIMPAC program package!” and the wave func-
tions obtained from optimization. Since the results> for 1
were obtained with the basis set containing no diffuse
functions, here we also carried out B3PW91/6-31+G(d)
calculations of neutral molecule 1 to provide a correct
comparison of the results.

Geometry optimization of 1a and 1c¢ was performed
without symmetry restrictions (under C; point symmetry
group). The bond lengths corresponded to the limiting
case (for these systems) of D,;, symmetry to an accuracy of
0.015 A. Geometry optimization of 1a under D,;, symme-
try and subsequent vibrational frequency calculations
showed that this structure corresponds to a saddle point
(one imaginary vibrational frequency of 50i cm~! was
found). An imaginary frequency characterizes the vibra-
tions accompanied by changes in the pseudotorsion angle
C(1)—C(2)—C(9)—C(10) (angle o, see Fig. 1). It should
be noted that in spite of imaginary frequency the energy
difference between the 1a anion structures with C; and
D,;, symmetry is only 0.1 kcal mol~!. This clearly indi-
cates a flattened potential energy surface in the vicinity of
the energy minimum for the torsional motion described
above. A similar situation was also observed earlier in
studies of neutral molecule 1.18—20 Tt was shown that sym-
metry of the structure corresponding to the energy mini-
mum of 1 depends on the computational method and the
basis set employed. For instance, B3LYP/4-21G(d) opti-
mization of the structure with D,, symmetry gave one
imaginary frequency,!8 while MP2/6-31G calculations led
to one and two imaginary frequencies for C,, and D,,
symmetry, respectively.!® Note that in the case of DFT
calculations the results (e.g., imaginary frequencies) are
affected by the numerical integration grid and by the type
of convergence criteria. For instance, an appreciable de-
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crease in the integration step in B3PW91/6-31G(d,p) cal-
culations leads to positive values of all eigenfrequencies of
the Hessian matrix. Hence, in this case the structure with
D,;, symmetry can be treated as corresponding to an en-
ergy minimum.>

The results of calculations are in good agreement with
the data of X-ray diffraction studies. Analysis of thermal
motion in the crystal of compound 1 (space group
P4,/mnm) showed that at 298 K the molecule is disor-
dered due to the superposition of two D, conformers dif-
fering in magnitude of the pseudotorsion angle ¢ (¢; = 3°,
¢, = —3°).21 A decrease in the temperature down to 100 K
causes the freezing out of torsional motion and ordering
of the molecule accompanied by an increase in the local
symmetry to D,

For more correct analysis of redistribution of the elec-
tron density, p(r), on going to the anion (1a) and cation
(1c) the topological analysis was carried out ignoring the
molecular symmetry.

Analysis of the geometry of the systems under study
revealed that the main bond lengths in 1a and 1c are
virtually the same as the corresponding parameters of
molecule 1 (see Fig. 1, Table 2). The distance between
the boat planes, d,, depends on both the length of the
ordinary bond C(1)—C(2) and the angle of deviation of
the atom C(3). The d, values for 1a and 1c are nearly the
same (see Table 2), being smaller than for 1. However,
this shortening is due to different reasons, namely, the
bond C(1)—C(2) in 1c is 0.024 A shorter than in 1 while
the atom C(3) is charaterized by greater deviation (0.191 A
vs. 0.159 A in 1). In 1a, the bridging bond is somewhat
less elongated (by 0.006 A) while the deviation of the
C(3) atom (0.131 A) is smaller than in 1.

The ring carbon—carbon bond lengths alternate. De-
pending on the charge of the species, the interatomic
distance C(4)—C(5) changes to the greatest extent, being
0.012 A shorter in 1c and 0.027 A longer in 1a due to the

Table 2. Main geometric parameters of molecule 1, radical an-
ion 1la, radical cation lc, benzene molecule, benzene radical
anion, and benzene radical cation obtained from B3PW91/6-
31+G(d) calculations

Bond,
distance

Distance/A

1c 1 1a

Ce¢Hg" CeHg CoHg™

C(1)—C(2) 1.580 1.604 1.598 — — —
C(2)—C(3) 1.513 1.510 1.509 — — —
C(3)—C(4) 1.418 1.400 1.400 1.390 1.396 1.425
C4)—C(5) 1.380 1.392 1.419 1.451 1.396 1.385
C(3)...C(14) 2.661 2.805 2.781 — — —
C(4)...C(13) 3.044 3.121 3.043 — — —
d* 0.191 0.159 0.131 — — —

* Deviation of the C(3) atom from the C(4)—C(5)—C(7)—C(8)
plane.

respective decrease and an increase in the electron den-
sity in the ring m-systems. Noteworthy is that the bond
length variation similar to that found for 1a is also ob-
served for the metal-coordinated ring in those transition-
metal complexes of 1 where molecule 1 acts as a n°-ligand.
For instance, according to X-ray diffraction study?? of
(m®-[2.2]paracyclophane)chromium tricarbonyl, the dis-
tances C(3)—C(4) and C(4)—C(5) in the Cr-coordi-
nated ring are 1.395 and 1.427 A, respectively, and the
C(1)—C(2) bond is lengthened to 1.599 A as compared to
the unsubstituted 1. This is likely a case for m-electron
back donation to the ligand aromatic system, which sub-
stantiates the possibility of using anion 1a as a model for
compounds with donor substituents.

The geometric parameters of the benzene anion
and cation are in good agreement with the results of
B3LYP/DZP++ calculations (see Refs. 15, 16). Similarly
to 1a, the benzene anion has a boat conformation with
two carbons deviating from the ring plane by 0.13 A. In
contrast to system 1a, the "central" bonds in the benzene
anion are shortened to 1.390 A (cf. 1.396 A for benzene)
while the remaining four bonds are lengthened to 1.425 A.
The benzene cation has a planar structure. The bond
lengths in this system change in opposite directions com-
pared to the benzene anion, namely, two oppositely lying
bonds are lengthened to 1.451 A while the remaining four
bonds are shortened to 1.385 A.

Analysis of the Mulliken spin densities in system 1la
showed that a negative charge of —0.2 ¢ is localized on
the boat plane atoms and a charge of —0.12 e is local-
ized on the remaining ring atoms. In cation 1¢, four at-
oms (C(3), C(6), C(11), and C(14)) bear the most part
of the positive charge (0.27 e). This is consistent with
the behavior of neutral compound 1 in the electro-
philic substitution reactions involving protonation at the
C(3) atom.23

The charge distributions in la and 1c are in good
agreement with the peculiarities of the electron localiza-
tion function (ELF)24 distribution shown in Fig. 2. The
ELF charaterizes the extent to which the kinetic energy
density at a given point differs from the corresponding
value calculated using the Thomas—Fermi approxima-
tion for free electron gas. The ELF values exceeding 0.5
correspond to the regions where the electron pairs and
unpaired electrons are localized. The ELF values were
calculated using the MORPHY program.25 As can be seen
in Fig. 2, the ELF sections in the regions of charge accu-
mulation on the C(4) and C(5) atoms in systems 1c and 1
(sections Al and B1, respectively) obey a nearly identical
pattern, whereas the electron density on these atoms in 1a
(section C1) appreciably increases with the distance from
the center of the molecule. As to the systems 1a and 1, the
electron density distributions on the atoms C(3) and C(14)
also obey a nearly identical pattern (see Fig. 2, sections
B2 and C2, respectively), while in system 1c¢ (section A2)
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Fig. 2. Electron localization function (ELF) distribution in the region of the C(4)—C(5) bond and in the fragment
C(3)—C(2)—C(1)—C(14) in cation 1c (sections Al and A2), molecule 1 (sections B1 and B2), and anion 1a (sections C1 and C2)
obtained from B3PW91/6-31+G(d) calculations. The contour plots correspond to the ELF values exceeding 0.5.

the maximum directed toward the center of the molecule
is somewhat smaller.

The internal energy difference between the species 1a
and 1 corresponds to the electron affinity energy. It was
estimated at 0.50 eV (B3PW91/6-31+G(d) calculations).
The internal energy difference between 1 and 1c corre-
sponds to the first ionization potential. Here, our calcula-
tions gave a value of 7.45 eV, which is close to the experi-
mental data (7.95 eV) obtained by UV photoelectron spec-
troscopy (see Table 1).25 The calculated ionization po-
tential and electron affinity energy of benzene are also
consistent with the results of B3LYP/DZP++ calcula-
tions (see Refs. 15, 16).

In molecule 1, charge delocalization over two aro-
matic systems occurs. Because of this, the first ionization
potential and the electron affinity energy of 1 are lower
than those of benzene. However, it should be noted that
the relative decrease in the ionization potential is only
17% compared to benzene, whereas the electron affinity
energy decreases by 63% (see Table 1).

The large (more than twofold) decrease in the elec-
tron affinity energy, the shortened (compared to neutral
system 1) interatomic distances C(3)—...C(14) and
C(4)—...C(13), and a local increase in the atomic charges
of C(3) and C(4) in 1c and of the boat plane carbons in 1a
suggest the possibility of transannular interaction to occur
in these systems. According to the AIM theory, such in-
ter-ring interatomic interactions imply that the (3, —1)
critical points (CPs) are located in the intramolecular
space. However, topological analysis of the function p(r)

carried out in this work showed that both systems 1 and 1¢
are characterized by the same characteristic set of CPs
including the (3, —1) CPs located in the regions of the
carbon—carbon and C—H covalent bonds, the (3, +1)
CPs corresponding to the formation of six-membered and
twelve-membered rings, and the (3, +3) polyhedral CP.
In the case of anion 1la, the characteristic set of CPs
additionally includes a group of four (3, —1) CPs located
between the boat plane carbons and characterized by an
electron density of 0.085 e A=3 (see Fig. 3) and four (3, +1)
CPs corresponding to the formation of six-membered rings
with p(r) = 0.079 eA3). Large separation (0.40 A) be-
tween these CPs indicates stability of the characteristic

¢

9 -- 1 5

| ~
i .

Fig. 3. General view of [2.2]paracyclophane radical anion; an
illustration of the interaction between aromatic rings (dashed
lines and small black circles in the interatomic space correspond
to the bonding paths and to the (3, —1) CPs, respectively).
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Table 3. Main topological characteristics of systems 1, 1a, and
1c obtained from B3PW91/6-31+G(d) calculations

CP position Parameter 1c 1 1a
Critical points (3, —1)

C(1)—C(2) p(r)? 1.468 1.414 1.432
Vp(r)?  —10.46 -9.798 —10.03

€ 0.030 0.021 0.017

C(2)—C(@3) p(r) 1.700 1.705 1.706
V2p(r) —14.23 —14.16 —14.20

€ 0.001 0.028 0.027

C(3)—C4) p(r) 2.035 2.084 2.072
V2p(r) -19.59 —19.94 —19.58

€ 0.134 0.206 0.225

C(4)—C(5) p(r) 2.157 2.090 1.980
V2p(r) -21.79 -20.03 —18.11

€ 0.134 0.222 0.198

C(5)—C(12) p(r) — — 0.085
V2p(r) — — 0.78
€ — — 1.23

Critical points (3, +1) and (3, +3)

Six-membered p(r) 0.139 0.143 0.139
ring V2p(r) 4.00 4.06 3.79
AP 0.37 0.38 0.35

Twelve-mem- p(r) 0.068 0.059 0.060
bered ring V2p(r) 0.77 0.64 0.77

Polyhedron p(r) 0.030 0.024 0.028
V2p(r) 0.50 0.45 0.45

a1n e+ A3 units.
5In e+ A= units.

set of CPs826 and its invariance with respect to both ring
rotation and changes in the angle ¢. Indeed, calculations
of system 1a with a fixed value of the angle of rotation of
the phenyl rings relative to each other (15°) showed that
the characteristic set of CPs and the p(r) value in the
region of transannular interaction remained unchanged.

Low electron density, as well as the positive signs of
the electron density Laplacian and the electron energy
density (0.009 a.u.), and high bond ellipticity (1.23) are
characteristic of weak closed-shell interactions (see, e.g.,
Refs. 11, 12). Almost all interactions of this type (e.g.,
B...(n-system),!! S...S,12 and halogen...halogen interac-
tions27-28) can be described in terms of the "peak—hole"
model. On the contrary, intramolecular interaction in the
radical anion la corresponds to the "peak—peak" type
interaction and is similar in character to a recently de-
scribed C=O0...(triazole) contact in 2-(3-carboxamido-
furoxan-4-yl)-4-nitro-5-carboxamido-2 H-1,2,3-triazol-
1-oxide.?? This seems to be a common feature of the
interaction between m-systems.

The eigenvalues, A, of the Hessian matrix at the
(3, +1) CPs of the phenyl ring characterize the curvature
of the electron density distribution along the normal to
the ring plane. Noteworthy is that their absolute values,
||, for 1a and 1 are nearly equal (0.37 and 0.38 eA=3) in

spite of the different charges of these systems
(¢f. asomewhat lesser value, |\,| = 0.35 e A3, obtained for
radical cation 1c¢). The change in the absolute value of A
for these systems also shows that despite accumulation of
the electron outside of the rings, in 1a is also found an
increase in the inter-ring space.

Those CPs that are common to all compounds studied
in this work are characterized by close values of the main
topological characteristics of the electron density distri-
bution (p(r), V2p(r), and bond ellipticity values). The
largest difference was found for the (3, —1) CP in the
region of the C(3)—C(4) bond (p(r) = 2.16, 2.09, and
1.98 eA—3 for 1¢, 1, and 1a, respectively). The decrease in
the electron density at this CP for 1a is due to the inter-
ring charge transfer.

Formally, the increase (decrease) in the ellipticity ()
of the ordinary bond C(1)—C(2) in 1c¢c (1a) points to a
respective decrease (increase) in the t-component of the
bond and indirectly indicates an increase in the contribu-
tion of the inter-ring "through-the-ethylene-bridge" in-
teraction. The C(3)—C(4) bond ellipticity correlates with
the angle of deviation of the C(3) atom. For instance, the
corresponding € value for 1a is greater than for 1 because
of the smaller angle of deviation in spite of the same
C(3)—C(4) bond length (1.400 A) in both systems.

Thus, our quantum-chemical study showed that the
decrease in the electron affinity energy and stabilization
of radical anion 1a is a result of intramolecular trans-
annular interaction. Taking into account a similar pattern
of the bond length distribution in 1a and transition metal
complexes of 1, we can hope that the transannular inter-
action also occurs in neutral molecules containing strong
electron-donor groups, which is of unquestionable inter-
est for creation of optoelectronic devices and materials
possessing nonlinear optical properties.
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