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Abstract—The reaction of [2.2]paracyclophane with nitrosonium tetrachloroaluminate was studied by NMR
(*H, "C) spectroscopy using deuterium isotopic perturbation technique. The resulting cationic complexes
containing one and two nitrosonium ions are involved in fast (on the NMR time scale) interconversion.
Quantum-chemical calculations performed on the DFT level (using triple zeta basis set) indicate the higher
stability of 21 single-charged n-complexes relative to ¢ complexes corresponding to the addition of NO™ ion at
the ipso and ortho positions. The formation of the single-charged n-complex is energetically more favorable,
compared to the double-charged m-complex. The affinity of NO* for [2.2]paracyclophane is much greater than
for p-xylene, presumably due to stacking interaction between the aromatic rings in the n-complex.
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Nitrosonium complexes of aromatic compounds
have long attracted researchers’ attention [2]. In the
recent time, interest in such complexes increased due
to discovery of a unique role of NO molecules in
processes occurring in living organisms [3]. It was pre-
sumed that NO molecules may be involved in bio-
logical processes in the oxidized form, i.e., as nitroso-
nium cation NO" [4]. Up to now, the structure and
reactivity of numerous complexes derived from
aromatic compounds and NO" ion have been studied
[1, 2, 5, 6]. However, only a few published data are
available on nitrosonium complexes of cyclophanes
[1, 5] (cf. [7]), though such complexes attract specific
interest taking into account unusual structure of a num-
ber of cyclophanes. The aromatic rings therein are
arranged in such a way that stacking interaction be-
tween them becomes possible. Analogous interactions
play an important role in the formation of supramolec-
ular structures and largely determine their properties
[8]. Stacking interactions together with interactions
like cation—zm-aromatic system underlie biological
processes responsible for molecular recognition,
neurological signalization, and other important events
in living nature [9—11].

The goal of the present work was to study the struc-
ture and reactivity of [2.2]paracyclophane nitrosonium
complexes by theoretical and experimental methods.

* For preliminary communication, see [1].
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The geometric parameters of [2.2]paracyclophane {the
distance between the aromatic rings is considerably
shorter than the sum of the van der Waals radii,
3.099(1) and 3.40 A, respectively [12]} suggest
a strong interaction between the aromatic rings. The
reaction of [2.2]paracyclophane (I) with NO"AICI; in
SO,—CD,Cl, at —80°C gives rise to single- and double-
charged nitrosonium complexes which are likely to
originate from m—7 interaction and undergo fast inter-
conversion on the NMR time scale (Scheme 1). This
follows from the 'H and °C NMR data. Addition of
an equimolar amount of NO" AICI; to a solution of
compound I induces a relatively small downfield shift
of signals from the aromatic hydrogen and carbon
atoms, as compared to their positions in the spectra of
initial [2.2]paracyclophane (Table 1) (cf. [13—15]). It is
known that °C chemical shifts of charged m-electron
systems are related to the electron density on the cor-
responding carbon atoms [16]. The calculated overall
positive m-charges on the aromatic carbon atoms in
n-complex II (Table 1) are similar to those found for
n-complexes formed by nitrosonium ion with naphtha-
lene and methylnephthalenes (gx = 0.34-0.54) [14] but
appreciably lower than for [2.2]paracyclophane pro-
tonated at the ipso position (g = 1) [17]. Raising the
NO" AICI3-to-I molar ratio (n) from 1 to 6 leads to
further displacement of the aromatic proton and carbon
signals to a weaker field. The smaller gain in Adc on
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Scheme 1.
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the plot of Adc versus # in the » range from 1 to 6, as
compared to the » range from 0 to 1, and the
subsequent flattening of the plot may be regarded as
an evidence that dicationic w-complex III is involved
in equilibrium (Scheme 1, Fig. 1) (cf. [18]). The
formation of complex III is also supported by the data
obtained for complex V derived from p-xylene (IV)
and NO" ion, which is a close analog of nitrosonium
[2.2]paracyclophane complex. As might be expected,
the plot of Ad¢c versus the NO"AICI,—IV ratio flattens
out at a smaller value of n (~2) (Fig. 2), and the
calculated value of ¢y is considerably lower (Table 1).

Additional experimental proofs for the formation of
n-complexes II and ITI rather than ¢ complexes VI and
VII involved in fast interconversion (Schemes 2, 3)
were obtained using isotopic perturbation technique
[19, 20]. Addition of a suspension of 4-deutero[2.2]-
paracyclophane in CD,CI, to a solution of NO"AICI;
in SO, at —60°C led to formation of complexes which
showed a weak isotope effect on the aromatic carbon
signals in the °C NMR spectrum (3¢ = 0.3 ppm at
—50°C); these data are inconsistent with the version
implying fast interconversion of ¢ complexes (cf.
[13, 14, 19-22]).

Table 1. 'H and °C NMR spectra of [2.2]paracyclophane (I), p-xylene (IV), and nitrosonium complexes II, III, and V in
SO,-CD,Cl, (=75°C) and calculated total & charges (¢y) on the aromatic carbon atoms

Compound Ratio 8('H). ppm 8("*C), ppm AZS(Cyrom), ta
no. ArH-NO"AICI; CH, (CHs) Hyom CH, (CHs) C c° ppm 4=

I — 3.01 6.48 34.54 140.33 133.38
I 1:1 3.27 7.09 34.35 149.90 137.52 71.40 0.45
11, II1 1:2 3.33 7.18 34.34 150.54 137.89 76.92 0.48
11, 11 1:4 3.41 7.34 34.20 154.00 139.37 102.60 0.64
I1, 111 1:6 3.41 7.34 34.14 153.96 139.33 102.12 0.64
v — 2.22 7.04 20.10 135.30 129.50
IV, v 1:1 2.46 7.52 20.61 145.02 136.86 48.88 0.31
A\ 1:2 2.57 7.74 20.85 149.61 138.88 66.14 0.41
\% 1:4 2.57 7.74 20.87 149.66 138.90 66.32 0.41
\% 1:6 2.57 7.74 20.86 149.64 138.88 66.24 0.41

 Calculated assuming 160 ppm per unit 7 charge [14, 16].
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Fig. 1. Plot of the *C chemical shift differences between
n-complexes II and III and [2.2]paracyclophane versus
NO" AICI;-I molar ratio.
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Fig. 2. Plot of the '*C chemical shift differences between
n-complex V and p-xylene versus NO* AICI;-IV molar ratio.

Our DFT calculations (3Z basis set) [23] also in-
dicated greater stability of m-complexes as compared to
o complexes. Starting from structures VI and VII with
standard geometry, optimization at a fixed length of
the C-N bond (1.5 A) gave structures with higher
energies than those of 21 n-complexes; moreover, these
structures did not occupy minima on the potential
energy surface. Further optimization with removal of
limitations on the C—N bond length led to m-complexes
having considerably extended C-NO bonds (2.3-2.5 A
to the nearest ring carbon atoms and 2.7-3.4 A to more
distant atoms) and occupying minima on the potential
energy surface (Table 2, Fig. 3). The NO group in

these complexes is oriented at a certain angle with
respect to the aromatic ring plane and is directed either
outside or inside (2na and 2nb complexes, respec-
tively). Analogous results were obtained by the cal-
culations performed on the B3LYP level [6-31G(d)
basis set] [24]; they showed that the 6 complex derived
from benzene and NO' does not correspond to
an energy minimum on the potential energy surface.
Among the optimized structures, the 2na m-complex is
the most energetically favorable, and its geometric
parameters are similar to those obtained experimental-
ly by X-ray analysis of the m-complexes formed by
NO" ion with hexamethylbenzene [25] and other
arenes [2, 6, 26] (Table 2). Complexes of this type are
characterized by angular orientation of the NO group
with respect to the normal to the benzene ring plane,

Scheme 2.
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Table 2. Calculated (DFT) energies of formation (E), affinities of NO" ion for [2.2]paracyclophane and p-xylene (Ano+).
charges on the NO group (gno+), and some geometric parameters of nitrosonium complexes

Complex Efau. Ano+ kI/mol | I(NO), A I(CC).* A dsA 0.} deg Ino*
2na —748.28017 312.8 1.130 1.409 2.13 29 0.29
2nb —748.27236 292.3 1.127 1.408 2.30 68 0.32
NO'ArH® - - 1.09+0.02 | 1.41+£0.01 | 2.12+0.07 36+15

11| —877.74317 1.7 1.116 1.411 2.17 28 0.43
\Y% —440.13770 275.2 1.124 1.410 2.13 30 0.35
VIII —748.25994 259.7 1.139 1.408 1.80 86 0.29

* 1 a.u.=2625.5 kl/mol.

® Arithmetic mean of the bond lengths in the aromatic ring bearing the NO" ion.

¢ Distance from the nitrogen atom to the aromatic ring plane.
4" Angle between the NO bond and normal to the aromatic ring plane.

© Average data obtained by the X-ray diffraction method for the m-complexes formed by NO' ion with toluene, o-xylene, p-xylene,
mesitylene, durene, pentamethylbenzene, and hexamethylbenzene [26].

f Affinity of NO cation for m-complex II.

sp® hybridization of the aromatic carbon atoms, and
considerably extended C—N bonds between the NO
nitrogen atom and the nearest carbon atoms of the
corresponding ring (2.0-2.5 A).

According to the calculations, the formation of 2na
n-complex from [2.2]paracyclophane and NO" cation
is a strongly exothermic process (AE = 312.8 kJ/mol),
while the addition of the second NO" cation to that
complex with formation of m-complex III is accom-
panied by very small gain in energy (AE = 1.7 kJ/mol).
This is consistent with the above data on variation of
Ad¢ depending on the NO"AICIl, I ratio (Fig. 1). It
should be noted that double-charged complex III
resembles 2na n-complex in geometric parameters
(Fig. 3, Table 2). The NO" groups in complex III are
characterized by transoid arrangement, and each of
these groups possesses a greater positive charge than
that on the NO" group in 2na n-complex.

The addition of NO" to [2.2]paracyclophane with
formation of 2na m-complex shortens the distance
between the benzene rings (/5 14 = 2.73, I, 15 = 3.08 A)
relative to that distance in initial [2.2]paracyclophane
(li14 = 2.82, 1415 = 3.14 A). Analogous pattern was
observed in the complex formation between [2.2]para-
cyclophane and Cr(CO); fragment [27, 28]. Theoretic-
al study of [2.2]paracyclophane showed that approach
of its benzene rings to each other increases the outer
parts of the carbon atomic orbitals in the e;, molecular
orbital, which should enhance the donor power of
those rings [28]. In fact, comparison of the calculated
Ano+ values for [2.2]paracyclophane and p-xylene
(Table 2) indicates greater donor power of [2.2]para-
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cyclophane with respect to NO', and the difference is
fairly large (AAno+ = 37.6 kJ/mol). This is consistent
with our experimental data on competing interactions
of [2.2]paracyclophane and p-xylene with NO". As
follows from the "H and '>C NMR spectra, addition of
an equimolar amount of NO"AICI; to a suspension of
[2.2]paracyclophane and p-xylene in CD,CIl,—SO,
(1:1, by volume) at —75°C leads to formation of com-
plexes II and III, while the chemical shifts of p-xylene
almost do not change. The geometric parameters of
nitrosonium complex V are fairly similar to those of
2na n-complex (Fig. 3, Table 2); therefore, increased
affinity of [2.2]paracyclophane to NO" ion is likely to
originate from stacking interaction of the aromatic
rings in the m-complex.

A specific property of [2.2]paracyclophane is its
ability to form inner nitrosonium complexes in which
the NO" ion is located between the aromatic rings
(cf. [5]). An attempt to simulate this structure on the
DFT level, followed by geometry optimization, gave z-
complex VIII. The NO group in structure VIII resides
at one side of the carbon skeleton, and the C—N bonds
between the nitrogen atom and carbon atoms of the
aromatic ring are relatively short (Fig. 3). The forma-
tion of complexes where the NO™ ion is coordinated to
two aromatic molecules was previously revealed by
spectral methods, as well as by X-ray analysis [2, 6].

Thus [2.2]paracyclophane is capable of forming
both single- and double-charged nitrosonium w-com-
plexes, and its increased affinity for NO" ion may be
rationalized in terms of stacking interaction between
the benzene rings in the resulting n-complex.

No. 3 2006
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Fig. 3. Structures of m-complexes II, 11, V, and VIII optimized on the DFT level.

EXPERIMENTAL

The 'H and °C NMR spectra were recorded on
Bruker AM-400 and AC-200 spectrometers (400 and
200 MHz for 'H and 100.6 and 50.3 MHz for “°C,
respectively). The chemical shifts were referenced to
the solvent signals (CD,Cl,: & 5.33, 6¢ 53.6 ppm).

[2.2]Paracyclophane from Fluka (purum, >99%)
was used; p-xylene of pure grade was distilled and
dried by keeping over 4-A molecular sieves; CD,Cl,
containing 99% of deuterium was distilled over P,O:s.
4-Deutero[2.2]paracyclophane was synthesized ac-
cording to the procedure described in [29] by treatment
of 4-bromo|[2.2]paracyclophane [30] with butyllithium,
followed by reaction of the organolithium derivative

thus formed with D,O. Sulfur dioxide [31] and nitroso-
nium tetrachloroaluminate [32] were prepared by
known methods. Solutions of nitrosonium complexes
IT and III for NMR studies were prepared by adding
a suspension of [2.2]paracyclophane in CD,Cl, to a so-
lution of NO"AICI; in SO, (¢ = 0.1 M), cooled to
-80°C. The CD,C1,—SO, volume ratio was 1:1. Next
portions of NO" AICI; were then added to the solution
thus obtained, and its NMR spectra were recorded.
The molar ratios NO" AICI;—[2.2]paracyclophane are
given in Table 1. Solutions of the deuterated complex
and nitrosonium complex of p-xylene were prepared in
a similar way.

Quantum-chemical calculations by the DFT method
using the PBE potential were performed with the aid of

RUSSIAN JOURNAL OF ORGANIC CHEMISTRY Vol. 42 No. 3 2006
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Priroda software package [23]. Triple zeta basis set
{(11s6p2d)/[6s3p2d] for the carbon, oxygen, and
nitrogen atoms and (5s51p)/[3s1p] for hydrogen atoms}
was used in geometry optimization. Critical points on
potential energy surfaces were identified by calculating
Hesse’s matrix [33].

This study was performed under financial support

by the Russian Foundation for Basic Research (project
no. 02-03-32881).
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