7T-7T Interactions between Pyrylium and Phenyl Rings in the Crystal
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The crystal structures of two isomeric phenyl-substituted pyrylium perchlorates, 2,6-dimethyl-4-phenylpyrylium (1) and 2,4-dim ethyl-6-phenylpyrylium (2), have been determined.
Both cations are planar in the crystal so that the electron deficient pyrylium rings can interact
strongly with the phenyl rings of adjacent molecules forming stacks along the shortest crystallographic axis. The phenyl rings may act as donors in a charge transfer interaction which
is more pronounced in 1 than in 2. Charge transfer appears as a non-mandatory consequence
of the 7T-7T stacking. The structures demonstrate the electrostatic nature of these interactions
conforming to the model of Hunter and Sanders [ 1].

Introduction
Recently there has been a revived interest in the ttespecially since Hunter and Sanders
have advocated its electrostatic nature and have pro
posed a simple model [ 1 ] to account for this elusive
soft binding mode which plays key roles in a range
o f phenomena spanning from host-guest chemistry
to the stacking o f nucleotide bases. Basically this
model proposes an attractive interaction between
the a and 7r electrons in order to overcome the re
pulsion between two ix systems and provides the
means to predict the geometries o f various aromatic
interactions. Convincing evidence for this model
has been brought forth by showing that in systems
where two aromatic rings are forced into close con
tact, reducing the electron density with substituents
in both rings, has a stabilizing effect on the tt- tt
interaction [2, 3]
7T interaction,

fact has not yet been put into evidence in spite of
the w ell combed field o f pyrylium chemistry [4, 5].
The positive charge o f pyrylium cations is mostly
delocalized into the a (2,6) and 7 (4) positions as
shown both by calculations and attack by nucle
ophiles [4], Substitution by phenyl rings in these
positions on one hand reduces the charge deficit
making these positions less reactive towards nucle
ophiles [6 ], and on the other hand results in partially
positively charged phenyl rings which again should
be good candidates for it- tt interactions. We grew
crystals o f the 7 -phenyl substituted pyrylium per
chlorate 1 and o f the isomeric ct-phenyl substituted
pyrylium perchlorate 2 [7] and submitted them to
X-ray analysis. We hoped to gain insight not only
into the molecular structure but also into the crystal
packing which might reveal interactions between
the pyrylium and phenyl rings.

The pyrylium cation represents the most effective
way to reduce the electron density in a phenyl ring
as substitution o f a CH moiety by 0 + is the strongest
single perturbation which leads to a stable system
[4]. Accordingly, pyrylium rings having reduced 7r
electron density should show strong 7 t- tt interac
tions in view o f the Hunter-Sanders model. This
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Fig. 1. The structure and atom numbering of cations 1 and 2.

Table I. Crystallographic data and details of the X-ray
diffraction experiments.
Compound

1

2

Formula
MW
Space group
A
a [A]
b [A]
c [A]
a [°]
0 l° ]
7 [°J
V [A ]
dc [g/cm- ]
Z
H (Mo - Kq ) [cm- 1 ]
AO [°]
Scan method
No. of reflections
I > 3<t (I)
Unique
No. of LS parameters
Weighing factor

C n H n O .C l
284.6
P2|/n
Mo - K q
11.304(9)
8.153(2)
14.776(14)
90
102.75(7)
90
1328.2
1.423
4
3.05
0 -2 5
u
2648
1583
1520
236

c , 3h , 3o 5c i
284.6
Pi
M o - Kq
7.420(4)
9.749(3)
9.870(1)
79.49(4)
88.29(3)
70.74(3)
662.3
1.426

1

1

Table II. Selected bond lengths (A) with e.s.d.’s in paren
theses for cations 1 and 2 and for the main orientation of
their anions.
Bond

1

2

Bond

1

2

Cl-O l
C l-0 2
C l-03
C l-0 4
05-C1
05-C 5
C1-C2
C2-C3
C3-C4
C4-C5
C1-C6

1.436(4)
1.395(5)
1.382(6)
1.382(2)
1.349(3)
1.334(4)
1.358(5)
1.395(4)
1.416(4)
1.348(5)
1.478(6)

1.413(3)
1.375(4)
1.429(3)
1.416(4)
1.362(3
1.333(3)
1.358(4)
1.386(4)
1.381(3)
1.324(3)
1.469(5)

C8-C9
C9-C10
C10-C11
C11-C12
C12-C13
C13-C8
C5-C7
C3-C8
C3-C7
C5-C8

1.406(4)
1.384(5)
1.370(6)
1.381(5)
1.384(5)
1.388(5)
1.492(4)
1.469(4)

1.391(3)
1.377(3)
1.370(4)
1.378(5)
1.380(4)
1.395(3)

-

-

1.496(4)
1.463(3)

2

3.06
0 -2 5
uo
2475
2015
1890
240

Results and Discussion
The experimental data were collected using an
“Enraf-Nonius” CAD-4F diffractometer. The struc
tures were solved and refined with the AREN
program package [8 ]. The structures o f the two
pyrylium cations are shown in Fig. 1. Table I
presents the main crystallographic data and the de
tails o f the analysis. The perchlorate anions are dis
ordered. Selected bond lengths and bond angles for
1 and 2 are given in Tables II and III, respectively.
Both cations are practically planar having di
hedral angles between the planes o f the pyrylium

and phenyl rings o f 3.8° in 1 and 2.0° in 2. The
bond lengths and angles are on the whole close to
those encountered in other pyrylium salts [9]. The
pyrylium rings are distorted hexagons as the C lC2 and C4-C5 bonds are slightly shorter than the
C2-C3 and C3-C4 bonds and the C2-C3-C4 an
gles opposite to the oxygen heteroatom are smaller
than 120°. These data, together with the inter-ring
bond distances and planar structure, indicate exten
sive conjugation between the pyrylium and phenyl
rings.
In both structures the pyrylium cations form
stacks along the shortest crystallographic axis : b
in the crystal of 1 and a in the crystal of 2 (Fig. 2).
In these stacks the cations are related by center of
symmetry in such a way that their planes are paral
lel and form the angles o f 57.6° (in 1) and 67.3° (in
2) to the axis o f the corresponding stack. If viewed
perpendicularly to the mean molecular planes, the
stacks are assembled by pairs o f m olecules in which
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Angle

1

2

Angle

1

2

01-C 1-02
01-C1-03
01-C 1-04
02-C1-03
02-C 1-04
03-C 1-04
C5-05-C1
05-C1-C2
C1-C2-C3
C2-C3-C4
C3-C4-C5
C4-C5-05
05-C 1-C 6
C2-C1-C6
C8-C9-C10
C9-C10-C11

106.7(4)
106.8(3)
105.5(3)
115.6(4)
109.2(3)
112.1(5)
120.7(3)
120.0(3)
121.4(3)
115.8(3)
120.5(3)
121.3(2)
112.7(3)
127.1(3)
120.0(3)
121.3(3)

109.5(3)
112.6(3)
110.9(2)
106.9(2)
112.0(3)
104.6(3)
122.4(2)
118.1(2)
120.9(3)
116.8(2)
122.4(3)
119.1(1)
114.1(2)
127.6(3)
120.4(2)
120.2(3)

C10-C11-C12
C l 1-C12-C13
C12-C13-C8
05-C 5-C 7
C4-C5-C7
C2-C3-C8
C4-C3-C8
C3-C8-C9
C3-C8-C13
C13-C8-C9
C2-C3-C7
C4-C3-C7
05-C 5-C 8
C4-C5-C8
C5-C8-C9
C5-C8-C13

119.0(4)
120.7(5)
120.7(3)
112.4(3)
126.2(4)
122.5(2)
121.5(3)
120.7(4)
121.1(3)
118.1(3)

120.0(3)
120 .6 ( 2 )
119.5(3)

-

-

Table III. Selected bond angles (°) with
e.s.d.'s in parentheses for cations 1 and 2 and
for the main orientation of their anions.

-

119.0(2)
122 . 1 (2 )

120.9(3)
114.5(1)
126.3(3)
119.3(2)
121.5(2)

The main difference between the crystal struc
tures of 1 and 2 consists in the extent o f the overlap.
In 1 the overlap is extensive within a pair (Fig. 3) and
practically absent between pairs (Fig. 4). However,
the interplanar separation is larger within the pairs
(3.55 A), than between pairs (3.30 A) where actu
ally the shortest non-bonded intermolecular contact
is 3.42 A between the two C 13 phenyl carbon atoms
(superimposed in Fig. 4). In 2 the manner of overlap
is more regular and therefore not so extensive within
a pair (Fig. 3, interplanar spacing 3.42 A) but more
pronounced between the pairs (Fig. 4, interplanar
spacing 3.41 A).

Fig. 2. The view of the stacks in crystals of
the shortest crystallographic axis.

1 and 2 along

the phenyl ring overlaps partially with the pyrylium
ring. This slipped geometry conforms very w ell with
the prediction o f the Hunter-Sanders model for two
interacting it systems. The perchlorate anions, be
side equilibrating the charge and thus accounting for
the main electrostatic interaction, have also a space
filling role and occupy an intermediate position be
tween a pyrylium ring o f one pair and the phenyl
ring o f an adjacent pair. Although the two salts crys
tallize in different space groups, the crystal packing
is very similar. This im plies that the ionic forces be
tween the perchlorate anion and the organic cation
are very similar in both cases.

W hile crystals o f 1 are orange-red, those o f 2 are
pale yellow. This is an indication that the interaction
in 1 has charge transfer character, and this must
presumably occur from the phenyl to the pyrylium
rings. In solution we could not find any evidence
o f charge transfer and in 1 , 1 ,2 ,2 -tetrachloroethane
the absorption maximum of 2 is at 360 nm which is
bathochromically shifted by 14 nm in comparison
to the maximum o f 1(346 nm). Thus it is only in
the crystal of 1 that a charge transfer interaction
probably occurs. This argues in favour that the 7r7r stacking is the more general phenomenon with
charge transfer as a particular case brought about
by a special electronic distribution.
It is well established, both experimentally and
computationally [4], that in pyrylium cations the
Q-positions are more positively charged than the
7 -positions. Thus a phenyl group conjugated to
a pyrylium ring will be electron richer in the 7 -
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Fig. 3. The overlap within a pair of cations in the stack of
structure 1 connected by the center of symmetry in ( 1/ 2 ,
1/ 2 , 1/ 2 ), and in the stack of structure 2 connected by the
center of symmetry in ( 1/ 2 , 1 , 1/ 2 ).

position and electron poorer in the a position. When
pairing by 7T-7T interactions a phenyl group with a
pyrylium ring, in the case o f the 7 -phenyl group
(i.e. 1 ) the pairing is more polar having an increased
charge transfer character. In 2 the a-phenyl overlaps
with a less positive pyrylium ring so that the ir-ir
interaction is now less polar. This accounts for the
differences between the crystal packing o f 1 and 2.
In the related crystal structure of Nphenylpyridinium chloride hydrate 3 [10] two
m olecules are encountered in the asymmetric unit
and a similar pairing o f phenyl rings with the posi
tively charged pyridinium rings was observed. Un
like the isoelectronic biphenyl which is planar in the
crystal (but twisted in solution or the gas phase) in
3 a dihedral angle o f about 45° was found between
the rings. It may be predicted that in systems where
phenyl groups are strongly twisted out o f the plane
o f 7r-deficient heterocycles due to steric reasons,
no stacked arrangements will be encountered. Such
examples are provided by (i) 1-phenyl-2,4,6 -trimethylpyridinium perchlorate 4 in which the phenyl
ring is almost perpendicular (83.5°) to the pyri
dinium ring [11], and by (ii) 4-phenyl-2,3,5,6-tetramethylpyrylium perchlorate 5 [12] where no 7T-7T in
teractions occur in the crystal. Thus the combination
o f the two stabilizing factors, elec tro n ic co n ju g a 
tion and 7T-7T in te rm o le c u la r in te ra c tio n s planarize
phenyl-hetaryls ensuring a close packing in the crys
tal. Compounds in which the electronic conjugation
between the rings is hindered due to in tra m o lec u 
la r c o n ta c ts , give rise to non-planar structures with
loosely packed crystals.
In a recently described [2+2] photodimerization
o f a 4-styrylpyrylium salt in the crystal. [13] the

Fig. 4. The overlap between the pairs of cations in the
stack of structure 1 connected by the center of symmetry
in ( 1/ 2 , 0 . 1/ 2 ) and in the stack of structure 2 connected
by the center of symmetry in (0 , 1 , 1/ 2 ).

encountered cyclobutane photoproduct can be ratio
nalized by the 7T-7r interaction between the pyrylium
and phenyl rings. These interactions are also respon
sible for reassembling the initial crystal after ther
mal decomposition o f the photoproduct, being thus
potentially o f use in information storage systems.
In conclusion, in phenyl substituted pyrylium
salts where conjugation between the rings is sterically allowed, there is a face-to-face phenyl to
pyrylium arrangement with slipped geometry. In 1,
due to the stronger polarization within a pair, the
7T-7T interaction gains charge transfer character.
Experim ental
The structure of 1 was solved by the automatic direct
method. The phase correction procedure [8 ] was applied
to the best E-synthesis and revealed all non-hydrogen
atoms leading to R = 0.240. This model was then re
fined by a least squares procedure, at first isotropically
(R = 0.151), then anisotropically (R = 0.082). The sub
sequent difference synthesis revealed all hydrogen atoms
and additional positions o f three oxygen atoms of the an
ion which thus appears as disordered corresponding to
a rotation around the C l-0 4 axis. The refinement of the
occupancy for the perchlorate oxygen atoms led to the
proportion 0.8 : 0.2. Further refinement, with anisotropic
thermal parameters for the non-hydrogen atoms in the
cation and the main positions of the anion, and with
isotropic thermal parameters for the hydrogens and the
additional oxygen positions in the anion, led to the final
R = 0.048.
An attempt to solve directly the structure o f 2 met with
failure and phase determination in space group PI had to
be applied to the peaks of the best E-synthesis obtained in
space group PI [14], The doubled number of peaks was
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chosen. After fourteen iterations the residual was reduced
from 0.528 to 0.227, and all non-hydrogen atoms of the
two cations and two chlorine atoms were revealed. The
next F-map revealed the positions of the oxygen atoms of
the anions. This model was refined isotropically to R =
0 . 1 3 1 , and then the center of symmetry was located at co
ordinates (0.5,0.862,0.303) with a relative large displace
ment from the origin. Further refinement was performed
in space group P i, at first isotropically (R = 0.122), then
anisotropically (R = 0.071). The difference synthesis re
vealed nine hydrogen atoms and additional positions for
all four oxygen atoms of the anion. The occupancies of
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