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Hydrogen-bridged chelate ring-assisted m-stacking

interactions

A salicylideneaniline (SA) derivative, (62)-6-({[2-(hydroxy-
methyl)phenyl]amino}methylidene)-3,5-dimethoxycyclohexa-
2,4-dien-1-one monohydrate, has an increased aromaticity
within its hydrogen-bridged chelate ring owing to its NH
character. In the reported crystal structure, nonconventional
m-stacking interactions, which are referred to as hybrid n-
stacking interactions, are observed between a quasiaromatic
chelate ring, formed as a result of the resonance-assisted
intramolecular hydrogen bond and ordinary aromatic rings.
Besides, m-stacking interactions are also seen between two
hydrogen-bridged quasiaromatic chelate rings, which are
referred to as pure m-stacking interactions. A CSD search
has revealed that both kinds of interactions are frequently
observed in molecular crystals of SA derivatives in fully or
partially NH tautomeric form, and aromaticity levels of
certain fragments of SA derivatives have dramatic effects on
their stacking arrangements. These interactions are distin-
guished from the usual 7- - -7 interactions by their formation
character, i.e. both o- and 7-deficient and o-deficient character
of pure interactions is more pronounced than that of the
hybrid ones.

1. Introduction

The importance of stacking interactions involving aromatic -
systems has been shown for various types of molecular crystals
(Kar et al., 2008; Churchill & Wetmore, 2009; Reger et al.,
2009; Schneider, 2009; Holy et al, 2009; Ringer & Sherrill,
2009; Zheng et al., 2010; Egbe et al., 2010). Intermolecular
interactions relating to aromatic moieties such as m---w
stacking are important in supramolecular chemistry, materials
science and even biochemistry (Tsuzuki, 2005). It is well
known that 7—m interactions are very difficult to control owing
to their lack of strength and directionality (Noveron et al.,
2002; Garcia-Baez et al., 2003; Olenik et al., 2003; Marsden et
al., 2005). However, there are some literature examples
describing the influence of m—m interactions on the formation
of special molecular arrangements (Yang et al., 2009; Blanco et
al., 2009; Kumagai et al., 2009; Banerjee et al., 2009; Reger et
al., 2010). Planar chelate rings in transition metal complexes
called metallacycles can also participate in stacking interac-
tions similar to those of aromatic organic molecules (Bogda-
novic et al., 2002; Castineiras et al., 2002; Tomic et al., 2003;
Craven et al., 2003; Mukhopadhyay et al., 2004; Tomic et al.,
2004; Medakovi¢ et al., 2004; Philip et al., 2004; Tsubaki et al.,
2005; Tomic et al., 2006; Allali et al., 2009) and are of impor-
tance in terms of crystal engineering and design considerations
(Sredojevic et al., 2010). The presence of such interactions is
regarded as structural evidence for metalloaromaticity (Masui,
2001; Fernandez et al., 2009; Karabiyik et al., 2010).
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At this point, the question whether chelate rings not
mediated by a metal ion, namely hydrogen-bridged quasi-rings
in organic compounds, can participate in m-stacking interac-
tions is still an intriguing item for crystal engineering and
sustains its timeliness. In principle, there is no impediment for
the observation of such m-stacking interactions, but there have
not been any articles published yet on this topic. Aromatic
Schiff bases are one of the most promising chemical species to
be considered for this purpose because of their structural and
electronic properties mentioned below. The structures of
ortho-hydroxy aromatic Schiff bases, in particular salicylide-
neaniline (SA) derivatives, have received much attention
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Figure 1
(a) Possible tautomeric forms of SA, (b) chemical diagram of the
compound studied, (6Z)-6-({[2-(hydroxymethyl)phenyl]amino}methyli-
dene)-3,5-dimethoxycyclohexa-2,4-dien-1-one monohydrate, and (c)
chart showing aromaticity situations of the rings together with the
electron transfer route in the compound studied. The cis labeling is based
on the relative positions of the tautomeric H and O atoms in an ortho
position. Partial aromatic rings are represented by dashed circles. Dash
widths are illustrated to be inversely proportional to the associated ring
aromaticity.
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Figure 2

General definition of a conventional - - -7 interaction geometry and schematic view of pure and hybrid
hydrogen-bridged ring-assisted m-stacking interactions. The lower band shows their views from above.
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owing to their keto—phenol (or NH OH) tautomerism (Fabian
et al., 2004; Amimoto & Kawato, 2005; Filarowski, 2005;
Filarowski et al., 2005; Petek et al., 2008, 2010; Karabiyik et al.,
2009, 2011). Depending on the position of the tautomeric
proton, two types of intramolecular hydrogen bonds are
possible, O—H- - -N and O- - -H—N, in phenol (OH) and in cis-
keto (NH) tautomers, respectively. Although Schiff bases
exhibit two well known tautomeric forms, OH and NH,
another structural form referred to as the zwitterion is also
possible. The zwitterionic form is regarded as a variant of the
NH form, but the two forms can be easily distinguished from
canonic cis-keto tautomers with the aid of their N*—H bond
distances (Karabiyik et al., 2008). Zwitterionic forms of Schiff
bases have a resonance-assisted ionic intramolecular hydrogen
bond (N*—H---O7; Krygowski et al., 1997; Dominiak et al.,
2003; Petek et al., 2006; Karabiyik et al., 2007, 2008), and their
N"—H bonds are considerably longer than the standard
interatomic separations observed in neutral N—H bonds
(Steiner, 1998). Heteronuclear intramolecular hydrogen
bonds in SA derivatives are the most important phenomenon
due to its resonance-assisted nature, affecting the electronic
states of its neighboring aromatic fragments (Dziembowska &
Rozwadowski, 2001; Grabowski, 2001, 2002, 2003, 2007
Filarowski et al., 2002; Sobczyk et al, 2005; Palusiak &
Krygowski, 2007). The NH form of SA derivatives in crystals
can be regarded as a resonance hybrid of two canonical
structures: the cis-keto tautomer and zwitterionic form, having
identical atomic positions but a different covalent skeleton
(Filarowski, 2005; Filarowski et al., 2005; Karabiyik et al., 2009,
2011; Petek et al., 2010) as shown in Fig. 1.

Analysis of the effects of tautomerism of SA derivatives has
revealed the importance of the concept of aromaticity balance
(Filarowski, 2005; Filarowski et al., 2005; Karabiyik et al., 2009,
2011; Petek et al., 2010). Aromaticity balance means that there
is a m-electron donation from the salicylidene to the chelate
ring, revealing itself by a decrease in aromaticity of the former
and an increase in aromaticity of the latter. The augmented
aromaticity within the chelate ring is closely related to the
predominancy of the NH character of a SA derivative
(Karabiyik et al., 2009; Petek et al., 2010; Karabiyik et al.,
2011). This structural aspect
regarding aromatic Schiff bases
may deeply influence our under-
: standing of 7 --m stacking inter-
\ actions and offers an opportunity

' "/N to diversify the types of rings
participating in m-stacking interac-
tions.

In this study we present the
molecular and crystal structure of
one of the SA derivatives, in
particular its unusual m-stacking
interactions. To the best of our
knowledge, this is the first study on
hydrogen-bridged rings partici-
pating in 7. -7 stacking interac-
tions. Since such m-stacking
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Table 1

Experimental details.

Crystal data

Chemical formula C,H7sNO4H,O

M, 305.32 ~

Crystal system, space group Triclinic, P1

Temperature (K) 296

a, b, c(A) 5.0816 (6), 11.0087 (12), 14.5301 (16)
a, By (%) 108.935 (8), 97.042 (9), 93.092 (9)

V (A%) 759.24 (15)

V4 2

Radiation type Mo Ko

u (mm™") 0.10

Crystal size (mm) 0.65 x 0.31 x 0.06

Data collection

Diffractometer

Absorption correction

No. of measured, independent and
observed [I > 20(I)] reflections

Stoe IPDS-2

12 593, 2989, 1913

Rinc 0.050
Refinement

R[F* > 20(F%)], wR(F?), S 0.057, 0.158, 0.97
No. of reflections 2989

No. of parameters 275

No. of restraints 3

H-atom parameters fully refined
0.16, —0.16

H-atom treatment
Apmax’ Apmin (e A_B)

Computer programs used: X-AREA (Stoe & Cie, 2002a), X-RED (Stoe & Cie, 2002b),
SHELXS97 (Sheldrick, 2008), SHELXL97 (Sheldrick, 2008). For further information
regarding the restraints applied in crystal structure refinement, see §2.2.

interactions are closely related to the m-delocalization level of
certain molecular fragments, our scientific attention is inevi-
tably directed towards details of the molecular structure. At
this point, the aromaticities of m-electron-donating salicyli-
dene and the m-electron-accepting chelate ring play an
essential role in the understanding and assessment of these
new types of - - - stacking interactions. These novel inter-
actions are split into two subclasses: pure and hybrid 7-- -7
stacking interactions. As shown in Fig. 2, the statement ‘pure’
emphasizes that both rings participating in the interactions
have the same formation character (hydrogen-bridged), while
the statement ‘hybrid’ qualifies the difference between the
formation characters of the rings participating in such inter-
actions, ie. hydrogen-bridged and conventional six-
membered.

Aromatic rings can interact in different relative orienta-
tions, for example, face-to-face (cofacial), offset (parallel-
displaced) and point-to-face (T-shaped; Janiak, 2000; Hunter
et al., 2001; Lee et al., 2005; Wu et al., 2009), and have been
found to be a useful tool in the manipulation of the molecular
building blocks in crystals (Dance, 2003; Serrano-Becerra et
al., 2009). Since the hydrogen-bridged quasiaromatic chelate
ring in SA derivatives is fused with the substituted salicylidene
ring, these fragments tend to orient their planes in parallel in
the crystal phase. Therefore, our particular interest has been
focused on the offset (or parallel-displaced) and rotary cofa-
cial stacking interactions as shown in Fig. 2. Such interactions
are of great importance in crystal engineering owing to the
fact that changes in molecular geometries of SA derivatives
are accompanied by noncovalent interactions in their mole-

cular crystals and vice versa. Molecules of thermochromic SA
derivatives in the NH form are essentially planar in the solid
state and stacked in a parallel fashion with a short spacing
below 4 A, while photochromic ones are distinctly non-planar
and loosely packed and these phenomena are topochemically
dominated (Cohen & Schmidt, 1962; Cohen et al., 1964).

2. Experimental and methodology
2.1. Preparation and characterization of the compound

The compound (62)-6-({[2-(hydroxymethyl)phenyl]amino}-
methylidene)-3,5-dimethoxycyclohexa-2,4-dien-1-one  mono-
hydrate (the lowest part in Fig. 1) was prepared by refluxing a
mixture of a solution containing 2-hydroxy-4,6-dimethoxy-
benzaldehyde (0.0205 g 0.11 mmol) in 20 ml of ethanol and a
solution containing (2-aminophenyl)methanol (0.0139 g
0.11 mmol) in 20 ml of ethanol. The reaction mixture was
stirred for 1 h under reflux. The crystals of 2-[(2-methanol-
phenylimino)methyl]-3,5-dimethoxyphenol suitable for X-ray
analysis were obtained from ethylalcohol by slow evaporation
(yield: 74%; m.p. 408-410 K). Anal.: calc. for C;¢H{7;NO,4-H,O:
C 62.94, H 6.27, O 26.20, N 4.59; found: C 62.96, H 6.28, O
26.24,N 4.52. "H NMR (CDCl; 8 in p.p.m. from TMS): 3.84 (s,
6H, O—CHs;), 4.66 (s, 2H, —CH,—), 547 (s, 1H, —CH,—
OH), 6.85-8.24 (m, 6H, Ar—H), 8.97 (d, 1H, CH = NH, *J ¢y
nu = 7.5 Hz), 14.46 (d, 1H, CH = NH, *Jyy_cn = 7.5 Hz). P°C
NMR (§ in p.p.m., CDCly): 55.78 (two overlapped peaks, O—
CH3;), 60.62 (Ar—CH,—OH), 85.83, 88.4, 110.38, 124.48 (two
overlapped peaks, Ar C), 126.32, 128.68, 140.74, 141.58, 146.78
(C—N), 162.88,176.37, 182.38 (C=0). FT-IR (KBr, v,cm™):
3300-3550 (br, O—H), 3242 (Ar CH stretching), 1626 (C=0),
1337 (C—N stretching). The IR spectra of the compound
unambiguously show the presence of water, with several peaks
at 3300-3550 cm ™' overlapping the broad OH absorption
band and a smooth shoulder near 1620 cm ™' corresponding to
the stretching and bending modes. UV-vis spectra (nm) in
solution (EtOH): 297 (log ¢ = 0.349), 331 (log ¢ = 0.370), 389
(log € = 0.389).

2.2. X-ray crystallography and treatment of H atoms

X-ray measurements were made on a Stoe IPDS 2
diffractometer. Cell parameters were determined using X-
AREA (Stoe & Cie, 2002a) software. All data were corrected
for Lorentz and polarization effects by X-RED32 software
(Stoe & Cie, 2002b). The structure was solved by direct
methods via the WinGX (Farrugia, 1999) program suit and
refined on F* by a full-matrix least-squares procedure using
anisotropic displacement parameters for all non-H atoms
(Sheldrick, 2008). All H atoms in the compound were located
by a difference-Fourier method, and their positional and
isotropic displacement parameters were fully refined. In the
final refinement cycle, the SHELXL97 (Sheldrick, 2008)
instruction SADI was used to restrain the O—H distances of
the water moiety so as to be similar to each other, within an
effective standard uncertainty of 0.03. The positions of the
water H atoms were refined subject to a H.---H DANG
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Table 2 .

Selected geometric parameters (A, °) of the compound.

N1—C7 1312 (3) C6—C5 1433 (3)
N1-C13 1414 (3) C5—C4 1355 (4)
05-C5 1.361 (3) C4—C3 1411 (4)
03-C3 1.360 (3) c3—C2 1357 (3)
01-Cl 1279 (3) c2—Cl 1422 (3)
C6—C7 1.386 (3) 02—Cl4 1.423 (3)
01-Cl—C2 1214 (2) N1—-C7—C6 1238 (2)
01—C1—C6 120.6 (2) N1—Cl13—CI2 117.5 (2)
C3—C2-Cl1-01 —1783 (3) Cl—C6—C7—N1 15 (4)
C7—C6—C1-01 —1.6 (4) C5—C6—C7—N1 —178.6 (3)

restraint of 1.40 A with an es.d. value of 0.04. In order to
generate acceptable hydrogen bonds of the solvent water
molecule which are consistent with the diffraction data, a
BUMP restraint (Miiller et al., 2006) was used with a standard
uncertainty of 0.06. Details of crystal data, data collection and
refinement are shown in Table 1.!

2.3. Assessment of aromaticities

Since aromaticity is not an observable and, therefore, not a
directly measurable quantity, there are many different
experimental and theoretical methodologies in order to
describe the quantitative expression of aromaticity thorough
analysis of various structural, magnetic, thermodynamic and
kinetic factors (Schleyer et al., 1996; Schaad & Hess, 2001;
Cyraiiski et al., 2002; Cyranski et al., 2003; Krygowski &
Cyranski, 2004; Cyranski, 2005; Chen et al., 2005; O$smiatowski
et al., 2006). Geometry-based structural definitions of aroma-
ticity by means of numerical indicators known as indices of
aromaticity have received much attention in recent years
(Bultinck et al., 2006). Among geometry-based measures of -
electron delocalization, the harmonic oscillator model of
aromaticity (HOMA) index (Krygowski, 1993) is one of the
most widespread and effective indices used for describing
aromaticity based on structural criteria (Krygowski &
Cyranski, 2001). It is commonly accepted that aromaticity
indices based purely on the electron density function, such as
the Para Delocalization Index (PDI) or FLU index, are more
reliable than others (Poater et al., 2005), since they directly
reflect electron delocalization, underlying the concept of
aromaticity. However, their computational cost is higher than
most of the other aromaticity indices due to the fact that these
computations require the determination of atomic basins by
topological analyses on electronic density and subsequent
computation of the MO overlap integrals, which are necessary
to calculate multicenter delocalization indices. On the other
hand, magnetic indices used to describe aromaticity such as
NICS (Nucleus-Independent Chemical Shift) have some
imperfections for chemical species having m-stacked aromatic
rings due to the coupling between the magnetic fields gener-
ated by the two stacked moieties (Osuna et al., 2006). In spite
of these, the HOMA index is easily accessible and correlates

! Supplementary data for this paper are available from the IUCr electronic
archives (Reference: RY5040). Services for accessing these data are described
at the back of the journal.

Table 3 .
Geometric details (A, °) of intra- and intermolecular hydrogen bonds of
the compound.

D—H---A D—H H---A D---A /D—H---A
N1—HI1---01 084 (3) 1.88(3) 2587(3) 142(2)
O5W—H6W- --02 081 (3) 210(3) 2915(3) 178 (4)
02—H21---01 089 (3) 1.82(4) 2710(2) 174 (3)
C51—H51B. --03" 1.05(4) 263(4) 3.048(4) 103 (2)
OSW—H5W---0O5W" 080 (3) 232(3) 2819(6) 121 (3)

Symmetry codes: (i)
—x+1,-y,—z+1.

—x+1,—y+1,—z+1; (i) —x—-1,—-y+1,—-z (i)

well with aromaticity indices based purely on an electron
density function such as PDI (Poater et al., 2003, 2005). The
HOMA index is equal to 1 for fully aromatic systems and 0 for
nonaromatic systems. The HOMA indices describe the
average squared deviation of bond lengths from their optimal
value as

HOMA =1 — %Z (R, — Ryp)’ (1)

j=1

where 7 is the number of bonds, R; stands for the individual
bond length, ¢; is a normalization constant which is equal to
257.7 for C—C, 93.52 for C—N and 157.38 for C—O bonds,
fixed to give HOMA = 0 for nonaromatic Kekulé systems and
HOMA =1 for purely aromatic systems with all bonds equal
to the optimal value Ry = 1.388 A for C—C, Ryp = 1.334 A
for C—N, R,y = 1.265 A for C—O (Krygowski, 1993).

3. Results and discussion
3.1. Molecular structure of the compound

The molecular geometry of the compound is shown in Fig. 3
and its selected geometric parameters are given in Table 2.
The dihedral angle between two aromatic rings defined by
atoms C1-C6 and C8-C13 is 2.2 (2)°, indicating the near
coplanarity of two rings. Keeping in mind that the molecular
geometries of SA derivatives in NH tautomeric form are
essentially planar (Karabiyik et al., 2009, 2011), this result is as
expected. The dihedral angle between the substituted salicy-
lidene and chelate ring is only 1.3 (5)°, because of active
electronic charge transfer through m-delocalized systems of
two fused fragments. A strong intramolecular hydrogen bond
of the type N—H- - -O (Table 3) adds to the planarity of these
adjacent moieties. The tautomeric proton (H1) deviates
slightly from the mean chelate plane by —0.02 (1) A and a
slightly large value of the valence angle N1—C7—C6 (Table 2)
allows chelate ring strain to be reduced from the intramole-
cular hydrogen bond.

The HOMA index is a useful structural probe used in
detecting charge transfer between adjacent molecular frag-
ments (Karabiyik et al., 2010) and in collectively describing a
degree of bond-length variation within the rings involving
proton transfer (Karabiyik et al., 2009; Petek et al., 2010).
Using the bond lengths listed in Table 2, the HOMA indices
for the substituted salicylidene (through C1/C6) and chelate
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ring are found as 0.627 and 0.793, respectively. Owing to the 7-
electron donation from the substituted salicylidene to the
chelate ring, the m-electron delocalization level of the substi-
tuted salicylidene ring is considerably decreased, while that of
the chelate ring is remarkably increased. The important result
is also that the aromaticity of the chelate ring is greater than
that of the salicylidene ring.

3.2. Do hydrogen-bridged rings really participate in =-
stacking interactions?

The NH tautomeric character of the compound implies
augmented electron delocalization within the chelate ring
(Karabiyik et al., 2009, 2011; Petek et al., 2010). The results in
§3.1 suggest that the quasiaromatic chelate ring is established
at the expense of the aromaticity of salicylidene as a result of
charge transfer from the salicylidene to the chelate ring. This
fact is the physical basis underlying the participation of chelate
rings in 7- - -7r stacking interactions.

One might ask the question whether a ring with an
aromaticity level in the range 0.63-0.79 can be involved in a
7 - -7 stacking interaction and whether the hydrogen-bridged
rings allow a sufficient intermolecular overlap of p-orbitals in
the m-conjugated molecular fragments, necessary for m---mw
stacking interactions? It has been previously reported that the
salicylidene ring whose aromaticity level as measured by the
HOMA index is only 0.663 can indeed participate in the usual
7. - - interaction (Karabiyik ez al., 2009) and that the low lying
formally vacant p-type orbital on the tautomeric proton of SA
mediates the electronic charge transfer through the m-delo-
calized systems of the adjacent fragments (Karabiyik et al.,
2009, 2011). Thus, it can be stated that a ring current through
the NCCCOH pathway appears within the quasiaromatic
chelate ring allowing sufficient intermolecular overlapping of
the p-orbitals, and its strength increases with the increasing

b
o
2o}
\O

Figure 3

Displacement ellipsoid view and intramolecular hydrogen bonds of the
investigated compound with atomic numbering scheme for non-H atoms.
Displacement ellipsoids are drawn at the 30% probability level.
Hydrogen bonds are displayed as dashed lines. ORTEP3 (Farrugia,
1997) representation: H atoms are shown as small spheres of arbitrary
radii.

NH character of the tautomer. In addition, according to
Hunter-Sanders rules (Hunter & Sanders, 1990; Hunter, 1993,
1994; Cozzi et al., 1993) the order of stability in the interaction
of two 7 systems increases with decreasing electronic charge
of the interacting m-delocalized fragments. The m-deficient
character of the stacking interactions involving hydrogen-
bridged rings not only does not prevent the occurrence of such
interactions but improves the stability of the two interacting 7-
systems.

3.3. Intermolecular interactions and the role of hydrogen-
bridged n-stacking interactions

The crystal structure reveals the formation of two supra-
molecular synthons R3(20)[2S(6)] and R3(14) (for graph
notation see Bernstein et al., 1995) as shown in Fig. 4. The
synthons are built of 02—H21---01' and C51—H51B- - -03"
intermolecular hydrogen bonds. The geometric details for
these bonds are given in Table 3. In addition, water molecules
are involved in the formation of a diamond-shaped R3(4)
synthon with the aid of the OSW—HSW-.-O5SW" inter-
molecular tandem hydrogen bond as shown in Fig. 5. When
centrosymmetric R3(4) and R3(20)[2S(6)] synthons are inter-
connected by intermolecular OSW—H6W---O2 hydrogen
bonds, a chain is generated by translation along the b axis of
the unit cell.

Interconnecting 6-((2-(hydroxymethyl)phenylamino)-
methyl)-3,5-dimethoxycyclohexa-2,4-dienone molecules with
R3(4) synthons of the water molecules, staircase-like chains
are formed as shown in Fig. 5. Staircase-like chains are aligned
back-to-back along the a direction of the unit cell. There are
two noteworthy interatomic contacts, which contribute to the
stabilization of this chain. The interatomic separation from
O5W at (x, y, z) to OSW at (2 —x, —y, 1 — 2) is 2.860 (6) A,
which is smaller than the sum of their non-covalent radii
(3.04 A; Bondi, 1964). The almost planar molecular geometry
of the compound means that both the salicylidene and aniline
ring participate in such interactions. The relevant centroid
names of hybrid n- - -7 stacking interactions are Cgl for the
chelate, Cg2 for the substituted salicylidene (C1-C6) and Cg3
for the phenylmethanol ring (C8-C13). The centroid—centroid
separation from Cgl at (x, y, z) to Cg2 at [(iv) x + 1, y, z] and
from Cgl at (x,y,z) to Cg3 at[(v) x — 1, y, z] are 3.710 (7) and
3.678 (7) A. Interplanar distances between the relevant

Figure 4
The formation of hydrogen-bonded supramolecular synthons of the
compound viewed down the b direction.
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centroids [Cgl---Cg2" = 3373 (7) A and Cgl---Cg3" =
3.426 (7) A] indicate the centroid slippage of 1.545 (7) A for
Cgl---Cg2"™ and of 1.338 (7) A for Cgl---Cg3". It is inferred
from these results that both 7- - -7 interactions are not exactly
cofacial (8 # 0, Fig. 2). The slippage angle f is 24.61 (5)° for
Cgl---Cg2" and 21.33 (6)° for Cgl---Cg3".

For the description of distortions from an ‘ideal’ cofacial 7-
stack, the phenomenological approach of Curtis et al. (2004)
has been applied. Examination of the values of the pitch and
roll parameters [pitch (P) and roll (R) angles and pitch (dp)
and roll (dr) distances] and of the extent of the overlap area of
the adjacent m-stacked molecules (AO), calculated according
to one of the models of Janzen et al. (2004), indicates that the
solid-state packing provides a considerable spatial overlap
between molecules in the w-stack (P, = 47.12° > Ry, = 21.80°,

Figure 5

Viewed along the a direction water-directed aggregation of molecules stabilized by hybrid 7-- -7
interactions (PLATON, Spek, 2009). The centroids of the interacting ring pairs are connected by dashed
lines. For the sake of clarity, H atoms not involved in this structural pattern have been omitted.
Symmetry codes: (iii) —x +1, —y, —z+1; (iv) x+1,y,z5 (v) x = 1,y,2; (vi) =x +2, =y, —z + 1.
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Figure 6

Histograms showing the distribution of the interplanar distances and of the slippage angles () for the

interactions considered here.

dpi = 3.632 A > dr, = 1349 A, AO,, = 29.42% and Py; =
47.68° > R15=21.99°, dp\5=3.762 A > dr;s = 1383 A, AOy; =
29.11%, where the subscripts represent the relevant centroid
numbers of the rings involved in the 7---7 interactions).
Although both 7 - -7 interactions are not strictly cofacial, it
can be stated that they allow substantial m-overlap between
adjacent molecules, since the pitch distances (or angles) of
both interactions are longer than their corresponding roll
distances (or angles).

4. CSD survey

To get an idea of the incidence of such m-stacking interactions
and their efficiency, a Cambridge Structural Database (CSD)
search was carried out with the help of the ConQuestl.3
program in the May 2010 release of
the CSD, Version 5.31 (Bruno et al.,
2002). The program was used to
retrieve structures satisfying the
following criteria:

(i) the crystallographic R factor <
10%;

(ii) error-free coordinates
according to the criteria used in the
CSD system;

(iii) including crystallographic

disorder and ionic structures.
It was considered that an interac-
tion existed if the dihedral angle
between the mean planes of the two
rings was less than 10° and the
distance between the centres of the
two rings was less than 3.8 A.
Probability-weighted  coordinates
for the tautomeric H atoms in
disordered entities were used in
determining the relevant centroids.
A search on SA derivatives in
purely and partly NH tautomeric
form, including their zwitterionic
forms, results in 49 hits. 43 of these
show  hydrogen-bridged  ring-
assisted m-stacking interactions. A
total of 53 interactions were
detected for 43 different SA deri-
vatives, including those presented
herein. This illustrates that such
interactions are frequently observed
in molecular crystals of SA deriva-
tives in the NH tautomeric form.

Of these 53 interactions 10 are
formed between hydrogen-bridged
chelate and aniline rings (hybrid),

15-20
B-Angle (°)
(b) 20 between two hydrogen-bridged
chelate rings (pure) and 23 between

20-25  25-30 30-35

and
rings

hydrogen-bridged  chelate
substituted  salicylidene
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(hybrid). The number of hybrid hydrogen-bridged ring-
assisted m-stacking interactions exceeds that of pure ones.
Furthermore, the fused aromatic fragments in SA derivatives,
i.e. salicylidene and chelate rings, are much more frequently
involved in hydrogen-bridged ring-assisted m-stacking inter-
actions than are the aniline rings. These fragments are almost
coplanar in all the chemical species considered here, but
aniline rings rotate around the N—C,, axis and the degree of
this rotation is inversely correlated with the predominance of
the NH character of the chelate ring (Karabiyik et al., 2009,
2011). The rotation of the aniline ring around the bond joining
it to the adjacent aromatic fragment prevents any close
parallel stacking and as a result of this rotation, a fragment
including the aniline ring in SA derivatives is loosely packed
allowing for conformational changes in this part of the
molecule. This inference explains why aniline rings occasion-
ally participate in m-stacking interactions involving the
hydrogen-bridged chelate ring as the other component.
Distribution of the interplanar distances and g slippage
angles, defined as the angle between the normal direction to
the chelate ring and the line connecting the centroids of two
rings, are shown in Fig. 6. The g values were all less than 30°,
while the interplanar distances of pure interactions were
accumulated in a somewhat longer region (3.4-3.5 10\) than
those of hybrid interactions (3.3-3.4 A), as shown in Fig. 6(a).
Owing to the stacking of a large conjugated system comprising
the chelate and salicylidene (or aniline) rings, the slippage
angles of hybrid interactions are extended in a broader
interval than those of pure ones (Fig. 6b). Because of the
deficiency of o-orbitals in the chelate ring, hydrogen-bridged
ring-assisted mr-stacking interactions are not only m-deficient
but also o-deficient interactions. This aspect is of great
importance in terms of the fields in which z-interactions play a
central role. At the molecular orbital level, the 7 - -7 inter-
actions are subjected to two competitive effects: 7—m repulsion
and o-7 attraction (Hunter & Sanders, 1990; Hunter, 1993,
1994; Cozzi et al., 1993; Janiak, 2000) as shown in Fig. 7. While
the former reduces and perturbs the stability of the interaction
by distorting geometry, the latter increases. In hybrid inter-
actions both o-m attraction and 7#—m repulsion are more
pronounced than in pure 7-- -7 interactions (Fig. 7). There-
fore, interplanar distances of pure interactions can reach
shorter regions than those of hybrid interactions, as shown in

N N

e gl
o1 -1 -1 -7 o-1 —n
attraction repulsion attraction repulsio attraction repulsion
(@) (®) (©
Figure 7

Molecular orbital diagrams of face-to-face conventional 7 - -7 stacking
(a), pure (b) and hybrid (¢) interactions showing o—r attraction and 7—m
repulsion.

Fig. 6(a). Slippage angles, B, for hybrid interactions are higher
in value than those of pure interactions, since the o-m
attraction dominates offset w-stacked geometry according to
Hunter-Sanders rules (Hunter & Sanders, 1990; Hunter, 1993,
1994; Cozzi et al., 1993; Janiak, 2000). Another reason why the
hybrid interactions prefer higher slippage angles than the pure
ones (Fig. 6b) is to avoid substituent clashing. Steric effects
from substituents clashing in hybrid interactions become more
evident than those in pure interactions.

The hydrogen-bridged ring-assisted m-stacking interactions
of SA derivatives detected in the CSD database were
geometrically analyzed according to a phenomenological
approach for solid-state packing of conjugated compounds
reported by Curtis et al. (2004). According to the authors, the
extent of distortions from the ideal cofacial m-stacking inter-
actions can be expressed with the aid of pitch-and-roll angles.
Pitch-and-roll inclinations for a r- - -7 stacking interaction are
regarded as translation-adjacent molecules relative to one
another in the direction of the long and short molecular axis.
In addition, the m-stacked interactions are, in general, split
into two subclasses: herringbone-type packing with no -
overlap between adjacent molecules prescribed by the
condition P < R, and lamellar-type packing with a consider-
able m-overlap between adjacent molecules prescribed by the
condition P > R. The interrelation between pitch-and-roll
angles of the interactions with regard to the total HOMA
indices of the interacting ring pairs is illustrated in Fig. 8.

It is inferred from the results in Fig. 8 that all the hydrogen-
bridged ring-assisted sr-stacking interactions are located in the
region of the pitch angle which is greater than the roll angle
(P > R), indicating substantial spatial m-overlap between
adjacent molecules in the solid state. Aromaticity is not an
additive quantity due to its locality property. Here the
summation of the local aromaticities of the rings participating
in the interactions is used to describe the level of m-electron
delocalization in the interacting ring pairs, not the aromaticity

60+
8
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P<R P>RE
herringbone type n—stacks lamellar type g 70
— 404 n-stacks £| §1s0
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Figure 8

Scattergram for the correlation between pitch (P) and roll (R) angles of
the interactions. The cross line depicts the critical situation where P = R.
Square spots are colored according to the total HOMA indices of the
rings involved in hydrogen-bridged ring-assisted 7-stacking interactions.
The spots relating to the compound are circled.
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of the fragments formed by two interacting rings as a whole.
Highly aromatic ring pairs participating in such interactions
whose total HOMA indices are greater than 1.70 spread out in
the region of the large pitch angles, especially P > 40° (Fig. 8).
Large pitch angles reducing the substantial spatial overlap
between adjacent molecules in the m-stacks have been
expectedly observed for higher n-delocalization levels. On the
other hand, moderately or weakly aromatic ring pairs are
concentrated in the region of small roll (< 10°) and relatively
small pitch (< 25°) angle due to slight w-electron repulsion
between interacting ring pairs. Most of the hydrogen-bridged
ring-assisted mr-stacking interactions have roll angles less than
20°, maintaining substantial spatial overlap between adjacent
molecules in the lamellar n-stack. In this respect it should be
underscored that the aromaticity of certain molecular frag-
ments in SA derivatives plays an essential role in controlling
the molecular aggregation patterns in the solid state by
accompanying changes in their molecular building blocks.

5. Conclusions

The present study ends the validity of conventional judgment
which states that 7r-- -7 stacking interactions are observed
between two aromatic rings formed by covalent bonds, or two
metallacycles regarded as a kind of chelate ring, by showing
that such interactions can also operate in systems containing
hydrogen-bridged quasi-aromatic rings. In salicylidene deri-
vatives most of these interactions are observed between the
salicylidene and chelate rings. The aromaticity of the chelate
ring is increased with the growing predominance of the NH
tautomers or equivalently with a decreasing aromaticity of the
salicylidene ring, behaving as a m-donor to the chelate ring.
What is unusual in these m-stacking interactions is that they
involve chelate rings having formally vacant p-type orbitals.
They have been divided into two classes, pure and hybrid
7 - -7r interactions, and are distinguished from the usual 7- - -7
interactions by their formation character, both o- and -
deficient. Moreover, the o-deficient character of pure inter-
actions is more pronounced than that of hybrid ones.

As seen, resonance-assisted hydrogen bonds (RAHBs)
imply augmented aromaticity within their hydrogen-bridged
chelate rings, since the formally vacant low-lying p-type orbital
on the proton mediates and facilitates w-delocalization in the
chelate ring. The hydrogen-bridged chelate ring-assisted 7-
stacking interactions are not specific to only SA derivatives in
the NH tautomeric form; these interactions may be observed
in any other chemical species possessing resonance-assisted
intra- or intermolecular hydrogen bonds (Sobczyk et al., 2005;
Lyssenko & Antipin, 2006; Sanz et al., 2007). More impor-
tantly, bearing in mind that RAHBs are observed for nucleic
base pairing (Kurczab et al, 2010), hydrogen-bridged ring-
assisted m-stacking interactions between adjacent nucleic acid
bases which are positioned nearly perpendicular to the length
of the DNA strands may be observed in DNA structure.
Therefore, it can be stated that such interactions supply new
insights in understanding the reasons for stabilization of the
consecutive base pairs in the double-helix structure of DNA.

Our quantum chemical studies regarding the importance of
hydrogen-bridged ring-assisted m-stacking interactions in the
fields mentioned above are in progress.

This study was supported under grant F279 by Ondokuz
Mayis University Research Fund.
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