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The new ligand 8-sulfonyl-(1-pyrazolyl)-quinoline, (CoH¢N-SO,-pz, L), which combines two
different aromatic rings with donor properties in one molecule (a quinoline moiety functionalized
with a pyrazolyl ring through a sulfonyl bridge) has been synthesized and characterized in both
solution and solid state. L reacts with AgO3;SCF; (AgOTf) and AgBF, to form discrete
compounds (CoHgN-SO,-pz),AgO;SCF; (1) and (CoHgN-SO»-pz),AgBF, (2). Supramolecular
associations were observed in all cases, based on a similar association algorithm, involving the
n—7 stacking of the quinoline tectons. The presence of the pyrazolyl ring in an appropriate
position with respect to the quinoline moiety makes possible the occurrence of additional

C-H- - -w interactions between the aromatic rings. These interactions generate dimers in all cases,
and in two cases (L and compound 1) the dimers undergo further self-assembly into higher
dimension architectures, based either on m—n stacking interactions alone (L) or on combined

n—n stacking/C—H- - -1 interactions of the quinoline and pyrazolyl groups (1). A geometrical and
statistical analysis has also been performed on m—r stacking in metal complexes of quinoline
based ligands, by carrying out a Cambridge Structural Database search. The search showed that
this interaction is relatively common for metal complexes of functionalized quinoline based
ligands and occurs in 69% of all cases. At its simplest level, such an interaction produces discrete
dimeric species. Higher dimensionality networks are obtained either by the extension of the n—n
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stacking interactions in one or more dimensions, or by bringing into play other supramolecular

synthons, such as hydrogen bonding or C—H- - -1 interactions.

Introduction

Crystal engineering is the rational design of functional molecular
solids! and is defined as “the modeling, synthesis and
evaluation of the properties of crystalline materials™.'® This
area of research is of both fundamental and practical interest
to solid-state and structural chemists, and also important to
other fields dealing with organized phases and assemblies.
The goal of crystal engineering is the assembly of functionalized
building blocks into an architecture that would show com-
bined (supramolecular) properties based on the individual
properties of the building blocks.!” A prerequisite in reaching
this goal is a complete understanding and control of intra- and
intermolecular forces and of the supramolecular self-assembly
process. Advances in this field are based on finding reliable
supramolecular synthons!™° that can be used to formulate
an algorithmic approach to the design of solids. Hydrogen
bonding is a widely used tool in crystal engineering because its
directionality and robustness makes its associative protocol
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possible to be transferred from one system to another.? Using
graph-set descriptors, various motifs of hydrogen bonding
were documented by Allan et al., after a systematic analysis
of the probabilities of formation of hydrogen-bonded ring
motifs in organic crystal structures found in the Cambridge
Structural Database (CSD).> For the 75 hydrogen bonding
motifs revealed, they presented both the geometrical descriptions
of the interactions and their probability of formation, thus
providing insights into the relative robustness of known and
potential supramolecular synthons.

Another supramolecular motif was introduced by Ian Dance
and first called ‘phenyl embrace’.* It consists of a concerted set
of interactions between phenyl groups through a combination
of offset face-to-face n—mn stacking and C—H- - -m interactions.
They are attractive in their nature, having energies up to
16 kcal/mol.> This intermolecular arrangement was first
observed in phenylated moieties of the formula [PPhy]" and
then extended to other aromatic systems such as 2,2’-bipyridine,
terpyridine, and 1,10-phenanthroline, thus the generic term was
changed to “aryl embrace”.® Later it was observed that similar
interactions occur in systems where the aromatic moieties were
connected through flexible spacers.” Studies on the probability
of formation of this supramolecular motif were performed on
chemical species of the general formula—EPh; (where E = any
tetrahedral atom) and a wide range of values were found, from
0% to 62%—depending on the central atom.®

Later it was shown that smaller rings such as pyrazole can
also be involved in similar embraces, either with itself or in

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2010

New J. Chem., 2010, 34, 439-452 | 439


http://dx.doi.org/10.1039/B9NJ00547A

Downloaded by University of Newcastle on 21 October 2010
Published on 26 January 2010 on http://pubs.rsc.org | doi:10.1039/BONJO0547A

View Online

combination with larger, pyridine based aromatic systems,
where the building blocks were associated as well by
cooperative t—t and C—H- - -1 interactions.’ It was demonstrated
that regardless of which rings were involved in the n—n
stacking component of the embrace, they were always of the
same type, that is they always had the same number of atoms
within the ring.

The common denominator of all these embraces is a n—n
stacking interaction of (functionalized) aromatic hydro-
carbons, that are further supported by additional C-H- - -t
interactions. In contrast to hydrogen bonding, n—r stacking
has a less predictable directional associative protocol, due to
the fact that variable orientations of the stacked moieties often
occur in order to maximize the electrostatic attraction between
the o framework and the w electron density of the stacked
groups.'® Although association of several & species in solution
was substantiated in some cases, there is still much to learn
about their solution structure and their relative orientation."’

Still, much work and effort is needed in order to lay a
foundation for a “grand unified supramolecular theory’ with
practical applications in the field of crystal engineering,
especially because different interactions can appear between
the same functional groups, thus leading to the appearance of
polymorphs or pseudo-polymorphs, so that it is difficult to
anticipate the resulting crystal structure without also taking
into account other factors related to the crystallization step of
a given set of chemical species that incorporate the same
synthons. To overcome these drawbacks, three distinct, but
related research directions should be pursued: (a) the study of
all intermolecular interactions, especially their interdependence
within the same system;'? (b) establishing the relationship
between the molecular synthons and crystal packing generated
by them;'? and (c) improving the crystal properties, based on a
better control of the synthons.'*

Several such studies are based on metal containing building
blocks. The metal ions play two essential functions in the
self-assembly process of the components into the target
(discrete or infinite) architectures: a structural task by directing
and supporting the solid-state architecture and a functional
role by bringing the desired properties into the final network."”
The silver(1) ion has been extensively employed in the assembly
of a large number of both discrete compounds and coordination
polymers.'® The flexibility of its coordination sphere can
produce sophisticated coordination architectures, but the
structures are less predictable than with other metals. It is
this flexibility that affords an opportunity to investigate how
the self-assembly process is influenced by modifications of
the ligand denticity, the ligand-to-metal ratio, the counterions,
and non-covalent interactions.'®'®!” Therefore, insight into
the self-assembly process can be obtained by carrying out
systematic studies using a series of similar complexes assembled
from a specific ligand and imposing subtle alterations in the
environment, for example changing the anions, the solvent,
and/or the ligand-to-metal ratio.

Reported here are results obtained by preparing a new
ligand that combines two different aromatic rings with Lewis
donor properties in one molecule (a quinoline moiety and a
pyrazolyl ring linked through a sulfonyl bridge), which has
been characterized in both solution and solid state. Also

reported are the reactions of this ligand with silver(1) salts to
form discrete compounds that have different supramolecular
structures, although based on a similar association algorithm
involving concerted n—n stacking/C—H- - -m interactions of the
quinoline and pyrazolyl groups. A geometrical and statistical
analysis has also been performed on m—rn stacking in metal
complexes of substituted quinoline based ligands, by carrying
out a Cambridge Structural Database search, which showed
that this interaction is relatively common for metal complexes
containing the quinoline moiety.

Experimental
General considerations

All operations were carried out under a nitrogen atmosphere
using standard Schlenk techniques and a MBraun LabStar
dry-box. Solvents were dried by conventional methods and
distilled under a dry N, atmosphere immediately prior to
use. Elemental analyses were performed by Robertson
Microlit Laboratories. NMR spectra were recorded by using
a 400 MHz Bruker Avance FT-NMR Spectrometer. All
reagents are commercially available (Sigma-Aldrich) and were
used without further purification.

Syntheses

8-Sulfonyl-(1-pyrazolyl)-quinoline, CoHgN-SO,-pz (L). Pyrazole
(0.680 g, 9.98 mmol) was dissolved in dry THF (50 mL) and added
dropwise to a suspension of NaH (0.24 g, 10 mmol) in dry THF
(100 mL) under an inert atmosphere. The mixture was stirred at
room temperature for 1 h. To this solution was added dropwise a
solution of 8-quinoline-sulfonyl chloride (2.276 g, 9.99 mmol) in
dry THF (150 mL) and the resulting mixture was stirred at room
temperature overnight. The resulting NaCl was filtered off and the
THF removed under reduced pressure, to afford the desired
compound as a white powder (2437 g 93.9%). 'H-NMR
(400 MHz, acetone-dg): o: 8.96 (dd, J; = 1.68, J, = 3.88, 1H,
quinoline); 8.70 (dd, J, = 0.84, J, = 2.64, 1H, 5-pz); 8.64 (dd,
J = 148, J, = 7.4, 1H, quinoline); 8.51 (dd, J, = 1.8, J, = 8.36,
1H, quinoline); 8.42 (dd, J; = 1.32, J, = 8.2, 1H, quinoline); 7.89
(t, J = 7.76, 1H, quinoline); 7.67 (m, 1H, quinoline); 7.64 (d, J =
1.0, 1H, 3-pz); 6.48 (dd, J, = 148, J, = 2.8, 1H, 4-pz); Anal.
Calcd. for Cp;H9N3O,S: C, 55.59; H, 3.50; N, 16.21. Found C,
55.27; H, 3.31, N, 16.46.

(CoHgN-S0,-pz),Ag0O5SCF; (1). A solution containing L
(0.518 g, 1.99 mmol) in dry THF (50 mL) was added dropwise
to a solution of AgO;SCF; (0.257 g, 1.0 mmol) in dry THF
(25 mL). Upon stirring for 12 h a white precipitate formed.
The solvent was filtered off to leave a white solid (0.692 g,
89.2%) identified as L,AgOTf (1); 'H-NMR (400 MHz,
acetone-dg): 0: 9.13 (dd, J; = 1.68, J, = 6.0, 1H, quinoline);
8.80 (dd, J; = 1.32, J, = 7.48, 1H, quinoline); 8.75 (d, J =
2.84, 1H, 5-pz); 8.64 (dd, J, = 1.68, J, = 8.36, 1H, quinoline);
8.51 (dd, J, = 1.24, J, = 8.24, 1H, quinoline); 7.92 (m, 2H,
quinoline + 3-pz); 7.76 (m, 1H, quinoline); 6.67 (dd, J; = 1.68,
Jz = 272, 1H, 4-]72), Anal. Calcd. for C25H]8AgF3N607S3: C,
38.72; H, 2.34; N, 10.84. Found C, 39.04; H, 2.65; N, 11.07.
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(CoHgN-SO,-pz),AgBF,4 (2). This compound was prepared
as above for 1, using L (0.518 g, 1.99 mmol) and AgBF,
(0.195 g, 1.0 mmol) to yield a white solid (0.591 g, 82.8%)
identified as L,AgBF, (2); 'H-NMR (400 MHz, acetone-d):
0:9.13(dd, J; = 1.68, J, = 6.0, 1H, quinoline); 8.80 (dd, J; =
1.32, J, = 7.48, 1H, quinoline); 8.75 (d, J = 2.84, 1H, 5-pz);
8.64 (dd, J, = 1.68, J, = 8.36, 1H, quinoline); 8.51 (dd, J, =
1.24, J, = 8.24, 1H, quinoline); 7.92 (m, 2H, quinoline + 3-pz);
7.76 (m, 1H, quinoline); 6.67 (dd, J; = 1.68, J, = 2.72, 1H,
4-pz); Anal. Calcd. for CoyH gAgBF4NgO4S,: C, 40.42; H,
2.54; N, 11.78. Found C, 40.11; H, 2.29; N, 11.52.

Crystal structure determinations

X-ray diffraction intensity data from a colorless bar-shaped
crystal of L, a colorless needle crystal of 1, and a colorless
chunk of 2 were measured at 150(2) K on a Bruker SMART
APEX diffractometer (Mo-Ka radiation, 4 = 0.71073 A).lg
The raw area detector data frames were processed with
SAINT +.!8 The reported unit cell parameters were deter-
mined by least-squares refinement of 5212, 4595, and 8779
reflections from the data sets of L, 1, and 2, respectively.
Direct methods structure solution, difference Fourier calcula-
tions and full-matrix least-squares refinement against /> were
performed with SHELXTL."

The ligand L crystallizes in the triclinic system. The space
group P1 was assumed and confirmed by the successful solution
and refinement of the structure. The asymmetric unit consists of
one molecule. All non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were
placed in geometrically idealized positions and included as
riding atoms with refined isotropic displacement parameters.

Compound 1 crystallizes in the space group P2/n as
determined uniquely by the pattern of systematic absences in
the intensity data. The asymmetric unit consists of one
Ag(C,HsN;0,8),™ cation and one CF5SO5 ™~ anion. All non-
hydrogen atoms were refined with anisotropic displacement
parameters. All hydrogen atoms were located in difference
maps before being placed in geometrically idealized positions
and included as riding atoms.

Compound 2 crystallizes in the space group C2/c¢ as deter-
mined by the pattern of systematic absences in the intensity data
and by the successful solution and refinement of the structure.
The asymmetric unit consists of one Ag(C1,HoN;0,S), " cation,
one BF,  anion and half of one acetone molecule which is
disordered about a two-fold axis of rotation. The disordered
acetone was refined isotropically with the aid of C—C and C-O
distance restraints. All other non-hydrogen atoms were refined
with anisotropic displacement parameters. Non-disordered
hydrogen atoms were located in difference maps before being
placed in geometrically idealized positions and included as riding
atoms. Further details about crystal data collection, and refine-
ment parameters for L, 1, and 2 are collected in Table 1.

Results and discussion

Syntheses and characterization

The pyrazolyl functionalized 8-sulfonyl-quinoline ligand
(CoHgN-SO,-pz, L) was ecasily prepared (Scheme 1) in one

step from 8-quinoline-sulfonyl chloride and pyrazole, under
basic conditions (NaH) in dry THF. Removal of NaCl and
volatiles produced L in 94% yield, as an air and moisture
stable white powder, soluble in common organic solvents but
insoluble in water and alcohols. Its silver(1) complexes were
synthesized in good yield from the reaction between L and the
corresponding silver salts in THF, Scheme 1, generating
compounds with a L:Ag ratio of 2:1, as demonstrated by
elemental analyses. They are stable white powders, showing
decomposition only after several months under daylight, and
are soluble in acetone and acetonitrile, but insoluble in
chlorinated solvents, diethyl ether, alcohols or water.

The NMR spectrum of the ligand shows the expected set of
resonances for the quinoline and pyrazolyl rings. For com-
pounds 1 and 2, the peaks of the pyrazolyl ring and some
of the quinoline moiety are significantly shifted downfield,
indicating the coordination of the ligand to the metallic center
in solution. Although the X-ray analysis of the crystalline
forms of 1 and 2 shows that in the solid state the quinoline and
pyrazolyl rings are non-equivalent (vide infra), their NMR
spectra show equivalent protons, presumably because of fast
exchange of the ligands and metals on the NMR time scale.
Further, the "H-NMR spectra of 1 and 2 are indistinguishable,
showing that their solution structure is not anion dependent,
and suggesting that in solution the structure of the cationic
building blocks are identical. This leads to the conclusion that
the differences in their solid-state structures appear in the
process of crystallization.

Solid-state structures

Single crystals for X-ray crystal structure determination were
grown under identical conditions: vapor diffusion of diethyl
ether into an acetone solution of the respective compound
(L, 1 or 2) at 25 °C. For details about crystal data collection,
and refinement parameters see Table 1. Selected bond distances
and angles for L, 1, and 2 are given in Table 2.

Crystal structure of L. The asymmetric unit of L consists of
one molecule; an ORTEP representation of L, together with
the numbering scheme is shown in Fig. 1. All bond lengths and
angles (see Table 2) fall within the normal range found for this
type of compound.

The ligand has the N1 pyrazolyl nitrogen atom oriented
away from the quinoline nitrogen atom; this configuration is
influenced by a concerted set of m—r stacking and C-H---n
interactions involving the aromatic moieties, Fig. 2. Two
quinoline rings are involved in a m—m stacking interaction
(blue line in Fig. 2), with one pyridine ring from one ligand
on top of the phenyl ring from a second ligand. The perpendi-
cular distance between the rings is 3.46 A, with several C—C
distances around 3.6 A. The rings are parallel (dihedral angle
between the planes o = 0.0°) and in an offset arrangement,
with a slip angle f (formed by the centroid—centroid vector
and the ring normal) of 23°. In addition to this interaction, the
hydrogen atoms situated at the para-position with respect
to the quinoline nitrogen atoms are pointed towards two
pyrazolyl rings, generating a C—H- - -x interaction (red line in
Fig. 2) with the following geometrical details: H-centroid
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Table 1 Crystal data and structure refinement for CyHgN-SO,-pz (L), [(CoHgN-SO,-pz),]AgOTf (1), and [(CoHgN-SO,-pz),]AgBF, (2)

Compound L 1 24(CH;),CO
Empirical Formula C12H9N302S C25H18AgF3N6O7S3 C25450H2]AgBF4N604.5052
FW, g mol™! 259.28 775.50 742.28
Crystal System Triclinic Monoclinic Monoclinic
Space Group Pl P2i/n C2/e

T/K 150(2) 150(2) 150(2)

a, (A) 7.2730(4) 12.7305(6) 25.4562(8)

b, (A) 8.8712(5) 13.6623(7) 8.5807(3)

¢, (A) 9.7087(5) 16.9108(8) 26.1156(9)

o, (%) 81.238(1) 90 90

B, (°) 70.799(1) 107.898(1) 93.666(1)

7, (), 67.737(1) 90 90

Vv, (A% 547.19(5) 2798.9(2) 5692.8(3)

Z 2 4 8

Ry I > 20(]) 0.0334 0.0364 0.0352

WRy; I > 20(]) 0.0852 0.0665 0.0927

NaH, THF, r.t., 1 h.

AgX, THF, 2 h.

[LoAgIX -

1: X = O3SCF3 (on)
2: X = BF,

Scheme 1 Synthetic pathway toward the pyrazolyl functionalized
8-sulfonyl-quinoline ligand (L) and its silver(1) complexes.

Table 2 Selected bond lengths (A) and angles (°) for L, 1, and 2

L 1 2.4(CH;),CO
S(1-0(2) 1.4278(10) 1.416(2) 1.4251(19)
S(1)-0(1) 1.4275(10) 1.428(2) 1.4234(17)
S(1)-N(2) 1.6758(12) 1.682(3) 1.694(2)
S(1)-C(11) 1.7620(13) 1.764(4) 1.771(2)
Ag(1)-N(1) — 2.296(3) 2.278(2)
Ag(1)-N(3) — 2.482(3) 2.4491(19)
Ag(1)-N(4) — 2.292(3) 2.1966(19)
Ag(1)-N(6) — 2.501(3) —
0(2)-S(1)-0(1) 119.85(6) 120.91(16) 122.00(11)
N(1)-Ag(1)-N(@4) — 121.48(11) 135.98(7)
NG)-Ag(1)-N) — 110.46(10) 132.48(7)
N(1)-Ag(1)-N@3) — 90.07(10) 87.92(7)
N(4)-Ag(1)-N(6) — 90.63(10) —
N(1)-Ag(1)-N(6) — 112.91(10) —
NQG)-Ag(1)-N(6) — 134.77(9) —

distance = 2.95 A, C-centroid distance = 3.58 A and the
C—H-centroid angle = 126°.

This interaction forms dimers, that are further associated
into chains, through another set of m—= stacking interaction
between dimers, with similar characteristics as described
above. However, the perpendicular distance between the rings
is slightly shorter, at 3.37 A, compared with the above 3.46 A.
Although not extremely significant (only ca. 0.1 A), this

02
S1
N1
c3 N2
G
c2 Cl1

Fig. 1 ORTEP representation of CoHgN-SO,-pz (L), with the dis-
placement ellipsoids drawn at the 50% probability level.

Fig. 2 Dimer formation in the crystal packing of L, through a
concerted set of m—mn stacking (blue line) and C-H---n interactions
(red lines).

difference may be influenced by the fact that in the dimer
formation there is also a C—H- - -7 interaction involved, while
the chain association of the dimers is based solely on n—n
stacking interactions. These dimers are further associated into
sheets by offset face-to-face n—m stacking interactions between
the pyrazole rings that serve as hydrogen acceptors in the
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.
pz T stacking

Chain 1,
Q-pzembrace

Fig. 3 Space filling representation of the supramolecular association
of dimers into a 3D architecture.

embrace synthon. The perpendicular distance between the
rings is 3.46 A, with several C-C and C-N distances around
3.6 A. The rings are parallel with a dihedral angle between the
pyrazolyl planes of 0.0° and a slip angle 8 of 21°. The sheets
are connected in a 3D network by C-H---O weak hydrogen
bonds between the acidic SH atom from a pyrazolyl ring
from one sheet and the O atom from a sulfonyl group
from an adjacent sheet. This interaction is characterized by a
H---O distance of 2.49 A, a C---O distance of 3.36 A,
and a C-H-O angle of 154°. Fig. 3 shows a space filling
representation of the crystal packing of L. It should be
emphasized that the dimer/chain/sheet/3D association is just
a “‘stepwise’ description of the crystal packing of L, since
these interactions most likely occur simultaneously in the
crystallization process.

Crystal structure of (L,Ag)O3SCF; (1). The asymmetric unit
of 1 consists of one (L,Ag)" cation and one CF5SO;™ anion.
An ORTEP representation of the cationic unit of 1 and the
numbering scheme is shown on the top part of Fig. 4.
Significant bond lengths and angles are listed in Table 2.
The geometry about the silver is distorted tetrahedral with
the large distortions arising from the restricted “bite” angle of
the ligand, the Npyrazoly—Ag-Nguinoline angles being 90.07° and
90.63°, respectively. A close examination of the structure
reveals that the Ag(1) atom is out of both quinoline planes,
as can be seen on the bottom part of Fig. 4.

For maximum overlap with the lone pair on the nitrogen
donor atom, the metal would lie in the plane of the quinoline
ring. Any deviation where the metal lies out of this plane can
be measured by the Ag-N-C-C torsion angle. An ideal
structural arrangement generated by the “normal” coordination
of the nitrogen atom would generate torsion angles that would
have a value of 180°. In the case of 1 the torsion angles are as
follows: Ag(1)-N(3)-C(12)-C(7) = 158.45° and Ag(1)-N(6)—
C(24)-C(19) = 167.84°. This deviation also explains the fact
that Ag—Npyrazoiy bond lengths (Ag(1)-N(1) = 2.296(3) A and
Ag()-N@) = 2.292(3) A) are about 0.2 A shorter than
Ag—Nuinoiine bond lengths (Ag(1)-N(3) = 2.482(3) A and
Ag(1)-N(6) = 2.501(3) A, see also Table 2), and might be
caused by the limited flexibility of the sulfonyl bridge. The
same limited flexibility could be also responsible for the
occurrence of two O---Ag contacts shorter than the sum

Fig. 4 Top: ORTEP representation of (L,Ag)O;SCF; (1), with the
displacement ellipsoids drawn at the 50% probability level; bottom:
side view of 1 showing the position of the silver(i) atom out of the
quinoline plane.

of their van der Waals radii, O(1)-Ag(l) = 2.79 A and
O3)-Ag(l) = 2.84 A, but these interactions do not influence
the overall structural features of 1.

As observed with L, compound 1 undergoes similar con-
certed m—m stacking and C-H- - -x interactions. Two cationic
(L,Ag)™ units are stacked with one pyridine ring from one
unit on top of the phenyl ring from a second unit, as pictured
by the blue line in Fig. 5. The perpendicular distance between
the rings is 3.44 A, with the quinolines in an almost perfect
parallel arrangement; in this case the dihedral angle o
(calculated based on a py—ph interaction) is 2.8°, probably
because of the torsion imposed by the ligand coordination to
the metal center, as described above.

The rings are in an offset orientation, with a slip angle f of
21.6°. A C-H- - & interaction (red line in Fig. 5) supports the
association of the cationic units of 1: the hydrogen atoms
situated at the para-position with respect to the quinoline
nitrogen atoms interact with two pyrazolyl rings, generating
a pair of C-H- - -m interactions with the following geometrical
details: H-centroid distance = 2.80 /D\, C-centroid distance =
3.67 A and the C—H-centroid angle = 154° and H-centroid
distance = 2.95 A, C-centroid distance = 3.79 A and the
C—H-centroid angle = 148°, respectively. These interactions
connect other symmetry related units, thus generating chains
running in the ac plane of the unit cell. A space filling
representation of the extended n—r stacking interactions in 1,
generating infinite chains is pictured in Fig. 6.

The chains are further connected into sheets, via hydrogen
bonding involving the counter-ions. As shown in Fig. 7 as
black dotted lines, each F3CSO;~ makes two C-H- --O weak
hydrogen bonds. The C-H---O interactions, made between
adjacent chains, are 2.38 A and 2.32 A, respectively, with the
corresponding angles of 169 and 176°. While not short con-
tacts (the sum of van der Waals radii of oxygen and hydrogen
atoms is 2.68 A),ZO the bonds are close to linear. As stated for
other similar types of such weak interactions, hydrogen bonds
that are close to linear indicate a substantial interaction
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Fig. 5 Self-assembly of two (L,Ag)O3;SCF; cationic units through
concerted m—7 stacking (blue line) and C-H---m interactions (red
lines).

Fig. 6 Space filling representation of a chain in the supramolecular
structure of 1.

between the O and H atoms, even in cases where the distances
are close to the sum of the van der Waals radii.?!

Crystal structure of (L,Ag)BF, (2). The asymmetric unit of 2
consists of one (L,Ag) " cation, one BF, anion and half of one
acetone molecule which is disordered about a two-fold axis of
rotation. An ORTEP representation of the cationic unit of 2,

and the numbering scheme is shown in Fig. 8, while the most
important bond lengths and angles are listed in Table 2.
In contrast to 1, in this compound the silver center is tri-
coordinated, with one ligand chelating the metal and with the
second acting as a monodentate ligand through its pyrazolyl
ring, and having the quinoline moiety oriented away from
silver. Hence, the environment about the silver(l) atom is a
flattened trigonal pyramid (sum of the N(1)-Ag(1)-N(3),
N(@B3)-Ag(1)-N(4) and N(1)-Ag(1)-N(4) bond angles =
356.38°, see also Table 2), with a significant distortion caused
by the restricted angle (87.92°) of the chelating ligand. The
BF,~ counterion is positioned close to the Ag(1) center,
with a F(4)-Ag(1) distance of 2.84 A, too long for the F atom
to be coordinated to silver, but suggestive of a non-covalent
interaction of the species (the sum of the F and Ag van der
Waals radii being 3.29 A). The limited flexibility of the
SO, bridge leads to two close contacts between the
oxygen and silver(1) atoms (O(1)-Ag(l) = 2.69 A and
0(3)-Ag(l) = 2.94 A).

As with L and 1, the cationic units in 2 are associated into
dimers by similar m—m stacking/C-H---m interactions, see
Fig. 9, blue and red lines, respectively. In this case, the
difference is that the m—m stacking occurs mainly between the
phenyl rings of the quinoline, (see the bottom part of Fig. 9).
The quinoline rings are in a parallel arrangement, with the
dihedral angle « = 0.0° and a perpendicular distance between
the rings of 3.49 A. The phenyl rings are also parallel
displaced, with a slip angle f of 25.7°. Another difference
between 2 and the above L and 1 is that the C-H---n
interaction that accompanies the m—m stacking interaction
involves hydrogen atoms situated on the para-position with
respect to the sulfonyl group of the quinoline moiety.
The metrical parameters for this interaction are as follows:
H-centroid distance = 3.09 A, C-centroid distance = 3.98 A
and the C-H-centroid angle = 156°.

This combined set of interactions generates dimers, pictured
in the top of Fig. 10 as a space filling representation. Another
significant difference found in the crystal packing of 2 is
that the dimers are not further self-assembled in chains, as
observed with 1, through additional m—= stacking/C-H- - -r inter-
actions. As pictured in the bottom part of Fig. 10, an acetone
molecule is sandwiched between two uncoordinated quinoline
rings, therefore hampering the w—n stacking/C—H- - -w interactions
of these two moieties.

Fig. 7 Hydrogen bonding (black dotted lines) between two dimers in
the crystal packing of 1.

Fig. 8 ORTEP representation of (L,Ag)BF, (2), with the displace-
ment ellipsoids drawn at the 50% probability level.
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Fig. 9 Self-assembly of two (L,Ag)BF, cationic units through con-
certed n—n stacking (blue line) and C—H- - - interactions (red lines).

Statistical investigation of the 8-substituted quinoline n—mn
stacking synthon

The common denominator of all these structures is the asso-
ciation of the ligand and its silver(1) complexes through n—=n
stacking interactions of the quinoline rings. The presence of
the pyrazolyl rings in an appropriate position with respect to
the quinoline rings makes possible the presence of additional
C-H-: - -r interactions between the already stacked moieties.
These interactions generate dimers in all cases, and in two
cases (L and compound 1) the dimers undergo further self-
assembly into chains, again based on m—m stacking inter-
actions. When a suitable counter-ion is present, its involvement
in the crystal packing was also observed.

One major difference between the stacked structures of L
and 1 on one hand and 2 on the other is the overlap of the

Fig. 10 Top: space filling representation of a dimer of 2; bottom: an
acetone molecule (in space filling representation) sandwiched between
two uncoordinated quinoline moieties.

quinoline rings. In the case of L and 1 the major overlap
occurs between the pyridine and phenyl rings, while in the case
of 2 the overlap involves mainly the phenyl groups of the
quinoline moiety, with the pyridine rings being oriented away
from one another (compare Fig. 2 and 5 with Fig. 9). In order
to determine whether such an interaction (the m—m stacking
of two quinoline rings) was either found only in isolated
examples or was representative of a common framework, to
point out some particulars (i.e. what rings undergo the major
overlap) associated with this interaction and also to determine
the influence of additional non-covalent forces over the
“main” m—n stacking interaction of the quinoline rings, a
Cambridge Structural Database (CSD)** search has been
performed using the 5.30 version of the CSD (November
2008, plus two updates), via the ConQuest 3D routine.”* The
results were analyzed using the CSD VISTA program.>*
Although other statistical analyses of m—m stacking inter-
actions based on pyridine and similar ligands are present in
the literature,'®” we were specifically interested in analyzing
only structures containing the quinoline ring functionalized at
its 8-position with other possible donor groups. Therefore, in
the first step of our investigation we identified all compounds
containing a quinoline ring having any non-metal substituent
(NM) at the 8th position, which in turn has a second non-
metal atom bonded to it. Further, the nitrogen atom of the
quinoline ring was allowed to be coordinated to any metal
(4M). As such, we excluded the well known class of metal
complexes of 8-HO-quinoline and 8-HS-quinoline and also
compounds where quinoline acts only as an additional ligand
in the preparation of adducts with nitrogen containing ligands.
This search yielded a subset of 492 crystal structures with an R
factor <0.1, which was used in the next step of our analysis.

Further restrictions on the database search then followed from
the geometric parameters given in Scheme 2 and from accepted
values for m—m interactions. Considering an extreme case of a
small overlap between two rings of the quinoline system, with the
other two rings oriented away one from another, as depicted in
Scheme 2a, a maximum centroid—centroid distance of 7.3 A was
considered,”® to encompass either intra- or intermolecular m—n
stacking interactions involving the quinoline groups. As shown
further in Scheme 2b, to gather meaningful results for a m—n
stacking interaction, the dihedral plane o between the stacked
rings was restricted to values between 0° and 5°. The parallel
displacement of the rings was measured by the angle § formed
between the centroid—centroid vector and the ring normal to the
corresponding aromatic plane, and was allowed to have values
from 0° to 90°.

From these combined restraints, 314 crystal structures from
the previously obtained subset of 492 (or 69%) were found to
contain a quinoline n—r stacking interaction. Since some of the
entries contained more than one example of such an inter-
action, these 314 entries generated 592 examples of the motif.

The discussion of the geometric parameters associated with
this interaction utilizes all these 592 examples. The results of
the search show that the vast majority of quinoline—quinoline
plane contacts are parallel or close to parallel to each other,
i.e. the dihedral angle o is zero or near zero. In fact, 434 hits
out of 592 (73%) have values for o between 0.0° and 0.04° (see
Fig. 11), with the rest equally spread up to 5°.
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Scheme 2 Geometric parameters associated with the CSD search:
NM = non-metal, 4M = any metal, Ct; = ring centroid, § = angle
between the ring normal and centroid—centroid vector; the Ct—Ct
distances were constrained to an intra- or intermolecular contact
between 3.0 and 7.3 A; the dihedral angle between the stacked quino-
line rings (o, not pictured) was allowed to range from 0.0 up to 5.0°
the displacement of the quinoline rings was measured by /3, allowed to
vary between 0° and 90°.

Regardless of the nature of the overlapping rings (pyridine
over pyridine, phenyl over phenyl or pyridine over phenyl), the
centroid—centroid contacts between two aromatic fragments
start around 3.2-3.4 A and have a maximum in the number of
occurrences slightly below 3.8 A, as pictured in Fig. 12.
However, the histograms show that all three contacts could
be found, with a higher preference for pyridine—phenyl inter-
actions, followed by phenyl-phenyl contacts and ending with
pyridine—pyridine interactions.

For phenyl-pyridine interactions, after reaching a maximum
around 3.8 A, the number of occurrences decreases as the
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Fig. 11 Distribution in dihedral angle o (°) between mean planes of
quinoline rings involved in the n—m interaction.

centroid—centroid distance increases, while both phenyl—
phenyl and pyridine—pyridine contacts show a spike in the
number of occurrences around 5.2 and 6.8 A. This difference is
explained by the fact that a close pyridine-phenyl contact
(a small Ct1-Ct4 distance) would also impose short Ct2-Ct4
and Ct1-Ct3 distances, while a short Ct2-Ct4 or Ctl1-Ct3
distance (with the pyridine or phenyl rings oriented away one
from another), would entail a long Ctl-Ct3 or Ct2-Ct4
distance, respectively (see Scheme 2b).

Also, regardless of the nature of the aromatic rings, they are
parallel displaced with respect to each other. Fig. 13 shows the
histogram of the displacement angles 1, 2, and 3, as they
were defined in Scheme 2b, and Fig. 14 shows scattergrams for
the correlation between the displacement angles and the
corresponding centroid—centroid distances. The average values
for slip angles are 32° for 1 and 44° for 2 and f33, and they all
reveal a common trend toward smaller displacement angles
(smaller f values) as the centroid—centroid distance decreases.
In all cases, for centroid—centroid distances up to 3.8 A the
displacement angle lies around 25°.

Selected examples from the literature

The results of this search show that 69% of the 8-functionalized
quinoline based ligands undergo m—n stacking interactions. A
manual inspection of the hits showed that the n—rn stacking
interactions are often accompanied by additional interactions,
encompassing C-H---r interactions like with L and com-
pounds 1 and 2, or weak hydrogen bonds of the type C—H- - -A
(where the hydrogen acceptor could be part of the stacked
supramolecular assembly or a counterion). Examples where
the m—m stacking interaction of the quinoline moieties was
unsupported by additional interactions were also found.

In the following, we present several descriptive structures
(figures of the compounds presented as ESIf) of the main
motifs that we identified, systematized as follows: first, we
considered the case of those stacking interactions where the
main overlap of the quinoline rings occurred between phenyl
and pyridine rings. Within this general case, we treated first
some of the examples where the stacking interactions were
supported by concerted C—H- - -m interactions (Scheme 3 and
Fig. S17), as in our compounds described above, followed by
additional C-H---A hydrogen bonds or unsupported n—n
stacking interactions between the quinoline rings (Scheme 4
and Fig. S27). Examples of n—n stacking interactions where
the overlap occurs mainly between two pyridine (Scheme 5 and
Fig. S31) and phenyl rings (Scheme 6 and Fig. S4t) of the
quinoline system are described next, followed by some
examples of unconventional stacking of the quinoline rings
(Scheme 7 and Fig. S5t), and ending with examples of
compounds where the stacking interactions do not occur
(Scheme 8 and Fig. S67), showing some of the reasons why
this quinoline synthon is precluded. The captions of each
Scheme contain important geometric parameters associated
with the interactions that were identified. For n—n stacking
interactions the following are given: centroid—centroid dis-
tance (Ct—Ct), the perpendicular distance between the rings
(L) and the slip angle . Additional C-H- - - interactions and
weak C—H---Acceptor hydrogen bonds are characterized by
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Fig. 12 Histogram for the centroid—centroid distances (A) between two quinoline rings as outlined in Scheme 2.
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Fig. 14 Scattergram for a correlation between the displacement angle (ff) and the centroid—centroid distance (Ct—Ct) as outlined in Scheme 2.

H-centroid (H-Ct) distance and C-H-centroid (C-H-Ct) angle,
and H---Acceptor (H-A) and C-H-Acceptor (C-H-A)
angles, respectively. These data were calculated using the .cif
files downloaded from the CSD database and the program
PLATON.?® While the examples presented here do not offer
an exhaustive coverage of all quinoline based compounds that
undergo n—7 stacking interactions, they should offer enough
information for the reader to evaluate the important cases of

quinoline n—7 stacking accompanied (or not) by other inter-
actions, and, therefore, the usefulness of the quinoline synthon
in supramolecular chemistry and crystal engineering.

The m—r stacking in bis(4-fluoro- N-(quinolin-8-yl)benzene-
sulfonamidato-N,N’)-zinc(n) (ADEHOH),?’ is supported by
additional C-H- - -7 interactions involving the hydrogen atom
situated in the para position (4-position) with respect to the
nitrogen atom of the quinoline ring. In addition, another
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Scheme 3 Refcodes and descriptive structures of quinoline based
compounds that undergo a phenyl-pyridine m—n stacking supported
by additional C-H- - -7 interactions: ADEHOH: Ct-Ct = 3.6 A l=
3.5 A, B = 18°, H-Ct = 2.74 A, C-H-Ct = 153°, H-O = 2.71 A,
C-H-O = 162°; BEMKAG: CtCt = 39 A, L = 35A, § = 6°,
H-Ct = 2.72 A, C-H-Ct = 156° CAXJIU: Ct-Ct = 3.7A, L = 3.7A,
B = 6°, H-Ct = 2.76 A, C-H-Ct = 145°; CEGTOY: Ct-Ct = 3.7 A,
1 =36A, 8 =208, HCt = 293 A, C_H-Ct = 165°, H-Ct =
2.55A, C-H-Ct = 169°; CEHMUX: Ct=Ct = 3.7A, L = 3.6A,8 =
21.1°, H-Ct = 2.88 A, C-H-Ct = 166 FERZOS: Ct-Ct = 3.7 A,
1 =35A,=19.0° H-Ct = 2.69 A, C-H-Ct = 164°; QAGVEA:
Ct-Ct =356 A, L =34A, 8 =185, HCt=275A, C-H-Ct =
141°; UDUQOZ: Ct-Ct = 3.7 A, L = 3.5A, 8 = 22.6°>, H-Ct =
2.66 /OX, C-H-Ct = 175° see Fig. S17 for pictorial representations of
the interactions.
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Scheme 4 Refcodes and descriptive structures of quinoline based
compounds that undergo a phenyl-pyridine m—n stacking in combination
with C-H---A hydrogen bonds (top) and unsupported phenyl-
pyridine n—n stacking (bottom); BEMJAF; Ct-Ct = 3.7 A 1=
34 A, B =288, H-Cl = 291 A, C-H-Cl = 144°, H-CI = 2.73 A,
C-H-Cl = 150°; INEZAC; Ct-Ct = 3.7 A, L = 3.6 A, § = 19.6°,
H-O = 2.6 A, C-H-O = 140°, H-O = 2.7 A, C-H-O = 146°;
DEJJIM; Ct-Ct = 3.7 A, L = 3.4 A, § = 23.9% INEYIJ; Ct-Ct =
38A, L =3.5A, =245 KECDAX; Ct-Ct = 3.4 A, L = 33A,
p = 15.3° see Fig. S27 for pictorial representations of the interactions.
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Scheme 5 Refcodes and descriptive structures of quinoline based
compounds that undergo a pyridine—pyridine n—n stacking; AKERIR;
Ct-Ct = 36 A, L =35A, =201°HCI = 3.1 A, C-H-CI =
139°, H-Cl = 2.9 A, C-H-Cl = 144°; BEFYAM; Ct-Ct = 3.6 A,
1 =34A,8=1214°,H-0 = 2.6 A, C-H-O = 143.8°; DEMMAK;
Ct-Ct = 34 A, 1L =34A,8=16",H-Ct = 2.7A, CCH-Ct = 171%;
DEXTEG; Ct-Ct = 3.6 A, L = 3.4 A, f = 20.2°, H-Ct = 2.5 A,
C-H-Ct = 165° XAKNAZ; Ct-Ct = 3.7 A, 1 =34 A, f = 23.15
see Fig. S37 for pictorial representations of the interactions.
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Scheme 6 Refcodes and descriptive structures of quinoline based
compounds that undergo a phenyl-phenyl n-—n stacking; BEJMEI;
Ct-Ct = 3.7A, L =35A, p=217,H-Cl = 289 A, C-H-Cl =
178°; PEFSEZ; Ct-Ct = 3.5 A, L = 34 A, p = 15.4°; TORYUU;
Ct-Ct = 3.6 A, L = 3.5A, f = 12.7°, YAWBOO; Ct-Ct = 3.7 A,
1L =354, f = 19.9° see Fig. S4+ for pictorial representations of the
interactions.

hydrogen atom from the quinoline ring (5-position) is involved
in a C-H---O weak hydrogen bond with the sulfon-
amide group. (1,3-Bis(8-quinolyloxymethyl)benzene)-diaqua-
tetranitrato-di-copper(ir) (BEMKAG), has a similar supporting
C-H:--m interaction, again involving the hydrogen atom
situated in the para position with respect to the nitrogen atom
of the quinoline ring, which is interacting with the aromatic
cloud of the central benzene ring. Dichloro-(bis(6-methyl-
quinolinyl)-phenylarsine)-palladium(ir) (CAXJIU),? undergoes
a similar additional interaction involving the same hydrogen
atom that interacts with phenyl group bonded to the arsenic.
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Scheme 7 Refcodes and descriptive structures of quinoline based
compounds that undergo an unconventional n—r stacking; AREDOQ);
Ct-Ct = 3.6 A, L =34A, B =202° DUZWAW; Ct-Ct = 4.5 A,
1 =354, 8 =395 MERBUG; CtCt = 3.6 A, L = 33A,p =
22.7°;, WAJCOA; no quinoline interaction observed; Ct-Pd = 3.7 A,
1 Pd-Arene distance = 3.5 A; see Fig. S5+ for pictorial representations
of the interactions.
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Scheme 8 Refcodes and descriptive structures of quinoline based
compounds that do not undergo any n—n stacking; see Fig. S61 for
pictorial representations of the interactions.

(Bis-(8-quinolyl)(methyl)silyl)-tris-(acetonitrile)-rhodium-bis-
(trifluoromethane-sulfonate) (CEGTOY),*® has two C-H- - -t
interactions, with two of the H atoms (4- and 5-positions) from
the stacked quinoline rings oriented toward a non-stacked
quinoline ring, generating an interaction similar to other
quadruple arene embrace motifs.*”’ In contrast to ADEHOH,
BEMKAG, and CAXJIU, bromo-(ethyl-(diphenylphosphino)-
acetate)-(8-quinolinylmethyl)-palladium (CEHMUX),*" the
hydrogen atom involved in the additional C-H- - -x interaction
is situated in the 5-position of the quinoline ring. The next two
examples, bis((8-quinolyl)diphenylphosphine-N,P)-palladium(ir)
dichloride dichloromethane solvate monohydrate (FERZOS),*
and bis((N-quinolinyl)toluenesulfonamide)-zinc(ir) (QAGVEA),*
participate in the additional C—H- - -w interaction again with the
hydrogen atom situated in the para position with respect to the
nitrogen atom of the quinoline ring. In dimethyl-(bis(pyrazolyl)-
borate)-(8-quinolinylmethyl-C,N)-platinum(iv)  (UDUQOZ),*
the hydrogen atom in the 5-position interacts with the aromatic
cloud of a pyrazolyl ring.
Dichloro-(1,2-bis(8-quinolyloxymethyl)benzene)—copper(ir)
(BEMJAF),” has an additional bifurcated C—H---Cl weak
hydrogen bond with one chlorine atom that is coordinated
to the copper center, while bis((8-(4-pyridylsulfanylmethyl)-
quinoline)-(nitrato—O)-silver(1)) INEZAC),* forms two separate

C-H- - -O weak hydrogen bonds with two different oxygen atoms
from the NO;~ counter-ion. In contrast, the crystal packing
of dimethyl-iodo-(bis(8-quinolinyl)amido-N,N’,N'’)-platinum(iv)
(DEJJIM),® bis(8-(2-pyridylsulfanyl-methyl)quinoline)-di-
silver(1) diperchlorate (INEYIJ),>> and dichloro-(8-(trimethyl-
silyl)aminoquinoline-N,N")-aluminium (KECDAX),” is based
solely on m—r stacking interactions: as can be seen in Fig. S27,
there are no additional interactions for these compounds.

When the main overlap of the quinoline rings occur between
two pyridine rings, one can also find all three cases described
above: n—r stacking with additional C-H- - -w interactions and
C-H- - -A weak hydrogen bonds and unsupported stacking of
the quinoline rings. In the case of dichloro-oxo-triphenyl-
phosphine-(2-methylquinolinyl-amido)-rhenium(v) (AKERIR),*
and (dimethylphenylphosphine)-tricarbonyl-(n’-cyclopenta-
dienyl)-molybdenum-(8-methyl-quinoline-C,N)-palladium(ir)
(BEFYAM),* there are additional C-H- --A weak hydrogen
bonds: in the former there is a bifurcated hydrogen bond with
a Cl atom bonded to a Re center acting as a proton acceptor,
with the hydrogen atoms from the 4- and 5-positions of the
quinoline ring. The latter example involves the 5-hydrogen
atom of the quinoline ring and a carbonyl group on the
molybdenum atom. The next two examples, dimethyl-iodo-
(bis(8-quinolinyl)amido-N,N',N'')-platinum(iv) (DEMMAK),*® and
(8-quinolinol-N,0)-bis(8-quinolinolato-N,0)-zinc(i1) (DEXTEG),*
the additional interactions are C—H- - - interactions, involving
mainly the hydrogen atom situated in the para position
(4-position) with respect to the nitrogen atom of the quinoline
ring. An example of unsupported quinoline n—r stacking is
provided by bis((iodo)-(iodo)-(8-(2-pyridylsulfanyl-methyl)-
quinoline-N,N’S)-di-copper(1)) (XAKNAZ).*!

In the case of bis(8-aminoquinoline)-aqua-zinc(i) tetra-
chloro-zinc(u) (BEJMEI),** there is an additional C-H.- - -Cl
hydrogen bond, involving the hydrogen atom situated in the
para position (4-position) with respect to the nitrogen atom of
the quinoline ring and a chlorine atom from the ZnCl,>~
counter-ion. The rest of the examples, aqua-(1,1-dicyano-
ethylene-2,2-dithiolato)-(bis(quinolyloxymethyl)-pyridine)-zinc(ir)
(PEFSEZ),* (diphenylphosphino-1-diphenyl-amino-ethenyl-
oxy)-(methylquinoline)-palladium (TORYUU),** and the
coordination polymer [(8-quinolyloxyacetato)-diaqua-nickel(ir)
chloride (YAWBOO),* contain unsupported m—m stacking
interactions of the quinoline rings.

The m—n stacking interaction in bis(iodo)-(4,5-diethyl-1,2-
bis(3-(ethynyl)-8-ethoxycarbonyl-quinoline)benzene)-di-copper(1)
(AREDOQ),* involve the overlap of a phenyl group from one
quinoline ring over an entire quinoline moiety from another
molecule. In a similar interaction, chloro-(bis(8-quinolinyl)-
amino-N,N’,N'")-copper(i1) (DUZWAW),*’ has one pyridine
ring from one unit overlapping the entire quinoline ring from
another, with several C—C distances ranging from 3.5 to 3.6 A
and with a N-Cu distance of 3.1 A. Another example of such
an interaction is chloro-(bis(8-quinolinyl)amido-N,N',N"’)-
platinum (MERBUG),*® with C-C distances from 3.4 A to
3.6 A and a N-Pt distance of 3.7 A. (2-Neopentylamino-5-
hydroxy- N-neopentyl-p-benzoquinone-monoimine)-bis(8-methyl-
quinoline-C,N)-di-palladium(i) (WAJCOA),* is better described
as a Pd—quinoline (M—rt) interaction, rather than a quinoline—
quinoline m—= stacking; in fact, the quinoline rings are not
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overlapping at all, but since the two building blocks are
stacked one on top of another, we preferred to present
this example here rather than in the following section,
where no stacking is observed. Data retrieved from the
PLATON analysis of this compound revealed a 1 Pd-Arene
distance of 3.5 A, with two “short” Pd-C distances
of 3.6 A.

From the examples found without any =n—m stacking
interactions we present here only three significant examples:
bis((8-trimethylsilylaminoquinoline)-lithium) (GAKBEZ),%
(N,N’-dimethyl-N,N’-bis(8-quinolyl)ethane-1,2-diamine)-bis-
(trifluoromethanesulfonato)-manganese(i) (GIQHEU),>! and
(8-acetamidoquinolinato-N)-(2,6-bis(diphenylphosphino-methyl)-
phenyl-C,P,P)-platinum triflate (HEMFAG).>> In all cases,
bulky groups (either organic moieties grafted onto the ligand
or voluminous counter-ions coordinated to the metallic center)
hamper the appearance of the quinoline m—= stacking motif.

The data above show that the n—= stacking of the quinoline
groups influence the metrics of the additional interactions.
Focusing on the cases where the n—n stacking of the quinoline
rings is supported by additional C—H- - -w interactions, one can
identify several subclasses of this motif, based on the type of
the H-acceptor aromatic ring (another quinoline moiety, a
phenyl ring or other aromatic groups) and the position of that
particular ring within the molecule (attached either to the first
or to the second NM atom), Scheme 9. By imposing further
restraints defining a C—H.--m interaction®™ onto the 314
structures found earlier, 22 examples for the first case and 15
examples of the latter were identified.

Data analysis of the geometry of these associated C—H- - -1t
interactions is in agreement with results obtained for other
weak hydrogen bonding interactions [i.e. C-H---X (X = O,
N, F, n cloud)]; that is, as the C-H- - -X (where X in this case is
the centroid of a phenyl ring) length decreases, the associated
C-H-centroid angles approaches 180°.>* The histograms for
the C—-H-Ct angle and for the H-Ct distances and scatter-
grams for a correlation between the C-H—Ct angle and H-Ct
distance are presented as ESIT, Fig. S7 and S8, showing the
influence of the quinoline m—m stacking over the C—H---n
interaction. An ideal C-H- - -m interaction would be such that
the donor-hydrogen—acceptor angle would be 180°, but the
observed values are less than this ideal value. While Fig. S7
and S8 show that the C-H-centroid angle increases as the
H-Ct distance decreases, however this trend is smaller than in
other cases™ because of the presence of the m—m stacking
between the quinoline rings.

Scheme 9  General structures of substituted quinoline rings that could
undergo additional C-H- - & interactions: (a) the quinoline NM_Ph
case and (b) the quinoline. NM_NM_Ph case.

Conclusions

In the three new structures presented here, the building blocks
were associated by cooperative m—m and C—H-r interactions,
involving quinoline and pyrazolyl rings, thus generating
dimers and, in two cases, infinite chains. These structures fit
into the general description of interactions that we suggest are
named heteroaryl embraces, where multiple interactions occur
between different aromatic rings. A search of the Cambridge
Crystallographic Database showed that this interaction is
relatively common for metal complexes of quinoline based
ligands. At its simplest level, such an interaction between the
building blocks will yield discrete dimeric species. Higher
dimensionality networks might be obtained by the extension
of the m—m stacking interaction, as in the case of L and 1, or by
bringing into play other supramolecular synthons, such as
hydrogen bonds.

While the data contained within this paper serves to demon-
strate the viability of the “basic” quinoline n—r stacking as
a synthon for the construction of supramolecular edifices,
certainly the examples presented here serve as a useful example
of the importance to the solid state structures of other non-
covalent interactions (C—H- - -m interactions or weak hydrogen
bonds) in the organization of species containing such ligands.
It should be emphasized that the existence of quinoline
moieties within a chemical species is insufficient to guarantee
that a m—m stacking will be observed, as the framework was
found in only 69% of the structurally characterized cases,
depending on the absence or the presence of bulky co-ligands
or counter-ions, respectively.

The understanding of intra- and intermolecular forces and
of the supramolecular self-assembly process is a prerequisite
for the progress of crystal engineering. In this respect, the
study of systems like the one presented here is not only of
academic interest, but may serve as the basis for the rational
design of new solid materials with promising useful properties.
Ligands based on functionalized quinolines are appealing
because they show a great structural diversity that is derived
from their ability to exhibit various coordination patterns
combined with their potential to participate in a variety of
non-covalent interactions.

The aim of this work was to not only ascertain the influence
of the m—r stacking on the outcome of supramolecular struc-
tures in a given system, but to show that even in a system where
a simple quinoline based ligand is involved, other factors such
as the presence of other non-covalent interactions can change
the resulting molecular and supramolecular structure. Further
studies are clearly needed in order to ascertain the influence of
all factors on the outcome of a supramolecular array if one
hopes to fully control the self-assembly process and thus, to
create crystals that exhibit useful properties.
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