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An off-set stack and a saddle-like distortion are revealed by the
molecular structures of [Ru(bpy),(N-HSB)].2PFs and
[Ru(bpy)>(N-"2HSB)].2PFé.

The processes by which molecular systems undergo aggregation
have received much attention because they are key to the delivery
of pre-determined supramolecular structures at the molecular
design stage. The intermolecular forces known to have an over-
riding effect on molecular aggregation include hydrogen-bonding,'
solvent,” charge—charge® and m-stacking interactions.* Molecular
families where the latter are significant include the large planar
aromatics such as the hexabenzocoronenes.” Remarkable differ-
ences in the aggregation of these systems due to changes in
peripheral organic substituents have been observed,® but the
influence and inclusion of metal connectors is far rarer. In two
emergent molecular families, the eilatins and the nitrogen-
heterosuperbenzenes (N-HSBs),” extended fused aromatic rings
and proven ligand function allow particular attention to be given
to the resulting transition metal coordination complexes.

The successful syntheses and structural elucidation of Ru(Ir)-
eilatin,® -isoeilatin’® and -dibenzoeilatin coordinated compounds
gives some indication of the nature of their n-stacking. The solid-
state structure of the latter shows a prevalence for strong dimeric
n-stacking interactions, despite a slight out-of-plane bowing of the
aromatic platform.'® In this context the spectroscopic character-
ization of [Ru(bpy)(N-HSB)].2PFs (1)!' and [Ru(bpy),-
(N-%HSB)].2PFg (2)'? (where bpy = 2,2'-bipyridine, see Fig. 1)
provided a welcome addition to on-going investigations into large-
surface ligands, and demonstrated the aggregation of 1 but not 2 in
dilute solutions. Two assumptions were made; firstly, that the out-
of-plane twisting of the free phenyls in N-2HSB prevented the
aggregation of 2, and secondly that a dimeric aggregate of 1 was
most likely. The effect of the increase in conjugation of 1 compared
to eilatin (13 and 7 fused aromatic rings, respectively) in terms of
enhanced aggregation or in the bowing or distortion of the
aromatic plane of 2 could not be made in the absence of structural
data. Such twisted distortion of the aromatic manifold of
hexabenzocoronenes'> and fused polyaromatic hydrocarbons'
has previously been observed.

In this current work we report the first molecular structures of
the complexes [Ru(bpy),(N-HSB)].2PFs (1)t and [Ru(bpy),-
(N-'2HSB)].2PF (2),f which allow a detailed consideration of
both their molecular structure and solid-state packing. Vapour
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Fig. 1 Complexes (1) and

[Ru(bpy)-(N-HSB)].2PF¢
(N-2HSB)].2PFs (2) showing the ring labelling for N-HSB and
N-"2HSB ligands. R = tert-butyl.

[Ru(bpy),-

diffusion of ether into acetonitrile solutions of each complex
yielded crystals which were too small and weakly diffracting for
standard X-ray diffraction techniques. In the alternative these were
submitted to the synchrotron source at SRS Daresbury.'> The
molecular structures confirm that both 1 and 2 are mononuclear,
with the bidentate N-HSB or N-'2HSB contributing to the
octahedral geometry about the ruthenium metal centre (see
Table 1). Dramatic structural differences arise however, both in
the planarity of the ring-fused portion of the ligands and in the
nature of the intermolecular interactions. These are primarily a
consequence of the size of the aromatic platform and in turn the
orientation of the non-planar rings (labeled 3 and 4 in Fig. 1).
N-HSB comprises 13 fused rings. As a ligand its aromaticity is
reflected in the solid-state by the delocalisation of its CC bonds
(average C—C bond length 1.39(2) A) and in the high degree of
planarity (mean deviation 0.08 A) observed in 1. This results in
significant m-c face-to-face stacking interactions that extend
beyond simply dimeric and that verify the observation of solution
aggregation in both the spectroscopic and electrochemical data.
Two stacking interactions, eclipsed and staggered, are apparent
for each N-HSB ligand and these combine to give a unique off-set

Table 1 Ruthenium-nitrogen distances (A) for compounds 1 and 2

1 Ru-N (N-HSB) Average Ru-N (bpy)
2.069(7) and 2.064(8) 2.051(9)

2 Ru-N (N-'2HSB) Average Ru-N (bpy)
2.07(2) and 2.10(2) 2.06(2)
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Fig. 2 Molecular packing of 1 showing, a) the eclipsed and b) the
staggered overlap of two molecules; ¢) and d) show perpendicular views of
the same four molecules of 1 in an off-set columnar stack. The PFq
anions have been removed for clarity from each image except c), where the
eight sites of four partially occupied PF¢~ anions are shown.

columnar stack in the crystal (Fig. 2). The lean of this stack from
the perpendicular is ~40°. The stacking involves the eclipsed
overlap of the 12 aromatic carbon atoms of rings 2 and 3 (Fig. 2a
and Fig. 1 for ring labeling) and the staggered overlap of 8 carbon
atoms in rings 3 and 4 (Fig. 2b). In both interactions the steric bulk
of the peripheral zert-butyl groups is thought to be responsible for
the large inter-planar spacing (distance between the mean planes of
eclipsed and staggered molecules, 4.26(2) A and 4.29(2) A, respec-
tively) and to inhibit any further overlap of adjacent molecules.

Interestingly, the tert-butyl groups of rings 3, 4 and 5 orient in
the same direction and this is opposite to that of ring 2. They are
positioned so that the axial methyl of each ferz-butyl on rings 3 and
4 is rotated away from a second staggered molecule of 1 and so
that the axial methyl of the ferz-butyl group on ring 2 is oriented
away from a second eclipsed molecule of 1. In this way the steric
interactions resulting from the staggered and eclipsed overlap of
each molecule are minimised, allowing a degree of sideways lateral
freedom. Ring 3 is involved in both stacking interactions and its
tert-butyl group appears to be additionally influenced by a fully
occupied PFs~ anion. Of the two PFs~ anions per molecule, that
with full occupancy is nestled in the step formed between two
neighbouring molecules (Fig. 3). The other anion, delocalised over
two sites (50% occupancy each), is located on the outskirt of the
bpy-flanked edges of the stack (Fig. 2c).

Fueled by the observation of dimers separated by solvent
molecules in the solid state structures or Ru'! eilatins, it was
suggested previously that the steric influence of the bpy ligands
would direct the formation of discrete dimers rather than higher
aggregates in 1. However, the increase in size of the planar, ring-
fused section of N-HSB compared to eilatin relieves the steric
interaction of the bpy ligands, allowing for more extensive
aggregation than first proposed (Fig. 2d), resulting in off-set
stacks of N-HSB disks. N-HSB is clearly a ligand of novel
dimensions.

Fig. 3 a) Wire-frame and b) space-filling representations showing the
staggered overlap of two molecules of 1 and the fully occupied PFg~
anions nestled in-between.

In contrast to highly planar 1, the saddle-like structure of 2 is
exceedingly distorted (Fig. 4). The partially cyclised N-2HSB
ligand possesses two free phenyl rings which not only twist, but
bow out from the fused portion of the ligand (~20°). The
distortion from planarity in the fused ring portion of 2 is also
considerable (~5°).§ Not only does 2 have a unique motif, but the
distortion it exibits is unprecedented in a metal coordination
complex. Where observed before such distortion has been reserved
for fused-ring polyaromatics.'* The curvature of the saddle-like
structure of the N-2HSB ligand is the result of minimising
phenyl-phenyl interactions and enhancing electron delocalisation
and ensures that in contrast to 1, face-to-face n-stacking
interactions between adjacent units are restricted.

Poor crystal quality and consequent refinement preclude
detailed discussion of the structure, but packing in the solid-state
reveals a “back-to-back” bimolecular arrangement leaving a
solvent accessible void between the undersides of the saddles. No
solvent could be located in this void (Fig. 4b).9] The best resolved
hexafluorophosphate counterion of each molecule of 2 is cradled
in the seat of each saddle, leaving the remaining PFs~ located on
the periphery of the framework.

X

a)

Fig. 4 a) A wire-frame representation of 2 illustrating its saddle-like
nature and cradled PF¢ anion and b) the space filling representation of
two molecules of 2 showing the solvent accessible void.
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In conclusion we have described the molecular structures of the
ruthenium complexes [Ru(bpy),(N-HSB)]-2PFs and [Ru(bpy)s-
(N-"2HSB)]-2PF¢. The highly planar N-HSB ligand provides an
aromatic platform for the self-assembly of [Ru(bpy),-
(N-HSB)]-2PF; into an off-set columnar stack. The free phenyl
rings cause distortion in the partially cyclised N-2HSB reducing
the planarity and producing the saddle-like molecular structure of
[Ru(bpy)>(N-2HSB)].2PF,. The solid-state structural analyses of
1 and 2 reinforce and refine the conclusions made previously with
regard to molecular interactions in solution. In addition they shed
new light on the extent to which ligand size and design is influential
in the formation of supramolecular aggregates. Such information
is fundamental to the development and application of metal based
nano-materials.

Notes and references

+ Crystal data for 1: CyHgNgF,P,Ru, M = 1454.33, triclinic, space
group P-1, a = 11.6396(12), b = 16.9812(17), ¢ = 18.4297(18) A, « =
87.348(4), f = 73.266(4), y = 84.678(4)°, V = 3472.77(6) A>, Z =2, D, =
1.391 Mg m ™3, ;= 0.353 mm ™', F(000) = 1488, red lath 0.34 x 0.04 x
0.01 mm, 204, = 42.16°, synchrotron (1 = 0.68870 A), T = 150(2) K,
Tmax = 0997, Tiin = 0.600, 19499 reflections, 8218 unique (99.0%
completeness), 937 parameters, wR, = 0.2759 for all data, for 4916 data
with 7 > 2a(). One of the two hexafluorophosphate anions is disordered
over two sites with 50% occupancy of each. CCDC 291925 (1). For
crystallographic data in CIF or other electronic format see DOI: 10.1039/
b604131k

i Crystal data for 2: CyHgNgF,P,Ru, M = 1460.37, triclinic, space
group P-1,a = 13.277(2), b = 17.707(2), ¢ = 18.273(2) A, o = 68.345(2), i =
89.786(2), y = 78.094(2)°, V' =3894.4(8) A>, Z=2, D, = 1245 Mgm >, pu=
0.315 mm™ ', F000) = 1500, orange plate 0.12 x 0.11 x 0.01 mm,
20max = 39.72°, synchrotron radiation (4 = 0.67780 A), T'= 150(2) K,
Tmax = 0997, Tiin = 0.598, 19935 reflections, 8129 unique (98.8%
completeness), 876 parameters, wR, = 0.5001 for all data, R; = 0.1962 for
4839 data with I > 2a(J). CCDC 291926 (2). For crystallographic data in
CIF or other electronic format see DOI: 10.1039/b604131k. Numerous
attempts were made to collect diffraction intensity data from hard won
single crystal samples of 1 and 2 using a Bruker APEX diffractometer with
MoK radiation source. Samples were submitted to Station 9.8 of the SRS
at Daresbury Laboratories, and data collected using a Bruker Nonius
APEX II CCD diffractometer equipped and cooled by a Cryostream
nitrogen-gas stream. Lorentz, polarisation and multi-scan absorption
corrections were applied. The structures were solved using direct methods
(SHELXS) and a full-matrix least-squares refinement performed on
using all data (SHELXL97). Despite the use of high intensity synchrotron
radiation, the two sets of crystals proved weakly diffracting. Both contain
solvent accessible voids, however, no electron density peaks were found in

chemically sensible positions for solvent molecules. This work was
supported by Enterprise Ireland award IF-2001\369 and IRCSET PD
02101. We acknowledge the provision of time on the Small Molecule
Crystallography Service at the CCLRC Daresbury Laboratory via the E.U.
FP6 “Structuring the European Research Area” Programme (through the
Integrated Infrastructure Initiative “Integrating Activity on Synchrotron
and Free Electron Laser Science”).

§ Average angle calculated using the mean-plane of ring 8, the centroid of
ring 8 and the carbon atoms of the free phenyl rings attached to the zert-
butyl groups. Carbon atoms at the periphery of the fused system; average
distortions of ~0.5 A above and below the mean-plane.

9| Treatment of the structure with the squeeze algorithm significantly
reduc?gi the R-factor (R;(sqz) = 0.1680 (I > 25), wR5(sqz) = 0.4460 (all
data).
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