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A large number of new [Ru™([9]aneS;)(L)CI]* complexes (where L is a polypyridyl bidentate ligand) were synthesized
from the precursor [Ru([9]aneS;)(dmso)Cl,] in the search for new DNA intercalators. The ancillary ligands used have
different molecular architectures which include cross bridges, pyridyl units, phenanthroline and diamine derivatives.
The related complex [Ru([9]aneS;)(ind)Cl,], containing the monodentate ligand indazole, was also prepared. The
diimine complexes [Ru([9]aneS;)(pdi)Cl]* and [Ru([9]aneS;)(phi)CI]" were prepared in situ from the ligands pda
(o-phenylenediamine) and dap (phenanthrene-9,10-diamine), respectively, via Ru assisted amine/imine oxidation.

All complexes were characterised through 'H NMR, IR, UV-Vis and electrospray mass spectrometry. Furthermore,
the PF salts of seven [Ru([9]aneS;)(L)CI]* and [Ru([9]aneS,)(dip)CI|BF, (dip = 4,7-diphenylphenanthroline) have
been investigated by X-ray single crystal diffraction. The crystal structures are presented and analysed in terms of
the molecular assemblies of the complex cations and anions and the molecular hydrogen bonding interactions. The
n-stacking geometric arrangements of the extended aromatic systems dppz (dipyrido[3,2-a:2’,3'-c]phenazine) and

dip in their metal complexes are also discussed.

Introduction

One of the major areas of research involving ruthenium
polypyridyl complexes is in RNA/DNA recognition.! Typically,
these complexes show non-covalent (electrostatic) interactions
in the exterior of the DNA helix, groove-bound association
(direct hydrogen bonding or van der Waals interactions with the
nucleobases in the groove) and intercalation (stacking inter-
actions between nucleobases and aromatic ligands). Prototypes
have included [Ru(bpy),L]*" or [Ru(phen),L]**, where L is a
polypyridyl able to interact non-covalently with DNA.

The choice of the metal centre and the macrocycle ancillary
ligand followed several criteria in order to try and achieve goals,
such as anti-tumor action and improvement of the selectivity
and specificity of the intermolecular interactions between DNA
and the metal complexes. Ruthenium(m) is an excellent candi-
date: it is known that ruthenium(mm) anti-tumor complexes are
reduced in vivo to Ru", the state with cytotoxic activity,” and as
Ru" is diamagnetic (d®) metal complex-DNA interaction
studies can be monitored easily by NMR. Polypyridyls such as
1,10-phenanthroline and 2,2'-bipyridyl have been the usual
choice as ancillary ligands, if only non-covalent metal complex-
DNA interactions are required.* The use of macrocyclic com-
plexes has several advantages over all polypyridylic systems.
Macrocyclic polyamines have been used in the synthesis of
complexes with transition metals and lanthanides for sensory
and diagnostic applications and several reviews have appeared
recently.*® In contrast to complexes containing “ancillary”
ligands such as phenanthrolines, thia- or aza-crowns are able to
form hydrogen bonds and specific van der Waals contacts with
the functional groups of DNA bases located in the major

T Electronic supplementary information (ESI) available: ES-MS
spectra, crystal packing diagrams, syntheses of complexes, ligand
conformations, hydrogen bond parameters, crystal data, analytical and
spectroscopic data for complexes. See http://www.rsc.org/suppdata/dt/
b0/b004752j/
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groove.* Also a fully polypyridylic co-ordination sphere results
in much greater steric hindrance on binding to DNA, when
compared to thioether macrocycles, limiting intercalation to
open structures in the major groove.” Moreover, complexes with
macrocyclic ligands, compared to those with only polypyridyls,
offer the advantage of minimisation of optical isomerism.?
In this context the complexes [Rh([12]aneN,)(phi)]** and [Rh-
([12]aneS,)(phi)]** (phi = 9,10-phenathrenequinone diimine),
synthesized by Barton and co-workers, represent two successful
examples of metal systems containing both macrocyclic and
polypyridylic ligands used in the DNA-complex interaction
studies."® Searching for new DNA intercalators, our group
has been involved in the study of new ruthenium(ir) complexes
with polythioether macrocycles and polypyridyls, or related
N-heterocyclic ligands.”

The symmetric macrocycle [9]aneS; (1,4,7-trithiacyclo-
nonane) was chosen in order to synthesize octahedral
complexes, of the type [Ru™([9]aneS;)(L)CI]* (where L is a
polypyridyl bidentate ligand) which are able to interact non-
covalently with DNA. Additionally, the presence of a labile
chloride in the metal co-ordination sphere allows the possibility
of covalent bonding.”

Phenanthroline and bipyridyl derivatives, presented in
Scheme 1, form rigid five membered chelate rings upon co-
ordination with metal ions. Furthermore their aromatic sur-
faces can be extended to turn them into good candidates for
intercalation with nucleobases, since there is experimental
evidence that stacking free energy correlates reasonably well
with the surface area of the ligand.!® The best known examples
of this class of compounds are dppz (dipyrido[3,2-a:2',3"-c]-
phenazine) ' and phi.*'>"* Cross-bridged pyridyl ligands (dipa,
dpk, dpm) offer other possibilities such as the formation of six
membered rings that are more flexible than phen or bpy deriv-
atives. The bridging group is an important variable since it
influences the co-ordination mode of the ligand and as well
as the structural and optical properties of the complex.'*!s
These ligands may be used in DNA-complex interactions as
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carboplatin [diammine(cyclobutanedicarboxylato)platinum(ir)]
analogues '*'7 and other ligands can be covalently added at the
bridging atom opening new pathways for intercalative ligand
synthesis.

In this study the synthesis and structural characterisation of
a large number of Ru"/[9]aneS; and polypyridyl complexes are
presented. The complexes have been characterised using a
plethora of techniques including '"H NMR, infrared spectro-
scopy, UV/Vis, electrospray mass spectrometry and X-ray single
crystal diffraction. For simplicity all complex cations and their
corresponding neutral species are labelled similarly (the poly-
pyridyl ligands are shown in Scheme 1).

Results and discussion
Synthesis and characterisation

All Ru'/[9]aneS,/polypyridyl complexes reported in this study
were synthesized according to the method described previ-
ously® which consists of a simple substitution reaction of
dmso and a Cl ligand in the [Ru([9]aneS;)(dmso)Cl,] precursor
complex by a bidentate polypyridyl ligand. The experimental
details and full structural data of all the complexes reported are
given as ESI supplementary material. The supplementary tables
and figures are indicated by the letter S.

Complex 1 with a monodentate ind ligand was prepared with
two Cl ligands resulting in a neutral species. This complex is
very insoluble in most solvents and slightly soluble in dmso.
Electrospray, 'H NMR and UV-Vis spectra were therefore
recorded in this solvent. The ES mass spectrum shows peaks
at m/z 513, 435 and 407 which can be assigned to the [Ru([9]-

aneS;)(ind)(dmso)CI]*, [Ru([9]aneS;)(ind)Cl]" and [Ru([9]-
aneS;)(ind)Cl — CH,CH,]" cations respectively. The first cation
is formed during dissolution of 1 with dmso by replacement of
a labile chloride ion. The other two ions are formed by dmso
loss and by joint losses of dmso and CH,CH, from the macro-
cycle, respectively. The NMR spectrum of the complex exhibits
changes with time typical of a complex undergoing substitution
in agreement with the ES data. Owing to the complexity of the
spectra only the H® peak of the ind ligand was used to follow
appearance and disappearance of the various species. The H?
peak of free ind was identified at ¢ 8.05 (5% after 20 min) and
the bi-substituted form, [Ru([9]aneS;)(ind)(dmso),]** at & 8.59.
This bi-substituted form is still present in solution after one
month (30%) and is favoured by an increase in temperature
(70% after 4 h at 40 °C). The neutral form, [Ru([9]aneS;)(ind)-
Cl,), has a peak at 0 8.40 and the monosubstituted [Ru([9]-
aneS;)(ind)Cl(dmso)]” shows two peaks at J 8.13 and 8.50
probably due to the existence of two optical isomers.

The complexes [Ru([9]aneS;)(pdi)CI]" 2 and [Ru([9]aneS;)-
(phi)CI]™ 3 were obtained in situ from pda and dap ligands,
respectively, via Ru-assisted amine/imine oxidation (see Scheme
2).18 Tn fact complex 2 shows three characteristic IR bands
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at 1523 (Onp bending), 1451 and 1378 cm™! characteristic of
co-ordinated pdi.’* However the expected sharp band at 3280—
3300 cm™! for co-ordinated pdi'®*"® appears as a strong and
broad vy band between 3250 and 2800 cm ™. Since all free pda
amine vibrations (v,g.g (33855), v (33465), On.gr (16325), ven
(1274s), wyng (910-660 s,br cm ™)) are absent in the IR spec-
trum, the presence of the imine form in complex 2 is clearly
demonstrated. The IR spectrum of complex 3 shows character-
istic vibrations of co-ordinated phi,'® namely the medium
intensity band at 1497 cm™! (Jy.y), the C=N vibration at 1602
cm ! and the sharp =N-H peaks at 3318 and 3208 cm™'. Fur-
thermore the ES mass spectral patterns obtained for 2 and 3
are those expected for the corresponding complexes with the
reduced forms of co-ordinated pdi and phi instead of pda and
dap. The comparison presented in Fig. S1 between the simu-
lated spectrum of [Ru([9]aneS;)(dap)CI]* and the experimental
spectrum of complex 3 shows that the spectra differ in two mass
units showing unequivocally that the oxidation of dap to the
phi diimine form occurs.’®**/ The oxidation of pda to pdi in the
preparation of complex [Ru([9]aneS;)(pdi)CI]* 2 was also
investigated by "H NMR spectroscopy. In order to check for the
presence of the NH protons, spectra in water-D,0 (9:1) were
recorded. Two peaks at 0 12.68 and 12.60 were present and the
integration of these and the aromatic protons gave the correct
stoichiometry. The presence of two peaks suggests, as for other
Cl containing complexes, that the labile Cl is being replaced by
H,O giving a mixture of two complexes. This effect is only seen
for the NH protons and not for the aromatic protons (less
delocalisation). Confirmation of this is given by 'H NMR
spectrum of 2 in methanol (a non-co-ordinating solvent) where
only one NH resonance is seen. For complex 3 one peak is seen
for the two NH protons in CD;CN owing to C, symmetry.

The IR spectrum of complex [Ru([9]aneS;)(dpk)CI]* 5 shows
two bands at 1673 and 1306 cm ™, characteristic of the carbonyl
group and assigned to the vibrational modes ve_o and d¢ c-oy.c
respectively. The presence of these bands and the absence of
diol or hemiketal C-O bands (vyc.o.c at 1275-1200 and v, o.c
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at 1075-1020 cm™!) is clear evidence that the bridging carbonyl
retains its double bond character. This result is also consistent
with the crystal structure found for this complex (see below).
The C=0O bond length is 1.244(41) A and the angles centred at
the carbon of the carbonyl group C-C-O are 115.3(41) and
126.9(52)°, and the C-C—C angle is 113.40(38)°, which agrees
with those reported for free dpk (C=O 1.215 A, C-C-O
119.9 and 120.4 and C-C-C 119.7°).%° This result is surprising
since the synthesis of 5 was carried out in ethanol. It is well
known that when dpk is co-ordinated to a metal centre the
carbonyl group usually suffers nucleophilic addition of alcohol
or water from the solvent and subsequent re-hybridisation of
the carbon atom from sp® to sp®.?! The change in stereo-
chemistry of the bridging carbon leads to a significant decrease
in the steric strain of the six-membered chelate ring thus favour-
ing nucleophilic attack. In most of the known dpk complexes,
characterised by X-ray diffraction, the ligand appears as a diol,
hemiketal or ketal.”? There are only a few examples of dpk
complexes where the carbonyl bridge retains its double bond
character.?

The IR spectrum of the complex [Ru([9]aneS;)(dipa)CI]* 6
presents the vibration pattern found in the literature *** namely
three sharp bands at 1527, 1581 and 1630 cm ™' and several
peaks above 3100 cm™'. The most energetic bands at 3364, 3271
and 3210 cm™! can be assigned to amine stretching vibrations
(va)-2* In the same region, free dipa has only one band at 3253
cm™!. The NMR spectrum of 6 shows two distinct peaks for the
NH proton (determined in water—-D,O (9:1)) J at 9.63 and
9.48 (1H, s). However, in acetone, only one NH peak is present
suggesting that the labile Cl is being replaced by H,O.

The eleven aromatic resonances in the 'H NMR spectrum of
[Ru([9]aneS;)(tpy)CI]* 8 were assigned. The inequivalence of
the aromatic protons for the tpy ligand suggests that tridentate
binding is not occurring. Moreover the ES mass spectrum of
this complex presented in Fig. S2 shows the characteristic
pattern of a bidentate complex, with peaks corresponding to
the M™, [M — 64]" and [M — 92]" ions at m/z 550, 486 and 458
respectively. Although tpy behaves here as a bidentate ligand, it
differs from the other bidentate ligands studied because it has
an additional pyridyl group, which can interact with the other
co-ordinating atoms, especially chlorine. The presence of two
very abundant doubly charged ions of m/z 257.5 and 243.5
(IM — CI*" and [M — Cl — CH,CH,]**) which are not formed,
at least with significant abundance, for the other bidentate
complexes, and the mono-charged species of m/z 534 and 514
(IM — Cl + F]* and [M — CI — H]"), are an example of the
predominance of Cl loss over other common fragmentation
processes such as C-S cleavage. In addition, all the ions men-
tioned above are associated with loss of co-ordinated CI. This
points to increased tension in the Ru—Cl bond, induced by the
non-co-ordinating pyridyl group, leading to a facile loss of Cl.
However the co-ordination of smaller atoms such as F (arising
from the PF¢~ counter ion) is possible, because the distance
between the co-ordinated halogen and the pyridyl ring
increases. Interestingly, if acetonitrile is used as a solvent in
NMR a subset of peaks is observed indicating that it is
replacing the Cl ligand. This is consistent with conclusions
drawn from mass spectrometry where the free pyridyl ring of
tpy destabilises the axial Cl atom allowing the formation of
[Ru([9]aneS;)(tpy)]**. The NMR and mass spectra results were
found to be consistent with the crystal structure (see below),
which indicates that tpy is in fact bound via two of the three
nitrogens leaving one ring free.

The NMR spectrum of [Ru([9]aneS;)(bq)CI]* 9 is unique
among the spectra of the complexes reported here since the
protons of each of the CH, groups in the [9]aneS; macrocycle
ligand have a distinct environment. There are six multiplets of
eight peaks suggesting that there is C, symmetry and each
proton is coupled to three others. The bulkiness of the bq
ligand and its resulting distortion when bound (see X-ray) most
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probably gives rise to this inequivalence. The crystal structure
shows that the ligand is deflected away from the S-S-Ru-N-N
plane and twisted about the interannular C-C bond. The
related ligand, dhmf, was used in an attempt to synthesize an
analogous complex, however a mixture of the desired complex
(70%) and the “free” ligand (30%) was always obtained. In
the case of dhmf, due to the extra rigidity of the framework,
twisting about this interannular C—-C bond is not possible, and
consequently, co-ordination is much more difficult.

The solid obtained from the synthesis of complex [Ru([9]-
aneS;)(dhmf)CI]* 14 has an ES mass spectrum showing peaks
[M — 64]" and [M — 92]" characteristic of this family of com-
plexes. Other ions formed by rearrangement of the polypyridyl
moiety can also be observed. The unco-ordinated ligand in the
solid is revealed in the mass spectrum by the presence of a peak
with an unusually high relative abundance at m/z 311 corre-
sponding to the protonated ligand. This fact does not imply an
unreacted mixture since no precursor [Ru([9]aneS;)(dmso)Cl,]
was detected. This precursor is soluble in water and slightly
soluble in several organic solvents and since the eluent used
was a 50:50 water-methanol mixture the absence in the ES
mass spectrum of 14 of the peak corresponding to the rapidly
formed [Ru([9]aneS;)(dmso)(H,O)CI]" species, obtained from
[Ru([9]aneS,;)(dmso)CL,], indicates that there is no contamin-
ation with the precursor.

Structural studies

Molecular structures of Ru"[9]aneS; polypyridylic complex
cations. The crystal structures of [Ru([9]aneS;)(dipa)CI]PF 6,
[Ru([9]aneS,)(bpym)CIJPF, 7, [Ru([9]aneS;)(tpy)CI|PF, 8,
[Ru([9]aneS;)(bq)CI]PF,-CH,CN 9, [Ru([9]aneS;)(dip)CI]BF,
11 and [Ru([9]aneS;)(dppz)CIJPF4-0.25H,0 13 were determined
by X-ray diffraction. The asymmetric unit of complex 6 con-
tains a discrete cation [Ru([9]aneS;)(dipa)CI]* and a PF,~ anion
both with m crystallographic symmetry. The asymmetric unit
of [Ru([9]aneS;)(bpym)CI]PF¢ 7 is composed of a [Ru([9]-
aneS;)(bpym)CI]* cation and a PF,” anion also with m
crystallographic symmetry. The unit cell of 8 consists of
[Ru([9]aneS;)(tpy)CI]* cations and PF~ anions. The unit cell of
9 is composed of four [Ru([9]aneS;)(bq)CI]* cations, four dis-
ordered PF¢~ anions and four CH;CN solvent molecules. The
unit cell of 11 contains discrete [Ru([9]aneS;)(dip)CI]* cations
and BF,” anions. The crystal structure of 13 is built from
an asymmetric unit composed of two complex [Ru([9]aneS;)-
(dppz)CI]" cations, two disordered PF,~ anions and a water
molecule with an occupancy of 0.25. Several crystals of 13 were
investigated but all showed weak diffraction patterns. The Akl
data of the selected crystal used for data collection had a high
R, value of 0.158 and a high final R value of 0.124. A detailed
analysis of the structural features of the structure of 13 is
therefore problematic. However, two crystallographically
independent cations have structural parameters that bear
enough accuracy for an unequivocal characterisation of the co-
ordination environment of the ruthenium centre in both cases.
The inclusion of this complex allows a much broader discussion
of the structural trends in this family of complexes. Further-
more, the bond lengths and angles found for the two independ-
ent cations are identical within standard limits. In the present
discussion the average values for these structural parameters
will be used, unless otherwise stated.

For comparison purposes the structures of the six complexes
cations will be discussed together while crystal packing will be
discussed only at the end of this section. Molecular diagrams
with the corresponding atomic notation scheme used are pre-
sented in Figs. 1, 2, 3, 4, 5 and 6 for complex cations 6,7, 8,9, 11
and 13, respectively. Selected bond lengths and angles in the
ruthenium co-ordination sphere are given in Table 1. In all
structures the metal centre displays a distorted octahedral
co-ordination sphere with the equatorial plane defined by two



Fig. 1 Molecular structure of [Ru([9]aneS;)(dipa)CI]* 6: (a) side view
with the labelling scheme adopted; (b) view along the axis defined by
the two nitrogen donor atoms of dipa showing the boat conformation
of the six-membered chelate ring and the special orientation relative to
the equatorial plane adopted by this ligand.

Fig. 2 Molecular structure of [Ru([9]aneS;)(bpym)CI]* 7 with the
labelling scheme adopted.

macrocyclic sulfur donor atoms and two nitrogen atoms from
the polypyridylic ligand: dipa 6, bpym 7, tpy 8, bq 9, dip 11
or dppz 13. Six-co-ordination is completed via the remaining
sulfur macrocyclic atom and a chlorine atom.

Table 2 lists the relevant structural parameters for the charac-
terisation of the complexes together with the data for other
closely related Ru'[9]aneS; polypyridylic complexes. The
crystal data include the complex cations [Ru([9]aneS;)(dpm)-
CI]* 4, [Ru([9]aneS;)(dpk)CI]* 5, [Ru([9]aneS;)(bpy)CI]* 15 and
[Ru([9]aneS;)(phen)CI]* 16. Complexes 15 and 16 have been
reported in our previous study.® Complexes 4 and 5 were also
investigated by us using X-ray single crystal diffraction.?

A5

S(7) N@1)

Fig. 3 Molecular structure of [Ru([9]aneS;)(tpy)Cl]" 8 with the
labelling scheme adopted.

Fig. 4 Molecular structure of [Ru([9]aneS;)(bq)CI]* 9: (a) side view
with the labelling scheme adopted; (b) view along the axis defined by
the two nitrogen donor atoms of bq showing the special orientation
relative to the equatorial co-ordination plane adopted by this ligand.

Unfortunately both compounds were composed of ca. 50%
crystal and 50% powder and gave very poor diffraction
patterns. However in both cases it was possible to locate
unambiguously all non-hydrogen atoms and to refine the
positions of the sulfur and ruthenium atoms with anisotropic
thermal parameters and the remaining non-hydrogen atoms
with isotropic thermal parameters. The final quality of the
crystal structures of these two compounds is not good, but
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Fig. 5 Molecular structure of [Ru([9]aneS;)(dip)CI]* 11 with the
labelling scheme adopted.

Fig. 6 Molecular structure of one of the independent [Ru([9]aneS;)-
(dppz)C1]* 13 cations, with the labelling scheme adopted. The [9]aneS,
ligand has a type III conformation.

the dimensions involving the ruthenium centre in both cases
are sufficiently accurate to be included in a wider discussion
of some structural features associated with polypyridyl
Ru"[9]aneS; complexes. Complexes 4, 5, 15 and 16 have
fac-octahedral geometry with the polypyridyl ligand in the
equatorial co-ordination plane, an arrangement similar to that
seen for the new crystal structures reported here. The terpyridyl
ligand has three possible nitrogen donor atoms, allowing tri-
dentate co-ordination. This is undoubtedly the preferred mode
of tpy when the metal centre has three mer co-ordination posi-
tions available and has been found for the majority of
ruthenium complexes containing tpy.”* However, there are
several examples of ruthenium complexes with tpy behaving as
a bidentate ligand,” as occurs in 8, in which the facial co-
ordination of [9]aneS; prevents co-ordination of the third
nitrogen donor atom N(31). The assignment of the nitrogen
N(31) and the carbon C(33) atoms is unambiguous (see
Experimental section). In the crystal structure of 8 this nitrogen
is 4.400(6) A from the mer position occupied by the sulfur
macrocyclic S(7) atom (see Fig. 3) but only 0.224(6) A out of
the equatorial co-ordination plane, which makes an angle of
73.2(2)° with the pyridyl ring 3 (rings are numbered according
to the nitrogen atom they contain). The orientation of this ring
suggests that N(31) can easily replace S(7) in the metal co-
ordination sphere. However the thermodynamic stability
gained through the macrocycle effect from the co-ordination of
the three sulfur donor atoms of [9]aneS; favours the isomer
found by X-ray diffraction analysis. A structure such as
[Ru([9]aneS;)(tpy)]**, resulting from replacement of the axial
Cl by the nitrogen N(31) of ring 3 in the metal co-ordination
sphere, is impossible because tpy cannot be fac while [9]aneS; is
not mer. In complex 8 the bpy unit formed by pyridyl rings 1 and
2 is twisted around the interannular C—C bond with a dihedral
angle between the two rings of 16.6(3)°. However the major
twisting of 56.3(2)° involves the co-ordinated ring 2 and the
non-co-ordinated ring 3. These values are within the range
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expected for metal complexes in which the tpy adopts a chelat-
ing bidentate behaviour.”’

In complex 9 the bq ligand also exhibits a twist of 16.5(10)°
around the interannular C-C bond, possibly in order to
minimise steric interactions between the side rings of this ligand
and the macrocyclic sulfur atoms S(7) and S(4) (see below
and Fig. 4b). By contrast, in complex 15, the bpy ligand is
nearly planar with the twist angle between rings 1 and 2
reduced to 1.4°. Complex 7 has C, symmetry and as a con-
sequence the bpym ligand is perfectly planar with a twist angle
of 0°.

Complexes 6 and 9 show a pronounced tilt of the poly-
pyridylic ligand (dipa or bq) relative to the equatorial co-
ordination plane. This tilting is clearly seen in Figs. 1(b) and
4(b), which show the molecular structures of the complex
cations 6 and 9 projected along the axis defined by the two
nitrogen polypyridylic donor atoms, and can be characterised
by the angle a, which is defined as the dihedral angle between
the equatorial plane (e.g atoms S(4), S(7), N(11) and N(21) in 9)
and the plane of the four pyridyl atoms participating in the
chelate ring (e.g. N(11), C(16), C(26), N(21) in 9). This angle
takes values of 32.7(3) and 31.3(7)°, for 6 and 9 respectively.
Complex 5 with dpk has a similar tilt with an a angle of
33.4(16)°, which is reduced in 4 with dpm to 22.3(6)° (average
value). By contrast, complexes 11, 13, 15 and 16 (values quoted
in Table 2) show much smaller a angles indicating that the
polypyridyl ligands are almost in the equatorial co-ordination
plane. An intermediate situation occurs for 7 and 8, in which
the polypyridyl ligand (bpym or tpy) exhibits a angles of 17.2(2)
and 13.4(3)° respectively. However, the value of the tilt angle
presented by the bpym ligand in complex 7 is unexpectedly high
when compared to that found for bpy in 15, which is close to 0°.

This comparison shows that increasing the lateral length of
the polypyridyl ligand either by introducing a bridging group
between the two pyridyl rings (CH, in dpm, C=0 in dpk or NH
in dipa) or by expanding the aromatic system of bpy, by adding
two fused rings to give the bq ligand, has a dramatic effect on
the overall geometry of the complex. By contrast increasing the
bulk at the back of the phen skeleton by introducing two phenyl
groups (dip) or expanding the aromatic system adding two
fused rings (dppz) has negligible influence. Rotation of the dipa
or bq ligand around the axis defined by the nitrogen donor
atoms towards the equatorial co-ordination plane leads to two
short close contacts (ca. 1.80 and 1.74 A in 9 and 2.42 and 2.37
A in 6) between the equatorial sulfur atoms and the hydrogen
atoms of the polypyridyl ring closest to the ruthenium(ir) first
co-ordination sphere. This increases considerably the steric
strain in the metal complex.

In complex 6 the dipa ligand adopts a boat configuration on
chelation to the metal with a dihedral angle between pyridyl
rings 1 and 2 of 32.2(1)°. The sp® bridging nitrogen is 0.264(8) A
and the ruthenium atom is 0.831(9) A above the plane defined
by the pyridyl atoms participating in the six-membered chelate
ring. The bond angle centred at the bridging nitrogen C(16)—
N@1)-C(16") is 127.4(7)°. The lengths of the bridge bonds N-C
[1.409(6) A] are longer than those found for C-N bonds within
the pyridyl rings [1.328(7) and 1.356(7) A]. These structural
results indicate the absence of cross-conjugation effects
between the two pyridyl rings via the bridging nitrogen atom.

All complexes quoted in Table 2 contain comparable Ru—S
and Ru-N bond lengths in the ruthenium(i) co-ordination
sphere. In all cases, except 4, the Ru-S axial bonds are slightly
shorter than the equatorial Ru-S bonds due to the differential
trans influence of the chloride and the polypyridyl ligands.
Complexes 7-9, 11, 13, 15 and 16 have similar N-Ru—N values,
within the range 75.2(6) to 79.1(2)°, which reflects the small bite
angles of the bpym, tpy, bq, dip, dppz, bpy and phen poly-
pyridyl ligands. When this steric constraint is reduced wider
N-Ru-N angles close to the ideal octahedral value of 90° as
expected. Thus complexes of dpm 4, dpk 5 and dipa 6 exhibit



Table 1 Selected bond lengths and angles for complexes 6-9, 11 and 13

6  [Ru([9]ansS;)(dipa)CI]*

Ru-N(11) 2.116(5)
Ru-S(1) 2.285(3)
NG1)-C(16) 1.409(6)
N(31)-H@31) 0.861(11)
N(11")“-Ru-N(11) 84.9(2)
S(4)"Ru-S(4) 87.3(1)
C(16)N@31)-C(16)  127.4(7)

7 [Ru([9]ansS;)(bpym)CI]*

Ru-N(11) 2.112(4)
Ru-S(1) 2.294(3)
N(11)-Ru-N(11")*® 77.9(2)
S(4)-Ru-S(4')® 86.6(1)
8  [Ru([9]ansS;)(tpy)CIl"
Ru-N(11) 2.092(4)
Ru-S(7) 2.327(2)
Ru-S(1) 2.280(2)
N(11)-Ru-N(21) 78.02)
NQ1)-Ru-S(4) 172.1(1)
S(1)-Ru-Cl 179.0(1)
9 [Ru([9]aneS;)(bq)CI]*
Ru-N(11) 2.159(15)
Ru-S(1) 2.287(5)
Ru-S(4) 2.329(6)
N(11)-Ru-N(21) 75.2(6)
NQ1)-Ru-S(4) 173.2(4)
S(1)-Ru-Cl 176.9(2)
11 [Ru([9]aneS;)(dip)CI]*
Ru-N(11) 2.098(5)
Ru-S(1) 2.274(3)
Ru-S(4) 2.307(3)
N(11)-Ru-N(21) 79.12)
NQ1)-Ru-S(4) 175.1(2)
S(1)-Ru-Cl 177.6(1)

13 [Ru([9]aneS;)(dppz)CI]* ¢

Ru-N(11) 2.110(11), 2.108(12)
Ru-S(1) 2.289(5), 2.290(5)
Ru-S(7) 2.296(5), 2.298(5)

N(11)-Ru-N(21)
NQ1)-Ru-S(4)
S(1)-Ru—Cl

78.3(4), 78.5(5)
175.2(3), 175.5(4)
179.0(2), 176.5(2)

Symmetry transformations used to generate equivalent atoms: “ x, y, § —

present in the asymmetric unit.

RuCl 2.450(3)
Ru-S(4) 2.307(2)
C(16)-N(11) 1.328(7)
C(12)-N(11) 1.356(7)
N(11)-Ru-S(4)* 178.6(1)
S(1)-Ru-Cl 179.0(1)
C(16)NG-H31)  113.3(12)
Ru-Cl 2.452(2)
Ru-S@4) 2.303(2)
N(11')*-Ru-S(4) 174.4(1)
S(1)-Ru-Cl 177.0(1)
Ru-N(21) 2.152(4)
RuCl 2.434(2)
Ru-S(4) 2.297(2)
N(11)-Ru-S(7) 178.2(1)
S(4)-Ru-S(7) 86.9(1)
Ru-N(21) 2.171(14)
Ru-S(7) 2.320(6)
Ru-Cl 2.451(5)
N(11)-Ru-S(7) 171.4(4)
S(7)-Ru-S(4) 85.8(2)
Ru-N(21) 2.104(6)
Ru-S(7) 2.301(3)
Ru-Cl 2.417(4)
N(11)-Ru-S(7) 175.1(2)
S(7)-Ru-S(4) 87.7(1)

Ru-N(21) 2.104(11), 2.081(11)
Ru-S(4) 2.314(4), 2.305(4)
Ru-Cl 2.429(5), 2.433(5)

N(11)-Ru-S(7)
S(7)-Ru-S(4)

173.53), 175.5(4)
87.6(2), 87.4(2)

;P x, —y + &, z. © The italicised values correspond to the second molecule

angles of 86.2(4) (average value), 85.5(14) and 84.9(2)°
respectively.

The S-C-C-S, C-S-C-C and C-C-S-C endocyclic torsion
angles, given Table S1, indicate, in the solid state, four different
conformations adopted by the macrocycle for complexes 6-9,
11, 13 and 15, 16. The root mean square deviations (r.m.s.) of
the atomic positions, excluding the hydrogen atoms, calculated
for the conformations of [9]aneS; in these metal complexes have
also been deposited as Table S2. In 6 and 7 the macrocycle
displays two different conformations, both with C, symmetry.
Complex 6 has a type I conformation while 7 exhibits a type II
conformation. The r.m.s. deviation between these two con-
formations is large at 0.267 A. In both complexes two SCH,-
CH,SCH, moieties of the macrocyclic backbone are related by
a crystallographic mirror plane, perpendicular to the equatorial
co-ordination plane, containing the axial donor atoms. Com-
plexes 9, 11, 15 and 16 display a type III conformation. The
r.m.s. deviations (between 0.032 and 0.070 A) for the alignment

of the [9]aneS; macrocyclic backbone of these complexes,
shows that the macrocycle adopts the same conformation in all
cases. Complex 13 exhibits two slightly different conformations
with one of the independent molecules present in the asym-
metric unit unequivocally adopting a type I1I conformation and
the other an intermediate conformation between types I and
III. The fitting of the two independent conformations of 13
gives a r.m.s. of 0.185 A. Furthermore the alignment of the
intermediate conformer of 13 with the type III conformation of
9, 11, 15 and 16 leads to r.m.s. deviations ranging from 0.177 to
0.119 A. When this intermediate conformer is fitted with the
type I conformer of 6 a smaller r.m.s. deviation of 0.082 A is
obtained. Finally the [9]aneS; ligand in complex 8 has a con-
formation similar to the intermediate conformer found for 13.
The alignment of the macrocycle backbone of 8 with the inter-
mediate conformer of 13 and with the type I conformer of 6
give r.m.s. values of 0.069 and 0.123 A respectively. The fitting
of the [9]aneS, ligand of 8 with the type III conformer of 9 also
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Table2 Comparison of dimensions (distances in A, angles in °) in the crystal structures of Ru™/[9]ansS, polypyridylic complexes

Complex (Ru-S,,) Ru-S,, Ru-Cl (Ru-N) N-Ru-N a
4 [Ru([9]aneS;)(dpm)CI] " “* 2.293(6) 2.312(7) 2.444(6) 2.126(18) 85.0(7) 24.7(5)
2.289(7) 2.238(9) 2.447(8) 2.140(20) 87.3(8) 19.9(6)
5 [Ru([9]aneS;)(dpk)CI]** 2.333(4) 2.283(10) 2.478(11) 2.097(3) 85.5(14) 33.4(16)
6 [Ru([9]aneS;)(dipa)CI]* 2.307(2) 2.285(3) 2.450(3) 2.116(5) 84.9(2) 32.7(3)
7 [Ru([9]aneS;)(bpym)CI]* 2.303(2) 2.294(3) 2.452(2) 2.112(4) 77.9(2) 17.2(2)
8 [Ru([9]aneS;)(tpy)CI]* 2.312(2) 2.280(2) 2.434(2) 2.122(4) 78.0(2) 13.4(3)
9 [Ru([9]aneS;)(bq)CI]* 2.324(5) 2.287(5) 2.451(5) 2.165(14) 75.2(6) 31.3(7)
11 [Ru([9]aneS;)(dip)CI]* 2.304(3) 2.274(3) 2.417(4) 2.101(5) 79.1(2) 6.6(1)
13 [Ru([9]aneS;)(dppz)CI]** 2.305(4) 2.289(5) 2.429(5) 2.107(11) 78.3(4) 3.3(6)
2.302(4) 2.290(5) 2.433(5) 2.094(11) 78.5(5) 7.2(9)
15 [Ru([9]aneS;)(bpy)CI]* 2.318(2) 2.287(2) 2.476(2) 2.106(6) 78.0(2) 3.0
16 [Ru([9]aneS;)(phen)CI]* ¢ 2.288(2) 2.272(2) 2.438(2) 2.089(5) 78.8(2) 6.2

“ The italicised values are for the second molecule present in the asymmetric unit. * Ref. 25. ¢ Ref. 9(a).

gives a small r.m.s. deviation of 0.080 A. This latter conform-
ation has been found for many metal transition complexes
where the macrocycle adopts a facial co-ordination mode.?? The
free macrocycle also exhibits a type III conformation in the
solid state.® A molecular mechanics and dynamics study, in the
gas phase, gave thirteen conformations with energies between
4.5 and 8.3 kcal mol ™!, the conformation with the lowest energy
was of type II1.* Among the remaining twelve conformations
none were of type I or II, presumably because conformational
preference changes on chelation.

Crystal structures

The crystal structures of complexes 6-9, 11 and 13 can be
analysed in an effort to understand the factors that govern crys-
tal packing, which may play a significant role in the different
[9]aneS; conformations found in the solid state in this study (see
above). All of the complexes exhibit intermolecular interactions
resulting from C—H®" - - - F*~ hydrogen bonds between fluorine
atoms of the anions (PF¢~ or BF, ") and hydrogen atoms of the
macrocycle framework or/and polypyridyl ligands. In addition,
the crystal structures of complexes 6, 7 and 8 are stabilised
by hydrogen bonding interactions between the unco-ordinated
nitrogen and chlorine atoms. The dimensions of the hydrogen
bonds found for 6-8 and 11 are given in Table S3. Possible
hydrogen bonds for 9 and 13 are not included since their PF,~
anions are disordered over two positions in the crystal lattice
with similar statistical significance, preventing detailed analysis.
Nevertheless, it is clear from the intermolecular C-H - - - F dis-
tances found for both complexes that these types of interactions
are present in the crystal structures.

The molecular assembly of [Ru([9]aneS,(dip)CI]* cations and
BF,™ anions in complex 11 results in one of the most interesting
solid state structures. The BF,™ anions are aggregated in layers
and when viewed along the « crystallographic axis, as shown in
Fig. 7(a), the stacking of these layers results in the formation of
open channels running through the crystal structure. Each one
of the larger channels, composed of six chains of BF,™ anions,
accommodates one chain of [Ru([9]aneS;)(dip)CI]* cations
exhibiting a twofold screw axis symmetry, imposed crystallo-
graphically. Within each chain the dip aromatic ligands adopt
an almost co-facial n stacking with an inter-planar distance
between two adjacent parallel aromatic rings of 3.75 A (see Fig.
7b). The [Ru([9]aneS,)(dip)CI]" chains are connected by BF,”
bridges via short charge assisted intermolecular C-H®" - - - F*~
contacts. One side of these bridges involves two hydrogens from
two different CH, groups of the macrocycle ligand and one
fluorine atom of the BF,” in a bifurcated geometric arrange-
ment (C-H%" - - - F¥~distances of 2.45 and 2.53 A). The other
side is comprised of a second fluorine atom of the BF,™ anion
and an hydrogen from the polypyridyl ligand of a second com-
plex cation, in a linear arrangement (C—H%* « - - F*~ of 2.45 A).
From the point of view of hydrogen bonding interactions this
compound exhibits a two-dimensional polymeric structure.
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Fig. 7 Crystal-packing diagram of [Ru([9]aneS;)(dip)CI|BF, 11: (a)
view along the a crystallographic axis showing that the large open
channels of BF,  anions accommodating a helicoidal chain of
[Ru([9]aneS;)(dip)CI]* cations; (b) view showing the =m stacking
arrangement of the cations in the chain.

The crystal-packing of complex 6 reveals that chains of
[Ru([9]aneS;)(dipa)Cl]* cations are assembled in layers separ-
ated by layers of PF,~ anions. Within these layers the
cations are linked via hydrogen bonds between the free nitrogen
atom of dipa ligands and Cl atoms (two N-H°'-:--CI"-
distances of 2.18(11) A). These chains, related by the crys-
tallographic inversion centre, are subsequently connected by
PF,~ bridges via short charged assisted C-H®*---F®" inter-
molecular contacts involving a fluorine atom and the dipa
ligands (two C—H®"---F® distances of 2.54 A). When the
crystal packing is viewed along the b crystallographic axis the
C-H% -+-F° and N-H*" .- CI°" intermolecular interactions
give rise to a two-dimensional superstructure containing larger
rings formed by four complex units from adjacent chains of
cations and two PF~ anions as shown in Fig. S3.

The assembly of [Ru([9]aneS;)(bpym)CI]* cations and PF~
anions in complex 7 results in 7 stacking of the bpym rings
along the b axis in a co-facial arrangement, with a mini-
mum inter-planar distance between two adjacent aromatic
rings of 3.42 A, related by a crystallographic inversion centre.



Fig. 8 The = stacking arrangement of the [Ru([9]aneS;)(dppz)CI]*
cations in the crystal structure of complex 13.

Fig. S4 presents the structural motif derived from an hydrogen
bond analysis where two complex cations are connected via
C-H®" - - - CI°” intermolecular interactions (two C—H®" - - - CI3~
distances of 2.80 A) between the bpym ligand and chlorine
atoms to form a large centrosymmetric ring. This dimeric frag-
ment then interacts concomitantly with neighbouring dimers
via C-H®* - - - N®~ hydrogen bonds involving the two free nitro-
gen atoms of bpym and two adjacent CH, groups of the
macrocycle framework forming a three-dimensional network
(two C-H®" -..N® distances of 2.48 A). The inclusion of
PF,™ anions in the crystal results in the stabilisation of these
networks by C-H’'--+F°" hydrogen bonds (C-H®"-::F°"
bifurcated bonds with two distances of 2.44 A and two linear
C-H?" - - - F*~ bonds with distances of 2.40 A).

In complex 9 zigzag chains of [Ru([9]aneS;)(bq)CI]* cations
are intercalated by other zigzag chains of PF™ anions, but the
packing shows no special features.

The molecular assembly of the complex cations and
anions in complexes 8 and 13 shows no special aspects except
for the fact that in 8 some hydrogen atoms of the macrocycle
and of the polypyridyl ligands are directed towards the PF,~
anions and C-H®" - - - F*~ hydrogen bonds occur. In addition,
the crystal structure is stabilised via short charged assisted
C-H°":--N° and C-H%.--CI°" intermolecular contacts
between the free nitrogen atom of the tpy ligand and the
macrocycle, and the chlorine atom of neighbouring cations.
This set of weak intermolecular contacts also leads to the
formation of a three-dimensional network of PF¢~ anions and
[Ru([9]aneS;)(tpy)CI]* cations in the crystal.

In the crystal structure of complex 13 two chains of
[Ru([9]aneS;)(dppz)CI]* cations, formed by the independent
crystallographic molecules (the asymmetric unit contains two
independent cations), are in a m-stacking geometric arrange-
ment, as shown in Fig. 8. Within these chains the cations are
related by a twofold crystallographic screw axis. The independ-
ent neighbour cations are rotated with respect to each other by
ca. 51.6° (the dihedral angle between planes perpendicular to
the dppz ligands containing the axial donor atoms) with a min-
imum inter-planar distance of 3.35 A. In 13 as well as in 11 the
inter-planar distance found may simply represent the minimum
van der Waals approach between the two larger 7 rings of dppz

or dip. Thus the inter-planar distance between two dip rings is
larger than that involving two dppz rings due to the presence of
two bulky phenyl groups in its aromatic skeleton. Furthermore,
the packing geometry of the cations for these two complexes
represents the minimisation of the steric interaction within
their crystal structures.

Conclusion

Novel [Ru™([9]aneS;)(L)CI]" complexes containing bidentate
polypyridyl ligands or monodentate ligands were synthesized in
a single step from the starting compound [Ru([9]aneS;)-
(dmso)CI]*. The synthetic pathway was achieved under mild
conditions to produce complexes containing polypyridyl
ligands with very different molecular architectures such as
dppz, dhmf, dip or pdi. In 2 and 3 the diamine ligands (pda or
dap) undergo Ru assisted oxidation, in situ, to the correspond-
ing imine forms (pdi or phi). Strikingly, in 5, the C=0O bridge of
dpk ligand retains double bond character in spite of the
synthesis being carried out in a nucleophilic solvent. All
eight complexes characterised by X-ray diffraction exhibit a
distorted octahedral geometric arrangement with the [9]aneS,
co-ordinated facially to the Ru™ In the case of tpy, the co-
ordination mode of the crown ether prevents the third potential
nitrogen atom of the tpy ligand from binding. Thus in the com-
plex [Ru([9]aneS;)(tpy)CI]* the tpy ligand adopts bidentate
behaviour analogous to that found for all the complexes
reported here. An increase in the lateral length of the poly-
pyridyl ligand, by adding a bridging group between two pyridyl
rings or by expanding the aromatic system by introducing
two fused rings, has a drastic effect on the overall geometry of
the complex leading to a pronounced tilt of the polypyridyl
ligand relatively to the N,S, equatorial co-ordination plane. By
contrast an increase in bulk at the back of the phenanthroline
skeleton, through the introduction of phenyl groups or the
expansion of the aromatic system by adding two fused rings,
has a negligible effect.

The crystal structures were found to be largely stabilised by
hydrogen bond interactions and the extended aromatic systems,
with recognised intercalative properties such as dppz and dip,
exhibit m stacking arrangements which mimic the structure of
polypyridyl complexes intercalated with DNA.

Experimental
Physical measurements

All NMR spectra were recorded on either a Bruker AMX spec-
trometer operating at 300 MHz or a Bruker ARX spectrometer
operating at 400 MHz. The 'H spectra were obtained using 16k
data points and a sweep width of 14.04 ppm. dmso-d6 com-
plexes (1, 12), D,0O-water 1:9 (2, 6), CD,CN (3-5, 7, 9, 10 and
14) and CD;0D (8 and 13) were used as solvents with chemical
shifts being referenced to dmso (6 2.50), HOD (o 4.75),
CD,HCN (6 1.94) and CD,HOD (6 3.35), respectively. 1*C spec-
tra were recorded using a sweep width of 250 ppm with 32k
data points. Full proton decoupling was used. External 1,4-
dioxane (0 66.5) was used as a chemical shift reference. The
UV/Vis spectra were obtained at room temperature on a
JASCO V-560 spectrophotometer in dmso (1), water (2),
CH,CN (3-10 and 14) or 0.01 M phosphate buffer solution
(12, 13), IR spectra as KBr discs using a FTIR Mattson-7000
infrared spectrophotometer with 2 cm™! resolution. Elemental
analyses were obtained with a Carlo-Erba CHN or a LECO
CHNS-932 Elemental Analyser.

With the exception of complexes 2 and 8, the mass
spectra were acquired with a VG AutoSpec (VG Analytical
Manchester, UK) working in an EBE geometry mode. The
instrument was equipped with a VG electrospray source and a
Phoenix 20CU syringe pump (Fisons Instruments). The
accelerating voltage applied was 4 kV. The spectra were
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obtained at a scan rate of 8 s decade ™. The mass spectrometer
was operated at a nominal mass resolution of 1000 (10%
valley). Methanol-water (50:50) was employed as the eluent.
The monodentate complex 1 was dissolved in dmso prior to
injection. The mass spectra of 2 and 8 were obtained using a
VG ZAB-T four-sector instrument (VG Analytical Manchester,
UK), which consisted of two high-mass, double focusing mass
spectrometers of an overall BEBE design. The instrument was
equipped with a VG electrospray source and a Harvard model
22 syringe pump. The acceleration voltage was 8 kV. The mass
spectrometer was operated at a nominal mass resolution of
3000 (10% valley). A mixture of CH;CN-water—acetic acid
(50:49:1) was used as the cluent.

Synthesis

RuCl; hydrate (Johnson Matthey), the macrocycle poly-
thioether [9]aneS,, and the polypyridyls or related ligands pda,
dap, ind, dpk, dipa, tpy, bq, 5-phen, dhmf (Sigma-Aldrich) and
bpym (Lancaster) were used without further purification. The
diimine ligands pdi and phi were obtained in situ from the Ru
assisted oxidation of the complexes in the diamine form (pda
and dap, respectively).®”'®¢ The ligands 5,6-dione,***! dppz''“
and dpm* were synthesized according to published methods,
with slight experimental modifications.

Ruthenium(11) polypyridylic complexes. The synthesis of the
starting material, cis-[Ru(dmso),Cl,], was carried out with
slight modifications to the method of Evans er al.*® The syn-
thesis of the precursor [Ru™([9]aneS;)(dmso)Cl,], in the
anhydrous form, was optimised by adapting the method of
Landgrafe and Sheldrick.**

General method. The precursor [Ru™([9]aneS;)(dmso)Cl,]
(0.5 mmol) and a slight excess (<10%) of the polypyridyl ligand
were mixed in 15-20 ml of deareated ethanol under an argon
atmosphere and refluxed at 80-95 °C during 4-12 hours. The
complexes were precipitated by adding NH,PF, kept at —20 °C
overnight, filtered off, washed with ethanol and diethyl ether
and dried at 65 °C. Re-dissolution of the complexes in the mini-
mum volume of acetonitrile and slow recrystallisation under a
diethyl ether atmosphere afforded suitable crystals for X-ray
diffraction studies.

Variations. (i) A large excess (=100%) of polypyridyl ligand
was used in preparation of ind 1, pdi 2 and dhmf 14 complexes.
(i) 40-50 ml of deaerated EtOH were used for ind 1, dpk 5,
dipa 6, tpy 8, bq 9, dppz 13 and dhmf 14 complexes. (iii) Aque-
ous ethanol was used for the pdi and bpym complexes. The phi
3 complex was obtained after addition of 250 ml of water to the
reaction mixture. (iv) The phi 3 complex was afforded after
oxidation for 24 hours in air. (v) The pdi 2 and 5,6-dione 12
complexes were isolated as Cl~ salts while the dip 11 complex
was obtained as the BF, salt. The ind complex 1 is a neutral
species. (vi) Single crystals of 1 and 11 were obtained from
saturated ethanolic solutions standing at room temperature.
The crystals of 8 and 13 were obtained from methanol and
CH;CN-acetone (1:1) solutions respectively.

Full experimental details of the preparation and character-
isation of each compound are given in the ESI supplementary
material.

Crystallography

The pertinent crystal data and refinement details are listed in
Table S4 for complexes 6-9, 11, 13. The X-ray data for these
complexes as well as for 4 and 5 were collected at room
temperature on a MAR research plate system using graphite
Mo-Ka radiation at Reading University (UK). The crystals
were positioned at 70 mm from the image plate and 95 frames
were measured at 2° intervals using a counting time between 2
and 10 min adequate for the crystal under study. Data analysis
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was carried out with the XDS program.* Intensities were not
corrected for absorption effects.

The structures were solved by a combination of direct
methods, Fourier-difference syntheses and subsequent full-
matrix least-squares refinements on F2. All hydrogen atoms
were introduced into the refinement at their ideal geometric
positions, except for the hydrogen of the bridging nitrogen of
the dipa in 6, which was located from the difference map. The
chemical identity of N(31) and C(33) in complex 8 was investi-
gated carefully by replacing, in the refinement, carbon by nitro-
gen and vice versa. The crystal structure presented corresponds
to the formulation with low R and R, values.

All non-hydrogen atoms were refined with anisotropic
thermal parameters. The fluorine atoms of the PF,~ anions in
complexes 9 and 13, which exhibited positional disorder, were
introduced in the refinement process using a disorder model
comprising of two alternative positions with refined occu-
pancies for each fluorine and using isotropic group thermal
parameters. Refined occupancies for major components of dis-
order of 0.57(3) in 9 and 0.54(2) and 0.56(2) for two independ-
ent PF¢~ anions in 13 were obtained. The hydrogen atoms were
refined with isotropic thermal parameters equal to 1.2 times
that of the parent atom. The oxygen atom of the solvent water
molecule was also refined with an isotropic thermal parameter.
The occupation factor of oxygen was set to 0.25 in order to give
a reasonable value for the thermal parameter. The hydrogen
atoms of the water molecule were not introduced in the refine-
ment process.

All calculations required to solve and refine the structures
were carried out with SHELXS and SHELXL within the
SHELX 97 package.’ Molecular diagrams and the analysis of
hydrogen bonds were performed with the PLATON®*™ and
CERIUS 23" graphical interfaces.

CCDC reference number 186/2203.

See http://www.rsc.org/suppdata/dt/b0/b004752j/ for crystal-
lographic files in .cif format.
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