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Abstract Do 1010581
We have prepared a series of mononuclear fac and mer isomers of Ru(II) complexes
containing chelating pyrazolyl-pyridine ligands, to examine their differing ability to act
as hydrogen-bond donors in MeCN. This was prompted by our earlier observation that
octanuclear cube-like coordination cages that contain these types of metal vertex can
bind guests such as isoquinoline-N-oxide (K = 2100 M-1), with a significant contribution
to binding being a hydrogen-bonding interaction between the electron-rich atom of the
guest and a hydrogen-bond donor site on the internal surface of the cage formed by a
convergent set of CHz protons close to a 2+ metal centre. Starting with [Ru(LH)3]2* [LH =
3-(2-pyridyl)-1H-pyrazole] the geometric isomers were separated by virtue of the fact
that the fac isomer forms a Cu(I) adduct which the mer isomer does not. Alkylation of
the pyrazolyl NH group with methyl iodide or benzyl bromide afforded [Ru(LMe)3]2* and
[Ru(Lbz)3]2* respectively, each as their fac and mer isomers; all were structurally
characterised. In the fac isomers the convergent group of pendant -CHzR or -CH3
protons defines a hydrogen-bond donor pocket; in the mer isomer these protons do not
converge and any hydrogen-bonding involving these protons is expected to be weaker.
For both [Ru(LMe)3]2+ and [Ru(Lbz)3]%*, NMR titrations with isoquinoline-N-oxide in
MeCN revealed weak 1:1 binding (K = 1 M-1) between the guest and the fac isomer of the
complex that was absent with the mer isomer, confirming a difference in the hydrogen-
bond donor capabilities of these complexes associated with their differing geometries.
The weak binding compared to the cage however occurs because of competition from
the anions, which are free to form ion-pairs with the mononuclear complex cations in a
way that does not happen in the cage complexes. We conclude that (i) the presence of
fac tris-chelate sites in the cage to act as hydrogen-bond donors, and (ii) exclusion of
counter-ions from the central cavity leaving these hydrogen-bonding sites free to
interact with guests, are both important design criteria for future coordination cage

hosts.
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Host-guest chemistry of hollow container molecules is an increasingly important
field of study because of the fundamental insights it can offer into molecular recognition
processes,12 and because of potential applications in areas such as alterations of
reactivity of bound guests which allows novel synthetic transformations;3 catalysis;* and
targeted drug delivery,®> which all rely on highly selective binding of specific guests,
sometimes involving hydrogen-bond based recognition between the guest and the cavity
of the host.6

We have recently described some detailed studies of guest binding in the cavity
of a family of [Mg(L15naph),]16+ coordination cages’ (see Scheme 1 for ligand structure,
and Fig. 1) which have structure with a metal ion at each vertex of a cube and a bis-
bidentate ligand, containing two chelating pyrazolyl-pyridine termini, spanning each
edge.8 Variation in external substituents has allowed these to be solubilised in different
solvents without affecting the structure of the core cage and its central cavity.
Importantly, the eight metal ions are not all in the same coordination environment: two
of them (at either end of a long diagonal) have a fac tris-chelate coordination geometry
whereas the other six have a mer geometry. Thus the cages are superficially ‘cubic’ due
to the arrangement of metal ions, but the variation in fac or mer tris-chelate geometries
ate different sites results in S¢ molecular symmetry in solution.

The formation of two fac tris-chelate sites results in assembly of a convergent
group of inwardly-directed methylene protons, which lie quite close to the Co(II) centre
and are therefore in a region of high electrostatic potential. This provides a binding
pocket where electron-rich atoms can bind via a set of charge-assisted C-HeeeX
hydrogen-bonds (Fig. 1). At the remaining six mer tris-chelate Co(II) centres there is no
such convergent group of C-H protons, and additionally these metal ions are more
sterically protected by the ligand substituents such that no close approach of an
electron-rich guest atom to the metal centre is possible.”

These cages bind, with high shape and size selectivity, a range of hydrogen-bond-
accepting bicyclic organic molecules such as coumarin and isoquinoline-N-oxide, in
which the exocyclic O atom acts as the hydrogen-bond acceptor. 1H NMR studies on
numerous host/guest combinations in MeCN showed a strong correlation between guest
binding strength and the hydrogen-bond acceptor ability of the guest, confirming that a

hydrogen-bonding interaction with the interior surface of the cage makes an important
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contribution to complex formation.”> Molecular modelling studies showed thgf, the i auee e

minimum-energy structures had the guests oriented such that their exocyclic oxygen
atom did indeed lie in the pocket defined by the convergent set of methylene protons at
one of the two fac tris-chelate vertices, in the regions of the cavity where electrostatic
potential is most positive.

So far we have not been able to isolate good-quality crystals of a host MsgLi2
coordination cage containing a bound guest to confirm the binding mode. It is important
for this work however to have clear proof that our hypotheses - viz. that the fac tris-
chelate sites in the cages provide preorganised binding sites for recognition of
hydrogen-bond acceptors? - is correct, as this knowledge will influence design and
study of future generations of host cage. We note that there are several examples of
simple tris-chelate complexes in which a convergent arrangement of three polar
substituents such as amides or carboxylates on one face of the complex provides a
binding site for interacting with anions® and even proteins.10 Although our cage
complexes only contain inwardly directed C-H groups as the hydrogen-bonding sites we
might expect to see the same geometric discrimination between fac (convergent set of
hydrogen-bond donor atoms) and mer (non convergent hydrogen-bond donors)
isomers.

We have therefore prepared simple, kinetically stable, mononuclear Ru(II)
complexes based on pyrazolyl-pyridine type ligands, as either their fac or mer isomers,
to use as models for the different metal vertices in the coordination cage. Structural
characterisation of these has been used to confirm their similarity to the metal centres
in the cage superstructure, and 1H NMR spectroscopic titrations have been performed to
see if the coordination geometry of the metal complex does influence how well an
hydrogen-bonding guest interacts with it. From this we have been able to find clear
evidence that the fac tris-chelate metal complex units do act as better hydrogen-bond
donors than the related mer tris-chelate complexes, and that this interaction is
associated with the convergent group of methylene protons in the fac complexes. We
therefore have good evidence (beyond molecular modelling) to support our
understanding of how guest molecules interact with the interior surface of the cage

hosts.

Results and Discussion
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Initial attempts to isolate fac- and mer-[Co(Lb?)3](BF4)2 by crystallisation

Our initial targets for investigation were fac and mer tris-chelate Co(II)
complexes of the benzyl-substituted substituted pyrazolyl-pyridine ligand Lbz, which is
effectively half of the bridging ligand L15rph and will provide a coordination
environment around a single metal ion that is as close as possible to what is found in the
[Cog(L15naph);,]16+ cages.”.11 The ligand Lz is simply prepared by alkylation of the
pyrazole ring of 3-(2-pyridyl)-1H-pyrazole with benzyl bromide. Reaction of Lbz with
Co(BF4); afforded [Co(Lbz)3](BF4)2 as a mixture of fac and mer isomers as shown by 'H
NMR spectroscopy. Statistically these are expected to form in a 1:3 ratio in the absence
of other factors which might favour one geometry over the other. In the fac isomer
(expected C3 symmetry) all three ligands will be equivalent. In the mer isomer
(expected C1 symmetry) all three ligands will be in different chemical environments.
Thus a mixture of fac and mer isomers of [Co(Lb%)3](BF4)2 is expected to show in its 1H
NMR spectrum four different environment for the ligand L, and if the statistical 1:3 ratio
occurs this means that all four ligand environments will be present with equal
likelihood. Bulky substituents which are too close to one another in the fac isomer
would skew this equilibrium in favour of the mer isomer; at the other extreme,
cooperative non-covalent interactions between ligands can strongly favour the fac
isomer, as shown recently by Scott and co-workers.%12

The 'H NMR spectrum of [Co(Lbz)3](BF4)2 (Fig. 2) shows a statistical mix of fac
and mer isomers with four ligand environments in equal abundance. As we have
observed before the paramagnetism of high-spin Co(II) spreads out the signals over a
wide chemical shift range making identification of the mixture of isomers
straightforward.”81113 Whilst all signals are not individually assigned, and some of the
less shifted ones clearly overlap in the 0-10 ppm region, the presence of four
independent ligand environments for the mixture of fac and mer isomers is obvious:
some sets of four signals that are clearly the same proton in four different environments
are labelled on Fig. 2 (a - d).

Crystallisation of this mixture from CHCl3 afforded X-ray quality crystals of what
proved to be the mer isomer of [Co(LPz)3](BF4)2 (Fig. 3). The quasi-octahedral
coordination geometry and the Co-N distances (in the range 2.14 - 2.20 A) are

unremarkable and very similar to what is observed in the complete coordination cages.
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One of the pendant phenyl rings [C(31C) - C(36C)] lies stacked with a coordingfegl, JHevrz oo
pyrazolyl-pyridine fragment from a different ligand within the same molecule.
Importantly the three CHz groups are not convergent and do not form a clearly-defined
binding pocket, although three of then [H(26B), H(26D) and H(26F)] form close contacts
with F atoms of the fluoroborate anions or the O atom of a water molecule (HeeeX
separations involving these H atoms, 2.49 - 2.93 A).

We were unable to isolate any crystals of the fac isomer of [Co(Lb2)3](BF4)2 for
comparison purposes. Only the mer isomer crystallised, and - given the kinetic lability
of Co(II) - this likely resulted in re-establishment of the 3:1 mer:fac equilibrium ratio in
solution, such that the amount of fac isomer present diminished as the crystallisation
proceeded. This was confirmed by measuring the 1TH NMR spectrum of redissolved
crystals of mer-[Co(Lb%)3](BF4)2 which was exactly the same as that in Fig. 2: i.e. the pure
mer isomer equilibrated to the 3:1 mer:fac equilibrium in the time it took to dissolve the
crystals and record the NMR spectrum. It is clear from this that trying to isolate and
study separately the fac and mer isomers of [Co(Lbz)3](BF4)2 as models for the separate

types of cage vertex is not feasible, and we therefore changed strategy to the use of a

more Kinetically inert metal centre.

Isolation and structural characterisation of fac- and mer-[RuL3](PFs)2.

We required a kinetically inert metal ion for which fac and mer tris-chelate
complexes are sufficiently stable to be prepared at modest temperatures, purified by
chromatography or fractional crystallisation, and studied in solution, without
undergoing any significant isomerisation. To be an accurate model for the vertices of
the cage, the metal ion must also have a 2+ charge and have metal-ligand bond distances
similar to that of the Co(II) complexes. The obvious candidate is Ru(II), with which
there are numerous well-studied examples of isolation and characterisation of fac and
mer isomers of non-symmetric chelating ligands.?b98h.10,14,15

Preparation of [Ru(LbPz)3]2* salts as a mixture of isomers is routine and the 3:1
mer:fac ratio was confirmed by 1H NMR spectroscopy. However chromatographic
separation was difficult. There are examples from Fletcher and co-workers of effective
chromatographic separation of fac and mer isomers of Ru(II) complexes, but in those
cases the large, polar substituents exaggerated the geometric and electronic differences

between the isomers which may have facilitated the separation.1* With relatively


http://dx.doi.org/10.1039/c3dt52479e

Page 7 of 40

Published on 16 October 2013. Downloaded by Lomonosov Moscow State University on 22/10/2013 19:05:53.

Dalton Transactions

compact and non-polar benzyl substituents in [Ru(Lz)3]2* salts the structura] (iffepeas e mor
between the isomers did not appear to be enough to allow effective chromatographic
separation under a range of conditions. Attempts at fractional crystallisation provided a

few crystals of one isomer or the other but not on a sufficient scale or in a predictable

way.

We therefore adopted a different strategy, which was to prepare the complex
[Ru(LH")3]2* using unsubstituted 3-(2-pyridyl)-1H-pyrazole, and then to separate the
isomers according to their different ability to form adducts with other metal ions via the
pendant pyrazolyl groups.1®6 Reaction of RuClz with excess LH in ethylene glycol at reflux
afforded a yellow solution from which [Ru(LH)3](PFs)2 precipitated on addition of
aqueous KPFs. This was purified (without separation of the isomers) by column
chromatography on silica using a MeCN / water / aqueous KNO3 mixture, and the
resulting sample of [Ru(LH)3](PFs)2 was shown by TH NMR spectroscopy to be the
expected 3:1 mixture of mer and fac isomers with four independent ligand
environments of equal abundance being present (Fig. 4a).

Separation of this into its geometric isomers was achieved quantitatively by
reaction of [Ru(LH)3](PFs)2 with Cu(BF4); in MeOH containing Et3N to give the
pentanuclear complex [{Ru(L-)3}2Cuz](PFs) as previously reported by Lam and co-
workers.1¢ In this complex, two fac-[Ru(LH)3]2* units have had their pyrazolyl NH
groups deprotonated by the EtsN. The resulting fac-[Ru(L-)3]- unit has an array of three
anionic pyrazolyl donors on the same face of the complex, and two of these fac-
[Ru(L-)3]- units sandwich a triangle of three Cu(I) ions to give a stable RuzCuz complex
which has a triple helical structure and with each Cu(I) ion coordinated by two pyrazole
anions, one from each Ru(II) unit. This complex precipitates from MeOH as it forms and
is trivially separated by filtration; in contrast mer-[Ru(LH)3]2* cannot form a stable Cu(I)
adduct in this way as the three pyrazolyl N3 atoms are not convergent; so it remains in
the reaction solution from which it may be separated and purified. Treatment of the
precipitated [{Ru(L-)3}2Cus] (PFs) with CF3CO2H in CH;Cl; re-protonates the pyrazole
rings, to regenerate [Ru(LH)3]2* which is now (after a simple workup) the pure fac
isomer. Fig 4(b) and 4(c) show the 1H NMR spectra of fac- and mer -[Ru(LH)3](PFs)2
respectively, with one ligand environment and three ligand environments (6 proton
environments and 18 proton environments respectively). The correspondence of these

signals with the spectrum of the initially-isolated mixture of isomers in Fig. 4a is
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obvious; note especially the set of three doublets at around 7.6 ppm for the mgy 1SQIE e aavor
(Fig. 4c, each labelled with a black circle), and the corresponding single doublet for the

fac isomer (Fig. 4b, labelled with a black square), which overlap in the spectrum of the
mixture of isomers (Fig. 4a). This separation via an intermediate Cu(I) adduct proved to

be a simple and effective way to isolate pure fac and mer isomers.

X-Ray quality crystals of both isomers of the complex were readily obtained and
the structures are shown in Fig. 5 and 6. In the structure of mer-[Ru(LH)3](PFs)2 (Fig. 5)
the Ru-N distances lie in the range 2.04 - 2.09 A, slightly shorter than in the Co(II)
complexes but still sufficiently similar for the Ru(Il) complexes to act as credible
structural analogues of the Co(II) vertices in the [Cog(L15marh);,]16+ coordination cages.”8
It is generally unremarkable with the expected pseudo-octahedral structure.

The structure of the fac isomer (Fig. 6) however reveals a surprise: the complex
is partially deprotonated (at the pyrazolyl NH sites) to give the hydrogen-bonded dimer
[Ru(LH)3Ru(L-)3] (PFs). In this complex there are two independent complex fragments in
the unit cell, both lying on a (3 axis which passes through both metal ions such that one
third of each complex is in the asymmetric unit. One complex is fac-[Ru(LH)3]2+,
containing Ru(1), and is the fully protonated dication, as expected. The other however is
fac-[Ru(L-)3]-, containing Ru(2), in which all three pyrazolyl rings are deprotonated.

The protonated and deprotonated complex units are closely associated via three NHeeeN
hydrogen bonds involving the pyrazolyl NH from the Ru(1) complex [N(21A)] and the
deprotonated pyrazolyl ring from the Ru(2) complex [N(21B)]. As both units have the
same chirality, the result - if we take a hydrogen-bonded pair of ligands pyridyl-pz-
Heeepz-pyridyl as a single ‘strand’ spanning two metal ions - is a triple helical
architecture similar to that of [{Ru(L-)3}>Cus] (PFs) reported earlierlé but with H* ions
replacing the Cu(I) ions in the centre. The NeeeN separations involved in the NH-N
hydrogen bonds (all equivalent) are 2.66 4, indicative of short, strong hydrogen-bonding
interactions. In addition this close association of the two complex units results in -
stacking between the pyrazolyl rings of each, with an average interplanar separation of
ca. 3.3 A between overlapping ligand fragments. This will be facilitated by the fact that
one pyrazolyl ring in each stacked pair is deprotonated and therefore electron-rich
compared to the other, so the stack involves a donor/acceptor interaction. These
crystals grew from a solution containing fully protonated fac-[Ru(L")3](PF¢)2;

presumably the loss of three protons per two complex units is driven by the extra
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stability of the hydrogen-bonded and m-stacked pair of cationic and anionic cggnpleier Stz oo
units in the crystal. Telfer and co-workers have reported related examples of helicates
formed from homochiral mononuclear units that assemble via inter-ligand hydrogen-
bonding interactions in exactly the same way.1”

With fac- and mer-[Ru(LH")3](PFs)2 readily available by this route, conversion to
the corresponding isomers of [Ru(Lbz)3](PFe)2 was carried out by alkylation of the
pyrazole groups with benzyl bromide in CH2Cl; at reflux, using solid Cs2CO3 as base and
a catalytic amount of tetrabutylammonium iodide (Finkelstein reaction). This
straightforward reaction works under a range of conditions but we wanted to use
conditions as mild as possible to prevent any isomerisation of the Ru(II) complex which
might be facilitated by high temperatures, and by use of good donor solvents which
would facilitate ligand dissociation. We found that under these conditions conversion of
[Ru(LH)3](PFs)2 to [Ru(LPz)3](PFs)2 proceeded cleanly and with no evidence (by NMR
spectroscopy) of any of the alternate isomer forming. Chromatographic purification
afforded good yields of fac- and mer-[Ru(Lb?)3](PFs)2. By extrapolation we now have a
potentially general method to prepare fac and mer isomers of any complex-[Ru(LR)3]2*
where ‘R’ denotes a group that can be attached to a pyrazole ring by alkylation.

The X-ray crystal structure of fac-[Ru(Lb%)3](PFs)2 is shown in Fig. 7. In the
complex cation (Fig. 7a) the Ru-N bond distances all lie in the range 2.07 - 2.09 A. In
each ligand the pendant phenyl ring lies stacked with the coordinated pyrazolyl-
pyridine unit of another adjacent ligand, with a separation between near-parallel
overlapping groups of ca. 3.4 A, exactly as we see in the fac tris-chelate vertices of the
metal cages. This arrangement of ligands results in the formation of a set of three
methylene groups close together on the same face of the complex. The ‘inwardly’
directed member of each pair [H(26A), H(26C) and H(26E)] lies ca. 3.3 A from the Ru(II)
centre and these are the closest H atoms to the metal centre apart from the pyridyl Hé
atoms (3.1 - 3.2 A). This set of protons defines what we believe to be the site where
hydrogen-bonding to electron-rich atoms of guests occurs inside the cage cavities.”

Evidence for this comes from the presence of an acetone solvent molecule in the
lattice (Fig. 7b) which lies such that its oxygen atom is located in this pocket, where we
would expect a guest to bind. The O atom is not exactly symmetrically located in the
pocket in the solid state but lies closer to C26(B) and C26(C) (OeeeC non-bonded

distances are 3.11 and 3.18 A respectively, indicative of the presence of CHeesQ
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hydrogen bonding; these are indicated by dashed lines in Fig. 7b) than it doeg 0 O (26 s esnror
(3.63 A), with the result that there are four OseeH-C hydrogen-bond separations in the
range 2.51 to 2.80 A. This solvent molecule rather nicely illustrates the presence of the
binding site at the fac tris-chelate vertices of the cages.

The X-ray crystal structure of mer-[Ru(LbZ)3](PFs)2 (Fig. 8) shows that the
structure of the complex cation is generally similar to that of mer-[Co(Lb%)3](BF4)2; the
most obvious m-stacking interaction between ligands involves the pendant phenyl ring
of ligand B (according to the numbering scheme of Fig. 8) with the coordinated
pyrazolyl-pyridine unit of ligand C. Compared to the fac isomer the divergent

arrangement of the methylene protons no longer results in a specific hydrogen-bonding

recognition site.

Measurement of guest binding to fac- and mer-[Ru(Lb?)3](PFs)2.

To measure the differential abilities of fac- and mer-[Ru(Lbz)3](PFs)2 to actas a
hydrogen-bond donor we measured the equilibrium constant for adduct formation with
isoquinoline-N-oxide. On the basis of previous measurements using complete cages as
hosts, this was identified as one of the strongest-binding guests in MeCN (K'=2100
M-, ¢f. Fig. 1).7> We suggested that this is due to the high partial negative charge on the
oxygen atom (high value of the hydrogen-bond acceptor parameter 3), which interacts
with the hydrogen-bond donor sites of the fac tris-chelate metal vertices of the cage,
which have a combined hydrogen-bond donor ability comparable to that of phenol.”b

A 1H NMR titration of fac-[Ru(Lb%)3] (PFs). with isoquinoline-N-oxide in MeCN
showed a steady shift in one of the signals from the diastereotopic CH; protons, but not
the other which was essentially invariant (Fig. 9). This is emphasised in Fig. 9b which
shows a series of superimposed 1H NMR spectra recorded during the titration: the
methylene doublet at 4.7 ppm does not move but the other signal at around 5.4 ppm
shifts by ca. 0.1 ppm. No other proton signals moved significantly during the titration.
The shift of one methylene proton signal but not the other is consistent with the O atom
of the guest forming an hydrogen-bonding interaction with the inwardly-directed
proton from each methylene group but not with the other proton which is externally
directed. Free rotation about the C-C bonds of the benzyl substituents will be hindered
by the aromatic stacking (cf. the crystal structure), which would prevent the ‘inward’

and ‘outward’ H atoms of each methylene group from exchanging position on the NMR

10
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timescale. The interaction with the isoquinoline-N-oxide would involve one f thesgygss >roe
protons more than the other - as we observe. Indeed the 1H NMR spectrum confirms

that the conformation observed in the crystal structure (Fig. 7) is preserved in solution,

as the signals for the coordinated pyrazolyl-pyridine ligand units of fac-[Ru(Lb%)3](PFs)2

are substantially shifted compared to those of fac-[Ru(LH)3](PFs)2 and fac-

[Ru(LMe)3](PF¢)2 by m-stacking with the pendant phenyl rings (see Experimental section

for details).

It was apparent during the titration that complex formation was not complete
even after a very large excess of isoquinoline-N-oxide was added, which is indicative of a
low binding constant. The plot of chemical shift value for the methylene proton vs.
(concentration of guest) gives a curve whose shape is consistent with 1:1 host/guest
binding (Fig. 10, data points shown as circles), and the calculated value of K from this is
1(x1) M-L.t Thus we see an obvious interaction of fac-[Ru(Lbz)3](PFs)2 with isoquinoline-
N-oxide that involves the methylene protons, even if it is weak. Importantly however no
such change in chemical shift of the methylene protons could be observed using the mer
isomer; the change in chemical shift of a representative 'H signal from a methylene
proton is also shown in Fig. 10 (data points shown as squares). Apart from the
magnitude of the Ad for this proton during the titration being much smaller, there is no
significant curvature to the line, with the result that the association constant between
mer-[Ru(Lbz)3](PFs)2 and isoquinoline-N-oxide in MeCN oxide is too weak even to
estimate. We therefore have clear evidence that the convergent set of methylene
protons associated with a fac tris-chelate site does act as an hydrogen-bond donor to
isoquinoline-N-oxide, which supports our understanding of guest binding inside the
complete cage cavities.

However this binding constant is surprisingly low. Based on what we observed
for binding inside the host cage (K = 2100 M-1), this type of hydrogen-bonding
interaction associated with mononuclear fac-[Ru(Lb%)3](PFs)2 - if it is similar to what
happens inside a cage cavity - should give a much larger K value than we observed. For
the [Cog(L15marh) 5] (BF4)16 / isoquinoline-N-oxide complex that we reported earlier, the
binding constant of K = 2100 M- gives AG = -19 k] /mol.7> Some of this arises from van
der Waals interactions between the guest and the walls of the cage, and some from
solvophobic effects, but even so the contribution from H-bonding alone was estimated to

be several k] /mol and we would expect this to be similar in the mononuclear model

11
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complex fac-[Ru(Lb?)3](PFe)2. Instead we see K~ 1 M-1, giving AG for guest bigging g Suesmror
more or less zero despite the same type of hydrogen-bonding interaction occurring as
occurs inside the cage cavity.

One reason for this may be that competition for the hydrogen-bonding site from
the hexafluorophosphate anions is occurring, which would weaken the K value for
association with the neutral guest: but this competition of anions for the binding site
does not occur in the complete cages for some reason. In mononuclear fac-
[Ru(Lb%)3](PFs)2 the anions have free access to the relatively unhindered hydrogen-
bonding site and could therefore be competing with binding of isoquinoline-N-oxide in
solution. In contrast, in all structurally characterised examples of the [Mg(L15maph),]X16
cages, anions are located outside the cage cavities, with the H-bond donor sites occupied
by small solvent molecules such as MeOH or water.”11 This suggests the possibility (but
does not of course prove) that the anions may also be excluded from the cage cavity in
solution. This would explain the much higher binding constants for guest binding in the
cage, as competition from anions would be absent.

To check for competing anion-binding in fac-[Ru(Lbz)3](PFs)2, we repeated the
titration between fac-[Ru(Lb?)3](PFs)2 and isoquinoline-N-oxide in MeCN but performed
19F NMR spectra to see if there was any evidence for the hexafluorophosphate ion
changing its environment. If there were no change we could say that there was no
significant cation / anion association in solution. In contrast, a shift of the 1°F NMR
signal would suggest that the anion was being displaced from the hydrogen-bonding site
by the added isoquinoline-N-oxide, and this is what we observed. The 1°F NMR signal of
the [PF¢]- anion of fac-[Ru(Lb%)3] (PFs)2 appeared as a doublet at -73.0 ppm which
steadily shifted to -72.7 ppm as isoquinoline-N-oxide was titrated in. The resultant
binding curve (Ad vs. concentration of isoquinoline-N-oxide; Fig. 10b) fitted well to a 1:1
isotherm with a value of K the same within error (* 1 M-1) as that derived from the 1H
NMR titration (Figs. 9, 10). Thus, binding of isoquinoline-N-oxide to the hydrogen-bond
donor site of fac-[Ru(Lbz)3](PFs)2 is accompanied by displacement of [PF¢]-. As a control
experiment, we also measured the change in the 1°F NMR chemical shift of the [PFs]-
anion of mer-[Ru(Lb%)3](PFs)2 during titration with isoquinoline-N-oxide; this resulted in
a binding constant too small to measure accurately. This confirms that there is ion-
pairing between cation and anion in solution with [PFs]- interacting with the hydrogen-

bond donor site of the fac-[Ru(Lbz)3]2+ cation, and this competition provides one reason
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for the low value of K observed for binding of isoquinoline-N-oxide. An obViQys ;0 1056 rcanrasaror
experiment to try and mitigate this effect would be to use the anion tetraphenylborate

which might be expected to form weaker ion pairs with the fac-[Ru(Lb%)3]%* cation; this
experiment is described in the next section.

A second contribution to the weak interaction between fac-[Ru(Lb%)3](PF¢)2 and
isoquinoline-N-oxide could be steric. The pendant benzyl groups of fac-[Ru(Lb%)3](PFs):
may not be fully bent out of the way of the binding site in solution, but could move
around blocking access to the hydrogen-bonding site. In the complete cages the
hydrogen-bonding site is exposed because the bridging ligands have to stretch to an
adjacent metal ion and are therefore stretched away from the binding site which is
exposed to the cavity interior. However that may not be the case in fac-[Ru(Lb%)3](PFs)2
where steric interference from the pendant benzyl groups is possible. A control

experiment to test this is to replace the pendant phenyl ring with an H atom which will

remove any possible steric encumbrance, and this is also described in the next section.

Control experiment (1): measurement of guest binding to fac- and mer-[Ru(LMe)3](PFs)>.

Reaction of fac- or mer-[Ru(LH)3](PFs)2 with Mel resulted in N-methylation of the
pyrazolyl rings to give fac- or mer-[Ru(LMe¢)3](PFs)2 respectively; again, by doing this
reaction under mild conditions, the individual isomers retained their structural integrity
with none of the alternate isomers forming. Crystal structures are in Fig. 10 and are as
expected. In fac-[Ru(LMe)3](PF¢)2 there is no solvent molecule or other electron-rich
atom occupying the hydrogen-bonding site, but the convergence of the methyl groups
and the position of the hydrogen-bonding site is clear. Compared to fac-[Ru(Lb%)3](PFs)2,
any possible steric hindrance to guest binding arising from the phenyl rings is now
removed. Conversely, any possibly favourable effects - e.g. guest binding being
facilitated by m-stacking with the pendant phenyl rings around the binding pocket - will
also be absent.

1H NMR titrations of each isomer with isoquinoline-N-oxide in MeCN gave similar
results to what we observed with fac- and mer-[Ru(LPZ)3](PF¢)2. The fac isomer again
demonstrated definite but weak binding with isoquinoline-N-oxide on the basis of a
steady shift of the methyl protons (which are now all equivalent). The graph of Ad vs.
(concentration of guest) showed gentle curvature and could be fitted to a 1:1 binding

isotherm (Fig. 12) with, again, K~ 1(*1) M-1.t The interaction of mer-[Ru(LMe)3](PFe)>
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with isoquinoline-N-oxide in MeCN was insignificant, with much smaller Ad fgg the ossrcsoresaror

methyl protons during the titration, and no detectable curvature in the graph. Again we
see a clear difference between the behaviour of the two geometric isomers, but the

important point is that the weak binding observed for fac-[Ru(Lbz)3](PFs): is clearly not
associated with any steric blocking of the binding site by the pendant phenyl rings. This

leaves ion-pairing as the other possible culprit.

Control experiment (2): measurement of guest binding to fac-[Ru(L5z)3](BPh4).

For the second control experiment we isolated fac-[Ru(Lb%)3]%* as its
tetraphenylborate salt by simple anion metathesis starting from the hexafluoro-
phosphate salt. The tetraphenylborate anion might be expected to result in less
competition than the hexafluorophosphate ion for the hydrogen-bonding site of the
cation. A 'H NMR titration with isoquinoline-N-oxide resulted in a steady shift of the
signals for one of the diastereotopic methylene protons of fac-[Ru(Lb%)3]2* but not the
other, exactly as before (cf. Fig. 9); again, the resulting binding curve fitted to a 1:1
binding isotherm with K= 1(*1) M-L,f as before However, during the titration the 1H
NMR signals for the [BPh4]- anion also shifted steadily, consistent with it being displaced
as an ion-pair breaks up, in the same way as the [PFs]- anion. The K value calculated
from the shift of the most intense [BPh4]- 1H signal when it is displaced, is the same
within experimental error as that derived from the shift of the methylene proton of the
complex cation when the guest binds. Again, therefore, guest binding to the complex
cation, and anion displacement, occur together (Fig. 13).

This is somewhat surprising as the tetraphenylborate anion is not a hydrogen-
bond acceptor. However ion-pairing with the fac-[Ru(LP?)3]2* cation could occur in
solution via a charge-assisted m-m or CH-m interactions between electron-deficient
pyrazolyl-pyridine groups that are coordinated to a 2+ metal centre, and the electron-
rich phenyl rings of the anion. Examples of such ion pairs involving tetraphenylborate
as the anion are known.18 Thus although hydrogen-bonding is not operative, the
tetraphenylborate anion competes for binding to the complex cation just as much as
does the hexafluorophosphate anion, which means that the interaction with
isoquinoline-N-oxide remains weak.

The clear conclusion to be drawn from this is that the hydrogen-bonding

recognition sites in the cubic coordination cage (Fig. 1) are effective at facilitating guest
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binding in the cavity in MeCN because anions are excluded from the cavity Whigh i§ ;o5 canresaror
consistent with all crystal structures that we have of these cages with a variety of anions

and obtained from a variety of solvents.”11 Exclusion of anions from the binding site is
therefore an important principle to take into account in design of new generations of

cage hosts.

Conclusions

There are three main conclusions from this work. Firstly, we have developed a
simple and general synthetic procedure which will allow access to a wide range of
substituted analogues of [Ru(LH)3]2+ as their pure fac and mer isomers without tedious
chromatographic separation or relying on fractional crystallisation. The mixture of fac-
and mer-[Ru(LH)3]2* may be separated by reaction with a Cu(I) salt which allows the
deprotonated fac isomer to precipitate as its Cu(I) adduct whilst the mer isomer remains
in solution;1* decomposition of the fac-[Ru(L-)3]-/Cu(I) adduct with acid liberates pure
fac-[Ru(LH)3]%*. Alkylation of the pyrazolyl N3 positions under mild conditions allows
substituted analogues to be prepared with retention of isomeric integrity.

Secondly, we have shown that fac-[Ru(LB#)3]%* and fac-[Ru(LMe)3]2+ act as better
hydrogen-bond donor sites to isoquinoline-N-oxide (via formation of C-HeeeO hydrogen
bonds) than do their mer isomers, because of the convergent group of weakly &+
methylene protons in the former cases. Absolute values of binding constants are low
but the clear difference between the behaviour of the fac and mer isomers confirms our
earlier supposition? that this specific recognition element - hydrogen bonding to
methylene protons at a fac tris-chelate binding site - is involved in guest binding in
coordination cages which incorporate metal complex vertices of this type.

Thirdly - and unexpectedly - in these simple mononuclear complexes the ability
of the hydrogen-bond donor site of fac-[Ru(LB?)3]2+ or fac-[Ru(LMe)3]2+ to interact with
the guest isoquinoline-N-oxide, which binds more strongly in the cavity of the cubic cage
host in MeCN, is reduced by competition from anions - even those traditionally regarded
as ‘weakly interacting’ such as hexafluorophosphate and tetraphenylborate. The
effectiveness of the cubic cages as hosts for hydrogen-bond accepting guests therefore
seems to rely not just on the presence of the two fac tris-chelate metal centres and their
convergent group of CH protons, but also on the exclusion of anions from the cage

cavity. All crystal structures of this family of cubic cages show that anions are located
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outside the cavity: although this does not prove that they cannot enter the cayi{y, iR 5o o esaror

solution, the difference in guest binding between the mononuclear model complexes
reported in this paper and the same H-bonding site inside a cage cavity does imply that
in the latter case competition from anions is prevented. Thus we have two important

design principles for future generations of host cages.
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Experimental

General details. 3-(2-Pyridyl)pyrazole (LH) was prepared by the literature method.1?
Metal salts and all organic reagents were purchased from Alfa or Sigma-Aldrich and
used as received. NMR spectra were recorded on Bruker DRX 500 MHz, Bruker AV-III
400 MHz or AV-1 250 MHz instruments. Electrospray mass spectra were recorded on a
Micromass LCT instrument. Calculation of 1:1 K values for guest binding from NMR

titration data was performed using a program that has been described previously.2°

Synthesis of LBz. A mixture of benzyl bromide (1.78 g, 10.4 mmol), 3-(2-pyridyl)pyrazole
(1.51 g, 10.4 mmol), THF (25 cm3) and concentrated aqueous NaOH (20M, 5 cm3) was
stirred at 25 °C for 4 days. The organic layer was separated, dried over MgS0O4 and
evaporated to dryness. The clear oil was washed with Et;0 resulting in precipitation of
LBz as a white solid. Yield: 1.55 g, 63 %. 1H NMR (250 MHz, CDCl3): 6 8.65 (1H, ddd;
pyridyl H®), 7.96 (1H, d; pyridyl H3), 7.72 (1H, td; pyridyl H%), 7.42 (1H, d; pyrazolyl H>),
7.39 - 7.24 (5H, m; ArH), 7.20 (1H, ddd; pyridyl H5), 6.92 (1H, d; pyrazolyl H*), 5.41 (2H,
s; CHz). ESMS: m/z 236.1 [M + H]*. Found: C, 76.3; H, 5.4; N, 17.6 %. Required for
CisH13N3: C, 76.6; H, 5.6; N, 17.9%.

Synthesis of [Co(LP?)3](BF4)2. A mixture of Co(BF4)2¢6H20 (0.037 g, 0.11 mmol) in MeOH
(5 cm3) was added to a stirred solution of LB% (0.077 g, 0.33 mmol) in CH2Cl (5 cm?3) and
stirring was continued at temperature overnight. The solvent was removed under
reduced pressure resulting in a pink residue. X-Ray quality crystals of the mer isomer

were grown as orange blocks by dissolving the solid in the minimum amount of CHCl3
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followed by slow evaporation of the solvent. Yield: 0.11 g, 0.10 mmol, 93 %. FSMS {82 v esnror
382 {[Co(LEB2)3]}2*; 264 {[Co(LEB?);]}2*. Found: C, 57.7; H, 4.4; N, 13.2 %. Required for
[Co(LB?)3](BF4)2: C,57.6; H. 4.2; N, 13.4 %. For 1H NMR data, see main text.

Synthesis of [Ru(L")3](PFs)2. A mixture of RuClsz (1.00 g, 4.82 mmol), 3-(2-pyridyl)-
pyrazole (2.24 g, 15.43 mmol, 3.2 equiv.) and ethylene glycol (40 cm3) was heated to
reflux with stirring for 48 h. After cooling the red mixture, excess ligand was removed
by washing with chloroform. Saturated aqueous KPFswas added to precipitate the
complex which was extracted from the suspension with several portions of CH2Cl;. The
combined organic extracts were dried over Na;S04, and the solvent removed in vacuo to
yield a golden yellow solid (3.71 g, 93 %). ESMS: m/z 682 (M - PF¢)*, 268 (M - 2PF¢)?*.
The 'H NMR spectrum revealed a statistical (3:1) mixture of mer and fac isomers (see
main text). Slow diffusion of diisopropyl ether or toluene vapour into a solution of the
complex in acetonitrile over a few weeks afforded a mixture of yellow crystals of mer-
[Ru(LH)3](PFs)2 and red crystals of fac fac-[Ru(LH)3Ru(L-)3](PFé).

Separation of [Ru(LH)3](PFs): into fac and mer isomers.

Step (i): precipitation of the fac isomer as its Cu(l) adduct. A mixture of
[Ru(LH)3](PFs)2 (mixture of isomers from previous preparation; 0.87 g, 1.05 mmol), EtsN
(0.6 cm3, 4.33 mmol), Cu(BF4)2¢6H20 (1.43 g, 4.14 mmol) and methanol (75 cm3) was
heated to reflux with stirring for 16 h. After cooling to room temperature, the orange
precipitate of crude [{Ru(L-)3}2Cus] (PFs) was filtered off and washed with methanol and
diethyl ether. This complex was dissolved in dichloromethane and some green
precipitate [unreacted Cu(II) starting material] filtered off, before removing the solvent
in vacuo to leave an orange solid which was pure [{Ru(L-)3}2Cuz](PFs). Yield: 0.11 g,
0.08 mmol, 15 % (60 % with respect to the fac isomer). ESMS: m/z 1258.1 (M - PF¢)*.
The 'H NMR spectrum was consistent with the reported one.1*

Step (ii): isolation and purification of mer-[Ru(L")3](PFg);. The remaining filtrate
after precipitation of [RuzCusz(PyPz)s](PFs) [step (i), above] contains mer-
[Ru(LH)3](PFs)2 which did not precipitate. This solution was evaporated to dryness.
The residue was redissolved in with CHClz (100 cm3) and a green solid by-product was
filtered off and discarded. To the filtrate was added trifluoroacetic acid (2 cm3, 1.44
mmol) to neutralise the Et3N and ensure that the mer-[Ru(L")3](PF¢)2 remained fully

protonated at the pyrazolyl N3 positions. Excess trifluoroacetic acid was removed by
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repeatedly dissolving the mixture in methanol/dichloromethane (1 : 1) and eygRroysaL
to dryness. The residue was then dissolved in dichloromethane; aqueous KPFs was
added and the mixture shaken vigorously. The organic layer was separated, dried over
MgSO04, and the solvent removed in vacuo. Chromatography on silica eluting with
MeCN /water/saturated KNO3q) (100 : 10 : 1) on a silica column resulted in a yellow
band which was collected. After removing acetonitrile by rotary evaporation, excess
saturated aqueous KPFs was added and the product was extracted into CHzCl>. The
organic layer was separated, dried over MgS04, and the solvent removed in vacuo to
yield mer-[Ru(LH)3](PFe)2 as a yellow solid (Yield: 0.51 g, 59 %). 1H NMR (400 MHz,
(CD3)2€0): 6 8.47 - 8.32 (3H, m; 3 x pyridyl H3), 8.18 - 8.01 (6H, m; 3 x pyridyl H*and 3 x
pyrazolyl H>), 7.92 - 7.79 (3H, m; 3 x pyridyl H¢), 7.53 - 7.31 (6H, m; 3 x pyrazolyl H* and
3 x pyridyl H%). ESMS: m/z 682 (M - PFe)*, 268 (M - 2PF¢)?*.

Step (iii): isolation and purification of fac-[Ru(L")3](PFs)2. To solution of
[{Ru(L-)3 }2Cuz](PFs) (0.11 g, 0.08 mmol) in CH,Clz (10 cm?3) was added trifluoroacetic
acid (1 cm3, 0.72 mmol), causing an immediate colour change from deep orange to
yellow. Excess trifluoroacetic acid was removed by repeatedly dissolving the mixture in
methanol/dichloromethane (1 : 1) and evaporation to dryness. The residue was then
dissolved in dichloromethane; aqueous KPFs was added and the mixture shaken
vigorously. The organic layer was separated, dried over MgS04, and the solvent
removed in vacuo to leave pure fac-[Ru(LH)3](PFs)2 as a yellow solid. Yield: 0.14 g, 99 %.
1H NMR (400 MHz, (CD3)2C0): 6 8.41 (1H, ddd; pyridyl H3), 8.12 (1H, td; pyridyl H*),
8.07 (1H, d; pyrazolyl H>), 7.83 (1H, ddd; pyridyl H¢), 7.44 (1H, d; pyrazolyl H*), 7.42
(1H, ddd; pyridyl H>). ESMS: m/z 682 (M - PF¢)*, 268 (M - 2PFs)?2+.

Synthesis of fac-[Ru(LP?)3](PFs)z. A mixture of fac-[Ru(LH)3](PFe)2 (0.06 g, 0.07 mmol),
benzyl bromide (0.1 cm3, 0.82 mmol), Cs2C03 (0.33 g, 1.00 mmol), BusNI (0.12 g, 0.33
mmol) and CH2Cl; (25 cm3) was heated to reflux in the dark with stirring for 24 h. After
cooling to room temperature, excess Cs2C03 was filtered off and the solvent removed by
rotary evaporation, before purification of the yellow solid by column chromatography
on silica. Elution with MeCN/water/saturated aqueous KNO3 (100:10:2) resulted in a
single yellow band moving down the column which was collected. After removing
acetonitrile by rotary evaporation, excess saturated aqueous KPFswas added and the

product was extracted from the suspension into dichloromethane. The organic layer
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was separated, dried over MgS04, and the solvent removed in vacuo to yield fgg: .o 1o5ercansasaror
[Ru(LB%)3](PFs)2 as a yellow solid. Slow diffusion of di-isopropyl ether vapour into a

solution of the complex in acetone afforded the product as yellow needles. Yield: 0.01 g,

85 %. 'H NMR (400 MHz, (CD3)2C0): 6 8.10 (1H, d; pyrazolyl), 8.05 (1H, td; pyridyl H*),

7.95 (1H, d; pyridyl H3), 7.52 (1H, ddd; pyridyl H¢), 7.41 (1H, ddd; pyridyl H>), 7.21 (1H,

t; phenyl H4), 7.14 (1H, d; pyrazolyl), 7.05 (2H, t; phenyl H3/H>), 7.22 (2H, d; phenyl

H2/H¢), 5.73 (1H, d; CHz), 5.06 (1H, d; CH2). ESMS: m/z 952.2 (M - PFe)*, 403.6 (M -

2PF¢)?*. Found: C, 48.1; H, 3.6; N, 11.0. C45H39F12N9P2Rue2H;0 requires C, 47.7; H, 3.8; N,
11.1%. UV/Vis in MeCN [Amax / nm (10-3 & / M1 cm1)]: 399 (15.4), 284 (52.0), 241

(41.6).

Synthesis of mer-[Ru(L5%)3](PFg),. This was prepared according to the method above for
fac-[Ru(LBz)3](PFs)2, but using mer-[Ru(LB2)3](PFs)2 (0.23 g, 0.27 mmol), benzyl bromide
(0.5 cm3, 4.21 mmol), Cs2C0O3 (0.49 g, 1.52 mmol) and acetonitrile (50 cm3). Yield: 81%.
Slow diffusion of di-isopropyl ether vapour into a solution of the complex in acetone
after two weeks affords the product as yellow blocks. tH-NMR (400 MHz, (CD3)2C0): 6
8.42 (1H, ddd), 8.22 (1H, d), 8.11 (1H, td), 8.07 (1H, d), 8.02 - 7.97 (3H, m), 7.94 (1H, dt),
7.91 (1H,td), 7.75 (1H, d) 7.66 (1H, d), 7.63 (1H, d), 7.55 (1H, d), 7.49 - 7.42 (2H, m),
7.34 (1H, ddd), 7.30 - 7.12 (8H, m), 7.05 (2H, t), 6.96 (1H, d), 6.53 (2H, d), 6.39 (2H, d),
6.21 (2H, d), 5.44 (2H, d), 5.03 (1H, d), 4.91 (1H, d), 4.71 (2H, m). ESMS: m/z 952.2 (M -
PF¢)*, 403.6 (M - 2PFs)2+. Found: C, 48.8; H, 3.8; N, 10.7. CssH39F12N9P2RueH-0
e(acetone)os requires C, 48.8; H, 3.9; N, 11.0%. UV /Vis in MeCN [Amax / nm (103 & / M-1
cm1)]: 396 (13.9), 282 (49.8), 241 (38.5).

Synthesis of fac-[Ru(LMe)3](PFs).. A mixture of fac-[Ru(LH)3](PFs)2 (0.06 g, 0.07 mmol),
methyl iodide (0.2 cm3, 3.9 mmol), Cs2C03 (0.16 g, 0.49 mmol) and CH2Cl; (30 cm3) was
heated to reflux in the dark with stirring for 14 h. Subsequent workup and purification
was as described above for fac-[Ru(LB%)3](PF¢)2. Yield: 0.05 g, 73%. Slow diffusion of di-
isopropyl ether vapour into a solution of the complex in acetone afforded the product as
yellow blocks. 'H NMR (400 MHz, (CD3)2C0): 6 8.43 (3H, ddd; pyridyl H3), 8.15 (1H, td;
pyridyl H%), 8.10 (1H, d; pyrazolyl H5), 7.74 (1H, ddd; pyridyl H®), 7.48 (1H, d; pyrazolyl
H#%), 7.45 (1H, ddd; pyridyl H5), 3.52 (9H, s; CH3). ESMS: m/z 724 (M - PF¢)*, 290 (M -
2PFe)2+. Found: C, 37.4; H, 3.1; N, 14.3. Cz7H27F12N9P2Ru requires C, 37.3; H, 3.1; N,
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(40.4).

Synthesis of mer-[Ru(LMe)3](PFs)2. This was prepared using mer-[Ru(LH)3](PFs)2 (0.06 g,
0.07 mmol), methyl iodide (0.2 cm3, 3.9 mmol), Cs2C03 (0.16 g, 0.49 mmol) and CH2Cl;
(30 cm3) exactly as described above for the fac isomer. Yield: 0.05 g, 73%. Slow diffusion
of di-isopropyl ether vapour into a solution of the complex in acetone afforded the
product as yellow blocks. 1H NMR (400 MHz, (CD3)2C0): 6 8.47 - 8.35 (3H, m), 8.16 -
8.06 (6H, m), 8.04 (1H, ddd), 7.98 (1H, ddd), 7.79 (1H, ddd), 7.53 (1H, d), 7.51 - 7.40
(5H, m), 3.47 (3H, s; CHz3), 3.41 (3H, s; CH3), 3.35 (3H, s; CH3). ESMS: m/z 724 (M - PFe)*,
290 (M - 2PFs)?*. Found: C, 37.4; H, 3.1; N, 14.3. Cz7H27F12N9P2Ru requires C, 37.3; H,
3.1; N, 14.5%. UV/Vis in MeCN [Amax / nm (10-3 € / M1 cm1)]: 397 (15.8), 281 (54.2), 239
(41.8).

X-ray crystallography. Crystals were removed from the mother liquor, coated with oil,
and transferred rapidly to a stream of cold Nz on the diffractometer (Bruker APEX-2) to
prevent any decomposition due to solvent loss. In all cases, after integration of the raw
data, and before merging, an empirical absorption correction was applied (SADABS)?21
based on comparison of multiple symmetry-equivalent measurements. The structures
were solved by direct methods and refined by full-matrix least squares on weighted F?
values for all reflections using the SHELX suite of programs.22 Pertinent crystallographic
data are collected in Table 1, and coordination-sphere bond distances and angles are in
Tables 2 - 8.

Most of the structural determination were straightforward; the only problems
were that mer-[Ru(L")3] (PFs)2¢2MeCN and mer-[Ru(LMe)3] (PFs)2 required a large
number of restraints to assist with the refinement. Crystals of mer-[Ru(LH)3](PFs)2
*2MeCN diffracted weakly and only data with 26 < 46° were used for the final
refinement; global restraints (SIMU and DELU on all ligand C and N atoms) were used to
keep the displacement parameters reasonable. In mer-[Ru(LMe)3](PFs)2 one of the
haxafluorophosphate anions was disordered over two sites. Weak diffraction meant
that global restraints (SIMU and DELU on all C, F and N atoms) were used to keep the
displacement parameters reasonable, and in addition geometric restraints were applied

to some of the ligand rings to prevent the geometries from becoming too eccentric.
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Table 1. Crystal parameters, data collection and refinement details fog the,
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structures in this paper.

View Article Online

039/C3DT52479E

Complex Mer-[Co(Lb2)3](BF4)2, | mer-[Ru(L")3](PF¢): fac,fac-[Ru(LH)3Ru(L)s3]
*CHCI; «H,0 *2MeCN (PF¢)*3CsHs

Formula C46H4szC13COF8N90 C28H27F12N11P2RU C69H63F6N18PRUZ

Molecular weight 1075.79 908.62 745.74

T,K 100(2) 100(2) 100(2)

Crystal system Monoclinic Monoclinic Trigonal

Space group P2(1)/c P2(1)/c P-3

a, A 12.2347(3) 14.3036(9) 14.1604(10)

b, A 31.6797(9) 13.2235(8) 14.1604(10)

¢, A 13.5802(4) 23.5081(16) 19.0761(14)

a,’ 90 90 90

B, 115.6540(10) 121.776(4) 90

v, 90 90 120

Vv, A3 4744.7(2) 3779.9(4) 3312.6(4)

A 4 4 4

p, gcm3 1.503 1.597 1.495

Crystal size, mm? 0.25x0.30x0.40 0.25x0.30x0.40 0.02x0.02x0.03

g, mm-? 0.610 0.596 0.555

Data, restraints, 10912,0, 619 5413, 327,491 5090, 0, 292

parameters

Final R1, wR2¢

0.0628, 0.1655

0.0858, 0.2955

0.0506, 0.1594

fac-[Ru(Lb%)3](PF)- mer-[Ru(Lb2)3](PF¢)2 | fac-[Ru(LMe)3](PFs)2 mer-[Ru(LMe)3](PFs)2
e2Me,CO eMe,CO

Cs1Hs1F12N9O2P2Ruz C4gH45F12N9OP2Ru Ca7H27F12NoP;Ru, Ca7H27F12N9P2Ru,
1213.02 1154.94 868.59 868.59

100(2) 100(2) 100(2) 100(2)

Triclinic Triclinic Trigonal Monoclinic

P-1 P-1 P3cl P2,/c
11.1447(2) 11.7741(3) 10.3032(3) 13.8161(5)
12.2542(3) 12.1017(3) 10.3032(3) 13.2773(5)
20.6452(4) 17.9981(4) 17.0022(5) 20.7149(7)
93.7290(10) 99.8650(10) 90 90

95.9190(10) 96.3270(10) 90 117.692(2)
111.0040(10) 107.5040(10) 120 90

2602.28(9) 2373.61(10) 1563.08(8) 3364.7(2)

2 2 2 4

1.548 1.616 1.845 1.715
0.20x0.20x 0.50 0.30x0.18x0.12 0.18x0.19x 0.25 0.05x0.31x0.35
0.456 0.494 0.714 0.664

11756, 0, 698 10838, 0, 660 2421,1,156 7735,391, 503
0.0465, 0.1346 0.0260, 0.0680 0.0464, 0.1263 0.0634, 0.1538

@ The value of R1 is based on ‘observed’ data with I > 26(/); the value of wR2 is based on

all data.
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Table 2. Selected bond distances (A) and angles (°) in the structure of DOL: 101030 CamearoE

mer-[Co(Lbz)3](BF4)2 «CHCI3¢H20

Co(1)-N(11C) 2.136(3) Co(1)-N(224) 2.161(3)
Co(1)-N(11A) 2.147(3) Co(1)-N(11B) 2.173(3)
Co(1)-N(22C) 2.154(3) Co(1)-N(22B) 2.195(3)
N(11C)-Co(1)-N(11A) | 178.17(11) N(11A)-Co(1)-N(11B) 86.66(10)
N(11C)-Co(1)-N(22C) 77.01(11) N(22C)-Co(1)-N(11B) 170.58(11)
N(11A)-Co(1)-N(22C) | 101.16(11) N(22A)-Co(1)-N(11B) 88.90(11)
N(11C)-Co(1)-N(22A) | 102.90(11) N(11C)-Co(1)-N(22B) 90.03(10)
N(11A)-Co(1)-N(224A) 77.16(11) N(11A)-Co(1)-N(22B) 90.36(10)
N(22C)-Co(1)-N(224) 97.90(11) N(22C)-Co(1)-N(22B) 98.20(11)
N(11C)-Co(1)-N(11B) 95.17(10) N(22A)-Co(1)-N(22B) 161.26(11)
N(11B)-Co(1)-N(22B) 76.32(10)

Table 3. Selected bond distances (A) and angles (°) in the structure of mer-

[RU(LH)3] (PFs)z'ZMGCN

Ru(1)-N(51A) 2.042(10) Ru(1)-N(424A) 2.060(9)
Ru(1)-N(624) 2.048(11) Ru(1)-N(224) 2.062(10)
Ru(1)-N(11A) 2.059(10) Ru(1)-N(31A) 2.085(9)
N(51A)-Ru(1)-N(624) 77.0(5) N(11A)-Ru(1)-N(22A) 77.3(4)
N(51A)-Ru(1)-N(114) 88.2(4) N(42A)-Ru(1)-N(224) 90.3(4)
N(62A)-Ru(1)-N(114) 94.8(4) N(51A)-Ru(1)-N(31A) 98.1(4)
N(51A)-Ru(1)-N(424) 172.6(4) N(62A)-Ru(1)-N(31A) 92.3(4)
N(62A)-Ru(1)-N(42A) 97.8(4) N(11A)-Ru(1)-N(31A) 171.5(3)
N(11A)-Ru(1)-N(42A) 97.6(3) N(42A)-Ru(1)-N(31A) 76.6(3)
N(51A)-Ru(1)-N(224) 95.5(4) N(22A)-Ru(1)-N(31A) 96.3(4)
N(62A)-Ru(1)-N(224) 169.4(4)

Table 4. Selected bond distances (A) and angles (°) in the structure of fac,fac-
[RU(LH)3RU(L‘)3] (PF6)°3C7H8

Ru(1)-N(224A) 2.065(4)
Ru(1)-N(11A) 2.077(4)
N(22A)-Ru(1)-N(22A)#1 98.03(13)
N(22A)-Ru(1)-N(11A)#1 90.84(14)
N(22A)-Ru(1)-N(11A) 77.90(14)
N(22A)#1-Ru(1)-N(11A) 170.72(14)
N(11A)#1-Ru(1)-N(11A) 93.73(14)
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Table 5. Selected bond distances (A) and angles (°) in the structure of fac- View Article Online

DOI: 10.1039/C3DT52479E
[Ru(Lb%)3](PFs)202Me2CO

Ru(1)-N(11A) 2.068(2) Ru(1)-N(22B) 2.081(2)
Ru(1)-N(11B) 2.069(2) Ru(1)-N(224) 2.084(2)
Ru(1)-N(11C) 2.081(2) Ru(1)-N(22C) 2.094(2)
N(11A)-Ru(1)-N(11B) 95.77(9) | N(11C)-Ru(1)-N(224) | 172.58(9)
N(11A)-Ru(1)-N(11C) 95.08(9) | N(22B)-Ru(1)-N(224) | 101.71(9)
N(11B)-Ru(1)-N(11C) 92.35(9) | N(11A)-Ru(1)-N(22C) 87.27(9)
N(11A)-Ru(1)-N(22B) 173.28(9) | N(11B)-Ru(1)-N(22C) | 169.73(9)
N(11B)-Ru(1)-N(22B) 77.52(9) | N(11C)-Ru(1)-N(22C) 77.58(9)
N(11C)-Ru(1)-N(22B) 85.70(9) | N(22B)-Ru(1)-N(22(C) 99.41(9)
N(11A)-Ru(1)-N(224) 77.60(9) | N(22A)-Ru(1)-N(22C) | 100.63(9)
N(11B)-Ru(1)-N(22A) 89.62(9)

Table 6. Selected bond distances (A) and angles (°) in the structure of mer-

[Ru(Lb2)3](PFe)2

Ru(1)-N(22A) 2.0611(12) Ru(1)-N(22B) 2.0814(12)
Ru(1)-N(11A) 2.0711(12) Ru(1)-N(11B) 2.0820(12)
Ru(1)-N(220) 2.0741(12) Ru(1)-N(11C) 2.0885(12)

N(22A)-Ru(1)-N(114) | 78.02(5) N(22C)-Ru(1)-N(11B) | 101.43(5)
N(22A)-Ru(1)-N(22C) | 167.24(5) N(22B)-Ru(1)-N(11B) 77.26(5)
N(11A)-Ru(1)-N(22C) | 92.28(5) N(22A)-Ru(1)-N(11C) 93.61(5)
N(22A)-Ru(1)-N(22B) | 102.08(5) N(11A)-Ru(1)-N(11C) 86.55(5)
N(11A)-Ru(1)-N(22B) | 171.89(5) N(22C)-Ru(1)-N(11C) 77.37(5)
N(22C)-Ru(1)-N(22B) 88.70(5) N(22B)-Ru(1)-N(11C) | 101.51(5)
N(22A)-Ru(1)-N(11B) | 87.76(5) N(11B)-Ru(1)-N(11C) | 178.34(4)
N(11A)-Ru(1)-N(11B) | 94.67(5)

Published on 16 October 2013. Downloaded by Lomonosov Moscow State University on 22/10/2013 19:05:53.
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Table 7. Selected bond distances (A) and angles (°) in the structures of fac-

Dalton Transactions

[Ru(LMe)3](PFe)2

Ru(1)-N(21) 2.071(4)
Ru(1)-N(11) 2.085(4)
N(21)#1-Ru(1)-N(21) | 100.54(13)
N(21)#1-Ru(1)-N(11) | 88.51(13)
N(21)-Ru(1)-N(11) 170.94(14)
N(21)-Ru(1)-N(11)#1 | 77.97(15)
N(11)-Ru(1)-N(11)#1 | 93.03(16)

Table 8. Selected bond distances (A) and angles (°) in the structure of mer-

[Ru(LMe)3](PFe)2

Ru(1)-N(11C) 2.050(3) Ru(1)-N(22C) 2.056(3)

Ru(1)-N(224) 2.052(4) Ru(1)-N(11A) 2.069(4)

Ru(1)-N(22B) 2.056(4) Ru(1)-N(11B) 2.084(4)
N(11C)-Ru(1)-N(224) 88.05(14) N(22B)-Ru(1)-N(11A) 95.21(15)
N(11C)-Ru(1)-N(22B) 99.81(15) N(22C)-Ru(1)-N(11A) 171.66(15)
N(22A)-Ru(1)-N(22B) 170.04(15) N(11C)-Ru(1)-N(11B) 177.13(15)
N(11C)-Ru(1)-N(22() 77.32(14) N(22A)-Ru(1)-N(11B) 94.60(15)
N(22A)-Ru(1)-N(22C) 100.54(15) N(22B)-Ru(1)-N(11B) 77.67(15)
N(22B)-Ru(1)-N(22C) 87.25(15) N(22C)-Ru(1)-N(11B) 101.08(15)
N(11C)-Ru(1)-N(11A) 94.40(15) N(11A)-Ru(1)-N(11B) 87.23(16)
N(22A)-Ru(1)-N(11A) 77.96(16)
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Figure and Scheme captions View Article Online

Scheme 1

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

DOI: 10.1039/C3DT52479E

Structure of the L15naph family of ligands used to make cubic coordination

cages (R = H, CH20H).

The general structure of the [Mg(L15naph),]16+ coordination cage, with
ligands coloured differently for clarity (left); and a sketch showing the
likely mode of binding of hydrogen-bond accepting guests at one of the

two fac tris-chelate metal vertices (right).

1H NMR spectrum of [Co(Lb%)3](BF4)2 in MeCN, showing the mixture of fac
and mer isomers with four independent ligand environments present in

equal abundance.

Structure of the complex cation of mer-[Co(Lb%)3](BF4)2¢CHClzeH20
(thermal ellipsoids at 40% probability level). One ligand is shown with

paler colours for clarity.

1H NMR spectra (MeCN, 400 MHz) of [Ru(LH)3](PFe)2: (a) the as-isolated
statistical mixture of fac and mer isomers; (b) the pure fac isomer; (c) the

pure mer isomer.

Structure of the complex cation of mer-[Ru(LH)3](PF¢)2 #2MeCN (thermal
ellipsoids at 40% probability level).

Structure of the hydrogen-bonded dinuclear complex cation of fac,fac-
[Ru(LH)3Ru(L-)3] (PF¢)*3C7Hg (thermal ellipsoids at 40% probability
level). Some of the ligands are shown in paler colours for clarity; the
hydrogen-bonds between the two complex units are indicated by the

striped lines.

(a) Structure of the complex cation of fac-[Ru(Lbz)3](PFs)222Me2CO
(thermal ellipsoids at 40% probability level); one ligand is shown with
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Figure 8

Figure 9

Figure 10

Figure 11

Figure 12
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paler colours for clarity. (b) Alternative view of the complex catjgn witl'55
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the phenyl rings not shown, emphasising the convergent arrangement of
methylene protons to form an hydrogen-bond donor site, and the
presence of a hydrogen-bonded molecule of acetone at this site; the two

shortest CHeeeO interactions are shown by dashed lines.

Structure of the complex cation of mer-[Ru(Lb%)3](PFs)2 #Me2CO (thermal
ellipsoids at 40% probability level); one ligand is shown with paler colours

for clarity.

Changes in the 1H NMR chemical shift of the two inequivalent methylene
proton signals of fac-[Ru(LPz)3](PFs)2 (0.23 mM) during titration with
isoquinoline-N-oxide (up to 0.7M) in CD3CN. (a) Stacked plots; (b)

overlaid plots to emphasise how one signal moves but the other does not.

(a) 'H NMR binding curves showing shift of the methylene proton signals
in fac-[Ru(Lb%)3](PFs)2 (circles, upper line) and mer-[Ru(Lb%)3](PFs)2
(squares, lower line) during titration with isoquinoline-N-oxide. For fac-
[Ru(Lbz)3](PFs)2 the data fit a 1:1 binding isotherm with K= 1 M-1; for mer-
[Ru(Lbz)3] (PFs)2 the binding constant is too weak to measure. (b) 1°F NMR
binding curve showing the change in environment of the [PF¢]- ion of fac-
[Ru(Lbz)3](PFs): as it is displaced from the hydrogen-bonding site when
isoquinoline-N-oxide is added. Again the data fita 1:1 binding isotherm

with K~ 1 ML

Structures of the complex cations of (a) fac-[Ru(LM¢)3](PFs)2 (thermal
ellipsoids at 40% probability level) and (b) mer-[Ru(LMe)3](PF¢)2 (thermal
ellipsoids at 30% probability level). H atoms of the methyl groups are
shown in red to emphasise the binding pocket formed by convergence of

the three methyl groups in the former case.

(a) 'H NMR binding curves showing shift of the methylene proton signals
in fac-[Ru(LMe)3](PFs)2 (circles, upper line) and mer-[Ru(LMe)3] (PFs):
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(triangles, lower line) during titration with isoquinoline-N-oxidg;, Fopfiarce onee

[Ru(LMe)3](PFe)2 the data fit a 1:1 binding isotherm with K~ 1 M-1; for mer-

[Ru(LMe)3](PFe)2 the binding constant is too weak to measure.

1H NMR binding curves obtained from titration of [Ru(LB?)3](BPh4), with
isoquinoline-N-oxide in MeCN: the shift of the methylene proton signal at
ca. 5.4 ppm due to hydrogen-bonding with the guest (black triangles /
dashed line); (b) the shift of the most intense tetraphenylborate signal at
7.3 ppm as it is displaced from the complex cation by the competing guest
(black circles / solid line). Both sets of data fita 1:1 binding isotherm with
K~1M1
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Fac and mer isomers of simple Ru(II) tris(pyrazolyl-pyridine)yo,. 101035/ 307524798
complexes as models for the vertices of coordination cages:
separation, structural characterisation and hydrogen-bonding

characteristics

Alexander J. Metherell, William Cullen, Andrew Stephenson, Christopher A. Hunter and
Michael D. Ward*

Graphical abstract for Table of Contents

The fac isomers of simple Ru(Il) complexes of pyrazolyl-pyridine ligands with alkyl
substituents on the pyrazole N3 position act as weak H-bond donors via a convergent set
of methylene protons (in green); the mer isomers do not. This helps to explain the
ability of coordination cages containing these units to bind hydrogen-bond accepting

guests.
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