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Exploiting the labile site in dinuclear [Pd,L;]"" metallo-cycles:
multi-step control over binding affinity without alteration of core
host structure

James Kolien,® Amanda R. Inglis,> Roan A. S. Vasdev,” Ben |. Howard,® Paul E. Kruger,® Dan
Preston,*-2¢

While Nature often controls supramolecular processes through regulation giving multiple levels of activity, synthetic
metallosupramolecular systems have generally been binary (e.g. on/off) when they have control over molecular recognition
events, and have often relied upon drastic chemical transformations or complete disassembly to enforce this control. We
report here a new low symmetry ligand with a bidentate and a monodentate site (L). In combination with Pd?*, this ligand
forms a [2 + 2] metallo-macrocycle, [PdaL.L",]™, where L’ is the monodentate ancillary ligand that occupies the fourth and
final coordination site of the metal ions. This assembly is structurally simple, but displays nuanced, multi-step binding affinity
toward a neutral diplatinate guest employed for proof-of-concept. This complexity is introduced through varying the identity
of L’, which can either be solvent (DMSO) or the halides chloride, bromide or iodide. The identity of L’ alters the cationic
charge of the complex (neutral DMSO versus monoanionic halides) or otherwise influences the electron deficiency of the
binding site of the host through varied strength of halide-ligand intra-molecular hydrogen bonding. Cycling between these
different complexes was demonstrated, except for L’ = chloride which is non-reversible. This system therefore is able to
interact with a platinate guest with four different graduations of affinity in response to stimuli, while still retaining the same
simple core cationic structure. In addition to multi-setting binding affinity, we believe this is the first example of the use of
variable intramolecular hydrogen bonding strength in switchable ancillary ligands to alter the electronic character and hence

the m-m recognition characteristics of a metallosupramolecular host.

Introduction

Supramolecular chemistry is the tool that Nature uses to drive
its machinery. It enables the recognition processes that
facilitate molecular replication and transcription,[l molecular
transport,! movement, and
encapsulation/binding events that
transformations of substrates by enzymatic proteins.[4l A key
characteristic of these processes is that they can be regulated.
This regulation is often not simply binary (on/off) but has
multiple settings of activity level.[5! Additionally, interchange
between these levels can be achieved through alterations of the
electronic character or conformation of the biological
machinery, rather than by simply influencing translation or
degradation.[56] These alterations can be reversibly enacted
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through small-molecule binding, phosphorylation, or protein-
protein interactions.[62. 7]

Metallosupramolecular chemists are intensely interested in
molecular recognition,8 using self-assembled hosts to bind
guests for a diverse set of applications including molecular
storage of reactive species,®] environmental pollutants!' and
chemical warfare agent analogues,!'!l for drug delivery!'2l and
biological catalysisi®®l and chemical
transformations carried out in confined spaces.[!5! Ideally, these

diagnostics,[13]  and

processes should also be capable of being regulated.[18] A wide
variety of stimuli have been employed towards the host[!”] to
regulate activity, including light,[18] acid/base!'2<l and redox(19]
chemistry, transmetallation,[29] stoichiometry,[22 and ancillary
ligand identity.[22l In contrast to biological systems, these
synthetic analogues generally have two characteristics: 1)
regulation is binary (on/off or sometimes high/low activity), and
2) regulation is most often achieved through significant
structural transformation of the host architecture; generally a
partial21-22] or completell2c 18-19, 23] disassembly of the host
structure.

In some cases, activity has been regulated (in a binary fashion)
while retaining core connectivity. The Fujita group has reported
a [Pdi2L24]2%* system with internally directed azo-benzene units
capable of light/heat driven isomerism.[24] The trans isomer



interacted with 1-pyrenecarboxaldehyde, while the cis isomer
did not. Light has also been used by Clever and co-workers in a
[Pd,L4]** cage with ligands capable of photo-driven cyclisation
to influence binding affinity for a B1;F1,2 guest.[178l There have
also been examples involving much more subtle changes. Yam
and co-workers used alteration of pH with a macrocyclic [Pt,LL’]
system containing a protonatable pyridyl nitrogen in the
cavity, 25l using steric and electronic repulsion to reversibly eject
a neutral palatinate guest. Sallé and co-workers have also used
redox chemistry with a platinum(ll) cage with
tetrathiafulvalene—based ligands to alter affinity of the cage
towards coronene in the presence of a competing anionic guest,
whilst retaining core structure.l27d] Very recently, Akine and co-
workers have used a bis-cobalt(ll) complex formed with a
macrocyclic ligand, and have (non-reversibly) exchanged the
axial ligands at the metal centres to alter the charge of the
complex and hence its affinity for sodium cations.[26]

The majority of metallosupramolecular assemblies have been
constructed with the reliable square planar metal ions, hemi-
labile palladium(ll) and inert platinum(ll). Synthetic strategies
have been developed to access different structural types,
defined largely by the arrangement and denticity of the ligands
around the metal ions (Figure 1).[27]
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Figure 1 The coordination spheres of metal ions in various types of metallo-
supramolecular assemblies (shown for dinuclear assemblies, but also applicable
to many systems of higher nuclearity). Assemblies with spheres saturated b
structurally Iinkiniligands: a) metal centres with bidentate linking ligands, and bg
metal centres with monodentate and tridentate linking ligands. Assemblies with
ancillary ligands: c) metal centres with cis-capped bidentate ancillary ligands with
monodentate linking ligands, or d) two monodentate ancillary ligands at each
metal centre. Bottom: the system with a single monodentate ancillary ligand at
each metal ion employed in this work. This system holds the bidentate site in the
Flane of the ancillary ligand, with the ortho proton of the pyridyl ring cis to this
igand directed towards it (see figure), and thus readily influenced if the ancillary
ligand is a hydrogen-bonding acceptor.

Two of these arrangements always result in the formation of

metallo-cyclic (or sometimes cage) structures in which the
coordination spheres of the metal ions are exclusively occupied
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by core ligands linking the structure together. These contain
either a) metal ions linked into assemblies via bidentate
ligands!28] (Figure 1a), or b) metal ions linked into assemblies
with a complementary combination of monodentate and
tridentate sites on ligands[25 29 (Figure 1b).A characteristic of
these two assembly types is that methodologies for the
reversible exchange of these ligands have not yet been well
developed.

There are also systems in which the coordination sphere of the
metal ion is occupied by a combination of monodentate linking
ligands and ancillary capping ligands. In one of these, cis-capped
metal ions are linked into a larger unified structure with
monodentate ligands, in work from the groups of Fujita, Chand,
Peinador, Peris and others (Figure 1c).30) While Chand and co-
workers have explored the replacement of ancillary capping
groupsi3ll in systems of type, the reversible exchange of ligands
in these systems has not been achieved.

Assemblies with metal ions surrounded by four monodentate
donors have generally seen these donors all being part of core
linking ligands (i.e. cages).[32] But strongly donating and bulky
phosphines have also been used to enforce trans geometry of
linking ligands at the metal centre, often with acetylide
ligands.[33] There have also been examples from Raymond and
co-workers, 34l Hiraoka, Sakata and Shionoya, 35! Puddephat and
co-workers,[3¢] Crowley and co-workersl222. 371 Clever and co-
workers,38 and Hanan and co-workers!3®lin which trans sites at
the metal ion are occupied by halides (Figure 1d).1#9 In the case
of the example from Crowley and co-workers, a [Pd,L,Cl;]
macrocycle could be reversibly transformed into a [Pd,L4]** cage
by addition of Ag* or CI-, with the neutral macrocycle not binding
exo- or endo-bound guests.[22a]

In our work on metallosupramolecular chemistry, [l we have an
interest in using stimuli to effect structural transformations.[28c
29¢,42] As part of our efforts we recently reported a simple ligand,
with both a bidentate 2-pyridyl-1,2,3-triazole chelator and a
monodentate pyridyl donor. When combined with Pd?* in a 2:2
ratio, a simple [PdLx(solvent),]* macrocycle was formed. Each
metal ion had a coordination sphere filled with the bidentate
site from one ligand, the monodentate site from the other, with
the final site occupied with an ancillary ligand which was in this
case ligated solvent (acetonitrile or DMSO) (Figure 2 top). We
noticed two key characteristics of this new assembly type.
Firstly, unlike bidentate capping units (Figure 1c), the ancillary
ligand played no key structural role, and was in effect solely
present to complete the coordination sphere of the metal ion.
This suggested that it could be readily (and potentially
reversibly) exchanged without disruption of the core cationic
structure. Secondly, and unlike systems with two monodentate
ancillary ligands and monodentate linking ligands (Figure 1d), as
the bidentate site was in the same plane as the ancillary ligand,
the proton ortho to the nitrogen atom of the pyridine from the
bidentate site was directed and held fixed in position in this
plane towards the ancillary ligand. This led us to hypothesise
that this hydrogen atom, and therefore the bidentate site,
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would be highly sensitive to the identity and influence of the
ancillary ligand, say (for example) through hydrogen bonding
(Figure 1 bottom right).

With this in mind, this first generation structure encouraged us
to here create an analogue and explore the effects of alteration
of the ancillary ligand. We were particularly interested in using
the identity of the ancillary ligand to influence another field in
which we are interested, molecular recognition.[14b. 431 We
report here a new ligand, with a 2-pyridyl-1,2,3-triazole
bidentate chelator which has a 1,3-substituted phenyl corner, a
4-(phenyl)pyridine arm, and is solubilised with a methyltriglycol
chain (L, Figure 2 bottom). In 2:2 combination with Pd?* and the
appropriate halide source when required, we are able to access
[Pd,L,L";]™ macrocycles, where L’ = solvent (n = 4) or the halides
Cl, Bror I (n = 2) (Figure 2 bottom). Except for L’ = Cl, the
identity of L’ is interchangeable. Each complex interacts with a
neutral diplatinate guest, with altered affinity in each case.

[Pd,L,L', 1(BF;),
L' =DMSO (.),lcr(o), Br (@), Q)
n=4 n=2

Figure 2 Above: the previously reported!*2b! [Pd,L,(solvent),]** complex, colours:
carbon grey, hydrogen white, nitrogen light blue, oxygen red,‘falladium dark blue,
sulphur yellow; Below: The ligand L (R = methyltriglycol and its conversion into
Pd,L,L’;|™ complexes. Conditions: (i) EPd CH3CN),](BF4)2, l[D3]]acetonit|’ile or
DstMSO, (ii) [Pd(CH3CN),Cl,], AgBF,4, [Ds]acetonitrile or [De]DMSO. In situ
conversion carried out in [DGIDMSO, (iii) tetraethylammonium chloride, (iv)
tetratheylammonium bromide, {v) potassium iodide, (vi) AgBF,.
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This affinity is driven by the charge on the complex, or the varied
strength of hydrogen bonding between halide and the ortho
proton of the pyridyl ring from the bidentate site. This is
therefore a system where, highly unusually, variation of the
ancillary ligand gives several different complexes sharing the
same core structure but allows multiple-setting graduated
control over binding affinity for molecular recognition.

Results and Discussion

Synthesis

The ligand L (Figure 2) was synthesised in four steps (ESIT S2.2
to 2.5, yield at final step 89%). It was characterised with a suite
of techniques including NMR spectroscopies, and mass
spectrometry (m/z = 538.2466, [MH]*, ESIt S2.5).

Combination of L with [Pd(CH3CN)4](BF4)4 in [Ds]acetonitrile or
[Ds]DMSO in a 2:2 ratio at [L] £5 mM (2.5 mM for the complex,
see below) resulted in a single set of ligand environments in the
I1H NMR spectra, indicating formation of a single, highly
symmetrical structure (Figure 2, Figure 3b).
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Figure 3 Partial stacked *H NMR spectra %600 MHz, DGEDMSO, 298 K)of a) L, b
Pd,L;(solvent),](BF4)s, c) [Pd,L,Cl;](BF4), and d) [Pd,L;Br;](BFs),, and e
Pd;L,15](BF,),. Differences in chemical shift for key resonances highlighted with
the use of blue lines. All spectra obtained at [L] =5 mM ([complex] = 2.5 mM).
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This spectral transformation was instantaneous in [Dg]DMSO,
but required heating at 40 °C for four hours in [Ds]acetonitrile.
These peaks were at higher chemical shift than that of the free
ligand, in particular for peaks associated with the 2-pyridyl-
1,2,3-triazole bidentate pocket (in [Dg]DMSO A8(Hy) = ~ 0.6
ppm, A8(Hg) = 0.58 ppm), and the monopyridyl arm, A&(H)) =
0.56 ppm.
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Figure 4 Partial mass spectra (DMSO/DMF) for [Pd,L,L’;]™, where L’ = a) solvent,
b) CI, ¢) Br, and d) I. Observed spectra shown in black, calculated spectra shown
below and inverted in colour. Formate in (a) generated from formic acid in mass
spectral conditions.

This indicated metal ion coordination at these sites. The lack of
a large downfield shift for proton resonance H, indicated that
the bidentate pockets were not arranged in a head-to-tail
arrangement at a metal centre,* and that H, was not
participating in a significant hydrogen bond, and was a
characteristic of the previously reported [Pd,L;(solvent),]**
complex in both DMSO and acetonitrile.!42b]

High resolution electrospray ionisation mass spectrometry (HR
ESI-MS) of these samples confirmed formation of a [2 + 2]
complex (Figure 4a and ESIt, for example, m/z = 444.4970 [Pd,L;
+ HCOO]3* and 689.2482 [Pd,L, + 2HCOO]?*, formate originating
from formic acid in mass spectral conditions). In a [2 + 2]
complex with a symmetrical NMR spectrum, only a single
structural configuration is possible, and must be analogous to
the crystal structure from our previous work[42bl: with each of
the two Pd?* metal ions coordinated to the 2-pyridyl-1,2,3-
triazole site of one ligand, the monopyridyl arm of the other
ligand, with the remaining site (trans to the coordinated N3
nitrogen of the triazole ring) occupied by solvent.

No solvent was observed in the identified species via mass
spectrometry, but this weak coordination bond was presumably
fragmented under MS conditions. 1°F NMR spectroscopy of the
complex with comparison to [N(CHs)4]BF4 confirmed that the
BFs counterions were not coordinated at the final site in
solution (ESIT, Figure S2.19). With DMSO ligated, coordination
to Pd?* has been repeatedly reported crystallographically
through both the sulphurl®! and oxygenl4¢] donors. While
attempts to crystallise the [Pd;Ly(solvent);](BF4)s product were
unsuccessful from either DMSO or acetonitrile, DFT optimised
structures (BP86/def2-SVP) showed that the proposed [2 + 2]
structure was feasible (Figure 5a). They also indicated that the
O-bound complex was highly favoured (by 55 kJ mol-1, ESIT) over
the S-bound complex. In light of this, it is likely that here the
ligand is under fast exchange conditions, favouring the O-bound
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binding mode in the time-averaged NMR spectrum. This is the
same coordination mode observed in the crystal structure of
the original analogue (Figure 2 top). The product was isolated
through precipitation from acetonitrile with diethyl ether
(87%). At concentrations above 2.5 mM for the complex, the *H
NMR spectra became untidy and broad, indicating formation of
oligomers and larger macrocycles (ESIt, Figure S$2.15).147]
Despite the solubilising poly(ethyleneglycol) chains, in
acetonitrile these mixtures precipitated or underwent gelation
over several days. At £ 5 mM in acetonitrile, precipitation still
occurred, but at a reduced rate. Solutions were stable in DMSO.

a)

Figure 5 DFT optimised structures (BP86/def2-SVP) depicting a) [Pd,L,(DMSO),]**
and b) [Pd,L,Br,]?* in tube form. The structure in a) was calculated with the DMSO
O-bound, which was lower in energy to S-bound. Methyltrigycol chains were
curtailed to methoxy groups for computational sim;lj)licity. Hydrogen atoms
omitted for clarity. Colors: carbon grey, hydrogen white, bromine brown, nitrogen
blue, oxygen red, palladium dark blue, sulphur yellow.

We next synthesised the dicationic complex with solvent
molecules replaced with anionic ligands, [Pd,L,Cl,](BF4),. This
was accessed through combination of a 2:2 ratio of
[Pd(CH3CN),Cl;] and AgBF; in [Ds]acetonitrile, followed by
removal of the AgCl precipitate through centrifugation and
addition of 2 equivalents of L (Figure 2 below). Precipitation
with diethyl ether rendered the compound as a white solid
(yield 83%, ESIT S2.8). Similar results were obtained in DMSO.

This journal is © The Royal Society of Chemistry 20xx
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The solubility properties of this complex were similar to those
of tetracationic complex. With molecular identity confirmed
(see below) we next set out to ensure that we could access
[Pd,L2X,]%* metallocycles in solution through in situ generation
from a 1:2 combination¥® of [Pd.L(DMSO0);]** and the
appropriate halide (tetraethylammonium
chloride/bromide, or potassium iodide) (Figure 2 bottom).

source

The predominant peak in the mass spectra of all these samples
was that corresponding to [Pd.L:X;]?* (Figure 4b — d, for
example, for [Pd:L,CL]1>* m/z = 679.1129). Again, DFT
calculations (BP86/def2-SVP, for L’ = Br-, Figure 5b) showed that
the formation of these complexes with the same core structure
as with L’ = DMSO was feasible.

The 'H NMR spectra ([Ds]DMSO) of the dicationic complexes
(Figure 3c — e) showed a single set of resonances, consistent
with the formation of single high-symmetry products. The
resonances proximal to coordination sites were shifted
downfield from that of the free ligand (Figure 3a) but upfield (in
most cases but with H, as a notable exception, see below) with
respect to [Pd,L2(DMSO),]**, consistent with the formation of a
coordination complex with lower cationic charge. There were
two important spectral trends for the halide complexes. The
first of these was an increasing broadening of the spectral peaks
(in comparison to [Pd,L>(DMSO0);]#*) going from CI- to I. We
considered two possible rationales for this: 1) hindered rotation
of the phenyl pyridyl arms by the bulky halide ligands, or 2)
ligand fluxionality on the 'H NMR timescale. Collection of H
NMR spectra at elevated temperatures resulted in sharpening
of most peaks in the spectra: the spectra were sharp at 50 °C for

= Cl-and Br-, but broad for iodide but for L’ = I- heating to 100
°C was required to remove the broadness of the peaks (ESIT
Figures S2.30 to S2.32).

Conversely, the H, resonance broadened very slightly upon
heating for L’ = CI- and Br-, but for L’ = I, the H, peak became
very broad (ESIt, Figures S2.30 to S2.32). We ascribe this to the
processes 1) and 2) above. It would be expected that rotation of
the (phenyl)pyridyl arm would be slower with increasing ionic
radius of the halide, hence the higher temperatures required to
sharpen the peaks for L’ = I as opposed to ClI- or Br-. Secondly,
the effects of ligand fluxionality should be experienced to a
greater extent by H, than other proton resonances (see the
discussion on hydrogen bonding below). The broadening of the
Ha. resonance for I is consistent with this halide being more
labile than the others.

To confirm the relative ordering of halide lability, we generated
equilibrium mixtures  containing 1 equivalent of
[Pd,L;(solvent),]** and 1 equivalent of each halide. These could
also be formed from equimolar combination of
[Pd;L;(solvent),]* and [Pd;L:X3]2*. Equilibration for Br- and I
occurred in the time taken to run the NMR sample, for Cl- 20
minutes was required (RT). At 50 °C the chloride-conatining
mixture contained several species (Figure 6b). Two of these
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were readily identifiable as [Pd,Lx(solvent),]** and [Pd,L>Cl3]%*
(see Figure 6a and c).

While there was overlap in some regions, additional H, and H,
environments could be observed that were consistent with a
second, different chloride-ligated metal centre. Integration
suggested that there was also a second solvent-ligated metal
centre (for example, it was consistent with two coincident H
resonances of this nature), suggesting a third species that was
[PdiLz(solvent)CI]3*, consistent with the stoichiometry of the
system. A 3+ peak corresponding to [Pd,L,Cl]3* was observed in
the mass spectrum of this mixture (ESIt, Figure S2.34): the
equivalent peak had not previously been observed in the
sample containing solely the dichloride complex.

Hence, the solution contained separate and stable species at 50
°C (Figure 6b). Heating to 100 °C did not merge the peaks
associated with chloride- and solvent-ligated centres (ESIT
Figure S2.33). With iodide, at 50 °C the solution contained a
single (broad) set of resonances with the H, resonance
broadened into the baseline (Figure 6e). These resonances were
at intermediate chemical shifts to those of pure
[PdiLz(solvent),;]* and [PdiL:I2]%* at the same temperature
(Figure 6 d and f). The spectra sharpened further upon heating
to 100 °C (ESIT, Figure S2.36). The behaviour with bromide was
intermediate between the other two halides, but closer to that
of chloride (ESIt, Figure S2.35). Therefore, the lability of the
halide ligands was ordered CI- < Br < I-.

a)d

9.0
A (ppm)

Figure 6 Partial 1H NMR spectra (600 MHz, [D ]DMSO 323 K) of a
szngDMSOH Pd,L,(DMSO),]** and [P HLLCLI%, <) [szLzzCIZ]”, d
Pd,L,(DMSO),]** e) 1 1[P ,L,(DMSO0),]** and [Pd,L,1,]?*, and f) [Pd,L;l,]?*. Spectra
are presented at 323 K because for mixed spectra (b and e) these were untldy at

298 K (ESIt, Figure S2.33).
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The second trend of note within the 'H NMR spectra at 298 K
(Figure 3) was the chemical shifts of the proton resonance H.,.
These were shifted downfield from both free ligand and the
[Pd;L2(DMSO0),]** complex: compared to free ligand, L’ = CI-
AS(Ha) = 0.21 ppm, Br- AS(H,) = 0.47 ppm, and |- A§(H,) = 0.86
ppm. This represents considerable alteration of the electronic
environment of H,. These shifts, localised close to the cis-
environment from the halide, are far greater than the
differences for other environments. These other resonances are
close to equivalent in terms of chemical shift across the halide
series, although follow the same trend across the halides as H..

While the identity of the halide will obviously influence the
whole of the metal-coordinating environment, we do not
believe that the donor strength of the individual halides
satisfactorily explains the significant alteration in chemical shift
of the H, proton. Interactions of either o- or m-donor type will
be manifested primarily in alteration of chemical shifts proximal
to the trans position from the ancillary ligand, namely the
triazole proton (Hg). As previously mentioned, the H, resonance
is sensitive to hydrogen bonding effects.[28¢ 42b, 441 \We therefore
attribute the change in chemical shift for H, across the ancillary
ligands to hydrogen bonding between the halide as acceptor
and the acidic C-H as donor. This hydrogen bond is evident in all
three DFT-calculated structures (D-H---A angles from 123° to
127°, H--—-A distances from 2.555 to 2.827 A) and is consistent
with previously obtained X-ray crystal structures of analogous
Pd2* coordination spheresl4 491 (ESIt, Figures S4.1 and S4.2).
This rationale is also consistent with the broadening of the H,
proton depending on halide fluctionality and temperature.
Interestingly, the magnitude of the chemical shift is in inverse
order from the order of the electronegativity of the halides, but
we note that the growing ionic radius moving down the series
gives increased spatial overlap between H, and the acceptor
(from the DFT structures, an increase of 0.12 A of overlap going
from CI- through Br-to I"). We hoped to use electrochemistry to
further probe the effect of halide identity upon the electronics
of the system, but unfortunately the broad and strong peaks
associated with redox processes of the halides prevent sensible
insight.

Interestingly, the formation of oligomeric structures/untidy
spectra with the [Pd,L2X;]2* at higher concentrations was not
observed: up to a 20 mM concentration the spectra remained
well defined (ESIt, Figure S2.29). Potentially this is due to the
preference for the halides for the site cis to the pyridyl ring from
the bidentate site of L due to hydrogen bonding, whereas with
L’ = DMSO, larger oligomers may show a variety of binding
positions.

With the ability to generate [Pd,L,X3]2* macrocycles in situ
confirmed, and insight into their character obtained, we now
sought to investigate whether or not their formation was
reversible. Two equivalents of AgBF, per complex were added
to the solutions (Figure 2 bottom). In the case of bromide and
iodide, this resulted in the formation of an AgX precipitate
which was removed by centrifugation. The 'H NMR spectra of
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the samples showed reformation of the tetracationic
[Pd;L2(DMSO),]** species (ESIT, Figure S2.28). For [Pd;L,Cl;]%*
however, neither precipitation nor spectral changes were
observed. Leaving the solution for a prolonged period (>10
days) or heating at 60 °C overnight also caused no change (ESIT,
Figure S2.28). Therefore, while the in situ formation of
[Pd;L2X5]%* is reversible for bromide and iodide, it is non-
reversible for chloride. As chloride-containing mixtures were
seen to rearrange in solution, this cannot be fully explained by
the lower lability of this ligand, and hence must be for
thermodynamic reasons, aided by the sparingly soluble nature
of AgX salts in DMSO.[59 An analysis of the energies of products
minus reactants for the formation of the dihalide species
supported the idea that the chloride complex was the most
thermodynamically favoured (ESIT, S3).

Supramolecular Interactions

We planned to investigate the influence of charge difference
between the complexes upon molecular recognition. We were
also very interested to see whether the differing strength of
hydrogen bond to the ancillary ligand could be exploited to alter
binding affinities: we do not believe that this has been
previously demonstrated or explored. For solubility reasons, we
carried out these investigations in DMSO.

To explore this idea, we designed a ‘guest’ for our studies (note
that in this study the terms ‘host’ and ‘guest’ are somewhat
arbitrary, we use them for convenience to refer to the
dipalladium complexes and the diplatinate complex (see below)
respectively). The affinity for planar, electron-deficient cationic
panels for electron rich aromatic guests is well established.[14b
43,511 We envisaged that both the overall cationic charge of the
complex and the strength of the hydrogen bond for the halide
complexes would influence this affinity.

We therefore synthesised [(bis-((E-2-((2-oxidobenzylidene)-
amino)-phenolate)platinum(ll))1,6-diamino-hexane)] (2Pt,
Figure 7 top), synthesised by analogous methods to similar
reported compounds[292.52] (ESIT S2.6, yield 89%) to explore the
general validity of our idea. 2Pt consists of two [((E)-2-((2-
oxidobenzylidene)amino)-phenolate)platinum(ll)] panels joined
by a 1,6-diaminohexane linker, giving suitable spatial separation
between the panels to allow each to simultaneously interact
with the two planar cationic panels at each end of the host(s).

Solutions of the [Pd,L,L’,]"* hosts (at 2.5 mM) in [Dg] DMSO were
treated with two equivalents of 2Pt.[53] The resultant solutions
displayed changes in chemical shifts in the 1H NMR spectra for
both hosts and guest (Figure 7 below a — e, ESIT S5.2).54 The
significant alterations in chemical shift for 2Pt were those
proximal to the imine (resonances 4, 5 and 6) and those from
the diaminohexyl chain (resonances NH,, 10, 11, and 12). These
shifted upfield in comparison to the ‘free’ guest. For the hosts,
the most significant shifts were also upfield, and were those
from resonances a, d, and e, all located on the planar cationic
panel. Interestingly, some resonances from the phenyl pryidyl
arm (j, k, and in some cases |) moved upfield. The magnitude of
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shifts for both host and guest was greatest for L’ = DMSO (for
example A&(H,) =-0.73 ppm, A8(Hg) =-0.49 ppm, AS(Hs) =-0.16
ppm) and was ordered DMSO > I > Br- > Cl-.
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Figure 7 top: chemical structure of guest 2Pt, bottom: Partial stacked 'H NMR
spectra (600 MHz, [Ds]DMSO, 298 K) of a) [Pd,L2(DMS0),]%, b) [PdaL,(DMS0),]** +
2 eq. 2Pt, c? 2Pt, d) [Pd, LzBrZ]Z* +2eq. 2Pt, and e) [szLZBrZ]Z+ Only key peaks are
labeiled: full aSS|gnments are given in the Es

Assessment of binding stoichiometry and affinity between the
complexes and 2Pt was unfortunately not possible using the
global set of host resonances. This was because in many cases,
crowding or overlapping of peaks prevented accurate
determination of chemical shift. Only the chemical shifts of the
Hq and H, proton resonances for the hosts were able to be
obtained accurately across all cases in the titrations. Therefore,
these two resonances were used to assess binding models.
Comparison of residuals for the two 1:2 models with sensible
results/reasonable errors (non-cooperative and statistical) and
the 1:1 model gave lowest errors for the 1:2 non-cooperative
model (ESIt, S5.1).15% Analysis via HR ESI-MS
(DMSO/acetonitrile) from direct injection of the samples
showed association between the [Pd,L,L’;]™* complexes and
2Pt, with both the 1:1 [(2Pt)chost]"™* adduct (for example, for L’
=1, n=2,m/z=1235.1770) and the 1:2 [(2Pt),chost]"* adduct
('=1,n=2,m/z=1699.2838) being present (ESIT Figure S5.19).
Recently, problems with the use of the Job plot for
stoichiometric determination have been identified. These relate
primarily to inaccuracies in determining stoichiometry for 1:2 or
higher stoichiometries.[5¢] But the same publications outlining
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these problems also note that a 1:1 binding stoichiometry
generally gives a correct answer. Divergence from a 1:1
stoichiometry is therefore evidence that 1:1 binding may not be
correct. We carried out the mole ratio titration[57] variant, using
IH NMR spectroscopy at [host] = 2.5 mM. The triazole proton
resonance Hq was, across all hosts, the peak least obstructed by
other environments during the titrations, and so was used to
assess binding stoichiometry, which for all host complexes was
a 1:2 host/guest ratio (Figure 8, ESIt Figure $5.20). While this is
not conclusive evidence of 1:2 binding, it suggests that a 1:1
stoichiometry is not correct. On the basis of the residual analysis
for the two proton resonances of which we could obtain
accurate data, the mass spectrometry, and with the subsidiary
technique of the mole ratio method, we assign the binding
stoichiometry as 1:2. We also think that an alternative 2:1
binding stoichiometry between host and guest is unlikely: it
would involve two cationic complexes sandwiching the
diplatinate guest, which would result in some degree of
electrostatic repulsion, and also there is no evidence of this via
mass spectrometry. From the *H NMR titration data, these 1:2
binding constants were best described as non-cooperative
(ESIT, S5.5).[55-56] The value (and order) of K;; across the series
was: L’ = DMSO (K = 680 + 60 M), iodide (K = 440 + 30 M),
bromide (K =250+ 20 M), then chloride (K=177 £ 5 M1). Being
a non-cooperative system, Ki, is one quarter of Ki1. These are
not high affinities even for a neutral guest,58 but the key fact
here is that it is clear from these data that the identity of L’
influences the interaction between the host and 2Pt, and gives
statistically significant differences in binding affinity. As
previously stated, the affinity between electron-rich and

electron-poor aromatics through m-m interactions is well
established.
[2Pt]/[host]
2 4 6 8
O L L L L
ocC- 179+ 5M™
®Br° 250+ 10 M1
0.2 4 o 410 + 30 M*?
@®DMSO 680+ 30 M™
-
=
wo -0.4 A
<
-0.6 4
-0.8 -

Flgure 8 Plot showm]g the changes in chemical shift (600 MHz, [Dg]DMSO, 298 K,
[host] = 2.5 mM) of resonance Hq of [Pd,L,L’;]™ species (L = DMSO, iodide,
bromide or chlorlde) upon sequential addition of 2Pt. Curves are fitted froma 1:2
non-cooperative model. The stated constants are for Ky;, Ky, is in all cases one
quarter of these values. The observed and calculated shifts are shown for Hy, H,
was also included in the analysis.

The stronger affinity for the tetracationic complex with ligated
DMSO solvent versus dicationic complexes with bound halides
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is consistent with this. The ordering of the binding constants for
the halides (I- > Br- > CI") also follows this trend. As the chemical
shift of the H, proton moves further downfield with increasing
ionic radius of the halide, so too does the electron deficiency of
the planar cationic panel. This is reflected in the higher affinity
between host and guest.

Regrettably, despite numerous efforts crystals of the host/guest
adducts were not obtained. Fortunately, through-space NMR
techniques were successfully employed to establish the
host/guest binding mode. Through-space coupling in systems
employing m-mt interactions with non-cavity binding are
sometimes difficult to obtain, due to the lack of positional
specificity of m-stacked components that are free to slide across
one another, and the spatial separation between proton
resonances (~3.5 A) involved in these interactions. Pleasingly,
this was not the case here. 1TH NMR NOESY spectroscopy of
[(2Pt),cPd,L;(DMSO0),]** revealed coupling between the
diaminohexane linker of 2Pt and the (phenyl)pyridine arm of
the host (Figure 8 top). This indicates that the guest lies across
the surface of the host as designed, with the alkyl region atop
the (phenyl)pyridyl arms, and the two panels of the guest lying
against the two panels of the host.

1 1 r0.8
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Figure 9 top Partial 'H NOESY 2D spectrum (600 MHz, [Dg]DMSO, 298 K, 300 ms
mixing time) of [2Pt,cPd,Ly(solvent),]**, bottom DFT model of
[2PtcPd,L,(DMSO),]** from) above. Colours: Carbon grey for host, green for
guest, nitrogen light blue, oxygen red, palladium dark blue, platinum purple,
sulphur yellow. Hydrogen atoms and solubilising chains omitted for cIaritY. The
solubilising chain was curtailed to a methoxy group for computational simplicity.
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DFT calculations of the 1:1 adduct ((BP86/def2-SVP, Figure 9
bottom) showed that this interaction mode was plausible, as did
MMFF models of the 1:2 adduct (ESIt). This orientation is also
consistent with the downfield shifts of the proton resonances j
and k, which are positioned to hydrogen bond to the oxygen
atoms of 2Pt. To establish if the same binding mode was present
for the halide complexes, similar NOE couplings were observed
for [(2Pt),cPd,L;Br;]%*, although the correlations were weaker
(ESIT Figure S5.8).

Lastly, we used the appropriate halide sources and AgBF, to
cycle between the different host/guest adducts: through L’ =
DMSO, I, DMSO, Br- and CI- (ESIT Figure 5.11). Starting with
[(2Pt2)cPd,L2(DMSO0),]**, two equivalents of iodide were
added. The spectrum obtained was effectively the same as for
that obtained for [(2Pt;)cPd;Lal;]%*. AgBF4 (2 equivalents) was
then added, precipitating Agl, which was removed via
centrifugation, returning to [(2Pt;)cPd,L,(DMSO),]**. This
process was then repeated for bromide and chloride. We were
therefore able to access in situ four different settings of binding
affinity between the guest and the core host structure, although
again the [Pd;L,Cl;]** complex could not be returned to
[Pd,L2(DMSO0),]4+.

Conclusions

In this study we use Pd?* with a ligand that has both a bidentate
and monodentate site to form a [2 + 2] metallo-macrocycle.
Each Pd?* ion lies in a planar cationic panel, with one site from
its coordination sphere occupied by an ancillary monodentate
ligand. There has been a considerable drive in the field to create
structurally complex and intricate assemblies, with beautiful
results.[®0 In contrast, this complex is unashamedly simple in
structure. The complexity of this system is not derived from
structure, but instead from the variability of the ancillary ligand.
Through varying the identity of this ligand between solvent and
the halides chloride, bromide and iodide, we were able to alter
the overall charge of the complex between tetracationic
(solvent) and dicationic (halides). The identity of the halide was
also crucial to the character of the complex. Large differences in
the 'H NMR chemical shift of the H, proton suggest that with
movement down the periodic table, significant differences in
the strength of hydrogen bonding to the halide occur. These
differences result in differing levels of electron deficiency of the
cationic panel.

In proof-of-concept that these differences translate into varied
recognition characteristics, the complexes all bound a neutral
diplatinate(ll) guest which consisted of two electron-rich panels
joined by a diaminoalkyl linker of appropriate size to allow
interaction between both sets of panels from host and guest.
The affinity between host and guest was dependent on the
identity of the ancillary ligand. The tetracationic complex
displayed highest affinity, with the dicationic complexes
arrayed I- > Br- > CI~. The system therefore has four settings of
binding affinity, although the fourth (chloride) cannot be
reversed from. The differences in affinity in this first generation
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are admittedly small: we expect these to improve with
subsequent iterations, through altering the electronic character
of the host(s) and the solvent system the studies are carried out
it. In comparison to the examples from the literature discussed
in the introduction (both those retaining and altering core
structure), host-guest binding cannot be completely ‘turned off’
in this iteration, but instead takes place on a ‘sliding scale’.

We have therefore shown that even simple systems can be
employed to generate stimuli-responsive, nuanced, and
controlled multi-step complexity over a molecular recognition
event. Events of this nature lie at the core of signalling, sensing,
catalytic and photophysical functions both in nature and the
laboratory. While the binding of this particular guest fulfils no
function, it demonstrates the capacity for utilisation of this
system for numerous applications. For example, both the Peris
group®#< and ourselves/#tl have recently bound substrates
within metallosupramolecular systems using m-m interactions
and then carried out chemical transformations upon them.
Graduated control over these processes can only result in the
development of more powerfully and precisely tuned systems,
and we expect this work to provide new tools to allow a finer
touch in their development.

Lastly, this work utilises a novel method for influencing
molecular recognition. Hydrogen bonding has previously been
used to (non-reversibly) alter host character, in allostericl6l
binding of exo guests to lower affinity for hydrogen-bonded
encapsulated endo guests in cages.[®2] Our study differs from
this not only in that the hydrogen bonding acceptor is now
ligated to the complex, but also in that this process is (in most
cases) reversible. Furthermore, here the role of the hydrogen
bonding event is to strengthen affinity for aromatic guests
through m-mt interactions. A key design feature in this regard is
the planarity of the surface consisting of metal ion, bidentate
site, and ancillary ligand. As pointed out above, t-it interactions
can and have been employed to achieve multiple goals. The
general system used here can easily be extended to a range of
polynuclear metallosupramolecular systems. It can also be
applied to mononuclear analogues. We are currently working
on a number of these avenues.
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