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Stoichiometric Control of Guest Recognition of

Self-Assembled Palladium(ll)-Based Supramolecular

Architectures

Jess L. Algar,” James E. Phillips,” Jack D. Evans,” and Dan Preston*"

We report flexible [Pd(L),]*" complexes where there is self-
recognition, driven by m-m interactions between electron-rich
aromatic arms and the cationic regions they are tethered to.
This self-recognition hampers the association of these mole-
cules with aromatic molecular targets in solution. In one case,
this complex can be reversibly converted to an ‘open’
[Pd,(L),]*" macrocycle through introduction of more metal ion.
This is accomplished by the ligand having two bidentate
binding sites: a 2-pyridyl-1,2,3-triazole site, and a bis-1,2,3-

Introduction

A central component of the power of naturally occurring
machines such as peptides and proteins to interact with
molecular targets is the capacity of the activity of these
molecules to be regulated. This regulation allows these hosts to
spring into action when most needed, and is often accom-
plished through a stimulus bringing about conformational or
similar shift that alters the capacity of the host to interact with
its target.!"

Synthetic chemists are attempting to create artificial
molecules™” with similar capabilities for roles such as molecular
transformation,™ molecular delivery/transport,” and
sequestration.”! Naturally, the ability for this capability to be
likewise regulated would be advantageous, so switchable
systems have become an area of keen interest for metallo-
supramolecular chemists.”” Chemists have been able to alter or
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triazole site. Due to favourable hydrogen bonding, the 2-
pyridyl-1,2,3-triazole units reliably coordinate in the [Pd(L),]*"
complex to control speciation: a second equivalent of Pd(ll) is
required to enforce coordination to bis-triazole sites and form
the macrocycle. The macrocycle interacts with a molecular
substrate with higher affinity. In this fashion we are able to use
stoichiometry to reversibly switch between two different
species and regulate guest binding.

switch structure using a variety of stimuli, including concen-
tration and temperature,” solvent,® redox state,” acid/base
chemistry,"” ligand competition,™” allostery-driven
interconversions,"? and light."”

Stoichiometry has also been used, where chemical species
have been interconverted between two or more states by
stepwise addition of one or more components. This includes
work from Yoshizawa and co-workers converting between a
[Hg,(L),]*" macrocycle and a [Hg,(L),]*" lantern-shaped cage,™
by Chand and co-workers who have switched between a
[Pd(L),]** spiro-type complex and a double cavity [Pd,(L),]*"
cage,™ and recently by Nitschke and co-workers in the
conversion from a [Pds(L)(L)(solvent);]°" species to a
[Pd,,(L),(L)g]*" cagel™™ We have also used stoichiometry to
switch between [Pd,(L),]*"" species where n=1, 2 or 4,7 and
combined this with concentration dependence to switch
between a mononuclear [Pd(L),]*" complex, a [Pd,(L),]*" dimer,
and a [Pdy(L),,]"®" cage.'®

Most of the examples given above relate to systems where
the species or states accessed are rigid in character. But
switchability has also been incorporated into flexible systems,
using acid/base chemistry,"? the presence or absence of a
metal ion,?? or charge”” We are interested in systems that
have a degree of flexibility,” which often rely upon m-n
interactions to enforce their persistent conformation.”” These
n-n interactions are similarly useful for molecular recognition
events, and are accentuated between electron-rich aromatic
guests and electron deficient hosts, with the cationic regions of
the host particularly well suited to carrying out this role.””

Here we report a system where the planar cationic panels of
palladium(ll) complexes have affinity for electron rich aromatic
molecular targets. This can be disrupted through covalently
tethering aromatic groups to the complexes with flexible
diethylene glycol chains. The entropic result of tethering the
components together increases the strength of the interactions
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between these components, resulting in effective competition
between the tethered aromatic groups and aromatic targets.
We have an interest in tailoring metal binding sites on ligands
to come together in specific ways,”® and here have been able
to use bis-bidentate ligands with differentiated bidentate sites,
to form [Pd(L),]>*" complexes where one bidentate site
coordinates and the other does not. Instead, the secondary
bidentate sites act as the aromatic region competing with 9-
methylanthracene guests, consequently lowering their binding
affinity. Introduction of another equivalent of palladium(ll)
results in coordination to the second bidentate site, and the
formation of a 2+2 macrocycle. Given the cationic faces of this
species are now ‘open’, it has a higher affinity for 9-meth-
ylanthracene. This process can be reversed by adding more of
the ligand.

Results and Discussion
Model System: Testing Self-recognition

In our planned system, aromatic groups tethered to the cationic
center of the complex were planned to occlude access to these
cationic panels through competition. We therefore firstly
checked this hypothesis using a model ligand L,,, (Figure 1,
ligands). It incorporated at one end a 2-pyridyl-1,2,3-triazole
bidentate chelator, which has previously been demonstrated to
form bis-bidentate complexes with square planar metal ions in
a head-to-tail fashion (Figure 1 pairings left).*® This head-to-tail
arrangement around the metal ion is driven through comple-
mentary hydrogen bonding between the N2 nitrogen of the
triazole, and the hydrogen ortho to the coordinating nitrogen
on the pyridine. At the other end of the ligand was a
naphthalene group, which was attached to the bidentate site
through a diethylene glycol linker. It was hypothesised that the
electron-rich aromatic group would sit over the electron-
deficient panel after complexation due to favourable =n-n
interactions between the two components, accentuated by the
tethering together of the two components. It was intended that
the self-recognition would impair guest binding.

The combination of one equivalent of [Pd(CH,CN),(BF,),
with two equivalents of L,,, gave a single set of peaks in the H
Nuclear Magnetic Resonance (NMR) spectrum (Figure 2c) sug-
gesting only a single species was present, as was confirmed by
'H Diffusion Ordered Spectroscopy (DOSY) NMR where all peaks
were diffusing with a single coefficient (D=8.62x10"""m?*s™").
In comparison to the spectrum of the ‘free’ ligand, downfield
shifting of the resonances of ligand proton environments
surrounding the metal binding site was observed. For example,
proton H, shifted downfield by 0.16 ppm (Supporting Informa-
tion, Figure S1.11). This was indicative of metal coordination,
suggesting [Pd(L,,,),](BF,), had successfully been produced
(Supporting Information, Figure 2.1). The complex was addition-
ally identified via High Resolution Electrospray ionisation-Mass
Spectrometry (HR ESI-MS), m/z=413.1112 [M]*" (calc. for
C4,H4NgO,Pd, 413.1111) and m/z=913.2245 [MBF,]" (calc. for
C4,H5BF,N;O,Pd, 913.2257) (Supporting Information, $1.2.3.1).
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Figure 1. Chemical structures of pairings, ligands, complexes and guests

used in this study. In the depiction of the pairings, favourable hydrogen-
bonding interactions are shown with blue dotted lines, and unfavourable
lone pair-lone pair interactions with red dotted lines.

Upfield shifting of 'H NMR spectral environments is
indicative of n-n interactions, and we hoped to use this to
gauge the extent to which the naphthalene was associating
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Figure 2. Partial 'H NMR spectra (400 MHz, CD;CN, 298 K) depicting chemical
shifts between environments of a) the complex [Pd(Lyeg),l* ", b) [Pd(Lpeg),1*"
with 2 equivalents of G,,, and c) the complex [Pd(Lnap)z]“. Labelling is taken
from ligand L,,,, labels in black corresponding to environments from the 2-
pyridyl-1,2,3-triazole region, labels in blue to the naphthalene region.

with the cationic panel. However, to do this we had to
differentiate between intra- and inter-molecular association.

Accordingly, we also synthesised ligand L., which con-
sisted of the 2-pyridyl-1,2,3-triazole chelator with a simple
monomethyl(ethylene) glycol substituent, and an ‘untethered’
naphthalene (G,,,) which also had a short monometh-
yl(ethylene) glycol substituent. Combining these gives a system
which could represent ligand L,,, with the glycol chain severed,
i.e. with the entropic benefits of high effective concentration
removed. The ligand L, its complex [Pd(L.y),1(BF,), and G,,,
were all synthesized and analysed by standard techniques
(Supporting Information $1.2.2.2, $1.2.3.2, S4.1), including, for
the complex, X-ray crystallography, which showed the intended
head-to-tail organization of ligands around the Pd(ll) metal
center (Figure 3a).””

We were now able use 'H NMR spectroscopy to make a
direct comparison between the simple complex [Pd(Lpeg)z]“
both by itself and with 2 equivalents of G,,, and [Pd(Lnap)z]“.
The addition of 2 equivalents of G,,, to a 7.5 mM solution of
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Figure 3. Depictions of structures of a) [Pd(Lyeg),]> ™ (X-ray structure), b)
[Pd(L,,ap)z]2+ (DFT simulations) with a conformation consistent with solution
phase data, and ¢) two of the [Pd(L,,,),]*" complexes in the crystal depicting
n-7 interactions between naphthalene arms and cationic panels of the
adjacent complex. Colours: carbon grey, nitrogen blue, oxygen red,
palladium dark blue. Hydrogen atoms and counterions omitted for clarity.
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the [Pd(Lpeg)z]2+ complex resulted in slight upfield shifting of
the peaks of the cationic panel environments, specifically by
0.12 ppm for H, (Figure2a and b). Therefore, while n-n
interactions exist between G,,, and the complex, they are weak
in nature. Quantitative measurements from binding titrations
revealed the binding constant between [Pd(Lpeg)z]2+ and Gy,,
was extremely low (K;;=8.04+0.3M").*® In comparison, the
upfield shifting was much more significant in the intramolecular
model complex, [Pd(L,,,)1*" (Figure 2c). For example, the
resonance of proton H, has shifted further upfield by 0.67 ppm
and the resonances of protons H,, H, and H, (overlapping
environments) have shifted upfield by approximately 0.75 ppm
relative to the solution of [Pd(L,.,),*" and G,,,. Therefore, the
n-n interactions between the cationic panel and tethered
naphthalene are more persistent than that mimicked by the
intermolecular system. This behaviour can be accounted for by
entropic reasons; if the cationic panel and aromatic group are
tethered together, their opportunity for n-m interactions will
increase due to their increased effective concentration. Con-
firmation that the n-m interactions observed in the 'H NMR
spectra were indeed intramolecular (i.e. self-recognition) was
obtained by diluting a 7.5 mM 'H NMR sample of [Pd(L,,,).]*"
by a factor of 10 (Supporting Information Figure 1.12). This
induced no change in the chemical shift of any proton
environments. Furthermore, a '"H NOESY NMR spectrum identi-
fied through-space NOE correlations between proton environ-
ments on the cationic panel and proton environments on the
aromatic tether. Specifically, couplings were observed between
protons H, and H; H, and H,, H, H,, H, (overlapping environ-
ments), H, and H,, H, and H,, H, and H,, Hy and H; and finally
between H, and H,, H, H., H, (see Supporting Information
Figure 1.13).

Colourless, block-like single crystals were obtained for both
[Pd(L,,,),1(BF,), (space groups P2,/n) via vapour diffusion of
diethyl ether into an acetonitrile solution of the complex. The
solution of the X-ray diffraction data which was collected
confirmed the identity of the intended complex, with the
expected head-to-tail conformation about palladium(ll) in order
to maximise hydrogen bonding (Figure 3c). At the ‘infinite’
concentration in the lattice, there were n-x interactions evident
between the cationic panel and the naphthalene groups of
neighbouring molecules, demonstrating the capacity for these
components to interact. To obtain a representative structure of
the complex in solution, computational methods (DFT simu-
lations, BP86 functional, def2-TZVPP for Pd and N, def2-SVP for
all other atoms) were used. An optimised structure (Figure 3b)
revealed the expected self-recognition between the cationic
panel and aromatic tethers and is in accordance with the
observed through-space NOE couplings.

Model System: Impairing Guest Recognition
Having shown that tethering naphthalene groups to the 2-
pyridyl-1,2,3-triazole group of L,,, led to enhanced recognition

between these components in the resulting complex, we now
sought to establish that this self-recognition would impede
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molecular recognition between the cationic panel of the
complex and other molecular guests in solution. Two guests
were investigated: 9-methylanthracene (Ggya) and anthracene
(Gp). Again, we used the naphthalene substituted system
[Pd(Lhsp))*" with comparison to the model complex [Pd-
(Lpeg)z]” to discern the impact of the tethered aromatic groups,
and in turn assess the effect of self-recognition.

The addition of two equivalents of Ggy, to the complex
[Pd(Lpeg)o]* " resulted in upfield shifting of the peaks corre-
sponding to Ggy,, indicative of n-m interactions between the
cationic panel of the model complex and the guest. The same
addition to the self-recognising complex [Pd(L,,,),I** resulted
in only minor upfield shifting by comparison. The average
magnitude of upfield shifting decreased from 0.16 ppm to only
0.03 ppm (over a five-fold decrease) between [Pd(L,.g),*" and
[Pd(Lnap)a*" respectively (Supporting Information, Figure 2.5).
'H NMR binding titrations supported the initial '"H NMR analysis
as K,, decreased nearly four-fold (from 162+3 M~ to 44.1+
0.5 M) between Ggy, and the two complexes (1:2 statistical
binding mode, Supporting Information S3.1 and S3.2). Similar
results in terms of the magnitude of chemical shifts were
observed with G,, but its poor solubility precluded 'H NMR
titrations. Unfortunately, host guest adducts were not observed
for any of the systems in this study via mass spectrometry,
unsurprisingly considering the magnitude of the binding
constants.

Stoichiometry Dependent System

Having confirmed that tethering aromatic groups to the
complex impaired guest recognition, we next investigated
whether we could use stoichiometry-responsive groups instead
of naphthalene. We therefore synthesised a new ligand, L,
(Figure 1). As with previous ligands in this series, this ligand had
a 2-pyridyl-1,2,3-triazole chelator at one end. However, tethered
to this group through a diethylene glycol chain, was an
additional coordination site. This secondary coordination site
was a bis-triazole. Unlike a 2-pyridyl-1,2,3-triazole, which can be
incorporated into a bis-bidentate complex with two favourable
hydrogen bonds, bis-bidentate bis-triazole complexes have the
lone pairs from their N2 nitrogen atoms directed towards each
other (Figure 1 pairings right). Through the use of this low
symmetry bis-bidentate ligand, we hoped therefore to be able
to control the assembly process between two ligands and one
metal ion so that only the 2-pyridyl-1,2,3-triazoles were
coordinated to the metal ion, and the uncomplexed bis-triazoles
would associate and in turn occlude the cationic panel through
n-n interactions. The combination of one equivalent of [Pd-
(CH4CN),I(BF,), with two equivalents of Ly, produced a single
set of resonances per ligand environment in the 'H NMR
spectrum; all peaks were diffusing at the same rate as
established through 'H DOSY spectroscopy (D=5.88x10"""m? s’
). Downfield shifting of peaks pertaining to pyridyl-triazole
environments and upfield or minor shifting of bis-triazole
environments relative to free L,,,, indicated that coordination
existed exclusively about the pyridyl-triazole sites to give the
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self-recognising species, [Pd(Ly,),]*" (Supporting Information,
Figure 2.3). This was additionally identified via HR ESI-MS
(CD;CN/CH;CN), m/z=495.1534 [MI*" (calc. for C,yH,uN,0,Pd,
495.1503) and m/z=1077.3036 [MBF,* (calc. for
Cy4Has"'BF,N,00,Pd, 1077.3041). Upfield shifting of the peaks
from the cationic panel environments of [Pd(L.),]>" relative
to [Pd(Lpeg)z]2+ indicated that self-recognition existed in the
former (Figure 4a and b).

For comparison, we carried out the same experiment using
another analogous bis-bidentate ligand (L., Figure 1) which
had two 2-pyridyl-1,2,3-triazole chelators linked by the dieth-
ylene glycol chain. The 2:1 combination of this ligand with
palladium(ll) in CD;CN resulted in an untidy spectrum (Support-
ing Information Figure S2.5) containing three species: the free
ligand, the [Pd(Ly,),)*" complex, and a dinuclear [Pd,(Lyy,),1* "
dimer (see below). These three species were also evident in the
mass spectrum obtained for the mixture (Supporting Informa-
tion Figure 2.6). We were therefore able to directly attribute the
formation of a single species with ligand Ly,,, to the differ-
entiation between its two bidentate sites.

We next added a second equivalent of palladium(ll) to
[Pd(Ly,)-1*". After addition, the mononuclear species was no
long observed, and there was conversion to a different set of
peaks in the '"H NMR spectrum (Figure 4c). There was a small
amount of untidiness in the spectrum, but >95% by integra-
tion was a single set of peaks per ligand environment. In this
set, the peaks from the bis-triazole unit had shifted downfield,
consistent with complexation. This new species had a larger
diffusion coefficient of (D=6.85x10"""m?/s) than [Pd(Ly,),1*"
consistent with this new species having a smaller solvodynamic
radius. HR ESI-MS on the system revealed a species of
[Pd,(Lyy),l* " composition, e.g. m/z=395.0697 [MBF,*" (calc.
for CuHuBF,N,O,Pd,, 395.0695), m/z=636.1063 [M(BF,),l**
(calc. for C,H,B,FgN,,O,Pd,, 636.1061) and m/z=1358.2170
[M(BF,);]' " (calc. for CyqH,,B3F;,N,,0,Pd,, 1358.2162).

The presence of >95% by integration being a single set of
peaks per ligand environment in the spectrum for [Pd,(Ls),]* "
indicated the predominant formation of a single isomer.
Leaving the sample at either room temperature or at 80°C for
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Figure 4. Partial 'H NMR spectra (400 MHz, CD;CN, 298 K) of a) [Pd(Lpeg)z]“,
b) [Pd(Lytr,)2]> ", ©) [PA(Lysen),* ™ + 1 equivalent of Pd(ll) giving [Pdy(Lygs)2l* ™
and d) [Pd,(Lege)ol* " + 2 equivalents of Ly, giving [Pd(Lysug)ol "
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long periods of time led to no alteration to the spectral
intensities suggesting that this was the thermodynamic prod-
uct. The presence of an AB quartet for the methylene environ-
ment H, (Supporting Information Figure S1.26) suggested that
the macrocycle was formed with the two cationic panels face to
face, causing desymmetrisation. Likewise, the upfield shifts of
the complex in comparison to [Pd(Lpeg)z]2+ suggested a face-to-
face isomer resulting in ©-w interactions. Surveying four possible
isomers (syn/anti combinations with the binding sites either
matched or mixed) of [Pd,(Lyu),]*" using DFT we found the
anti and syn conformations can fall within a free energy
difference of 10 kJ/mol. The conformational landscape of these
dimers is complex (far greater than the four conformers
considered here) and we are currently developing advanced
methodologies to explore the structural diversity of Pd(ll)
macrocycle complexes. We were able to grow crystals of the
complex from vapour diffusion of diethyl ether into an
acetonitrile solution of it. The solution from the data obtained
from these revealed the macrocyclic structure of [Pd,(Lygu)ol*"
to indeed be face-to-face, consistent with the NMR data
(Figure 5a). The bidentate sites of each ligand were orientated
in a syn position to each other, and the two palladium(ll) ions
were 3.346(2) A from one another. One metal ion was in a bis-
(2-pyridyl-1,2,3-triazole) environment while the other was in a
bis-(bis-1,2,3-triazole) environment. A 2:2 combination of our
other bis-bidentate ligand (L) and Pd(ll) also resulted in the
formation of a 2+2 macrocycle as a single isomer, which was
also cystallographically characterised as the syn isomer (Sup-
porting Information S4.5). Pleasingly, the addition of 2 equiv-
alents of Ly,y, to the [Pd,(Ly,)-]*" macrocycle regenerated the
[Pd(Ly4,),]* ™ mononuclear complex (Figure 4d).

We had therefore developed a system in which the
stoichiometry between ligands and metal ion could be used to
switch between a macrocycle and a species with an occluded
cationic panel. We now explored whether this could be suited
to up or down-regulate the capacity to interact with a
molecular target. We carried out NMR titrations between Ggya
and both the mononuclear [Pd(Lyux.),l>"™ and dinuclear
[Pd,(Lyu),]* " species. We found that the macrocycle had higher
affinity for the guest than the self-recognising complex, with
respective K;; values of 22010 M~" and 1304+3 M~". We were
able to successfully co-crystallise [Pdy(Lyye)ol*™ and Gepa,
revealing an alternating series of host and guest molecules
(Figure 5b). The host displayed the same connectivity as
observed in the prior structure, and Ggya Was within range of
the planar panel for aromatic n-n interactions (e.g. from the

Figure 5. Depictions of X-ray crystal structures of a) [Pd,(Ly,u,),]* ", and b)
[GomaCPd,(Lye),1* ™ Colours: carbon grey, nitrogen blue, oxygen red,
palladium dark blue. Hydrogen atoms and counterions omitted for clarity.
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Figure 6. Partial 'H NMR spectra (400 MHz, CD;CN, 298 K) of a) Gga, b)
[Pd(Lyper),]* T + 2 equivalents Ggy,, €) the previous solution + 1 equivalent of
Pd(ll), giving [Pd,(Lyg),]* " -2 equivalents Ggya, and d) the previous
solution +2 equivalents of Ly, giving [Pd(Lyu,,).]*" + 1 equivalents Ggya.
Cartoons are designed to show that the affinity for Ggya has been
upregulated or downregulated, rather than turned completely ‘on’ or ‘off".

centroid of the central ring and the Pd(ll) ion, 3.389 A). This 1:1
arrangement in the solid state, with hosts with two faces
capable of binding two guests, has been observed by us in the
past, and is a result of the arrangement giving alternating
electron rich-electron poor pairings.2*2*

With differentiated binding established, we accordingly
combined 2 equivalents of Ggya with self-recognising [Pd-
(Lysra)2)* ™. The peaks corresponding to the resonances associ-
ated with proton environments of Ggy, shifted only slightly
upfield, by an average of 0.12 ppm, in the presence of the self-
recognising species, [Pd(Ly),)*" (Figure6a and b). The
addition of a second equivalent of Pd*" produced the macro-
cyclic species, [Pd,(Lay)-l*t. With ‘open’ cationic panels and a
new-found tetra-cationic charge, the affinity for Ggy, increased,
as depicted by significant upfield shifting of the peaks of Ggya
by an average of 0.37 ppm (Figure 6¢). The enhanced guest
recognition was reversible as the addition of an additional
2 equivalents of ligand to reproduce the species [Pd(Lyyu,),l*"
returned the chemical shifts of the proton environments of Gy,
to close to their original positions (Figure 6d).

Conclusions

The capacity for planar cationic complexes (such as bis-(2-
pyridyl-1,2,3-triazole)palladium(ll) complexes to interact with
electron rich aromatic guests through n-n interactions is well
established. We have demonstrated that this ability can be
impaired through tethering aromatic groups to the complex,
where they are able to effectively compete with target guests.

Using a low symmetry bis-bidentate ligand with a pyridyl-
triazole site at one end and a bis-triazole site at the other, we
were able to make a mononuclear complex with the tethered
and uncomplexed bis-triazole sites acting as the self-recognis-
ing aromatic groups and occluding access to the cationic panel.
Adding more palladium(ll) resulted in the formation of a 242
macrocycle, and this process was reversible through adding
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more ligand. Affinity for 9-methylanthracene could be regulated
through switching between the (occluded) mononuclear and
(open) dinuclear species. This behaviour is similar in some
respects to that observed in biology, where stimuli are able to
bring about conformation shifts in flexible systems and open
up sites for molecular recognition. We hope to now apply the
same approach to larger, more complicated systems, for similar
results.
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