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The self-assembly of PdsL, metallocylcic and PdgLs trigonal pris-
matic assemblies are described. The selection of one species over
the other has been achieved by careful choice of ancilliary ligands,
which switch the dynamics of the Pd-pyridine bonds such that a
highly unusual and distorted smaller assembly can be kinetically
trapped en route to the more energetically favourable larger spe-
cies. Both assemblies provide promise as easy to access multicavity
reaction vessels.

The ability to exploit synthetic capsules to mimic complex
biological systems has led to the development of a breadth of
beautiful and complex systems including M,Ls tetrahedra,
MgL,, cubes, and Mj,L,, nanospheres.'™ Many times these
species are obtained as the thermodynamic product by carefully
designing a multitopic ligand, which when combined with a
metal ion of specific geometry, yields the predicted structure in
very high yield. Less frequent are those assemblies that repre-
sent a kinetic trap on the potential energy surface, which
usually occurs with a less dynamic transition metal ion e.g.
Pt** instead of Pd*>* (or Ru”>" instead of Fe>*).*” Structures that
incorporate a cis-protected square-planar transition metal ion
component, which followed on from Fujita’s breakthrough
report of a molecular square in 1990,° provide a different way
to tune the system dynamics - by changing the ancillary
bidentate ligand. These can provide either a strong or weak
trans-effect, which can tune the metal-multitopic ligand inter-
actions from labile to more inert. While there have been
numerous separate reports that involve assemblies with either
strong trans-effect ancillary ligands, such as the diphosphines
commonly utilised by Stang and others,”*° or weaker trans-
effect ligands, usually nitrogen donors such as ethylene diamine
and their derivatives,>"""* studies that involve and simultaneously
compare the two are relatively scarce.”>** In this study we provide
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a rare direct comparison, and show how careful selection can be
used to control the formation of different architectures.

The initial motivation behind this research was not to reveal
the intricacies of self-assembly through control of kinetic factors,
but rather to create new reaction vessels for bio-inspired catalysis.
We have recently shown that Pd,L, “molecular lantern” assem-
blies, C-1 and C-2 (Fig. 1a), can be remarkably effective catalysts,
combining high activity with facile turnover.'®® Moreover, we
have also been interested in creating systems that provide a more
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Fig. 1 Structural representation of the (a) molecular lanterns C-1 (X = CH)
and C-2 (X = N), (b) “hemi-cage” HC, and (c) Pd4LT, metallocycle (top) and
PdeLT5 trigonal prism (bottom; E = N or P). The Pd?* ions are represented
by the blue spheres.
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open cavity, such as Pd,L, hemi-cage, HC (Fig. 1b),"® which would
permit better access to reactants and thus widen the substrate
scope. We were also interested in creating structures which
possess the features of the hemi-cage system ie. the more
accessible pseudo cavity that resides between the two Pd>* ions,
but are better pre-organised (Fig. 1c). These systems also possess a
secondary more hydrophobic central cavity that could bind an
additional less polar guest. Multicavity systems provide further
interest because they represent a route into allosterically regulated
catalysis,”® however, the synthesis of these systems are often
hindered by complex ligand-design,*' > or rely on the serendipi-
tous formation of interlocked sub-structures.”**” The approach
we envisaged here can be considered much simpler as it involves
the use of the easy to access tetratopic ligand, 1,2,4,5-tetra(pyridin-
3-ylethynyl)benzene (L"), which is one step from commercially
available starting materials (see, ESIT).

Combining a 2:1 ratio of [(TMEDA)Pd(OTf),] (TMEDA =
tetramethylethylenediamine) and L" in nitromethane leads to
the immediate formation (<5 min) of one set of dominant
'"H NMR signals (Fig. 2, 0 hours, orange resonances) that
possess the same symmetry as the free ligand. This is followed
by the gradual appearance of a second set of resonances with
the same symmetry (Fig. 2, 12 h, green resonances). Over a
period of 2 days, the first set of signals are almost completely
replaced by the second (Fig. 2, 12-48 h). Considering that
previous work has shown that rigid tetratopic ligands can
generate MgL; trigonal prismatic and MgL, tetragonal prismatic
structures when reacted with cis-protected square planar
complexes,”®>> and that even higher order species can form,*
we initially attributed these two sets of peaks to the Pd’¢L"; and
Pd’¢L", structures (Pd’ = (TMEDA)Pd). We were surprised, how-
ever, to discover that single crystals grown from diffusion of
diethyl ether into the reaction mixture revealed the highly strained
pd’,L", structure,**** 1a-OTf (Fig. 3 and Fig. $4.5.1, ESI}).

The molecular structure of 1a-OTf can be described as two
portals linked by a very small central cavity that is formed from
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8y (ppm)

Fig. 2 Time dependent 'H NMR spectra (500 MHz, CDsNO,, 300 K)
showing the initial formation of 1a-OTf (orange signals) followed by the
conversion into 1b-OTf (green signals) over a period of 48 hours.
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Fig. 3 X-ray crystal structure of 1a-OTf. Protons and additional counter-
ions have been removed for clarity. Colour code: C: green, N: light blue,
O: red, S: yellow, P: orange, Pd: blue, F: light green.

just two ligands which display significant curvature away from
planarity. Each portal is defined by two palladium ions linked
by the 1,3-bispyridyl-motif. The Pd-Pd distances in these two
portals are 9.5 A, which is considerably shorter than the ca. 12 A
that is observed for C-1/C-2, even though the supposedly rigid
(pyridin-3-ylethynyl)benzene linker between the two metal ions
is the same. Unlike C-1/C-2, where there is little distortion of
the ligand or metal, 1a®* shows significant deformation of both
components. This is particularly evident in LT, where the angle
between the planes of the coordinating pyridyl rings in the free
ligand and 1a®" distort from 125° to 104°, respectively (Fig. S4.4,
ESIt). This bending and contraction of the portal Pd-Pd
distance indicates that closure of the structure to give 1a®"
requires significant distortion. The Pd*" ions of 1a®" are also slightly
deviated away from square planar geometry with N;-Pd-N;, and
Nrymepa—Pd-Nrvepa, and Ni-Pd-Nryepa angles approximately
87.0° and 93.2°, respectively. One of the portals is occupied by a
charge balancing triflate ion, which shows close contacts to
eight inward facing C-H bonds (Ar-H- - -O distances: 2.4-3.2 A);
four each from the methyl groups of the TMEDA ligand and the
o-pyridyl hydrogen atoms of L', These C-H bonds are polarised
by their proximity to the charged Pd*" ion, and thus become
reasonable H-bond donors. The remaining seven charge balan-
cing triflate ions are located outside of the cavities and contact
the extended structure via a number of interactions, the short-
est of which is 2.3 A (py-H- - -O; Fig. S4.6.1, ESI¥).

In order to confirm that the species formed in solution is
Pd’,L",, and to ascertain the identity of the second species, we
further investigated using both ESI-MS and 'H DOSY NMR
spectroscopy. As expected, ESI-MS (Fig. S3.1.1 and S3.1.2, ESIt)
shows the charge states for the Pd’,L", species (3+ and 4+), but
also the presence of a Pd’¢L"; species, 1b-OTf (4+ and 5+). There
is no evidence of any higher order species. Taken in conjunc-
tion with the change in the "H NMR spectra as a function of
time (Fig. 2), this indicates that 1a®" is initially formed before
slowly converting into 1b***. The "H DOSY NMR spectrum also
shows that the two species are similar in size (Fig. S2.2.2, ESIt)
and that their hydrodynamic radii, calculated using the Stokes-
Einstein equation, is ca. 12 A. Molecular models of Pd’¢L"; and
Pd’cL", were generated using Spartan 10’ (Fig. 5.1, ESIt), and
their maximum diameter was examined, along with 1a®*, using
the program pywindow.>*® The maximum diameter is defined as
the distance between the edges of the van der Waals spheres of

This journal is © The Royal Society of Chemistry 2020
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the two atoms at the greatest distance from each other in the
molecule. Diameters of 25, 27, and 31 A were extracted for 1a®",
1b*?*, and the tetragonal prism, respectively. Negating solvent
and/or anion effects, these diameters are closest to the two
smaller species, indicating that the solution assemblies are
indeed 1a-OTf and 1b-OTf. These results further support that
1a-OTf is a highly strained kinetic intermediate, and 1b-OTf is
the more thermodynamically stable final assembly.

The effect that the cis-capping ligand has on the self-assembly
process is quite pronounced, as evidenced by changing TMEDA
to diphenylphosphinopropane (dppp). The combination of L*
with [(dppp)Pd(OTf),] in a 1:2 ratio in acetonitrile gave a
'H NMR spectrum that showed a single high symmetry species
with slightly broadened signals, which significantly showed no
change over 3 days (Fig. S2.2.5, ESIt). Complexation of LT is
evidenced by the characteristic shift of the pyridyl signals and
by the splitting of the propyl resonances of the dppp ligand
(Fig. S2.2.4a, ESIf). ESI-MS again showed Pd”,LT, (Pd" =
(dppp)Pd) and Pd”¢L"; species, with no evidence of larger
assemblies (Fig. S3.2.1 and S3.2.2, ESIt). The observation of
different speciation by NMR spectroscopy and MS can likely be
explained by fragmentation of Pd”¢L"; under ionising condi-
tions. The direct formation of Pd”¢L"; in solution would also be
consistent with the trans-labilising properties of the dppp
ligand, which would render any highly distorted Pd”,L", inter-
mediate kinetically unstable, thus promoting rapid navigation
towards the energy minima on the potential energy surface.

Single X-ray quality crystals could not be grown directly from
the self-assembly reaction of LT with [(dppp)Pd(OTf),]. Instead,
the product was first isolated as a powder by precipitation of a
concentrated sample with diethyl ether, and subsequently
crystallised using diethyl ether vapour diffusion into an acet-
onitrile solution yielding a small amount of crystals suitable
for single crystal X-ray diffraction (Fig. S4.10, ESIf). X-ray
crystallographic analysis from data collected with synchrotron
radiation was used to confirm the Pd”¢L'; trigonal prism
structure, 2-OTf,?” with three triflate-containing portals (Fig. 4
and Fig. S4.5.3, ESIf). There are several short host-guest
contacts, similar to 1a-OTf, between the triflate O atoms and
the polarised C-H bonds of both the capping and bridging
ligand. In addition, the fluorine atoms of the triflate CF; group
are very close to the central CH of LT with Ar-H- - -F distances
approximately 2.2 A. The remaining charge balancing triflate
ions provide numerous electrostatic interactions between the
neighbouring trigonal prisms, the shortest of which is between
the O atom of the triflate ion and the outer o-pyridyl H-bond
donor pockets (2.3 A; Fig. $4.6.2, ESTt)

In order to examine the encapsulation of organic guests in
solution, with a view to conducting catalytic studies, we
attempted to exchange the triflate ions for tetrakis|3,5-
bis(trifluoromethyl)phenyl]borate (BArF~). We have previously
shown that these non-interacting anions leave the polar sur-
faces of cages exposed, promoting the binding of polar organic
guests. Unfortunately, efforts to react 1-OTf with NaBArF were
unsuccessful, and only partial exchange of the triflate ion could
be achieved (Fig. S2.2.6, ESIT). In contrast, a similar experiment
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Fig. 4 X-ray crystal structure of 2-OTf. Protons and additional counter-
ions have been removed for clarity. Colour code: C: green, N: light blue,
O: red, S: yellow, P: orange, Pd: blue, F: light green.

with 2-OTf and NaBArF gave a product, which when analysed by
'H NMR spectroscopy showed a single species with sharp
resonances that was consistent with retention of the cage
structure (Fig. 5). The '°F NMR spectrum also showed almost
full consumption of the OTf ™ signal, with only trace amounts
present. The "H DOSY NMR spectrum gave an increased
hydrodynamic radius of 19 A, in line with calculated values
(Fig. S2.2.7, ESIY), and consistent with the successful conver-
sion of 2-OTf to 2-BArF.

Initial binding studies were performed using a series of
quinones (benzo-, naphtho- and anthraquinone) in CD,Cl,. We
have previously shown that these bind to both C-1/C-2 and HC
systems through hydrogen bonding of the carbonyl groups to
the polarised CH bonds that are in close proximity to the Pd**
ion. While the crystal structure of 2-OTf revealed that the portal
Pd-Pd distances were shorter than either of these systems, we
were hopeful that 2'** would be able to flex sufficiently to
accommodate these guests. However, we were disappointed by
the negligible shifts in the "H NMR spectra associated by both
the inward facing o-pyridyl (H,) and central (H.) protons
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Fig. 5 (a) Schematic representation of the preparation of 2-BArF via (i) the

self-assembly of LT and [(dppp)Pd(OTf),] and (i) anion exchange with
NaBArF; 'H NMR spectra (500 MHz, CD,Cly, 300 K) of (b) LT and (c) 2-BATF.
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(Fig. S6.2, ESIT), which indicates that these quinones are not
encapsulated. We have also tried guests that have their carbo-
nyl groups more closely spaced than that of the quinones (e.g.
cyclopentenedione) and also single carbonyl species (e.g. chro-
mone) but only minimal evidence of ingress could be observed
(Fig. S6.3 and S6.4, ESIt). We attribute the lack of interior
binding to two possible factors, which are not mutually exclu-
sive. Firstly, the connection of the three portals rigidifies the
overall structure so that it cannot “‘breathe” in order to accom-
modate these guests. Secondly, there is poor access to the
portal either directly past the bulky dppp ligands (Fig. S4.5.4,
ESIT) or via the central cavity. Interestingly, chromone shifts
some of the resonances on the outside of the cage (Hy), with
the signals of chromone also broadening quite noticeably
(Fig. S6.4, ESIY), which indicates that this species may interact
with the outer pocket of H-bond donors. We have previously
seen a similar binding mode with C-1/C-2 and Ph;PO.?® This
provides further evidence that encapsulation is prohibited
because of thermodynamic (i.e. requiring significant cage dis-
tortion) and/or kinetic (i.e. poor access) factors.'®*°

In conclusion, we have shown how different multi-
component assemblies can be made using cis-capping ligands
to tune the reversibility of M-L interactions, facilitating access
to both kinetic and thermodynamic products. We continue the
search for suitable guests that will allow the overall goal of
creating simple, multi-cavity systems, in which catalysis can be
controlled via allosteric binding.
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