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Cuboctahedral coordination cages of the general formula [Pdi,L,412*" (L = low-symmetry ligand) were
analyzed theoretically and experimentally. With 350 696 potential isomers, the structural space of these
assemblies is vast. Orientational self-sorting refers to the preferential formation of particular isomers
within the pool of potential structures. Geometric and computational analyses predict the preferred
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experimentally by synthesizing a [Pdislog
ligand. A crystallographic analysis of this assembly showed exclusive cis coordination of the 3- and the
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Introduction

Reactions of ditopic N-donor ligands L with Pd** ions can give
molecularly defined nanostructures of the general formula
[Pd,L,,]*"".* The structural diversity of these assemblies is
remarkable, ranging from simple dinuclear [Pd,L,]*" com-
plexes** to interlocked [Pd,Lg]®" cages® and giant [Pd;oLeo]*""
and [PdssLes]’®" spheres.* The geometry of the ligand is
a decisive factor for the assembly process, with the ligand
bend angle (the relative orientation of the coordinate vectors)
being of special importance."* Other factors such as ligand-
ligand interactions® or template effects®” can also influence
the self-assembly process.

In terms of applications, different directions have been
explored, including the use of [Pd,L,,]*"" complexes as recep-
tors for ions and drugs,®” as components of novel materials,'® as
reactors for chemical transformations," and as links for
nanoparticles.*?

For future advances, it is desirable to extend the library of
available [Pd,L,,]*"" nanostructures.’® Given the importance of
the ligand in the self-assembly process, it is clear that ligand
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124* cage with a bridging 3-(4-(pyridin-4-yl)phenyl)pyridine

4-pyridyl donor groups at the Pd®* ions.

design is key for generating new [Pd,L,,]*"" complexes. Most
homoleptic [Pd,L,,]”"" complexes are based on ligands with
identical N-donor groups, and these ligands typically display C,,
symmetry.*

The utilization of low-symmetry ligands with two distinct
donor groups represents an attractive strategy to access new
[Pd,L,,J*" structures.’*** A potential problem of this
approach is the formation of isomers. For [Pd,Ls]*'-type
assemblies, the use of a low-symmetry ligand can give rise to
four different isomers, which differ in the relative orientation
of the ligands (Fig. 1).

Experimental studies have shown that the selective forma-
tion of one isomer with a particular relative orientation of the
ligands is possible (‘orientational self-sorting’).”> However, the
energy difference between the isomers is sometimes not suffi-
cient for providing a good selectivity.****

statistical mixture of [Pd,L4]** complexes

OOO

self-sorting

bridging ligand with
= py2 ( \ -
O =pex ~ distinct binding sites

Fig.1 The combination of a curved ligand L with two distinct binding
sites (blue/red) and Pd?* ions can lead to the formation of four
different [Pd,L41** complexes. ‘Orientational self-sorting’ refers to the
preferential formation of complexes with a particular relative orien-
tation of the bridging ligand (the selective formation of the cis isomer is
shown as a representative example).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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For [Pd,L,,]”*" assemblies based on low-symmetry ligands,
the number of potential isomers quickly increases with n.
Macrocyclic [Pd;Lg]°" assemblies can form 9 isomers, pseudo-
tetrahedral [Pd,Lg]*" complexes can form 35 isomers, and
octahedral [Pd¢L;,]'®" complexes can form 112 different
isomers.'*"” These numbers increase to 16, 68, and 186 if
enantiomers are included.

Despite the vast number of potential isomers, orientational
self-sorting is possible for high-nuclearity [Pd,L,,]*"" assem-
blies, as demonstrated by a recent experimental study from our
group.'® The utilization of a thiophenylene-spaced ligand with
3- and 4-pyridyl donor groups gave rise to a structurally defined
[PdeLy5]">" complex.

Below, we analyze the structures and the potential isomers of
cuboctahedral [Pd;,L,,]**" complexes (n = 12). Geometric and
computational analyses predict the preferred formation of
cages with exclusive cis coordination at the metal centers. This
prediction was corroborated experimentally by synthesis and
structural analysis of a [Pdy,1,4]**" cage with a bridging 3-(4-
(pyridin-4-yl)phenyl)pyridine ligand.

Results and discussion

In order to determine the number of potential isomers for
M;,L,, structures based on low-symmetry ligands, we have used
a standard mathematical counting argument related to the
Orbit-Stabilizer Theorem.' Our algorithm uses the cycle
decomposition of the hyperoctahedral group™ to generate the
collection of configurations with non-trivial symmetries and
then uses the Orbit-Stabilizer Theorem' to obtain a relation-
ship between the number of distinct configurations and the
number of symmetries each configuration has. As the set we
generate is substantially smaller than the set of all possible
configurations, we are able to apply this method of counting to
M;,L,, whose number of ligands proves too large for previous
(exhaustive) methods.'* A more detailed description of the
procedure is given in the (ESI, Section 4+).

Our analysis revealed that M;,L,, cages can form 350 696
potential isomers if the bridging ligands display distinct donor
groups (Fig. 2). The vast majority of these isomers are chiral
(99.8%). If enantiomers are taken into account, the total
number of isomers increases to 700 688. The calculations show
that the structural space of M,L,,type assemblies increases
dramatically when going from n = 6 (octahedral cages, 112
isomers) to n = 12 (cuboctahedral cages, 350 696 isomers).

Cuboctahedral complexes of type Mj,L,4 can be decon-
structed into four MgLe hexagons, with the metal centers having

Mialog
Cuboctahedron

Isomers: 350'696

(99.8% chiral)
Fig.2 Potential isomers for My,L,4 cages with low-symmetry bridging
ligands. The graphic shows only one of the possible isomers.
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an occupancy of 50% (Fig. 5a). Let's consider the case, which is
schematically depicted in Fig. 3b. The assemblies are based on
ditopic ligands having the following general characteristics: the
ligand is perfectly rigid, the donor groups are chemically
distinct (red/blue), the coordinate vectors form an angle of 120°,
and the distance between the donor atoms and the intersection
of the coordinate vectors is not equal (a # b). When combined
with metal ions which act as linear connectors, three different
hexagons can be formed (A-C, Fig. 3b). There are three ways to
build an M;,L,, assembly from A, and the resulting complexes
have Oy, Ss, and C,, symmetry. Hexagons of type B show two
types of metal centers: three M are connected to the red parts of
the ligand, and three M’ are connected to the blue parts of the
ligand. The three M’ are positioned closer to the center of the
hexagon B than the three M. The alternation of M and M’ in
hexagon B makes it impossible to combine them into an
M;,L,,-type assembly. The symmetry of the hexagon C, on the
other hand, allows for the construction of a distorted cubocta-
hedron with D,;, symmetry.

The analysis suggests that for ligands with a fixed bend angle
of 120° and a pronounced difference between the distances
a and b, orientational self-sorting should occur. The four
preferred M;,L,, isomers are shown in Fig. 3b. Obviously, the
geometric analysis is based on perfectly rigid systems, and it
does not account for the conformational flexibility of real
molecular systems (e.g. variable coordinate vectors).

To investigate whether orientational self-sorting can be
observed in [Pd;,L,4]**"-type assemblies, we have examined the

Fig. 3 (a) Deconstruction of an My,L,4 assembly into four hexagons
with a metal occupancy of 50%; (b) a ligand with two distinct donor
groups (blue/red), a 120° angle between the coordinate vectors, and
non-equal lengths a and b can form three different MgLg hexagons (A—
C). The construction of an My,L,4 assembly can be achieved from
hexagon A (three possible combinations) or from hexagon C (one
possible combination), but not from B or from mixtures of A/B/C. For
simplicity, the My,L,4 isomers formed from A and C are depicted as
ideal cuboctahedra with linear ligands.

Chem. Sci., 2022, 13, 1912-11917 | 11913
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reaction between [Pd(CH;CN),](BF,), (a convenient source of
Pd>") and ligand L1 (Fig. 4a). This ligand was chosen because it
displays a fixed bend angle of 120° (rotations around the C-C
single bonds do not change the bend angle), and a pronounced
difference between the distances of the N-donor atoms and the
intersection of the coordinate vectors.

A mixture of [Pd(CH3CN),](BF,), (1 equiv.) and L1 (2 equiv.)
in de-DMSO was tempered for 48 h at 70 °C. Subsequently, the
resulting solution was analyzed by high-resolution ESI mass
spectrometry and by NMR spectroscopy. The MS data confirmed
the expected formation of a dodecanuclear assembly (Fig. 4b).
The 'H NMR spectrum showed broad peaks (Fig. 4c), which is
expected for assemblies of this size." A detailed analysis by
"H-'"H COSY and NOESY correlation spectroscopy revealed
three sets of signals for the protons of ligands L1 (see the ESI,
Fig. S9 and S10%). The three sets of signals have equal intensity,
and the DOSY NMR spectrum (Fig. S111) showed that they all
belong to a species with the same diffusion constant. Overall,
the NMR data suggested that the self-assembly process had
resulted in the formation of one main species, rather than
a complex mixture of isomers.

It is interesting to compare the NMR data with the results of
the geometric analysis. The latter had predicted a preference for
four isomers. Only two of the isomers have a ligand multiplicity
of three, namely the C,;, symmetric isomer A,-3, and the D,
symmetric isomer C, (ESI, Fig. S257).

Expanding on the geometrical analysis depicted in Fig. 3,
a computational study was performed in order to evaluate the
relative stabilities of the four isomers A;-1, A;-2, A4-3, and C, of
complex [Pd;,(L1),4]**". Using an approach similar to recent

RV =
N/: Nk
: de-DMSO
L1 (2 equiv.) = [Pd15(L1)5¢](BF )z
¥ 70°C, 48 h
[Pd(CH3CN),41(BF4)2
(1 equiv.)
12+
b) Measured
[Pd,,(L1),,+nBF Je+n*
e Cal. for [Pd,,(L1),+12BF ]'**
10+
656 657 658 659
13+ 9+ m/z
J ll .J 81+ 7+ 6+
600 800 1000 1200 1400
m/z
©) c d ef gh
L1 N=4 | ﬂ.l s
lpdz. //
[Pd,(L1), 2
10.0 95 9.0 85 8.0 75
ppm
Fig. 4 (a) Synthesis of the coordination cage [Pd>(L1),4]1(BF4)24; (b) high-

resolution ESI mass spectra of [Pd;»(L1),4 + NBF,1@4% (n) = 11-18); () *H
NMR  spectrum (dg-DMSO) of the ligand L1 (top) and of cage
[Pd15(L1),4](BF4)24 (bottom).
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Fig.5 Schematic of the relative energy differences of the four isomers
As-1, As-2, As-3, and C4 of complex [Pdis(L1),41%**, along with
graphics of the HSE06/Def2-SVP-optimized structures.

work on Pd,L, structures formed from low-symmetry ligands,*
models of the four cages were constructed with the help of our
Python framework, stk.>** The geometry was optimized using
a sequence of methods of increasing computational cost (see
the ESI, Section 57). Structures were optimized using UFFAMOF
in GULP,” the semiempirical tight-binding method GFN2-
xTB,* and, finally, density functional theory (DFT) geometry
optimizations using hybrid and screened-hybrid functionals,
PBEO0-D3BJ** and HSE06,” respectively, with the Def2-SVP*
basis set. Fig. 5 shows the relative energy of the isomers at
the HSE06 level of theory, with A,-3 being the most stable
isomer. However, the energy differences between the three A,
isomers are very small. In fact, the relative energy of the A,
isomers changes depending on the level of theory (see the ESI,
Table S3t1). Therefore, the calculations do not provide a signifi-
cant distinction between the A, isomers. However, the prefer-
ence for A, over C, is apparent with an energy difference larger
than 150 kJ mol~'. This difference is significant, even if the
limitations of our method (no solvent, no anions) are taken into
account.

To determine the structure of cage [Pd;,(L1),4]*"", a crystal-
lographic analysis was needed. Obtaining good-quality diffrac-
tion data turned out to be challenging, but we finally succeeded
in using single crystals obtained by vapor diffusion of THF/Et,O
into a solution of the cage in DMSO.?® Co-crystallized solvent
molecules could not be located, and the solvent-mask proce-
dure from Olex2 (ref. 29) was used to account for residual
electron density. The structure of the polycationic cage could
clearly be established (Fig. 6). The 12 Pd*" all show a cis
configuration, and the cage displays an approximate Cjp,
symmetry. Consequently, it is one of the four structures, which
were predicted by the geometric analysis (A4-3, Fig. 3b). The
observed symmetry matches the signal multiplicity in the 'H
NMR spectrum (3 sets of signals), suggesting that the main
structure in solution is the same as the one observed crystal-
lographically. The presence of small amounts of other isomers
cannot be excluded.

Cuboctahedral cages of the formula [Pd;,L,,]**" are typi-
cally observed for ligands with a bend angle of around 120°.%*°
Further straightening of the ligand to bend angles between
134° and 149° can give rhombicuboctahedral [Pd,,L4g]*®"
cages."*3! [Pd,,L,s]*®" cages can form up to 5.86 trillion
isomers if low-symmetry ligands are employed (ESI,

24+

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Molecular structures of [Pd;,(L1),4]° " as determined by X-ray
crystallography. Hydrogen atoms and counter ions are not depicted.
The color-coding of the ligand atoms aims to visualize the non-
symmetric nature of the ligand.

Section 47). A geometric analysis suggests that there is again
a geometric preference for cages with cis-coordination at the
metal centers (ESI, Section 3.31). Preliminary attempts were
made to examine orientational self-sorting in rhombicu-
boctahedral [Pd,,L,s]*®" cages, but the available analytical
data did not provide information about the selectivity of the
assembly process. The interested reader can find more infor-
mation in the ESI (Fig. S19-S217).

Conclusions

Cuboctahedral coordination cages of the general formula
[Pd;,L,4]**" (L = low-symmetry ligand) can potentially form
350 696 isomers, which differ in the relative orientation of the
ligands. A geometric analysis combined with a computational
study suggested the preferential formation of cages with cis
coordination at the metal centers. Experimentally, we observed
indeed the formation of a cage with cis-coordinated metal
centers when Pd>" salts were combined with 3-(4-(pyridin-4-yl)
phenyl)pyridine.

The preference for cis coordination mirrors what we had
observed for octahedral assemblies of type [Pd¢L;,]">" (L = low-
symmetry ligand).* In fact, a geometrical analysis analogous to
that shown in Fig. 3 predicts that cis coordination should be
favored for [PdeLy,]">" cages (ESI, Section 3.27).

Overall, our results substantiate that it is possible to obtain
structurally defined [Pd,L,,]*"" cages of high nuclearity with
low-symmetry ligands. A prerequisite for orientational self-
sorting is the geometry of the ligand, which should display
distinct distances between the donor atoms and the intersec-
tion of the coordinate vectors. Ligands of this kind will favor the
formation of cages with a cis arrangement at the metal centers.
We expect that the results of our analysis can be transferred to
other types of coordination cages, given that donor groups of
the ligands are coordinated in a square planar fashion to the
metal centers.*?

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Data availability

The computational data is freely available at: https://
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