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ABSTRACT: The design of structurally defined heteroleptic co-
ordination cages is a challenging task, and only few examples are
known so far. Here, we describe a selection approach, which al-
lowed identifying a novel hexanuclear Pd cage containing two
types of dipyridyl ligands. A virtual combinatorial library of
[PdnL2n](BF4)2n complexes was prepared by mixing six different
dipyridyl  ligands  with  substoichiometric amounts  of
[PA(CH3CN)4](BF4)2. Analysis of the equilibrated reaction mixture
revealed the preferential formation of a heteroleptic
[PdsLsL’6](BF4)12 assembly. The complex was prepared on prepar-
ative scale by a targeted synthesis, and its structure was elucidated
by single crystal X-ray diffraction. It features an unprecedented
trigonal antiprismatic cage structure, with two triangular PdsLs
macrocycles bridged by six ligands L. A related, but significantly
larger [PdsLsL’s](BF4)12 cage was obtained by using metalloligands
instead of organic dipyridyl ligands.

Palladium-based metallosupramolecular assemblies of the gen-
eral formula [PdnL2n]Xn can be obtained by combination of bis-
monodentate N-donor ligands L with Pd(11) salts such as Pd(NO3)
or [Pd(CH3CN)4](BFa)2.8 Assemblies of this type display a rich
structural chemistry, ranging from simple mononuclear com-
plexes®1? to giant cage structures with n = 30,2 or topologically
complex interlocked structures.’*!® Interesting host-guest chemis-
try was observed, and applications in the field of catalysis (nano-
reactors)*617 and medicinal chemistry8-24 have been explored. Fur-
thermore, [PdaL2n]Xn complexes have been used as components of
novel materials.?5-30

Most [PdnL2n]Xn assemblies reported to date feature a single type
of bridging ligand L. However, several groups have recently inves-
tigated heteroleptic complexes with two different ligands L and
L’.3152 A key challenge in this context is the controlled formation
of a particular heteroleptic complex (‘integrative self-sorting’),% as
opposed to a mixture of complexes. This challenge gets more pro-
nounced for high numbers of n. For example, for two ligands L and
L, there are six possible structures for dinuclear complexes (n = 2),
and already 13 possible structures for trinuclear complexes (n = 3).
It is therefore not surprising that most investigations have focused
so far on the formation of heteroleptic complexes containing only
two Pd?* ions.®>4° To the best of our knowledge, there are only four
reports about defined heteroleptic [PdnL2n]Xn assemblies with more
than two Pd?* ions: a star-shaped [PdsLsL’s](BF4)10 complex de-
scribed by Chand and co-workers,* a trigonal prismatic

[PdsLsL’6](NO3)12 complex described by Mukherjee and co-work-
ers, 2 and  dodecanuclear  [Pdi2L12L’12](BF4)2a  and
[Pd12L23L°](NOs)24 cages described by the group of Fujita.4344

The studies on heteroleptic [PdnL2n]Xn complexes have shown
that integrative self-sorting is possible by using carefully designed
ligands, with special focus on steric interactions and geometric con-
straints. However, the rational design of defined heteroleptic com-
plexes becomes increasingly difficult for larger assemblies. Below,
we describe a selection approach, which allowed identifying a
[PdsLsL’6](BF4)12 complex with an unprecedented trigonal an-
tiprismatic cage structure.

A molecularly defined metallosupramolecular structure needs to
have a higher thermodynamic stability than competing structures.
Otherwise, rearrangement reactions would occur over time. We hy-
pothesized that screening of a virtual combinatorial library
(VCL)%356 of [PdnL2n]Xn complexes would allow identifying par-
ticularly stable assemblies. A VCL of Pd assemblies can be gener-
ated by using a mixture of ligands in combination with substoichi-
ometric amounts of a Pd salt. The ligands compete for coordination
to Pd?*, and only highly stable assemblies will be formed. Less sta-
ble, but potentially accessible complexes will not be generated to a
significant extent. We would like to note the importance of using a
virtual library, as opposed to a ‘real’ library with stoichiometric
amounts of Pd?*. For the latter, the most stable assembly is not nec-
essarily formed in larger amounts.5":%8

For our study, we have used six dipyridyl ligands (L1-L6), the
structures of which are depicted in Figure 1. All ligands have pre-
viously been employed to make homoleptic [PdnL2n]Xn assemblies.
Ligand L1 forms a tetrahedron,*%° L2—L 4 dinuclear complexes,5®-
62 |5 a dodecanuclear cage,®® and L6 an interlocked structure.®* In
addition, L4 was found to promote the formation of heteroleptic
[Pd2L2L"2](BF4)s complexes.®

The competition experiment was performed as follows: equimo-
lar amounts of the six ligands and [Pd(CH3sCN)4](BFa4)2 were added
to a mixture of CDsCN and CDsNOz2 (8:2)% and the resulting sus-
pension was heated for 17 h at 65 °C, resulting in the formation of
a clear solution (Scheme 1). The mixture was then analyzed by *H
NMR spectroscopy. The region between 7.4 and 9.0 ppm is
crowded by ligand signals, but the signals above 9.0 ppm can be
attributed to Pd-based assemblies. When comparing these signals
to those of the homoleptic complexes, we found small signals cor-
responding to the interlocked cage [{Pd2(L6)4}2](BF4)s (S, Figure
S12). The formation of this assembly was not unexpected, given
that its high stability had been noted previously.5 In addition to the
signals of [{Pd2(L6)4}2](BFa4)s, there were larger signals, which
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could not be matched with any of the other homoleptic complexes.
In order to identify the main reaction product(s), we separated the
ionic [PdnL2n]Xn complexes from the remaining ‘free’ ligands by
precipitation with Et2O/pentane. Analysis of the ligand fraction by
'H NMR spectroscopy showed a depletion of ligands L1 and L5
(SI, Figure S15). Analysis of the precipitate by *H NMR spectros-
copy indicated the formation of one main product with high appar-
ent symmetry. The multiplicity of the signals were in agreement
with a complex containing equal amounts of L1 and L5. Additional
information was obtained by mass spectrometry (SI, Figure S13
and S14). Next to signals of [{Pd2(L6)4}2](BF4)s, we found signals
corresponding to a hexanuclear complex containing L1 and/or L5
(both ligand have the same mass). Taken together, the analytical
data suggested that the main product of the competition experiment
was an assembly of the formula [Pds(L1)s(L5)s](BF4)12.

/) 4 [Pdy(L1)g®*

[Pdy(L2),]*

[Pdy(L3)]*"

[Pd(L4),]*

[Pd1o(L5)pa]?**

{Pd(L6),},1%"

Figure 1. Structures of the N-donor ligands L1-L6 and the cor-
responding homoleptic complexes with Pd?*,

To corroborate our  findings, we synthesized
[Pde(L1)s(L5)s](BF4)12 on preparative scale by mixing equimolar
amounts of L1, L5, and [Pd(CH3sCN)4](BF4)2. The reaction product
displayed the same NMR signals (SI, Figure S12), which were ob-
served for the main product of the screening experiment. DOSY
NMR spectroscopy showed that the molecular size of this new het-
eroleptic complex was in between that of the known homoleptic
complexes [Pds(L1)s](BF4)s and [Pdi2(L5)24](BF4)24 (SI, Figure
S5, S10 and S22). Mass spectrometry confirmed that a hexanuclear
complex had formed (SI, Figure S27 and S28).
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Scheme 1. The reaction of L1-L6 with sub-stoichiometric
amounts of Pd2*.

To exclude that [Pde(L1)s(L5)s](BF4)12 is obtained under kinetic
control, we have repeated the competition experiment with differ-
ent starting conditions. Instead of using [Pd(CH3CN)4](BF4)2 as a
source of Pd?*, we have employed equimolar amounts of the pre-
formed assemblies [Pd2(L3)4](BFs)s and [Pd2(L4)4](BF4)s. The
two complexes were equilibrated with L1, L2, L5, and L6 (4 equiv
each) in CD3CN/CD3NOz2 (Scheme 2). The *H NMR spectrum of
the resulting mixture was very similar to what was obtained with a
mixture of all six ligands (SI, Figure S16), and the heteroleptic cage
[Pds(L1)s(L5)s](BF4)12 could be identified as the dominating Pd
assembly in solution. This control experiment confirmed the supe-
rior thermodynamic stability of the heteroleptic complex.®6 We
have also performed a reaction of L1-L6 with stoichiometric
amounts of Pd?* ([ligand]iwtai:[Pd] = 2:1). As anticipated, the H
NMR spectrum of the reaction mixture was very complex (Sl, Fig-
ure S18), indicating the formation of multiple assemblies instead of
few selected compounds.
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Scheme 2. Conversion of the homoleptic cages [Pd2(L-3)4](BF4)4
and [Pd2(L4)4](BFs)s  into  the  heteroleptic  cage
[Pds(L1)s(L5)6](BF4)12.
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Figure 2. a) Graphic representation of the molecular structure of
[Pde(L1)s(L5)s]*?* in the crystal. b) Part of the structure showing a
Pds macrocyclic fragment with two ligands L1 (yellow) and two
ligands L5 (orange). Hydrogen atoms are not depicted.

The molecular structure of [Pds(L1)s(L5)s] (BF4)12 was analyzed
by single crystal X-ray diffraction, and a graphic representation of
the cationic cage is depicted in Figure 2a. The six Pd?* ions occupy



the vertices of a trigonal antiprism. The two trigonal faces of the
prism are composed of [Pds(L1)3]®* macrocycles, which are
bridged by six ligands L5. This highly symmetrical structure is in
line with the NMR spectra, which show a single set of signals for
the two ligands L1 and L5.

It is interesting to note that the competition experiment with L1—
L6 resulted in the preferential formation of a hexanuclear complex,
even though lower-nuclearity complexes are favored from an en-
tropy point-of-view. Therefore, we assume that enthalpic effects
are responsible for the high stability of [Pde(L1)s(L5)s](BF4)12. In-
spection of the solid-state structure shows that intermolecular lig-
and-ligand interactions are unlikely to play a role, because the 12
ligands are well separated from each other. However, the combina-
tion of L1 and L5 seems to result in a particularly favorable coor-
dination environment for the Pd?* ions. The cage can be de-con-
structed into [Pda(L1)2(L5)2]®* macrocyclic fragments, one of
which is shown in Figure 2b. It is evident that the geometry of the
ligands allows for a 'perfect' 180 ° coordination of the metal ions.
Another possible factor for the selection of L1 and L5 out of a pool
of six ligands is the higher basicity of the aryl pyridine ligands L1
and L5 when compared to the alkynyl and amide-based pyridine
ligands L2-L4 and L6.5 Finally, we have considered the possibil-
ity that anion templating effects play a role. However, the hetero-
leptic cage was also formed when the hexafluorophosphate com-
plex [Pd(CH3CN)4](PFs)2 was combined with L1 and L5, suggest-
ing that specific anion-cage interactions are not of central im-
portance.

Next, we have investigated if it is possible to obtain other
[PdsLsL's] X12 assemblies of comparable topology by using ligands
with a similar arrangement of the pyridyl donor atoms. The metal-
loligands L7 and L8 (Figure 3a) were used as structural analogues
of the simple organic ligands L1 and L5. Both ligands feature
chemically inert iron clathrochelate complexes as rigid spacers be-
tween the pyridyl groups.5® Ligand L7 has been described before,
and it forms a hexanuclear complex with Pd?*.%° The new ligand
L8 was prepared by a multi-component condensation reaction fol-
lowing a synthetic methodology developed in our laboratory (for
details, see the SI).70-72

A mixture of equimolar amounts of L7, L8, and
[Pd(CH3sCN)4](BF4)2 in DMSO was heated overnight at 70 °C.
Analysis of the resulting solution by 'H NMR spectroscopy re-
vealed the formation of an assembly with high apparent symmetry
(single set of signals for L7 and L8). The composition of this com-
plex could be established by high resolution ESI MS. Dominant
peaks for a heteroleptic assembly of the formula
{[Pds(L7)s(L8)s](BF4)x}** (x = 3-7; z = 9-5) could be observed
(Figure 3b).

Single crystals of [Pde(L7)e(L8)s](BF4)12 were obtained from
DMSO, but the quality of the diffraction data did not allow for a
high resolution structural analysis. However, we were able to locate
the Pd and Fe atoms, and their position corroborated that the com-
plex displays a cage structure with an overall shape of a prolate
spheroid. The position of the metal ions also allowed to establish
the connectivity of the ligands. The six metalloligands L7 form two
[Pd3(L7)s]®* macrocycles, which are positioned at the opposite
ends of the spheroid. The links between the two macrocycles are
established by the bent metalloligands L8. A structural difference
between the smaller cage [Pds(L1)s(L5)s]*2* and [Pds(L76)(L86]*2*
is the connectivity of the bent ligands L5 and L8. In the latter case,
we observe the formation of [Pd2(L8)2]** macrocycles, leading to
trigonal prismatic arrangement of the six Pd?* ions. We have used
the crystallographic data as the basis for MMFF computations, and
amodel of [Pds(L7)s(L8)s]*?* is depicted in Figure 3c.
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Figure 3. a) Structures of the metalloligands L7 and L8. b) ESI
mass spectrum of the assembly formed from L7, L8, and
[PA(CH3CN)4](BF4)2. ¢) Structure of [Pdes(L7)s(L8)s]'* as deter-
mined by MMFF computations, with L7 shown in cyan and L8
shown in purple. The model is based on crystallographic data,
which allowed identifying the position of the Pd and Fe atoms, and
thus the connectivity of the ligands.

To summarize: we have created a virtual combinatorial library
of [PdnL2n](BF4)2n. complexes by mixing six different dipyridyl lig-
ands with sub-stoichiometric amounts of [Pd(CH3CN)4](BF4)2. The
number of potentially accessible complexes in this library is very
large, but competition for a limited amount of Pd?* leads to a selec-
tion process. The heteroleptic complex [Pdes(L1)s(L5)e](BF4)12 was
identified as the main Pd complex after equilibration. It is notewor-
thy that a hexanuclear complex was selected, even though none of
the homoleptic complexes derived from L1-L4 contain six Pd?*
ions (Figure 1). The preferential formation of a high-nuclearity
complex with n = 6 is also remarkable, given that low-nuclearity
complexes are favored from an entropy point-of-view. The results
obtained with the metalloligands L7 and L8 demonstrate that com-
plexes of the formula [PdsLsL's]X12 can be accessed with different
types of dipyridyl ligands. It will be interesting to explore if other



‘islands of stability' can be identified in the vast structural space of
heteroleptic [PdaL2n]X2n. complexes.
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