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Abstract: Spherical assemblies of type [Pd,L]*™ can be obtained
from Pd" salts and curved N-donor ligands L. It is well established that
the bent angle o of the ligand is a decisive factor for the self-assembly
process, with larger angles leading to complexes with a higher
nuclearity n. Here, we report heteroleptic coordination cages of type
[PdaLaL',]?™, for which a similar correlation between the ligand bent
angle and the nuclearity is observed. Tetranuclear cages were
obtained by combining [Pd(CH3CN)4](BF.). with 1,3-di(pyridin-3-
yl)benzene and ligands featuring a bent angle of o = 120 °. The
utilization of a dipyridyl ligand with o = 149 ° led to the formation of a
hexanuclear complex with a trigonal prismatic geometry, and for linear
ligands, octanuclear assemblies of type [PdsLsL's]*®* were obtained.
The predictable formation of heteroleptic Pd" cages from- 1,3-
di(pyridin-3-yl)benzene and different dipyridyl ligands is evidence that
there are entire classes of heteroleptic cage structures, which are
privileged from a thermodynamic point of view

Introduction

An appealing aspect of metallosupramolecular chemistry is the
possibility to control the self-assembly process by ligand design.
Important ligand characteristics are size, geometry, rigidity,
nature of the donor atoms, denticity, charge, and steric demand.
All these parameters may influence the self-assembly
reaction.l**4 Evidently, the reaction partner needs to be taken into
account, and the ligand should be a good match for the
corresponding metal ion (or complex).

For the construction of Pd"-based metal-ligand assemblies,
polydentate N-donor ligands were found to be well suited.[?17]
Elaborate polypyridyl ligands were used to build complex
molecular architectures,*8-2% put even simple di-4-pyridyl ligands
can give rise to.assemblies with up to 48 Pd" ions.?8 A crucial
design element for di-4-pyridyl ligands is the bent angle o
between the two coordinate vectors of the pyridyl groups
(Scheme 1). The nuclearity n of the final assembly is dependent
on a, with more straight ligands (higher o) favoring the formation
of complexes with a higher nuclearity. The bent angle is
particularly relevant for coordination cages of the formula
[PdnL2n]?™, which can be obtained by combination of di-4-pyridyl
ligands with Pd" salts.'”] For these assemblies, even subtle
changes in o can lead to abrupt changes in the nuclearity n.?"
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Scheme 1. The combination of di-4-pyridyl ligands with Pd" salts gives
complexes of the general formula [PdaL2n]2"™. Increasing the bent angle o leads
to structures with a higher nuclearity n. Here, we show that a similar trend can
be observed for heteroleptic cages.

Below, we show that the bent angle o can also be used to
control the nuclearity of heteroleptic coordination cages. A slight
increase of o from 120 ° to 149 resulted in a complete structural
switch from a tetranuclear [Pd,L4L's]®" complex to a hexanuclear
[PdsLeL's]*?* complex. Furthermore, we were able to observe
unprecedented octanuclear [Pdglgl's]** complexes for linear
ligands with o = 180 °. The results show that there are entire
families of heteroleptic cages complexes, which are privileged
from a thermodynamic point of view.

Results and Discussion

Cage-like structures of the formula [PdnL2n]*™ have been
investigated extensively over the last years, and applications in
medicinal  chemistry,?8-3  catalysis,?™#1 and  materials
science?#l and have emerged. Most of the [PdnlLa]?>™



complexes reported to date display high symmetry. Low-
symmetry assemblies could show interesting new properties. For
example, they might be better hosts for guest molecules, which
likewise display low symmetry. In the case of heteroleptic
assemblies, the presence of different ligands could be used to
introduce different functional groups.

Several groups have started to investigate such low-symmetry
Pd assemblies. Two synthetic strategies have been explored in
this context: a) the utilization of ligands with reduced symmetry
(e.g. lack of C, symmetry),[1848-51 and b) the controlled formation
of heteroleptic assemblies using two different ligands.?5% The
latter strategy has resulted in the discovery of several mixed-
ligand assemblies of the general formula [PdnLxL'yJ?™ (X +y = 2n).
Most of these heteroleptic assemblies contain two Pd?* ions,56-62
and there are only few examples of structurally defined mixed-
ligand assemblies with n > 2.3671 We have recently reported a
[PdeLeL's]*?** complex, which was identified in a competition
experiment using a set of six different dipyridyl ligands.®! The
hexanuclear complex was found to display high thermodynamic
stability, outcompeting several homoleptic complexes. Intrigued
by this finding, we have embarked in a more systematic
investigation of heteroleptic [PdnLxL'y]>™ complexes. While
investigating other L/L' ligand combinations, we found that a
mixture of the di-3-pyridyl ligand L1, the di-4-pyridyl ligand L2, and
[PA(CH3CN)4](BF4), in acetonitrile gave rise to a defined
tetranuclear cage complex of the formula [Pda(L1)a(L2)4®*
(Scheme 2). The new assembly was characterized by NMR
spectroscopy, high-resolution mass spectrometry (HRMS), and
single crystal X-ray diffraction (for details, see Supporting
Information, Sl).
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Scheme 2. Synthesis of the heteroleptic cage [Pda(L1)4(L2)s]®*. The structure
of the product is based on a crystallographic analysis.

The Pd?* ions in [Pda(L1)4(L2)4]®* are positioned at the vertices
of a distorted tetrahedron, with four long (Pd---Pd = 1.3 nm) and
two short edges (Pd:--Pd = 0.84 nm). The structure can be
deconstructed into two macrocyclic [Pd2(L1),]** fragments, which
are connected by four ligands L2. To the best of our knowledge,
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this structural motif has not been reported before for heteroleptic
[PdnLxL'y)?™ complexes.

The synthesis of [Pds(L1)4(L2)4]®* was performed at elevated
temperature (70 °C) for a prolonged period of time (overnight).
Therefore, we assumed that the complex was formed under
thermodynamic control. To corroborate this hypothesis, we
equilibrated a mixture of the corresponding homoleptic complexes
[Pda(L1)4]* (6 eq) and [Pdiz(L2)24]*** (1 eq) in CD3CN at 70 °C
(Scheme 3a). Analysis of the mixture by 'H NMR spectroscopy
revealed formation of the heteroleptic cage [Pda(L1)4(L2)4]%*.
However, due to the kinetic inertness of [Pdi(L2)24]%**,[%8 the
rearrangement was very slow, and small amounts of the
homoleptic cages could still be observed after 70 days (Sl,
Figure S35). A significantly faster rearrangement was observed
when ligand L2 (4 eq) was added to a solution of [Pda(L1)4**
(1 eq) (Scheme 3b). Within 4 h (70 °C), a complete transformation
of [Pd(L1)4]* into the heteroleptic cage [Pda(L1)4(L2)4]%" was
observed (for details, see S, Figure S36).15% Taken together, the
results are strong evidence that [Pd4(L1)4(L2)4]%" is formed under
thermodynamic control.
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Scheme 3. Formation of [Pda(L1)a(L2)s]®* by ligand exchange reactions (a and
b), and narcissistic self-sorting with the ligand combination L3/L2 (c).

The preferential formation of the heteroleptic cage
[Pda(L1)4(L2)4]® over the homoleptic cages [Pdx(L1)4** and
[Pd12(L2)24]?* is likely related to the enthalpy of the system,
because there is no strong bias from a translational entropy point-
of-view (see equation in Scheme 3a). Further information was
obtained by an experiment using ligand L3 instead of L1
(Scheme 3). L3 represents a structural analogue of L1. Similar to
L1, it forms a dinuclear cage when combined with Pd?*.[’l
Interestingly, the reaction between equimolar amounts of L3, L2,
and [Pd(CH3CN)4](BF4). resulted in complete narcissistic self-
sorting (Scheme 3c & SI, Figure S39), as opposed to the
integrative self-sorting observed for the ligand combination L1/L2
(Scheme 2).54%571.721 We have modelled the structure of the
hypothetical heteroleptic cage [Pd4(L2)4(L3)4]** computationally,
and we were not able to detect any particular strain in the system
(SI, Figure S46a). Therefore, we suspected that the different



outcome of reactions with the ligand combinations L1/L2 vs.
L3/L2 was related to the relative stability of the homoleptic
complexes [Pda(L1)4]* and [Pda(L3)4]*.

The solid state structure of [Pdy(L1)4]*" had not been reported
before. A crystallographic analysis of a related complex with four
methoxy substituents had been described by the Johnson group,
but the quality of the data was poor. Therefore, we have examined
the structure of [Pd,(L1)4](NOs), by single crystal X-ray diffraction
(the NOs~ counter ion facilitated crystallization). A graphic
representation of the cationic cage is depicted in Figure 1. The
two Pd?* ions display a square planar coordination environment
with an eclipsed arrangement of the N-donor atoms. The distance
between the Pd?* ions is 0.74 nm. This value is significantly
shorter than the 0.84 nm observed for the [Pd,(L1).]** fragments
in [Pda(L1)4(L2)4]" (Scheme 1). It is also noteworthy that the
planes defined by the square planar Pd(py)s groups in
[Pd4(L1)4(L2)4]3* are inclined by 22 ° (SI, Figure S45), in contrast
to the co-planar arrangement of the Pd(py)4 groups in [Pda(L1)4]**.
The more compact geometry of [Pd,(L1)4]** points to an intrinsic
strain (intra-ligand and/or charge-charge repulsion) for this

homoleptic cage.

Figure 1. Molecular structure of the homoleptic cage [Pd2(L1)4]* in the crystal
with view from the side (a) and along the Pd---Pd axis (b).

[Pdp(L1)4*

a) CD4CN
70°C " "
[Pda(L1),]** + Pd®* e [Pda(L1),1* + [Pda(L1)s]
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70 °C - A
[Pda(L3),1*" + Pd?* —d> [Pda(L3)4]*" + [Pdy(L3)3]
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Scheme 4. The addition of [Pd(CHsCN)4](BFa)2 (2 eq) to [Pd2(L1)s]** leads to
complete rearrangement to the bowl-shaped complex [Pd2(L1)s]** (a). For
[Pd2(L3)4]**, only a small amount of rearranged complex is observed (b).

Additional evidence for strain in [Pd2(L1)4]** was obtained by
solution-based experiments (Scheme 4). When
[PA(CH3CN)4](BF4)2 (2 eq) was added to a solution of [Pda(L1)4]**
(3 eq) in CD3sCN, a quantitative rearrangement into the bowl-
shaped complex [Pd2(L1)3]** was observed by NMR spectroscopy
(the fourth coordination site at Pd is probably occupied by
acetonitrile).[’®7 This result indicates that ligand displacement in
[Pda(L1)4]* is facile. In contrast, when a similar experiment was
performed with [Pda(L3)4]**, only partial rearrangement was
observed, and the dominant Pd species in solution was still
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[Pd2(L3)4]** (Scheme 4b). The reduced strain in [Pda(L3)4]*,
when compared to [Pd»(L1)4]**, could be due to the increased
flexibility of the longer ligand L3. Furthermore, the alkynyl spacers
abolish unfavorable steric interactions between the pyridyl rings
and the central phenylene spacer. Overall, the results suggest
that L1 is predisposed to form heteroleptic complexes, because
the homoleptic complex [Pd2(L1)4** suffers from intrinsic strain.
Therefore, we have examined reactions of Pd?* with L1 and other
dipyridyl ligands.

First, we have investigated a reaction using L4 (Scheme 5).
Similar to L2, the coordinate vectors of L4 form an angle of 120 °.
Equilibration of a mixture of L1 (1eq), L4 (1eq), and
[PA(CH3CN)4](BF4)2 (1 eq) in CDsCN resulted in the clean
formation of the heteroleptic cage [Pd(L1)4(L4)4]?*, as evidenced
by NMR spectroscopy and HRMS. Single crystals were obtained
by vapor diffusion of 2-isopropoxypropane into a CH3zCN solution
of the cage, and a crystallographic analysis was performed. The
results showed that the structure of [Pd4(L1)4(L4)4]®* is similar to
what was observed for [Pda(L1)4(L2)4]®*: two macrocyclic
[Pd2(L1),]* fragments are bridged by four ligands L4 (Scheme 5).
Due to the increased length of L4, when compared to L2, the
tetrahedral arrangement of the Pd?* ions is even more distorted,
with long Pd---Pd distances of 1.6 nm, and short Pd---Pd
distances of 0.84 nm.

a=120°
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Scheme 5. Synthesis of the heteroleptic cage [Pda(L1)a(L4)4]®*. The structure
of the product is based on a crystallographic analysis.

Next, we have examined reactions with the thiophenyl-bridged
ligand L5 (Scheme 6). This ligand displays a bent angle of
o = 149 °.?1 Heating a mixture of L1 (1 eq), L5 (1 eq), and
[PA(CH3CN)4](BF4)2 (1 eq) in CDsCN to 70 °C for 7 days gave
again a defined assembly, as evidenced by 'H and DOSY NMR
spectroscopy (Sl, Figure S23-S26). However, the HRMS data
suggested that a hexanuclar instead of a tetranuclear complex



had formed (SI, Figure S27). The molecular structure of
[Pds(L1)s(L5)]*** was established by single crystal X-ray
diffraction (Scheme 6). The six Pd?* ions are positioned at the
vertices of a trigonal prism.%! The edges of the two triangular
faces of the prism are occupied by L5, whereas the height of the
prism is determined by L1. As for the tetranuclear cages, one can
observe the presence of macrocyclic [Pdx(L1).]* fragments. The
average Pd---Pd distance in these macrocycles is 0.81 nm. This
value is slightly shorter than what was found for the tetranuclear
cages [Pds(L1)4(L2)4]®* and [Pda(L1)4(L4)4]%*, but still larger than
what was observed for the homoleptic complex [Pda(L1)4]**.

o=149°
‘ N ‘ X + 1 N I\ S
S
N/ = N — \ /N
\ L1 (1 eq) L5 (1 eq) J
[PA(CH3CN)41(BF4), | CD3CN
(1eq) 70 °C

Scheme 6. Synthesis of the heteroleptic cage [Pds(L1)s(L5)s]*?*. The structure
of the product is based on a crystallographic analysis (view from the side and
from the top).

The result obtained with L5 suggested that the ligand bent
angle can have a profound influence on the outcome of the self-
assembly process. Therefore, we subsequently investigated a
reaction involving the linear dipyridyl ligand L6 (Scheme 7).
Analysis of the equilibrated reaction mixture by *H and DOSY
NMR spectroscopy revealed the formation of a new assembly (SlI,
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Figure S28-30). The dominant peaks in the HRMS spectrum of
the reaction mixture could be attributed to an octanuclear complex
of the formula [{Pds(L1)s(L6)g}(BF4)n]*6-"* (Figure 2a). Attempts
to characterize this complex by single crystal X-ray diffraction
were unfortunately not successful. We were able to obtain single
crystals, but the diffraction data was always poor. In analogy to
what was observed for the heteroleptic complexes described
above, we assume that [Pds(L1)s(L6)s]*6* is composed of
[Pd2(L1),]* macrocycles, which are bridged by L6. This
connectivity would result in the formation of a tetragonal prismatic
structure, and a molecular model (MMFF) of this structure is
depicted in Figure 2b.

o=180"°
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Scheme 7. Synthesis of the heteroleptic cage [Pds(L1)s(L6)s]*¢*.
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Figure 2. HRMS of [{Pds(L1)s(L6)s}(BFa)]*®¥* (a), and molecular model
(MMFF) of the proposed structure (b).

The incorporation of alkynyl spacers into linear dipyridy! ligands
renders them more flexible, and bent angles well below 180 ° can
be attained.l” To examine the effect of increased ligand flexibility,
we have investigated the reaction between L1,
[PA(CH3CN)4](BF4)2, and the extended dipyridyl ligand L7



(Scheme 8). In contrast to what was observed for reactions with
the ligand combinations L1/L2, L1/L4, L1/L5, and L1/L6, the
mixture of L1 and L7 did not result in the formation of a defined
product. Instead, two sets of ligand signals were observed in the
'H NMR spectrum (ratio: 4 : 3, S, Figure S32), and the DOSY
NMR spectrum indicated that two assemblies with distinct sizes
had formed (SI, Figure S33). An explanation for the NMR data
was obtained by a HRMS analysis. The mass spectrum showed
peaks corresponding to a hexanuclear and an octanuclear
complex (SI, Figure S34). In light of the previous results, we
assume that these assemblies have a trigonal and a tetragonal
prismatic structure (Scheme 8). The relative ratio between
[Pds(L1)s(L7)6]*?* and [Pds(L1)s(L7)s]*®* could be influenced by
the concentration of the building blocks. When the reaction was
performed under dilute concentrations ([Pd] = 0.9 mM), the
hexanuclear complex [Pde(L1)e(L7)e]** was the dominating
product, and only small peaks for [Pdg(L1)s(L7)s]'®* could be
observed in the *H NMR spectrum (SI, Figure S42).
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[Pdg(L1)s(L7)6]"?* [Pdg(L1)(L7)g]"6*

Scheme 8. The combination of L1, L7, and [Pd(CH3CN).](BFa)2 results in the
formation of a mixture of the heteroleptic complexes [Pdes(L1)s(L7)6]*?* and
[Pds(L1)s(L7)s] 6.

The results described above are evidence that ligand L1 is
prone to form heteroleptic assemblies. A common structural
pattern is the presence of macrocyclic [Pd,(L1),]** fragments,
which are bridged by different ditopic pyridyl ligands. To further
test the robustness of this structural motif, we have examined a
ligand exchange reaction (Scheme 9). A solution of the
tetranuclear cage [Pds(L1)s(L4)4]®" in CD3CN was prepared as
described above. Subsequently, 4 equivalents of L2 were added.
Ligand L2 is more basic than L4, and thus a better N-donor
ligand. After heating the mixture at 70 °C for 12 h, we observed
the clean conversion of [Pd4(L1)4(L4)4J%* into the smaller cage
[Pda(L1)4(L2)4]®*, with concomitant liberation of L4 (Scheme 9).
We would like to add that ligand basicity seems to be the main
driving force for the conversion of [Pda(L1)4(L4)sJ%" into
[Pd4(L1)4(L2)4]®*, but other factors such as solvation or anion
effects can play a role as well.
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Scheme 9. Cage-to-cage conversion by ligand exchange.

Finally, we were interested if the preferential formation of
heteroleptic complexes would be affected by the donor strength
of the key building block L1. Therefore, we have examined
reactions with ligand L8, featuring two electron-donating methoxy
groups in para position to the N-donor atoms. Equilibration (70 °C,
12 h) of a mixture of L2, L8, and [Pd(CH3CN)4](BF4). led to the
clean formation of the heteroleptic cage [Pdi(L2)4(L8)4%*. A
crystallographic analysis showed that the solid state structure of
[Pda(L2)4(L8)4J% is very similar to that of [Pds(L1)s(L2)4]%*, with
Pd---Pd distances of 1.3 and 0.81 nm (Scheme 10). Apparently,
the formation of heteroleptic cages by integrative self-sorting is
not influenced substantially by ligand basicity, at least in this
particular case.

a=120°
+ ‘ X ‘ X
N~ _N
L8 (1eq) L2 (1eq)
[Pd(CH3CN)4](BF4), | CD3CN

(1 eq) 70 °C

[Pda(L2)4(L8)I%

Scheme 10. Synthesis of the heteroleptic cage [Pda(L2)4(L8)4]®*. The structure
of the product is based on a crystallographic analysis.

Conclusion

The design of structurally defined [PdnLsL'"]?"* complexes is a
challenging task, and only few examples have been reported to
date.56-671 A key difficulty is the identification of a ligand
combination L/L', which favors the formation of a particular
heteroleptic complex over homoleptic complexes and alternative
mixed-ligand assemblies. Herein, we have described an entire
new class of [PdnLaL'n]>™ complexes, with different sizes and
geometries. The common feature of these complexes is the
presence of the dipyridyl ligand L1, which shows a high propensity



to form heteroleptic complexes containing macrocyclic
[Pdx(L1),]* fragments. By variation of the bent angle o of the
second ligand L', we were able to increase the nuclearity n of the
assembly from 4 to 8. The tetranuclear complex [Pds(L1)4(L4)4]?*
can undergo a ligand exchange reaction without alteration of the
main geometry, underlining the resilience of this structural motif.
Control experiments and structural data suggest that the
preferential formation of heteroleptic [Pdn(L1)nL's]?™ complexes is
enabled by the intrinsic strain of the homoleptic complex
[Pdx(L1)4]*. Overall, our represent an important advance in
establishing the design rules for mixed-ligand assemblies, a field
which is still in its infancy.
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Heteroleptic Pd cages containing two types of dipyridyl ligands are described. The common feature of these complexes is the
presence of two 1,3-di(pyridin-3-yl)benzene ligands (depicted in gray). By variation of the ligand bent angle a of the second ligand,

we were able to able to increase the nuclearity of the assembly from 4 to 8.
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