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A Combined Experimental and Computational Exploration
of Heteroleptic cis-Pd,L,L’, Coordination Cages through

Geometric Complementarity

Andrew Tarzia,** Wentao Shan,” Victor Posligua,™ Cameron J. T. Cox,' Louise Male,"
Benjamin D. Egleston,” Rebecca L. Greenaway,” Kim E. Jelfs,” and James E. M. Lewis*

Heteroleptic (mixed-ligand) coordination cages are of interest
as host systems with more structurally and functionally complex
cavities than homoleptic architectures. The design of hetero-
leptic cages, however, is far from trivial. In this work, we
experimentally probed the self-assembly of Pd(ll) ions with
binary ligand combinations in a combinatorial fashion to search
for new cis-Pd,L,L’, heteroleptic cages. A hierarchy of computa-
tional analyses was then applied to these systems with the aim
of elucidating key factors for rationalising self-assembly out-

Metal-organic, or coordination, cages (MOCs)" are generally
prepared from single metal ions/nodes and single, high-
symmetry ligands. This simple recipe has yielded cages of
varying size, nuclearity and geometry, and their use in
catalysis,? stabilisation of reactive species,” molecular
separations® and encapsulation of anions® and pollutants,®
amongst others. More structurally sophisticated, reduced
symmetry architectures,”” however, offer the potential for
precision engineering of MOC hosts.®! As such, there has been
increasing interest in targeting low-symmetry MOCs.
M,L,type cages, first reported by McMorran and Steel,!
have become one of the most popular classes of MOCs.
Strategies to prepare lower symmetry congeners of these
include assembly from reduced symmetry ligands"" and
forming heteronuclear'? and heteroleptic™ architectures.
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comes. Simple and inexpensive geometric analyses were shown
to be effective in identifying complementary ligand pairs.
Preliminary results demonstrated the viability of relatively rapid
semi-empirical calculations for predicting the topology of
thermodynamically favoured assemblies with rigid ligands,
whilst more flexible systems proved challenging. Stemming
from this, key challenges were identified for future work
developing effective computational forecasting tools for self-
assembled metallo-supramolecular systems.

Heteroleptic MOCs form when mixtures of ligands (L and L’)
preferentially self-assemble into defined mixed-ligand structures
(integrative self-sorting) rather than their homoleptic species
(narcissistic self-sorting) or a statistical mixture (Figure 1a).
Heteroleptic cages are especially attractive due to the potential
to incorporate multiple functional units using different ligand
scaffolds." Two main approaches towards heteroleptic M,L,
MOCs have been reported. Coordination-sphere engineering
(also termed side-chain directing)"™ exploits interactions be-
tween ligands to promote integrative self-assembly, e.g.
through steric repulsion,’® hydrogen-bonding"” or ancillary
coordinating groups.'® Clever and co-workers have pioneered
geometric complementarity between ligands as an alternative
strategy (Figure 1b). Two ligands, one with a convergent
coordination mode (L), the other divergent (L"), if appropriately
size-matched, can successfully assemble to give the desired

a) Narcissistic self-sorting Integrative
T ! | self-sorting
,@)9 : >>9
ML, M,L, L L M,L,L",
b) 9000,
o
+ =
o
Converging Diverging o '
ligand (L) ligand (L") cis-Malol

Figure 1. a) Ditopic ligands L (blue) and L’ (orange) can self-assemble with
narcissistic self-sorting (left), forming their respective homoleptic species, or
integrative sorting (right) to form heteroleptic structures. b) One approach
to promote integrative self-sorting is to design ligands with converging
(blue) and diverging (orange) coordination vectors that exhibit geometric
complementary to each other.
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heteroleptic cage (Pd,L,L’,)."" Further developments to this
strategy have yielded higher nuclearity systems with binary
combinations of ligands,”” and systems incorporating three®"
or even four™ different ligand frameworks.

Although the geometric approach is highly intuitive, design-
ing complementary ligand pairs remains a significant challenge.
Recently, chemists have begun exploring high-throughput
computational approaches to aid in the design of MOC
systems®? (and rationalise properties).”¥ Computational fore-
casting would reduce traditional trial-and-error strategies that
can be especially costly and time-consuming for structurally
sophisticated assemblies. For example, by mapping ligands
onto a wide range of defined topological templates (n=3-30)
and comparing their relative computed energies, Reek and co-
workers were able to accurately predict the nuclearity of large
Pd,L,, polyhedra.””’ We have previously demonstrated compu-
tationally-informed design in targeting isomers of Pd,L, MOCs
assembled from unsymmetrical ditopic ligands using low-cost
semi-empirical methods.”® We have now tried to expand this
approach to heteroleptic cage systems.

In this work, we attempt to establish a protocol using
rapidly computed data to allow efficient forecasting of integra-
tive self-assembly of ligands to form heteroleptic MOCs. To
achieve this goal, the self-assembly of binary combinations of
ditopic ligands with Pd(ll) ions was examined experimentally.
From the twelve possible ligand combinations, two pairs were
observed to cleanly form heteroleptic cis-Pd,L,L’, cages. A
hierarchy of calculations of varying computational expense
were then used to rationalise the self-assembly outcomes. While
ligand-based approaches proved effective in mirroring exper-
imental data, cage-based analyses uncovered limitations in the
modelling process of great importance for the computationally-
aided design of MOCs.

Results & Discussion
Ligand Selection and Synthesis

To dissect key factors in the design of heteroleptic metal-
organic assemblies, both positive (integrative self-assembly)
and negative (narcissistic/non-specific self-assembly) results
would be of use. Unfortunately for our purposes, negative data,
i.e. statistical self-assembly or otherwise undesirable self-sorting
outcomes, are infrequently published. Due to this paucity of
data, we sought to generate our own to fill this gap. Specifically
targeting cis-Pd,L,L’, heteroleptic cages in this work, three
diverging (1) and four converging ligands (2) were chosen that
possessed core aromatic units of different sizes and angles
between the connectivity points of the donor units, and
different accessible distances between the coordinating atoms
of the donors (Figure 2 and see conformer discussion below).
The three diverging ligands, 1°5F,27 1P"28 and 1™ have
been previously reported. Four novel converging ligands with
isoquinoline coordinating units, namely 2°%, 27, 2°" and 2™,
were prepared using standard synthetic procedures (ESI
section S2) and their identities confirmed by NMR and high-

Chem. Eur. J. 2025, 31, €202403336 (2 of 9)

0
1\
N o
1Ph 1Th

N  qDBF I.N

75 10.0 12.5
DIA]

7.5 10.0 12.5 7.5 10.0 12.5
DIA] DIA]

10.0 15.0 20.0 25.0 10.0

15.0 20.0 25.0
DIA] D[A]

Figure 2. Structures of diverging ligands 1 and converging ligands 2. Each
structure includes the distribution of N—N distances over conformers
generated (see below) within 5 kJmol™" of the lowest energy conformer. For
ligands 2, conformers closest to the “as-drawn” planar structure indicated by
red lines.

resolution electrospray ionisation mass spectrometry (HR-ESI-
MS).

Homoleptic Self-Assembly

Initially, an examination of homoleptic self-assembly was under-
taken. Diverging ligands 1°%, 1°" and 1™ have been previously
reported to self-assemble with Pd(ll) ions into a PdyL,, cube,?”
Pd,,L,, cuboctahedron® and Pdsle, icosidodecahedron®!
(with a Pd,,L,s rhombicuboctahedron®” forming as a kinetically-
trapped species), respectively.

The novel, converging ligands, 2, were each combined with
[Pd(CH;CN),I(BF,), in a 2:1 ratio in d;e-DMSO (0.04 M ligand
concentration). After equilibrating, the identities of the products
formed were probed by NMR and MS.

For 2™, formation of a quadruply-stranded [Pd,(2™),]*" cage
was concluded based on NMR (e.g. downfield shifts of the
ortho-pyridyl protons, Figure S53), diffusion-orientated spectro-
scopy (DOSY; Ry~ 12 A) and ESI-MS data (Figures $59-562). For
2P% following initial dissolution, a precipitate was observed to
form. After filtration, 'H NMR analysis of the solution revealed
the internally-directed ortho-isoquinoline proton to be shifted
significantly upfield relative to the free ligand (Figure S93),
indicative of n-stacking. The NMR data, in combination with ESI-
MS, were congruent with formation of a helical Pd,L,
assembly.B"

A broad and messy 'H NMR spectrum was observed at room
temperature from the self-assembly mixture with 27", with
DOSY suggesting formation of at least two species (R;~ 11 and
13 A). At 80°C the "H NMR spectrum sharpened dramatically to
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reveal a set of predominant signals (Figure $79). Upfield shifts
of some signals relative to the ligand (Figure S80) were
consistent with a helical Pd,L, architecture. This was supported
by ESI-MS, from which additional signals for a Pd;Ls assembly
could also be seen (Figures S85-592). Thus, a mixture of species,
including a Pd,L, cage and a Pd;L, assembly, appeared to have
formed.

In the case of 27, isotopic patterns consistent with the
formulation [Pd;(27)]°" were exclusively observed by ESI-MS
(Figures S71-576). The 'H NMR spectrum had overlapping
peaks, although DOSY suggested formation of a main species
with R=13.5 A. Upon heating the sample to 80°C, a sharpen-
ing and shift in the resonances of some signals was observed,
leading to less overlap (Figure S65), with 15 proton environ-
ments becoming apparent. It was concluded that the major
assembly was likely a trinuclear architecture with the two ends
of the ligands occupying distinct environments.®? Interestingly,
when the SCXRD structure was solved from weakly diffracting
crystals, the solid-state structure was shown to be a Pd,L,
helicate®" (Figure 3).

Heteroleptic Self-Assembly

A combinatorial approach was taken to experimentally examine
self-assembly of binary mixtures of ligands with Pd(ll). The 12
possible combinations of a 1:1:1 mixture of 1, 2 and [Pd-
(CH;CN),](BF,), were sonicated in d,-DMSO until a homogenous
solution was obtained, and subsequently heated at 50°C until
no further spectroscopic changes were observed by 'H NMR.
All combinations with 17 and 1™ only showed formation of
homoleptic assemblies (ESI section S3). The mixture of 1°%F and
™ gave three distinct species (Figures S151-5153) consisting of
the two homoleptic cages and a third assembly identified by
ESI-MS (Figure S155) as the heteroleptic [Pd,(1°%),(2™),]**
architecture. Prolonged heating (3d at 60°C) led to almost

Figure 3. SCXRD structure of the A enantiomer of [Pd,(2™),]** a) from the
side, with hydrogen atoms omitted for clarity, and space-fill models shown
b) down the Pd--Pd axis, and c) from the side.
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complete conversion to the homoleptic systems, with further
elevated temperatures (70°C) resulting in sample degradation.
Thus [Pd,(1°%),(2™),]** appeared to form as a kinetic product,
although it could not be ruled out that the difference in energy
with the homoleptic systems was very small.

The combination of 1°%F with 27/2™ gave NMR spectra
indicating clean formation of single species distinct from the
homoleptic assemblies (Figure 4a and b, respectively), with a
1:1 ratio of the two ligands. DOSY showed all ligand signals
diffused at the same rate, indicative of being part of a single
assembly (Figures S104 and S129). Through-space interactions
between the ortho-pyridyl/isoquinolyl protons of ligands 1 and
2 were observed by nuclear Overhauser effect spectroscopy
(NOESY; Figure 4c). Finally, isotopic patterns observed by ESI-MS
were consistent with the formulation {[Pd,(1°%),(2%/
2"M,1(X7),}4™* (Figures S105 and $130). All told, the spectro-
scopic data led to the conclusion that successful integrative
self-assembly had vyielded Pd,L,L’, heteroleptic assemblies.
Disappointingly, all attempts to grow X-ray quality single
crystals of the cages were unsuccessful. DFT-optimised struc-
tures (Figure 4e) of both cis-Pd,L,L’, cages revealed no extra-
ordinary distortion of the ligand frameworks or Pd(ll) coordina-
tion environment.

L_‘M_J ’ '.j L_m_zy,\

SR | VY ) N N —
9.5 9.0 8.5 8.0 7.5
8 (ppm)
c) a b d)
H
_ J,‘_AJ‘J__ 108

o
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D (m?%s)

1012

) 04

b 2 . ‘ y 1070
J 10-11
T
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Figure 4. 'H NMR spectra (500 MHz, d,-DMSO, 298 K) of a)
[Pd,(1°%7),(2P),](BF.), and b) [Pd,(1°%),(2""),(BF.).; c) partial NOESY of
[Pd,(1°5%),(2™),]1(BF,), showing interactions between ligands 1°* and 27, and
d) DOSY of [Pd,(1°%),(27),1(BF,),. €) DFT-optimised structure (PBEO/Def2-
SVP/D3BJ/PCM(DMSO)) of cis-[Pd,(1°5F),(27),]*+.
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Confirmation that the heteroleptic cages formed were
thermodynamic products was sought through a cage-to-cage
transformation experiment. ds-DMSO solutions of
[Pd¢1°% ,1(BF,),, and [Pd,27,](BF,), were combined and stood at
elevated temperatures. Although extremely slow (>3 weeks to
reach 50% conversion at 50°C), continued conversion to the
heteroleptic [Pd,1°%,27,](BF,), species was observed (Fig-
ure S136).

Having experimentally investigated the integrative self-
assembly of pairs of converging and diverging ligands, we
turned to computational analysis of these structures in the
search for underlying guidelines that might help in the future
design of heteroleptic assemblies.

Geometric Analysis of Ligand Combinations

As a simple probe of the “goodness-of-fit” between pairs of
ligands, a geometric model was initially considered. The
coordination of 1 and 2 trans to each other across Pd(ll) ions
was equated to a planar trapezoid (Figure 5). The lengths (D) of
the two parallel sides relate to the distance between coordinat-
ing atoms for the diverging ligand 1 (D4) and the converging
ligand 2 (D). Assuming a Pd—N distance of 2.02 A (mean
distance from CSD; ESI section S4), the remaining two sides
would each be equal to 4.04 A. The angles between coordinat-
ing groups (@; Figure 5) for both the converging (©.) and
diverging ligands (@) thus make up the four internal angles of
the trapezoid. With the D and © values known for one ligand, it
is possible to calculate corresponding idealised values for a
perfectly matched partner ligand.

To account for conformational flexibility, a library of 500
conformers was generated for each ligand, using the ETKDG
(version 3, srETKDGv3) algorithm® within the open-source
cheminformatics software RDKit.*¥ Geometry optimisation for
each conformer was then performed using the universal force-
field (UFF).”® After removing unsuitable conformations (see ESI
section S4 for details),*® filtered libraries of 4-34 conformers
per ligand were obtained (Table S1).

Idealised geometry:

20, + 20, = 360°

(o]
(o] R;c D, = Dy +2d
0 = Dy + 2-sin(6;-90)-4.04
0 (o]
0] [0} — 4044
o, O 0 p, b ——
(o] o g
(0] (o] (
0 (0] 0,-90
8 D Dy
: l
"/2..02 A | g

Figure 5. Cartoon representation of the coordination angles within an
idealised heteroleptic cis-Pd,L,L’, assembly.
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From these libraries, data for each of the conformers (® and
D values) was extracted. For the more rigid, diverging ligands 1,
geometry values of idealised partner ligands were calculated for
each of the conformers. These were then compared in a
combinatorial fashion against the values for the computed
conformers of ligands 2, allowing an examination of their
deviation from the ideal with respect to both the N--N distance

and angle of the coordinating groups. This yielded 12 sets of

angle deviation (a) and length deviation (/) values (Figure 6) for
the possible combinations of 1 and 2 (each with 108-544
conformer pairs). With complementary pairs of ligand con-
formers ideally having a and / values near 1, plotting this data
would allow for simple visual searches for pairs of ligands with
multiple complementary conformers (Figure 6a-c).

It was seen that the two systems that successfully under-
went integrative self-assembly (i.e. 1°%F and 27/2") clustered
close to the intercept, representative of near-ideal geometries
(Figure 6a). Conversely, those that exhibited narcissistic self-
assembly (e.g. Figure 6b and Figure S167) generally had con-

former distributions away from the ideal. The combination of

-IDBF 2DBF

and was a notable exception to this (Figure 6c).

It was then attempted to condense this data into more
readily processable information. From the density maps, the
distance from a=/=1 for each pair of conformers could be
readily calculated, providing a single value, termed the
deviation factor, g, composed of both length (/) and angle (a)
deviation components. In this manner, a set of g values was
derived for each combination of 1 and 2, from which an
average value (g,,,) was calculated (Figure 6d). Pleasingly, 1°%
paired with 2% and 2™ gave some of the lowest g,,, values
(0.35 and 0.34, respectively). Whilst most other ligand combina-

tions exhibited higher g,,, values (>0.7), the combination of

1°%F and 2™, which had formed the heteroleptic species to
some extent, also possessed a low g,,, (0.33).

1DBF_Py b) 1Ph_oPy c)
1.50 4
1.25 »

" 1.00

0.75

1 DBF_»DBF

0.751.001.251.50 0.751.001.251.50 0.751.001.251.50
a

1DBF 1Ph

e
>

|
1.19  —
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e 9o o » B
H [=)] [ee] o N
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N

0.0 20BF oPy oPh oTh HDBF Py HPh oTh HDBF HPy HPh oTh

Figure 6. Plots of angle (a) and length (/) deviations for conformer libraries of

a) 1°%F and 2%, b) 1™ and 2%, and c) 1°%F and 2°%*. Red crosses denote
average a and / values. d) Charts of average deviation values for all ligand
combinations.
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To further explore the viability of g values for identifying
promising ligand pairs, analyses of several cis-Pd,L,L’, systems
from the literature were undertaken. Pleasingly, these previ-
ously reported systems were also generally shown to give low
Javg Values (< 0.6) (ESI section S5). From this analysis g,,, tended
towards smaller values in successful heteroleptic candidates.
Given the simplicity of this metric, which does not consider
chemical or physical features of the ligands, it is unsurprising,
however, that a range of values (~0.3-0.6) were observed.

This computationally efficient screening procedure success-
fully highlighted promising candidates for heteroleptic cage
formation. Crucially, a large proportion of ligand combinations
that did not form heteroleptic assemblies (i.e. true negatives)
were identifiable and could reasonably be excluded. This low-
cost approach can be run on a common laptop based only on
UFF geometry optimisations of the ligand conformers. Con-
former generation is achieved in minutes, whilst geometric
matchings between conformers takes seconds. As such, this
screening tool is viable for high-throughput analysis of large
ligand libraries. The code for running this analysis has been
made freely available,®” only requiring ligand SMILES strings as
input.

It is noted that the idealised trapezoid geometry used in
this model is not necessarily suited to alternative heteroleptic
MOC architectures. Rather than provide a generic system for
expansive exploration of chemical space, this approach was
intended to be used for expediting the successful realisation of
targeted metal-organic systems - in this instance, cis-Pd,L,L’,
cages specifically. It is anticipated that the core concepts,
however, could be adapted to provide similar, rapid geometric
analysis for alternative system designs.

Computational Analysis of Assembly Energies

Ultimately, it would be desirable to develop a robust, high-
throughput computational workflow for rapidly assessing the
likelihood of integrative self-assembly using calculated energies
of the MOGs. The rationale is that this approach should
encapsulate more factors than simply geometric complemen-
tarity between ligands, providing a more sophisticated ap-
proach to the rapid exploration of chemical space.

By comparing computational data with the collated exper-
imental outcomes and balancing accuracy with expense, it had
been hoped to determine the cheapest computational methods

that qualitatively reproduced the experimental data, i.e.
whether ligand combinations would self-sort into homoleptic or
heteroleptic species. This approach required a comparison
between the calculated energies of these two extremes of the
self-assembly outcomes; namely, complete narcissistic self-
sorting, to give purely homoleptic species, and total integrative
self-assembly, to give the targeted heteroleptic assemblies
(Figure 1a).

As cis-Pd,L,L’, MOCs were being targeted specifically, the
heteroleptic assemblies requiring computational investigation
were straightforward to enumerate. cis- and trans-[Pd,(1),(2),]*"
cage models for all 12 heteroleptic ligand combinations were
built®® using stk® based on ligand conformers generated with
the ETKDG algorithm® in RDKit®” These were initially
optimised using UFF in the General Utility Lattice Program
(GULP),“” followed by semi-empirical GFN2-xTB*"" methods and
subsequently by DFT (PBEO/Def2-SVP/D3BJ/PCM(DMSO)).*?
From these, single-point energies (SPEs) for the minimised
structures were calculated. Importantly, if the xXTB data could be
shown to reliably replicate those of DFT methods, the
significantly cheaper semi-empirical methods could be used for
high-throughput screening.

The data was initially examined to support the conclusion
that the two experimentally successful heteroleptic
[Pd,1°%,2,1*" systems were indeed the cis isomers. Pleasingly,
although unsurprisingly, both xTB and DFT data showed a clear
preference for the cis isomers over the trans (Tables S3 and S4).

With SPEs for all 12 possible heteroleptic cages in-hand, the
more challenging problem of predicting the lowest energy
homoleptic assemblies subsequently required attention. For
previously reported ligands, whose homoleptic assemblies have
been identified, the complexity of this task is much reduced.
Thus, the SPE values (GFN2-xTB) for the xTB-optimised
structures of [Pdg(1°%)s]"2", [Pd,,(17,,*** and [Pdso(1™)30]° "
were readily computed.

To expand the chemical space being explored, however, it
was desirable to assume no a priori structural information,
allowing analysis of ligands for which experimental self-
assembly data are ambiguous or unknown. As a preliminary
exploration, geometry-optimised structures and SPEs (GFN2-
xTB) were calculated for [Pd,1°%, ]*"* assemblies of common
Pd,L,, cage topologies (n=2, 3, 4, 6, 12 and 24). Gratifyingly,
the lowest energy structure from these was identified as the
Pd¢L,, architecture that has previously been shown to form
experimentally (Figure 7).2” This approach also successfully

— 4DBF
1Ph
—qTh
0
[Pdp(175 )1 [Py(1750)gI%"  [Pdy(175)gl®  [Pdg(1757)1a]"2"  [Pdyp(1757 )04 [Py (1757451 2 3 4 6 12 24 30
+150 kd mol'"  + 45k mol!  + 8 kJ mol! 0 kJ mol! + 6 kJ mol! + 53 kJ mol! n

Figure 7. a) Geometry-optimised (GFN2-xTB) structures of [Pd,(1°%F),,]*"* cages with their relative single point energies per Pd(ll) ion, AE,. (GFN2-xTB). b) AE,,

versus topology nuclearity, n, for ligands 1.
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predicted the experimentally observed Pd,,L,, topology for 1%,
and Pd,L, for 1™, although the purported thermodynamic
Pd;oLe, product for the latter appeared less stable (Figure 7b). It
is noted that implicit solvent was required within the model to
obtain results congruent with experimental data, highlighting
the importance of identifying essential factors for useful
computational modelling whilst omitting those that increase
expense without notable benefit.

For the homoleptic assemblies of ligands 2, initial computa-
tional exploration was limited to Pd,L, structures as these
species had been detected by various techniques (MS or
SCXRD) for all four ligands, and the precise structure of possible
Pd,L, assemblies remained ambiguous. All four xTB-optimised
structures and SPEs were calculated using the approach
outlined above.

With a complete set of SPE values in-hand, hypothetical
equilibria between homoleptic and heteroleptic species were
examined:

[Pds(17%)1o] " + 3[Pd,(2),]*" = 6[Pd,(1°),(2),]"
[Pd12(17);4**" + 6[Pd,(2),]"" = 12[Pd,(17),(2),]*"

[Pd3o(1™)eo] " + 15[Pd,(2),]*" = 30[Pd,(1™),(2),]**

The sums of SPEs (X) were used to calculate the difference
in energies (AE=ZXmo-Zhetero) Detween the homoleptic and
heteroleptic systems, according to the balanced equations:

Shomo = [Py (1)1 + 2 [Pdy(2),]*"
2hetero = n[Pd2(1)2(2)2]4+

For comparing values, these were then divided by n to give
the energy difference per mole of heteroleptic cage, AE..
Positive values of AE,. would thus indicate the heteroleptic
assembly was energetically favourable compared to the homo-
leptic species.

While the resultant energy balances (Table 1) broadly
coincided with the experimental data, there were some
noticeable discrepancies.  cis-[Pd,(1°%%),(2°%),]*" and cis-
[Pd,(17),(2°%),]*" had the most positive AF,, values, suggest-
ing the heteroleptic cages should be favoured, in contrast to
the narcissistic self-sorting experimentally observed. The for-
mation of cis-[Pd,(1°%),(27),]** was ostensibly favoured, but to

Table 1. AFy, values for [Pd,(1),]1"" + 3Pd,(2)1'" = nIPdy(1),(2),I'"
equilibria from GFN2-xTB calculated SPEs and geometry-optimised struc-
tures.

108F 1% 1m
2P8F 26 3 —-16
2™ 2.0 -15 —178
2 —0.05 —28 —53
2™ —6.7 —-33 —54

a small degree (2 kimol™), while a very small, negative AE..
value (—0.05 kJmol™") was obtained for cis-[Pd,(1°%%),(2°"),]**;
these values are within the margin of error of the method.

To investigate whether a higher level of theory for the
geometry optimisations and SPE calculations would generate
results more congruent with experiment, two heteroleptic
systems were chosen for more expensive computational
studies: cis-[Pd,(1°5F),(2™),1*" and cis-[Pd,(1°%F),(2™),]**. These
were chosen as 2™ had unambiguously shown formation of a

Pd,L, homoleptic cage in solution, and the SCXRD structure of

Pd,(2™), had been obtained, simplifying the homoleptic species
to be modelled.

The xTB-optimised structures for the three homoleptic
cages with 1°%F, 27 and 2™ were both re-optimised and their
SPEs calculated at the DFT level of theory (PBEO/Def2-SVP/D3BJ/
PCM(DMSOQ)). Disappointingly, these new computed data
suggested the homoleptic systems would be favoured in both
instances by more than 50 kJmol™" (Table 2 and Table S5),
contrary to the experimental outcomes.

With the level of molecular complexity of MOCs there is no
single ‘gold-standard’ against which calculations for these
systems can be compared. Consequently, it seemed prudent to
investigate different DFT methods (with both geometry
optimisation and SPEs). PBEO, B3LYP, B97D3, and HSE methods
were all used to probe the equilibrium between homoleptic
and heteroleptic species with the assemblies of 1°%% and 27.

PBEO, B3LYP and B97D3 showed qualitatively the same story
- the homoleptic systems were favoured in all cases (Table 2).

This remained true when using the SCXRD structure of

[Pd,(2™),]*" as the starting geometry for the DFT-optimised
structure; indeed, this was universally ~20 kJmol™' more stable
than the stk-generated structure.

HSE-level SPE calculations using PBEQ-optimised structures
as input suggested the heteroleptic cage should be favoured
(AE=12.1kJmol™"), consistent with experimental results.
Conversely, using HSE-optimised structures led to a negligible
difference in the SPEs of the homo- and heteroleptic systems
(AE,=0.4kJmol™). Once again, using the SCXRD of the
homoleptic [Pd,(2™),]*" as initial input before geometry

Table 2. AE,, values for [Pds(1°%),,]”" + 3[Pd,2™) 't =
6[Pd,(1°5F),(27),1*" equilibrium.

Computational method AE; ¢ (k) mol™)

Geometry SPE

GFN2-xTB GFN2-xTB 2.0 —
GFN2-xTB PBEO —58.0 (—75.3)®
PBEO PBEO —58.0 (=753
PBEO B3LYP —68.5 (—88.0)"
B3LYP B3LYP —69.0 (—87.7)™
PBEO B97D3 —68.6 (—86.2)"
B97D3 B97D3 —68.7 (—85.4)®
PBEO HSE 12.1 (22.3)™
HSE HSE 0.4 (=7.5)®
[a] Not calculated. [b] SCXRD structure used for geometry of [Pd,(27),1*".
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optimisation caused the SPE calculations to indicate the
homoleptic species were thermodynamically favoured (AE, .=
—7.5 kJmol™), albeit by a small amount (Table 2).

With a view to establishing high-throughput computations,
static models of the cages had been used. A downside of this
approach is that it effectively ignores entropic contributions
and is rather an analysis of the enthalpy of the systems. As
such, when entropic considerations dominate the self-assembly
process,***¥ this approach may not be appropriate. It became
clear that fundamental components of the models necessary for
qualitative reproduction of experimental results were being
overlooked. It is anticipated that interactions with solvent and
counterions, and conformational flexibility, also play significant
roles. The precise manner of these, and their relative impact on
individual systems, however, remains unknown. Without a clear
indication of how such additional interactions might be reliably
incorporated into the models at this stage, further studies were
abandoned.

Conclusions

Attempting to derive a high-throughput computational work-
flow to expedite the discovery of cis-Pd,L,L’, heteroleptic MOCs,
a combined experimental and computational study was under-
taken. Based on the well-known geometric complementarity
approach, two sets of ligands (with converging and diverging
coordination vectors) were examined in a combinatorial fashion
for integrative self-assembly with Pd(ll). Computational model-
ling, in the form of relatively simple geometric analyses, as well
as more expensive geometry-optimisations and single-point
energy calculations, were performed to post-rationalise the
experimental results.

Geometric analysis of ligand libraries was successful in
rapidly identifying pairs of complementary ligands for integra-
tive self-assembly, demonstrating the viability of this simple
approach. For ligands 1, with limited conformational freedom,
relatively inexpensive xTB calculations were also able to mirror
experimental results in identifying products of self-assembly.
Extending this approach to more flexible ligands, however,
presented significant challenges in predicting the topology of
the thermodynamically most stable assemblies. The use of
‘static’ approximations of dynamic structures® and single-
molecule models (i.e. without explicit anions/solvent) likely
contributed to the lack of success in using computed energy
balances to predict self-assembly outcomes.

The need to synthesise ligands and experimentally examine
their self-assembly would obviously negate the purpose of
computationally-informed design. Additionally, in instances
where the topography of the thermodynamic landscape is
more complex than can be approximated to an individual
assembly (as with 27, or the precise nature of the structure(s)
formed is ambiguous (as with [Pd;(27),]°"), experimental data
might be of limited use.

The overarching conclusion from this work is that many
factors that are often omitted for the sake of computational
simplicity may hold the key to successfully modelling the

Chem. Eur. J. 2025, 31, €202403336 (7 of 9)

thermodynamics of self-assembly. Elucidating what these are
and how they can be effectively incorporated into modelling
studies will be paramount to useful in silico exploration of
chemical space in the future.
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