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A pair of conjoined trinuclear sub-frameworks in a
pentanuclear double-cavity discrete coordination cage

In line with our “Tryst with MCDCC” (Multi-cavity Discrete
Coordination Cages), we reveal here an architectural adventure
undertaken at molecular level via integrative self-sorting of
Pd() and designer organic ligands. Ever since we introduced
a pair of conjoined dinuclear sub-frameworks in the form of

a Pd.L, type trinuclear double-cavity Pd(i-based cage, we
had a dream of conjoining a pair of trinuclear sub-frameworks
too. A decade past the Pd,L,, enters the awaited Pd.L,L, type
pentanuclear double-cavity Pd(i)-based cage; also, the lower
symmetry version of the mixed ligated cage.
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Combination of Pd(i) with selected bis-monodentate ligands produces the familiar multinuclear Pd,,,L,., type
self-assembled “single-cavity discrete coordination cages” (SCDCC). If the ligand provides parallel coordination
vectors, then it forms a binuclear Pd,L,4 type cage, whereas utilization of ligands having appropriately divergent
coordination vectors results in specific higher nuclear complexes. In contrast, preparation of emergent "multi-
cavity discrete coordination cages” (MCDCC) using Pd(i) and designer ligands is quite captivating where the
neighboring cavities of the framework are conjoined with each other through a common metal center. A
pair of conjoined binuclear Pd,L, type sub-frameworks are present in a trinuclear PdsL,4 type double-cavity
cage prepared from Pd(i) and a tris-monodentate ligand having parallel coordination vectors. The present
work envisioned a design to make double-cavity coordination cages having a pair of conjoined trinuclear
PdsLe type sub-frameworks. To fulfill the objective we combined Pd(i) with a mixture of designer bis-
monodentate ligand (L) and tris-monodentate ligand (L') in a 5:4: 4 ratio in one pot to afford the targeted
pentanuclear Pds L4Ll1 type cage. The choice of bis-monodentate ligand L is based on the divergent nature

R 4 15th Feb 2024 of the coordination vectors suitable to produce a PdsLe type SCDCC. The tris-monodentate ligand L' having
eceive th February . ) .
Accepted 11th June 2024 two arms is designed in such a manner that each of the arms reasonably resembles L. Study of the

complexation behavior of Pd(1) with L provided additional guiding factors essential for the successful
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1 Introduction

Building of coordination architectures by a metal-driven self-
assembly route using the participants from a library of metal
and ligand components has strategic importance in supramo-
lecular chemistry."® Combination of Pd(u) with one type of
symmetrical bis-monodentate ligand to prepare “single-cavity
discrete coordination cages” (SCDCC) of Pd,,L,,, formulations
is well known.'** Fig. 1A and B depict binuclear Pd,L, and
trinuclear Pd;L¢ type cages (simplest but most studied Pd,, L, ,,)-
Diverging coordination vectors and appropriate bend angles of
the ligands are important parameters that decide the nuclearity
of the ensuing cages. Preparation of Pd(u)-based low-symmetry
SCDCC has been achieved by either mixing of Pd(u) with
a designer unsymmetrical ligand**'*>* to afford orientational
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making of Pds L4L:1 type MCDCC by integrative self-sorting. A few other MCDCC including lower symmetry
versions were also prepared in the course of the work.

selectivity of ligand components, or mixing of Pd(u) with more
than one type of ligand'**** targeting mixed ligated integrative
self-sorting.

Making the rare “multi-cavity discrete coordination cages”
(MCDCC) is quite captivating because multiple but defined
number of cavities are present in their architectures.'**”-*° This
is in contrast to the single-cavity and infinite cavities of the
prevalent SCDCC and “metal organic frameworks” (MOF),
respectively.>**** We introduced® a double-cavity trinuclear
Pd;L, type MCDCC (Fig. 1C(i)); such conjoined cages of Pd;L,
type have received considerable attention'*>=* recently. In the
framework of a Pd;L, type cage there are two units of Pd,L, type
sub-framework that are apparently conjoined with each other
using a common square planar coordination environment of
a Pd(u) centre. Low-symmetry Pd;L, cages possessing two
unequal sized Pd,L, sub-frameworks have been reported**** as
shown in Fig. 1D(i). Another class of double-cavity tetranuclear
conjoined cage where a Pd,L, type sub-framework is conjoined
with a Pd;L¢ type sub-framework (see Fig. 1E) has been re-
ported*® by us that is a sole example of its own type.

In the present work we have successfully lowered the
symmetry of the above mentioned tetranuclear MCDCC
(compare Fig. 1E with G). However, the major disclosure of this
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Fig. 1 Cartoon representation depicting Pd(i)-based (A) and (B) single-cavity bi-/trinuclear regular cages, and (C)-(H) double-cavity tri-/tetra-/
pentanuclear conjoined cages (the constituent ligands are also shown). The depicted conjoined cages have characteristic metal sharing where
apparent conjoining of (C) a "binuclear” with a "binuclear” of equal size, (D) a “binuclear” with a “binuclear” of unequal size, (E)/(G) a "binuclear”
with a “trinuclear”, and (F)/(H) a "trinuclear” with a “trinuclear” are presented.

work is the achievement of an entirely new design that is
a double-cavity pentanuclear conjoined cage where a triangular
Pd;L type sub-framework is conjoined with another Pd;Le type
sub-framework as shown in Fig. 1F; further, the symmetry of the
pentanuclear cage could be lowered as shown in Fig. 1H. One-pot
complexation of Pd(u) with a bis-monodentate ligand and a tris-
monodentate ligand in a 5:4:4 ratio is required for achieving
the targeted pentanuclear complexes. A thorough analysis of the
results obtained provides us with necessary guidelines for the
making of double-cavity pentanuclear MCDCC.

2 Results and discussion
Design of the double-cavity pentanuclear conjoined cage

Making of the double-triangle type pentanuclear conjoined
cages, depicted in Fig. 1F and H, via complexation of Pd(u) with
tailored ligands is the primary objective of this work. Designing

1288 | Chem. Sci,, 2024, 15, 11287-11301

aspects of ligands to achieve the targeted cages is described
hereafter. Complexation of Pd(u) with a bis-monodentate ligand
such as L (or LY) having appropriate divergence of the coordi-
nation vector, hence suitable bend angle, would form the well-
known Pd;Lg type trinuclear framework, ie. [Pd3(L)s]®" (or
[Pd,(L%)6]°"), shown in Fig. 1B.* It should be possible to prepare
triss-monodentate ligands such as L° and L by taking inspi-
ration from L¢ and LY type ligands (see Fig. 1C(ii) for L°).
Combination of Pd(u) with L° would not result in a discrete
structure keeping the Pd;Le type sub-framework intact. Thus, it
might form a strained coordination cage like [Pd;(L),]%"
(Fig. 1C(ii)) and/or oligomerized complexes unless the ligand
finds way to form an alternate but sufficiently stable cage
framework; the same comments apply for complexation of Pd(u)
with L%,

We asked ourselves whether or not a one-pot mixture of
Pd(n), L and L would result in integrative self-sorting. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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answer being: in order to avoid the imposition of strain/
oligomerization mentioned above, narcissistic (or statistical)
self-sorting would not occur, hence giving way to integrative
self-sorting from a mixture of Pd(u), L and L* in a 5:4: 4 ratio
to afford a double-cavity conjoined cage like [Pds(L€)4(L),]""*
(Fig. 1F). Symmetry of this pentanuclear complex can be low-
ered locally at the trinuclear moieties by mixing Pd(u), L and
L to prepare a conjoined cage, i.e. [Pds(LY)4(L),]**" (Fig. 1H),
on the condition that the ligands L and L are of comparable
lengths or averaged non-bonded distances between Pd(u)
centres in [Pd;(L%)s]°" are comparable with that of [Pd;(LY)s]*".
Similarly, cages like [Pds(LY),(L),]**" and [Pd,(L),(L),]*"
are conceivable. However, the process of integrative self-sorting
might get inhibited and hence narcissistic/statistical self-
sorting might partially or completely take over if the ligand
L or L% finds alternate stable architectures without involving
the ancillary ligand L¢ or LY.

The designs shown in Fig. 1F and H are practically realised in
the present work with logical ligand designs where the orthog-
onal isomer-II is formed in preference to the planar isomer-I.
Detailed investigation of the ligand systems of this work assis-
ted in the mapping of Pd(u)-coordination behaviour of indi-
vidual ligands (L and L%) with the prospect of their
participation in narcissistic or integrative self-sorting in the
presence of an ancillary ligand like L° or L. In the course of our
research work, all cage varieties shown in Fig. 1 (except 14, 1C(i)
and 1D(i)) were prepared.

Synthesis of ligands L1 to L6

For a systematic study, we have prepared a series of pyridine-
appended semi-flexible/-rigid organic ligands (L1-L6) as
shown in Fig. 2. This series includes symmetrical bis-
monodentate ligands (L1 and L2), unsymmetrical tris-
monodentate ligands (L3 and L4), and symmetrical tris-
monodentate ligands (L5 and L6). The conformations of

L1

View Article Online
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ligands shown in Fig. 2 are selected on the basis of their
probable conformation in the targeted complexes (as learned
during the course of the work); some of the related conformers
of L1, L2, L5 and L6 are shown in ESI Fig. S1 and S2.}

The ligands L1 and L2 were synthesized, by slight modifi-
cation of known procedures,*** in one-step condensation
reactions of two equivalents of nicotinic acid with one equiva-
lent of 1,4-dihydroxybenzene and 1,5-dihydroxynaphthalene,
respectively (ESI Schemes S1 and S27). Synthesis of the ligands
L3-L6 required esterification reactions using four possible
combinations comprising of one of the mono-/dicarboxylic acid
precursors (from (i) pyridine-3,5-dicarboxylic acid and (ii) 5-
((pyridin-3-ylmethoxy)carbonyl)nicotinic acid, A) and one of the
monohydroxy precursors (from (i) 4-hydroxyphenyl nicotinate,
B, and (ii) 5-hydroxynapthalene-1-yl nicotinate, C). The
precursor A was prepared following a method established in our
laboratory*® whereas B and C were prepared by condensation of
nicotinic acid with three equivalents of 1,4-dihydroxybenzene
and 1,5-dihydroxynapthalene, respectively (ESI Schemes S3 and
S4t). Then, the ligands L3 and L4 were synthesized in one-step
condensation reactions of the monocarboxylic acid A with
monohydroxy compounds B and C, respectively (ESI Schemes
S5 and S67). The ligands L5 and L6 were obtained in one-step
condensation reactions of pyridine-3,5-dicarboxylic acid with
B and C, respectively (ESI Schemes S7 and S8%). All the ligands
except L5 are soluble in DMSO/DMSO-d; ligand L5 is sparingly
soluble in CHCI;/CDCl;. The precursors B and C and all the
ligands were characterized by ESI-MS and various NMR tech-
niques including 'H, *C (not for L5), H-H COSY, C-H COSY
(not for L5) and H-H NOESY (not for L1 and L2) (ESI Fig. S3-
S46t). The ligands L1 and L2 are known**** whereas the ligands
L3-L6 are new. However, L1 has not been used for complexation
with any metal ions but it is ribosylated at pyridine nitrogen
positions to prepare compounds of pharmaceutical values.*
The ligand L2 binds as a guest in the cleft of a specific bis-zinc
porphyrin host.*

Fig. 2 Chemical structures of the symmetrical bis-monodentate (L1, L2), unsymmetrical tris-monodentate (L3, L4) and symmetrical tris-

monodentate (L5, L6) ligands.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Complexation of Pd(u) separately with bis-monodentate
ligands L1 and L2

Complexation of Pd(NO;), with the ligand L1 in a 1:2 ratio
(Scheme 1(i), ESI Scheme S9t) was performed in DMSO-dy at
room temperature (27 °C) keeping 10 mM as the concentration
with respect to Pd(u). Spontaneous formation (within 5 min) of
a single discrete product was confirmed by monitoring the
reaction mixture using "H NMR spectroscopy. The spectrum
(Fig. 3(ii)) showed a single set of downfield-shifted sharp signals

24 Pd(NO3),
DMSO-ds
0°C,2h
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with substantial shift for inward- and outward-pointing o-pyri-
dine protons (Aé = 0.85 and 0.87 ppm for H,, and Hp,,
respectively) with respect to the free ligand (Fig. 3(i and ii)). ESI-
MS study indicated the formation of a Pd;Le type complex:
[Pd;(L1)](NO3)s, 1a (ESI Fig. S547).

It is reported that complexation of Pd(u) with L1’ (a posi-
tional isomer of L1) containing a meta-phenylene spacer also
formed a Pd;Ls type complex: [Pds(L1')6](NO;)s, 1a’. However,
the complexation reaction at lower and higher concentrations

0,
7 N\
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6 Pd(NO3),
DMSO-dg
rt, 5 min

12a
70°C,2h
SN Cage fusion N7
/i) + anoth i Unldentlfled (iv) =
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Scheme 1

to (xii)) cage fusion reactions, to prepare (i) [Pds(L1)g](NOs3)e, 1a; (ii) [Pds(L2)gl(NO3)e, 4a
unidentified complexes; (v)/(ix) [Pd4(L1),(L3)4](NO3)g, 9a; (vi)/(x) [Pd4(L2),(L4)4(NO3)s,

L2

((i) to (iv)) Complexation of Pd(NO3), with one type of ligand, ((v) to (viii)) complexation of Pd(NOs), with two types of ligands, and ((ix)

; (iii) [Pd3(L3)4l(NOs3)e, 7a; (iv) [Pds(L4)41(NO3)s, 8a and
10a; (vii)/(xi) [Pd4(L2)>(L3)4l(NOs)g, 11a; and (viii)/(xii)

[Pd4(L1),(L4)4](NO=)10, 12a. (Stoichiometry of reactants are factored and mapped in all three schemes to get integral number for all products.)
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Fig. 3 Partial *H NMR spectra (400 MHz, DMSO-ds, 300 K) of (i) ligand L1; (ii) [Pds(L1)gl(NO3)

e 1a; (iii) ligand L3; (iv) [Pd3(L3)4](NO3)e, 7a (and

another unidentified complex); and (v) [Pd4(L1),(L3)4(NOs)s, 9a. Note: complex 9a can be easily prepared from one-pot combination of
Pd(NOs),, L1 and L3 ina 4:2:4 ratio or cage fusion of 1a with 7a (and another unidentified complex) in a 1: 3 ratio.

(1 mM and 30 mM of metal) (ESI Schemes $25-S2771) resulted in
detectable amounts of Pd,L, and Pd,Lg type complexes [Pd,(-
L1),](NO;),, 2@, and [Pd4(L1')s](NOs)g, 3a’, respectively, along
with 1a’ as studied by "H NMR spectroscopy and then confirmed
by ESI-MS.* However, during the complexation of Pd(NOj;),
with L1, no new complexes other than 1a were observed at either
lower or higher concentrations (1 mM or 30 mM of metal) in
their '"H NMR spectra (ESI Fig. S$531). Incidentally, Pd,L, type
[Pd,(L1),](NO3),4, 2a, could be detected by ESI-MS (ESI Fig. S54+)
but not Pd,Lg type [Pd,(L1)g](NOs)g, 3a. Thus, the influence of
concentration on nuclearity is neglected (as other complexes
were not detected by NMR) for the complexation of Pd(un) with
L1. However, the presence of an undetectable amount of 3a
cannot be ruled out in the samples.

Complexation of Pd(NO;), with the ligand L2 also gave
a Pd;Lg type trinuclear complex [Pd;(L2)s](NOs)e, 4a, as shown
in Scheme 1(ii) and ESI Scheme S$10.1 "H NMR spectral study
(Fig. 4(i) and (ii)) revealed that the magnitude of downfield shift
for inward- and outward-pointing a-pyridine protons of 4a, as
compared to L2 (Aé = 0.84 and 0.78 ppm for H,, and Hy,,
respectively), is similar to that of 1a as compared to L1. This is
also true for B-/y-pyridine protons. Concentration variation
study (1 to 30 mM range) showed additional peaks at higher
concentration in the "H NMR spectra of the generated samples
(ESI Fig. S607). Since these peaks are negligible, we considered
4a as an almost exclusive product in a range of concentrations.

As mentioned above, binuclear 2a could be detected whereas
tetranuclear 3a could not be detected by ESI-MS during
complexation study of L1. Thus for complexation of L2 at lower
concentration, we could not rule out the coexistence of 4a along
with undetectable amount of [Pd,(L2),](NO3),, 5a; but
[Pd4(L2)s](NO3)s, 6a, might not coexist even at higher concen-
tration. While ESI-MS study detected the presence of the usual

© 2024 The Author(s). Published by the Royal Society of Chemistry

Pd;Ls type complex [Pd;(L2)s](BF4)s, 4b, only (ESI Fig. S61t),
markedly binuclear 5a (analogue of 2a) and tetranuclear 6a
(analogue of 3a) were not detected. Thus, the influence of
concentration on the nuclearity is also ruled out for complexa-
tion of Pd(u) with L2.

The complexes 1a and 4a were isolated in the solid state by
a precipitation method using excess of EtOAC from their solu-
tions in DMSO or DMSO-ds. "H NMR spectra of the isolated and
in situ prepared complexes are found to be identical. The
complexes 1a and 4a were characterized by ESI-MS and various
NMR techniques including "H, *C, H-H COSY, C-H COSY and
H-H NOESY (ESI Fig. S47-S51 and S55-S597). Gas-phase energy-
minimized structures of the cationic part of the complexes 1a
and 4a are shown in ESI Fig. S161.7 The crystal structure of 1a is
also discussed in a later section. The metal centres in the
complexes are located at the corners of an imaginary triangle
where the calculated average non-bonded distances between two
Pd centres in 1a and 4a are comparable (approximately 15 A).

Complexation of Pd(u) separately with unsymmetrical tris-
monodentate ligands L3 and L4

The ligand L3 has a 3,5-disubstituted internal/central pyridine
where the substituents are pyridine-appended arms of unequal
lengths. The fragment spanning the length of the ligand from the
internal/central pyridine to the pyridine of the shorter arm is
known to form a Pd,L, type binuclear complex as reported
earlier,* whereas the fragment comprising the internal/central
pyridine which extends up to the pyridine unit of the longer
arm (ie. L1) forms a Pd;Ls type complex as established in the
present work. Self-assembly of Pd(NO3), with the unsymmetrical
tris-monodentate ligand L3 was examined by combining them in
a 3:4 ratio in DMSO-d, at 70 °C (Scheme 1(iii), ESI Scheme S117).

Chem. Sci., 2024, 15, 11287-11301 | 11291
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Fig. 4 Partial '"H NMR spectra (400 MHz, DMSO-ds, 300 K) of (i) ligand

L2; (i) [Pds(L2)sl(NOs3)e, 4a; (iii) ligand L3; (iv) [Pds(L3)4](NO3)s, 7a (and

another unidentified complex); and (v) low-symmetry [Pd4(L2)5(L3)41(NOs3)s, 11a. (Note: complex 1la can be easily prepared from one-pot
combination of Pd(NO3),, L2 and L3 ina 4:2:4 ratio or mixing 4a and 7a (and another unidentified complex) in a 1: 3 ratio.).

The "H NMR spectrum of the solution appeared like a single set
of complexation-induced downfield shifted peaks, but slightly
broad, when compared with free L3 (Fig. 3(iii and iv)). Careful
analysis indicated another set of overlapping signals (one of the
peaks marked with an asterisk is not overlapped). Formation of
double-cavity Pd;L, type [Pd3(L3)4](NO3)e, 7a, is identified by ESI-
MS study (ESI Fig. S69+t) as one of the products. While DOSY NMR
analysis showed the presence of two close-by bands where the
major species is possibly 7a (ESI Fig. S671) and we could not
identify the other compound. In addition the possibility of PdeLsg
type complex [Pdg(L3)s](NO3);, cannot be ruled out (ESI Scheme
S$117). The "H NMR peak pattern remained unchanged when the
complexation reactions were performed at variable concentra-
tions ranging from 2 to 40 mM with respect to metal (ESI
Fig. S687). Incidentally, mixing of Pd(NO3), with L3’ (isomeric to
L3 having meta-phenylene spacer) is known to produce a mixture
of double-cavity Pd;L, and triple-cavity PdeLs type complexes
[Pd;(L3")4](NO3)s, 7', and [Pde(L3')s](NO3)y, (ESI Scheme S287).
The mixture of 7a and unidentified complex was characterized by
recording 'H, *C NMR, H-H COSY, C-H COSY and H-H NOESY
spectra (ESI Fig. $62-S661). Two unequal sized Pd,L, type cavi-
ties, conjoined with a common metal centre,* are present in the
structure of the cage 7a (as in 7a’). The longer arm entity (see
Fig. 2) of L3 in its native form (i.e. L1) is ideal for making Pd;Ls
type arrangement (i.e. 1a), but for L3 as such this longer arm is
not able to participate in Pd;Ls formation due to the presence of
a connected, binuclear cage forming, shorter arm entity. Thus,
the longer arm in L3 has two choices: to form (i) entropically
unfavourable oligomerized products or (ii) entropically favour-
able but probably thermodynamically unfavourable discrete
structures. Experimentally, the latter took place and 7a was
formed, but along with another unidentified compound
(possibly PdeLg).

1292 | Chem. Sci,, 2024, 15, 11287-11301

Similarly, complexation of Pd(n) with L4 resulted in
a mixture of products (Scheme 1(iv), ESI Scheme S127) as sug-
gested by the broad peaks and noisy baseline in the "H NMR
spectrum of the sample (ESI Fig. S70 and S71%). The mixture
might contain Pd;L, type complex [Pd;(L4),](NO;)s, 8a, and
other unidentified complexes probably including Pdg¢Lg type
cage. The DOSY NMR spectrum was collected for the reaction
mixture which showed two nearby bands where major species
could be 8a (ESI Fig. S761). However, the presence of 8a is
indirectly inferred from the ESI-MS data that showed the exis-
tence of [Cl1CPd;(L4),](NO;)s, 8ab (ESI Fig. S771). The differ-
ence between the two related ligands L3 and L4 is evident in
their spacer units that are 1,4-phenylene and naphthalene-1,5-
diyl, respectively. This structural difference must be among
the possible reasons for the variance in their complexation
behaviours. Such a difference was not observed in the case of
complexation of L1 and L2; thus, the shorter arms of L3 and L4
also played some roles remotely.

One-pot complexation of Pd(u) with mixture of L1 and L3 (or
mixture of L2 and L4)

One-pot combination of Pd(NO;), with a mixture of bis-
monodentate ligand L1 and tris-monodentate ligand L3 was
performed in a 4:2:4 ratio in anticipation of the tetranuclear
mixed ligated cage [Pd4(L1),(L3)4]J(NO3)s, 9a (Scheme 1(v), ESI
Scheme S13t) through integrative self-sorting.” The reaction
was performed in DMSO-dg at 70 °C and monitored by "H NMR
spectroscopy (ESI Fig. S78t) to obtain a single set of sharp peaks
within 2 h. Downfield shift of all the a-pyridyl protons was
observed in the "H NMR spectrum of 9a (Fig. 3(v)) as compared
to the free ligands (six signals from L3 and two from L1) indi-
cating coordination of all pyridine moieties with Pd(u). For

© 2024 The Author(s). Published by the Royal Society of Chemistry
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bound L3 units: Ad = 1.58, 1.18, 0.88, 1.25, 0.79 and 0.88 ppm
for Hp, Hps, Hys, Has, Hps and Hy;, respectively; and for bound
L1 units: Aé = 0.88 and 0.87 for Hy, and H,,,, respectively. ESI-
MS data of 9a (ESI Fig. S857) confirmed the proposed molecular
formula. The success of integrative self-sorting is probably due
to the unfavourable strain in one of the products (i.e. 7a) if
narcissistic self-sorting had occurred to produce 7a and 1a. The
strain could be evaded when integratively self-sorted product 9a
was formed. In a similar fashion, complexation of Pd(NO;),
with a mixture of L2 and L4 produced integratively self-sorted
product [Pd4(L2),(L4)4](NO;)s, 10a (Scheme 1(vi), and ESI
Scheme S14 and Fig. S86-S877). The complexes 9a and 10a were
obtained as single species confirmed by DOSY NMR (ESI
Fig. S84 and S921) and also further characterized by ESI-MS and
various NMR techniques including 'H, '*C, H-H COSY, C-H
COSY and H-H NOESY (ESI Fig. $79-583, S85 and S87-S91%).
The complex 9a was also characterized by the single-crystal XRD
method as discussed in a later section.

One-pot complexation of Pd(u) with mixture of L2 and L3 (or
mixture of L1 and L4)

The calculated non-bonded distances between metal centres in
the trinuclear complexes [Pd;(L1)s](NOs)s, 1a, and
[Pd,(12)s](NO;)s, 4a, are comparable (approximately 15 A), as
discussed above. Thus, it was proposed to prepare complexes
like [Pd4(L2),(L3)4](NO3)s, 11a (by one-pot combination of Pd(u),
L2 and L3 in a 4:2: 4 ratio) and [Pd4(L1),(L4),](NO5)s, 12a (by
one-pot combination of Pd(u), L1 and L4 in a 4: 2 : 4 ratio) (ESI
Schemes S15 and S167). In fact, the proposed complexes 11a
and 12a could be easily prepared as shown in Scheme 1(xi) and
(xii), by performing the reactions at 70 °C in DMSO-de. The
presence of a single band in DOSY NMR spectra revealed the
formation of single discrete products 11a and 12a (ESI Fig. S100
and S1087). Further characterization was completed by various
NMR techniques, namely 'H, *C NMR, H-H COSY, C-H COSY
and H-H NOESY spectra (ESI Fig. $94-S99 and $102-S1077).
ESI-MS data of both the complexes are given in ESI Fig. S101
and S109.7

The complexes 9a and 10a belong to a rare variety of tetra-
nuclear complex of which only one example is known so far in
the literature,* ie. [Pd,(L1),(L3')4](NO;)s, 92’ (ESI Scheme
S291). The complexes 11a and 12a are unusual as the longer
arms in the trinuclear entity of 11a (or 12a) are unequal thus
lowering the local symmetry at triangular builds, unlike the
symmetrical triangular builds 9a’, 9a, and 10a.

Complexation of Pd(u) separately with symmetrical tris-
monodentate ligands L5 and L6

The ligands L5 and L6 have a 3,5-disubstituted internal/central
pyridine where the substituents are pyridine-appended arms of
equal lengths for a given ligand. These arms of L5 and L6 along
with the internal/central pyridine are essentially the ligands L3
and L4, respectively. Thus, a question arises as to whether
complexation of Pd(u) separately with the ligands L5 and L6 in
a 3:4 ratio would result in double-cavity Pd;L, type complexes
[Pds(L5),](NO3)s, 13a, and [Pd;(L6),](NOs)s, 14a. In the case
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where the strain is considerably high in the structure then the
complexation of Pd(u) with L5 (or L6) should possibly yield only
oligomerized products, at the cost of discrete products.

Keeping the above in mind, Pd(NO3), was treated with ligand
L5 in a 3: 4 ratio in DMSO-d, (Scheme 2A(i), ESI Scheme S177)
and stirred at room temperature (27 °C) whereupon a turbid
reaction mixture was formed. The mixture was heated at 70 °C
for 10 min to get a clear solution and it was monitored by
recording "H NMR spectra as a function of time. At 10 min it
showed broad unassignable signals (Fig. 5(ii)) and the peak
pattern remained unchanged even after 48 h; thus, formation of
a mixture of products was suspected as can be seen in the DOSY
NMR spectrum (ESI Fig. S11471). ESI-MS study of the sample
indicated the existence of 13a as one of the products in the
mixture though its proportion could not be ascertained from
NMR study (ESI Fig. S110 and S115%).

Complexation of Pd(NO;), with L6 in DMSO-ds was also
performed in a 3:4 ratio (Scheme 2A(i), ESI Scheme S187)
whereupon a clear solution was obtained even at room
temperature (27 °C). Surprisingly, the 'H NMR spectrum
recorded after 5 min of reaction time showed a single set of
downfield-shifted and reasonably sharp signals (Fig. 5(v)). The
simple nature of the NMR spectrum was a surprise to us as we
did not expect to get the complex 14a so easily (due to the
inevitable strain expected from the naphthalene spacer). Care-
ful analysis of the spectrum in comparison with that of the free
ligand (Fig. 5(iv) and (v)) indicated that the terminal pyridine
moieties of L6 are coordinated with Pd(u) whereas the internal/
central pyridine is uncoordinated; the protons of terminal
pyridines are downfield shifted (Aé = 1.07 and 0.88 ppm for H
and Hy, respectively) and those of internal/central pyridine
showed negligible but upfield shift. DOSY NMR verified the
presence of single species (ESI Fig. S1287). This finding led us to
believe that 14a is not formed but that a binuclear Pd,L, type
complex [Pd,(L6),](NO3)4, 16a, is formed and one equivalent of
Pd(u) per cage remained unutilized. This proposal of binuclear
complex formation was confirmed by ESI-MS data of
[Pd,(L6),](BF,)s, 16b (ESI Fig. S129}). When the reaction was
continued for a longer time, or even after heating at (70 °C), no
further changes were observed in the '"H NMR spectral peak
pattern. The complex 16a was characterized by 'H, *C, NMR,
H-H COSY, C-H COSY and H-H NOESY (ESI Fig. S123-51277).

Looking back at the already performed complexation of Pd(u)
with L5 in a 3:4 ratio that resulted in a mixture of products
including trinuclear 13a, it was decided to perform the reaction
of Pd(u) with L5 in a 2: 4 ratio in DMSO-ds (Scheme 2A(ii), ESI
Scheme S197). Interestingly, a clear solution was obtained
within 2 h of reaction when carried out at room temperature.
The "H NMR spectrum of the solution showed a single set of
sharp peaks (Fig. 5(iii)), the DOSY NMR spectrum showed
a single band (ESI Fig. S1211) and ESI-MS confirmed the
formation of Pd,L, type complex [Pd,(L5),](NO3)s, 15a (ESI
Fig. S1221). The complex 15a remained stable in solution for at
least 4 days, after which new broad peaks started appearing in
the 'H NMR spectrum but 15a still remained as major product
(ESI Fig. S1161). The appearance of such new peaks was expe-
diated upon heating the reaction solution at 70 °C; the complex
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of 15a with one equivalent of Pd(NOs), per cage or simply heating at 70 °C, resulting in 13a. (B) (i)/(ii) Complexation of Pd(NOs), with L6 in 3: 4
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Fig. 5 Partial *H NMR spectra (400 MHz, DMSO-ds, 300 K) of (i) ligand L5 (in CDCls); (i) [Pd3(L5)4](NOs3), 13a, and unidentified complexes; (iii)
[Pd>(L5)41(NO3)4, 15a; (iv) ligand L6; and (v) [Pd,(L6)4](NO3)4, 16a. (Note: spectrum (i) corresponds to complexation reaction of Pd(i) with ligand
L5 in 3:4 ratio.).

1294 | Chem. Sci,, 2024, 15, 11287-11301 © 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc01078g

Open Access Article. Published on 12 June 2024. Downloaded on 10/26/2025 1:41:50 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Edge Article Chemical Science
0
7\
Toras
L1 .
%
| e Pd(NOy) s
M | omso-q, 15 PA(NO3) e 4
tt, 5 min DMSO-d %,
rt, 5 min %
7 N
i 7R\
x po—
/
>
N Q
o
DMSO-d, O
o)
o 0
o Isomer-ll o P
0 (iii) fusion s
N \
T 9PdNO3)> ., Unidentified reactions 12 (
- DMSO-ds complexes 3 : =
0 70°C, 10 min i
4 ’
O
o)
L5 N\ //

18a

Isomer-II 4a

15 Pd(NO3),
DMSO-dg il
n

Scheme 3

L2 #

((i)—(iv)) Complexation of Pd(NOg3), separately with ligands L1, L2, L5 and L6 giving 1a, 4a, 13a, and 16a, respectively; ((v) and (vi))

6 Pd(NO3),
DMSO-dg
rt, 5 min

integrative self-sorting due to one-pot combination of Pd(NOs),, L5 and L1 (or L2) resulting in isomer-1l of [Pds(L1)4(L5)41(NO3).0, 17a (or
[Pds5(L2)4(L5)4]1(NO3)10, 18a); (vii) and (viii) narcissistic self-sorting due to one-pot combination of Pd(NOs),, L6 and L1 (or L2) resulting in 1a and

16a (or 4a and 16a); (ix) and (x) cage fusion reactions of 13a with 1a (or 4a)
(or 4a) in absence/presence of extra Pd(NOs), resulting in no changes.

15a became a minor product within 10 min of heating (ESI
Fig. S1177). The pattern of the new peaks resembled the pattern
shown in Fig. 5(ii) corresponding to the sample obtained from
one-step combination of Pd(u) with L5 in a 3:4 ratio; the
solution was turbid indicating dissociation of some amount of
the ligands from the complex 15a (Scheme 2A(iv)). Upon addi-
tion of another equivalent of Pd(u) per cage of 15a (i.e. Pd(u) to
L5 ratio was 3 : 4) (Scheme 2A(iii)), with or without heating, the
peaks of binuclear 15a completely disappeared and the spec-
trum resembled that shown in Fig. 5(ii). Thus, the unidentified
products along with 13a are anything but 15a. The complex 15a
was characterized by '"H NMR, H-H COSY, and NOESY (ESI
Fig. $118-5120%).

Subsequently, the complexation of Pd(u) with L6 was per-
formed in a 2:4 ratio (Scheme 2B(ii), ESI Scheme S207)
whereupon 16a was formed as expected. Addition of another

© 2024 The Author(s). Published by the Royal Society of Chemistry

giving isomer-Il of 17a (or 18a); (xi) and (xii) combination of 16a with 1a

equivalent of Pd(u) to 16a did not bring about any changes
(Scheme 2B(iii)). The complex 16a is considered to be quite
stable as it remained unchanged after heating or after addition
of another equivalent of Pd(u). However, the complex 15a was
found to be unstable as it rearranged giving a mixture, simply
upon standing for few days at room temperature without
requiring another equivalent of Pd(u). While the complex
[Pd5(L5),4](NO3s)s, 13a, was detected by ESI-MS, the complex
[Pd3(L6),4](NO3)s, 14a, was not detected from complexation
reactions of Pd(u) with ligands at 3 : 4 ratios.

One-pot complexation of Pd(u) with mixture of L1 and L5 (or
mixture of L2 and L5)

A mixture of Pd(NOj;),, L1 and L5 in a 5:4:4 ratio taken in
DMSO-dg (Scheme 3(v), ESI Scheme S211) formed a suspension
(as L5 is insoluble in DMSO medium). The suspension was
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Fig. 6 (A) Partial *H NMR spectra (400 MHz, DMSO-dg, 300 K) of (i) [Pds(L1)4(L5)41(NOs)10, 17a; (ii) [Pds(L2)4(L5)4](NOs)10, 18a; (i) mixture of 1a
and 16a; (iv) mixture of 4a and 16a. (Note: the complexes are prepared from Pd(i) and the relevant ligands taken in appropriate stoichiometries
through (i)/(ii) integrative self-sorting and (iii)/(iv) narcissistic self-sorting.) (B) *H DOSY NMR spectrum of complex 17a.

stirred at room temperature (27 °C) and monitored by recording
'H NMR spectra as a function of time (ESI Fig. $1307). The
spectrum recorded after 10 min showed only one set of sharp
peaks corresponding to the formation of 1a (due to interaction
of Pd(u) with L1) while L5 was still insoluble. After 1 h of stir-
ring, the peaks were slightly broadened and small humps also
appeared around 10.5, 9.0 and 7.6 ppm due to partial dissolu-
tion of L5 and thereby its participation in self-assembly
processes, while the sample was still turbid. The turbidity dis-
appeared gradually and humps turned to prominent peaks
giving a single set of peaks (Fig. 6A(i)) after 4 days of stirring,
indicating formation of a discrete product, thereafter no further
changes were observed, suggesting completion of the reaction.
When the reaction was carried out at 70 °C a clear solution was
obtained within 4 h and the reaction was completed as
confirmed by monitoring the reaction by the '"H NMR method
(ESI Fig. S1311). We proposed the formation of our targeted
single discrete product [Pds(L1),(L5)4](NO3);, 17a, through
integrative self-sorting which required 4 days at room temper-
ature or 4 h at 70 °C. In the event of narcissistic self-sorting of
Pd(n), L1 and L5 the formation of a mixture of products
including 1a, 13a and unidentified complexes is conceivable,
and broad signals in the "H NMR spectrum (like Fig. 5(ii)), but
that was not the case. Formation of a single species, i.e. 17a, was

1296 | Chem. Sci, 2024, 15, 11287-11301

further supported by diffusion-ordered spectroscopy (DOSY),
where the spectrum clearly showed a single band (Fig. 6(B), ESI
Fig. $1377) with diffusion coefficient (D) of 6.45 x 10~ "' m® s~ .
Further, the molecular composition of 17a was confirmed from
ESI-MS data (ESI Fig. $1381).

For the complex 17a, there should be two sets of terminal
pyridine signals due to Hy,, Hpy, Hy and Hy, (originated from
bound L1) and Hgs, Hps, Hes and Hys (originated from bound
L5); four signals of one set are found to be overlapped with the
signals of the other set. As expected, the positions of these
signals are closely comparable with corresponding pyridine
signals of 1a as well as that of 13a. Notably, for 17a the chemical
shift values of internal/central pyridine protons Hgs and Hys
(originated from bound L5) having sharp signals are also closely
comparable to the corresponding signals of protons of 13a,
being broad signals. This is indicative of coordination of all
pyridine units with Pd(u) and the existence of a single product is
already proposed above through DOSY. The use of the '"H NMR
technique for calculation of complexation induced Ad values for
17a as compared to L5 moiety is not possible (due to solubility
issues of L5), but Ad values with respect to L1 moiety can be
calculated easily and are found to be 0.88 and 0.89 ppm for H,;
and Hyy, respectively. The H,s protons of 17a are downfield
shifted by 0.97 ppm as compared to the Hy5 protons of 15a (in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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15a the central pyridine of L5 is not coordinated with a metal
centre). This comparison is an additional support for claiming
the coordination of internal/central pyridine in 17a. Charac-
terization of 17a was also carried out by NMR techniques
including "H, *C, H-H COSY, C-H COSY and H-H NOESY (ESI
Fig. $132-S136%).

Preparation of the tetranuclear [Pd,(L1),(L3),](NO3)s, 9a, and
a lower symmetry tetranuclear [Pd,(L2),(L3),](NO3)s, 11a, by
integrative self-sorting is described in the previous sections. In
a similar line and taking inspiration from the synthesis of
pentanuclear 17a we targeted the lower symmetry pentanuclear
complex [Pds(L2),(L5),](NOs)10, 18a. The complex 18a was
prepared through integrative self-sorting of Pd(NO3),, L2 and L5
in a 5:4:4 ratio taken in DMSO-d, (Scheme 3(vi), ESI Scheme
S22t) which required stirring for 4 days at room temperature or
4 h at 70 °C. A single set of sharp peaks (Fig. 6A(ii)) with well
separated and assignable signals in the 'H NMR spectrum,
a single band with a diffusion coefficient of 6.3 x 107" m>s™"
(ESI Fig. S1447) and convincing ESI-MS data provided enough
support for the formation of single discrete structure 18a (ESI
Fig. S145%). The complete characterization of complex 18a was
done by NMR techniques including 'H, *C, H-H COSY, C-H
COSY and H-H NOESY (ESI Fig. S139-S1431).

Two isomeric arrangements, ie. planar isomer-I and orthog-
onal isomer-II, are conceivable for the three-dimensional struc-
tures of 17a and 18a. The structure determined using single-
crystal X-ray diffraction data corresponded with isomer-II for
18a (discussed in a later section), whereas we were not successful
in growing single crystals of 17a after several trials. DFT calcu-
lation (discussed in a later section) supported energetic prefer-
ence for isomer-II for both the complexes. Hence, formation of
isomer-II is also proposed for the complex 17a. Isomers I and II
of a given cage have different bonding patterns with respect to
metal-to-ligand bonds; these are not conformers of each other. In
isomer-I it is possible to locate a pair of tris-monodentate ligands
completely describing an edge of one triangle and an edge of
another triangle, whereas in isomer-II this is not so. A pair of tris-
monodentate ligands in isomer-II completely describe the edge
of only one of the triangles and partially describe two edges of
another triangle. In the planar isomer-I, both of the triangular
moieties are portrayed to be located almost on the same plane,
whereas in the orthogonal isomer-II the triangles are orthogo-
nally placed with respect to each other.

One-pot complexation of Pd(u) with mixture of L2 and L6 (or
mixture of L1 and L6)

Detailed investigation indicated that the internal/central pyri-
dine of L6 is unsuitable for coordination with Pd(u). Therefore it
is not expected to afford pentanuclear complexes like [Pds(-
L2)4(L6)4](NO3)10, 19a, and [Pds(L1)4(L6)4](NO3)10, 20a. Never-
theless, complexation reactions were tried by combining
Pd(NO;),, L2, and L6 in a 5:4:4 ratio in DMSO-ds (Scheme
3(viii), ESI Scheme S23%). Unsurprisingly, narcissistic self-
sorting was observed spontaneously at room temperature (27
°C) resulting in a mixture of [Pd;(L2)s](NOs)s, 4a, and
[Pd,(L6),](NO3),, 16a, as confirmed by monitoring the reaction
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by 'H NMR spectroscopy (Fig. 6A(iv)). Longer reaction time and
heating at 70 °C did not bring about any change to the product
profile. In a similar line combination of Pd(NOj3),, L1, and L6 in
a 5:4:4 ratio in DMSO-ds (Scheme 3(vii), Fig. 6A(iii), ESI
Scheme S247) also exhibited narcissistic self-sorting to produce
[Pd;3(L1)s](NO3)s, 1a, and [Pd,(L6),](NO3)4, 16a. It is assumed
that unfavourable strain hindered the formation of the imagi-
nary molecules 19a and 20a. 'H NMR spectra of relevant ligands
and complexes are plotted together for a quick reference and
comparison (ESI Fig. $146 and S1477).

Cage fusion reactions

The tetranuclear complexes (9a, 10a, 11a, and 12a) and penta-
nuclear complexes (17a and 18a) prepared in the present work
were exclusively formed by integrative self-sorting of Pd(u) and
a pair of appropriate ligands (L1 to L6). We considered a library
of complexes (1a, 4a, 7a, 8a, 13a, and 16a) prepared from Pd(u)
and individual ligands. Understandably, combination of two
selected complexes/cages from the library would essentially
undergo cage fusion reactions leading to the integratively self-
sorted tetra- and pentanuclear complexes cited above. For
instance, complexation of Pd(n) with L1 and L3 separately
results in cages [Pd3(L1)s](NO3)s, 1a, and [Pd3(L3),](NO3)s, 7a,
respectively, whereas one-pot mixing of Pd(u), L1 and L3
produces cage [Pd4(L1),(L3),](NO;)s, 9a. For the cage fusion
reaction, cages 1la and 7a were combined in a 1:3 ratio
whereupon three equivalents of 9a were generated exclusively
(Scheme 1(ix)). Cage fusion reactions were successfully per-
formed for all other complexes that are formed by integrative
self-sorting processes (Schemes 1(x)-(xii) and 3(ix) and (x)). The
progress of the cage fusion reactions generating 9a was moni-
tored by '"H NMR spectroscopy for a better evaluation (ESI
Fig. S1487). Similarly, the progress of the reaction for other cage
fusion reactions was also monitored (ESI Fig. S149-S151 and
S152-51551). It is well known that thermodynamic stability
drives the formation of integratively self-sorted products in
contrast to narcissistically sorted products. In the present work,
we believe that thermodynamic stability is the reason for the
formation of pentanuclear mixed-ligated double-cavity cages
17a and 18a.

A mixture of complexes 1a and 16a was formed by narcis-
sistic self-sorting using Pd(u), L1 and L6. Obviously, combina-
tion of isolated 1a and 16a would not undergo cage fusion and
that was the case (Scheme 3(vii), ESI Fig. S156%). Similarly,
a mixture of 4a and 16a also remained intact and there was no
cage fusion (Scheme 3(viii), ESI Fig. S1577).

Single-crystal X-ray diffraction analysis

Structures of [Pd3(L1)s](NO3)s, 1a, [Pd4(L1),(L3)4](NO3)s, 92, and
[Pds(L2)4(L5)4](NO3s)1, 18a, are unequivocally confirmed by
single-crystal X-ray diffraction study. The structures are shown
in Fig. 7 and a brief description is given below. Further
description about the crystallographic data, structural refine-
ment and ORTEP diagrams are provided in the ESI (Table S1
and Fig. S158-S1607).
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Fig. 7 Crystal structures showing cationic frameworks and encapsulated solvents/counter-anions corresponding to the cages (A) 1a, (B) 9a, and

(C) 18a.

Trinuclear complex 1a. Crystals of complex 1a were obtained
by slow diffusion of CCl, vapour into a DMSO solution of
[Pd5(L1)s](NO3)e, 1a. Structure solution using single-crystal X-
ray diffraction data revealed that the complex 1a crystallizes
in the trigonal space group P31c with one Pd(u) center and two
ligands in the asymmetric unit. The asymmetric unit also
contains four CCl, and five DMSO molecules along with nitrate
ions. The electron density corresponding to other disordered
solvent molecules was squeezed. The Pd(u) centres lie at the
vertices of an imaginary equilateral triangle, separated by
a distance of 14.865(2) A. The carbonyl groups of the ester
ligand point outside the cavity and are involved in weak, non-
covalent interactions with solvent molecules. Three DMSO
molecules located inside the cage cavity engage in C-H:--O
interactions with a single nitrate anion present on the central
inner surface of the triangular cavity.

Tetranuclear complex 9a. Crystals of complex 9a were ob-
tained by slow diffusion of toluene vapour into a DMSO solution of
[Pd,4(L1),(L3),](NO3)s. The complex 9a crystallizes in the triclinic
space group P1 with one molecule of the tetranuclear complex,
eight nitrate ions and six DMSO molecules in the asymmetric unit.
The electron density corresponding to other disordered solvent
molecules was squeezed. The small cavity houses a single nitrate
anion which is involved in C-H---O contacts with the pyridyl
protons of the ligand. Three DMSO solvent molecules are present
in the larger cavity. A second nitrate ion is also present in the
central portion of the triangular cavity and interacts with the
DMSO molecules via noncovalent interactions.

Pentanuclear complex 18a. Crystals of complex 18a were
obtained by slow diffusion (over a period of two weeks) of
toluene vapour into a DMSO solution of [Pd5(L2),(L5),](NO3);o.
The complex 18a crystallizes in the tetragonal non-
centrosymmetric space group P4,2,2 with one half molecule
of the pentanuclear complex, five nitrate ions and three DMSO
molecules in the asymmetric unit. The electron density corre-
sponding to other disordered solvent molecules was squeezed.
The novel pentanuclear complex is formed by a pair of

1298 | Chem. Sci, 2024, 15, 11287-11301

conjoined trinuclear cages which share a Pd(u) centre. The
dihedral angle between the two planes defined by the three
Pd(u) centres (Pd2 is common to both cages) of the conjoined
trinuclear cages is 87.71°. Each cavity contains three DMSO
molecules and the anions are present outside these cavities.

DFT study to comprehend bend angle of free and bound
ligands

Non-chelating bis-monodentate ligands are known to form
Pd,L,, types of complexes where the value of “n” is relatable to
the bend angle (f) of the coordination vectors of bound-ligand
units. For binuclear Pd,L, and hexanuclear Pdg¢L;, type
complexes having the metal ions arranged at the end of a line
and the vertices of an octahedron, the ideal values of # are 0°
and 90°, respectively."*® In such cases, the square planar
coordination geometry around the metal centre is either
maintained or shows a small deviation. For ring-like trinuclear
Pd;Ls, tetranuclear Pd,Lg and pentanuclear PdsL,, type
complexes the values of # are below 90°.*> The values of ¢
calculated from the crystal structures of a few reported systems
are approximately 0° for Pd,L, type complexes and in the range
of 40° to 50° for Pd;Le type complexes. If the bend angle of free
ligand (in one of the stable conformers) is comparable/
matching with the required bend angle of the bound ligand
in a Pd,L,, type complex then we can expect the formation of
such a complex if Pd(u) is combined with the ligand. The strain
imposed in the overall structure of the coordination architec-
ture should be within the limit of tolerance whenever the bend
angles match.

Keeping this in mind, energy-minimized structures of the
free ligands (L1-L6) and the cationic frameworks of a range of
the Pd(n) complexes of the ligands, including mixed ligated
complexes, were obtained by the density functional theory
(DFT) method (ESI Fig. S161-S1637). The bend angles of the free
ligands and bound ligands are estimated in order to qualita-
tively understand whether or not considerable strain is imposed
on the ligand backbone of some of the coordination

© 2024 The Author(s). Published by the Royal Society of Chemistry
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architectures (ESI Fig. S161-S1637). The calculated bend angles
of ligands L1 and L2 are found to be suitable for supporting
Pd;L architecture (as in 1a and 4a); the longer arms of the
ligands L3 and L4 are also suitable for Pd;Ls sub-framework but
participation of either L1 or L2 as ancillary ligand is required (as
in 9a to 12a) for making a discrete structure.

The arms of ligand L5 are well suited for the making of Pd;Ls
fragments but by including either L1 or L2 as ancillary ligand
(asin17a and 18a). In the absence of ancillary ligand, the ligand
L5 is forced to support Pd,L, sub-framework (as in 13a) of
a Pd;L, cage. The ligand L6 could not support Pd;L, (as in
imaginary 14a); also, even in the presence of ancillary ligand it
did not support Pd;Ls sub-frameworks (as in imaginary 19a and
20a) due to formation of alternate stable structure, i.e. 16a
where bend angle is not an issue.
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Fig. 8 Energy-minimized structures (B3LYP-D3/SDD,6-31G(d))
showing energetic preference between planarly conjoined (isomer-I)
and orthogonally conjoined (isomer-Il) triangles for (A)
[Pds(L1)4(L5)4]*°*, 17a, and (B) [Pds(L2)4(L5)4]'°*, 18a, in the gas phase.
(Hydrogen atoms are omitted for clarity; counter-anions/solvents
were not included in the calculations.)

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

DFT study on planarly/orthogonally conjoined triangles

DFT calculations were performed to find out whether the
structure of isomer-Il obtained from single-crystal X-ray
diffraction data is energetically preferred over isomer-I for the
cationic framework [Pds(L2)4(L5),]'®" of the pentanuclear
complex 18a. The gas-phase calculations (ESI Tables S8 and S97)
showed that the isomer-II, i.e. 18a-1l, is considerably preferred
(by 67 k] mol™") as compared to 18a-1 (Fig. 8(B)). Similar
calculations for the two isomers of the cationic framework
[Pd5(L1)4(L5)4]**" of the pentanuclear complex 17a in the gas
phase revealed that 17a-II is preferred (by 7.8 k] mol ') over 17a-
I (Fig. 8(A)). Various views of both the isomers of the complexes
17a and 18a are shown in ESI Fig. S164-S167,7 for better three-
dimensional visualization. However, energy optimization of the
complexes 17a and 18a in implicit DMSO was not successful. In
isomer-I, both of the triangular moieties appear to be located on
the same plane, whereas in the orthogonal isomer-II the trian-
gles are orthogonally placed with respect to each other. The
planar isomer-I was found to be not completely planar in the
DFT structure. A triangle is slightly twisted from the plane of the
other and the square planar nature of Pd(u) centres is also
disturbed making isomer-I less preferred.

3 Conclusions

In summary, we have carefully designed a set of symmetrical bis-
monodentate (L1), unsymmetrical triss-monodentate (L3) and
symmetrical tris-monodentate (L5) ligands. Complexation of
Pd(un) with the individual ligands L1, L3 and L5 resulted in
relaxed [Pd3(L1)e]°" (exclusively), [Pd;(L3),]*" (almost exclusively),
and [Pd4(L5),]*" (in a mixture). This complexation behaviour
provided a basis for the targeted mixed-ligated MCDCC.
Complexation of Pd(u) with a mixture of L1 and L3 ina 4:2:4
ratio resulted in integrative self-sorting to form a relaxed double-
cavity [Pd,(L1),(L3)4]*" framework containing binuclear and tri-
nuclear sub-frameworks that are conjoined at a common metal
centre. Integrative self-sorting of Pd(u), L1 and L5 in a 5:4:4
ratio resulted in the relaxed double-cavity [Pds(L1)(L5),]"%"
framework where two trinuclear sub-frameworks are conjoined.
The complexation behaviour of another set of ligands L2, L4 and
L6 that are comparable to L1, L3 and L5 was also studied. The
tris-monodentate ligand L6 behaved very differently from L5 in
that complexation of Pd(u) with L6 resulted in a stable binuclear
single-cavity complex [Pd,(L6),]'". Integrative self-sorting was
observed for the combination of Pd(u), L2 and L4ina4:2: 4 ratio
resulting in [Pd,(L2),(L4),]*" whereas narcissistic self-sorting was
observed for the combination of Pd(u), L2 and L6 resulting in the
individual complexes [Pd;(L2)e]*" and [Pd,(L6),]**. The success of
the observed integrative self-sorting is ascribed to two factors, i.e.
(i) size complementarity of the two ligands in the targeted design
and (ii) strained/oligomeric complexes formed by at least one of
the ligands. Lowering the symmetry of multi-cavity complexes
was achieved by integrative self-sorting leading to exclusive
formation  of  [Pd,(L2),(L3),]*", [Pd4(L1),(L4),]** and
[Pd5(L2)4(L5)4]"*". However, we did not expect the formation of
[Pd5(L1)4(L6),]'**, and it did not form.
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Devising methods for lowering the symmetry of SCDCC is
a relatively new research area; here we have gone a step further
and demonstrated a strategy to lower the symmetry in MCDCC.
Our work provided design principles for the construction of
a new and novel pentanuclear double-cavity framework
composed of two trinuclear sub-frameworks. We recommend
the following two points for selection of bis-monodentate and
tris-monodentate ligands for preparation of new pentanuclear
MCDCC. (1) It is crucial to select a bis-monodentate ligand that
is capable of forming a relaxed trinuclear complex upon
complexation with Pd(u). (2) It is necessary to prepare a tris-
monodentate ligand that resembles two units of the bis-
monodentate ligand having a common donor site and then
evaluate the complexation behaviour of Pd(u) with the tris-
monodentate ligand; select those ligands that yield strained
complexes or oligomers and reject those that form stable
complexes. The pentanuclear MCDCC design introduced by us
should inspire the making of many more such complexes by
variation of spacer in the ligands to modulate the shapes, sizes
and ultimately the behaviour/reactivity aspects of MCDCC.
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