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A series of PdzL,, PdsL4 and PdsL4-type Multi-Cavity Discrete Coordina-
tion Cages (MCDCCs) featuring two, three and four cavities are prepared
by complexation of Pd(i) with designer tris-, tetrakis and pentakis-
monodentate ligands. The cavities of these MCDCCs encapsulated up
to four units of pyrazine-N,N’-dioxide (PZDO).

Supramolecular interactions stabilize the overall architectures
of biosystems like DNA, proteins, and enzymes to facilitate key
processes like molecular recognition and catalysis."** To model
the multifunctionality and dynamic behaviour of biosystems, a
large variety of Single-Cavity Discrete Coordination Cages
(SCDCCs) have been prepared via metal-ligand self-assembly
routes.>® The Pd(u)-based SCDCCs belong to a special class of
molecules having fascinating structural and functional
features.®® The Pd,L, type molecules are the simplest yet most
extensively studied among the Pd(u)-based SCDCCs. While the
SCDCCs continue to be extensively studied, recent research has
shown a new direction towards synthesis and exploration
of Pd(u)-based Multi-Cavity Discrete Coordination Cages
(MCDCCs).°® The simplest form of such MCDCCs is repre-
sented by the double-cavity Pd;L, type assembly featuring two
equal units®*® or unequal units'®™*® of Pd,L, type 3D cavities
that are conjoined at a common metal centre (Fig. 1). The Pd;L,
type MCDCCs, capable of binding two guest molecules, are
prepared by mixing Pd(u) and a tris-monodentate ligand in 3:4
ratio. Subsequently, triple-cavity Pd,L, type MCDCCs having
equal®® or unequal'®'”"'® cavities capable of binding three
guest molecules (Fig. 1) were prepared by combining Pd(u)
and the tetrakis-monodentate ligand in a 4:4 ratio. In princi-
ple, it should be possible to prepare Pd,L, type MCDCCs
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encapsulating up to four units of pyrazine-N,
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(n = 3) with (n — 1) cavities where (n — 1) units of Pd,L, type
cavities are linearly conjoined. However, only Pd;L, and P,L,
type MCDCCs are known, whereas PdsL, type or beyond are not
known for the above described Pd,L, family.

We have recently reported a Pd,L, type SCDCC capable of
encapsulating one unit of pyrazine-N,N'-dioxide (PZDO) as a
guest.'” In the present work we report a series of Pd;L,, Pd4Ly,,
and PdsL, type MCDCCs featuring two, three and four cavities,
respectively (Fig. 1). The Pd,L, type sub-frameworks crafted in
the new MCDCCs correspond to our reported PZDO-binding
Pd,L, type SCDCC. The double-, triple- and quadruple-cavity
containing MCDCCs are found to accommodate up to two,
three and four units of PZDO, respectively.

The number of seeds in a soybean pod usually ranges from 1
to 4; thus, the family of guest bound SCDCC and MCDCCs is
considered here, from a structural viewpoint, as ‘“Molecular
Soybeans” in line with “Molecular Peanuts”."*

The bis-monodentate ligand, L1, possesses a meta-
phenylene spacer that is appended with 3-pyridyl groups via
amide linkages (Fig. 2)."” Building upon this, we synthesized
tris, tetrakis-, and pentakis-monodentate ligands L2, L3, and
L4, respectively (Fig. 2). Detailed procedures for their synthesis
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Fig. 1 Cartoon representation of guest-bound Pd,L4 type SCDCC and
Pd,L4 type MCDCCs featuring (n — 1) cavities. Comparison of the archi-
tectures with Soybean is shown.

Chem. Commun., 2025, 61, 8007-8010 | 8007


https://orcid.org/0000-0003-2479-2826
https://orcid.org/0000-0003-1115-0138
http://crossmark.crossref.org/dialog/?doi=10.1039/d5cc01107h&domain=pdf&date_stamp=2025-05-05
https://doi.org/10.1039/d5cc01107h
https://rsc.li/chemcomm
https://doi.org/10.1039/d5cc01107h
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC061044

Published on 24 April 2025. Downloaded by Fail Open on 7/23/2025 9:09:02 AM.

Communication

i re
€2 \bz }:N \kj &N \t
d: ¢ ¢ N ug/ N
ez n3 ~m
f, HNAQ @ 0y HN s HN
o] o]
92 hy PJQQJ Q
iy o} o] o]
¢y by IHN P HN: HN
2 2
ad N ¢ N 7 N 7 N

Fig. 2 Chemical structures of the guest PZDO, known ligand L1, and new
ligands L2-L4.

and characterization are provided in the ESIT (Schemes S1-S3
and Fig. S1-527).

Complexation of Pd(NO;), with L1, in a 2:4 ratio in DMSO-
ds predominantly yields a Pd,L, type binuclear assembly,
[(NO3), =Pd,(L1),](NO3)s_y; 1-4NO;, (Fig. 3(i)) along with a
minor amount of Pd;Le type cage [(NO3), = Pd;(L1)s](NO3z)s_y;
1'-6N0O;."”” We anticipated that complexation of Pd(NOs), with
ligand L2 in a 3:4 molar ratio might result in a Pd;L, type
double-cavity cage due to Pd,L, forming behaviour of L1.
However, the formation of oligomeric products could not be
ruled out in advance due to the additional Pd;L¢ forming
nature of L1. The complexation reaction was carried out in
DMSO-de (ESLt Scheme S4), which afforded a single discrete
product within 20 min, upon stirring at 70 °C, as confirmed
from the complexation induced single set of peaks in the
"H NMR spectrum of the in situ prepared or isolated samples
(compare Fig. 4(i) with Fig. 4(ii)). We proposed the formation of
the double-cavity cage [(NOjz),,<=Pd;3(L2),](NO3)s_2y; 2-6NO;3
(Fig. 3(ii)) and confirmed the proposal by ESI-MS analysis (ESL, T
Fig. S37). The cage was also characterized by various spectro-
scopic techniques including 'H, 2D COSY, and 2D NOESY NMR
(ESLt Fig. S28-S30). Formation of a single discrete Pd;L,
structure against the probable oligomeric product is attributed
to Neighbouring Cage Participation (NCP)'” where one unit of
Pd,L, cavity symbiotically supported the formation of other
units that are conjoined with each other.

Complexation reactions of Pd(NOs),, separately with ligand L3
(4:4 molar ratio) and L4 (5 : 4 molar ratio) were carried out in DMSO-
de (ESLT Scheme S5 and S6). The reaction mixtures were stirred at
70 °C for 12 and 24 hours, respectively, leading to single discrete
products as evidenced from single sets of downfield shifted "H NMR
signals (Fig. 5(ii) and (v)) though slightly broad in nature. The triple
cavity system [(NOs)z,=Pd,(L3),](NOs)s_3, 3-8NO; (Fig. 3(iii)) and
quadruple cavity system [(NOj3)y,=Pds5(L4),](NO3s)1o_ax, 4-10NO3
(Fig. 3(iv)) were characterised using 'H, 2D COSY, and 2D NOESY
NMR spectroscopy (ESL T Fig. S31-S36). The ESI-MS analysis of cages
3-8NO; and 4-10NOj; supported the formation of tetranuclear
and pentanuclear systems, respectively (ESI,T Fig. S38 and S39).
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Fig. 3 Chemical structures of the complexes (i) 1-4NOs3, (i) 2-6NOs, (iii)
3.8NO3 and (iv) 4-10NO3 along with gas phase optimized structures
(obtained by the DFT method at the [B3LYP/LanL2DZ, 6-31G*] level of
theory using Gaussian-16 software) for (i) [Pdx(L1),**, [1]** and
(PZDO) < [11**; (i) [Pd5(L2),1%", [21%* and (PZDO), =[215*; (iii) [Pd4(L3)41%",
[313* and (PZDO)s < [318*; and (iv) [Pds(L4),1*°*, [4]*°* and (PZDO), < [4]%°.

Multiple attempts to obtain single crystals of the MCDCCs
were unsuccessful. Consequently, we relied on the energy
optimized structures to gain insights into their architecture.
Notably, the crystal structures of the binuclear complex
[Pd,(L1),]", [1]*" revealed the adaptability of the ligand in
response to different counter anions.’”” The bound ligand L1,
in the structure of (PZDO)c1-4NO;, adopts a conformation
where the C—=O groups of L1 are pointed in an endohedral
manner so as to provide optimal host-guest interaction.'”
Energy optimization of [1]*" was performed by retaining the

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Partial (400 MHz) *H NMR spectra of (i) ligand L2 recorded at
298 K; (ii) 2-6NO3 recorded at 298 K; (iii) 2-6NO3 + 1 equiv. PZDO recorded
at 298 K; (iv) 2:.6NO3 + 7 equiv. PZDO recorded at 298 K; (v) 2.6NO3
recorded at 353 K; and (vi) 226NO3z + 7 equiv. PZDO recorded at 353 K; in
DMSO-dg, 5 mM conc. with respect to Pd(i).
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Fig. 5 Partial (400 MHz) *H NMR spectra of (i) ligand L3 recorded at
298 K; (i) 3-8NO3 recorded at 298 K; (i) 3-8NO5 recorded at 353 K; (iv) ligand
L4 recorded at 298 K; (v) 4-10NO3z recorded at 298 K; and (vi) 4-10NO3
recorded at 353 K; in DMSO-dg, 5 mM conc. with respect to Pd(i).

same conformation of bound ligand; the Pd-Pd distance in
the energy optimised structure was found to be ~11.4 A
(Fig. 3(i))."” The -cationic complexes [Pd;(L2),]*", [2]*;
[Pd4(L3),]%, [3]®* and [Pds(L4)4]""", [4]'**, were also modelled
for energy optimization where all the C—=O groups oriented
endohedrally (Fig. 3(ii)-(iv)). For cationic complex [2]*, the
observed Pd-Pd distance for both cavities is 11.0 A, which is
slightly smaller than that of [1]**. In cationic complexes [3]**
and [4]'**, the peripheral Pd,L, cavities exhibit a Pd-Pd dis-
tance of approximately 11.0 A, while the internal cavities have a
Pd-Pd distance of approximately 10.6 A (ESI,t Fig. S53).

The cages 1-4N0O;-4-10NO; contain multiple amide bonds,
with -NH groups serving as hydrogen bond donors and -C—=0
groups as acceptors, facilitating guest binding. The cavity of the
cage 1-4NO; is known to encapsulate one unit of PZDO upon
the addition of 4 to 5 equiv. of the guest.

Addition of 1 equiv. of PZDO to a solution of the cage 2:6NO;
in DMSO-de resulted in a marginal downfield shift of the
endohedral o-pyridyl protons, H(a,) and H(k,), with peak
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broadening indicating host-guest interaction (Fig. 4(iii)).
Further addition of PZDO was carried out in a portion-wise
manner, approximately 4 equiv. of PZDO per cage molecule
(i.e. 2 equiv. per cavity), whereupon peak broadening become
more pronounced, so much so that peaks due to all endohedral
protons (H(a,), H(k,) and H(%,)) and protons ortho to amide NH
(H(f>) and H(i,)) were found to be nearly merged with the base
line (ESL,t Scheme S7 and Fig. S44). The ESI-MS analysis of the
solution containing the host-guest system revealed the exis-
tence of singly occupied, (PZDO)=2-6NO; and doubly occupied
(PZDO), =2-6NO; cages (ESL,T Fig. S51) where the experimen-
tally observed isotopic pattern peaks are found to be compar-
able with the simulated peaks. Thus, the guest binding
experiments presumably resulted in partially as well as com-
pletely occupied cavities of the MCDCC; also, there is fast
exchange between bound and free guest molecules.

Similarly, portion wise addition of PZDO to the solutions of
3-8NO; and 4-10NO; and monitoring their "H NMR spectra
revealed that approximately 6 (ie. 2 equiv. per cavity) and
8 equiv. (i.e. 2 equiv. per cavity) of the guest was required,
respectively. Further addition of guest to the resulting host-
guest mixture showed no significant changes in "H NMR of the
triple and quadruple cavity systems (ESL,{ Fig. S45 and S46).
However, the peak broadening in their "H NMR spectra is
found to be much more pronounced than the case of guest
interaction with 2-6NOj;. Such broadening is attributed to the
presence of a large number of amide linkages in the MCDCCs,
allowing a higher number of conformational isomers and slow
exchange among them. ESI-MS analysis on 3-8NO; showed the
existence of singly occupied, (PZDO) = 3-8NO;, doubly occupied
(PZDO), =3-8NO;3, and triply occupied (PZDO); < 3-8NO; cages
(ESL Fig. S52). ESI-MS study on the samples prepared using
4-10NO; could not provide isotopic pattern peaks matching
with corresponding simulated peaks. But we propose the
existence of host-guest complexes having partially as well as
completely occupied cavities on the basis of NMR study.

To investigate the pronounced peak broadening observed in the
"H NMR spectra, we examined the host-guest complexation beha-
viour of the cages 2-6NO3-4-10NO; at elevated temperature (353 K)
expecting fast conformational changes leading to sharper peaks.
Samples were prepared by dissolving the cages 2-:6NO;-4-10NO; in
DMSO-dg followed by the addition of 4 to 8 equiv. of PZDO. The
"H NMR spectra of these samples were recorded at 353 K where the
peaks appeared sharper (ESL Fig. S47-5S49).

For the sample containing 2-6NO; and excess (~4 equiv.) of
PZDO, the "H NMR spectrum at 353 K revealed a single set of
sharp signals, showing a significant downfield shift of the
a-pyridyl protons H(a,) and H(k,) indicating guest binding
(Fig. 4(v) and (vi)). The "H NMR signals corresponding to encapsu-
lated PZDO were not observed in the 10-10.3 ppm region. However,
in the region of 8.1-8.4 ppm (free PZDO signal) a broad signal
appeared in contrast to the sharp signal of only PZDO recorded at
353 K in DMSO-d,, indicating rapid exchange between bound and
free PZDO. Similarly, the other cages 3-8NO; and 4-10NO; showed
significant downfield shift of the o-pyridyl protons and binding
towards PZDO at high temperature (ESL} Fig. S50).

Chem. Commun., 2025, 61, 8007-8010 | 8009


https://doi.org/10.1039/d5cc01107h

Published on 24 April 2025. Downloaded by Fail Open on 7/23/2025 9:09:02 AM.

Communication

Fig. 6 Crystal structure of (PZDO), =2-6BF, in two different orientations.
The solvent molecules and counter anions are omitted for clarity.

Although the conjoining units are identical Pd,L, units for
[3]** and [4]'%", their optimized structures revealed size differ-
ence between peripheral and central cavities. The need of
energy expensive structural adjustment is probably required
to facilitate guest binding, which hinders encapsulation of the
guest in all cavities of the MCDCC-type host. To explore this,
theoretical modelling of the MCDCCs corresponding to
partially as well as completely occupied (by PZDO) cavities
was performed. The optimized structures (Fig. 2 and ESLt
Fig. S54-5S60) were analysed with respect to the cavity sizes.
Optimized structures of fully occupied cages are shown in Fig. 3
and partially occupied cages are collected in the ESL{

The calculation revealed that guest binding induced the
expansion of the cavity size as it occupies the cavity. Interest-
ingly, guest binding induced contraction of the neighbouring
cavity that is not occupied by the guest. For example, upon
encapsulation of only one guest in one of the cavities of the
double cavity system [2]%", the Pd-Pd distance of the encapsu-
lated cavity increases by ~0.3 A while the adjacent free cavity
got contracted by ~0.3 A. Similarly, contraction of adjacent
cavities upon PZDO encapsulation was observed for other
MCDCCs [3]** and [4]'"". On the basis of energy calculation
of PZDO (guest)) MCDCCs (host), and partially/completely
occupied MCDCCs (ESL, Section S6), ‘“‘negative cooperativity”
for binding of PZDO in the cavities of MCDCCs is proposed. In
addition to the slow conformational movement in the ligand
backbone, factors like changes in size, existence of cavities that
are partially/completely filled by guest molecules and fast
exchange between bound and free guest are likely the cause
of peak broadening in the NMR spectra.

Xray diffraction-quality single crystals of [(PZDO),=Pds(L2),]
(BF4)s, (PZDO),=2-6BF, were obtained by the slow diffusion of 1,
4-dioxane vapor into a DMSO solution containing PZDO and the cage
2-6BF,. The asymmetric unit in the crystals of (PZDO),<=2-6BF,
(monoclinic, P2,/c) contains half a molecule of the trinuclear Pd(n)
complex, three BF, anions, one dioxane molecule and seven DMSO
molecules. The single crystal of (PZDO), <2-6BF, displays two mole-
cules of PZDO present inside the cavity (Fig. 6). However, the
conformation of ligands in (PZDO),=2-6BF, is found to be not
identical with that of (PZDO)<=1-4BF,. One of the PN, planes in
(PZDO),=2-6BF, is slightly displaced with respect to another by
~2.21 A horizontally and the guest molecules present inside
the cage are in a tilted position, resulting in slightly longer
Pd---O distances. This translates into fewer C-H---O=—C
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interactions between the guest protons and the carbonyl oxygen
of the host. The C-H- - -O-N contacts between the a-pyridyl C-H
protons of the host and oxygen of PZDO are however, longer
and more linear than those in (PZDO) = 1-4BF, (ESI,t Table S5).

In summary, we demonstrate the design and synthesis of a set
of tris-, tetrakis-, and pentakis-monodentate ligands having strong
propensity to form MCDCCs of [Pds(L2),]*, [Pd4(L3),*" and
[Pd5(14),]'*" types, respectively. During the self-assembly process
the ensuing conjoined cavities are found to symbiotically influence
each other’s construction due to NCP. A novel guest binding
behaviour in terms of multi-guest recognition (up to 4 equivalents
of PZDO) by the MCDCCs is studied. Thus, our work encourages
the construction of multicavity architectures having a large number
of linearly conjoined cavities and the exploration of such MCDCCs
as a host molecule for novel guest binding behaviours.
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