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Abstract: The synthesis of cages with a polyradical frame-
work remains a challenging task. Herein is reported an
enantiomeric pair of quinoid-bridged polyradical tetrahe-
dral palladium(II) cages that are stabilized by an unusual
dianionic diradical form (dhbq**2� ). These cages have been
characterized by electron paramagnetic resonance and UV-
visible spectroscopy, squid magnetometry and mass spec-
trometry. Single-crystal-derived X-ray investigations of the
iso-structural cages built on fluoranilate linkers confirm the
tetrahedral structure of the obtained radical cages. Theoret-
ical calculations showed that the diradical state of the dhbq
anions is more stable than the usual monoradical state. A
weak ferromagnetic exchange between adjacent radical
centers was observed in DFT studies.

Metal-organic polyhedral assemblies are an interesting class of
coordination compounds due to their capabilities for host-guest
chemistry, molecular recognition and separation, as molecular
reaction vessels and as support platforms for biologically
relevant transformations.[1] Over the years, a large number of
cages are synthesized with cationic, anionic and neutral frame-
work structures.[2,3] Molecules possessing polyradical sites are
attractive for their redox activities, charge-transfer character-
istics and long-range electronic communications that make
them potential candidates for electrical conductors, optoelec-
tronic materials and molecular magnets.[4] Anilic acid based
dianion derived from deprotonation of 2,5-Dihydroxy benzoqui-
none (dhbq2� = [C6O4H2]

2� ) is an interesting redox reagent and
resembles transition metal ions for the similarities in the
energetics of their frontier orbitals.[5] It can undergo either one
electron oxidation or two one electron reductions to yield

species of charges from � 1 to � 4 in which the species with � 1
and � 3 charges yield the persistent radicals. Notably, the radical
form of (C6H2O4)

*3� (abbreviated as dhbq*3� ), that is found in
several mixed-valent metal organic frameworks, show enhanced
electrical conductivities, strong magnetic coupling and exhibit
inter-valance charge-transfer bands in their electronic spectra.[6]

However, such polyradical frameworks are found to be very rare
for discrete and polyhedral cage assemblies for the dhbqn�

anions, although there are a few reports known based on stable
verdazyl radicals or highly reactive TTF-based radicals.[7,8] In fact,
the nonradical dhbq2� form prevails most often for heavier
divalent transition metal ions to yield diamagnetic discrete self-
assemblies possibly due to the presence of additional redox
innocent co-ligands in them.[9,10]

In an interesting report, Sato and co-workers have demon-
strated an elegant chirality-assisted switching of polarization in
a heterometallic [CrCo] complex.[11] Inspired by this finding, we
set out to explore the existence of a chiral polyradical frame-
work in the tetrahedral imido-Pd3 cages by employing various
substituted anilate linkers. Herein, we report an enantiomeric
pair of polyradical PdII cages of formula {Pd3[PO(N(

RRRCH(CH3)
Ph)3]}4(C6O4H2)6 (1-R) and {Pd3[PO(

SSSCH(CH3)Ph)3]}4(C6O4H2)6 (1-S)
that have an unusual diradical (dhbq**2� ) form for the anilate
ions. The EPR measurements reveal that both 1-R and 1-S
exhibit six pairs of identical diradical spin centers. The magnetic
measurements on 1-S gave a paramagnetic χmT value of
5.4 cm3 Kmol� 1 due to 12 unpaired electrons. The theoretic spin
density analyses of 1-S display weak ferromagnetic interactions
between the two adjacent radical linkers. To the best of our
knowledge, these are the first examples of chiral polyradical
frameworks that are ever known for the discrete or polyhedral
cage compounds with the elusive dhbq**2� edges.

The spin-cages 1-R and 1-S were synthesized in a direct
reaction involving the corresponding chiral ligands XRRRH3 and
XSSSH3, palladium(II) acetate and dhbq-2H in methanol in about
80% yields (Scheme 1). The formation of the cage assemblies 1-
R and 1-S were confirmed by the MALDI-TOF spectrometry,
which unveiled a single peak at m/z 3760 corresponding to
their [M+K]+ species (Figures S1 and S2 in the Supporting
Information). The 31P NMR of 1-R and 1-S in CDCl3 displayed a
singlet at 70.14 ppm that confirms the presence of the pure
cage (Figure S3 and S4). The 1H NMR analysis of 1-R and 1-S
revealed broad signals for the protons of the α-methyl benzyl
groups attached to the tris(imido) phosphate ligand at the Pd3
PBUs (Figure S5). The signal broadening is ascribed to the
presence of paramagnetic species in the cage framework. The
solid-state 13C NMR spectrum showed the presence of carbonyl
groups (δ=187, 192 ppm) and C� H fragments (δ=100 ppm) of
the dhbq linkers in addition to the carbon atoms of the imido-
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phosphate ligands in the cage framework (Figures S6 and S7).
The 1H-2D-diffusion-ordered NMR spectroscopy (DOSY) of 1-R
and 1-S gave diffusion coefficient (D) values of 7.32×10� 10 and
7.533×10� 10 m2 s� 1, respectively, confirming the presence of
only one species in solution (Figures S8 and S9). The minor
disparity in the observed diffusion coefficients for 1-R and 1-S
could be due the broad nature of 1H NMR signals monitored in
the DOSY experiments. Thermo gravimetric analysis (TGA) data
for 1-R and 1-S reveals the absence of solvate molecules inside
their cage cavities and shows thermal stability upto 200 °C
(Figure S10).

Several attempts to crystallize the polyradical cages 1-R and
1-S went unsuccessful. Thus, we employed a similar ligand
motif based on fluoranilic acid in reaction with the correspond-
ing chiral phosphoramide ligands and Pd(OAc)2 to build iso-
structural cages 2-R and 2-S (yields ~83%). Formation of the
tetrahedral cages of formula {Pd3[PO(N(

RRRCH(CH3)
Ph)3]}4(C6O4F2)6 (2-R) and {Pd3[PO (SSSCH(CH3)Ph)3]}4(C6O4F2)6 (2-S)
has been confirmed by mass spectral analysis (Figure S11 and
S12). Unlike 1-R and 1-S, 2-R and 2-S were found to be
diamagnetic as revealed by its 1H NMR analysis that gave clear
resonances for the α-methyl benzyl groups (Figures S13 and
S14). Their 19F and 31P NMR spectra showed a singlet at � 171.41
and 70.34 ppm, respectively (Figures S15 and S16).

The solid state UV-visible spectra of these cages show bands
at 339 and 563 nm (for 1-R and 1-S) and 345 and 584 nm (for 2-
R and 2-S) due to d-d and LMCT transitions, respectively
(Figure S17). The circular dichroism (CD) spectra of 1-R and 1-S
gave mirror image signals at 260 and 353 nm due to the
respective ligand-centred and ligand to metal charge transfer
transitions showing the enantio-enriched nature of the radical
cages (Figure 1). The absolute configurations ([α]2D) of 1-R and
1-S were found to be 1322° and � 1340° in 0.1 M solution of
CHCl3 as determined by the optical rotation measurements. The
enantio-enriched nature of 2-R and 2-S were also confirmed by
CD measurements as they show four bisignate bands at 262 (π-
π*), 356 (π-π*), 428 (LMCT) and 503 nm (LMCT; Figure 1). The
[α]2D values of 2-R and 2-S were measured to be +1470° and
� 1430°, respectively.

Crystals of 2-R and 2-S suitable for single-crystal X-ray
diffraction analysis were obtained from their corresponding
dichloromethane solutions. Both of their structures were solved
in the orthorhombic chiral space group P21212 (Figure 2). The
asymmetric units of 2-R and 2-S possess one fourth of the cage
molecule (Figures S18-S19 and Table S2, S3). The structural
analysis confirmed the enantiopure nature of these cages. The
tetrahedral cages in 2-R and 2-S are a build-up of trigonal Pd3X*
(X*= RRR/SSSCH(CH3)Ph)3) chiral units at each of their four corners.
The bis-bidentate fluoranilate dianions tether them across the
six edges of the tetrahedron via its wide-angle chelating O,O-
coordination to the 90° cisoidal sites. Every single Pd3 unit is cis-
protected by the hexadentate coordination of tris(amino)
phosphate trianion along the exteriors of the cage. These cages
further exhibit a rotational chirality as observed by the clock-
wise (in 2-R) or anticlockwise (in 2-S) orientation of the α-Me
groups attached to the chiral carbon centers. The intrinsic void
volumes of these cages were found to be 238 Å3

, as indicated
by MSROLL calculations.[12] The packing structure of these cages
exhibits solvent accessible voids of volume 651 Å3 which
amounts to 6.6% of the total unit cell volume (Figures S20 and
S21).

The room temperature EPR spectrum of 1-R and 1-S in the
solid state displays a single sharp signal at �=2.002 suggesting
presence of unpaired electron(s). This indicates the presence of

Scheme 1. Synthesis of chiral spin (1-R, 1-S) and neutral (2-R, 2-S) tetrahedral
cages from enantiopure XRRRH3 or X

SSSH3 ligands. Only one of the six anilate
linkers present in these cages is indicated for simplicity. Figure 1. The CD spectra of 1-R, 1-S, 2-R and 2-S.

Figure 2. The molecular structures of 2-S (right) and 2-R (left); Pd: magenta,
P: yellow, C: gray, N: blue, O: red, F: cyan. The hydrogen atoms are omitted
for clarity.
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a unique radical species within the polyradical cage framework
(Figure 3a,b). The intensities of the EPR signals were found to
increase upon lowering the temperature from 270 to 100,
suggesting a paramagnetic ground state for both of them
(Figures 3c and S22). The observation of the forbidden
transition confirms the existence of the integer spin state
(Δms=2 for example) at half the field (1600 mT) of the main
signal (~3200 mT) at 100 K for both 1-R and 1-S (Figure 3a, b).

The variable temperature DC magnetic susceptibility meas-
urements on 1-S gave a room temperature (293 K) χmT value of
5.4 cm3 Kmol� 1 at 1000 Oe (Figure 3d). The obtained magnetic
moment value is consistent with the computed spin-only value
for the 12 unpaired electrons (χmT calcd=4.49 cm3Kmol� 1). This
confirms the polyradical framework of 12 unpaired electrons is
located along the six edges of the tetrahedron. In contrast, the

cages 2-R and 2-S and their corresponding analogues based on
chloranilate linkers {Pd3[PO(N(

RRRCH(CH3)Ph)3]}4(C6O4Cl2)6 (3-R)
and {Pd3[PO (SSSCH(CH3)Ph)3]}4(C6O4Cl2)6 (3-S) were found to be
diamagnetic as indicated by their NMR, EPR and magnetic
studies. This confirms the presence of the usual form of the
dhbq2� species in them, as observed for most of the anilate
complexes of heavier transition metal ions. Also, the presence
of electronegative halide substituents on the anilate backbone
helps in stabilizing the diamagnetic state of these ligands by
withdrawing the spin-densities towards themselves.

As the molecular structures of 1-R and 1-S could not be
obtained by crystallography, the geometry of 1-S was optimized
using density functional methods by taking the structure of 2-S
as the starting point.[13] Based on the experimental inputs and
earlier studies, two scenarios were considered, i) a monoradical
dhbq*3� form and ii) the diradical dhbq**2� � form for the dhbq-
linker moieties in 1-S (Figures 4a and S23, Table S4). The
computed energetics (see Computational Details) reveal that
the diradical state is lower in energy in comparison with the
monoradical state by 67 kcalmol� 1 per dhbq-site (Figure S24
and Table S3).

To gain insights into the magnetic behaviour of 1-S,
exchange coupling between the two radical centres via PdII

atoms were probed. To estimate this exchange interaction, two
sets of calculations were performed. In the first one, an S=6
state was imposed on the full structure of 1-S, and in the
second one, an S=0 was calculated where the spins at the
alternative radical centres are kept at the opposite directions
(keeping each dhbq**2� as triplets). An overall ferromagnetic
type radical-radical interactions via the PdII atoms with a
coupling constant (J) value of +132 cm� 1 was obtained from
these calculations. From the spin-density plots, it is evident that
the unpaired electrons are mostly delocalized on the O� C� C� O
moiety of the dhbq ligand and with a small spin density on the
PdII atoms (Figure 4a). Thus, the competing antiferromagnetic
and ferromagnetic interactions in the 1-S has led to a para-
magnetic behaviour with a steep decrease in susceptibility, as
shown in Figure 3d.

Similar calculations were also performed on a small model
system constructed from the idealized repeat unit of 1-S
(Figure 4b–d). These calculations also gave a ferromagnetic
coupling between the adjacent spin centres, albeit, with a
significant reduction in magnitude for J (+28.5 cm� 1). To
understand the difference in magnetic properties of 1-S with
the other two diamagnetic cages, calculations were also
performed on the smaller fragment models taken from the X-
ray structures of 2-S and 3-S (Figures S25–S26). However, the
exchange between the neighboring spin-centers via the PdII

atoms was found to be antiferromagnetic for both 2-S and 3-S
with the J values of � 126 and � 420 cm� 1, respectively. Given
the fact that the computed J values in these model systems are
significantly underestimated, they are expected to be strongly
antiferromagnetic for 2-S and 3-S rendering a diamagnetic
behavior for both of them.

In summary, by employing anilate linkers and PdII ions,
chiral metal-organic cages with polyradical frameworks have
been built. Whereas cages based on the dhbq-linker form stable

Figure 3. EPR spectra of chiral spin cages a) 1-R and b) 1-S along with their
forbidden transition at 1600 mT (insets). c) Variable-temperature EPR spectra
of 1-S. d) χMT vs. T plot for 1-S.

Figure 4. a) DFT-optimized structure of 1-S showing the spin densities in the
high-spin state. b) The idealized repeat unit of 1-S employed for the
calculations. Spin density plots obtained for the repeat unit of 1-S on c)
high- and d) low-spin state that yield the spin-exchange values. Atom color
codes: Pd: magenta, P: yellow, C: gray, N: blue, O: red, H: white. The
hydrogen atoms are omitted for clarity.
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radical pairs, the fluoranilate- and chloraniate-tethered tetrahe-
dral cages were found to be diamagnetic in nature. The
formation of tetrahedral cage assemblies was confirmed by
MALDI-TOF and 31P NMR spectroscopy and single-crystal X-ray
diffraction analysis of the iso-structural cages based on
fluoranilate linkers. Furthermore, the EPR, magnetic measure-
ments and theoretical calculations show the presence of an
unusual diradical dianionic form in each of the dhbq**2� linkers
in these chiral cages. The exchange interactions computed by
DFT methods showed the existence of ferromagnetic coupling
between adjacent diradical centers via the PdII atoms for 1-S,
whereas for 2-S and 3-S, the exchange was found to be
antiferromagnetic in nature. Finally, the present work provides
insights into the design and synthesis of stable cage frame-
works containing polyradical structures that have enormous
potential in the area of spin-electronic devices and catalysis.

Deposition numbers 2074205, and 2074206 contain the
supplementary crystallographic data for this paper. These data
are provided free of charge by the joint Cambridge Crystallo-
graphic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service.
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