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Cationic and anionic cage compounds
can show unique molecular recognition
capabilities as a consequence of their
ionic nature.!!! In contrast, radical cages
with unpaired electron spins in their
frameworks are seldom prepared and
their properties—with the exception of
cagelike cluster compounds that have
unpaired electrons at metal centers—
particularly the interactions with radical
guests, are largely unexplored.” This is mainly because of
difficulties in introducing stable organic radicals at the core of
the host frameworks. Here we report the facile self-assembly
of a radical cage containing multiple spin centers around a
cavity suitable for guest inclusion. We show that verdazyl
radical-cored ligand 1 is quantitatively self-assembled into the
large M¢L, spin cage 2 upon treatment with a Pd" complex
(Scheme 1). Similar to the analogous triazine-cored ML,

0]

~N ~N OH
N~ OH

Scheme 1. Self-assembly of M¢L,-type spin cage 2.

complexes,! spin cage 2 is capable of binding neutral guests
within the cavity in aqueous media. When radical guests are
accommodated in the cavity of 2, spin—spin interactions
between the host and the guest are observed. We thus obtain a
unique spin cage whose magnetic properties can be modu-
lated by inclusion of a radical guest.
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Scheme 2. Synthesis of 1.

Verdazyl radical ligand 1 was prepared by modified
literature procedures (Scheme 2).*! When a mixture of 1
(8 umol) and [Pd(bpy)(NOs;),] (bpy =2,2"-bipyridyl, 12 umol)
was stirred in water (2 mL) at room temperature for 2 h, the
ML, complex 2 formed quantitatively, as indicated by CSI-
MS and ESR studies.”! After counterion exchange with PF,~
ions, CSI-MS measurements showed a series of prominent
signals corresponding to [2-(PF,"),,]"" (m =4-7), from which
the molecular weight of 2 (PF, salt) was determined to be
4580.2 Da (calculated as 4580.5 Da). After cage 2 had been
decomplexed with base, the amount of radicals in the
recovered ligand was measured to be 1.0, thus indicating
that the radical does not degrade during the complexation and
decomplexation.!

The structure of 2 was fully characterized by X-ray
crystallographic analysis. Single crystals of 2 were obtained by
the slow vapor diffusion of acetone into an aqueous solution
of 2.") The verdazyl panels are disordered and indistinguish-
able, as the C,, symmetry of ligand 1 generates ten possible
structural isomers. For clarity, only one of the isomers is
shown in Figure 1. Although it involves severe disorder, the

Figure 1. Crystal structure of spin cage 2. Water molecules, nitrate
ions, and hydrogen atoms are omitted for clarity.

Angew. Chem. Int. Ed. 2008, 47, 2046 —20438



crystal structure of 2 provides reliable evidence for the self-
assembly of the MgL, complex 2 with four spin centers.

The four spin centers of spin cage 2 show intramolecular
magnetic interactions. Free ligand 1 shows nine sharp signals
derived from four nitrogen nuclei (Figure 2 a), which indicates

a)
- W -~
b)
~" = /\/7 N
o) M
J\/’ 140 160 mT__180
d) W‘,,o\//k,'
160 mT__180
MA
WA
e)
/\/ T40 160 mT 160
| |
300 310 320 330 340

HImT ———
Figure 2. ESR spectra of a) ligand 1 (295 K, CHCl;/MeOH =4:1, 4 mwm,
g=2.003), b) cage 2 (293 K, H,0, 1 mm, g=2.003); c) cage 2 (113 K,
frozen H,0, 1 mm, g=2.003); d) complex 2-3 (113 K, frozen H,O,
1 mm, g=2.004); e) recovered 2 after extraction of 3 with CHCl; from
2-3 (113 K, frozen H,O, 1 mm, g=2.003). The intensity is normalized.
The insets show the forbidden transition (Am,=2) which was mea-
sured using 16 m\W microwave power.

that intermolecular exchange interactions are considerably
weak compared to the hyperfine interaction (ay = 0.56 mT).”
In sharp contrast, the ESR spectrum of 2 shows only one
broad signal (Figure 2b). The broadening of the signal is
independent of concentration and temperature, and thus
intermolecular interactions and motional broadening can be
discounted.’! The signal broadening is ascribed to the
proximity of four spin centers on the ligands within the
framework of 2.”) The observation of a Am, =2 transition also
supports the presence of intramolecular spin-spin interac-
tions. The broad signal may contain not only a triplet
transition but also other multiplet transitions from a quartet
and a quintet derived from multiple interactions among the
four radical ligands.

The magnetic character of the spin cage is affected by the
enclathration of stable radicals in the large cavity of 2. An
excess of powdered nitrosyl radical 3 was suspended in an
aqueous solution of 2 at 20°C for 1 h
to give, after filtration of surplus
radical guest, the clathrate compound
2:3." The 1:1 host—guest stoichiom-
etry was confirmed by elemental
3 analysis and quantification of 3 after
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extraction with chloroform.'] Complex 2-3 showed a consid-
erably enhanced Am, =2 transition, compared to empty cage
2, and thus indicates the proximity of spin centers on the host
and the guest in the cavity (Figure 2d). The original ESR
spectrum of the cage was reproduced by removing the radical
guest (Figure 2e). The magnetic susceptibility of 2 and 2-3
(measured by a superconducting quantum interference device
(SQUID)) revealed that the spin—spin interactions in 2 are
antiferromagnetic. After the encapsulation of 3, the Weiss
constant increased from —0.1 K to —0.4 K, which indicates the
enhancement of spin-spin interactions by the presence of
guest 3. Thus, the spin state of the cage can be controlled by
inclusion of a radical guest. In this case, other multiplet
transitions derived from the five spins of 2-3 could not be
assigned, except for a triplet transition.

Similarly, the treatment of radical 4 with spin cage 2
resulted in the encapsulation of two guest molecules to give
the complex 2-(4),. Enhancement of
the forbidden Am =2 transition
compared with 2-3 was ascribed to
both host—guest and guest—guest
interactions.'” ' We have previously
reported the magnetic properties of
a 1:2 complex of a triazine-cored 4
ML, cage and 4, where the ESR
spectrum showed split doublet sig-
nals and a clear forbidden transition signal because of the
proximity of the spin centers of radicals 4.'") Taking this fact
into consideration, radicals 4 could be closely packed within
spin cage 2 in a similar way. However, the 2-(4), complex
showed one broad signal and a relatively weak forbidden
transition signal (Figure 3) compared with the 1:2 complex of
a triazine-cored ML, cage and 4. It is very likely that this
result may suggest multiple host-guest—guest-host interac-
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Figure 3. ESR spectra of a) cage 2 (113 K, frozen H,O, 1T mwm,
g=12.003); b) complex 2-(4), (113 K, frozen H,O, 1 mm, g=2.004);

c) recovered 2 after extraction of 4 with CHCl; from complex 2-(4),
(113 K, frozen H,O, 1 mm, g=2.003). The intensity is normalized. The
insets show the forbidden transition (Am,=2), which was measured
using T mW microwave power.
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tions, since six spins derived from one spin cage 2 and two
guests 4 are accumulated in a restricted space. Various neutral
molecules were also enclathrated by the spin cage,™ but no
significant change in the magnetic behavior of 2 was observed.

In summary, we have constructed a self-assembled radical
cage with four spin centers. The inclusion of radical guests
induced new spin—spin host-guest interactions. The water
solubility of the spin cage will allow studies on organic
radicals in aqueous media to enable the development of
guest-tunable spin materials, such as new spin probe reagents
and MRI contrast agents, that work in water.

Experimental Section

Spin cage 2: cis-(2,2"-Bipyridine)dinitratopalladium(II) (4.61 mg,
12 umol) and 1,3,5-tri(4-pyridyl)verdazyl (2.54 mg, 8 umol) were
mixed in distilled water (2 mL), stirred for 1h at RT, and dried
in vacuo to give 2 quantitatively. CSI-MS: m/z 509.53 [M—7PF;"]'*,
618.29 [M—6PF, |*", 771.10 [M—5PF, |**, 1000.09 [M—4PF, |*'.
Elemental analysis caled for C,,3H,;N5,05,Pds-18H,0: C 39.33, H
3.61, N 18.63; found: C 39.46, H 3.75, N 18.38. Crystal data for 2: The
very samll crystal size (80 x 20 x 20 pm) and poor crystallinity resulted
in synchrotron radiation at the Photon Factory-Advanced Ring for
Pulse X-rays (PF-AR) of the High Energy Accelerator Research
Organization (KEK) being used. The diffraction data were measured
at 80 K (A =0.68890 A). CypyH ;N7 66070.55Pds, M, = 4091.71, trigonal,
space group P3cl, a=b=27.554(1), c=33881(3)A, V=
22278(2) A%, Z=4, T=80(2) K, peuea = 1.220 gem>; 146123 reflec-
tions were measured, of which 7514 were unique (R;,,=0.1185) and
were used in all calculations. The structure was solved by direct
methods (SHELXL-97) and refined by full-matrix least-squares
methods on F* with 721 parameters. R, =0.1334 for 3201 observed
data (/>20(l)) and wR,=0.3376, GOF =1.230, max./min. residual
density 0.889/—0.974 e A=>. The trigonal crystal system results in one
of the four ligands in 2 sitting on a threefold axis. Thus, the verdazyl
core of this ligand was unable to be properly modeled. The
refinement was done by modeling a C;-symmetric triazine ring
instead of the verdazyl ring; see the Supporting Information.
CCDC 664973 (2) contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif
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