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The application of electron paramagnetic resonance (EPR)
spectroscopy to the investigation of supramolecular structures
has received considerable attention.! This body of work,
which is usually based on nitroxide spin labeling, is largely
driven by the sensitivity of the nitroxide label to its
surroundings,” as the magnitude of the "N hyperfine splitting
constants (ay) and g factors depend on the polarity of the
environment, while the lineshapes of the EPR spectra reflect
the probe’s motional dynamics. Recently, Chechik and co-
workers used spin-labeling techniques to study inclusion
complexation by cyclodextrins,®! while the inclusion of ni-
troxide spin probes by the host cucurbit[7]uril has been the
subject of a recent report by Lucarini et al.! Bardelang et al.
investigated the binding behavior of a persistent free radical
covalently attached to B-cyclodextrin.®! The Turro and
Ramamurthy research groups have shown that spin probes
yield very interesting data on the properties of dimeric
molecular capsules formed by a deep-cavity cavitand in
aqueous solution.’” Rebek and co-workers have also attached
spin labels to resorcinarene host molecules.”) We are partic-
ularly interested in the application of EPR techniques to
investigate the formation and properties of large molecular
capsules that result from the self-assembly of resorcinarenes!®
in nonpolar media, such as chloroform and dichloromethane
solutions. The resorcinarenes are bowl-shaped, tetrameric
macrocycles formed by the condensation of resorcinol
derivatives with aldehydes in an acidic medium. McGillivray
and Atwood first demonstrated the formation of hexameric
molecular capsules of resorcinarene 1 (Scheme 1) in the solid
state.’! Several groups have investigated this interesting self-
assembly process in the solution phase by using NMR
spectroscopy,'”) mass spectrometry,'!! fluorescence,'? fluo-
rescence resonance energy transfer,'” and electrochemical
techniques."¥! Herein, we report the continuation of our
previous work on the self-assembly of resorcinarene molec-
ular capsules in dichloromethane solution.!') We used nitrox-
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Scheme 1. Structures of the resorcinarene hosts and nitroxide guests
used in this work.

ide spin probes (2,2,6,6-tetramethylpiperidine-1-oxyl (tempo)
or derivatives) as potential guests for encapsulation by
resorcinarene 2 (Scheme 1) in water-saturated dichlorome-
thane solutions. The obtained experimental results add to our
limited knowledge of the internal environment in these large
capsular assemblies, and the interactions between the
included guests and the internal walls of the capsule.

The EPR spectra were recorded in water-saturated
CH,(l, solutions in order to provide the water molecules
that are necessary to complete the hydrogen-bond network
required for capsule formation. The spectrum of 0.10 mm
tempamine (4-amino-2,2,6,6- tetramethylpiperidine-1-oxyl)
in this medium consists of three sharp peaks, which are
characteristic of free nitroxide probe molecules that undergo
fast motion® (Figure 1a). The N hyperfine splitting and the
g factor are given in Table 1. The addition of increasing
amounts of resorcinarene 2 to the tempamine/CH,Cl, solu-
tion leads to significant changes in the EPR spectra. In the

Table 1: Hyperfine splitting constants ay, gfactors, and rotational
correlation times 7, obtained from the EPR spectra of various nitroxide
spin probes in water-saturated CH,Cl, solution, before (free) and after
encapsulation (bound) inside 2.1

Guest Tempamine Tempo—Me;N* Tempo—Cob™
A free [G] 15.83 15.51 15.82

Ay bound [G] 16.16 15.73 16.14+0.5
Ziree 2.0060 2.0062 2.0060
Bbound 2.0058 2.0058 2.0058

T, free [S] 1.2x107" 42x107" 3.4x107"
Tr bound [5]" 1.3x107° 2.0x107° (4£1)x107°

[a] Unless otherwise specified, the error margins were +0.01 for the ay
values, +0.0001 for the gfactors, and £10% for the T, values.
[b] Calculated using the equation in Ref. [15].
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region that corresponds to the high-field line, two different,
superimposed signals are clearly visible: a sharp signal, which
is characteristic of a free nitroxide probe that undergoes fast
motion, and a much broader line (Figure 1b). The formation
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Figure 1. Experimental EPR spectra in water-saturated CH,Cl, at 293 K.
a) 0.10 mm tempamine, b) 0.10 mm tempamine +1.20 mm 2,

c) 0.05 mm tempamine+2.70 mm 2, d) 0.10 mm tempo—Me;N*,

e) 0.10 mm tempo-Me;N* +1.20 mm 2, f) 0.05 mm tempo—
Me;N*+2.70 mm 2.

of a complex with tempamine as the included guest is
supported by the observation that an increase in the
resorcinarene concentration led to gradually higher intensi-
ties for the broader signal, while the intensity of the sharp
signal that arises from the free-spin probe decreased. When
the concentration of resorcinarene was increased to 2.7 mm
and the [resorcinarene]/[spin probe] ratio was 54:1, the
spectrum of the complexed radical became dominant (Fig-
ure 1¢), and the spectroscopic parameters for the included
nitroxide guest could be measured. The addition of excess
resorcinarene led to an EPR spectrum in which the increased
linewidth of all the lines (and especially the high-field line)
reflects the reduction of the probe’s tumbling rate. The
observed increase of the tempamine rotational correlation
time™ 7, from 1.2 x 107" s (in the absence of 2) to 1.3x 10" s
(in the presence of excess 2, see Table 1) is consistent with the
encapsulation of the spin probe.

The ay value measured for encapsulated tempamine is
slightly larger than that of the free nitroxide probe (Table 1),
thus indicating a small increase in the polarity of the
microenvironment around the spin probe upon encapsula-
tion. A similar conclusion can be derived from the small
decrease observed in the g factor. These results are consistent
with the expected behavior, as the large internal volume
(ca. 1.375 A% of the hexameric resorcinarene capsule (2)
guarantees that a large number of solvent molecules can be
included together with the nitroxide guest, but the resorcin-
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arene OH groups and water molecules involved in the
hydrogen bonds that keep the capsule together exert a
measurable effect on the polarity of the inner space of the
hexameric capsule.

In light of the reported selectivity of 2¢ capsules for
cationic species,[w] we decided to use cationic nitroxide
derivatives as guests. Initially, we selected tempo-Me;N*
(4-trimethylammonium-2,2,6,6-tetramethylpiperidine-1-oxyl)
and examined its interactions with resorcinarene 2 in water-
saturated CH,Cl, solution. In analogy with the results
obtained with tempamine, the evolution of the EPR spectral
patterns (Figure 1d-f), as well as the ay and the g factor
values (Table 1) obtained as the concentration of host 2
increased show that tempo-Me;N™ is sequestered inside a
molecular capsule formed by the resorcinarene. Interestingly,
we found that the 7, value for tempo-Me;N™ included in the
capsule is 2.0x107?s, that is, its tumbling rate is slightly
slower than that of encapsulated tempamine. However, the
free cationic nitroxide derivative in solution also exhibits a
slower tumbling rate than that of neutral tempamine. There-
fore, the possible presence of cation-m interactions between
the positively charged trimethylammonium residue in tempo—
Me;N* and the aromatic inner walls of the capsule is not
unequivocally substantiated by these data. Although a con-
siderable excess of host 2 is necessary to fully encapsulate
tempamine and tempo-Me;N™, it is clear from Figure 1 that
the encapsulation of the latter probe is easier to achieve. This
result is consistent with the known selectivity of hexameric
capsules of host 2 for cationic compounds.

Pulse gradient stimulated echo (PGSE) NMR measure-
ments!"®! of the diffusion coefficient (D,) of resorcinarene 2
(3 mMm) in water-saturated CD,Cl, yield a value of (3.05+
0.11) x 10" cm?s™". In the presence of 0.5 mMm tempamine,
the D, value was determined as (3.07 +0.05) x 107® cm?s~".
This value is in excellent agreement with our previously
reported D, values for these 2, molecular capsules in the same
medium,'™ thus indicating that the presence of nitroxide
probes does not disrupt the self-assembly of the resorcinarene
host. While the NMR measurements require concentrations
above 1 mm, EPR measurements are best performed at
nitroxide probe concentrations around 0.1 mM (to minimize
spin-exchange broadening effects). The lower overall resor-
cinarene concentrations in the EPR experiments may explain
why the addition of a substantial host excess is required to
complete the encapsulation of the nitroxide probe. At the
beginning of the titration of tempamine (or tempo-Me;N*)
with host 2, its concentration is so low that capsule formation
might not be quantitative. In addition to this possibility, lower
absolute concentrations of probes and molecular capsules are
expected to shift the complexation equilibrium away from
encapsulation (see Figure S1 in the Supporting Information)
for any given value of the corresponding equilibrium associ-
ation constant. Nonetheless, at the end of the nitroxide probe
titrations with resorcinarene, the probe is undoubtedly
encapsulated inside a large capsular assembly, as the mea-
sured rotational correlation times indicate a considerable
deceleration of the probe’s tumbling rate (ca.100-fold for
tempamine and 50-fold for tempo-Me;N™, Table 1). These
substantial changes in 7, values can only be explained by the
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incorporation of the nitroxide probe inside a large supra-
molecular assembly, such as 2.

Previous voltammetric experiments have shown that the
encapsulation of the organometallic cation cobaltocenium is
highly favored by 24 capsules. In fact, cobaltocenium is
selectively complexed by the capsules, even in the presence of
a large excess of tetrabutylammonium ions.'* We exposed 2
capsules filled with either tempo-Me;N* or tempamine to
cobaltocenium, and observed the release of the nitroxide
probe from the molecular capsules. The EPR experiments
therefore show that the 24 capsules show selectivity for
cobaltocenium in competition with either tempamine or
tempo-Me;N*. As a result, we decided to prepare a novel
cobaltocenium derivative tempo-Cob™*, which combines the
organometallic cationic residue with a nitroxide probe in the
same molecule (see the Experimental Section for synthetic
details). The EPR spectrum of 0.10 mM tempo—-Cob™ in water-
saturated CH,Cl, shows the expected three sharp lines that
correspond to the fast tumbling nitroxide residue (Figure 2 a).

a)
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Figure 2. Experimental EPR spectra in water-saturated CH,Cl, at 293 K.
a) 0.10 mm tempo—Cob™, b) 0.10 mm tempo-Cob* +4.0 mm 2.

However, the addition of excess resorcinarene host led to a
considerably broadened spectrum that clearly suggests the
incorporation of the tempo-Cob" guest into the 2, capsular
assembly (Figure 2b). This spectrum is severely broadened
and its shape indicates that the probe’s tumbling motion falls
in an intermediate region between the fast and slow motional
regimes.”!

We also investigated tempone (4-0x0-2,2,6,6-tetramethyl-
piperidine-1-oxyl) and tempol (4-hydroxy-2,2,6,6-tetrame-
thylpiperidine-1-oxyl) as spin probe guests. The EPR spec-
trum of tempone was essentially unaffected by the presence of
resocinarene, and shows only the typical signals that arise
from the free nitroxide probe in solution (ay=14.76 Gauss,
£=2.0059, and 7,=1.3x10""'s). This finding suggests that
this nitroxide probe is not included at all into the supra-
molecular assembly. Experiments with tempol showed that,
although this probe is partially encapsulated inside the 24
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assembly, its complexation is much less favorable than that of
tempamine.

The EPR spectroscopic data collected in this work clearly
support the hypothesis that encapsulation of guests with 2 is
affected by the electrostatic nature of the guests involved.
Electrostatic surface potential plots of the nitroxide probes
surveyed here (see Figure S2 in the Supporting Information)
reveal that their encapsulation is enhanced by surfaces with
positive charge density, such as those of tempamine, tempo—
MeN", and tempo-Cob*. In contrast, a probe such as
tempone, whose surface is predominantly laced with negative
charge density, fails to undergo encapsulation. This failure is
probably due to the electrostatic complementarity between
positively charged guests and the mostly aromatic, inner walls
of the resorcinarene capsules.

It is instructive to calculate the approximate molecular
volumes from the rotational correlation times for the
encapsulated nitroxide probes, in order to assess to what
extent the motion of the trapped probes may reflect the
overall motion of the entire assembly. By using standard
equations for this purpose,'”' we estimated molecular
volumes of 4700, 19000, and 39000 A* for encapsulated
tempamine, tempo-Me;N”, and tempo-Cob”, respectively.
Since the overall volume of the hexameric molecular capsule
is expected to remain constant’” regardless of the seques-
tered guest, these values reflect the relative levels of probe
motion inside the capsule. In other words, while tempamine
appears to have a fair degree of motion that is uncoupled to
the overall motion of the supramolecular assembly, the
motion of tempo-Cob" seems to reflect the motion of the
assembly much more closely, with tempo-Me;N* as an
intermediate case. It can be argued that this effect may
result from cation—m interactions between the guest and the
inner walls of the capsule. However, as the molecular volume
of the guest increases, its motional freedom inside the capsule
will be reduced because of steric hindrance.

In conclusion, we have shown here that nitroxide spin
probes can be used as guests for hexameric resorcinarene
molecular capsules. EPR spectroscopic data show that the
spin probe is more easily encapsulated as positive charge
density accumulates on its surface. The motional regime of
the spin probe upon encapsulation is partially decoupled from
the slower motions of the supramolecular capsule for
relatively small probes such as tempamine. However, as the
molecular volume of the probe increases and fills a larger
fraction of the capsule’s cavity, the tumbling rate of the probe
more closely reflects the overall tumbling rate of the entire
supramolecular assembly.

Experimental Section

Commercially available nitroxide probes were used without further
purification. Resorcinarene 2 was synthesized by following a reported
procedure.®! Carboxycobaltocenium hexafluorophosphate
(CobCOOH(PF¢)) was prepared as reported by Sheats and
Rausch.? Pure compound was obtained by repeated washing with
hot acetone and recrystallization from a mixture of acetone/hexane.
1-Chlorocarbonylcobaltocenium hexafluorophosphate (CobCOCI-
(PFg)) was prepared by dissolving carboxycobaltocenium (50 mg,
0.13 mmol) in anhydrous CH;CN (10 mL). Sulfonyl chloride (40 uL)
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was then added and the resulting solution was heated at reflux for
24 h. After completion of the reaction, the solvents were removed
under vacuum. Approximately 50 mg of CobCOCI(PF;) was obtained
as a yellow solid and used in the next step without further purification.

Tempo-Cob(PFy): A solution containing tempamine (22.5 mg,
0.13 mmol) and triethylamine (15.9 mg, 0.16 mmol) in anhydrous
CH;CN (2 mL) was added dropwise to a solution of CobCOCI(PFy)
(ca. 50 mg) in CH;CN (8 mL) under N,. The reaction mixture was
stirred for 2 days at room temperature and then concentrated and
cooled to —25°C in order to precipitate the triethylammonium salt
that occurred as a by-product. After filtration, the solvent was
removed under vacuum, and the resulting residue was subjected to
column chromatography on Sephadex LH-20, using CH;CN as eluent.
The appropriate fraction was collected and dried under vacuum to
afford a mixture of tempo—Cob™ salts (CI7/PF,") as a highly viscous
yellow liquid. This liquid was then dissolved in a small amount of
water and a solution of saturated NH,PF; was added dropwise.
Tempo-Cob(PF;) (ca.25 mg) precipitated as an orange solid. The
solid was further purified by recrystallization from hot water/
methanol, and the final product was obtained as red, needle-shaped
crystals (13 mg, 18 % yield). MS (FAB): m/z 387 [M*], 388; elemental
analysis calcd (%) for C,yH,,N,0,CoPF,: C 45.19, H 5.12, N 5.27,
found: C 44.98, H 5.12, N 5.32.

EPR spectra were recorded on a Bruker EMX 200D spectrom-
eter. The instrument settings were as follows: microwave power
0.63 mW, modulation amplitude 0.9 G, modulation frequency
100 kHz, scan time 180s. Determination of g factors was done by
using polycrystalline DPPH (g =2.0036) as the reference.
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