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ABSTRACT: Two new highly charged [2]catenanes—namely, mHe[2]C-6PF and
mHo[2]C-6PF,—were synthesized by exploiting radical host—guest templation
between derivatives containing BIPY®* radical cations and the meta analogue of
cyclobis(paraquat-p-phenylene). In contrast to related [2]catenanes that have been
isolated as air-stable monoradicals, both mHe[2]C-6PF; and mHo[2]C-6PF; exist as
air-stable singlet bisradicals, as evidenced by both X-ray crystallography in the solid
state and EPR spectroscopy in solution. Electrochemical studies indicate that the first
two reduction peaks of these two [2]catenanes are shifted significantly to more
positive potentials, a feature which is responsible for their extraordinary stability in air.
The mixed-valence nature of the mono- and bisradical states endows them with
unique NIR absorption properties, e.g., NIR absorption bands for the mono- and
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mHe[2]C26*

mHo[2]C?%

bisradical states observed at ~1800 and ~1450 nm, respectively. These [2]catenanes are potentially useful in applications that
include NIR photothermal conversion, UV—vis—NIR multiple-state electrochromic materials, and multiple-state memory devices.
Our findings highlight the principle of “mechanical-bond-induced stabilization” as an efficient strategy for designing persistent

organic radicals.

B INTRODUCTION

In recent decades, the development of new stable organic
radicals has become a topic of extensive investigations"”
because of their unique optical,” electronic,” and magnetic’
properties. Most organic radicals are unstable under ambient
conditions and dimerize® quickly—to form new covalent
bonds—or become oxidized/reduced under ambient con-
ditions, making their isolation and characterization demanding
tasks. In general, there are several common strategies for
enhancing the air-stability of organic radicals, such as (i)
increasing the steric hindrance around the radical center’ in
order to prevent dimerization, (ii) introducing electron-
withdrawing groups to lower the LUMO energy level® in
order to enhance resistance to oxidation by O, and H,0O, and
(iii) recovering aromaticity,9 among other examples.1
N,N’-Disubstituted-4,4'-bipyridinium dications (BIPY>"),
also known as viologens, are a class of intensively
investigated'’ electron acceptors that can undergo two
sequential and reversible one-electron reductions with half-
wave potentials of —0.30 and —0.71 V (versus Ag/AgCl in
MeCN). The bipyridinium radical cation (BIPY*"), which is
generated from the one-electron reduction of BIPY?*, is a well-
known thermally stable radical species in an inert atmosphere,
and can undergo (noncovalent) z-dimerization'' on account
of radical—radical interactions; such interactions have been
exploited intensively in supramolecular chemistry'® and
mechanostereochemistry."> Although BIPY** cannot undergo
o-dimerization to form a covalent bond, it is unstable when
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exposed to air because the BIPY>*/BIPY** reduction potential
(—0.30 V versus Ag/AgCl) is not sufficiently positive for the
radicals to resist aerobic oxidation. It follows that tuning the
reduction potential of viologens toward more positive values is
desirable. A straightforward way to achieve this objective
involves introducing electron-withdrawing substituents onto
viologen derivatives, which makes them more electron-
deficient, as exemplified (Scheme 1) by tetramethyl ester-
functionalized'* dimethyl viologen, TEMV?*. The first
reduction potential of TEMV?* is shifted to around +0.27 V
versus Ag/AgCl relative to that (—0.30 V) of the original
dimethyl viologen radical cation (MV**), and so the air-
stability of the TEMV®* radical cation turned out to be
improved'* significantly.

Previously, we discovered" that the cyclobis(paraquat-p-
phenylene) bisradical dication CBPQT***), shown in Scheme
la, can accommodate a BIPY®' radical cation to form the
trisradical tricationic complex BIPY**CCBPQT***) in MeCN.
Using this complex as a templating motif, we have
synthesized' a series of highly positively charged mechanically
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Scheme 1. (a) Structural Formulas and Cavity Sizes of CBPQT* and mCBPQT*". (b) Radical Host—Guest Pairing

Interactions between mCBPQT***) and the Dimethyl Viologen Radical Cation, and the Corresponding Association Constant
(K,) in MeCN. (c) Reduction Potentials, Radical Stability, and Corresponding Literature References for Different Viologen
Derivatives—Including the Newly Designed [2]Catenanes mHe[2]C®" and mHo[2]C* —Indicating the Positive Correlation
between the Reduction Potential and Stability of the Radicals
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interlocked molecules (MIMs), i.e., Rox-3V®* and Ho[2]C%
shown in Scheme 1c. We found that the reduction potentials of
these MIMs are shifted to significantly more positive values
when the positively charged components in the MIMs are
forced into nano-confinement as a result of mechanical
bonding, which stabilizes the radical states under ambient
conditions. This property is especially evident in the
homo[2]catenane, Ho[2]C*, in which the four repulsive
viologen units are obliged to stack with z-overlap in a very
small volume (<1.25 nm?), a situation that brings about a
strong tendency for Ho[2]C®" to accept electrons, resulting in
the stabilization of the monoradical Ho[2]C*"* state under
ambient conditions.

Recently, we found'’ that mCBPQT>*", which is a
constitutional isomer of CBPQT2**), also associates with
MV** in MeCN, despite its cavity being 51gn1ﬁcantly smaller
(Scheme 1a,b) than that present in CBPQT>(*") Hence, e
have become interested in making new [2]catenanes —
namely mHe[2]C* and mHo[2]C®" (Scheme 1c¢; He and Ho
stand for hetero- and homocatenane, respectively)—incorpo-
rating mCBPQT*" in their component rings. Since the
mCBPQT*" cavity is smaller'” than that of CBPQT*, the
four electrostatically repulsive viologen units stack in an even
more compact manner than those present in Ho[2]C*".
Consequently, both of the two inner BIPY?* units in
mHe[2]C? and mHo[2]C®" are expected to be more easily
reduced than those in Ho[2]C®. If the second reduction

7191

potentials of mHe[2]C® and mHo[2]C® are shifted positively
to values that make aerobic oxidation difficult,’® then the
bisradical forms—namely, mHe[2]C?*** and mHo[2]C>*¢*—
will be stable under ambient conditions. Herein, we report the
synthesis and characterization of these two mechanical-bond-
protected, air-stable organic bisradicals.

B RESULTS AND DISCUSSION

Synthesis. The highly stable bisradical [2]catenanes,
mHe[2]C-6PF; and mHo[2]C-6PF,, were synthesized by
modifying the previously reported procedureléb for the
preparation of Ho[2]C-7PF;. The mCBPQT-4PF, host and
the guest molecule 1-2PF4 were reduced (Scheme 2) with an
excess of Cu dust in MeCN in a N,-filled glovebox for 2 h,
producing the trisradical tricationic inclusion complex
1°*CmCBPQT>**). 4,4’ Bipyridine was then added to this
solution so as to react with 1-2PF4 and give mHe[2]C3** as
the ring-closure product, which was then reduced again by Cu
dust™® to give mHe[2] C**¥), The reaction mixture was stirred
at room temperature under N, for 1 week, after which it was
exposed to air. Purification by reverse-phase column
chromatography, followed by counterion exchange and
recrystallization (see Supporting Information, section B),
afforded mHe[2]C-6PF4 in 30% yield. In a similar manner,
mHo[2]C-6PF, was obtained in 18% yield by reaction of
mCBPQT-4PF4 with 2-3PF using the same protocol. The
lower yield of mHo[2]C-6PFq can be attributed to the smaller

https://dx.doi.org/10.1021/jacs.0c01989
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Scheme 2. Synthetic Route for the Preparation of mHe[2]C-6PF;, mHo[2]C-6PF,, mHe[2]C-8PF,, and mHo[2]C-8PF;
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cavity of mCBPQT>"**) compared to that of CBPQT>"**),
which renders the ring-closure step for mHo[2]C-6PF4 more
difficult than that for mHe[2]C-6PF,. High-resolution electro-
spray ionization mass spectrometry (ESI-MS) confirmed that
both catenanes possess the same molecular formula, ie,
C,,HgFyNgPs (see Supporting Information). 'H NMR
spectra (Figures S1 and S3) have been recorded for both
catenanes in their fully oxidized states—namely, mHe[2]C-
8PF, and mHo[2]C-8PF,—which were obtained by oxidizing
the as-synthesized catenanes with an excess of NOPF. Because
of their lower symmetries, both mHe[2]C-8PF; and mHo[2]-
C-8PF, display much more complicated "H NMR spectra than
the spectrum observed (Figure SS) for Ho[2]C-8PF,. The
characteristic signals of these [2]catenanes correspond to the
proton resonances of the innermost BIPY** units, which are
strongly shielded and consequently shifted dramatically upfield
into the 4—5 ppm region. Notably, the eight resonances for the
innermost protons are separated into two sets of signals for
mHe[2]C-8PF, (two protons resonate at ~5.10 ppm and six
protons resonate at ~4.25 ppm), while these same eight proton
resonances in the spectrum of mHo[2]C-8PF, are separated
into four sets of signals at 5.29, 4.98, 4.38, and 4.07 ppm.
These observations can be attributed to the asymmetric
cavities of the mCBPQT*" component ring(s). The encapsu-
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lated BIPY>" unit(s) are obliged to reside closer to the p-
xylylene linker end than the m-xylylene linker end in order to
attenuate Coulombic repulsions as much as possible. As a
consequence, the innermost protons on the BIPY?* units of
mCBPQT*" experience different extents of shielding, leading to
well-separated chemical shifts. The remaining proton reso-
nances in the spectra of mHe[2]C-8PF; and mHo[2]C-8PF
are also more complicated for similar reasons.

X-ray Crystallography. Single crystals of the two
catenanes were grown under ambient conditions by slowly
evaporating Et,O into their 1.0 mM solutions in MeCN over 1
week, which afforded dark red crystals suitable for X-ray
crystallographic analysis. The solid-state structures show
(Figure 1) that both compounds crystallize with six PF,~
counterions around the catenanes, an observation which
confirms their bisradical hexacationic states under ambient
conditions. The torsional angles (Figure 1b) of 20° and 23° for
the A and D units, respectively, in mHe[2]C>*** are typical of
dicationic BIPY?" wunits, and indicate that the unpaired
electrons are not located on the A and D units. By contrast,
units B and C show (Figure 1b) much smaller torsion angles—
8° for unit B and 6° for unit C—indicating that the unpaired
electrons are most likely to be located between these units.
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d)

Figure 1. Solid-state structures. (a) Side-on view showing the dihedral angle between the BIPY units in mHe[2]C****. (b) Top-down view showing
the distances and the torsion angles between stacked units in mHe[2]C****. (c) Side-on view showing that there are six PF,~ anions surrounding
every mHe[2]C?>*%*. (d) Side-on view showing the dihedral angle between the BIPY units in mHo[2]C?*®*. (e) Top-down view showing the
distances and the torsion angles between stacked units in mHo[2] C?*%*_ (f) Side-on view showing that there are six PF4~ anions surrounding every

mHo[2]C?*%".

Moreover, the centroid-to-centroid distance (3.18 A)
between units B and C is significantly shorter than that
observed between (3.57 A) units A and B or between (3.53 A)
units C and D. The value of the distance (3.18 A) between
units B and C is typically associated with radical—radical
interactions, an observation that supports the existence of
radical—radical pairing interactions between units B and C. In
the case of mHo[2]C?***, however, all four units (A, B, C, and
D) present (Figure le) nearly planar conformations with
somewhat smaller (<13°) torsion angles, as well as shorter
(<3.57 A) distances between adjacent units, when compared to
those in mHe[2]C?*®*. These observations can be explained by
the small cavities of the two mCBPQT rings, which force the
four viologen units to stack more tightly in mHo[2]C?*®* than
in mHe[2]C**%, thereby leading to flatter viologen unit
conformations and shorter separations. Nevertheless, the
torsion angles of the two inner units, B (4°) and C (0°), are
still smaller than those of the outer units, A (13°) and D (3°),
while the centroid-to-centroid distance (3.12 A) between units
B and C is also smaller than that between (3.39 A) units A and
B or between (3.34 A) units C and D. Therefore, we conclude
that the two spins in mHo[2]C***" are also mainly located
between units B and C.

Electrochemistry. Since the stabilities of viologen radicals
in air are mainly determined by their potentials, the redox
properties of mHe[2]C-6PF, and mHo[2]C-6PF; were
investigated by cyclic voltammetry (CV). The CV curve for
mHe[2]C-6PF, exhibits (Figure 2) five reversible waves,
corresponding to six discrete accessible redox states, which are
similar to those observed previously for Ho[2]C-7PF,. On the
other hand, mHo[2]C-6PF, displays (Figure 2) six reversible
waves because of further splitting of its last reduction peaks.
Notably, the first two reduction peaks of both mHe[2]C®"
(Ereq1 = +0.56 V and E, 4, = +0.29 V versus Ag/AgCl) and
mHo[2]C* (E.4 = +0.65 V and E,.4, = +0.34 V versus Ag/
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Figure 2. Cyclic voltammograms of mHe[2]C-6PF4 (0.50 mM, blue
trace) and mHo[2]C-6PF; (0.50 mM, green trace) with the redox
potentials marked on all peaks.

AgCl) are significantly positively shifted compared to those
previously observed for Ho[2]C®¥ (E,.q; = +0.34 V and E,.4, =
+0.16 V versus Ag/AgCl). The LUMO energy levels of
mHe[2]C* and mHo[2]C?¥, which are calculated to be —5.17
and —5.27 eV, respectively, both are much lower than those for
tetracyanoquinodimethane (E;yyo = —4.84 eV) and some
other™® strong electron acceptors. This observation supports
our hypothesis that decreasing the cavity size of one or both
component rings in these highly positively charged catenanes
enhances their electron-accepting abilities. In addition, the last
reduction peaks of mHe[2]C® (E, 45 = —1.31 V versus Ag/
AgCl) and mHo[2]C% (E, 45 = —1.22 V versus Ag/AgCl) are
both negatively shifted compared to the last reduction peak of
Ho[2]C* (E.4s = —1.06 V versus Ag/AgCl). Taken all
together, these observations demonstrate clearly that subtle

https://dx.doi.org/10.1021/jacs.0c01989
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Figure 3. (a, b) Vis—NIR absorption spectra of the different redox states obtained employing electrochemical reduction at different voltages. (a)
Purple line: mHe[2]C***) (=0.50 V); red line: mHe[2]C?*®* (+0.10 V); blue line: mHe[2]C*"* (+0.42 V). (b) Purple line: mHo[2]C***) (—0.50
V); red line: mHo[2]C**** (+0.10 V); blue line: mHo[2]C*7* (+0.50 V). Reference electrode: Ag/AgCl. (c) EPR spectra of mHe[2]C*”* (blue
line) and mHe[2]C?** (red line). (d) EPR spectra of mHo[2]C*”* (blue line) and mHo[2]C?**** (red line).

differences in the cyclophane linkers influence significantly the
redox behavior of these highly positively charged [2]catenanes.

Significantly, the potentials of the second reduction peaks of
mHe[2]C* (E,..4, = +0.29 V) and mHo[2]C* (E,.4, = +0.34
V) are comparable to the first reduction potentials of TEMV>*
(E,eq; = +0.27 V, Scheme 1) and Ho[2]C¥ (E,q, = +0.34 V,
Scheme 1). Accordingly, the bisradical states of mHe[2]C®"
and mHo[2]C® are very likely to exhibit stabilities in air
similar to those of TEMV** and Ho[2]C*"*.

UV-Vis—NIR Spectroscopy. In order to gain additional
insight into their electronic properties, we recorded the UV—
vis—NIR spectra of the two [2]catenanes in their various
electrochemically generated redox states at different potentials.
The CV traces (Figure 2) reveal that MeCN solutions of
mHe[2]C-6PF; (+0.80, +0.42, +0.10, and —0.50 V) and
mHo[2]C-6PF4(+0.80, +0.50, +0.10, and —0.50 V) require
different potentials in order to generate the corresponding
redox states (8+, 7+, 6+, and 4+). UV—vis—NIR spectra of the
MeCN solutions of the 7+ (monoradical), 6+ (bisradical), and
4+ (tetraradical) redox states were recorded. See Figure 3a,b.
Notably, the mono- and bisradical states of both [2]catenanes
exhibit NIR absorption bands around 1800 and 1440 nm,
respectively, and both of these absorptions are significantly
red-shifted compared'*® to those of BIPY** (around 600 nm)
and the BIPY**---BIPY*" supramolecular dimer (800—900
nm). By contrast, the tetracationic tetraradical states only
display NIR bands centered around 1070 nm. These
observations indicate that both the mono- and bisradical
states are “mixed-valence” ones. Since all four BIPY units are so
closely stacked (distances <3.6 A), m-overlap and electronic
communication exist between all four BIPY units. Con-
sequently, the unpaired electrons of the radicals are shared
by the four BIPY units to form mixed-valence states with
significantly narrow bandgaps.
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We also examined the stabilities of the tetra-, bis-, and
monoradical states of the two [2]catenanes in air by time-
dependent UV—vis—NIR spectroscopy under ambient con-
ditions. Upon exposure to air, the tetraradicals (mHe[2]C***)
and mHo[2]C***)) in MeCN were observed (Figures S6 and
S7) to decay gradually to their bisradical states (mHe[2]C>***
and mHo[2]C2*%") over several hours. The bisradicals
(mHe[2]C**®" and mHo[2]C?*®*), however, exhibit extra-
ordinary stabilities under ambient conditions. MeCN solutions
of mHe[2]C?*®* and mHo[2]C?**®* can be stored in air for
more than 10 days without any change (Figures S8 and S9) in
their absorption spectra. Noteworthy is the fact that, although
the monoradicals (mHe[2]C*"* and mHo[2]C*"*) are quite
stable in their solid states, in some cases they tend to be
reduced into bisradicals in their solution states when stored in
air for more than 1 week.

Organic NIR dyes with absorption bands longer than 1200
nm are not abundant,*™*' not only because such red-shifted
absorptions are difficult to achieve but also because organic
compounds with extremely narrow bandgaps suffer from
stability issues. Hence, our results show that the mono- and
bisradical states of these two [2]catenanes are promising air-
stable NIR-absorbing dyes with significantly red-shifted
absorption peaks of ca. 1800 and 1450 nm.

EPR Spectroscopy. We also recorded (Figure 3c,d) the
electron paramagnetic resonance (EPR) spectra of the
bisradicals (mHe[2]C?**** and mHo[2]C?*%*) in MeCN. The
very weak signals which were observed are almost negligible
compared with the signal intensities of the monoradicals
(Figure 3c,d) recorded under similar conditions. These
observations are in accordance with previously reported'®
results, indicating that the unpaired electrons in the bisradicals
are coupled antiferromagnetically and exist as ground-state
singlets. The relatively weak signals observed in the EPR
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spectra can be attributed to the thermally populated triplet
states of the bisradicals.

DFT Calculations. DFT calculations were performed in
order to probe the electronic properties of the two catenanes.
The results illustrate (Figure 4) that the spin densities in both

Figure 4. Spin-density distribution of (a) mHe[2]C*”*, (b)
mHe[2]C**%*, (c) mHo[2]C""", and (d) mHo[2]C****, showing
that the spin densities are located in the two inner BIPY units for the
two [2]catenanes in both mono- and bisradical states.

mono- (mHe[2]C*”* and mHo[2]C*"*) and bisradical (mHe-
[2]C?*%* and mHo[2]C?*%*) states are located on their two
innermost BIPY>*/** units, in accordance with the exper-
imental results. The theoretical association energies (Table S1)
for the formation of catenanes in their different redox states
(mHe[2]C®™** and mHo[2]C®™*™ where n refers to the
number of positive charges) from the corresponding cyclo-
phanes were calculated in MeCN at the M06/6-311++G**
level, taking previously reported Ho[2]C®*"* a5 the control
molecule. For each of nine redox states, the theoretical
association energies (AE) of mHe[2]C®"** and mHo[2]-
CEM*™* are always higher than the corresponding values for
Ho[2]C®™*m indicating that the introduction of mCBPQT
ring into [2]catenanes is more energetically unfavorable than it
is when the ring is CBPQT because of the smaller cavity size of
the mCBPQT ring. Nevertheless, if we consider the binding
energy difference (AAE) between the 7+ and 8+ states (AAE
= AE,, — AE,,), or between the 6+ and 8+ states (AAE =
AEs, — AEq,), a value which indicates the thermodynamic
tendency of forming the 7+ (monoradical) or 6+ (bisradical)
state from the reduction of state 8+, the two new mCBPQT-
ring-containing catenanes become energetically more favorable
(Table S2) than Ho[2]C®™*m, Accordingly, the mono- and
bisradical forms of mCBPQT-ring-based [2]catenanes should
exhibit enhanced stabilities compared with the CBPQT-ring-
based [2]catenane, an observation which is also in agreement
with the experimental results.

B CONCLUSION

Two new [2]catenanes, namely mHe[2]C-6PF; and mHo[2]-
C-6PFg, have been prepared by exploiting mCBPQT*" as a
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host molecule using radical templation. On account of their
significantly enhanced electron-accepting tendencies, both the
mono- (mHe[2]C*”* and mHo[2]C*”*) and bisradical (mHe-
[2]C**%" and mHo[2]C?*%") states of these two catenanes
exhibit extraordinary stabilities under ambient conditions. This
finding highlights the effectiveness of the “mechanical-bond-
induced stabilization” strategy for preparing air-persistent
organic radicals. The mixed-valence nature of the mono- and
bisradical states is responsible for their unique NIR absorption
properties. These new [2]catenanes are potentially useful in a
variety of ways, such as in NIR-II photothermal conversion,””
UV—vis—NIR multistate electrochromic materials,”> and
multistate information storage/memory devices.”**’
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