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Abstract: The control of molecular systems by electrical charge or light is a prerequisite for their application in nanoelectronics. Such
potential has been uniquely exploited in quinone-based resorcin[4]arene cavitands that can act as molecular grippers, reversibly
expanding and contracting in response to electrical or electromagnetic stimuli. The development of such redox- and photoredox-driven
gripper systems required employing a set of electrochemical, spectroscopic, and spectroelectrochemical techniques that have been
applied to control and monitor the redox state and the geometry of grippers. Here, we provide a systematic overview of this spectro-
electrochemical toolbox in the context of the quinone redox chemistry and molecular gripping, from cyclic and rotating disc
voltammetry, through square-wave voltammetry and UV-Vis-NIR spectroelectrochemistry, to NMR, EPR, and ENDOR spectroscopy.
The understanding of the molecular gripping process revealed through the lens of these techniques paves the way for more advanced
molecular design and sets the basis for extending the utility of molecular grippers in the future.
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the redox switch, which acts as a trigger for the conformational

1 Introduction change, by using spectro-electrochemical tools.

Since their inception by Cram and co-workers in 1980s [1],
resorcin[4]arene cavitands emerged as versatile platforms for
host-guest complexation [2-4] and molecular sensing [5-8]. This » / ON

unique behavior is based on their ability to switch between two %‘;ﬁn¢ :ﬂ? -

OFF
conformations, an open (kite) and a closed (vase), which can

reversibly encapsulate smaller molecules (Fig. 1a) and
consequently act as molecular grippers [9-12]. The
conformational switch can be controlled by a variety of stimuli
(Fig. 1b), such as changes in temperature and pH [13], metal ions
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Fig. 1. (a) Schematic of molecular grippers that switch between two
24]. Inspired by their biological role in natural photosynthesis as conformations, the open (kite, OFF) and the closed (vase, ON).
redox acceptors [25-29], quinones (Q) have emerged as the (b) Model structure of the tetraquinoxaline resorcin[4larene cavitand
developed by Cram and co-workers responsive to temperature (T), pH
variations, and different metal ion concentrations (M) by reversibly changing

[14], redox processes [4,10-12,15,16], and light [17,18].
Introducing physical stimuli to control molecular gripping, such
as electrical charge or light, is of particular importance to enable
future applications in molecular electronics. This required an
exploration of a variety of redox-active moieties, such as
tetrathiafulvenes [19,20], ferrocenes [21], and quinones [15,22-

suitable functionality in molecular grippers. This choice is

particularly the result of the accessibility of multiple redox states the conformation between the kite (left) and the vase (right) [1]. Hydrogen
through photo-redox processes, accompanied by long lifetimes atoms are omitted, and hexyl chains in the lower rim are substituted for
of the reduced states (i.e. semiquinone radical anion (SQ*-) and methyl groups for simplicity.

quinone dianion (Q%*) and their protonated analogues;
(Scheme 1), as well as by the capacity of quinones to change their
affinity for hydrogen bonding as a function of the redox state
[11,12,30]. Progress in the research on quinone-based molecular
grippers greatly benefited from the control and monitoring of

Some of the electrochemical methodologies established in the
early work on redox-active macrocyclic supramolecular
systems, such as calixquinones, have been proven particularly
valuable in establishing a suitable approach.
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For instance, Echegoyen and co-workers explored the multiple
redox states of calix[4]quinones by using cyclic and rotating disc
voltammetry,
properties in response to the electric charge [22-24]. Whereas
the flexibility of calixquinones prevented their utility in bistable
gripper-like switching, the corresponding electrochemical
analytical approach was directly applicable to quinone-based
resorcin[4]arenes,
developing molecular gripper analogues [4,10-12,15,16,31].

illustrating the possibility to control their

which were proven ideal platforms for
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Scheme 1. Redox equilibrium between quinone (Q), semiquinone (SQ),

quinone dianion (Q%), as well as their protonated intermediates.

Herein, we provide systematic overview of the
electrochemistry of quinones as well as the analytical toolbox for
the development of photoredox-switchable molecular grippers,
which involves techniques such as cyclic (CV), rotating disc
(RDV), and square-wave voltammetry (SWV), UV-Vis-NIR
spectroelectrochemistry (SEC), NMR, EPR, and *H Electron

Nuclear Double Resonance (ENDOR) spectroscopy. The analysis

a

is complemented by DFT calculations and the studies of model
systems, which provides crucial insight into the underlying
redox, conformational, and gripping processes.

2 Experimental Section
The experimental details are based on previously reported
procedures [9-12,30-37].

2.1. Cyclic, Rotating Disc, and Squarewave Voltammetry

The CV and RDV experiments were carried out in a solution of
CH,Cl, at ambient temperature containing 0.1 M n-Bu,NPFs in a
classical three-electrode cell. The cell was equipped with a glassy
carbon (GC) disc or Pt disc working electrode (WE), the Pt wire
counter electrode (CE), and the Pt wire pseudo-reference
electrode (RE) The
voltammetric scans were carried out at rates of 100 mVs=. SWVs

and connected to a potentiostat.

were recorded with 25 mV pulse amplitude, 30 Hz pulse
frequency, and 5 mV step increments.

2.2. UV-Vis-NIR Spectroelectrochemistry

In situ UV-Vis-NIR SEC experiments were performed with
solutions of degassed CH,Cl, or THF (1—2mM) and 0.2 M

n-Bu,NBF, as the supporting electrolyte. A three-electrode
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arrangement with Pt mesh as WE, glassy carbon CE, and AgCl/Ag
wire as pseudo-reference electrode was used in a thin layer
optical cell with KBr windows.

2.3. EPR and ENDOR Spectroscopy

X-band (= 9.5 GHz) CW EPR measurements were performed at
ambient temperature on a Bruker Elexsys E5oo spectrometer
with 2 mW applied microwave power and o0.01 mT field
modulation. Q-band (= 34 GHz) pulse EPR and ENDOR was
performed at 8o K using a Bruker ELEXSYS E580 Q-band pulse
EPR spectrometer equipped with
microwave cavity [32] and an Oxford-CFg93s5 liquid helium

a home-build TEo11
cryostat. Electron spin echo (ESE)-detected field-swept spectra
were acquired with the two-pulse Hahn-echo sequence
20ns and =358 ns [33]. *H ENDOR
the type
tin—tre—T-t,—1-2tp,—T-echo sequence [34] with tiny = 200 ns, trr =

t,-1-2t,-1-echo using t, =
spectra were recorded  using Davies
20 s, ty =40 ns, T = 4 s, T= 480 ns. W-band (= 94 GHz) pulse
EPR and ENDOR experiments were performed at 8o K with a
modified Bruker Elexsys E68o spectrometer equipped with a
home-built ENDOR cavity optimized for maximum radio-
frequency (RF) performance around the proton Larmor
frequency of = 140 MHz [35]. Electron spin echo (ESE)-detected
field-swept spectra were acquired by use of the two-pulse Hahn-
echo sequence [33] t,-1-2t,-1-echo using t, =32 ns and 7 = 316
*H ENDOR spectra were recorded using the Davies type
tin—trr-T-t,-T-2tp-T-echo sequence [34] with tin,
tre =20 [, tp =32 ns, T =5 s, T =500 ns. Spectral analysis and
EPR simulations were performed with the EasySpin toolbox [36].
The SQ*- samples of model compounds were produced by the
reduction of ~o0.5 mMm of the parent compounds with an excess
of cobaltocene (CoCp,) in degassed (three free-pump-thaw
cycles, o0.01 mbar) CH,Cl,, CD,Cl,, or CD,Cl,/CD;CN (5:1 v/v)
directly in the EPR tubes [11]. The grippers were reduced by an
excess of cobaltocene to obtain the bis-SQ*- radical dianions and

ns.

200 ns,

in less than 1:1 stochiometric ratio to get the single electron
reduced SQ*- radical monoanion. Deuterated solvents were
used for preparation of samples for *H ENDOR spectroscopy, in
order to avoid the signals due to the dipolar hyperfine interaction
of the SQ*- with the solvent.

experiments, the tubes were sealed under N, directly after the

For ambient temperature

reduction and immediately transferred into the cavity of the EPR
spectrometer.
were flash frozen in N, (I) and transferred to the cryostat of the
spectrometer pre-cooled to 8o K [11,37].

For low temperature measurements, the tubes

2.4. NMR Spectroscopy

*H NMR spectra were recorded on a Varian Mercury operating at
300 MHz or a Gemini operating at 400 MHz at 298 K unless
otherwise specified. 3C NMR spectra were recorded on a Bruker
DRX 400 operating at 100 MHz. Chemical shifts & (ppm) were
referenced to the internal solvent signals.



3 Results and Discussion

3.1 Electrochemistry of Quinones

3.1.1. Biological Roles of Quinones

Quinones can undergo reversible reduction (electron transfer)
combined with acid-base (proton transfer) reactions. Such redox
process can be represented by a typical square scheme (Scheme
1) [23,38]. Quinone reduction reactions readily occur in proteins,
such as the cytochrome bc, oxido-reductase, the NADH-quinone
reductase, and succinate-quinone reductase in mitochondria or
oxygenic bacteria [38]. Furthermore, other quinones, such as
ubiquinones, are important functional units in numerous
biological systems and act as lipid-soluble electron- and proton-
carriers in photosynthetic electron flow systems, as well as in the
membranes of mitochondria, chloroplasts, and bacterial cells
[23,39-71]. Other types of quinones are present in anthracycline
drugs and a class of anthraquinones can be used for anticancer
treatments in numerous forms of human cancer, such as acute
leukemia malignant  lymphomas  [39-41,44,48,55-
57,60,62,66-68,70-71]. Anthracyclines are also active in solid
tumors, particularly in case of breast cancer, where it has been
noticed that their biological activities are correlated with their
redox behavior [39,42,46,59,61,65,69]. In the photosynthetic
reaction centers, quinones play a key role in the transformations
of the primary Qa and the secondary Qg site [63-64,72-75]. The

and

quinone redox transformation is strongly affected by the
environmental factors, such as aqueous or non-aqueous media,
pH value, and presence of noncovalent interactions [23].

3.1.2. Electrochemical Reduction in Aqueous Media

In aqueous media, the quinone-hydroquinone couple (Q/HQ;
Scheme 1) provides a classical example of a single step 2e~ redox
couple in which potentials vary with pH according to the Nernst
equation [62]. This redox behavior can be summarized using
Pourbaix (E-pH) diagrams, which present regions of existence of
various redox and protonated species as a function of their
respective pK, values [76-78]. In buffered aqueous media,
anthraquinones and other para-quinones show a single
reversible reduction wave by cyclic voltammetry. Inacidic
solution, however, the reduction involves a single step 2e-/2H*
process to form the HQ [38,79-82], while in alkaline solutions this
process involves a 2e~ reduction to the quinone dianion (Q*)
without protonation. On the contrary, in neutral solutions, the
reduction can either involve one proton and 2e- (HQ- formation)
or only 2e~ without protonation (Q2- formation; Scheme 1),
which depends on the medium [23,83-85]. Only few studies on
the redox behavior of quinones in unbuffered aqueous media
have been reported [76,86-95]. Under these conditions, the
proton concentration dictates the outcome of the redox process.
Depending upon the pKj; of the species, the intermediates SQ*-,
HQ, HQ-, or Q> can be stabilized by hydrogen bonding. In
general, the environmental factors dictate the outcome of the Q
redox interconversion process.

3/18

3.1.3. Electrochemical Reduction in Non-Aqueous Media

In non-aqueous media, the reductions of quinones occurs via two
successive 1e” transfer steps generating two distinct cathodic
waves. The first step is fully reversible and corresponds to the
formation of the SQ*-, while the second step is often quasi-
reversible and results in the Q* formation [96-106]. Polarity of
the solvent, type of conducting electrolyte, protonation-
deprotonation equilibria, ion-pair formation, as well as intra- and
intermolecular hydrogen bonding, play a significant role in the
two successive reduction potentials [23]. Addition of hydrogen
bonding agents can stabilize the SQ*- as well as the Q> via
hydrogen bonds. Subsequently,
successive reduction potentials shift towards more positive
values in presence of such hydrogen bonding agents [96,107-
109]. For instance, gradual addition of water to DMF or DMSO
solutions of quinones leads to positive shifts of the second

intermolecular the two

reduction potential until the second wave fuses with the first
reduction. This behavior can be explained by the stabilization of
Q2 through hydrogen bonding [107,110-111].

In addition to hydrogen bonding and protonation, other
processes take place in the quinone redox equilibria, including
disproportionation, [76] comproportionation, [23,38,97,98,111-
115] and dimerization,[106] which can affect the general
electrochemical reactions [23]. Semiquinone radical anions (SQ*-
) can undergo disproportionation in solution [76]. These redox
interconversions must be carefully taken into consideration
when analyzing more complex quinone-based molecular
architectures, such as the calixquinones.

3.1.4. Electrochemistry of Calix[4]arenequinones

Calixarenes have received considerable attention because of
their ability to bind ions or molecules, acting as receptors used
for host-guest complexation [116]. Electroactive calixarenes
comprising a redox-active group, such as a quinone, are thereby
even more attractive due to the possibility to control their
properties electrochemically [116-117]. A series of four para-
benzoquinone-containing calix[4]arenes have been synthetized.
Mono-, di-, tri-, and tetra-quinone-based calix[4]arenes exhibit
successive one electron transfers in dry CH;CN corresponding to
each of the quinone subunits (Scheme 2, top). For each para-
benzoquinone unit, reversible two 1e- reductions were detected
giving SQ*- and Q" in dry acetonitrile as a solvent [24,118]. The
redox behavior was shown to be analogous to that of para-
benzoquinone [76].

Calix[4]tetraquinone consists of four para-benzoquinone units
connected by —CH,— groups (Scheme 2, top). Each para-
benzoquinone unit undergoes reversible two single-electron
reductions to form SQ*-and Q- in dry CH;CN and the four para-
benzoquinone units are reduced successively [24]. The first two
para-benzoquinone units are reduced at less negative potentials
while the reductions of the two other units are detected at more
negative potentials (Table 1). The difference in redox potentials
between the second and third step were considerably larger than
those between the first and second step, as well as the third and



the fourth step. It suggests that the first two electron processes
take place at the opposing para-benzoquinone subunits (Table
1). The third electron transfer, however, occurs at the second
para-benzoquinone unit, which is located between the two para-
benzoquinone radical anions, resulting in a large resistance to
the incoming electron. This explains the potential differences
between the first and the second wave, as well as the third and
the fourth wave.

Q Q sQ sQ_ Q*,
IN N N LN . N
P P—P P—P B —E P—P P
LT T s T s T s W

Q sQ sQ Q? Q?

Scheme 2. Top: Examples of calix[4]arenequinones studied by Echegoyen et
al. that provided the basis for the electrochemical analysis of quinone-
equipped resorcin[4]arenes [22-24]. Bottom: Schematic representation of the
redox interconversion of a calix[4]arenediquinone. P = phenolether, Q = para-
benzoquinone.

Table 1. E,, (V) for calix[4]arenequinones in CH,CN vs.
AgCl/Ag.ab
Eyp? Eip? Ey? Espt EspS E.®
P;Q —-0.82 —1.45 - - - -
P,Q, —0.70 —0.84 -1.22 —1.43 - -
PQ, —0.51 —0.75 —0.98¢ (-1.35)¢ -1.48 -
Q, —-0.43 -0.55 (-0.93)¢ (-1.07)¢ —1.12 —-1.24

2 Data is based on ref. [22-24]. PAll potentials vs. AgCl/Ag reference, all scan
rates at 200 mVs unless otherwise noted. ¢ Potential obtained by differential
pulse voltammetry (20 mVs™ scan rate). 9 Values in parentheses are cathodic
peak potentials not half-wave potentials. P = phenolether, Q = para-
benzoquinone.

In the case of calix[4]arenediquinone, four successive one-
electron transfers to the two para-benzoquinone units are
observed (Scheme 2, bottom). These can be assigned to the
electron transfers into each of the available quinone units, giving
bis-semiquinone radical anion (bis-SQ*). The two subsequent
reductions correspond to the reduction to the corresponding bis-
dianion (bis-Q?). In this case, upon the addition of metal ions,
new set of reduction peaks were observed at more positive
potentials in comparison to the initial quinone waves. This shows
a stabilization of the reduced form, radical anion or dianion, in
the presence of metal ions [119-122].
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Based on their electrochemical properties and sensing ability,
the electrochemical analysis of calix[4]arenediquinones was
closely applicable to quinone-based resorcin[4]arenes, as
platforms for developing molecular grippers detailed in the
following sections.

3.2 From Redox-Active Cavitands to Photo-Redox
Switchable Molecular Grippers

The need for systems that are responsive to electric charge
stimulated the development of the first quinone-based redox-
active resorcin[4]arene cavitand 1 by Diederich and co-workers
(Fig. 2a) [15]. The cavitand in the oxidized quinone (Q) state
could be chemically reduced by using H,/Pd in protic solvents
(CH,CI/H,0) to form the hydroquinone (HQ) state. As changesin
the redox state did not result in the conformational changes
required for redox-switchable analogues, cavitand 1 was
modified by introducing hydrogen bond acceptor groups
(Fig. 2b). This approach was particularly effective in case of the
carboxamide groups to form 2. As a result, reduction to the HQ
state not only altered the electronic properties, but it was
accompanied by a conformational change to the closed form
stabilized by hydrogen bonding between the hydroxyl groups of
the hydroquinone and the carboxamide. This reaction was,
however, strongly dependent on the proton source and limited
by poor reversibility in the HQ state. As a result, the control of
this redox process was not possible electrochemically [4].

To alter the properties of this system electrochemically in aprotic
environments, it was essential to focus on the semiquinone
radical anion (SQ) state, which could be accessed both
electrochemically and photochemically (Fig.2c) [23,123].
Furthermore, to ensure that the conformational change follows
the redox switch, this system was equipped with hydrogen bond
donating groups, such as pyrrole (Fig. 2d), to drive the
conformational switch based on hydrogen bond strengthening
upon reduction to the SQ state. The formation of the desired SQ
performed (i) electrochemically, cyclic
voltammetry (CV), (ii) chemically, through reduction of the Q

state was via
with CoCp,, and (iii) photochemically, by using [Ru(bpy),]** as a
photoreductant in the presence of Et;N as sacrificial electron
donor in CH,Cl, upon photoexcitation [11]. The photoreduction
process was observed by identifying the spectroscopic signature
via UV-Vis-NIR spectroelectrochemistry and EPR spectroscopy
[11,124,125], as well as transient absorption spectroscopy [125].
Moreover, the hydrogen bonding that facilitated the
conformational change, as well as alteration of the electronic,
magnetic, and photophysical properties, was probed by CV,
SWV, and ENDOR spectroscopy. Finally, the gripping properties
were assessed by NMR, CV, and SWV, as addressed in detail
within the following sections.
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Fig. 2. Structural representation of quinone-based resorcin[4]arene cavitands
developed by Diederich and co-workers [15]. (a) Redox-active (1) and (b)
redox-switchable (2) cavitands and their Q-HQ equilibrium [10,16]. (c—d)
Electro- and photoredox-switchable cavitands (1,3) based on (c) the Q-SQ
equilibrium [11] and (d) Q-SQ equilibrium driven by hydrogen bonding (4-5)
[12]. When referring to the cavitand redox states, Q refers to the one
containing two quinone walls (2Q), HQ two hydroquinone walls (2HQ), and the

SQ state refers to the bis(radical anion) (25Q°*-), unless otherwise specified.

3.2.1. Electroswitching of Quinone-Based Cavitands:
Cyclic/Rotating Disc Voltammetry and Model System
Analysis

The simultaneous electrochemical generation and monitoring of
the SQ state formation electrochemically can be achieved by
using CV and RDV. The reduction conditions were established via
investigation of model compounds 6 and 7 (Fig. 3a-b), which
represent single cavitand walls. Their analysis led to the
identification of the spectroscopic signatures of the target SQ
intermediates that could then be used to understand the
behavior of the corresponding cavitand systems [11].

Cyclic voltammograms of 6 and 7 show two successive reduction
steps at -1.01 V and -1.58 V for model 6, and —0.84 V and —1.44
V for model 7 (versus Fc*/Fc as an internal standard) on glassy
carbon (GC) electrodes in n-Bu,NPFs solutions in CH,Cl, at
ambient temperature (Fig. 3c—d). The SQ generation took place
in the first reversible reduction step, and the second quasi-
irreversible reduction wave resulted in the formation of the
quinone-dianion Q% (Fig.3c-d). The SQ formation was
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facilitated for the triptycenequinone-based model 7 compared
to napthoquinone-based 6, as reflected in the anodically shifted
reduction potential. Moreover, each step corresponded to a 1e-
reduction, as shown by the rotating disc voltammetry (RDV;
Fig. 3e—f) [11]. Having identified the strategies to generate and
analyze SQ states electrochemically on the basis of the model
systems 6 and 7, the methodology could be used to investigate
the corresponding cavitands 1 and 3 (Fig. 2a,2c and Fig. 4).

-20 -15 -10 -05

EIVvs.Fc'IFc

0.0 0. -20 -15 -1.0 -05

E/Vvs.FctIFe

0.0 0.

—GC
0.0 0.5

-2.0

-15 -10 -05
EIVvs.Fc'IFc

0.0 0.5 -20 -15 -1.0 -05

E/Vvs.FctIFe

Fig. 3. Top: Formation of the SQ states of models (a) 6 and (b) 7 by 1e-
reduction of the corresponding Q states. Bottom: CV of (c) 6 and (d) 7 and RDV
of (e) 6 and (f) 7 ino.1m n-Bu“NPF‘S/CHZCIZ at scan rates of 0.1 Vs™ on GC
electrode (blue) and Pt electrode (green). Ferrocene (Fc*/Fc) is used as internal
standard. GC = glassy carbon; Fc = ferrocene.

The CV of 1 and 3 in CH,Cl, revealed a three-step reduction, with
reduction potentials of -1.10V, —1.62 V, and —2.19 V in case of 1
(Fig. 4a), and -0.88V, -1.55V, and -2.22V (vs. Fc*/Fc as an
internal reference) for 3 (Fig. 4b), respectively. The RDV showed
that each reduction step of both 1 and 3 occurs as a 2e~ process,
in accordance with a concerted reduction of the two redox-active
Q walls. Importantly, the first reduction step ascribed to the
formation of the SQ state was found to be fully reversible,
particularly on GC electrodes, suggesting the suitability of this
redox process for molecular switching. The two successive quasi-
reversible reductions correspond to the formation of the quinone
dianion @2~ and the reduction of the quinoxaline (Qx) core that
were not directly employed in the molecular switch.

b) 2

1/pA

—

— GC
00 05

-25 -20 -15 =10 -05
E/Vvs.Fct/Fe

-15 =10 -05
E/Vvs.Fct/Fe

Fig. 4. Cyclic voltammetry of (a)1 and (b) 3in0.1m rJ-BUANPFé/CHZCI2 at scan
rates of 0.1 Vs~ on glassy carbon GC electrodes (blue) and Pt electrode (green).
Fcis used as internal standard.



3.2.2. Semiquinone-Based Cavitands: UV-Vis-NIR
Spectroelectrochemistry and EPR Spectroscopy

The spectroscopic identification of the SQ state can be based on
the unique SOMO-LUMO transitions that result in the
absorption in the visible range [11,126,127]. This absorption
could be monitored in situ upon electrochemical reduction by
using UV-Vis-NIR spectroelectrochemistry [124]. Such an
approach was defined based on models 6 and 7 that represent
single cavitand walls and extended to the corresponding
cavitands as prospective molecular grippers [11,37].

UV-Vis-NIR spectra of 6 and 7 upon electrochemical reduction in
the domain of the first reduction wave show absorption in the
area between 450-550 nm, which indicates the SQ formation
(Fig. sa—b). The reversibility of this redox exchange between the
Q and the SQ states can be examined by performing the UV-Vis-
NIR
reduction-oxidation cycles and monitoring the changes of the

spectroelectrochemistry measurements over several

absorbancein the visible region. This approachrevealed the high
reversibility of the redox interconversion with low fatigue
resistance for both models 6 and 7 (Fig. 5c—d). With the
reversible formation of the SQ of the model systems, the
spectroscopic indicators were assessed in the prospective
grippers 1 and 3.

Similar to the observations in the models, UV-Vis-NIR
spectroelectrochemical experiments showed absorption in the
400-500 N region, characteristic for the SQ states, upon
reduction of 1 and 3 (Fig. 6a). This signature was present for
different cavitands after 2e- reduction, which enabled it to serve
as a unique fingerprint for the corresponding SQ formation [127-
130]. Moreover, the evolution of the absorption in the UV-Vis-
NIR spectra over recurrent reduction-oxidation cycles also
demonstrated high reversibility of the SQ-Q transformation
(Fig. 6b), documenting the molecular switching as a basis for
molecular grippers.
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Fig. 5. UV-Vis-NIR spectroelectrochemistry of models (a) 6 and (b) 7 at ambient temperature upon electrochemical reduction in 0.1 M n-Bu,NPF in CH,Cl, in the

potential region of the first reduction step at scan rate of 10 mVs=. Inset shows the CV at scan rate of 20 mVs=. Evolution of the UV-Vis-NIR spectra recorded during
reduction in CH,Cl, of models (c) 6 and (d) 7 over several redox-switching cycles demonstrate the reversibility of the redox interconversion with color-coded spectral

ranges. In a) and b) blue color corresponds to the spectra of initial Q form while green color is for the SQ form (100% of conversion).

The reversible 2e~ reduction of the cavitand might result in the
formation of two different SQ species; the first being a
diamagnetic SQ, with antiferromagnetically coupled spins,
adopting a singlet spin state S (S=0). The other species
features ferromagnetic spin coupling and results in a
paramagnetic SQ bis(radical anion) in the triplet spin state T
(5 =1) [129,131]. DFT calculations at the B3LYP/6-31G(d) level
of theory indicate that the triplet spin states are favored for SQ
bis(radical anion) of 1 and 3 [11,37]. Their paramagnetic nature
allowed a detail characterization by EPR spectroscopy [132-

134]. The echo-detected (ED) EPR spectra of reduced
cavitands 1 and 3 show g tensors that correspond to those
typically observed for SQ bis(radical anion) (Table 2, Fig. 7a—d)
[30,126-129,134]. However, the ED EPR spectra featured
contributions from two paramagnetic species. The main
species corresponded to the SQ bis(radical anion) of 1and 3in
the triplet spin state T (S = 1), since it displayed a resolved fine
structure resulting from the dipole-dipole interaction of the
two unpaired electron spins in 22~ (blue arrow, Fig. 7¢) and 3%~
(red arrow, Fig. 7a). On the other hand, the minor
paramagnetic species (purple arrow in Fig. 7d and green line in
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Fig. 7b) resulted from the formation of the radical monoanion
in the doublet spin state D (S =%%). Such state typically forms
in solutions of SQ bis(radical anion) by disproportionation
reactions [23,78,135]. The ED EPR spectra can be a simulated
(red line in Fig. 7c and 7d) using the Spin Hamiltonian
parameters summarized in Table 2.

a) 04
—Q
—sQ
< 02
0.0
550 600
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Fig. 6. (a) UV-Vis-NIR spectra of the Q and the SQ states of 3 (1 mm) in
n-BUI’NBF[’/CHzcl2 (0.2 M) recorded during the first reduction wave. (b)
Evolution of the absorption maxima in the spectrum presented in a) for
several redox cycles. Adapted with permission fromref. [11]. Copyright 2016
American Chemical Society.

Table 2. EPR data, Spin Hamiltonian of triplet SQ of 1—3.

g-tensor? ZFS Distance
sQ G Gyu G- D, E/MHz° ri A
2.0070,
1 2.0052, 778, 10.0
3.1
2.0025
2.0074,
3 2.0056, 78;’ 10.0
2.0026 3

2+0.0001; b+4 MHz; ¢+0.5 A; ZFS = zero field splitting.

The assignments of both paramagnetic species identified by
ED EPR spectroscopy can be confirmed by electron spin echo
nutation (ESN) experiments [132-134]. In this experiment, a
preparation microwave pulse of variable duration is inserted in
the pulse sequence before the Hahn ED block, which leads to
an oscillation (i.e. nutation) of the EPR signal as a function of
the preparation pulse duration (Fig. 7a,c). The oscillation
frequency (i.e. nutation frequency, vny) is related to the
microwave field strength (in angular frequency units, w,). The
dependence is expressed through the proportionality factor a
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that includes the spin quantum numbers (S, ms) of the state
involved in the excited EPR transition according to the
equation (1). The a factor values in the S=%2 and S = 1 spin
states are o =1 and o = /2, respectively (Table 3).

2MVpye = A * Wy, a=.SES+1)—my(ms £ 1) (2)

Table 3. EPR transitions and factors a for the spin S.
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Fig. 7. ESN curves of the SQ states of (a) 1 and (c) 3 obtained at field
positions marked by the arrows in the inset of the corresponding color of the
curves. Insets present the ED EPR spectra of SQ states of 1 and 3 in CD,Cl,
at 80 K using the t,-1-2t,-1-echo sequence with t, = 30 ns and 7 = 150 ns.
ESN spectra of the SQ states of (b) 1 and (d) 3 obtained at field positions
marked by the arrows in the ED EPR spectra (inset of a) and c) curves) whose
color corresponds to the spin nutation spectra. ESN =Electron spin
nutation.

The Vaut of the dominant signal is 1.41 (\/f) times higher than
that observed for the minor signal, which is expected for the
triplet T (S =1) and the doublet D (S = V%) species (Table 3, Fig.
7b,d). The ESN analysis thus confirms the spectral
assignments of the triplet SQ dianion (S =1, red for 3 and blue



for 1) and a SQ monoanion (S =¥%; purple for 3 and green for
1) [23,78,135]-

EPR experiments verified the formation of the paramagnetic
SQ species in the triplet spin state upon two-electron
reduction of the cavitands. The electronic properties of the
prospective grippers have been further studied to understand
the role of hydrogen bonding and control the conformational
preferences after the redox interconversion [37].

3.2.3. Hydrogen-Bonded Semiquinone-Based
Cavitands: Square-Wave Voltammetry and ENDOR
Spectroscopy

The role of hydrogen bonding in the SQ state was extensively
studied in the case of ubiquinones of the photosynthetic
organisms and analogues [26,129,136-143]. These studies
mainly employed CV and *H ENDOR spectroscopy. In order to
categorize the effects of hydrogen bonding in the SQ state on
its properties, we investigated model compounds 6 and 8-15
that mimic single gripper walls (Fig.8). Moreover, we
compared models comprising protected hydrogen bond
donating groups (8, 10, 12, and 14) to their unprotected
analogues (9, 11, 13, and 15). The effect of hydrogen bonding
on the redox properties was investigated by CV and SWV,
since stabilization of the SQ radical anions results in the shifts
of the reduction potentials to more positive values

[23,111,142,144-147].

Voltammograms revealed two key indicators of hydrogen
bonding in the SQ state (Fig.8b): (1) the shift of the first
reduction potential to more positive values upon stabilization
of the SQ [111]; and (2) the loss of reversibility of the second
reduction wave, which likely occurred due to the protonation
of the Q- in the presence of hydrogen bond donating groups
[111,144]. The shifts were more pronounced for proximal
groups (model 11) than those that were distant for hydrogen
bonding (model g). The loss of reversibility of the second
reduction wave occurred in presence of both proximal and
distant hydrogen bonding donating groups, even if not
followed by potential shifts (e.g. model g; Fig. 8b). This
observation allowed to exclude the influence of intermolecular
hydrogen bonding on the shifts of the redox potential since the
distant hydrogen bond donating groups did not induce shifts
of the reduction potential of model 9. Furthermore, this effect
of hydrogen bonding on the redox properties depended on the
bonding strength and were more pronounced for systems with
stronger hydrogen bond donating groups (e.g. hydroxyl; Fig.
8b) closer to the carbonyl group in the SQ state, and less
pronounced for moderate hydrogen bond donating groups
(e.g. pyrrole or pyrazole in models 12-15; Fig.8c,d).
Comparable effects could be observed by CV of 6 in the
presence of excess pyrrole in solution, which suggested that
HB of systems with moderate HBD groups also display all the
HB indicators in higher concentrations (Fig. 8d), which was
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confirmed by similar effects of intramolecular hydrogen
bonding of model systems 13 and 15 (Fig. 8c). Finally, with
these hydrogen bonding indicators identified with the models,
we have analyzed the voltammograms of pyrrole-containing
4. 1t did display the shift of the first reduction potential to more
positive values as compared to its N-Boc protected analogue
16 (Fig. 9), evidencing hydrogen bonding in the SQ state.
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o Jo = E/Vvs.Fc*/Fc

4,

Fig. 8. (a) Models containing hydroxyl hydrogen bond donating groups (9,
11) and the unsubstituted or protected analogues (6, 8, 10). (b) CVin CH,Cl,
at ambient temperature. Positive shifts of the first reduction potential
(dashed red line) and the loss of reversibility of the second reduction waves
(red arrows) compared to quasi-reversible reduction for protected hydrogen
bond donating groups (blue arrows) indicate SQ stabilization. (c) Models 13
and 15 containing moderate hydrogen bond donating groups and their N-
protected analogues 12 and 14. (d) CV of 6 upon addition of increasing
concentrations of pyrrole suggest intermolecular HB by positive shifts of the
first reduction potential and loss of the reversibility of the second reduction
wave. Adapted with permission from ref. [11]. Copyright 2016 American
Chemical Society.
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Fig. 9. (a) CV and (b) SWV of cavitands 4 and 16 and reference 1 in CH,Cl,
with 0.1 M n-BUANBF“ at a scan rate of 100 mVs™ in the presence of

ferrocene. Adapted with permission from ref. [12].

The interactions of the paramagnetic SQ species with the
neighboring nuclei can be characterized by the hyperfine
coupling (hfc) between the unpaired electrons and the
corresponding  hydrogen  bonding  proton  (Fig. 10)
[129,134,138,139,142]. This effect can be analyzed by
*H ENDOR spectroscopy [148]. For instance, Davies *H ENDOR
spectra of model 15 equipped with hydrogen bond donating
groups show signals in the |A|<4 MHz range that correspond to
the hfc of the backbone protons (Fig. 10a—d). The mono-
reduced N-protected model 14 shows no contributions from
the coupling with the neighboring hydrogen bond donating
groups (Fig. 10b). On the contrary, the spectra of reduced 15
displays additional hfc with |A|>4MHz. This confirms
stabilization by intramolecular hydrogen bonding in the SQ
state (Fig. 10d). Moreover, the ENDOR spectra are
orientation-selective, which provides information about the
geometry of the interacting species. In the case of model 15, it
reveals that the geometry of the hydrogen bonding is
distorted when compared to the intermolecular HB complexes
of SQ with protic solvents [12]. This is in accordance with the
DFT calculated model (shown in Fig. 10c) and similar to the
ubiquinone in the bacterial RC [26,129,136-143]. In addition to
the model compounds, such intramolecular stabilization was
also evidenced by *H ENDOR spectroscopy of single electron
reduced cavitand 4 that shows additional hfc with the
hydrogen bond donating group, in this case pyrrole,
confirming the hydrogen bonding in the SQ state (Fig. 10e—f).

These interactions in the SQ state are directly affecting the
conformational preferences, which can be further assessed by
a combined spectro-electrochemical approach relying on
UV-Vis-NIR NMR, EPR
spectroscopy.

spectroelectrochemistry, and
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Fig. 10. Structural representations of model 15 in the (a) Q and (b) SQ state
[37]. *H Davies Q-band (34 GHz) ENDOR spectra of models (c) 24 and (d) 15
as well as (f) gripper 4 in the SQ states (S = 1/2) generated by chemical
reduction with CoCp, in CD,CN under inert argon atmosphere at 8o K.
Spectra were taken at magnetic field positions corresponding to g,, gy, g- as
indicated by the colored lines in the corresponding EPR spectrum shown in
the top panel. Dotted arrows indicate the ENDOR signals due to hfc with
the hydrogen(s) involved in the weak intramolecular hydrogen bonding.
Adapted with permission from ref. [12].

3.2.4. Cavitand Geometry: From NMR Spectroscopy
and Spectroelectrochemistry to EPR Spectroscopy

Conformational equilibrium between the open and closed
forms of resorcin[4]arenes is mostly studied by *HNMR
spectroscopy [15]. However, since unpaired electrons lead to
broadening and disappearance of NMR signals [149-151], NMR
spectroscopy cannot be used to characterize the geometry in
the SQ states. An alternative technique that can provide
information about the conformation is UV-Vis spectroscopy,
relying on the Frontier molecular orbital changes for different
conformations (Fig. 11) [13]. It has been shown that the
quinoxaline cavitand conformation can be monitored by the
changes in the 300-350 nm absorption domain (Fig. 11a). The
origin of the absorption in this domain was verified by the
analysis of model 17, which corresponds to a single
We demonstrated that
quinone-quinoxaline-based cavitands 1 and 3 in either the Q or

quinoxaline wall (Fig. 11b) [11].

HQ state exhibit similar UV-Vis spectral signatures in this
absorption domain (Fig. 11a). To identify both conformations
in the Q state by UV-Vis-NIR spectroscopy, we induced the
changes in the conformational equilibrium by using solvent
effects [4,11,15]. The stabilization of the open conformation is
dominant in chlorinated solvents, such as CH,Cl,, whereas the



closed conformation is stabilized in other solvents, such as
tetrahydrofuran (THF), at ambient temperature [4,15]. For the
NMR-confirmed open conformation of 2 and 3 in their Q state
in CH,Cl,, we have identified two absorption maxima at
344 nm and 332 nm. On the other hand, the conformational
change to the closed form correlates with a ca. 15 nm
hypochromic and hypsochromic shift of these absorptions in
THF (Fig. 11a). These effects are not evident for models that
represent single gripper walls, such as 17, since UV-Vis-NIR
spectra in CH,Cl, and THF are superimposable (Fig. 11b). The
shifts of the absorption could thereby be related to the
conformational change.
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Fig. 11. (a) UV-Vis-NIR spectra of 3 in the Q state in CH,Cl, (open form) and
THF (closed form) with a schematic of a conformational switch between the
open (blue) and closed (green) forms in the Q state. (b) UV-Vis-NIR spectra
of model 17 in CH,Cl, and THF and its crystal structure. (c) UV-Vis-NIR
spectroelectrochemistry of 3 (2 mm) in n-Bu NBF [THF (0.2 m) with a
schematic of a redox switch between the SQ (red) and the Q (blue) state in
the closed forms. (d) UV-Vis-NIR spectroelectrochemistry of 3 (2 mm) in
n-BU[‘NBF[‘/CHZCI2 (0.2 M) with a schematic of a redox switch between the
Q (blue) in the open form and the SQ bis(radical anion) (red) state in the
open and closed forms. The spectra correspond to the potentials indicated
by colored lines in the inset. Adapted with permission from ref. [11].
Copyright 2016 American Chemical Society.

Having UV-Vis-NIR spectroelectrochemistry to monitor the
gripper-like conformational change, the conformations of 1
and 3 were analyzed in the SQ state (Fig. 11¢,d). The change
of solvent or temperature did not affect the SQ absorption in
the 400-500 nm range, however, the quinoxaline absorption
at 300-350 nm suggested conformational changes upon
reduction. The SQ states in THF directly corresponded to the
closed form of the Q state, with two absorption maxima at 329
nm and 320 nm (Fig. 11c). However, the UV-Vis-NIR spectrum
in CH,Cl, at ambient temperature displayed a ca. 20 nm hypo-
hypsochromic shift of the signal that indicates opening upon
reduction (Fig.11db). This equilibrium shifts in CH,Cl, are
assumed to be the result of electrostatic interactions with the
neighboring quinoxaline walls [4,10,16]. Similarly, for systems

containing hydrogen bond donating groups (Fig. 12),
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hydrogen bonding should stabilize the closed conformation,
which was analyzed in pyrrole-based cavitands (4-5).
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Fig. 12. Sections of *H NMR spectra of Boc-protected 16 (a) and pyrrole-
based 4 (b) in the Q state in CDCl; (400 MHz) at ambient temperature
stabilized in the open conformation, as revealed by methine proton (A V)
resonances in the 3.4—4.5 ppm domain. Sections comprising solvent peaks
(7.25 ppm), hexyl chains (0-2.5 ppm), and no signals (8.5—10.5 ppm) were
omitted for clarity. UV-Vis-NIR spectra of (c) N-Boc protected 16 and (d)
its pyrrole-containing analogue 4 recorded upon electrochemical
reduction at —1.1 V (vs. Fc*/Fc) with schematic representations of grippers
in the closed (top) and the open (bottom) form. Insets show structural
representations of (a) 16 and (d) 4 in the oxidized Q (open form, c and b)
and the reduced SQ (closed form, d) state, respectively. Hexyl chains are
replaced by methyl groups and hydrogen atoms are omitted for clarity.
Adapted with permission from ref. [12].

*H NMR spectra of pyrrole-containing 4-5 in CDCl; at ambient
temperatures show the open form in the Q state for both
analogues (Fig. 12a-b) [11]. For this purpose, it was critical to
employ relatively weak hydrogen bond donating groups to
prevent the conformational switch before the redox
interconversion to the SQ state. The systems in the SQ state
equipped with hydrogen bond donating groups could
experience the stabilization of the redox-active sites via
hydrogen bonding. This intramolecular stabilization should
only occur in the closed form, therefore, changes of the redox
properties indicated by the CV and SWYV served as an indirect
evidence of the conformational lock by hydrogen bonding
upon redox interconversion (Fig. 9). This indication was
complemented by the UV-Vis-NIR spectroelectrochemical
analysis of the conformational changes, where the hypo-
hypsochromic shift of the quinoxaline absorption domain
occurred only for the unprotected pyrrole-based 4 (Fig. 12c—d).
Finally, the paramagnetic nature of the triplet SQ states can
be utilized as a complementary tool in the evaluation of the
geometry. The through-space dipole-dipole interaction of the
two unpaired electron spins results in Zero Field Splitting
(ZFS) [129,133,152,153], which can be characterized by the D
and E parameters [133]. Since the D parameter is dependent
on the distance between the spins, it offers a distinction



between the two conformations (Table 2). Analysis of the ZFS
tensors [133-134] gives an estimate of the distance between
the sites of the two unpaired electrons of 10.0+ 0.5 A (for
instance, 1 and 3), which is in excellent agreement with the
distance between the two quinone walls in the closed
conformation. The structure of closed 3 in Q state optimized
by DFT calculations at the B3LYP/6-31G(d) level of theory
shows a distance of 9.9 A, whereas a distance of 9.4 A was
observed in the crystal structure with 1,4-dithiane as guest
molecule encapsulated in the closed form (Fig. 13) [10,15,37].
The distance between the walls is slightly shorter upon
encapsulation to enable establishment of close host-guest
contacts. On the contrary, these distances are approximately
12-13 A in the open form. These values are in agreement
within the level of uncertainty of the EPR estimation and
provide verification for the gripper-like conformational change
in the triplet SQ dianions. However, the conformational
change occurred even in the absence of hydrogen bond
donating groups. Therefore, in order to probe the role of
hydrogen bonding in the process, assessment of the binding
properties was required, since preorganization to the closed
form would result in the enhancement of the binding
properties [4,15,16].

3.2.5. Binding  Properties:  Cyclic/Square-Wave
Voltammetry and NMR Spectroscopy

Molecular grippers can bind smaller guest molecules inside
their cavity and these binding properties are expressed
through the association constants (K;) that can be assessed by
using different methods, such as NMR spectroscopy or
cyclic/square-wave voltammetry. The binding occurs in the
closed form and the binding affinities are hence determined by
the kite—vase transition. It has been shown that the AG, 4« for
the vase—kite switch of 1-Q is 1.8 kcal/mol in THF, whereas
the corresponding AG,gsk of 1-HQ is 1.3 kcal/mol [4,15].
Furthermore, the K, of complexes of 3-Q are shown to be
higher than those of 3-HQ, which is assumed to be the result
of lower AG,qes « for the kite—vase switching process, in
analogy to 2-Q/2-HQ [15]. Accordingly, we can deduce that
the more favorable kite—vase transition in the SQ state would
result in higher binding affinities in this redox state.

We thereby compared binding of triptycene-based gripper 3 in
three different redox states with several guest molecules,
namely: cyclohexane, 1,4-dioxane, 1,4-dithiane, piperazine,
and 1,4-cyclohexadione [4,15,16,37]. The binding properties of
3 in the Q and HQ state were investigated by *H NMR
spectroscopy atambient temperature by using mesitylene-d..,
which is commonly employed
noncompeting (since too large in size to occupy the vase
cavity) solvent.
concentrations

in this context as a

The K, were determined by using the
of the All  the
concentrations were estimated based on the concentration of

species in solution.

an internal reference that acts as a noncompeting guest, most
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commonly 1,3,5-trimethoxybenzene. Binding constants K,

can be calculated based on the equation (2).

[HG]

(2)
Ka = THI[G]

Fig. 13. Crystal structure of 3 in the Q state (P-1 space group) with a guest
molecule (1,4-dithiane).  Adapted with permission from ref. [11].
Copyright 2016 American Chemical Society.

The concentrations of the host [H] (eq. 3) and the guest [G] can
be calculated from the differences between the initial
concentrations and the concentration of the host-guest
complex [HG] via equations (3) and (4). The concentration of
the [HG] is calculated from the signal integral ratio between
the *H NMR host-guest signals, corresponding to the
encapsulated guest in the negative domain of the NMR
spectrum, and the internal standard signals.

[H] = [H]y - [HG] ©)

[G]

It is important to note that for the calculation of the Kj it is
commonly accepted that only the
corresponding to the certain degree of association (p), defined
by equation (5), are considered, specifically those between
0.2-0.8 [154,155].

[Gly — [HG] (@

concentrations

_ [HG]
P= T,

(5)

The binding properties of the triptycene-based gripper 3in the
SQ state was probed via CV and SWV at ambient temperature
by using CH,Cl, as a solvent. Experiments were performed in
solutions of CH,Cl, containing 0.1 M n-Bu, NBF, as a supporting
electrolyte at 298K and using scan rates of 100 mVs™.
shifts  upon with different guest
concentrations are used to calculate the K, values by using the
square potential scheme (Fig. 14). This approach enables to
estimate the binding constants in the reduced states (K°)
relatively to the constants in the oxidized state (K°) [22,37,156].
It is worth noting that CH,Cl, is a competing solvent, which

Potential titration

might result in obtaining lower value estimates for the K,
value. Moreover, to exclude other effects on the potential
shifts, control experiments were performed in which the



cavitand wall models (such as 7) were treated with the most
prominent guests of our interest (i.e. dioxane or 1,4-dithiane).
Consequently, the guests that demonstrated significant
effects on the potential shifts of the model compounds (such
as 1,4-piperazine due to hydrogen bonding) were excluded
from the analysis.
£
H(ox) - H(red)
Kg ) kox kX kred kred ‘;ed
1 -1 2 2
9

2
HGoyy " HG(eq)
Fig. 14. Square electrochemical scheme [22,156].

Potential shifts of the first 2e~ reduction for 3 titrated with
different concentrations of the corresponding guest molecules
were used to estimate the guest binding constants (K) in the
SQ state. For this purpose, two equations, (6) and (7), were
employed to fit the data. Equation (6) was adapted from the
literature, while the K° were obtained from *H NMR titrations
in mesitylene-d,, [118].

_ _ _ E 1+K_[G]
AE: /2 = E1j2(h0unay — E1/2(free) = = In (1+K0[G]) ()

If we assume a weak binding in the neutral state, as indicated
by the *H NMR experiments in CD,Cl, where no binding was
observed due to competitive guest binding, a simplified
equation (7) can be used to obtain K~ [156].

RT -
AE1 ), = E1 japounay = Exja(preey = 77 IN(KT[G]) @)

Furthermore, a 2e transfer, as confirmed by RDV, and
temperature of 298 K can be assumed for the fit.

For example, the fits for binding studies of 3 with 1,4-dioxane
are shown in Fig. 15 whereas binding constants are
summarized in Table 4. The K, values were higher in the SQ
state, while each of the three redox states (Q, SQ, and HQ)
demonstrated different binding properties (Table 4). This
behavior in the SQ state can be ascribed to its preorganized
closed conformation that is likely to occur owing to stronger
electrostatic interactions with the neighboring walls in the
bis(radical anion) state. In this regard, systems stabilized by
hydrogen bonding are expected to feature even stronger
binding affinities.

To probe this effect, we studied binding of triptycene-
based pyrrole-equipped gripper 5, which adopts a closed
conformation in the SQ state and features pyrrole hydrogen
bond donating groups interacting with the reduced quinone
walls, contributing to the binding enhancement [11,16]. Since
the size of the cavity of the gripper appears well suited for
binding small six-member-ringed molecules, as demonstrated
by the crystal structure of the cavitand 3 with an encapsulated
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1,4-dithiane guest molecule (Fig. 13) [11,16], we focused on
this representative example. The binding ability of 5 for 1,4-
dithiane in the Q state (K, = 2.10 x 103 M) was higher by an
order of magnitude compared to the reference 3 without
hydrogen bond donating groups (1.27 x 102 M) [11,16]. The
binding was further enhanced in the SQ state (K, > 2.10 x 103
M™) [156]. Such binding enhancement is complementary to
the characteristics of the gripper-like switch and it further
emphasizes the role of hydrogen bonding in the process.
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Fig. 15. Example of (a) a CV and (b) recorded potential shifts of a 0.5 mm
cavitand 3 in 0.2 M n-Bu,NBF, solution of dry CH,Cl, upon titration with 1,4-
dioxane at ambient temperature and a scan rate of 100 mVs. Adapted with
permission from ref. [11]. Copyright 2016 American Chemical Society.

Table 4. Binding constants of 3in Q (K%, M), HQ (Ka"?, M), and
SQ (Ka5, M) states. Adapted with permission from ref. [11].
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[a] Ka values were determined by *H NMR spectroscopy. Errors in Ka
values are estimated to be 20% [15]. [b] Ka values were determined by
CV[SWV [22,147,156]. [c] Simulation is recommended to quantify the
Ka with more certainty since in the same order as in the oxidized states
[156]. [d] Influence of hydrogen bonding cannot be directly excluded.

In summary, the demonstration of the redox switch
accompanied by the conformational change of these systems
in the SQ state, which is enhanced by hydrogen bonding,
serves as an illustration of the potential for molecular gripping,
opening the way to many possibilities towards future

applications in molecular nanotechnology.

4. Conclusion and Outlook

A systematic overview of the redox chemistry of quinones is
presented and applied on the study of controlling and
monitoring quinone-based photoredox-switchable molecular
grippers.
equipped by Q walls that mimic the ubiquinone environment
of a photosynthetic reaction center, where the reduction to
the SQ state affects the molecular machinery mediated by
enhanced hydrogen bonding. The redox properties were
thoroughly assessed by means of cyclic, rotating disc, and
square-wave voltammetry, as well as by the analysis of model
systems representing single cavitand walls. The SQ states
further UV-Vis-NIR
spectroelectrochemistry, EPR, and *H ENDOR spectroscopy,
which was complemented by NMR spectroscopy in the Q
state. This enabled identifying the spectroscopic signatures,
assessing the role of hydrogen bonding, as well as revealing
the changes in geometry accompanying the redox switch.

These are based on resorcin[4]arene cavitands

were characterized by

This analysis based on a combination of electrochemical and
spectroscopic
candidates with respect to their conformational and redox
properties. It was further demonstrated that conformational
change occurred upon redox interconversion of grippers to the
paramagnetic SQ radical anion state. Consequently, the
conformational switch was accompanied by an enhancement
in the binding properties, as demonstrated by NMR
spectroscopy in the Q and cyclic/square-wave voltammetry in
the SQ state.
donating pyrrole groups resulted in further enhancement of
the binding properties,

techniques identified promising gripper

Moreover, presence of the hydrogen bond

highlighting the potential for
molecular gripping. The study delivers a toolbox relevant to
controlling and monitoring of quinone-based photoredox-
switchable grippers the
development of other molecular machines and devices based
on this concept.

that opens perspectives for
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