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ABSTRACT: Intelligent molecular machines that are driven by
light, electricity, and temperature have attracted considerable
interest in the fields of chemistry, materials, and biology. Herein, a
unimolecular chiral stepping inversion molecular machine (SIMM)
was constructed by a coupling reaction between dibromo
pillar[5]arene and a tetrathiafulvalene (TTF) derivative (PT3 and PT5). Compared with the longer aliphatic linker PT5, PT3
with a shorter aliphatic linker shows chiral stepping inversion, achieving chiral inversion under a two-electron redox potential.
Benefiting from the successive reversible two-electron redox potential of TTF, the self-exclusion and self-inclusion conformational
transformations of SIMM can proceed in two steps under redox, leading to the chirality step inversion in the pillar[5]arene core.
Electrochemical experiments and circular dichroism (CD) spectra show that the redox processes can cause SIMM CD signaling to
reversibly switch. More importantly, as the oxidant Fe(ClO4)3 was increased from 0.1 to 1 equiv, the CD spectral signal of SIMM
disappeared at 1 equiv, and further addition of Fe(ClO4)3 resulted in the CD signal reversed from positive to negative at 309 nm,
indicating that the chirality was reversed after chemical oxidation and reached a negative maximum with the addition of 2 equiv
Fe(ClO4)3; thus, redox-triggered chiral stepping inversion was achieved. Furthermore, the chiral inversion can be restored to its
original state after the addition of 2 equiv of reducing agent, sodium ascorbate. This work demonstrates unimolecular chiral stepping
inversion, providing a new perspective on stimulus-responsive chirality in molecular machines.

■ INTRODUCTION
Molecular mechanical motions that occur in response to
external stimuli are fascinating, and an in-depth understanding
and precise strategy to regulate these processes offer an
efficient way to imitate nature, as well as provide direction for
producing new materials.1−4 Among them, unimolecular chiral
regulation under a stimulus response is of great significance.
Through the ingenious design and organic synthesis of stimuli-
responsive molecules, they have been successfully applied to
chemical sensing,5−8 enantioselective catalysis,9,10 nano-
science,11−14 and enantioseparations.15,16 In the construction
of molecular machines, macrocyclic compounds, such as
cyclodextrins and calixarenes, are important components that
play a key role in rotaxanes, light switching, and artificial
channels.17−19 In particular, macrocyclic pillar[5]arene, which
can not only construct chiral gemini-catenanes but can also be
used in chiral switches, have attracted considerable attention in
recent years.20−24 The difference in the substitution position of
the alkoxy groups makes the pillar[5]arenes have planar
chirality; the aromatic units can be rapidly rotated around the
methylene bridge and thus difficult to resolve.25−27 By
integrating the side ring on a pillar[5]arene unit, the rotation
of the aromatic unit can be inhibited, thus generating a pair of
separable and stable enantiomers (pS and pR); each
enantiomer will undergo conformational transformation
under certain stimulation, thus changing the chirality. In
recent years, research on multistimuli-responsive chiral
inversion based on pillar[n]arenes has developed rapidly. For
instance, Ogoshi and co-workers reported a planar chiral

pseudo[1]catenane based on pillar[5]arene, which shows
complete chiral inversion after capture or release of achiral
guests and solvents.28 Yang and co-workers exhibited the
temperature-driven chiral inversion of a bicyclic pillar[5]arene-
based molecular universal joint, which depends on the
properties of solvent and the fused ring in the pillar[5]arene.29

Huang and co-workers reported an acid/base responsive
unimolecular chirality switch based on a pillar[5]azacrown
pseudo[1]catenane (PN4), and by adjusting the gain and loss
of protons in PN4 unit, its conformation can be converted,
resulting in chiral inversion.30 Lee and co-workers reported an
example of chiral inversion driven by metal ion under the
control of anions based on pillar[5]thiacrown.31 Recently,
Yang and co-workers demonstrated a bicyclic pillar[6]arene
derivatives molecular chiroptical switch based on azobenzene
fusion, in which the photoisomerization of azobenzene can
regulate its self-inclusion and self-exclusion in the pillar[6]-
arene cavity, achieving optically controlled chiral inversion.32

Although some research has been carried out in this field,
chiral stepping inversion with a successive reversible two-
electron redox potential has not been reported to the best of
our knowledge.
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On the other hand, the revolutionary discovery of “organic
metals” based on tetrathiafulvalene (TTF) boosted the
development of TTF derivatives in the applications of organic
conducting materials,33−35 supramolecular chemistry,36−38 and
molecular machines.39−41 This importance is partially based on
the observation that the derivatives can act as “functional
materials” and respond to various environmental inputs.42,43 In
the present study, we constructed a new chiral stepping
inversion machine by integrating the redox-active TTF into
one pillar[5]arene, in which TTF is a good electron donor with
two reversible and easily accessible oxidation processes to its
radical cation (TTF•+ radical dot) and dication (TTF2+) states
(Scheme 1a).44 PT3/PT5 has two enantiomers (pS and pR).
Because each enantiomer has a conformational balance
between outside and inside, two pairs of atropisomers (out-
pS and in-pR and out-pR and in-pS) are generated. Benefiting
from the electron-donating properties of TTF, they can
achieve conformational transformation under redox (Scheme
1b); in the reduced form, TTF units tend to stay outside the
cavity of pillar[5]arene; when Fe(ClO4)3 is added, the TTF
loses electrons and forms TTF•+/TTF2+. Since the size of TTF
is smaller than that of the cavity size of the pillar[5]arene, the
TTF ring inverts inward, resulting in corresponding chiral
changes, and conformational and chiral properties are
recovered upon the addition of reducing agents. To our
surprise, PT3 with a shorter aliphatic linker achieved chirality
stepping inversion under two-electron redox, while PT5 with a
longer aliphatic linker achieved one-electron redox chirality
inversion because of the more flexible longer aliphatic linker
making the one-electron TTF units more likely to occupy the
cavity of PT5.

■ RESULTS AND DISCUSSION
The interaction between reduced TTF and pillar[5]arene was
studied by a 1H NMR titration experiment. As shown in
Figures S21 and S22, after adding 12.0 equiv pillar[5]arene, HB′
on TTF shows weak downfield shifts (Δδ = 0.05 ppm), which
indicates a fast chemical exchange process. The binding
constant between pillar[5]arene and TTF was determined to
be (8.6 ± 2.6) M−1, and the stoichiometric ratio was
determined to be 1:1 (Figure S23 and Supporting
Information). Due to the electron-rich cavity of pillar[5]arene,
pillar[5]arene may form a more stable complex with cationic
TTF2+.45,46 Consequently, TTF2+ was expected to be a suitable
guest to more strongly bind pillar[5]arene, although TTF
exhibited an extremely weak binding affinity. Since Fe3+ is

paramagnetic, we chose diamagnetic Hg2+ as the oxidant and
used NMR techniques to investigate its host−guest complex-
ation after oxidizing TTF with excess Hg2+. As shown in Figure
1, the disappearance of the signal at 6.1 ppm indicates

sufficient oxidation. The HC and HD protons on the reference
molecule p-diethoxybenzene underwent little chemical shift
with the addition of TTF2+, whereas the HA and HB protons of
the phenyl protons on the pillar[5]arene resulted in significant
chemical shifts upfield, suggesting that the electron-deficient
TTF2+ enters the electron-rich cavity of the pillar[5]arene.
These results strongly suggest the formation of the highly
stable 1:1 pillar[5]arene and TTF2+ inclusion complexes. The
binding constant was further determined to be (2.51 ± 0.72) ×
103 M−1. In addition, two-dimensional nuclear Overhauser
effect spectroscopy (NOESY) NMR spectra showed significant
NOE signals between the protons Ha/Hb of TTF2+ and the
protons Hc and Hd of methylene, indicating the inclusion of
TTF2+ in the cavity of pillar[5]arene (Figures S24 and S25,
Supporting Information).
Tetrathiafulvalene-fused bicyclic pillar[5]arene derivatives

PT3 and PT5 were synthesized by a coupling reaction in a
16.5% yield, and the target molecules were fully characterized
by NMR and HR-MS (Scheme S1 and Figures S1−S20,
Supporting Information).

Scheme 1. (a) Chemical Structures of PT3, PT5, and A. (b) Representation of the In−Out/Rp−Sp Equilibrium of a Pair of
Enantiomers

Figure 1. Partial 1H NMR spectra (400 MHz, 298 K, CDCl3) of
pillar[5]arene (2.0 mM) in the presence of increasing concentrations
of TTF2+ (mM): (1) 0.00, (2) 0.20, (3) 0.4, (4) 0.6, (5) 0.8, (6) 1.0,
(7) 2.0, (8) 4.0, and (9) 6.0. HA and HC are generated from free
hosts. HB and HD are generated from p-diethoxybenzene.
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Benefiting from the electron-donating properties of TTF, it
is expected that the most stable conformation for PT3/PT5
under Fe3+ oxidation is the conformation in which the TTF
unit occupies the electron-rich cavity of the pillar[5]arene. As
shown in Figure 2a, UV−vis absorption spectra show that the
TTF unit can be oxidized by gradually adding Fe(ClO4)3. As
reported in the literature, 1 equiv Fe3+ can quantitatively
oxidize TTF derivatives into corresponding cation radicals.
The TTF derivative can be further oxidized to the form of
dications under the oxidation of Fe3+ exceeding 1 equiv.47 For
control molecule A (Figures S26 and S27, Supporting
Information), due to the oxidation of Fe3+, two new absorption
peaks appeared at about 430 and 634 nm, respectively, and the
absorption intensity is gradually enhanced with the gradual
increase of Fe3+. When more than 1 equiv Fe3+ is added, the
absorption intensities at about 430 and 634 nm started to
decrease, and a new dications absorption band appeared at
about 500 nm (Figure S28, Supporting Information). In
contrast, flipping the ring units of PT3 can place the TTF unit
inside of the pillar[5]arene cavity. As shown in Figure 2, after
Fe3+ oxidation, the TTF unit flips into the cavity of the
pillar[5]arene to form a charge-transfer complex with an
absorption at λmax = 692 nm in CH2Cl2, indicating that the
peak is red-shifted by 58 nm relative to molecule A. It is
noteworthy that, in contrast to A, the TTF unit does not
achieve a complete successive one-electron oxidation. With the
addition of 1 equiv Fe3+, the peak at 692 nm gradually
intensified and stabilized. After further adding more than 1
equiv Fe3+, the UV absorption intensity of PT3•+ radical cation
decreases, similar to the formation of the PT32+ dication. This
discontinuous oxidation may be mainly attributed to the
protection of fulvalene radical cations by pillar[5]arenes, and

the cavity effect of this macrocycle was more pronounced on
PT5. As shown in Figures S29−S31, the charge-transfer
absorption band of PT5 appeared at a significantly higher
wavelength of λmax = 709 nm. However, the absorption band at
709 nm was not weakened by stepwise addition of Fe3+ to 2
equiv, indicating that the TTF unit exists stably in the cavity of
the pillar[5]arene in the form of radical cations (PT5•+). This
change in the UV−vis spectroscopy can also be distinguished
by the color change of the solution; that is, the pale-yellow
solution of PT3 turned pale green after adding more than 1
equiv Fe3+. Electrochemical experiments showed that without
any oxidant, the color of the PT3 solution became lighter with
no obvious tone change. The above color change is mainly due
to the oxidation of Fe3+ that results in free Fe2+ (light green).
The reversibility of the process is demonstrated by gradually
adding the reducing agent, sodium ascorbate. In comparison
with Figures 2b and S29, Figures 2d and S31 show reversed
spectral changes, and the original spectrum is restored when 2
equiv sodium ascorbate was added. This phenomenon
indicates that under redox triggering, PT3/PT5 can place the
TTF unit inside or outside of the pillar[5]arene cavity.
The density functional theory (DFT) calculation by the

Gaussian 16 program further deepens the understanding of
molecular binding modes. After conformational search, the
most stable isomers of PT3-out-pR, PT3-in-pS, PT5-out-pR,
and PT5-in-pS are screened out and shown in Figure 3 (see
Figure S32 and Table S1 for other isomers and their energies).
The Gibbs free-energy changes for the oxidation processes of
PT3-out-pR and PT5-out-pR are very negative values of
−263.55 and −148.77 kcal/mol, respectively, which suggests
that both species should be able to be oxidized by Fe3+. This
result is consistent with the experimental result.

Figure 2. (a) UV−vis spectra of A, PT3, and PT5 (1.0 × 10−5 M in CH3Cl) before and after the addition of 1 equiv Fe(ClO4)3. (b,c) UV−vis
spectra of PT3 (1 × 10−5 M) in CH3Cl in the presence of different amounts of Fe(ClO4)3. Inset: the solution color change in PT3 before (light
yellow) and after (light green) the addition of 1 equiv Fe(ClO4)3. (d) Absorption spectra of PT3 (1 × 10−5 M) in CH3Cl in the presence of
different amounts of sodium ascorbate.
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To investigate the oxidative processes of PT3 and PT5,
cyclic voltammetry (CV) experiments were also performed.
Figures S33 and S34 show the anodic behavior of PT3 and
PT5. With 0.1 M tetrabutylammonium chloride (TBACl) as
the supporting electrolyte, PT3 in dichloromethane solution
shows reversible two-electron oxidation, with peak potentials
of 0.58 and 0.85 V, while PT5 shows reversible one-electron
redox, where the potential difference (ΔEP) is ca. 0.07 V.
Compared with the PT3 with a shorter flexible alkyl chain, the
TTF unit on PT5 seems to be more accessible to the cavities of
pillar[5]arene, and the one-electron redox exhibited by PT5
may be mainly attributed to the protection of fulvalene radical
cations by pillar[5]arenes. By adding Fe(ClO4)3 to the MeCN
solution of degassed PT3 and PT5, solutions in different
oxidation states were prepared, and the radical species in the
solution in the oxidation state were studied by electron
paramagnetic resonance (EPR) spectroscopy. As shown in
Figures S35 and S36, both systems PT3/1 equiv Fe3+ (g =
2.0102, a = 0) and PT3/2 equiv Fe3+ (g = 2.0101, a = 0)
produced strong EPR signals. However, compared with the
PT3/1 equiv Fe3+ system, the EPR signal of the PT3/2 equiv
Fe3+ system was weakened, which confirms that the PT3
cationic radical transformed to the dication. In contrast, the
EPR signals of the PT5/1 equiv Fe3+ (g = 2.0213, a = 0) and
PT5/2 equiv Fe3+ (g = 2.0210, a = 0) systems did not change
significantly.
To confirm that the fused tetrathiafulvalene led to a pair of

isolable enantiomers, we performed chiral separation and
circular dichroism (CD) spectroscopy experiments. After
injecting the racemic mixture into a preparative chiral HPLC
column, two peaks (F1 and F2) of equal area were observed
(Figures 4a and S37, Supporting Information). As shown in

Figure 4a, the retention time of F1 and F2 on HPLC is the
same as the two peaks of racemate, indicating a pair of pure
isomers, which were measured by CD and UV−vis spectra
(Figures 4b and S38, Supporting Information). In chloroform,
the Cotton effect of F1 was negative at 309 nm, while F2
exhibited a positive effect with the CD signals at 390 nm. The
CD spectrum of F1 is completely mirror symmetric to that of
F2, indicating that they are a pair of enantiomers. The Sp (Sp,
Sp, Sp, Sp, Sp) configuration of pillar[5]arenes has been
reported to generate a negative CD extremum (CDex) at 310
nm; therefore, the absolute configuration of pillar[5]arenes can
be assigned by CD spectroscopy. Here, F1 and F2 fractions are
assigned as out-pS and out-pR, respectively. The turnover of
the PT3/PT5 side ring can make the TTF unit roll into/out of
the cavity of pillar[5]arenes, resulting in chiral inversion of the
pillar[5]arenes core.
Considering that the binding of the pillar[5]arenes host to

the TTF dication compared to the reduced from of TTF is
stronger by several orders of magnitude, we think that it may
be possible to control the chiral inversion of PT3/PT5 through
redox. The CD spectrum shows that with the increase in
oxidant Fe(ClO4)3 from 0.1 to 1 equiv, the CD spectral signal
of PT3-F2 in dichloromethane solution decreased to a
minimum at 1 equiv, and further addition of Fe(ClO4)3
resulted in CD signal inverts from positive to negative at 309
nm (Figure 5a), indicating that a chirality inversion from out-
Sp to in-Rp occurred after oxidation. The CD signal reaches a
negative maximum after adding 2 equiv Fe(ClO4)3. In
addition, this inversion is completely reversible. As shown in
Figure 5b, after adding 2 equiv of the reducing agent, sodium
ascorbate, the inverted CD spectrum of PT3-F2 completely
restored to the original state. For PT5, as the oxidant
Fe(ClO4)3 increased from 0.1 to 1 equiv, the CD signal
reversed from positive to negative, and chirality inversion was
also achieved. Similarly, the inverted CD spectrum of PT5-F1
can be completely restored to the original state after adding 1
equiv of sodium ascorbate (Figures S39 and S40, Supporting
Information). PT3 with a shorter aliphatic linker generates the
corresponding radical cation under the oxidation of 0−1 equiv
of Fe(ClO4)3, and the chirality gradually weakens at this time,
indicating that the TTF unit has been inverted. Under the
oxidation of 1−2 equiv of Fe(ClO4)3, the dication form is
further generated, and the TTF unit further occupies the

Figure 3. Optimized geometries of the most stable isomers of PT3-
out-pR, PT3-in-pS, PT5-out-pR, and PT5-in-pS. For the sake of
clarity, hydrogen atoms are not shown here. The Gibbs free-energy
changes for the oxidation processes of PT3-out-pR and PT5-out-pR
are listed here.

Figure 4. (a) HPLC traces of PT3, the first fraction (F1) of PT3, and
the second fraction (F2) of PT3. (b) CD and UV−vis spectra (0.1
mM) of F1 and F2 in chloroform at 25 °C.
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pillar[5]arene cavity due to the stronger binding, realizing the
chiral stepping inversion. For PT5 with a longer aliphatic
linker, due to the more flexible aliphatic linker, under the
oxidation of 0−1 equiv Fe(ClO4)3, the TTF unit is flipped into
the cavity of the pillar[5]arene to realize the chirality inversion;
the TTF units are more likely to exist stably in the form of
radical cations at this time, since there is no obvious change in
the CD signal of PT5 when more than 1 equiv Fe(ClO4)3 is
added. In order to further prove the reduced form of TTF unit
outside the cavity and oxidized form of TTF in the cavity, the
collision cross section (CCS) analysis was performed. First, the
mass spectra of PT3 and PT5 before and after oxidation were
obtained through Fourier transform ion cyclotron resonance
(FT ICR) (Figure S41 and Supporting Information).
Subsequently, the decay time constants of PT3 and PT5
before and after oxidation were calculated by eq S1.48 By using
the decay time constant, the cross section (Å2) of PT3, PT3 +
Fe3+, PT5, and PT5 + Fe3+ were calculated according to eq
S2,48 and the results showed that Å2

PT3 > Å2
PT3+Fe

3+ and Å2
PT5

> Å2
PT5+Fe

3+ (Figure S42, Supporting Information). The CCS
analysis demonstrated that the cross section of the oxidized
form PT3/PT5 is smaller than that of the reduced form PT3/
PT5, confirming that the oxidized form of the TTF unit was in
the cavity of PT3/PT5 and the reduced form was outside the
cavity of PT3/PT5. In addition, after adding more than 2 equiv
Hg2+, two-dimensional ROESY NMR spectra of PT3 and PT5
were obtained. As shown in Figures S43 and S44, the
disappearance of the protons on the TTF fused rings indicates
sufficient oxidation. Significant NOE signals were observed
between the proton Ha of the alkyl chain and the protons Hb of
the benzene ring as well as the protons Hc of methylene,
indicating that the oxidized TTF unit entered the cavity of the
pillar[5]arene, further leading to the chiral inversion of PT3
and PT5, while no such signals were observed for the
unoxidized PT3 and PT5 (Figures S45 and S46, Supporting
Information). On the other hand, cyclic oxidation and

reduction of TTF units were achieved through electrochemical
experiments, which led to reversible switching of the CD
signal, and the signal intensity did not decrease significantly
after two cycles (Figure 5c,d). Interestingly, whether PT3 or
PT5 solution is used, the solution will change from light yellow
to light green after chiral inversion. Furthermore, the CD
spectral changes of PT3-F1 at different temperatures in
different solvents were also investigated (Figures S47−S52,
Supporting Information).

■ CONCLUSIONS
In summary, a new unimolecular chiral stepping inversion
molecular machine (SIMM) was constructed by fusing a
redox-active TTF onto one repeating unit of a pillar[5]arene
through alkyl chains of different lengths. Benefiting from the
electron-donating properties of tetrathiafulvalene, redox-
triggered chiral inversion was achieved. Interestingly, PT3
with a shorter aliphatic linker exhibited a tendency for stepping
inversion, achieving chiral inversion under two-electron redox,
while PT5 with a longer aliphatic linker achieved one-electron
redox chirality inversion. In addition, the change in molecular
chirality was accompanied by a change in solution color, so the
molecular chirality can be identified by the solution color.
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Figure 5. (a) CD spectrum of PT3-F2 in chloroform under Fe(ClO4)3 oxidation at 25 °C (0.1 mM). (b) CD spectrum of PT3-F2 in chloroform
under sodium ascorbate reduction at 25 °C (0.1 mM). (c) Reversibility of the redox process of PT3-F1. (d) Relationship between the CD value of
PT3-F1 at 310 nm and the number of cycles.
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