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A novel electron-deficient macrocycle, pillar[6]quinone (P[Q]6), has 
been synthesized for the first time by both chemical and 
electrochemical oxidation of pillar[6]arene, showing clear 
hexagonal columnar stacking in the solid state. Cathodic 
voltammetric studies of P[Q]6 revealed that three electrons are 
injected first, followed by stepwise one-electron reductions.

Pillar[n]arenes (n: number of units), macrocyclic para-arylene 
methylene molecules, have attracted attention owing to their 
symmetrical macrocyclic structures with flexible molecular designs 
including side chains.1 Among a number of macrocyclic molecules, 
pillar[n]arenes are considered to be unprecedented host molecules 
for small molecular guests.2 Similarly, their quinone counterparts, 
pillar[n]quinones, are also fascinating molecules, which have a 
different electronic state, i.e., an electron-deficient nature derived 
from the quinone structure. Indeed, pillar[5]quinone (P[Q]5) has 
shown interesting electrochemical behavior for reduction, namely 
multistep electron-capture in a macrocycle even in its non-
conjugated structure.3 It is a potential candidate for organic cathode 
materials in alkali metal ion batteries.4 A more symmetrical molecule, 
pillar[6]quinone (P[Q]6), is expected to form densely packed 
structures, but has not been synthesized to date. Recently 1,4-
diethoxypillar[6]arenes with one to four arenes replaced by quinones 
have been reported,5 but the synthesis of P[Q]6 still remains a 
challenge. 

Fig. 1  Concept of this study. (a) Chemical or electrochemical oxidation of P[HQ]6 in 
MeOH afforded the partially oxidized form P[HQ]6−m[Q]m in previous studies. (b) In 
the current study, chemical oxidation in HFIP or electrochemical oxidation at a 
higher potential gives the fully oxidized form P[Q]6 for the first time.

In this study, we discovered that the synthesis of P[Q]6 could be 
achieved by a simple electrochemical oxidation of 1,4-
dihydroxypillar[6]arene (P[HQ]6) as shape-controlled deposits on an 
electrode surface (see the ESI,† Fig. S2). The chemical and crystalline 
structures were successfully characterized spectroscopically. We 
previously conducted electrochemical oxidation of P[HQ]6 in 
methanol to give a hexagonal cylindrical deposition of partially 
oxidized P[HQ]6−m[Q]m (composed of both hydroquinone and 
quinone units) driven by aggregation via quinhydrone formation (Fig. 
1a).6 In the current study, the application of a higher anodic potential 
for P[HQ]6 was successful to achieve the oxidation of P[HQ]6 to P[Q]6. 
Inspired by this electrochemical method, we also developed a 
scalable method for preparing P[Q]6 by chemical oxidation (Fig. 1b). 
This new macrocycle with high symmetry would be a potential 
candidate for new kinds of redox materials for energy device 
applications.

In our previous report,6 potentiostatic anodic oxidation (1.0 V vs. 
SCE) of P[HQ]6 in a methanol solution containing 
tetrabutylammonium hexafluorophosphate (Bu4NPF6) gave 
hexagonal cylindrical structures of the charge-transfer (CT) complex 
of partially oxidized molecules (P[HQ]6−m[Q]m) on an ITO working 
electrode. The partially oxidized structure was characterized by IR 
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and UV-vis analyses. Varying the applied potential (1.2 V and 1.4 V 
vs.

Fig. 2  (a) ESI-TOF-MS spectra of P[Q]6 in HFIP. (b) 1H NMR (upper) and 13C NMR 
(lower) spectra of P[Q]6 measured in TFA-d.

SCE) was effective for controlling the size and length of the cylindrical 
structure. In the present study, we focused on deposits obtained by 
applying 1.2 V vs. SCE because they were colorless, indicating no CT 
interaction. The deposits obtained by electrochemical oxidation in 
methanol were not soluble in common organic solvents, making it 
difficult to characterize their chemical structures. However, by 
carefully investigating suitable solvents for the deposits, it was found 
that they were soluble in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) 
and trifluoroacetic acid (TFA). These fluorinated alcohol and acid are 
known to have high proton donating abilities to dissolve quinone 
derivatives such as P[Q]5.7 Therefore, spectroscopic analyses are 
possible for characterization of the deposits. First, electrospray 
ionization time-of-flight mass spectrometry (ESI-TOF-MS) was 
performed for the sample dissolved in HFIP. A molecular ion peak 
was observed at 743.1161 [M+Na+], which is assignable to P[Q]6. The 
observed and theoretical isotope patterns were identical (Fig. 2a). On 
the other hand, ESI-TOF-MS of the samples prepared by 
electrochemical oxidation at 0.9 V vs. SCE or chemical oxidation in 
methanol8 showed complex isotope patterns, suggesting that the 
samples were composed of a complex mixture of partially oxidized 
P[HQ]6−m[Q]m (Fig. S3, ESI†).

NMR measurements were also carried out for the samples in TFA-
d. The 1H NMR spectrum of P[Q]6 exhibited two sharp signals 
assignable to CH at 6.86 ppm and methylene CH2 at 3.61 ppm. In the 
13C NMR spectrum of P[Q]6, characteristic signals at 190.5 (C=O), 
148.1 (C–CH2), 137.8 (CH) and 30.1 (CH2) ppm clearly appeared (Fig. 
2b). These results strongly support the highly symmetrical structure 

of P[Q]6 obtained by the above method. Since there was no signal for 
the ammonium salt in the NMR spectrum, it was determined that the

Fig. 3  Single-crystal X-ray structures of P[Q]6: (a) top view, (b) bond lengths for a 
benzoquinone unit, (c) 2D packing structure with CH–O interactions (blue dotted 
lines) between adjacent quinones in the different layers, and (d) stacking columnar 
structure stabilized by intermolecular CH–O interactions (blue dotted lines).

deposited crystal did not incorporate the supporting electrolyte used 
for electrochemical oxidation.

A P[Q]6 hexagonal cylindrical crystal (ca. 4 × 4 × 22 μm) prepared 
on an electrode surface was successfully mounted for single crystal 
X-ray diffraction (SCXRD) analysis. As seen in the crystal structure in 
Fig. 3b, the macrocycle is composed of six quinone units with bond 
lengths of 1.46–1.48 and 1.32–1.33 Å. The orientation of the quinone 
units in the macrocycle was not perpendicular but was aligned at 
around 35 degrees from the main axis (Fig. 3a), which is different 
from the case for other pillar[n]arene molecules.9 All quinone 
moieties seem to have intermolecular CH–O interactions between 
adjacent macrocycles, resulting in the formation of a hexagonal 
packing structure (Fig. 3c).

A columnar stacking structure is observed with an interval length 
of 5.25 Å, which is considerably shorter than that for the P[HQ]6 
crystal structure (9.21 Å).9 Multiple inter-columnar CH–O 
interactions presumably stabilize the tilted conformation of the 
macrocycles and contributes to their short-distance stacking (Fig. 3d). 
In the center of the columnar stacking structure, a continuous void 
was formed, which made this crystal a porous honeycomb structure. 
The diameter of this channel is ca. 7.89 Å, allowing it to incorporate 
small molecules such as methanol or gas molecules. However, no 
molecules were observed in the channel. Thus, neither Bu4NPF6 nor 
methanol was included in this structure. The hexagonal packing and 
columnar stacking of P[Q]6 derived from multiple CH–O interactions 
probably contribute to the formation of the uniform hexagonal 
cylinder structure on the micrometer scale. It is noted that these 
interactions account for the poor solubility of the deposits in 
common organic solvents and good solubility in fluorinated alcohol 
and acid.

Theoretical calculations of P[Q]6 were performed using density 
functional theory (DFT) by Yu and coworker.10 The calculated data for 
P[Q]6 showed a highly symmetrical pillar-like structure. Our 
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calculations using DFT at the ωB97XD/6-311G+ (d,p) level of theory 
for P[Q]6 starting with its crystal structure well converged to a local 
minimum energy (Fig. S6, ESI†). The difference in energy between 
the distorted structure and the pillar-like symmetrical structure was 
very small. In contrast, the pillar-like structure was much more stable 
for P[HQ]6, presumably due to intramolecular hydrogen bond 
formation in P[HQ]6 (Fig. S7, ESI†). Thus, the conformation of the 
P[Q]6 macrocycle should be more flexible than that of P[HQ]6, since 
it can adjust its conformation by multiple CH–O interactions in the 
solid state.  

To produce a large amount of P[Q]6, chemical synthesis is 
preferred over electrochemical deposition on an electrode surface. 
When P[HQ]6 was treated with phenyliodine (III) bis(trifluoroacetate) 
(PIFA) as an oxidant in methanol, partially oxidized P[HQ]6−m[Q]m was 
deposited from a methanol solution before completing oxidation of 
P[HQ]6.8 Kaifer and coworkers reported that oxidation of 1,4-
diethoxypillar[6]arene with cerium (IV) ammonium nitrate (CAN) was 
successful to give quinone units in the macrocycle. However, they 
could isolate only a series of partially oxidized materials containing 
one to four quinone units.5 Here, with good solvents for P[Q]6 in hand, 
we investigated the chemical oxidation of P[HQ]6 with PIFA in HFIP 
(Fig. 1b). It was expected that the oxidation power of PIFA should be 
enhanced in HFIP as reported for a similar hypervalent iodoarene 
reagent.11 P[HQ]6 was dispersed in HFIP and an excess amount of 
PIFA was added. The reaction mixture turned into a clear orange-
colored solution after several hours. Simple purification afforded 
pure P[Q]6 as a yellow solid in good yield (80%) on a ca. 0.4 g scale. 
1H and 13C NMR, and ESI-TOF-MS spectra of chemically prepared 
P[Q]6 were fully identical to those of electrochemically prepared 
P[Q]6. In the UV-vis absorption spectrum of P[Q]6 in HFIP, an 
absorption maximum was observed at 250 nm without significant CT 
bands at longer wavelengths (Fig. S9, ESI†). Although a single crystal 
of the chemically synthesized P[Q]6 has not been obtained at the 
present time, its powder XRD (PXRD) pattern showed characteristic 
peaks, which are identical to that of the electrochemically prepared 
P[Q]6 sample (Fig. S10 and S12, ESI†).

P[Q]6 is expected to form a new class of redox active macrocycles. 
Various voltammetry techniques were performed for P[Q]6 in 
dimethylformamide (DMF). First, the cyclic voltammogram (CV) of 
P[Q]6 measured in 0.1 M Bu4NPF6/DMF showed several reversible 
redox couples in a negative scan from 0 to −2.0 V vs. Ag/Ag+ (Fig. 4a). 
To better understand the electron-transfer (ET) behavior, square 
wave voltammetry was carried out under the same conditions. In the 
square wave voltammogram (SWV) (Fig. 4b), the reduction 
responses were clearly distinguished in a similar potential area with 
a large redox couple at −0.8 V and small couples at −1.1 V, −1.3 V, 
−1.6 V. Normal pulse voltammetry can provide information on the 
number of electrons involved in the ET process. From the normal 
pulse voltammogram (NPV) (Fig. 4c), it was indicated that the same 
number of electrons was used in the two potential regions, i.e., −0.50 
V– −1.05 V and −1.05 V– −1.70 V, in the reduction process of P[Q]6. 
From these results, a possible ET mechanism for P[Q]6 in aprotic 
media is proposed as follows (Fig. 4d). One-electron reduction of 
three quinone units in P[Q]6 alternately occurs before −1.05 V, then 
the remaining three quinone units are reduced one by one at −1.05 
through −1.7 V with divided peaks (in CV and SWV) due to the 
electrostatic repulsion in the second ET process. When the potential 

scan was conducted in a more negative range up to −2.5 V, no 
reduction peak was observed in SWV and NPV. Considering the 

Fig. 4  (a) Cyclic voltammogram, (b) square wave voltammogram and (c) normal 
pulse voltammogram of 1 mM P[Q]6 in 0.1 M Bu4NPF6/DMF, measured with a GC 
disk working electrode ( = 1 mm), a Pt counter electrode (10 mm × 10 mm) and 
an Ag/Ag+ reference electrode at a scan rate of 20 mV s−1. (d) A schematic model 
for reduction of P[Q]6 based on the voltammetric studies. The colored circles 
represent electrons injected into P[Q]6, which are also coded on reduction waves 
in (b). 

voltammetry analyses for para-xyloquinone (XQ) as a model 
compound (Fig. S14 and S15, ESI†), dianion formation of the quinone 
units in P[Q]6 should occur at a more negative potential due to the 
electrostatic repulsion upon the injection of an electron into already 
charged P[Q]6. Such multistep reduction behavior was also observed 
in P[Q]5,3 but the symmetrical hexagonal structure of P[Q]6 could 
accept three electrons at the same potential in an alternate manner.

In conclusion, we have successfully synthesized and 
characterized P[Q]6 for the first time, by employing both chemical 
oxidation of P[HQ]6 in HFIP and electrochemical oxidation of P[HQ]6 
at higher potential. In the latter case, hexagonal cylindrical crystals 
were easily obtained on an electrode surface. These could be readily 
transferred for single-crystal X-ray analysis, which clearly showed a 
hexagonal columnar structure. The CV, SWV and NPV studies on 
P[Q]6 in DMF revealed that three electrons are injected first, followed 
by three one-electron reductions that occur stepwise. Since P[Q]6 is 
a novel class of host molecule and redox active material, this study is 
expected to contribute to the exploration of a wide variety of related 
chemistry.
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