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Fluorescence Modulation by Fast Photochromism of [2.2]Paracyclophane-Bridged 
Imidazole Dimer Possessing a Perylene Bisimide Moiety 

Katsuya Mutoh,a Michel Sliwa,b Eduard Fron,c Johan Hofkens,c and Jiro Abe*a 

The development of single-molecule imaging and super-resolution microscopic tequniques has promoted the study of fluorescence switchable molecules that 

have been important for the in-depth understanding of activities of organelles and geometries of materials in nano- and microscales. The utilization of 

photochromic compounds as the photo-switching trigger is one of the efficient strategies to reversibly control the fluorescent “ON” and “OFF” states. In this 

study, we demonstrated the red-color fluorescence switching of a perylene bisimide (PBI) derivative by using the fast photochromic [2.2]paracyclophane-

bridged imidazole dimer. The transient colored biradical species as the fluorescence quencher is generated upon UV light irradiation. Because the biradical 

species has broad absorption bands in the whole visible light and the near-infrared regions (500–900 nm), the fluorescence of PBI could be efficiently quenched 

by Förster resonance energy transfer (FRET). The fluorescence intensity was switched by the fast photochromic cycles within a few tens of milliseconds. The 

potential capability of the transient biradical species to switch the fluorescence in the visible and NIR regions will open up the multicolor fluorescence imaging. 

Introduction 

Considerable attention has been paid to the fluorescence 

microscopy because of the convenience and useful characteristic 

to clarify structures and activities of organelles, active sites of 

inorganic catalysts and conformations of polymer materials.1–5 

From the discovery of the green fluorescent protein (GFP), many 

kinds of fluorescent switchable proteins and artificial organic 

probes have been developed in biochemistry.6,7 

Photoswitchable fluorescent probes are useful to observe a 

specific structure only under light irradiation with small 

background noise and to track movement and transportation of 

materials. The development of organic fluorescent probes has 

been also required for the definitive analysis of biological 

activities because the introduction of fluorescent proteins with 

large molecular weight often disturbs characteristic target 

features.8–10 

On the other hand, the spatial resolution of fluorescence 

microscopy is limited to the half of the emission wavelength in 

principle, which is known as the optical diffraction limit. 

Recently, to overcome the optical diffraction limit, super-

resolution microscopies such as stimulated-emission depletion 

(STED) microscopy,11,12 light switching microscopy (RESOLFT 

type microscopy)13,14 and photoactivated localization 

microscopy (PALM)/stochastic optical reconstruction 

microscopy (STORM)15–18 were reported. By using these spectroscopic techniques, nanometric detail structures of cell organelles 

have been revealed in a stream.19 Super-resolved techniques were in some cases disregarded as they were subjected to 

photobleaching due the need of high on/off contrast. However different methods were recently develop like MINFLUX20 or optical 

fluctuation imaging (SOFI),21 which enable background-free and contrast enhanced imaging, and facilitate to utilize temporal 

 
Scheme 1 Photochromic Reaction Scheme of 1. 

 



  

 

fluctuations of photo-switchable fluorescent probe.13 Therefore, the attractive fluorescence switching or fluctuating compounds have 

been desired from the perspecives of both fundamental studies and further applications for fluorescence imaging. 

Photochromic compounds reversibly change their physical properties, absorption and fluorescence spectra, electronic and 

magnetic properties, and also induce the macroscopic structural changes in liquid crystal, polymer matrix and solid state upon 

irradiation with light.22–27 Recently, studies of fluorescence switching by using photochromism have been attracted because the 

drastic changes of the electronic structures of photochromic compounds are suitable to switch the fluorescence properties by an 

electron transfer or Förster resonance energy transfer (FRET).28–32 The [2.2]PC-bridged imidazole dimer which is one of the T-type 

photochromic compounds shows the fast photochromism with a high quantum yield close to unity and excellent fatigue 

resistance.33 The C–N bond between the two imidazole rings is cleaved within few hundreds of femtosecond upon irradiation with 

UV light, resulting in the generation of the colored biradical species. Because the biradical species has broad absorption bands in 

the whole visible light and the near-infrared (NIR) regions (500–900 nm), fluorescence of variable fluorescent dyes can be 

modulated by FRET from the excited singlet state of fluorophores to the biradical species, leading to the development of the multi-

color switchable fluorescence probes for super resolution images. Furthermore, focus super-resolution fluorescence microscopies 

such as RESOLFT which use photo-switchable systems (proteins or dyes) usually require an extra laser excitation to recover the 

fluorescent “ON” state from the “OFF” state.13 Fast photochromic compounds showing the thermal back reaction in millisecond 

time scales will allow acquiring an image at a videoframe rate without the use of any lasers to recover the “OFF” to “ON” states. 

We previously demonstrated the green-color millisecond fluorescence modulation with the fast photochromic bridged imidazole 

dimer possessing fluorescein as a green-color fluorescence unit.34 The fluorescence intensity is efficiently quenched in the biradical 

state by FRET from the excited state of fluorescein to the biradical species. After we have developed the fluorescence switching 

by the fast photochromic reaction of the bridged imidazole dimer, the applications to the super-resolution imaging by 

photochromic imidazole dimers have been  received increased attention.35,36 While we succeeded to switch the fluorescence of 

fluorescein, the photostability at the single molecular level of fluorescein is only few millisecond and hinders its use for super-

resolution microscopies. Thus, both fluorescence switching abilities and high fluorescence quantum yield with high photostability 

of fluorescent probes at the single molecular level are required for applying to the super resolution microscopy. To overcome this 

issue, we newly designed a fluorescence switchable [2.2]PC-bridged imidazole dimer possessing a perylene bisimide (PBI) as a red-

color fluorescent unit (1, Scheme 1). PBI is known as one of the more photo-stable dyes at the single molecule level with a 

fluorescence quantum yield about 1.37 The [2.2]PC-bridged imidazole dimer is indirectly connected with PBI unit by an amide bond 

 
Fig. 1 (a) UV−vis absorption spectra (green) and fluorescence spectra (red) of 

1 and 2 in benzene. (b) Transient vis−NIR absorption spectrum recorded just 

after laser excitation (blue) of 1 in degassed benzene (6×10−6 M; excitation 

wavelength, 355 nm; pulse width, 5 ns; power, 3 mJ/pulse).  

 



  

 

to avoid a direct coupling that could lead to a decrease of the fluorescence quantum yield of PBI. Moreover, the sensitivity of the 

imidazole dimer unit to the UVA region is enhanced by the introduction of methoxy groups to achieve the efficient photochromic 

reaction upon UV light irradiation.38 Thus, 1 has the satisfactory properties for demonstrating the fluorescence modulation. 

Results and discussion 

Photophysical and Photochromic Property 

The steady state UV-vis absorption and fluorescence spectra of 1 are compared with those of the individual PBI unit (2, Scheme 

1 and 4) as a reference compound (Fig. 1a). The absorption and fluorescence spectra of 1 in visible light region are similar to those 

of 2. On the other hand, the molar extinction coefficient of 1 in the UVA region is larger than that of 2. Because of the introduction 

of the electron-donating methoxy group, the [2.2]PC-bridged imidazole dimer unit of 1 has the relatively large absorption band at 

350 nm, which can be ascribed to the intramolecular charge transfer transition from the dimethoxy phenyl groups to the electron-

withdrawing 4π electron imidazole ring and that from the electron-donating 6π electron imidazole ring to the carboxyl phenyl 

group.38 Thus, all in the absorption spectrum of 1 is mainly the sum of those of fluorescent (PBI) and photochromic units (bridged 

imidazole dimer) as expected using the amide bond spacer. The fluorescence quantum yields estimated by using cresyl violet 

(Φ=0.54 in ethanol)39 as a standard for 540 nm light excitation and quinine sulfate ((Φ=0.55 in 0.5 M H2SO4)40 as a standard for 360 

nm excitation are summarized in Table 1. The quantum yield of 2 with 360 nm excitation is approximately half of that with 540 nm 

excitation. Fluorescence emission decays measured at 605 nm by single photon counting method for 2 excited at 540 nm and 365 

nm give two time constants by fitting the decay with a double exponential equations (Table 1, Fig. SXX, ESI†), a few hundred of 

picosecond one (minor contribution less than 10%) and a 5.5 ns contribution (more than 90%). These time constants are in 

agreement with the literature, the short component is link to interconversion between two conformational arrangements of 

substituents at the bay.41 Therefore the decrease of fluorescence quantum yield for 2 with 360 nm excitation is due to a fast 

internal conversion directly to the ground state in competition to the relaxation to the S1 state. On the other hand, although there 

is no significant difference in the fluorescence quantum yield between 1 and 2 upon 540 nm excitation, the fluorescence quantum 

yield with 360 nm excitation of 1 is largely decreased, compared with that of 2. The fluorescence excitation spectra of 1 and 2 are 

similar in the whole region (Fig. S11, ESI†), indicating that the bridged imidazole dimer and PBI units are not conjugated. In addition, 

the picosecond fluorescence decays of 1 do not show any changes between 360 and 540 nm excitation (Table 1, Fig. SXX, ESI†), 

Table 1 Time resolved and fluorescence quantum yield data of 1 and 2 in benzene 

with two different excitations wavelength. 

λex Φ1 Φ2 1 2

360 nm  0.21 0.50 
0.87 (7.2 %) 

5.56 (92.8%) 

0.53 (2.9 %) 

5.73 (97.1%) 

540 nm  0.86 0.90 
0.69 (8.1 %) 

5.38 (91.9%) 

0.38 (6.5 %) 

5.46 (93.5%) 

 

Table 2 Solvent Dependence of Fluorescence Quantum Yields and Lifetimes of 1 

and 2 Measured at 605 nm with 540-nm Light Excitation 

 benzene THF acetone acetonitrile 

Φ1 0.86 0.83 0.70 0.55 
Φ2 0.90 - - 0.92 

τ1 (ns) 

5.38 
(91.9%) 

0.69 
(8.1%) 

5.70 
(97.7%) 

0.70 
(2.3%) 

5.81 
(94.7%) 

0.87 
(5.3%) 

5.71 
(94.3%) 

0.53  
(5.7%) 

τ2 (ns) 

5.46 
(93.5%) 

0.38 
(6.5%) 

- - 

6.01 
(96.9%) 

0.27 
 (3.1%) 

knr1 
(×107 s−1) 

2.5 3.0 5.2 7.9 

 

 



  

 

the decrease of the fluorescence quantum yield of 1 with 360 nm excitation, compared with that of 2, is due to the relatively-large 

absorption of the [2.2]PC-bridged imidazole dimer unit and the ultrafast formation of the transient biradical within a few hundreds 

of femtosecond upon UV light irradiation.42 The large molar extinction coefficient of the imidazole dimer unit is suitable for 

enhancing the efficiency of the photochromic reaction to produce the biradical species upon UV light irradiation. 

The dependence of the fluorescence quantum yields of 1 on the solvent polarity were investigated in detail (Table 2). The 

fluorescence quantum yield of 1 has the negative correlation with the solvent polarity and decreases in the polar solvent while 

that of 2 does not show any dependence on the polarity of the solvent. This solvent dependence of the quantum yields suggests 

the possibility of the electron transfer process from PBI unit to the imidazole dimer unit by the irradiation of 540-nm light. To 

reveal the origin of the solvent dependence, the fluorescence lifetime measurement in several solvent conditions was performed 

by the time-correlated single photon counting (Table 2 and Fig. S12, ESI†). The main long component of the two decay components 

of the fluorescence lifetime of 1 slightly increase in the polar solvent. Because the charge-separated state resulting from the 

electron transfer is stabilized in polar solvent, the efficiency of the electron transfer is generally increased in polar solvent, leading 

to the decrease of the life-time of fluorescence by increasing the polarity of the solvent. Thus, the electron transfer process from 

the PBI unit to the [2.2]PC-bridged imidazole dimer is not appropriate. On the other hand, because the fluorescence quantum yield 

 
Fig. 2 (a) Transient vis−NIR absorption spectra of 1 in degassed benzene at 25 

°C (6×10−6 M; 10 mm light path length). Each of the spectra was recorded at 

10 ms intervals after excitation with a nanosecond laser pulse (excitation 

wavelength, 355 nm; pulse width, 5 ns; power, 3 mJ/pulse). (b) Decay profiles 

of the colored species generated from 1, monitored at 400 nm in degassed 

benzene (6×10−6 M). 

 



  

 

of 2 is not affected by the polarity of solvent, the decrease in the fluorescence quantum yield of 1 in the polar solvent can be 

described as the result of the increase in the non-radiative relaxation rate by attaching the imidazole dimer unit to PBI. The non-

radiative relaxation rate constant is defined as eq. 1 

𝑘𝑛𝑟 =
1

𝜏𝑓
(1 − Φ𝑓)     (1) 

where τf is the fluorescence life-time and Фf is the fluorescence quantum yield. The estimated non-radiative relaxation rate 

constants show good correlation with the dielectric constant of solvents (Table 2 and Fig. S13, ESI†). Interaction between solvent 

and amide group spacer for 1 could be a reason for the increase of non radiative relaxation. 

Fig. 1b shows the UV–vis absorption spectrum, fluorescence spectrum and vis–NIR transient absorption spectrum of 1. The 

transient absorption spectrum of 1 upon UV light irradiation has a narrow absorption band at 400 nm and a broad absorption 

bands which cover the visible and NIR light regions from 500 nm to 900 nm, attributing to the characteristic absorption band of 

the photogenerated biradical species 1R. The absorption band at around 800 nm is appeared by the through-space radical–radical 

interaction.43 Because the fluorescence spectrum largely overlaps with the absorption band of 1R, the efficient energy transfer 

(FRET) from the excited state of the PBI moiety to the radical species is expected. The fluorescence switching behavior with the 

fast photochromic reaction is discussed later. 

All of the absorption bands of 1R decay with the same time constant (Fig. 2a). The half-life of 1R is estimated to be 19 ms at 

25 °C in benzene, which is similar half-life with that of the typical biradical species of the [2.2]PC-bridged imidazole dimer.33 Fig. 

2b shows the decay profiles of the transient absorbance at 400 nm of 1, measured over the temperature range from 5 °C to 40 °C. 

The transient absorption dynamics obeys the first order reaction kinetics, and the activation parameters are estimated from the 

Eyring plots (Table S1, Fig. S14 and S15, ESI†). The ΔH‡ and ΔS‡ values estimated from standard least-squares analysis of the Eyring 

plots are 58.3 kJ mol−1 and −19.6 J K−1 mol−1, respectively. The free energy barrier (ΔG‡ = ΔH‡ − TΔS‡) for the thermal back reaction 

is 64.1 kJ mol−1 at 25 °C.  

 
Fluorescence Switching Property 

The fluorescence intensity of 1 can be switched by the UV light excitation because of the formation of 1R which quenches the 

excited singlet state of the PBI moiety by FRET. Fig. 3 shows the fluorescence switching behavior accompanied by the photochromic 

cycles of 1. The fluorescence intensity was monitored at 605 nm under 540-nm continuous light irradiation. To the photostationary 

 
Fig. 3 (a) Time profile of the transient absorbance at 400 nm and fluorescence 

intensity at 605 nm (20 °C in benzene, 540 nm excitation) after 355 nm laser 

excitation (pulse width, 4 ns; power, 10 mJ/pulse). (b) Fluorescence switching 

cycles upon 355 nm laser excitation. 

 



  

 

state of 1 under 540-nm continuous light irradiation (16 mW), the nanosecond laser pulse at 355 nm (5 mJ) is used to induce the 

photochromic reaction, resulting in the instant decrease of the fluorescence intensity. The fluorescence intensity shortly thereafter 

recovered to the initial intensity thermally with the similar thermal back reaction rate of 1R (Fig. 3a). This result indicates that the 

fluorescence modulation is prompted by the energy transfer between the PBI moiety and the photogenerated biradical species. 

This fluorescence switching can be repeated many times (Fig. 3b). 

We carried out the time-correlated single photon counting to measure the time constant of FRET. Generally, the life-time of S1 

state is estimated to be a few tens of picoseconds when the energy transfer process (FRET) occurs from the S1 state.44 In order to 

generate 1R, the benzene solution of 1 and 2 are exposed to continuous UV light (350 nm, 100 mW/cm2) in addition to the 540-

nm excitation light to reach a photostationary state. The millisecond back reaction allows only to accumulate ??% of biradical. Fig. 

4 shows the fluorescence decays of 1 and 2 excited at 540 nm under 350 nm light irradiation. The two short lifetime components 

are obtained by UV light irradiation to the solution of 1 although the UV light exposure is almost ineffectiveness to the lifetime of 

the excited state of 2. The fluorescence decay curve of 1 was fitted by a three-exponential function yielding three time-constant 

components: the two short decay components with the lifetimes of τ1 = 89 ps (12.2 %), τ2 = 0.927 ns (19.3 %) and the long decay 

component with the lifetime of τ3 = 5.318 ns (68.5 %). The long component is similar to the typical lifetime of the S1 state of PBI as 

described above (Table 3). The lifetime with a few hundreds of nanosecond is also observed in the fluorescence lifetime of 2 fitted 

by a bi-exponential function (0.501 ns: 4.4 % and 5.500 ns: 95.6 %) excited at 540 nm under 350 nm light irradiation. Thus, the 

short component of 1 with the lifetime of 0.927 ns would correspond to the excited state of the PBI unit irradiated by UV light. 

From these results, the short lifetime component with 89 ps can be attributed to the fluorescence lifetime of 1R in which the 

fluorescence of the PBI unit is quenched by the energy transfer from the S1 state of the PBI unit to the biradical species. The FRET 

efficiency (ΦFRET) is calculated to be 0.98 according to eq. 2 

  Φ𝐹𝑅𝐸𝑇 =
𝜏

𝜏0
       (2) 

where τ is the observed fluorescence lifetime of 1R (89 ps) and τ0 is that of 1 (5.318 ns). Therefore, the biradical species of bridged 

imidazole dimers is the efficient quencher of the excited state of PBI. It is expected that the bridged imidazole dimer can be applied 

to multi-color fluorescence switching probes because of the broad absorption spectrum of the biradical species in the visible and 

NIR regions, applicable to biological fluorescent probes.  

Table 3 Fluorescence Lifetimes of 1 and 2 Measured at 605 nm with 540-nm 

Picosecond Pulse Excitation. 

 τ1 (ns) τ2 (ns) τ3 (ns) 

1 - 0.690 5.381 
1, under 350-nm light 0.089 0.927 5.318 

2 - 0.379 5.457 
2, under 350-nm light - 0.501 5.500 

 

 
Fig. 5 Fluorescence quenching and subsequent recovery images of a 

PMMA/TCP film doped with 1 after excitation with 365 nm and 405 nm light 

(pulse width, 200 ms) at −10 °C. 

 



  

 

 
Fluorescence Imaging Microscopy 

The fluorescence switching accompanied by the fast photochromism of 1 was carried out under the fluorescence microscopy 

as a preliminary step of the application to the super-resolution microscopy. In order to increase the on–off contrast ratio of the 

fluorescence, the fluorescence modulation was demonstrated at −10 °C to reduce the rate of the thermal back reaction of 1R 

because the recovery rate (the half-life is 19 ms at 25 °C) is too large at room temperature to be detected by a common CCD 

camera. The polymer film (poly(methyl metacrylate) (PMMA)/tricresyl phosphate (TCP) = 2/3) of 1 was prepared to remove the 

effect of the diffusion of molecules and convection of solvent. TCP is used as a plasticizer to decrease in the glass transition 

temperature (Tg) of the polymer because the efficiency of the photochromic reaction of [2.2]PC-bridegd imidazole dimer is reduced 

in the rigid polymer matrix with high Tg.45 The millisecond thermal back reaction following a first-order reaction kinetics is clearly 

observed in this polymer matrix (Fig. SXX, ESI†).The irradiation with the stimulus pulse light at 365 and 405 nm from a high-pressure 

mercury vapor lamp (200 ms/pulse) induces the efficient fluorescence quenching by 1R under the continuous excitation with the 

fluorescence excitation light of 540 nm (Fig. 5). After the cease of the UV light radiation, the fluorescence intensity recovers rapidly 

within 5 seconds at −10 °C. The contrast of the fluorescence intensity is sufficient to detect because the population of the biradical 

at the photostationary state is high at −10 °C.  

Conclusions 

We demonstrated the rapid fluorescence switching using the photochromism of the [2.2]PC-bridged imidazole dimer possessing 

PBI as a fluorophore. The molecular design of 1 is efficient to produce the biradical species which quenches the excited state of 

the PBI unit by FRET upon UV light irradiation because of the high sensitivity to the UVA region derived from the intramolecular 

CT transition. The fluorescence intensity can be switched by the fast photochromic cycles within a few tens of milliseconds at room 

temperature. The efficiency of the energy transfer was estimated to be 98 % from the fluorescence lifetime measurement. Hence, 

the utilization of the photochromic imidazole dimers for the fluorescence switching has a great potential for applying to the super 

resolution microscopy. The potential capability of the transient biradical species to switch the fluorescence in the visible and NIR 

regions by FRET will open up the multicolor and on-demand fluorescence imaging by the introduction of various types of 

fluorophores. 

 
Fig. 4 Fluorescence decays of 1 and 2 under continuous 350 nm light 

irradiation measured at 605 nm with 540-nm picosecond pulse excitation. 

 



  

 

Experimental section 

Measurement of the Thermal Back Reaction Rate 

The laser flash photolysis experiments were carried out with a TSP-1000 time-resolved spectrophotometer (Unisoku). A 10 Hz Q-

switched Nd:YAG (Continuum Minilite II) laser with the third harmonic at 355 nm (ca. 8 mJ per 5 ns pulse) was employed for the 

excitation light. The probe beam from a halogen lamp (OSRAM HLX64623) was guided with an optical fiber scope to be arranged 

in an orientation perpendicular to the exciting laser beam. The probe beam was monitored with a photomultiplier tube 

(Hamamatsu R2949) through a spectrometer (Unisoku MD200). Sample solutions were deaerated by argon bubbling prior to the 

laser flash photolysis experiments. 

 

Measurement of the Fluorescence Switching Rate34 

Luminescence switching in the millisecond range was recorded using a laser flash photolysis apparatus. Excitation light (540 nm) 

was provided by a Hamamatsu Light Source (LC8) combined with a long pass filter and 10 nm band-pass filter center at 540 nm, 

coupled to fiber and a condenser to get a pseudocollimated light (diameter 6 mm, 5 mW).  Excitation pulses to switch the 

fluorescence (355 nm, fwhm 4 ns, 10 mJ, 0.5 Hz) were provided by a 10 Hz Nd:YAG laser (Continuum Surelite II) at the opposite 

direction from the excitation source. The diameter of the excitation beam was about 8 mm to ensure that all the volume of 

collected emission was excited. The emitted light was collected at 90°, dispersed by a monochromator (Horiba Jobin-Yvon, iHR320), 

and analyzed with a photomultiplier (R1477-06, Hamamatsu) coupled to a digital oscilloscope (LeCroy 454, 500 MHz). 

Synchronization of excitation pulses and acquisition time was secured with a PCI-6602 8 Channel counter/timer (National 

Instruments). The experiment was controlled by a homemade software written in LabView environment.  The recorded traces 

were averaged for several pulses. A 1 mm (excitation, emission length) × 1 cm spectroscopic cell was used. Optical density (1 mm) 

of the solution at the excitation wavelength was below 0.1 to avoid any inner effect. The stability of the solution was checked after 

several excitations that fluorescence intensity keeps constant. 

Fluorescence Lifetime Mesurements 

 

Fluorescence Microscopy 

The fluorescence microscopy was carried out with an Olympus BX51 microscope. The high-pressure mercury vapor lamp through 

a 540/10 nm band-pass filter was employed for the fluorescence excitation light. The stimulus light-inducing photochromism (365 

and 405 nm, 200 ms/pulse) is performed with a Mosaic Digital Diaphragm System (Photonic Instruments, Inc.). The fluorescence 

of 1 and 2 were monitored with a Q IMAGING Scientific Digital CCD Camera (QI Click, exposure time; 15 ms) through a 632/10 nm 

band-pass filter. 

 

Synthetic procedure 

All reactions were monitored by thin-layer chromatography carried out on 0.2 mm E. Merck silica gel plates (60F-254). Column 

chromatography was performed on silica gel (Silica gel 60N (spherical, neutral), 40–50 μm, Kanto Chemical Co., Inc.). 1H NMR 

 
Scheme 2 Synthesis of Compound 7. 

  
Scheme 3 Synthesis of Compound 11. 

 



  

 

spectra were recorded at 400 MHz on a Bruker AVANCE III 400 NanoBay. DMSO-d6 and CDCl3 and CD2Cl2 were used as deuterated 

solvent. MASS spectra (ESI–TOF–MS) were measured by using a Bruker micrOTOF II-AGA1. All glassware was washed with distilled 

water and dried. Unless otherwise noted, all reagents and reaction solvents were purchased-from Tokyo Chemical Industry Co., 

Ltd., Wako Pure Chemical Industries, Ltd., Sigma-Aldrich Inc. and Kanto Chemical Co., Inc. and were used without further 

purification.  

 

Compound 346 and 847 were prepared according to a literature procedure. 

 Compound 4. Compound 3 (400 mg, 1.34 mmol) and benzylbromide (652 μL, 5.46 mmol) were dissolved in acetonitrile 

(8 mL). The solution was added triethylamine (760 μL) and refluxed for 22 h. The organic layer was evaporated and the crude 

product was purified with silica gel column chromatography (CHCl3/hexane = 1/1) to give the desired product as yellow solid. The 

product was recrystallized from CH2Cl2/hexane to give yellow crystals (554 mg, 86%). 1H NMR (400 MHz, CDCl3) δ: 8.20 (d, J = 8.5 

Hz, 4H), 8.03 (d, J = 8.5 Hz, 4H), 7.45–7.34 (m, 10H), 5.40 (s, 4H). 

 Compound 6. The reaction mixture of 5 (120 mg, 0.209 mmol), 4 (182 mg, 0.380 mmol) and ammonium acetate (252 mg, 

3.269 mmol) in CH2Cl2 was stirred for 2 days at 110 °C in the sealed tube. The reaction mixture was added water and the aqueous 

layer was extracted with CH2Cl2. The combined organic layer was washed with water and brine, dried over Na2SO4, filtered, and 

evaporated. The crude product was purified with silica gel column chromatography (hexane/AcOEt = 1/1), to give the desired 

product as yellow solid (167 mg, 77%). 1H NMR (400 MHz, DMSO-d6) δ: 11.92 (s, 1H), 11.53 (s, 1H), 7.68 (t, J = 8.6 Hz, 4H), 7.50–

7.35 (m, 11H), 7.32 (d, J = 8.4 Hz, 2H), 7.16–7.10 (m, 4H), 6.98 (d, J = 8.2 Hz, 1H), 6.82–6.59 (m, 8H), 5.38–5.33 (m, 4H), 4.59–4.52 

(m, 2H), 3.62 (s, 3H), 3.53 (s, 3H), 3.42 (s, 3H), 3.28 (s, 3H), 3.16–3.07 (m, 6H).  

 Compound 7. Compound 6 (70 mg, 0.0678 mmol) was dissolved in methanol and deoxygenated by N2 bubbling. After the 

addition of Pd/C (280 mg), the solution was deoxygenated by N2 bubbling additionally. The mixture was stirred for 4 h under 

hydrogen atmosphere. The reaction mixture was filtered with celite and the filtrate was evaporated. The product was washed with 

dichloromethane to give the desired solid as yellow solid (44 mg, 76%). 1H NMR (400 MHz, DMSO-d6) δ: 11.92 (s, 1H), 11.62 (s, 1H), 

7.63 (t, J = 8.4 Hz, 4H), 7.31 (d, J = 8.0 Hz, 2H), 7.17 (d, J = 8.4 Hz, 2H), 7.11 (d, J = 8.0 Hz, 2H), 6.97 (d, J = 8.0 Hz, 1H), 6.85–6.60 (m, 

9H), 4.60–4.55 (m, 2H), 3.71 (s, 3H), 3.64 (s, 3H), 3.46 (s, 3H), 3.15–3.03 (m, 6H). 

 Compound 9. A mixture of 8 (2.03 g, 3.037 mmol), tert-butylphenol (5.25 g, 34.95 mmol), potassium carbonate (5.68 g, 

41.09 mmol) and N-methyl-2-pyrrolidone (170 mL) were stirred at 120 oC during 20 hours. After the mixture was cooled to room 

temperature, the mixture was acidified with aqueous 3N HCl aq. (100 mL) and the mixture was stirred for additional 4 hours. The 

purple precipitated formed and was filtered under vacuum, thoroughly washed with water and dried for 12 hours in a vacuum 

oven to give purple solid 2.393 g (70 %). 1H NMR (400 MHz, CDCl3) δ: 8.21 (s, 4H), 7.22 (d, J = 8.8 Hz, 8H), 6.83 (d, J = 8.8 Hz, 8H), 

5.00–4.92 (m, 2H), 2.22–2.10 (m, 4H), 1.89–1.78 (m, 4H), 1.29 (s, 36H), 0.85 (t, J = 7.2 Hz, 12H). 

 Compound 10. A mixture of 9 (580 mg, 0.516 mmol), KOH (98 mg, 1.747 mmol) and t-BuOH (24 mL) was refluxed during 

1.5 hours. After cooling down the mixture to room temperature, the mixture was acidified with acetic acid (9 mL) and 6N HCl aq. 

(9 mL). The precipitate was filtered, dried under vacuum and finally purified by SiO2 column chromatography (CHCl3/hexane = 1/1), 

to give the desired product as purple solid (110 mg, 20 %). 1H NMR (400 MHz, CDCl3) δ: 8.21 (s, 2H), 8.20 (s, 2H), 7.24 (d, J = 8.8 Hz, 

 
Scheme 4 Synthesis of Compounds 1 and 2. 

 



  

 

8H), 6.83 (d, J = 8.8 Hz, 4H), 6.82 (d, J = 8.8 Hz, 4H), 4.99–4.91 (m, 1H), 2.21–2.12 (m, 2H), 1.87–1.80 (m, 2H), 1.29 (s, 18H), 1.29 (s, 

18H), 0.85 (t, J = 7.4 Hz, 6H). 

 Compound 11. A mixture of 10 (70 mg, 0.0664 mmol), 1,4-diaminobenzene (15 mg, 0.139 mmol) and imidazole (700 mg) 

was heated at 100 oC for 5 hours. The crude mixture was cooled down to room temperature and acidified with 6N HCl aq. (7 mL). 

The precipitate was filtered, dried under vacuum for 5 h, and purified by SiO2 column chromatography (gradient, CHCl3 to 

CHCl3:EtOH = 1:0.01), to give the desired product as purple solid (49 mg, 64 %). 1H NMR (400 MHz, CDCl3) δ: 8.22 (s, 2H), 8.21 (s, 

2H), 7.24 (d, J = 8.8 Hz, 4H), 7.21 (d, J = 8.8 Hz, 4H), 6.99 (d, J = 8.8 Hz, 2H), 6.85 (d, J = 8.8 Hz, 4H), 6.82 (d, J = 8.8 Hz, 4H), 6.75 (d, 

J = 8.8 Hz, 2H), 4.99–4.93 (m, 1H), 3.77 (s, 2H), 2.22–2.11 (m, 2H), 1.89–1.79 (m, 2H), 1.28 (s, 18H), 1.26 (s, 18H), 0.86 (t, J = 7.4 Hz, 

6H). 

 Compound 12. A mixture of compound 7 (70 mg, 0.0821 mmol), benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate (47 mg, 0.0903 mmol), DIPEA (45 mg, 0.348 mmol) and anhydrous DMF (8 mL) were stirred for 1 h under 

nitrogen atmosphere. Compound 11 (93 mg, 0.0813 mmol) was then added and the mixture was stirred at 80 oC during 2 days. 

The crude was acidified with an aqueous solution of 1N HCl (5 mL) and extracted with CHCl3. The organic layer was washed with 

water and then evaporated. The obtained dark solid was purified by SiO2 column chromatography (CHCl3:EtOH = 25:1) and 

preparative thin layer chromatography (CHCl3:EtOH = 25:1) to give a purple solid as a mixture of two structural isomers (18 mg, 

11 %). 1H NMR (400 MHz, DMSO-d6) δ: 11.83 (s, 1H, one structural isomer), 11.69 (s, 1H, one structural isomer), 11.68 (m, 2H, two 

structural isomers), 7.96–7.93 (m, 9H, two structural isomers), 7.38–7.26 (m, 30H, two structural isomers), 7.20–6.98 (m, 39H, two 

structural isomers), 6.93 (s, 9H, one structural isomer), 6.91 (s, 9H, one structural isomer), 6.71 (d, J = 8.0 Hz, 4H, two structural 

isomers), 6.63 (t, J = 8.0 Hz, 4H, two structural isomers), 4.89–4.79 (m, 2H, two structural isomers), 4.65–4.46 (m, 4H, two structural 

isomers), 3.15–3.02 (m, 12H, two structural isomers), 2.12–2.04 (m, 4H, two structural isomers), 1.81–1.72 (m, 4H, two structural 

isomers), 1.27 (s, 36H, two structural isomers), 1.24 (m, 36H, two structural isomers), 0.78 (t, J = 8.0 Hz, 12H, two structural 

isomers); ESI–TOF–MS: m/z 1978 [M+H]+. 

 Compound 1. All manipulations were carried out with the exclusion of light. Under nitrogen, to a solution of 12 (12 mg, 

6.06×10−3 mmol) in benzene (2 mL) was added PbO2 (16 mg, 0.0669 mmol). The reaction mixture was vigorously stirred for 9 h at 

room temperature. The solution was filtered and the filtrate was evaporated. Then the crude product was separated by preparative 

thin layer chromatography using CH2Cl2:MeOH = 20:1 as eluents to give the desired product as purple solid (7 mg, 58 %). 1H NMR 

(400 MHz, CD2Cl2) δ: 8.11 (s, 2H), 8.03 (s, 2H), 7.72–7.66 (m, 5H), 7.57–7.46 (m, 5H), 7.32–7.28 (m, 4H), 7.22–7.15 (m, 13H), 6.89 

(s, 1H), 6.83–6.73 (m, 14H), 6.61–6.56 (m, 4H), 6.44 (d, J = 8.0 Hz, 2H), 6.38 (d, J = 8.0 Hz, 2H), 4.89–4.82 (m, 1H), 4.44–4.38 (m, 

1H), 3.76 (s, 3H), 3.65 (s, 3H), 3.63 (s, 3H), 3.60 (s, 3H), 3.16–3.07 (m, 5H), 3.00–2.86 (m, 2H), 2.10–2.01 (m, 2H), 1.77–1.70 (m, 2H), 

1.23 (s, 18H), 1.20 (s, 18H), 0.76 (t, J = 7.2 Hz, 12H). ESI–TOF–MS: m/z 1976 [M+H]+.  

 Compound 2. A mixture of benzoic acid (10 mg, 0.0819 mmol), benzotriazol-1-yl-oxytripyrrolidinophosphonium 

hexafluorophosphate (30 mg, 0.0576 mmol), DIPEA (19 mg, 0.147 mmol) and anhydrous DMF (1 mL) were stirred for 1 h under 

nitrogen atmosphere. Compound 11 (40 mg, 0.0350 mmol) was then added and the mixture was stirred at 80 oC during 3 days. 

The crude was acidified with an aqueous solution of 3N HCl (8 mL) and extracted with CH2Cl2. The organic layer was washed with 

water and brine, and then evaporated. The obtained dark solid was purified by preparative thin layer chromatography twice using 

CHCl3:AcOEt = 25:1 and CHCl3:MeOH = 100:1 as eluents to give the desired product as a purple solid (20 mg, 46 %). 1H NMR (400 

MHz, CDCl3) δ: 8.24 (s, 2H), 8.22 (s, 2H), 7.89 (s, 1H), 7.87 (s, 3H), 7.80 (d, J = 8.8 Hz, 2H), 7.58–7.48 (m, 4H), 7.24 (d, J = 8.8 Hz, 4H), 

7.21 (d, J = 8.8 Hz, 4H), 6.85 (d, J = 8.8 Hz, 4H), 6.83 (d, J = 8.8 Hz, 4H), 5.00–4.92 (m, 1H), 2.22–2.11 (m, 2H), 1.89–1.79 (m, 2H), 

1.29 (s, 18H), 1.26 (s, 18H), 0.86 (t, J = 7.4 Hz, 6H).  
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