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General introduction 
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1.1.  Caged compound 

Biologically active compounds, such as Ca2+, neurotransmitters, and amino acids, play 

critical roles in our lives as they contribute to various biological functions. These compounds 

are thus potential sources for new drugs. Spatiotemporal control of biologically active 

substances by protection (caging) and deprotection (uncaging) using photoremovable 

protecting groups (PPGs) has emerged as a robust tool to investigate the functional 

mechanisms of bioactive molecules in physiological studies1-7. Since the release of 

biologically active molecules from temporally inactivated compounds, that is, caged 

compounds, can be done merely by light irradiation, this caging and uncaging method enables 

concentration jumps of bioactive substances under mild conditions with high spatiotemporal 

control to efficiently stimulate biological processes8. To be practically employed in 

physiological studies, PPGs need to satisfy several requirements, such as low toxicity to 

living tissues, high solubility and thermal stability in an aqueous environment, high molar 

extinction coefficient, and high uncaging quantum yield3. The evolution of novel PPGs 

meeting these criteria for caging a diverse range of biologically active molecules such as 

calcium9-12 and neurotransmitters13-16 has always continued17.  

 

Figure 1. Caging and uncaging of bioactive molecules using PPGs. 
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Ortho-nitrobenzyl (oNB)18,19 is the first PPG utilized in biological experiments to cage 

adenosine cyclic 3’,5’-phosphate (cAMP)20 and adenosine 5-triphosphate (ATP)21 and 

simulate their bioactivities in cellular processes. As shown in Figure 2, the photochemical 

release of bioactive compounds (X) from oNB-type PPGs starts from the intramolecular 

hydrogen abstraction by the nitro group to generate an aci-nitro intermediate (A), which 

subsequently undergoes cyclization (B) and ring-opening to form a hemiacetal intermediate 

(C)19. Hydrolysis of the hemiacetal then releases the caged molecule and a nitroso 

photoproduct (D). The first step in this mechanism, the intramolecular hydrogen abstraction 

(oNB → A), is important in determining the uncaging quantum yield of oNB-type PPG. This 

process is triggered by the local n→π* excitation within the nitro group. 

 

Figure 2. Uncaging mechanism of oNB-type PPGs. 

On the other hand, photo-SN1-type PPGs release the bioactive compounds (X) via direct 

bond cleavage (Figure 3). Numerous PPGs, such as coumarin (CH)22, p-hydroxyphenacyl 

(pHP)23, quinoline (Qu)24, BODIPY25, and pAPHi26, can be classified in this category. 
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Figure 3. Examples of photo-SN1-type PPGs. 

1.2. One-photon (1P) excitation and two-photon (2P) excitation 

Irradiation with high-energy ultraviolet (UV) light effectively breaks the relatively strong 

C-X bonds in caged compounds and liberates the bioactive molecules. However, UV light is 

not convenient for uncaging in living cells because it cannot penetrate deep areas of 

biological samples and may cause cytotoxicity due to high-energy photons. On the other hand, 

near-infrared (NIR) light (650 – 1050 nm, known as a biological window) has significantly 

better bio-permeability and less cytotoxicity. However, its low energy challenges the 

efficient release of biologically active substances. To solve this problem, two-photon (2P) 

excitation has been introduced. 
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Figure 4. One-photon excitation (1PE) and two-photon excitation (2PE) process. 

The theory of 2P excitation was proposed by Göppert-Mayer in 193127 and became 

practically accessible with the development of intense ultrashort pulsed lasers28, such as 

Ti:Sapphire lasers. This process enables the excitation of molecules to the same electronic 

excited state as that given in 1P excitation by simultaneous absorption of two lower-energy 

photons. Thus, it reduced the photodamage and improved the penetration in deep areas within 

biological tissues. Furthermore, as 2P excitation is a nonlinear process in which the excitation 

probability (P) is proportional to the square of light intensity (I), it is possible to limit the 

excitation to molecules at the focal point of the laser and achieve the three-dimensional 

control of photoreactions. These benefits make 2P excitation a revolutionary tool for 

uncaging biologically active substances in physiological studies and also for a diverse range 

of applications, including 2P fluorescence microscopy29,30 and photodynamic therapy31. 
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1.3. Molecular designs of two-photon responsive chromophores 

The growing popularity of 2P excitation has created a demand for developing organic 

molecules that demonstrate improved 2P absorption character, evaluated by the 2P absorption 

cross-section (σ2 measured in GM, named after Göppert-Mayer, 1 GM = 10−50 cm4 s photon−2 

molecule−1). The 2P uncaging efficiency (δu) of a caged compound is determined by the 

equation δu = σ2 × Φu, in which Φu is the quantum yield of the uncaging reaction. Although 

a caged compound with 2P uncaging efficiency of 0.5 GM was successfully employed in 

biological studies32, a minimum value of 3 GM has been suggested for optimal application33. 

Enhancing the 2P absorption ability is typically accomplished by the elongation of π-

conjugation system and functionalization with donor/acceptor groups (Figure 5).  

Benzene, the simplest aromatic compound, has no 2P absorption, but naphthalene with 

lengthened π-conjugation exhibited a slightly increased 2P absorption cross-section (0.9 GM 

at 530 nm)34. Introducing a double bond between two benzene rings, as in trans-stilbene, 

further enhanced the value (12 GM at 514 nm)35. These results clearly demonstrated the 

importance of extending π-conjugation length in designing 2P-responsive molecules, 

although the water solubility of the chromophores may be decreased. 

2P absorption cross-section can also be significantly enhanced if electron-donating (D) 

and electron-withdrawing (A) groups are inserted to increase the transition dipole moment 

of the chromophores. Substitution with donor-acceptor groups (dipolar systems, D-π-A), 

donor-donor groups or acceptor-acceptor groups (quadrupolar systems, D-π-D or A-π-A) at 

both ends of trans-stilbene considerably increased σ2 values compared to the non-substituted 

molecule. For example, 100 GM at 830 nm and 110 GM at 620 nm were reported for the D-
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π-A-type36 and D-π-D-type37 trans-stilbene, respectively. The 2P absorption process in 

dipolar systems can be interpreted using a two-state model, and their 2P absorption maxima 

are at twice the wavelength of the corresponding 1P absorption maxima. In contrast, a three-

state model, which is associated with the transition from the ground state S0 to the excited 

state S2, described the 2P absorption process in quadrupolar systems. These molecules have 

the 2P absorption maxima at wavelengths shorter than twice the 1P absorption maxima. 

Notably, octupolar systems with triangular or star-shaped structures D(-π-A)3 or A(-π-D)3 

have been found to exhibit exceptional 2P absorption performance, e.g., approximately 1200 

GM at 740 nm was recorded for an octupolar chromophore based on a triphenylamine core36. 

Molecules of this type typically have degenerated S1 and S2 states, to which transitions from 

the ground state S0 are allowed by 1P excitation. In contrast, the transition from S0 to a higher-

energy S3 state is highly allowed by 2P excitation. As a result, the 2P absorption maxima of 

octupolar compounds are observed at wavelengths shorter than twice the corresponding 1P 

absorption maxima, which are similar to those in quadrupolar systems. 
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Figure 5.  Molecular designs of 2P-responsive chromophores. 

1.4. Caged calcium 

Calcium ion (Ca2+), as a second messenger, regulates a variety of biological processes 

within organisms and cells, such as the release of neurotransmitters in cell signaling 

pathways38. Spatiotemporal control of the intracellular concentration of Ca2+ is essential for 

the study of functional mechanisms related to human memory and learning ability.  
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Figure 6. Structures and 2P uncaging efficiencies of EGTA-based Ca2+ chelators. 

EGTA (ethylene glycol tetraacetic acid) has been known as an organic chelator with high 

binding affinity and selectivity towards Ca2+, which can be released by the 

photodecomposition of the chelator9. Several photolabile derivatives of EGTA, with the 

chelator moiety attached at the reactive site of oNB PPG, have been developed for the 

uncaging of biologically active Ca2+ in physiological studies. The first Ca2+ chelator having 

2P absorption ability, nitrodibenzofuran (NDBF)-substituted EGTA (NDBF-EGTA, δu = 0.6 

GM at 720 nm), was reported by Ellis-Davies et al. in 200639. Later, they introduced a 

bisstyrylthiophene (BIST)-substituted EGTA (BIST-EGTA) with an exceptional 2P response 

(δu = 81 GM at 775 nm)11. Our laboratory also succeeded in developing a number of Ca2+ 

chelators with relatively high 2P uncaging efficiency, such as nitrophenylbenzofuran 
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(NPBF)-substituted EGTA (NPBF-EGTA, δu = 20.7 GM at 740 nm)40, biphenyl-substituted 

EGTA (BP-EGTA, δu = 7.8 GM at 800 nm)40, and p-nitroterphenyl (PNTP)-substituted EGTA 

(PNTPO-EGTA, δu = 3.6 GM at 720 nm and PNTPN-EGTA, δu = 3.0 GM at 780 nm)12 (Figure 

6). 

1.5. Purpose of this study 

As mentioned above, biphenyl scaffolds with amino substituents as electron donors are 

potential candidates for developing novel chromophores with high 2P responses. These 

platforms can also be utilized to generate octupolar systems, which, despite having sizable 

2P absorption cross-section σ2 values, have not been exploited in 2P uncaging reactions. 

Therefore, in Chapter 2, we designed and synthesized tris(4’-nitrobiphenyl)amine, an 

octupolar chromophore with a simpler structure than previous star-shaped compounds but 

still exhibits comparable 2P absorption capability. We performed the 2P-induced release of 

Ca2+ in NIR region using its EGTA-substituted derivatives.  

Since the uncaging quantum yield Φu is also a crucial parameter in determining the 2P 

uncaging efficiency (δu = σ2 × Φu), in Chapter 3, we developed a series of nitrobiphenyl 

scaffolds by varying their amino substituents and examined the effect of these substituents 

on the uncaging quantum yield of oNB PPG. Photophysical characterization and quantum 

chemical calculation were carried out to explain the influence of the lowest excited states on 

uncaging reactivity.  
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Chapter 2 

Design and synthesis of an octupolar chromophore 

tris(4′-nitrobiphenyl)amine with high two-photon 

response for releasing calcium ions in the near-

infrared region 
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2.1. Introduction 

Octupolar systems containing an electron-rich triphenylamine center are highly 

advantageous for molecular engineering and increasing 2P responses. The functionalization 

of triphenylamine-based compounds that respond to 2P excitation has been performed using 

different acceptors such as typical electron-withdrawing groups (triflyl36,41, cyano42,43, 

formyl44,45) or electron-poor heteroaromatics (pyridine43,46, pyridinium47,48). These groups 

are linked to the triphenylamine core through extended π-conjugated linkers such as 

phenylene-vinylene or phenylene-ethynylene (Figure 7a). Nevertheless, the large molecular 

sizes and strong aromaticity of these chromophores could hamper the compatibility with 

biological samples. Therefore, there is a high demand for designing compounds that can 

balance optical properties and biocompatibility. 

Our study focuses on enhancing the 2P responses while maintaining reasonable molecular 

sizes of the chromophores. As a result, we introduced a novel and simple octupolar molecule, 

tris(4'-nitrobiphenyl)amine (TNBPA) 2a (Figure 7b), which contains three nitro moieties 

connected to the central nitrogen atom via biphenylene bridges. These nitro groups can act 

as strong electron acceptors and, at the same time, participate in the uncaging reactions of 

oNB PPG. A dipolar analog 1a (Figure 7b) was also synthesized to analyze the differences 

in photophysical (including 2P absorption) and photochemical properties of dipolar and 

octupolar systems. Subsequently, we prepared the EGTA-substituted derivatives with dipolar 

(1b-c) and octupolar (2b-c) nature, which serve as photolabile Ca2+ chelators. The 

investigation into 1P and 2P photochemical behaviors and the release of Ca2+ from these 

caged calcium compounds were conducted. 
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Figure 7. (a) Structures and 2P absorption cross-sections of some octupolar chromophores; 

(b) Molecular designs of this study. 

2.2. Photophysical properties of 1a and 2a 

The 1P absorption and fluorescence spectra of the dipolar molecule 1a and octupolar 

molecule 2a were measured in solvents of varying polarities: toluene (ET(30) = 33.9), 

chloroform (CHCl3, ET(30) = 39.1), dimethyl sulfoxide (DMSO, ET(30) = 45.1), acetonitrile 

(MeCN, ET(30) = 45.6), and methanol (MeOH, ET(30) = 55.4) (Figure 8). The photophysical 

data are summarized in Table 1. Strong absorption in the visible region was observed for both 

1a and 2a, with minimal change in the maximum absorption wavelength on increasing 

solvent polarity (395–412 nm for 1a and 405–424 nm for 2a). 2a showed slightly red-shifted 
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maximum absorption wavelengths compared to 1a because of a larger conjugated system. 

The molar extinction coefficients of 2a were significantly higher than those of 1a, for 

example, 42489 M−1cm−1 for 2a (entry 8) and 17944 M−1cm−1 for 1a (entry 3) in DMSO, 

indicating the significant role of the increased number of conjugated branches in octupolar 

systems42,49.  

Table 1. Photophysical data of compounds 1a and 2a in various solvents. 

Entry Compound Solvent 
λabs

a 

/ nm 

εb 

/ M-1 cm-1 

λfl
c 

/ nm 

ΔνSt
d 

/ cm-1 
Φfl

e 
τf 

/ ns 

1 

1a 

toluene 400 16355 537 6378 0.78 3.1 

2 CHCl3 408 17590 698 10183 0.010 0.36 

3 DMSO 412 17944 n.d. n.d. n.d. n.d. 

4 MeCN 396 17745 n.d. n.d. n.d. n.d. 

5 MeOH 395 17574 n.d. n.d. n.d. n.d. 

6 

2a 

toluene 405 41115 507 4967 0.51 2.2 

7 CHCl3 415 40012 687 9540 0.016 0.30 

8 DMSO 424 42489 n.d. n.d. n.d. n.d. 

9 MeCN 407 44149 n.d. n.d. n.d. n.d. 

10 MeOHg 407 42509 n.d. n.d. n.d. n.d. 

aAbsorption maximum. bMolar extinction coefficient (error of ±10–20%). cFluorescence 

maximum. n.d. = not detected or very weak. dStokes shift. eFluorescence quantum yield 

measured using an absolute photoluminescence quantum yield spectrometer (error of ±10%). 

fFluorescence lifetime determined using the time-correlated single-photon counting method 

(error of ±10%). gCo-solvent with DMSO (10%). 
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Figure 8. Absorption (full line) and fluorescence (dash line) spectra of compounds 1a and 

2a in various solvents. 

Intense fluorescence emission was observed for both compounds in nonpolar solvent; for 

example, λfl = 537 nm, Φfl = 0.78 for 1a (entry 1) and λfl = 507 nm, Φfl = 0.51 for 2a (entry 

6) in toluene. The lower fluorescence quantum yield of 2a than that of 1a is possibly due to 

increased non-radiative processes42. The maximum emission wavelength was significantly 

red-shifted, and the fluorescence quantum yield decreased in medium-polarity solvent 

(chloroform), λfl = 698 nm, Φfl = 0.010 for 1a (entry 2) and λfl = 687 nm, Φfl = 0.016 for 2a 

(entry 7). In highly polar solvents, their emission was undetectable (entries 3–5 and 8–10). 

The bathochromic shift in fluorescence maximum and the decrease in fluorescence quantum 

yield when increasing solvent polarity are typical phenomena found in donor-acceptor 

molecules with intramolecular charge transfer (ICT) character50–52. Smaller Stokes shift 

values of 2a than 1a implied a less polar structure in the excited state of the octupolar analog.  
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2.3. 2P absorption properties of 2a 

 

Figure 9. 2P absorption (red line) and 1P absorption (black line) spectra of compound 2a 

(1.0 × 10−4 M) in toluene. 

The 2P absorption spectrum (Figure 9) of the octupolar molecule 2a was obtained in 

toluene using the 2P excitation fluorescence method. The spectrum revealed two 2P 

absorption maxima at 730 nm (σ2 = 1330 GM) and 820 nm (σ2 = 900 GM). The maximum 

with a lower σ2 value (820 nm) appeared at nearly twice the 1P absorption peak (405 nm), 

which suggests that the S0 → S1 transition is 2P-allowed in the case of 2a42,53. On the other 

hand, the maximum at 730 nm with a larger σ2 value indicated a predominant contribution of 

the transition to a higher excited state49,52. It is worth noting that the 2P absorption cross-

sections of 2a showed considerable improvement compared to those of similar-size 

triphenylamine derivatives44,48,49. These values are equivalent to those of molecules with 

much larger π-conjugation41,42,54. 2a exhibited a ratio of 2P absorption cross-
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section/molecular weight (σ2/MW) of 2.2 GM g–1 mol, which aligns with the most efficient 

molecules45,49. These findings motivated us to develop its EGTA-substituted derivatives of 

to accomplish the 2P-induced uncaging of Ca2+ in NIR region. 

2.4. Photophysical properties of 1b–c and 2b–c 

Table 2. Photophysical and photochemical data of compounds 1b–c and 2b–c. 

Entry Compound Solvent 
λabs

a 

/ nm 

εb 

/ M-1 cm-1 

Kd
c 

/ nM 
Φu

d 
σ2

e / GM 

(λirr / nm) 

δu
f / GM 

(λirr / nm) 

1 

1b 

DMSO 400 13607 - 0.005 
294 

(800) 

1.4 

(800) 

2 MeCN 395 19223 - 0.007 - - 

3 

1c 

MeOH 403 18276 - 0.004 - - 

4 
HEPES buffer 

(pH 7.4) 
405 10387 264 0.003 

100 

(790) 

0.3 

(790) 

5 

2b 

DMSO 422 38167 - 0.004 
1250 

(850) 

5.1 

(850) 

6 MeCN 408 31551 - 0.002 - - 

7 

2c 

DMSO 421 32836 - 0.007 - - 

8 
HEPES buffer 

(pH 7.4)
g

 
428 35970 64 0.008 

349 

(850) 

2.8 

(850) 

aAbsorption maximum. bMolar extinction coefficient (error ±10−20%). cDissociation 

constant determined using Scatchard analysis. dUncaging quantum yield (at conversions 

<10%) irradiated at 405 nm and determined using HPLC and a ferrioxalate actinometer (error 

±10−20%). e2P absorption cross-section determined by comparing with the absolute value of 

2-(4-nitrophenyl)benzofuran (error ±10−20%). λirr = Irradiation wavelength. f2P uncaging 

efficiency (δu = σ2 × ϕu) (error ±10−20%). gCo-solvent with DMSO (10%). 
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Figure 10. Absorption spectra of 1–2b in DMSO and 1–2c in HEPES buffer (pH 7.4). 

The absorption spectra of EGTA-substituted derivatives 1b–c and 2b–c were measured 

in various polar solvents, such as DMSO, MeCN, MeOH, and HEPES buffer (pH 7.4) (Figure 

10). In the case of 2c, HEPES buffer with 10% DMSO was used due to its low solubility in 

water. The solubilities of 1c in HEPES buffer (pH 7.4) and 2c in HEPES buffer (pH 7.4, 10% 

DMSO) were determined to be 2.6 mM and 1.5 mM, respectively (see Experimental section). 

Both compounds exhibited thermal stability in HEPES buffer at 37 °C (see Experimental 

section). The photophysical data of 1b–c and 2b–c are summarized in Table 2. In general, the 
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substitution of EGTA unit did not have considerable influence on the maximum absorption 

wavelengths and molar extinction coefficients of these EGTA-substituted derivatives 

compared to non-substituted compounds 1a and 2a. 

2.5. Ca2+ binding affinities of 1c and 2c 

The Ca2+ binding affinities of 1c and 2c were assessed by the titration method using fluo-

39,55, a Ca2+-sensitive fluorescence dye (Kd = 500 nM). This dye generates fluorescence 

emission upon binding with Ca2+, and the fluorescence intensity increases with incremental 

additions of CaCl2 (Figures 11a, c). The concentrations of free calcium ions [Ca2+]F were 

evaluated from the fluorescence intensity at 530 nm. Scatchard analysis (Figures 11b, d) 

revealed the dissociation constant Kd of 264 nM and 64 nM for 1c and 2c, respectively (Table 

2). Similar values were recorded for nitrophenyl-substituted EGTA (NP-EGTA)9 and PNTP-

EGTA12 derivatives. 
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Figure 11. Emission spectra obtained by incremental addition of CaCl2 into solutions of (a) 

1c and (c) 2c (1.0 mM in HEPES/100 mM KCl, pH 7.4 at 25 °C, 10% DMSO for 2c) with 

fluo-3 (10 μM). Scatchard analyses of (b) 1c and (d) 2c. [Ca2+]F: concentration of free Ca2+ 

and [Ca2+]B: concentration of bound Ca2+. 
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2.6. 1P photoreactions of 1b–c and 2b–c 

The 1P photoreactions were carried out in CD3CN for ethyl ester derivatives 1b and 2b 

(Figure 12) and in CD3OD for acid derivatives 1c and 2c (Figure 13). A 405 nm LED lamp 

was used as the light source, and the photoreactions were monitored using 1H NMR 

spectroscopy (400 MHz).  

 

Figure 12. 1H NMR spectra (400 MHz, 0.5–5.0 ppm) during photolysis at 405 nm in CD3CN 

of compounds (a) 1b and (b) 2b. 

The photodecomposition of 1b–c and 2b–c led to the clean release of the fragmentation 

products 12 and 13. The chemical yields of 12 and 13, calculated using triphenylmethane as 

an NMR standard, were found to be 94–98% and 73–74%, respectively. Even though the 

nitrosoketone photoproducts were not recognized in the NMR spectra after photolysis 
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because they are thermally and photochemically unstable, these compounds were detected 

by mass spectrometry (see Experimental section). The uncaging quantum yields of 1b–c and 

2b–c (Table 2) were found to be 0.002–0.008, depending on the solvent. Low uncaging 

quantum yields have been reported for similar oNB PPGs with amino substituents12,56. The 

substitution of a strong electron-donating amino group and a strong electron-withdrawing 

nitro group generates the ICT character in the excited state, which hinders the intramolecular 

hydrogen abstraction of oNB PPG. 

 

Figure 13. (a) 1H NMR spectra (400 MHz, 3.5–4.4 ppm) during photolysis at 405 nm in 

CD3OD of compound 1c. (b) 1H NMR spectra (400 MHz, 3.4–4.1 ppm) during photolysis at 

405 nm in CD3OD/DMSO-d6 (1:1) of compound 2c.  
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2.7. 2P photoreactions of 1b–c and 2b–c  

2P photoreactions were performed in DMSO for ethyl ester derivatives 1b and 2b and in 

HEPES buffer (pH 7.4) for acid derivatives 1c and 2c. The photolysis was carried out at 

various wavelengths using a femtosecond Ti:sapphire laser (~700 mW) and monitored using 

HPLC. The decomposition rates of 1b–c and 2b–c depended on the irradiation wavelength, 

as shown in Figures 14a, c and 15a, c. 2P uncaging efficiencies (δu= σ2 × Φu) and 2PA cross-

sections σ2 of these EGTA-substituted compounds were determined by comparing their rate 

constants with those of 2-(4-nitrophenyl)benzofuran (NPBF)-substituted caged benzoic acid, 

whose absolute value was reported (σ2 = 18 GM at 720 nm)57. The 2P absorption spectra are 

shown in Figures 14b, d and 15b, d. The maximum values are presented in Table 2.  

The octupolar compounds 2b and 2c displayed substantial 2P absorption cross-sections 

(1250 GM at 850 nm and 349 GM at 850 nm, respectively), which aligns with those of the 

non-substituted molecule 2a. On the other hand, modest values were observed for the dipolar 

compounds 1b and 1c (294 GM at 800 nm and 100 GM at 790 nm, respectively). The decline 

of 2P absorption cross-sections in acid derivatives 1c and 2c compared to ethyl ester 

derivatives 1b and 2b could be attributed to the protonation of the central nitrogen donor in 

protic solvent58. Subsequently, the 2P uncaging efficiencies of the three-branched molecules 

2b and 2c (5.1 GM at 850 nm and 2.8 GM at 850 nm, respectively) were greater than those 

of mono-branched molecules 1b and 1c (1.4 GM at 800 nm and 0.3 GM at 790 nm, 

respectively). 
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Figure 14. Time profiles of 2P photolysis of (a) 1b and (c) 2b in DMSO. 2P absorption 

spectra of (b) 1b and (d) 2b. 
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Figure 15. Time profiles of 2P photolysis of (a) 1c and (c) 2c in HEPES buffer (pH 7.4). 2P 

absorption spectra of (b) 1c and (d) 2c. 

2.8. Uncaging of Ca2+ by 1P and 2P excitation 

The uncaging of Ca2+ by 1P excitation was carried out at 405 nm using an LED lamp. 

Solutions containing 1.0 mM of either 1c or 2c, 100 μM CaCl2, and 10 μM fluo-3 in HEPES 

buffer (100 mM KCl, pH 7.4, 10% DMSO for 2c) were irradiated and the release of Ca2+ was 

verified by observing the fluorescence emission from Ca2+@fluo-3 (Figure 16). The rise in 

fluorescence intensity upon irradiation (Figures 16a, c) confirmed the release of Ca2+ from 

Ca2+@1c and 2c. Additionally, the plot of fluorescence intensity at 530 nm versus irradiation 
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time (Figures 16b, d) demonstrated that the uncaging of Ca2+ by 1P excitation from 2c was 

faster than that from 1c.  

 

Figure 16. Emission spectra obtained by 405 nm irradiation of solutions containing (a) 1c 

(1.0 mM), fluo-3 (10 µM), Ca2+ (100 μM) in HEPES buffer (100 mM KCl, pH 7.4); and (c) 

2c (1.0 mM), fluo-3 (10 µM), Ca2+ (100 μM) in HEPES buffer (100 mM KCl, pH 7.4, 10% 

DMSO). Plots of emission intensity at 530 nm vs. irradiation time of (b) 1c, and (d) 2c.  

The uncaging of Ca2+ from Ca2+@2c by 2P excitation was carried out at 850 nm using a 

femtosecond Ti:sapphire laser (~700 mW). As depicted in Figure 17, the emission intensity 
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of Ca2+@fluo-3 increased during the photolysis, which obviously indicated that Ca2+ was 

successfully released by 2P excitation in the NIR region. 

 

Figure 17. (a) Emission spectra obtained by 850 nm irradiation of solutions containing 2c 

(1.0 mM), fluo-3 (10 µM), Ca2+ (100 μM) in HEPES buffer (100 mM KCl, pH 7.4, 10% 

DMSO). (b) Plot of emission intensity at 530 nm vs. irradiation time of 2c. 

2.9. Summary 

In this study, we designed and synthesized a novel octupolar chromophore TNBPA 2a, 

which consists of a central nitrogen donor and three nitro acceptors attached via biphenylene 

linkers. This three-branched molecule exhibited significantly large 2P absorption cross-

sections, 1330 GM at 730 nm and 900 GM at 820 nm in toluene. With an attractive σ2/MW 

value (2.2 GM g-1 mol), this compound shows promise as a 2P probe for sensing applications. 

Moreover, a set of 2P excitable calcium chelators 1b–c and 2b–c with dipolar and octupolar 

structures were synthesized, which showed modest to decent values of 2P absorption cross-
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sections (100–1250 GM) and 2P uncaging efficiencies (0.3–5.1 GM). 1P and 2P-induced 

uncaging of Ca2+ was also successfully observed from these calcium chelators. 

2.10. Experimental section 

General information 

Chemical reagents and solvents purchased from commercial suppliers were utilized 

without additional purification. Silica Gel 60 N (spherical, neutral) with particle sizes of 63–

210 µm was used for column chromatography. NMR spectra were recorded using a Bruker 

ASCEND 400 spectrometer (1H NMR: 400 MHz, 13C NMR: 100 MHz). Chemical shifts (δ) 

were reported in parts per million (ppm) relative to the residual peak of solvents (CDCl3: δ 

7.26 ppm for 1H NMR, δ 77.16 ppm for 13C NMR; CD3OD: δ 3.31 ppm for 1H NMR, δ 49.00 

ppm for 13C NMR; DMSO-d6: δ 2.50 ppm for 1H NMR, δ 39.52 ppm for 13C NMR; acetone-

d6: δ 2.05 ppm for 1H NMR, δ 29.84 ppm for 13C NMR). The data was presented in the 

following format: chemical shift, multiplicity (s = singlet, d = doublet, dd = doublet of 

doublets, ddd = doublet of doublets of doublets, t = triplet, q = quartet, qd = quartet of 

doublets, m = multiplet, and br = broad signal), coupling constant J (Hz), and integration. 

UV-vis spectra were measured with a SHIMADZU UV-3600 Plus spectrophotometer. 

Fluorescence spectra were measured with a FluoroMax-4 spectrofluorometer. Mass 

spectrometric data were obtained using a Thermo Fisher Scientific LTQ Orbitrap XL, 

conducted by the Natural Science Center for Basic Research and Development (N-BARD), 

Hiroshima University. IR spectra were recorded using a JASCO MCT-6000M spectrometer. 
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Thermal stability of 1c and 2c  

Table 3. Thermal stability of 1c and 2c in HEPES buffer. 

Compound Solvent Conditiona 
Decomposition  

after 24hb (%) 

1c 
HEPES buffer  

(pH 7.4) 

25 °C 1.9 ± 0.1 

37 °C 4.6 ± 0.7 

2c 
HEPES buffer  

(pH 7.4, 10% DMSO) 

25 °C 1.0 ± 0.3 

37 °C  5.0 ± 0.5 

aUnder air, dark. bMonitored by HPLC. 

Solubilities of 1c and 2c 

3.9 mg of compound 1c and 1.35 mL of HEPES buffer (pH 7.4) were added to a quartz 

cuvette 5 x 10 mm so that compound 1c did not dissolve completely. Then, HEPES buffer 

(pH 7.4) was continuously dropped into the solution, and the procedure was monitored by 

UV-vis spectroscopic analysis (Figure 18a). 

2.3 mg of compound 2c and 1.05 mL of HEPES buffer (pH 7.4, 10% DMSO) were added 

to a quartz cuvette 5 x 10 mm so that compound 2c did not dissolve completely. Then, HEPES 

buffer (pH 7.4, 10% DMSO) was continuously dropped into the solution, and the procedure 

was monitored by UV-vis spectroscopic analysis (Figure 18c).  

The UV-vis analyses (Figure 18b, d) estimated the solubilities of 1c and 2c to be 2.6 and 

1.5 mM, respectively. 



35 

 

 

Figure 18. (a) Absorption spectra of 1c during the addition of HEPES buffer (pH 7.4); b) 

Plot of absorbance at 530 nm vs. concentration of 1c; (c) Absorption spectra of 2c during the 

addition of HEPES buffer (pH 7.4, 10% DMSO); d) Plot of absorbance at 507 nm vs. 

concentration of 2c. 
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Ca2+ binding affinities of 1c and 2c  

The association constants (Ka) of calcium chelators 1c and 2c were determined using the 

method described in the literature9,55:  

[Ca2+]B/[Ca2+]F = Ka ([chelator]T − [Ca2+]B) 

Here, [Ca2+]B is concentration of Ca2+ bound to the chelator, [Ca2+]F is concentration of 

free Ca2+, and [chelator]T is total concentration of chelator. 

[Ca2+]F was derived from the fluorescence spectra of fluo-3 (Kd = 500 nM), a Ca2+-

sensitive dye, through titration with CaCl2 solution:  

[Ca2+]F = Kd(Fluo-3) (Eint − Emin)/ (Emax − Eint) 

Here, Eint is emission intensity at each Ca2+ concentration, Emin is emission intensity 

without Ca2+, and Emax is emission intensity with excess Ca2+. 

Solutions of chelator (1.0 mM) and fluo-3 (10 μM) in HEPES (10 mM, pH 7.4, 100 mM 

KCl, 10% DMSO for 2c) were prepared. The titration with incremental addition of CaCl2 

resulted in emission spectra depicted in Figure 11. The emission intensity at 530 nm remained 

constant after adding 500 μM and 900 μM of CaCl2 for 1c and 2c, respectively, indicating a 

saturation point.  

  



37 

 

Mass spectra of nitrosoketone  

 

Figure 19. Mass spectra of nitrosoketone. 
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Chemical actinometer for quantum yield measurement59 

One of the most reliable and widely used chemical actinometers to measure photon fluxes 

is ferrioxalate, which, upon irradiation, decomposes according to the following equations: 

hv3+ 2+ - 2-

2 4 3 2 4 2 4

2+ 2+

3

Fe(C O )   Fe + C O + 2C O

Fe + 3 phen  Fe(phen)

⎯⎯→

⎯⎯→
 

The number of ferrous ions generated during the photochemical reaction is determined 

by conversion to the colored tris-phenanthroline complex, which absorbs the light at 510 nm 

(ε = 11100 M−1 cm−1). The complexation between ferric ions and phenanthroline is not 

considerable, and their complex does not have absorption at 510 nm. 

Procedure for measurement:  

1. 120 mg of K3[Fe(C2O4)3].3H2O was dissolved in 20 mL of 0.05 M H2SO4 (1). 

2. 5 mg of 1,10-phenanthroline monohydrate and 1.12 g of CH3COONa.3H2O were 

dissolved in 5 mL of 0.5 M H2SO4 (2). 

3. 3 mL of solution (1) was taken and irradiated with each light source for specific times. 

After each irradiation, 0.5 mL of solution (2) was added, and the absorption spectra were 

measured. 

4. The changes in absorbance at 510 nm with respect to irradiation time were used to 

calculate the amount of light as the equation below: 

2+

1 3

3

λ 2 λ

V × V ×ΔAmoles of  Fe
I (mol/s) = =

Φ × t × F 10 × V × l × ε ×Φ × t

510

510

 

V1: irradiated volume (3 mL) 

V2: aliquot of irradiated solution taken for determining ferrous ions (3 mL) 
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V3: final volume (3.5 mL) 

∆A510: absorbance difference between solutions before and after irradiation  

l: optical pathlength of irradiation cell (1 cm) 

ε510: molar extinction coefficient of Fe(phen)3
2+ at 510 nm (11100 M−1cm−1) 

𝜆: quantum yield of ferrous ions generation at the irradiation wavelength (365 = 1.21, 

405 = 1.14, 320 = 1.24) 

t: irradiation time 

F: mean function of light absorbed by the ferrioxalate solution 

Table 4. Photon number of LED lamp 405 nm. 

 Time (s) ΔA510 I (mol/s) Iavg (mol/s) 

LED lamp 

405 nm 

0.5 0.28 1.6 × 10−7 

1.6 × 10−7 1 0.59 1.6 × 10−7 

1.5 0.86 1.6 × 10−7 

 

2P absorption spectrum of 2a 

Two-photon-excited fluorescence (2PEF) technique was employed to determine the 2PA 

spectrum of compound 1 in solution phase using Fluorescein (0.1 N NaOH solution) as the 

standard60,61. The experimental setup is illustrated in Figure 20. In brief, the excitation light 

source was a mode-locked Ti:Sapphire laser system (Chameleon Ultra II, Coherent Inc.) 

which delivers ~140 fs pulses with the repetition rate of 80 MHz and the beam diameter of 2 

mm. The wavelength range utilized for this experiment was 680-1080 nm and the intensity 

level of the excitation beam was carefully controlled by the combination of a /2 wave plate 

and a polarizer in order to avoid the occurrence of either saturation of absorption or 
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photodegradation within the tested sample during the measurement. To minimize the effects 

of re-absorption, the excitation beam was focused as close as possible to the wall of the quartz 

cell (10 mm10 mm cuvette) and the 2PEF emission was collected and induced by an optical 

fiber into a CCD imaging spectrometer (QE-Pro, Ocean Optics) for the spectra recording. 

 

Figure 20. Optical setup for 2PA spectrum measurement. 

2P uncaging efficiencies of 1b–c and 2b–c  

The mode-locked Ti:sapphire laser (Mai Tai, Spectra Physic Inc.), which delivers ~80 fs 

pulses with the repetition rate of 80 MHz, was used as the excitation light source for the 

measurement of 2P uncaging efficiencies of 1b–c and 2b–c. The excitation wavelength range 

performed in these experiments was 770 – 880 nm. Three mirrors and a lens on top of the 

sample were used to deliver and focus the laser beam on the sample (Figure 21). 

Nd: YVO4 Laser

Mode-locked
Ti:sapphire
oscillator

CCD imaging
Spectrometer

Optical fiber

Filter Lens

Lens
f = 15 cm

Mirror

Polarizer

/2 plate

Isolator
 = 680 -1080 nm

Sample
Solution in quartz cell
or neat-film
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Figure 21. Optical setup for 2P uncaging efficiency measurement. 
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Synthesis 

 

Reagents and conditions: (a) Pd(PPh3)4, K3PO4, 1,4-dioxane/H2O, 80°C, overnight, 80% for 

1a and 82% for 2a; (b) Pd(PPh3)4, K3PO4, 1,4-dioxane/H2O, 60°C, 3h, 77% for 1b and 63% 

for 2b; (c) KOH, MeOH, 60°C, 3h, 92% for 1c; LiOH.H2O, THF/EtOH/H2O, 25°C, 

overnight, 89% for 2c. 

4'-nitro-N,N-diphenyl-[1,1'-biphenyl]-4-amine62 (1a). In a round-bottom flask, 1g63 (1.0 

mmol), 1-bromo-4-nitrobenzene (1.5 mmol), Pd(PPh3)4 (0.1 mmol) and K3PO4 (3.0 mmol) 

was mixed in 1,4-dioxane/H2O (2:1, 9.0 mL). The reaction mixture was degassed by bubbling 

with N2 and stirred in an oil bath at 80°C for 4h. The solvent was removed under reduced 

pressure, and the residue was purified by silica gel column chromatography (hexane/EtOAc 

= 95:5) to give the desired product 1a (80%) as a red solid. 1H NMR (400 MHz, CDCl3) δ 
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8.27 (d, J = 8.8 Hz, 2H), 7.70 (d, J = 8.8 Hz, 2H), 7.51 (d, J = 8.8 Hz, 2H), 7.34 – 7.27 (m, 

4H), 7.18 – 7.12 (m, 6H), 7.12 – 7.07 (m, 2H). mp 155-157 C. 

tris(4'-nitro-[1,1'-biphenyl]-4-yl)amine (2a). In a round-bottom flask, compound 1i64 (1.0 

mmol), 1-bromo-4-nitrobenzene (4.0 mmol), Pd(PPh3)4 (0.1 mmol) and K3PO4 (6.0 mmol) 

was mixed in 1,4-dioxane/H2O (2:1, 9.0 mL). The reaction mixture was degassed by bubbling 

with N2 for 20 min and stirred in an oil bath at 80°C for 4h. The solvent was removed under 

reduced pressure, and the residue was purified by silica gel column chromatography 

(hexane/CH2Cl2 = 1:2) to give the desired product 2a (82%) as a red solid. 1H NMR (400 

MHz, CDCl3) δ 8.30 (d, J = 8.8 Hz, 6H), 7.74 (d, J = 8.8 Hz, 6H), 7.61 (d, J = 8.8 Hz, 6H), 

7.30 (d, J = 8.8 Hz, 6H). 13C{1H} NMR (100 MHz, CDCl3) δ 147.8, 147.1, 146.8, 133.9, 

128.7, 127.3, 124.9, 124.4. IR (KBr, cm-1) ν 3036, 2444, 1923, 1589, 1509, 1483, 1397, 1332, 

1189, 1109, 1004, 854, 829, 755, 728, 693, 655, 553. HRMS (APCI) m/z [M]− calcd for 

C36H24N4O6 608.1701; found 608.1695. mp > 290C. 

Diethyl 5-(4'-(diphenylamino)-4-nitro-[1,1'-biphenyl]-3-yl)-3,12-bis(2-ethoxy-2-

oxoethyl)-6,9-dioxa-3,12-diazatetradecanedioate (1b). In a round-bottom flask, compound 

1440 (116.1 mg, 0.17 mmol), 1g63 (1.2 mmol), Pd(PPh3)4 (0.1 mmol) and K3PO4 (3.0  mmol) 

was mixed in 1,4-dioxane/H2O (2:1, 9.0 mL). The reaction mixture was degassed by bubbling 

with N2 and stirred in an oil bath at 60°C for 3h. The solvent was removed under reduced 

pressure, and the residue was purified by silica gel column chromatography (hexane/EtOAc 

= 2:1) to give the desired product 1b (77%) as an orange oil. 1H NMR (400 MHz, CDCl3) δ 

8.05 (d, J = 8.6 Hz, 1H), 7.98 (d, J = 2.0 Hz, 1H), 7.57 (dd, J = 8.6, 2.0 Hz, 1H), 7.53 (d, J = 

8.8 Hz, 2H), 7.33 – 7.27 (m, 4H), 7.18 – 7.12 (m, 6H), 7.11 – 7.05 (m, 2H), 5.30 (dd, J = 7.7, 
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2.4 Hz, 1H), 4.16 (q, J = 7.1 Hz, 4H), 4.09 (q, J = 7.1 Hz, 4H), 3.83 – 3.71 (m, 4H), 3.60 – 

3.44 (m, 10H), 3.18 – 3.04 (m, 2H), 2.94 – 2.81 (m, 2H), 1.26 (t, J = 7.1 Hz, 6H), 1.21 (t, J 

= 7.1 Hz, 6H). 13C{1H} NMR (100 MHz, CDCl3) δ 171.8, 171.3, 148.8, 147.3, 146.4, 146.0, 

137.6, 131.7, 129.4, 128.1, 126.2, 125.7, 125.5, 125.0, 123.6, 123.0, 78.2, 70.3, 68.9, 61.3, 

60.4, 55.9, 55.7, 53.7, 14.3, 14.2. IR (KBr, cm-1) ν 2980, 2906, 2872, 1744, 1590, 1516, 1490, 

1331, 1280, 1195, 1095, 1030, 827, 757, 731, 698, 623, 590, 529. HRMS (ESI) m/z [M + 

Na]+ calcd for C46H56O12N4Na 879.3787; found 879.3780. 

Diethyl 5-(4'-(bis(4'-nitro-[1,1'-biphenyl]-4-yl)amino)-4-nitro-[1,1'-biphenyl]-3-yl)-

3,12-bis(2-ethoxy-2-oxoethyl)-6,9-dioxa-3,12-diazatetradecanedioate (2b). In a round-

bottom flask, compound 1440 (1.0 mmol), 2g (1.2 mmol), Pd(PPh3)4 (0.1 mmol) and K3PO4 

(3.0 mmol) was mixed in 1,4-dioxane/H2O (2:1, 9.0 mL). The reaction mixture was degassed 

by bubbling with N2 and stirred in an oil bath at 60°C for 3h. The solvent was removed under 

reduced pressure, and the residue was purified by silica gel column chromatography 

(hexane/EtOAc = 1:1) to give the desired product 2b (63%) as a red oil. 1H NMR (400 MHz, 

CDCl3) δ 8.30 (d, J = 8.8 Hz, 4H), 8.08 (d, J = 8.5 Hz, 1H), 8.02 (d, J = 1.7 Hz, 1H), 7.75 (d, 

J = 8.8 Hz, 4H), 7.67 – 7.54 (m, 7H), 7.34 – 7.27 (m, 6H), 5.31 (dd, J = 7.5, 2.5 Hz, 1H), 

4.16 (q, J = 7.1 Hz, 4H), 4.07 (q, J = 7.1 Hz, 4H), 3.83 – 3.72 (m, 4H), 3.61 – 3.46 (m, 10H), 

3.19 – 3.04 (m, 2H), 2.97 – 2.79 (m, 2H), 1.26 (t, J = 7.1 Hz, 6H), 1.19 (t, J = 7.1 Hz, 6H). 

13C{1H} NMR (100 MHz, CDCl3) δ 171.9, 171.4, 147.9, 147.7, 147.0, 146.9, 146.8, 145.7, 

137.9, 134.0, 133.7, 128.7, 128.6, 127.3, 126.7, 126.1, 125.7, 125.0, 124.8, 124.4, 78.4, 70.4, 

69.1, 61.5, 60.5, 56.0, 55.9, 53.8, 14.41, 14.35. IR (KBr, cm-1) ν 2980, 2905, 2872, 1740, 
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1591, 1515, 1485, 1340, 1285, 1194, 1110, 1030, 854, 829, 757, 729, 696, 553. HRMS (ESI) 

m/z [M + Na]+ calcd for C58H62O16N6Na 1121.4115; found 1121.4102. 

3,12-bis(carboxymethyl)-5-(4'-(diphenylamino)-4-nitro-[1,1'-biphenyl]-3-yl)-6,9-dioxa-

3,12-diazatetradecanedioic acid (1c). To a solution of 1b (0.1 mmol) in MeOH (10 mL) was 

added KOH (0.5 mmol), and the reaction mixture was stirred in an oil bath at 60C for 3h. 

The solvent was removed under reduced pressure, and the residue was acidified with 1N HCl 

to pH 1. The dark red solid was collected and dried to give the desired product 1c (92%). 1H 

NMR (400 MHz, CD3OD) δ 8.21 (d, J = 8.4 Hz, 1H), 8.06 (s, 1H), 7.87 (d, J = 8.4 Hz, 1H), 

7.67 (d, J = 7.9 Hz, 2H), 7.37 – 7.27 (m, 4H), 7.16 – 7.07 (m, 8H), 5.68 (d, J = 8.0 Hz, 1H), 

4.52 (s, 4H), 4.24 (s, 4H), 3.99 – 3.58 (m, 10H). 13C{1H} NMR (100 MHz, CD3OD) δ 168.4, 

167.2, 149.2, 147.2, 146.6, 146.4, 133.7, 130.8, 129.3, 127.9, 127.0, 126.0, 125.6, 125.0, 

123.7, 122.2, 73.8, 69.9, 68.1, 65.4, 59.7, 55.7, 55.3, 55.2. IR (KBr, cm-1) ν 3424, 3033, 2960, 

1945, 1737, 1588, 1517, 1490, 1402, 1332, 1282, 1108, 1030, 900, 849, 826, 756, 697, 618, 

528. HRMS (APCI) m/z [M − H]+ calcd for C38H41O12N4
 745.2716; found 745.2717. mp 

162–164C. 

5-(4'-(bis(4'-nitro-[1,1'-biphenyl]-4-yl)amino)-4-nitro-[1,1'-biphenyl]-3-yl)-3,12-

bis(carboxymethyl)-6,9-dioxa-3,12-diazatetradecanedioic acid (2c). To a solution of 2b (0.1 

mmol) in THF/EtOH/H2O (3:1:1, 10 mL) was added LiOH.H2O (2.0 mmol), and the reaction 

mixture was stirred at room temperature overnight. The solution was acidified with 1N HCl 

to pH 1, and the solvent was removed under reduced pressure. The residue was washed with 

water, and the orange solid was collected and dried to give the desired product 2c (89%). 1H 

NMR (400 MHz, DMSO-d6) δ 8.29 (d, J = 8.7 Hz, 4H), 8.10 (d, J = 8.6 Hz, 1H), 8.01 (s, 
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1H), 7.97 (d, J = 8.7 Hz, 4H), 7.89 – 7.75 (m, 7H), 7.34 – 7.18 (m, 6H), 5.15 (d, J = 6.8 Hz, 

1H), 3.53 – 3.35 (m, 14H), 3.06 – 2.94 (m, 2H), 2.80 – 2.66 (m, 2H). 13C{1H} NMR (100 

MHz, DMSO-d6) δ 173.5, 172.9, 147.7, 147.5, 147.0, 146.7, 146.3, 144.9, 137.4, 133.4, 

133.0, 129.1, 127.7, 126.5, 126.4, 126.0, 125.1, 124.8, 124.6, 77.5, 70.0, 69.5, 68.9, 61.1, 

56.0, 55.8, 53.7. IR (KBr, cm-1) ν 3423, 3035, 2959, 1921, 1735, 1591, 1516, 1484, 1341, 

1285, 1196, 1110, 1005, 899, 854, 828, 757, 727, 695, 554. HRMS (ESI) m/z [M – H]− calcd 

for C50H45O16N6
 985.2898; found 985.2883. mp 157–159C. 

 

Reagents and conditions: (a) Pd(PPh3)4, K3PO4, 1,4-dioxane/H2O, 80°C, 4h, 61% for 15; (b) 

NBS, DMF, 0–25°C, overnight, 97% for 2f; (c) bis(pinacolato)diboron, AcOK, Pd(dppf)Cl2, 

1,4-dioxane, 80°C, overnight, 94% for 2g. 

4’-nitro-N-(4’-nitro-[1,1’-biphenyl]-4-yl)-N-phenyl-[1,1’-biphenyl]-4-amine (15). In a 

round-bottom flask, 1h65 (1.0 mmol), 1-bromo-4-nitrobenzene (2.5 mmol), Pd(PPh3)4 (0.1 

mmol) and K3PO4 (4.5 mmol) was mixed in 1,4-dioxane/H2O (2:1, 9 mL). The reaction 

mixture was degassed by bubbling with N2 and stirred in an oil bath at 80°C for 4h. The 

solvent was removed under reduced pressure, and the residue was purified by silica gel 

column chromatography (hexane/CH2Cl2 = 2:1) to give the desired product 15 (61%) as a 

red solid. 1H NMR (400 MHz, CDCl3) δ 8.29 (d, J = 8.8 Hz, 4H), 7.72 (d, J = 8.8 Hz, 4H), 
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7.55 (d, J = 8.8 Hz, 4H), 7.38 – 7.33 (m, 2H), 7.26 – 7.19 (m, 6H), 7.18 – 7.14 (m, 1H). 

13C{1H} NMR (100 MHz, CDCl3) δ 148.2, 146.8, 146.7, 132.8, 129.7, 128.3, 127.0, 125.7, 

124.5, 124.2, 124.0. HRMS (APCI) m/z [M + H]+ calcd for C30H22O4N3
 488.1605; found 

488.1603.  

N-(4-bromophenyl)-4’-nitro-N-(4’-nitro-[1,1’-biphenyl]-4-yl)-[1,1’-biphenyl]-4-amine 

(2f). To a solution of 15 (1.0 mmol) in DMF (100 mL) at 0°C was added NBS (1.0 mmol) 

portionwise. The reaction mixture was stirred at room temperature overnight. The solution 

was quenched with ice water and extracted with EtOAc. The organic layer was washed with 

water, dried over Na2SO4 and the solvent was removed under reduced pressure to give the 

desired product 2f (97%) as a red solid. 1H NMR (400 MHz, CDCl3) δ 8.29 (d, J = 8.8 Hz, 

4H), 7.72 (d, J = 8.8 Hz, 4H), 7.56 (d, J = 8.8 Hz, 4H), 7.44 (d, J = 8.8 Hz, 2H), 7.22 (d, J = 

8.8 Hz, 4H), 7.08 (d, J = 8.8 Hz, 2H). 13C{1H} NMR (100 MHz, CDCl3) δ 147.7, 146.8, 

146.7, 145.9, 133.3, 132.7, 128.5, 127.1, 126.7, 124.24, 124.23, 116.9. IR (KBr, cm-1) ν 3034, 

1590, 1509, 1484, 1399, 1340, 1285, 1191, 1109, 1073, 1005, 959, 854, 824, 756, 733, 724, 

708, 692, 655, 559, 518. HRMS (APCI) m/z [M]− calcd for C30H20O4N3Br 565.0643; found 

565.0640. mp 230–232°C. 

4’-nitro-N-(4’-nitro-[1,1’-biphenyl]-4-yl)-N-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)phenyl)-[1,1’-biphenyl]-4-amine (2g). In a round-bottom flask, 2f (1.0 mmol), 

bis(pinacolato)diboron (1.2 mmol), AcOK (4.5 mmol) and Pd(dppf)Cl2 (0.1 mmol) was 

mixed in 1,4-dioxane (10 mL). The reaction mixture was degassed by bubbling with N2 and 

stirred in an oil bath at 80°C overnight. The reaction mixture was filtered, and the filtrate was 

removed under reduced pressure. The residue was purified by silica gel column 
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chromatography (hexane/EtOAc = 10:1) to give the desired product 2g (94%) as an orange 

solid. 1H NMR (400 MHz, CDCl3) δ 8.29 (d, J = 8.8 Hz, 4H), 7.77 (d, J = 8.8 Hz, 2H), 7.73 

(d, J = 8.8 Hz, 4H), 7.56 (d, J = 8.8 Hz, 4H), 7.24 (d, J = 8.8 Hz, 4H), 7.16 (d, J = 8.8 Hz, 

2H), 1.36 (s, 12H). 13C{1H} NMR (100 MHz, CDCl3) δ 149.4, 147.9, 146.8, 136.2, 133.3, 

128.4, 127.1, 124.7, 124.2, 123.7, 83.8, 67.1, 24.9. IR (KBr, cm-1) ν 2976, 1593, 1516, 1485, 

1389, 1340, 1284, 1191, 1144, 1109, 1088, 1005, 962, 855, 834, 757, 729, 695, 662, 557, 

530. HRMS (APCI) m/z [M + H]+ calcd for C36H33O6N3B 614.2457; found 614.2459. mp 

184–186°C. 
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1H NMR (400MHz, CDCl3) 
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1H NMR (400MHz, CDCl3) 

 

13C{1H} NMR (100MHz, CDCl3) 
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1H NMR (400MHz, CDCl3) 

 

13C{1H} NMR (100MHz, CDCl3) 
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1H NMR (400MHz, CDCl3) 

 

13C{1H} NMR (100MHz, CDCl3) 
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1H NMR (400MHz, CD3OD) 

13C{1H} NMR (100MHz, CD3OD) 
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1H NMR (400MHz, DMSO-d6) 

 

13C{1H} NMR (100MHz, DMSO-d6) 
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1H NMR (400MHz, CDCl3) 

 

13C{1H} NMR (100MHz, CDCl3) 
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1H NMR (400MHz, CDCl3) 

 

13C{1H} NMR (100MHz, CDCl3) 
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1H NMR (400MHz, CDCl3) 

 

13C{1H} NMR (100MHz, CDCl3) 
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Chapter 3 

Substituent effects on the uncaging quantum yield 

of amino-substituted nitrobiphenyl units 

  



59 

 

3.1. Introduction 

Ortho-nitrobenzyl (oNB) (Figure 2) is still a general platform for molecular engineering 

to optimize PPGs with desirable characters. Recently, there have been many endeavors to 

develop o-NB scaffolds39,40,56,57,66–71 that can be excited in the visible and near-infrared (NIR) 

region (Figure 22a) to minimize the cytotoxicity caused by high-energy photons such as 

ultraviolet region light (~300 nm). However, the bathochromic shifts of absorption maxima 

sometimes negatively affect the quantum yield (Φu) of uncaging reaction5,56. This is also the 

case we encountered when developing the octupolar chromophore TNBPA, as shown in 

Chapter 2. Although an exceptional 2P cross-section was revealed for the parent 

chromophore, low uncaging quantum yields (Φu ~ 0.004–0.008) prevent further applications 

in biological studies. At least 0.02 of Φu has been suggested for practical PPGs3.  

In this study, we attempted to shed light on factors that govern the photo-deprotection 

quantum yield Φu and find solutions to enhance the yield of nitrobiphenyl scaffolds with 

amino substituents as electron donors40,72–74, whose push-pull system induces a large 

transition dipole moment and high 2P response in NIR region. Using diphenylamine-

substituted derivatives 1 as the parent system, we carried out a systematic study on substituent 

effect (Figure 22b): extending the π-conjugation at diphenylamine unit, compounds 3 and 4, 

along with adding extra electron-donating/withdrawing groups, compounds 5 and 2, 

cyclizing the diphenylamine unit, compounds 6–8, and changing the relative position of nitro 

group and amino group from para to meta position, compounds 9–11. First, we examined the 

variation of uncaging quantum yield Φu for 2P-responsive chromophores. Then, some 

molecular engineering was conducted to improve quantum efficiency by modulating the 
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intramolecular charge-transfer (ICT) character, which was discussed as a feasible 

explanation for low Φu of several oNB PPGs12,56,75,76. These substituent effects were 

investigated on the photophysical properties of the chromophores themselves 1a–11a (R2 = 

H), and photochemical reactions of the model oNB-type caged alcohols 1d–11d (R2 = 

CH(CH3)OCH2CH2OCH2CH3). This alcohol moiety can be easily detected by NMR analysis 

and can increase the solubility of the chromophores in organic solvents and water. Quantum 

chemical calculations were also performed to provide insights into the characteristics of the 

lowest excited states for the newly designed compounds. 



61 

 

 

Figure 22. (a) Examples of red-shifted oNB PPGs; (b) Molecular designs of this study. 

3.2. Photophysical properties 

Absorption and fluorescence spectra of the chromophores without the leaving group 1a–

11a (R2 = H) were measured in various solvents with different polarities: toluene (ET(30) = 

33.9), chloroform (CHCl3, ET(30) = 39.1), and dimethyl sulfoxide (DMSO, ET(30) = 45.1) 

(Figures 23 and 24). The photophysical data are summarized in Table 5.  
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Table 5. Photophysical data of 1a–11a in various solvents. 

Entry Compound Solvent 
λabs

a  

/ nm 

εb  

/ M-1cm-1 

λonset
c 

/ nm 

λfl
d 

/ nm 

λ0-0
e 

/ nm 

ΔνSt
f 

/ cm-1 
Φfl

g 
τh 

/ ns 

1 

1a 

toluene 400 16355 462 537 464 6378 0.78 3.1 

2 CHCl3 408 17590 482 698 488 10183 0.010 0.36 

3 DMSO 412 17944 492 n.d. n.d. n.d. n.d. n.d. 

4 

3a 

toluene 410 21242 472 551 476 6241 0.71 3.8 

5 CHCl3 419 21659 495 n.d. n.d. n.d. n.d. n.d. 

6 DMSO 419 19308 503 n.d. n.d. n.d. n.d. n.d. 

7 

4a 

toluene 423 17077 490 573 495 6189 0.58 4.0 

8 CHCl3 433 15787 517 n.d. n.d. n.d. n.d. n.d. 

9 DMSO 433 16870 523 n.d. n.d. n.d. n.d. n.d. 

10 

5a 

toluene 431 14079 505 641 522 7601 0.029 1.1 

11 CHCl3 435 16237 524 n.d. n.d. n.d. n.d. n.d. 

12 DMSO 436 16665 536 n.d. n.d. n.d. n.d. n.d. 

13 

2a 

toluene 405 41115 457 507 453 4967 0.51 2.2 

14 CHCl3 415 40012 483 687 493 9540 0.016 0.30 

15 DMSO 424 42489 498 n.d. n.d. n.d. n.d. n.d. 

16 

6a 

toluene 340 14623 411 n.d. n.d. n.d. n.d. n.d. 

17 CHCl3 341 13316 420 n.d. n.d. n.d. n.d. n.d. 

18 DMSO 341 14320 425 n.d. n.d. n.d. n.d. n.d. 

19 

7a 

toluene 394 19525 452 511 451 5811 0.62 2.3 

20 CHCl3 403 18537 475 647 504 9358 0.053 0.42 

21 DMSO 409 19478 486 702 507 10205 0.011 0.06 

22 

8a 

toluene 359 5377 444 n.d. n.d. n.d. n.d. n.d. 

23 CHCl3 363 5040 458 n.d. n.d. n.d. n.d. n.d. 

24 DMSO 366 5940 466 n.d. n.d. n.d. n.d. n.d. 

25 

9a 

toluene 338 21924 378 562 437 11792 0.027 5.3 

26 CHCl3 338 22085 379 n.d. n.d. n.d. n.d. n.d. 

27 DMSO 338 23303 379 n.d. n.d. n.d. n.d. n.d. 

28  

10a 

 

toluene 394 27313 456 511 455 5811 0.54 2.8 

29 CHCl3 405 26508 480 685 492 10093 0.014 0.21 

30 DMSO 412 28952 498 n.d. n.d. n.d. n.d. n.d. 

31 

11a 

toluene 314 15909 352 n.d. n.d. n.d. n.d. n.d. 

32 CHCl3 314 15609 353 n.d. n.d. n.d. n.d. n.d. 

33 DMSO 314 14994 354 n.d. n.d. n.d. n.d. n.d. 
aAbsorption maximum at the lowest-energy allowed absorption band. bMolar extinction 

coefficient (error ±10–20%). cOnset wavelength. dFluorescence maximum. n.d. = not 

detected or very weak. e0-0 wavelength. fStokes shift. gFluorescence quantum yield measured 

using absolute photoluminescence quantum yield spectrometer (error ±10%). hFluorescence 

lifetime determined using time-correlated single-photon counting method (error ±10%). 
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Figure 23. Absorption (full line) and fluorescence (dash line) spectra of 3a–5a in various 

solvents. 

The para derivatives with π-extended conjugation 1a–5a showed broad absorption bands 

in the visible range (λabs > 400 nm) (Figures 23 and 24). The absorption behaviors of these 

compounds can be observed more clearly if we consider their onset wavelength values (Table 

5), which were determined from the intersection between the baseline and a tangent line on 

the inflection point for the low-energy side of the absorption band. Compounds 1a–5a 

exhibited bathochromic shifts of ~30–40 nm with the increase in solvent polarity, e.g., λonset 

= 462 nm (entry 1), 482 nm (entry 2), 492 nm (entry 3) for 1a in toluene, CHCl3, and DMSO, 

respectively. Adding one phenyl ring at each side of the diphenylamine unit led to 

bathochromic shifts of ~10 nm for 3a compared to 1a, e.g., λonset = 462 nm (entry 1) and 472 
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nm (entry 4) for 1a and 3a, respectively, in toluene. Restricting the torsion around the phenyl-

phenyl bond or introducing an electron-donating group (EDG) at both ends of 

dibiphenylamine produced additional shifts of 20–30 nm for 4a and 5a, e.g., λonset = 472 nm 

(entry 4), 490 nm (entry 7) and 505 nm (entry 10) for 3a–5a, respectively, in toluene. 

Conversely, functionalizing dibiphenylamine with electron-withdrawing group (EWG) 

induced hypsochromic shifts of 5–15 nm for 2a, e.g., λonset = 472 nm (entry 4) and 457 nm 

(entry 13) for 3a and 2a, respectively, in toluene. The molar extinction coefficients at 

absorption maxima of these compounds fall within the range of 14000–21000 M−1cm−1, 

except for significantly higher values of 2a (~40000 M−1cm−1). The elevation in absorptivity 

of 2a most likely resulted from the character of octupolar systems, in which the molar 

extinction coefficients increase with the number of dipolar branches42,52,77. Compounds 1a–

4a exhibited intense emission bands in nonpolar toluene, λfl = 537 nm (entry 1), 551 nm 

(entry 4), 573 nm (entry 7) and 507 nm (entry 13) for 1a–4a, respectively, with decent 

fluorescence quantum yields (Φfl ~ 0.51–0.78), while the emission from 5a displayed much 

weaker intensity, λfl = 641 nm, Φfl = 0.029 (entry 10). Increasing solvent polarity induced 

apparent bathochromic shifts of fluorescence maxima associated with considerable decreases 

in fluorescence quantum yields, λfl = 698 nm, Φfl = 0.010 (entry 2) and λfl = 687 nm, Φfl = 

0.016 (entry 14) for 1a and 2a, respectively, in CHCl3, or even sufficiently suppressed the 

emission from these compounds (entries 3, 5–6, 8–9, 11–12, and 15). Together with large 

Stokes shift values (5000–10000 cm−1), these results are consistent with those found in push-

pull molecules with strong ICT characteristics in the exited state78–80. The suppression of 
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fluorescence in polar solvents could be ascribed to the formation of a twisted ICT state, which 

is highly stabilized in polar solvents and principally nonemissive81. 

 

Figure 24. Absorption (full line) and fluorescence (dash line) spectra of 1a, 2a and 6a–11a 

in various solvents. 
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On the other hand, the para derivatives with cyclic substituents 6a–8a demonstrated 

rather divergent features (Figure 24). Cyclization of diphenylamine into carbazole in 6a, 

iminodibenzyl in 7a, and phenothiazine in 8a caused hypsochromic shifts in their absorption 

bands compared to 1a. The absorption spectra of 6a exhibited vibrational structures, which 

may originate from the carbazole unit. Compounds 6a–8a showed blue shifts of 50–70 nm, 

~10 nm, and ~20 nm, respectively, in comparison with 1a, e.g., λonset = 492 nm (entry 3), 425 

nm (entry 18), 486 nm (entry 21) and 466 nm (entry 24) for 1a and 6a–8a, respectively, in 

DMSO. Compounds 6a and 8a exhibited only slight bathochromic shifts of 10–20 nm with 

solvent polarity, while the shifts from 7a (~30 nm) were similar to those from 1a–5a. The 

molar extinction coefficients at absorption maxima of 6a and 7a (14000–19000 M−1cm−1) 

were comparable to those of 1a (~17000 M−1cm−1), while much lower values were obtained 

for 8a (~5000 M−1cm−1). The absorption maximum of 8a (~360 nm, Table 5) was estimated 

from the onset wavelength value by assuming that the onset wavelength is at 10% peak height 

of the maximum wavelength82. Compound 7a exhibited a strong CT emission in toluene, λfl 

= 511 nm with Φfl = 0.62 (entry 19), which significantly red-shifted and became weakened 

in higher-polarity solvents, e.g., λfl = 702 nm with Φfl = 0.011 in DMSO (entry 21). No 

emission corresponding to the CT state was observed for 6a and 8a. Fluorescence quenching 

of these two compounds could be due to their lowest excited singlet states S1 being dominated 

by the forbidden local n–π* transition within the nitro group, which accelerates non-radiative 

decay processes such as internal conversion or intersystem crossing83. Thus, the cyclization 

diminished CT character in the S1 state of 6a and 8a but had no noticeable effect on 7a. 
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Altering the relative position between the nitro group and the amino group to the meta 

also caused hypsochromic shifts in the absorption spectra of meta derivatives (Figure 24) 

compared to those of the para analogs. For example, diphenylamine-substituted 9a and 

carbazole-substituted 11a exhibited shifts of 80–110 nm and 60–70 nm, respectively, e.g., 

λonset = 492 nm (entry 3, for 1a), 379 nm (entry 27, for 9a), 425 nm (entry 18, for 6a) and 354 

nm (entry 33, for 11a) in DMSO. Changes from bis(nitrobiphenyl)amine-substituted 10a 

were negligible, e.g., λonset = 483 nm (entry 14, for 2a) and 480 nm (entry 29, for 10a) in 

CHCl3. Bathochromic shifts of ~40 nm with solvent polarity were observed for 10a. However, 

no variation with solvents was found for 9a and 11a. Compounds 10a and 11a showed 

identical fluorescent properties to their para analogs: a CT emission for 10a (entries 28–30) 

and no emission for 11a (entries 31–33). On the other hand, the fluorescence from 9a in 

toluene, λfl = 562 nm with Φfl = 0.027 (entry 25), displayed considerably weaker intensity 

than that from 1a. While other compounds showed consistency between onset wavelength 

and 0-0 wavelength determined from the intersection between absorption and emission 

spectra, a large deviation was noted for 9a in toluene (Table 5). This indicated that the 

absorption band at 340 nm and emission band at 560 nm of 9a in toluene likely originated 

from different excited states; in other words, the absorption band at 340 nm is attributed to 

the transition to higher excited states. The same phenomenon may also be observed in the 

absorption of 11a. The slanting signals starting from ~390 nm and ~360 nm in the absorption 

spectra of 9a and 11a (Figure 24), respectively, possibly correspond to the excitation to the 

S1 state. The forbidden transition between ground state S0 and S1 state could be the reason 

for the low fluorescence quantum yield of 9a. 
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3.3. Photoreactions 

Photoreactions of the model oNB-type caged alcohols 1d–11d (R2 = 

CH(CH3)OCH2CH2OCH2CH3) were carried out in air-saturated DMSO at ~23°C using 405 

nm LED lamp (± 20 nm, 7.8 × 10−7 mol s−1) for compounds 2d−5d and 10d, 365 nm LED 

lamp (± 20 nm, 3.3 × 10−7 mol s−1) for compounds 1d and 6d−9d, and 320 nm Xenon lamp 

with a monochromator (± 10 nm, 2.8 × 10−9 mol s−1) for compound 11d. The data are 

summarized in Table 6. The choices of light sources were to comply with the absorption of 

each compound. The absorption spectra of these caged derivatives (Figure 25) exhibited 

slight hypsochromic shifts compared to those of their chromophores (R2 = H), although the 

molar extinction coefficients remained more or less unaffected. 

Table 6. Photophysical and photochemical data of 1d–11d in DMSO. 

Compound 
λabs

a 

/ nm 

εb 

/ M-1cm-1 

λonset
c 

/ nm 

Chemical yieldsd 

of 2-EE / % 
Φu(λirr)e ε × Φu

f 

1d 399 13310 481 82 0.02 (365) 266 

3d 401 13996 491 86 0.004 (405) 56 

4d 415 17888 510 88 0.002 (405) 36 

5d 420 15246 519 82 0.002 (405) 30 

2d 420 35114 496 86 0.002 (405) 70 

6d 342 13888 419 80 0.2 (365) 2778 

7d 399 13175 479 80 0.02 (365) 264 

8d 361 4870 449 86 0.1 (365) 487 

9d 339 20736 383 88 0.01 (365) 207 

10d 412 28265 498 89 <0.001 (405) <28 

11d 312 14602 356 87 0.2 (320) 2920 
aAbsorption maximum at the lowest-energy allowed absorption band. bMolar extinction 

coefficient (error ±10–20%). cOnset wavelength. dPhotoreactions of caged alcohols were 

carried out in DMSO-d6 and monitored by 1H NMR spectroscopy. Chemical yields of 2-EE 
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(2-ethoxyethanol) were determined using triphenylmethane as NMR standard (error ±10–

20%). eUncaging quantum yields (at conversions <10%) were determined using HPLC and 

a ferrioxalate actinometer (error ±10–20%). λirr = irradiation wavelength. fUncaging cross-

section. 

 

Figure 25. Absorption spectra of 1d–11d in DMSO. 

Firstly, the photoreactions of caged alcohols (5–9 mM) in air-saturated DMSO-d6 

monitored by 1H NMR spectroscopy (400 MHz) (Figures 26–28) showed the release of 2-

ethoxyethanol (2-EE) with chemical yields of 80–90%, which were determined using 

triphenylmethane as NMR standard. Interestingly, an intermediate was observed in the 1H 

NMR spectra during the photolysis of these caged alcohols. The formation of 2-EE and a 

nitrosoketone by-product (confirmed by mass spectrometry) were detected from the 

intermediate. The lifetime of the intermediate varied significantly with the amino substituents. 

We temporarily assigned this intermediate to the hemiacetal C (Figure 2). Formation of the 

similar hemiacetal C from the parent oNB has been proved by time-resolved infrared (TR-

IR) spectroscopy19. The nitrosoketone photoproducts exhibited red-shifted absorption spectra 

in comparison with the corresponding oNB caged alcohols (see Experimental section). 
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Figure 26. 1H NMR spectra (400 MHz, 0–4 ppm) during photolysis in air-saturated DMSO-

d6 (~23°C) at 365 nm (LED lamp, 3.3 × 10−7 mol s−1) of (a) 6d (8 mM) and (b) 8d (8 mM) 

compared with 1H NMR spectra of an authentic sample of 2-ethoxyethanol (2-EE). The 

samples after photolysis were kept in the dark for 1 day to follow the thermal decomposition 

of the intermediate. The peak of methyl protons (blue square) of the intermediate overlapped 

with that of the caged alcohol (red square). Time profile of photolysis (<10% of conversion) 

in air-saturated DMSO (~23°C) at (c) 365 nm (LED lamp, 3.3 × 10−7 mol s−1) and (d) 405 

nm (LED lamp, 7.8 × 10−7 mol s−1) monitored by HPLC (ODS-3, 3µm, acetonitrile 100%). 
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Figure 27. 1H NMR spectra (400 MHz, 0–4 ppm) during photolysis in air-saturated DMSO-

d6 (~23°C) at 365 nm (LED lamp, 3.3 × 10−7 mol s−1) of (a) 1d (8 mM) and (f) 7d (8 mM); 

at 405 nm (LED lamp, 7.8 × 10−7 mol s−1) of (b) 3d (6 mM), (c) 4d (6 mM), (d) 5d (5 mM) 
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and (e) 2d (6 mM) compared with 1H NMR spectra of an authentic sample of 2-ethoxyethanol 

(2-EE). The samples after photolysis were kept in the dark for 1 day to follow the thermal 

decomposition of the intermediate. 

 

Figure 28. 1H NMR spectra (400 MHz, 0–4 ppm) during photolysis in air-saturated DMSO-

d6 (~23°C) at 365 nm (LED lamp, 3.3 × 10−7 mol s−1) of (a) 9d (8 mM); at 320 nm (Xenon 

lamp with a monochromator, 2.8 × 10−9 mol s−1) of (b) 11d (8 mM); and at 405 nm (LED 

lamp, 7.8 × 10−7 mol s−1) of (c) 10d (6 mM) compared with 1H NMR spectra of an authentic 
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sample of 2-ethoxyethanol (2-EE). The samples after photolysis were kept in the dark for 1 

day to follow the thermal decomposition of the intermediate. 

The photochemical decomposition of caged alcohols in air-saturated DMSO was 

monitored by HPLC (ODS-3, 3µm, acetonitrile 100%) (Figures 26c, d), and the quantum 

yields (at conversions <10%) (Table 6) were determined using a ferrioxalate actinometer (see 

Experimental section). There was no significant difference in decomposition rates under air, 

oxygen, and argon (see Experimental section), indicating the uncaging process of these oNB 

derivatives occurred mainly from the S1 state or a short-live T1 state. The molecular designs 

that may enhance 2P response 2d–5d suffer from the sacrifice of photoreaction quantum yield. 

Particularly, extending diphenylamine into dibiphenylamine decreased the uncaging 

quantum yield by five times (Φu = 0.02 and 0.004 for 1d and 3d, respectively), while torsional 

restriction around phenyl-phenyl bond and EDG/EWG attachment additionally reduced this 

parameter by half (Φu = 0.002 for 2d, 4d and 5d). In contrast, the quantum efficiency 

increased when using the cyclic diphenylamine unit. While 7d showed a similar quantum 

yield (Φu = 0.02) to that of 1d, significantly improved uncaging quantum yields (Φu = 0.2 

and 0.1) were observed for 6d and 8d, respectively. On the other hand, the meta derivatives 

displayed various behaviors, in which 11d gave comparable quantum efficiency (Φu = 0.2) 

to 6d, 9d gave slightly less efficient value (Φu = 0.01) than 1d, but 10d having NO2 groups 

at the dibiphenylamine moiety hardly reacted to light irradiation (Φu < 0.001). Briefly, we 

succeeded in developing three new chromophores that proceeded uncaging with sufficient 

quantum yields, namely, carbazole-substituted 6d, 11d, and phenothiazine-substituted 8d by 

the cyclization strategy. 
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In general, the quantum efficiencies tend to decrease with bathochromic shifts of 

absorption bands, as seen in the extended π-conjugated systems 2d–4d, which followed the 

trend reported in the literature and was consistent with the energy gap law5,84. However, the 

significantly ineffective photoreaction of bis(nitrobiphenyl)amine-substituted 2d and 10d 

may result from their unique character of lowest excited states, which is clarified below by 

quantum chemical calculations. In addition, we also found a close relationship between ICT 

character and uncaging quantum yield, as molecules with no emission from the CT state (6d, 

8d, and 11d) are those with high photo-reactivities. Changing the relative position between 

the nitro group and the amino group (9d–11d) did not give any desirable effect on modulating 

the ICT characteristics and quantum efficiency. 

3.4. Quantum chemical calculations 

To provide insights into the substituent effects on characters of lowest excited states and 

photoreaction quantum efficiencies, we performed density functional theory (DFT) and time-

dependent (TD) DFT calculations at the M06-2X/6-31G(d) level of theory in vacuum and 

DMSO (SMD method) for caged alcohols 1d’–11d’ with the leaving group -

OCH2CH2OCH2CH3 replaced by -OCH3. Table 7 summarizes computed results for the 

ground state S0 and the lowest excited single state S1, including energy of highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), HOMO-

LUMO gap and dipole moment for S0; absorption wavelength, oscillator strength, dipole 

moment, contribution percentage of HOMO-LUMO transition and overall transition type 

determined from natural transition orbital (NTO) for S1. 
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Table 7. Computational data of ground state S0 and lowest excited single state S1 for 1d’–

11d’ at (TD)-M062X/6-31g(d) in vacuum and DMSO (SMD method). 

Compound 

S0 S1 

EHOMO
a 

/ eV 

ELUMO
b 

/ eV 

ΔEH-L
c
 

/ eV 

µd 

/ D 

λcal
e 

/ nm 
ff 

µd 

/ D 

H-Lg 

/ % 
Transitionh 

1d’ 
-6.35 

(-6.24) 

-0.98 

(-1.00) 

5.37 

(5.24) 

5.3 

(6.3) 

324 

(334) 

0.61 

(0.74) 

16.5 

(22.7) 

62  

(67) 
CT 

3d’ 
-6.25 

(-6.14) 

-1.01 

(-0.99) 

5.24 

(5.15) 

5.1 

(6.0) 

331 

(339) 

0.82 

(0.93) 

18.1 

(21.9) 

67  

(66) 
CT 

4d’ 
-6.08 

(-6.00) 

-1.02 

(-1.01) 

5.06 

(4.99) 

5.3 

(6.0) 

342 

(349) 

0.83 

(0.92) 

19.1 

(22.6) 

70  

(67) 
CT 

5d’ 
-5.81 

(-5.80) 

-0.90 

(-1.00) 

4.91 

(4.80) 

8.3 

(9.5) 

342 

(351) 

0.89 

(0.94) 

25.3 

(29.4) 

66  

(62) 
CT 

2d’ 
-6.75 

(-6.25) 

-1.57 

(-1.41) 

5.17 

(4.84) 

2.2 

(2.5) 

337 

(362) 

0.97 

(1.09) 

10.7 

(13.2) 

81  

(81) 
CT 

6d’ 
-6.73 

(-6.68) 

-1.17 

(-1.05) 

5.56 

(5.63) 

3.1 

(3.7) 

313 

(315) 

0.14 

(0.21) 

4.1 

(7.3) 

11  

(13) 
LE 

7d’ 
-6.35 

(-6.32) 

-1.38 

(-1.28) 

4.97 

(5.04) 

3.8 

(4.5) 

338 

(328) 

0.20 

(0.27) 

25.0 

(28.5) 

77  

(72) 
CT 

8d’ 
-6.61 

(-6.50) 

-0.89 

(-0.97) 

5.72 

(5.53) 

6.6 

(8.1) 

316 

(325) 

0.27 

(0.61) 

9.2 

(19.2) 

26  

(52) 
LE, (CT) 

9d’ 
-6.29 

(-6.23) 

-1.07 

(-1.12) 

5.22 

(5.11) 

3.8 

(4.5) 

316 

(325) 

0.13 

(0.20) 

14.7 

(24.1) 

52  

(79) 
CT 

10d’ 
-6.69 

(-6.24) 

-1.54 

(-1.40) 

5.15 

(4.84) 

5.7 

(7.0) 

338 

(363) 

0.96 

(1.11) 

13.7 

(17.6) 

79  

(81) 
CT 

11d’ 
-6.68 

(-6.67) 

-1.00 

(-0.90) 

5.67 

(5.77) 

3.8 

(5.2) 

309 

(309) 

0.01 

(0.01) 

3.1 

(4.8) 
0 LE 

Values in parentheses were calculated in DMSO (SMD method). aHOMO energy. bLUMO 

energy. cHOMO-LUMO gap. dDipole moment (Debye). eCalculated absorption wavelength. 

fOscillator strength. gContribution percentage of HOMO-LUMO (charge-transfer) transition 

in S1 state. hOverall transition type. LE = locally excited, CT = charge transfer. 

The optimized ground-state structures of all compounds exhibited twist angles of ~35° 

between the phenyl rings. HOMOs of these compounds were localized on amino parts and 

their adjacent phenyl rings. In contrast, LUMOs were localized on the nitrophenyl part of 

oNB units, except for those of 2d’ and 10d’ whose LUMOs were found on two peripheral 
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nitrophenyl moieties (see Experimental section). As a result, there were large differences in 

LUMO energies of 2d’ and 10d’ (−1.57 and −1.54 eV in vacuum, respectively) compared to 

other compounds, e.g., −0.98 eV for 1d’ in vacuum. HOMO energies, on the other hand, 

varied with amino substituents and corresponded to their electron donor strength. Extending 

π-conjugation along with torsional restriction and EDG attachment increased the donor 

strength of amino substituents and also the HOMO energies of 3d’–5d’ (−6.35, −6.25, −6.08 

and −5.81 eV for 1d’ and 3d’–5d’, respectively, in vacuum), which subsequently reduced 

their HOMO-LUMO gaps (5.37, 5.24, 5.06 and 4.91 eV for 1d’ and 3d’–5d’, respectively, 

in vacuum). Functionalization with EWG decreased the donor strength and HOMO energies 

in 2d’ and 10d’ (−6.75 and −6.69 eV, respectively, in vacuum). However, due to their 

different behaviors in LUMOs, it is not straightforward to compare HOMO-LUMO gaps of 

these two compounds with those of others. In contrast, the cyclic form did not change the 

energy of HOMO in 7d’ (−6.35 eV in vacuum) compared to that in 1d’ but resulted in 

considerably lower HOMO energies of 6d’, 8d’, and 11d’ (−6.73 eV, −6.61 eV, and −6.68 

eV, respectively, in vacuum), which suggested carbazole and phenothiazine are weak donors. 

The aromatic character of carbazole lowered the donor ability, while the cyclic structure of 

phenothiazine reduced the interaction of lone pair on nitrogen atom with the rest of the 

molecule85. The decreases in HOMO energies of 6d’, 8d’, and 11d’, thus, expanded their 

HOMO-LUMO gaps (5.56, 5.72, and 5.67 eV, respectively, in vacuum). Altering relative 

position between the amino group and the nitro group, however, had no significant effect on 

the energy of HOMO, LUMO, and HOMO-LUMO gap, e.g., 5.37 and 5.22 eV for 1d’ and 

9d’, respectively, in vacuum. 
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The TD-M062X/6-31g(d) calculation using optimized ground state geometries predicted 

hypsochromic shift of the absorption spectra for all compounds compared to experimental 

spectra. In particular, 60–70 nm shifts in absorption maxima were observed for 1d’–5d’, 7d’, 

and 10d’, e.g., calculated 334 nm, observed 399 nm for 1d’ in DMSO. Similar results in the 

prediction of absorption spectra for strong push-pull molecules using TD-M062X/6-31g(d) 

level of theory were also found in previous studies12. It is difficult to precisely evaluate the 

shifts in 6d’, 8d’, 9d’, and 11d’ because of the uncertainty in determining the absorption 

maxima related to the S1 state in their experimental spectra. Relatively, oscillator strengths 

computed for 7d’ and 9d’ (0.20 and 0.13, respectively, in vacuum) could be ascribed to the 

lack of overlap between the frontier orbitals of these two compounds compared to others. In 

contrast, those computed for 6d’, 8d’, and 11d’ (0.14, 0.27, and 0.01, respectively, in 

vacuum) conceivably resulted from the contribution of forbidden n–π* excitation. These 

findings agree with the small absorption related to the S1 state in the experimental spectra of 

8d, 9d, and 11d (Figure 24). Computation in DMSO (SMD method) tends to overestimate 

the CT transition in the case of 8d’. 

Investigations of the transitions contributing to the lowest excited singlet state S1 of the 

designed oNB molecules provided valuable information regarding their quantum efficiencies. 

HOMO-LUMO transition, which corresponds to CT transition from the donor (amino part) 

to the acceptor (nitro part), contributed significantly (50–80%) to the S1 states of 1d’–5d’, 

7d’, 9d’, and 10d’ (Table 7). In contrast, it covered only 11% (13% in DMSO) and 25% 

(52% in DMSO) of the transitions responsible for S1 states of 6d’ and 8d’, respectively, and 

was not even found in those of 11d’. Minor contribution of CT transition to the S1 states of 
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6d’, 8d’, and 11d’ implied that they are dominated by the forbidden local n–π* excitation 

within the nitro group. This explained the considerably low oscillator strength for 11d’, while 

slightly higher values for 6d’ and 8d’ were probably due to some contribution from the 

allowed CT transition. NTO pictures obviously describe the excitation character of these 

compounds (Figures 29 and 30). Since the n–π* transition is crucial to trigger the 

intramolecular hydrogen abstraction process76, which is the first step in photo-uncaging of 

oNB PPGs and important in determining their uncaging quantum yield (Figure 2), the 

absence of its contribution to the lowest excited states caused inefficiency in photoreactions. 

While there was no noticeable difference in the dipole moment at ground state for all 

compounds (Table 7), the vast increase in this parameter upon excitation for 1d’–5d’, 7d’, 

9d’, and 10d’, e.g., 8.3 D at S0 and 25.3 D at S1 for 4d’ in vacuum, suggested the existence 

of strong CT character at S1 state of these derivatives. The substitution of strong EDGs 

increased HOMO energy, which subsequently reduced HOMO-LUMO gap, stabilized the 

CT transition, and switched it to the lowest excited state. Functionalization with strong EWGs 

as in 2d’ and 10d’, however, induced electron migration towards the branches instead of the 

oNB moiety upon excitation, which substantially suppressed the uncaging quantum 

efficiency. Altering the relative position between donor and acceptor had almost no effect on 

the HOMO-LUMO gap. However, the cyclic structure of the donor might bring about the 

reversed effect, which decreased HOMO energy, destabilized HOMO-LUMO (CT) 

transition, and preserved the local excitation character at the lowest excited state, as observed 

in 6d’, 8d’, and 11d’. 
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Figure 29. Natural transition orbitals (NTOs) for the lowest excited single state S1 calculated 

at TD-M062X/6-31g(d) level of theory in DMSO (SMD method). 
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Figure 30. Natural transition orbitals (NTOs) for the lowest excited single state S1 calculated 

at TD-M062X/6-31g(d) level of theory in DMSO (SMD method). 
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3.5. Summary 

In this study, we designed and synthesized a series of nitrobiphenyl chromophores by 

varying amino substituents as electron donors and their relative position to the nitro group. 

These substituent effects were investigated on the uncaging quantum yield of oNB PPG. In 

this manner, we developed new nitrobiphenyl scaffolds substituted by carbazole and 

phenothiazine units 6d, 11d, and 8d, whose uncaging quantum yields were observed to be 

0.2, 0.2, and 0.1, respectively, rendering them potential compounds for future biological 

experiments. The quantum chemical calculations, which predict the character of the lowest 

excited states, can serve as a valuable tool to predict the quantum efficiencies of oNB PPGs.  

3.6. Experimental section 

General information 

Chemical reagents and solvents purchased from commercial suppliers were utilized 

without additional purification. Silica Gel 60 N (spherical, neutral) with particle sizes of 63–

210 µm was used for column chromatography. NMR spectra were recorded using a Bruker 

ASCEND 400 spectrometer (1H NMR: 400 MHz, 13C NMR: 100 MHz). Chemical shifts (δ) 

were reported in parts per million (ppm) relative to the residual peak of solvents (CDCl3: δ 

7.26 ppm for 1H NMR, δ 77.16 ppm for 13C NMR; CD3OD: δ 3.31 ppm for 1H NMR, δ 49.00 

ppm for 13C NMR; DMSO-d6: δ 2.50 ppm for 1H NMR, δ 39.52 ppm for 13C NMR; acetone-

d6: δ 2.05 ppm for 1H NMR, δ 29.84 ppm for 13C NMR). The data was presented in the 

following format: chemical shift, multiplicity (s = singlet, d = doublet, dd = doublet of 

doublets, ddd = doublet of doublets of doublets, t = triplet, q = quartet, qd = quartet of 

doublets, m = multiplet, and br = broad signal), coupling constant J (Hz), and integration. 
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UV-vis spectra were measured with a SHIMADZU UV-3600 Plus spectrophotometer. 

Fluorescence spectra were measured with a FluoroMax-4 spectrofluorometer. Mass 

spectrometric data were obtained using a Thermo Fisher Scientific LTQ Orbitrap XL, 

conducted by the Natural Science Center for Basic Research and Development (N-BARD), 

Hiroshima University. IR spectra were recorded using a JASCO MCT-6000M spectrometer. 

Chemical actinometer for quantum yield measurement59 

One of the most reliable and widely used chemical actinometers to measure photon fluxes 

is ferrioxalate, which, upon irradiation, decomposes according to the following equations: 

hv3+ 2+ - 2-

2 4 3 2 4 2 4

2+ 2+

3

Fe(C O )   Fe + C O + 2C O

Fe + 3 phen  Fe(phen)

⎯⎯→

⎯⎯→
 

The number of ferrous ions generated during the photochemical reaction is determined 

by conversion to the colored tris-phenanthroline complex, which absorbs the light at 510 nm 

(ε = 11100 M−1 cm−1). The complexation between ferric ions and phenanthroline is not 

considerable, and their complex does not have absorption at 510 nm. 

Procedure for measurement:  

1. 120 mg of K3[Fe(C2O4)3].3H2O was dissolved in 20 mL of 0.05 M H2SO4 (1). 

2. 5 mg of 1,10-phenanthroline monohydrate and 1.12 g of CH3COONa.3H2O were 

dissolved in 5 mL of 0.5 M H2SO4 (2). 

3. 3 mL of solution (1) was taken and irradiated with each light source for specific times. 

After each irradiation, 0.5 mL of solution (2) was added, and the absorption spectra were 

measured. 
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4. The changes in absorbance at 510 nm with respect to irradiation time were used to 

calculate the amount of light as the equation below: 

2+

1 3

3

λ 2 λ

V × V ×ΔAmoles of  Fe
I (mol/s) = =

Φ × t × F 10 × V × l × ε ×Φ × t

510

510

 

V1: irradiated volume (3 mL) 

V2: aliquot of irradiated solution taken for determining ferrous ions (3 mL) 

V3: final volume (3.5 mL) 

∆A510: absorbance difference between solutions before and after irradiation  

l: optical pathlength of irradiation cell (1 cm) 

ε510: molar extinction coefficient of Fe(phen)3
2+ at 510 nm (11100 M−1cm−1) 

𝜆: quantum yield of ferrous ions generation at the irradiation wavelength (365 = 1.21, 

405 = 1.14, 320 = 1.24) 

t: irradiation time 

F: mean function of light absorbed by the ferrioxalate solution 

Table 8. Photon number of LED lamp 365 nm, LED lamp 405 nm and Xenon lamp 320 nm. 

 Time (s) ΔA510 I (mol/s) Iavg (mol/s) 

LED lamp 

365 nm 

0.5 0.63 3.3 × 10−7 

3.3 × 10−7 1 1.27 3.3 × 10−7 

1.5 1.90 3.3 × 10−7 

LED lamp 

405 nm 

0.2 0.56 7.8 × 10−7 

7.8 × 10−7 0.4 1.11 7.9 × 10−7 

0.6 1.70 7.8 × 10−7 

Xenon lamp 

320 nm 

30 0.33 2.8 × 10−9 

2.8 × 10−9 60 0.65 2.8 × 10−9 

90 0.97 2.7 × 10−9 
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Measurement of uncaging quantum yield  

Photoreactions of caged alcohols (3.0 mL, 0.4–0.6 mM, Abs at λirr > 3) were carried out 

in air-saturated DMSO at ~23°C using 405 nm LED lamp (± 20 nm, 7.8 × 10−7 mol s−1) for 

compounds 2d–5d and 10d, 365 nm LED lamp (± 20 nm, 3.3 × 10−7 mol s−1) for compounds 

1b and 6d–9d, and 320 nm Xenon lamp with a monochromator (± 10 nm, 2.8 × 10−9 mol s−1) 

for compound 11d. The consumption of caged alcohols was monitored using HPLC (ODS-

3, 3µm, MeCN 100%), and the conversion rate was determined by fitting a trendline over the 

first 10% of conversion.  

The quantum yield of uncaging was determined using the following equation:  

 

 

Table 9. Conversion rate and quantum yield of caged alcohols 1d–11d in DMSO. 

Compound 
Concentration 

/ mM 

Photon number 

/ mol s−1 

Conversion rate 

/ s−1 

Quantum yield 

Φu 

1d 0.6 3.3 × 10−7 0.4599 0.02 

3d 0.4 7.8 × 10−7 0.2824 0.004 

4d 0.4 7.8 × 10−7 0.1575 0.002 

5d 0.4 7.8 × 10−7 0.1351 0.002 

2d 0.4 7.8 × 10−7 0.1164 0.002 

6d 0.6 3.3 × 10−7 3.8199 0.2 

7d 0.6 3.3 × 10−7 0.4534 0.02 

8d 0.6 3.3 × 10−7 1.5525 0.1 

9d 0.6 3.3 × 10−7 0.2750 0.01 

10d 0.4 7.8 × 10−7 0.0264 <0.001 

11d 0.6 2.8 × 10−9 0.0304 0.2 

 

 

 

Quantum yield Φu = 
conversion rate k (s−1) × concentration C (M) × volume V (L) 

photon number I (mol s−1) × 100 
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Photoreactions in Ar-saturated and O2-saturated DMSO  

Photoreactions of 1d and 6d (3.0 mL, 0.6 mM, Abs at λirr > 3) were carried out in Ar-

saturated and O2-saturated DMSO at ~23°C (solutions were purged with Ar and O2 gas by 

bubbling for 20 minutes) using 365 nm LED lamp (± 20 nm, 3.3 × 10−7 mol s−1). Comparable 

decomposition rates were observed under air, oxygen, and argon, indicating that the uncaging 

process of these oNB derivatives occurred primarily from the S1 state or a short-lived T1 state. 

 

Figure 31. Time profile of photolysis (<10% conversion) in air-saturated, Ar-saturated and 

O2-saturated DMSO. 
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Absorption spectra of nitrosoketone 

 

Figure 32. Absorption spectra during photolysis of (a) 1d (0.06 mM) and (b) 8d (0.12 mM) 

in air-saturated DMSO (~23°C) at 365 nm (LED lamp, 3.3 × 10−7 mol s−1). The absorption 

spectra after photolysis (red line) can be assigned to those of nitrosoketone photoproducts. 
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Mass spectra of nitrosoketone  

 

Figure 33. Mass spectra of nitrosoketone. 
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Quantum chemical calculations 

Density functional theory (DFT) and time-dependent (TD) DFT calculations were 

performed using Gaussian 09 packages86. Ground state geometries were optimized at the 

M062X/6-31g(d) level of theory in gas phase and DMSO (SMD model). The energy 

minimum structures were confirmed by vibrational frequency analysis at the same level of 

theory. Number of imaginary frequencies, energies (in Hartree), and Cartesian coordinates 

(in Å) of computed geometries were listed below. Properties related to the lowest excited 

single state S1 were obtained at the TD-M062X/6-31g(d) level of theory in gas phase and 

DMSO (SMD model) using the optimized ground state geometries. 
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Figure 34. Frontier molecular orbitals calculated using the M062X/6-31g(d) level of theory 

in DMSO (SMD model). 
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Synthesis 

Compounds 3f87, 4f88, 6f89, 7f90, 8f91, and 6g92 were synthesized according to procedures 

reported in the literature and confirmed by 1H NMR spectra.  

General procedure for syntheses of 3a–11a 

 

In a round-bottom flask, 3f (1.0 mmol), 1693 (1.2 mmol), Pd(PPh3)4 (0.10 mmol) and 

K3PO4 (3.0 mmol) was mixed in 1,4-dioxane/H2O (2:1, 9 mL). The reaction mixture was 

degassed by bubbling with N2 and stirred at 80°C in an oil bath for 4h. The solvent was 

removed under reduced pressure, and the residue was purified by silica gel column 

chromatography to give the desired product 3a. 

N,N-di([1,1'-biphenyl]-4-yl)-4'-nitro-[1,1'-biphenyl]-4-amine (3a). Hexane/CH2Cl2 = 2:1. 

Orange solid (83%). 1H NMR (400 MHz, CDCl3) δ 8.29 (d, J = 8.8 Hz, 2H), 7.73 (d, J = 8.8 

Hz, 2H), 7.63 – 7.58 (m, 4H), 7.58 – 7.53 (m, 6H), 7.49 – 7.42 (m, 4H), 7.39 – 7.32 (m, 2H), 

7.28 – 7.24 (m, 6H). 13C{1H} NMR (100 MHz, CDCl3) δ 148.7, 147.1, 146.7, 146.5, 140.6, 

136.6, 132.2, 129.0, 128.3, 128.2, 127.2, 127.1, 126.9, 125.2, 124.3, 123.5. IR (KBr, cm−1) ν 

1592, 1510, 1483, 1335, 1281, 1189, 1109, 1004, 855, 835, 764, 741, 721, 693, 553. HRMS 

(APCI) m/z [M + H]+ calcd for C36H27N2O2 519.2067; found 519.2065. mp 232–235°C.  
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N-(9,9-dimethyl-9H-fluoren-2-yl)-9,9-dimethyl-N-(4'-nitro-[1,1'-biphenyl]-4-yl)-9H-

fluoren-2-amine (4a). Hexane/CH2Cl2 = 2:1. Red solid (82%). 1H NMR (400 MHz, acetone-

d6) δ 8.31 (d, J = 9.0 Hz, 2H), 7.97 (d, J = 9.0 Hz, 2H), 7.83 – 7.74 (m, 6H), 7.54 – 7.48 (m, 

2H), 7.40 (d, J = 2.0 Hz, 2H), 7.37 – 7.23 (m, 6H), 7.18 – 7.14 (m, 2H), 1.44 (s, 12H). 

13C{1H} NMR (100 MHz, acetone-d6) δ 156.2, 154.5, 149.9, 147.8, 147.6, 147.5, 139.6, 

135.9, 132.3, 129.1, 128.0, 127.8, 127.7, 124.9, 124.8, 123.7, 123.5, 121.9, 120.5, 120.3, 47.6, 

27.3. IR (KBr, cm−1) ν 1591, 1515, 1484, 1448, 1339, 1109, 855, 828, 755, 736. HRMS 

(APCI) m/z [M + H]+ calcd for C42H35N2O2 599.2693; found 599.2694. mp 142–146°C. 

N4-(4'-(dimethylamino)-[1,1'-biphenyl]-4-yl)-N4',N4'-dimethyl-N4-(4'-nitro-[1,1'-

biphenyl]-4-yl)-[1,1'-biphenyl]-4,4'-diamine (5a). Hexane/CH2Cl2 = 1:2. Red solid (76%). 

1H NMR (400 MHz, CDCl3) δ 8.27 (d, J = 8.9 Hz, 2H), 7.71 (d, J = 8.9 Hz, 2H), 7.55 – 7.47 

(m, 10H), 7.25 – 7.18 (m, 6H), 6.81 (d, J = 8.9 Hz, 4H), 3.00 (s, 12H). 13C{1H} NMR (100 

MHz, CDCl3) δ 149.9, 149.0, 147.3, 146.5, 145.3, 136.8, 131.3, 128.7, 128.2, 127.5, 127.2, 

126.9, 125.5, 124.3, 122.7, 113.0, 40.7. IR (KBr, cm−1) ν 1608, 1590, 1498, 1443, 1334, 1285, 

1186, 1109, 810, 755. HRMS (APCI) m/z [M + H]+ calcd for C40H37N4O2 605.2911; found 

605.2913. mp 137–139°C. 

9-(4'-nitro-[1,1'-biphenyl]-4-yl)-9H-carbazole (6a). Hexane/CH2Cl2 = 4:1. Yellow solid 

(89%). 1H NMR (400 MHz, CDCl3) δ 8.37 (d, J = 8.8 Hz, 2H), 8.17 (d, J = 8.0 Hz, 2H), 7.86 

(t, J = 8.7 Hz, 4H), 7.73 (d, J = 8.8 Hz, 2H), 7.51 – 7.42 (m, 4H), 7.36 – 7.29 (m, 2H). 

13C{1H} NMR (100 MHz, CDCl3) δ 147.5, 146.7, 140.8, 138.7, 137.8, 129.0, 128.0, 127.7, 

126.3, 124.5, 123.8, 120.6, 120.5, 109.9. IR (KBr, cm−1) ν 1592, 1517, 1451, 1337, 1230, 
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858, 830, 754, 722, 687, 653. HRMS (APCI) m/z [M + H]+ calcd for C24H17N2O2 365.1285; 

found 365.1284. mp > 250°C. 

5-(4'-nitro-[1,1'-biphenyl]-4-yl)-10,11-dihydro-5H-dibenzo[b,f]azepine (7a). 

Hexane/CH2Cl2 = 4:1. Yellow solid (71%). 1H NMR (400 MHz, acetone-d6) δ 8.24 (d, J = 

9.0 Hz, 2H), 7.84 (d, J = 9.0 Hz, 2H), 7.59 (d, J = 9.0 Hz, 2H), 7.46 (dd, J = 7.6, 1.5 Hz, 2H), 

7.40 – 7.27 (m, 6H), 6.65 (d, J = 9.0 Hz, 2H), 3.02 (s, 4H). 13C{1H} NMR (100 MHz, acetone-

d6) δ 150.9, 148.1, 147.0, 144.0, 139.1, 132.1, 130.6, 129.0, 128.5, 128.2, 128.1, 127.1, 124.9, 

113.9, 31.3. IR (KBr, cm−1) ν 1589, 1510, 1485, 1448, 1336, 1287, 1200, 1109, 855, 821, 

771, 754, 641. HRMS (ESI) m/z [M + Na]+ calcd for C26H20N2O2Na 415.1417; found 

415.1414. mp 176–179°C. 

10-(4'-nitro-[1,1'-biphenyl]-4-yl)-10H-phenothiazine (8a). Hexane/CH2Cl2 = 4:1. Orange 

solid (82%). 1H NMR (400 MHz, CDCl3) δ 8.34 (d, J = 8.9 Hz, 2H), 7.80 (d, J = 8.8 Hz, 4H), 

7.47 (d, J = 8.6 Hz, 2H), 7.12 (dd, J = 7.5, 1.6 Hz, 2H), 6.99 – 6.88 (m, 4H), 6.46 (dd, J = 

8.0, 1.3 Hz, 2H). 13C{1H} NMR (100 MHz, CDCl3) δ 147.4, 146.7, 143.8, 142.8, 137.5, 

129.6, 129.2, 127.9, 127.4, 127.1, 124.4, 123.5, 123.0, 118.0. IR (KBr, cm−1) ν 1590, 1510, 

1485, 1459, 1335, 1301, 1259, 1236, 1105, 1041, 917, 855, 826, 747, 646, 617. HRMS 

(APCI) m/z [M + H]+ calcd for C24H17N2O2S 397.1005; found 397.1007. mp > 250°C. 

3'-nitro-N,N-diphenyl-[1,1'-biphenyl]-4-amine (9a). Hexane/CH2Cl2 = 4:1. Yellow solid 

(89%). 1H NMR (400 MHz, CDCl3) δ 8.42 (s, 1H), 8.14 (d, J = 8.0 Hz, 1H), 7.88 (d, J = 7.8 

Hz, 1H), 7.57 (t, J = 8.0 Hz, 1H), 7.49 (d, J = 8.5 Hz, 2H), 7.34 – 7.26 (m, 4H), 7.19 – 7.12 

(m, 6H), 7.11 – 7.04 (m, 2H). 13C{1H} NMR (100 MHz, CDCl3) δ 148.9, 148.5, 147.4, 142.4, 

132.5, 131.9, 129.7, 129.5, 127.9, 124.9, 123.6, 123.4, 121.5, 121.4. IR (KBr, cm−1) ν 1590, 
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1531, 1513, 1489, 1348, 1281, 835, 804, 755, 697, 512. HRMS (ESI) m/z [M + Na]+ calcd 

for C24H18N2O2Na 389.1260; found 389.1261. mp 122–124°C. 

3'-nitro-N,N-bis(4'-nitro-[1,1'-biphenyl]-4-yl)-[1,1'-biphenyl]-4-amine (10a). 

Hexane/CH2Cl2 = 1:2. Orange solid (74%). 1H NMR (400 MHz, CDCl3) δ 8.46 (t, J = 2.0 

Hz, 1H), 8.30 (d, J = 8.9 Hz, 4H), 8.20 (ddd, J = 8.2, 2.2, 0.9 Hz, 1H), 7.92 (ddd, J = 7.8, 1.6, 

1.0 Hz, 1H), 7.74 (d, J = 8.9 Hz, 4H), 7.66 – 7.55 (m, 7H), 7.33 – 7.26 (m, 6H). 13C{1H} 

NMR (100 MHz, CDCl3) δ 149.0, 147.9, 147.4, 146.9, 146.8, 142.2, 134.0, 133.6, 132.7, 

130.0, 128.6, 128.4, 127.3, 125.2, 124.7, 124.4, 122.0, 121.7. IR (KBr, cm−1) ν 1733, 1590, 

1511, 1483, 1341, 1285, 1192, 1109, 855, 829, 779, 754, 722, 696. HRMS (APCI) m/z [M + 

H]+ calcd for C36H25N4O6 609.1769; found 609.1763. mp > 250°C. 

9-(3'-nitro-[1,1'-biphenyl]-4-yl)-9H-carbazole (11a). Hexane/CH2Cl2 = 4:1. Yellow solid 

(89%). 1H NMR (400 MHz, CDCl3) δ 8.57 (t, J = 1.9 Hz, 1H), 8.27 (ddd, J = 8.2, 2.2, 0.9 

Hz, 1H), 8.17 (d, J = 7.7 Hz, 2H), 8.03 (ddd, J = 7.7, 1.7, 1.0 Hz, 1H), 7.88 (d, J = 8.5 Hz, 

2H), 7.75 – 7.67 (m, 3H), 7.51 – 7.42 (m, 4H), 7.35 – 7.29 (m, 2H). 13C{1H} NMR (100 MHz, 

CDCl3) δ 148.8, 141.8, 140.7, 138.1, 137.5, 132.9, 130.0, 128.6, 127.5, 126.2, 123.6, 122.4, 

121.9, 120.5, 120.3, 109.8. IR (KBr, cm−1) ν 1604, 1517, 1478, 1451, 1348, 1228, 1172, 876, 

837, 805, 780, 751, 724, 682. HRMS (APCI) m/z [M + H]+ calcd for C24H17N2O2 365.1285; 

found 365.1287. mp 156–160°C. 
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General procedure for syntheses of 1d–11d 

 

Step 1: 

Synthesis of 1e–8e: In a round-bottom flask, 1f (1.0 mmol), 18 (1.2 mmol), Pd(PPh3)4 

(0.10 mmol) and K3PO4 (3.0 mmol) was mixed in 1,4-dioxane/H2O (2:1, 9 mL). The reaction 

mixture was degassed by bubbling with N2 and stirred at 80°C in an oil bath for 4h. The 

solvent was removed under reduced pressure, and the residue was purified by silica gel 

column chromatography to give the desired product 1e. 

Synthesis of 9e–11e: In a round-bottom flask, 1g (1.2 mmol), 19 (1.0 mmol), Pd(PPh3)4 

(0.10 mmol) and K3PO4 (3.0 mmol) was mixed in 1,4-dioxane/H2O (2:1, 9 mL). The reaction 

mixture was degassed by bubbling with N2 and stirred at 80°C in an oil bath for 4h. The 
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solvent was removed under reduced pressure, and the residue was purified by silica gel 

column chromatography to give the desired product 9e. 

1-(4'-(diphenylamino)-4-nitro-[1,1'-biphenyl]-3-yl)ethan-1-ol (1e). Hexane/EtOAc = 9:1. 

Red oil (89%). 1H NMR (400 MHz, CDCl3) δ 8.04 (d, J = 2.0 Hz, 1H), 8.01 (d, J = 8.6 Hz, 

1H), 7.57 (dd, J = 8.5, 2.1 Hz, 1H), 7.52 (d, J = 8.7 Hz, 2H), 7.34 – 7.26 (m, 4H), 7.19 – 7.11 

(m, 6H), 7.12 – 7.06 (m, 2H), 5.54 (q, J = 6.3 Hz, 1H), 2.43 (br, 1H), 1.62 (d, J = 6.3 Hz, 

3H). 13C{1H} NMR (100 MHz, CDCl3) δ 148.9, 147.3, 146.3, 145.9, 142.1, 131.9, 129.6, 

128.2, 125.7, 125.5, 125.3, 125.1, 123.8, 123.0, 66.0, 24.4. IR (KBr, cm−1) ν 3557, 3035, 

2977, 1589, 1514, 1488, 1330, 1282, 1180, 1105, 1074, 825, 755, 736, 698, 529. HRMS 

(ESI) m/z [M + Na]+ calcd for C26H22N2O3Na 433.1523; found 433.1520. 

1-(4'-(di([1,1'-biphenyl]-4-yl)amino)-4-nitro-[1,1'-biphenyl]-3-yl)ethan-1-ol (3e). 

Hexane/EtOAc = 4:1. Red solid (89%). 1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 2.0 Hz, 

1H), 8.04 (d, J = 8.5 Hz, 1H), 7.67 – 7.49 (m, 11H), 7.48 – 7.41 (m, 4H), 7.37 – 7.30 (m, 2H), 

7.27 – 7.24 (m, 6H), 5.55 (q, J = 6.4 Hz, 1H), 2.36 (br, 1H), 1.63 (d, J = 6.3 Hz, 3H). 13C{1H} 

NMR (100 MHz, CDCl3) δ 148.6, 146.5, 146.3, 146.1, 142.1, 140.6, 136.5, 132.5, 129.0, 

128.4, 128.2, 127.2, 126.9, 125.9, 125.6, 125.5, 125.1, 123.7, 66.1, 24.4. IR (KBr, cm−1) ν 

3030, 2925, 2855, 1597, 1514, 1484, 1323, 1294, 1188, 1107, 909, 830, 763, 733, 698. HRMS 

(APCI) m/z [M + H]+ calcd for C38H31N2O3 563.2329; found 563.2323. mp 89–92°C. 

1-(4'-(bis(9,9-dimethyl-9H-fluoren-2-yl)amino)-4-nitro-[1,1'-biphenyl]-3-yl)ethan-1-ol 

(4e). Hexane/EtOAc = 4:1. Red solid (76%). 1H NMR (400 MHz, acetone-d6) δ 8.24 (d, J = 

2.1 Hz, 1H), 8.01 (d, J = 8.5 Hz, 1H), 7.82 – 7.71 (m, 7H), 7.54 – 7.48 (m, 2H), 7.40 (d, J = 

1.9 Hz, 2H), 7.37 – 7.23 (m, 6H), 7.15 (dd, J = 8.2, 2.1 Hz, 2H), 5.51 – 5.44 (m, 1H), 4.66 
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(d, J = 4.3 Hz, 1H), 1.54 (d, J = 6.3 Hz, 3H), 1.44 (s, 12H). 13C{1H} NMR (100 MHz, acetone-

d6) δ 156.1, 154.4, 149.6, 147.8, 146.8, 146.1, 144.3, 139.6, 135.7, 132.9, 129.0, 128.0, 127.7, 

126.0, 125.8, 124.6, 124.0, 123.5, 121.8, 120.4, 120.1, 65.7, 47.5, 27.3, 25.6. IR (KBr, cm−1) 

ν 3568, 2960, 2923, 2860, 1599, 1580, 1513, 1459, 1448, 1342, 1311, 1276, 827, 779, 759, 

736. HRMS (ESI) m/z [M + Na]+ calcd for C44H38N2O3Na 665.2775; found 665.2775. mp 

138–142°C. 

1-(4'-(bis(4'-(dimethylamino)-[1,1'-biphenyl]-4-yl)amino)-4-nitro-[1,1'-biphenyl]-3-

yl)ethan-1-ol (5e). Hexane/CH2Cl2 = 1:2. Red solid (76%). 1H NMR (400 MHz, CDCl3) δ 

8.04 (d, J = 1.9 Hz, 1H), 8.01 (d, J = 8.5 Hz, 1H), 7.60 – 7.46 (m, 11H), 7.25 – 7.17 (m, 6H), 

6.81 (d, J = 8.8 Hz, 4H), 5.52 (q, J = 6.2 Hz, 1H), 3.00 (s, 12H), 2.51 (br, 1H), 1.62 (d, J = 

6.3 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 149.8, 148.8, 146.3, 145.7, 145.2, 142.1, 

136.5, 131.5, 128.7, 128.1, 127.4, 127.1, 125.6, 125.5, 125.3, 125.2, 122.7, 112.9, 65.9, 40.6, 

24.3. IR (KBr, cm−1) ν 3030, 2975, 1607, 1498, 1444, 1322, 1284, 1226, 1185, 1167, 1107, 

1063, 945, 812, 528. HRMS (ESI) m/z [M + H]+ calcd for C42H41N4O3 649.3173; found 

649.3174. mp 133–136°C. 

1-(4'-(bis(4'-nitro-[1,1'-biphenyl]-4-yl)amino)-4-nitro-[1,1'-biphenyl]-3-yl)ethan-1-ol 

(2e). Hexane/CH2Cl2 = 1:2. Red solid (85%). 1H NMR (400 MHz, CDCl3) δ 8.30 (d, J = 8.9 

Hz, 4H), 8.08 (d, J = 2.0 Hz, 1H), 8.05 (d, J = 8.5 Hz, 1H), 7.74 (d, J = 8.9 Hz, 4H), 7.65 – 

7.56 (m, 7H), 7.29 (d, J = 8.7 Hz, 6H), 5.57 (q, J = 6.2 Hz, 1H), 2.36 (br, 1H), 1.64 (d, J = 

6.3 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 147.8, 147.7, 146.9, 146.8, 146.3, 145.9, 

142.2, 134.0, 133.7, 128.7, 128.6, 127.3, 126.0, 125.7, 125.6, 125.0, 124.8, 124.4, 66.0, 24.6. 

IR (KBr, cm−1) ν 3546, 3038, 2928, 1590, 1513, 1483, 1337, 1285, 1192, 1109, 855, 827, 
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755, 732, 695. HRMS (APCI) m/z [M]- calcd for C38H28N4O7 652.1964; found 652.1970. mp 

144–148°C. 

1-(4'-(9H-carbazol-9-yl)-4-nitro-[1,1'-biphenyl]-3-yl)ethan-1-ol (6e). Hexane/EtOAc = 

4:1. Yellow solid (80%). 1H NMR (400 MHz, CDCl3) δ 8.21 – 8.13 (m, 3H), 8.08 (d, J = 8.5 

Hz, 1H), 7.87 (d, J = 8.4 Hz, 2H), 7.74 – 7.65 (m, 3H), 7.53 – 7.40 (m, 4H), 7.33 (t, J = 7.3 

Hz, 2H), 5.58 (q, J = 6.3 Hz, 1H), 2.31 (br, 1H), 1.67 (d, J = 6.3 Hz, 3H). 13C{1H} NMR (100 

MHz, CDCl3) δ 146.6, 145.7, 142.2, 140.7, 138.4, 137.8, 128.9, 127.5, 126.4, 126.20, 126.16, 

125.5, 123.7, 120.5, 120.4, 109.8, 65.9, 24.6. IR (KBr, cm−1) ν 3057, 1604, 1518, 1478, 1451, 

1335, 1229, 1174, 1106, 1072, 1018, 910, 868, 829, 751, 725. HRMS (APCI) m/z [M]− calcd 

for C26H20N2O3 408.1479; found 408.1480. mp 78–82°C. 

1-(4'-(10,11-dihydro-5H-dibenzo[b,f]azepin-5-yl)-4-nitro-[1,1'-biphenyl]-3-yl)ethan-1-

ol (7e). Hexane/EtOAc = 4:1. Red oil (76%). 1H NMR (400 MHz, acetone-d6) δ 8.13 (d, J = 

2.1 Hz, 1H), 7.95 (d, J = 8.6 Hz, 1H), 7.66 (dd, J = 8.6, 2.2 Hz, 1H), 7.56 (d, J = 9.0 Hz, 2H), 

7.48 – 7.44 (m, 2H), 7.40 – 7.27 (m, 6H), 6.66 (d, J = 9.0 Hz, 2H), 5.48 – 5.42 (m, 1H), 4.58 

(d, J = 4.2 Hz, 1H), 3.03 (s, 4H), 1.50 (d, J = 6.3 Hz, 3H). 13C{1H} NMR (100 MHz, acetone-

d6) δ 150.6, 146.6, 146.2, 144.2, 144.0, 139.0, 132.0, 130.5, 128.7, 128.5, 128.4, 128.1, 125.7, 

125.3, 125.2, 113.8, 65.7, 31.3, 25.6. IR (KBr, cm−1) ν 3435, 3034, 2976, 2927, 1595, 1579, 

1514, 1488, 1449, 1322, 1267, 1198, 1107, 821, 778, 759. HRMS (ESI) m/z [M + Na]+ calcd 

for C28H24N2O3Na 459.1679; found 459.1679. 

1-(4-nitro-4'-(10H-phenothiazin-10-yl)-[1,1'-biphenyl]-3-yl)ethan-1-ol (8e). 

Hexane/EtOAc = 4:1. Orange solid (83%). 1H NMR (400 MHz, CDCl3) δ 8.14 (d, J = 2.0 

Hz, 1H), 8.07 (d, J = 8.5 Hz, 1H), 7.82 (d, J = 8.4 Hz, 2H), 7.68 (dd, J = 8.5, 2.0 Hz, 1H), 
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7.47 (d, J = 8.4 Hz, 2H), 7.11 (dd, J = 7.4, 1.7 Hz, 2H), 6.99 – 6.84 (m, 4H), 6.43 (dd, J = 

8.0, 1.3 Hz, 2H), 5.57 (q, J = 6.3 Hz, 1H), 2.41 (br, 1H), 1.65 (d, J = 6.3 Hz, 3H). 13C{1H} 

NMR (100 MHz, CDCl3) δ 146.6, 145.7, 143.8, 142.4, 142.2, 137.8, 129.6, 129.5, 127.2, 

127.1, 126.4, 126.2, 125.5, 123.3, 122.4, 117.7, 65.9, 24.6. IR (KBr, cm−1) ν 3436, 3062, 

2975, 2928, 1605, 1588, 1515, 1461, 1443, 1342, 1309, 1259, 1105, 911, 829, 746. HRMS 

(ESI) m/z [M + Na]+ calcd for C26H20N2O3SNa 463.1087; found 463.1088. mp 134–136°C. 

1-(4'-(diphenylamino)-3-nitro-[1,1'-biphenyl]-4-yl)ethan-1-ol (9e). Hexane/EtOAc = 9:1. 

Orange oil (83%). 1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 1.7 Hz, 1H), 7.90 – 7.80 (m, 

2H), 7.47 (d, J = 8.7 Hz, 2H), 7.33 – 7.26 (m, 4H), 7.18 – 7.11 (m, 6H), 7.11 – 7.04 (m, 2H), 

5.44 (q, J = 6.3 Hz, 1H), 2.35 (br, 1H), 1.61 (d, J = 6.4 Hz, 3H). 13C{1H} NMR (100 MHz, 

CDCl3) δ 148.5, 148.4, 147.4, 141.1, 138.9, 131.6, 131.4, 129.5, 128.2, 127.8, 125.0, 123.6, 

123.4, 122.1, 65.6, 24.3. IR (KBr, cm−1) ν 3435, 3035, 2974, 2928, 1708, 1591, 1514, 1488, 

1351, 1331, 1280, 1105, 1072, 826, 754, 697. HRMS (APCI) m/z [M]− calcd for C26H22N2O3 

410.1636; found 410.1638. 

1-(4'-(bis(4'-nitro-[1,1'-biphenyl]-4-yl)amino)-3-nitro-[1,1'-biphenyl]-4-yl)ethan-1-ol 

(10e). Hexane/CH2Cl2 = 1:2. Red solid (78%). 1H NMR (400 MHz, CDCl3) δ 8.30 (d, J = 

8.8 Hz, 4H), 8.12 (d, J = 1.7 Hz, 1H), 7.94 – 7.84 (m, 2H), 7.74 (d, J = 8.8 Hz, 4H), 7.62 – 

7.55 (m, 6H), 7.29 (d, J = 8.6 Hz, 6H), 5.47 (q, J = 6.3 Hz, 1H), 2.34 (s, 1H), 1.62 (d, J = 6.4 

Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 148.4, 147.9, 147.3, 146.9, 146.8, 140.7, 139.4, 

133.6, 133.5, 131.6, 128.6, 128.4, 128.3, 127.2, 125.2, 124.7, 124.3, 122.3, 65.6, 24.4. IR 

(KBr, cm−1) ν 3037, 2928, 1590, 1513, 1483, 1341, 1285, 1189, 1109, 855, 827, 793, 755, 
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733, 693, 656. HRMS (APCI) m/z [M]− calcd for C38H28N4O7 652.1964; found 652.1975. mp 

128–132°C. 

1-(4'-(9H-carbazol-9-yl)-3-nitro-[1,1'-biphenyl]-4-yl)ethan-1-ol (11e). Hexane/EtOAc = 

4:1. Yellow solid (85%). 1H NMR (400 MHz, CDCl3) δ 8.23 (s, 1H), 8.17 (d, J = 7.6 Hz, 

2H), 8.01 – 7.95 (m, 2H), 7.84 (d, J = 8.6 Hz, 2H), 7.71 (d, J = 8.6 Hz, 2H), 7.51 – 7.41 (m, 

4H), 7.35 – 7.29 (m, 2H), 5.51 (qd, J = 6.3, 3.8 Hz, 1H), 2.34 (d, J = 3.7 Hz, 1H), 1.66 (d, J 

= 6.4 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 148.3, 140.7, 140.5, 140.0, 138.1, 137.2, 

131.9, 128.5, 128.4, 127.6, 126.2, 123.6, 122.7, 120.5, 120.3, 109.8, 65.6, 24.4. IR (KBr, 

cm−1) ν 3056, 2977, 1604, 1518, 1451, 1351, 1318, 1229, 1172, 1104, 1069, 830, 794, 751, 

724. HRMS (APCI) m/z [M + H]+ calcd for C26H21N2O3 409.1547; found 409.1542. mp 148–

150°C. 

Step 2: To a solution of 1e (1.0 mmol) and NaH (8.0 mmol) in dry DMF (10 mL) at 0°C 

was added 2-bromoethyl ethyl ether (8.0 mmol) dropwise. The temperature was slowly raised 

to room temperature, and the reaction mixture was stirred overnight. The reaction mixture 

was diluted with ethyl acetate and washed with water. The organic layer was dried over 

Na2SO4, and the solvent was removed under reduced pressure. The residue was purified by 

silica gel column chromatography to give the desired product 1d. 

3'-(1-(2-ethoxyethoxy)ethyl)-4'-nitro-N,N-diphenyl-[1,1'-biphenyl]-4-amine (1d). 

Hexane/EtOAc = 9:1. Red oil (82%). 1H NMR (400 MHz, CDCl3) δ 8.06 (d, J = 2.0 Hz, 1H), 

8.04 (d, J = 8.6 Hz, 1H), 7.61 – 7.51 (m, 3H), 7.34 – 7.26 (m, 4H), 7.19 – 7.10 (m, 6H), 7.11 

– 7.04 (m, 2H), 5.19 (q, J = 6.3 Hz, 1H), 3.65 – 3.44 (m, 6H), 1.58 (d, J = 6.3 Hz, 3H), 1.15 

(t, J = 7.0 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 148.8, 147.4, 146.6, 146.3, 141.2, 
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132.1, 129.6, 128.3, 125.57, 125.55, 125.5, 125.1, 123.7, 123.2, 74.0, 70.0, 68.8, 66.8, 24.0, 

15.3. IR (KBr, cm−1) ν 3035, 2974, 2867, 1590, 1514, 1489, 1329, 1283, 1180, 1106, 875, 

825, 754, 698, 619, 526. HRMS (ESI) m/z [M + Na]+ calcd for C30H30N2O4Na 505.2098; 

found 505.2093. 

N,N-di([1,1'-biphenyl]-4-yl)-3'-(1-(2-ethoxyethoxy)ethyl)-4'-nitro-[1,1'-biphenyl]-4-

amine (3d). Hexane/EtOAc = 4:1. Red oil (80%). 1H NMR (400 MHz, CDCl3) δ 8.09 (d, J = 

2.1 Hz, 1H), 8.05 (d, J = 8.6 Hz, 1H), 7.64 – 7.57 (m, 7H), 7.55 (d, J = 8.7 Hz, 4H), 7.48 – 

7.41 (m, 4H), 7.37 – 7.31 (m, 2H), 7.28 – 7.23 (m, 6H), 5.20 (q, J = 6.3 Hz, 1H), 3.66 – 3.44 

(m, 6H), 1.59 (d, J = 6.3 Hz, 3H), 1.16 (t, J = 7.0 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) 

δ 148.5, 146.6, 146.2, 141.3, 140.6, 136.5, 132.6, 128.9, 128.4, 128.2, 127.2, 126.9, 125.7, 

125.6, 125.5, 125.1, 123.7, 74.0, 70.0, 68.9, 66.8, 24.0, 15.3. IR (KBr, cm−1) ν 3030, 2974, 

2866, 1713, 1597, 1514, 1484, 1323, 1294, 1180, 1106, 875, 831, 763, 731, 698. HRMS 

(APCI) m/z [M + H]+ calcd for C42H39N2O4 635.2904; found 635.2905. 

N-(9,9-dimethyl-9H-fluoren-2-yl)-N-(3'-(1-(2-ethoxyethoxy)ethyl)-4'-nitro-[1,1'-

biphenyl]-4-yl)-9,9-dimethyl-9H-fluoren-2-amine (4d). Hexane/EtOAc = 4:1. Red solid 

(81%). 1H NMR (400 MHz, acetone-d6) δ 8.16 (d, J = 2.1 Hz, 1H), 8.08 (d, J = 8.6 Hz, 1H), 

7.82 (dd, J = 8.6, 2.1 Hz, 1H), 7.81 – 7.71 (m, 6H), 7.54 – 7.46 (m, 2H), 7.40 (d, J = 2.0 Hz, 

2H), 7.37 – 7.22 (m, 6H), 7.15 (dd, J = 8.2, 2.1 Hz, 2H), 5.15 (q, J = 6.3 Hz, 1H), 3.61 – 3.37 

(m, 6H), 1.53 (d, J = 6.3 Hz, 3H), 1.44 (s, 12H), 1.07 (t, J = 7.0 Hz, 3H). 13C{1H} NMR (100 

MHz, acetone-d6) δ 156.2, 154.5, 149.8, 147.8, 147.7, 146.5, 141.8, 139.7, 135.8, 132.8, 

129.1, 128.0, 127.7, 126.4, 126.14, 126.07, 124.7, 123.8, 123.5, 121.9, 120.5, 120.2, 74.4, 

70.8, 69.5, 66.9, 47.6, 27.3, 24.1, 15.6. IR (KBr, cm−1) ν 2961, 2863, 1599, 1580, 1514, 1448, 
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1344, 1312, 1106, 876, 827, 779, 758, 736, 569. HRMS (ESI) m/z [M + Na]+ calcd for 

C48H46N2O4Na 737.3350; found 737.3351. mp 98–102°C. 

N4-(4'-(dimethylamino)-[1,1'-biphenyl]-4-yl)-N4-(3'-(1-(2-ethoxyethoxy)ethyl)-4'-nitro-

[1,1'-biphenyl]-4-yl)-N4',N4'-dimethyl-[1,1'-biphenyl]-4,4'-diamine (5d). Hexane/CH2Cl2 = 

1:2. Red solid (82%). 1H NMR (400 MHz, CDCl3) δ 8.09 (d, J = 1.8 Hz, 1H), 8.05 (d, J = 

8.6 Hz, 1H), 7.62 – 7.54 (m, 3H), 7.54 – 7.44 (m, 8H), 7.25 – 7.16 (m, 6H), 6.82 (d, J = 8.7 

Hz, 4H), 5.21 (q, J = 6.2 Hz, 1H), 3.67 – 3.44 (m, 6H), 3.01 (s, 12H), 1.60 (d, J = 6.3 Hz, 

3H), 1.17 (t, J = 7.0 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 149.9, 148.8, 146.5, 146.4, 

145.4, 141.2, 136.6, 131.7, 128.8, 128.2, 127.5, 127.2, 125.5, 125.3, 122.9, 113.0, 74.0, 70.0, 

68.8, 66.8, 40.7, 24.0, 15.3. IR (KBr, cm−1) ν 2865, 1733, 1608, 1499, 1444, 1323, 1296, 

1186, 1106, 946, 812, 528. HRMS (ESI) m/z [M + H]+ calcd for C46H49N4O4 721.3748; found 

721.3752. mp 198–202°C. 

3'-(1-(2-ethoxyethoxy)ethyl)-4'-nitro-N,N-bis(4'-nitro-[1,1'-biphenyl]-4-yl)-[1,1'-

biphenyl]-4-amine (2d). Hexane/CH2Cl2 = 1:2. Red solid (89%). 1H NMR (400 MHz, 

CDCl3) δ 8.30 (d, J = 8.8 Hz, 4H), 8.11 (d, J = 2.0 Hz, 1H), 8.06 (d, J = 8.5 Hz, 1H), 7.74 (d, 

J = 8.9 Hz, 4H), 7.68 – 7.57 (m, 7H), 7.32 – 7.27 (m, 6H), 5.20 (q, J = 6.3 Hz, 1H), 3.67 – 

3.43 (m, 6H), 1.59 (d, J = 6.3 Hz, 3H), 1.16 (t, J = 7.0 Hz, 3H). 13C{1H} NMR (100 MHz, 

CDCl3) δ 147.7, 147.5, 146.8, 146.73, 146.70, 145.8, 141.2, 134.0, 133.4, 128.6, 128.5, 127.1, 

125.8, 125.7, 125.4, 124.9, 124.6, 124.2, 73.8, 69.9, 68.7, 66.6, 23.8, 15.2. IR (KBr, cm−1) ν 

2976, 2868, 1591, 1515, 1483, 1341, 1286, 1192, 1109, 855, 829, 755, 733, 554. HRMS 

(ESI) m/z [M + NH4]
+ calcd for C42H40N5O8 742.2871; found 742.2880. mp 84–86°C. 
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9-(3'-(1-(2-ethoxyethoxy)ethyl)-4'-nitro-[1,1'-biphenyl]-4-yl)-9H-carbazole (6d). 

Hexane/EtOAc = 9:1. Yellow solid (81%). 1H NMR (400 MHz, CDCl3) δ 8.23 (d, J = 2.1 Hz, 

1H), 8.17 (d, J = 7.7 Hz, 2H), 8.12 (d, J = 8.5 Hz, 1H), 7.92 (d, J = 8.6 Hz, 2H), 7.75 – 7.67 

(m, 3H), 7.51 – 7.41 (m, 4H), 7.36 – 7.29 (m, 2H), 5.23 (q, J = 6.3 Hz, 1H), 3.74 – 3.44 (m, 

6H), 1.63 (d, J = 6.3 Hz, 3H), 1.19 (t, J = 7.0 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 

147.5, 145.8, 141.4, 140.8, 138.5, 138.0, 129.1, 127.6, 126.6, 126.3, 126.2, 125.5, 123.7, 

120.6, 120.4, 109.9, 74.0, 70.1, 69.0, 66.9, 24.0, 15.3. IR (KBr, cm−1) ν 2974, 2867, 1604, 

1518, 1478, 1451, 1334, 1229, 1174, 1105, 914, 876, 830, 751, 724, 671. HRMS (ESI) m/z 

[M + Na]+ calcd for C30H28N2O4Na 503.1941; found 503.1938. mp 112–116°C. 

5-(3'-(1-(2-ethoxyethoxy)ethyl)-4'-nitro-[1,1'-biphenyl]-4-yl)-10,11-dihydro-5H-

dibenzo[b,f]azepine (7d). Hexane/EtOAc = 9:1. Red oil (83%). 1H NMR (400 MHz, CDCl3) 

δ 8.04 – 7.94 (m, 2H), 7.51 (dd, J = 8.6, 2.1 Hz, 1H), 7.48 – 7.40 (m, 4H), 7.31 – 7.24 (m, 

6H), 6.68 (d, J = 9.0 Hz, 2H), 5.18 (q, J = 6.3 Hz, 1H), 3.61 – 3.39 (m, 6H), 3.02 (s, 4H), 

1.55 (d, J = 6.3 Hz, 3H), 1.13 (t, J = 7.0 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 149.9, 

146.7, 146.1, 143.1, 141.2, 138.3, 131.2, 129.9, 128.1, 127.8, 127.6, 127.4, 125.5, 125.0, 

124.9, 113.2, 74.0, 70.0, 68.8, 66.8, 30.9, 23.9, 15.2. IR (KBr, cm−1) ν 2926, 1596, 1580, 

1515, 1488, 1449, 1322, 1198, 1106, 875, 821, 778, 757, 646. HRMS (ESI) m/z [M + Na]+ 

calcd for C32H32N2O4Na 531.2254; found 531.2255. 

10-(3'-(1-(2-ethoxyethoxy)ethyl)-4'-nitro-[1,1'-biphenyl]-4-yl)-10H-phenothiazine (8d). 

Hexane/EtOAc = 9:1. Yellow solid (80%). 1H NMR (400 MHz, CDCl3) δ 8.18 (d, J = 2.1 

Hz, 1H), 8.10 (d, J = 8.5 Hz, 1H), 7.88 (d, J = 8.6 Hz, 2H), 7.68 (dd, J = 8.5, 2.1 Hz, 1H), 

7.47 (d, J = 8.6 Hz, 2H), 7.09 (dd, J = 7.4, 1.7 Hz, 2H), 6.96 – 6.84 (m, 4H), 6.39 (dd, J = 
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8.0, 1.3 Hz, 2H), 5.20 (q, J = 6.3 Hz, 1H), 3.69 – 3.44 (m, 6H), 1.61 (d, J = 6.3 Hz, 3H), 1.17 

(t, J = 7.0 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 147.4, 145.7, 143.9, 142.3, 141.3, 

138.0, 130.0, 129.7, 127.2, 127.0, 126.5, 126.3, 125.5, 123.2, 122.0, 117.3, 73.9, 70.1, 68.9, 

66.8, 24.0, 15.3. IR (KBr, cm−1) ν 2974, 2867, 1589, 1516, 1461, 1443, 1345, 1309, 1259, 

1105, 875, 830, 746. HRMS (ESI) m/z [M + Na]+ calcd for C30H28N2O4SNa 535.1662; found 

535.1661. mp 128–130°C. 

4'-(1-(2-ethoxyethoxy)ethyl)-3'-nitro-N,N-diphenyl-[1,1'-biphenyl]-4-amine (9d). 

Hexane/EtOAc = 9:1. Yellow oil (87%). 1H NMR (400 MHz, CDCl3) δ 8.08 (d, J = 1.4 Hz, 

1H), 7.87 – 7.78 (m, 2H), 7.47 (d, J = 8.7 Hz, 2H), 7.32 – 7.26 (m, 4H), 7.21 – 7.10 (m, 6H), 

7.10 – 7.04 (m, 2H), 5.08 (q, J = 6.3 Hz, 1H), 3.63 – 3.40 (m, 6H), 1.57 (d, J = 6.4 Hz, 3H), 

1.21 (t, J = 7.0 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 149.1, 148.4, 147.5, 141.1, 

138.0, 131.8, 131.5, 129.6, 128.5, 127.8, 125.0, 123.6, 123.4, 122.0, 73.7, 69.9, 68.7, 66.8, 

23.8, 15.3. IR (KBr, cm−1) ν 2924, 2855, 1591, 1515, 1486, 1461, 1352, 1279, 1105, 885, 

825, 794, 754, 697, 511. HRMS (ESI) m/z [M + NH4]
+ calcd for C30H34N3O4 500.2544; found 

500.2546. 

4'-(1-(2-ethoxyethoxy)ethyl)-3'-nitro-N,N-bis(4'-nitro-[1,1'-biphenyl]-4-yl)-[1,1'-

biphenyl]-4-amine (10d). Hexane/CH2Cl2 = 1:2. Red solid (82%). 1H NMR (400 MHz, 

CDCl3) δ 8.30 (d, J = 8.8 Hz, 4H), 8.12 (d, J = 1.6 Hz, 1H), 7.91 – 7.84 (m, 2H), 7.74 (d, J = 

8.8 Hz, 4H), 7.63 – 7.54 (m, 6H), 7.29 (d, J = 8.6 Hz, 6H), 5.10 (q, J = 6.3 Hz, 1H), 3.63 – 

3.42 (m, 6H), 1.58 (d, J = 6.3 Hz, 3H), 1.21 (t, J = 7.0 Hz, 3H). 13C{1H} NMR (100 MHz, 

CDCl3) δ 149.1, 147.9, 147.3, 147.0, 146.8, 140.7, 138.6, 133.9, 133.6, 131.6, 128.7, 128.6, 

128.3, 127.3, 125.3, 124.7, 124.4, 122.2, 73.7, 69.9, 68.8, 66.8, 23.8, 15.3. IR (KBr, cm−1) ν 



104 

 

2975, 2867, 1590, 1513, 1483, 1340, 1285, 1188, 1108, 855, 828, 794, 755, 733, 694, 553. 

HRMS (ESI) m/z [M + Na]+ calcd for C42H36N4O8Na 747.2425; found 747.2430. mp 91–

95°C. 

9-(4'-(1-(2-ethoxyethoxy)ethyl)-3'-nitro-[1,1'-biphenyl]-4-yl)-9H-carbazole (11d). 

Hexane/EtOAc = 9:1. Yellow oil (85%). 1H NMR (400 MHz, CDCl3) δ 8.24 (s, 1H), 8.17 (d, 

J = 7.7 Hz, 2H), 7.99 – 7.92 (m, 2H), 7.84 (d, J = 8.4 Hz, 2H), 7.71 (d, J = 8.4 Hz, 2H), 7.51 

– 7.41 (m, 4H), 7.36 – 7.28 (m, 2H), 5.15 (q, J = 6.3 Hz, 1H), 3.67 – 3.45 (m, 6H), 1.62 (d, 

J = 6.3 Hz, 3H), 1.24 (t, J = 7.0 Hz, 3H). 13C{1H} NMR (100 MHz, CDCl3) δ 149.0, 140.7, 

140.4, 139.1, 138.1, 137.4, 131.9, 128.8, 128.5, 127.6, 126.2, 123.6, 122.6, 120.5, 120.3, 

109.8, 73.7, 69.9, 68.8, 66.7, 23.8, 15.3. IR (KBr, cm−1) ν 2974, 2866, 1604, 1519, 1479, 

1451, 1354, 1318, 1229, 1172, 1105, 830, 795, 751, 724, 533. HRMS (ESI) m/z [M + Na]+ 

calcd for C30H28N2O4Na 503.1941; found 503.1937. 
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In a round-bottom flask, tris(4-bromophenyl)amine94 (1.0 mmol), 2095 (2.0 mmol), 

Pd(PPh3)4 (0.10 mmol) and K2CO3 (4.0 mmol) was mixed in toluene/EtOH/H2O (2:1:1, 8 

mL). The reaction mixture was degassed by bubbling with N2 and stirred at 80°C in an oil 

bath for 4h. The solvent was removed under reduced pressure, and the residue was purified 

by silica gel column chromatography (hexane/CH2Cl2 = 2:1) to give the desired product 5f 

as a red solid (41%). 

N4-(4-bromophenyl)-N4-(4'-(dimethylamino)-[1,1'-biphenyl]-4-yl)-N4',N4'-dimethyl-

[1,1'-biphenyl]-4,4'-diamine (5f). 1H NMR (400 MHz, CDCl3) δ 7.51 – 7.44 (m, 8H), 7.34 

(d, J = 8.9 Hz, 2H), 7.13 (d, J = 8.6 Hz, 4H), 7.02 (d, J = 8.9 Hz, 2H), 6.82 (d, J = 8.4 Hz, 

4H), 3.00 (s, 12H). 13C{1H} NMR (100 MHz, CDCl3) δ 149.7, 147.1, 145.5, 136.2, 132.2, 

128.8, 127.4, 127.1, 125.0, 124.8, 114.5, 113.0, 40.7. IR (KBr, cm−1) ν 3028, 2884, 1608, 

1498, 1442, 1353, 1317, 1286, 1224, 1165, 1068, 1009, 944, 809, 718, 513. HRMS (ESI) m/z 

[M + H]+ calcd for C34H33N3Br 562.1852; found 562.1854. mp 210–214°C.  
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In a round-bottom flask, 1-bromo-3-nitrobenzene (1.0 mmol), bis(pinacolato)diboron 

(1.2 mmol), AcOK (3.0 mmol) and Pd(dppf)Cl2.CH2Cl2 (0.05 mmol) was mixed in 1,4-

dioxane (4 mL). The reaction mixture was degassed by bubbling with N2 and stirred at 80°C 

in an oil bath overnight. The reaction mixture was filtered, and the filtrate was removed under 

reduced pressure. The residue was purified by silica gel column chromatography 

(hexane/EtOAc = 4:1) to give the desired product 17 as a white solid (84%). 1H NMR (400 

MHz, CDCl3) δ 8.64 (s, 1H), 8.32 – 8.27 (m, 1H), 8.12 – 8.07 (m, 1H), 7.57 – 7.51 (m, 1H), 

1.37 (s, 12H). Data are in agreement with those reported in the literature96. 

 

In a round-bottom flask, compound 2157 (1.0 mmol), bis(pinacolato)diboron (1.2 mmol), 

AcOK (3.0 mmol) and Pd(dppf)Cl2.CH2Cl2 (0.05 mmol) was mixed in 1,4-dioxane (4 mL). 

The reaction mixture was degassed by bubbling with N2 and stirred at 80°C in an oil bath 

overnight. The reaction mixture was filtered, and the filtrate was removed under reduced 

pressure. The residue was purified by silica gel column chromatography (hexane/EtOAc = 

4:1) to give the desired product 18 as a white solid (85%).  
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1-(2-nitro-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)ethan-1-ol (18). 1H 

NMR (400 MHz, CDCl3) δ 8.22 (s, 1H), 7.83 (s, 2H), 5.41 – 5.35 (m, 1H), 2.27 (d, J = 4.1 

Hz, 1H), 1.60 (d, J = 6.4 Hz, 3H), 1.36 (s, 12H). 13C{1H} NMR (100 MHz, CDCl3) δ 149.8, 

139.6, 134.4, 134.1, 123.2, 84.7, 65.7, 25.0, 24.9, 24.4. IR (KBr, cm−1) ν 3513, 2979, 1524, 

1346, 1291, 1140, 1103, 963, 833, 710. HRMS (ESI) m/z [M + Na]+ calcd for C14H20BNO5Na 

316.1327; found 316.1331. mp 70–74°C. 

 

To a solution of compound 2297 (1.0 mmol) in methanol (10 mL) at 0°C was added 

NaBH4 (1.2 mmol) portionwise. The temperature was slowly raised to room temperature, and 

the reaction mixture was stirred for 1h. Methanol was removed under reduced pressure, and 

the residue was dissolved in CH2Cl2 and washed with water. The organic layer was dried over 

Na2SO4, and the solvent was removed under reduced pressure to give the desired product 19 

as a yellow oil (98%) without further purification.  

1-(4-bromo-2-nitrophenyl)ethan-1-ol (19). 1H NMR (400 MHz, CDCl3) δ 8.05 (d, J = 1.7 

Hz, 1H), 7.80 – 7.72 (m, 2H), 5.40 (q, J = 6.3 Hz, 1H), 2.19 (br, 1H), 1.55 (d, J = 6.4 Hz, 

3H). 13C{1H} NMR (100 MHz, CDCl3) δ 148.1, 140.2, 136.7, 129.4, 127.2, 121.2, 65.4, 24.4. 

IR (KBr, cm−1) ν 3392, 1530, 1349, 1276, 1088, 1067, 1010, 898, 835, 777, 547. HRMS 

(APCI) m/z [M]− calcd for C8H8BrNO3 244.9693; found 244.9699. 
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1H NMR (400MHz, CDCl3) 

 
13C{1H} NMR (100MHz, CDCl3) 
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1H NMR (400MHz, CDCl3)  

 

13C{1H} NMR (100MHz, CDCl3) 
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, acetone-d6)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, acetone-d6)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3) 
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, acetone-d6) 
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, acetone-d6) 
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3) 
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, acetone-d6)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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1H NMR (400MHz, CDCl3)  
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Chapter 4 

Conclusion and outlook 
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The π-extended systems suffer from the loss of quantum efficiencies, although they may 

induce the bathochromic shift of absorption spectra and enhance the 2P responses. We also 

successfully observed the uncaging of Ca2+ from the calcium chelator of an octupolar 

chromophore. On the other hand, the cyclic structures of the diarylamino moiety could 

increase the photoreaction quantum yield. This was due to the destabilization of CT transition 

and preservation of local n–π* excitation, which is essential for achieving efficient photo-

uncaging. This study can contribute to improving the understanding of factors affecting 

uncaging quantum yield and the need to balance optical properties and quantum efficiencies 

to accelerate the evolution of high-quality PPGs for proficient applications in physiological 

and therapeutic research. 
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