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Summary 

Although numerous fluorophores were reported in the previous studies, development 

of multifunctional fluorophores and understanding the fundamental photophysical 

mechanisms are still desired to construct future analytical tools and functional 

luminophores. In this thesis, the author concentrates on constructing multifunctional 

fluorophores based on aminonaphthalimide which serve as fluorescent probes for 

microenvironments and a specific analyte. The followings are the summaries of the 

present studies. 

In Chapter 2, synthesis of a series of amino-substituted 1,8-naphthalimide derivatives 

at the 2-, 3-, and 4-positions of the naphthalene ring (2APNI, 3APNI, and 4APNI, 

respectively, see Figure 1 for chemical structures) and their fluorescence behavior in 

various solvents were described.  

 

Figure 1. Chemical structures of 2APNI, 3APNI and 4APNI. 

Upon increasing solvent polarity, the fluorescence band of 2APNI only slightly 

red-shifted from 420 nm in hexane to 445 nm in DMSO and the fluorescence color 

almost unchanged in various solvent. Thus, 2APNI was insensitive to the solvent 

polarity due to the presence of intramolecular hydrogen bonding and effective 

conjugation between the amino moiety and the imide part. In contrast, the fluorescence 

band significantly red-shifted from 429 nm (blue) to 564 nm (orange-yellow) for 

3APNI and from 460 nm (blue) to 538 nm (yellow) for 4APNI with increasing solvent 

polarity from hexane to MeOH. It was first reveled that 2APNI displayed no response 

to microenvironment of the solvents. The solid fluorescence behavior of the three 

isomers were also studied.  
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In Chapter 3, synthesis and fluorescence properties of 2,3-naphthalimide derivatives 

incorporating trifluoroacetamido and methansulfonamido functionalities at the 1-

position of the naphthalene ring (1ANI-TfAc and 1ANI-Ms, respectively, see Figure 2 

for chemical structures) are described.  

 
Figure 2. Chemical structures of 1ANI-TfAc and 1ANI-Ms. 

In toluene and MeCN, 1ANI-TfAc displayed a single fluorescence emission band 

at ca. 415 nm which was assigned to the normal fluorescence. In contrast, 1ANI-Ms 

exhibited dual emission bands at around 423 and 538 nm which were respectively 

assigned to normal fluorescence and intramolecular excited state proton transfer 

(ESIPT) fluorescence. In DMSO, the emission band of 1ANI-TfAc appeared at ca. 506 

nm which is obviously different from those observed in toluene and MeCN. The 506-

nm emission band was identical with that of amidate form, 1ANI-TfAc−, which was 

produced by adding a base to the solution of 1ANI-TfAc in MeCN. Therefore, the 

emission band was assigned to the amidate form 1ANI-TfAc− which was produced by 

spontaneous deprotonation in DMSO. In the case of 1ANI-Ms, dual emission bands 

were observed at 411 and 511 nm which were respectively assigned to amide form and 

the amidate form 1ANI-Ms−. Additionally, their fluorescence responses to metal ions 

were studied in the presence of a base in MeCN. After the addition of various metal 

ions, 1ANI-TfAc− exhibited no significant change in absorption and fluorescence 

spectra. In contrast, 1ANI-Ms− displayed an appreciably enhanced emission band at 

480 nm only in the presence of Ca2+, and the fluorescence color changed from yellow 

to cyan. Therefore, 1ANI-Ms− showed unique selectivity for Ca2+ among the metal ions 

used. Thus, 1ANI-Ms would serve as fluorescent probe for Ca2+ ions. 

In Chapter 4, synthesis of a series of 2,3-naphthalimide derivatives incorporating 

methansulfonamido and trifluorosulfonamido functionalities (ANI-Ms’s and ANI-Tf’s, 
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respectively, see Figure 3 for chemical structures) at the 5-, and 6-positions of the 

naphthalene ring and their fluorescence properties are described. 

 

Figure 3. Chemical structures of ANI-Ms’s and ANI-Tf’s. 

Upon increasing solvent polarity from toluene to MeCN, the emission band of 

ANI-Ms’s red-shifted from 418 to 445 nm for 5ANI-Ms and 405 nm to 422 nm for 

6ANI-Ms due to their ICT features. In DMSO, ANI-Ms’s showed dual emission bands 

at 457, 636 nm for 5ANI-Ms and 439, 598 nm for 6ANI-Ms. The longer wavelength 

band and the shorter wavelength band were respectively assigned to their protonated 

and deprotonated forms arising from the partial deprotonation in the solvent. In the case 

of ANI-Tf’s, a single emission band appeared at ca. 400 nm in toluene which was 

assigned to the normal fluorescence. Similarly, dual emission bands were observed at 

412, 552 nm for 5ANI-Tf and 402, 525 nm for 6ANI-Tf in MeCN. The shorter and 

longer wavelength emission bands were respectively assigned to their protonated and 

deprotonated forms. In DMSO, a single emission band was observed for 5ANI-Tf (552 

nm) and 6ANI-Tf (523 nm). The emission band was assigned to their deprotonated 

forms. Moreover, the fluorescence responses of ANI-Ms’s and ANI-Tf’s to metal ions 

in the presence of base was also investigated in MeCN. After adding various metal ions, 

6ANI-Ms− and 6ANI-Tf− displayed no appreciable change in their fluorescence spectra. 

In contrast, in the absorption spectra of 5ANI-Ms− and 5ANI-Tf−, a new broad band 

was appeared at 521 nm for 5ANI-Ms− and 552 nm for 5ANI-Tf− after addition of Cu2+. 

Accordingly, the fluorescence of 5ANI-Ms− and 5ANI-Tf− was efficiently quenched 

by Cu2+ and their solution color changed from yellow to pink for 5ANI-Ms and 

colorless to pink for 5ANI-Tf. The color changes were clearly detected by naked eyes. 

Therefore, 5ANI-Ms and 5ANI-Tf showed selective response to Cu2+ among the metal 

ions used and they would serve as fluorometric and colorimetric probe for Cu2+.
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1.1 Principle of fluorescence 

Conventionally, photophysical processes, such as light absorption and emission, are 

described by the classical Jablonski energy diagram[1], which was first proposed in 1933 

by the Polish physicist Alexander Jablonski[2]. Later, the Jablonski diagram was further 

improved by the French physicists Jean Perrin and Francis Perrin[3]. Therefore, the 

modified descriptions are referred as Perrin–Jablonski diagram (Figure 1-1).  

  

Figure 1-1. Perrin–Jablonski diagram for absorption, fluorescence and phosphorescence involving 

vibrational relaxation, internal conversion and intersystem crossing processes.[4] 

As shown in Figure 1-1, after absorption of energy (light), a molecule is promoted 

from the singlet ground state S0 to excited singlet states Sn (n ≥ l). The electronic 

transition process is very fast in ca. 10–15 s time domain. Within the time of the 

electronic transition, the excited molecule keeps original nuclear positions and 

geometry because the molecule does not have enough time for molecular vibrations 

(10–10–10–12 s). The state is referred as the Franck–Condon state. Excited molecule in 

higher excited state, Sn (n > 1), will go back to the first excited singlet state S1 through 

internal conversion in 10–12–10–10 s time domain. Subsequently, the excited molecule in 

S1 state returns to the S0 state by giving off fluorescence in 10–10–10–7 s time domain. 
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Generally, fluorescence emission is produced from the S1 state. 

There are another competitive photophysical processes with fluorescent decay. One 

possible non-radiative pathway is internal conversion for which the possibility is 

generally not high due to large energy gap between S1 and S0 states. Another possible 

non-radiative pathway is intersystem crossing from S1 state to triplet state Tn. 

Phosphorescence is photoemission given off through a transition from the first excited 

triplet state T1 to S0 state.  

1.2 Photophysical mechanisms for modifying fluorescence 

Many fundamental photophysical mechanisms have been employed to construct 

multifunctional fluorophores, such as intramolecular charge transfer (ICT)[5], excited-

state intramolecular proton transfer (ESIPT)[6], photoinduced electron transfer (PET)[7], 

Förster resonance energy transfer (FRET)[8] and aggregation-induced emission (AIE)[9]. 

In this section, the author focuses on ICT and ESIPT fluorophores and their applications 

as the background of the present studies. 

1.2.1 Intramolecular charge transfer (ICT) 

Chromophores incorporating an electron-donating group (D) and an electron-

accepting functionality (A) connected with a conjugated π-system, possess 

intramolecular charge transfer (ICT) character. The electron distribution of an ICT 

chromophore is different between in the ground state and in the excited state, thus, 

dipole moment of the molecule in the excited state (μg) is much greater than that of the 

ground state (μg) (Figure 1-2).[10] 

 

Figure 1-2. Photo-induced charge separation of ICT fluorophores. 
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In a condensed medium, natures of excited molecules are affected by the local 

environment, i.e., solvation. Consequently, the ICT molecules in the excited state are 

more stabilized in more polar solvents. It is, thus, generally expected that fluorescence 

spectra of ICT fluorophores red-shift upon increasing solvent polarity, displaying 

significant positive solvatofluorochromism and multicolor fluorescence depending on 

microenvironment of the solvents. Therefore, ICT fluorophores have been widely used 

as solvent-sensitive fluorescent probes.[5,11] Representative ICT fluorophores (see 

Figure 1-3 for chemical structures) are 4,6-propionyl-2-(N,N-

dimethyl)aminonaphthalene (PRODAN)[12], 7-aminocoumarin[13], 4-aminophthalimide 

(4AP)[14], 4-amino-1,8-naphthalimide[15] and 7-diethylamino-9,9-dimethyl-9H-

fluorene-2-carbaldehyde (FR0)[16] and their derivatives. 

 

Figure 1-3. Chemical structures of representative ICT fluorophores. 

4-Aminophthalimide (4AP) and its derivatives are typical ICT fluorophores and 

they have been widely employed as environment-sensitive fluorescence probes (see 

Figure 1-4 for chemical structures). Their fluorescence properties are known to be 

sensitive toward the local environments, such as solvent polarity and hydrogen 

bonding.[14]  

 

Figure 1-4. Chemical structures of 4AP based environment-sensitive probes.[14] 
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Furthermore, a fluorometric and colorimetric probe 4-

trifluoroacetylaminophthalimide (4TAP) for iodide ions was reported.[17] After addition 

of halide ions, the probe displayed selective response to iodide ions accompanied by 

fluorescence color changes from blue to green upon 254 nm irradiation in MeCN. The 

response was induced by formation of the amidate anion 4TAP− (Figure 1-5).  

 

Figure 1-5. Response of 4TAP for iodide ions upon 254 nm irradiation in MeCN.[17] 

4-Amino-1,8-naphthalimide is one of the most common ICT fluorophores, and its 

derivatives have attracted considerable attention due to their extensive applications as 

DNA targeting, coloring reagents, fluorescent probes and bio-imaging, as well as 

antitumor drugs or agents (Figure 1-6).[18,19] 3-Amino-1,8-naphthalimide is an isomer 

of 4-amino-1,8-naphthalimide with ICT character and its derivatives have been broadly 

employed as chemo-sensors and anticancer agents (Figure 1-6).[19,20] 

 

Figure 1-6. Chemical structures of amino-substituted 1,8-naphthalimide based ICT fluorophores 

and their applications. 

Recently, fluorescence behavior of a series of amino-substituted 2,3-naphthalimide 

derivatives (ANIs, see Figure 1-7 for chemical structures) were systematically 
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investigated in various solvents.[21] Upon increasing solvent polarity, the fluorescence 

spectra of 1ANI showed no appreciable fluorescence response. Thus, 1ANI is 

insensitive to solvent polarity due to the presence of intramolecular hydrogen bonding 

and effective conjunction interaction between the amino fuctionality and the imide 

moiety.  

 

Figure 1-7. Chemical structures of amino-substituted 2,3-naphthalimides (ANIs).[21] 

In contrast, 5ANI and 6ANI showed significant solvent-dependent fluorescence 

behavior with marked positive solvatofluorochromism arising from their ICT features 

in the excited state. Multicolour fluorescence covering entire visible region was 

observed for 5ANI and 6ANI by changing solvent polarity. These results revealed that 

the substitution positions of the amino functionality significantly affected the 

fluorescence properties of ANIs. 

1.2.2 Excited-state intramolecular proton transfer (ESIPT) 

Excited-state intramolecular proton transfer (ESIPT) is an important 

photochemical process.[6,22] Generally, the structure of an ESIPT fluorophore 

incorporates proton donor and acceptor moieties. In the excited state, the proton 

migrates from the donor part to the acceptor moiety. This phototautomerization process 

is extremely fast (k >1012 s−1)[6]. Dual emission bands are often observed in ESIPT 

fluorophore (Figure 1-8).  ESIPT fluorescence band generally displays very large 

Stokes shift (6,000–10,000 cm−1) because S0-S1 energy gap is quite different between 

the normal and tautomer forms.[23] Additionally, intensity ratio of the normal and ESIPT 

emission bands can be tuned by chemical modification of the fluorophores. Thus, the 

fluorescence color tuning of ESIPT fluorophores is possible. Based on the effective 

fluorescence color tuning, ESIPT fluorophores are of potential materials for light 
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emitting devices.[24-26] 

 

Figure 1-8. Schematic description of an ESIPT cycle.  

According to the types of proton donor (-OH or -NH), ESIPT fluorophores are 

categorized into OH-type and NH-type (see Figure 1-9 for chemical structures). 

Representative OH-type ESIPT fluorophores are 2-(2’-hydroxyphenyl)benzoxazole 

(HBO)[27], 2-(2’-hydroxyphenyl)benzimidazole (HBI)[28], 2-(2’-

hydroxyphenyl)benzothiazole (HBT)[29]. On the other hand, conventional NH-type 

ESIPT fluorophores are 1-(acylamino)anthraquinones (AAQ),[30] 10-

aminobenzo[h]quinoline (ABQ)[31] and 2-(2’-aminophenyl)benzothiazole (ABT)[32]. 

 

Figure 1-9. Chemical structures of representative ESIPT fluorophores.  

Conventionally, ESIPT fluorescence was mainly focused on OH-type ESIPT 

fluorophores and numerous papers have been published. N-H type ESIPT fluorescence 

phenomenon was first observed for 1-(acylamino)anthraquinones (AAQ) in 1991.[30] 
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Since then, N-H type ESIPT fluorophores have been attracted more attention because 

their fluorescence properties can be easily controlled and tuned by modification of the 

substituent on the amino functionality. 

Due to the presence of the acidic proton and intramolecular hydrogen bonding, 

ESIPT fluorophores are sensitive to external stimuli, such as pH, solvent polarity and 

ionic species.[6,33] Therefore, ESIPT fluorophores have been widely used as 

fluorescence probes. Fluorescence response of 3-trifluoroacetylaminophthalimide 

(3TAP) to halide ions and alkaline metal ions was investigated (Figure 1-10). Under 

254 nm irradiation, 3TAP showed selective response to Li+–I– ion pair displaying 

fluorescence color changes from orange-yellow to sky-blue in MeCN. Thus, 3TAP 

would be served as a fluorescent probe for Li+–I– ion pair. 

 

Figure 1-10. ESIPT and Li+–I– ion-pair response of 3TAP. 

Various ESIPT-based fluorescent probes for ionic species, small neutral molecules 

and biomacromolecules have been developed.[6] For example, fluorescein-derived HBI 

and HBT (FH-1[34] and FH-2[35] in Figure 1-11) were employed as fluorescent pH 

probes with large Stokes shifts. The HBT-based derivative HN (Figure 1-11) was used 

as a small and neutral molecular fluorescent probe for the detection of glutathione (GSH) 

and the imaging in HeLa cells.[36] 
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Figure 1-11. Examples of chemosensors using ESIPT fluorophores.  
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Synthesis and fluorescence behavior of a series of amino-

substituted 1,8-naphthalimide derivatives 
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2.1 Introduction 

Recently, development of multifunctional fluorophores has attracted much attention 

due to their potential applications in the fields of fluorescent probes[1-3], chemo-

sensors[4-6], bio-imaging[7-9] and optoelectronic devices[10-12]. Particularly, push-pull 

fluorophores having electron-accepting (A) and electron-donating (D) functionalities 

in a single molecule are highly attractive because their photophysical behavior is 

significantly affected by local environment, e.g. solvent polarity. In solvents of different 

polarities, such fluorophores are expected to display appreciable 

solvatofluorochromism and multicolour fluorescence[13] due to the remarkable 

difference in the electron distribution between in the ground state and the excited state 

through the intramolecular charge transfer (ICT) characters in the emitting state. The 

ICT is a classic and crucial fluorescence mechanism to design and construct 

environment-sensitive fluorescent probes. 

Figure 2-1 shows the mechanism for fluorescence modification of ICT fluorophores 

by micro-environments of solvents[14]. 

 

Figure 2-1. Mechanism of solvatofluorochromism of an ICT fluorophore. 
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Upon photoexcitation, ICT fluorophores produce the charge transfer excited state 

with larger dipole moment compared to the ground state. As a result, the interaction 

between the fluorophores and their surrounding environment, i.e. solvation, is 

significantly different from that of in the ground state. In more polar solvents, the 

excited state fluorophores are more stabilized and their emission bands red-shift to 

longer wavelength region. Thus, ICT fluorophores show significant solvent-dependent 

fluorescence behavior. Conventionally, 4-amino-1,8-naphthalimide[4], 4-

aminophthalimide (4AP)[15], 4,6-propionyl-2-(N,N-dimethyl)aminonaphthalene 

(Prodan)[16] and 7-diethylamino-9,9-dimethyl-9H-fluorene-2-carbaldehyde (FR0)[17] 

are known as representative ICT fluorophores (chemical structures are shown in Figure 

2-2). 

 
Figure 2-2. Chemical structures of representative ICT fluorophores. 

It has been well established that amino-substituted 1,8-naphthalimide derivatives 

are important class of ICT fluorophores due to their unique photophysical properties. 

Among the three possible amino-1,8-naphthalimide derivatives, most studied ones so 

far possess the amino functionality at the 3- and 4-positions of the naphthalene core 

[4,7,18]. Pardo et al.[19] studied the effects of solvents on the photophysical properties of 

3-amino-N-substituted-1,8-naphthalimide derivatives, indicating that their absorption 

and fluorescence spectra significantly red-shifted upon increasing the solvent polarity. 

Alexiou et al.[20] studied the photophysical behavior of amino-substituted 1,8-

naphthalimide and naphthalic anhydride derivatives demonstrating that the alkylamino 

substituted 1,8-naphthalimides and naphthalic anhydrides exhibited strong 

fluorescence with high fluorescence quantum yields. Samanta et al.[21] reported that the 

photophysical features of 4-amino-1,8-naphthalimide derivatives were strongly 

influenced by the nature of the substituted-amino groups and solvent polarity. 
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Recently, Okamoto et al. reported synthesis and fluorescence behavior of a series 

of amino-substituted 2,3-naphthalimide derivatives in various solvents (ANIs, the 

chemical structures are shown in Figure 2-3)[22]. The results indicated that 1ANI 

showed no appreciable fluorescence response to solvent polarity due to efficient 

intramolecular hydrogen bonding and effective conjunction between the amino group 

and the π-system. In contrast, 5ANI and 6ANI displayed marked positive 

solvatofluorochromism displaying multicolour fluorescence covering entire visible 

region upon changing the solvent polarity owing to their ICT character in the excited 

state. These observations clearly indicate that the positions of the amino functionality 

affect the fluorescence behavior of ANIs. 

 

Figure 2-3. Chemical structures of amino-substituted 2,3-naphthalimides (ANIs)[22]. 

Based on the fluorescence characteristics of ANIs, it is expected that fluorescence 

behavior of amino-substituted 1,8-naphthalimides, the isomers of ANIs, could be also 

modified by the amino-substitution positions. Conventionally, 4- and 3-amino-1,8-

naphthalimide derivatives have been utilized as the emitter of probes and sensors[4,7]. 

However, little systematic information is available on the photophysical properties of 

amino-substituted 1,8-naphthalimides in the literature. Furthermore, detailed 

photophysical properties of 2-amino-1,8-naphthalimide have not been investigated so 

far. Therefore, it would be of interest to reveal fluorescence behavior of the series of 

amino-substituted 1,8-naphthalimides to understand the effects of the amino-

substitution positions on their photophysical properties. 

In this chapter, preparation of the series of amino-substituted N-propyl-1,8-

naphthalimide (APNIs, chemical structures are shown in Figure 2-4) and systematic 

investigation of their fluorescence behavior to reveal the effects of the substitution 

positions on their fluorescence behaviors are described. 
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Figure 2-4. Chemical structures of amino-substituted 1,8-naphthalimide derivatives (APNIs) 

investigated in the present study. 

2.2 Synthesis 

Detailed synthetic routes to 2APNI, 3APNI and 4APNI were depicted in Scheme 2-1. 

All new compounds were characterized by 1H NMR, 13C NMR and IR spectroscopy, as 

well as elemental analysis. 

 

Scheme 2-1. Synthetic routes to 2APNI, 3APNI and 4APNI. 

2APNI was first synthesized by the multi-step reaction sequence. N,N'-

Diphenyloxalimidoyl dichloride 1 was prepared according to the previously reported 

procedures[23-26], i.e., a reaction of aniline with oxalyl chloride in the presence of 

phosphorus pentachloride (PCl5) in dry toluene. Compound 1 was used directly in the 
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next reaction without further purification. Then, a Friedel-Crafts reaction between the 

intermediate 1 and 2-methoxynaphthalene 2 in the presence of AlCl3 in dry benzene 

afforded diketone 3 in 48% yield.[27,28] Next, oxidation reaction of diketone 3 with 

hydrogen peroxide (H2O2) under an alkaline condition[29] produced 2-methoxy-1,8-

naphthalic anhydride 4 in excellent yield (94%). Subsequently, reaction of anhydride 4 

with propylamine (PrNH2) in acetic acid gave 2-methoxy-N-propyl-1,8-naphthalimide 

5 in quantitative yield. The methoxy group of compound 5 was converted into the 

phenolic hydroxy group to produce compound 6 through cleavage of the ether moiety 

with boron tribromide (BBr3) in dry CH2Cl2 (93%). Then, compound 6 was reacted 

with trifluoromethanesulfonic anhydride (Tf2O) in the presence of Et3N to obtain 2-

tirifluoromethanesulfonate 7 in 88% yield. Compound 8 was synthesized by 

Buchwald–Hartwig reaction[30] of compound 7 with t-butyl carbamate using Pd2dba3 as 

catalyst, 9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene (XantPhos) as a ligand and 

caesium carbonate (CsCO3) as a base in dry dioxane. Finally, the Boc-protecting group 

of compound 8 was removed with trifluoroacetic acid (CF3COOH) in CH2Cl2 to give 

the desired 2APNI in 61% yield. 

3APNI was prepared by a two-step reaction starting from 3-nitro-1,8-naphthalic 

anhydride 9. Compound 9 was reacted with PrNH2 in acetic acid to give 3-nitro-N-

propyl-1,8-naphthalimide 10 in 93% yield, followed by a reduction of the nitro 

functionality in the presence of H2 and Pd/C to produce 3APNI in 64% yield. 

4APNI was prepared starting from 4-amino-1,8-naphthalimide 11. The imide 

proton of compound 11 was removed by sodium methoxide in DMF to produce sodium 

salt of 4-amino-1,8-naphthalimide, then the sodium salt was reacted with 1-

bromopropane to afford the target compound 4APNI in 61% yield. 
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2.3 Absorption spectra  

Spectral behavior of APNIs was investigated by UV-vis absorption spectroscopy, 

steady-state and time-resolved fluorescence measurements in solvents of various 

polarities. Absorption spectra of APNIs were shown in Figure 2-5 and the 

corresponding photophysical parameters, such as maximum absorption wavelengths 

(𝜆max
Abs ) and molar absorption coefficients (ε), are collected in Table 2-1.  

 

Figure 2-5. Normalized absorption spectra of 2APNI (a), 3APNI (b) and 4APNI (c) in various 

solvents. The vertical black bars present calculated transition wavelengths and oscillator strengths 

at the TD-DFT PBE0/6-311+G(d,p) level in toluene. 
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Table 2-1. Photophysical parameters of APNIs in various solvents 

APNIs Solvent 
𝜆max

Abs (nm)a 

(log ε) 

𝜆max
FL  

(nm)a 

Δṽb 

(cm−1) 
ΦFL

c 
τFL

d 

(ns) 

kR
e 

(107 s−1) 

kNR
f 

(107 s−1) 

2APNI 

Hexane 405 (−g) 420 880 − g − g − g − g  

Toluene 414 (4.05) 433 1060 0.27 1.71 15.8 42.7 

DCM 413 (4.05) 427 790 0.25 −h −h −h 

AcOEt 414 (4.05) 432 1000 0.20 −h −h −h 

MeCN 413 (4.05) 435 1220 0.26 1.74 14.9 42.5 

DMSO 420 (4.11) 445 1340 0.30 −h −h −h 

MeOH 418 (4.10) 442 1290 0.23 1.86 12.4 41.4 

solid state − g 511 − g 0.075 − g − g − g 

3APNI 

Hexane 394 (−g) 429 2070 −g −g −g −g 

Toluene 407 (3.69) 464 3020 0.72 11.7 6.2 2.4 

DCM 408 (3.71) 475 3460 0.73 −h −h −h 

AcOEt 418 (3.43) 495 3720 0.53 −h −h −h 

MeCN 417 (3.68) 510 4370 0.49 17.7 2.8 2.9 

DMSO 438 (3.70) 543 4410 0.68 − h − h − h 

MeOH 425 (3.48) 564 5800 0.23 12.4 1.9 6.2 

solid state − g 571 − g 0.011 − g − g − g 

4APNI 

Hexane 389 (−g) 460 3970 −g −g −g −h  

Toluene 400 (4.09) 482 4250 0.98 8.7 11.2 0.2 

DCM 405 (4.09) 492 4370 0.94 −h −h −h 

AcOEt 414 (4.04) 500 4150 0.70 −h − h −h 

MeCN 416 (4.05) 517 4700 0.58 10.1 5.7 4.2 

DMSO 437 (4.07) 532 4090 0.72 −h −h −h 

MeOH 433 (4.11) 538 4510 0.39 7.3 5.4 8.4 

solid state − g 562 − g 0.018 − g − g − g 

a The spectral measurements were performed under aerated conditions and the concentrations of 

APNIs were 5×10−6 M. 

b Δṽ represents Stokes shift determined by Δṽ = (𝜆max
Abs −1 − 𝜆max

FL −1) ×107 cm−1. 
c The fluorescence quantum yields (ΦFL) were obtained by using coumarin 153 in MeCN as the 

reference (ΦFL = 0.56)[31]. 
dτFL represents fluorescence lifetime. 
e The radiative rate constants (kR) were calculated by equation kR = ΦFL× τFL

−1.  
f The non-radiative rate constants (kNR) were calculated by equation kNR = ΦNR× τFL

−1, ΦNR= 1−ΦFL. 
g Not determined due to low solubility in hexane. 
h Not determined. 

2APNI showed a structured absorption band in the wavelength region of 

405–420 nm in various solvents (Figure 2-5a) accompanied by large ε values (log 
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ε = 4.05–4.10, Table 2-1). The band is thus assigned to π–π* transition. The 

absorption band only slightly red-shifted from 405 nm in hexane to 420 nm in 

DMSO. The solvatochromic shift (∆𝜆max
Abs ) of 15 nm indicated that 2APNI was 

almost insensitive to solvent polarity. Similar solvent independent behavior was 

also observed for 1ANI due to intramolecular hydrogen bonding and effective 

conjunction between the amino moiety and the π system[22]. 

In contrast, 3APNI displayed broad absorption bands in the 394–438 nm 

wavelength region (log ε = 3.43–3.71, Table 2-1) in different solvents (Figure 2-

5b) showing significant red-shift from 394 nm in hexane to 438 nm in DMSO, 

∆𝜆max
Abs  = 44 nm. Similarly, broad absorption band was observed for 4APNI in 

the wavelength region of 389–537 nm (log ε = 4.04–4.11, Table 2-1) in various 

solvents (Figure 2-5c). The absorption band of 4APNI appreciably red-shifted 

from 389 nm in hexane to 537 nm in DMSO (∆𝜆max
Abs  = 48 nm). 

Upon increasing the solvent polarity, the absorption bands of 3APNI and 

4APNI considerably red-shifted (∆𝜆max
Abs  = 44 nm for 3APNI and 48 nm for 

4APNI). In contrast, 2APNI showed only slight red-shift of the absorption band 

(∆𝜆max
Abs  = 15 nm) in various solvents indicating that 2APNI was insensitive to 

solvents polarity. The differences in the solvent sensitivities of APNIs were 

attributed to different polar characteristics among the three APNI isomers in the 

ground state.  

To get an insight into the detailed absorption characteristics of APNIs, their 

electronic features in the ground and excited states were analysed by theoretical 

calculations by DFT method by using the PBE0/6-311+G(d,p) level. The 

calculated ground-state dipole moment (μg) of 4APNI (6.28 D) and 3APNI (4.89 

D) were larger than that of 2APNI (4.92 D). The vertical transition wavelengths 

(T) and oscillator strengths (f) were also calculated by using time-dependent 

density functional theory (TD-DFT) method at the TD-PBE0/6-311+G(d,p) level 

by considering solvent effects of toluene with polarizable continuum model. The 

calculated results are summarized in Table 2-2. The calculated electronic 

transitions of APNIs were compared with their experimental absorption spectra 
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(Figure 2-5). The frontier molecular orbitals of APNIs, highest occupied 

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

are illustrated in Figure 2-6.  

Table 2-2 Electronic transition of APNIs calculated at the TD-DFT PBE0/6-311 +G(d,p) 

level in toluene. 

APNIs HOMO (eV) LUMO (eV) T (nm) a f b Configuration 

2APNI −6.32 −2.25 368 0.2542 HOMO → LUMO 

3APNI −6.28 −2.52 403 0.1452 HOMO → LUMO 

4APNI −6.25 −2.40 392 0.2982 HOMO → LUMO 

a Calculated wavelength for S0 to S1 transition. 

b Calculated oscillator strength.  

The calculated transition wavelengths are in good agreement with the 

experimental absorption bands (Figure 2-5). The first absorption band (S0 → S1 

transition) of APNIs is assigned to the electronic transition of HOMO → LUMO 

with large f values. In the case of 2APNI, the calculated transition wavelength 

(368 nm) is shorter than that for the experimental absorption band (414 nm in 

toluene). The HOMO and LUMO of 2APNI distribute over the entire π-

conjugated system of the naphthalimide and the amino moiety (Figure 2-6). 

Additionally, the calculated results provide an evidence that the amino group of 

2APNI is effectively conjugated with the naphthalimide part. 

For 3APNI, the calculated transition wavelength (403 nm) is close to the 

experimentally observed absorption band at 407 nm in toluene. The HOMO 

localized on the aminonaphthalene moiety whereas the LUMO extend over the 

entire naphthalimide system (Figure 2-6). Therefore, S1 state of 3APNI has an 

ICT character. In the case of 4APNI, the calculated transition wavelength (392 

nm) is consistent with the experimental absorption band at 400 nm in toluene 

with a largest f value (0.2982). Both HOMO and LUMO of 4APNI located over 
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entire aminonaphthalimide moiety (Figure 2-6), indicating the effective 

conjugation between the amino group and the π-conjugation system of the 

naphthalimide moiety. Thus, the S0 → S1 transition of 4APNI is assigned to the 

π → π* transition from polar S0 state to polar S1 state.  

 

Figure 2-6. Frontier molecular orbital surfaces of APNIs (PBE0/6-311 +G(d,p)). 

2.4 Fluorescence properties  

2.4.1  Fluorescence behavior in solution 

Fluorescence spectra of APNIs in various solvents are displayed in Figure 2-7 and the 

photophysical data, such as fluorescence maximum wavelength ( ∆𝜆max
FL  ) and 

fluorescence quantum yield (ΦFL), are summarized in Table 2-1. The ΦFL values were 

determined by using coumarin 153 in MeCN (ΦFL = 0.56)[31] as the reference.  

2APNI showed a structured fluorescence emission band in the wavelength region 

of 420–445 nm and slightly red-shifted from 420 nm in hexane to 445 nm in DMSO 

upon increasing solvent polarity (∆𝜆max
FL   = 25 nm, Figure 2-7a, Table 1). The ΦFL 

values of 2APNI were determined to be in the range of 0.20–0.30 independent to the 

solvents used.  

3APNI and 4APNI displayed broad fluorescence bands in solvents of 

different polarities. The emission bands of 3APNI appreciably red-shifted from 
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429 nm in hexane to 564 nm in MeOH (∆𝜆max
FL  = 135 nm, Figure 2-7b, Table 2-

1). Upon changing solvent polarity, 3APNI, thus, exhibited a marked positive 

solvatofluorochromism accompanied by the fluorescence color change from blue 

in hexane to orange-red in MeOH. The ΦF values of 3APNI decreased with 

increasing solvent polarity in the range of 0.49-0.73 in aprotic solvents. In MeOH, 

fluorescence of 3APNI was more effectively quenched to show ΦF = 0.23. It is 

considered that intermolecular hydrogen bonding interaction between 3APNI 

molecules and protic solvent molecules promoted non-radiative process resulting in 

reduced ΦF value.  

 

Figure 2-7. Normalized fluorescence spectra of 2APNI (a), 3APNI (b) and 4APNI (c) in various 

solvents. 
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4APNI also showed solvent-dependent emission band from 460 nm in 

hexane to 538 nm in MeOH showing appreciable positive 

solvatofluorochromism (∆𝜆max
FL  = 78 nm, Figure 2-7c, Table 2-1). Consequently, 

the fluorescence color altered from blue in hexane to yellow in MeOH. The ΦF 

values of 4APNI was determined to be in the region of 0.58-0.98 in aprotic 

solvents and 0.39 in MeOH. The fluorescence behavior of 3APNI and 4APNI 

was sensitive to solvent polarity due to their ICT character.  

Excitation spectra of APNIs were obtained to confirm the emitting species 

(Figure 2-8). Because the excitation spectra were consistent with the absorption 

spectra, the emission bands are unambiguously assigned to APNIs. 

 
Figure 2-8. Absorption (red lines) and fluorescence excitation (black lines) spectra of 2APNI (a), 

3APNI (b) and 4APNI (c) in various solvents. 
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The existence of intramolecular hydrogen bonding in 2APNI was confirmed 

by FT-IR spectroscopy (Figure 2-9). IR spectra of 3APNI and 4APNI are shown 

in comparation to that of 2APNI.  

 

Figure 2-9. FT-IR spectra of 2APNI (black), 3APNI (red) and 4APNI (blue). 

2APNI showed two absorption bands at 3378 and 3283 cm−1 arising from 

asymmetrical and symmetrical N-H stretching vibrations, respectively. In 

contrast, the vibration bands were respectively observed at 3474 and 3368 cm−1 

for 3APNI, and 3435 and 3352 cm−1 for 4APNI. Obviously, two N-H stretching 

vibration bands (ν(N-H)) of 2APNI were significantly shifted to lower 

wavenumber region compared to those of 3APNI and 4APNI. The differences 

in the ν(N-H) bands were due to the intramolecular hydrogen bonding in 2APNI. 

These IR spectral data of APNIs provide an experimental evidence that the 

existence of intramolecular hydrogen bonding in 2APNI.[32] Therefore, 2APNI 

exhibited solvent-independent fluorescence behavior even in protic solvent. 

The solvent-dependent electronic spectral behavior of APNIs were further 

analyzed by using the Lippert–Mataga equation (eqn 1)[33,34], 
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∆ṽ = ṽA − ṽF = [2(μe – μg)
2 / hc(a0)

3]∆f + k     (1) 

∆f = [(εr −1) / (2εr +1)] – [(n2 −1) / (2n2 +1)]   (2) 

where, ∆ṽ is the Stokes shift determined by difference between maximum 

absorption and emission wavenumbers, ṽA and ṽF respectively denote maximum 

absorption and emission wavenumber, μg and μe respectively denote dipole moment in 

the ground state and excited state, h is the Planck’s constant, c is the light velocity 

in vacuum, k is a constant, a0 is the radius of the Onsagar cavity[35]. Δf denotes 

orientation polarizability of solvent determined by equation (2), where εr and n 

are respectively the static dielectric constant and the refractive index of solvents. 

The a0 of APNIs were obtained from their optimized geometries by the 

theoretical calculations at the DFT PBE0/6-311+G(d,p) level in vacuum, thus, 

the values were determined as half of the average distance between the nitrogen 

atom of the amino group and the two carbonyl oxygen atoms of the imide part[36]: 

3.159 Å for 2APNI, 3.838 Å for 3APNI, and 3.620 Å for 4APNI. 

As shown in Figure 2-10, linear correlations of Lippert-Mataga plots were 

observed for APNIs. Particularly, the experimental data of 3APNI in MeOH was not 

used for the linear fitting because fluorescence of 3APNI was significantly affected by 

intermolecular hydrogen bonding interaction with MeOH. From the slopes in the 

Lippert–Mataga plots of APNIs, the (μe − μg) values were evaluated to be 1.7 D 

for 2APNI, 5.9 D for 3APNI, and 2.4 D for 4APNI. The value obtained for 

4APNI is consistent with that reported one for N-butyl-4-amino-1,8-

naphthalimide (2.4 D) in the previous study[37]. By considering the calculated μg 

values, the μe values of ANPIs were estimated to be 6.62 D for 2APNI, 10.79 D 

for 3APNI and 8.68 D for 4APNI. From the results of Lippert–Mataga plots and 

the calculated results. The fluorescence behavior of three isomers APNIs can be 

summarized into the following three points: (i) Upon increasing solvent polarity, 

emission bands of 2APNI only slightly red-shifted ( ∆𝜆max
FL  = 25 nm) and 

moderate Stokes shifts (790−1340 cm−1) were observed. Correspondingly, 
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fluorescence color almost unchanged due to the small difference in dipole 

moment (μe − μg = 1.7 D) in the ground state and the excited state. (ii) 3APNI 

displayed appreciable red-shift in emission bands as well as very large Stokes 

shifts (2070−5800 cm−1) showing positive solvatofluorochromism. The solvent 

induced multicolour fluorescence was thus derived from the ICT character in the 

excited state. (iii) The emission band of 4APNI exhibited significantly red-

shifted and very large Stokes shifts (3970−4700 cm−1) displaying positive 

solvatofluorochromism (∆𝜆max
FL  = 78 nm). The (μe − μg) value (2.4 D) in 4APNI 

was much smaller than that for 3APNI (5.9 D). It is considered that as the 

absorption and fluorescence bands of 4APNI red-shifted in a parallel manner 

depending on solvent polarity, the difference in the Stokes shift was smaller than 

that for 3APNI. It is concluded that the solvent dependent shift in absorption and 

fluorescence spectra was caused by polar character both in the ground and the 

fluorescent states in 4APNI.  

 

Figure 2-10. Lippert-Mataga plots for 2APNI (■), 3APNI (●), and 4APNI (▲). 
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2.4.2  Photophysical parameters 

The fluorescence decay profiles of APNIs in toluene, MeCN and MeOH are 

displayed in Figure 2-11. 

 

Figure 2-11. Fluorescence decay profiles of 2APNI (a-c), 3APNI (d-f) and 4APNI (g-i) in 

toluene, MeCN and MeOH. 

The photophysical parameters, radiative rate (kR) and non-radiative rate (kNR), 

were evaluated by equations 3 and 4, and collected in Table 2-1. 

     kR = ΦFL × τF
−1         (3) 

kNR = (1 − ΦFL) × τF
−1     (4) 

To further investigate the effect of solvent polarity on photophysical parameters of 
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APNIs, the values of ΦFL, kR, and kNR obtained were plotted as a function of empirical 

solvent polarity parameters [ET(30)] in Figure 2-12. It was found that the values of ΦF, 

kR and kNR of 2APNI (Figure 2-11a, Table 2-1) are almost unchanged irrespective of 

changes of solvents, indicating that 2APNI was insensitive to solvent polarity. This may 

be due to the formation of intramolecular hydrogen bonding and effective conjugation 

interaction between the amino group and the naphthalimide moiety. Similar 

fluorescence properties were also observed for 1ANI which showed solvent-

independent fluorescence behavior in various solvents.[22] In contrast, the photophysical 

parameters of 3APNI and 4APNI are significantly affected by the solvent polarity. The 

ΦFL values of 3APNI and 4APNI decreased upon increasing solvent polarity (Figures 

2-12b and 12c). Subsequently, kR decreased with increasing solvent polarity, conversely, 

kNR increased as increasing solvent polarity (Figures 2-12b and 12c). 

 

Figure 2-12. Photophysical parameters of APNIs plotted as a function of ET(30): fluorescence 

quantum yield ΦFL (■), radiative rate kR (▲), and non-radiative rate kNR (●). (a) 2APNI, (b) 3APNI, 

(c) 4APNI. 

3APNI and 4APNI showed positive solvatofluorochromism in various solvents 

due to their ICT character in the excited state, it was expected that probability of non-

radiative transition(s) from the excited states to the ground state, such as the intersystem 

crossing (ISC) and/or internal conversion (IC), was enhanced in the ICT state. Non-
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radiative process(es) accelerated by a charge transfer state was discussed for decay 

processes of charge-transfer complex between triplet benzophenone and anisol[38]. 

Additionally, kNR values of 3APNI and 4APNI in MeOH were larger than those 

of in aprotic solvents (Table 2-1). The non-radiative transition process of 3APNI and 

4APNI significantly increased in the protic environment presumably by formation of 

intermolecular hydrogen bonding between the amino group or the imide moiety of 

APNIs and MeOH. IC process accelerated by intermolecular hydrogen bonding was 

also observed for aminophthalimide system[39]. 

Photostability of APNIs was also investigated in solution to clarify whether 

photodegradation is involved in the non-radiative decay. The solutions of APNIs in 

three solvents, toluene, MeCN, and MeOH, were irradiated at their absorption 

maximum wavelength (𝜆max
Abs ) under the fluorescence measurement conditions and the 

absorption spectra were measured every 10 min (Figure 2-13). Under the fluorescence 

measurement conditions, the absorption intensity of APNIs were unchanged during 0-

60 min which indicated that APNIs are photochemically stable in the solvents. 

Photodegradation can be ruled out for enhanced kNR observed for 3APNI and 4APNI 

in MeOH. 

 

Figure 2-13. Changes in absorbance intensity of 2APNI (a), 3APNI (b) and 4APNI (c) during 

photoirradiation (0-60 min) in toluene, MeCN and MeOH.  

2.4.3  Fluorescence behavior in the solid state 

Solid-state fluorescence properties of three isomers APNIs were also investigated as 

displayed in Figure 2-14. Additionally, photophysical parameters in the solid state are 

collected in Table 2-1. 
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Figure 2-14. Solid-state fluorescence spectra of APNIs. 

Solid-state fluorescence emission bands of APNIs appeared at 𝜆max
FL  511 nm for 

2APNI, 571 nm for 3APNI and 562 nm for 4APNI. Compared to the cases of APNIs 

in solution, the fluorescence maxima 𝜆max
FL   was observed in the longer wavelength 

region in the solid state. Thus, the differences in the fluorescence maximum 

wavelengths (Δ𝜆max
FL ) between in the solid state and in hexane solution are determined 

to be 91 nm for 2APNI, 142 nm for 3APNI and 102 nm for 4APNI. The solid-state 

fluorescence behavior of APNIs were considered to be due to the presence of 

intermolecular interactions with adjacent molecules, such as π–π stacking. Furthermore, 

the solid-state fluorescence quantum yield of APNIs was determined to be 0.075 for 

2APNI, 0.011 for 3APNI and 0.018 for 4APNI. Clearly, the fluorescence quantum 

yields in the solid state are much smaller than those obtained in solution (Table 2-1). 

Therefore, aggregation-induced fluorescence quenching is operative in solid state of 

APNIs. Unfortunately, as a single crystal of APNIs suitable for X-ray crystallographic 

analysis was not obtained, the detailed mechanism for the solid-state fluorescence 

quenching of APNIs was not clearly analyzed. 
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2.5 Conclusion 

In this study, the series of 1,8-naphthalimide derivatives incorporating the amino 

functionality at the different positions, 2APNI, 3APNI and 4APNI, were 

prepared and their fluorescence properties were systematically investigated by 

absorption and fluorescence spectra in various solvents. Namely, the 

fluorescence behavior of 2-amino-1,8-naphthalimide (2APNI) was studied for 

the first time. Upon increasing the solvent polarity, 2APNI showed solvent 

independent absorption and fluorescence spectra, and the photophysical 

parameters showed little change irrespective of solvent polarity. It is indicated 

that 2APNI was insensitive to solvent polarity due to efficient intramolecular 

hydrogen bonding between the amino group and the imide part and effective 

conjugation between the amino functionality and the naphthalimide moiety. In 

contrast, 3APNI and 4APNI displayed solvent dependent fluorescence behavior 

derived from the ICT character. 3APNI exhibited marked 

solvatofluorochromism showing significantly red-shifted of the emission band 

from 𝜆max
FL  = 429 nm in hexane to 𝜆max

FL  = 564 nm in MeOH. Fluorescence 

color thus changed from blue to orange. 4APNI displayed red-shift of absorption 

and fluorescence spectra by increasing solvent polarity, accompanied by 

fluorescence color changes from blue in hexane (𝜆max
FL  = 460 nm) to yellow in 

MeOH (𝜆max
FL  = 538 nm). The fluorescence quantum yields of 3APNI and 

4APNI decreased with increasing solvent polarity, correspondingly, the rates of 

radiative transition process decreased. The solid-state fluorescence behavior of 

APNIs were also investigated, the results revealed that their fluorescence 

quantum yields appreciably decreased compared to those of in solution. The 

fluorescence in the solid state was quenched presumably due to enhanced 

intermolecular interactions. The fluorescence behavior of APNIs were affected 

by the amino-substituted positions, which would provide a strategy to construct 

a multifunctional fluorophore as a fluorescent probe for microenvironments. 
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2.6 Experimental section 

1H NMR and 13C NMR spectra were measured on VARIAN Mercury 300 (300 MHz), 

VARIAN 400MR (400 MHz) or VARIAN NMR System 600 (600 MHz) spectrometers. 

Elemental analyses were performed by using Perkin-Elmer 2400II CHN-S analyzer at 

the Micro Elemental Analysis Laboratory of Okayama University. In the spectral 

measurements, spectroscopic grade solvents were used at ambient conditions. The UV-

vis absorption spectra were recorded on a JASCO V-530 spectrophotometer. Steady-

state fluorescence spectra were measured on a JASCO 5300 spectrophotometer. The 

time-resolved fluorescence spectra were measured in toluene, MeCN and MeOH 

with a Hamamatsu Photonics Tau time-correlated single-photon counting 

fluorimeter system and the corresponding fluorescence lifetimes (τF) were 

determined. FT-IR spectral data were recorded by using a SHIMADZU IR 

Prestige-21 spectrophotometer. 

The theoretical calculations of ANPIs were performed by using density functional 

theory (DFT)[40], PBE0 functional[41] and 6-311+G(d,p) basis set[42] in a vacuum. In this 

study, all theoretical calculations were carried out by using the software GAUSSIAN 

09 Revision C. 01 package. 

3-Methoxy-1, 2-acenaphthylenedione (3)[23-28]: A solution of oxalyl chloride (330 mg, 

5 mmol) in dry toluene (10 mL) was added dropwise to a solution of aniline (475 mg, 

5 mmol) in dry toluene (10 mL) at room temperature. The reaction mixture was stirred 

for another 2 h. Subsequently, 1.05 g of PCl5 (5.5 mmol) was added and the reaction 

mixture was refluxed until no further gas evolved. The resulting yellow solution was 

concentrated under reduced pressure. Then, 100 mL of hexane was added, and the 

precipitate formed was filtered off. The filtrate was concentrated under reduced 

pressure to give bright yellow solid of N,N’-diphenyloxalimidoyl dichloride 2 which 

was used directly used in the next step without further purification. 

A solution of dichloride 2 and 2-methoxynaphthalene (403 mg, 2.5 mmol) in dry 

benzene (10 mL) was added to a mixture of AlCl3 (1 g, 7.5 mmol) in dry benzene (2 
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mL). After the reaction mixture was stirred at room temperature overnight, the resulting 

mixture was poured into ice water and extracted with CHCl3 (20 ml). The combined 

organic layer was washed with brine and water, dried over anhydrous MgSO4, and 

concentrated under reduced pressure. The residue was treated with saturated NaHSO3, 

acidified with concentrated HCl. The precipitate formed was filtered, washed with 

water, and dried under vacuum. Compound 3 was obtained as yellow solid (258 mg, 

49%). m.p. 207–210 °C (lit.[43] 224–226 °C). 1H NMR (400 MHz, CDCl3) δH = 8.21 (d, 

J = 9.2 Hz, 1H), 8.12 (dd, J = 8.4, 0.8 Hz, 1H), 8.01 (dd, J = 7.2, 0.8 Hz, 1H), 7.63 (dd, 

J = 8.4, 7.2 Hz, 1H), 7.45 (d, J = 9.2 Hz, 1H), 4.23 (s, 3H). 13C NMR (151 MHz, CDCl3) 

δC = 188.3, 184.7, 155.7, 147.9, 135.7, 132.7, 126.6, 126.0, 125.9, 123.0, 116.9, 112.9, 

57.9 ppm. IR (neat) νmax 1734 (C=O), 1709, 1258 (Ar-O-C) cm−1. 

2-Methoxy-1,8-naphthalic anhydride (4)[29]: 5.5 mL of 4 M aqueous NaOH and 5.5 

mL of 30% H2O2 were slowly added to a solution of 3-methoxy-1,2-

acenaphthylenedione 3 (101 mg, 0.47 mmol) in EtOH (2 mL) at room temperature. 

After the reaction mixture was stirred for 1 h, the resulting mixture was acidified with 

6 M aqueous sulfuric acid with ice bath cooling and extracted with CHCl3 (20 ml). The 

extract was washed with brine and water, dried over anhydrous sodium sulfate and 

concentrated under reduced pressure. The residue was recrystallized from ethanol to 

afford compound 4 as white needles (109 mg, 94%). m.p. 270–273 °C (lit.[43] = 261–

262 °C). 1H NMR (600 MHz, DMSO-d6) δH = 8.52 (d, J = 9.6 Hz, 1H), 8.45 (dd, J = 

7.2, 1.2 Hz, 1H), 8.43 (dd, J = 8.4, 1.2 Hz, 1H), 7.78 (d, J = 9.0 Hz, 1H), 7.71 (dd, J = 

8.4, 7.2 Hz, 1H), 4.14 (s, 3H). 13C NMR (151 MHz, DMSO-d6) δC =164.1, 161.3, 156.7, 

138.3, 135.8, 133.0, 131.8, 126.2, 124.8, 117.5, 115.7, 102.2, 57.2 ppm. IR (neat) νmax 

2961 (C-H), 1757 (C=O), 1260 (Ar-O-C), 999 (C-O) cm−1. 

2-Methoxy-N-propyl-1,8-naphthalimide (5): A solution of 2-methoxy-1,8-naphthalic 

anhydride 4 (456 mg, 2.0 mmol) and propylamine (1.2 g, 20 mmol) in acetic acid (10 

mL) was heated at 130 °C overnight under nitrogen atmosphere. The resulting mixture 

was poured into ice waterand extracted with CHCl3 (20 mL). The combined organic 

layer was washed with brine and water, dried over anhydrous MgSO4, and concentrated 

under reduced pressure. The residue was purified by silica-gel column chromatography 
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(hexane : AcOEt = 3 : 1) to give compound 5 as a colorless solid (532 mg, 99%). m.p. 

153–154.5 °C. 1H NMR (600 MHz, CDCl3) δH = 8.59 (dd, J = 7.2, 1.2 Hz, 1H), 8.15 (d, 

J = 9.0 Hz, 1H), 8.07 (dd, J = 7.8, 1.2 Hz, 1H), 7.58 (dd, J = 7.8, 7.2 Hz, 1H), 7.45 (d, 

J = 9.0 Hz, 1H), 4.18 (s, 3H), 4.14–4.11 (m, 2H), 1.78–1.72 (m, 2H), 1.00 (t, J = 7.4 

Hz, 3H).  13C NMR (151 MHz, CDCl3) δC = 164.0, 163.1, 162.6, 136.4, 134.0, 132.1, 

130.1, 126.5, 124.6, 121.9, 114.5, 107.3, 57.0, 41.9, 21.4, 11.7 ppm. IR (neat) νmax 2963 

(C-H), 1688 (C=O), 1641, 1269 (Ar-O-C) cm−1. Anal. Calcd for C16H15NO3: C, 71.36; 

H, 5.61; N, 5.20%. Found: C, 71.23; H, 5.59; N, 5.11%. 

2-Hydroxy-N-propyl-1,8-naphthalimide (6): A BBr3 solution in dichloromethane (1 

M, 5 ml) was added to a solution of N-propyl-2-methoxy-1,8-naphthalimide 5 (1.27 g, 

4.7 mmol) in dry dichloromethane (15 mL) through a syringe in an ice-water bath under 

nitrogen atmosphere. After the reaction mixture was stirred for 1 h at room temperature, 

the resulting mixture was poured into ice water, and extracted with CHCl3. The 

combined organic layer was washed with brine and water, dried over anhydrous MgSO4, 

and concentrated under reduced pressure. The residue was purified by silica-gel column 

chromatography (hexane : AcOEt = 10 : 1) to give compound 6 as yellow needles (1.12 

g, 93%). m.p. 163–164 °C. 1H NMR (600 MHz, CDCl3) δH = 13.11 (s, 1H), 8.57 (dd, J 

= 7.8, 1.2 Hz, 1H), 8.11-8.03 (m, 2H), 7.60 (t, J = 7.8 Hz, 1H), 7.28 (d, J = 9.6 Hz, 1H), 

4.17-4.12 (m, 2H), 1.82–1.72 (m, 2H), 1.02 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, 

CDCl3) δC = 169.2, 165.5, 163.8, 137.0, 134.4, 131.8, 129.0, 126.1, 124.6, 121.0, 120.5, 

102.1, 41.6, 21.4, 11.6 ppm. IR (neat) νmax = 2961 (C-H), 1680 (C=O), 1634, 1204(C-

O) cm−1. Anal. Calcd for C15H13NO3: C, 70.58; H, 5.13; N, 5.49%. Found: C, 70.37; H, 

5.10; N, 5.40%. 

2-Trifluoromethanesulfonyloxy-N-propyl-1,8-naphthalimide (7): 

Trifluoromethanesulfonic anhydride (1.3 g, 4.6 mmol) was slowly added to a solution 

of N-propyl-2-hydroxy-1,8-naphthalimide 6 (983 mg, 3.85 mmol) and Et3N (468 mg, 

4.6 mmol) in dry dichloromethane (10 mL) in an ice-water bath. After the reaction 

mixture was stirred overnight at room temperature, the resulting mixture was 

concentrated under reduced pressure. The residue was purified by silica-gel column 

chromatography (hexane : AcOEt = 5 : 1) to give compound 7 as colorless needles (1.32 
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g, 88%). m.p. 122–123 °C. 1H NMR (600 MHz, CDCl3) δH = 8.74 (dd, J = 7.8, 1.2 Hz, 

1H), 8.30 (d, J = 9.6 Hz, 1H), 8.25 (dd, J = 8.4, 1.2 Hz, 1H), 7.86 (dd, J =7.8, 7.2 Hz, 

1H), 7.55 (d, J = 9.0 Hz, 1H), 4.20–4.15 (m, 2H), 1.82–1.72 (m, 2H), 1.01 (t, J = 7.4 

Hz, 3H). 13C NMR (151 MHz, CDCl3) δC = 163.0, 161.4, 149.8, 136.1, 134.0, 133.0, 

130.8, 128.8, 128.1, 123.3, 122.5, 120.0, 117.8, 115.0, 42.2, 21.3, 11.5 ppm. IR (neat) 

νmax 2972 (C-H), 1705 (C=O), 1655, 1366 (SO2), 1206(C-O) cm−1. Anal. Calcd for 

C16H12F3NO5S: C, 49.62; H, 3.12; N, 3.62%. Found: C, 49.45; H, 3.08; N, 3.53%. 

2-tert-Butoxycarbonylamino-N-propyl-1,8-naphthalimide (8)[30]: A mixture of 2-

trifluoromethanesulfonyloxy-N-propyl-1,8-naphthalimide 7 (387 mg, 1.0 mmol), tert-

butyl carbamate (176 mg, 1.5 mmol), Pd2dba3 (23 mg, 0.025 mmol), 9,9-dimethyl-4,5-

bis(diphenylphosphino)xanthene (46 mg, 0.08 mmol) and cesium carbonate (970 mg, 

3.0 mmol) in 5 mL of dry dioxane was heated at 110 °C for 20 h under an argon 

atmosphere. After cooling to room temperature, the resulting mixture was concentrated 

under reduced pressure. The residue was purified by silica-gel column chromatography 

(hexane : AcOEt = 10 : 1), followed by recrystallization from hexane to afford 

compound 8 (227 mg, 64 %). m.p. 191–192 °C. 1H NMR (600 MHz, CDCl3) δH = 12.04 

(s, 1H), 8.91 (d, J = 9.0 Hz, 1H), 8.60 (d, J = 7.2 Hz, 1H), 8.08 (t, J = 7.8, 1.2 Hz, 2H), 

7.61 (t, J = 7.8, 7.2 Hz, 1H), 4.18–4.12 (m, 2H), 1.76 (t, J = 7.5 Hz, 2H), 1.59 (s, 9H), 

1.03 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, CDCl3) δC = 167.0, 163.7, 152.9, 146.8, 

135.9, 134.3, 132.0, 129.1, 127.0, 124.8, 121.4, 119.4, 103.1, 81.8, 42.0, 28.4, 21.4, 

11.7 ppm. IR (neat) νmax 2963 (C-H), 1736 (C=O), 1684, 1638, 1157(C-O-C) cm−1. 

Anal. Calcd for C20H22N2O4: C, 67.78; H, 6.26; N, 7.90%. Found: C, 67.56; H, 6.33; N, 

7.84%. 

2-Amino-N-propyl-1,8-naphthalimide (2APNI): 5 mL of trifluoroacetic acid was 

added to a solution of 187 mg of 2-butoxycarbonylamino-N-propyl-1,8-naphthalimide 

8 (0.53 mmol) in CH2Cl2 (5 mL) in ice-water bath under nitrogen atmosphere. The 

reaction mixture was stirred for 2 h at room temperature, then diluted with CHCl3 (20 

mL). The combined organic layer was successively washed with saturated sodium 

bicarbonate, 0.1 M aqueous NaOH and water, dried over anhydrous MgSO4, and 

concentrated under reduced pressure. The residue was purified by silica-gel column 
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chromatography (hexane: AcOEt = 3 : 1) to give 2APNI as yellow needles (83 mg, 

61 %). m.p. 217–218 °C. 1H NMR (300 MHz, acetone-d6) δH = 9.16 (s, 2H), 8.41 (dd, 

J = 7.8, 1.5 Hz, 1H), 8.08 (dd, J = 7.8, 1.2 Hz, 1H), 7.97 (d, J = 9.0 Hz, 1H), 7.47 (t, J 

= 7.8 Hz, 1H), 7.23 (d, J = 9.0 Hz, 1H), 4.16–4.05 (m, 2H), 1.71 (m, 2H), 0.96 (t, J = 

7.5 Hz, 3H). 13C NMR (151 MHz, CDCl3) δC = 166.6, 164.4, 153.2, 135.5, 133.9, 131.3, 

130.5, 125.3, 122.9, 120.5, 120.1, 98.4, 41.6, 21.5, 11.8 ppm. IR (neat) νmax 3404 (N-

H), 3292, 2949 (C-H), 1738 (C=O), 1636, 1346 (CAr-N) cm−1. Anal. Calcd for 

C15H14N2O2: C, 70.85; H, 5.55; N, 11.02. Found: C, 70.63; H, 5.48; N, 10.88. 

3-Amino-N-propyl-1,8-naphthalimide (3APNI): A mixture of 3-nitro-1,8-naphthalic 

anhydride 9 (486.4 mg, 2.0 mmol) and propylamine (0.5 mL, 6.0 mmol) in acetic acid 

(10 mL) was refluxed for 6 h. The mixture was poured into ice water and the precipitate 

formed was collected, washed with water, and dried at room temperature to give 

compound 10 as yellow solid (520 mg, 93%). m.p. 172–175 °C (lit.[44] 166–167 °C). 

1H NMR (400 MHz, CDCl3) δH = 9.32 (d, J = 2.0 Hz, 1H), 9.13 (d, J = 2.4 Hz, 1H), 

8.78 (dd, J = 7.2, 1.2 Hz, 1H), 8.42 (dd, J = 8.4, 1.2 Hz 1H), 7.94 (dd, J = 8.4, 7.2 Hz, 

1H), 4.19–4.15 (m, 2H), 1.83–1.75 (m, 2H), 1.03 (t, J = 7.4 Hz, 3H). 13C NMR (100 

MHz, CDCl3) δC = 163.6, 162.9, 146.8, 135.9, 134.9, 131.4, 130.7, 129.5, 129.3, 125.2, 

124.7, 123.7, 42.8, 21.8, 11.9 ppm. IR (neat) νmax 2954 (C-H), 1701 (C=O), 1659, 1350 

(NO2) cm−1. 

A solution of 3-nitro-N-propyl-1,8-naphthalimide 10 (500 mg, 1.8 mmol) in DMF 

(50 mL) was stirred under H2 stream in the presence of 10% Pd/C (192 mg, 0.18 mmol) 

for 5 h. The catalyst was filtered off and the filtrate was concentrated under reduced 

pressure. The residue was purified by silica-gel column chromatography (CHCl3 : 

CH3OH = 100 : 1) to give compound 14 as yellow solid. The crude product was 

recrystallized from a chloroform/hexane mixture to give yellow needles of 3APNI (290 

mg, 64 %). m.p. 206–209 °C (lit.[45] 202–203 °C) 1H NMR (400 MHz, CDCl3) δH = 

8.30 (dd, J = 7.2, 1.2 Hz, 1H), 8.02 (d, J = 2.3 Hz, 1H), 7.91 (dd, J = 8.3, 1.1 Hz, 1H), 

7.59 (t, J = 7.6 Hz, 1H), 7.29 (d, J = 2.4 Hz, 1H), 4.17 (br, 2H), 4.14–4.10 (m, 2H), 

1.79–1.70 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, CDCl3) δC = 164.5, 
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164.2, 145.2, 133.4, 131.6, 127.4, 127.2, 123.7, 122.6, 122.5, 122.0, 113.9, 41.9, 21.4, 

11.5 ppm. IR (neat) νmax 3472 (N-H), 3366, 2953 (C-H), 1686 (C=O), 1641, 1383 cm−1. 

4-Amino-N-propyl-1,8-naphthalimide (4APNI): A solution of sodium methoxide 

(216 mg, 4.0 mmol) in MeOH (4 mL) was added dropwise to a solution of 4-amino-

1,8-naphthalimide 11 (424 mg, 2.0 mmol) in DMF (20 mL). The reaction mixture was 

stirred at room temperature for 1 h. To the mixture was added 1-bromopropane (369 

mg, 3.0 mmol). The resulting reaction mixture was stirred at room temperature for 

another 5 h, then poured into ice water. The precipitate formed was collected, washed 

with water, and dried at room temperature to give yellow solid. The crude product was 

further purified by silica-gel column chromatography (hexane : AcOEt = 1 : 1) to give 

4APNI as orange crystals (310 mg, 61%). m.p. 258–261 °C (lit.[46] = 258.5 °C). 1H 

NMR (400 MHz, CDCl3) δH = 8.60 (d, J = 7.2 Hz, 1H), 8.42 (d, J = 8.0 Hz, 1H), 8.10 

(d, J = 8.0 Hz, 1H), 7.66 (t, J = 8.4, 7.6 Hz, 1H), 6.89 (d, J = 8.4 Hz, 1H), 4.93 (br, 2H), 

4.14–4.11 (m, 2H), 1.80–1.71 (m, 2H), 1.00 (t, J = 7.4 Hz, 3H). 13C NMR (100 MHz, 

CDCl3) δC = 164.7, 164.2, 149.0, 133.9, 131.6, 130.0, 126.8, 125.2, 123.4, 120.3, 112.5, 

109.7, 41.9, 21.6, 11.7 ppm. IR (neat) νmax 3433 (N-H), 3350, 2959 (C-H), 1672 (C=O), 

1632, 1375 cm−1.
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Chapter 3   

Synthesis and fluorescence properties of 1-amido-substituted 

2,3-naphthalimide derivatives and their fluorescence 

responses to Ca2+ 
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3.1 Introduction 

Development of multifunctional fluorophores responding to various external 

stimuli, such as solvent polarity[1], pH[2] and ionic species[3], have been received 

considerable attention due to their potential applications in fluorescent probes[4-

7], imaging[8-11], and optoelectronic devices[12-14]. Excited-state intramolecular 

proton transfer (ESIPT) process is a fundamental and important photochemical 

process, which has been extensively utilized to construct multifunctional 

fluorophores.[15,16] The ESIPT fluorescence was first reported in salicylic acid by 

Weller in 1955.[17] After his observation, a great number of studies on the 

photophysical/photochemical properties and applications of ESIPT fluorophores 

have been reported.[18-20] 

The diagram of the ESIPT fluorescence process for a typical ESIPT 

fluorophore (HBO) is shown in Figure 3-1.[16] 

 

Figure 3-1. Diagram of ESIPT cycle for HBO. 

 Upon photoexcitation, the ESIPT fluorophore in the normal form is 

promoted to the excited state of normal form. There are two radiative decay 

processes for the ESIPT fluorophore. One is normal fluorescence process to 

return to the ground state. The other is fluorescence process through the proton 
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transfer to produce corresponding tautomer structure, i.e., ESIPT fluorescence 

process. This phototautomerization process is fast (k > 1012 s−1)[15]. Then the 

excited-state tautomer structure gives off ESIPT fluorescence and back to the 

ground state of the tautomer form, followed by ground-state intramolecular 

proton transfer (GSIPT) to regenerate the original chromophores. Therefore, dual 

emission bands (normal and ESIPT fluorescence) is often observed for ESIPT 

fluorophores.  

According to the type of proton donor[18], ESIPT fluorophores could be 

divided into two major types: one is O-H type for which the proton donor is 

hydroxy group and the other is N-H type for which the proton donor is amino or 

amido group. The typical O-H type ESIPT fluorophores are 2-(2’-

hydroxyphenyl)benzoxazole (HBO)[21,22], 2-(2’-hydroxyphenyl) benzimidazole 

(HBI)[23], and 2-(2’-hydroxyphenyl)benzothiazole (HBT)[21] (see Figure 3-2 for 

chemical structures). The N-H type ESIPT fluorescence was first observed for 1-

(acylamino)anthraquinones in 1991[24]. O-H type ESIPT fluorophores has been 

received more attention compared to N-H type in early studies. However, N-H 

type fluorophores have significant advantages that their fluorescence properties 

can be modified by changing the substituents of the amino group without altering 

the chromophore structure[25]. Therefore, N-H type fluorophores would be widely 

employed in a wide range of applications through an appropriate molecular 

design. Such a ESIPT fluorophore design would provide an effective strategy to 

develop tuneable luminescent materials for optoelectronic devices[12,15].  

 

Figure 3-2. Chemical structures of the representative O-H and N-H types ESIPT fluorophores. 
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 In the previous study, a series of amido-substituted phthalimide derivatives 

at the 3-position (3AP, see Figure 3-3 for chemical structures) were prepared and 

their ESIPT fluorescence properties were investigated.[25] In the solid state, 

acetamide 3AP-1 showed a blue fluorescence from its normal form, whereas 

compounds 3AP-2, 3AP-3 and 3AP-4 respectively displayed yellow, red, and 

green fluorescence from their tautomer forms through the ESIPT process.  

 

Figure 3-3. Chemical structures of 3-amido-substituted phthalimides and their fluorescence. 

ESIPT fluorophores have been widely used as fluorescent probes[16] due to 

their high sensitivity to various analytes. The migrating proton in an ESIPT 

fluorophore is acidic and can be removed with an appropriate base to generate 

their anionic form. The anionic form is expected to bind with cation species, e.g., 

metal ions. Such a metal complex will produce changes in fluorescence behavior, 

such as fluorescence intensity, or/and fluorescence color (Figure 3-4).[26,27]  

 

 Figure 3-4. General mechanism for a fluorescence probe based on ESIPT fluorophores. 

In a previous work, phthalimide derivative 3AP-2 was investigated as a 

fluorescent probe for ionic species. In the presence of an ion pair, Li+–I–, fluorescence 

color of 3AP-2 clearly changed from orange-yellow to sky-blue after 254 nm UV 

irradiation in MeCN. Thus, 3AP-2 showed selective response to Li+–I– ion pair among 

the alkaline iodides and lithium halides.[28] 
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Figure 3-5. Photoinduced response of 3AP-2 to Li+–I– ionic pair. 

The phthalimide derivative 3AP served not only as multicolor emitters with ESIPT 

character, but also as a fluorescent probe for ionic species. These observations 

encouraged the present author to further investigate fluorescence behavior of a higher 

homologue of 3AP, 1-amido-substituted 2,3-naphthalimide derivatives. In this study, 

fluorescence behavior of 1-amido-substituted 2,3-naphthalimide derivatives 1ANI-

TfAc and 1ANI-Ms (see Figure 3-6 for chemical structures) was investigated both in 

solution and in the solid state. By comparing, phthalimide vs. naphthalimide and TfAc 

amide vs. Ms amide. It was expected that fluorescence properties of compounds 1ANI-

TfAc and 1ANI-Ms are significantly different with phthalimide derivatives arising 

from their electronic structures and properties of a larger π-extend system. Particularly, 

fluorescence behavior of compounds 1ANI-TfAc and 1ANI-Ms might be affected by 

the presence of a peri-hydrogen atom at the C8-position in their chemical structure. 

Furthermore, fluorescence responses of the two compounds to metal ions were also 

studied as potential fluorescent probe candidates in the presence of a base in MeCN. 

 
Figure 3-6. Chemical structures of 1-amido-substituted 2,3-naphthalimide derivatives 1ANI-TfAc 

and 1ANI-Ms. 
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3.2 Synthesis 

The synthetic routes to the target compounds 1ANI-TfAc and 1ANI-Ms are depicted 

in Scheme 3-1. All new compounds were characterized by 1H NMR, 13C NMR and IR 

spectroscopy, as well as elemental analysis. Starting compounds 1-amino-N-propyl-

2,3-naphthalimide (1ANI) and dimethyl 1-aminonaphthalene-2,3-dicarboxylate 

(1ANE) were prepared according to the previously reported methods.[29,30] The target 

compound 1ANI-TfAc was synthesized by using 1ANI as a starting compound and 

was reacted with (CF3CO)2O and sodium hydrogen carbonate in THF in 73% yield [31]. 

In the case of compound 1ANI-Ms, the author tried to prepare it by using a similar 

procedure with compound 1ANI-TfAc for which 1ANI was reacted with 

methanesulfonyl chloride (MsCl) in the presence of a base in various solvents. However, 

compound 1ANI-Ms could not be obtained but the starting 1ANI was recovered. This 

may be due to the presence of steric hindrance between the hydrogen atom at the C8-

position and the carbonyl group of the imide moiety in 1ANI. Therefore, compound 

1ANE was used as a precursor. A reaction of 1ANE with MsCl in the presence of Et3N 

and 4-dimethylaminopyridine (DMAP) in CH2Cl2 to give 1ANE-Ms2 as an 

intermediate product in 67% yield. Subsequently, 1ANE-Ms2 was reacted with 

propylamine in the presence of imidazole in o-dichlorobenzene to afford the target 

compound 1ANI-Ms in 83% yield. 

 

Scheme 3-1. Synthetic routes to target compounds 1ANI-TfAc and 1ANI-Ms. 



52 

 

3.3 Electronic spectra 

3.3.1  Absorption and fluorescence spectra in solution 

Spectral behavior of compounds1ANI-TfAc and 1ANI-Ms was investigated by UV-vis 

absorption and steady-state fluorescence spectra in various solvents. In this study, three 

representative organic solvents were used, toluene as a nonpolar solvent, MeCN as a 

polar solvent, and DMSO as a strong polar and proton accepting solvent. The absorption 

and fluorescence spectra of compounds 1ANI-TfAc and 1ANI-Ms are shown in Figure 

3-7 and the related photophysical parameters, such as maximum absorption and 

fluorescence wavelengths ( 𝜆max
Abs   and 𝜆max

FL  , respectively), molar absorption 

coefficients (ε) and Stokes shifts, are collected in Table 3-1. 

 
Figure 3-7. Absorption (solid line) and fluorescence (dashed line) spectra of compounds 1ANI-

TfAc (a) and 1ANI-Ms (b) in toluene, MeCN, and DMSO. 
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Table 3-1. Photophysical parameters of compounds 1ANI-TfAc and 1ANI-Ms a 

Compound Solvent 
𝜆max

Abs /nm  

(log ε) 

𝜆max
FL /nm  

(ΦFL)b 

Stokes 

shift/cm−1 

1ANI-TfAc 

Toluene 359 (3.51) 414 3700 

MeCN 360 (3.58) 412 (0.18) 3510 

DMSO 390c 506 5880 

solid state – 400, 430 – 

1ANI-Ms 

Toluene 372 (3.67) 423, 535 3240d, 8190e 

MeCN 366 (3.62) 
423, 537 

(0.01) 
3680d, 8700e 

DMSO 367, 392c 412, 494 2980d, 5270f 

solid state – 417, 482 – 

a Absorption and fluorescence spectral experiments were performed under aerobic conditions. 
b Fluorescence quantum yields (ΦFL) were determined by using quinine sulfate in 0.1 M H2SO4 as 

the reference (ΦFL = 0.55)[32]. 
c The ε values were not determined arising from formation of the deprotonated forms. 
d For normal fluorescence. 
e For ESIPT fluorescence. 
f For amidate fluorescence. 

In toluene and MeCN, compound 1ANI-TfAc showed an absorption band at 𝜆max
Abs  

ca. 360 (log ε = 3.55) accompanied by a single emission band at 𝜆max
FL  ca. 413 nm 

(Figure 3-7 a). The single emission band was assigned to the normal fluorescence by 

considering the Stokes shift (3510 and 3700 cm−1). In DMSO, a broad and red-shifted 

absorption and emission bands at 𝜆max
Abs  390 nm and 𝜆max

FL  506 nm were respectively 

observed. The broad absorption and emission bands in DMSO were assigned to the 

corresponding amidate form 1ANI-TfAc− because the absorption and fluorescence 

spectra of compound 1ANI-TfAc, observed in the presence of 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) as a base in MeCN, were identical with the 

spectral profiles in DMSO (Figure 3-8). Fluorescence excitation spectra of compound 

1ANI-TfAc in the three solvents and in the presence of DBU in MeCN were measured 

to confirm the emitting species (Figures 3-9 a~d). These excitation spectra were 
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identical with the corresponding absorption spectra. Thus, the emission bands could be 

assigned to compound 1ANI-TfAc and 1ANI-TfAc−.  

 

Figure 3-8. Absorption (black line) and fluorescence (red line) spectra of 1ANI-TfAc in DMSO 

and in the presence of DBU (4 equiv) in MeCN. 
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Figure 3-9. Absorption, fluorescence and excitation spectra of compounds 1ANI-TfAc (a–

c), 1ANI-TfAc− (d), 1ANI-Ms (e–g), and 1ANI-Ms− (h). 

As a consequence, a larger π-extended homologue 1ANI-TfAc of 

phthalimide 3AP displayed normal and amidate fluorescence without ESIPT 

fluorescence in three solvents (Scheme 3-2). 

 

Scheme 3-2. Fluorescence behavior of compound 1ANI-TfAc in toluene, MeCN and DMSO. 
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In the case of compound 1ANI-Ms in toluene and MeCN, an absorption band 

at 𝜆max
Abs  ca. 369 nm (log ε = 3.65) was observed (Figure 3-7 b) and dual emission 

bands appeared at 𝜆max
FL  ca. 423 and 536 nm. The former was assigned to normal 

fluorescence from the normal form 1ANI-Ms* and the latter was assigned to ESIPT 

fluorescence from the tautomer form 1ANI-Ms-T* according to their Stokes shifts 

(3500 and 8400 cm−1). Furthermore, the fluorescence excitation spectra of the two 

emission bands were identical with the absorption spectra in toluene and MeCN 

(Figures 3-9 e,f). These results clearly revealed that the photoexcited 1ANI-Ms* 

provided the dual emission bands through normal and ESIPT fluorescence processes 

(Scheme 3-3). 

 

Scheme 3-3. Fluorescence behavior of compound 1ANI-Ms in toluene, MeCN and DMSO. 

In DMSO, compound 1ANI-Ms showed an absorption band at 𝜆max
Abs  367 nm with 

a shoulder at 392 nm accompanied by dual emission bands at 𝜆max
FL  412 and 494 nm 

(Figure 3-7). The fluorescence excitation spectra of the two emission bands were 

different from each other (Figure 3-9 g), which demonstrated that the emitting 

species for the two bands are different. To assign the dual emission bands, 

absorption and fluorescence spectra of the amidate form 1ANI-Ms− was 

measured and compared to the red-shifted absorption and fluorescence band. As 

shown in Figure 3-10, the absorption spectrum of 1ANI-Ms− was identical with 

the shoulder absorption band at 𝜆max
Abs  392 nm in DMSO. Additionally, the 
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corresponding fluorescence spectrum was consistent with the emission band at 

𝜆max
FL  494 nm observed in DMSO (Figure 3-10). Therefore, the two emission 

bands in DMSO were respectively assigned to normal fluorescence from the 

amide form 1ANI-Ms* and amidate form [1ANI-Ms−]* (Scheme 3-3). 

 
Figure 3-10. Absorption (black line) and fluorescence (red line) spectra of 1ANI-Ms in DMSO and 

in the presence of DBU (4 equiv) in MeCN. 

The deprotonated forms of 1ANI-Ms− was generated through solvent-

induced deprotonation. Similar deprotonation behavior was observed for 

trifluoroacetamide derivatives of 1,8-naphthalimides.[33] It can be concluded that 

compound 1ANI-Ms exhibited dual emission in the three solvents, however, the 

mechanisms are different, in toluene and MeCN, the dual emission bands are 

assigned to normal and ESIPT fluorescence whereas in DMSO, the two emission 

bands were assigned to normal and amidate forms.  

3.3.2  Solid-state fluorescence 

Solid-state fluorescence materials have been attracted considerable interests because of 

their potential applications in optoelectronic devices.[12] Some ESIPT fluorophores 

serve as fluorescence emitters applicable to OLED.[15] Thus, solid-state fluorescence 
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behavior of compounds 1ANI-TfAc and 1ANI-Ms was studied, their fluorescence 

spectra are shown in Figures 3-11 and the 𝜆max
FL  values are collected in Table 3-1. 

 

Figure 3-11. Solid-state fluorescence spectra of compounds 1ANI-TfAc and 1ANI-Ms. 

In the solid-state fluorescence spectra, compound 1ANI-TfAc showed a structured 

emission band at 𝜆max
FL   430 nm, which was assigned to its normal fluorescence. In 

contrast, dual emission bands at 𝜆max
FL  417 and 482 nm were observed for compound 

1ANI-Ms which were respectively assigned to the normal and ESIPT fluorescence 

bands. The normal fluorescence band of compounds 1ANI-TfAc (430 nm) and 1ANI-

Ms (417 nm) in the solid state were similar to those observed in toluene (415 and 423 

nm) and MeCN (412 and 422 nm). In contrast, the ESIPT fluorescence band of 

compound 1ANI-Ms (488 nm) was blue-shifted compared to that observed in toluene 

(538 nm) and MeCN (534 nm). This may be due to that the tautomer form 2b* in the 

excited state could not relax into the most stable structure because of restricted 

molecular motion in the solid state. 

3.4 Theoretical calculations 

To gain an insight into the difference in the fluorescence properties between compounds 

1ANI-TfAc and 1ANI-Ms, theoretical calculations were performed by using time-
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dependent density functional theory (TD-DFT)[34-36] at the PBE0/6-311+G(d,p) 

level[37,38]. The calculated energy diagram for the ESIPT cycle including excited state 

energies and electronic transition wavelengths are displayed in Figure 3-12. 

 

Figure 3-12. Calculated energy diagram for the ESIPT process [(TD) PBE0/6-311+G(d,p)]. 

Upon photoexcitation, molecule 1ANI-TfAc is promoted to the Franck-Condon 

state 1ANI-TfAc*. Subsequently, 1ANI-TfAc* produced the relaxed structure 1ANI-

TfAc’* within the excited-state lifetime. In the relaxed structure 1ANI-TfAc’* 

deactivate through two possible pathways. One is fluorescence process to give off 

normal fluorescence from 1ANI-TfAc’*. The other is ESIPT process to give excited 

tautomer form 1ANI-TfAc-T*. For compound 1ANI-TfAc, the calculated state energy 

for the relaxed structure 1ANI-TfAc’* is smaller than that of the tautomer structure 

1ANI-TfAc-T*, thus, the conversion from 1ANI-TfAc’ to 1ANI-TfAc-T* is 

energetically uphill. In other words, this ESIPT process is unfavorable. In contrast, in 

the case of 1ANI-Ms, the calculated state energies for the relaxed structure 1ANI-Ms’* 

and tautomer structure 1ANI-Ms-T* are almost same. It is well expected that the two 

species 1ANI-Ms’* and 1ANI-Ms-T* are in an equilibrium within the excited-state 

lifetime. The theoretical calculation results are consistent with the fact that dual 

emission from the normal and tautomer forms were observed for compound 1ANI-Ms. 
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3.5 Fluorescence responses to metal ions 

ESIPT fluorophores have been widely used as potential fluorescence probes.[16] 

Phthalimide derivatives 3AP-2 showed selective response to Li+–I– ion pair in 

MeCN, the mechanism was considered as the negatively charged amidate 3AP-

2− selective binding with Li+ to produced complex displaying the change in 

fluorescence behavior. Therefore, it is expected that larger π-conjugation 

homologues 1ANI-TfAc− and 1ANI-Ms− would respond to metal ions to serve 

as fluorescence probes. 

The amidate species 1ANI-TfAc− and 1ANI-Ms− were generated by addition 

of DBU as a base in MeCN. To obtain the amidate forms, effects of DBU was 

quantitatively investigated by absorption and fluorescence spectra (Figure 3-13).  

 

Figure 3-13. Absorption and fluorescence spectra of compounds 1ANI-TfAc (a) and 1ANI-Ms (b) 

at the concentration of 2 × 10−5 M upon titration with DBU in MeCN. 

Upon addition of DBU to the solution of compounds 1ANI-TfAc and 1ANI-

Ms in MeCN, the intensity of absorption bands gradually increased. The intensity 

of the emission band of compounds 1ANI-TfAc and 1ANI-Ms (𝜆max
FL  412 nm 

and 425 nm) decreased and that of amidate forms 1ANI-TfAc− and 1ANI-Ms− 
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(𝜆max
FL  506 nm and 512) increased. Upon addition of DBU 2.6 equiv. for 1ANI-

TfAc and 2.8 equiv. for 1ANI-Ms, the absorption and fluorescence spectral 

changes saturated indicating that compounds 1ANI-TfAc and 1ANI-Ms were 

completely deprotonated to generate amidate forms 1ANI-TfAc− and 1ANI-Ms−.  

Responses of the amidate forms 1ANI-TfAc− and 1ANI-Ms− to metal ions were 

studied by absorption and fluorescence spectra (Figure 3-14). In the case of the amidate 

1ANI-Ms−, their absorption and fluorescence spectra slightly changed after addition of 

alkali-metal ions (Figures 3-14a,c). In the presence of other metal ions tested (Mg2+, 

Zn2 and Ca2+), the absorption and fluorescence spectra of the amide form 1ANI-TfAc 

were observed. It is was considered that the protonated form 1ANI-TfAc was recovered 

by hydrolysis induced by metal ions (Scheme 3-4).[39] Therefore, the amidate forms 

1ANI-TfAc− showed no selective response to the metal ions texted.  

 

Figure 3-14. Absorption and fluorescence spectra of the amidate forms 1ANI-TfAc (a, b) and 

1ANI-Ms (c,d) at the concentration of 2 × 10−5 M with DBU (2 equiv. for 1ANI-TfAc, 3 equiv. for 

1ANI-Ms) in the presence of various metal ions (5 equiv.) in MeCN.  
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Scheme 3-4. Hydrolysis reaction of 1ANI-TfAc− in the presence of Mg2+, Ca2+ and Zn2+ in MeCN. 

For the amidate form 1ANI-Ms−, the absorption and fluorescence spectra showed 

no significant change upon addition of alkali-metal ions except for Li+. After addition 

of Mg2+ and Zn2+ ions, the absorption and fluorescence spectra of the amide form 

1ANI-Ms were recovered through the metal ion induced hydrolysis process (Figures 3-

14b,d). In the presence of Li+ ions, new absorption bands appeared at 𝜆max
Abs  396 and 

344 nm accompanied by a blue-shifted fluorescence emission band at 𝜆max
FL  486 nm 

compared to the emission band of 1ANI-Ms− (𝜆max
Abs  509 nm). After addition of Ca2+ 

ions, a broad absorption band at 𝜆max
Abs   390 nm and a significantly enhanced 

fluorescence emission band at 𝜆max
Abs   480 nm were observed (Figures 3-14 b,d). 

Obviously, the amidate form 1ANI-Ms− exhibited absorption and fluorescence spectral 

changed responding to Li+ and Ca2+ ions among the metal ions texted. It’s worth 

mentioning that the fluorescence intensity of 1ANI-Ms− in the presence of Ca2+ ions 

was significant stronger than that observed after addition of Li+ ions. The fluorescence 

quantum yield ΦF was determined to be 0.01 for 1ANI-Ms−, 0.01 for 1ANI-Ms− with 

Li+ ions and 0.14 for 1ANI-Ms− with Ca2+ ions. Furthermore, after addition of Ca2+ 

ions, fluorescence color of 1ANI-Ms− clearly changed from yellow to cyan. Therefore, 

compound 1ANI-Ms showed selective off-on fluorescence response to Ca2+ ions and 

would serve as a fluorescence probe for detection of Ca2+ ions in its amidate form in 

MeCN (Scheme 3-5).  

 

Scheme 3-5. Reaction process of 1ANI-Ms− with Ca2+ in MeCN. 
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1ANI-Ms−Ca2+ complex was obtained as a pale-yellow solid and analyzed by 1H 

NMR spectroscopy and elemental analysis, as well as thermogravimetry analysis 

(TGA). Unfortunately, the 1H NMR spectra showed broad band to provide little 

information of the structure. Elemental analysis results indicated that its composition 

was most likely to be 1ANI-Ms−(CaOTf)+ ·2H2O; The OTf part came from the Ca salt 

used (Ca(OTf)2). The two H2O molecules in a complex molecule was confirmed by 

TGA (Figure 3-15). 6.8 mg of the complex was heated at the heating rate of 5 °C min−1. 

A 5.6%-mass loss was observed. Calculated value for the weight loss of two water 

molecules from [1ANI-Ms−(CaOTf)+ ·2H2O] to [1ANI-Ms−(CaOTf)+] is 6.5%. 

 

Figure 3-15. TGA diagram of the complex 1ANI-Ms−(CaOTf)+. 

The amidate form 1ANI-Ms− was generated in DMSO by the solvent induced 

deprotonation. The author investigated effects of Ca2+ ions on the spectral properties of 

compound 1ANI-Ms in DMSO. However, the absorption and fluorescence spectra were 

not affected by Ca2+ ions in DMSO. It is considered that as the interaction between Ca2+ 

ions with DMSO was stronger than that between 1ANI-Ms− and Ca2+ ions.  
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3.6 Conclusion 

In this study, the author prepared 1-amido-substituted 2,3-naphthalimide derivatives 

1ANI-TfAc and 1ANI-Ms and their fluorescence behavior was investigated in toluene, 

MeCN and DMSO. Compound 1ANI-TfAc solely showed single emission band from 

its normal fluorescence in toluene and MeCN, whereas the fluorescence band of the 

amidate form 1ANI-TfAc− was observed in DMSO due to solvent induced 

deprotonation. In contrast, 1ANI-Ms displayed dual emission bands in the three 

solvents. In toluene and MeCN, the dual emission bands were assigned to normal and 

ESIPT fluorescence whereas the two emission bands in DMSO were respectively 

assigned to amide and amidate forms. To the best of our knowledge, this is the first 

example of NH-type ESIPT fluorephore based on 2,3-naphthalimide. Furthermore, the 

difference in fluorescence behavior of compounds 1ANI-TfAc and 1ANI-Ms was 

qualitatively analyzed by the theoretical calculations. Fluorescence responses of 

compounds 1ANI-TfAc and 1ANI-Ms toward metal ions were studied in MeCN in the 

presence of DBU as a base to show that the amidate form 1ANI-Ms− selectively 

responded to Ca2+ ions displaying a significant absorption and fluorescence spectral 

change. The fluorescence intensity of the amidate form 1ANI-Ms− enhanced 14 times 

after addition of Ca2+ ions and fluorescence color clearly altered from yellow to cyan 

by the addition of Ca2+ ions. Thus, 2,3-naphthalimide derivatives 1ANI-Ms would 

serve as a fluorescence probe for Ca2+ ions. 
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3.7 Experimental section 

General procedures 

1H and 13C NMR spectra were recorded on VARIAN Mercury 300 (300 MHz) and 

VARIAN NMR System 600 (600 MHz) spectrometers. IR spectra were performed on 

a SHIMADZU IR Prestige-21 spectrometer. Elemental analyses were measured on a 

PERKIN-ELMER 2400II CHN-S analyzer at the Micro Elemental Analysis Laboratory 

of Okayama University.  

Absorption spectra were obtained on a JASCO V-530 UV-VIS spectrophotometer. 

Fluorescence spectra were collected on a JASCO FP-6300 spectrofluorometer at room 

temperature. Spectroscopic grade solvents were used for the absorption and the 

fluorescence measurements. Fluorescence quantum yields (ΦF) were measured in 

solution by using and quinine sulfate (ΦF = 0.55 in 1N H2SO4)
[32] as the references. 

For the metal-ion response experiments, the following salts were used: perchlorates 

of Li+, Na+, K+, and Cs+; trifluoromethanesulfonates of Ca2+, Mg2+, and Zn2+; iodide of 

Rb+. 

Theoretical calculations were performed by using GAUSSIAN 09 Revision C. 01 

package. Excited state geometries and vertical transition energies of 1ANI-TfAc and 

1ANI-Ms were calculated by time-dependent density functional theory (TD-DFT) by 

using PBE0 functional with 6-311+G(d,p) basis set. The excited state geometries and 

the electronic transition energies were calculated by the TD-DFT method. The ground 

state energies were calculated by using the excited state geometries obtained. The 

coordinates optimized are summarized in Tables S(3-1)–(3-6). 

1-Bis(methanesulfonyl)amino-2,3-(dimethoxycarbonyl)naphthalene (1ANE-Ms2): 

Methanesulfonyl chloride (1.2 mL, 15 mmol) was slowly added to a solution of 

compound 1ANE (778 mg, 3 mmol), triethylamine (1.55 g, 15 mmol) and 4-

(dimethylamino)pyridine (374 mg, 3 mmol) in dry CH2Cl2 (40 mL) in an ice-water bath 

under nitrogen atmosphere. The reaction mixture was stirred for 3 days at room 

temperature. The solvent was removed under reduced pressure. The residue was 
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purified by silica-gel column chromatography (CH2Cl2) to give compound 1ANE-Ms2. 

Colorless needles (830 mg, 67%), m.p. 226−227 °C. 1H NMR (600 MHz, CDCl3) δH = 

8.61 (s, 1H), 8.22 (m, 1H), 8.02 (d, J = 8.2 Hz, 1H), 7.81 (ddd, J = 8.4, 6.9, 1.2 Hz, 1H), 

7.69 (ddd, J = 8.0, 6.9, 1.0 Hz, 1H), 3.97 (s, 3H), 3.96 (s, 3H), 3.61 (s, 6H). 13C NMR 

(151 MHz, CDCl3) δC = 167.3, 165.7, 134.1, 134.0, 133.7, 133.6, 130.8, 130.1, 129.7, 

128.6, 127.0, 124.3, 53.1, 53.0, 43.4. IR (neat) νmax = 2948 (C-H), 1728 (C=O), 1368, 

1157(SO2) cm−1. Anal. Calcd for C16H17NO8S2: C, 46.26; H, 4.12; N, 3.37%. Found: C, 

46.14; H, 3.85; N, 3.32%. 

1-Methanesulfonylamino-N-propyl-2,3-naphthalimide (1ANI-Ms): A mixture of 

compound 1ANE-Ms2 (134 mg, 0.32 mmol), propylamine (97 mg, 1.6 mmol) and 

imidazole (2 g) in o-dichlorobenzene (3 mL) was refluxed overnight under argon 

atmosphere. After the reaction mixture was cooled to room temperature, the solvent 

was removed under reduced pressure. The residue was purified by silica-gel column 

chromatography (CH2Cl2) to afford the desired compound 1ANI-Ms as a colorless 

needles (88 mg, 82%), m.p. 238−239 °C. 1H NMR (600 MHz, CDCl3) δH = 8.68 (d, J 

= 8.4 Hz, 1H), 8.27 (s, 1H), 8.02 (d, J = 8.0 Hz, 1H), 7.80–7.71 (m, 3H), 3.71 (t, J = 

7.3 Hz, 2H), 3.08 (s, 3H), 1.74 (sext, J = 7.4 Hz, 2H), 0.97 (t, J = 7.4 Hz, 3H). 13C NMR 

(151 MHz, CDCl3) δC = 168.8, 167.2, 137.1, 133.5, 132.8, 130.4, 130.2, 129.6, 128.1, 

126.8, 124.6, 119.2, 40.1, 39.9, 22.0, 11.5 ppm. IR (neat) νmax = 3226 (N-H), 2967 (C-

H), 1756, 1697 (C=O), 1326, 1160 (SO2) cm−1. Anal. Calcd for C16H16N2O4S: C, 57.82; 

H, 4.85; N, 8.43%. Found: C, 57.73; H, 4.74; N, 8.38%. 

1ANI-Ms−(CaOSO2CF3)+: DBU (37 mg, 0.24 mmol) and Ca(OSO2CF3)2 (135 mg, 0.4 

mmol) were added to a solution of compound 1ANI-Ms (26 mg, 0.08 mmol) in MeCN 

(10 mL). The precipitate was filtered and washed with MeCN, dried under vacuum to 

give 1ANI-Ms−(CaOSO2CF3)
+ as a pale yellow solid (15.3 mg, 37%). 1H NMR (600 

MHz, CD3CN) δH 8.63 (brs, 1H), 8.27 (brs, 1H) 8.13 (brs, 1H), 7.77 (m, 2H), 3.65 (t, J 

= 7.2 Hz, 2H), 3.04 (brs, 3H), 2.94 (s, 3H), 1.71 (sext, 2H, J = 7.2 Hz), 0.95 (t, J = 7.4 

Hz, 3H). Anal. Calcd for C17H19CaF3N2O9S2 [1ANI-Ms−(CaOTf)+ ·2H2O]: C, 36.69; 

H, 3.44; N, 5.03. Found: C, 36.94: H, 3.17, N, 5.15. 
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Chapter 4   

Synthesis and fluorescence properties of amido-substituted 

2,3-naphthalimide derivatives at 5-, and 6-positions and 

their fluorescence responses to metal ions 
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4.1 Introduction 

Construction of multifunctional fluorophores have obtained significant interest due to 

their widespread applications in the field of bio/chemo-sensors[1-3], fluorescent 

probes[4,5], imaging[6,7] and organic optoelectronic devices[8,9]. Changes in fluorescence 

color and/or intensity have been utilized as detection signals to respond to various 

external stimuli, such as solvent polarity, pH, and ionic species.[10] Some fundamental 

photochemical and photophysical mechanisms, including intramolecular charge 

transfer (ICT)[11] and excited state intramolecular proton transfer (ESIPT)[12-14], have 

been employed to develop multifunctional fluorophores. 

 2-(Dimethylamino)-6-propionylnaphthalene (PRODAN)[15] and 4-

aminophthalimide (4-AP)[16] are representatives of ICT fluorophores. Various ICT 

fluorophores have been used in fluorescent probes[17] because they are sensitive to 

microenvironment of a medium displaying appreciable solvatofluorochromism[11]. 

Fluorescence behavior of a series of amino-substituted 2,3-naphthalimide derivatives 

at the 1-, 5-, and 6- positions (1ANI, 5ANI, and 6ANI, respectively) were reported 

previously[18]. 5ANI and 6ANI gave off solvent-induced multicolor fluorescence with 

marked positive solvatofluochromism due to their ICT character whereas 1ANI 

displayed negligible solvent dependence due to intramolecular hydrogen bonding and 

effective conjugation between the amino group and the imide moiety.[18] Similarly, 

effects of amino-substitution position on the fluorescence properties of amino-

substituted 1,8-naphthalimide derivatives were also observed.[19-21]  

 

Figure 4-1. Chemical structures of amino-substituted 2,3-naphthalimides (ANIs)[18]. 

ESIPT fluorophores have attracted much attention because of their unique 
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photophysical properties, such as emission from the corresponding tautomer form with 

very large Stokes shift, tunable fluorescence emission, ultrafast process, sensitivity to 

the micro-environment, e.g., intermolecular hydrogen bonding with protic solvent.[12-

14,22,23] Especially, solid state ESIPT emitters have become a hot topic as their 

application in organic optoelectronic devices[22]. Recently, Itani et. al reported solid 

state ESIPT fluorescence of 3-aminophthalimide derivatives (3APIs, see Figure 4-2 for 

the chemical structures)[24]. The fluorescence colors of the compounds were controlled 

by simply modifying the amino moiety as sulfonamide and acetamide functionalities. 

Very recently, ESIPT fluorescence of methanesulfonamido substituted 2,3-

naphthalimide at the 1-position of 1ANI-Ms (see Figure 4-2 for the chemical structures) 

was observed in toluene and MeCN, as well as in the solid state. Additionally, the 

corresponding amidate anion of 1ANI-Ms selectively responded to Ca2+ to show 

changes in the fluorescence color and intensity. Thus, 1ANI-Ms would serve as a 

multifunctional fluorophore[25]. 

 

Figure 4-2. Chemical structures of 3APIs and 1ANI-Ms. 

Cu2+ is not only an essential trace element playing a crucial role in the human 

body[26], but also important transition metal element as a catalyst in organic reaction. 

[27] However, the concentration of Cu2+ exceeds the required and its toxicity could cause 

neurodegenerative and cardiovascular diseases, such as Alzheimer’s disease, Menkes 

and Wilson’s disease.[28] Cu2+ is also a major ecological pollutant due to the discharge 

of a massive wastewater containing heavy metal ions. Although many detection 

techniques for Cu2+ have been developed, the presence of problem limits their 

applications.[29] Therefore, development of an effective fluorescence probe for highly 

selective and sensitive detection of Cu2+ is important and meaningful because of its 

obvious advantages of high sensitivity, fast response time, low cost, and technical 
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simplicity.[4,30]  

 It is expected that 5ANI and 6ANI derivatives could provide multifunctional 

fluorophores due to their significant ICT features. Furthermore, systematic 

investigation of fluorescence behavior of ANI derivatives would provide better 

understanding to the effect of substitution positions on their fluorescence properties. In 

the present study, a series of ANI derivatives incorporating methanesulfonylamido and 

trifluoromethanesulfonylamido functionalities into 5ANI and 6ANI (ANI-Ms’s and 

ANI-Tf’s, respectively, see Figure 4-3 for the chemical structures) were prepared, and 

their electronic spectra were investigated. Additionally, responses of the corresponding 

amidate ions of ANI-Ms’s and ANI-Tf’s to metal ions were studied in MeCN because 

the negative charged amidate ions were expected to interact with positively charged 

species. 

 

Figure 4-3. Chemical structures of ANI-Ms’s and ANI-Tf’s. 

4.2 Synthesis  

Detailed synthetic routes to ANI-Ms’s and ANI-Tf’s are shown in Scheme 4-1. All new 

compounds were characterized by 1H NMR, 13C NMR and IR spectroscopy, as well as 

elemental analysis. The starting amino-substituted 2,3-naphthalimides (ANIs) were 

obtained according to the previously reported methods.[31] 5ANI was reacted with 

excess methanesulfonyl chloride (MsCl) and trifluoromethanesulfonic anhydride (Tf2O) 

to give sufonimides 5ANI-Ms2 and 5ANI-Tf2, respectively. Subsequently, 5ANI-Ms2 

and 5ANI-Tf2 were, respectively, converted into 5ANI-Ms and 5ANI-Tf by treatment 

with Na2CO3 in MeOH.[24] Compounds 6ANI-Ms and 6ANI-Tf were prepared by the 

same procedures. For reactions of 5ANI and 6ANI with Tf2O in CH2Cl2, which is a 
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common solvent for sulfonimide formation, many product spots were observed by thin-

layer chromatography analysis due to formation of a complex product mixture. By 

using nonpolar benzene as the solvent, the sulfonimide formation proceeded smoothly 

to afford 5ANI-Tf2 and 6ANI-Tf2 in moderate yields (48%). 

 
Scheme 4-1. Synthetic routes to ANI-Ms’s and ANI-Tf’s. Reagents and conditions: (i) MsCl in 

CH2Cl2 or Tf2O in benzene, Et3N. (ii) Na2CO3, MeOH.  

4.3 Electronic Spectra  

Electronic spectra of ANI-Ms’s and ANI-Tf’s were investigated to understand their 

electronic features. Namely, solvent effects on the spectra were studied to reveal 

responses of the sulfonamide functionality to the solvents such as toluene (nonpolar), 

MeCN (polar) and DMSO (polar and proton accepting). The electronic absorption and 

fluorescence spectra are shown in Figure 4-4 and the photophysical parameters are 

collected in Table 4-1. 

In toluene, ANI-Ms’s and ANI-Tf’s showed structured absorption bands in the 

wavelength region of 356−360 nm with molar absorption coefficients of log ε = 

3.29−3.54, which were assigned to π→π* transition of the naphthalimide chromophores. 

In MeCN, ANI-Ms’s displayed absorption bands similar to that observed in toluene, 

whereas 5ANI-Tf and 6ANI-Tf exhibited new broad absorption bands at 395 nm and 

357 nm, respectively. The absorption bands were assigned to the corresponding amidate 

anions spontaneously formed through deprotonation in DMSO (Scheme 4-2). 

 

Scheme 4-2. Deprotonation of ANI-Ms’s and ANI-Tf’s. 
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Figure 4-4. Normalized absorption (full-line) and fluorescence (dotted-line) spectra of ANI-Ms’s 

and ANI-Tf’s in toluene (red), MeCN (black) and DMSO (blue). 

Formation of the amidate anions was confirmed by absorption spectral 

measurements of 5ANI-Tf and 6ANI-Tf in the presence of 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) as a base in MeCN. Thus, after the addition of 

DBU, 5ANI-Tf and 6ANI-Tf displayed an absorption band (𝜆max
Abs  = 391 nm for 5ANI-

Tf and 351 nm for 6ANI-Tf, Figures 4-6 and 4-8) which were identical with those 

observed in DMSO in the absence of the base. Similar deprotonation induced by DMSO 

was previously observed for amide derivatives of 1,8- and 2,3-naphthalimides[25,33].  
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Table 4-1. Photophysical parameters of ANI-Ms’s and ANI-Tf’s 

Compound Solvent 𝜆max
Abs  (nm)a (log ε) 𝜆max

FL  (nm)a ΦFL
b 

5ANI-Ms 

Toluene 358 (3.52) 418 0.48 

MeCN 359 (3.56) 445 0.44 

DMSO 364, 447c 457, 636 - c 

5ANI-Tf 

Toluene 356 (3.54) 402 0.29 

MeCN 356, 395c 412, 552 - c 

DMSO 395 (3.83)d 552 d 0.50 d 

6ANI-Ms 

Toluene 360 (3.29) 405 0.22 

MeCN 360 (3.51) 422 0.22 

DMSO 372, 395c 439, 598 - c 

6ANI-Tf 

Toluene 357 (3.44) 400 0.14 

MeCN 357c 402, 525 - c 

DMSO 361 (4.08)d 523 d 0.38 d 

a Absorption and fluorescence spectra were measured at room temperature under aerobic conditions. 
b Fluorescence quantum yields (ΦFL) were determined by using quinine sulfate (ΦFL = 0.55 in 0.1 

M H2SO4) as the reference.[32]  
c The ε and ΦFL values were not determined due to partial formation of the corresponding 

deprotonated forms. 
d The spectral data are for the corresponding deprotonated forms. 

 

In DMSO, ANI-Ms’s showed a structured absorption band in 364−372 nm 

wavelength region and a broad one in the longer wavelength region (𝜆max
Abs  = 448 nm 

for 5ANI-Ms and 388 nm for 6ANI-Ms). The latter was assigned to the corrresponding 

deprotonated forms of ANI-Ms’s by comparation with their absorption bands in MeCN 

observed in the presence of DBU (Figures 4-5 and 4-7). Therefore, in the case of ANI-

Ms’s, they are partly deprotonated to be in an equilibrium between the protonated and 

deprotonated forms. 
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Figure 4-5. Absorption spectra, fluorescence emission and excitation spectra of 5ANI-Ms in the 

presence and absence of DBU. 

 

 

Figure 4-6. Absorption spectra, fluorescence emission and excitation spectra of 5ANI-Tf in the 

presence and absence of DBU. 
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Figure 4-7. Absorption spectra, fluorescence emission and excitation spectra of 6ANI-Ms in the 

presence and absence of DBU. 

 

 

Figure 4-8. Absorption spectra, fluorescence emission and excitation spectra of 6ANI-Tf in the 

presence and absence of DBU. 

Fluorescence spectra of ANI-Ms’s and ANI-Tf’s were investigated in the three 

solvents (toluene, MeCN, and DMSO) to understand their fluorescence features in the 

different environments (Figure 4-4). In toluene and MeCN, 5ANI-Ms displayed a 

single emission band at 𝜆max
FL  418 nm and 445 nm, respectively. Upon increasing the 

solvent polarity from toluene to MeCN, the emission wavelength of 5ANI-Ms slightly 

red shifted (∆𝜆max
FL  = 27 nm) due to the ICT character of the emitting state. In DMSO, 

5ANI-Ms showed two emission bands at 𝜆max
FL   457 nm and 636 nm. The 636-nm 
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emission band is assigned to amidate anions of 5ANI-Ms because the fluorescence 

emission band of 5ANI-Ms observed after addition of DBU was identical to the 636-

nm emission band (Figure 4-5). 6ANI-Ms exhibited similar fluorescence behavior with 

5ANI-Ms in the three solvents. The fluorescence band assignable to 6ANI-Ms was 

observed at 𝜆max
FL   405 nm in toluene and 422 nm in MeCN. For 6ANI-Ms, two 

emission bands were observed at 𝜆max
FL   439 and 598 nm in DMSO, which were 

respectively assigned to the protonated form and deprotonated form of 6ANI-Ms, due 

to the partial deprotonation (Figure 4-7). 

In toluene, 5ANI-Tf showed a single emission band at 𝜆max
FL  402 nm, whereas in 

MeCN, it displayed dual emission bands at 𝜆max
FL  412 nm and 552 nm, which were 

respectively assigned to its normal fluorescence and amidate anions (Figure 4-4). 

Similarly, 6ANI-Tf displayed emission band at 400 nm in toluene and dual emission 

bands at 𝜆max
FL  402 nm and 530 nm in MeCN (Figure 4-4). In DMSO, 5ANI-Tf and 

6ANI-Tf exhibited single emission bands at 𝜆max
FL  552 nm and 522 nm, respectively, 

which were assigned to their completely deprotonated forms by comparing their 

fluorescence spectra in the presence and absence of DBU (Figures 4-6 and 4-8). The 

fluorescence behavior of 5ANI-Tf and 6ANI-Tf based on the proton dissociation 

equilibrium was consistent with those observed in the absorption spectra. The 𝜆max
Abs  of 

the amidate of the Ms derivatives are longer than that of the corresponding amidates of 

Tf derivatives, as a result of the difference in the electron-withdrawing ability of Ms 

and Tf groups.  

Fluorescence excitation spectra of ANI-Ms’s and ANI-Tf’s were measured in the 

solvents to confirm the fluorescing. Fluorescence excitation spectra of ANI-Ms’s and 

ANI-Tf’s obtained were compared with the corresponding absorption spectra in three 

solvents (Figures 4-9 to 4-12). Through the comparations, the excitation spectra were 

identical with the corresponding absorption spectra, the emission bands were assigned 

to the protonated form or deprotonated form of ANI-Ms’s and ANI-Tf’s. 
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Figure 4-9. Comparation of absorption and excitation spectra of 5ANI-Ms in toluene (a), MeCN 

(b) and DMSO (c). 

 

 

 

Figure 4-10. Comparation of absorption and excitation spectra of 5ANI-Tf in toluene (a), MeCN 

(b) and DMSO (c). 

 

 

 

Figure 4-11. Comparation of absorption and excitation spectra of 6ANI-Ms in toluene (a), MeCN 

(b) and DMSO (c). 
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Figure 4-12. Comparation of absorption and excitation spectra of 6ANI-Tf in toluene (a), MeCN 

(b) and DMSO (c). 

4.4 Effects of deprotonation on the electronic spectra  

The amidate anions of ANI-Ms’s and ANI-Tf’s were generated by the addition of DBU.  

Absorption and fluorescence spectra observed upon the titration of ANI-Ms’s and ANI-

Tf’s with DBU are displayed in Figure 4-13.  

Upon the addition of DBU, the intensity of absorption and emission bands of the 

amide forms ANI-Ms’s and ANI-Tf’s decreased, accompanied by the appearance of a 

new red-shifted absorption and emission bands. The red-shifted absorption and 

emission bands are respectively observed progressively increasing intensity at 439 nm 

and 637 nm for 5ANI-Ms−, 391 nm and 553 nm for 5ANI-Tf−, 389 nm and 600 nm for 

6ANI-Ms−, and 351 nm and 531 nm for 6ANI-Tf−. Four equivalents of DBU 

completely deprotonated 5ANI-Ms and 6ANI-Ms. In contrast, 1.2 equivalents of DBU 

completely deprotonated 5ANI-Tf and 6ANI-Tf.  
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Figure 4-13. Absorption (a-d) and fluorescence (e-h) spectra of ANI-Ms’s and ANI-Tf’s (c = 

2×10−5 M) upon titration with DBU in MeCN (λex = 330 nm). 

4.5 Response to metal ions 

Responses of the amidate forms of ANI-Ms’s and ANI-Tf’s to various metal ions 

were investigated by absorption and fluorescence spectra in MeCN because the 

negatively charged amidate ions are expected to interact with positively charged metal 



83 

 

ions (Scheme 4-3). The corresponding perchlorates of Li+, Na+, K+, Rb+, Cs+ and 

triflates of Co2+, Ni2+, Cu2+, Zn2+, Ca2+, Mg2+ were used as the sources of metal ions. 

The absorption and fluorescence spectra of the amidate anions of ANI-Ms’s and ANI-

Tf’s (c = 2×10−5 M) in the presence of various metal ions (5 equiv.) are shown in Figure 

4-14. The amidate ions were generated by addition of DBU as a base, 4 equiv. for 5ANI-

Ms and 6ANI-Ms, and 1.2 equiv. for 5ANI-Tf and 6ANI-Tf.  

 

Figure 4-14. Absorption (a-d) and fluorescence (e-h) spectra of ANI-Ms’s and ANI-Tf’s (c = 

2×10−5 M) in the presence of various metal ions (5 equiv.) and DBU ([DBU] = 4 equiv. for 5ANI-

Ms and 6ANI-Ms, and 1.2 equiv. for 5ANI-Tf and 6ANI-Tf) in MeCN (λex = 330 nm). 
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Scheme 4-3. Response of ANI-Ms’s and ANI-Tf’s to metal ions in the presence of DBU. R = CH3 

or CF3. 

After the addition of alkaline metal ions, the amidate anion 5ANI-Ms− exhibited 

absorption band at 442 nm and emission band at 638 nm displaying no significant 

changes in the spectra compared to those observed in the absence of metal ions. Upon 

the addition of other transition metal ions (Co2+, Ni2+, Zn2+, Ca2+ and Mg2+), absorption 

band at 359 nm and emission band at 446 nm of 5ANI-Ms were recovered (Figure 4-

14a). These results indicated that the amide form 5ANI-Ms was regenerated through a 

metal-ion induced hydrolysis process[34,35]. After the addition of Cu2+, evolution of a 

new broad absorption band at 521 nm and complete fluorescence quenching were 

observed (Figures 4-14a, e). The color of the solution clearly changed from yellow to 

pink detected by naked eyes (Figure 4-15). Therefore, Cu2+ induced appreciable 

absorption and fluorescence spectral changes among the metal ions tested. 

 

Figure 4-15. Visible and fluorescence colors of 5ANI-Ms− in the absence and presence of various 

metal ions. 

In the case of 5ANI-Tf−, addition of metal ions except for Cu2+ and Zn2+, displayed 

minimal effects on its absorption and fluorescence spectra (Figures 4-14b, f). After 
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addition of Zn2+, absorption band at 357 nm and two emission bands at 412 nm and 552 

nm were observed, which were respectively assigned to 5ANI-Tf and 5ANI-Tf−. The 

amidate form partly protonated through the metal-ion induced hydrolysis process to 

regenerated 5ANI-Tf. Upon the addition of Cu2+, 5ANI-Tf− exhibited a new broad 

absorption band at 552 nm as well as efficient fluorescence quenching. By the naked 

eye, appreciable solution color change was detected from colorless to pink (Figure 4-

16). Thus, 5ANI-Tf− showed selective response to Cu2+ among the metal ions texted. 

 

Figure 4-16. Visible and fluorescence colors of 5ANI-Tf− in the absence and presence of various 

metal ions. 

For 6ANI-Ms− and 6ANI-Tf−, after addition of the metal ions used, showed no 

detectable changes in absorption and fluorescence spectra compared to the cases 

without metal ions (Figures 4-14c and 4-14d). Thus, 6ANI-Ms− and 6ANI-Tf− were 

insensitive to metal ions. 
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Figure 4-17. Visible and fluorescence colors of 6ANI-Ms− in the absence and presence of various 

metal ions. 

 

 

Figure 4-18. Visible and fluorescence colors of 6ANI-Tf− in the absence and presence of various 

metal ions.  



87 

 

4.6 Conclusion 

In this study, the author prepared a series of amido-substituted 2,3-naphthalimide 

derivatives (ANI-Ms’s and ANI-Tf’s) and their spectral properties were investigated in 

toluene, MeCN and DMSO. In toluene, ANI-Ms’s and ANI-Tf’s showed single 

emission band from normal fluorescence. Whereas in MeCN, ANI-Tf’s displayed dual 

emission band from normal fluorescence and amidate anions through the solvent-

induced partial deprotonation process. Namely, ANI-Tf’s and their corresponding 

amidate anions are coexist, i.e., in an equilibrium between the protonated and 

deprotonated forms in MeCN. In DMSO, ANI-Ms’s also exhibited two emission bands 

by the partial deprotonation process, whereas ANI-Tf’s showed a single emission band 

from completely deprotonated form. The deprotonated forms of ANI-Ms’s and ANI-

Tf’s were confirmed by comparation of their absorption and fluorescence spectra 

before/after the addition of DBU as the base in MeCN. Furthermore, colorimetric and 

fluorometric responses of the amidate anions to metal ions were studied because they 

could bind with metal ions. The results indicated that 5ANI-Ms− and 5ANI-Tf− 

displayed selectivity to Cu2+. After the addition of Cu2+, a broad absorption band at 521 

nm and 552 nm was respectively observed for 5ANI-Ms and 5ANI-Tf accompanied by 

complete fluorescence quenching. The fluorescence color changed from yellow to pink 

for 5ANI-Ms− and colorless to pink for 5ANI-Tf−. The color changed was detected by 

the naked eyes. Therefore, 5ANI-Ms and 5ANI-Tf would serve as fluorescent on-off 

probe and colorimetric sensor for Cu2+. These findings will open an avenue to new 

multifunctional fluorophores. 
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4.7 Experimental section 

1H and 13C NMR spectra were recorded on VARIAN Mercury 300 (300 MHz) and 

VARIAN NMR System 600 (600 MHz) spectrometers. IR spectra were performed on 

a SHIMADZU IR Prestige-21 spectrometer. Elemental analyses were measured on a 

PERKIN-ELMER 2400II CHN-S analyzer at the Micro Elemental Analysis Laboratory 

of Okayama University.  

Absorption spectra were obtained on a JASCO V-530 UV-VIS spectrophotometer. 

Fluorescence spectra were collected on a JASCO FP-6300 spectrofluorometer at room 

temperature. Spectroscopic grade solvents were used for the absorption and the 

fluorescence measurements. Fluorescence quantum yields (ΦFL) were measured in 

solution using quinine sulfate (ΦF = 0.55 in 0.1 N H2SO4)
[32] as the reference.  

5-Methanesulfonylamino-N-propyl-2,3-naphthalimide (5ANI-Ms) 

 

Methanesulfonyl chloride (79 µL, 1 mmol) and triethylamine (140 µL, 1 mmol) were 

added slowly to the solution of 5ANI (51 mg, 0.2 mmol) in CH2Cl2 (10 mL) in an ice-

water bath under N2 atmosphere. The reaction mixture was stirred overnight at room 

temperature, then the solvent was removed under reduced pressure. The residue was 

purified by silica-gel column chromatography (hexane : AcOEt = 5 : 1) to give  

compound 5ANI-Ms2 as colorless solid (62.3 mg, 79%), m.p. 279−280 °C. 1H NMR 

(600 MHz, DMSO-d6) δH = 8.66 (s, 1H), 8.46 (d, J = 8.4 Hz, 1H), 8.38 (s, 1H), 8.08 

(dd, J = 7.4, 1.0 Hz, 1H), 7.89 (t, J = 7.6 Hz, 1H), 3.67 (s, 6H), 3.61 (t, J = 7.1 Hz, 2H), 

1.65 (sext, J = 7.4 Hz, 2H), 0.90 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) 

δC = 167.3, 167.2, 136.4, 134.7, 133.2, 132.1, 129.3, 129.1, 128.2, 124.9, 119.0, 118.9, 

42.6, 39.5, 21.3, 11.3 ppm. IR (neat) νmax = 2972 (C-H), 1707 (C=O), 1344, 1159 (SO2) 
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cm−1. Anal. Calcd for C17H18N2O6S2: C, 49.75; H, 4.42; N, 6.83%. Found: C, 49.59; H, 

4.37; N, 6.69%. 

A solution of 5ANI-Ms2 (95.6 mg, 0.24 mmol) and Na2CO3 (254 mg, 2.4 mmol) in 

MeOH (10 mL) was refluxed for 6 h. The reaction mixture was cooled to room 

temperature and 10 mL of water was added. Then the mixture was acidified with HCl 

aq. to pH = 2 and extracted with CHCl3 (20 mL). The combined organic layer was 

washed with water, dried over MgSO4 and concentrated under reduced pressure. The 

residue was purified by silica-gel column chromatography (CH2Cl2) to afford the 

desired compound 5ANI-Ms as colorless solid (56 mg, 70%). m.p. 251–253 °C. 1H 

NMR (600 MHz, DMSO-d6) δH = 10.08 (s, 1H), 8.71 (s, 1H), 8.52 (s, 1H), 8.17 (d, J = 

7.7 Hz, 1H), 7.80–7.73 (m, 2H), 3.59 (t, J = 7.2 Hz, 2H), 3.10 (s, 3H), 1.64 (sext, J = 

7.4 Hz, 2H), 0.89 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δC = 167.7, 167.5, 

136.3, 135.45, 131.6, 129.3, 129.0, 127.8, 127.7, 126.1, 124.7, 120.1, 39.9, 39.4, 21.4, 

11.4 ppm. IR (neat) νmax = 3275(N-H), 2972 (C-H), 1763, 1701 (C=O), 1329, 1148(SO2) 

cm−1. Anal. Calcd for C16H16N2O4S: C, 57.82; H, 4.85; N, 8.43%. Found: C, 57.85; H, 

4.55; N, 8.37%. 

5-Trifluoromethanesulfonylamino-N-propyl-2,3-naphthalimide (5ANI-Tf) 

 

Trifluoromethanesulfonic anhydride (335 µL, 2 mmol) and triethylamine (285 µL, 2 

mmol) were added slowly to the solution of 5ANI (101 mg, 0.4 mmol) in dry benzene 

(20 mL) in ice-water bath under N2 atmosphere. The reaction mixture was stirred 

overnight at room temperature and then the solvent was removed under reduced 

pressure. The residue was purified by silica-gel column chromatography (hexane : 

AcOEt = 5 : 1) to give compound 5ANI-Tf2 as colorless solid (100.2 mg, 48%). m.p 

135−137 oC. 1H NMR (600 MHz, CDCl3) δH = 8.45 (s, 1H), 8.43 (s, 1H), 8.31(d, J = 

7.8 Hz, 1H), 7.84–7.80 (m, 2H), 3.75 (t, J = 7.2 Hz, 2H), 1.77 (sext, J = 7.4 Hz, 2H), 
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1.00 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, CDCl3) δC = 167.3, 167.1, 137.0, 135.3, 

134.2, 133.8, 130.7, 130.4, 129.4, 128.4, 125.2, 120.5 (JC–F = 326 Hz), 118.7, 40.4, 22.0, 

11.5 ppm. IR (neat) νmax = 2926 (C−H), 1765, 1719 (C=O), 1365, 1126 (−SO2−), 

1215(−CF3) cm−1. Anal. Calcd for C17H12F6N2O6S2: C, 39.39; H, 2.33; N, 5.40%. Found: 

C, 39.60; H, 1.99; N, 5.34%. 

A solution of 5ANI-Tf2 (137.2 mg, 0.26 mmol) and Na2CO3 (277 mg, 2.6 mmol) in 

MeOH (10 mL) was refluxed for 4 h. The reaction mixture was cooled to room 

temperature and 10 mL of water was added. Then the mixture was acidified with HCl 

aq. to pH = 2 and extracted with AcOEt. The combined organic layer was washed with 

water, dried over MgSO4 and concentrated under reduced pressure. The residue was 

purified by silica-gel column chromatography (CH2Cl2) to afford the desired compound 

5ANI-Tf as colorless solid (63.2 mg, 63%). m.p. 218–219 °C. 1H NMR (600 MHz, 

CDCl3) δH = 8.70 (s, 1H), 8.36 (s, 1H), 8.07 (d, J = 8.3 Hz, 1H), 8.02 (s, 1H), 7.83 (d, 

J = 7.5 Hz, 1H), 7.70 (t, J = 7.8 Hz, 1H), 3.70 (t, J = 7.2 Hz, 2H), 1.71 (sext, J = 7.4 

Hz, 2H), 0.93 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, CDCl3) δC = 168.7, 167.5, 136.5, 

132.0, 131.8, 131.0, 129.1, 129.1, 128.3, 128.1, 125.3, 120.0 (JC–F = 322 Hz), 118.7, 

40.2, 21.8, 11.4 ppm. IR (neat) νmax = 3102 (N-H), 2972 (C-H), 1769, 1688 (C=O), 

1367, 1142 (SO2) cm−1. Anal. Calcd for C16H13F3N2O4S: C, 49.74; H, 3.39; N, 7.25%. 

Found: C, 49.59; H, 3.27; N, 7.16%. 

6-Methanesulfonylamino-N-propyl-2,3-naphthalimide (6ANI-Ms) 

 

Methanesulfonyl chloride (79 µL, 1.0 mmol) and triethylamine (112 µL, 0.8 mmol) 

were added slowly to the solution of 6ANI (51 mg, 0.2 mmol) in dry CH2Cl2 (10 mL) 

at ice-water bath under N2 atmosphere. The reaction mixture was stirred overnight at 

room temperature and then the solvent was removed under reduced pressure. The 

residue was purified by silica-gel column chromatography (hexane : AcOEt = 10 : 1) to 

give compound 6ANI-Ms2 as colorless powder (75 mg, 91%). m.p. 262−263 °C. 1H 
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NMR (600 MHz, CDCl3) δH = 8.38 (s, 2H), 8.15 (d, J = 8.7 Hz, 1H), 8.08 (d, J = 2.1 

Hz, 1H), 7.63 (dd, J = 8.7, 2.2 Hz, 1H), 3.74 (t, J = 7.2 Hz, 2H), 3.49 (s, 6H), 1.77 (sext, 

J = 7.4 Hz, 2H), 0.98 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, CDCl3) δC = 167.7, 

167.6, 135.9, 135.6, 133.8, 132.6, 131.9, 130.6, 129.8, 129.2, 124.9, 124.3, 43.0, 40.2, 

22.0, 11.5 ppm. IR (neat) νmax = 2940 (C-H), 1763, 1696 (C=O), 1362, 1156 (SO2) cm−1. 

Anal. Calcd for C17H18N2O6S2: C, 49.75; H, 4.42; N, 6.83%. Found: C, 49.89; H, 4.23; 

N, 6.69%. 

A solution of 6ANI-Ms2 (69.5 mg, 0.17 mmol) and Na2CO3 (18 mg, 0.85 mmol) in 

methanol (10 mL) was refluxed for 3 h. The reaction mixture was cooled to room 

temperature and 10 mL of water was added. Then the mixture was acidified with HCl 

aq. to pH = 2 and extracted with CHCl3 (20 mL). The combined organic layer was 

washed with water, dried over MgSO4 and concentrated under reduced pressure. The 

residue was purified by silica-gel column chromatography (hexane : AcOEt = 5 : 1) to 

afford the desired compound 6ANI-Ms as colorless powder (46.8 mg, 83%). m.p. 

269−270 °C. 1H NMR (600 MHz, DMSO-d6) δH = 10.41 (s, 1H), 8.39 (dd, J = 12.7, 2.1 

Hz, 2H), 8.20 (d, J = 8.8 Hz, 1H), 7.95 (d, J = 2.2 Hz, 1H), 7.57 (dd, J = 8.9, 2.2 Hz, 

1H), 3.57 (t, J = 7.2 Hz, 2H), 3.18 (s, 3H), 1.63 (sext, J = 7.4 Hz, 2H), 0.88 (t, J = 7.4 

Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δC = 167.6, 167.6, 139.3, 136.0, 131.7, 131.3, 

128.2, 126.1, 124.1, 123.5, 122.2, 116.3, 39.9, 39.2, 21.3, 11.3 ppm. IR (neat) νmax = 

3242 (N-H), 2960 (C-H), 1758, 1696 (C=O), 1367, 1146 (SO2) cm−1. Anal. Calcd for 

C16H16N2O4S: C, 57.82; H, 4.85; N, 8.43%. Found: C, 57.59; H, 4.65; N, 8.30%. 

6-Trifluoromethanesulfonylamino-N-propyl-2,3-naphthalimide (6ANI-Tf) 

 

Trifluoromethanesulfonic anhydride (168 µL, 1 mmol) and triethylamine (140 µL, 1 

mmol) were added slowly to the solution of 6ANI (50.9 mg, 0.2 mmol) in CH2Cl2 (10 

mL) at ice-water bath under N2 atmosphere. The mixture was stirred overnight at room 

temperature and then the solvent was removed under reduced pressure. The residue was 
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purified by silica-gel column chromatography (hexane : AcOEt = 3 : 1) to give  

compound 6ANI-Tf2 as colorless needle (37 mg, 48%). m.p. 215–216 °C. 1H NMR 

(300 MHz, CDCl3) δH = 8.43 (s, 1H), 8.41 (s, 1H), 8.20 (d, J = 8.9 Hz, 1H), 8.14 (d, J 

= 1.9 Hz, 1H), 7.63 (dd, J = 8.8, 2.1 Hz, 1H), 3.75 (t, J = 7.3 Hz, 2H), 1.76 (sext, J = 

7.4 Hz, 2H), 0.98 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, DMSO-d6) δC = 167.4, 167.4, 

135.9, 135.6, 132.9, 131.9, 128.5, 127.4, 124.2, 124.1, 124.0, 121.6, 119.8 (JC-F = 324 

Hz), 39.3, 21.3, 11.2 ppm. IR (neat) νmax = 3144 (N-H), 2965 (C-H), 1757 (C=O), 1382, 

1142 (SO2) cm−1. Anal. Calcd for C17H12F6N2O6S2: C, 39.39; H, 2.33; N, 5.40%. Found: 

C, 39.15; H, 2.12; N, 5.34%. 

A solution of 6ANI-Tf2 (183.4 mg, 0.35 mmol) and Na2CO3 (377 mg, 3.5 mmol) in 

MeOH (20 mL) was refluxed for 3 h. The reaction mixture was cooled to room 

temperature and 10 mL of water was added. Then the mixture was acidified with HCl 

aq. to pH = 2 and extracted with AcOEt (20 mL). The combined organic layer was 

washed with water, dried over MgSO4 and concentrated under reduced pressure. The 

residue was purified by silica-gel column chromatography (CH2Cl2) to afford the 

desired compound 6ANI-Tf as colorless solid (113.4 mg, 83%). m.p. 217–218 °C. 1H 

NMR (600 MHz, acetone-d6) δH = 8.34 (s, 1H), 8.31 (s, 1H), 8.22 (d, J = 8.8 Hz, 1H), 

8.13 (d, J = 2.2 Hz, 1H), 7.71 (dd, J = 8.8, 2.3 Hz, 1H), 3.62–3.57 (m, 2H), 1.66 (sext, 

J = 7.4 Hz, 2H), 0.89 (t, J = 7.4 Hz, 3H). 13C NMR (151 MHz, acetone-d6) δC = 168.1, 

168.1, 136.7, 136.4, 134.3, 132.7, 130.0, 129.1, 124.7, 124.6, 124.5, 122.4, 120.9 (JC-F 

= 323 Hz), 40.3, 22.4, 11.6 ppm. IR (neat) νmax = 3152 (N-H), 2971 (C-H), 1756, 1689 

(C=O), 1382, 1142 (SO2) cm−1. Anal. Calcd for C16H13F3N2O4S: C, 49.74; H, 3.39; N, 

7.25%. Found: C, 49.62; H, 3.11; N, 7.18%. 
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