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Various indolylmaleimides (IMs) were synthesized, and their fluorescence (FL) and

chemiluminescence (CL) were measured. The substitution at the 2-position of the indole

ring and the 3- or 4-position of the maleimide moiety caused an obvious change in the FL

and CL of the IMs. An almost on–off switching of the FL of the IMs was observed.

The intramolecular charge transfer from the indole moiety to the maleimide moiety occurred in

3-(1H-3-indolyl)-2,5-dihydro-1H-2,5-pyrroledione. In the FL of the IMs, CASPT2 calculations

showed deprotonation of the NH group of the indole ring and the maleimide moiety at the

excited state. The CQC bond in the maleimide moiety was needed for strong CL in the IMs

without substitution at the 2-position of the indole ring. The relationships between the FL

or CL properties and the structures of the IMs were clarified. These results provide significant

information on the rational design of IMs as FL and CL probes.

Introduction

Various fluorescence (FL), chemiluminescence (CL) and

bioluminescence (BL) compounds have been developed for

labeling reagents1–5 and probes in living cells.6–10 The derivatives

of fluorescein,11–14 coumarin,15–18 luminol,19–24 acridinium

ester,25–28 luciferin29–32 and green fluorescent protein33–37 are

useful luminescent compounds for highly sensitive and selec-

tive FL, CL and BL methods. Recently, FL and CL probes

have been designed and synthesized on the basis of energy

transfer (ET),38–41 photoinduced electron transfer (PeT)42–46

and charge transfer (CT).47–50 Especially, the on–off switching

mechanism of FL probes utilizing these mechanisms was

applied to various FL methods.51–53 The development of CL

probes having on–off switching has been needed for a wide

range of applications of CL methods. Therefore, clarification

of the FL and CL properties and the luminescent mechanism

of FL and CL compounds is very informative for the develop-

ment of FL and CL properties and the luminescence mechanism

of FL and CL compounds is very informative for the

development of FL and CL probes. The relationship between

the FL or CL properties and the structure of FL and CL

compounds should be clarified.

Indole derivatives are known as FL, CL and BL

compounds.54–59 Recently, indolylmaleimides (IMs) com-

posed of an indole moiety and a maleimide moiety have been

focused on for their luminescence properties60–65 and their

usage for organic light-emitting diodes.66–68 However, the

essential factors in molecular design for useful FL or CL

probes of IMs have not been clarified. When the factors are

found, the efficiency of the development of FL or CL probes of

IMs can be increased. We synthesized various IMs and

measured the FL and CL. Very interesting FL and CL proper-

ties were obtained. In this study, we found the essential factors

determining the FL and CL properties of IMs which provide

significant information on developing FL and CL probes of

IMs efficiently. A clear relationship was found between the

structure and the FL or CL properties of IMs. Furthermore, a

theoretical study was performed to clarify the FL properties of

the IMs by CASPT2 calculations.

Experimental

General methods

1H-NMR spectra were obtained in DMSO-d6 as the solvent

using a Varian UNITY plus (USA) spectrometer at 500 MHz.

FAB MS spectra were obtained using a JEOL JMS 600

(Japan). Absorption and fluorescence spectra were obtained

using a Jasco V-530 absorptiometer and an FP-6500 fluoro-

meter (Tokyo, Japan). All FL spectra were corrected. A

Lumat LB 9501 (Berthold, Wildbad, Germany) was used to

measure the CL in a round-bottom glass tube (75� 12 mm id).

Deionized and distilled water purified by a Millie-Gradient
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(Japan Millipore, Tokyo, Japan) was used. All other chemicals

and solvents were of analytical reagent grade.

Syntheses

2-Naphthyl indole,69 compounds 1,70,71 2,71 4,71 7
71 and 13

72

were synthesized by the reported method.

3-Bromo-4-(2-naphthyl-1H-3-indolyl)-2,5-dihydro-1H-pyrro-

ledione (3). To stirred toluene–THF (15 mL, 2 : 1, v/v) was

added 2-naphthyl indole (0.2 g, 0.8 mmol); then CH3MgCl

(0.5 mL, 1.5 mmol, 3M in THF) was added dropwise and the

solution was stirred at 60 1C for 1 h. Dibromomaleimide

(0.105 g, 0.4 mmol) in toluene–THF (4 mL, 1 : 1, v/v) was

added to the solution, and the mixture was refluxed for 48 h.

EtOAc (300 mL) was added to the reaction mixture, and the

organic layer was washed with 1 M HCl (100 mL), H2O

(100 mL) and 10% aqueous NaCl (100 mL), and dried with

anhydrous MgSO4. The filtrate was concentrated and the

resulting precipitates were purified by column chromatography

(silica gel, EtOAc–hexane = 5 : 3, v/v) to give 3 (0.05 g, 15%).

Found: C, 63.46; H, 4.02; N, 6.02. C22H13BrN2O2 requires

C, 63.33; H, 3.14; N, 6.71%; mp 135–138 1C;
1H-NMR(DMSO�d6) 7.10–7.14 (m, 1H, ArH), 7.21–7.24

(m, 1H, ArH), 7.50–7.60 (m, 4H, ArH), 7.69–7.7 (d, J = 8 Hz,

1H, ArH), 7.92–8.01 (m, 3H, ArH), 8.12 (s, 1H, ArH), 11.29

(s, 1H, maleimide NH), 12.25 (s, 1H, indole NH);m/z (FABMS)

417.02 [M]+.

3-(2-Phenyl-1H-3-indolyl)-2,5-pyrrolidinedione (5). CH3OH

(120 mL) was added to compound 2 (0.27 g, 0.74 mmol) and

Pd-black (0.6 g). The mixture was stirred under hydrogen

gas for 19 h. The filtrate was concentrated in vacuo, and the

resulting precipitates were purified by column chromatography

(silica gel, CHCl3: CH3OH=20 :1-EtOAc :hexane= 2:3, v/v)

to give 5 (0.04 g, 19%). Found: C, 73.47; H, 5.18; N, 9.11.

C18H14N2O2�0.25H2O requires C, 73.33; H, 4.95; N, 9.50%;

mp 295–297 1C; 1H-NMR(DMSO�d6) 2.75–2.80 (dd, J =

5 Hz, 1H), 3.16–3.21 (dd, J = 10 Hz, 1H), 4.39–4.42 (dd, J =

5.5 Hz, 1H), 6.99–7.02 (t, J = 7 Hz, 1H, ArH), 7.11–7.14

(t, J = 7 Hz, 1H, ArH), 7.19–7.20 (d, J = 8 Hz, 1H, ArH),

7.39–7.45 (m, 2H, ArH), 7.51–7.54 (t, J = 8 Hz, 2H, ArH),

7.63–7.64 (d, J = 7 Hz, 2H, ArH), 11.39 (s, 1H, maleimide

NH), 11.43 (s, 1H, indole NH); m/z (FAB MS) 290.2 [M]+.

3-(2-Naphthyl-1H-3-indolyl)-2,5-pyrrolidinedione (6). DMF

(3 mL) was added to compound 3 (0.03 g, 0.072 mmol) and

10% Pd–C (0.03 g). The mixture was stirred under hydrogen

gas (750 psi) for 72 h. The filtrate was concentrated in vacuo,

and EtOAc (30 mL) and H2O (30 mL) were added to

the resulting precipitates; the organic layer was dried with

anhydrous MgSO4 and the filtrate was concentrated. The

resulting precipitates were purified by column chromatography

(silica gel, EtOAc–hexane = 3 : 5, v/v) to give 6 (0.01 g,

41.7%). 1H-NMR(DMSO�d6) 2.79�2.84 (dd, J = 5.5 Hz,

1H), 4.52�4.55 (dd, J = 5.5 Hz, 1H), 7.01–7.04 (t, J = 8 Hz,

1H, ArH), 7.14–7.16 (t, J=7Hz, 1H, ArH), 7.23–7.25 (d, J=

8 Hz, 1H, ArH), 7.43–7.44 (d, J = 8 Hz, 1H, ArH), 7.56–7.60

(m, 2H, ArH), 7.77–7.79 (dd, J = 2 Hz, 1H, ArH), 7.97–8.00

(m, 2H, ArH), 8.05–8.07 (d, J = 8.5 Hz, 1H, ArH), 8.14

(s, 1H, ArH), 11.45 (s, 1H, maleimide NH), 11.53 (s, 1H,

indole NH); m/z (FAB MS) 340.15 [M]+.

3-(2-Phenyl-1H-3-indolyl)-2,5-dihydro-1H-2,5-pyrroledione

(8). To stirred benzene (100 mL) were added compound 5

(0.1 g, 0.34 mmol), DDQ (0.1 g, 0.44 mmol) and p-TsOH�H2O

(0.1 g, 0.53 mmol), and the mixture was refluxed for 4 h.

EtOAc (200 mL) and 10% aqueous NaCl (100 mL) were

added to the solution, and the organic layer was extracted

and concentrated. The resulting precipitate was purified by

column chromatography (silica gel, hexane–EtOAc= 1 : 1, v/v)

to give 8 (0.04 g, 40.4%). Found: C, 74.77; H, 4.17; N, 9.68.

C18H12N2O2 requires C, 74.99; H, 4.20; N, 9.72%; mp

290–291 1C; 1H-NMR(DMSO�d6) 6.67 (s, 1H, Olefin H),

7.11–7.14 (t, J = 7 Hz, 1H, ArH), 7.19–7.22 (t, J = 7 Hz,

1H, ArH), 7.37–7.40 (t, J = 7.5 Hz, 1H, ArH), 7.44–7.47

(t, J = 7.5 Hz, 3H, ArH), 7.53–7.54 (d, J = 7 Hz, 2H, ArH),

7.64–7.66 (d, J = 8 Hz, 1H, ArH), 10.72 (s, 1H, maleimide

NH), 12.02 (s, 1H, indole NH); m/z (FAB MS) 289.2

[M + H]+.

3-(3-indolyl)-4-(1-phenyl)-1H-pyrrole-2,5-dione (9)73. To

stirred dioxane-H2O (24 mL, 5 : 1, v/v) were added compound

1 (0.44 g, 1.51 mmol), K2CO3 (0.31 g, 2.25 mmol) and phenyl-

boronic acid (0.28 g, 2.3 mmol), and N2 gas was bubbled into

the mixture. Pd(OAc)2 (0.1 g, 0.45 mmol) was added to the

solution, and the mixture was refluxed for 23 h. The organic

layer was extracted with EtOAc and concentrated. The resulting

precipitate was purified by column chromatography (silica gel,

hexane–EtOAc = 5 : 3, v/v) to give 9 (0.3 g, 69%). Found: C,

74.60; H, 4.11; N, 9.59. C18H12N2O2 requires C, 74.99; H,

4.20; N, 9.72%; mp 263–264 1C; 1H-NMR(DMSO�d6)
6.30–6.31 (d, J = 8 Hz, 1H, ArH), 6.64–6.67 (m, 1H, ArH),

7.01–7.05 (m, 1H, ArH), 7.29–7.35 (m, 3H, ArH), 7.37–7.41

(m, 3H, ArH), 7.962–7.968 (d, J = 3 Hz, 1H, ArH), 11.0

(s, 1H, maleimide NH), 11.87 (s, 1H, indole NH);m/z (FABMS)

289.1 [M + H]+.

3-(3-indolyl)-4-(2-naphthyl)-1H-pyrrole-2,5-dione (10)73. To

stirred dioxane-H2O (24 mL, 5 : 1, v/v) were added compound

1 (0.44 g, 1.51 mmol), K2CO3 (0.31 g, 2.25 mmol) and

2-naphthaleneboronic acid (0.4 g, 2.3 mmol), and N2 gas

was bubbled into the mixture. Pd(OAc)2 (0.1 g, 0.45 mmol)

was added to the solution, and the mixture was refluxed for

24 h. The organic layer was extracted with EtOAc and

concentrated. The resulting precipitate was purified by column

chromatography (silica gel, hexane–EtOAc= 5 : 3, v/v) to give

10 (0.11 g, 21.6%). Found: C, 77.63; H, 4.12; N, 8.20.

C22H14N2O2 requires C, 78.09; H, 4.17; N, 8.28%; mp

287–289 1C; 1H-NMR(DMSO�d6) 6.34–6.36 (d, J = 8.5 Hz,

1H, ArH), 6.50–6.53 (t, J= 8 Hz, 1H, ArH), 6.96–6.99 (t, J=

8 Hz, 1H, ArH), 7.38–7.41 (m, 2H, ArH), 7.47–7.54 (m, 2H,

ArH), 7.75–7.77 (d, J = 8.5 Hz, 1H, ArH), 7.83–7.84 (d, J =

8Hz, 1H, ArH), 7.86–7.87 (d, J= 8Hz, 1H, ArH), 7.985–7.99

(d, J = 2.5 Hz, 1H, ArH), 8.07 (s, 1H, ArH), 11.07 (s, 1H,

maleimide NH), 11.9 (s, 1H, indole NH); m/z (FABMS) 339.1

[M + H]+.

3-Phenyl-4-(1H-3-indolyl)-2,5-pyrrolidinedione (11). DMF

(3 mL) was added to compound 9 (0.069 g, 0.24 mmol) and
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10% Pd–C (0.04 g). The mixture was stirred under hydrogen

gas (150 psi) for 92 h. The filtrate was concentrated in vacuo,

EtOAc (100 mL) and H2O (100 mL) were added to the

resulting precipitates, and the organic layer was concentrated.

The resulting precipitates were purified by column chromato-

graphy (silica gel, EtOAc–hexane = 1 : 1, v/v) to give

11(0.05 g, 72%). mp 105–107 1C; 1H-NMR(DMSO-d6)

4.35–4.36 (d, J = 7.5 Hz, 1H), 4.5–4.51 (d, J = 7.5 Hz,

1H), 6.92–6.95 (t, J = 8 Hz, 1H), 7.05–7.08 (t, J = 8 Hz, 1H,

ArH), 7.24–7.36 (m, 8H, ArH), 11.0 (s, 1H, maleimide NH),

11.46 (s, 1H, indole NH); m/z (FAB MS) 290.11 [M]+.

3-Naphthyl-4-(1H-3-indolyl)-2,5-pyrrolidinedione (12). DMF

(3 mL) was added to compound 10 (0.033 g, 0.1 mmol) and

10% Pd–C (0.025 g). The mixture was stirred under hydrogen

gas (150 psi) for 92 h. The filtrate was concentrated in vacuo,

EtOAc (100 mL) and H2O (100 mL) were added to the

resulting precipitates, and the organic layer was concentrated.

The resulting precipitates were purified by column chromato-

graphy (silica gel, EtOAc–hexane = 1 : 1, v/v) to give 12

(0.02 g, 61%). mp 115–117 1C; 1H-NMR(DMSO-d6)

4.51–4.53 (d, J = 7.5 Hz, 1H), 4.62–4.64 (d, J = 7.5 Hz,

1H), 6.91–6.94 (t, J = 7 Hz, 1H), 7.04–7.07 (t, J = 7 Hz, 1H,

ArH), 7.33–7.38 (m, 3H, ArH), 7.47–7.53 (m, 3H, ArH),

7.82–7.89 (m, 4H, ArH), 11.01 (s, 1H, maleimide NH), 11.54

(s, 1H, indole NH); m/z (FAB MS) 341.14 [M + H]+.

(Z)-2-(1H-3-methylindole)-1,4-dimethylbutenedioic acid (14).

To stirred THF (30 mL) was added NaH (60% in oil, 0.2 g,

5 mmol). The solution was stirred at 0 1C and methyl

diethylphosphonoacetate (1 mL, 5.3 mmol) was added into

the solution. After the production of H2 gas ended, a THF

(40 mL) solution of compound 13 (0.55 g, 2.5 mmol) was

added to the mixture. The reaction mixture was stirred at

ambient temperature for 5 h. EtOAc (200 mL) and H2O

(150 mL) were added to the solution, and the organic layer

was extracted and washed with H2O (100 mL). The organic

layer was dried with anhydrous MgSO4, the filtrate was

concentrated and the resulting precipitate was purified using

column chromatography (silica gel, EtOAc–hexane = 1 : 1, v/v)

to give 14 (0.27 g, 39.1%). 1H-NMR(DMSO�d6) 3.58 (s, 3H,

–OCH3), 3.63 (s, 3H, –OCH3), 3.77 (s, 2H, –CH2–), 5.86

(s, 1H, olefin CH–), 6.96–6.99 (t, J = 7.5 Hz, 1H,ArH),

7.06–7.09 (t, J = 7 Hz, 1H, ArH), 7.18–7.19 (d, J = 2.5 Hz,

1H, ArH), 7.35–7.36 (d, J = 8 Hz, 1H, ArH), 7.41–7.43

(d, J = 8 Hz, 1H, ArH), 10.94 (s, 1H, indole NH); m/z

(FAB MS) 273.18 [M]+.

3-(1H-3-methylindolyl)-2,5-dihydro-1H-2,5-pyrroledione (15).

A pressure reaction vessel (stainless Parr bomb) was charged

with compound 14 (0.2 g, 0.73 mmol) and ethylene glycol

(20 mL). The vessel was sealed and charged with ammonia

gas (0.2 MPa). The reaction mixture was stirred at 100 1C

(oil bath) for 6 h and then returned to room temperature.

Diethylether (200 mL � 3) and H2O (150 mL) were added to

the solution, and the organic layer was extracted. The organic

layer was dried with anhydrous MgSO4, the filtrate was con-

centrated and the resulting precipitate was purified by column

chromatography (silica gel, CHCl3 : CH3OH = 10 : 1, v/v) to

give 15 (0.05 g, 30.1%). Found: C, 65.23; H, 4.56; N, 11.19.

C13H10N2O2�0.75H2O requires C, 65.13; H, 4.83; N, 11.68%;

mp 260–262 1C; 1H-NMR(DMSO�d6) 3.5 (s, 2H, –CH2–),

7.13–7.21(m, 2H, ArH), 7.45–7.46 (d, J = 7.5 Hz, 1H, Olefin

CH–), 7.68 (s, 1H, ArH), 7.78–7.82 (m, 2H, ArH), 11.13

(s, 1H, maleimide NH), 11.9 (s, 1H, indole NH); m/z (FAB MS)

226.13 [M]+.

Chemiluminescence measurement

To 200 mL of 10 mM compounds 1–12 or 15 in CH3CN was

added 100 mL of 1–250 mM NaOH. After allowing the

solution to stand for 20 s, the CL reaction was initiated by

the addition of 100 mL of 10–750 mM H2O2. The CL emission

was measured for 10 min, and the integral photon counts were

used to estimate the CL intensities.

Cyclic voltammetry

Cyclic voltammetry was performed on a CV-50W electro-

chemical analyzer (BAS). A three-electrode arrangement in a

single cell was used for the measurement: a Pt wire as the

auxiliary electrode, a GC electrode as the working electrode,

and an Ag/Ag+ electrode as the reference electrode. The sample

solution (10 mM) contained 0.1 M tetrabutyl-ammonium

perchlorate as a supporting electrolyte in DMF, and argon was

bubbled into the solution for 10 min before each measurement.

The confirmation of compound 16

To stirred CH3CN (20 mL) was added compound 7 (0.011 g,

0.052 mmol) and 500 mM aqNaOH (5 mL), and the solution

was stirred at ambient temperature for 5 min. 500 mM aqH2O2

(5 mL) was added to the solution, and the mixture was stirred

for 2 h. Furthermore, 500 mM aqH2O2 (5 mL) was added to

the solution, and the solution was stirred at ambient tempera-

ture for 40 min. To the solution was added ethyl acetate

(100 mL) and H2O (100 mL); the aqueous layer was then

lyophilized. The resulting precipitate was purified by column

chromatography (ODS, methanol–H2O = 1 : 9, v/v) to give

compound 16. mp 4300 1C; 1H-NMR(D2O) 6.75–6.82

(m, 2H,ArH), 7.23–7.26 (m, 1H, ArH), 7.64–7.66 (d, 1H,

J = 8 Hz, ArH), 8.41 (s, 2H, CHO); m/z (FAB MS) 329

[M + 3H2O]+.

Computational methods

The molecular structures were completely optimized by the

multi-reference perturbation calculations with the second order

Rayleight-Schödinger perturbation theory (RS2). The com-

plete active space was employed as CAS (6, 5), which consists

of the 5 MOs with 6 electrons. The main electron configuration

of the S0 state of compound 7 is written as: IM (11A(S0)):

(inner occupied orbitals)106(53a)2(54a)2(55a)2 (56a)0(57a)0.

Dunning’s cc-pVDZ74 (correlation consistent, polarized valence,

double z) basis set was used. All of the ab initio calcula-

tions were performed using the electronic structure program

MOLPRO75 at the super-computer (Primergy RX200S3,

Fujitsu) in the Research Institute for Information Technology,

Kyushu University, Japan. Each structure optimization of the

IM derivatives required 3 weeks of CPU time to obtain the

converged results.
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Results and discussion

Synthesis of indolylmaleimides

A series of indolylmaleimides 1–12 was prepared from indole

or a 2-arylindole as shown in Scheme 1. After the starting

materials were deprotonated with methyl magnesium chloride,

the resulting metalloindoles were converted into compounds

1–3 through the 1,4-addition to dibromo-maleimide and sub-

sequent elimination of hydrogen bromide. The treatment of

1–3 with hydrogen in the presence of the palladium catalyst

afforded the debrominated succinimides 4–6. The reduction of

3 required a high pressure of H2 (750 psi) for the production of

6, while 1 and 2 can be hydrogenated at atmospheric pressure.

The succinimides 4 and 5 were oxidized into the debrominated

maleimides 7 and 8 by DDQ, respectively. The bromo- group

of 1 was transformed into a phenyl or 2-naphthyl group by

Suzuki-Miyaura coupling.76–79 The arylated maleimides 9

and 10 were saturated with hydrogen, yielding the arylated

succinimides 11 and 12.

Compound 15, in which a methylene was inserted between

the maleimide and indole moieties, was designed for evaluating

the effect of the conjugation between the maleimide and

indolyl moieties on the FL property. The methylene-inserted

indolylmaleimide 15 was synthesized from 3-(3-indolyl)pyruvic

acid (Scheme 2). After the pyruvic acid was esterified with

(trimethylsilyl)diazomethane, the resulting 13 was subjected to

Scheme 1 Synthesis of compounds 1–12.

Scheme 2 Synthesis of compounds 13–15.
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Fig. 1 (a) Fluorescence spectra of 1,2, 7 and 8 in CH3CN.

(b) Fluorescence spectra of 4–6 in CH3CN. The numbers of the curves

show the numbers of the compounds. The concentration of 2, 8 and

4�6 was 0.1 mM. The concentration of 1 and 7 was 10 mM. The

excitation maximum wavelengths of 1,2, 7, 8 and 4�6 were 415, 298,

396, 299, 279, 300 and 313 nm.

Table 1 Fluorescence properties of compounds 1–12 and 15

Compounda lmax
abs /nm e/M�1 cm�1 lmax

em /nm Fb
f Relative FL intensityc

1 415 9310 563
2 298 21 150 484 0.24 630

425 4380 487 230
3 303 30 950 539 0.20 530

418 6220 478 160
4 279 6130 331
5 300 19 560 367 0.64 2050
6 284 13 720 415 930

313 14 030 415 0.43 890
7 270 8330 512

396 11 340 522
8 299 22 920 486 0.08 250

413 7000 472 100
9 418 9360 479 0.09 110
10 322 6590 476 0.46 420

423 9830 484 190
11 279 2420 323
12 273 9380 431 0.15 100
15 342 8220 429

a The concentration was 0.1 mM in CH3CN except for compounds 1, 4, 7, 11 and 15 (10 mM). b The FL quantum yield of each compound was

determined with reference to quinine bisulfate in 0.05MH2SO4 aqueous solution (Ff = 0.51).84 c The FL intensity of 12 in CH3CN was taken as 100.

Fig. 2 Molecular orbitals of compounds 4 and 7.

Fig. 3 Optimized geometries of indolylmaleimides (IM) obtained by

CASPT2 /cc-pVDZ and their relative potential energy of the ground

states. (a) neutral (IM) (b) monovalent anion by deprotonation of

indole NH group (IM(�)) (c) monovalent anion by deprotonation

of maleimide NH group (IM(�)) (d) divalent anion by deprotonation

of indole and the maleimide NH groups (IM(2�)).
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the Horner–Emmons reaction with methyl diethylphosphono-

acetate to yield a mixture of maleate 14 with its E-isomer.

Compound 14 was separated from the undesired fumarate by

silica gel column chromatography. The purified 14 in hand was

transformed into the desired maleimide 15 through a treat-

ment with pressurized NH3 gas (29 psi).80

Fluorescence properties of indolylmaleimides

The FL spectra of the IMs were measured in CH3CN, CHCl3,

CH3OH, CH3CH2OH and DMF. A comparison of the FL

spectra of 1, 2, 7 and 8 in CH3CN is shown in Fig. 1(a).

Apparently, the substitution of the phenyl group at the

Fig. 4 Low-lying molecular orbitals (MOs) of IM, IM(�), IM(�) and IM(2�) at the optimized geometries of the S0 state.

Fig. 5 Two-dimensional potential energy surfaces of IM(2�), as a function of the twisting angle (y) between the indole and maleimide moieties and

the orthogonal coordinates (Q) to the y coordinate. Three potential curves on the three (Ey)-planes ((a), (b), and (g)) are based on the optimized

geometries of the S0, S1, and S2 states. ‘‘AC’’ indicates the position of the avoided curve crossing.
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2-position of the indole ring induced a shorter shift of the

emission maximum wavelength and an increase in FL inten-

sity. In CH3CN, the FL intensities of 2 and 8 were a few

hundred-fold stronger than those of 1 and 7, respectively. As

shown in Fig. 1(b), compound 4 (0.1 mM) did not fluoresce in

CH3CN, CH3OH and DMF. This result inspired us in this

study. In contrast, compounds 5 and 6 had strong FL intensity

in CH3CN and DMF. The substitution at the 2-position of the

indole ring caused an obvious increase in the FL intensity.

Almost an on–off switching of the FL was observed in 4–6.

The FL properties of 1–12 and 15 are summarized in Table 1.

The emission maximum wavelength of 3 was 539 nm and was

the longest among the IMs at 0.1 mM. The quantum yields (Ff)

of compounds 5, 6 and 10 were 0.64, 0.43 and 0.46, respectively,

and were high. In the previous report, the quantum yield of

2-phenylindole was 0.86.81 Compared with the Ff of 8

and 2-phenylindole, the introduction of maleimide caused a

decrease in Ff. The FL intensity of 5 was the strongest among

the IMs. The substituted group at the 2-position of the indole

ring is important for the FL properties of the IMs. From a

comparison of the FL properties of 7, 9 and 10, the effect of

the introduction of a phenyl or naphthyl group to the 4-position

of the maleimide moiety on the FL properties was estimated.

The naphthyl group causes a large red shift of the emission

maximum wavelength and an increase in the FL intensity. The

emission maximum wavelengths of 9 and 10 were approxi-

mately 150 and 50 nm longer than those of 11 and 12,

respectively. The presence of the CQC bond of the maleimide

moiety expands the p-conjugation. The CQC bond of the

maleimide moiety is needed for the longer shift of the emission

maximum wavelengths of the IMs. The absorption maximum

wavelength (396 nm) of 7 was long compared to that (342 nm)

of 15 in CH3CN. Furthermore, the emission maximum wave-

length of 15 was approximately 100 nm longer than that of 7.

As described above, the presence of p-conjugation should

cause an obvious change in FL properties. The binding of

the indole ring and the maleimide moiety had a great effect on

the FL of the IM. The FL intensity of most IMs in protic

solvents such as CH3OH and CH3CH2OH decreased. A large

difference in FL intensities was observed in different solvents

for the IMs. Some IMs should be useful for FL probes based

on the on–off switching.

Ab initio MO CASPT2 calculations for indolylmaleimides

In order to clarify these obtained FL properties, ab initio

molecular orbital (MO) and multi-reference second order

perturbation (MRPT2 or CASPT2) methods were employed.82,83

Natural molecular orbitals (MOs) of compounds 4 and 7 are

shown in Fig. 2, where the MOs were obtained by CASSCF

calculation. Both the HOMO and LUMO are localized in the

indole moiety of compound 4. In contrast, the LUMO in 7 was

localized in the maleimide moiety; the photo-excitation of 7

would cause the electron transfer from the indole moiety to the

maleimide moiety, which is an intramolecular charge transfer

(CT). Our last study65 suggests that the intramolecular CT

process results in a twisting motion between these groups in

bisindolyl-maleimide (BIM). Because the same process would

be expected to occur even in the IM molecule, molecular

Table 2 Potential energies of the S0, S1 and S2 states and the
oscillator strengths and excitation energies for the electronic transi-
tions of the neutral IM, two monodeprotonated IM anions (IM(�) and
IM(�)) and dideprotonated IM anion (IM(2�))

Electronic state E/cm�1 Oscillator strength

l/nm

threo. Exp.a

IM S0 0
S1 31 464 0.2080 318
S2 37 112 0.0663 269

IM(�) S0 0
S1 22 921 0.4783 435
S2 25 373 0.1101 393

IM(�) S0 0
S1 25 871 0.01469 386
S2 45 045 0.04113 222

IM
(2�) S0 0

S1 25 766 0.1826 388 396
S2 33 738 0.3559 296 270

a Experimental data in CH3CN.

Fig. 6 Molecular orbitals of dideprotonated compound 15.

Fig. 7 Time course of chemiluminescence of skatole, 4 and 7. The

numbers of the curves show the numbers of the compounds. The

concentration of skatole, 4 and 7 was 10 mM in CH3CN.
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optimized geometries and potential energy curves as a function

geometries and potential energy curves as a function of the

twisting angle were computed in each of the ground and

electronically excited states. On the other hand, the four

candidate molecules in CH3CN solution were considered here

to assign the absorption and emission spectra of compound 7;

the neutral IM, two monodeprotonated IM anions (IM(�) and

IM(�)) and dideprotonated IM anion (IM(2�)) are shown in

Fig. 3. In Table 2, vertical excitation energies and oscillator

strengths based on experimental data in the CH3CN solution

are summarized, where the molecular geometries optimized in

the S0 state were used. The vertical excitation energy of the

S1–S0 transition of neutral IM is higher than the experimental

data, while that of the S2–S0 transition seems to be in good

agreement with the experimental data. However, this is not a

candidate because the corresponding oscillator strength is

small (ftheo = 0.0663). One of the monodeprotonated IM

anions (IM(�)) would be assignable because of the good

agreement with the vertical excitation energy of the S1–S0
transition. However, this is not a candidate in the solution

either because of the high excitation energy of the S2–S0
transition. Finally, the molecular species in CH3CN solution

could be the dideprotonated IM anion (IM(2�)). The experi-

mental absorption maxima (lmax = 270 and 396 nm) agree

well with the vertical excitation energies (S1–S0, S2–S0;

ltheo = 296 and 388 nm). The molecular oribitals obtained

by CASSCF calculations are plotted in Fig. 4. The first

electronically excited state (S1) of IM
(2�) is characterized by

the HOMO–LUMO single electron-excitation. The HOMO

electrons are mainly distributed around the indole moiety but

this is not a clear distribution. The LUMO electrons are

distributed around the maleimide moiety. The electron-

configuration of the second electronically excited state (S2) is

a (HOMO-1)-LUMO single electron-excitation, and more-

over, the (HOMO-1) electrons are obviously distributed

around the indole moiety. Thus, the intramolecular CT

process from the indole moiety to the maleimide moiety could

occur in the solution, as expected in our last paper.65 Cyclic

voltammetry (CV, v = 50 mV s�1) was also performed for the

electrochemical evaluation of 7. The CV of compound 7

showed reversible reduction processes. The indole and maleimide

moieties should be electron donor and electron acceptor,

respectively. The reduction peak potential of 7 was �1.26 V

(vs Ag/AgCl) and was 0.19 V smaller than that of maleimide.

In contrast, the reduction processes of 4 and 15 were not

observed (ESI).w The absorption spectra of 7 in 0.5–2% (v/v)

triethylamine-CH3CN solution were similar to that of 7 in

CH3CN. The FL spectra of 7 in 1–10% (v/v) triethylamine-

CH3CN solution were similar to that of 7 in CH3CN. Thus,

anions of 7 should exist in the excited state in CH3CN (ESI).w
Here we consider the photo-emission process of IM(2�). The

two dimensional potential energy surfaces (E(y,Q;Q should be

in bold print because of the vectors.)) as a function of the

twisting angle (y) between the indole and maleimide moieties

and the orthogonal coordinates (Q) to the y coordinate are

plotted in Fig. 5. The (a), (b), and (g) panels show the potential

energy curves based on the optimized geometries in S0, S1
and S2, respectively; for example, in the (g) panel, first we

performed the molecular geometry optimization for the S2

state, and then the potential energy curves as a function of y
are obtained by fixing Q. The optimized angles in each of the

electronic states are ya = 01, yb = 01, and yg = 24.81,

respectively. The effective potential energy surface for the

Fig. 8 (a) Time course of chemiluminescence of 1–3. (b) Time course

of chemiluminescence of 4–6. The numbers of the curves show the

numbers of the compounds. The concentration of 1–3 and 4–6 was

10 mM in CH3CN.

Fig. 9 The chemiluminescence reaction from compound 7 to 16 and

the possible chemiluminescence mechanism of the IMs.
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photo-emission process shown in Fig. 5 provides us with

definite information on the reaction mechanism. Actually,

we found that there may be three processes after the photo-

absorption. The suggested processes in S1 and S2 are marked

with the numbers �1 and �2, respectively. Fig. 5(a) shows the

process in S1; after acquiring the photon (�1�a), the molecule

starts to twist following the �1�b arrow and emits the photon

(ltheo = 852 nm) at the energy minimum in S1. Thus, the

emission would be expected by such a minimum energy path;

however, this is inconsistent with the experimental data

(lexp = 522 nm). Furthermore, the non-radiative process

would occur by the non-adiabatic transition labeled �A�C�1 at

around the same minimum, but the transition probability

should be small because of the big energy difference between

S0 and S1. On the other hand, the two optimized conformers

retain the same molecular plane without any twisting, and

the transition dipole moment of the S1–S0 transition at the

minimum of the S1 state is 5.66 Debye; this is sufficient to emit

the photon. We therefore suggest the possibility of the photo-

emission by the way of the energy-stabilization in S1, which

was shown in BIM.65

On the other hand, we could expect two processes in S2, as

shown in Fig. 5(b) and (c). The photo-excited molecule starts

to twist following the �2�b and �2�c arrows and reaches the

minimum caused by avoiding the crossing labeled �A�C�2, and
then the two processes in S2 would occur; one is the non-

adiabatic transition to the S1 state and the molecule has the

same process (�2�c) as described above, while the other is the

emission from the minimum or the emission just after the non-

adiabatic transition or both (�2�b). The �2�b and �2�c mechanisms

are illustrated in Fig. 5(d). Because the S1 and S2 states lie

in close proximity and these states are mixed around the

minimum, we could expect the emission from this minimum

even if considering Kasha’s rule. The energy gap between the

S1 and S0 states at this minimum is 18622 cm�1 (ltheo = 536 nm),

although it is slightly higher than the experimental energy

(Eexp = 19 708 cm�1 (lexp = 512 nm)). As discussed in our last

study,65 we also suggest the possibility of photoemission by

way of the twisting isomerization in the S1 state, because

the transition dipole moment is small (0.549 Debye) at the

minimum energy point in S2. Thus, IM
(2�) would be regarded

as the most likely molecule in the solution. To confirm this

prospect, ab initio molecular dynamics (ab initio MD) simula-

tion would be a powerful tool, and we plan to perform such a

calculation. We also suggest that compound 15 would be

dideprotonated in solution, because the theoretical excitation

energy for the S1–S0 transition is 29 498 cm�1 (ltheo = 339 nm),

which is in good agreement with the experimental data

(lexp = 342 nm). The corresponding transition dipole moment

(1.96 Debye) is also sufficient to allow the transition. The MOs

of dideprotonated compound 15 are shown in Fig. 6. The

significant feature of these MOs is that the electron density is

no longer localized on the indole moiety or the maleimide

moiety in 61a (LUMO) and 62a (LUMO + 1) orbitals, which

are quite different from compound 7. Finally, the intramolecular

CT process would not be allowed in this molecule, because the

electronic configuration obtained by the CASPT2 calculation

shows that the S1 state is characterized by HOMO–LUMO

single electron-excitation. Furthermore, the S2 state has a similar

feature due to the configuration of HOMO-(LUMO + 1)

excitation. Thus, we would miss the intramolecular CT process

by introducing the CH2 spacing between the indole moiety and

the maleimide moiety.

Chemiluminescence properties of indolylmaleimides

The CL intensity of 7 was much stronger than that of

3-methylindole (skatole) and 4, and a long-lasting CL was

observed (Fig. 7). The time to reach the maximum photon

count was 4�5 min after the addition of 50 mM NaOH and

50 mM H2O2. Furthermore, from a comparison of the CL

intensity of 9–12, the CQC bond in the maleimide moiety

increased the CL intensity of the IMs. Compared with the CL

intensity of 1–3, the CL intensity of 1 was the strongest among

them (Fig. 8(a)). The substitution of a phenyl or naphthyl

group at the 2-position of the indole ring caused a decrease in

the CL intensity. Similar results were obtained for the CL

intensity of 4–6 (Fig. 8(b)). The CL properties of 1–12 and 15

are summarized in Table 3. The CL intensity of 7 was

approximately 5-fold stronger than that of 15. The p-conjugation
by bonding the indole moiety and the maleimide moiety

caused an increase in the CL intensity. Based on these experi-

mental results, the relationship between CL intensity and the

structure was clarified in the CL of the IMs. McCapra

Table 3 Chemiluminescence properties of compounds 1–12 and 15

Compounda NaOH/mM H2O2/mM Integral photon count (�104)b Relative CL intensityc

Skatole 400 25 47 100
1 5 250 79 168
2 25 250 9 19
3 25 500 11 23
4 2 50 63 134
5 10 100 4 9
6 10 250 4 9
7 50 50 490 1041
8 10 250 18 34
9 50 100 227 483
10 50 25 392 834
11 50 100 27 57
12 10 100 50 106
15 10 500 94 200

a 10 mM in CH3CN. b The integral photon count for 10 min. c The CL intensity of skatole in CH3CN was taken as 100.
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reported that the indole CL mechanism proceeds via the

oxidation of CQC (dioxetane) with skatole.85–88 From the

investigation of products after the CL reaction of compound 7

using 1H-NMR and FAB MS, compound 16 should be

produced (Fig. 9). Compound 16 was a fluorescent compound

(excitation maximum wavelength, 250 nm; emission maximum

wavelength, 287 nm) (ESI).w Thus, the IMs having the CQC

bond of the maleimide moiety also emitted light via dioxetane

(Fig. 9). We proposed that the CL intensities were low because

the FL intensities of FL compounds produced after CL

reactions were weak. The CL reaction conditions (NaOH,

H2O2 conc.) inducing the maximum CL intensity for the

IMs are shown in Table 3. A large difference in CL intensities

was observed for the IMs.This fact indicates that some IMs

can be useful for the on–off switching of CL.

Conclusions

The synthesis of the IMs in this study was facile. Interesting

FL and CL properties of various IMs were found. The

introduction of a naphthyl or phenyl group at the 2-position

in the indole ring and the 3- or 4-position in the maleimide

moiety caused an obvious increase and decrease in the FL and

CL of the IMs. The CQC bond in the maleimide moiety in the

IMs without substitution at the 2-position of the indole ring

was needed for strong CL. Significant information for the

rational design of the IMs for FL and CL probes was

provided.
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