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The synthesis and fluorescence property of 3-amino-N-(7’'-methoxy-4'-methylcoumaryl)phthalimide
(AMMP) are described. The fluorescence of AMMP originated during the intramolecular energy transfer
from the coumarin moiety to the phthalimde moiety in various solvents. The ab initio quantum chemical
calculation of the AMMP revealed that the HOMO and LUMO of AMMP were localized in the coumarin
and phthalimide moieties, respectively.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Various coumarin derivatives are practically used as ion-
responsive fluorescence (FL) compounds [1,2] and FL labeling
reagents of carboxylic acids [3-6]. However, the FL maximum
wavelength and intensity of most coumarin derivatives are short
and low. When these disadvantages of the FL properties of the
coumarin derivatives are alleviated, the utilities of the coumarin
derivatives as FL reagents will increase. Recently, FL probes have
been synthesized on the basis of the FL energy transfer (ET)
[7-10], photoinduced electron transfer (PeT) [11] and charge
transfer (CT) [12]. Thus, we focused on the intramolecular ET
to have a longer FL maximum wavelength and to increase the
FL intensity. To achieve this, the two following conditions were
required. The first one is that the emission spectrum of the
coumarin moiety and the excitation spectrum of the phthal-
imide moiety should overlap. The FL excitation and emission
maximum (Ex(max), Em(max)) wavelengths of 7-methoxy-4-
methylcoumarin (7M4MC) and 3-aminophthalimide (3AP) in
CH30H were as follows: 7M4MC: Ex(max) 320nm, Em(max)

Abbreviations: FL, fluorescence; ET, energy transfer; Ex(max), excitation maxi-
mum; Em(max), emission maximum.
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381 nm; 3AP: Ex(max) 385 nm, Em(max) 475 nm. The second one
is that the acceptor having a stronger FL and a higher FL quantum
yield than those of the coumarin moiety should be selected. The FL
intensity of 3AP was stronger than that of 7M4MC in CH3OH (Fig. 1).
The FL quantum yield (®g) of 3AP was 0.54 in CH30H. 7M4MC
and 3AP are compounds which meet two conditions described
above. Thus, the conjugate of 7M4MC and 3AP should exhibit an
intramolecular ET from the coumarin moiety to the phthalimide
moiety. We newly synthesized the 3-amino-N-(7'-methoxy-4'-
methylcoumaryl)phthalimide (AMMP, Scheme 1), and measured
the FL and FL lifetime. An ab initio calculation was also performed
to evaluate the theoretical treatment of the FL property of AMMP.

2. Experimental
2.1. Materials

Deionized and distilled water purified by a Milli-Qll
(Japan Millipore, Tokyo, Japan) was used. 4-Bromomethyl-7-
methoxycoumarin was purchased from Tokyo Kasei Kogyo (Tokyo,
Japan). 7-Methoxy-4-methylcoumarin was purchased from Wako
Pure Chemical Industries, Ltd (Osaka, Japan). 3-Aminophthalimide
was purchased from Kodak (New York, USA). All other chemicals
and solvents were of analytical reagent grade.

2.2. Apparatus

Column chromatography was performed using silica gel 60N
(63-210 pwm, Kanto Chemical Co., Inc., Tokyo, Japan). The 'H NMR
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Fig. 1. The FL excitation and emission spectra of 7M4MC and 3AP. Curves 1 and 2
show the FL excitation and emission spectra of 7M4MC. Curves 3 and 4 show the
FL excitation and emission spectra of 3AP. The concentration of 7M4MC and 3AP in
CH30H is 1 wM.

spectrum of AMMP was recorded by a Varian UNITY plus (USA)
spectrometer at 500 MHz. The FAB MS of AMMP was obtained
using a JEOL JMS 600 (Tokyo, Japan). The absorption and fluores-
cence spectra of 7M4MC, 3AP and AMMP were obtained using
a Jasco V-530 absorptiometer and FP-6500 fluorometer (Tokyo,
Japan). All the FL spectra were corrected. A fluoroCube (3000U,
HoribaJobin-YvonIBH, Kyoto, Japan) was used to measure the FL
lifetime by the time-correlated single photon counting (TCSPC)
method. NanoLED340 or 370 was used as light source.

2.3. Synthesis of AMMP (Scheme 1)

To stirred dimethylformamide (30ml) were added
3-aminophthalimide (0.16g, 1mmol), K;CO3 (1.5g) and 4-
bromomethyl-7-methoxycoumarin (0.27 g, 1 mmol). The mixture
was refluxed for 2 h, filtered and H,O (150 mL) was then added.
The organic layer was extracted with ethyl acetate (300 mL).
The solution was dried with anhydrous Na;SO4. The filtrate
was concentrated and purified by column chromatography
(CHCl3:CH30H=20:1 — CHCIl3 — CHCl3:Hexane=10:1) to give
AMMP as a yellow powder (0.05g, 14.3% yield, mp 266°C). 1H
NMR ((CD3),S=0): 3.87 (s, 3H, OCH3), 4.9 (s, 2H, -N-CH;-), 6 (s,
1H, ArH), 6.5 (brs, 1H, ArH), 7 (m, 3H, ArH), 7.45 (t, 1H, J=7.5Hz,
ArH), 7.86 (d, 1H, J=8.5Hz, ArH). FAB MS: 351.10 [M+H]*, Anal.
Calcd. for C19H14N>05: C, 65.14; H, 4.03; N, 8.00. Found: C, 65.27;
H, 4.04; N, 7.82.

2.4. Computational methods

The equilibrium geometry of the electronic ground (Sy) state of
AMMP was fully optimized by the CASPT2 ab initio MO calculations
[13]. In each step of the optimization, the potential energies and
the natural orbitals were obtained from the three-state-averaged
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Fig. 2. The FL excitation and emission spectra of AMMP in CH3;OH. Curve 5 shows
the FL excitation spectrum of AMMP. Curves 6 and 7 show the FL emission spec-
tra of AMMP at the excitation wavelength of 322 nm or 391 nm, respectively. The
concentration of AMMP was 1 uM in CH30H.

multi-configuration self-consistent field (MCSCF) with the com-
plete active space (CASSCF) calculations [14], and then the potential
energies were revised by subsequent multireference perturbation
calculations using the second-order Rayleigh-Schrédinger pertur-
bation theory (RS2). These CASPT2 calculations were performed
using the electronic structure program MOLPRO (revision 2006.1)
[15]. Dunning’s cc-pVDZ (correlation consistent, polarized valence,
double zeta) basis set was used [16] in all the calculations described
above.

3. Results and discussion
3.1. The FL wavelength and intensity of 7M4MC, 3AP and AMMP

Compared to the FL excitation and emission spectra of 7M4MC
and 3AP, the FL emission spectrum of 7M4MC overlapped with
the FL excitation spectrum of 3AP (Fig. 1). As shown in Fig. 2,
the FL Ex(max) and Em(max) wavelengths of AMMP were 322 nm
and 480 nm, respectively. When AMMP was excited at 391 nm, the
FL Em(max) wavelength was 479 nm. Thus the intramolecular ET
from the coumarin moiety to the phthalimide moiety occurred. The
FL spectra of 7M4MC (Ex(max) 320 nm), 3AP (Ex(max) 381 nm)
and AMMP (Ex(max) 322 nm) in CH30H are shown in Fig. 3. The
FL intensity (Ex(max) 322 nm, Em(max) 480 nm) of AMMP was
3.9-fold higher than that of 7M4MC (Ex(max) 320 nm, Em(max)
381 nm). The FL intensity (Ex(max) 322 nm, Em(max) 480 nm) of
AMMP was 39-fold higher than that of 3AP (Ex(max) 320 nm,
Em(max) 476 nm) (Table 1). Thus the FL intensity of 3AP (Ex(max)
320 nm) was very low and did not affect the FL intensity of AMMP
(Ex(max) 322 nm). These similar FL properties of AMMP were

Br
NH
= 2 0
NH2 o
O (0] OCHj3 N
NH >
K2CO3 o =
0 Dimethylformamide
o} (0] OCHg3;
3AP
AMMP

Scheme 1. Synthesis of 3-amino-N-(7'-methoxy-4’-methylcoumaryl)phthalimide (AMMP).
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Table 1
The FL properties of 7M4MC, 3AP and AMMP in (a) CH3O0H or (b) CH3CN.

Compound? &(M-1cm1) Ex(max) (nm) Em(max) (nm) Apparent Stokes’ shift (nm) o Relative
fluorescence
intensity®

(a) CH30H

7M4MC 15,120 320 381 61 0.1 1

3AP 370 320 476 156 0.1 1
4210 385 476 91 0.54 1.5

AMMP 14,390 322 480 158 0.53 3.9 39
6050 391 479 88 2.1

(b) CH3CN

7M4MC 13,550 318 379 61 0.02 1

3AP 440 318 452 134 0.9 1
4220 378 453 75 0.65 14.6

AMMP 12,750 320 464 144 0.64 37.1 41
5540 385 465 80 21

2 The concentration of 7M4MC, 3AP and AMMP was 1 pM.
b Quantum yield (Quinine sulfate in 0.05M H,S04, ®=0.51).

¢ The FL intensity of 7M4MC or 3AP (Ex. 320 nm in CH3OH or Ex. 318 nm in CH3CN) was taken as 1.
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Fig. 3. The FL emission spectra of 7M4MC, 3AP and AMMP in CH3OH. Curves 8,
9 and 10 show the FL emission spectra of 7M4MC, 3AP and AMMP. The excita-
tion wavelengths of 7M4MC, 3AP and AMMP were 320 nm, 385 nm or 322 nm. The
concentration of 7M4MC, 3AP and AMMP was 1 wM in CH3OH.

observed in CH3CN (Table 2), ethanol, ethyl acetate, dimethylfor-
mamide, dimethylsulfoxide, and 50% (v/v) dimethylsulfoxide-H,O.
The FLintensity of AMMP in CH3CN was the strongest among tested
all the solvents. In AMMP, the FL Em(max) wavelength shifted to a
longer value and the FL intensity was stronger than that of 7M4MC.

3.2. The FL lifetimes and quantum yields of 7M4MC, 3AP and
AMMP, and the intramolecular ET efficiency of AMMP

The FL lifetime and quantum yield of 7M4MC, 3AP and AMMP
were measured to show the intramolecular ET of AMMP. The FL life-

Table 2
The FL lifetime of 7M4MC, 3AP and AMMP in (a) CH;OH or (b) CH3CN. The concen-
tration of 7M4MC, 3AP and AMMP was 10 uM.

Ex(max) (nm) Em(max) (nm) FL lifetime (ns)
(a) CH;0H
7M4MC 333 381 0.42
3AP 373 476 13.9
AMMP 333 480 13.6
373 476 13.8
(b) CH3CN
7M4MC 333 379 Not detected
3AP 373 453 129
AMMP 333 464 13.3
373 453 13.1

times of 7M4MC, 3AP and AMMP in CH30H were 0.42ns, 13.9ns
and 13.6ns, respectively (Table 2(a)). The FL lifetime of AMMP
(Ex. 333nm) in CH30H was much longer than that of 7M4MC
(Table 2(a)). The FL lifetime of AMMP was similar to that of 3AP
when AMMP or 3AP was excited at 333 nm in CH30H or CH3CN.
The FL lifetimes of AMMP (Ex. 373 nm) in CH30H or CH3CN were
13.8 ns and 13.1 ns, respectively, and were similar to that of 3AP
(Table 2). The FL quantum yield (@) of 3AP and AMMP in CH3OH
was 0.54 and 0.53, respectively (Table 1(a)). The FL quantum yield
(®rf) of 3AP and AMMP in CH3CN was 0.65 and 0.64, respectively
(Table 1(b)). Therefore, the intramolecular ET from the coumarin
moiety to the phthalimide moiety occurs in AMMP. The intramolec-
ular ET efficiency of AMMP in CH30H was calculated using the
following equations [8,9]:

J: overlap integral (M~! cm3), Fp: donor FL per unit wavelength
interval, £4: molar absorptivity of acceptor (M~! cm~1), A: wave-
length (cm).

J= /FD(K)SA(?»)K“d)\ (1)

Ro: Forster distance (A), ¥2: Forster orientation factor (2/3), n:
refractive index of solvent (1.33), Qp: quantum yield of donor.

Ro =9.78 x 10%(k%n~4Qo))'"° (2)

kr: rate of energy transfer (ns—'), tp: FL lifetime of the donor
in the absence of the acceptor (ns), r: distance between donor and
acceptor (A), E: ET efficiency.

1 Ro\®
k== (7") 3)
E=k7T (4)
(tp" +kr)
OH
®cC
@N
@0

Fig. 4. The optimized structure of AMMP.
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Table 3

The potential energies and the electron configurations of the low-lying electronic excited states of AMMP obtained by the CASPT2/cc-pVDZ calculations. The oscillator strength
in the row of S; and S, corresponds to the S;-Sp and the S,-Sy photoexcitation, respectively.

Electronic state E(cm™) Electron configuration (coefficients of CI expansion) Oscillator strength
AMMP So 0 (88a)?(89a)?(90a)*(91a)?(92a)°(93a)° (0.9749230)
S 36,188 (88a)?(89a)?(90a)! (91a)?(92a)! (93a)° (0.9318600) 0.30408
(88a)?(89a)! )1 (91a)?(92a)*(93a)° (0.1920526)
Sz 46,238 (88a)?(89a)?(90a)?(91a)' (92a)°(93a)! (0.9518215) 0.65379
(88a)!(89a)?(90a)*(91a)!(92a)°(93a)? (0.1808339)

J=636x10"1 (M~'cm3), Rg=22.2 (A), kr=2.42x10'2 (s71),
E=99%. The intramolecular ET efficiency of AMMP was very high.
The Em(max) wavelengths of AMMP excited at Ex(max) wave-
lengths of 7M4MC and 3AP were almost the same. The @ of AMMP
and 3AP, and the FL lifetimes of AMMP and 3AP were almost the
same (Tables 1 and 2). Furthermore, the spectral overlap of the FL
emission spectrum of 7M4MC and the excitation spectrum of 3AP
was observed (Fig. 1). We proposed that these factors related with
the high intramolecular ET efficiency of AMMP.

3.3. Computational analysis

The optimized structure of AMMP is shown in Fig. 4. This
right-angled-twisted structure corresponds to the equilibrium
geometry of the Sy state. The center-to-center distance of the
coumarin moiety and phthalimide moiety is 6-7A, and this
short distance is needed to produce the high intramolecular ET
efficiency of AMMP. Table 3 displays the potential energies of
the lowest electronic excited (S1) and the second-lowest (S,)
states, and the electron configurations which mostly contribute
to those states. For the S; state, the single electron excita-
tion, (90a)' — (92a)?!, is the primary configuration and the double

(a)
LUMO+ (93a)
———
9
o,
LUMO (92a) :5-(._.._.,_.,}._ 1-..:%
L)
PO ) \‘
88% %
%
LA
HOMO (914) "
| §
—— I
» ]
[ o .
4 <
HOMO-1(%0a) s et :
® .
o .
L4
*
L9 R4
{ *
HOMO-2 (894) m:/\_(._,._.._._}_ eant®
. O
HOMO-3 (854)
—O~g—

excitation, (89a)!(90a)! — (92a)?, is secondary. For the S, state,
on the other hand, the primary and secondary configurations
are (91a)! - (93a)! and (88a)'(91a)! — (93a)?, respectively. The
relationship of the oscillator strengths of the So—S; and Sy-S; exci-
tations well reproduce the ratio of the absorption intensities shown
in Table 1 or Fig. 2, and figure out that the Sy-S, transition is domi-
nant when AMMP is excited at 322 nm irradiation. The low-energy
natural orbitals of AMMP obtained from the MCSCF calculation
are depicted in Fig. 5. Since the optimized geometry has about 90
degree dihedral angle of the coumarin and the phthalimide ring,
LUMO +1 (93a), HOMO (91a) and HOMO-3 (88a) are localized com-
pletely on the coumarin moiety in the analogous fashion to the
LUMO, the HOMO, and the HOMO-1 of isolated 7M4MC, respec-
tively. Simultaneously, LUMO (92a), HOMO-1 (90a) and HOMO-2
(89a) are similar to the LUMO, the HOMO, and HOMO-1 of 3AP
molecule, respectively. Because of the MO structure, the electronic
transitions between the MOs localized on the different parts would
be optically forbidden; the oscillator strength of the S,-S; tran-
sition is 0.0011. However, the twisting motions of the molecule in
solution could produce the overlap of the orbitals as shown in Fig. 6.
In addition, the energy gap between the S; and S, decreases down
to ~230 cm~! on the condition of 45 degree torsion. These features
of the electronic structure of AMMP suggest that the intramolecular

(b)
LUMO+I (93a)

———

9
LUMO (924) :z-{.._»_.o_n}-

i @

HOMO (9]a)

—g—

L]

HOMO-1(%a) gj}. W{F.._.F.%
o °
o

HOMO-2 (894) m\_(,._.._.b_ﬁ_

. ©

HOMO-3 (88q)

—ome—

Fig. 5. Low-energy MOs of AMMP obtained from MCSCF calculation and schematic representation of the electron configurations of (a) the Sy state and (b) the S, state. Arrow
with solid line and with two broken lines intends primary and secondary configurations respectively. Figures with percent (%) intend their contribution for the states. See

also Table 3.
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(@) ¢ ~90°

LUMO+1 (93a)

LUMO (92a)

HOMO (91a)

HOMO-1 (90a)

HOMO-2 (8%)

HOMO-3 (88a)

(b) ¢ ~67.5°

Fig. 6. Change of the low-lying MOs of AMMP with the torsion of the coumarin and phthalimide moieties.

ET from the coumarin moiety to the phthalimide moiety particu-
larly occurs following the S;-Sg excitation.

4. Conclusions

A new fluorescent conjugate, 3-amino-N-(7-methoxy-4'-
methylcoumaryl)phthalimide (AMMP) was synthesized. And it was
clarified that AMMP fluoresced by transferring energy efficiently
from the coumarin moiety to the phthalimide moiety in various
solvents. The ab initio quantum chemical calculation of AMMP
suggested the intramolecular ET of AMMP. 7M4MC and 3AP are
excellent donor and acceptor, respectively. This result provides a
practical method to have a longer FL maximum wavelength and to
increase the FL intensity.
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