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Abstract

Absorption and fluorescence spectra as well as quantum yields of a series of differently substituted carbostyrils (quinolin-
2(1H)-ones) are reported. Especially for compounds containing donor substituents in position 6, substantial bathochromic shifts
(comparable to analogous coumarins) of both absorption as well as fluorescence transitions are obtained. High absorption
intensities and quantum yields are found for 7-donor substituted isomers. Semiempirical molecular orbital calculations (AM1
for structures, ZINDO for electronic transition energies) prove to be a suitable tool for the prediction of absorption and
fluorescence properties of these compounds. Ab initio and density functional calculations establish the lactam form as the
dominant tautomer of the parent quinolin-2(1H)-one.q 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Coumarins, both naturally occurring as well as
synthetic derivatives, have found widespread applica-
tions as photosensitizers [1], laser dyes [2–6] or pH-
indicators in biochemistry and medicine [7,8]. Conse-
quently, a wealth of experimental and theoretical data
on spectral-luminescence characteristics, photophy-
sics and photochemistry of coumarin derivatives is
available [1–29]. Considerably less attention was
paid to carbostyrils (2(1H)-quinolones) which can be
considered as aza-analogues of coumarins [2,11,30–
38], possibly because of their comparably shorter
absorption and emission wavelength as well as their
seemingly diminished sensitivity to substituent
effects. Contrarily, carbostyrils offer the advantage
of greater chemical and thermal stability. Besides

other uses this makes them possible candidates as
wave-shifting fluors in high energy particle detection
[39]. For this purpose coumarins had turned out to be
of insufficient resistance against radiation damage
[40]. Recently, interest in luminescent dyes has inten-
sified with emphasis mainly on analytical applications
in biological sciences. One of the most promising
approaches consists in the use of sensitizing chromo-
phors for lanthanide chelates [41–50] including
carbostyrils such as 7-amino-4-methyl-2(1H)-quino-
lone (carbostyril 124). The long lifetime of lanthanide
emissions allows time-resolved fluorescence
measurements against background emission and
makes these complexes particularly attractive as
probes in biological systems. As alternatives to radio-
active probes or simple organic fluorophors potential
applications comprise biodistribution studies or time-
resolved fluoroimmunoassays (e.g., dissociation-
enhanced lanthanide fluorescence immunoassay
(Delfiaw)). As an example for this latter clinical use

Journal of Molecular Structure 477 (1999) 209–220

MOLSTR 10497

0022-2860/99/$ - see front matterq 1999 Elsevier Science B.V. All rights reserved.
PII: S0022-2860(98)00616-4

* Corresponding author. Tel.: 00 43 316 380 8636; Fax: 00 43
316 380 9840; e-mail: walter.fabian@kfunigraz.ac.at



the determination of lipoprotein (a), a risk factor for
coronary heart disease and ischemic cerebrovascular
disease [51] might be mentioned. Sensitized lantha-
nide fluorescence proves also as an attractive alterna-
tive to UV detection and other luminescence

techniques in the chromatographic separation of
drugs and xenobiotics [50]. Fluorescent heterocycles
are also valuable enzyme substrates [52,53], e.g. for
proteases. Here carbostyril 124 was found to allow a
more sensitive determination of enzyme activity than
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Fig. 1. Structures of the investigated compounds.



other fluorophors [52]. Besides the required absorp-
tion–emission characteristics for a certain purpose,
easy chemical functionalization with predictable
effects on the photophysical properties is a necessity.

As mentioned before, in contrast to coumarins only
little systematic work concerning the spectral-lumi-
nescence characteristics of carbostyrils was done.
Photophysical data of a reasonably large number of
analytes can be found in work published by Pono-
marev [30–34]. However, considering the increasing
importance of tailor-made dyes in analytical, medic-
inal and biochemical applications we found it worth-
while to investigate the prospects of this important
class of heterocycles as chromophors or fluorophors
in a more systematic manner.

Thus, in the following, absorption and fluorescence
spectral characteristics of systematically different
substituted (see Fig. 1 for structures) carbostyrils
will be presented. The experimental results are
complemented by theoretical calculations using semi-
empirical molecular orbital methods (AM1 [54],
ZINDO [55]), which should aid in the design of new
and long wavelength absorbing and/or emitting
compounds.

2. Experimental

2.1. Molecular orbital calculations

Starting structures of the investigated compounds
were created with the aid of the SYBYL molecular
modelling package [56]. Semiempirical molecular
orbital calculations were done by the MOPAC
[57,58] or VAMP [59] program packages. Geometries
for ground states were completely optimized
(keyword PRECISE) by the semiempirical AM1
[54] Hamiltonian using the eigenvector following
routine [60]. Excited states (S1) structures were
obtained either by using the keyword ‘‘EXCITED’’
or alternatively, starting form the closed shell deter-
minant by a singles1 doubles CI involving up to five
occupied and five virtual molecular orbitals. Based on
the AM1 optimized structures (S0 and S1) electronic
transition energies (absorption and fluorescence) were
calculated by the ZINDO method [55,61]. Solvent
effects were treated with the self-consistent reaction
field approximation [62]. For the unsubstituted parent

compound carbostyril (2(1H)-quinolone1), in addi-
tion, ab initio (HF/3-21G, HF/6-31G*) and hybrid
HF/density functional (B3LYP/6-31G*) computa-
tions [63] using Gaussian 94 [64] were done. Single
point calculations (using the B3LYP/6-31G*
geometry and zero point energy (ZPE) correction)
on 1 and its lactim tautomer (2-hydroxyquinoline)
were also performed at the MP2/6-311G** and
MP2/6-31 1 G** level of theory. For1 excitation
energies were also obtained by ab initio CI-singles
(CIS/6-31G*) calculations.

2.2. Synthesis

Chemicals and reagents were purchased form
Aldrich or Fluka and used without further purification.
Solvents for UV and fluorescence spectra were puri-
fied by distillation. Melting points were determined on
a Gallenkamp Melting Point Apparatus Mod. MPD-
350 in open capillary tubes. IR spectra were recorded
on a Perkin-Elmer 298 spectrophotometer in KBr
pellets. 1H-NMR spectra were obtained on a Varian
XL-200 at 200 MHz in the solvents indicated.
Chemical shifts (d) are expressed in ppm from
internal TMS. Microanalyses were performed on a
Fisons elemental analyser Model EA 1108.

2(1H)-Quinolinone (carbostyril) (1) is commer-
cially available.

N-Methyl-2(1H)-quinolinone (2) was obtained
from 1 (200 mg, 1.38 mmol) and dimethylsulfate
(230 mg, 1.83 mmol) using the procedure described
in Ref. [71]; the yield was 50 mg (23%), colorless
prisms; m.p. 738C, lit. m.p. 738C [78].

4-Methyl-2(1H)-quinolinone (3) is commercially
available.

4-Phenyl-2(1H)-quinolinone (4) was prepared
according to Ref. [72].

4-Methyl-6-methoxy-2(1H)-quinolinone (6) was
obtained from ethyl acetoacetate (8.50 g,
65.3 mmol) and 4-methoxyaniline (2.01 g,
16.3 mmol) using the procedure described in Refs.
[73,74]; the yield was 2.91 g (95%), brown prisms,
m.p. 2588C–2598C (methanol), lit. m.p. 2748C–
2758C [79].

4-Methyl-7-methoxy-2(1H)-quinolinone (7) was
prepared as described for6; the yield was 5.71 g
(74%), colorless prisms, m.p. 1968C (ethanol), lit.
m.p. 2008C [80].
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4-Methyl-8-methoxy-2(1H)-quinolinone (8) was
prepared as described for6; the yield was 1.80 g
(59%), brown prisms, m.p. 1768C–1788C (ethanol),
lit. m.p. 1888C–1908C [81].

3-Phenyl-2(1H)-quinolinone (9) was obtained from
phenacetylchloride (1.7 g, 11.0 mmol) and 2-amino-
benzaldehyde (1.00 g, 8.25 mmol) using the proce-
dure described in Ref. [75]; the yield was 0.30 g
(16%), colorless powder, m.p. 2358C (ethanol), lit.
m.p. 2358C–2368C [82].

3-Phenyl-2-oxo-1,2-dihydroquinoline-4-carboxy
acid (10) was obtained from isatine (1.03 g,
7.00 mmol) and phenylacetylchloride (1.01 g,
6.53 mmol) using the procedure described in Ref.
[76]; the yield was 0.57 g (33%), colorless
powder, m.p. 2658C (ethanol), lit. m.p. 2928C–
2948C [83].

4-Chloro-1-methyl-3-phenyl-2(1H)-quinolinone
(11) was prepared from 4-hydroxy-1-methyl-2(1H)-
quinolone and phosphorylchloride according to Ref.
[65].

Ethyl 4-Methyl-2-oxo-1,2-dihydroquinoline-3-
carboxylate (12) was obtained from diethylmalonate
(4.74 g, 29.6 mmol) and 2-aminoacetophenone
(1.00 g, 7.40 mmol) using the procedure described
in Ref. [77]; the yield was 0.85 g (50%), colorless
prisms, m.p. 2368C–2378C (water), lit. m.p. 2568C–
2588C [84].

4-Hydroxy-7-methoxy-3-phenyl-2(1H)-quinolinone
(13) was prepared from panisidine and diethyl phenyl-
malonate according to Ref. [66].

4-Hydroxy-7-methoxy-1-methyl-3-phenyl-2(1H)-
quinolinone (14) was prepared from 4-methoxy-N-
methylaniline and diethyl phenylmalonate according
to Ref. [67].

4-Acetoxy-1-ethyl-7-methoxy-3-phenyl-2(1H)-
quinolinone (15) was prepared from 1-ethyl-4-
hydroxy-7-methoxy-3-phenyl-2(1H)-quinolone and
acetanhydride according to Ref. [67].

4-Hydroxy-7-methoxy-3-(4-methoxyphenyl)-
2(1H)-quinolinone (16) was prepared from diethyl-4-
methoxyphenylmalonate and p-anisidine according to
Ref. [67]. 4-Acetoxy-1-ethyl-7-methoxy-3-(4-meth-
oxyphenyl)-2(1H)-quinolinone (17) was prepared
from 1-ethyl-4-hydroxy-7-methoxy-3-(4-methoxy-
phenyl)-2(1H)-quinolone and acetanhydride according
to Ref. [67].

4-Benzylamino-7-methoxy-3-phenyl-2(1H)-quinolinone

(18) was prepared from13 and benzylamine
according to Ref. [68].

7-Methoxy-4-(4-methylphenyl)-sulfonyloxy-3-
phenyl-2(1H)-quinolinone (19) was prepared
from 13 and p-tosylchloride according to Ref.
[68].

4-Chloro-1-ethyl-7-methoxy-3-phenyl-2(1H)-
quinolinone (20) was prepared from 1-ethyl-4-
hydroxy-7-methoxy-3-phenyl-2(1H)-quinolone and
phosphorylchloride according to Ref. [69].

3-(4-Acetylamino)-benzyl-7-methoxy-4-methyl-
2(1H)-quinolinone (21). The preparation consisted of
the following steps:

(a) 7-Methoxy-4-methyl-3-(4-nitrobenzyl)-2(1H)-
quinolinone: 3-Methoxyaniline (2.46 g, 20 mmol)
was added slowly to ethyl acetoacetate (10.41 g,
80 mmol) at 1608C under stirring. The alcohol formed
was removed and heating was continued for 30 min.
The mixture was concentrated under reduced pressure
and the residual oil, representing acetoacetyl-3-meth-
oxyanilide, was used for the next step without further
purification. This oil was dissolved in warm ethanol
(25 ml) and sodium (0.46 g, 20 mmol) was added in
pieces. This mixture was stirred for 3 h at room
temperature. Then 4-nitrobenzylbromide (5.18 g,
24 mmol) was added and the mixture gently heated
under reflux. After 30 min the formed sodium
bromide was filtered and the filtrate concentrated
under reduced pressure to a small volume. The
brown oil, representing 2-(4-nitrobenzyl)-3-
oxopropan-(3-methoxy)-anilide was not isolated and
used directly for the following ring closure. It was
mixed with 76% sulfuric acid (60 ml) and the mixture
heated at 968C for 45 min. The anilide gradually
dissolved, and gave an orange-red solution. The
mixture was then cooled to 608C and poured into
water (200 ml). The green precipitate was filtered,
taken up in acetone and stirred for 30 min at room
temperature until a colorless solid began to precipi-
tate. It was filtered, washed with acetone and dried at
808C. The yield was 1.84 g (28%), colorless powder,
m.p. 2808C (acetone). IR: 2940 m, 2830 m, 1660 s,
1625 m, 1605 m (cm21), 1H NMR (DMSO-d6): d �
2.40 (s, 3 H, 4-CH3), 3.85 (s, 3 H, 7-OCH3),4.15 (s, 2
H, CH2),6.82 (d,1 H,J � 8 Hz, 6-H), 6.85 (s, 1 H, 8-
H), 7.50 (d, 2 H,J � 8 Hz, 2-H and 6-H of phenyl),
7.70 (d, 1 H,J� 8 Hz, 5-H), 8.15 (d, 2 H,J� 8 Hz, 3-
H and 5-H of phenyl), 11.70 (s, 1 H, NH). Anal.
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Calcd. for C18H16N2O4: C, 66.66; H, 4.97; N, 8.64.
Found: C, 66.41; H, 4.85; N, 8.51.

(b) 3-(4-Aminobenzyl)-7-methoxy-4-methyl-2
(1H)-quinolinone: A solution of 7-methoxy-4-
methyl-3-(4-nitrobenzyl)-2(1H)-quinolone (200 mg,
0.6 mmol), glacial acetic acid (10 ml) and conc.
hydrochloric acid (3 ml) was heated under reflux
and zinc-powder (1.00 g, 15 mmol) was added in
small portions. The mixture was cooled to room
temperature, diluted with water (15 ml) and brought
to pH � 12 by addition of 30% sodium hydroxide
solution (35 ml). The precipitate was filtered and
washed with water. The yield was 150 mg (83%),
colorless prisms, m.p. above 3008C. IR: 3340 m,
2920 m, 1675 s, 1610 s (cm21), 1H NMR (DMSO-
d6): d � 2.40 (s, 3 H, 4-CH3). 3.35 (s, 2 H, NH2), 3.85
(s, 3 H, 7-OCH3), 4.80 (s, 2 H, CH2), 6.45 (d, 2 H,J �
9 Hz, 3-H and 5-H of phenyl), 6.70–6.90 (m, 4 H, 2-H
and 6-H of phenyl, 6-H, 8-H), 7.65 (d, 1 H,J � 9 Hz,
5-H), 11.60 (s, 1 H, NH). Anal. Calcd. for
C18H18N2O2: C, 73.45; H, 6.16; N, 9.52. Found: C,
73.35; H, 6.12; N, 9.42.

(c) 3-(4-Acetylamino)-benzyl-7-methoxy-4-methyl-
2(1H)-quinolinone: A mixture of 3-(4-aminobenzyl)-
7-methoxy-4-methyl-2(1H)-quinolone (50 mg,
0.15 mmol) and acetic anhydride (1.21 g,
11.9 mmol) was stirred at 808C for 2 h. The mixture
was diluted with water and the precipitate was filtered.
The solid was washed with water. The yield was
20 mg (40%), colorless prisms, m.p. 2378C. IR:
3300 m, 2910 m, 1665 s, 1605 s (cm21), 1H NMR
(DMSO-d6): d � 1.95 (s, 3 H, acetyl-CH3), 2.35 (s,
3 H, 4-CH3), 3.80 (s, 3 H, 7-OCH3), 3.90 (s, 2 H, CH2),
6.75 (d, 1 H,J� 9 Hz, 6-H), 6.80 (s, 1 H, 8-H), 7.10
(d, 2 H,J� 9 Hz, 3-H and 5-H of phenyl), 7.40 (d, 2
H, J� 9 Hz, 2-H and 6-H of phenyl), 7.60 (d, 1 H,J�
9 Hz, 5-H), 9.80 (s, 1 H, acetylamino-NH), 11.60 (s, 1
H, 1-NH). Anal. Calcd. for C20H20N2O3: C, 71.41; H,
5.99; N, 8.33. Found: C, 71.52; H, 5.97; N, 8.27.

4-Hydroxy-6-methoxy-3-phenyl-2(1H)-quinoli-
none (22) was prepared from panisidine and diethyl
phenylmalonate according to Ref. [66].

4-(N,N-Dimethylcarbamoyloxy)-6-methoxy-3-
phenyl-2(1H)-quinolinone (23): A solution of 22
(6.0 g, 23 mmol) and N,N-dimethylcarba-
moylchloride (5 ml, 47 mmol) in dry pyridine
(50 ml) was stirred for 12 h at 208C. Then the mixture
was poured into ice/water (200 ml) and filtered by

suction. The yield was 5.0 g (65%), colorless prisms,
m.p. 2108C (ethanol). IR: 3100–2980 w, 1750 m,
1730 s, 1665 s, 1640 m, 1605 m, 1580 sh (cm21);
1H NMR (DMSO-d6): d � 2.6 (s, 3 H, N-CH3), 2.7
(s, 3 H, N-CHO), 3.7 (s, 3 H, O-CH3) 6.9–7.5 (m, 7
ArH), 8.3 (d, J � 1.5 Hz, 5-H). Anal. Calcd. for
C19H18N2O4: C, 67.45; H, 5.36; N, 8.28. Found: C,
67.57; H, 5.09; N, 7.96.

4-Hydroxy-8-methoxy-3-phenyl-2(1H)-quinoli-
none (24) was prepared from o-anisidine and diethyl
phenylmalonate according to Ref [66].

4-Acetoxy-8-methoxy-3-phenyl-2(1H)-quinolinone
(25) was prepared from24 and acetanhydride
according to Ref. [70].

5,7-Dimethoxy-4-methyl-2(1H)-quinolinone (26)
was obtained from ethyl acetoacetate (8.50 g,
65.3 mmol) and 3,5-dimethoxyaniline (2.49 g,
16.3 mmol) using the procedure described in Refs.
[73,74]; the yield was 3.30 g (92%), colorless prisms,
m.p. 2298C (ethanol). IR: 2930 m, 1670 s, 1630 s,
1610 m (cm21), 1H NMR (DMSO-d6): d � 2.55 (s,
3 H, 4-CH3), 3.80 (s, 3 H, 5-OCH3), 3.85 (s, 3 H, 7-
OCH3), 6.05 (s, 1 H, 3-H), 6.30 (s, 1 H, 6-H), 6.45 (s,
H, 8-H), 11.40 (s, 1 H, NH). Anal. Calcd. for
C12H13NO3: C, 65.74; H, 5.98; N, 6.39. Found: C,
65.52; H, 6.07; N, 6.29.

4-Methyl-2 (1H)-benzo [h] quinolinone (27) was
obtained from ethyl acetoacetate (8.50 g,
65.3 mmol) and 1-naphthylamine (2.33 g,
16.3 mmol) using the procedure described in Refs.
[73,74]; the yield was 1.64 g (89%), yellow prisms,
m.p. 2798C–2818C (ethanol), lit. m.p. 293.58C–2948C
[85].

2.3. UV and fluorescence spectra

The UV-Vis spectra were recorded on a Shimadzu
UV/Vis scanning spectrophotometer UV-2101PC.
The excitation and emission spectra were obtained
using a Shimadzu RF-5001PC spectrofluorophot-
ometer. It was fitted with a 150 W xenon lamp oper-
ated as a continous wave source, slits selectable in six
steps to produce spectral bandwidths of 1.5, 3, 5, 10,
15 and 20 nm, and an R452-01 photomultiplier. Exci-
tation and emission monochromators: ion-blazed
holographic concave grating F/2.5.

UV spectra were recorded at a concentration of
10mg/ml, excitation and emission spectra at a
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concentration of 1mg/ml. For the determination of
quantum yields emission signals were set in relation
to the emission signal of3 under the same conditions
(slit, solvent, temperature and concentration).
Compound3 has quantum yield according to litera-
ture [32] of 0.020. Emission spectra are uncorrected.

3. Results

The structures of the investigated compounds are
shown in Fig. 1. This set of molecules was chosen to
allow assessment of donor or acceptor substituent
effects in positions 3 and 4 of the heterocyclic ring
as well as positional isomerism of the methoxy group
(compounds5–8). In addition, compounds26–28
serve to describe the effect of increasing the conju-
gated system by linear or angular benzo-annulation.

3.1. Absorption spectra

According to semiempirical (AM1) molecular
orbital calculations the parent carbostyril1 should
almost exclusively (< 5 kcal mol21) exist as the
lactam tautomer shown in Fig. 1 [38,86]. In
contrast, rather high level ab initio calculations
predict a vanishingly small energy difference
(< 0.1 kcal mol21) between the two tautomers
[87]. Experimental gas phase results appear somewhat
contradictory with interpretations ranging from a
slight preference of the lactim to the sole existence
of the lactam form [88–94]. There seems, however, to
be consensus that compared to the 2-hydroxypyridine/
2(1H)-pyridone system, in1 the tautomeric equili-
brium is shifted towards the lactam form. Recently,
the superiority of density functional methods, espe-
cially hybrid HF/DFT approaches over conventional
ab initio procedures with respect to geometries of
tautomeric species was demonstrated [95–102].
However, tautomerization energies seem to be better
predicted by conventional ab initio (e.g. MP2)
methods [101,102]. Results for the lactam–lactim
tautomerization energy of quinolin-2(1H)-one1
obtained at various levels of theory are summarized
in Table 1. B3LYP/6-31G**DE-values are close to
previous AM1 results [38,86]. Larger basis sets as
the split valence 6-311G** basis or inclusion of
diffuse functions result in a slight (<1 kcal mol21)
lowering of DE. Inclusion of electron correlation at
the MP2 level of theory – which is regarded to yield
more reliable tautomerization energies [101,102] –
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Table 1
Calculated lactam-lactim tautomerization energies (kcal mol21) of
compound1a

Method DE Method DE

B3LYP/6-31G* 25.3 MP2/6-31G** 22.0
B3LYP/6-311G** 24.2 MP2/6-311G** 21.2
B3LYP/6-311G** 24.0 MP2/6-311G** 21.6

a A negative sign indicates greater stability of the lactam form.
All calculations were done at the B3LYP/6-31G* optimized geome-
tries. Zero point energy corrections obtained at the B3LYP/6-31G*
level of theory are included inDE.

Fig. 2. Absorption spectra of compound1 in solvents of different polarity.



significantly reducesDE (see Table 1). Thus, from the
data of Table 1 the most likely estimate of the gas
phase tautomerization energy of compound1 is a
<1 kcal mol21 preference for the lactam form. This
result is in good agreement with the most experi-
mental findings regarding the 2(1H)-quinolone/2-
hydroxyquinoline tautomeric equilibrium [92].
Owing to the larger solvation energy [87,103] of the
latter species, in aqueous solution the lactam form by
far predominates. In contrast to expectations for a
potentially tautomeric system the absorption spectra
of 1 are surprisingly insensitive to the solvent polarity
(see Fig. 2 and Table 2) and, importantly, similar in
the N-CH3 derivative2. Substituents (compare4 in
Table 2) also seem to play only a minor role
[32,38]. By IR spectroscopy in CC14 [104] an
enthalpy of association of28.69 kcal mol21 (to be
compared with an AM1 calculated value of
29.44 kcal mol21) was obtained. In contrast to pyri-
dones [105] in nonpolar solvents (see data for hexane)
carbostyril1 does not show the blue shift expected for
hydrogen bonded dimers (ZINDO-SCRF calculations
predict a,300 cm21 increase of the transition energy
upon dimerization). Furthermore, even heating up to
1228C does not essentially alter the UV spectrum [94].
The main effect of solvent polarity, thus, appears to be
merely a blurring of the vibrational fine structure.
Solvents capable of forming hydrogen bonds lead to
a notable blue shift attributed to the lower basicity and
hence weaker propensity to form hydrogen bonds of
carbostyrils in the S1 state [32]. Also inculded in Table

2 are the results of ZINDO-SCRF calculations
regarding the solvent effect. Clearly, the proper treat-
ment of the effect of hydrogen bonds is outside the
scope of this approximation. Explicit inclusion of
three water molecules in the calculations for1,
however, does not alter the results significantly
(n calc � 31500 cm21). From these findings and for
reasons of general solubility we choose DMSO as
standard solvent whose use should not lead to any
special effects.

Generally, even in DMSO as solvent, vibrational
fine structure is at least partly resolved (shoulders on
either side of the band maximum). The least resolved,
barely visible, vibrational structures are found in the
spectra of 3-phenyl derivatives (e.g.13–20) whereas
in the benzo-annulated derivative27 the three peaks
are well separated with the first being nearly as intense
as the second one. Experimental absorption maxima
(wavenumber of the central – normally most intense
– peak) and extinction coefficientse measured in
DMSO for compounds1–29 are collected in Table
3. Also given in the table are the calculated
(ZINDO) transition energies and oscillator strengthsf.

As can be seen from the data of Table 3 the elec-
tronic excitation energy of the carbostyril chromophor
is remarkably insensitive to substituents. With few
exceptions, e.g.6, 22, 23, 27, and – to a lesser extent,
for 9–11, 17, and25 – the absorption maxima of the
investigated compounds are close to< 30000 cm21.
Interestingly, in the series of positional isomers of
methoxy carbostyrils5–8 the longest wavelength
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Table 2
Solvent dependence of the absorption maxima (in cm21) of compounds1, 2 and4 (ZINDO-SCRF calculated values are given in parentheses)

Solvent d.c.a Compound
1 2 4

Gas phase — (31 700) — (31 500) — (31 800)
n-Hexane 1.89 30 100 (31 500) 29 700 (31 300) 29 900 (31 800)
1,4-Dioxane 2.21 30 100 (31 500) 29 900 (31 300) 29 800 (31 800)
Toluene 2.38 30 300 (31 500) 30 000 (31 300) 30 000 (31 800)
Ethyl acetate 6.02 30 200 (31 400) 30 000 (31 300) 29 900 (31 800)
Dichloromethane 9.08 30 400 (31 400) 30 100 (31 300) 30 100 (31 800)
Acetone 20.70 30 400 (31 400) 30 100 (31 300) 30 000 (31 800)
Methanol 32.63 30 500 (31 400) 30 400 (31 300) 30 500 (31 800)
Acetonitrile 35.94 30 400 (31 400) 30 200 (31 300) 30 000 (31 800)
Dimethylsulfoxide 45.00 30 000 (31 300) 29 900 (31 200) 29 700 (31 800)
Water 78.54 30 900 (31 400) 30 700 (31 300) 30 500 (31 800)

a Dielectricity constant.



absorption is observed for the 6-methoxy derivative
(see Fig. 3). In contrast, the largest extinction coeffi-
cients are found for 7-methoxy derivatives7 and13–
21 (e between 10 000 and 23 000 compared to values
of e < 7000 for the 6-methoxycarbostyril6 and only
about 4000 for the 8-methoxy analog8, see Table 3).

7,8-Benzo-annulation (27) also leads to a signifi-
cant bathochromic shift of 2000 cm21, well compar-
able to a 6-methoxy substituent (6), and again only
with a modest extinction coefficient of 7200 (calcu-
lated oscillator strengthf � 0.170, described later).-
Even the somewhat higher calculated value off �
0.248 for the unavailable 5,6-benzo annulated
compound29 is not promising. Linear annulation
(28) should lead to an even weaker absorption (f �
0.043). Synthesis of this not yet available compound,
thus, does not seem to be worthwhile.

3.2. Calculated excitation energies and oscillator
strengths

As also can be seen from the data presented in
Table 3 the agreement between experimental (accu-
rate to about 100 cm21) and calculated excitation
energies is quite good (error< 900 cm21) indicating
the predictive power of these calculations. Interest-
ingly, the largest discrepancies between experimental
and calculated transition energies are found for the
unsubstituted parent compound1, its N- and 4-methyl
derivatives2 and 3 and, especially, 4-phenylcarbos-
tyril 4. To assess a potential effect of the molecular
geometry used on the ZINDO calculated excitation
energy, for1 geometries were also computed by ab
initio (HF/3-21G, HF/6-31G*) and hybrid HF/DFT
(B3LYP/6-31G*, B3LYP/6-311G**) methods
yielding absorption maxima of 32500 (HF/3-21G),
32500 (HF/6-31G*), 31300 (B3LYP/6-31G*) and
31 500 cm21 (B3LYP/6-311G**), respectively.
Clearly, the lowest difference to the experimental
data is obtained when AM1 or B3LYP geometries
are used in the ZINDO calculations. Thus we are
confident that the use of molecular structures calcu-
lated at higher levels of theory will not alter the
present results. Not surprisingly, compared to excitation
energies, there is less agreement between experimental
extinction coefficientse as crude intensity measures and
calculated oscillator strenghtsf. However, compounds
with low e (< 6000 l mol21cm ) also have lowf
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Table 3
Experimental and calculated (ZINDO) absorption maxima (cm21),
extinction coefficientse (l mol21 cm21) and oscillator strengthsf

Compd nexp e n calc f Compositiona

1 30 000 6360 31 300 0.174 82
2 29 900 4250 31 200 0.168 82; 10b

3 30 200 6510 31 700 0.154 80; 11b

4 29 700 5940 31 800 0.146 68
5 — — 31 200 0.084 66
6 28 300 6550 28 500 0.158 88
7 29 200c 10 000

30 500 12 900 31 000 0.358 76
8 29 500 3730 29 900 0.050 77; 10b

9 29 000 7850 30 000 0.511 81
10 29 100 6580 30 300 0.432 79
11 29 100 8390 29 800 0.354 85
12 29 800 6660 30 900 0.195 84
13 30 200 14 400 29 100 0.761 87
14 30 000 14 500 29 100 0.704 86
15 29 700 16 900 29 000 0.648 85
16 30 000 17 300 29 100 0.781 86
17 29 300 19 300 28 600 0.677 83
18 30 300 10 800 30 100 0.480 75
19 30 100 23 400 29 600 0.629 84
20 29 500 16 300 29 200 0.611 84
21 29 000c 13 000

30 300 17 400 30 800 0.396 61
22 28 500 8070 27 800 0.291 78;11d

23 27 900 9370 28 400 0.254 83
24 30 200e 5750 29 200 0.146 65; 10d

25 28 900 5350 29 300 0.153 78; 11f

26 30 100e 7230
31 300 10 200 31 300 0.334 71; 11g

32 700 10 800 31 600 0.162
27 26 700h 6400

28 000 7200 28 700 0.170 72
29 300 4600

28 — — 28 100 0.043 55; 18i

29 — — 28 400 0.248 75

a Only configurations with contributions. 1% to S1 are given;
unless otherwise indicated, the quoted value refers to the HOMO!
LUMO single excitation.

b HOMO 2 1 ! LUMO 1 1 single excitation.
c First vibrational band well resolved.
d HOMO ! LUMO 1 2 single excitation.
e First and second electronic bands close (24) or nearly merged

(26).
f HOMO 2 1 ! LUMO 1 3 single excitation.
g HOMO ! LUMO 1 1 single excitation.
h All three vibrational bands of the first electronic transition well

resolved.
i HOMO 2 1 ! LUMO single excitation.



values (,0.3) whereas those with highe values
($15 000 l mol21cm21) are characterized byf $
0.5. As expected, the first excited electronic state
is dominated by the HOMO–LUMO single excita-
tion (< 80%) although in a number of cases (e.g.
4, 5, 21, 24, 28) rather low coefficients for this
configuration are found, usually with no one case
exceeding 1% contribution to S1 (see Table 3).
Ab initio CIS/6-31G* calculations on1 corrobo-
rate this finding. However, excitation energies
obtained by this procedure are considerably more off
(<10 000 cm21) than those calculated by ZINDO
(<1000 cm21).

3.3. Fluorescence spectra

Fluorescence maxima, quantum yields as well as
the two differently calculated S1! S0 transition ener-
gies (n EXC andn C110, described later) are summarized
in Table 4. The fluorescence spectra of the investi-
gated compounds are generally more diffuse than
their absorption spectra. However, in several cases
clearly resolved vibrational bands are discernible.
These are indicated separately in Table 4. As
mentioned before, for a number of compounds the
contribution of the HOMO! LUMO singly excited
configuration to S1 is surprisingly low. Therefore opti-
mization of this state by using the keyword
‘‘EXCITED’’ ( n EXC in Table 4) in MOPAC might
be questionable. Consequently, excited state calcula-
tions are also performed by a single1 double CI

based on the closed shell RHF determinant (n C110 in
Table 4). From previous experience grossly underes-
timated Stokes shifts can be expected for this proce-
dure. Calculations are also hampered by poor
convergence or lack thereof. Additionally in a number
of cases the S1 optimization by either procedure
resulted in highly distorted structures. Therefore,
calculated S1 ! S0 transition energies are to be
considered as less reliable than absorption energies.

Substituent effects appear to exert a more
pronounced effect on emission than on absorption
spectra (see Tables 3 and 4). Within the series of
simple isomeric methoxy carbostyrils the longest
wavelength fluorescence is found for the 6-methoxy
derivative6. In line with this result particularly long
wavelength emissions are found for the analogous
compounds22 and 23. Substitution in position 3
with phenyl or ethoxycarbonyl leads also to long
wavelength emissions (9, 11, 12). However, in
comparison to these values most additional substitu-
ents in position 4 lead rather to a blueshift, even if a 7-
methoxy group is present (13–21). Consequently
rather small Stokes shifts are observed for these
compounds.

Fluorescence quantum yields are in most cases
found in the range between 0.01 and 0.04. Somewhat
larger values are found for 7-methoxy derivative7
(0.052), the simple 3-phenyl derivative9 (0.061),
the 3,4 disubstituted derivative21 (0.051) and espe-
cially for the 4-acetoxy-1-ethyl-6-methoxy-3-phenyl-
carbostyril15 (0.105).
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Fig. 3. Absorption spectra of positional isomers of methoxy substituted 4-methylquinolin-2(1H)-ones6–8.



4. Conclusions

Compared to coumarins, comparably substituted
carbostyrils show much less sensitivity of their

absorption–luminescence characteristics on substi-
tuent effects. However, as was shown in the present
paper, by judiciously choosing the position and nature
of substituents, it appears possible to obtain sufficient
bathochromic shifts of both UV/Vis as well as fluor-
escence transition to make these compounds useful
for analytical applications. As in coumarins [9]
donor substituent (e.g. methoxy) in position 6 has a
more pronounced bathochromic effect than in position
7 (compare compounds6 and7, Tables 3 and 4). In
contrast, the presence of a 7-methoxy group turns out
to significantly enhance absorption intensities. Fluor-
escence quantum yields of carbostyrils generally are
somewhat lower than those of corresponding
coumarins [18,32]. Again, an appropriate choice of
substituents can lead to sufficiently high values of
fF. Finally, computational methods allow predictions
of both absorption and, albeit to a somewhat less
degree, fluorescence maxima with reasonable accu-
racy. Thus, calculations prove a valuable tool in the
rational design of dyes with special properties. In
addition, the results described in the present paper
should provide useful guidelines for the development
of carbostyril based dyes with the required spectral-
luminescence and photophysical characteristics
required for analytical applications in biochemistry
and biology. Work along these lines is in progress
and results will be presented in due course.
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[48] I. Hemmilä, S. Dakubu, T. Lovgren, V.M. Mukkala, H.

Siitari, Anal. Biochem. 137 (1984) 335.
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[76] H. Hübner, Ber. Dtsch. Chem. Ges. (1941) 482.
[77] J.A. Robel, Synthesis (1991) 56.
[78] F. Effenberger, W. Hartmann, Chem. Ber. 102 (1969) 3260.
[79] O. Claret, Spectrosc. Lett. 10 (1977) 25.
[80] V.N. Gogte, S.B. Kulkarni, B.D. Tilak, Indian Journal of

Chem. Sect. B. 15 (1977) 769.
[81] A.M. Nadzan, K.L. Rinehart Jr., J. Am. Chem. Soc. 99

(1977) 4647.
[82] R.N. Iyer, R. Gopalchari, Indian Journal of Chem. 11 (1973)

234.
[83] C. Kaneko, H. Fujii, S. Kawai, A. Yamamoto, K. Hashiba,

Chem. Pharm. Bull. 28 (1980) 1157.
[84] J.C. Powers, I. Ponticello, J. Am. Chem. Soc. 90 (1968)

7102.
[85] Y. Konishi, Nippon Kagaku Kaishi (1973) 118.
[86] W.M.F. Fabian, J. Comput. Chem. 12 (1991) 17.
[87] J. Wang, R.J. Boyd, Chem. Phys. Lett. 259 (1996) 647.
[88] P. Beak, Acc. Chem. Res. 10 (1977) 186.
[89] M.R. Nimlos, D.F. Kelly, E.R. Bernstein, J. Phys. Chem. 91

(1987) 6610.
[90] A. Held, D.F. Plusquellic, J.L. Tomer, D.W. Pratt, J. Phys.

Chem. 95 (1991) 2877.

[91] M.A. Baldwin, G.J. Langley, J. Chem. Soc. Perkin Trans. 2
(1988) 347.

[92] A.A. Ahmed, M. Julliard, F. Chanon, M. Chanon, F. Gracian,
G. Pfister-Guillouzo, Spectrochim. Acta 53A (1997) 335.

[93] G. Pfister-Guillouzo, C. Guimon, J. Frank, J. Ellison, A.R.
Katritzky, Liebigs Ann. Chem. (1981) 366.

[94] J. Mirek, A. Sygula, Z. Naturforsch 37a (1982) 1276.
[95] G. Fogarasi, J. Mol. Struct. 413 (1997) 271.
[96] V. Barone, C. Adamo, J. Phys. Chem. 99 (1995) 15 062.
[97] G. Bakalarski, P. Grochowski, B. Lesyng, J. Leszczynski,

Chem. Phys. 204 (1996) 301.
[98] A. Broo, A. Holmen, Chem. Phys. 211 (1996) 147.
[99] B. Hernandez, F.J. Luque, M. Orozco, J. Org. Chem. 61

(1996) 5964.
[100] J.S. Kwiatkowski, J. Leszczynski, Int. J. Quant. Chem. 61

(1997) 453.
[101] J.S. Kwiatkowski, J. Leszczynski, J. Mol. Struct. 376 (1996)

325.
[102] J.S. Kwiatkowski, J. Leszczynski, J. Phys. Chem. 100 (1996)

941.
[103] S.F. Mason, J. Chem. Soc. (1958) 637.
[104] J.C. Petersen, J. Chem. Phys. 75 (1971) 1129.
[105] A. Fujimoto, K. Inuzuka, Spectrochim. Acta 41A (1985)

1471.

W.M.F. Fabian et al. / Journal of Molecular Structure 477 (1999) 209–220220


