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a b s t r a c t

Various hybrid compounds comprised of two types of nitroxide radicals and either a pentamethine (Cy5)
or trimethine cyanine (Cy3) were synthesized. The nitroxide radicals were linked either via an ester-bond
to one or two N-alkyl carboxyl-terminated groups of Cy5, or via two amido-bonds (aminocarbonyl or
carbonylamino group) to the 5-position of the indolenine moieties of Cy5 and Cy3. Changes in fluorescence
and ESR intensities of the hybrid compounds were measured before and after addition of Na ascorbate
in PBS (pH 7.0) to reduce the radicals. Among the hybrid compounds synthesized, those that linked the
nitroxide radicals via an aminocarbonyl residue at the 5-position of the indolenine moieties on Cy5 and
itroxide radical
SR intensity
luorescence intensity

Cy3 exhibited a 1.8- and 5.1-fold increase in fluorescence intensity with the reduction of the nitroxide
segment by the addition of Na ascorbate, respectively. In contrast, fluorescence intensity was not enhanced
in the other hybrid compounds. Thus, the hybrid compounds which exhibited an increase in fluorescent
intensity with radical reduction can be used in the quantitative measurement of reducing species such
as Fe2+ and ascorbic acid, and hydroxyl radicals. Because these hybrid compounds have the advantage of
fluorescing at longer wavelengths—661 (Cy5) or 568 (Cy3) nm, respectively, they can be used to measure
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. Introduction

Previously, hybrid compounds comprised of a nitroxide radical
nd a fluorophore linked via an amido- or ester-bond as a spacer
ad been prepared and their use in quantifying radical and radical-
educing species has been evaluated (Fig. 1) [1]. Their fluorescence
as mostly faded owing to electron transfer to nitroxide radicals,
ut was recovered by reducing or radical trapping of the nitroxide
adicals. A method for the quantitative measurement of reductants
uch as Fe2+ [1-a], ascorbic acid [1-b], or of radical-trapping species
uch as hydroxyl radicals [1-c,d,e] was developed by applying this
henomena. The fluorescence technique allows detection of antiox-

dants in the submicromolar concentration scale while the electron

pin resonance (ESR) technique can detect only micromolar con-
entrations [1-f]. The ESR measurements are limited by the high
ost and complexity of the required equipment and by difficulties
n acquiring and processing experimental data [1-b]. The fluores-
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icals either in solution or in vivo.
© 2008 Elsevier B.V. All rights reserved.

ence technique makes it possible to visualize the presence of the
adicals or radical-reducing species, in addition to the quantitative
easurement of them [1-g].
For the preparation of these hybrid compounds, 2,2,6,6-tetra-

ethylpiperidine-1-oxyl (TEMPO) or 2,2,5,5,-tetramethylpyrroli-
ine-1-oxyl (PROXYL) has been used as the stable nitroxide rad-

cal, and aromatic compounds, such as naphthalene [1-b,h,i,j,d]
r pyrene [1-a,b,k,l], had been used as the fluorescence molecule.
hese aromatic compounds have short excitation wavelength (�ex

00 and 350 nm), and the emission wavelengths (�em) also are
hort—390 and 430 nm. Both the excitation and emission wave-
engths often overlap the absorption spectra of proteins and the
ther background compounds [2-a,b,c,d]. It is unclear how hybrid
ompounds composed of non-aromatic fluorochromes and nitrox-
de radicals affect the recovery of fluorescence with the reduction
f radicals.
We synthesized hybrid compounds composed of well-known
uorescent molecules and nitroxide radicals and evaluated the flu-
rescence and ESR intensities of the hybrid compounds. In a previ-
us paper [3], three hybrid compounds composed of a well-known
uorophore, umbelliferone, and 2,2,5,5,-tetramethylpyrroline-1-

http://www.sciencedirect.com/science/journal/13861425
http://www.elsevier.com/locate/saa
mailto:shingo-s@yz.yamagata-u.ac.jp
dx.doi.org/10.1016/j.saa.2008.07.045
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ig. 1. Mechanism of the fluorescent increase and decrease in a fluorophore nitrox-
de hybrid compound.

xyl (TEMN) or TEMPO radicals (1, 2, and 3) were synthesized
nd the relationships between their fluorescence and ESR inten-
ities before and after addition of l-ascorbic acid sodium salt (Na
scorbate) were explored (Fig. 2). It appeared that the decay in ESR
ntensity upon addition of Na ascorbate caused a proportional and
arallel increase in fluorescence intensity. Because fluorescence

ntensity increased in a concentration-dependent manner to a max-
mal eight- or nine-fold elevation, these two umbelliferylnitroxide
adical-hybrid compounds 1 and 2 may be used as fluorescence
pin-probes for the quantitative measurement of radicals in biosys-
ems, Fe2+ in solution, and ascorbic acid in food products [1-d]. The
xcitation and emission wavelengths of these compounds were 330
nd 443 nm, respectively, which were a little longer than those of
yrene-TEMPO (�em 430 nm) [1-c]. However, the wavelengths are
ot long enough to perform measurements in living cells and organ-

sms due to autofluorescence from normal cellular constituents
2-a,b,c,d].

This paper introduces two new hybrid compounds composed of
itroxide radicals and well-known polymethine-cyanine dyes (Cy3
nd Cy5), which are typically used as fluorescent labels for pro-
eins, as the fluorescence molecules. Cy3 and Cy5 have the following
roperties: emission wavelengths of 500 and 650 nm, respectively:
harp and intense absorption bands (ε > 100,000): and, in ethanol,
uantum fluorescence yield is typically between 0.2 and 0.4 [2-a].

y3 and Cy5 are conjugated polymethine fluorophores and differ
ignificantly from aromatic compound such as naphthalene and
yrene which have been used previously in the synthesis of hybrid
ompounds. The advantage of using cyanine dyes is that these dyes
an be tuned to the desired wavelengths by altering the hetero-

a
n
g
1
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Fig. 2. Umbelliferylnitroxide ra

Fig. 3. Nitroxide radicals adapted for the
art A 71 (2009) 2030–2039 2031

yclic nucleus and the number of double bonds in the polymethine
hain [2-e].

. Results and discussion

First, an ester-linkage between a hydroxyl group of a nitrox-
de radical (Fig. 3) and the N-alkyl carboxyl-terminated group of
y5 was formed. The N-alkyl carboxyl-terminated group generally

unctions as a spacer for protein binding [2-f]. One of two radicals,
-hydroxy-TEMPO (4) or 3-hydroxymethyl-TEMN (5) was bonded
ither to both or to one of two terminal carboxyl residues. The N-
lkyl carboxyl residue is composed of either a two- or five-carbon
hain. A total of eight hybrid compounds were synthesized (Fig. 4).
SR and fluorescence spectra of these hybrid compounds were mea-
ured in phosphate-buffered saline (PBS, 0.1 M, pH 7.0). However,
oth ESR and fluorescence intensities were much lower than an
riginal nitroxide radical or Cy5, and each intensity value was var-
ous. When excess of Na ascorbate was added to a solution of these
ybrid compounds, ESR intensity was decayed, however all fluo-
escence intensities were not enhanced. Hydroxylamine acetate of
hese hybrid compounds which is a diamagnetic derivative and is
ot subjected to oxidation (Fig. 1) was also observed no enhance-
ent of fluorescence intensity.
Since the methyl ester of N-alkyl-terminated carboxylic acid

lso did not exhibit fluorescence, the development of this series of
ybrid compounds for use as fluorescence probes in the detection
f radical reducing species was stopped. Blough and co-workers
eported that relatively high rates of quenching by nitroxide rad-
cal (>108 s−1) are observed over distances as great as 12 Å [1-i].
nfortunately, our results differed from theirs.

We next planed a design of the hybrid compounds linked at the
loser position of the fluorophore with a nitroxide radical (Fig. 5).

Two nitroxide-equivalents were introduced at the 5-position of
he indolenine skeleton in both Cy5 and Cy3 via an amido-bond.

methyl group was selected as the N-alkyl residue because of
nnecessary of the spacer in this study. Based on trial and error,
successful synthesis was finally achieved by the following reac-

ion sequence, as shown in Scheme 1: (1) synthesis of methyl
-nitroindolenium; (2) reaction with 1,1,3,3-tetraethoxypropane

nd triethyl orthoformate, leading to 5-nitro-Cy5 (9) and 5-
itro-Cy3 (15); (3) reduction of the two nitro groups to amino
roups (5-amino-Cy5 10 and -Cy3 16); and (4) condensation of
0 and 16 with 3-carboxy-2,2,5,5-tetramethylpyrroline-1-oxyl (3-
arboxy-TEMN 7, Fig. 3).

dical hybrid compounds.

synthesis of hybrid compounds.
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Fig. 4. Cy5-nitroxide hybrid compounds linked between one or both of N-alkyl-terminated carboxylic acids and nitroxide radicals (4 and 5) via ester bond.
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ig. 5. Cy3, Cy5-nitroxide compounds linked between at the 5-positions of cyanine
amino group).

Fluorescence intensities of Cy5 (8) in some solvents, as mea-
ured, were found to vary (Fig. 6). When acetonitrile was used
s a solvent, fluorescence intensity reached maximum; there-
fter acetonitrile was employed as the solvent in the fluorescence
easurement. Na ascorbate used for the reduction of the hybrid

ompounds was all dissolved in PBS (0.1 M, pH 7.0). The influence
f the fluorescence intensity was explored when a PBS solution of
a ascorbate was added to an acetonitrile solution of Cy5 (8) in a

atio of 1:9 (v/v) (Table 1). When various concentrated PBS solutions

f Na ascorbate were added to an acetonitrile solution of 8, the flu-
rescence intensity did not change much. Therefore, the ratio of the
ddition of a PBS solution of Na ascorbate to an acetonitrile solu-
ion of hybrid compounds was decided to be a 1:9 (v/v), when the
ybrid compound was reduced. The ESR and fluorescence spectra

-
o
a
i
T

cheme 1. Synthesis of hybrid compounds (12, 13, 18) by condensation of 5-bis-amino-
2.0 equiv.) in toluene at r.t. 58 h; (b) NaNO3 (1.1 equiv.) in conc. H2SO4 at 0 ◦C, 0.5 h; (c)
h; for Cy3: triethyl orthoformate (1.0 equiv.) in AcOH/Ac2O, reflux 1 h; (d) 14% aq. KI, re
-carboxy-TEMN (2.5 equiv.)/DCC (2.8 equiv.)/DMAP (0.30 equiv.) in CH3CN, at 0 ◦C, r.t. 15 h
.

and nitroxides via two kinds of amido bonds (a: aminocarbonyl group, b: carbony-

f the synthesized bis-5-(TEMN-3-yl-carbonylamino)-Cy5 (12) and
Cy3 (18) were measured before and after addition of a PBS solution
f Na ascorbate (Tables 2 and 3). The relative fluorescent intensity
RFI) of hybrid compound 12 was 0.156 in comparison with Cy5 (8,
.00) and RFI after reduction by the addition of Na ascorbate was
.150. The RFI of the hybrid compound comprised of Cy3 (18) was
.430 in comparison with Cy3 (14, 1.00); RFI after reduction was
.256. No recovery of the fluorescence intensity of these hybrid
ompounds was observed. The RFIs of 5-acetamido-Cy5 (11) and

Cy3 (17) in which an acetyl group was introduced in the place
f TEMN, were also 0.09 and 0.22, respectively. Therefore, it was
ssumed that the low fluorescence intensity was not due to the
ntroduction of nitroxide radicals, but, rather, to the amido-bond.
he RFIs of bis-5-nitro-Cy5 (9) and -Cy3 (15) were 0.564 and 4.51,

Cy5 (10) or -Cy3 (16) and 3-carboxy-TEMN (7). Reagents and conditions—(a) CH3I
for Cy5: malonaldehydedianilide hydrochloride (0.5 equiv.) in AcOH/Ac2O, reflux
flux 1 h; (e) SnCl2·2H2O (12 equiv.) in conc. HCl, reflux 1 h; (f) Ac2O at r.t. 1 h; (g)
; (h) 1. hydrazobenzene (9.5 equiv.) in CH2Cl2 at r.t. 3 h; 2. Ac2O in CH2Cl2 at r.t. 6.5
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Fig. 6. Fluorescence intensity of Cy5 (8) in some solvents (c 0.2 �M, �ex = 630 nm).

Table 1
Influence for the fluorescence intensity of Cy5 (8 in acetonitrile) after addition
of various concentrated solution of Na ascorbate in PBS (0.1 M, pH 7.0) (acetoni-
trile:PBS = 9:1, v/v)

Solvent Concentration of
Na ascorbate (�M)

Fluorescence intensity
(c = 0.2 �M)

CH3CN – 8.70
0 7.60

CH3CN:Na ascorbate in PBS = 9:1 100 7.50
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1
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1
1
1
1
1
1

500 7.55
2,500 7.45

12,500 7.35
62,500 7.25

espectively, and neither bis-5-amino-Cy5 (10) nor -Cy3 (16) exhib-
ted any fluorescence. These results suggest that the fluorescence
ntensities of Cy5 and Cy3 substituted with an electron-donating
roup at the 5-position decrease significantly, while substitution

ith an electron-withdrawing group results in a small decrease in
itro-Cy5 and a large increase in nitro-Cy3.

The third strategy examined was introduction of the nitrox-
de radical at the 5-position of both indolenines via substitution
f a carbonylamino group with an aminocarbonyl group, which

a
a
i
p
h

able 2
bsorption and fluorescence spectra of Cy5 (8, 9, 10, 11), Cy5-nitroxide radicals hybrid co

ompound Absorption (in CH3CN)

�max (nm) log ε

637 5.33
661 5.32

0 694 5.15
1 666 5.23
2 669 5.34
2 + Na ascorbate – –

able 3
bsorption and fluorescence spectra of Cy3 (14, 15, 16, 17), Cy3-nitroxide radicals hybrid

ompound Absorption (in CH3CN)

�max (nm) log ε

4 542 5.10
5 565 5.21
6 596 4.91
7 573 4.90
8 575 5.08
8 + Na ascorbate – –
ig. 7. Changes in fluorescence (�ex 649 nm) and ESR spectra at 20 min after three
oncentrations of Na ascorbate in PBS (a: 0 mM, b: 1.0 mM, c: 30 mM) were added
o a 20-�M solution of 21 in PBS (pH 7.0) (1:9, v/v).

s more electron attracting (Fig. 5). The synthesis used the fol-
owing reaction sequence as shown in Scheme 2: (1) synthesis
f N-methyl 5-carboxy-indolenium iodide; (2) synthesis of bis-5-
arboxy-Cy5 and -Cy3; and (3) introduction of 3-amino-PROXYL (6)
t the carboxyl group occupying the 5-position of the indolenine
oiety.
ESR and fluorescence intensities of the synthesized bis-5-

PROXYL-3-yl-aminocarbonyl)-Cy5 (21) were measured before and
fter the addition of 30 mM PBS solution of Na ascorbate (Fig. 7).
s expected, after addition of Na ascorbate, the RFI of 21 increased

o 1.80-fold with the decay in ESR intensity. The RFI (1.48) of dia-
agnetic hydroxylamine acetate of 21 (22) increased 2.22-fold in

omparison with that of paramagnetic 21 (0.668, Table 4). For Cy3,

fter addition of Na ascorbate, the RFI of 24 increased 5.1-fold,
nd the RFI of the diamagnetic hydroxylamine acetate (25) was
ncreased 6.54-fold compared with the hybrid compound com-
osed of Cy3 (24) (Table 4). Next, fluorescence intensity for the
ybrid compound 21 composed of Cy5, which is more unstable

mpounds (12), and 12 + Na ascorbate

Fluorescence (c 0.2 �M in CH3CN)

�ex (nm) �em (nm) RFI

634 650 1.00
654 670 0.564

– – –
662 682 0.094
665 682 0.156
668 680 0.150

compounds (18), and 18 + Na ascorbate

Fluorescence (c 0.2 �M in CH3CN)

�ex (nm) �em (nm) RFI

540 556 1.00
562 577 4.51

– – –
572 596 0.22
572 596 0.43
572 598 0.26
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Scheme 2. Synthesis of hybrid compounds (21, 22, 24, 25) by condensation of 5-bis-carboxy-Cy5 (19) or -Cy3 (23) and 3-amino-PROXYL (6). Reagent and conditions—(a)
1. 16% aq. NaNO in HCl at 0 ◦C, 0.5 h; 2. SnCl ·2H O (3.0 equiv.) at 0 ◦C, 0.5 h; (b) 3-methyl-2-butanone/conc. H2SO4 in CH3CN, reflux 7 h; (c) CH3I (2.0 equiv.) in CHCl3,
r /Ac2O, reflux 2 h, or 1,1,3,3-tetraethoxypropane (0.55 equiv.) in pyridine, reflux 10.5 h; for
C v.)/DCC (3.0 equiv.)/DMAP (0.6 equiv.) in CH3CN, at 0 ◦C–r.t., 19.5 h; (f) 1. hydrazobenzene
(

t
d
fl
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i
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Table 4
Relative fluorescence intensity of hybrid compounds (21, 24) and their hydroxy-
2 2 2

eflux 7.5 h; (d) for Cy5: malonaldehydedianilide hydrochloride (0.5 equiv.) in AcOH
y3: triethyl orthoformate (1.0 equiv.) in AcOH/Ac2O, reflux 1 h; (e) aniline (6.5 equi
10 equiv.) in CH2Cl2 at r.t. 1.5 h; 2. Ac2O in CH2Cl2, at r.t. 11 h.

han one composed of Cy3 was measured under various pH con-
itions. Hybrid compound 21 was stable between pH 1 and 6, and

uorescence intensity decreased gradually above pH 6, as shown

n Fig. 8. When a 15 mM PBS solution of Na ascorbate was added
1:1, v/v) to a 20 �M PBS solution of 21, the ESR intensity decreased
mmediately and the reaction was complete within 15 min (Fig. 9).

ig. 8. Effect of pH on the fluorescence intensity of 8 (1.0 �M, upper panel) and 21
1.0 �M, lower panel).

lamine acetates (22, 25)

Compound Absorption (in CH3CN) Fluorescence (c 0.2 �M in CH3CN)

�max (nm) log ε �ex (nm) �em (nm) RFI

8 637 5.33 634 650 1.00
19 649 5.31 650 658 0.084
20 653 5.06 652 664 0.80
21 650 5.36 649 661 0.67
2
2
2

T
E
m
b
o
P
b
i

F
t
(

2 650 5.37 647 661 1.48
4 555 5.05 555 568 1.00
5 556 5.23 552 568 6.54

he fluorescence intensity of 21 increased in parallel to the decay in
SR (Fig. 10). However, ESR signals were not perfectly removed, that
ay be due to the reoxidation of the corresponding hydroxylamine

y the resulting ascorbate radical [4]. When various concentrations

f the Na ascorbate in PBS were added to a 20 �M solution of 21 in
BS, the ESR intensity of 21 decayed in proportion to the Na ascor-
ate concentration (Fig. 11), while the fluorescence intensity of 21

ncreased in parallel (Fig. 12).

ig. 9. Time-course of the decay in ESR intensity after addition of 15-mM PBS solu-
ion of Na ascorbate to 20-�M PBS solutions of 3-amino-PROXYL (6, �) and 21 (�)
1:1, v/v), respectively.
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Fig. 10. Time-course of the increase in fluorescence intensity (0.2 �M, �ex 620 nm)
after addition of a 15-mM PBS solution of Na ascorbate to a 20-mM PBS solution of
21 (1:1, v/v).

Fig. 11. ESR intensity at 20 min after the addition of various concentrations of a PBS
solution of Na ascorbate to a 20-�M PBS solution of 21 (1:1, v/v).
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4.2.1. Synthesis of nitroxide radicals
The four nitroxide radicals used in the present study (Fig. 3)

were synthesized by conventional methods [5], as shown in
Schemes 3 and 4.
ig. 12. Fluorescence intensity (0.2 �M, �ex 620 nm) at 20 min after the addition of
arious concentrations of a PBS solution of Na ascorbate to a 20-�M PBS solution of
1 (1:1, v/v).

. Conclusion

Hybrid probes composed of polymethine-cyanine dyes and
itroxide radicals were synthesized and the relationships between
heir fluorescence and ESR intensities for the hybrid probes were
valuated. Among the hybrid compounds synthesized in the
resent study, polymethine-cyanine dye–nitroxide radical hybrid
robes synthesized by the introduction of a nitroxide radical at

he 5-position of the indolenine skeletons of Cy5 and Cy3 via an
minocarbonyl bond (21 and 24) showed that fluorescence inten-
ity increased in parallel to a decay in ESR intensity. After reduction
f radicals by addition of Na ascorbate, hybrid probes composed
f Cy5 and PROXYL radicals (21) fluoresced at 661 nm, while Cy3

S
H

art A 71 (2009) 2030–2039 2035

ybrids (24) fluoresced at 568 nm. Thus, these hybrid probes can be
sed in the quantitative measurement of reducing species such as
e2+, ascorbic acid, and hydroxyl radicals. In addition, these hybrid
ompounds can be used to visualize reducing species or radicals
n vivo. Similar to the phenomenon observed in hybrid compounds
omposed of condensed-benzene ring fluorophores (naphthalene
nd pyrene) and nitroxide radicals, fluorescence intensity of the
ybrid compounds composed of the conjugated polymethine fluo-
ophores and nitroxide radicals synthesized in this study increased
n parallel to the decrease in radicals. Maximum enhancement
f the fluorescence intensity was a 6.54-fold of the diamagnetic
ydroxylamine acetate (25).

. Experimental

.1. Apparatus

Fluorescence spectra and relative fluorescence intensity were
easured using a Hitachi 650-10M fluorescence spectrophotome-

er. Both the excitation and emission wavelength band passes were
oth set at 2 nm and range was 1 and all concentrations of the
easured samples were 0.2 �M. Absorption spectra were obtained

sing a Hitachi U-2010 UV-VIS spectrometer. Electron spin reso-
ance spectra were obtained on a JEOL JES-FR30 ESR spectrometer.
amples were drawn into quartz capillaries, the bottoms of the cap-
llaries were sealed and the capillaries were placed in standard
mm i.d. quartz ESR tubes. The ESR spectrometer settings were
s follows: microwave power, 4.0 mW; frequency, 9.2 GHz; mod-
lation amplitude, 1.25 G. All pH measurements were performed
sing a Horiba M-13 PH meter.

.2. Synthesis

The solvents used in this study were purified by distilla-
ion. Reactions were monitored using TLC on 0.25-mm Silica Gel
254 plates (E. Merck), and UV light and a 7% ethanolic solution
f phosphomolybdic acid with heat was used as the coloration
gents. Flash column chromatography was performed on silica
el (230–400 mesh, Fuji-Silysia Co. Ltd., BW-300) to separate and
urify reaction products. Melting points were determined using an
SONE micro-melting point apparatus and uncorrected values are
eported. IR spectra were recorded on a Horiba FT-720 IR spectrom-
ter using KBr disks. NMR spectra were recorded on a Varian Inova
00 spectrometer using Me4Si as the internal standard. NMR spec-
ra of the hybrid compounds were measured as the corresponding
ydroxylamine induced by the reduction of nitroxyl radicals in the
resence of excess of hydrazobenzene. Mass spectral data were
btained by fast-atom bombardment (FAB) using 3-nitrobenzyl
lcohol (NBA) as the matrix on a JEOL JMS-AX505HA instrument.
cheme 3. Synthesis of 4-hydroxy-TEMPO (6). Reagents and conditions: (a) 30%
2O2, EDTA, Na2WO4, in H2O, r.t. 1 day.
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cheme 4. Synthesis of 3-amino-PROXYL (4) and 3-carboxy-TEMN (5). Reagents an
DTA, NaWO4 in MeOH–H2O, at r.t., 21 h; (d) 10% aq. NaOH, reflux 1 day; (e) H2/10%
n THF, at 0 ◦C–r.t., for 24 h.

.2.2. Synthesis of hybrid compounds (8–25)
The synthesis of Cy5 and Cy3 (8, 14) and their derivatives (9–13

nd 15–25) were carried out as shown in Schemes 1 and 2 [2-g,h].
To a solution of p-aminobenzoic acid in H2O and concentrated

Cl, which was cooled in an ice-bath, a 16% aqueous NaNO2 solu-
ion was added and resulting mixture was stirred for 0.5 h. A

ixture of SnCl2·2H2O (34.0 g, 0.151 mmol) and concentrated HCl
35 mL) was then added, followed by stirring in the ice-bath for
.5 h. After work-up, the resulting crude white powder, hydra-
ine hydrochloride (11.6 g), was used in the subsequent reaction
ithout any purification. To a solution of HCl salt of hydradine

nd 3-methyl-2-butanone in CH3CN concentrated H2SO4 (2.5 mL)
as added and refluxed for 7 h. After work-up and purification by

ilica-gel column chromatography (n-hexane–AcOEt), 5-carboxy-
ndolenine was afforded as orange crystals in 31% yield from
-aminobenzoic acid. 5-Carboxyindolenine and methyl iodide were
efluxed in CHCl3 for 7.5 h to give ammonium iodide as a white pow-
er in 32% yield. Methyl 5-carboxyindolenium iodide was refluxed
ith malonaldehydedianilide hydrochloride (0.5 equiv.) in AcOH

nd Ac2O for 2 h or with tetraethoxypropane (0.55 equiv.) in pyri-
ine for 10.5 h, followed by successive purification using silica-gel
olumn chromatography (CHCl3–MeOH–AcOH) to give the cor-
esponding Cy5 as dark-green crystals in the yields of 74% and
6%, respectively. Methyl 5-carboxyindolenium iodide was refluxed
ith triethyl orthoformate (1.5 equiv.) in pyridine for 2 h, followed

y successive purification using silica-gel column chromatography
CHCl3–MeOH–AcOH) to give the corresponding Cy3 as a dark-blue
owder in 82% yield.

.2.2.1. 2-[5-(1,3,3-Trimethyl-2,3-dihydro-1H-indol-2-
lidene)pent-1,3-dienyl]-1,3,3-trimethyl-3H-indolium iodide (8).
p = 268–269 ◦C. IR � 1496, 1458, 1373, 1333, 1172, 1103 cm−1. 1H
MR (CDCl3) ı1.68 (s, 12H, CH3 × 4), 3.61 (s, 6H, CH3 × 2), 6.28

d, 2H, J 13.9 Hz, –CH × 2), 6.55 (t, 1H, J 12.2, 12.4 Hz, –CH ),
.25 (m, 2H, ArH × 2), 7.40 (m, 4H, ArH × 4), 7.62 (d, 2H, J 7.6 Hz,
rH × 2), 8.33 (t, 2H, J 11.7, 14.6 Hz, –CH × 2). 13C NMR (CDCl3) ı
7.9 (CH3 × 4), 32.3 (N-CH3 × 2), 49.3 (C3 × 2), 103.8, 126.3, 153.7
each polymethine-C × 2, ×1, ×2), 173.4 (C2 × 2), 110.3, 122.1, 125.1,
28.5, 140.9, 142.6 (each 2C, indolenylbenzene × 2). FAB-MS (m/z)
83 (M)+.
.2.2.2. 5-Nitro-2-[5-(5-nitro-1,3,3-trimethyl-2,3-dihydro-1H-indol-
-ylidene)pent-1,3-dienyl]-1,3,3-trimethyl-3H-indolium iodide (9).
p = >300 ◦C. IR � 1498, 1457, 1373, 1321, 1300, 1163, 1079 cm−1. 1H
MR (DMSO-d6) ı 1.77 (s, 12H, CH3 × 4), 3.68 (s, 6H, CH3 × 2), 6.49

d, 2H, J 13.9 Hz, –CH × 2), 6.73 (t, 1H, J 12.2, 12.4 Hz, –CH ), 7.60

1
A
1

6
(

ditions—(a) Br2 in AcOH, at r.t. 1 day; (b) 25% aq. NH3, KOH, at 0 ◦C; (c) 30% H2O2,
n MeOH, at r.t., 17 h; (f) NaOH, Br2, H2O, KOH, at 0–70 ◦C, 3 h; (g) LiAlH4 (1.15 equiv.)

d, 2H, J 9.0 Hz, ArH × 2), 8.35 (dd, 2H, J 2.2, 8.8 Hz, ArH × 2), 8.50 (t,
H, J 12.7, 13.4 Hz, –CH × 2), 8.62 (d, 2H, J 2.2 Hz, ArH × 2). 13C NMR
DMSO-d6) ı 26.8 (CH3 × 2), 32.0 (N-CH3 × 2), 49.1 (C3 × 2), 106.2,
28.2, 156.3 (each polymethine-C × 2, ×1, ×2), 175.1 (C2 × 2), 111.7,
18.6, 125.6, 142.4, 144.3, 148.3 (indolenylbenzene × 2). FAB-MS
m/z) 473 (M)+.

.2.2.3. 5-Amino-2-[5-(5-amino-1,3,3-trimethyl-2,3-dihydro
1H-indol-2-ylidene)pent-1,3-dienyl]-1,3,3-trimethyl-3H-indolium
odide (10). Mp = >300 ◦C. IR � 3311, 3216, 1622, 1466, 1334, 1157,
093 cm−1. 1H NMR (DMSO-d6) ı1.60 (s, 12H, CH3 × 4), 3.49 (s, 6H,
H3 × 2), 5.29 (br. s, 4H, NH2 × 2), 6.05 (d, 2H, J 14.2 Hz, –CH × 2),
.35 (t, 1H, J 12.4 Hz, –CH ), 6.57 (dd, 2H, J 2.2, 8.5 Hz, ArH × 2), 6.73
d, 2H, J 2.2 Hz, ArH × 2), 7.05 (d, 2H, J 8.5 Hz, ArH × 2), 8.06 (t, 2H, J
2.9, 13.2 Hz, –CH × 2). 13C NMR (DMSO-d6) ı 27.5 (CH3 × 4), 31.2
N-CH3), 48.7 (C3 × 2), 101.9, 123.4, 150.5 (each polymethine-C × 2,
1, ×2), 170.0 (C2 × 2), 108.2, 111.7, 113.0, 133.0, 142.6, 147.2 (each
C, indolenylbenzene × 2). FAB-MS (m/z) 413 (M)+.

.2.2.4. 5-Acetoamido-2-[5-(5-acetoamido-1,3,3-trimethyl-2,
-dihydro-1H-indol-2-ylidene)pent-1,3-dienyl]-1,3,3,-trimethyl-
H-indolium iodide (11). Mp = >300 ◦C. IR � 1675, 1621, 1508,
473, 1370, 1161, 1099 cm−1. 1H NMR (DMSO-d6) ı1.63 (s, 12H,
H3 × 4), 2.04 (s, 6H, COCH3 × 2), 3.56 (s, 6H, CH3 × 2), 6.19 (d,
H, J 13.9 Hz, –CH × 2), 6.47 (t, 1H, J 12.2, 12.4 Hz, –CH ), 7.30
d, 2H, J 8.5 Hz, ArH × 2), 7.43 (dd, 2H, J 2.0, 8.5 Hz, ArH × 2), 7.86
d, 2H, J 2.0 Hz, ArH × 2), 8.23 (t, 2H, J 12.9, 13.2 Hz, –CH × 2),
0.05 (s, 2H, NH × 2). 13C NMR (DMSO-d6) ı 24.2 (COCH3), 27.3
CH3 × 4), 31.3 (N-CH3 × 2), 49.0 (C3 × 2), 103.2, 124.9, 153.0 (each
olymethine-C × 2, ×1, ×2), 168.4 (C O × 2), 172.3 (C2 × 2), 111.3,
13.6, 119.2, 136.8, 138.4, 141.5 (each 2C, indolenylbenzene × 2).
AB-MS (m/z) 497 (M)+.

.2.2.5. 5-(2,2,5,5-Tetramethyl-pyrroline-1-oxyl
3-yl)carbonylamino-2-{5-[5-(2,2,5,5-tetramethyl-pyrroline-1-
xyl-3-yl)carbonylamino-1,3,3-trimethyl-2,3-dihydro-1H-indol-2-
lidene]pent-1,3-dienyl}-1,3,3,-trimethyl-3H-indolium iodide (12).
p = >300 ◦C. IR � 1662, 1618, 1508, 1466, 1331, 1159 cm−1. 1H NMR

DMSO-d6) ı(PROXYL moiety): 1.20, 1.29 (each s, 12H, CH3 × 8),
.64 (s, 12H, CH3 × 4), 6.54 (s, 2H, –CH × 2). (Cy5 moiety): 3.57
s, 6H, CH3 × 2), 6.19 (d, 2H, J 13.9 Hz, –CH × 2), 6.47 (t, 1H, J

2.2, 12.4 Hz, –CH ), 7.32 (d, 2H, J 8.5 Hz, ArH × 2), 7.97 (s, 2H,
rH × 2), 8.23 (t, 2H, J 13.2 Hz, –CH × 2), 9.88 (s, 2H, NH × 2).

3C NMR (DMSO-d6) ı(PROXYL moiety): 25.1, 25.3 (each CH3 × 2),
6.9, 69.3 (C2, 5), 139.9 (C4), 140.0 (C3). (Indolenine moiety): 27.3
CH3 × 4), 31.3 (N-CH3 × 2), 49.0 (C3 × 2), 103.2, 125.0, 153.1 (each
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olymethine-C × 2, ×1, ×2), 163.0 (C O × 2), 172.3 (C2 × 2), 111.1,
14.4, 120.0, 136.5, 138.6, 141.4 (each 2C, indolenylbenzene × 2).
AB-MS (m/z) 745 (M)+.

.2.2.6. 5-(1-Acetoxy-2,2,5,5-tetramethylpyrrolidine
3-yl)carbonylamino-2-{5-[5-(1-acetoxy-2,2,5,
-tetramethylpyrrolidine-3-yl)carbonylamino-1,3,3-trimethyl-2,
-dihydro-1H-indol-2-ylidene]pent-1,3-dienyl}-1,3,3,-trimethyl-3H-
ndolium iodide (13). Mp = 243–246 ◦C. IR � 2972, 2931, 1751, 1670,
618, 1508, 1470, 1363, 1331 cm−1. 1H NMR (DMSO-d6) ı (pyrroline
oiety): 1.28 (s, 12H, CH3 × 4), 1.31, 1.42 (each s, 6H, CH3 × 4),

.58 (s, 2H, –CH × 2). (Cy5 moiety): 1.66 (s, 12H, CH3 × 4), 2.13
s, 6H, COCH3 × 2), 3.60 (s, 6H, CH3 × 2), 6.22 (d, 2H, J 13.9 Hz,
CH × 2), 6.49 (t, 1H, J 12.0, 12.4 Hz, –CH ), 7.36 (d, 2H, J 8.5 Hz,
rH × 2), 7.60 (dd, 2H, J 2.0, 8.7 Hz, ArH × 2), 7.96 (d, 2H, J 2.0 Hz,
rH × 2), 8.25 (t, 2H, J 12.9, 13.2 Hz, –CH × 2), 10.03 (s, 2H,
H × 2). 13C NMR (DMSO-d6) ı (pyrroline moiety): 19.1 (COCH3),
2.6, 23.0, 27.6, 28.4 (CH3 × 8), 68.5, 71.0 (C2,2′,5,5′), 138.9 (C3,3′),
70.9 (COCH3). (Cy5 moiety): 27.6 (CH3 × 4), 31.3 (N-CH3), 49.0
C3), 103.3 (polymethine-C × 2), 125.0 (polymethine-C), 153.1
polymethine-C × 2), 162.4 (C O × 2), 172.4 (C2 × 2), 111.2, 114.6,
20.2, 136.3, 138.7, 141.4 (each 2C, indolenylbenzene × 2). FAB-MS
m/z) 831 (M)+.

.2.2.7. 5-Carboxy-2-[5-(5-carboxy-1,3,3-trimethyl-2,
-dihydro-1H-indol-2-ylidene)pent-1,3-dienyl]-1,3,3,-trimethyl
3H-indolium iodide (19). Mp = >300 ◦C. IR � 3409, 2978, 1676,
508, 1473, 1362, 1333, 1163 cm−1. 1H NMR (DMSO-d6) ı 1.68 (s,
2H, CH3 × 4), 3.62 (s, 6H, CH3 × 2), 6.34 (d, 2H, J 13.9 Hz, –CH × 2),
.60 (t, 1H, J 12.2, 12.4 Hz, –CH ), 7.45 (d, 2H, J 8.5 Hz, ArH × 2), 7.97
dd, 2H, J 1.5, 8.4 Hz, ArH × 2), 8.13 (d, 2H, J 1.5 Hz, ArH × 2), 8.38 (t,
H, J 12.9, 13.2 Hz, –CH × 2). 13C NMR (DMSO-d6) ı 27.1 (CH3 × 4),
1.6 (N-CH3 × 2), 48.9 (C3 × 2), 104.8 (polymethine-C × 2), 126.9
polymethine-C × 2), 155.4 (polymethine-C), 167.3 (C O × 2),
74.4 (C2 × 2), 111.1, 123.6, 127.2, 130.7, 141.4, 146.6 (each 2C,
ndolenylbenzene × 2). FAB-MS (m/z) 471 (M)+.

.2.2.8. 5-Anilidyl-2-[5-(5-anilidyl-1,3,3-trimethyl-2,3-dihydro-
H-indol-2-ylidene)pent-1,3-dienyl]-1,3,3,-trimethyl-3H-indol
um iodide (20). Mp = 154–158 ◦C. IR � 3047, 2929, 1728, 1647,
564, 1468, 1356, 1211, 1163 cm−1. 1H NMR (DMSO-d6) ı 1.75 (s,
2H, CH3 × 4), 3.65 (s, 6H, CH3 × 2), 6.45 (d, 2H, J 13.9 Hz, –CH × 2),
.63 (t, 1H, J 12.4, 12.7 Hz, –CH ), 7.11 (m, 2H, aniline–ArH × 2), 7.36
m, 4H, aniline–ArH × 4), 7.51 (d, 2H, J 8.3 Hz, indolenine–ArH × 2),
.77 (d, 4H, J 7.6 Hz, aniline–ArH × 4), 8.06 (dd, 2H, J 1.5, 8.4 Hz,
ndolenine–ArH × 2), 8.20 (d, 2H, J 1.5 Hz, indolenine–ArH × 2),
.38 (t, 2H, J 12.9 Hz, –CH– × 2), 10.19 (s, 2H, NH × 2). 13C NMR
DMSO-d6) ı 27.2 (CH3 × 4), 31.6 (N-CH3 × 2), 48.9 (C3 × 2),
04.6 (polymethine-C × 2), 126.6 (polymethine-C × 1), 156.8
polymethine-C × 2), 164.9 (C O × 2), 174.2 (C2 × 2), 110.8, 122.1,
23.9, 131.0, 141.2, 145.6 (each 2C, indolenylbenzene × 2), 107.1,
20.7, 128.8, 139.3 (aniline × 2). FAB-MS (m/z) 621 (M)+.

.2.2.9. 5-(2,2,5,5-Tetramethylpyrrolidine-1-oxyl
3-yl)aminocarbonyl-2-{5-[5-(2,2,5,5-tetramethylpyrrolidine
1-oxyl-3-yl)aminocarbonyl-1,3,3-trimethyl-2,3-dihydro-1H-indol-
-ylidene]pent-1,3-dienyl}-1,3,3,-trimethyl-3H-indolium iodide (21).
p = 273–276 ◦C. IR � 3400, 2972, 2931, 1647, 1604, 1506, 1462,

356, 1333, 1165 cm−1. 1H NMR (DMSO-d6) ı(PROXYL moiety):
.93, 1.07 (each s, 6H, CH3 × 4), 1.13 (s, 12H, CH3 × 4), 1.80, 1.89

each m, 2H, CH2 × 2), 4.34 (m, 2H, CH– × 2). (Cy5 moiety): 1.70 (s,
2H, CH3 × 4), 3.62 (s, 6H, CH3 × 2), 6.31 (d, 2H, J 13.7 Hz, –CH × 2),
.57 (t, 1H, J 12.2 Hz, –CH ), 7.44 (d, 2H, J 8.3 Hz, ArH × 2), 7.96
d, 2H, J 8.3 Hz, ArH × 2), 8.14 (s, 2H, ArH × 2), 8.18 (s, 2H, NH × 2),
.37 (t, 2H, J 12.9 Hz, –CH × 2). 13C NMR (DMSO-d6) ı(PROXYL
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oiety): 21.0, 26.0, 26.6, 27.5 (each 2C, CH3 × 8), 40.6 (C4,4′), 53.5
C3,3′), 60.4, 65.4 (each 2C, C2,2′,5,5′). (Cy5 moiety): 27.2 (CH3 × 4),
1.5 (N-CH3 × 2), 48.9 (C3 × 2), 104.4 (C × 2, polymethine-C), 126.4
C × 2, polymethine-C), 154.8 (polymethine-C), 165.8 (C O × 2),
74.0 (C2 × 2), 110.7, 121.7, 128.5, 130.7, 141.0, 145.2 (each 2C,
ndolenylbenzene). FAB-MS (m/z) 749 (M)+.

.2.2.10. 5-(1-Acetoxy-2,2,5,5-tetramethylpyrrolidine
3-yl)aminocarbonyl-2-{5-[5-(1-acetoxy-2,2,5,
-tetramethylpyrrolidine-3-yl)aminocarbonyl-1,3,3-trimethyl-2,
-dihydro-1H-indol-2-ylidene]pent-1,3-dienyl}-1,3,3,-trimethyl-3H-
ndolium iodide (22). Mp = 227–229 ◦C. IR � 3371, 2970, 2931, 1757,
647, 1506, 1462, 1356, 1333, 1165 cm−1. 1H NMR (DMSO-d6)
(PROXYL moiety): 1.00, 1.16, 1.18, 1.23 (s, each 6H, CH3 × 8), 1.99
m, 4H, CH2 × 2), 4.49 (br. s, 2H, CH– × 2). (Cy5 moiety): 1.72
s, 12H, CH3 × 4), 2.08 (s, 6H, COCH3 × 2), 3.64 (s, 6H, CH3 × 2),
.35 (d, 2H, J 13.4 Hz, –CH × 2), 6.61 (t, 1H, J 12.0 Hz, –CH ),
.47 (d, 2H, J 8.5 Hz, ArH × 2), 7.84 (dd, 2H, J 1.5, 8.4 Hz, ArH × 2),
.13 (s, 2H, ArH × 2), 8.24 (br. s, 2H, NH × 2), 8.40 (t, 2H, J 12.7,
3.4 Hz, –CH × 2). 13C NMR (DMSO-d6) ı(PROXYL moiety): 19.1
COCH3), 24.9, 25.0, 26.1 (CH3 × 8), 40.3 (C4,4′), 54.1 (C3,3′), 62.0,
6.2 (C2,2′,5,5′), 170.8 (COCH3 × 2). (Cy5 moiety): 27.2 (CH3 × 4),
1.5 (N-CH3 × 2), 48.9 (C3 × 2), 104.4 (polymethine-C × 2), 126.4
polymethine-C), 154.9 (polymethine-C × 2), 166.0 (C O × 2),
74.0 (C2 × 2), 110.7, 121.7, 128.5, 130.5, 141.1, 145.3 (each 2C,
ndolenylbenzene). FAB-MS (m/z) 835 (M)+.

.2.2.11. 2-[3-(1,3,3-Trimethyl-2,3-dihydro-1H-indol-2-
lidene)propenyl]-1,3,3-trimethyl-3H-indolium iodide (14).
p = 241–243 ◦C. IR � 1556, 1496, 1452, 1396, 1207, 1105 cm−1.

H NMR (DMSO-d6) ı1.69 (s, 12H, CH3 × 4), 3.65 (s, 6H, CH3 × 2),
.47 (d, 2H, J 13.7 Hz, –CH × 2), 7.30 (m, 2H, ArH × 2), 7.45 (m, 4H,
rH × 4), 7.64 (d, 2H, J 7.57 Hz, ArH × 2), 8.34 (t, 1H, J 13.4, 13.7 Hz,
CH ). 13C NMR (CDCl3) ı 28.0 (CH3 × 4), 32.6 (N-CH3 × 2), 48.8
C3 × 2), 104.8, 150.6 (each polymethine-C × 1, ×2), 174.2 (C2 × 2),
10.7, 122.0, 125.3, 128.8, 140.3, 142.5 (each 2C, indolenylbenzene).
AB-MS (m/z) 357 (M)+.

.2.2.12. 5-Nitro-2-[3-(5-nitro-1,3,3-trimethyl-2,3-dihydro
1H-indol-2-ylidene)propenyl]-1,3,3-trimethyl-3H-indolium iodide
15). Mp = >300 ◦C. IR � 1556, 1448, 1388, 1329, 1200, 1097 cm−1.
H NMR (DMSO-d6) ı 1.77 (s, 12H, CH3 × 4), 3.74 (s, 6H, CH3 × 2),
.73 (d, 2H, J 13.4 Hz, –CH × 2), 7.71 (d, 2H, J 8.8 Hz, ArH × 2), 8.40
dd, 2H, J 2.2, 8.8 Hz, ArH × 2), 8.44 (t, 1H, J 13.4 Hz, –CH ), 8.62 (d,
H, J 2.2 Hz, ArH × 2). 13C NMR (DMSO-d6) ı 27.2 (CH3 × 4), 32.4
N-CH3 × 2), 49.3 (C3 × 2), 106.0, 151.9 (each polymethine-C × 2,
1), 176.8 (C2 × 2), 112.4, 118.6, 125.7, 142.0, 144.9, 148.1 (each 2C,

ndolenylbenzene). FAB-MS (m/z) 447 (M)+.

.2.2.13. 5-Amino-2-[3-(5-amino-1,3,3-trimethyl-2,3-dihydro
1H-indol-2-ylidene)propenyl]-1,3,3-trimethyl-3H-indolium iodide
16). Mp = 243–246 ◦C. IR � 3321, 3226, 1616, 1560, 1471, 1390,
356, 1211, 1167, 1107 cm−1. 1H NMR (DMSO-d6) ı 1.60 (s, 12H,
H3 × 4), 3.51 (s, 6H, CH3 × 2), 5.32 (br. s, 4H, NH2 × 2), 6.16 (d,
H, J 13.7 Hz, –CH × 2), 6.58 (dd, 2H, J 2.2, 8.5 Hz, ArH × 2), 6.73
d, 2H, J 2.0 Hz, ArH × 2), 7.08 (d, 2H, J 8.3 Hz, ArH × 2), 8.09 (t,
H, J 13.5 Hz, –CH ). 13C NMR (DMSO-d6) ı 27.8 (CH3 × 4), 31.2
N-CH3 × 2), 48.7 (C3 × 2), 101.1, 145.6 (each polymethine-C × 2,
1), 170.8 (C2 × 2), 108.1, 112.0, 113.1, 132.8, 142.1, 147.5 (each 2C,

ndolenylbenzene × 2). FAB-MS (m/z) 387 (M)+.
.2.2.14. 5-Acetoamino-2-[3-(5-acetoamino-1,3,3-trimethyl-2,
-dihydro-1H-indol-2-ylidene)propenyl]-1,3,3,-trimethyl-3H-
ndolium iodide (17). Mp = >300 ◦C. IR � (KBr) 3251, 3209, 3080,
676, 1624, 1560, 1466, 1394, 1201, 1115 cm−1. 1H NMR (DMSO-d6)
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1.64 (s, 12H, CH3 × 4), 2.05 (s, 6H, COCH3 × 2), 3.60 (s, 6H,
H3 × 2), 6.37 (d, 2H, J 13.7 Hz, –CH × 2), 7.37 (d, 2H, J 8.5 Hz,
rH × 2), 7.54 (dd, 2H, J 1.7, 8.5 Hz, ArH × 2), 7.83 (d, 2H, J 2.0 Hz,
rH × 2), 8.24 (t, 1H, J 13.4, 13.7 Hz, –CH ), 10.16 (s, 2H, NH × 2). 13C
MR (DMSO-d6) ı 24.2 (COCH3), 27.6 (CH3 × 4), 31.5 (N-CH3 × 2),
9.0 (C3 × 2), 102.6 (polymethine-C × 2), 148.4 (polymethine-C),
68.5 (C O × 2), 173.4 (C2 × 2), 111.7, 113.6, 119.4, 137.2, 138.2,
41.1 (each 2C, indolenylbenzene × 2). FAB-MS (m/z) 471 (M)+.

.2.2.15. 5-(2,2,5,5-Tetramethylpyrroline-3-yl)carbonylamino
2-{3-[5-(2,2,5,5-tetramethylpyrroline-3-yl)carbonylamino-1,3,
-trimethyl-2,3-dihydro-1H-indol-2-ylidene]propenyl}-1,3,3,
trimethyl-3H-indolium iodide (18). Mp = >300 ◦C. IR � 3298,
973, 1672, 1624, 1560, 1454, 1390, 1205, 1107 cm−1. 1H NMR
DMSO-d6) ı(PROXYL moiety): 1.20, 1.29 (each s, 12H, CH3 × 8),
.61 (s, 2H, –CH × 2). (Cy3 moiety): 1.65 (s, 12H, CH3 × 4), 3.60 (s,
H, CH3 × 2), 6.36 (d, 2H, J 13.7 Hz, –CH × 2), 7.38 (d, 2H, J 8.5 Hz,
rH × 2), 7.68 (dd, 2H, J 1.7, 8.7 Hz, ArH × 2), 7.93 (d, 2H, J 1.7 Hz,
rH × 2), 8.24 (t, 1H, J 13.2, 13.7 Hz, –CH ), 9.99 (s, 2H, NH × 2). 13C
MR (DMSO-d6) ı(PROXYL moiety): 25.2, 25.4 (each CH3 × 2), 67.0,
9.4 (C2, 5), 139.8 (C4), 140.3 (C3). (Cy3 moiety): 27.6 (CH3 × 4),
1.6 (N-CH3 × 2), 49.1 (C3 × 2), 102.8 (polymethine-C × 2), 148.4
polymethine-C), 163.2 (C O), 173.5 (C2 × 2), 111.6, 114.6, 120.4,
37.0, 138.5, 141.0 (each 2C, indolenylbenzene × 2). FAB-MS (m/z)
19 (M)+.

.2.2.16. 5-Carboxy-2-[3-(5-carboxy-1,3,3-trimethyl-2,3-dihydro
1H-indol
2-ylidene)propenyl]-1,3,3,-trimethyl-3H-indolium iodide (23).
p = >300 ◦C. IR � (KBr) 3429, 2970, 2929, 1720, 1556, 1469, 1392,

193, 1105 cm−1. 1H NMR (DMSO-d6) ı 1.71 (s, 12H, CH3 × 4), 3.67
s, 6H, CH3 × 2), 6.57 (d, 2H, J 13.4 Hz, –CH × 2), 7.55 (d, 2H, J
.5 Hz, ArH × 2), 8.03 (dd, 2H, J 1.5, 8.3 Hz, ArH × 2), 8.15 (d, 2H, J
.5 Hz, ArH × 2), 8.38 (t, 1H, J 13.4 Hz, –CH ). 13C NMR (DMSO-d6)
27.4 (CH3 × 4), 32.0 (N-CH3 × 2), 49.0 (C3 × 2), 104.5, 150.9 (each
olymethine-C × 2, ×1), 111.7, 123.5, 127.8, 130.8, 141.0, 146.4 (each
C, indolenylbenzene × 2) FAB-MS (m/z) 445 (M)+.

.2.2.17. 5-(2,2,5,5-Tetramethylpyrrolidine-1-oxyl-3
yl)aminocarbonyl-2-{3-[5-(2,2,5,5-tetramethylpyrrolidine-1
oxyl-3-yl)aminocarbonyl-1,3,3-trimethyl-2,3-dihydro-1H-indol-
-ylidene]propenyl}-1,3,3,-trimethyl-3H-indolium iodide (24).
p = >300 ◦C. IR � 3400, 2974, 2933, 1651, 1562, 1458, 1388, 1211,

112 cm−1. 1H NMR (DMSO-d6) ı(PROXYL moiety): 0.96, 1.08,
.14, 1.15 (each s, 6H, CH3 × 8), 1.83, 1.92 (each m, 2H, CH2 × 2),
.37 (m, 2H, CH– × 2). (Cy3 moiety): 1.707, 1.710 (each s, 6H,
H3 × 4), 3.67 (s, 6H, CH3 × 2), 6.52 (d, 2H, J 13.4 Hz, –CH × 2),
.25 (br. s, 2H, OH × 2), 7.53 (d, 2H, J 8.3 Hz, ArH × 2), 8.00 (dd,
H, J 1.5, 8.3 Hz, ArH × 2), 8.16 (d, 2H, J 1.5 Hz, ArH × 2), 8.33 (s,
H, NH × 2), 8.35 (t, 1H, J 13.4 Hz, –CH ). 13C NMR (DMSO-d6)
(PROXYL moiety): 20.7, 25.7, 26.3, 27.1 (CH3 × 4), 40.3 (C4), 53.2
C3), 60.0 and 65.0 (C2, 5). (Cy3 moiety): 27.3 (CH3 × 4), 31.6
N-CH3 × 2), 48.7 (C3 × 2), 103.7, 155.8 (each polymethine-C × 2,
1), 165.6 (C O × 2), 175.1 (C2 × 2), 110.9, 121.6, 128.3, 131.1, 140.3,
44.7 (each 2C, indolenylbenzene × 2). FAB-MS (m/z) 723 (M)+.

.2.2.18. 5-(1-Acetoxy-2,2,5,5-tetramethylpyrrolidine
3-yl)aminocarbonyl-2-{3-[5-(1-acetoxy-2,2,5,5
tetramethylpyrrolidine-3-yl)aminocarbonyl-1,3,3-trimethyl-2,
-dihydro-1H-indol-2-ylidene]propenyl}-1,3,3,-trimethyl-3H-

ndolium iodide (25). Mp = >300 ◦C. IR � 3435, 2973, 2933, 1749,
651, 1560, 1456, 1392, 1207 cm−1. 1H NMR (DMSO-d6) ı(PROXYL
oiety): 1.00, 1.15 (each s, 6H, CH3 × 4), 1.17 (s, 12H, CH3 × 4), 1.95

m, 4H, CH2 × 2), 4.48 (m, 2H, CH– × 2). (Cy3 moiety): 1.72 (s,
2H, CH3 × 4), 2.07 (s, 6H, COCH3 × 2), 3.67 (s, 6H, CH3 × 2), 6.52
art A 71 (2009) 2030–2039

d, 2H, J 13.4 Hz, –CH × 2), 7.54 (d, 2H, J 8.5 Hz, ArH × 2), 7.99
dd, 2H, J 1.0, 8.3 Hz, ArH × 2), 8.11 (s, 2H, ArH × 2), 8.29 (br. s, 2H,
H × 2), 8.36 (t, 1H, J 13.4, 13.7 Hz, –CH ). 13C NMR (DMSO-d6)
(PROXYL moiety): 19.1, 170.8 (OAc × 2), 26.1 (br, CH3 × 4), 40.7
br, C4 × 2), 53.9 (br, C3 × 2), 61.9, 66.3 (C2, 5 × 2). (Cy3 moiety):
7.4 (CH3 × 4), 31.9 (N-CH3 × 2), 49.0 (C3 × 2), 104.1, 150.4 (each
olymethine-C × 2, ×1), 111.2, 121.9, 128.6, 131.2, 140.7, 145.2 (each
C, indolenylbenzene × 2), 166.0 (C O × 2), 175.5 (C2 × 2). FAB-MS
m/z) 809 (M)+.

.3. Preparation of stock solutions

Stock solutions (0.001 M) of Cy5 and Cy3 derivatives 8–25 were
repared in 10 mL of CH3CN and were kept at 4 ◦C in a refrigerator.
uffer solutions in the pH range of 5.6–8.0 were prepared using
.1 M PBS, while buffer solutions with pH values ranging from 1.09
o 5.5 were prepared using 1 M AcONa and 1 M HCl. Each pH solution
as prepared to the concentration of 20 �M by each buffer solution.

.4. Fluorescence measurement

The above stock solutions were diluted with acetonitrile to
.2 �M and subjected to the measurement.

Fluorescence measurement of the hybrid compounds after
eduction with Na ascorbate was as follows. A 20-�M PBS solution
f the hybrid compound and a 15-mM PBS solution of Na ascorbate
ere mixed in a ratio of 1:1 (v/v). And after the recognition of the

eduction of the radicals by ESR measurement, this sample solution
as diluted with acetonitrile to 0.2 �M and then was subjected to

he measurement of the fluorescence intensity.

.5. ESR measurement

Sample solutions were prepared with 0.1 M PBS (pH 7.0) to
0 �M and were subjected to the measurement of the ESR. This 20-
M PBS sample solution and a 15-mM PBS of Na ascorbate were
ixed in a ratio of 1:1 (v/v) for reduction of the nitroxide radicals

nd the resulting mixed solution was subjected to the measure-
ent of the ESR.
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