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Abstract

Twelve novel di-, tri- and tetracationic monomeric and homodimeric monomethine cyanine dyes based on oxazolo
[4,5-b]pyridinium and quinolinium end groups were synthesized by condensation of 4-methyl-2-methylmercapto-oxazolo
[4,5-b]pyridinium methosulfate and 1-(w-iodopropyl)-4-methylquinolinium or appropriate 1-(w-bromoalkyl)-4-methylquinolinium
compounds and subsequent quaternization with pyridine, 1-methyl-4-aza-1-azonia-bicyclo[2.2.2]octanium iodide, 4,4’-trimethyle-
nebis(1-methylpiperidinium)methyl iodide, N,N,N,N',N'-pentamethyl-1,3-propandiammonium iodide, or bisquaternization with
N,N,N',N'-tetramethyl-1,3-propanediamine, 4,4’ -trimethylenebis(1-methylpiperidine). All dyes absorb at 521—522 nm in methanol
and have a high molar absorptivity of about 106 000 (monomeric dyes) and 240 000 L mol~' cm™' (homodimeric dyes). The
products were characterized by '"H NMR spectra and elemental analysis. In the presence of nucleic acid a strong enhancement of the

fluorescence was observed.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years there has been a growing scientific and
commercial interest in the synthesis and application of
cyanine dyes that are suitable as non-covalently binding
nucleic acids labels [1—7]. Our investigations in this area
[8—11] have prompted us to search for new intermedi-
ates and dyes. Recently we synthesized [9] homodimeric
dyes of the TOTO-1 family with extended methylene
bridges between the two chromophores and showed [12]
that such dyes have higher fluorescent quantum yield
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upon binding with nucleic acid than the commercially
available dye TOTO-1. In another study [13] we
described a synthetic pathway to novel homodimeric
asymmetric monomethine cyanines related to YOYO-1.
These dyes have extended methylene bridges between
the two chromophores and show interesting absorption
and fluorescence characteristics.

Several unsymmetrical monomeric and homodimeric
cyanine dyes that incorporate an aza-benzazolium
moiety (including the oxazolo[4,5-b]pyridine hetero-
cycle) were described by Haugland and Yue [14]. These
dyes are non-fluorescent in aqueous solution, but exhibit
bright fluorescence when associated with DNA or RNA.
These useful and interesting results provoked us to
search for novel representatives of this dye class and to
investigate their interaction with nucleic acids.
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2. Experimental

Melting points were determined on a Kofler apparatus
and are uncorrected. "H NMR spectra were obtained on
a Bruker 250 MHz instrument in DMSO-dg. Absorption
spectra were scanned on a Unicam 530 UV-—-VIS
spectrophotometer (1X107> mol L™" in MeOH) and
the corrected fluorescent spectrum (excitation at 480 nm)
on a Perkin Elmer MPF44 spectrofluorimeter. The
fluorescence quantum yield was determined relative to
that of Rhodamine 6G (Qr = 0.95 in ethanol) [18]. Lep-
idine, pyridine, 1,3-diiodopropane, 1,3-, 1,4-, 1,5-dibro-
moalkanes, N,N,N’,N’-tetramethyl-1,3-propandiamine
(TMPDA), 4,4'- trimethylenebis(1-methylpiperidine)
(TMBMP) and 1,4-diazabicyclo[2.2.2]octane (DABCO)
are commercial products.

2.1. Preparation of quaternary ammonium
salts 3e, 3f and 3g

0.01 mol TMPDA, TMBMP or DABCO was added to
50 ml diethyl ether and the solution was cooled to 10 °C.
0.01 mol methyl iodide dissolved in 10 ml diethyl ether
was added dropwise during 10—15 min. Thirty minutes
after addition, the white precipitate was suction filtered,

washed with ether and dried in a desiccator. The yields
were quantitative.

2.2. Preparation of dyes 5a—5l

0.001 mol 3a, 3b, 3c or 3d, 10 ml methoxyethanol and
0.001 mol of the appropriate ammonium compound (or
0.0005 mol of TMPDA or TMBMP for the bisquater-
nization of compound 3¢) were vigorously stirred and
refluxed for 6 h. The reaction mixture was cooled to
room temperature and 30 ml diethyl ether was added.
The precipitated dye was suction filtered, washed with
ether and air dried. The formed bromide of the dye was
dissolved in 15 ml methanol and 0.002 mol KI (or 0.004
mol KI for the bisquaternized dyes Sk and 5I) in 2 ml
water was added. The mixture was kept at 5 °C in
a refrigerator for several days. The resulting precipitate
was suction filtered and air-dried. Dyes 5a—51 were
recrystallized from ethanol.

3. Results and discussion

Haugland et al. [14] have synthesized the now
commercially available dyes JO-PRO-1 4a and JOJO-1
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4b by first reacting 4-methyl-2-methylthiooxazolo[4,5-
blpyridinium tosylate 1a with 1-(3-iodopropyl)-4-meth-
ylquinolinium iodide 2a in methylene chloride in the
presence of tricthylamine (Scheme 1) to obtain dye 3a.

’i‘ r 3ain=1,X=T;

CH, 3b: n=1, X=Br;
3c: n=2, X=Br;
3d: n=3, X=Br.
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Then this compound was reacted in methanol solution
with trimethylamine to yield 4a. Likewise TMPDA was
bisquaternized with 3a in DMF to afford 4b. In our
synthesis we followed a similar route.

The intermediate 1-(3-iodopropyl)-4-methylquinoli-
nium iodide 2a was synthesized using a published
procedure [16].

The quaternized lepidines 1-(3-bromopropyl)-4-methyl-
quinolinium bromide 2b, 1-(4-bromobutyl)-4-methylqui-
nolintum bromide 2¢ and 1-(5-bromopentyl)-4-
methylquinolinium bromide 2d were prepared by room
temperature reaction of lepidine with the appropriate
dibromoalkanes in molar ratio 1:4 [17].

The monomethine cyanine dyes 3a, 3b, 3¢ and 3d
were synthesized by the method of Brooker et al. [16]
(Scheme 2).

The monomethylated ammonium compounds e, 3f
and 3g were prepared by the reaction of DABCO,
TMPDA and TMBMP with methyl iodide in diethyl
ether and were used without purification.

4-methyl-2-methylthiooxazolo[4,5-b]pyridinium me-
thosulfate 1b was prepared from 2-mercapto-oxazolo
[4,5-b]pyridine [15] by heating with two equivalents of
dimethylsulfate [14].
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Structures and starting compounds for dyes Sa—51

Dye
no

Formula/Name

Starting
compounds
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N N*
|N+/ N/ / \/\/1'\ /
| T
CH3

1-[3-(N-pyridinio)propyl]-[(4-methyl-4H-oxazolo[4,5-

b]pyridine-2-ylidene)methyl]quinolinium diodide
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1-[3-(N-(1-methyl-1,4-diazoniabicyclo[2.2.2]octane))propyl]-
[(4-methyl-4H-oxazolo[4,5-b]pyridine-2-
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3¢, 3e

5d

O — -\
N N+/\/N+-CH

NN
| T
CH,

1-[5-(N-(1-methyl-1,4-diazoniabicyclo[2.2.2]octane))pentyl]-
[(4-methyl-4H-oxazolo[4,5-b]pyridine-2-

ylidene)methyl]quinolinium triiodide
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1-[3-(N-(1,3-pentamethylpropanediamonium))propyl]-[(4-
methyl-4H-oxazolo[4,5-b]pyridine-2-

ylidene)methyl]quinolinium triiodide

3b, 3f
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Table 1 (continued)

Dye
no

Formula/Name

Starting
compounds

5f
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1-[4-(N-(1,3-pentamethylpropanediamonium))butyl]-[(4-
methyl-4H-oxazolo[4,5-b]pyridine-2-

ylidene)methyl]quinolinium triiodide
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1-[5-(N-(1,3-pentamethylpropanediamonium))pentyl]-[(4-
methyl-4H-oxazolo[4,5-b]pyridine-2-

ylidene)methyl]quinolinium triiodide
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1-[3-(N-(1-methyl-4-[3-((1,1-dimethylpiperidinium)-4-
yl)propyl]piperidinium))propyl]-[(4-methyl-4H-oxazolo[4,5-

b]pyridine-2-ylidene)methyl]quinolinium triiodide

3b, 3g
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1-[4-(N-(1-methyl-4-[3-((1,1-dimethylpiperidinium)-4-
yl)propyl]piperidinium))butyl]-[(4-methyl-4H-oxazolo[4,5-

b]pyridine-2-ylidene)methyl]quinolinium triiodide

3¢, 3g

5j
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1-[5-(N-(1-methyl-4-[3-((1,1-dimethylpiperidinium)-4-
yl)propyl]piperidinium))pentyl]-[(4-methyl-4H-oxazolo[4,5-

b]pyridine-2-ylidene)methyl]quinolinium triiodide

3d, 3g

(continued on next page)
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Table 1 (continued)

Dye | Formula/Name Starting
no compounds
5k S 3¢, TMPDA
| pZ C -
) k
CH, 2
N,N,N',N'-tetramethyl-N,N'-bis-{ [4-[(4-methyl-4 H-
oxazolo[4,5-b]pyridine-2-ylidene)methyl]quinolinium-1-y1]-
1,4-butanediyl}-1,3-propanediamonium tetraiodide
51 X0 — H 3¢, TMBMP
- 2
(Ao gt
N* N Hy
(|3H 5 4r 2
N,N'-dimethyl-N,N'-bis- {[4-[(4-methyl-4H-oxazolo[4,5-
b]pyridine-2-ylidene)methyl]quinolinium-1-yl]-1,4-
butanediyl}-4,4'-trimethylenebis(1-methylpiperidinium)
tetraiodide

Dicationic dye 5a was synthesized from monome-
thine cyanine dye 3a with pyridine in methoxyethanol.
Tricationic dyes Sb—S5j were prepared in similar way
from the appropriate dyes 3b, 3¢ and 3d and compounds
3e, 3f and 3g (Scheme 3 and Table 1).

The monomethine cyanine dye 3¢ was reacted with
TMPDA or TMBMP to give tetracationic homodimeric
monomethine cyanine dyes 5k and 5l. Bisquaternization
was carried out by refluxing the reaction mixture in
methoxyethanol (Scheme 4 and Table 1). This resulted

3

X0 — — 0 AN
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CH CH

3

in a shorter reaction time (6 h) in comparison with the
experiment reported earlier [14] (4 days). All dyes are
new and their chemical structures were unequivocally
proven by 'H NMR spectra (Table 2) and elemental
analysis (Table 3). Their UV—VIS spectral data are also
given in Table 3.

The longest wavelength absorption maxima of the
studied dyes are in the region 521—522 nm. The
corresponding molar absorptivities are very high be-
tween 106 000 and 240 000 L mol~' cm™". The dyes are
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Table 2

"H NMR data of dyes 5a—5l
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Dye no. "H NMR (3, ppm, DMSO-dj)
5a 2.49-2.52 m (2H, CH,); 4.22 s (3H, N"CHj);
4.62 t 2H, N*CH,); 4.80 t (2H, N"CH,); 6.54 s (1H, CH); 7.35—9.12 m (14H, Ar)
5b 2.06—2.1 m (2H, CH,); 3.28 s (3H, N"CH3); 3.71 t 2H, N*CH,); 3.85 br s (12H, N*CH,);
423 s (3H, NTCH,); 4.55 t 2H, N*CH,); 6.57 s (1H, CH); 7.37—8.06 m (9H, Ar)
5¢ 1.85 brs (4H, 2X CH,); 3.29 s (3H, NTCHa); 3.58 brs (2H, NTCH.); 3.88 brs (12H, N*CH,);
4.22 s (3H, N"CHa); 4.57 brs (2H, NTCH,); 6.54 s (IH, CH); 7.34—8.59 m (9H, Ar)
5d 1.33—1.37 m (2H, CH,); 1.77—1.88 m (4H, 2X CH,); 3.28 s (3H, N"CHa); 3.50 t 2H, N*CH.,);
3.87 br's (12H, N*CH,); 4.22 s 3H, N*CH;); 4.54 t (2H, N*CH.); 6.53 s (1H, CH); 7.33—8.58 m (9H, Ar)
Se 2.24-2.26 m (4H, CH,); 3.10 s (6H, 2X N™"CH,); 3.13 s (9H, 3X N*CH;); 3.28 t (2H, CH,);
3.44 brs (4H, 2X NTCH,); 3.55 t 2H, NTCH,); 4.23 s 3H, N"CHs); 4.56 t (2H, NTCH,);
6.57 s (1H, CH); 7.37—8.60 m (9H, Ar)
5f 1.87 brs (4H, 2X CH,); 2.21-2.23 m (2H, CH,); 3.09 (6H, 2X N*CH;); 3.13 s (9H, 3X N*CH;);
3.28—3.41 m (6H, 3X NTCH,); 4.22 s (3H, NTCHs); 4.57 brs (2H, NTCH.,); 6.54 s (1H, CH); 7.34—8.58 m (9H, Ar)
5g 1.32—1.38 m (2H, CH,); 1.75—1.90 m (4H, CH,); 2.14—2.17 m (2H, CH,); 3.05 s (6H, 3X NTCH;); 3.11 s
(9H, 2X N*CHs); 3.23—3.37 m (6H, 2X NTCH,); 4.22 s (3H, NTCHj); 4.54 t 2H, N*CH,); 6.53 s
(1H, CH); 7.33—8.58 m (9H, Ar)
5h 1.23 brs (6H, CH,); 1.52—1.63 m (10H, CH, + CH); 2.22—2.25 m (2H, CH,); 1.79 m (2H, CH,); 3.00 s (6H, N"CH;);
3.11 s (3H, N"CHj3); 3.33—3.49 m (10H, N*CH,); 4.23 s (3H, N"CH;); 4.56 t (2H, NTCH.); 6.36 s
(1H, CH); 7.36—8.60 m (9H, Ar)
5i 1.28 brs (6H, CH,); 1.51—1.86 m (14H, CH, + CH); 3.03 s (6H, N"CHj,); 3.10 s (3H, N"CHj3); 3.39 m (10H, N*CH,);
4.22's 3H, N*CH;); 4.55 t (2H, N*CH,); 6.54 s (1H, CH); 7.33—8.58 m (9H, Ar)
5 1.26 brs (6H, CH,); 1.36—1.89 m (16H, CH, + CH); 2.99 s (6H, N"CH3); 3.09 s (3H, N"CH3); 3.26—3.43 m
(10H, NTCH,); 4.22 s (3H, NTCH,); 4.53 t 2H, N*CH,); 6.54 s (1H, CH); 7.33—8.56 m (9H, Ar)
5k 1.89 brs (8H, CH,); 2.23 m (2H, CH,); 3.12 s (12H, NTCH3); 3.37 t (4H, N*CH,); 3.48 t (4H, N"CH,); 4.19 s
(6H, N*CH3); 4.56 brs (4H, NTCH,); 6.54 s (2H, 2X CH); 7.30—8.52 m (18H, Ar)
5l 1.29 brs (6H, CH,); 1.55—2.49 m (18H, CH.,); 3.02 brs (6H, 2X N™CHj,); 3.36—3.43 m (12H, N CH,);
421 s (6H, NTCH;); 4.54 t (4H, N*CH.,); 6.53 s (2H, CH); 7.33—8.58 m (18H, Ar)
Table 3
Characterization data for dyes Sa—Sk
Dye m.p. Yield Amax M Molecular Analysis Found
° o —1 —1
(°C) (%) (e Lmol " cm ™) formulae (Mm) Calc.
C H N
5a 206—208 60 522 (148 000) CysHauIN4O (650.30) 46.21 3.69 -
46.17 3.72 -
5b 239-241 70 521 (125 500) Cy7H3415N50-H,0 (843.33) 38.27 4.55 8.80
38.45 4.30 8.30
5¢ 223-225 79 522 (130 000) CosH36I5N5O-EtOH-1.5H,0 (1824.86) 39.28 5.03 8.07
39.49 4.97 7.68
5d 234-236 75 522 (170 000) CaoHigI3N50 (853.37) 40.72 4.89 8.60
40.82 4.49 8.21
Se 170—172 50 522 (113 000) CosH40I3N5O (843.37) 39.60 4.61 8.11
39.88 4.78 8.30
5f 169—171 50 522 (113 000) CaoH4I15N50-2H,0 (893.43) 39.24 5.51 7.50
38.99 5.19 7.84
5g 164—166 52 521 (106 000) C30Hu4I5N50-2H,0 (907.46) 39.90 5.49 7.44
39.71 5.33 7.72
5h 180—182 54 521 (126 000) C36Hs215N50 (951.56) 45.38 5.46 7.26
45.44 5.51 7.36
5i 185—187 60 522 (149 000) C37Hs,15N50-3H,0 (1019.63) 43.72 6.20 6.95
43.59 5.93 6.87
5j 190—192 65 522 (139 000) CasHsgIsN5O (979.61) - - 7.53
- - 7.15
5k 215-218 77 522 (240 000) CaoHgoI4sNgO,-6H,0 (1408.78) 40.84 5.39 7.96
41.78 5.25 7.95
51 220222 75 522 (237 000) Cs7H7,14Ng0,-6H,0 (1516.26) 45.38 5.94 7.67

45.13 5.58 7.39
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practically non-fluorescent (very low fluorescence quan-
tum yield), but become strongly fluorescent after
binding to dsDNA. For example, the fluorescence
quantum yield of the complex S5g—dsDNA is 0.45
(fluorescence maximum at 549 nm), compared to
0.01 for the dye itself. More detailed studies on the
photo-physical properties of the described novel dyes
5a—5l in the presence of nucleic acids are in progress.

4. Conclusions

Twelve novel di-, tri- and tetracationic monomeric
and homodimeric monomethine cyanine dyes based on
oxazolo[4,5-b]pyridinium and quinolinium end groups
were synthesized using an improved synthetic procedure.

The reaction time was shorter (6 h) in comparison
with the experiment reported earlier [14] (4 days).

All dyes have extremely high molar absorptivity of
about 120 000 (monomeric dyes) and 240 000 L mol™"
cm~! (homodimeric dyes).

The fluorescence quantum vyield of the complex
S5¢g—dsDNA is 0.45 (fluorescence maximum at 549
nm), compared to 0.01 for the dye itself. This fact
together with the stability of the formed complexes
makes the investigated dyes appropriate for application
in nucleic acids analysis.
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