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Optical imaging techniques occupy a very important place in 
medical diagnostics.1 One of the most significant improvements 
is to develop new fluorophores with improved chemical structure, 
photophysical properties and solubility characteristics.2 Hepta
methine cyanine dyes represent a wide class of near infrared 
(NIR) fluorescent charged chromophores absorbing in the region 
of low autofluorescence of biological samples.3 Various structural 
modifications have been attempted to improve their overall photo
physical properties.4 These modifications include the attainment 
of symmetry in the heptamethine dye structure and rigidization 
of the polymethine chain in order to inhibit subsequent 
isomerization and increase stability.5 Also, six-membered ring 
with meso-chlorine atom containing cyanine fluorophores has an 
improved performance in derivatization reactions.6

In continuation of our research on cyanine dye chemistry,7 we 
focuse much attention on the synthesis of electroneutral rigid 
heptamethine dye with enhanced water solubility and stability. 
In this study, the synthetic route described in Scheme 1 provided 
a direct conversion of sulfo groups in cyanine dyes to the 
corresponding N-acetylated sulfonamides leading to a brighter, 
photo- and chemo stable fluorophore with a decreased tendency 
to aggregation. The sulfonamide group was introduced after the 
symmetrical disulfo dye was synthesized. This allowed us to 
accomplish an efficient synthetic protocol which required no 
complex purification methods for unstable hydrophobic substi
tuted indolenine precursors. Symmetry factor simplifies the 
synthetic method by reducing by-product formation and also 
allows simple purification to be used for the water-soluble dyes.

In general, synthesis of the modified cyanine dye 8 was 
accomplished in six chemical steps starting from 1-ethyl-2,3,3-
trimethylindolenin-1-ium-5-sulfonate 1 as a common building 
block for the two moieties and meso-chlorine substituted six-
membered compound 2 as a part of the heptamethine linker (see 
Scheme 1). The symmetrical chlorine-cyanine dye 3 with a rigid 
polymethine chain was obtained from these reactants by heating 
them (60 °C) in ethanol–acetic anhydride mixture in the presence 
of potassium acetate as the catalyst8 in a yield of ~43%.

Since the amidation reaction of arylsulfonic derivatives is well 
studied,9 we tried a procedure where bis-sulfonamide 5 could 
be prepared by reaction of ammonium hydroxide with the 
corresponding sulfonyl chloride 4 as a reactive intermediate.10 
Bis-sulfonyl chloride 4 is best prepared by the reaction of disodium 
disulfonate 3 with phosphorus oxychloride as both chlorinating 
agent and solvent. Due to thermal instability of compound 4, the 
reaction temperature must not be raised above 90 °C while the 
desired sulfonyl chloride 4 is formed at 80 °C within 2  h, the 
fraction of monochloride being luckily low. Excess POCl3 can be 
readily distilled off, and the crude material was pure enough for 
the use at the next step. Tetraethylammonium analogue of salt 3 
may be also utilized without significant decrease in yield or reaction 
efficiency. Addition of pyridine or triethylamine to scavenge the 
generated hydrochloric acid showed no improvement of conversion. 
The use of trimethyl phosphate as the solvent and phosphorus penta
chloride gave lower yield of bis-sulfonyl chloride 4, the destruction 
of the cyanine chromophore having occurred. Bis-sulfonamide 5 
was prepared as the major compound by reaction of bis-sulfonyl 
chloride 4 with an excess of an ammonium hydroxide. Due to 
its solubility and convenience, acetonitrile has been chosen as the 
solvent at this step. The optimal reaction temperature and reaction 
time provided minimal formation of by-products.

The central chlorine atom in cyanine dye structure can be 
efficiently replaced by nucleophiles.11 In our case, chloro dye 5 
was reacted with disodium derivative of 4-hydroxybenzene
sulfonic acid in DMSO at 70 °C to afford meso-sulfophenyloxy 
dye 6. Interestingly, the nature of counter-anion in chloro dye 5 
has a significant influence on the yield of the desired product 6. 
To analyze the effects of anion selection on chloro cyanine dye 5, 
six anions such as acetate, chloride, bromide, perchlorate, hydro
carbonate and tosylate with varying size and charge distributions 
were tested.12 It was found that chloro dye 5 with non-covalently 
bound tosylate and chloride anion are good substrates for this 
reaction.

Bis-sulfonamide 6 was subjected to mono-acetylation with 
acetic anhydride at 50 °C in DMF in the presence of N,N-diiso
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propylethylamine for 30 min (optimized conditions13), and 
product 7 was isolated in ~40% yield after a C18-RP column 
chromatography, while N,N′-diacetylated product was formed in 
trace amount. Major synthetic difficulties at this step are related 
to the poor solubility of compound 6 even in polar protic solvents. 
According to the literature,14 sodium hydride was applied to make 
the sulfonamidic nitrogen atom more nucleophilic, however in 
the case of compound 6, N,N′-diacetyl derivative was immediately 
(3 min) formed at room temperature.

The subsequent direct coupling of mono-acetylsulfonamide 7 
with octane-1,8-dioic acid was carried out according to our 
previously published approach.7(a) The sulfonamide moiety under
goes acylation when significant excesses of carboxylic acid, EDC, 
DMAP and DIPEA were used.15 In our hands, the desired 
product 8 was obtained in a yield of only about 42%. It should be 
noted that the usage of a large excess of DMAP results in the 
degradation of the chromophore dye system and decrease in the 
yield of product 8. Also, the reaction must be carried out at room 
temperature because heating leads to decomposition of the 

chromophore and a sharp decrease in the yield of the desired 
product 8.†

The results of spectroscopic studies of the synthesized dyes 
are given in Table 1. Among the parent cyanine dyes investigated, 
the commercially available cyanine dye IRDye 800 is one of the 
most popular fluorophores used as a marker in life science 
applications. The structural features of modified dye 8 are 
designed based on those of the standard IRDye 800, hence, their  
spectral properties are expected to be close.

In addition, other important requirements such as photo- and 
thermal stability were determined using our previously published 
procedure.8 The photo-fading behavior of commercial IRDye 
800 and modified dye 8 upon irradiation of their solutions with a 
60-W light bulb are equal. After 6 h of irradiation, both dyes 
showed ~50% photo-fading. The thermal decomposition of 
IRDye 800 and dye 8 upon heating their 10-6 m solutions in 
Milli-Q water at 95 °C for 6 h showed about 50% chromophore 
destruction as well as photostability.

To demonstrate the usefulness of the additive N-acetylated 
sulfonamide linker with carboxyl end group into rigid meso-
sulfophenyloxy substituted heptamethine dye structure, we 
investigated the enzymatic incorporation of fluorescently labeled 
nucleotide into DNA using microarray.7 The synthesized dye–
nucleotide conjugate is incorporated into DNA by Taq, Vent 
(exo-) and deep Vent (exo-) DNA-polymerases. The dye 8 was 
used to control thermal cleavage of oligonucleotide primers from 
agarose on a chip assay.

In conclusion, the post-synthetic derivatization of a rigid meso-
substituted heptamethine cyanine dye by conversion of its sulfo 
group into an N-acylated sulfonamide linker with carboxyl end 
group has been accomplished. The spectral characteristics, 
thermal- and photo stabilities of the modified dye with 
geometrically balanced structure and neutral charge are equal to 
those of the commercial IRDye®800 with negative charge.

This study was supported by grant no. 17-04-02062 from the 
Russian Foundation for Basic Research and by the program ‘The 
Scholarship of the President of the Russian Federation for 2018–
2020 to young scientists and post-graduate students conducting 
promising scientific research on modernization of the Russian 
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Table  1  Spectroscopic characteristics of heptamethine dyes.a

Dye Solvent labs/nm lem/nm
e /10-5

dm3 mol-1 cm-1 FF (%)

IRDye 800 PBS 771 786 2.4 ± 0.03 14
MeOH 773 789 3.0 ± 0.03 26

3 PBS 779 793 1.6 ± 0.02b   8
MeOH 785 802 - 12

8 PBS 774 794 2.8 ± 0.02 14
MeOH 776 795 3.1 ± 0.02 23

a e - molar extinction coefficient; FF - relative fluorescence quantum yield; 
PBS - 10 mm potassium phosphate buffer solution, 0.9% NaCl, pH 7.4. 
Reference standard IRDye® (Li-Cor), FF 0.14 in PBS at 25 °C. b Molar 
extinction coefficient was published by Song et al.16

†	 For the syntheses and characteristics of compounds 1–8, see Online 
Supplementary Materials.
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Scheme  1  Reagents and conditions: i, EtOH, Ac2O, AcOK, 60 °C, 7 h, 
then ion exchange (43%); ii, POCl3, 80 °C, 2 h; iii, NH3 aq., MeCN, -18 °C; 
iv, 4-NaOC6H6SO3Na, DMSO, 70 °C, 9 h (14%); v, Ac2O, DMF, 50 °C, 
30 min (40%); vi, HOOC(CH2)6COOH, EDC, DMAP, DMF, DIPEA, N2, 
2 h (42%).
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14	 M. Trávnícek and M. Potáček, Molecules, 1999, 4, 238.
15	 A. R. Massah, M. Dabagh, M. Afshar, A. R. Momeni, H. Aliyan and 

H. J. Naghash, Turk. J. Chem., 2007, 31, 611.
16	 F. Song, X. Peng, E. Lu, R. Zhang, X. Chen and B. Song, J. Photochem. 

Photobiol., A, 2004, 168, 53.
17	 A. Levitz, F. Marmarchi and M. Henary, Molecules, 2018, 23, 226.

Received: 30th October 2020; Com. 20/6351


