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Polymethine Dyes Based on 2,2-Difluoro-1,3,2-dioxaborine: 
A Minireview
Abstract
Aim. To summarize and analyze literature data on the polymethine dyes containing the 2,2-difluoro-1,3,2-dioxaborine ring.
Results and discussion. Boron difluoride complex of β-diketone (2,2-difluoro-1,3,2-dioxaborine, F2DB) is a unique structural 
motif endowing organic compounds with prominent physicochemical properties, such as a strong fluorescence and high mo-
lar attenuation coefficients. Incorporation of the F2DB core into a polymethine chromophore either as an end-group or as an 
integral part of the polymethine chain allows obtaining dyes with exceptional characteristics, highly appealing for design of 
up-to-date functional materials. This review focuses on the synthesis and spectral properties of the F2DB-containing polymethines 
along with the latest advancement in the synthesis of highly fluorescent polyanionic polymethines. A brief discussion of the 
effects of the structural modification of the π-conjugated system on the photophysical properties of dyes is included.
Conclusions. The literature on the F2DB-containing polymethines demonstrates a high potential of the F2DB core for the 
development of strongly fluorescent and intensely absorbing dyes. 
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Поліметинові барвники на основі 2,2-дифлуоро-1,3,2-діоксаборину: міні-огляд
Анотація
Мета. Узагальнити та проаналізувати літературні дані про поліметинові барвники на основі 2,2-дифлуоро-1,3,2-
діоксаборину.
Результати та їх обговорення. Бородифлуоридний комплекс β-дикетону (2,2-дифлуоро-1,3,2-діоксаборин, F2DB) є унікаль-
ним структурним елементом, який надає органічним сполукам особливі фізико-хімічні властивості, такі, як сильна 
флуоресценція та високі коефіцієнти молярної екстинкції. Уведення ядра F2DB до поліметинового хромофора як кін-
цевої групи чи як складової частини поліметинового ланцюга дає змогу отримувати барвники з винятковими характе-
ристиками, привабливі для розробки сучасних функціональних матеріалів. У цьому огляді висвітлено питання синтезу 
та спектральних властивостей поліметинів, що містять ядро F2DB, а також останні досягнення в синтезі високофлуо-
ресцентних поліаніонних поліметинів. Додано коротке обговорення впливу структурних модифікацій π-спряженої 
системи на фотофізичні властивості барвників.
Висновки. Аналіз літератури про поліметини, що містять ядро F2DB, свідчить про високий потенціал діоксаборино-
вого комплексу для розробки барвників з яскравою флуоресценцією та інтенсивним світлопоглинанням.
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■ Introduction

Polymethines are arguably the most versatile 
class of organic dyes due to a broad viable range 
of structural fine-tuning that allows obtaining 
dyes with predetermined characteristics [1]. 
Numerous polymethine dyes of varying structure 
are reported to date, of which those bearing the 
2,2-difluoro-1,3,2-dioxaborine ring have only re-
cently gained a particular attention. The interest  
in dioxaborine-containing polymethines is mostly  
driven by their unique physicochemical proper-
ties, in particular, high molar attenuation coef-
ficients (e), a strong fluorescence in both visible 
and near-infrared (NIR) spectral regions, high 
stability in solutions and in the solid state.  
Accordingly, they became promising objects for 
applications in NLO materials [2 – 7], as fluoro-
genic probes for labeling of DNA [8], lipids [9, 10],  
and proteins [11, 12], as molecular rotors [13, 14],  
and as photosensitizers for a long-wavelength 
cationic photopolymerization [15].

This Perspective summarizes the advance-
ments in research of the F2DB-containing poly-
methines, as well as the fundamentals of their 
structure/property relationships. Dioxaborines 
bearing other than fluorine substituents at the 
boron atom, such as CN2DB- or Ph2DB-contain-
ing compounds [16, 17], are not included. The con- 
tent is organized in regard to the position of the di-
oxaborine ring within the polymethine chromo-
phore (as an end-group or as an integral part of 
the π-chain) and the electronic composition of the  
π-conjugated system (dipolar/quadrupolar mero- 
cyanines or anionic dyes). Although a short note 
regarding the applications of the F2DB-contain-
ing polymethines is included, for more sophis-
ticated discussion of the dioxaborine applica-
tions readers are encouraged to consult recent 
reviews [18 – 20].

■ Results and discussion

1. 2,2-Difluoro-1,3,2-dioxaborine 
According to the IUPAC recommendations, 

the dioxaborine core, specifically, its betainic va- 
lence formulae, should be named as follows:  
2,2-difluoro-1,3,2-oxaoxoniaborinine (Figure 1, 
compound 1: R1 = R2 = R3 = H). Nevertheless, the  
name “2,2-difluoro-1,3,2-dioxaborine” for the F2DB  
complex, first introduced in 1969 [21] has got a  
wide acceptance. For simplicity, throughout this 
Perspective dubbings “dioxaborine” and “F2DB” 
are consistently used, though no acronym for the  

2,2-difluoro-1,3,2-dioxaborine core, (as “BODIPY”  
for compounds with the borondipyromethene core)  
has been established yet.

1.1. General synthetic methods 
The ability of β-diketones to form coordina-

tion complexes with metalloids (boron, silicon, 
germanium, etc.) was demonstrated more than a 
century ago when the synthesis of the first boron 
β-diketonate complexes – bis(acetylacetone) bo-
ronium salts [(C5H7O2)2B]AuCl4 and [(C5H7O2)2B]
PtCl6 – was reported [22]. These complexes were 
obtained by the reaction of acetylacetone with 
boron trichloride followed by the treatment of 
the intermediate (C5H7O2)2BCl with tetrachloro-
aurate or hexachloroplatinate salts. However, bo- 
ronium salts were not formed when boron trifluo- 
ride was used instead of BCl3. The treatment of 
acetylacetone with boron trifluoride results in 
a substitution of only one fluorine atom, yield-
ing the difluoroboron complex of acetylacetone 
(BF2-acetylacetone) [23]. The report on obtain-
ing BF2-acetylacetone is the first account of the  
dioxaborine synthesis employing enolizable β-dike- 
tones and boron trifluoride. This method has sin- 
ce become the most common synthetic approach 
to dioxaborines (Scheme 1) [3, 23]. As for the syn- 
thesis of enolizable β-diketones, the synthetic me- 
thods varied broadly, from Claisen condensation  
to modern practices of using strong bases and 
a wide variety of both acylating agents and al- 
kyl(aryl)substituted ketones [24, 25].

β-Diketones can also be synthesized through 
the Lewis base promoted acylation of aromatic 
compounds. Boron trifluoride as a Lewis base al-
lows obtaining dioxaborines from aromatic com- 
pounds in one stage (Scheme 2) [26 – 42]. This me- 
thod is particularly convenient for the synthesis 
of arylsubstituted and benzannelated dioxaborines.

4,5-Disubstituted dioxaborines can be ob-
tained directly from epoxy(aryl)ketones though 
the ring-opening → rearrangement → BF2-com-
plexation sequence initiated by BF3 (Scheme 3) 
[43 – 45]. Electron-donating substituents as R1 and  
R2 tend to accelerate the rearrangement, while 
electron-withdrawing ones slow it down.
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Figure 1. The structure of the F2DB core
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1.2. Fundamental properties 
The 2,2-difluoro-1,3,2-dioxaborine complex is  

a donor-acceptor system constituting the β-diketo- 
nate ligand as an electron donor and boron difluo- 
ride as an electron acceptor (Figure 2, a). A dipolar 
character of the F2DB core implies the high dipole 
moment, amounting to, for example, 7.6(±0.3) D  
and 6.7(±0.3) D in 1,4-dioxane for the BF2-comple- 
xes of benzoylacetone and dibenzoylmethane, re-
spectively [46]. Theoretical investigations suggest  

that the major contribution to such a strong po- 
larization is the shift of the π-electron cloud of  
β-diketonate toward the acceptor BF2 group 
(Figure 2, b: structure C) [47].

The depiction of the F2DB core in a charge-
separated resonance form can be misleading since  
a boron atom carries no negative charge. Analo-
gously to inorganic borates (e.g., BF4) [48], the nega- 
tive charge is shifted to more electronegative fluo- 
rine atoms (Figure 2, b: structures A and B) [47].
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Aromatic delocalization is not realized in the  
dioxaborine ring – the Nucleus-Independent Che- 
mical Shift for 1 (Table 1) amounts to +2.3 ppm 
[47]. The calculated NICS implies negligible con-
tribution of the BF2 group into the cyclic deloca- 
lization (for the aromatic system, the NICS 
should be lesser than –3 ppm [49]). In addition, 
the quantum-chemical calculations have shown 
the Bpπ–Opπ bonding is more than 4 times weak-
er than both Оpπ–Сαpπ and Сαpπ–Сβpπ bonding, 
thus indicating the absence of the ring current. 
The results of the detailed investigation of the 
electronic structure of the dioxaborine core, in-
cluding the energies and spatial distribution of 
the molecular orbitals, as well as the X-ray and 
spectral data of the simplest dioxaborines, are 
reported elsewhere [46, 47, 50–53].

The chelation of the β-diketonate structure 
by boron difluoride results in a substantial alte- 
ration of its properties. Closing of β-diketonate 
by the BF2 group is usually accompanied by a  
bathochromic shift of the absorption maximum 
(λa

max) and an increase of the molar attenuation 
coefficient (e). The magnitude of these effects is 
largely dependent on the structure of the parent 
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Figure 2. (a) The resonance forms of 2,2-difluoro-1,3,2-dioxaborine; (b) total charges of compound 1 (B) and tetrafluoroborate  
anion (A) according to the Mulliken population analysis (bold) and the natural population analysis (italics; DFT B3-LYP);  
charges of the π-system of 1 (C; Pariser–Parr–Pople approach)
 

Table 1. Electron affinities of substituted dioxaborines calculated 
by DFT-B3LYP

O O
B

R
1

R
3

F F

R
2

Compound R1 R2 R3 EA, eV[a]

1 H H H 0.97
2 CH3 H CH3 0.63
3 CH3 H Ph 2.31
4 Ph H Ph 2.11
5 H CN H 1.81
6 CN H H 2.17
7 H NO2 H 1.8
8 NO2 H H 2.51
9 CF3 H CF3 2.34

10 p-NO2Ph H p-NO2Ph 2.98
11 CN H CN 3.37
12 NO2 H NO2 3.52

Note: [a] The EA value measures the ability of a neutral molecule (X)  
to gain an electron:

X + e- → X- + EA

where EA is the energy released upon addition of an electron.
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compound. For example, the absorption band of  
the BF2-complex of acetylacetone lies 11 nm batho- 
chromically and is twice as intense as that of ace- 
tylacetone (Figure 3), while for BF2-curcumin the  
redshift vs. curcumin is much larger (see Figu- 
re 9). The downfield shift of the 1H NMR signal 
of methyl groups of BF2-acetylacetone complies 
with the electron-withdrawing effect of the BF2 
group on the β-diketonate scaffold [46].

The 19F NMR spectra of dioxaborines do not 
conform with the theoretical model based on the 
properties of the 19F, 10B, 11B nuclei. Considering 
the number of B nuclei (n) in 2nl+1 is one and 
nuclear spins (I) of 10B and 11B are equal to 3 and 
3/2, respectively, the 11B–19F coupling should lead  
to an appearance of a quartet (1:1:1:1 intensity 
ratio), while the 10B–19F coupling should result 
in a heptet (1:1:1:1:1:1:1). Instead, the 19F NMR 
spectra of compounds containing the F2DB unit 
usually comprise a doublet with the intensity 
ratio of 1:4, reflecting the natural abundances 
of 10B (19.09 %) and 11B (80.1 %) isotopes [54]. 
Interestingly, such a coupling-deprived pattern 
with different resonance frequencies of 19F atom 
bonded to 10B and 11B is also observed for AgBF4 
in 80 % aqueous acetonitrile [55]. The absence of 
11B–19F and 10B–19F coupling has not been con-
clusively explained so far; a suggestion of the ra- 
pid quadrupolar relaxation of the boron nuclear- 
spin states, which effectively decouples the bo-
ron from the fluorine nuclei, is debunked experi-
mentally by examining their 11B resonance [46]. 
In contrast to dioxaborines, BODIPYs are char-
acterized by the appearance of a quartet in their 
19F NMR spectra reflecting the 11B–19F coupling 
(the 10B–19F coupling pattern is rarely visible due  
to a low abundance of the 10B isotope and its 
small magnetogyric ratio, though for compounds 
with inequivalent fluorine atoms such a pattern 
can be spotted [56]). 

As was described above, the electron-accept-
ing nature of the dioxaborine core results from the 
withdrawal of the π-electron cloud from β-dike- 
tonate towards BF2, thus making the OCCCO scaf-
fold electron deficient. Modulation of the accept-
ing strength can be achieved through the intro-
duction of various substituents at positions 4, 5, 
and 6 of the dioxaborine scaffold. As a quantita-
tive measure of the accepting strength, a mole- 
cular electron affinity (EA) can be used (Table 1) 
[47, 57]. Thus, considering the calculated values 
of EA, unsubstituted dioxaborine complex 1 is an 
acceptor of a moderate strength (EA = 0.97 eV) 

comparable to nitrobenzene (EA = 1.00 eV [58]). 
The insertion of one strong electron-withdrawing  
substituent into a β-diketonate backbone, such 
as CN or NO2, doubles the magnitude of EA (com- 
pounds 5 – 8), while the bis-substitution into po-
sitions 4 and 6 makes the F2DB core a strong 
acceptor (compounds 9 – 12) comparable to tetra-
cyanoethylene (EA = 3.17 eV [59]). 

1.3. Simple dioxaborine-containing  
            π-conjugated systems 

Although BF2-acetylacetone absorbs in the near  
UV region (Figure 3), its absorption maximum 
can be red-shifted via the substitution of methyl 
groups with other alkyl or aryl groups. For ex-
ample, the replacement of both CH3 by tert-bu-
tyls results in a 10 nm bathochromic shift and a 
slight increase of the molar absorptivity due to 
hyperconjugation (Table 2) [46]. Extending the 
effective length of the conjugated π-system by  
the introduction of unsubstituted phenyl rings re- 
sults in larger bathochromic shifts (Δλa

max = 47 nm  
when 2 → 3 and 35 nm when 3 → 4).

The absorption bands of the arylsubstituted di-
oxaborines have several maxima attributed to dif-
ferent electronic transitions. The DFT calculations 
ascribed the long-wavelength band (328 – 365 nm)  
of compounds 3, 4, 15 – 17 to the 1π–π* excitation 
delocalized within the whole molecule, while the  
short-wavelength peak (265 – 270 nm) was linked 
to the redistribution of the electron density from 
aromatic substituents to the F2DB core (light-in-
duced intermolecular charge transfer) [51, 52].

The introduction of electron-donating substitu- 
ents (methoxy or dialkylamine) into the para-
position of the phenyl ring of compound 3 leads 
to a substantial redshift of the absorption maxi-
mum and large increase of the fluorescence in- 
tensity (Table 3) [60]. The reasoning behind such  
spectral changes is not only due to an enhance-
ment of the intermolecular charge transfer, but  
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Figure 3. The impact of the BF2-chelation of acetylacetone  
on the spectral properties (NMR data in CDCl3; λa

max and e in CHCl3 
as the solvent)
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also due to the incorporation of an additional elec- 
tron pair from O- and N-atom to the π-system, 
thus slightly expanding the effective conjugation 
length and altering its electronic structure. 

The fluorescence intensity of compound 3 can  
also be increased by hindering free rotation of the 
phenyl ring around the bond linking it to the F2DB 
core. For instance, the insertion of –СH2–CH2–  
and –С(O)–О– bridges via the ortho-position of 
the phenyl ring and position 5 of the F2DB core 
leads to a substantial increase of the fluorescen- 
ce intensity (820-fold for 3 → 25 and 102-fold for 
3 → 27; Table 4) [32, 60]. Further insertion of 
methoxy or dialkylamino groups into the para-
position of the phenyl ring greatly increases the 
molar absorptivity (compounds 26 and 28).

Benzannelation of the phenyl ring of com-
pound 3 results in a redshift of λa

max, a signifi-
cant increase of e, and a considerable fluorescen- 
ce enhancement (3 → 29; Table 4) [61]. The repla- 
cement of the naphthyl substituent with 3-cou-
marinyl (29 → 30) shifts the absorption maxi-
mum bathochromically by 37 nm, while the mo- 
lar absorptivity drops drastically, and the fluo-
rescence is nearly quenched [32]. Expectedly, the  
introduction of a dialkylamino group into the para- 
position of the phenyl ring (30 → 32) induces both  
a large redshift of λa

max and an increase of the 
fluorescence quantum yield. Note that dioxabo- 
rine 32 is characterized by an exceptionally high 
molar attenuation coefficient (ε = 98500 M-1 cm-1 
in DCM) compared to other simple dioxaborines.

Table 2. Characteristics of the UV absorption spectra of simple dioxaborines in CHCl3

O O
B

R
1

R
3

F F

R
2

Compound R1 R2 R3 λa
max [nm] log(ε)

2 CH3 H CH3 283 4.23
3 CH3 H Ph 265, 328, 342 3.69, 4.47, 4.29
4 Ph H Ph 270, 365, 378 3.69, 4.62, 4.57

13 CH3 H t-Bu 289 4.26
14 tBu H t-Bu 293 4.35
15 nPr H Ph 265, 330, 346 3.69, 4.51, 4.35
16 iPr H Ph 265, 333, 346 3.69, 4.50, 4.32
17 tBu H Ph 265, 332, 346 3.69, 4.49, 4.33
18 2-pyridyl H Ph 368, 385 4.54, 4.49
19 2-thienyl H CF3 325, 365 4.27, 4.37
20 CH3 CH3 CH3 304 4.19
21 CH3 CH3 Ph 260, 334 3.65, 4.36
22 Ph CH3 Ph 260, 360 3.65, 4.48

 

Table 3. Spectral properties of compounds 3, 23, and 24 in CHCl3 and MeCN

R

O
B

O

CH3

F F

H OMe NMe2

3 23 24

R =

Compound Solvent λa
max[nm] ε × 10-4 [M-1 cm-1] λf

max [nm] Φf Δvs [cm-1]

3
СHCl3 328 2.95 382 9·10-4 4310
CH3CN 328 2.69 – – –

23
СHCl3 359 4.57 388 0.37 2080
CH3CN 356 – 399 0.27 3030

24
СHCl3 422 2.88 463 0.45 2100
CH3CN 423 – 485 1·10-3 3020
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2. Dioxaborine as an end-group  
         of the polymethine dyes 

Polymethine dyes constituting the F2DB core  
as an end-group (A) can be divided into neutral  
dipolar compounds of the A–π–D type (also known  
as merocyanines [62]; D is the electron donor 
end-group) and anionic symmetric (A–π–A) or 
non-symmetric (A–π–A’) dyes (Figure 4).

The electronic structure of polymethine dyes 
in the ground state S0 can be rendered as super- 
position of two boundary states: (i) polyene state,  
which is characterized by low degree of π-delo- 
calization and a considerable alternation of the  
single and double bonds along the π-chain; and 
(ii) ideal polymethine state (or cyanine-like sta- 
te [1, 63]) where π-delocalization is of the highest  
degree with no alternation of the bond orders 
along the π-chain [64]. The contribution of each of 
these states to the resulting electronic structure  
of a dye in the ground state S0 is dependent on the 
structure of the end-groups and the length of the 
polymethine chain. The qualitative assessment 
of their relative contribution can be made on the 

grounds of spectral properties of a polymethine 
dye. An approach to the ideal polymethine state 
is usually accompanied by a narrowing of the ab- 
sorption and emission bands, an increase of the 
molar absorptivity, and enhancement of the flu-
orescence intensity [65 – 67]. Taking into account 
these considerations the dioxaborine-containing 
merocyanines can be divided into two types of scaf- 
folds depending on the electron-donating power of  
the end-group – type I containing weakly electron- 
donating para-(dialkyl(aryl)amino)phenyl or para- 
alkoxyphenyl end-groups, and type II dyes with  
stronger electrondonating end-groups (e. g., ben-
zannelated heterocycles). Generally, the electro- 
nic structure of type II F2DB-merocyanines is more 
closely approaching the ideal polymethine state 
when compared to type I dyes.

2.1. Synthesis of merocyanines  
            and anionic polymethines 

Most of the documented F2DB-merocyanines 
of type I contain end-group para-alkoxy- or para- 
dialkylamino-substituted aromatic rings as an 
electron donor. These compounds can be prepared 

Table 4. Optical properties of dyes 25 – 32 in dichloromethane (DCM)

O O
B

CH3

F F

O O
B

O

CH3

F F

OR

29

30

R = H OH NEt2

31 32

O O
B

R

CH3

F F

25

R = H OMe

26

O O
B

R

CH3

F F

27

R = H NMe2

28

O O

Compound λa
max [nm] ε × 10-4 [M-1 cm-1] λf

max [nm] Φf Δvs [cm-1]
25 360 2.09 418 0.74 3850
26 383 3.63 414 0.69 1960
27 343 0.87 423 0.092 5510
28 424 5.68 465 0.11 2080

29
344 3.43 – 0.63 –

380[a] 0.99[a] 459 – 4530
30 381 2.97 489 0.094 5800
31 385 2.70 443 0.23 3400
32 498 9.85 532 0.78 1280

Note: [a] shoulder
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by (I) condensation of methyl-substituted di- 
oxaborines with benzaldehydes or cinnamic alde- 
hydes when heating in acetic anhydride (Scheme 4,  
Path A) [2, 10, 21, 68, 69], or (II) aldol conden-
sation of ortho-hydroxyphenones with benzalde-
hydes followed by treating with trifluoroborate 
etherate (Scheme 4, Path B) [70, 71]. The modi-
fication of the first method includes the initial in  
situ synthesis of the dioxaborine core from 
β-diketonate and BF3·Et2O and further treat-
ment of the intermediate compound with cinna-
maldehyde in the presence of trialkylborate and 
n-butylamine [72].

The electron donor group of type II dipolar  
polymethines with the F2DB core is represented  
by benzannelated heterocycles, such as N-alkyl- 
3,3-dimethylindolenine, N-alkylquinoline or N-al- 
kyl-benzothiazole. Similarly to type I polymethi- 
nes, these dyes can also be synthesized from me-
thyl-substituted dioxaborines and unsaturated al- 
dehydes when heating in acetic anhydride (Sche- 
me 5, Path A) [73 – 77]. Instead of aldehydes, ca- 
tionic hemicyanines can be used as an electro-
philic substrate (Scheme 5, Path B) [74]. 

Neutral hemicyanines derived from dioxabo- 
rines are also suitable electrophilic reagents for 
the synthesis of dioxaborine-containing mero- 
cyanines. The two-step synthetic sequence invol- 
ves the condensation of methyl substituted dioxa- 
borines with dimethylformamide [73, 77], ethyl 
isoformanilide [74], dianils of malondialdehyde 

[9, 11, 74, 77, 78] or glutaconaldehyde [9] follo- 
wed by the reaction of the obtained hemicyani- 
nes with quaternary heterocyclic salts (Scheme 5,  
Path C).

Symmetric anionic dioxaborine-containing po- 
lymethines can be synthesized in one stage from 
methyl-substituted dioxaborine and triethyl or-
thoformate [73, 79, 80], acrolein diethyl acetal 
[79], dianils of malondialdehyde [6] or glutaconal-
dehyde [78, 81], salts of 1,7-bis(dimethylamino)
hepta-1,3,5-trienes [3, 6] in the presence of a 
base and acetic anhydride (Scheme 6, Path A). 
Polymethines with functional groups in the poly- 
methine chain can be obtained similarly via the 
condensation of functionalized iminium salts 
with dioxaborine nucleophiles [3, 5, 79, 80, 82]. 
An alternative path to F2DB-containing anionic 
dyes includes the two-stage sequence starting 
from the F2DB-containing hemicyanine synthe-
sis and subsequent condensation of the obtained 
intermediate with the nucleophile (Scheme 6, 
Path B) [78]. By this method non-symmetric 
dyes can be obtained [83].

2.3. Spectral properties of dioxaborine- 
            containing merocyanines 

Dipolar type I F2DB-merocyanines are char-
acterized by absorption in the visible region 
(400 – 650 nm). The bathochromic shift upon ex- 
tending of the polymethine chain by one vinylene 
group (vinylene shift) amounts to nearly 50 nm  
(50 nm for 36 → 38 in MeCN or 42 nm for 39 → 40  
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in 1,2-dichloroethane; Tables 5 and 6) [21, 69], 
while for the dye with a diethylamine end-group 
vinylene shift reaches 84 nm in MeCN (33 → 34).  
Considering that the vinylene shift of symmetric 
cyanine dyes – polymethines, which approach the  
ideal polymethine state in the ground state S0, –  

reaches 100 nm [63], such a low vinylene shift of 
type I F2DB-merocyaniens marks their polyenic- 
like electronic structure.

In addition to the lengthening of the π-chain, 
the structural modification of the electron donor 
end-group can also yield a significant bathochromic  
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shift. For instance, the replacement of the me- 
thoxy by a dialkylamino group leads to a 100 nm  
redshift of λa

max (35 → 36 in MeCN) and a three-
fold increase of the molar absorptivity. The fluo- 
rescence quantum yield of 4-(dialkylamino)phe- 
nyl-containing polymethines is also exceptionally  
high as for polymethine dyes (0.8 in toluene for 
dye 39). The fluorescence intensity of the type I  
F2DB-containing merocyanines significantly de- 
creases with a decrease of the solvent polarity. 
Such sensitivity to the environment polarity  
stimulated an extensive research on dimethine- and  
tetramethine-bridged donor-acceptor systems as  
fluorescent probes for bioimaging [10, 72, 84 – 88].

Merocyanines bearing the BF2-complex of 
8-(dialkylamino)-3-acetyl-4-hydroxycoumarin 
have outstanding spectral properties among the 
type I F2DB-merocyanines, such as a high molar 
extinction coefficient and a strong fluorescence 

(Table 7) [10, 14]. Similar to compounds 39 and 
40, dyes 41 and 42 are characterized by a high 
sensitivity of the fluorescence intensity to the sol- 
vent polarity. Besides, dyes 41 and 42 possess 
the highest molar absorption coefficients among 
the type I F2DB-merocyanines.

Non-linear optical properties of several type 
I F2DB-merocyanines have also been evaluated. 
The electro-optic coefficient r33, as well as the 
product of the ground state dipole moment and 
the first hyperpolarizability μβ can be adjusted 
in a broad range via the structural modification 
of the phenyl ring of the dioxaborine end-group. 
For instance, the introduction of the NO2 group 
into the para-position of the phenyl ring of the  
dioxaborine core results in a three-fold increase 
of the μβ magnitude (45 → 46; Table 8) [2].  
Lengthening of the π-chain by one vinylene 
group induces a two-fold increase of r33 and μβ 

Table 5. Spectral properties of type I F2DB-merocyanines in CHCl3

NMe2

33

N

R =

O O
B

F F

R

NEt2

34

OMe

35

NMe2

36

NMe2

3837

Compound λa
max [nm] (ε × 10-4 [M-1 cm-1])

33 245 (2.38) 412 (3.12) 428 (2.76)
34 240 (1.35) 484 (5.47) 512 (5.78)
35 224 (4.36) 374 (1.24) 470 (2.10)
36 252 (1.08) – 570 (7.2)
37 – – 610 (6.3)
38 230 (3.0) – 620 (5.55)

 

Table 6. Optical properties of dyes 39 and 40 in various solvents

O O
B

F F

NMe2

O O
B

F F

NMe2
39 40

Compound Solvent λa
max [nm] λf

max [nm] Φf

39 
toluene 519 571 0.8

1,2-dichloroethane 536 635 0.025
DMSO 553 660 0.002

40 
toluene 555 640 0.35

1,2-dichloroethane 578 712 0.071
DMSO 580 770 0.003
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values (46 → 47), thus rendering dye 47 and its 
derivatives promising objects for non-linear op-
tical devices.

In contrast to type I dyes, type II F2DB-mero-
cyanines absorb not only in the visible region, 
but also in the near-infrared (Table 9). While ty- 
pe I dyes have a moderate magnitude of e, the 
molar absorbance of type II dyes is typically 
nearly twice as intense and often exceeds the va- 
lue of 200000 M-1 cm-1 in the band maximum [78].  
Vinylene shifts are also larger for type II poly- 
methines, reaching 100 nm (e.g., 56 → 50). 
These properties along with sharp absorption 
bands imply a high similarity of the ground S0 
and excited S1 states of type II F2DB-merocya-
nines, thus indicating an effective delocaliza-
tion of the π-electrons along the chromophore.  
Interestingly, a decrease of the accepting 
strength of the dioxaborine core by insertion 

of dialkylamino substituents into the aromatic 
ring (48 → 51 → 57) enhances stability of the 
dyes toward the hydrolytic cleavage of the boron 
difluoride group [75].

In addition to type II polymethines designed 
from the BF2-complex of 3-acetylcoumarin, me- 
rocyanines derived from the BF2-complex of 5-ace- 
tylbarbituric acid (58 – 63) are also characterized by  
notable spectral properties [9]. For example, the mo-
lar absorptivity for dye 60 reaches 363000 M-1 cm-1  
in DMSO, while dye 62 intensely fluoresces in 
the NIR region (λf

max = 779 nm and Φf = 0.33 in 
DMSO). Moreover, the fluorescence brightness 
(ε × Φf) of dye 60 amounts to 152000 M−1 cm−1, 
which is one of the highest magnitudes among 
merocyanines. These dyes also possess promi-
nent non-linear optical properties, making them 
suitable candidates for application in two-photon 
excitation microscopy. 

Table 7. Spectral properties of polymethines 41 and 42

O

O
B

O

Et2N O

F F

NEt2 O

O
B

O

Et2N O

F F

O

NEt2
41 42

Compound Solvent λa
max [nm] ε × 10-4 [M-1 cm-1] λf

max [nm] Φf

41 

cyclohexane 542 – 556 0.46
toluene 567 – 597 0.93
ethanol 581 12.0 635 0.044
DMSO 607 – 659 0.035

42 

cyclohexane 602 12.8 622 0.93
toluene 627 – 687 0.81
ethanol 645 12.3 748 0.18
DMSO 678 9.3 778 0.03

 

Table 8. Non-linear optical properties of type I F2DB-merocyanines

O O
B

F F

O2N NMe2

47

O O
B

F F

R
1

39, 43-46

R
2

R
3

R
3

Compound R1 R2 R3 λa
max (CHCl3) [nm] r33 [nm V-1] μβ × 10-48 [esu]

39 H NMe2 H 530 1.98 364
43 OMe NEt2 H 538 1.57 284
44 F NBu2 H 546 2.97 514
45 H –N– –(CH2)3– 570 3.26 512
46 NO2 –N– –(CH2)3– 609 11.4 1400
47 NO2 NMe2 H 614 23.64  3150
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2.4. Spectral properties of anionic  
            dioxaborine-based polymethines 

Spectral properties of anionic F2DB-containing  
polymethines can be significantly altered by minor  
changes in both the structure of the end-groups 
and the length of the π-chain. For example, the 
insertion of –CH2– bridges into the end-groups of 
dye 64 via the ortho-position of the phenyl rings 
and position 5 of the F2DB core induces a signifi-

cant increase of the molar absorptivity (Table 11;  
ε(65)/ε(64) = 1.30) [83]. Compound 65 also in-
tensely fluoresces at λf

max = 621 nm (Φf = 0.50 in 
DCM). However, when –CH2–CH2– bridges are 
introduced, molar attenuation coefficients drop 
(ε(66)/ε(64) = 0.75), though its fluorescence in-
tensity remains comparable to those of 65. 

Stiffening of the end-groups of dye 64 by 
–C(O)–O– bridges leads to a considerable increase 

Table 9. Spectral properties of type II F2DB-merocyanines in CHCl3

O

O
B

O

O

F F

R
1

N

X

R
2

48, 50 56-

O

O
B

O

O

F F

N

N

N X

R
2

49  57,

n

Dye X n R1 R2 λa
max [nm] ε × 10-5 [M-1 cm-1] λf

max [nm] Φf t0.5
[a] [s] k[b] [s-1]

48 C(CH3)2 0 H Me 569 1.49 590 0.03 50 1.40 × 10-2

49 S – – Me 601 – 620 0.49 – –
50 CH=CH 1 NEt2 Bu 721 3.15 729 – – –
51 C(CH3)2 0 NEt2 Me 582 2.31 601 0.74 300 2.33 × 10-3

52 C(CH3)2 1 H Me 665 2.57 677 0.26 – –
53 C(CH3)2 1 NEt2 Me 668 2.33 686 0.52 42 1.64 × 10-2

54 S 0 NEt2 Et 594 – 606 0.40 1050 6.61 × 10-4

55 S 1 NEt2 Et 687 – 702 0.67 – –
56 CH=CH 0 NEt2 Bu 617 2.48 639 0.02 – –
57 C(CH3)2 – – Me 585 – 608 0.55 7330 9.46 × 10-5

Note: [a] half lifetime [75]; [b] hydrolytic rate constant
 

Table 10. Spectral properties of dyes bearing the BF2-complex of 5-acetylbarbituric acid as the end-group

O O
B

F F

OO

N
Cy

N

Cy

N

n

O O
B

F F

OO

N
Cy

N

Cy

N

n

58, 60, 62 59, 61, 63

3 3

Cy = cyclohexyl

Dye n Solvent λa
max [nm] ε × 10-5 [M-1 cm-1] λf

max[nm] Φf ε × Φf × 10-5

58 1
toluene 528 0.94 550 0.3 0.28
DMSO 540 0.77 558 0.37 0.29

59 1
toluene 551 1.24 572 0.68 0.84
DMSO 563 1.10 583 0.18 0.20

60 2
toluene 615 2.03 642 0.35 0.71
DMSO 644 3.63 665 0.42 1.52

61 2
toluene 634 1.68 661 0.65 1.09
DMSO 663 2.41 687 0.26 0.63

62 3
toluene 683 1.09 727 0.21 0.23
DMSO 748 2.31 779 0.33 0.76

63 3
toluene 705 0.89 746 0.18 0.16
DMSO 770 1.83 794 0.18 0.33
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of the  molar  absorptivity   (ε(69)/ε(64) = 1.53;  
Table 12) though its absorption maximum shifts 
hypsochromically by 19 nm in chlorinated sol-
vents [78]. The insertion of a dialkylamino group 
into the para-position of the aromatic ring of the 
F2DB end-group leads to an increase of the fluo-
rescence quantum yield (Φf(70)/Φf(69) = 4.47 in 
CHCl3). Lengthening of the polymethine chain of  
dye 70 by one vinylene group enhances the fluo-
rescence intensity by almost two-fold in MeCN 
(70 → 72). Considering a high molar absorp-
tivity of dye 72 (300000 M-1 cm-1 in MeCN), its 
brightness (ε × Φf) reaches the magnitude of 

228000 M−1 cm−1, which is outstandingly high for  
polymethine dyes, especially those emitting in 
the NIR region (λf

max = 732 nm for 72). Similar 
to dyes 69, 70, and 71 – 73, anionic polymethines 
74 – 76 constructed from the BF2-complex of 5-ace- 
tylbarbituric acid are also characterized by an in- 
tense absorption and a strong fluorescence [80].

Among the documented symmetric anionic di- 
oxaborine-containing polymethines, the most deep- 
colored dyes are compounds 77 (λa

max = 844 nm 
in DCM) [80] and 78 (λa

max = 928 nm in DCM) [5].  
Although these dyes are virtually non-fluores-
cent, their non-linear optical properties are 

Table 11. Optical characteristics of anionic dioxaborine-containing polymethines in DCM

O O
B

F F

O O
B

F F

O O
B

F F

O O
B

F F

n n

O O
B

F F

O O
B

F F

n
m

[Et3NH]

64
65: n = 1

66: n = 2

67: n = 1, m = 0

68: n = 2, m = 1

[Et3NH] [Et3NH]

Compound λa
max [nm] ε × 10-5 [M-1 cm-1] λf

max [nm] Δvs [cm-1] Φf 
64 600 1.38 – – –
65 613 1.80 621 210 0.50
66 625 1.04 636 277 0.30
67 638 1.52 648 249 0.21
68 622 1.32 644 549 0.10

 

Table 12. Optical properties of symmetric anionic polymethines

O O
B

F F

O O
B

F F

[Alk3NH]

69, 70, 71-73

O OO OR R

n

O O
B

N

F F

O O
B

N

F F

74-76

N NO O

n

O O

[Alk3NH]

Compound n R Alk Solvent λa
max [nm] ε × 10-5 [M-1 cm-1] λf

max [nm] Δvs [cm-1] Φf

69 1
H Et CHCl3 581 2.11 588 205 0.19

MeCN 572 2.15 581 271 0.04

70 1
NEt2 nBu CHCl3 625 2.36 635 252 0.85

MeCN 615 2.52 639 611 0.4

71 2
H Et CHCl3 678 2.13 687 193

MeCN 671 2.29 678 154 0.16

72 2
NEt2 Et CHCl3 715 3.03 730 287

MeCN 712 3.00 732 384 0.76

73 3
NEt2 Et CHCl3 817 – – – –

MeCN 810 2.86 – – –

74 1
– Et CH2Cl2 530 1.69 546 553 0.31

MeCN 525 2.10 – – –

75 2
– Et CH2Cl2 630 2.03 651 512 0.82

MeCN 625 2.22 – – –

76 3
– Et CH2Cl2 735 1.77 760 448 0.43

MeCN 725 1.61 – – –
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more appealing [3, 6, 7]. For instance, the two-
photon cross-section of compound 78 amounts to 
17000 GM at 1100 nm in MeCN. 

The vinylene shift of anionic polymethines is  
approximately 100 nm, which is similar to that 
of symmetric cationic dyes. The nature of a sol-
vent (polar/non-polar, protic/aprotic) has a little 
effect on the positions of both absorption and emis-
sion maxima, while a small blueshift is observed 
when going from acetonitrile to DCM (or CHCl3) 
[74, 78, 80]. Anionic F2DB-containing polymethi- 
nes are more resistant to the hydrolytic cleavage  
of the BF2 group compared to F2DB-containing 
merocyanines. Similar to merocyanines, the sta-
bility upon hydrolysis also increases when elec-
tron-donating functional groups are introduced 
into the aromatic ring of the F2DB core [75].

Spectral properties of anionic polymethines 
can be significantly altered by the insertion of 
either electron-donating or electron-withdraw-
ing substituents into the π-chain (Figure 6) [82]. 
For example, the replacement of H-atom at the 
meso-position of the pentamethine-bridged anio- 
nic dye by the NO2 group (79 → 80) leads to a 
blueshift of the absorption maximum and a sig-
nificant decrease of the absorption intensity  
(ε(80)/ε(79) = 0.56 in DMSO). These spectral chan- 
ges agree with the Dewar-Knott color rules, accor- 
ding to which the electron-withdrawing substi- 
tuents at odd-numbered positions of the π-chain 

induce a hypsochromic shift of the absorption ma- 
ximum [89, 90].

The detailed investigation of the electronic 
structure of the anionic F2DB-containing poly-
methines is reported elsewhere [80, 83, 91, 92].  
In general, anionic dioxaborine-containing poly-
methines can be regarded as oxonol dyes, in which  
the negative charge is delocalized from the ter-
minal O-atom of one end-group along the π-chain 
to the terminal O-atom of another end-group.  
A virtual build-up of the dioxaborine complex atop  
the heptamethine oxonol (82 → 83) results in a  
stabilization of HOMO (ΔE = 1.83 eV) and LUMO  
(ΔE = 0.85 eV) of the π-conjugated system [80, 93].  
The long-wavelength absorption maximum of anio- 
nic polymethines is attributed to the S0 → S1 elec- 
tronic transition, while a less-intense higher ener- 
gy shoulder (Δν = 1200 – 1400 cm-1) is attributed 
to the 0 → 1′ vibronic transition [92]. The BF2-
fragment is not involved in low-energy electronic  
transitions though it stabilizes significantly the 
anionic π-system. 

3. Dyes with the dioxaborine ring  
         in the polymethine chain 

Dioxaborine can be regarded as integrated 
into the π-chain when the polymethine linkage 
is connected to positions 4 and 6 of the F2DB core.  
When in such a framework the end-groups are 
electron donors, the overall electronic structure of  
the π-conjugated system attains a quadrupolar  
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Figure 5. The long-chained symmetric anionic polymethines
 

O O
B

F F

O O
B

F F

X

79 (X = H)81 (X = Cl) 80 (X = NO2)

700 nm

5 nm� 64 nm�

�
a
max =

� [M
�1

cm
�1

] =

705 nm 636 nm

192000 165000 93000

[Alk3NH]

1 3 5

2 4

Figure 6. An example of alterations of the optical properties of the anionic dye through structural modifications  
of the π-chain (in DMSO)
 



ISSN 2308-8303 (Print) / 2518-1548 (Online) 41

Journal of Organic and Pharmaceutical Chemistry 2022, 20 (4)

character (the D–π–A–π–D type) [94]. In contrast  
to mesoionic cyanines built on the squarate or cro- 
conate core [95, 96], which also have a quadrupo- 
lar structure, the F2DB-containing polymethines  
of the D–π–A–π–D type are characterized by the  
predominance of the neutral resonance form (with- 
out a charge separation) in the ground state.

The research on the F2DB-containing quad-
rupolar merocyanines laid essentially dormant 
until 2009 when compounds 84 and 85 were dis-
covered to have a strong fluorescent response 
upon binding to amyloid-β (Aβ) deposits [97] – a 
hallmark of Alzheimer’s disease [98]. From this 
time on, both the diversity of the F2DB-contain-
ing quadrupolar merocyanines and the range of 
their applications have been constantly growing. 

3.1. Synthesis of BF2-curcuminoids 
Two general methods have been developed for  

the synthesis of dyes with the dioxaborine ring 
in the polymethine chain. The first one is the 
condensation of BF2-acetylacetone with aromat-
ic or cinnamic aldehydes [99] in the presence of 
either (i) base only (such as triethylamine [97], 
tetrahydroisoquinoline [68], or piperidine [100]) 
or (ii) base (often n-butylamine) with trialkyl 
borate as an additive [8, 101]. Trialkyl borate is 
shown to significantly increase the product yield 
though its mechanism of action has not been 
conclusively understood so far. 

The intermediate half-product can be isolat-
ed and put into the reaction with another aldehy- 
de, thus yielding an asymmetric dye (Scheme 8)  
[68, 94, 99, 101].

The second method is a two-stage sequence 
with the initial construction of the β-diketonate-
containing polymethine (curcumin-like scaffold 
or curcuminoid) followed by its treatment with 
BF3 (Scheme 9) [102 – 105]. Acetylacetone (or its  
5-alkyl- or 5-arylsubstituted derivative) reacts with  
boric anhydride producing the tetracoordinated 
boronic intermediate, which is further subjected 
into the reaction with aromatic aldehydes in the 
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presence of n-butylamine and trialkyl borate. 
The product of this reaction is a tetracoordinated 
bis-curcuminoid, the acid-promoted decomposi-
tion of which results in a release of the curcumi-
noid scaffold. Then its treatment with BF3·Et2O 
fastens the β-diketonate backbone with the BF2 
group, forming the dioxaborine core. 

3.2. Spectral characteristics 
Basic spectral properties of the BF2-curcumi-

noids are similar to those of dipolar F2DB-mero-
cyanines of type I: they absorb mostly in the vi- 
sible range with the molar attenuation coeffici- 
ents rarely exceeding 100000 M-1 cm-1.

BF2-chelated curcumin absorbs bathochromi- 
cally by 82 nm (in DCM) and more intensely than  
the parent compound (Figure 9) [106]. The fluo- 
rescence quantum yield is also larger for the BF2- 
derivative though the reported data on the Φf ran- 
ge of BF2-curcumin is not conclusive. For exam-
ple, paper [106] provides the Φf value of 0.34 in 
DCM, while earlier data from [107] give twice as 
large figure.

Similar to dipolar type I merocyanines, the po- 
sition of λa

max is more sensitive to the structural  
modification of the end-groups than to the chan- 
ge of the π-chain length. For example, vinylene 
shifts of quadrupolar BF2-merocyanines amount 

to approximately 50 nm depending on the end-
groups (52 nm for 87 → 92; 34 nm for 91 → 93;  
Table 13) [100], while the replacement of H-atom  
by a dimethylamino group in the para-position 
of phenyl rings shifts the absorption maximum 
bathochromically by 150 nm (87 → 85). Note that  
the fluorescence intensity of 85 is nearly twice 
as large as that of 87. The introduction of an 
electron-withdrawing cyano group at position 4 
of phenyl rings shifts the long-wavelength λa

max 
hypsochromically by 26 nm with a little change 
of the fluorescence intensity [105].

BF2-curcuminoids are positively solvatochro-
mic, though the absorption maximum shift with 
an increase of the solvent polarity is not as large 
as for type I F2DB-merocyanines [102]. However,  
in contrast to both dipolar and anionic dioxabo- 
rine-containing polymethines, quadrupolar BF2-
merocyanines are characterized by much more 
noticeable redshift of the emission maximum with 
the solvent polarity increase (Table 14). Moreover,  
the fluorochromic effect is larger for dyes bear-
ing stronger electron-donating end-groups (com-
pare Δvs values of 91 and 94, Table 14).

The detailed investigation of the impact of both 
the electron donor strength of the end-groups and 
the nature of the solvent on spectral properties  
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of BF2-curcuminoids is reported elsewhere [94,  
102, 108 – 111]. Generally, positive fluorochromism  
can be explained by higher energy requirement 
for the polar solvent to rearrange the solvate shell  
around the quadrupolar molecule during the re-
laxation from the Frank-Condon excited state S1

FC  
to the relaxed state S1 [102]. Since the excited sta- 
te S1 is more polar than the ground state S0 and is 
characterized by the intramolecular charge trans- 
fer, enhancement of the electron donor power of 
the end-groups has an additional effect on the 
energy profile of relaxation S1

FC → S1, which re-
sulted in higher magnitudes of the Stokes shift 
[94, 102, 109].

3.3. Applications 
The range of applications of BF2-curcuminoids  

is varied broadly and predominantly relates to  
biochemical research. For example, besides dyes 
84 and 85, several other similar probes were 
developed for targeting amyloid-β aggregates. 

These include dye 95, which was specifically de-
signed to target soluble forms of Aβ [68], allow-
ing detection of the early stages of the disease, 
when symptoms had not yet become apparent.  
Bifunctional probe 96 is proved effective for both 
targeting the Aβ deposits and inhibition of the 
metal-catalyzed cross-coupling of Aβ [112].  
The latter ability greatly diminishes the speed of  
formation of insoluble forms of Aβ plaques, thus 
slowing down the disease progression. Probe 97 
capable of detecting both soluble and insoluble 
Aβ species by applying the near-infrared fluores- 
cence (NIRF) molecular imaging [113]. It was the  
first time when the NIRF technique was demon-
strated to be effectively used for the therapy of 
Alzheimer’s disease.

The mechanism of action of compounds 95 – 97  
is based on non-covalent interaction between the 
probe and a biomolecule. The BF2-curcuminoid 
scaffold is also suitable for designing probes for 

Table 13. Spectral properties of BF2-curcuminoids 86 – 93 in DCM

O O
B

F F

n n

R R

Dye n R λa
max [nm] ε × 10-5 [M-1 cm-1] λf

max [nm] Φf Δvs [cm-1]
86 1 CN 421 0.59 – 0.19 –
87 1 H 447 0.45 484 0.24 1710
88 1 Me 464 0.56 – 0.15 –
89 1 Br 433 0.41 – 0.08 –
90 1 SMe 503 0.86 – 0.55 –
91 1 OMe 489 0.76 546 0.49 2130
85 1 NMe2 597 0.45 681 0.47 2070
92 2 H 499 0.81 556 0.27 2050
93 2 OMe 523 0.83 625 0.24 3120

 

Table 14. Spectral properties of dyes 91 and 94 in solvents of different polarity

O O
B

F F

91
MeO OMe

O O
B

F F

94
MeO OMe

91 94
Solvent λa

max [nm] λf
max [nm] Φf Δvs [cm-1] λa

max [nm] λf
max [nm] Φf Δvs [cm-1]

CCl4 477 492 0.20 640 523 561 0.23 1300
Et2O 475 497 0.24 930 516 587 0.29 2340

AcOEt 480 515 0.35 1420 524 590 0.31 2140
DCM 488 538 0.44 1910 536 616 0.39 2420

acetone 483 534 0.45 1980 532 622 0.21 2720
MeCN 483 549 0.51 2490 530 651 0.12 3510
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specific covalent targeting where functionali- 
zed electron donor end-groups serve as active 
sites. The illustrative example is compound 98, 
which was developed for detecting mitochon-
drial cysteine (Cys) [114]. The acrylic ester ac-
tive site of probe 98 cleaves upon the presence 
of cysteine, thus ratiometrically detecting the 
biothiol.

Besides cysteine, homocysteine (Hcy) and glu- 
tathione (GSH) can be targeted using fluorogenic  
probe 100 [115]. Upon the interaction with bio-
thiols the 2.4-(dinitrobenzene)sulfonate active 
groups are cleaved releasing BF2-curcumin.  
The process is accompanied by an increase of 
the fluorescence intensity at 610 nm.

For targeting of γ-glutamyl transpeptidase 
(GGT) – a biomarker, the accumulation of which 
is connected with progression of several types of 
cancer – the fluorogenic probe 101 was designed 
[116]. The cleavage of the glutamyl substituent 
of compound 101 in the presence of GGT is ac-
companied by a strong fluorescence response in 
the far-visible region.

In addition to biomedical research, BF2-cur- 
cuminoids were also examined for applications in  
photovoltaics. For example, compounds 103 – 105 
were utilized as donor materials in solution-
processed bulk-heterojunction organic solar cells  
(BHJ OSCs) by blending with acceptor [6,6]-phenyl- 
C61-butyric acid methyl ester [117]. The result-
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ing photoelements displayed the power conversion 
efficiency up to 4.14 %, thus showing potential of 
quadrupolar BF2-merocyanines for fabrication of 
BHJ OSCs.

The very BF2-curcumin was shown to be 
highly sensitive to the presence of a cyanide 
ion [107, 118]. The interaction of CN- with BF2-
curcumin leads to a considerable redshift of the 
absorption maximum (from 507 nm to 649 nm) 
with concomitant quenching of the fluorescence 
emission. These spectral effects are caused by de- 
protonation of hydroxy substituents of the end-
groups yielding the dianion (in non-aqueous me- 
dia), which have no detectable emission due to  
the photoinduced charge transfer from the nega- 
tively charged end-groups to the dioxaborine core.  

Besides cyanide, bisulfite ion can be also detect-
ed by BF2-curcumin [119] though in this case the  
sensory mechanism is different. HSO3

- acts as a 
Michael donor attacking the double bonds of the 
π-chain and forming adduct 106 (Scheme 13). 
As a result, the π-conjugated system of the dye 
becomes fragmented and the peak at 620 nm 
disappears.

4. Meso-cyano-substituted dioxaborine –  
         a new building block for the  
         brightest polymethines 

Despite a broad range of applications, quadru-
polar dioxaborine-containing merocyanines were  
only represented by BF2-curcuminoids not so long  
ago. While there is a vast diversity of dipolar  
F2DB-merocynines with weak (type I) and strong  
(type II) electron-donor end-groups until recently 
there was only one quadrupolar F2DB-merocy- 
anine constituting strong electron-donor end-
groups [120]. With the advent of the BF2-com-
plex of meso-cyano acetylacetone the diversity 
of such compounds has become greatly enriched 
(Figure 12). Moreover, the exploration of chemi-
cal properties of 107 yielded new types of poly- 
methine dyes, such as mero-anionic and polyanio- 
nic polymethines possessing outstanding spectral 
properties.
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4.1. Quadrupolar merocyanines  
            and mero-anionic dyes 

The key feature of the cyano-substituted 
BF2-acetylacetone is higher acidity of its methyl  
groups compared to the parent compound 2, thus  
making substrate 107 more active towards elect- 
rophiles. Thus, while the reaction of BF2-acetyl- 
acteone with cationic hemicyanines often results  
in mono-condensation, since the activity of the se- 
cond methyl group gets too low for the reaction  
to proceed further, bis-condensation products  

are easily obtained by the reaction of 107 with  
hemicyanines even at room temperature (Sche- 
me 14) [121].

A high activity of the methyl group of the half- 
product (i. e., the product of the mono-condensa-
tion of 107 with hemicyanines) allows carrying 
out chemical transformations with other electro- 
philes. For example, the reaction of such half-pro- 
ducts with ethoxymethylene or 2-anilinovinyl de- 
rivatives of CH-acids in the presence of a base, such 
as triethylamine or diisopropylethylamine, and  
acetic anhydride results in the formation of poly- 
methines of the unusual D–π–A–π–A′ type (Sche- 
me 15). Since these compounds comprise the dipo- 
lar merocyanine (D–π–A) and non-symmetric anio- 
nic (A–π–A′) parts in their scaffold, the dubbing 
“mero-anionic” dyes was introduced for distinguish-
ing them from other types of polymethines [122].

The tendencies in alterations of spectral pro- 
perties upon the transition from BF2-curcuminoids  
to quadrupolar merocyanines with heterocyclic 
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end-groups is similar to those of the transition 
from type I to type II dipolar F2DB-merocyani- 
nes (see Sect 3.3.). For example, the quadrupo- 
lar merocyanines absorb and emit mostly in the 
NIR spectral range (Table 15) [121]. While molar 
absorptivities of BF2-curcuminoids are usually 
below 100000 M-1 cm-1, the D–π–A–π–D type  
F2DB-containing polymethines have the attenu-
ation coefficients of 250000 M-1 cm-1 and above. 
Their fluorescence quantum yields also tend to 
be higher, reaching, for example, 0.72 and 0.68 
in DCM for polymethines with indolenine and 
benzothiazole end-groups (108 and 109), respec-
tively. Vinylene shifts are also higher than in 
BF2-curcuminoids, equaling 73 nm for 108 → 110  
and 68 nm for 110 → 111.

Mero-anionic dyes are also characterized by 
an intense absorption and a strong fluorescence 
in far-visible and NIR regions (Table 16) [122].  
The distinctive feature of mero-anionic dyes is a 
broad range of modulation of optical properties by  
tuning the structure of the accepting end-group.  
For example, dyes with the malononitrile end-group  
(112 and 116) are characterized by relatively low mo- 
lar attenuation coefficients, while the molar absorp- 
tivity of dyes 115 and 119 bearing the coumarino-
dioxaborine end-group reaches 300000 M-1 cm-1.  
The vinylene shift is in a range of 60 – 80 nm de-
pending on the structure of the end-groups.

4.2. Polyanionic polymethines 
Synthetic possibilities of meso-cyano-substi- 

tuted dioxaborine 107 go beyond synthesis of  

Table 15. Spectral properties of quadrupolar cyanodioxaborine-containing polymethines in DCM

CN

O
B

O

F F

X

N N

X

R R
n m

Dye X R n m λa
max [nm] ε × 10-4 [M-1 cm-1] λf

max [nm] Φf

108 C(CH3)2 CH3 1 1 667 2.75 702 0.72
109 S C10H21 1 1 702 2.89 730 0.68
110 C(CH3)2 CH3 1 2 740 2.42 792 0.45
111 C(CH3)2 CH3 2 2 808 2.59 880 0.07

 

Table 16. UV-Vis spectral characteristics of mero-anionic dyes
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112   11, 6 115, 119114, 11811 113, 7

Dye R n Y+ Solvent λa [nm] ε × 10−5 [M−1 cm−1] λf [nm] Фf ε × Фf × 10−5 [M−1 cm−1]

112 CH3 1 [Et4N]+ DCM 598 0.86 629 0.20 0.17
DMF 605 1.59 634 0.61 0.97

113 CH3 1 [Et3NH]+ DCM 621 2.18 652 0.84 1.83
DMF 623 2.09 651 0.64 1.34

114 CH3 1 [Et3NH]+ DCM 634 2.33 664 0.83 1.92
DMF 638 2.52 663 0.80 2.02

115 CH3 1 [Et3NH]+ DCM 706 2.86 729 0.50 1.42
DMF 706 3.37 733 0.52 1.30

116 nPr 2 [Et3NH]+ DCM 670 1.19 724 0.19 0.22
DMF 675 1.20 729 0.37 0.44

117 nBu 2 [iPr2EtNH]+ DCM 697 1.59 743 0.32 0.51
DMF 694 1.47 743 0.32 0.46

118 nBu 2 [iPr2EtNH]+ DCM 710 1.79 757 0.41 0.74
DMF 716 2.08 759 0.49 1.02

119 nPr 2 [Et3NH]+ DCM 776 2.61 813 0.20 0.53
DMF 777 3.03 823 0.060 0.18
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Table 17. Spectral properties of polyanionic dyes in DMF
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Dye End-group Y+ λa
max [nm] ε × 10−5 [M−1 cm−1] λf

max [nm] Фf ε × Фf × 10−5 [M−1 cm−1]
Dianionic polymethines

124 malononitrile [Et4N]+ 538 2.38 553 0.90 2.14
125 1,3-dimethylbarbituric acid [Et3NH]+ 570 2.53 586 0.92 2.33
126 1,3-diethylthiobarbituric acid [Et3NH]+ 597 2.93 614 0.87 2.55
127 1,3-indandione [iPr2EtNH]+ 624 3.26 640 0.61 1.99

Trianionic polymethines
128 malononitrile [nBu4N]+ 687 4.29 705 0.73 3.13
129 1,3-dimethylbarbituric acid [nBu4N]+ 705 4.21 725 0.64 2.69
130 1,3-diethylthiobarbituric acid [nBu4N]+ 722 4.32 741 0.49 2.12
131 1,3-indandione [nBu4N]+ 751 4.95 770 0.50 2.48

 
quadrupolar merocyanines and mero-anionic dyes.  
Recently, the first representatives of dianionic 
[123] and trianionic [124] polymethines were syn- 
thesized (Scheme 16). For the synthesis of dianio- 
nic polymethines, the intermediate bis-hemicy-
anine 121 was obtained, while bis-hemicyanine 
123, a precursor to trianionic dyes, was obtained 
in several steps from compound 120. Subjecting 
compounds 121 and 123 into reactions with CH-

acids (malononitrile, 1,3-indandione, barbituric 
and thiobarbituric acids) yields the correspond-
ing dianionic and trianionic polymethines.

Dianionic and trianionic dioxaborine-contain- 
ing polymethines are strongly emissive, with the 
fluorescence quantum yield reaching 0.90 for di- 
anionic and 0.73 for trianionic dyes in DMF (Ta-
ble 17). While dianionic dyes fluoresce in the far- 
visible region, trianionic dyes emit in the NIR  
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region, thus becoming the brightest reported NIR- 
emitters among the polymethine dyes. Moreover,  
trianionic dyes are characterized by a remarkably  
high molar attenuation coefficients, reaching, for  
example, 495000 M-1 cm-1 for dye 131 in DMF. 
The fluorescence brightness of polyanionic di-
oxaborine dyes is also unmatched among poly-
methines, reaching or exceeding the value of 
250000 M-1 cm-1 in DMF.

■ Conclusions

Modern organic chemistry is driven by a rising 
demand for high-performance materials for ap-
plications in both existing and emerging techno- 
logies. Dioxaborine-containing π-conjugated sys- 
tems are a good example of versatile functional 
compounds that combine high synthetic poten-
tial and flexibility in molecular modelling. As was  
outlined in the present Perspective, these featu- 
res allow creating highly effective solutions based  
on the F2DB-containing dyes for various kinds of  

photoenergy-transformation domains, ranging 
from biomedical research to non-linear optics.  
With scores of new publications each year, the con- 
tribution of dioxaborine-containing compounds to  
the development of a new generation of materi- 
als possessing specific physicochemical properties  
has been constantly growing. An illustrative ex-
ample is the recently reported synthesis of high-
ly fluorescent polyanionic dyes, which exposed 
vast potential of the F2DB core for obtaining 
bright NIR fluorophores. Further research may 
revolve around the synthesis of water-soluble di-
oxaborine-containing polymethines, which ma- 
kes them highly attractive probes for medicinal 
application. Overcoming the intrinsic instabili-
ty in relation to acidic and basic solvolysis is an-
other promising path for further investigations. 
We believe that this review will serve as a useful 
guide in navigating a vast body of research dedi-
cated to diverse types of dioxaborine-containing 
polymethines, kindling thus an additional inter-
est for future studies.
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