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Abstract 

An unprecedented chromophore, based on a nitrogen fused tricyclic heterocycle, is presented. This 

prototype molecule can be considered a “rigidified” monomethine cyanine dye and the central core is 

isoelectronic to pyridine-based BODIPY analogues, such as boron difluoride dipyridylmethene. The 

chromophore was synthesized and its photophysical properties examined. The new molecule can be 

considered the starting point to develop dyes, fluorophores or dual-emission fluorescent probes with 

excitation window in the green region of the spectrum. 

  



1. Introduction 

Since Perkin’s accidental discovery of mauve in 1856, synthetic dyes replaced those of natural origin 

and today only logwood is commercially employed. Considering their scientific and technological 

applications, it is clear that dyestuffs not only have aesthetic or commercial values and small organic 

dyes and fluorophores are indeed fundamental tools for biological, medical and chemical research. 

Many organic chromophores have been developed and, after a century of chemistry, xanthene, 

coumarin, resorufin, acridone, cyanine and BODIPY derivatives are commonly employed to stain, 

label or probe chemical and biological systems.[1–5] Such organic compounds are relatively 

inexpensive, easy to handle and generally applicable to any sample. Indeed, they endured the advent 

of fluorescent proteins, quantum dots, luminescent complexes and other platforms.[6–8]  

Despite this long history, the structural modification of small organic dyes and fluorophores 

continues to be an active and stimulating topic. For example, although fluorogenic molecules excited 

in the ultraviolet, blue, orange and red are well established, there is no general scaffold for molecules 

excited with green light (∼545 nm), leaving this spectral region underutilized in experiments involving 

fluorogenic compounds.[9] In the last ten years, many efforts have been made to replace the oxygen 

in the xanthene scaffold with carbon,[9–11] silicon,[12–14] germanium or tin,[15] 

phosphorus,[16,17] or sulphur,[18] in order to get longer wavelength derivatives. 

 

 

Figure 1. Chemical structure of xanthene, BODIPY and DIPYR. 

This paper describes the development of a new heterocyclic scaffold (Fig. 2), consisting in a nitrogen 

fused tricyclic heterocycle, structurally halfway through xanthenes and BODIPYs. As BODIPYs it can 

be considered as being a “rigidified” monomethine cyanine dye and the central core is isoelectronic 

to pyridine-based BODIPY analogues, such as boron difluoride dipyridylmethene (DIPYR, Fig. 1).[19] 

2. Results and discussion 

The core of this prototype chromophore consists of a zwitterionic structure derived from the 6H-

dipyrido[1,2-c:2',1'-f]pyrimidin-5-ium, with a negative charged oxygen balancing the charge of the 

pyrimidinium moiety. Depending on the pH of the medium, the molecule is present in the acid form 

1 (zwitterionic imidic acid in solution and amide tautomer in the solid state) or in the base form 2. To 

the best of our knowledge, this scaffold has never been reported before. The closer reference in the 

literature is the structure hypothesised by G. Scheibe and co-workers in 1961 for a red dye, named 

“pyridinrot” (pyridine red) by analogy with quinoline red derivatives.[20,21] 

 

Figure 2. Chemical structure of 1 (imidic acid and amide tautomers) and of its conjugate base 2. 



Compound 1 was synthesized reacting bis(pyridin-2-yl)methanamine with trifluoroacetic anhydride in 

presence of pyridine, in a dichloromethane solution at –15 °C, scheme 1 (see supplementary material for 

details). These reaction conditions also lead to the formation of a 14% of 1-(pyridin-2-yl)-3-

(trifluoromethyl)imidazo[1,5-a]pyridine side-product. Indeed, the pyridin-2-ylmethanamine skeleton is 

generally employed in analogous conditions to obtain a different cyclization (see scheme SI1)[22] and, 

actually, pyridin-2-ylmethanamine derivatives have been widely employed in different conditions to obtain 

several imidazo[1,5-a]pyridines in high yields.[23–26] On the other hand, bis(pyridin-2-yl)methanamine in 

the current reaction conditions mainly leads to this completely new cyclization, never reported before. 

 

Scheme 1. Synthesis of 1. 

Compound 1 was obtained as an orange powder, in high yield. High resolution mass spectrometry, 

infrared (Fig. S3) and 1H- 13C- 19F-NMR spectroscopies (Fig. 3, 1H NMR of 1 and 2, and supplementary 

material Fig. S1) are consistent with the proposed structures. 

 

Figure 3. 1H-NMR spectra of 1 (orange) and 2 (violet) in acetone-d6 solution. 



The molecular structure of 1 (Fig. 4) was solved by single crystal x-ray diffraction on red prismatic crystals 

obtained by slow evaporation of a dichloromethane solution of 1. The molecule crystallizes in the non-

centrosimmetric orthorhombic space group Cmc21. The crystallization of achiral molecules in non-

centrosymmetric space group is a rare phenomenon, especially in the case of rigid molecules.[27] The 

polarity of the structure has been reliably assigned through Cu-Kα radiation diffraction measurement on the 

same crystal. The presence of a fraction of merohedral twinning, due to the energetic similarity of the two 

conformations, has been detected. The asymmetric unit (Fig. 4b) is doubled by the central mirror plane 

present in the molecular point group of the solidified configuration, indicating the molecule is achiral. 

The obtained molecular structure is quite unusual and displays a sp3 hybridized carbon (C2) embedded in a 

polycyclic aromatic system. Indeed, the careful analysis of the geometry demonstrates the partial, but 

relevant, delocalization of the double bonds along the three rings. Similarly to the boron atom of BODIPY, 

the C2 carbon atom is bound to two nitrogen of the heterocyclic aromatic system, while the other two 

positions are occupied by a –CF3 and an alcoholate group. From a thorough search in literature and on 

crystallographic databases we have not found anything similar. 

Looking in detail, the three rings in the molecular structure (Fig. 4a) are not perfectly coplanar: the angle 

between the centroids of the two lateral rings respect to the centroid of the central ring is 160.5(7)°, defining 

a bended scaffold. At the same time, the central ring adopts the boat conformation, with a distortion from 

planarity of 28.5(7)° on the C2 vertex and of 12.3(7)° on the C8 vertex. However, the bond distances around 

the C8 (dC8–C7 = dC8–C7’ = 1.394(3) Å) are shorter than an average single carbon-carbon bond and together with 

the almost planar geometry confirm that this fragment connects the two lateral aromatic rings by delocalizing 

double bonds. On the other hand, C2 presents a slightly distorted tetrahedral geometry (angN1–C2–N1’ = 

104.7(2)° and angO1–C2–N1 = 114.01(17)°), and the surrounding ring distances confirm its separation from the 

aromatic system (dC2–N1 = dC2–N1’ = 1.531(3) Å). At the same time, the C2–O1 distance is consistent with a single 

bond (dC2–O1 = 1.274(4) Å) and with the presence of a charged alcoholate group (complete absence of residual 

electron density characteristic of an alcoholic hydrogen). In the case of the C9–O2 bond, the shorter distance 

(dC9–O2 = 1.206(4) Å) is consistent with the double bonded carbonyl of the amidic group (see Fig. S2 in the 

supplementary material for the comparison with the distance distribution in the CSD database), that is 

reflected in the vibrational spectra of the solid sample by the C=O stretching at 1730 cm–1 and by the N–H 

stretching at 3100 cm–1 (Fig. S3). This characteristic, together with the C8–N2 distance of 1.426(4) Å, confirms 

the presence of the amide tautomer in the solid state, respect to the imidic acid form present in solution 

(C=N stretching at 1750 cm–1 and O–H stretching at 3390 cm–1, Fig. S3). This fact is quite common and can be 

attributed to the packing forces. In the crystal, the amidic and the alcoholate groups are involved in the 

formation of hydrogen bonded chains along the c-axis (Fig. 4c), further confirming the position of the 

tautomeric hydrogen. 



 

Figure 4. a) X-ray structure of 1 (amide tautomer) with displacement ellipsoids drawn at 50% probability, b) 

asymmetric unit with atom labels and numeration followed in the text, c) hydrogen bonded chain of 

molecules along the c-axis. 

The optical characterization of the new scaffold was carried out in aqueous solution. The UV-vis electronic 

absorption and emission spectra of 1 and 2 are reported in Fig 5. The main absorption band of 1 falls in the 

blue region of the spectrum (at 500 nm). When the pH changes from 9.0 to 11.0, the orange solution of 1 

turns violet (see inset Fig. 5). The corresponding UV–vis spectrum of 2 is characterized by an intense 

absorption in the green region of the spectrum (at 560 nm), highlighting a bathochromic-shift of about 60 

nm of the low energy absorption band upon deprotonation of 1 to form 2. Meanwhile, the green fluorescence 

emission of 1, centred at 540 nm, disappears in favour of the new emission peak of 2, in the red region of the 

spectrum (630 nm). The emission quantum yield and lifetime of this prototype (φ 1% and τ = 3 ns for 1, lower 

for 2) are limited and could be improved by appropriate modification to alter properties and function, as 

successfully achieved for all the fluorophore classes currently in use.[6,28] The double emission (in the green 

region for 1 and in the red region of the spectrum for 2), together with the excitation windows of 2 in the 

green, a spectral region chronically underutilized due to the lack of commercial fluorophores, make this new 

scaffold extremely promising. 



 

Fig. 5 UV–vis absorption (solid lines) and emission (dashed lines) spectra of 1 (orange, pH 9.0) and 2 (violet, 

pH 11.0) in aqueous solution. Insert: image of the solutions of 1 and 2. 

The spectrophotometric determination of the equilibrium constant (Fig 6) provided a value of pKa = 9.98. At 

physiological pH the molecule is present in the zwitterionic form, a fundamental characteristic for cell 

membrane permeability. 

 

 

Fig. 6 Absorbance curves for acidic (pH 2, orange curve), basic (pH 14, violet curve), and intermediate pH 

(grey curves) solutions. 

DFT and TDDFT calculations, performed to gain insights into the structural and electronic properties of 1 and 

2, are in perfect agreement with the experimental results (B3LYP/6-311G**/PCM level of theory, see 

computational section of the supplementary material for more details). In particular, the comparison of 

experimental and calculated absorption spectra (Fig. 7) displays a very good match, allowing to characterize 

the main absorption feature of both 1 and 2 as originating from a π-π* electronic transition (see Fig. S4) 

involving the depopulation of the HOMO and the population of the LUMO. The bathochromic shift of the low 

energy absorption band upon deprotonation is accurately reproduced by TDDFT calculations (0.27 eV for 

both experimental and calculated values), and can be ascribed to an energy increase of the HOMO of 2, if 

compared to 1. 



 
Fig. 7 Experimental electronic absorption spectra of 1 (top, orange curve, pH 2) and 2 (bottom, violet curve, 

pH 14) in aqueous solutions together with calculated singlet excited state transitions (vertical bars with height 

equal to the oscillator strength (f) values). 

3. Conclusions 

In conclusion, we report here an unprecedented molecular scaffold suitable to develop new small dyes. The 

proposed zwitterionic structure is water soluble, stable in a large pH range and can be obtained in a simple 

and economical way, through a single synthetic step that does not require organometallic reagents, unlike 

replacing the ether functionality of the xanthene ring. Furthermore, the unprecedented X-ray structure 

obtained for the amide tautomer of 1 could clarify a number of molecules obtained in the past, such as the 

“pyridinrot”, whose structure in fact remained unknown. 

The optical properties of the neutral form (1) and its conjugated base (2) are extremely promising. The 

scaffold can be considered the starting point to develop dyes, fluorophores or dual-emission ratiometric 

fluorescent probes for analytical sensing and optical imaging. In particular, the excitation windows of the 

base form, in the green region of the spectrum, covers a spectral region chronically underutilized in 

experiments involving fluorogenic compounds, due to the lack of fluorophores. At the current stage, the low 

emission quantum yield and the short lifetime could be improved, although this is not so critical for 

ratiometric fluorescence probes with two reversible signal changes. Future synthetic efforts are planned in 

our laboratories to obtain superior structural analogues. 
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