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Abstract

Small fluorescent π-conjugated indolyl-based molecules 4-6, 23 are prepared through direct Fischer synthesis or/and Stille cross-coupling method in
appreciable yields. Our synthetic results have shown the benefits using Stille approach when Fischer double cyclisation method to access the bisindole

dyads 4-6, 23 is not efficient. The synthetic routes to these materials have been designed to investigate the substrate requirements for the respective

cyclisation and CC-coupling reactions and to evaluate their wider synthetic applicability. Comparative analysis of the different substituents and the

different π-bridging units e.g. pyridine, thiophene and thiazole on the electronic and photophysical properties of the final compounds 4-6, 23 has been

carried out. The structure−property relationship of the final bisindole dyads has been investigated via photophysical characterisation, and

computational modelling. The obtained compounds absorb near-UV and visible (blue) light, with the spectral range dependent on the nature of the π-

bridging units, and are of bright blue emission.

Introduction

The role of fluorescent materials in multidisciplinary fields is recognised worldwide. This wide applicability in chemosensing [1-3], bio-imaging[4]

and devices fabrication[5] has attracted considerable scientific and industrial interest. [6,7] In particular, organic π-conjugated semiconductors
have shown to be successful components in a range of optoelectronic devices [8-11], including photovoltaic cells[12-15], organic field effect
transistors[16], organic light emitting diodes (OLEDs)7,17,18] and UV detectors for scientific, commercial, civil and military[19,20] applications.
Although metal free small organic molecules have rather limited π-conjugation, they can intrinsically display deep-blue emission as well as
high fluorescence (F) yields.[18,21,22] Other advantages include precise chemical structure, high purity and high thermal stability, making them
attractive targets. They can be classified based on generic scaffolds including anthracene, phenanthrene, imidazole, triphenylamine and
carbazole motifs.[6,7,23] While a large number of such molecules has been developed, the increased demand in cost-effective blue-emitting
materials for OLEDs commercialisation [7] highlighted a necessity of rational design and sustainable synthetic strategies to achieve the full
potential of these technological applications. [24-26] Indoles are electron-rich small aromatic heterocycles widely occurring in nature. Importance
of indole and its derivatives cannot be underestimated, as they often play an important role of bioactive scaffolds in biologically significant
compounds.[27-33] However, their potential as fluorescence emitting materials has not been significantly explored in comparison to other
popular organic chromophores.

Our main objectives for this study are to explore the structure-property relationship that governs chemistry and photophysics of the indole-
based blue-emitting materials. Design of π-conjugated materials often involves a bridging unit, which extends the conjugation, enables
efficient spatial charge separation between donor and acceptor units and controls overall rigidity of the molecular framework. In this study,
we have focused on pyridine, thiophene and thiazole units linked with an indole moiety bearing a donor or an acceptor group. To access
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these materials, we have considered two synthetic strategies: (i) Stille coupling utilising organostannes, which are relatively stable to moisture
and oxygen and can be synthesised from commercially available and cheap precursors [34,35], and (ii) a concurrent double Fischer indole
synthesis using bishydrazones. This presents a unique opportunity to investigate CC bond formation methods to access C2-functionalised
indoles and to explore how the substrate requirements for these respective cross coupling reactions can influence structure−property
relationship of the final indole-based dyads. These dyads’ optical absorption and emission properties are then investigated, and are found to
be governed by the nature of the bridging unit and the charge-transfer character of the excitations; they are also subtly influenced by the
nature of the donor or acceptor substituent in the indole.

Results and Discussion

Fischer bis-indole synthesis

Bis(indolyl)pyridines 4 and 5 can be prepared via a two-step Fischer synthesis. The first step involves the reaction between 2,6-
diacetylpyridine and two equivalents of an appropriate p-substituted phenyl hydrazine in ethanol, leading to the formation of 2,6-
diacetylpyridinebis(hydrazones) 1-3 in excellent yields of 73-93%. (Scheme 1) 1H NMR confirms that the compounds 1-3 exist in a sole
hydrazone form in the solution. In the second step, the compounds 1-3 are cyclised in the presence of polyphosphoric acid (PPA) at 100°C
into the corresponding bisindoles 4 and 5. In the case of bishydrazone 3, the methoxy group at the phenyl ring has a dramatic effect on the
outcome of the cyclisation step. Under these established conditions, no product is formed. Alternatively, we have attempted direct hydrazone
cyclisation methods either using NaOAc in HOAc or Eaton’s reagent (MeSO3H/P2O5) and cyclisation strategy of in situ generated hydrazone
using low meting L(+)-tartaric acid:DMU or pTSA reagents under microwave irradiation (MW295, 20 bar, 2.5 h, 120°C). However, none of
the aforementioned conditions can overcome the energy barrier for bisindole 6 formation. The reaction progresses very slowly giving a rise
to a semi-cyclised intermediate in the range of 10-19%, target compound 6 in the poor yield of 7% and the starting bishydrazone 3.

Scheme 1. Synthesis of bishydrazones 1-3 and bisindoles 4-6 via Fischer

Although this strategy yields in bisindoles 4 and 5, it is rather limited by
availability of the biscarbonyl compounds and the reaction’s outcome is

strongly driven by the electronic nature of substituents of the hydrazine reagents. [36,37] Thus, we have explored an alternative approach that
can be used to access the target compounds.

Functionalisation of the indole’s C2 position

There is a strong preference for electrophilic substitution at the five-membered ring of the indole. We decided to exploit two alternative
strategies to functionalise the C2-position: (i) via halogenation and (ii) via metalation. To investigate the full potential of both approaches, we
have prepared 3-substituted indoles bearing aryl and alkyl substituents. Compounds 7 and 8 are produced via one-pot Fischer indole
synthesis by simply heating the commercially available 4-methoxyphenylhydrazine and an appropriate aldehyde under acidic conditions. The
choice of the acid is crucial as it determines the cyclisation rate. [38] Acids such as AcOH and H2SO4 do not lead to the product formation.
However, a mixture of acetic acid with NaOAc or NH4OAc, which can act as a buffer keeping the pH level relatively constant during the
reaction, facilitates the cyclisation to give the 3-phenyl-1H-indole 7 and 3-butyl-1H-indole 8 in the yields of 65% and 69%, respectively.
Halogenation proceeds generally at the C3-position, but if blocked, the reaction can occur at the C2-position. However, the presence of
substituents in the indole may influence the course of the substitution. Halogenation of the 3-phenyl-1H-indole 7 leads to a complex mixture
of dihalogenated products. 3-Butyl-1H-indole 8 results in the formation of mono- and dibrominated species 10 and 11, respectively. Moreover,
these halogenated indoles show to be very unstable, limiting their use as versatile precursors. (Scheme 2)

Scheme 2. Alternative synthetic routes: halogenation of the 3-substituted indoles and
synthesis of 2-stannylindoles 15-17

Consequently, we have investigated an alternative metalation route. 1,2-
Bismetallated indoles cannot be directly generated due to a low reactivity
of the 1-indolyl anion[39,40], thus N-protection[41] should be carried out first.
We have used PhSO2-protecting group, as its electron-withdrawing
nature favours C2-regioselectivity for the generation of lithioindole

derivatives. Electron rich 3-butyl-1H-indole 8 gives the N-protected indole 12 in the moderate yield of 57%. In contrast, the 3-phenyl-1H-
indole 7 and 5-methoxy-1H-indole 9 can be deprotonated easily with NaH at 0°C followed by an electrophilic attack of PhSO2Cl, yielding the
target indoles 13 (87%) and 14 (79%), respectively. To functionalise the C2-position, lithiation of N-protected indoles 13 and 14 with nBuLi
or LDA is carried out. Subsequently, the lithiated species generated are quenched with an electrophile, such as Me3SnCl, forming the stannyl
derivatives 15 and 17 in the yield of 35% and 67%, respectively. Peculiarly, an attempt to improve the yield of 15 by increasing the amount
of nBuLi (over 1.4 eq) leads to the formation of compound 16. (Scheme 2)
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Stille CC cross-coupling

To understand how structural features of the substrate can influence the outcome of the reaction and to evaluate synthetic applicability of
the concurrent double Stille CC coupling, we have studied the reactivity of the 2-stannyl derivatives 15 and 17. An attempt to perform a one-
pot double Stille CC coupling between  the sterically demanding 3-phenyl-2-trimethylstannylindole 15 and 2,6-dibromopyridine in a ratio 2:1
in the presence of Pd(PPh3)4 and CuI in THF, leads to the formation of only the mono adduct 18 in the 84% yield. An attempt to carry out two
sequential couplings to access the bisindole, reacting starting stannyl indole 15 and dibromo compound in a ratio 1:1, leads to a dramatic
reduction in the yield of the mono adduct 18 from 84% to 20%. Also, a large amount of 2-unsubstituted indole 7 is recovered. Variation of the
reaction conditions does not result in any further improvement of the reaction outcome and no bisindole can be formed. (Scheme 3)
In contrast, bis(indolyl)derivative 6, which is not accessible via double Fischer synthesis, can be prepared via one-pot double Stille procedure
followed by deprotection. The reaction of the stannyl indole 17 with 2,6-dibromopyridine in presence of Pd(PPh3)4 (10%) and CuI (20%) is
shown to be very efficient, leading to bisindole 19 almost quantitatively (92%). Compound 19 can be deprotected using TBAF (3 eq) in THF
under reflux yielding the target bisindole 6. Chemical conversion for this step is 86%; however due to a low solubility of the crude mixture,
the analytically pure sample can be attained in the yield of 24%.

Scheme 3. General synthetic strategy to the indoles 18-25 via Stille CC coupling reactions

As the nature of the bridging unit impacts on the degree of conjugation, spatial separation between the units and the rigidity of the molecular
framework, we have investigated synthetic applicability of this strategy to access bisindole derivatives bearing thiophene and thiazole linking
groups. The CC-coupling between the stannyl indole 17 and the corresponding 2,5-dibromothiazole is carried out in the presence of
Pd(PPh3)4  (20%) and CuI (20%) as co-catalysts, leading to the formation of the bisindole 21, quantitatively. However, compound 21 appears
to be extremely sensitive to light and solvents; a rapid decomposition of the thiazole compound 21 makes  it  impossible  to  carry  out  the
deprotection step. The Stille CC-coupling between the stannyl indole 17 and the corresponding 2,5-dibromothiophene is carried out in the
presence of Pd(PPh3)4 (15%) and CuI (20%) to yield  compound 20 in the 89% yield along with the homocoupled adduct 22. In contrast to
pyridine derivative 6, deprotection of compound 20, using TBAF (5 eq), leads to the formation of the desired compound 23 in the yield of
40% and compound 24 in the yield of 30%.

Thermal stability (>200°C) is required from the materials to make them suitable for any practical device fabrication. We have evaluated the
thermal properties of the compounds 4-6 and 23 being able to tolerate the high temperatures. Thermal properties have been assessed by
Thermogravimetric Analysis (TGA) at a heating rate of 10°C per minute under nitrogen. The compounds exhibit good thermal-stabilities and
their decomposition temperatures (Td) are  up to 300°C.

Computational modelling: geometry, molecular orbitals and electronic properties

Electronic and optical properties of the compounds 4-6, 23 and 25 have been calculated using density functional theory (DFT) calculations [42-

45] and compared with experimental data. The optimized Cartesian coordinates can be found in the Supporting Information. Pyridine-based
bisindoles 4-6 (later on labelled as dihydrogenated bisindole pyridine H2BIP(R), where R = H (compound 4), OCF3 (compound 5) or OCH3
(compound 6)) have almost planar geometries (close to C2v symmetry); by comparison, the thiazole-based H2BIA(OCH3) (compound 25)
and the thiophene-based H2BIA(OCH3) (compound 23) are non-planar and display the C2 symmetry. The non-planarity can be quantified by
measuring the dihedral angles between the two indole groups: all the pyridiny-based molecules 4-6 have the dihedral angles of 4-7° in   MeCN
(7-14° in vacuum; H2BIP(OCF3) 5) is the most non-planar of the three H2BIP molecules), compared to 17° (or 34° in vacuum) for H2BIA 25

and 38° (or 49° in vacuum) for the most nonplanar H2BIT 23 molecule. The planarity of H2BIP 4-6 may be caused by hydrogen-bonding
interactions between indole imine hydrogens and the pyridine nitrogen, while hydrogen bonding to the sulphur atom in thiophene and thiazole
is less likely.

Figure 1 presents the two highest occupied molecular orbitals (HOMO-1 and HOMO) and the two lowest unoccupied molecular orbitals
(LUMO and LUMO+1) for each molecule (see also enlarged images in the Supporting Information). The molecular orbital plots show that the
HOMO and especially the HOMO-1 of the H2BIP 4-6 are mainly localised on the indole groups (with contributions from the methoxy groups
in the case of H2BIP(OCH3) 6), while the LUMO and the LUMO+1 are mainly localised on the pyridine rings. This different localisation of the
orbitals is expected to lead to charge separation in the photoexcited state. Charge separation is much less pronounced in the H2BIA 25 and
H2BIT 23 molecules; the LUMO+1, LUMO and HOMO and delocalised across the whole molecule; only the (isoenergetic) HOMO-1 and
HOMO-2 are localised on the indole groups and have no contributions from the thiophene or thiazole groups.
The energies of the three highest occupied orbitals and the two lowest unoccupied orbitals, together with the HOMO-LUMO gap energies for
all five molecules in acetonitrile solvent are shown in Figure 1. The gaps are very similar (within 0.08 eV) for all three H2BIP 4-6 molecules.
There is 0.7-0.8 eV overestimation of the calculated HOMO-LUMO gaps compared to experiment (Table 1), because the calculated HOMO-
LUMO gaps do not include exciton binding.[46] The gaps increase in the order H2BIP(OCH3)<H2BIP(H)<H2BIP(OCF3), in excellent
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agreement with experiment; the lowest gap of H2BIP(OCH3) 6 can be attributed to delocalisation of its frontier orbitals onto the methoxy
groups, while the higher gap of H2BIP(OCF3) 5 can be attributed to its non-planarity, and therefore lower conjugation in this molecule, and
to the electron-withdrawing nature of the trifluoromethoxy group. H2BIA 25 and H2BIT 23 have the gap 0.5-0.6 eV smaller than the H2BIP
molecules, showing the large effect of the central pyridine/thiophene/thiazole moiety. This change in the gap is mainly caused by the change
in the LUMO energies (Figure 1): the thiophene and thiazole-based LUMOs are lower than the pyridine-based LUMOs. The lowest bandgap
for H2BIA 25 can also explain a low light/chemical stability observed.

Figure 1. a) Molecular orbital plots for bisindoles (left to right) H2BIP(H) 4, H2BIP(OCF3) 5, H2BIP(OCH3) 6, H2BIA(OCH3) 25 and H2BIT(OCH3) 23. The LUMO+1,
LUMO, HOMO and HOMO-1 are shown for the first three molecules; the HOMO-2 is additionally shown for H2BIA(OCH3) 25 (isoenergetic to the HOMO-1); the HOMO-2
of H2BIT(OCH3) 23 is also isoenergetic to its HOMO-1 and has the same shape. b) Energies of the three highest occupied orbitals and the two lowest unoccupied orbitals
and the HOMO-LUMO gap energies of H2BIP 4-6, H2BIA(OCH3) 25 and H2BIT(OCH3) 23 in acetonitrile. These orbitals are the principal contributors to the lowest-energy
transitions

To investigate the competing effects of non-planarity and conjugation, an alternative structure (0.12 eV higher in energy) has been optimised
for H2BIP(OCH3) 6, with the C2 symmetry and O-C bonds of the methoxy groups not lying in the same plane as the indole rings. This
structure had smaller contributions of the methoxy groups to the occupied orbitals, and consequently had lower-lying occupied orbitals; the
HOMO-LUMO gap (3.96 eV) was slightly higher than for the most stable planar isomer (3.93 eV) but still below the 4.00 eV gap of
H2BIP(OCF3) 5. This shows that slight non-planarity in H2BIP(OCF3) has the effect of slightly increasing the band gap.

Optical properties: Experimental characterisation and theoretical analysis

Absorption and emission properties of the compounds 4-6 and 23 have been studied using UV-visible (UV/vis) and fluorescence spectroscopy.
The absorption spectra of the pyridine-linked series 4-6 with the electronically varied groups (H/OCH3/OCF3) display similarities in the near-
blue region. (Figure 2A, Table 1) This indicates that the indole-pyridine-indole core is the dominant feature of the main absorption between
280-380 nm attributed to π-π* transitions (see the computationally predicted contributions of transitions to the overall absorption spectrum in
Figure 2B). Absorption spectra for H2BIP series features a gradual enhancement of the long-wavelength band at ~345 nm
(H)<(OCH3)<(OCF3). The nature of the side groups of π-conjugated materials can also influence the absorption efficiency, the molar
absorptivity (e) increases dramatically in the following order 4(H)< 6(OCH3)< 5(OCF3). In comparison, the thiophene-linked material has an
absorption onset about 80 nm lower than that of the pyridine linked material 6. This can be largely attributed to the changes in donor−acceptor
character of the thiophene bridging unit. The compounds 4-6 and 23 are capable of producing a bright blue emission upon irradiation. (Table
1, Figure 2A) The compounds of the pyridine-linked series 4-6 show similar emission profiles, with the fluorescence maxima (around 400
nm) in acetonitrile almost identical for the compounds 4, 6 and slightly blue-shifted for the compound 5. H2BIT 23 displays a different
fluorescence spectrum and a lower onset of the emission. These changes are coherent with the theoretical calculations showing that the
thiophene-linked compound undergoes larger geometric transformations upon excitation.

Table 1. Experimental electronic and optical properties of the bisindoles 4-6, 23.

Absorbance Emission Bandgap
eV

lab/nm, e/M-1cm-1 lem, nm F , %

4   H2BIP(H) 320, 1.9 x 104

347, 2.2 x 104

403             40 3.26

5   H2BIP(OCF3) 317, 5.8 x 104

344, 7.4 x 104

393             92 3.36

6   H2BIP(OCH3) 352, 4.7 x 104 404             55 3.15

23 H2BIT(OCH3) 380, 1.35 x 104 435,465      35 2.75
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Efficiency of the fluorescence for the π-conjugated materials 4-6 and 23 is assessed through the fluorescence quantum yield (F) calculations.
F yield values are obtained according to the literature method [48] using anthracene and 9,10-diphenyl anthracene as cross-references; the
data is summarised in Tab1. The compounds 4, 6 and 23 give moderate F yields, showing only a modest impact of the donor substituents.
The best results are obtained for compound 5 bearing OCF3 group; here the highest F yield (0.92) of almost unity is recorded.

Figure 2. (from left to right) a) Experimental absorption and normalised emission spectra for 4-6 and 23 in acetonitrile. b) Calculated optical absorption spectra for H2BIP
series 4-6, H2BIA(OCH3) 25 and H2BIT(OCH3) 23 in acetonitrile. Principal excitations contributing to optical absorption in H2BIP(OCF3) 5

Deviations of the fluorescence quantum yields and extinction coefficients are likely a result of subtle changes to the framework planarity,
efficiency of conjugation, and donor−acceptor character of the respective peripheral units.  Overall,  the difference in the photophysical
behaviour of these materials demonstrates the capability of the peripheral groups to fine-tune the optical properties.
To help interpret the experimental results, optical absorption spectra were calculated and contributions of various excitations to the absorption
spectra analysed. (Figure 2B) The spectra for all five studied molecules show two absorption bands, similar to the experiment: below 240
nm and at 280-400 nm for all H2BIP molecules 4-6, below 220 nm and at 380-460 nm for the H2BIT 23 and H2BIA 25 molecules. From the
onset of absorption in the calculated spectra, the optical gaps can be estimated as 3.11 eV, 3.15 eV, 3.10 eV, 2.70 eV and 2.62 eV for
compounds 4, 5, 6, 23 and 25, respectively, in good agreement with the experimentally measured optical gaps in Table 1. Analysis of orbitals
involved in photoexcitation (Figure 2B) shows that the long-wavelength band at 380-460 nm in H2BIT 23 and H2BIA 25 originates entirely
from one intense HOMO®LUMO excitation; according to the molecular orbital plots, these excitations have no charge-transfer character.
The shorter-wavelength band for these two molecules is a complex mixture of transitions between several occupied and unoccupied bands.
The absorption spectra of the H2BIP 4-6 are more complex: the long-wavelength band for each molecule displays a double peak shape
(similar to the experimental spectra). The analysis of excitation transitions shows that this double peak comes from three principal π-π*
transitions: the lowest energy HOMO®LUMO+1 transition, followed by HOMO-1®LUMO, and by the excitations dominated by HOMO-
2®LUMO transition. These transitions result in intramolecular charge transfer from indoles (HOMO and especially HOMO-1 and HOMO-2)
to pyridine (LUMO and LUMO+1). The position of the first absorption maximum of H2BIP (352 nm) in this double peak is slightly blue shifted
(353 nm) upon addition of –OCH3, because an electron-donating group, such as methoxy, destabilises or increases the HOMO energy level.
By comparison, this peak is slightly blue shifted upon addition of –OCF3 (349nm), because the electron-withdrawing trifluoromethoxy group
stabilises the HOMO energy level and therefore increase the HOMO-LUMO gap. [37] These subtle band shifts follow the trend in calculated
band gaps and are in agreement with the experimental spectra, showing good agreement of experiment and theory and confirming
applicability of the computational modelling to this class of molecules.

Conclusions

We have studied synthetic applicability of indole molecules as versatile building blocks in the preparation of novel small π-conjugated
materials via double Fischer synthesis and Stille CC cross-coupling protocols.  The nature of their π-linking group and D-A characteristics of
the substituents are crucial in the design of the final blue-emitting materials. Detailed investigation of both synthetic strategies gives a better
understanding of the reactivity of the indole derivatives. We found that the double Fischer synthesis can be restricted both by availability of
the dicarbonyl compounds and by the reactivity of the hydrazine intermediate. Alternatively, Stille cross-coupling proves to be the more
efficient method as it can be expanded for the synthesis of the bisindoles bearing thiophene and thiazole bridges, otherwise unreachable via

Fischer method. The key structure−property relationship of the final chromophores is revealed through different molecular designs.
Donor−acceptor character and varied π-bridging units show a dramatic effect on the photophysical properties of the final chromophores.
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Shifts in absorption/emission are defined through the nature of linking groups and the photophysical characteristics such as the extinction
coefficient and quantum yield can be controlled via the structural features of bisindoles. DFT calculations support the trends recorded in the
experimental observations of these compounds highlighting the reliability of the computational protocol for comparison of the related
structures. The bisindoles show good thermal stability with the Td temperatures above 200°C making them suitable for organic electronics
applications.

Considering this, the focus of a further work is on utilisation of these materials in the device preparation of the solution-processable OLED
devices and on understanding of how the structural differences effect the device performance.

Thus, we expect that this work will assist in the design of new materials that can be synthesised through similar protocols to access functional
π-conjugated materials for organic electronics applications.

Supporting Information Summary

Synthetic procedures, full characterisation, the spectral data for the compounds 1-8 and 10-24 and computational calculations are described
in supporting information.
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