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Abstract

In order to improve the fluorescence properties of the green fluorescent protein chromophore, p-HOBDI
((5-(4-hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one), sixteen dihydroimidazolone
derivates were synthesized from thiohydantoin and arylaldehydes. The synthesis developed is an
efficient, novel, one-pot procedure. The study provides a detailed description of the spectroscopic
characteristics of the newly synthesized compounds, using p-HOBDI as a reference. The new
compounds all exhibited significantly stronger fluorescence than p-HOBDI, up to 28 times higher
quantum yields. An experimental and theoretical investigation of the relationship of the fluorescence
properties with the molecular structure was also carried out. A good correlation was found between the
emission wavenumber and the Hammett constant of the functional group, which suggests the
intermolecular charge transfer (ICT) mechanism between the aromatic groups.
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1. Introduction

The green fluorescent protein (GFP), which is composed of 238 amino acid residues (ca. 26.9 kDa) and emits green light
under excitation in the blue to ultraviolet range [1-3], can be isolated from several deep-sea organisms. GFP abbreviation
stood for the protein isolated from the jellyfish Aequorea victoria [Aex(major) = 395 nm and [Aex(Minor) = 475 nm; Aem =
509 nm, quantum yield (QY) = 0.79]. [2] The gene of GFP was frequently used as a reporter of expression in cellular and
molecular biology [4] and is widely applied as such in many experiments with bacteria, yeast fungi, fish, plant, fly and
mammalian, including human, cells [5-8].

The fluorophore in the center of these proteins contains a benzylidene-imidazolidinone moiety [9,10] (Figure 1) and it forms
spontaneously from natural amino acids by cyclisation and subsequent oxidation [11,12]. According to literature data, its
planar structure that includes a deprotonable 4-hydroxy group [11,12] can play an essential role in modifying the
fluorescence properties of the macromolecule via the intramolecular excited-state proton transfer (ESPT) mechanism [13].
The protein environment is also known to have a dramatic influence on the emitted wavelength, via perturbing the polarity,
H-bonding property and aromatic T-interactions around the chromophore [14]. Some further post-translational
modifications on the protein scaffold have also been shown to be capable of shifting the emission wavelength substantially.
Fluorophores produced by such modifications are identified as red (RFP; Figure 1., lower line) [15,16] orange and yellow
[17-19], blue and cyan fluorescent proteins [20].

The chromophore formation mechanisms as well as the resulting fluorescent proteins were studied in a number of studies
over the years. Their application fields are also numerous, including crystallography, biochemical studies of native and
hydrolyzed fluorescent proteins, directed and random mutagenesis, and spectroscopy [21-27].

In an earlier study, the synthesis and photochemistry of the p-hydroxybenzylidene imidazolinone fluorophore (5-(4-
hydroxybenzylidene)-2,3-dimethyl-3,5-dihydro-4H-imidazol-4-one, or p-HOBDI, in Figure 1, upper line) and its close
analogues were investigated [27]. Although p-HOBDI has an absorption peak near to that of GFP (ca. 375 nm), its emission
peak (around 440 nm) and its quantum yield (< 1074) [27] are very far from those of the protein [28]. This observation
raised the questions: what is the role of the protein around the chromophore and how can this environment increase the
qguantum yield (QY) up to 0.79. This motivated the synthesis of a modified p-HOBDI scaffold which was found to exhibit
improved fluorescence properties [29].

Previous synthesis efforts only aimed at synthesizing certain GFP analogues, such as p-HOBDI, by the systematic
variation of the phenyl ring, but keeping the imidazolone part untouched. However, several p-HOBDI-analogue fluorophore
moieties, substituted with conjugative groups at the imidazolone ring, were identified in the center of red fluorescent
proteins (see e.g. HBMPDI in Figure 1, bottom line) and is taken responsible for the significant redshift and increased
intensity of fluorescence [13]. Interestingly, these chromophores have not been individually synthesized and studied so
far.

The goal of the present study was to enhance the fluorescence properties of p-HOBDI by substituting the original 5-methyl
group with conjugative anilino-, benzylamino or thiobenzyl groups. This novel systematic structural modification of the p-
HOBDI scaffold can further elucidate the reasons behind the differences in the emission intensities between the weakly
fluorescing p-HOBDI and strongly fluorescing GFP. Earlier, this molecular scaffold was used intensively and successfully
as glycine receptors [30] and kinase inhibitors [31], but no attention was paid to its spectroscopic properties. Here, we
specifically intended to study the relationship between structure and fluorescence activity experimentally, and also by ab-
initio computations and calculation of Hammett constants.
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Figure 1. Structure of the p-HOBDI, chromophore of the green fluorescence protein (GFP, upper line) and HBMPDI, chromophore of the red
fluorescence protein (RFP, bottom line). Model compound 1 is planned to combine the advantageous molecular features in new analogues.
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Experimental Section

UV/Vis spectra

UV/Visible spectra were recorded on a Thermo Scientific Evolution 220 spectrophotometer in the wavelength range of 220 — 700 nm
in a quartz cell with a pathlength of 1.0 cm equipped with a teflon stopper. The sample stock solutions were prepared by dissolving
approximately 1-3 mg of the compounds in 25.0 mL of the selected solvent (MeOH, DMSO, THF, MeCN, DCM), which was then
adequately diluted with the same solvent to obtain solutions with concentrations of 10-80 pM suitable for recording the absorption
spectra and for the determination of the wavelength of the absorption maxima [1max(ab)] and the related molar extinction coefficients

-
Fluorescence spectra

Emission data were collected on a Hitachi F-4500 spectrophotometer at room temperature applying 5 and 10 nm slit widths for the
excitation and emission beams, respectively, also performing background (solvent) correction. The sample solutions were prepared
by dilution from stock solutions also used for the recording of the UV/Visible spectra. The final concentration of the solutions used for
the fluorescence experiments varied in the concentration range of ca. 1-5 uM. The samples were excited at (or close to) the absorption
maxima [Amax(em)], which were determined from the previously recorded UV/Vis spectra. The quantum yields were determined by
the conventional method [32], using p-HOBDI as reference.

Computational Methods

All computations were carried out using the Gaussian09 program package (G09).[33] Geometry optimizations and subsequent
frequency analyses were carried out at B3LYP/6-31G(d,p) level of theory.[34] Method and basis sets were chosen for their reliability
in the characterization of aromaticity, in agreement with works published earlier.[35] The vibrational frequencies were computed at
the same levels of theory as those used for geometry optimization, in order to properly confirm all structures as residing at minima
on their potential energy hypersurfaces (PESs). Calculated (Table S1) and raw thermodynamic functions U, H, G and S (Tables S2—
S6) were computed at 298.15 K, using the quantum chemical rather than the conventional, thermodynamic reference state. To model
acetonitrile solvent, the IEF-PCM (integral equation formalism polarizable continuum medium) method was applied. The values for
the enthalpy of hydrogenation (AHH2) and the corresponding aromaticity of the aromatic rings were determined by earlier method
[35] .The excited state optimization were carried out by time dependent (TD) DFT method [B3LYP/6-31G(d,p)], including the same
solvent model.

NMR spectroscopy

The 'H and *3C NMR spectra were recorded on a Varian 500 MHz spectrometer operating at 500 MHz and 125 MHz, respectively in
DMSO-ds solvent.

HPLC and HPLC-MS

Accurate masses (HRMS) were determined with an Agilent 6230 time-of-flight high-resolution mass spectrometer. Sample
introduction was performed by an Agilent 1260 Infinity LC system. The mass spectrometer was equipped with a Jet Stream
electrospray ion source and operated in positive ion mode. Reference signals at m/z 121.050873 and 922.009798 were used to
calibrate the mass axis prior to analysis.



2.6. Infrared spectroscopy
Infrared spectra were recorded on a Bruker Tensor 27 FT-IR instrument, by using the ATR method for powder samples.
2.7.Sample purification

In some cases, gradient elution preparative HPLC was applied (Armen) on a Gemini 250x50.00 mm; 10 um, C18, 110A column
using 10 ml of TFA in 5 | water and acetonitrile as the two solvents.

2.8. Synthesis

All the starting materials, reagents and solvents were commercialized from Sigma Aldrich in reagent grade and used as received.
NMR solvents were purchased from Eurisotop. HPLC solvents were from Merck.

Synthesis of 2-phenylamino-1,4-dihydroimidazole-5-one (5): 16.0 g (0.43 mol, 1 eq.) of sodium hydride was added in portion to
the solution of 50.0 g (0.43 mol, 1 eq.) of thiohydantoin (2) dissolved in 200 ml of abs. DMF at 0-5 °C for 10 min, then allowed to RT
and the stirring was continued for 30 min. The reaction mixture was cooled back to 0-5 °C, then 24.0 g (0.41 mol, 0.95 eq.) of Mel
was added dropwise and stirred for 30 min at RT. Finally, 40.0 g (0.43 mol 1 eq.) of aniline (4) was added and stirred for 5-18 h at
100-110 °C. The conversion was followed by HPLC. The reaction mixture was poured into 300 ml of icy-water and the solids formed
were collected by filtration, washed with water and dried.

General procedure for synthesis of 5-arylmethylene-2-(phenylamino)-imidazolone derivatives (1a—p): The solution of 0.700 g
of 2-anilino-1,5-dihydroimidazole-4-one (5, 4 mmol, 1 eq.), 4 mmol of benzaldehyde derivative 6a—p (1 eq.), and 200 pl of pyrrolidine
in 15 ml of acetic acid was stirred at 110 °C for 1-3 h. The conversion was followed by HPLC. The crude reaction mixture was
evaporated to dry, then diluted with EtOH (6 ml) and solids were collected. When the purity was lower than 95% it was recrystallized
from small amount of EtOH. In some cases, the product was purified by preparative HPLC. The fractions were collected, then filtered
off or lyophilized.

Synthesis of 2-benzylamino-1,4-dihydroimidazole-5-one (8): 16.0 g (0.43 m, 1 eq.) of sodium hydride was added in portion to the
solution of 50.0 g (0.43 mol, 1 eq.) of thiohydantoin (2), dissolved in 200 ml of abs. DMF at 0-5 °C for 10 min, then allowed to RT
and the stirring was continued for 30 min. The reaction mixture was cooled back to 0-5 °C, then 24.0 g (0.41 mol, 0.95 eq.) of Mel
was added drop-wise and stirred for 30 min at RT. Finally, 0.43 mol (1 eq.) of benzylamine (7) was added and stirred for 18 h at 100—
110 °C. The conversion was followed by HPLC. The reaction mixture was poured into 300 ml of ice-water and the solids formed were
collected by filtration, washed with water and dried. Yield: 68%; brown solids;

Synthesis of 5-(4-hydroxybenzylidene)-2-(benzylamino)-3,5-dihydro-4H-imidazol-4-one (9): The solution of 0.756 g of 2-
benzylamino-1,5-dihydroimidazole-4-one (7, 4 mmol, 1 eq.), 4 mmol of 4-hydroxybenzaldehyde 6a, (1 eq.) and 200 pl of pyrrolidine
in 15 ml of acetic acid was stirred at 110 °C for 1-3 h. The conversion was followed by HPLC. The crude reaction mixture was
evaporated to dryness, then diluted with EtOH (6 ml) and solids were collected. It was recrystallized from small amount of EtOH.
Yield: 63%; yellow solids;

Synthesis of 5-(4-hydroxybenzylidene)-2-thioxoimidazolidin-4-one (10): The solution of 2.32 g (20 m mol, 1 eq.) of thiohydantoin
(2), 2.70 g (22 mmol) of 4-hydroxybenzaldehyde 6a and 500 pl of pyrrolidine in 30 ml of acetic acid was stirred at 110 °C for 18 h.
The conversion was followed by HPLC. The crude reaction mixture was purified by preparative HPLC. The reaction mixture was
poured into 400 ml of ice-water and the solids formed were collected by filtration, washed with water and dried. 3.3 g yellow solids;

Synthesis of 5-(4-hydroxybenzylidene)-2-(benzylthio)-3,5-dihydro-4H-imidazol-4-one (11): 400 mg (10 mmol, 1 eq.) of sodium
hydride (60%) was added in portion to the solution of 2.2 g (10 mmol, 1 eq.) of 5-(4-hydroxybenzylidene)-2-thioxoimidazolidin-4-one
(10), dissolved in 30 ml of abs. DMF at 0-5 °C for 10 min, then allowed to RT and the stirring was continued for 30 min. The reaction
mixture was cooled back to 0-5 °C, then 1.60 g (9.5 mol, 0.95 eq.) of benzylbromide was added drop-wise and stirred for 60 min at
RT. The reaction mixture was poured into 200 ml of icy-water and the solids formed were collected by filtration, washed with water
and dried. The crude product was purified by preparative HPLC. 1.58 g; Yield: 51%; pale solids.

3. Results and Discussion

2.1. A new and efficient synthetic route for the preparation of p-HOBDI analogues

Compounds la—p and 9 were synthesized in a new and efficient, two-step process (Scheme 1) and the derivatives were
summarized in Table 1. Few compounds were already reported in the literature earlier (1e, 1i and 1j) [36,37], but they
were synthesized via multi-step procedures giving rise to poor yields. Moreover, none of these previous works assessed
the photophysical properties of the compounds. In the present new,_one-pot synthesis route, the thiohydantoin was
methylated by Mel (2—3) then subjected to a subsequent nucleophilic substitution by an amino compound (4 or 7),
furnishing imidazolone intermediates (5 or 8) with high yields. These intermediates finally readily took part in Knoevenagel-
type condensation with various aryl aldehydes 6a-p providing the final compounds (1a-p or 9) with high to moderate yields
(62—87%, in a mixture of E and Z isomers, with a Z/E ratio of approximately 9/1). The benzylthio-imidazolone derivative
(11) was synthesized in another way [38] where the Knoevenagel condensation with 6a was attained in the first step under
conventional reaction conditions (Scheme 1). Following its isolation, 10 was subjected to the next alkylation step with
benzyl bromide. This reaction condition was able to suppress the O benzylation of 10. The basic core of the GFP, p-
HOBDI, was used as a reference compound during the fluorescence spectroscopy experiments. For this purpose, it was
re-synthesized according to a procedure published earlier [27].
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Scheme 1. The synthesis of substituted 4-benzylidene-2-(phenylamino)-imidazolones (la-p) and 4-(4-hydroxybenzylidene)-2-(benzylamino)-
imidazolone (9) from 2-(phenylamino)-imidazolone (5) and 2-(benzylamino)-imidazolone (8), respectively, using various aldehydes 6a-p.
Substituents indicated by R? are listed in Table 1. The synthesis of 2-(benzylthio)-5-(4-hydroxybenzylidene)-imidazolone (11) from 2-mercapto-
imidazolone (10) and benzyl bromide.

2.2. General spectroscopic characterization

All of the new compounds (la—p and 9, 10, 11) exhibited enhanced fluorescence compared to the reference compound
p-HOBDI. In all experiments, diluted solutions (1-5 umol/l in MeOH) of the compounds were used. The excitation
wavelengths were set at (or close to) the position of the maxima of the absorption spectra and the emission spectra were
recorded upwards from the wavelength of excitation until 600700 nm. With the exception of only a couple of cases, the
absorption spectra displayed two peaks, one around 250 nm and another between 370 and 430 nm. The emission spectra,
obtained by exciting the compounds at the latter absorption peak, showed a band of simpler shape, with maxima of medium
or high intensities appearing between 440-550 nm. In the minority of cases (see the supporting materials section), the
absorption bands were composed of two, close (Admax ~ 5—10 nm) absorption peaks around 380 nm, indicating an
equilibrium of Z/E isomers. Excitation at both peaks resulted in the same emission spectra.

Spectroscopic properties of some, selected compounds were also studied in more polar (DMSO) and less polar (THF)
solvents as well. Table 1 reflect our systematic efforts to generate structural situations where the substituents contribute
significantly to the overall n-electronic distribution (R*, R? and Q groups). In the following sections we provide a description
and evaluation of the observed changes in the fluorescent properties induced by these substituents. During the evaluation,
the fact that the basic 4-substituted-4-arylidene-5-imidazolinone scaffold can be represented by various resonance
structures is also considered.



Table 1. Measured spectroscopic properties of the synthetized 4-hydroxy-4-arylidene-5-imidazolinone derivatives in MeOH?.
(0]
Ri NN RS
Z N:<
Q-R?
Entry R3 Q; -R? R! Absorpion [ Emission [
Amax(@b) s ‘ Jmax(€M) | Adma® ‘ I(em)? ‘ QY/QYrer®
(nm) (Mtcm™) (nm) (nm)
Reference compound
1| p-HOBDI —CHs | —CH;-— ] 4-OH | 371 [ 2730x10* | 441 [ 70 | 39 | 1.0
Class I: +| (EDG)
2 la 4-OH 374 3.361x10* 437 63 41.0 8.5
3 1b 4-OH,3-OMe 383 3.028x10* 452 69 70.7 16.3
4 1c 4-0OH,3,5-diMe 377 4.603x10* 448 71 70.5 10.7
5 1d 4-OH,3,5-diF 374 2.605x10* 443 69 82.4 22.1
6 le H _NH: —Ph 4-OMe 372 3.045x10* 437 65 41.7 9.6
7 1f ’ 4-NMe2 417 3.397x10* 508 91 62.9 13.0
8 19 4-NEt2 428 3.742x10* 505 77 74.0 13.8
9 1h 4-AcNH 378 3.189x10* 449 71 125.5 27.5
10 1i 4-Me 365 1.092x10* 440 75 33.0 21.2
11 1j 4-H 362 2.362x10* 440 78 59.7 17.7
Class Il: =I (EWG)
12 1k 4-Cl 370 2.222x10* 444 74 72.9 23.0
13 1l —H —NH; —Ph 4-F 364 2.470x10* 435 71 54.2 15.4
14 im 4-CFs3 367 2.179x10* 451 84 32.4 10.4
Class lll: =I, +M (EWG)
15 1n 4-COOH 368 0.364x10* 453 85 12 23.1
16 lo -H —NH; —Ph 4-CN 376 0.864x10* 469 93 5.3 4.3
17 1p 4-NO; 414 1.609x10* 558 144 11.6 5.0
Variation of Q and R?
18 9 —NH; —Bn 4-OH 356 3.040x10* 421 65 30.7 7.1
19 10 —-H —SH; — 4-OH 387 3.457x10* 434 47 15.1 3.1
20 11 -S; -Bn 4-OH 379 2.954x10* 449 70 10.7 2.5
2l(em) = intensities normalized to ¢ = 1.0 uM concentrations; Amax(€M)—Amax(€X); *Admax = Amax(€M)—Amax(€X); ¢ QY/QYrer is relative to the QY of the
reference compound p-HOBDI; [27].

2.2.1. Substituent effects

R2? and Q groups

The direct comparison of the experimental spectroscopic data of p-HOBDI with its closest analog 1a, recorded in MeOH,
reveals similar excitation (around 370 nm, Table 1) and emission wavelengths (around 445 nm). However, while p-HOBDI
exhibits poor emission intensity in MeOH, 1a (that simply replaces the 5-methyl group with phenyl-substituted amino group)
already shows a 10.5 times higher emission intensity as well as the QY is also increased significantly. We also found that
the presence of the benzylamino group (9) could not boost further the emission intensity, as it only gave rise to a 7.9
relative intensity referenced to p-HOBDI. Excitation and emission wavelengths are also in the same ranges, which can be
attributed to the enhanced intramolecular charge transfer [39], where the electron donating (ED) and conjugative character
of the substituted amino group generate a higher electron density at the central imidazolone ring, illustrated in Scheme 2.
At the same time, neither non-substituted nor substituted sulfur groups at the same position were successful to provide
any significant ED effect, so the increase in relative intensity was much lower for them (Table 1 and 2).

R! group

As it was alluded to above, during the modifications of substituent Q, it became evident that aniline derivative 1a is a
promising compound since it exhibits the highest emission intensity (relative to that of 1, 9, 10 and 11). Starting out from
this finding, the systematic modifications were continued by altering the substituents of the phenyl ring (R?). As shown in
Table 1, the various tested phenyl substituents could be sorted into three different classes (Class I-lll) according to their
electronic characters, which affect the fluorescence properties. The 2-(phenylamino)-imidazolone compounds la-l
exhibited strong substituent effects. When electron donating groups (EDG) are present in compounds la-1li in para
position, such as OMe, NEt,, OH, they were found to shift both the absorption peaks and emission wavelengths towards
higher wavelength values compared to the non-substituted derivative (1j). The largest redshifts and intensities were
observed for 4-amino derivatives, such as 4-NMe; (1f) and 4-NEt; (1g), presumably due to the fact that their ED effect is
the strongest (Table 1) and 4-NHAc (1h) due to the electron lone-pair conjugation. This is supported by the observation
that this effect can structurally stabilize the Si(opt) state by one of its resonance structures, just after the excitation. This
attractive improvement in the Stokes shift of amino compounds could be broken by acetylation. At the same time, the



wavelength of the absorption and emission maxima for compound 1h is again near to the positions for 1j, nevertheless,
its relative emission intensity increases further, reaching the top value within the series.

Electron withdrawing groups (EWG) at the same position showed more complex effects. Depending on their mesomeric
character, we sorted these into two classes. Non-conjugative EWGs, possessing only —I character, like Cl, F and CF; (1k,
11, 1m, in Class II) result in no significant changes in the position of the absorption and the emission maxima (+5—10 nm
shift) as well as their intensities remain relatively untouched compared to 1j. In contrast to that, the conjugative EWGs (—
I; +M) in Class lll, such as NO; (1p), CN (10) and COOH (1n) shift the emission wavelength higher,along with a drop in
the wavelengths of absorption maxima and emission intensities. The molar absorption of compounds 1n-1p is tenfolds
lower and the emission intensities are roughly equal to that of the reference molecule p-HOBDI.

From the aspect of applicability, the best properties are presented by compound 1g, due to its high redshift and emission
intensity of a single band at 505 nm, when irradiated at 428 nm due to the ICT (Scheme 2, top). The Stokes shift is 77 nm,
moreover, the full width at half maximum of the fluorescent peak is only about 50 nm. These two parameters satisfy the
selective irradiation criteria, which means that there is no significant overlap between the emission and absorption bands.
The most extreme effect was experienced for the NO; (1p) group, which increased the excitation maximum to 414 nm and
the emission maximum to 558 nm, exhibiting the largest redshift, as well as the largest Stokes shift (144 nm), with moderate
molar absorption and emission intensities. The highest Stokes shift can be explained by the ICT of nitro group (Scheme
2, bottom). The compound 1m from Class Il illustrates the situation where the ICT negligible (Scheme 2, middle).
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state structures in the compounds examined, ranking the compounds studied into three classes (Class I, Il and IlI).



The 4-monosubstituted derivatives (1a, le-1p) were also drawn into an examination of the correlation between their
spectroscopic properties and their Hammett constants (op;). Please note that wavenumbers are plotted in Figure 2 instead
of wavelength values, due to the energy-related character of the former quantity [40]. In these plots, the data points (the
position of both the excitation and emission peaks of these compounds as a function of their Hammett constants) were
found to arrange along three separate trend lines (Line A, B and C in Figure 2, up) corresponding to the three substituent
classes (Class I-lll). Each category has a typical set of resonance structures, showed in Scheme 2. The wavenumbers
for EDGs (Class I; 1a, 1e—-1j; —I, +M) show an increasing trend (Line A), whereas for compounds with EWGs, two lines
can be distinguished (Line B and C). Class Il includes functional groups having EWG properties (—I) without any significant
conjugative effect, such as CI (1k), F (11) and CF3 (1m), thereby resulting in data points lying along a line which is almost
perfectly horizontal (Line B).

This indicates a nearly independent relationship between the two variables. Line C represents the derivatives with EWGs
possessing a strong conjugative character (Class lll: 1n—p; —I, —-M), such as COOH (1n), CN (10) or NO; (1p) groups,
followed by a sharply decreasing trend, in contrast with Line A. Line A and C form a roof shape for both the excitation and
emission wavenumbers, with crossing points near to the o, values of hydrogen. Line A and C undoubtedly prove the
dramatic role of the conjugative effect (M) on the fluorescence wavenumber, in contrast to the non-conjugative groups
(Line B).
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Figure 2. Correlation between Hammett constants (op) of the various substituents and the excitation (circle) as well as the emission (triangle)
wavenumbers (in cm™?) for compounds 1a—1p ranked into three classes [Class | — black (Line A); Class Il — red (Line B); Class Ill — blue (Line C)].

Aromaticity plays a crucial role in the process of the excitation. The central imidazolone ring (AR2, see Table 2) possesses
a weakly anti-aromatic or non-aromatic character, as also indicated by aromaticity percentages (AR%) [35,41,42]
calculated for p—-HOBDI, 1j, 1f, 1m, 1p (Table 2 and Figure 3). Only an EDG on the AR1 (Table 2), such as 4-NMe;
(Class |) is able to generate a sufficient electron density in AR2 to reach a non-aromatic state. Not surprisingly, AR1 and
AR3 are nearly fully aromatic. As expected, the 4-substitution on AR1 causes the largest aromaticity change. In each case,
the aromaticity character of AR2 increases significantly (+21.1 to +36.3%), depending on the electronic effect of substituent
R! (Table 2), restoring a weak aromaticity to this five-membered ring. EDGs (Class |) at position 4 of AR1 increase the
AR% values of AR2 more than EWGs. It may be more interesting to note that the aromaticity values for AR1 increase
significantly by conjugative type functional groups, like NMe, (+M; +19.8%) and NO, (-M; +15.9%) at position 4,
irrespectively of their electronic effect. In contrast to this, aromaticity changes in other cases proved to be negligible (ca.
5%). The importance of -NH-AR3 is clearly shown here, this group decrease significantly the antiaromaticity of the AR2 in
ground state and increase the aromaticity in excited state.

In compounds of Class Il and Ill, a reverse situation is seen, namely the electron density migrates from AR2 to AR1, (which
can be represented by resonance structures D or E). It is to be noted however that the extent of the change is much larger
in Class Il (1p) and it is only symbolic in Class Il (1m). The increased aromaticity character of AR1 and AR2 rings in 1f
and 1p brought about a significant energy stabilization for these compounds during the excitation process and the
consequent geometry relaxation. This results in a significant Stokes shift, as well as an elevated emission intensity.



Table 2. Calculated aromaticity percentage for the different aromatic rings (AR1, AR2 and AR3) of the variously substituted molecules (1], 1f, 1m
and 1p) in their different states. All computations were done at B3LYP/6-31G(d,p) level of theory.

o
AR1 AR2
- NH
R’ N=
Q AR3
Compounds Substituents Ground state Relaxed ex. state Differences
(So) (S1-opt) (So—>S1-opt)
R Q Class AR1 AR2 AR3 AR1 AR2 AR3 AAR1 AAR2 AAR3
p-HOBDI? H Me ref 107.5 -16.9 - 106.8 7.3 - -0.7 24.2 -
1j H NH-Ph | 107.8 -5.4 102.9 111.9 30.9 102.9 4.1 36.3 0.0
1f NMe2 | NH-Ph | 114.9 -1.1 103.4 139.5 34.2 103.3 19.8 35.3 -0.1
im CF3 NH-Ph 1l 103.8 -7.2 102.9 109.1 21.2 102.4 5.3 28.4 -0.5
1p NO. NH-Ph 1] 107.2 -8.6 102.3 127.5 12.4 99.7 20.3 21.1 2.7

aFor the sake of simplicity, in this case without Me group on the amide

» AR1 » AR2 |:> AR3 |:> changes S, — S;-opt

CLASSI: EDG (-E, +M)  CLASS IIl: EWG (-E) CLASS lll: EWG (-E, -M)
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-NHPh -NHPh -NHPh
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Figure 3. Bar representation of the changes of aromaticity percentages calculated for the three different aromatic rings (AR1 - blue, AR2 - red and
AR3 — green, see in Table 2) of p-HOBDI, 1j, 1f, 1m and 1p. The changes in aromaticity in the course of the excitation and a consequent geometry
relaxation [So — (S1) — Si-opt] are illustrated by the empty arrows with the same color. EDG = electron donating group; EWG = electron withdrawing
group. All computations were done at B3LYP/6-31G(d,p) level of theory.

2.2.2. Effect of the medium

Photophysical properties, such as fluorescence emission, of many fluorophores are sensitive to the polarity of the solution
environment and their variations can shed light onto fine intramolecular processes, such as intramolecular charge transfer,
aromatization, bond strengthening/weakening or double bond rearrangements. The presence of hydrogen bond is also
responsible for many photophysical and molecular properties [43][32]. For this reason, we briefly also studied the effect of
the media (pH and polarity) on the fluorescence features of some selected compounds.

Acids or bases in MeOH solution

Protonation of the tertiary amine function drastically alters the electron-donating properties of the tertiary amine group and
consequently it is expected to switch off ICT [39]. Consequently, the emission spectrum of 1g was recorded for a series
of MeOH solutions in which an increasing HCI concentration was present. The strong yellow color became significantly
less intense even to the naked eye, due to the blueshift both in the absorption and emission spectra, accompanied by a
reduced emission intensity. This process can be attributed to the protonation of the NMe; group (1f — 1f+H*, Scheme 3,
bottom), which consequently flips from an EDG status to an EWD status. Acidifying the MeOH solvent decreases
absorption at the original band at 440 nm, while a new band emerges with a maximum at 325 nm, as a function of acid




concentration, as shown in Figure 4A. Varying the acid concentration also gives rise to two well-defined isosbestic points
at 293 and 368 nm. The lowest-energy absorption band of the ammonium form of the dye is blue-shifted by about 115 nm
with respect to that of the neutral amine form (1f). The fluorescence emission spectra of 1f in MeOH also changes
dramatically. The large emission peak at 511 nm (Aexc= 420 nm) is blue-shifted to around 400 nm (Aexc= 335 nm) at high
HCI concentrations, as shown in Figure 4B.

The influence of alkaline conditions was studied for compound 1a. Deprotonation of the hydroxyl function at position 4 (1a
— la-H*, Scheme 3, up and Figure 5A) increases the electron-donating properties of the aryl ring. As a result of this, an
enhanced ICT could be expected for the addition of a strong base (NaOH) to the methanolic solution of 1a. Indeed, a red
shift of the emission peak (from 370 nm to 408 nm) was observed, as is shown in Figure 5A. One isosbestic point (at 390
nm) was identified as a function of the increasing base concentration. The fluorescence emission peak of 1a at 420 nm
(excited at 370 nm) in a base-free MeOH solution exhibits an intensity increase (ca. 50%) and a red shift to 470 nm in a
basic environment (Figure 5B). Nevertheless, the addition of triethylamine could not induce a similar change in the
excitation and emission spectra of 1a.
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Scheme 3. The most dominant resonance structures (A, B) of 1a (left) in neutral and protonated forms, and 1f (right) in neutral and deprotonated
forms.
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Figure 4. A: Change of the absorption spectra of 1f when titrated with HCI (0.01 M). B: Change of the emission spectra of 1f in CH3OH (continuous
line, Aex = 435 nm) and in CHsOH containing HCI (1.2 M) (dashed line, Zex = 330 nm). The arrow indicates the direction of change.
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Figure 5. A: Change of the absorption spectra of 1a during titration with NaOH. B: Change of the emission spectra of 1a (continuous lines), compared
to the spectra recorded for the reference compound p-HOBDI (dashed lines).

Solvent effects

The solvent dependence of the absorption (Figure 6A) and emission spectra (Figure 6B) of 1a and 1g were investigated
and analyzed in five different solvents, such as the protic MeOH, the aprotic DCM, THF, MeCN and DMSO. The absorption
spectra of both 1a and 1g showed only poor solvent dependence in terms of the wavelengths of the absorption maxima
as well as their intensities, since only slight differences could be observed. In contrast with the absorption spectra, strong
solvent dependence could be observed for the emission spectra of 1a and 1g. The wavelength of the emission intensity
maximum of the spectra of 1a in the different solvents is unchanged, while the intensities proved to be larger in aprotic
solvents, than in the protic MeOH. Besides, the hydrogen bond acceptor (HBA) solvent DMSO also stabilizes the S1-state.
This can be attributed to the strong hydrogen bonding effect of DMSO, which stabilizes the more ionic resonance structure
of 1a.

Compound 1g exhibits the highest wavelength of the emission intensity maximum in the protic MeOH solvent with respect
to other, aprotic solvents. The largest intensity was observed in DMSO, which indicates that high relative permittivity can
stabilize the S1 state most efficiently.
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Figure 6. Absorption (A) and fluorescence emission (B) spectra of 1a (upper panel) as well as 1g (bottom panel) recorded in various solvents
(DMSO = dimethyl sulfoxide, DCM = dichloromethane, THF = tetrahydrofuran, MeCN = acetonitrile, and MeOH = methanol), respectively.



4, Conclusion

In this work, sixteen new GFP analogue fluorophores were synthesized and their absorption and fluorescence
spectroscopy features described. In addition to this, further three analogues (compounds 1e, li and 1j) were also
characterized spectroscopically for the first time. Our synthetic investigations revealed that the replacement of the 2-Me
group with a phenyl substituted amino group of the imidazolone ring in p-HOBDI substantially increased the emission
intensity (the increase is 8 to 32-fold depending on the quality of the substituents of the phenyl ring of the scaffold). At the
same time, the largest Stokes shift (Aem—Aex = 144 nm) was observed when the substitution on the phenyl ring of p-HOBDI
was changed from 4-OH to 4-NO, which increased the absorption (excitation) and emission maxima to 414 nm and 558
nm, respectively, accompanied by a moderately increased emission intensity. The highest analytical spectroscopy
potential is presented by compound 1g (4-Et;N group), which not only shows a strong emission, but there is no significant
overlap between the absorption and emission bands and this facilitates selective excitation and detection in applications.
We attribute the observed large fluorescent intensities of the compounds to the enhanced ICT mechanism. The effect of
pH and solvent (MeOH, DCM, THF, MeCN and DMSO) on the spectroscopy features of selected compounds was also
studied.

The present work is also the first in the literature that provides a comparison between spectroscopy data and (para)
Hammett constants of substituent groups of the synthesized fluorophores. Clear correlations with the EDG/EWD character
of the substituent groups in the 4-monosubstituted derivatives and the spectroscopy features of the compounds were
found. Results from aromaticity calculations are also presented and these were found to support the ICT hypothesis.
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Appendix A

Appendix contains the NMR, UV and fluorescence spectra of the compounds studied. It also describes the concept of aromaticity
calculation and detailed Computational Methods. Table S2-S6 contains the computed raw energies, (E), zero-point energies (Ezre),
internal energies (U), enthalpies (H), Gibbs free energies (G) and entropies (S) in hartree (Ha) at B3LYP/6-31G(d,p) level of theory.
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Table(s)

Table 1. Measured spectroscopic properties of the synthetized 4-hydroxy-4-arylidene-5-imidazolinone derivatives in MeOH®.
o}
R T ON-RE
= N:<
Q-R?
Entry R® Q; -R? R’ Absorpion I Emission
Amax(@b) B ‘ Jmax(em) | Adma” | I(em)? ‘ QY/QYrer®
(nm) (M'cm™) (nm) (nm)
Reference compound
1 [ p-HOBDI —CH; [ —CHs- ] 4-OH [ 371 [ 2730x10* | 441 [ 70 [ 39 | 1.0
Class I: +1 (EDG)
2 la 4-OH 374 3.361x10" 437 63 41.0 8.5
3 1b 4-OH,3-OMe 383 3.028x10" 452 69 70.7 16.3
4 1c 4-OH,3,5-diMe 377 4.603x10" 448 71 70.5 10.7
5 1d 4-0OH,3,5-diF 374 2.605x10* 443 69 82.4 22.1
6 le - _ph 4-OMe 372 3.045x10* 437 65 41.7 9.6
7 1f - —NH; =P 4-NMe, 417 3.397x10" 508 91 62.9 13.0
8 19 4-NEt, 428 3.742x10* 505 77 74.0 13.8
9 1h 4-AcNH 378 3.189x10" 449 71 125.5 27.5
10 1i 4-Me 365 1.092x10* 440 75 33.0 21.2
11 1j 4-H 362 2.362x10" 440 78 59.7 17.7
Class Il: -1 (EWG)
12 1k 4-Cl 370 2.222x10* 444 74 72.9 23.0
13 1l —-H —NH; —Ph 4-F 364 2.470x10* 435 71 54.2 15.4
14 im 4-CF; 367 2.179x10* 451 84 32.4 10.4
Class Ill: I, +M (EWG)
15 1n 4-COOH 368 0.364x10* 453 85 12 23.1
16 1o -H —NH; —Ph 4-CN 376 0.864x10" 469 93 5.3 4.3
17 1p 4-NO, 414 1.609x10* 558 144 11.6 5.0
Variation of Q and R
18 9 —NH,; -Bn 4-OH 356 3.040x10* 421 65 30.7 7.1
19 10 —-H —SH; — 4-OH 387 3.457x10* 434 a7 15.1 3.1
20 11 =S, -Bn 4-OH 379 2.954x10* 449 70 10.7 2.5
#(em) = intensities normalized to ¢ = 1.0 uM concentrations; Amnax(€M)—Amax(€X); bAimax = Amax(€M)—Amax(€X); © QY/QVYrer is relative to the QY of the
reference compound p-HOBDI; [27].

Table 2. Calculated aromaticity percentage for the different aromatic rings (AR1, AR2 and AR3) of the variously substituted molecules (1j, 1f, 1m
and 1p) in their different states. All computations were done at B3LYP/6-31G(d,p) level of theory.
O
AR1 AR2
o NH
R’ N=
Q AR3
Compounds Substituents Ground state Relaxed ex. state Differences
(So) (S1-opt) (So—>S1-0pt)
RT Q Class AR1 AR2 AR3 AR1 AR2 AR3 AAR1 AAR2 AAR3
p-HOBDI? H Me ref 107.5 -16.9 - 106.8 7.3 - -0.7 24.2 -
1j H NH-Ph | 107.8 5.4 102.9 111.9 30.9 102.9 4.1 36.3 0.0
1f NMe, NH-Ph | 114.9 -1.1 103.4 139.5 34.2 103.3 19.8 35.3 -0.1
im CF3 NH-Ph 1l 103.8 -7.2 102.9 109.1 21.2 102.4 53 28.4 -0.5
1p NO, NH-Ph 1l 107.2 -8.6 102.3 127.5 12.4 99.7 20.3 21.1 2.7
®For the sake of simplicity, in this case without Me group on the amide
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