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Fluorescent labelling using chemical dyes is extensively used in biological and medicinal research. The amino acid 
incorporated chromophores with significant fluorescence properties are commonly used as fluorescent imaging agents allowing 
to tap a wide range of biological and biophysical processes. The dyes with large size can disrupt protein folding and function. 
Therefore, the development of new fluorophores remains a challenging task for the design of new fluorescent probes. To 
achieve the desired applications, small fluorescent chromophores are required. Herein, inspired by the earlier reports on 
fluorescent fluorophore, a new class of small organic chromophores is reported, containing (E)-2-(4-(4-aminostyryl)-3-cyano-
5,5-dimethylfuran-2(5H)-ylidene) malononitrile (TCF-1) that can be conjugated with the natural aromatic amino acids i.e. L-
phenylalanine, L-tryptophan and L-tyrosine. In this connection, a series of six TCF-1 fluorescently labeled aromatic amino acids 
have been designed and synthesized. At first, the theoretical calculations have been performed to establish the frontier 
molecular orbitals and energy band gap. Further, the synthesized aromatic amino acid functionalized TCF-1 have been 
evaluated with respective to their spectroscopic properties using UV-Vis absorption and fluorescence spectroscopic techniques. 
The promising photophysical properties of Boc protected derivatives Boc-L-Phe-TCF-1, Boc-L-Tyr-TCF-1 and Boc-L-Trp-
TCF-1 have been observed in different solvents. Moreover, the Boc deprotected derivatives L-Phe-TCF-1, L-Tyr-TCF-1 and L-
Trp-TCF-1 show different photophysical properties at various pH ranging from 3 to 11. 
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In modern era of biological sciences, the monitoring 
of the genetic functions in a cell has attracted 
researchers’ interest1. In this connection, the 
fluorescence-based method has been utilized to 
understand and monitor the localization, trafficking 
and expression of biomolecules in tissues and live 
cells2. Significant development in the fluorescent 
probes due to their high selectivity, sensitivity and 
fast response time and relative ease in manipulating 
the photophysical properties have revolutionized the 
research field3. It is interesting to note that, in various 
biological processes such as enzyme mechanism4 and 
protein-protein interactions, many biological peptides 
and proteins play a crucial role5. The investigation of 

these processes in biosystems can be achieved by 
directly visualizing with fluorescent spectroscopy 
techniques such as resonance energy transfer 
(RET), namely bioluminescence-RET (BRET) 
and fluorescence-RET (FRET), and bimolecular 
fluorescence complementation (BiFC)6. Though the 
RET and BiFC assays are important techniques for 
the visualization and examination of the non-covalent 
interactions occuring in live cells and organisms but 
these methods displayed drawback in the cell study of 
protein complexes due to behavioural aspect of fusion 
protein compared to their native counterpart and 
they did not exhibit strong fluorescence emission. 
Therefore, to solving this problem, the protein-protein 
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interaction study could be achieved using fluorescent 
protein in combination with fluorescence spectroscopy 
method. The peptide and protein labeling was 
successfully achieved using naturally occuring green 
fluorescent protein (GFP) and their derivative7 or 
naturally occuring fluorescent α-amino acids within a 
protein structure8. These methods have led to 
significant biological discoveries but they exhibited 
limitations related to the biomolecular properties 
alteration and stability of fluorescent protein as well 
as the functionality of their fusion partner protein. The 
use of fluorescent α-amino acids within a protein 
relies on the relative abundance of it within the 
protein structure and the presence of their residues 
also caused complicated fluorescence spectroscopic 
response7,8. To tackle the limitations such as poor 
photoluminescence properties displayed by naturally 
occuring fluorescent α-amino acids i.e. L-
phenylalanine, L-tyrosine and L-tryptophan9, an 
alternative approach such as design and development 
of unnatural fluorescent amino acid and their 
analogues10. The photophysical characteristics of the 
unnatural fluorescent α-amino acids can be 
manipulated for a desired application11. Significant 
developments in research fields to improve the 
fluorescent properties of L-phenylalanine, L-tyrosine 
and L-tryptophan as potential isosteric substitutes in 
proteins was achieved12. However, there is a great 
room for the development of unnatural fluorophore 
conjugated amino acids such as L-phenylalanine, L-
tyrosine and L-tryptophan to minimize the disruption 
of protein structure and function. Such fluorescent 
dye development could be useful to accelerate  
the research in molecular and cellular biology, 
biophysics, biotechnology and medicine due to their 
high fluorescent emission properties. 

The structural modification of the L-phenylalanine, 
L-tyrosine and L-tryptophan can be used for 
developing fluorescent unnatural amino acid 
analogues. Inspired by the work reported in the 
literature, we have sought to design and develop  
L-phenylalanine, L-tyrosine and L-tryptophan 
functionalized (E)-2-(4-(4-aminostyryl)-3-cyano-5,5-
dimethylfuran-2(5H)-ylidene) malononitrile (TCF-1) 
analogues. In this regard, we now report the synthesis 
of series of novel TCF-1-derived amino acids and 
demonstrate their electronic properties using 
theoretical calculations. We also describe the 
photophysical properties of tert-butyl (S,E)-(1-((4-(2-
(4-cyano-5-(dicyanomethylene)-2,2-dimethyl-2,5-

dihydrofuran-3-yl)vinyl)phenyl) amino)-1-oxo-3-phenyl- 
propan-2-yl)carbamate (Boc-L-Phe-TCF-1), tert-butyl 
(S,E)-(1-((4-(2-(4-cyano-5-(dicyanomethylene)-2,2-
dimethyl-2,5-dihydrofuran-3-yl)vinyl)phenyl)amino)-
3-(4-hydroxyphenyl)-1-oxopropan-2-yl)carbamate 
(Boc-L-Tyr-TCF-1) and tert-butyl (S,E)-(1-((4-(2-(4-
cyano-5-(dicyanomethylene)-2,2-dimethyl-2,5-
dihydrofuran-3-yl)vinyl)phenyl) amino)-3-(1H-indol-
3-yl)-1-oxopropan-2-yl) carbamate (Boc-L-Trp-TCF-
1) in various solvents. Moreover, the boc deprotected 
derivatives such as (S,E)-2-amino-N-(4-(2-(4-cyano-
5-(dicyano-methylene)-2,2-dimethyl-2,5-dihydro-
furan-3-yl)vinyl)phenyl)-3-phenyl propanamide  
(L-PheTCF-1), (S,E)-2-amino-N-(4-(2-(4-cyano-5-
(dicyanomethylene)- 2,2-dimethyl-2,5-dihydrofuran-
3-yl)vinyl) phenyl)-3-(4-hydroxyphenyl)propanamide 
(L-Tyr-TCF-1) and (S,E)-2-amino-N-(4-(2-(4-cyano-
5-(dicyano- methylene)-2,2-dimethyl-2,5-dihydrofuran- 
3-yl)vinyl) phenyl)-3-(1H-indol-3-yl)propanamide  
(L-Trp-TCF-1) are prepared from Boc-L-Phe-TCF-1, 
Boc-L-Tyr-TCF-1 and Boc-L-Trp-TCF-1, respectively. 
Then, the photophysical properties of as-prepared  
L-PheTCF-1, L-Tyr-TCF-1 and L-Trp-TCF-1 also 
examined at various pH. We presume that the present 
investigation could help to have a new series of 
fluorescent dyes to establish the molecular binding 
events e.g. protein-protein interactions in biological 
applications. 
 
Experimental Section 
 
Materials and methods 

The chemicals, reagents and solvents were 
purchased from commercial sources and were utilized 
as received unless mentioned otherwise. The reaction 
progress was monitored by analytical thin layer 
chromatography (TLC) using Merck TLC aluminium 
sheets (silica gel 60 F254). Spot of product observe 
with UV-Vis and Fluorescence light. IR spectra were 
recorded on a Therma Nicolet Nexus 670 FT-IR 
spectrometer in the form of KBr pellets. 1H NMR 
spectra were measured on a Bruker Avance 400  
and 500 MHz spectrometer at the ambient 
temperature of 1H at 400 and 500 MHz as indicated in 
the experimental date. 13C NMR spectra were also 
recorded on a Bruker Avance 400 and 500 MHz 
spectrometer at the ambient temperature of 13C at 101 
and 126 MHz. 1H and 13C Chemical shifts are 
reported in ppm downfield from tetramethyl silane 
(TMS. δ scale) with a solvent resonance as internal 
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standards. Mass spectrometric data were obtained by 
positive electron spray ionization (ESI-MS) technique 
on an Agilent Technologies 1100 Series (Agilent 
Chem-station Software) mass spectrometer. High-
resolution mass Spectrometry (HRMS) were recorded 
by using ESIQTOF mass spectrometry. UV-Vis 
absorption spectra were measured on a Shimadzu UV-
1800 spectrophotometer at RT. Fluorescence emission 
spectra were mesured on an RF-6000 (Shimadzu, 
Japan) Spectro fluoro-photometer. All experiments 
were performed in a Quartz cell with a 1 cm path 
length and 370 nm excitation wavelength. 
 
Synthesis protocols 
 
Synthesis of 2-(3-cyano-4,5,5-trimethylfuran-2(5H)- 
ylidene)malononitrile (TCF), 2 (Ref. 13) 

3-Hydroxy-3-methyl-2-butanone (0.3 g, 2.9 mmol) 
and malononitrile (0.40 g, 6.1 mmol) were dissolved 
in anhydrous EtOH (10 mL). The reaction mixture 
was stirred at RT. Then sodium ethoxide (0.065 g, 0.9 
mmol) was added and the reaction mixture was 
further heated at reflux for 3 h. After completion of 
reaction (monitored by TLC). The reaction mixture 
was cooled down to RT. The obtained reaction mass 
was filtered through a Buchner funnel. The solid 
residue was washed with ethanol. Then the reaction 
mass was directly recrystallized and using ethanol to 
give the corresponding product 2 as TCF (off-white 
crystalline solid) (yield: 66%). 

1H NMR (500 MHz, CDCl3): δ 2.37 (s, 3H), 1.63 
(s, 6.00H); 13C NMR (126 MHz, CDCl3): δ 182.6, 
175.2, 111.0, 110.4, 109.0,99.8, 58.9, 24.2, 14.2; FT-
IR (KBr): 2998 (C-H Stretch), 2235 (C-N Nitrile), 
1418 (Aromatic C=C Stretch), 1158 cm−1 (C-O 
Ether); ESI-MS: m/z 198 (M-H)+; HRMS: Calcd for 
C11H9ON3: 200.0818. Found: 200.0815. 
 

Synthesis of (E)-2-(3-cyano-5,5-dimethyl-4-(4-
nitrostyryl)furan-2(5H)ylidene) malononitrile, 3 

4-Nitrobenzaldehyde (1.13 g, 7.5 mmol) and TCF 
(2) (1.0 g, 5.0 mmol) were dissolved in absolute 
ethanol (20 mL) and stirred at RT. for 10 min. Then 
ammonium acetate (0.19 g, 7.5 mmol) was added to 
this reaction mixture. The reaction mixture was stirred 
at 60°C for 12 h. The completion of reaction was 
confirmed using TLC. Then, the reaction mixture was 
cooled to RT. The brown precipitate was obtained. 
The crude brown solid was washed with ethanol and 
dried under vacuum to afford compound 3 as a pale-
brown powder (yield: 85%). 1H NMR (400 MHz, 

DMSO-d6): δ 8.32 (d, J = 8.7 Hz, 2H), 8.18 (d, J = 8.7 
Hz, 2H), 7.97 (d, J = 16.6 Hz, 1H), 7.41 (d, J = 16.6 
Hz, 1H), 1.82 (s, 6H); 13C NMR (101 MHz, DMSO-
d6): δ 192.8, 177.2, 174.4, 149.0, 144.2, 140.8, 130.7, 
124.6, 119.6, 112.9, 100.0, 55.9, 25.4; FT-IR (KBr): 
3200 (C-H Stretch), 2225 (C-N Nitrile), 1568 
(Aromatic C=C Stretch), 1413 (N-O), 1108 cm−1 (C-
O Ether); ESI-MS: m/z 332 (M)+ HRMS: Calcd for 
C18H11O3N4: 331.0825. Found: 331.0840. 
 

Synthesis of (E)-2-(4-(4-aminostyryl)-3-cyano-5,5-
dimethylfuran-2(5H)ylidene) malononitrile, 4 
(TCF-1) 

A solution of compound 3 (0.3 g, 0.90 mmol) and 
stannous chloride, dihydrate (SnCl2.2H2O) (1.22 g, 
5.4 mmol) were dissolved in ethyl acetate (20 mL). 
The reaction mixture was stirred at RT. for 12 h. After 
completion of reaction (monitored by TLC), the 
reaction mass was extracted with ethyl acetate. The 
organic layers collected was subjected for drying over 
Na2SO4. The solvent was removed by evaporation 
under reduced pressure. The extracted reaction  
mass residue was directly purified by column 
chromatography to silica gel (hexane /ethyl acetate, 
2:1) to give the corresponding products TCF-1, 4 as a 
red powder (yield 88%). 

1H NMR (500 MHz, DMSO-d6): δ 7.87 (d, J = 15.7 
Hz, 2H), 7.67 (d, J = 8.4 Hz, 2H), 6.81(d, J = 15.8 Hz, 
2H), 6.67 (d, J = 8.6 Hz, 2H), 1.74 (s, 6H); 13C NMR 
(101 MHz, DMSO-d6): δ 192.8, 177.2, 174.4, 149.0, 
144.2,140.8, 131.1, 130.7, 124.6, 119.6, 112.9, 100.0, 
55.9, 25.4; FT-IR (KBr): 3438 (N-H Stretch) 3200 (C-
H Stretch), 2228 (C-N Nitrile), 1557 (Aromatic C=C 
Stretch), 1168 cm−1 (C- O Ether); ESI-MS: m/z 301 
(M-H)+; HRMS: Calcd for C18H15ON4: 303.1240. 
Found: 303.1235. 
 

Synthesis of (tert-butoxycarbonyl)phenylalanine 
(Boc-L-Phe) 

The compound L-phenylalanine (1.00 g, 6.05 mmol) 
was dissolved in 15 mL of 1 N NaOH. Then the as-
prepared solution of (Boc)2O (2.90 g, 13.3 mmol) in 
THF (10 mL) was added to the solution of L-
phenylalanine. The pH of the reaction mixture was 
maintained between pH 9 and 11 with the addition of 1 
N NaOH. The reaction mixture was stirred at RT. for 12 
h. After completion of the reaction (monitored by TLC), 
the THF was evaporated in vacuum with the residues 
being adjusted to pH 4–5 with 1 N aq. citric acid. Then 
the reaction mass was extracted with ethyl acetate (3×25 
mL). The obtained ethyl acetate extracts were combined, 
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washed with brine (3×20 mL) and then dried over 
MgSO4. The evaporation of organic yields crude 
product, which was directly purified by column 
chromatography on silica gel to give the corresponding 
product Boc-L-Phe as oily white solid (yield: 77.5%). 
1H NMR (400 MHz, CDCl3): δ 9.01 (s, 1H), 7.23 (s, 
1H), 7.22 (s, 1H), 7.20 (s, 1H), 7.18 (s, 1H), 7.17 (s, 
1H), 7.11 (s, 1H), 4.96 (s, 1H), 3.12 (d, J = 8.0 Hz, 2H), 
1.34 (s, 9H); 13C NMR (101 MHz, DMSO-d6): δ 171.6, 
150.6, 131.7, 131.1, 124.6, 123.8, 75.5, 49.7, 33.1, 23. 5; 
FT-IR (KBr): 3441 (N-H Stretch) 3441 (O-H Stretch), 
2983 (C-H Stretch), 1640 (C=O-OR Ester), 1567 (C=O-
NH Stretch), 1418 cm−1 (Aromatic C=C Stretch); ESI-
MS: m/z 303 (M-H)+; HRMS: Calcd for C14H18O4N: 
264.1241. Found: 264.1241. 
 

Synthesis of (tert-butoxy carbonyl) tyrosine (Boc-L-
Tyr) 

The product Boc-L-Tyr as sticky white solid 
(Yield: 66%) was obtained following the procedure 
for the preparation of Boc-L-Phe given in section 
2.2.4 after column chromatography on silica gel. 
1H NMR (500 MHz, CDCl3): δ 7.10 (s, 1H), 7.09 (s, 
1H), 7.01 (d, J = 8.5 Hz, 1H), 6.89 (d, J = 8.1 Hz, 
1H), 6.63 (d, J = 7.9 Hz, 1H), 4.48 (t, J =14.7 Hz, 
1H), 2.90 (d, J = 39.4 Hz, 2H), 1.33 (s, 9H); 13C NMR 
(101 MHz, CDCl3): δ 175.9, 155.0, 130.5, 121.3, 
115.6, 80.7, 54.5, 37.0, 28.3; FT-IR (KBr): 3415 (N-H 
Stretch) 3415 (O-H Stretch) 2983 (C-H Stretch), 2236 
(C-N Nitrile), 1677 (C=O-OR Ester), 1642 (C=O-NH 
Stretch) 1571 cm−1 (Aromatic C=C Stretch); ESI-MS: 
m/z 280 (M-H)+; HRMS: Calcd for C14H18O5N: 
280.1179. Found: 280.1189. 
 

Synthesis of (tert-butoxycarbonyl)tryptophan (Boc-
L-Trp) 

The product Boc-L-Trp as white soild (Yield: 65%) 
was obtained following the procedure for the 
preparation of Boc-L-Phe given in section 2.2.4 after 
column chromatography on silica gel (Yield: 65%). 
1H NMR (400 MHz, DMSO-d6): δ 12.52 (s, 1H), 
10.83 (s, 1H), 7.51 (s, 1H), 7.33 (s, 1H), 7.14 (s, 1H), 
7.07 (s, 1H), 6.98 (s, 2H), 4.15 (s, 1H), 3.12 (s, 1H), 
2.98 (s, 1H), 1.33 (s, 9H); 13C NMR (101 MHz, 
DMSO-d6): δ 174.2, 155.8, 155.5, 136.5, 127.2, 
124.1, 121.5, 118.6, 111.9, 110.4, 78.6, 55.0, 28.6, 
27.3; FT-IR (KBr): 3406 (N-H Stretch) 3406 (O-H 
Stretch) 2980 (C-H Stretch), 1675 (C=O-OR Ester), 
1574 (C=O-NH Stretch), 1414 cm−1 (Aromatic C=C 
Stretch); ESI-MS: m/z 303 (M-H)+; HRMS: Calcd for 
C16H21O4N2: 305.1495. Found: 305.1492. 

Synthesis of tert-butyl (E)-(1-((4-(2-(4-cyano-5-
(dicyanomethylene)-2,2-dimethyl-2,5-dihydrofuran-
3-yl) vinyl)phenyl)amino)-1-oxo-3-phenylpropan-2-
yl)carbamate (Boc-L-Phe-TCF-1) 

Compound Boc-L-Phe (0.394 g, 1.48 mmol) and 
HATU (0.377 g, 0.99 mmol) were dissolved in DMF 
(15 mL). The reaction mixture was stirred under 
nitrogen atmosphere at 0°C for 30 min. Then DIPEA 
(0.213 g, 1.65 mmol) was added to the above reaction 
mixture. The reaction mixture was further stirred for 
15 min. To this reaction mixture TCF-1 (4) (0.3 g, 
0.99 mmol). was added subsequently. Then the 
reaction was continued for further 48 h with constant 
stirring. The progress of the reaction was examined  
by the thin layer chromatography (TLC). After 
consumption of reaction, the reaction mixtures poured 
into ice water and allow to stirred for 30 min. Then 
filter out this reaction mixture and directly purified by 
column chromatography using silica gel to yield Boc-
L-Phe-TCF-1 as a purple color solid (0.38 g, 69.5%). 
1H NMR (400 MHz, DMSO-d6): δ 10.45 (s, 1H), 7.89 
(t, J = 11.3 Hz, 2H), 7.75 (d, J = 8.7 Hz, 1H), 7.68 (d, 
J = 8.6 Hz, 1H), 7.30 (s, 2H), 7.27 (d, J = 8.0 Hz, 
2H), 7.21 (s, 1H), 7.14 (d, J = 16.5 Hz, 1H), 6.82 (d, J 
= 15.8 Hz, 1H), 6.66 (d, J= 8.6 Hz, 1H), 4.35 (s, 1H), 
3.02 (s, 1H), 2.88 (s, 1H), 1.74 (s, 9H),1.32 (s, 6H); 
13C NMR (126 MHz, CDCl3): δ 204.0, 182.0, 177.0, 
160.4, 154.8, 136.0, 134.4, 133.4, 131.4, 130.5, 126.9, 
124.5, 119.6, 112.8, 103.3, 96.7, 83.4, 58.8, 47.0, 
33.3, 31.6, 23.3, 21.3; FT-IR (KBr): 3300 (N-H 
Stretch), 3300(O-H Stretch),2985 (C-H Stretch), 2230 
(C-N Nitrile), 1638 (C=O- OR Ester), 1563 (C=O-NH 
Stretch),1418 (Aromatic C=C Stretch), 1173 cm−1 (C-
O Ether); ESI-MS: m/z 548 (M-H)+; HRMS: Calcd for 
C32 H30 O4 N5: 548.2292. Found: 548.2301. 
 

Synthesis of tert-butyl(S,E)-(1-((4-(2-(4-cyano-5-
(dicyanomethylene)-2,2-dimethyl-2,5-dihydrofuran- 
3-yl)vinyl)phenyl)amino)-3-(4-hydroxyphenyl)-1-
oxopropan-2-yl)carbamate (Boc-L-Tyr-TCF-1) 

The product Boc-L-Tyr-TCF-1was obtained 
following the procedure for the preparation of Boc-L-
Phe-TCF-1 after column chromatography as a purple 
color solid (0.35 g, 62.5%). 1H NMR (400 MHz, 
DMSO-d6): δ 7.88 (d, J = 15.8 Hz, 2H), 7.67 (d, J = 
8.7 Hz, 2H), 7.35 (s, 1H), 7.10 (d, J = 8.3 Hz, 2H), 
6.85 (d, J = 9.1 Hz, 2H), 6.67 (d, J = 8.8 Hz, 2H), 
4.38 (s, 1H), 3.13 – 2.95 (m, 2H), 1.74 (s, 9H), 1.37 
(s, 6H); 13C NMR (101 MHz, DMSO-d6): δ 177.7, 
176.0, 156.5, 155.6, 150.6, 140.7, 134.1, 131.7, 130.8, 
130.6, 122.1, 121.4, 114.7, 114.0, 113.2, 98.2, 91.8, 
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78.9, 53.4, 51.1, 28.6, 27.7, 25.9; FT-IR (KBr): 3461 
(N-H Stretch) 3461 (O-H Stretch) 2985 (C-H Stretch), 
2225 (C-N Nitrile), 1634 (C=O-OR Ester), 1609 (C-O 
Ether),1573 (C=O-NH Stretch), 1415 cm−1 (Aromatic 
C=C Stretch); ESI-MS: m/z 564 (M-H)+; HRMS: 
Calcd for C32H30O5N5: 564.2252. Found: 564.2250. 
 

Synthesis of tert-butyl (E)-(1-((4-(2-(4-cyano-5-
(dicyanomethylene)-2,2-dimethyl-2,5-dihydrofuran- 
3-yl)vinyl)phenyl)amino)-3-(1H-indol-3-yl)-1-oxo-
propan-2-yl)carbamate (Boc-L-Trp-TCF-1) 

The product Boc-L-Trp-TCF-1 as a purple color 
solid (0.38 g, 65.5%) was obtained following the 
procedure for the preparation of Boc-L-Phe-TCF-1 
after column chromatography. 1H NMR (400 MHz, 
DMSO-d6): δ 10.84 (s, 1H), 10.00 (s, 1H), 8.22  
(s, 1H), 7.88 (d, J = 15.7 Hz, 1H), 7.68 (d, J = 8.6 Hz, 
1H), 7.52 (dd, J = 27.8, 9.9 Hz, 1H), 7.31 (s, 1H), 
7.16 (s, 1H), 7.06 (s, 1H), 6.98 (s, 1H), 6.89 – 6.79 
(m,1H), 6.66 (d, J = 8.6 Hz, 1H), 6.66 (d, J = 8.6 Hz, 
1H), 3.55 (s, 1H), 3.07 (d, J = 19.1 Hz, 2H), 1.33  
(s, 6H), 1.21 (s, 9H); 13C NMR (101MHz, CDCl3): δ 
198.0, 181.3, 160.7, 155.0, 141.2, 138.9,132.6, 132.3, 
128.9, 127.2, 126.3, 124.2, 123.4, 119.4,118.8, 117.3, 
112.9, 103.6, 99.7, 96.7, 94.7, 61.4, 58.7, 33.4, 30.9, 
23.4, 21.1; FT-IR (KBr): 3473 (N-H Stretch) 3473 
(O-H Stretch),2981 (C-H Stretch), 2175 (C-N Nitrile), 
1669 (C-O Ether), 1650 (C=O-OR Ester), 1570 
(C=O-NH Stretch), 1418 cm−1 (Aromatic C=C 
Stretch); ESI-MS: m/z 587 (M-H)+; HRMS: Calcd for 
C34H31O4N6: 587.2401. Found: 587.2408. 
 
Synthesis of (E)-2-amino-N-(4-(2-(4-cyano-5-
(dicyanomethylene)-2,2-dimethyl-2,5-dihydrofuran- 
3-yl)vinyl)phenyl)-3-phenylpropanamide (L-Phe-
TCF-1) 

Trifluoroacetic acid (5 mL) was added drop-wise to 
a stirred suspension of Boc-L-Phe-TCF-1 (0.3 g, 0.5 
mmol) in DCM (10 mL) at 0°C. The resulting 
solution was stirred at RT. for 6 h. The solvent was 
removed under reduced pressure using rotary 
evaporator. The residue was treated with n-hexane 
(3×50 mL) to remove excess of TFA under reduced 
pressure to afford a desired product L-Phe-TCF-1 as a 
white solid (0.13 g,58%). 1H NMR (300 MHz, 
DMSO-d6): δ 10.77 (s, 1H), 8.35 (s, 1H), 8.26 (s, 1H), 
8.02 – 7.93 (m, 1H), 7.92 (d, J = 3.5 Hz, 1H),7.87 (d, 
J = 4.7 Hz, 1H), 7.69 (d, J = 2.4 Hz, 1H), 7.66 (d, J = 
2.3 Hz, 1H), 7.39 – 7.30 (m, 1H), 7.29 (d, J = 4.1 Hz, 
1H), 7.16 (d, J =16.5 Hz, 1H), 6.75 (dd, J = 46.2, 12.2 
Hz, 1H), 4.10 (d, J = 46.6 Hz, 1H), 3.14 (d, J = 17.2 

Hz, 2H), 1.24 (s, 6H); 13C NMR (101 MHz, DMSO-
d6): δ 196.0, 172.4, 162.2, 141.9, 135.3, 134.4, 
130.2,129.3, 129.0, 127.8, 122.7, 120.1, 114.7, 113.2, 
112.5, 108.1, 99.7, 91.9, 54.2, 42.3, 37.5, 25.6; FT-IR 
(KBr): 3458 (N-H Stretch) 3458 (O-H Stretch), 2988 
(C-H Stretch), 2227 (C-N Nitrile), 1642 (C=O-OR 
Ester), 1567 (C=O-NH Stretch), 1418 (Aromatic C=C 
Stretch), 1178 cm−1 (C-O Ether); ESI-MS: m/z 450 
(M+H)+; HRMS: Calcd For C27H24O2N5: 450.1924. 
Found: 450.1924. 
 

Synthesis of (S,E)-2-amino-N-(4-(2-(4-cyano-5-
(dicyanomethylene)-2,2-dimethyl-2,5-dihydrofuran- 
3-yl)vinyl)phenyl)-3-(4-hydroxyphenyl) propanamide 
(L-Tyr-TCF-1) 

Trifluoroacetic acid (5 mL) was added drop-wise to 
a stirred suspension of compound Boc-L-Tyr-TCF-1 
(0.2 g, 0.3 mmol) in DCM (10 mL) at 0°C. The 
resulting solution was stirred for 6h at rt. The solvent 
was removed under reduced pressure using rotary 
evaporator. The residue was treated with n-hexane 
(3×50 mL) to remove excess of TFA under reduced 
pressure to afford a white solid of compound L-Tyr-
TCF-1 (1.34 g, 96%). (39) 1H NMR (400 MHz, 
DMSO-d6): δ 11.54 (s, 1H),9.41 (s, 1H), 7.91 (s, 1H), 
7.87 (s, 1H), 7.69 (s, 1H), 7.67 (s, 1H),6.84 (s, 1H), 
6.80 (s, 1H), 6.68 (s, 2H), 6.66 (s, 2H), 4.06  
(s, 1H),3.07 (d, 2H), 1.74 (s, 6H); 13C NMR (101 
MHz, DMSO-d6): δ 175.9, 170.9, 159.1, 156.0, 150.5, 
134.0, 131.2, 122.4,114.7, 113.2, 112.9, 108.3, 99.2, 
54.2, 51.5, 42.4, 36.0, 26.1; FT-IR (KBr): 3509 (N-H 
Stretch) 3509 (O-H Stretch),2998 (C-H Stretch), 2224 
(C-N Nitrile), 1646 (C=O-OR Ester), 1571 (C=O-NH 
Stretch), 1418 (Aromatic C=C Stretch), 1168 cm−1 
(C-O Ether); ESI-MS: m/z 466 (M+H)+; HRMS: 
Calcd for C27H22O3N5: 464.1717. Found: 464.1727. 
 

Synthesis of (E)-2-amino-N-(4-(2-(4-cyano-5-
(dicyanomethylene)-2,2-dimethyl-2,5-
dihydrofuran-3-yl)vinyl)phenyl)-3-(1H-indol-3-
yl)propenamide (L-Trp-TCF-1) 

The product L-Trp-TCF-1 as a white solid (0.11 g, 
76.5%) was obtained following the procedure for the 
preparation of compound L-Tyr-TCF-1 described in 
subsection 2.2.10. 

1H NMR (400 MHz, DMSO-d6): δ 11.12  
(s, 1H),10.52 (s, 1H), 8.51 (s, 1H), 8.37 (s, 1H), 8.32 
(s, 1H), 8.06 – 7.89 (m, 1H), 7.84 – 7.65 (m, 1H), 
7.54 (d, J = 17.7 Hz, 1H), 7.42 (d, J = 7.5 Hz, 1H), 
7.29 (s, 1H), 7.18 – 7.08 (m, 1H), 7.02 (d, J = 6.9 Hz, 
1H), 6.88 (d, J = 15.9 Hz, 1H), 6.72 (d, J = 8.1 Hz, 
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1H), 4.26 (d, J = 19.2 Hz, 1H), 3.38 (d, J = 21.4 Hz, 
2H), 1.32 (s, 6H); 13C NMR (126 MHz, DMSO-d6): δ 
196.8, 174.7, 158.6, 150.7, 136.7, 134.1, 131.4, 127.6, 
122.8, 121.6, 118.9, 114.8, 112.4, 107.1, 99.7, 98.8, 
54.2, 42.2, 26.3, 18.5, 12.8; FT-IR (KBr): 3471 (N-H 
Stretch) 3471 (O-H Stretch), 2988 (C-H Stretch), 
2226 (C-N Nitrile), 1669 (C=O-OR Ester), 1567 
(C=O-NH Stretch), 1418 (Aromatic C=C Stretch), 
1174 cm−1 (C-O Ether); ESI-MS: m/z 489 (M+H)+; 
HRMS: Calcd for C29H25O2N6: 489.2033. Found: 
489.2025. 

Results and Discussion 
The synthesis of target molecules was achieved via 

multistep organic reaction strategy. At first 2-(3-
cyano-4,5,5-trimethylfuran-2(5H)-
ylidene)malononitrile (TCF) was prepared via 
condensation reaction between 3-hydroxy-3-methyl-
2-butanone and malononitrile using sodium ethoxide
as catalyst by following literature reported protocol
(Scheme 1a)13. The obtained TCF was further
treated with p-nitobenzaldehyde in the presence of
ammonium acetate to yield (E)-2-(3-cyano-5,5-
dimethyl-4-(4-nitrostyryl)furan-2(5H)ylidene)
malononitrile (3). The obtained compound 3 was
treated with stannous chloride, dihydrate (SnCl2.2H2O)
resulted into formation of (E)-2-(4-(4-aminostyryl)-3-

cyano-5,5-dimethylfuran-2(5H) ylidene) malononitrile 
as TCF-1 (4) (Scheme 1a) with 88% yield. The TCF-1 
compound was further reacted with Boc-L-Phe, Boc-
L-Tyr and Boc-L-Trp via amide bond formation
reaction using HATU and DIPEA in DMF under
nitrogen atmosphere to form chromophores Boc-L-
Phe-TCF-1, Boc-L-Tyr-TCF-1 and Boc-L-Trp-TCF-1,
respectively (Scheme 1b). Furthermore, Boc-L-Phe-
TCF-1, Boc-L-Tyr-TCF-1 and Boc-L-Trp-TCF-1
chromophores were subjected for boc deprotection
reaction in the presence of TFA in dichloromethane
to yield the corresponding products as L-Phe-TCF-1,
L-Tyr-TCF-1 and L-Trp-TCF-1, respectively
(Scheme 1b). The structure of intermediates and
chromophores were characterized using 1H NMR,
13C NMR, FT-IR spectroscopy and mass and high
resolution mass spectrometry techniques. The Boc-L-
Phe-TCF-1, Boc-L-Tyr-TCF-1 and Boc-L-Trp-TCF-1
chromophores were found with high solubility in non-
polar as well as polar solvents. The L-Phe-TCF-1, L-
Tyr-TCF-1 and L-Trp-TCF-1 fluorophores were
soluble in aqueous media.

The examination of relationship between molecular 
geometry and electronic characteristics of any organic 
molecule could be predicted most accurately using 
theoretical approach such as density functional theory 
(DFT) and time-dependent (TD)-DFT methods14. The 

Scheme 1 — Synthetic route for (a) TCF-1 and (b) L-Phe-TCF-1, L-Tyr-TCF-1 and L-Trp-TCF-1 
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theoretical calculations are implemented using the 
Gaussian 09 ab initio/DFT quantum chemical 
simulation package to investigate the molecular 
geometry and frontier molecular orbitals15. The 
molecular geometries of the designed seven 
molecules i.e. TCF-1, Boc-L-Phe-TCF-1, Boc-L-Tyr-
TCF-1, Boc-L-Trp-TCF-1, L-Phe-TCF-1, L-Tyr-TCF-
1 and L-Trp-TCF-1 were initially optimized using 
B3LYP/6-31g(d) level to ensure the reliable results of 
the optoelectronic characteristics. Fig. 1 showed the 
optimized structures of the newly designed TCF, 
Boc-L-Phe-TCF-1, Boc-L-Tyr-TCF-1, Boc-L-Try-
TCF-1, L-Phe-TCF-1, L-Tyr-TCF-1 and L-Trp-TCF-1 
molecular structures, confirming the attainment of the 
stable geometric equilibration for the theoretical 
calculations. To establish the minima, frequency 

calculations were carried out, and all frequencies were 
observed to be positive, which confirms that 
optimized geometries are minima on the potential 
energy surface (PES). 

The frontier molecular orbitals [FMO] such as 
highest occupied molecular orbitals (HOMOs) and 
lowest unoccupied molecular orbitals (LUMOs) of 
TCF, Boc-L-Phe-TCF-1, Boc-L-Tyr-TCF-1 and Boc-
L-Trp-TCF-1 are shown in Fig. 2a, Fig. 2b, Fig. 2c
and Fig. 2d, respectively. As shown in Fig. 2a, the
HOMO and LUMO energy levels are delocalized over
entire TCF-1 molecule. The estimated HOMO/LUMO
energy levels of TCF-1 was -7.095/-2.070 eV. The
calculated energy gap was found to be 5.025 eV.
The HOMO and LUMO energy level delocalization
over Boc-L-Phe-TCF-1 is shown in Fig. 2b. As

Fig. 1 — Optimized molecular structures of (a) TCF, (b) Boc-L-Phe-TCF-1, (c) Boc-L-Tyr-TCF-1 and (d) Boc-L-Try-TCF-1, (e) L-Phe-
TCF-1 (f) L-Tyr-TCF-1 and (g) L-Trp-TCF-1 

Fig. 2 — Frontier molecular orbital of (a) TCF-1, (b) Boc-L-Phe-TCF-1, (c) Boc-L-Tyr-TCF-1 and (d) Boc-L-Trp-TCF-1 
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demonstrated in Fig. 2b, the HOMO and LUMO 
energy level localized over the entire molecular 
backbone except the phenyl and amine subunits. The 
estimated energy gap from HOMO (-7.483 eV) and 
LUMO (-2.324 eV) was observed to be 5.159 eV. As 
illustrated in Fig. 2c, the HOMO and LUMO energy 
levels are delocalized over the Boc-L-Tyr-TCF-1 
except the hydroxyphenyl and amino subunits present 
in the structure. The calculated energy gap using 
HOMO (-7.463 eV) and LUMO (-2.309 eV) energy 
levels was found to be 5.54 eV. As displayed in 
Fig. 2d, the HOMO energy level us delocalized over 
the entire Boc-L-Trp-TCF-1 molecular backbone 
except amine functional group, whereas, LUMO 
energy level is localized over the Boc-L-Trp-TCF-1 
except the indole ring system and amine subunit. The 
estimated energy gap from the HOMO (-7.313 eV) 
and LUMO (-2.215 eV0 energy levels was observed 
to be 5.098 eV. These theoretical calculated results of 
TCF, Boc-L-Phe-TCF-1, Boc-L-Tyr-TCF-1 and Boc-
L-Trp-TCF-1 indicate that on a molecular level the
distribution of frontier molecular orbitals and energy
levels have little influence on the structures (Fig. 2a,
Fig. 2b, Fig. 2c and Fig. 2d).

FMO analysis of L-Phe-TCF-1, L-Tyr-TCF-1 and L-
Trp-TCF-1 were performed for examining the electronic 
characteristics, chemical stability and energy band gap 
of organic molecules. As shown in Fig. 3a, the HOMO 
and LUMO energy levels are distributed over the 
complete molecular backbone if L-Phe-TCF-1 except the 
phenyl ring system and amine functional group. The 
FMO energy gap of the L-Phe-TCF-1 was calculated 
using formula Egap = ELUMO (-2.312 eV) – EHOMO (-7.468 
eV) and found to be 5.156 eV. The HOMO energy level 
is localized over entire L-Tyr-TCF-1 molecular 

architecture, whereas the LUMO energy level is 
distributed over backbone of L-Tyr-TCF-1 except 
hydroxyphenyl and amine subunits (Fig. 3b). The 
estimated molecular orbital energy gaps (ΔE) of the L-
Tyr-TCF-1 was 5.117 eV determined from HOMO (-
7.371 eV) and LUMO (-2.254 eV). In case of L-Trp-
TCF-1, the HOMO and LUMO energy levels are 
distributed over the molecular backbone except indole 
ring system and amine functional group (Fig. 3c). The 
calculated HOMO and LUMO values of the L-Trp-TCF-
1 are -7.74 eV and -2.241 eV, respectively, with band 
gap of 5.133 eV. It is important to note that, the 
calculated HOMO and LUMO energy values and energy 
band gaps of all L-Phe-TCF-1, L-Tyr-TCF-1 and L-Trp-
TCF-1 does not show significant changes (Fig. 3a, 
Fig. 3b and Fig. 3c). Furthermore, the optimized 
geometries of TCF-1, Boc-L-Phe-TCF-1, Boc-L-Tyr-
TCF-1, Boc-L-Trp-TCF-1, L-Phe-TCF-1, L-Tyr-TCF-1 
and L-Trp-TCF-1 are considered for the time-dependent 
density functional theory (TD-DFT) studies using Cam-
B3LYP/6-31g(d) level of theory. The Gauss-Sum 
program16 was employed to analyse the TD-DFT results 
of seven molecules. The absorption spectras are depicted 
in Supplementary Information [SI†] as Figure S56 to 
Figure S62). From 5 the TD-DFT calculation results, the 
absorption peaks for TCF-1, Boc-L-Phe-TCF-1, Boc-L-
Tyr-TCF-1, Boc-L-Trp-TCF-1, L-Phe-TCF-1, L-Tyr-
TCF-1 and L-Trp-TCF-1 are observed at 395.22 nm 
(Figure S56), 386.68 nm (Figure S57), 387.33 nm 
(Figure S58), 390.96 nm (Figure S59), 386.61 nm 
(Figure S60), 388.36 nm (Figure S61) and 389.12 nm 
(Figure S62), respectively. 

The UV–Vis absorption spectra for compounds 
Boc-L-Phe-TCF-1 (Fig. 4a), Boc-L-Tyr-TCF-1 
(Fig. 4b) and Boc-L-Trp-TCF-1 (1×10–5 M) in 

Fig. 3 — Frontier molecular orbitals of L-Phe-TCF-1, L-Tyr-TCF-1 and L-Trp-TCF-1 
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different   solvents    such    as   chloroform   (CHCl3),  
dichloromethane (DCM), acetonitrile (CH3CN), 
tetrahydrofuran (THF), methanol (MeOH), 
dimethylformamide (DMF) and dimethylsulfoxide 
(DMSO) were examined at RT in the spectral region 
200 to 800 nm (Fig. 4c). The absorption data is 
summarized in Table 1. As seen in Fig. 4a, the UV-
Vis spectra of the Boc-L-Phe-TCF-1 in CHCl3 

displayed the characteristic absorption peak of 
phenylalanine with low-intensity broad band at 329 
nm (ε = 0.82×104 M−1 cm−1) and intense absorption 
band at 504 nm (ε = 6.08 × 104 M−1 cm−1) for the 
conjugated 2-(3-cyano-4,5,5-trimethylfuran-2(5H)-
ylidene) malononitrile (TCF-1) moiety. The 

absorption peaks at 329 nm and 504 nm corresponds 
to π-π*, n–π* and n to σ* electronic transitions, 
respectively. As we move from less-polar to strong 
polar solvents from CHCl3 to DCM to CH3CN to THF 
to MeOH to DMF and DMSO the absorption peak 
position changes from 329/504 nm to 331/509 nm to 
334/518 nm to 332/529 nm to 333/556 nm to 338/565 
nm to 340/576 nm, respectively (Table 1). It was 
observed that the n to σ* electronic transition peak 
position displayed bathochromic shifts of about 72 nm 
was observed (Fig. 4a, Table 1), when we move from 
less polar CHCl3 to strongly polar DMSO solvents. 
The bathochromic effect suggests the Boc-L-Phe-
TCF-1 in DMSO is absorbing light at longer 

Fig. 4 — UV-Vis spectra of (a) Boc-L-Phe-TCF-1, (b) Boc-L-Tyr-TCF-1 and (c) Boc-L-Trp-TCF-1 and fluorescence spectra upon
excitation at λex = 370 nm of (d) Boc-L-Phe-TCF-1, (e) Boc-L-Tyr-TCF-1 and (f) Boc-L-Trp-TCF-1 
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wavelength17.    These    UV-Vis     absorption   result  
indicates; in strongly polar solvents the effect was 
found to be more pronounced due to the alteration of 
charge density of the solute caused by the solvent, 
which changes the electronic distribution of Boc-L-
Phe-TCF-1 and results in the solvatochromic shifts18,19. 
Moreover, the electronic environment alteration of the 
Boc-L-Phe-TCF-1 in strongly polar solvent DMSO 
resulting into a lower energy gap between the ground 
and excited electronic states20. The similar trend of the 
absorption changes was found for the Boc-L-Tyr-TCF-
1 (Fig. 4b, Table 1) and Boc-L-Trp-TCF-1 (Fig. 4c, 
Table 1) in CHCl3 to DCM to CH3CN to THF to 
MeOH to DMF and DMSO solvents. The Boc-L-Tyr-
TCF-1 shows the bathochromic shift of about 80 nm on 
going from CHCl3 (496 nm, ε = 3.53 × 104 M−1 cm−1) 
to DMSO (576 nm, ε = 4.76 × 104 M−1 cm−1) (Fig. 4b, 
Table 1). Similarly, Boc-L-Trp-TCF-1 (Fig. 4c, 
Table 1) exhibited bathochromic shifts of about 83 nm 
as the polarity of solvent increases from CHCl3 (497 
nm, ε = 2.02 × 104 M−1 cm−1) to DMSO (580 nm, ε = 
2.33 × 104 M−1 cm−1) (Fig. 4c, Table 1). Though the π-
bridge and electron acceptor subunit TCF-1 are the 
same in all three Boc-L-Phe-TCF-1, Boc-L-Tyr-TCF-1 
and Boc-L-Trp-TCF-1 (Scheme 1b), the estimated 
bathochromic shifts i.e. 72, 80 and 83 nm, respectively, 
implies to a stronger intramolecular charge transfer in 
Boc-L-Trp-TCF-1 (Fig. 4c) than Boc-L-Tyr-TCF-1 
(Fig. 4b) and Boc-L-Phe-TCF-1 (Fig. 4a). 

The fluorescence emisison spectra of Boc-L-Phe-
TCF-1, Boc-L-Tyr-TCF-1 and Boc-L-Trp-TCF-1 

fluorophores in various solvents are shown in Fig. 4d, 
Fig. 4e and Fig. 4f, respectively, and their maximum 
emission wavelength are given in Table 1. Fig. 4d 
shows that Boc-L-Phe-TCF-1 exhibit a structured 
fluorescence emission spectrum in less polar CHCl3 
solvent with two intense peaks at 412 nm and 434 nm. 

The emission of Boc-L-Phe-TCF-1 in CHCl3 was at 
436 nm with the highest intensity. As the solvent 
polarity increases, the fluorescence emission peaks 
intensity gradually decreases in the order of CHCl3, 
THF, DCM, DMF, MeOH, CH3CN and DMSO 
(Fig. 4d). It is noticed that in strong polar solvent 
DMSO, the emission peaks are observed at 414 nm 
and 439 nm with insignificant intensity. The Boc-L-
Phe-TCF-1 in DMSO was observed to have an 
intensity decrease to ~96% of that in CHCl3. The 
Fig. 4e shows the fluorescence emisison spectra of 
Boc-L-Tyr-TCF-1 in different solvents. In less 
polar CHCl3 solvent, Boc-L-Tyr-TCF-1 displayed 
significant intense emisison peaks at 413 nm and 435 
nm. The fluorescence emission peak shows decrease 
in intensity in the trend of CHCl3, THF, DCM, DMF, 
MeOH, CH3CN and DMSO (Fig. 4e, Table 1). Boc-L-
Tyr-TCF-1 exhibit less intense peaks at 414 nm and 
437 nm on going from CHCl3 to DMSO. The lowest 
intense peaks for the Boc-L-Tyr-TCF-1 in DMSO 
displayed with decrease to ~92% of that in CHCl3. 
Similar trend was observed for Boc-L-Trp-TCF-1 
fluorophore going from less polar CHCl3 (peaks at 
412 nm, 436 nm with significant intensity) to strong 
polar DMSO (peaks at 414 nm, 436 nm, with less 

Table 1 — UV-Vis absorption and fluorescence emission spectra of Boc-L-Phe-TCF-1, Boc-L-Tyr-TCF-1 and Boc-L-Trp-TCF-1 in 
various solvents 

Spectroscopic 
Methods 

Solvents Boc-L-Phe-TCF-1 Boc-L-Tyr-TCF-1 Boc-L-Trp-TCF-1 

UV-Vis absorption 
spectra (nm) 
(Extinction 
coefficient ε 
(M–1 cm–1) 

CHCl3 329 (8200) 504 (60800) 326 (7800) 496 (35300) 326 (10700) 497 (20200) 
DCM 331 (9300) 509 (68000) 337 (12200) 503 (37700) 339 (16900) 500 (20300) 

CH3CN 334 (11400) 518 (73100) 337 (15600) 518 (39900) 336 (22200) 516 (20100) 
THF 332 (10800) 529 (77200) 335 (10000) 526 (39500) 333 (14000) 518 (21800) 

MeOH 333 (11800) 556 (79200) 335 (12900) 554 (41100) 337 (19200) 557 (21500) 
DMF 338 (16700) 565 (81600) 337 (15700) 556 (41100) 338 (25700) 567 (22600) 

DMSO 340 (15200) 576 (91700) 339 (19300) 576 (47100) 340 (26100) 580 (23300) 
Fluorescence 
Emisison Spectra 
(nm) 
Excitation 
wavelength (λex = 
370 nm) 

CHCl3 412, 434 413, 435 412, 436 
DCM 410, 432 412, 434 412, 433 

CH3CN 409, 428 409, 430 410, 430 
THF 409, 431 410, 432 410, 432 

MeOH 407, 427 408, 428 407, 429 
DMF 414, 435 414, 437 414, 436 

DMSO 414, 439
(less intense peaks) 

414, 437 
(less intense peaks) 

414, 436 
(less intense peaks) 
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intensity) (Fig. 4f). As the solvent polarity enhances, 
the general trend in fluorescence spectra displayed 
decrease in peak intensity n the order of CHCl3, THF, 
DCM, DMF, MeOH, CH3CN and DMSO (Fig. 4f, 
Table 1). The emission intensity of Boc-L-Trp-TCF-1 
in CHCl3 is very high, and ~92% decreased in 
DMSO. It has been observed that the emission 
intensity of Boc-L-Phe-TCF-1, Boc-L-Tyr-TCF-1 and 
Boc-L-Trp-TCF-1 is solvent dependent. In all three 
cases, the highest fluorescence emission intensity 
values are found in chloroform for Boc-L-Phe- 
TCF-1, Boc-L-Tyr-TCF-1 and Boc-L-Trp-TCF-1 and 
gradually decreases as the solvent polarity increases 
in the order of CHCl3, THF, DCM, DMF, MeOH, 
CH3CN and DMSO. The decrease in fluorescence of 
Boc-L-Phe-TCF-1, Boc-L-Tyr-TCF-1 and Boc-L-Trp-
TCF-1 in polar solvent could be attributed to the 
solvatochromism effect21. In addition, in polar solvent 
these Boc-L-Phe-TCF-1, Boc-L-Tyr-TCF-1 and Boc-
L-Trp-TCF-1 fluorophores displayed low fluorescence
emission intensity, which could be ascribed to the
smaller energy difference between ground state and
intramolecular charge transfer (ICT) state resulting
into the selection of nonradiative pathway. In
connection to this, the non-emissive state could be the
result of effective state charge separation of
the fluorophores in polar solvent22. The detailed
solvatochromic analysis of Boc-L-Phe-TCF-1, Boc-L-
Tyr-TCF-1 and Boc-L-Trp-TCF-1 was not carried out
since the process is highly complex in nature and
involves various interactions e.g. solubility, dynamic
process, solvent-induced structural alteration,
polarization effects, solute-solvent hydrogen bonding
non-covalent interactions and aggregation of the
fluorophores23. The UV-Vis and fluorescence spectral
properties of Boc-L-Phe-TCF-1, Boc-L-Tyr-TCF-1
and Boc-L-Trp-TCF-1 were not studied in water at
different pH due to their solubility issue.

We also investigated the pH responsiveness of 
L-Phe-TCF-1, L-Tyr-TCF-1 and L-Trp-TCF-1 in
aqueous solution. The UV-Vis and fluorescence
measurements in aqueous solution of pH 3, 5, 7, 9, and
11 were performed and displayed in Fig. 5 and the
values were summarized in Table 2. The absorption
spectra of L-Phe-TCF-1 (Fig. 5a) at pH 3 displayed
strong peak at 400 nm (ε = 1.04 × 104 M−1 cm−1) with
shoulder peak at 333 nm (ε = 0.71 × 104 M−1 cm−1) and
554 nm (ε = 0.34 × 104 M−1 cm−1). At pH value 5, the
absorption peaks at 333 nm (ε = 0.57 × 104 M−1 cm−1)
and 481 nm (broad) (ε = 0.83 × 104 M−1 cm−1) were

observed. Similarly, at pH 7, the absorption peaks were 
found at 336 nm (ε = 0.63 × 104 M−1 cm−1) and 483 nm 
(broad) (ε = 0.91 × 104 M−1 cm−1). The peaks were 
appeared at 336 nm (ε = 0.91 × 104 M−1 cm−1) and 
broad peak 455 nm (ε = 1.43 × 104 M−1 cm−1) at pH 9. 
When pH was changed to 11, the L-Phe-TCF-1 
displayed absorption peaks at 336 nm (ε = 1.24 × 
104 M−1 cm−1) and broad peak at 481 m (ε = 1.06 × 
104 M−1 cm−1). The absorption peak at pH 3 found at 
400 nm diminishes and the spectrum again displays 
new peaks with significant bathochromic shifts of 
81 nm, 83 nm, 55 nm and 81 nm for the L-Phe-TCF-1 
solutions at pH 5, 7, 9 and 11, respectively. Herein, the 
protonation and deprotonation state of –NH2 in L-Phe-
TCF-1 behaves differently as we move from acidic pH 
3 to 5 to neutral 7 to basic 9 and pH 11, which in turn 
could be attributed to the changes in electronic 
donor/acceptor properties of –NH2 functional group of 
L-Phe-TCF-1. In addition, we presume that L-Phe-
TCF-1 displayed strong electrostatic interaction in
acidic media. Similarly, the absorption properties of the
L-Tyr-TCF-1 was examined at varying pH values of 3,
5, 7, 9 and 11 and depicted in Fig. 5b and summarized
in Table 2. When the pH was 3, the two intense
absorption peaks appeared at 399 nm (ε = 1.75 ×
104 M−1 cm−1) and 538 nm (ε = 0.81 × 104 M−1 cm−1).
At pH 5, the peaks appeared at 334 nm (ε = 0.56 ×
104 M−1 cm−1) and broad peak at 518 nm (ε = 2.17 ×
104 M−1 cm−1). The two peaks were observed at 336 nm
(ε = 0.66 × 104 M−1 cm−1) and 517 nm (broad peak)
(ε = 2.35 × 104 M−1 cm−1) at pH 7. At pH 9, the
absorption peaks were found at 337 nm
(ε = 0.88 × 104 M−1 cm−1) and 516 nm (broad peak)
(ε = 2.52 × 104 M−1 cm−1). At higher pH of about 11,
the L-Tyr-TCF-1 displayed two peaks at 336 nm
(ε = 1.16 × 104 M−1 cm−1) and 516 nm (broad peak)
(ε = 2.20 × 104 M−1 cm−1). As we change the pH
values from acidic 3 to 5 and then to neutral 7 and
further to basic 9 and 11, we observed the strong
bathochromic shifts of 119, 118, 117 and 120 nm.
These large red shifts compared to the absorption
peak at 399 nm of L-Tyr-TCF-1 at pH 3, could be
ascribed to the alteration in electronic donor/acceptor
properties of –NH2 present within the molecular
skeleton. These results of the L-Tyr-TCF-1 at neutral as
well as basic media implies that the presence of weaker
electrostatic interaction within the –NH2 group. In
aqueous medium, the L-Trp-TCF-1 displayed
characteristic UV-Vis absorbance bands within the 300
to 600 nm
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Fig. 5 — UV-Vis spectra of (a) L-Phe-TCF-1, (b) L-Tyr-TCF-1 and (c) L-Trp-TCF-1 and fluorescence emission spectra of (d) L-Phe-TCF-
1, (e) L-Tyr-TCF-1 and (f) L-Trp-TCF-1 at different pH ranging from 3 to 11 

Table 2 — UV-Vis absorption and fluorescence emission spectra of L-Phe-TCF-1, L-Tyr-TCF-1 and L-Trp-TCF-1 at different pH in 
aqueous media 

Spectroscopic Methods pH 
values 

L-Phe-TCF-1 L-Tyr-TCF-1 L-Trp-TCF-1

UV-Vis absorption 
spectra (nm) 

(Extinction coefficient ε 
(M–1 cm–1) 

3 400 (10400) 
& Shoulder 
peak at 333 

(7100) 

554 (3400) 399 (17500) Broad peak 
538 (8100) 

332 
(8900) 

& 
413 (12200) 

Broad peak 564 
(3500) 

5 333 (5700) Broad peak 
481 (8300) 

334 (5600) Broad peak 
518 (21700) 

331 (7100) Broad peak 
451 (11300) 

7 336 (6300) Broad peak 
483 (9100) 

336 (6600) Broad peak 
517 (23500) 

337 (3900) Broad peak 
460 (8600) 

9 336 (9100) Broad peak 
455 (14300) 

337 (8800) Broad peak 
516 (25200) 

334 (11400) Broad peak 
470 (13100) 

11 336 (12400) Broad peak 
481 (10600) 

336 (11600) Broad peak 
519 (22000) 

336 (13500) Broad peak 
472 (10200) 

Fluorescence Emisison 
Spectra (nm) 

Excitation wavelength 

3 610 (λex = 510 nm) 610 (λex = 510 nm) 610 (λex = 550 nm) 

5 610 (λex = 510 nm) 610 (λex = 510 nm) 610 (λex = 550 nm) 

7 610 (λex = 510 nm) 610 (λex = 510 nm) 610 (λex = 550 nm) 

9 610 (λex = 510 nm) 610 (λex = 510 nm) 610 (λex = 550 nm) 

11 610 (λex = 510 nm) 610 (λex = 510 nm) 610 (λex = 550 nm) 
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wavelength range at pH = 3 to 11 (Fig. 5c). For lower 
pH value e.g. at 3, we observed an absorption peaks at 
332 nm (ε = 0.89 × 104 M−1 cm−1)., 413 nm (ε = 1.22 
× 104 M−1 cm−1) and 564 nm (ε = 0.35 × 
104 M−1 cm−1). Beyond pH 5 the absorption peak 
around 413 nm diminishes and new peaks were 
appeared. For pH 5, the absorption peaks appeared at 
331 nm (ε = 0.71 × 104 M−1 cm−1)., 451 nm (ε = 1.13 
× 104 M−1 cm−1). When the pH was further increased 
to 7, the UV-vis absorption bands appeared at 337 nm 
(ε = 0.39 × 104 M−1 cm−1)., 460 nm (ε = 0.86 × 
104 M−1 cm−1). The more intense peaks were found at 
334 nm (ε = 1.14 × 104 M−1 cm−1)., 470 nm (ε = 1.31 
× 104 M−1 cm−1) at pH 9 solution of L-Trp-TCF-1 in 
water. At higher pH 11, the absorption peaks were 
observed at 336 nm (ε = 1.35 × 104 M−1 cm−1)., 472 
nm (ε = 1.02 × 104 M−1 cm−1).  

Thus, the increase in pH of the L-Trp-TCF-1 
solution in water showed significant red-shifts of 38, 
47, 57 and 59, when pH was changed to 5, 7, 9 and 
11, respectively (Fig. 5c, Table 2). From this we 
conclude that the absorption spectra of the L-Trp-
TCF-1 chromophore directly depends on the 
protonated and deprotonated form in an aqueous 
solution. This could be attributed to the strong 
electrostatic interaction at lower pH 3, whereas, at 
higher i.e. neutral and basic pH the L-Trp-TCF-1 
exhibits wreaker indication within the –NH2 base. 

Furthermore, at different pH ranging from 3 to 11, 
we studied the fluorescence emission spectra of 
L-Phe-TCF-1, L-Tyr-TCF-1 and L-Trp-TCF-1 and
displayed in Fig. 5d, Fig. 5e and Fig. 5f, respectively.
Fig. 5d, showing the relative fluorescence of L-Phe-
TCF-1 aqueous solution at pH 3, 5, 7, 9 and 11 has
been recorded at 610 nm upon excitation at 510 nm.
The fluorescence emission peaks appeared at 610 nm
for pH 3, 5, 7, 9 and 11. The order of the fluorescence
intensity of L-Phe-TCF-1 was as follows: pH 9 > pH
11 > pH 7 ≈ pH 5 > pH 3. There were no obvious
fluorescence changes of L-Phe-TCF-1 observed at
different pH conditions over the range of pH 3-11. At
pH 3, the fluorescence intensity of L-Phe-TCF-1 is
significantly lower, approximately ~70% decreased
compared to pH 9. This further increases at pH 5 and
remains constant at pH 7, ~24% lower compared
to pH 9, reaches a maximum at pH 9, and then
decreases slightly, ~9% at pH 11, as shown in Fig. 5d.
Thus, the fluorescent amino acid L-Phe-TCF-1 probe
displayed a highly sensitive response to pH. L-Phe-
TCF-1 exhibits very low fluorescence in acidic

conditions at pH 3, while the polyamine decorated 
1,3,5-tristyrylbenzenes chromophore reported in the 
literature was highly fluorescent in acidic 
conditions24. This could be attributed to the reduction 
in fluorescence quenching due to the electrostatic 
repulsion between positively charged functional group 
within the molecular structure. The protonation of 
polyamine in acidic condition could prohibit the 
photoinduced electron transfer (PET). The significant 
increase in fluorescence intensity of L-Phe-TCF-1 as 
the change in pH from acidic condition of 3 to basic 
conditions of 9 and 11. This unobvious pH dependent 
behaviour of the L-Phe-TCF-1 chromophore could be 
attributed to our hypothesis that protonated -NH2 

functional group of phenylalanine could function as 
electron acceptors to quench the fluorescence of TCF 
subunit (Fig. 5d). This suggests that the fluorescence 
intensity of L-Phe-TCF-1 can be utilized to detect 
the pH of the cellular compartments within the live 
cells25. Further, we examined the fluorescence 
properties of the L-Tyr-TCF-1 in water at various pH 
3, 5, 7, 9 and 11 up on excitation at 510 nm (Fig. 5e). 
It was found that fluorescent L-Tyr-TCF-1 is highly 
sensitive towards different pH conditions with 
varying the peak intensity (Fig. 5e). At pH 3, 5, 7, 9 
and 11, the L-Tyr-TCF-1 exhibits fluorescent peak at 
610 nm (λex = 510 nm). The order of fluorescence 
intensity was observed as pH 9 > pH 7 ≈ pH 5 > pH 
11 > pH 3. It is surprizing that at higher acidic 
conditions particularly at pH 3, the fluorescent L-Tyr-
TCF-1 probe displayed very low fluorescence 
intensity decreased by ~62% compared with pH 9. 
Whereas, with the increase in pH from 3 to 9, exhibits 
enhanced fluorescence, indicating the protonated -
NH2 functional group of tyrosine acts as acceptor, 
whereas the TCF-1 acts as donor moiety. It is 
surprising that, when we moved from pH 9 to pH 11, 
the fluorescence intensity was found to be slightly 
~21% decreased, suggesting the -NH2 group of 
tyrosine displayed slightly donor properties and TCF-
1 acts as acceptor. This could be ascribed to the 
photoinduced electron transfer (PET) from primary 
amine of the tyrosine to the acceptor subunit TCF 
within the L-Tyr-TCF-1 molecular skeleton26,27. 
Similarly, as demonstrated in Fig. 5f, L-Trp-TCF-1 
displayed the different fluorescence behaviour as pH 
changes from 3 to 11. It was found that as pH changes 
the fluorescence emission peak intensity alters in the 
order of pH 9 > pH 5 > pH 7 > pH 11 > pH 3. The 
change in the pH from acidic 3 to basic 9 showed 
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significant increases in fluorescence emission, 
indicating the protonated -NH2 of tryptophan 
displayed donor behaviour, whereas the TCF acts as 
acceptor to quench the fluorescence of the L-Trp-
TCF-1 via d-PET mechanism28. 

This investigation provides new path of the pH 
responsive aromatic amino acid functionalized (E)-2-
(4-(4-aminostyryl)-3-cyano-5,5-dimethylfuran-2(5H)-
ylidene) malononitrile (TCF-1) chromophore design 
with excellent absorbance and fluorescence 
properties. 

Conclusions 
In summary, the UV-Vis absorption and 

fluorescence spectral properties of Boc-L-Phe-TCF-1, 
Boc-L-Tyr-TCF-1 and Boc-L-Trp-TCF-1 were 
established in different organic solvents. The absorbance 
and emisison properties of these chromophores are 
found to be solvent dependent. In addition, the UV-
Vis absorption, and fluorescence intensity with 
different pH ranging from 3 to 11 of three amino acid 
derivatives L-Phe-TCF-1, L-Tyr-TCF-1 and L-Trp-
TCF-1 has been investigated. The pH dependent UV-
Vis changes of L-Phe-TCF-1, L-Tyr-TCF-1 and L-
Trp-TCF-1 was mainly ascribed to the electrostatic 
interaction based aggregation of these chromophores. 
The pH dependent fluorescence intensity changes 
were demonstrated systematically, indicating 
surprising behaviour of the molecule at acidic as 
well as basic pH. The unprecedented fluorescence 
behaviour of the-Phe-TCF-1, L-Tyr-TCF-1 and L-Trp-
TCF-1 bearing free amine (-NH2) functional group in 
their deprotonated form at acidic and basic pH are 
interesting properties for possible bioimaging 
applications29,30. 
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