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A short, high-yielding route to pyranylidene Iminium (Imi) salts using a new pyrylium salt reaction
between N,N-Dimethylformamide (DMF) and acetic anhydride is reported. The Imi salt-sensing behavior
toward various anions has been investigated using UV–Visible spectroscopy. The Imi salt demonstrates
high selectively for CN� when various other anions, such as CN�, Cl�, Br�, I�, SCN�, ClO�4 , NO�3 , HSO�4 ,
PF�6 and N�3 , are present because it is highly reactive towards nucleophiles. The selective detection of
CN� with the Imi unit gave rise to a significant hypochromic shift in the CH3CN solution at kmax = 444 nm
and 423 nm and creation of new peak at 252 nm. These studies indicated that CN� had high affinity
toward Imi, forming a 1:1 complex; this observation agrees with the current understanding of these
materials.

� 2014 Elsevier B.V. All rights reserved.
Introduction

The first pyrylium and pyranylideneiminium (Imi) salts were
synthesized nearly 100 years ago. During the first half of the pres-
ent century, interest in these compounds was reasonable [1].
Among the six membered heterocycles containing one heteroatom,
the pyrylium cation is the most strongly perturbed benzenoid sys-
tem with a low aromaticity [2,3]; however, pyrylium salts are good
synthons for numerous chemical reactions and a nodal point for
many synthetic routes. They may function as intermediates for var-
ious synthetic applications [4]. Pyrylium rings are able to react
with different nucleophiles according to the steric or electronic
effects caused by the substituents; the nucleophile may also selec-
tively add in either the a- or c-position to create 2H- or 4H-pyrans,
respectively, Unless the c-position is unsubstituted or the nucleo-
phile is small or unselective (e.g., hydrides, Grignard reagents),
addition to the a-position is preferred because the a-position is
more electron deficient than the c-position. Both positions may
undergo subsequent reactions to generate acyclic end products
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that may be converted into other ring systems [5]. One of the more
important pyrylium ring transformation reactions is the generation
of Imi salts. Pyrylium salts containing active methyl groups pro-
duce mono-iminium salts with DMF in acetic anhydride using
the Vilsmeier complex. Donor–acceptor (D–A) Imi salt derivatives
are interesting because they have interesting optical properties.
Therefore, Imi salt derivatives are well-known laser dyes, and
many of these derivatives are also useful red dopants for organic
light-emitting diodes (OLED) [6]. In most cases, the pyranylidene
moiety is incorporated into the p-spacer, generating either one-
dimensional (1D) or two-dimensional (2D, also called V-shaped)
[7] nonlinear optical (NLO) D–A and D–A–D type chromophores,
respectively [8–10]. We have synthesized new 4-methyl 2,6-diphe-
nyl pyrylium trifluoromethanesulfonate and Imi salts. These salts
were described previously with different counter anions. The re-
ported method used to synthesize Imi salts involved 4-methyl
2,6-diphenyl pyrylium perchlorate and DMF reacting within acetic
anhydride [11,12].

Anion sensors are important in biological, environmental, and
industrial processes. Cyanide (CN�) is the most toxic inorganic an-
ion; it is acutely toxic to mammals when administered through any
route, causing death in minutes [13]. CN� strongly interacts with
the cytochrome a3 active sites and inhibits cellular respiration in
mammalian cells [14,15]. Cyanide fishing [16] also pollutes waters
in areas used for fishing for exotic fish, such as the coral reefs, and
is a component of tabun, which is a chemical warfare agent [17].
Currently, various analytical methods have been developed to
determine cyanide ion content, such as chromatographic [18], fluo-
rometric [19], flow injection [20] and electrochemical [21] analy-
ses. Many analytical techniques, such as potentiometry,
chromatography and flow injection have been developed to detect
cyanide [22,23]. Recently, nucleophilic addition of cyanide to pyry-
lium salt derivatives has also been adopted to sense CN� [24]. This
type of recognition exploits the nucleophilicity of the cyanide ion
and enables the construction of a system that recognizes the char-
acteristic features of CN�, generating a specific response. CAC bond
formation was observed with the pyrylium salt and its derivatives
when used as colorimetric sensors for cyanide ions. The pyran’s
electrophilicity and CN�’s nucleophilicity combine to form cyano-
enone derivatives in CH3CN solution [25,26]. Consequently, this
reaction-based method might be developed to create a platform
for discovering new Imi salts resembling sensors that may be
potentially useful to detect CN� in industrial, environmental, and
biological capacities. Based on earlier reports, we propose the
Scheme 1. A plausible mechanism for the formation of the pyrany
binding mechanism between Imi and CN� ions, as displayed in
Scheme 1.

Based on this hypothesis, we designed and synthesized a new
small molecular sensor pyranylidene iminium (Imi) salt based on
a pyrylium salt derivative and a suitable chromogenic organic
group to develop a new chromogenic with enhanced sensing prop-
erties. We describe the synthesis and the binding properties of Imi
salt chemosensor that display highly selective absorption changes
with cyanide in the presence of various anions. We have explored a
new one-pot synthesis to prepare the 4-methyl 2,6-diphenyl pyry-
lium trifluoromethanesulfonate salt using benzoyl chloride, anhy-
drous t-butyl alcohol and trifluoromethanesulfonic acid in high
yields (>90%) for the primary step. Finally, reacting the pyrylium
salt with DMF and acetic anhydride produces the Imi salt in high
yields (>92%), as presented in Scheme 2. The sensor performance
was not affected by other ions, demonstrating the high selectivity
of this sensor toward cyanide. Therefore, in this paper we wish to
report the design and synthesis of an Imi salt and its unique inter-
action with cyanide ion.
Materials and methods

Materials and apparatus

All solvents and reagents (analytical grade and spectroscopic
grade) were obtained commercially and used as received unless
otherwise noted. AVANCE III 600 Magnet: Ascend™ series, 14.1 T,
1H resonance frequency 600 MHz, 13C resonance frequency
150 MHz, Top Spin 3.1 (software), Germany and JNM-AL400,
9.4 T, 1H resonance frequency 400 MHz, 13C resonance frequency
100 MHz, Alice 4.0 (software), Akishima, Japan spectrometers
respectively, in CF3COOD, DMSO-d6 and CDCl3 solvents were pur-
chased from Sigma–Aldrich. The chemical shifts (d values) were re-
ported in ppm down field from an internal standard (Me4Si) (1H
and 13C NMR). The mass spectra were recorded with a JEOL MSta-
tion [JMS-700] mass spectrometer. FTIR spectra were recorded
with a FTS-175C spectrometer (Bio-laboratories, Cambridge,
USA). Melting points were recorded with a Bamstead electro-
thermal (UK) apparatus and are reported uncorrected. Elemental
analyses were performed with a Carlo Elba Model 1106 analyzer.
UV–Visible absorption spectra were recorded with an Agilent
8453 spectrophotometer. HOMO/LUMO (Highest Occupied Molec-
ular Orbital/Lowest Unoccupied Molecular Orbital) calculations
lidene iminium salt (Imi salt) and its cyano-enone derivatives.



Scheme 2. Synthesis of the pyranylidene iminium salt (Imi salt).
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and modeling simulations were conducted with DMol3 in the
Material Studio 4.3 suite. The anions were introduced as tetra-butyl
ammonium (TBA) salts and were purchased from Sigma–Aldrich
and Alfa–Aesar Chemical Reagent Co.

General spectroscopic methods
TBA salts and Imi salt were dissolved in CH3CN to obtain

1 � 10�3 M stock solutions. Before the spectroscopic measure-
ments, samples were freshly prepared by diluting the concentrated
stock solution to the required concentration. All of the experiments
were conducted at ambient pressure and room temperature.

Synthesis of 4-methyl 2,6-di-phenyl-pyrylium
trifluoromethanesulfonate

A 500 mL three neck round bottom flask was equipped with a
temperature probe, a magnetic stir bar and a nitrogen inlet adaptor
with a dry ice condenser. Next, 24 g (0.2 mol) of benzoyl chloride
and 3.7 g (0.05 mol) of anhydrous t-butyl alcohol was loaded into
the round bottom flask and the condenser was filled with ace-
tone-dry ice. The reaction mixture was heated to 95 �C with stir-
ring. Subsequently, 15 g (0.1 mol) of trifluoromethanesulfonic
acid was added with stirring over 2–3 min. After the addition
was complete, the temperature was raised to 105–115 �C and the
mixture was allowed to react for 20 min. Later, the reaction mix-
ture color changed to brown, and it was allowed to cool to 50 �C
before being cooled to �10 �C in an ice-salt bath. A precipitate
formed while adding the 100 mL of cold diethyl ether to the reac-
tion mixture. After precipitation, the mixture was filtered using a
Buchner funnel; the collected solid was washed with diethyl ether
(3 � 100 mL) and dried over P2O5 to give 17.86 g of the title com-
pound (Yield 90.32%).

M.P = 283–285 �C; IR (KBr): 3072, 1629, 1518, 1271, 1148, 1030,
635 cm�1; 1H NMR (600 MHz, CF3COOD): d 3.26 (s, 3H), 8.08 (t, 4H,
J = 7.34 Hz), 8.19 (t, 2H, J = 7.34 Hz), 8.59 (d, 4H, J = 3.76 Hz), 8.61
(s, 2H) ppm; 13C NMR (150 MHz, CF3COOD): d 25.1, 121.1, 130.1,
130.4, 132.7, 138.6, 174.2, 176.4 ppm; ESI-MS (m/z): 247.3 [M]+

(100) for the pyrylium cation and 148.9 [M]+ (100) for the trifluo-
romethanesulfonate anion; Elemental Analysis calcd (%) for C19H15-

F3O4S: C, 57.57; H, 3.81; F, 14.38; O, 16.15; S, 8.09; found: C, 57.43;
H, 3.85; O, 16.43; S, 7.98.

Synthesis of pyranylidene iminium (Imi) salt

A mixture of 3.96 g (0.01 mol) of 4-methyl 2,6-diphenyl pyryli-
um trifluoromethanesulfonate salt, 2.3 mL (0.03 mol) of DMF and
80 mL of acetic anhydride was refluxed for 15 min and allowed
to cool. If no product separated, ether (100 mL) was added to the
solution to initiate precipitation. The precipitate was collected
via filtration, recrystallized from methanol and dried to produce
4.15 g of the desired compound with a 92.1% yield.

M.P = 223–225 �C; IR (KBr): 3074, 2917, 1594, 1528, 1488,
1454, 1405, 1148, 1028, 926, 724 cm�1; 1H NMR (400 MHz,
CDCl3 + DMSO-d6): d 3.22 (s, 3H), 3.48 (s, 3H), 5.79 (d, 1H,
J = 12.19 Hz), 7.29 (s, 1H), 7.52 (d, 6H, J = 7.07 Hz), 7.90 (d, 2H,
J = 7.07 Hz), 7.94 (s, 1H), 8.03 (d, 2H, J = 7.07 Hz), 8.79 (d, 1H,
J = 12.19 Hz) ppm; 13C NMR (150 MHz, CDCl3 + DMSO-d6): d
37.78, 45.98, 99.0, 103.17, 109.03, 125.14, 128.39, 129.42, 131.22,
155.63, 158.49, 159.96 ppm; ESI-MS (m/z): 302.4 [M]+ (100) for
the iminium cation and 148.9 [M]+ (100) for the trifluoromethane-
sulfonate anion; Elemental Analysis calcd (%) for C22H20F3NO4S: C,
58.53; H, 4.47; F, 12.62; N, 3.10; O, 14.18; S, 7.10; found: C, 58.43;
H, 4.45; N, 3.03; O, 15.51; S, 6.92.
Results and discussion

Photophysical properties

The sensing activity was investigated by adding various anions
using TBA salts (CN�, Cl�, Br�, I�, SCN�, ClO�4 , NO�3 , HSO�4 , PF�6 and
N�3 ) to the Imi salt in CH3CN. When one equivalent (equiv.) of CN�

ion (2 � 10�5 M) relative to the Imi salt (2 � 10�5 M) was added,
color changes were identifiable with the naked eye. Excitingly,
the Imi salt demonstrated sensing behavior using color changes
from yellow to colorless, as presented in Fig. 1. Other experiments
demonstrated that the complex formed between the Imi salt and
the cyanide ion was highly selective. We report the experimental
results in detail.

UV–Visible spectroscopic studies

The UV–Vis absorption changes in the Imi salt solution
(2 � 10�5 M) after adding various anions (CN�, Cl�, Br�, I�, SCN�,
ClO�4 , NO�3 , HSO�4 , PF�6 and N�3 (1 equiv. each)) were also explored.
After adding 1.0 equiv. of CN� ion to an Imi salt solution, the origi-
nal absorption bands at 444 nm and 423 nm greatly decreased (see
Fig. 2). However, the addition of other anions (1 equiv.) did not
cause any apparent color or spectral change. One characteristic
property of the Imi salt pyran ring is its vulnerability toward
nucleophilic addition; additionally the selectivity of Imi salt for
CN� in CH3CN validates the high nucleophilicity of cyanide.

To study the binding properties of the sensing Imi salt with
CN�, we measured the UV–Vis spectra of the Imi salt
(2 � 10�5 M) with various concentrations of CN� (0–2.5 equiv.),
as presented in Fig. 3. During the photometric titrations of Imi
using CN� (0–2.5 equiv.), a gradual decrease in the absorbance’s
at 444 nm and 423 nm were observed, indicating only one CN�

complex had formed. In addition a new peak at 252 nm is shown
in Fig. 3 inset absorption spectra along by isosbestic point through
331 nm. The absorption spectrum remained at a plateau when
more CN� (>1.0 equiv) was added, implicating a 1:1 complex be-
tween the sensor and the CN� ion, and a color change from yellow
to colorless was observed. The color change of the Imi salt after
CN� was added may be caused by cyanopyran formation during
the first step; this compound is readily converted into a cyano-en-
one derivative through tautomerization (see Scheme 1).



Fig. 1. Photograph (naked eye) of solutions containing various anions (2 � 10�5 M) and Imi (2 � 10�5 M) in CH3CN: Imi, CN�, Cl�, Br�, I�, SCN�, ClO�4 , NO�3 , HSO�4 , PF�6 and N�3
(from left to right).
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In addition, binding stoichiometry experiments were carried
out to explore the interference abilities of CN�. The binding stoichi-
ometry between the Imi salt (2 � 10�5 M) and CN� (2 � 10�5 M)
was essential to the sensing properties. A Job’s plot also indicated
that a 1:1 stoichiometric ratio was necessary for Imi salt and CN�

complex formation, as indicated by the absorption spectra at
423 nm in CH3CN (Fig. 4). The (A0 � A)/A0 absorption at 423 nm
were plotted against different molar fractions of the Imi salt and
CN�, demonstrating that their maximum intensity occurred at a
0.5 stoichiometric ratio. Suitable to the binding nature of Imi salt
with CN� ion absorbance after 0.5 ratio is almost constant. These
results also meet the requirements for complex formation in a
1:1 ratio. Therefore, the oxygen atom in the pyran ring of the Imi
salt attracts the nucleophilic CN� ion (1 equiv.) to form the cya-
no-enone structure.

To become a highly selective probe for the target analyte, a good
tolerance for disturbance is required. Therefore, competition
experiments were examined using absorption spectra. The high
sensitization of the Imi salt toward the CN� ion was demonstrated
during extreme competition. Of the 10 different anions surveyed
under identical conditions, including Cl�, Br�, I�, SCN�, ClO�4 ,
NO�3 ;HSO�4 ;PF�6 and N�3 , the absorption response of the Imi salt
works exclusively for CN� ion with an intense and consistent hypo-
chromic shift at 423 nm (as shown in Fig. 5). An Imi salt solution
was treated with all 10 different anions combined and exhibited
only a weak background signal in absorption intensity at 423 nm.
The Imi salt’s absorption turn-off detection by CN� relies on a clean
and rapid CAC bond formation under ambient conditions (see
Scheme 1). These results demonstrate Imi’s exclusive selectivity
toward CN�.

The CN� ion’s reactivity with the pyran ring of the Imi salt is
reversible; in the presence of an acidic solution, the Imi salt deriv-
ative might be retrieved. Therefore, the possibility of attaining a
reusable colorimetric Imi salt was tested by regenerating the Imi
salt by reacting the cyano-enone derivative with acid to obtain
the original Imi salt. An Imi salt saturated with CN� was added
to aqueous hydrochloric acid (2 � 10�5 M), and the original color
of the Imi salt solution was recovered and observed in the absorp-
tion spectrum (see Fig. 6). This acidic treatment also reversed the
ring-opening caused by the HCl conditioning. When the absorption
for the pure Imi salt was observed at 423 nm and 444 nm, a hypo-
chromic shift occurred after adding CN�. Addition of hydrochloric
acid to the Imi-CN� complex (saturated) solution, regenerated
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the original absorbance profile of the Imi salt. Finally, after a sec-
ond equivalent of CN� ion was added to the HCl-treated solution,
the absorbance of the Imi salt was not eliminated. The trifluoro-
methanesulfonic acid (Triflic acid, super acid) [27,28] that formed
when the HCl solution was added might not be neutralized by
the second equivalent of CN� ion. Therefore, the hypochromic shift
was not observed after that addition of a second equivalent of the
CN� ion (shown in Scheme 1). These studies resolved the regener-
ation of the Imi salt using hydrochloric acid to treat the Imi-CN�

complex (saturated) solution.

Fourier transform infrared spectroscopy (FTIR) studies for
complexation between Imi salt and CN� ion

The involvement of the pyran ring in the Imi salt during the
complexation was confirmed by analyzing the FTIR data for the
Imi salt in the presence and absence of CN�. The FTIR spectra of
the Imi salt displays a characteristic strong absorption peak at
approximately 1594 cm�l from the C@C stretching vibration of
the pyran ring. These data suggest that extensive bond delocaliza-
tion of p-electrons in the pyran ring of Imi salt occurs and that the
characteristic carbonyl stretching frequencies in the Imi salt were
absent. Interestingly, when 1 equiv. of CN� was added to the Imi
salt, we observed a strong C@O stretching vibration at
1707 cm�1, as displayed in Fig. 7. However, the AC„N stretching
vibrations were observed at 2153 cm�1 and underwent a domino
effect during the pyran ring-opening of the Imi salt. Finally, an
unsaturated cyano-enone derivative was formed and confirmed
by the strong C@CAH stretching vibrations at 2967 cm�1. The an-
ion bonds with the pyran ring, forming the CAC of the cyanopyran
in the first step, which is voluntarily changed into a cyano-enone
derivative through tautomerism.
Computational studies

Finally, computational calculations were carried out to investi-
gate the binding mechanism and the HOMO/LUMO energy levels of
the Imi salt and the Imi-CN� complex (Fig. 8). These simulations
utilized Material Studio 4.3 suite, which is a quantum mechanical



B.A. Rao et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 127 (2014) 268–274 273
program using density functional theory (DFT). Perdew–Burke–
Ernzerhof (PBE) functions of the generalized gradient approxima-
tion (GGA) levels with double numeric polarization basis sets were
used to calculate the energy level of the frontier molecular orbitals
(MOs) [29–32]. Comparing the electron distributions of the HOMO
and LUMO states in the Imi salt and the Imi-CN� complex revealed
that the electron density decreased in the LUMO levels relative to
the HOMO levels in the Imi salt structure, as displayed in Fig. 8A
and B. The energy gap between the HOMO and LUMO levels of
the Imi salt is 1.552 eV and 2.097 eV with Imi-CN� complex.
According to the experimental results, the hypsochromic (blue)
shift in the absorbance leads to �171 nm [423–252 nm] displayed
by the Imi-CN� complex was attributable to the decreased HOMO–
LUMO gap from Imi salt to the Imi-CN� complex. The most unique
property of the pyran ring in Imi salt is its vulnerability toward
nucleophilic addition reactions. Therefore, the clean and rapid
CAC bond formation and subsequent ring-opened product were
able to form. This addition results in the opening of the pyran ring
of the Imi salt and generates the cyano-pyran moiety in equilib-
rium with the corresponding cyano-enone tautomer.

Conclusion

In conclusion, we have synthesized Imi and demonstrated its
utility as a molecular sensor for detection of CN� in CH3CN solu-
tions. A small molecular sensor with the ability to detect the CN�

ion by quenching absorption intensity has been successfully devel-
oped. Additionally, the color of the solution changed from yellow
to colorless and was then recovered. The optical properties of this
Imi salt were investigated using various anions, such as CN�, Cl�,
Br�, I�, SCN�, ClO�4 , NO�3 , HSO�4 , PF�6 and N�3 . Imi exhibited en-
hanced sensitivity and the significant selectivity for recognizing
CN� over other anions. The UV–visible spectra revealed a hypo-
chromic shifts at 423 nm and 444 nm after CN� was added to the
Imi salt. In addition a new peak at 252 nm is shown in absorption
spectra along with isosbestic point with 331 nm. In this pattern
selective binding leads to �171 nm [423–252 nm] hypsochromic
(blue) shift. The complex between the Imi salt and CN� had a 1:1
stoichiometry. The feasibility of reusable colorimetric Imi salt
was tested by recuperating the sensing Imi salt by exposing the cy-
ano-enone derivative to an acidic solution to regenerate the Imi
salt. The reaction used was reversible, and the Imi salt sensor
may be recovered using aqueous hydrochloric acid. FTIR studies
indicated that a carbonyl compound derivative formed during
the binding mechanism. In this study, we summarized the theoret-
ical properties of an Imi salt and the Imi-CN� complex to further
understand the electronic distribution in HOMO and LUMO. Using
these findings, the theoretical approaches were compared to eluci-
date more detailed characteristics of the Imi salt and Imi-CN�

complex formation. Further studies are in progress to understand
the effects of various substituent during the recognition process
and to develop Imi salt-based sensors for anions.
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