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Tuning of the H-bonding ability of imidazole N–H
towards the colorimetric sensing of fluoride and
cyanide ions as their sodium salts in water†

Ramalingam Manivannan, Angupillai Satheshkumar and
Kuppanagounder P. Elango*

Imidazole functionalized receptors, 2-R-1H-naphtho[2,3-d]imidazole-4,9-dione (2a–h), containing naphtho-

quinone as a chromogenic signalling unit have been synthesized from the reaction of 2,3-diaminonaphtho-

quinone and different aldehydes. These receptors showed a color change upon addition of fluoride and

cyanide ions in DMSO with a bathochromic shift of the characteristic intramolecular charge transfer (ICT)

transition band. No color change was observed upon addition of other anions such as Cl�, Br�, I�, NO3
�,

AcO� and H2PO4
�. 1H NMR and electrochemical studies revealed that these receptors sense fluoride and

cyanide ion via the formation of H-bond with the imidazole N–H moiety. Electronic and spectrofluorimetric

studies indicated that the binding constants of these receptors with F� and CN� ions were in the order of

B106. The results of the spectral studies indicated that, by changing the R group in the receptor, the acidity

of the imidazole N–H can be varied from dH 13.70 (for isopropyl) to 14.94 ppm (for thiophene). Theoretical

calculations based on Density Functional Theory showed that the HOMO–LUMO energy gap for the ICT

transition corroborate the results of the spectral studies. Receptor 2f (R = thiophene) was also able to detect

fluoride and cyanide ions as their sodium salts in aqueous solution with a visual color change.

Introduction

The development of molecular sensors for anions is receiving
increased attention due to their significant roles in biology,
medicine, catalysis and environmental monitoring.1–4 Anions,
particularly fluoride, cyanide and phosphate, are harmful to
environment as well as human health.5–7 According to the
World Health Organization (WHO), the permissible limit of
fluoride and cyanide ion concentrations in drinking water is 1.5
and 0.07 mg L�1, respectively.8,9 Consequently, the selective
detection of these anions, either visually or by spectroscopic/
electrochemical methods, has become essential. Moreover,
single molecular sensors for multiple analytes have become a
new research focus because it could overcome the difficulties
encountered with loading multiple indicators.10–12

In general, molecular sensors are composed of two units:
receptor and signalling units.13,14 A survey of the literature revealed
that various authors have developed molecular sensors containing
urea/thiourea,15,16 pyrrole,17,18 indole,19,20 imidazole,21,22 calyx23

and calixarenes24 as the receptor units due to their H-bond
donor properties. Moieties such as nitrophenyl,25,26 quinone27,28

and azo-dye29–31 were used as signalling units in these sensors.
Recently, we developed a molecular sensor based on urea for the
simple and selective detection of fluoride ions, where the
receptor unit is directly attached to the quinone signalling unit
in order to achieve a receptor unit with an enhanced H-bond
donor property,14 as the anion recognition event solely depends
on the H-bonding property of the sensors.

Recently, we have demonstrated the intermolecular charge
transfer facilitated imine formation of a weak nucleophile, 2,3-
diaminonaphthoquinone (I) with different aldehydes.32 Spec-
troscopic and theoretical studies revealed that the weak nature
of these amine groups is due to the existence of an intra-
molecular charge transfer (ICT) transition between the amine
and quinone moieties. Such an ICT transition would increase
the H-bond donor ability (acidity) of the amine group. Also in
the imine (II) obtained from the amine, the acidity of the
H-atoms were found to be increased as a result of unequal
ICT transition from the two substituents attached to the
quinone ring. The results of the study also revealed that the
ICT from the amine nitrogen in II is relatively higher than from
the imine nitrogen.

Hence, it was presumed that by attaching an imidazole
moiety (which already possesses an acidic H-atom) directly to
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the quinone ring, we could enhance the acidity of the imidazole
H-atom (IV).Also, by varying the substituent attached to the
imidazole ring we could fine tune the H-bond donor ability of
the N–H group of such an imidazole system. Further, when the
receptor unit (imidazole moiety) is directly attached to the
signalling unit (quinone moiety), the ICT transition would be
more pronounced so as to make its detection easier. Further-
more, such structural variation can also alter the solubility of
the molecule.33

The main objective, therefore, of the present endeavour is
to synthesize a series of such imidazoles (IV) with varying
substituents and to make use of these molecules as sensors
for anions. The interaction between the sensors and anions was
investigated using various spectral (UV-Vis, fluorescence,
1H NMR) and electrochemical studies. For better understanding
of the sensing behaviors, the structures and electronic properties
of the sensors and their complexes with fluoride and cyanide
ions have also been calculated using Density Functional Theory.

Result and discussion

Receptors 2a–h were synthesized, from commercially available
2,3-dichloronaphthoquinone, as outlined in Scheme 1. The
structure of these compounds was characterized by 1H NMR,
LCMS and UV-Vis spectral techniques. All the compounds
synthesized (except 2a) are novel. The anion recognition prop-
erty of these receptors was investigated using various spectral
techniques such as UV-Vis, fluorescence and 1H NMR and DFT
computations.

Visual detection

Visual inspection of compounds 2a–h (6.25 � 10�4 M) in DMSO
before and after addition of 1 eq. of tetrabutylammonium salts
of various anions, such as F�, CN�, Cl�, Br�, I�, AcO�, H2PO4

�

and NO3
�, was carried out. As a representative case, the color

change observed for 2f is shown in Fig. 1. As depicted in the
figure, the DMSO solution of 2f turned yellow to intense red
after the addition of fluoride and cyanide ions. However, the
color remained unchanged after the addition of the other

chosen anions. This observation indicated the selectivity of
2a–h toward fluoride and cyanide ions.34

Binding studies using UV-Vis
spectrophotometry

The complexation abilities of 2a–h with these anions were
investigated using an UV-Vis absorption technique. As a representa-
tive case, the UV-Vis spectral changes of 2f upon the addition of the
different anions are shown in Fig. 2. The electronic spectrum of
receptor 2f exhibited a maximum absorbance at 428 nm (log e =
5.83), which corresponds to the intramolecular charge transfer (ICT)
transition (n - p*) from N-atoms to the quinone moiety. As
evidenced from Fig. 2, the addition of fluoride and cyanide ions
bathochromically shifts the lICT to 486 nm, which is accompanied
by the instantaneous formation of the red color (DlICT = 58 nm).
However, addition of other anions produced only a very small shift
in the lICT. With the addition of incremental amounts of fluoride
and cyanide ions to the solution of 2f in DMSO–HEPES buffer
(1 : 1 v/v),35–41 the absorption peak at 424 nm diminished
gradually while the formation of a new peak at 485 nm was
observed (Fig. 3). This new band is due to the ICT transition
between the receptor (imidazole N–H� � �A�; where A� = F� or
CN�) and quinone signalling units. Thus, the bathochromic

Scheme 1 Synthesis of receptors 2a–h.

Fig. 1 Color changes upon addition of (1 eq.) of various anions to DMSO
solutions of 2f (6.25 � 10�4 M).
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shift observed in the lICT, upon addition of F� and CN� ions, is
due to the fact that the N–H� � �A� unit is a relatively better
electron donor than the free imidazole N–H group in the ICT
transition.14,34

The isosbestic point (at 455 nm) indicated that only one type
of receptor–A� complex exists.34,42 All other receptors produced
similar UV-Vis spectral changes (Fig. S1 and S2, ESI†). In all
cases, the association constant of the receptor–A� complex was
determined from the linear (r > 0.96) Scott plots43 and are collected
in Table 1. The results in Table 1 indicate that receptor 2f has
significantly large association constants (in the order of 106 M�1)
for fluoride and cyanide ions. Interestingly, the receptor 2f exhib-
ited similar electronic spectral changes in a 1 : 1 v/v DMSO–water
mixture also. Such an observation indicated that receptor 2f can
form a receptor–A� complex in an aqueous medium also. The
electronic spectra of 2f were also recorded in DMSO–water mixtures
of varying compositions (Fig. S3, ESI†). As expected, the results
showed that when the water content of the medium increased,
there was a decrease in the absorbance of the solution with a
concurrent blue shift in the absorption maximum.

Binding studies using fluorescence
spectrophotometry

The anion binding ability of the receptors 2a–h was also
evaluated by fluorescence titration studies. The fluorescence
emission spectra of the receptors (6.25 � 10�4 M) showed a
broad peak around 530 nm when excited at the corresponding
lICT. In all cases, upon gradual addition of fluoride (Fig. 4) and
cyanide (Fig. S4, ESI†) ions to the receptor solution, quenching
of fluorescence was observed, indicating complexation between
the receptors and fluoride/cyanide ions. From the decrease in
the emission intensity, the binding constant of the receptor–A�

complex was calculated using the following equation,14,44

log(F0 � F)/F = logKA + n log[Q]

where F0 is the emission intensity in the absence of quencher
(Q), F is the emission intensity at the quencher concentration
[Q] and KA is the binding constant for the receptor–A� complex.
In all the cases, a plot of log(F0 � F) versus log[Q] is linear

Fig. 2 UV-Vis absorption changes of compound 2f (6.25 � 10�4 M) upon addition
of 1 eq. of [(Bu)4N] salts of F�, CN�, Cl�, Br�, I�, AcO�, NO3

�, H2PO4
� in DMSO.

Fig. 3 Change in UV-Vis spectra for 2f (6.25 � 10�4 M) in 1 : 1 DMSO–HEPES
buffer (0.1 M, pH 7.4) (A) with the addition of [0 (a)–(h) 6.25 � 10�4 M] of
fluoride ions, (B) with the addition of [0 (a)–(h) 6.25 � 10�4 M] cyanide ions.

Table 1 Association and binding constants (KA) of 2a–2h interaction with
F� and CN�

Receptor

Association
constant (Kd)a/M�1

Binding
constant (KA)b/mol�1 L

F� CN� F� CN�

2a 2.4 � 105 2.9 � 104 4.5 � 105 1.6 � 104

2b 3.1 � 105 3.9 � 105 8.7 � 105 1.4 � 105

2c 1.5 � 105 1.3 � 105 4.9 � 106 4.1 � 106

2d 1.2 � 105 9.7 � 104 3.2 � 105 1.8 � 105

2e 3.7 � 105 5.8 � 104 3.4 � 106 7.7 � 105

2f 3.2 � 106 2.6 � 106 7.2 � 106 7.0 � 106

2g 2.9 � 104 2.4 � 104 6.4 � 103 5.9 � 103

2h 1.1 � 105 7.7 � 104 9.6 � 105 4.4 � 105

a From the Scott linear plot (UV-Vis titration method). b From the Ward
method (fluorescence quenching study).
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(r > 0.95) and the binding constants thus determined are also
collected in Table 1.

The results indicated that the KA values depend on the
substituents present in the receptor. However, as no quantitative

correlation between the KA values and R have been made at
present, we will reserve the discussion for a while.

The stoichiometry of the interaction between the receptors
and A� was determined using the UV-Vis spectral data.45

A representative Job’s plots for 2f–F� and 2f–CN� are shown
in Fig. 5. A curve with a maximum at 0.5 mole fraction was
observed in both the cases, indicating the formation of 1 : 1
(receptor : A�) complex.45

1H NMR titration studies
1H NMR titration experiments were performed to understand
the character of the receptor–anion interactions. As a represen-
tative case, the 1H NMR spectra, recorded in DMSO-d6, of
receptor 2f in the absence and presence of fluoride ions are
shown in Fig. 6. All other 1H NMR spectra are given in the ESI.†
The 1H NMR spectrum of 2f showed a singlet at d 14.94 ppm for
the imidazole N–H proton.

Upon the addition of incremental amounts of fluoride ions,
the 1H NMR peak of the imidazole N–H proton of these receptors
(2a–h) moved down field and then disappeared after the addition
of 1 eq. of F� ions.46 While in the case of CN�, there was an up
field shift of the NH proton, which falls in the shielding zone of
the ring current of the triple bond of the CN� ion. However, no
noticeable changes were observed in the NMR peaks of other
protons. These results indicated that the electrostatic interactions
between the imidazole N–H of these receptors and the fluoride/
cyanide ions occur without any redistribution of the electron
cloud. Therefore, the color change can be attributed to the
formation of H-bonding between the imidazole N–H of these
receptors and the fluoride/cyanide ions.34,46 As we presumed in
the introduction section, the imidazole N–H proton in these
receptors are more acidic than that of benzimidazole itself. This
may be due to the fact that, in the present cases 2a–h, the
imidazole receptor unit is directly attached to an electron deficient

Fig. 4 Change in fluorescence emission spectra for 2a–h (6.25 � 10�4 M) in
DMSO upon the addition of [(Bu)4N]F in DMSO from 0–6.25 � 10�4 M.

Fig. 5 The stoichiometry analysis of 2f by Job’s plot with F� and CN�.
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quinone signalling unit, where the ICT transition existing between
these two units make the N–H proton more acidic. Also, by
varying the substituent (R) attached to the imidazole ring, the
acidity of the N–H proton can be fine-tuned (Table 2). In the
present study the highest d = 14.94 ppm was observed with
thiophene substituted imidazole and the lowest d = 13.70 ppm
was observed for the isopropyl substituted compound. Since the
mechanism of sensing of fluoride and cyanide ions by these

receptors involves the formation of H-bonds between the imida-
zole N–H moiety and the anions, the acidity of the N–H protons
would alter the strength of the H-bonds. Interestingly, there exists
a fairly linear correlation (r > 0.91) between the logKA and d values
(Fig. 7), with positive slopes observed for both fluoride and
cyanide ion sensing. The positive slopes indicated that an increase
in the acidity of the imidazole N–H proton increases the magnitude
of the binding constant of the receptor–A� complex.

Electro-chemical studies

One interesting attribute of the receptors 2a–h is the attach-
ment of the anion binding site (imidazole N–H moiety) directly
to the redox-active quinone moiety. As a representative case, the
electrochemical properties of receptor 2f, on its own as well as
in the presence of variable concentrations of fluoride and
cyanide ions, were investigated using a Differential Pulse
Voltammetry (DPV) technique in DMSO. Since the redox
couples in the presence of anions could not be discerned by
cyclic voltammetry, these were also measured using the more
sensitive DPV technique. The DP voltammograms are shown in
Fig. 8. The receptor 2f showed two reduction peaks, which is
the typical behavior of a quinone. The first peak (�0.1003 V)
corresponds to the formation of the radical anion (Q�) and the
second peak at a relatively more negative potential (�0.5457 V)
corresponds to the formation of the dianion (Q2�). In tradi-
tional organic solvents the difference in these two peak poten-
tials approaches a few hundred millivolts47 and in the present
study it is 445 mV.

The results depicted in Fig. 8 indicate that on the addition
of incremental amounts of these anions (F� and CN�) the
current intensities of the two reduction peaks decreased with

Fig. 6 (A) Partial NMR spectrum of 2f: with (a) 0.25, (b) 0.5, (c) 0.75 and
(d) 1.0 eq. of F� in DMSO-d6. (B) Partial NMR spectrum of 2f: with (a) 0.25, (b) 0.5,
(c) 0.75, (d) 1.0 and (e) 2.0 eq. of CN� in DMSO-d6.

Table 2 Selected spectral and theoretical data of the receptors

Entry d(NH)

Receptor Receptor–F Receptor–CN

lmax DE lmax DE lmax DE

2a 14.37 414.0 3.3699 479.0 2.0382 478.0 2.4011
2b 14.41 416.0 3.0384 476.0 2.0487 476.0 1.8659
2c 14.89 377.0 3.5783 442.0 2.2123 442.0 2.2259
2d 14.39 404.5 3.1876 469.0 1.2025 469.0 1.4759
2e 14.62 385.0 3.6173 459.0 3.5696 458.5 3.0896
2f 14.94 428.5 3.2044 485.0 2.3870 486.0 2.4585
2g 13.70 389.5 3.8807 461.0 2.3407 461.0 2.8634
2h 14.63 355.5 4.0306 404.5 3.2996 404.0 3.4523

Fig. 7 Correlation between association constants (KA) and chemical shifts (dH).
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a concomitant shift of the peaks to a more negative potential.
That is, the addition of these anions made the electro-reduction
of the quinone relatively more difficult.21,28

This may be due to the fact that complexation of these
anions with the imidazole N–H moiety, through H-bonding,
makes the N-atom relatively electron rich and thus increases
the intensity of ICT transition (from N–H to quinone) and
consequently renders the quinone difficult to reduce. In other
words, the N–H� � �A�moiety is a relatively better electron donor
than the free N–H group in the ICT transition. The results
corroborate the observations made in the electronic spectral
studies, wherein the addition of these anions to the receptors
bathochromically shifts the ICT peak.

Theoretical studies

The structural and electronic properties of the receptors 2a–h
and their complexes with fluoride and cyanide ions were
investigated, using Density Functional Theory calculations,
with an aim to elaborate the mechanism of the anion recogni-
tion abilities of these receptors. The geometry optimizations
were carried out using the B3LYP exchange functional with
6311G basis sets from the Gaussian 03 package.48 All the
optimized geometries are shown in Fig. S4 (ESI†). The relevant

frontier molecular orbitals (HOMO and LUMO) of 2a–h and
their complexes with F� and CN� ions are shown in Fig. S5–S7
(ESI†). As shown in Fig. S5–S7 (ESI†), in these receptors the
HOMO distribution is concentrated on the imidazole ring and
the LUMO is concentrated on the quinone moiety, as expected.
In 2a–h, the electronic transition from the HOMO to LUMO is
responsible for the ICT transition observed around 400 nm in
the UV-Vis spectra. The energy corresponding to the ICT
transition (DE = EHOMO � ELUMO) along with lICT are collected
in Table 2. In these cases, there exists a fairly linear correlation
(r B 0.9) between lICT and DE, with a negative slope, as
expected. The complexation of F� or CN� ions with the recep-
tors decreased the DE value, red shifted the lICT and conse-
quently makes the colorimetric recognition of these ions
energetically easier. This is due to the fact that the N–H� � �A�
moiety is a relatively better electron donor than the free N–H
in the ICT transition. The large red shift observed (DlICT =
49–74 nm) may be due to the attachment of the receptor unit
(N–H) directly to the signalling unit (quinone).

Practical application

An easy-to-use test paper was developed for the instant sensing
of fluoride and cyanide ions as their sodium salts in aqueous
solution. A paste of 2f in DMSO was coated on a Whatman
paper strip and dried in air. The pale yellow colored strip thus
obtained was dipped in an aqueous solutions of NaF or NaCN
of varying concentrations. As shown in Fig. 9, color changes ofFig. 8 Changes in redox properties of 2f (1 mM) in DMSO upon addition of (A)

[(Bu)4N]F in DMSO from 0–1.25� 10�4 M, (B) [(Bu)4N]CN in DMSO from 0–1.25 �
10�4 M.

Fig. 9 Color changes of the test papers (coated with 2f) for detecting (A) F�,
(B) CN�, in aqueous solution with different concentrations.

Paper NJC

Pu
bl

is
he

d 
on

 0
9 

A
ug

us
t 2

01
3.

 D
ow

nl
oa

de
d 

on
 0

4/
09

/2
01

3 
04

:5
9:

42
. 

View Article Online

http://dx.doi.org/10.1039/c3nj00371j


This journal is c The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2013 New J. Chem.

the test papers can be observed for the aqueous solutions
containing F� and CN� ions. We hope that this kind of less
expensive and effective new receptor will prove advantageous in
sensing these anions in real life applications.

Conclusions

In conclusion, we have synthesized eight new imidazole functiona-
lized receptors wherein the acidity of the imidazole H-atom (N–H)
can significantly be enhanced by attaching it directly to an electron
deficient quinone moiety. Also, the acidity can be tuned by varying
the substituent (R) present on the imidazole moiety. The receptor
with an isopropyl substituent exhibited the lowest and that with a
thiophene substituent showed the highest dH for the H-atom. Such
a H-atom, with an enhanced H-bond donor ability, easily forms a
1 : 1 complex with fluoride and cyanide ions, which exhibit an
obvious color change for naked-eye detection. The receptors
showed no color change with other anions like Cl�, Br�, I�,
NO3

�, AcO� and H2PO4
�. Various spectral techniques such as

UV-Vis, fluorescence, 1H NMR and electrochemical studies were
employed to investigate the mechanism of the sensing event. The
results of the theoretical calculation matches well with the observed
electronic spectral behavior of these receptors. The receptor with
the thiophene substituent was found to exhibit the same color
change in aqueous medium when in the presence of sodium
fluoride and sodium cyanide.

Experimental section
Chemicals and apparatus

All the reagents used for synthesis of the receptors were obtained
commercially (Aldrich, India) and were used without further
purification. Spectroscopic grade solvents (Merck, India) were
used as received. UV-Vis spectral studies (V 630 JASCO, Japan)
were carried out in DMSO (or) DMSO–water (1 : 1 v/v). Steady
state fluorescence spectra were obtained on a spectrofluorometer
(JASCO 6200 Japan). The excitation and emission slit width
(5 nm) and the scan rate (250 mV s�1) were kept constant for
all of the experiments. Nuclear magnetic resonance spectra were
recorded in DMSO-d6 (Bruker, 1H NMR 300 MHz, 13C NMR
75 MHz). The 1H-NMR spectra data is expressed in the form:
chemical shift in units of ppm (normalized integration, multi-
plicity, and the value of J in Hz). The 13C NMR spectra of the
compounds, except 2b and 2g, were not recorded due to their
low solubility. The differential pulse voltammetric (DPV) experi-
ments, of 1 mmol solutions of the compounds, were carried out
using GC as working, Pt wire as reference and Ag wire as auxiliary
electrodes in DMSO containing 0.1 M tetrabutylammonium
perchlorate electrolyte at a scan rate of 100 mV s�1. The electro-
chemical measurements were carried out with CHI electro-
chemical workstation (Model 643B, Austin, TX, USA).

Synthesis and characterization of 149

To a stirred solution of 2,3-dichloro-1,4-naphthoquinone (20 g,
0.09 mol) in ACN (400 mL) potassium phthalimide (19.66 g,
0.1 mol) was added. The reaction mixture was refluxed for 12 h

under a nitrogen atmosphere. Afterwards the reaction mixture
was cooled to RT and filtered through filter paper, the residue
was then washed with water (300 mL). The yellow solid
obtained was dried under vacuum. The fine yellow solid was
transferred to a 1 L round bottom flask containing 500 mL of
distilled water, to which 100 mL of hydrazine hydrate (90%) was
added. The reaction mixture was heated to 60 1C for 12 h.
Finally the reaction mixture was cooled to RT and then filtered
through a filter paper and washed with water to obtain the pure
product (1) as a dark blue powder (12 g, yield = 72%).

1H NMR (300 MHz, DMSO-d6) dppm: 5.46 (s, 4H), 7.57–7.61
(m, 2H), 7.74–7.77 (m, 2H).

General procedure for synthesis of (2a–2h)50

A mixture of compound 1 (0.5 g, 2.65 mmol) and the corres-
ponding aldehyde (2.65 mmol) in DMSO (5 mL) was heated at
90 1C with stirring for 6 h. After cooling to room temperature,
the precipitate obtained was filtered from the reaction mixture
using filter paper and was washed with cold ethanol to obtain
the pure product. The products were characterized using 1H
and 13C NMR and LC-MS techniques. The results are:

2-Phenyl-1H-naphtho[2,3-d]imidazole-4,9-dione (2a)

dH (300 MHz; DMSO-d6; Me4Si): 7.29 (s, 1H), 7.54 (d, 2H, J =
7.2 Hz), 7.84–7.87 (m, 2H), 8.10–8.13 (m, 2H), 8.23–8.26 (m, 2H),
14.37 (s, 1H).

LCMS (ESI-APCI) m/z: [M + H]+ calcd for C17H10N2O2H,
275.0, found, 275.0.

2-(Naphthalen-1-yl)-1H-naphtho[2,3-d]imidazole-4,9-dione (2b)

dH (300 MHz; DMSO-d6; Me4Si): 7.59–7.69 (m, 3H), 7.84–7.87
(m, 2H), 8.03–8.15 (m, 5H), 8.93 (d, 2H, J = 8.1 Hz).

dC (75 MHz; DMSO-d6; Me4Si): 125.1, 126.1, 126.2, 126.3,
126.4, 127.0, 128.3, 128.4, 130.3, 130.5, 132.9, 133.4, 133.6,
139.7, 153.4, 177,1, 181.2.

LCMS (ESI-APCI) m/z: [M + H]+ calcd for C21H12N2O2H,
325.0, found, 325.0.

2-(4-Nitrophenyl)-1H-naphtho[2,3-d]imidazole-4,9-dione (2c)

dH (300 MHz; DMSO-d6; Me4Si): 7.83–7.86 (m, 2H), 8.09–8.12
(m, 2H), 8.39 (d, 2H, J = 8.7 Hz), 8.49 (d, 2H, J = 9 Hz), 14.89
(s, 1H).

LCMS (ESI-APCI) m/z: [M + H]+ calcd for C17H9N3O4H
(M + H)+, 320.0, found, 320.0.

2-(3-Phenoxyphenyl)-1H-naphtho[2,3-d]imidazole-4,9-dione
(2d)

dH (300 MHz; DMSO-d6; Me4Si): 7.13 (t, 2H, J = 8.4 Hz),
7.23–7.17 (m, 2H), 7.48 (t, 2H, J = 8.4 Hz), 7.59 (t, 1H,
J = 8.1 Hz), 7.83–7.87 (m, 3H), 8.03 (d, 1H, J = 7.8 Hz), 8.07–8.10
(m, 2H), 14.39 (s, 1H).

LCMS (ESI-APCI) m/z: [M + H]+ calcd for C23H14N2O3H,
367.0, found, 367.0.
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2-(Pyridin-2-yl)-1H-naphtho[2,3-d]imidazole-4,9-dione (2e)

dH (300 MHz; DMSO-d6; Me4Si): 7.55–7.59 (m, 1H), 7.85–7.88
(m, 2H), 8.01–8.07 (m, 1H), 8.10–8.13 (m, 2H), 8.3 (d, 1H,
J = 8.1 Hz), 8.76 (d, 1H, J = 4.2 Hz), 14.62 (s, 1H).

LCMS (ESI-APCI) m/z: [M + H]+ calcd for C16H9N3O2H, 276.0,
found, 276.1.

2-(Thiophen-2-yl)-1H-naphtho[2,3-d]imidazole-4,9-dione (2f)

dH (300 MHz; DMSO-d6; Me4Si): 7.23–7.26 (m, 1H), 7.80–7.86
(m, 3H), 8.02 (d, 1H, J = 3.6 Hz), 8.08–8.11 (m, 2H), 14.94 (s, 1H).

LCMS (ESI-APCI) m/z: calcd for C15H8N2O2S (M � H)�, 280.0,
found, 278.9.

2-Isopropyl-1H-naphtho[2,3-d]imidazole-4,9-dione (2g)

dH (300 MHz; DMSO-d6; Me4Si): 1.33 (d, 6H, J = 7.2 Hz),
3.06–3.20 (m, 1H), 7.81–7.84 (m, 2H), 8.05–8.08 (m, 2H), 13.70
(s, 1H).

dC (75 MHz; DMSO-d6; Me4Si): 22.0, 33.2, 125.2, 126.1, 126.3,
126.8, 130.7, 131.0, 133.3, 133.8, 135.5, 142.8, 177.3, 181.1.
LCMS (ESI-APCI) m/z: calcd for C14H12N2O2H (M + H)+, 241.0,
found, 241.0.

2-(Trifluoromethyl)-1H-naphtho[2,3-d]imidazole-4,9-dione (2h)

dH (300 MHz; DMSO-d6; Me4Si): 7.83–7.86 (m, 2H), 8.08–8.11
(m, 2H).

LCMS (ESI-APCI) m/z: calcd for C12H5F3N2O2 (M � H)�,
266.0, found, 265.0.
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