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Unique X-ray Sheet Structure of 1,8-
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Application as a Fluorescent Probe for
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ABSTRACT

A new imidazolium anthracene derivative 1 was synthesized, and its unique X-ray crystal structure was examined. In aqueous solutions, probe 1
exhibited a selective fluorescent quenching effect only with DNA among various anions including the nucleotides investigated. This probe was
further applied to monitor the activity of DNase.

Among the various types of anion selective probes,1

imidazolium-based sensors have been studied extensively

in recent years.2 Imidazolium salts can be formed from

protonation or substitution at the nitrogen atom of imida-

zolewhere the positive charge is delocalized in the imidazole

ring. In imidazolium-based anion receptors, charge-charge

electrostatic interaction dominates. This novel type of

charged hydrogen bonding is quite different and intriguing

compared to many other conventional hydrogen bonds.

Although a range of anionic targets including GTP3 and

ATP4 by imidazolium based sensors has been investigated,

there is only one report on DNA sensing so far.5

The recognition and sensing of DNA is of paramount
importance because increasing evidence has shown that
various diseases are caused by genetic disorders, andDNA
measurements will be helpful for diagnosis. In addition,
electron and energy transfer in DNA has attracted addi-
tional interest.6 Accordingly, considerable attention has
beendevoted to the development of new fluorescent probes
for DNA.7

In this paper, we synthesized a new imidazolium-
anthracene derivative 1, in which the imidazolium moiety
isdirectly linked toanthracene.The iodide form(2) showeda
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unique X-ray structure. Probe 1was applied successfully for
sensing CT DNA and monitoring the activity of DNase.
For the synthesis of probe 1, 1,8-dibromoanthracene 4

was synthesized from 1,8-dichloroanthraquinone in two

steps according to the reported procedures.8 1,8-Bisimida-
zolyl anthracene 3was synthesized by the treatment of 1,8-
dibromoanthracene 4 with imidazole in the presence of

copper iodide, cesium carbonate, and N,N0-diethylethyle-
nediamine in 17% yield after column chromatography
using ethyl acetate-methanol (3:1, v/v), as shown in

Scheme 1. A reaction with methyl iodide afforded the
iodide salt form of 1,8-bis(imidazolium) anthracene 2 in
95% yield, which was then converted to its phosphorus

hexafluoride salt1. The characterizationdata for these new
compounds and detailed procedures are presented in the

Supporting Information.

Since two imidazolium groups were introduced to the

1,8-positions of anthracene without any linker for the first

time, it is interesting to know how these imidazolium rings

are located. Fortunately, the crystal structure of com-

pound 2 could be obtained, which displayed a unique sheet

structure, as shown in Figure 1. As shown in Figure 1a,

there is a mirror plane through C9/C10 and I1/I2.

Nonclassical hydrogen bonding interactions9 between the

iodides and imidazolium hydrogen (Ha/Hb in Figure 2)
atoms produce an interesting one-dimensional chain

structure, as shown in Figure 1b. Interestingly, the central
C-H of the imidazolium groups on the 1,8-position

of anthracene face outward, probably due to the steric
problem of the C9-H(Hd) of anthracene. The dihedral

angle between the anthracene moiety and imidazolium
ring was 52.45�.
Based on the 2D COSY and 2D NOESY (Supporting

Information) in DMSO-d6, the aromatic protons of com-
pound 1were assigned, as shown in Figure 2. Interestingly,
the C9-H peak of anthracene (Hd) appeared at 8.13,
which is shifted upfield compared to those of other anthra-
cene derivatives. This can be attributed to the closely
located imidazolium rings. Unlike the crystal structure,
rotation of the imidazolium rings can occur at room
temperature to some extent because the cross peak of Hb

and He was observed on the NOESY spectrum. The 1H

Scheme 1. Synthesis of Fluorescent Probe 1
Figure 1. (a) X-ray crystal structure of 2 (Blue: N atom; Pink: I
atom). (b) One-dimensional structure through nonclassical
hydrogen bonding interactions.
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NMR data of compound 2 showed a similar pattern. As
shown in Figure 2, only imidazolium Ha of compound 1
displayed large downfield shifts from 9.75 to 10.18 ppm (5
equiv ofCl-) inDMSO-d6 upon the addition ofCl

-. There
were relatively small downfield shifts for Hb (Δδ = 0.08
ppm), Hd (Δδ=0.07 ppm), and Hc (Δδ=0.04 ppm) and
no significant change in the chemical shifts of the other
aromatic hydrogens.

In 100% acetonitrile, compound 1 showed typical fluo-
rescent quenching effects with anions as shown in the Sup-
porting Information (Figure S4). Especially, H2PO4

- and
pyrophosphate displayed large fluorescent quenching ef-
fects.Toexamine thebindingproperties in aqueous solution,
the fluorescent changes in compound 1 toward various
anions were examined at pH 7.4 (10 mM sodium phosphate
buffer (5% CH3CN). Compound 1 (6 μM) did not display
any fluorescent changes with various anions, such as F-,
Cl-, Br-, I-, CH3CO2

-, HSO4
-, H2PO4

-, pyrophosphate,
ATP, CTP, GTP, TTP, and UTP (Figure 3). These results
encouraged us to check the fluorescent changes in com-
pound 1withDNA. Indeed, compound 1 exhibited a large
and selective fluorescent quenching effect with the CT

DNAduplex (Figure 3). The optical change upon addition
of the CT DNA duplex was more than 10-fold.
The fluorescence intensity andUVabsorption spectra of

probe 1 decreased with increasing concentration of calf
thymus DNA (Figures 4 and S4), and the association
constant was calculated to be 8.9 � 106 M-1. The probe
was compared with the commercially available intercalat-
ing agent Proflavine, which displayed a similar fluorescent
quenching effect (Figure S5A).

Circular dichroism(CD) was also used to consider the
binding mechanism.10 Similar CD spectra usually repre-
sent a similar bindingmode between the probe and nucleic
acid.11 The effect of probe 1 on the CD of CT DNA is
shown inFigure 5. TheCD spectra of CTDNAexhibit the
maximum band at 245 nm (negative) and 275 nm

Figure 3. Flourescent changes of 1 (3 μM) with various anions
(100 equiv) and CT DNA (10 equiv) in 10 mM sodium phos-
phate buffer (5% CH3CN) at pH 7 (excitation at 368 nm).

Figure 4. Flourescent titrations of 1 (3 μM)with CTDNA (0.01,
0.04, 0.08, 0.1, 0.4, 0.7, 0.9, 1, 3, 5, 10, and 20 equiv) in 10 mM
sodium phosphate (5%CH3CN) at pH 7 (excitation at 368 nm).

Figure 5. Circular dichroism of calf thymus DNA (60 μM) with
probe 1; [1]/[CTDNA] ratios=0.05, 0.1, 0.2, 0.3, 0.5, 0.7, 1, 1.5,
2. Inset: CD spectrum of CT DNA at 300-450 nm wavelength.

Figure 2. Partial 1HNMRspectra of 1 (2mM) inDMSO-d6 with
the addition of tetrabutylammonium chloride.
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(positive), respectively. Those spectra were altered to the
enhancement of the positive and negative signal with
increasing ratio of probe/CT DNA. Under the same con-
ditions, a somewhat largerCDbandofProflavinewith calf
thymusDNAwas observed, but the signal band of probe 1
was similar to that of Proflavine (Figure-S5). In addition,
intercalating agents generally show no induced CD (ICD)
or a weak negative signal in the absorption band12 and
there was no ICD in the 360-400 nm regions (Figure 5,
inset), which is the range of the absorption of probe 1.
Therefore, the results suggest that the binding mode of
probe 1 can be intercalative.
As described in our previous paper, there might be ionic

hydrogen bonding interactions between phosphate oxy-
gens and imidazolium groups in anthracene, and this
interaction can help strengthen the binding of probe 1 to
CT DNA.4 The effect of the ionic strength in the presence
of the increasing NaCl concentration is illustrated in
Figure S6. The NaCl concentration has relatively little
effect on the emission intensity of the probewithCTDNA.
The buffer solutions used for all of the CT DNA experi-
ments contain 100 mM of NaCl. The quenching effect by
CT DNA on the probe and the disturbed CD spectrum of
CT DNA by the probe are evidence that the major inter-
action of the probe with CT DNA was intercalation.
Probe 1 was then utilized as a fluorescent sensor for

monitoring the activity of DNase. The hydrolysis of CT
DNA with DNase in the presence of Mg2þ can be mon-
itored by the revival of fluorescence of probe 1 as shown in
Figure 6. Within 10 min, the hydrolysis of CT DNA was
completed. These results demonstrate that probe 1 can be
used to monitor the enzyme activity and hydrolysis pro-
cess. Since the fluorescent quenching was very effective
with CT DNA compared to that of Proflavine, the hydro-
lysis by DNase induced a nice “turn-on” signal.
In conclusion, a new bis(imidazolium) anthracene was

synthesized, in which two imidazolium groups were intro-
duced to the 1- and 8-positions of anthracene without a

linker for the first time. The X-ray crystal structure of the
iodide salt formrevealedaunique sheetpattern.Typical ionic
hydrogen bonding and nonclassical hydrogen bonding were
observed between the imidazolium hydrogens and iodide.
Probe 1 was applied successfully for sensing CT DNA

and monitoring the activity of DNase. In an aqueous
solution, probe 1 displayed a selective fluorescent quench-
ing effect with CT-DNA among the various anions and
nucleotides examined. Furthermore, probe 1 displayed
‘Off-On” fluorescent changes with DNase.
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Figure 6. Hydolysis diagram of DNA (60 μM) with DNase (25
μg/mL) in the presence of probe 1 (3 μM) and Mg(ClO4)2 (300
μM) (excitation at 368 nm; emission at 418 nm; slit: 3.0, 5.0 nm,
respectively).
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