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Abstract—A new electronic push—pull fluorophore, 4-amino-1,8-dicyanonaphthalene, and its derivatives have been synthesized
efficiently. They can be used as photo-induced electron transfer fluorescence switches which exhibit considerable fluorescence
enhancement induced by transition metal ions Cr** and Fe** and also respond to pH values very sensitively. © 2002 Published

by Elsevier Science Ltd.

Currently, much attention is being paid to fluorescent
switches because of their application as highly effective
sensors,' biological probes? and their possible applica-
tion as molecular devices in information processing.>*
Photo-induced electron transfer! (PET) is the most
commonly explored mechanism in the design and devel-
opment of fluorescent switches. de Silva' indicated that
PET fluorescent switches are generally multi-compo-
nent systems containing a fluorophore as the signalling
moiety, a receptor (usually, a substituted amine with an
unbound electron pair) as the guest binding site, and a
spacer to connect the fluorophore and the receptor. The
PET interaction between fluorophore and receptor
quenches (‘switches off’) the fluorescence. The ‘switch
on’ state of fluorescence takes place in the presence of a
guest, e.g. a proton, because the electron pair of
the receptor nitrogen atom is tied up by the guest,
which turns off the PET between fluorophore and

receptor.
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Researchers have focused on the design of PET sensors
for H*, alkaline metal ions, and alkaline-earth metal
ions. They often use known fluorophores,! such as
anthracene, naphthalimide, coumarin, etc. and a dialkyl-
amine as receptor or a relatively complicated aza crown
ether as a selective receptor.' But, much less attention
has been paid to PET fluorescence sensors for transi-
tion metal ions, and there have been fewer reports on
fluorescence enhancement (FE) induced by transition
metal ions because of their fluorescence-quenching
nature.! However, Samanta et al.>”’ recently suggested
that electron-deficient fluorophores could be employed
to tune down the fluorescence quenching interaction
between fluorophore and transition metal ions, so that
strong fluorescence will be switched on when the recep-
tor binds a transition metal ion. So far, only sensors
using the known fluorophores, such as Al, A2 and A3,
have been successfully used as PET sensors for transi-
tion metal ions (Scheme 1).

HN/\/NMez

D
R o W
O
NO,

A3

Scheme 1. Some reported PET fluorescence sensors for transition metal ions.
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As far as we know, no novel fluorophore specially
designed for signalling recognition of transition metal
cations has been reported. In fact, not since 4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)?
appeared in 1968 as a fluorophore precursor, no novel
fluorophore system has been explored. In this paper, we
report a mnew push-pull and electron-deficient
fluorophore precursor 4-amino-1,8-dicyanonaphthalene
(ADCN, compound G). In our design, with the two
strongly electron-pulling cyano groups and an electron-
pushing amino group incorporated at the 1-, 8- and
4-positions of the naphthalene ring, respectively,
ADCN is an intramolecular charge transfer (ICT')
system, for which it should be possible to emit strong
fluorescence. Compared with the established 4-amino-
1,8-naphthalimide fluorophore (which has been used as
a fluorophore in PET fluorescent probes for acidic
organelles in biological systems®), ADCN has advan-
tages such as its smaller size, better solubility, higher
polarity, and greater electron-deficiency, which can be
ascribed to the two cyano groups. Derived from this
novel fluorophore precursor, fluorescence switches
(compounds H1 and H2) were designed by conversion
of the primary amine to a dialkylamine receptor with
an ethylene linker, which has proved to be the optimum
‘spacer’ unit for many ‘fluorophore-spacer-receptor’
PET fluorescence sensor families.> 71

Several of the reported syntheses''™'* of 1,8-dicyano-
naphthalene are inconvenient or low yielding and the
reports on the synthesis of derivatives of 1,8-dicyano-
naphthalene are also rare, perhaps because of difficulties
with the synthesis. The following synthesis (Scheme 2)
of 1,8-dicyanonaphthalene and its 4-bromo- and 4-(sub-
stituted)amino derivatives provides access to this family
of compounds. From the starting material, acenaphth-
enequinone, via ring closure!* (step b) catalyzed by
dry HCI in ethanol for 30 min at reflux temperature,

and thermal decomposition'® (step ¢) in diethylene gly-
col diethyl ether for only 10 min at reflux temperature,
1,8-dicyanonaphthalene was obtained in a good yield.
Step ¢ was easy to control and was carried out under
very mild conditions, resulting in less overheating than
for the reported method in which solid substrates were
heated with a metal bath to temperatures as high as
250°C in a closed vessel.'* Similarly, if the starting
material was 5-bromoacenaphthenequinone,'® 4-bromo-
1,8-naphthalene (compound E) was also obtained in
good yield. The novel fluorophore G was synthesized
from the intermediate F via substitution of the 4-bromo
group with azide and reduction. It is worth noting that
NaBH, as the reducing agent reduced the azide group
to an amine with high yield and high selectivity without
any effect on the cyano groups, which are reduced if
other reducing agents such as LiAlH, are used. This
observation may be valuable for other reductions in
which cyano compounds are involved. The PET
fluorescence switches H1 and H2 and other derivatives
of ADCN, such as the reference compounds H3 and
H4, were obtained via substitution of the 4-bromo
group with the corresponding amines. The products
were identified using 'H and '*C NMR, MS, IR, ele-
mental analysis, etc.'®

As shown in Table 1, the fluorescence quantum yield
(¢p) of ADCN (G) in the moderately polar solvent,
dichloromethane, was 0.66, which is high enough for a
fluorophore precursor. In the highly polar solvent etha-
nol, the fluorescence quantum yield of ADCN
decreased to 0.190, which is often observed for
fluorophores with strong ICT interactions, and similar
phenomena have been described.! The alkyl substituted
derivatives of ADCN, such as H3, also exhibited simi-
lar solvatochromism to ADCN and emitted stronger
fluorescence because of the electron-pushing effect of
the alkyl groups. In dichloromethane, absorption and
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Scheme 2. Synthesis of derivatives of 1,8-dicyanonaphthene: (a) liquid bromine, 60°C, 2 h, 80% yield; (b) sulfamide, EtOH, dry
HCI, reflux, 30 min, 93% yield; (c) diethylene glycol, diethyl ether, reflux 10 min, 85% yield; (d) NaN;, DMSO, 100°C, 5 min, 94%
yield; (¢) NaBH,, THF, reflux 1 h, 80% yield; (f) the corresponding amine, pyridine, K,COs;, reflux 3-4 h, 70-80% yield.
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Table 1. Spectroscopic data of ADCN derivatives

G H1

H2 H3 H4

CH,Cl, EtOH CH,CI, EtOH

CH,CI, EtOH

CH,CI, EtOH CH,CI, EtOH

Japs (NM) 371 392 395 398 392
Log ¢ 4.11 4.14 4.02 4.11 3.89
Jem (M) 456 488 467 486 473
. 0.660 0.190 0.645 0.031 0.592

396 393 401 388 398
393 4.18 4.25 4.27 4.27
489 470 486 471 493
0.052 0.738 0.197 0.709 0.544

fluorescence spectra of compounds H1, H2 and H4
were similar to those of H3. However, in ethanol, H1
and H2 exhibited unusually low fluorescence quantum
yields, which was a clear indication of a PET interac-
tion with a much higher rate in the polar solvent.'”-'8
But, in ethanol, the fluorescence quantum yield of H4
was much higher than that of H3, indicating that there
was no PET fluorescence-quenching interaction for H4.
The reason for this is that oxygen is not such a good
electron-donor for PET as nitrogen (the oxidation
potential of a hydroxyl group is much higher than that
of a bisalkylamino group).”!® This also shows that the
incorporation of a hydroxyl group increased the elec-
tron-pushing ability of the alkyl chain and the polarity
of the whole molecule, so that in a solvent of high
polarity, the excited state of H4 was more stable, which
resulted in strong fluorescence. The description above
accords with our previous observations of 4-amino-1,8-
naphthalimide derivatives,'® which have been used by
de Silva to design naphthalimide PET sensors.®

The influence of transition metal ions on the fluores-
cence of H1 or H2 was sharply different from that on
the reference compound H3. Fluorescence of H3 was
quenched slightly without an observable wavelength
shift in ethanol when the strongly fluorescence-quench-
ing transition metal ions Cr**or Fe** were added. This
implied that there was no strong interaction between
the novel fluorophore and the transition metal ions.
However, as illustrated in Fig. 1, in the absence of
transition metal salts, H1 has very weak fluorescence in
anhydrous ethanol (¢r=0.03), as expected for a good
PET fluorescence switch. Interestingly, when different
amounts of transition metal salts were added, consider-
able fluorescence enhancement (FE) was observed, the
highest FE for Cr** (50 uM) and Fe** (50 pM) being
22- and 26-fold, respectively. A blue shift of about 20
nm for the fluorescence spectra in the presence of either
of these ions indicated that the switch might bind metal
ions via a bidentate chelation!” with both nitrogen
atoms of the receptor and aromatic amine. This chela-
tion had two different effects. On the one hand, the
photo-induced electron transfer from the receptor
amine to the fluorophore was inhibited, which resulted
in fluorescence enhancement. On the other hand, the
aromatic amines’ electron-donating effect for the push-
pull fluorophore was weakened, and so, the spectra
shifted to shorter wavelength. For H2, similar results
were obtained: the fluorescence enhancement induced
by transition metal ions was also remarkable, the
highest FE being 15 and 18 fold for Cr** (50 uM) and

Fe** (50 pM), respectively. Thus, our plans for design-
ing these fluorescence sensors for transition metal ions
were justified. The good performance of the sensor can
be ascribed to the electron-deficient structure of
ADCN, in which the two cyano groups played a critical
role.

The pH sensitivity of this PET fluorescent sensor was
also studied for the sake of exploring its potential
application to detect protons in a microenvironment.
As shown in Fig. 2, H1 and H2 responded differently to
pH with very high sensitivity: when the pH was
changed from 12 to 3, there was a 57-fold fluorescence
enhancement for H1 and a 35-fold enhancement for
H2. The pH dependence of the fluorescence quantum
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Figure 1. Fluorescence spectra of H1 (uM) in EtOH in the
presence of various amounts of Cr** (excited at 380 nm). The
concentration of Cr’* (uM): (1) 0; (2) 25; (3) 50; (4) 75 and (5)
100.
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Figure 2. The influence of pH on fluorescence of compounds
H1 and H2 in a solution of methanol and water (1:4).
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yield can be analyzed according to the following equa-
tlon:g log[(ngmax_¢F)/(¢F_¢.Fmin)]:pH_pK;) the pK;
values of the fluorescence switches H1 and H2 being 8.0
and 7.7, respectively.

In summary, we have designed a new fluorophore,
4-amino-1,8-dicyanonaphthalene (ADCN), and its
derivatives H1 and H2 which respond to transition
metal ions and protons sensitively. Further studies on
their application in chemical biology and the structure—
property relationships of the amino-dicyanonaph-
thalene derivatives are currently under investigation.
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