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ABSTRACT: A highly selective chemodosimeter 1 for cyanide
based on the 1,1’-binaphthyl skeleton is described which
demonstrated significant visual change and a low limit of
detection. Interestingly, a reversible process triggered succes-
sively by CN™ and Au’" is also observed and determined by
fluorescence, UV —vis spectra, 'H NMR titration, and ESI—MS.
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nions are key to many processes, both industrial and
Abiological, playing crucial roles in both health and the
environment.” In particular, cyanide salts are widely used in
industrial settings such as gold mininzg, electroplating, and
metallurgy (1.5 million tons per year).” However, even very
small amounts of the cyanide anion are extremely toxic to living
creatures as the result of binding to cytochrome ¢ oxidase and
inhibition of the mitochondrial electron transport chain;** an
accidental release can result in serious environmental disaster®
especially under potential threats from terrorism. Thus, devel-
opment of cyanide-selective receptors or fluorescent sensors is in
high demand, and previous achievements have been mainly
focused on conventional supramolecular approaches* except
for some special displacement cases.” Recently, there has been
increasing interest in the design of a chemodosimeter for
selective recognition to cyanide,® and this usually irreversible
reaction-based approach” relys on strong nucleophilicity of CN ™
(Figure 1), which has been successfully utilized by cyanohydrin
reaction® and related benzil rearrangement’ and addition to
iminium'®~? or pyrylium.'® Only a few studies involved
Michael addition of CN™ to doubly activated acceptors; namely,
two electron-withdrawing groups are necessarily attached to
C=C."" In contrast, known precedent of monoactivated Michael
acceptor is rare;'* thus, its indicative capacity toward cyanide
anion is worth investigating.

The 1,1'-binaphthyl scaffold is very useful in molecular
recognition'® due to its unique rigid conformation and fluores-
cence properties. In connection with our continuin$ research of
chemosensors based on this efficient fluorophore, * herein we
report a highly selective and chromogenic chemodosimeter 1 for
CN™ with a low limit of detection (13.0 ppb). Unlike usual
irreversible chemodosimeters, the interesting reversible phenom-
enon triggered by Au** was also observed first that provided a
new fashion for the undeveloped fluorescent sensing of gold ions
to date."> As shown in Scheme 1, 1 was easily prepared from 2,2'-
dihydroxy-1,1"-binaphthyl-3-carbaldehyde* and cyclopent-2-enone
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Figure 1. Reaction-based chemodosimeters for cyanide.

Scheme 1. Synthesis of Chemodosimeter 1
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via Baylis—Hillman reaction'® and intramolecular oxa-Michael
addition by modifying the reported procedure."” Its structure was
unambiguously determined by 1D 'H, '’C NMR, NOE, 2D
'"H—"H COSY, IR, and ESI mass spectrometry (Figures S1—S9,
Supporting Information).

Next, the Cys, Hys, TGA (thioglycolic acid), n-butylamine,
F,Cl°,Br, 1, H,PO, , HSO, , NO;, AcO~, CF;SO; ",
ClO, ,BF, ,N; ,SCN, and CN were used to measure the
selectivity of probe 1 (25 uM) in CH;CN,"® and fluorescence
spectra were recorded after 2 min upon addition of 5.0 equiv of
each of these anions. Compared to other anions examined, only
CN" generated a fluorescence quench with a slight blue shift
from 364 to 356 nm (Figure 2a) when excited at 295 nm. It is
surprising that the above thiol species (Cys, Hys, TGA) did not
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Figure 2. (a) Fluorescence responses of 1 (25 #M) with various anions
(125 uM) in CH3CN (A, =295 nm). (b) Selectivity of 1 (25 uM). The
gray bars represent the emission intensity of 1 in the presence of other
anions (125 #M). The black bars represent the emission intensity that
occurs upon the subsequent addition of 25 uM of CN™ to the above
solution. From 1 to 15: none, Cys, Hys, TGA, n-butylamine, F~, CI~,
Br,I ,H,PO, ,HSO, ,NO; ,AcO,CF;SO; ,ClO, ,BF, ,N3~
and SCN™ (A = 360 nm).

give interference response since the chromene probes with
similar cyclopenta[b]-1-one structure exhibited high selectivity
for Cys and Hys instead."” The best match between the rigid
conformation of 1,1’-binaphthyl skeleton and linear (small size)
cyanide may be responsible for dramatic switch of selectivity.
To validate the selectivity of 1 in practice, the competition experi-
ments were also measured by addition of 1.0 equivof CN " to the
CH;CN solutions in the presence of 5.0 equiv of other anions. As
shown in Figure 2b, all competitive anions including more
nucleophilic competitors such as N3~ and SCN™ caused no
obvious changes, even at the higher concentration (125 uM);
therefore, the 1—CN~ system was hardly affected by these
coexistent ions. Moreover, a color change from colorless to
yellow was observed by the naked-eye upon the addition of
cyanide to probe 1. In the profile of UV—vis spectra, the
formation of a new absorption peak at about 375 nm is in good
agreement with this color change (Figure S16, Supporting
Information). The isosbestic point was not applied as the
excitation wavelength since the excitation band and the emission
band will overlap to some extent while excited at 334 nm. All of
these results suggested that probe 1 displayed an excellent
selectivity for CN ™. The corresponding minimum concentration
of CN~ for color change®® observed by the naked-eye was further
determined to be 2.5 uM (65.0 ppb) (Figure S17, Supporting
Information). Furthermore, the UV—vis spectra of probe 1 in
CH;CN with different proportions of H,O were measured and
detailed information is attached in Figures S18—S24 (Supporting
Information). These results indicated that probe 1 can be used to
detect CN in aqueous solution even in pure water. Owing to the
obvious change of the peak at about 375 nm, behavior of probe 1 in
CH;CN—H,O (95:5, v/v) was studied in detail. As shown in
Figure 3, probe 1 still displayed excellent selectivity for CN ", and
there were no changes at about 375 nm after addition of other ions.
This result in CH;CN—H,O (95:5, v/v) clearly indicated better
selectivity was obtained than that in pure CH;CN (Figure S16,
Supporting Information). The corresponding detection limit in
colorimetric mode was determined to be 2.0 uM in aqueous
solution (Figure S25, Supporting Information).

The fluorescence titrations of CN ™ were also conducted using
a 25 uM solution of 1 in CH3;CN. Upon addition of CN™ to
the solution, a significant decrease of the fluorescence intensity
at 364 nm was observed (Figure 4a). The total fluorescence
intensity of 1 decreased to 15% when 1.0 equiv of CN™~ was
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Figure 3. UV—vis spectra of 1 (25 #uM) with various anions (125 uM)
in CH;CN—H,0 (v/v = 95:5). Inset: Color change of 1 ([1] =25 uM,
[CN™] = 50 uM, [other anions] = 125 uM). Left to right: 1 only, Cys,
Hys, TGA, n-butylamine, F~, H,PO, , HSO, , AcO , NOs, BE,
ClO,, CFsSO5, N5, SCN~, and CN .

(a) 8004
g 700
2 600]
g 5004
£ 400
8

& 300§
8 200
100/

0

c

800+

6004 °

Ln(F-F,.)

400

5, 3
% 0 10 20 30 40 50 60 70 80
* Time (s)

N
=1
=]

Fluores:

>

Fluorescence Intensity (au)

350 400 450 500 550 50 100 150 200 250
Wavelength (nm) Time (s)

Figure 4. (a) Fluorescence spectra of 1 (25 M in CH3CN) upon the
addition of CN™ (A, = 295 nm). [CN "] = 0, 2.5, 5.0, 7.5, 10.0, 12.5,
15.0, 17.5, 20.0, 22..5, 25.0 uM. Inset: Fluorescence intensity at 364 nm
as a function of CN™ concentration. (b) The kinetic study of the
response of 1 (25 uM) to CN™ (250 uM) at 25 °C under pseudo-first-
order condition.

present, and further increase in the concentration of CN ™~ led to
no further fluorescence quench, which clearly demonstrated a 1:1
stoichiometry between CN™~ and probe 1 and indicated a
chemodosimeteric fluorescence change. The 1:1 reaction is also
confirmed by ESI-MS (Figure S30, Supporting Information),
in which a peak at m/z 422.2 assigned to [1 + CN + H,0O]™
was observed. The corresponding detection limit in fluorescent
mode®' was determined to be 0.5 M (13.0 ppb) (Figure S26,
Supporting Information), which is lower than the WHO guide-
line of 2.7 uM (70.2 ppb) cyanide.”” The kinetic study of the
response of CN~ (250 #M) to probe 1 (25 uM) in CH;CN at
25 °C was measured (Figure 4b). The reaction was finished
within 100 s, and the rate constant was obtained by fitting the
initial fluorescent intensity changes according to a pseudofirst-
order kinetics equation. The observed rate constant at 25 °C was
estimated to be kps = 0.03 s~ with #; 2 = 23 s, indicating that
probe 1 can react rapidly with CN~ under these experimental
conditions.

The response of probe 1 was also investigated by 'H NMR
spectroscopic analysis (Figure Sb,c). With the addition of CN ™~
(1.2 equiv) to probe 1 in DMSO-ds (25 °C), the signal of H1
(7.49 ppm) shifted to upfield (5.85 ppm), while the signal of H2
(5.78 ppm) shifted to downfield (7.76 ppm). These results
implied the formation of the ring-opened compound 2
(Figures S27—S29, Supporting Information), which may be
explained as the 1,4-nucleophilic addition of CN™ to double
bond of probe 1, followed by rapid opening of pyran ring
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Figure 5. (a) Proposed mechanism. Partial '"H NMR (400 MHz)
spectral change of the probe 1 (20 mM) in DMSO-dg: (b) 1 only;
(c) 1+ CN™ (1.2 equiv); (d) 1+ CN™ + Au®* (0.25 equiv).
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Figure 6. (a) Fluorescence spectral changes of 2 (25 uM) in CH;CN
upon addition of various metal ions (125 #M), including Na*, K, Mg2+,
Caz+] Baz+, A13+, Mn2+, C02+’ Niz+] Zn2+’ Cd2+’ Pb2+, Pd2+’ Cl‘3+, Fe3+’
Cu®, Ag", Hg"", Au", and Au’*. (b) Fluorescence spectral changes of 2
(25 uM) in CH;CN upon addition of Au** (¢, = 295 nm). [Au®*] =
0—6.25 uM. Inset: Fluorescence intensity at 364 nm as a function of Au*
concentration.

(Figure Sa, black). Mass spectrometry analysis also supported the
existence of 2 (vide supra, see also Figures S30, Supporting
Information). This naphthoxide species is responsible for the
observed fluorescence change. To verify the hypothesis to
identity of 2 further, a large-scale experiment was carried out
(see the Experimental Section), and the pure neutral compound
2/ was isolated and characterized by 'H/"*C NMR and mass
spectrometry (Figures S$S32—34, Supporting Information).
Guided from well-known strong affinity between gold and
cyanide, we surmised that the compound 2 may return back
to 1 upon the addition of Au®". To our delight, the reversible
process did happen and can be rationalized by intramolecular
oxa-Sn2’ cyclization pathway triggered by Au®* (Figure 5a, red).
Except for the analysis of thin-layer chromatography (Figure S31,
Supporting Information), this reversible process was also mon-
itored by the "H NMR spectrum (Figure 5d). With the addition
of Au’* to the DMSO-d, solution of the 1—CN~ system (2), the
signals of H1 and H2 were shifted back to 7.49 and 5.78
ppm again, respectively. ESI mass spectrometry analysis (vide
infra, see also Figure $36, Supporting Information) confirmed
the regeneration of 1 as well.

These results strongly demonstrated that probe 1 not only can
detect cyanide but also could be reversible by the addition of Au®".
Some features of the whole sensing event are noteworthy: (1) the
above reversible process triggered by Au®" is distinctively differ-
ent from the cases relying on reversible formation of cyanohydrin
in the sensing of cyanide where intramolecular H—bond played
an important role;>® (2) this interesting recognition system can
be seen as another molecular machine made up of “lock”, “key”,
and “hand”;"*" (3) recognition of Au** (vide infra, Figure 6) is
dependent on the formation of 2 as a result of recognition of
CN, and this combination fashion can be defined as “anion—
metal ion approach” contrast to usual demetalation of preas-
sembled complex (“metal ion—anion approach”).>**

Finally, the responses of 2 to various metal ions were also
studied by fluorescence spectra (Figure 6). Upon the addition of
these metal ions to the CH3CN solution of 2, only Au®" caused
the remarkable increase of the fluorescence emission band, which
provides an alternative new approach for the undeveloped
fluorescent sensing of gold ions."” Inevitably, Cu™, Ag’, Hg2+,
and Au" also increased the emission intensity to a small extent,
respectively (Figure 6a). The faint response of Cu’* and Ag"
could be attributed to a similar affinity to cyanide®® because they
belong to the same group (IB) of the modern Periodic Table.*®
As the adjacent element to gold in the fifth period, Hg2+ also faint
response due to common electronic properties in the valence
shell.>” Other metal ions such as Na*, K", Mg2+, Ca®*, Ba**, Al*,
Mn>*, Co®*, Ni**, Zn>*, Cd**, Pd**, Pb>*, Cr**, and Fe** did not
generate the obvious fluorescence enhancement (Figure 6a).
Fluorescence titrations of Au®* were carried out (Figure 6b).
Upon the addition of Au** to the solution of 2, the fluorescence
intensity at 364 nm was enhanced. The maximum fluorescence
intensity was observed when 0.25 equiv of Au®" was present, and
a further increase in the concentration of Au** led to no further
fluorescence enhancement, which demonstrated a 1:4 stoichi-
ometry for Au®" and 2. This ratio was also supported by "H NMR
titration experiments and negative-ion ESI mass spectrometry
analysis®® (Figures S35 and $36, Supporting Information). The
corresponding detection limit was determined to be 0.5 uM
(98.5 ppb) (Figure S37, Supporting Information). The corre-
sponding changes of the UV—vis spectra were also shown in
Figures S38 and S39 (Supporting Information). With increasing
concentration of Au’’, the absorption peak at about 375 nm
gradually decreased. Furthermore, the changes of UV—vis spec-
tra in CH;CN—H,O (95:5, v/v) were also studied in detail
(Figure S40 and S41, Supporting Information). The observed
rate constant at 25 °C was estimated to be kops = 0.12 min~ " with
t1/2 = 5.7 min (Figure $42, Supporting Information).

In summary, we have developed a highly selective, sensitive,
and fluorescent chemodosimeter 1 for CN ™~ with significant
visual change. In particular, F~ with strong basicity, N3~ and
SCN™ with strong nucleophilicity, and thiol species did not
afford any obvious interference response. Moreover, an interest-
ing reversible process triggered by Au** with the 1—CN~ system
generated after recognition of cyanide is also observed first that
provides an alternative choice for the fluorescent sensing of this
noble metal ion.

B EXPERIMENTAL SECTION

Unless otherwise noted, materials were obtained from commercial
suppliers and were used without further purification. Acetonitrile used
was purified by distillation. Stock solutions (S mM) of the tetrabutyl
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ammonium salts of F~, H,PO, , BF, , Cl, Br , 1, AcO ", ClO,,
CF;SO5;, NO3~, HSO, , N3, SCN, and CN™ were prepared in
CH;CN. Stock solutions (5 mM) of the perchlorate salts of Na*, K*,
Mg2+, Caz+] Ba2+’ A13+, Mn2+, C02+, Ni2+, Zn2+, Cd2+, Pb2+, Cr3+, Fe3+,
Cu™, Ag’, th, and the chloride salts of Au” and Pd** were prepared in
ethanol. Stock solutions (S mM) of Cys, Hys, TGA, n-butylamine, and
the chloride salt of Au®" were prepared in CH;CN. A stock solution of 1
(5 mM) was also prepared in CH3CN. Test solutions were prepared by
placing 10 uL of the probe stock solution into a test tube, adding an
appropriate aliquot of each ions stock, and diluting the solution to 2 mL
with CH;CN. For all measurements, the fluorescence spectra were
obtained by excitation at 295 nm. Both the excitation and emission slit
widths were 5 nm, respectively. Fluorescence spectra were measured
after 2 min upon the addition of CN™ and after 20 min upon the addition
of Au**, respectively.

Synthesis of the Probe 1. A yellow solution of 2,2'-dihydroxy-
1,1-binaphthyl-3-carbaldehyde (314 mg, 1 mmol), cyclopent-2-enone
(164 mg, 2 mmol), and imidazole (68 mg, 1 mmol) in THF (1.5 mL) at
room temperature was mixed with deionized water (0.5 mL). The
mixture was stirred at ambient temperature for 3 days and then was
diluted by water (10 mL) and extracted with ethyl acetate (3 X 1S mL).
The organic layer was concentrated under reduced pressure. The crude
product was purified by flash chromatography (Pet/EtOAc =4 : 1) on
silica gel to give 180 mg of 1 (48% yield). "H NMR (DMSO-d,, 400
MHz): 8 8.31 (s, 1H), 7.86 (t, ] = 8.8 Hz, 3H), 7.50 (d, ] = 12.0 Hz, 1H),
7.32(dd, ] = 8.8, 2.4 Hz, 1H), 7.25 (t, ] = 8.0 Hz, 2H), 7.15 (q, ] = 8.0 Hz,
2H), 6.89 (q, ] = 8.0 Hz, 2H), 5.78 (brs, 1H), 2.57—2.54 (m, 2H),
2.42—2.38 (m, 2H) ppmy; there is no signal of OH and it is determined by
exchange experiment with D,0. *C NMR (DMSO-ds, 100 MHz):
8 207.6, 1602, 159.8, 153.6, 147.8, 134.3, 134.2, 133.1, 131.5, 131.4,
129.1,128.3, 128.0, 127.9, 125.9, 125.8, 125.6, 124.3,122.6,122.3, 118.7,
1162, 114.4, 63.7, 34.9, 262 ppm. ESI—MS: m/z = 379.2 [M + H]*.
IR (KBr): Vo, = 3344, 3056, 2921, 1684, 1622, 1595, 1506, 1434, 1384,
1342, 1251, 1198, 1134, 1052, 964, 931, 818, 751 cm™". HRMS (ESI):
calcd for Cy4H1005" [M + H]* 379.1329, found 379.1333.

Characterization of 2. "H NMR (DMSO-d;, 25 °C, 400 MHz):
88.06 (s, 1H),7.76 (d, ] = 8.0 Hz, 1H),7.71 (d, ] = 8.8 Hz, 2H), 7.67 (d, ] =
8.0 Hz, 1H), 7.15—7.09 (m, 1H), 7.03—7.00 (m, 2H), 6.95—6.86 (m,
2H),6.74 (d,J=8.0 Hz, 1H), 6.64 (d, ] = 8.4 Hz, 1H), 5.85 (d, ] = 3.2 Hz,
1H), 2.38—2.32 (m, 2H), 2.27—2.22 (m, 2H) ppm. *C NMR (DMSO-
de, 25 °C, 100 MHz): & 194.2, 170.5, 167.6, 166.2, 157.8, 138.1, 134.4,
134.0, 130.3, 129.5, 128.5, 127.9, 127.73, 127.69, 127.3, 126.7, 126.2,
1250, 124.6, 123.4, 122.2, 119.6, 119.5, 1192, 262, 24.6, 20.9 ppm.
ESI-MS: m/z = 422.2 [M + H,0], calcd for C,7H,0NO, = 422.2.
HRMS (ESI): caled for C,,H,oNO,  [M + H,O] 422.1387, found
422.1390.

Synthesis of 2'. Probe 1 (10 mg, 0.026 mmol) and NaCN (1.5 mg,
0.031 mmol) were dissolved in CH;CN (3 mL) in a flask. The reaction
mixture was stirred for 1 h at room temperature and then quenched by
water. The mixture was extracted with EtOAc (3 x S mL) and dried over
sodium sulfate. The organic layer was concentrated under reduced
pressure. The crude product was purified by flash chromatography (Pet/
EtOAc = 4:1) on silica gel to give 9.6 mg of 2’ (91% yield). "H NMR
(DMSO-dg, 25 °C, 400 MHz): 6 10.32 (s, 1H), 8.59 (s, 1H), 8.30
(s, 1H), 8.11—8.09 (m, 1H), 7.90 (d, ] = 8.8 Hz, 1H), 7.86 (d, ] = 8.0 Hz,
1H), 7.41—-7.37 (m, 2H), 7.32 (d, ] = 8.8 Hz, 1H), 7.25 (t, ] = 8.0 Hz,
1H), 7.18 (t, J = 8.0 Hz, 1H), 7.01—6.97 (m, 1H), 6.92 (d, ] = 8.0 Hz,
1H). 5.55 (s, 1H), 2.77—2.68 (m, 1H), 2.67—2.62 (m, 1H), 2.40—2.31
(m, 1H), 2.30—2.21 (m, 1H) ppm. *C NMR (DMSO-dg, 25 °C, 100
MHz): 6 1969, 170.5, 167.6, 166.2, 157.8, 153.3, 137.1, 136.2, 133.8,
130.1,129.8, 129.3, 128.1, 128.0, 127.2, 126.2, 124.6, 123.9, 123.9, 123.0,
122.5, 118.6, 117.9, 113.5, 26.6, 24.6, 23.1 ppm. EI—MS: m/z = 405
[M]". IR (KBr): Vn. = 3401 (—OH), 3225 (—OH), 3056, 2923, 2852,
2245 (—CN), 1657 (—C=0), 1627 (—C=C), 1599, 1507, 1438, 1340,

1265, 1177, 1137, 1060, 965, 934, 891, 817, 739 cm~ . HRMS (ESI):
caled for C,,H,oNO5" [M + H] " 406.1438, found 406.1441.

B ASSOCIATED CONTENT

© Supporting Information. UV—vis spectra, the detection
limit plots, and copies of "H/"*C NMR, 2D 'H—"H COSY, and
ESI—MS. This material is available free of charge via the Internet
at http://pubs.acs.org.
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