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A spiropyran derivative (1) behaves as a selective and sensitive cyanide anion receptor in aqueous media under UV irradiation. The receptor

can be reproduced just by irradiation with visible light.

The cyanide anion (CN7) is an anion extremely toxic to
living organisms.® It strongly binds to cytochrome-c and
disrupts the mitochondrial electron-transport chain, leading
to decreased oxidative metabolism and oxygen utilization.?
The maximum permissive level of cyanide in drinking water
is therefore set at 1.9 uM by the World Health Organization
(WHO).? The use of cyanide salts, however, is widespread,
particularly in gold mining, electroplating, and metallurgy.*
Despite increasing levels of monitoring, accidental release
of CN™ to the environment does occur. There is thus a strong
need for CN~-selective receptors. Several receptors have been
proposed, but many of these rely on a hydrogen-bonding
motif and act only in organic media.> To overcome this
limitation, reaction-based CN~ receptors have been pro-
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posed;®~® however, many of these display relatively poor
selectivity® and a high detection limit (>1.9 M) in aqueous
media. There are only seven reports of CN™~ receptors with
high selectivity and sensitivity in aqueous media.® These
receptors, however, suffer from the biggest problem; they
react with CN~ irreversibly and cannot be reused for further
analysis.

Spiropyran derivatives belong to a class of organic
photochromes that have been studied extensively for ap-
plication in optical switches® and memories.’® These dyes
are converted to the colored merocyanine (MC) form upon
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UV irradiation but revert to the colorless spirocyclic (SP)
form upon visible light irradiation.** Some spiropyran
derivatives have been proposed for optical sensing of several
analytes, such as cations,*? nucleobases,* amino acids,** and
DNA.*® There is, however, no report of a spiropyran-based
anion receptor.

Here, we report that a spiropyran derivative behaves as a
selective and sensitive CN™ receptor in aqueous media
(Scheme 1). A simple, popular, and easily preparable

Scheme 1. Structure Change of 1 in the Presence of CN™ under
UV or Visible Light Irradiation
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N-methylated spiropyran derivative (1)** shows a CN~-
selective absorption band under UV irradiation via a nu-
cleophilic addition of CN™ to 1 (1—-CN™ adduct formation).
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Figure 1. (a) Absorption spectra of 1 (20 uM) measured with 50
equiv of respective anions (as a n-BuyN™ salt) in a water/MeCN
mixture (1/1 v/v; CHES 100 mM, pH 9.3) under UV irradiation
(334 nm) at 25 °C. The spectra were obtained after stirring the
solution containing 1 and each anion for 30 min with UV irradiation.
The red spectrum is obtained without anion in the dark. (b)
Photographs of the solutions (A) without anion (dark), (B) without
anion, (C) F~, (D) CI~, (E) Br—, (F) I, (G) AcO~, (H) H,PO,~, (1)
HSO,~, (J) ClO,~, (K) NO3;™, (L) SCN™, and (M) CN".

This allows quantitative determination of very low levels of
CN™ (>1.7 uM). In addition, the receptor can be reproduced
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just by irradiation with visible light to the 1—CN~ adduct
without any additives.

Figure 1a shows absorption spectra of 1*¢ (20 uM)
measured in a buffered water/MeCN mixture (1/1 viv; CHES
100 mM, pH 9.3) with 50 equiv of respective anions. As
shown by the red line, without anion and UV irradiation, 1
shows almost no absorption in the visible region. Upon UV
irradiation (334 nm), 1 exhibits a distinctive absorption band
centered at 519 nm, assigned to the generation of MC form,**
with the photostationary state attained after 2 min irradiation.
Addition of anions, except for CN~, to the solution under
UV irradiation does not show a spectral change. In contrast,
addition of CN™ leads to a decrease in the 519 nm MC band,
along with an appearance of a blue-shifted band at 421 nm.
The spectral change of 1 upon CN™~ addition occurs within
25 min under UV irradiation (Figure S1, Supporting Infor-
mation®®). As shown in Figure 1b, the solutions obtained
under UV irradiation without anion (B) or with other anions
(C—L) show a pink color, whereas CN™ addition (M) creates
an obvious yellow color. This suggests that 1 allows selective
CN™ detection. The CN™-induced spectral change is unaf-
fected by other anions (Figure S2, Supporting Information®®),
indicating that 1 can detect CN™~ selectively even in the
presence of other anions.
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Figure 2. Absorption titration of 1 (20 «M) with CN~ in water/
MeCN (1/1 v/v; CHES 100 mM, pH 9.3) under UV irradiation at
25 °C. Each spectrum was obtained after stirring the solution for
30 min with UV irradiation. (Inset) Change in absorbance at 421
nm. The line is the nonlinear fitting curve obtained assuming a 1:1
association between 1 and CN~.*°

As shown in Figure 2, titration of 1 with CN™ under UV
irradiation leads to a decrease in the 519 nm MC band,
associated with the 421 nm band increase. The isosbestic
points at 382 and 472 nm suggest that the reaction of 1 with
CN~ produces a single component. Nonlinear fitting of the
data (inset) reveals that 1 reacts with CN™ in a 1:1
stoichiometry with the association constant 9.8 x 10° M™%,
The 1:1 reaction is confirmed by ESI-MS (Figure S3,
Supporting Information®); a MeCN solution containing 1
and CN~, when irradiated with UV light, shows a peak at
m/z 348.5, assigned to [1 + CN™] ion.

Quantitative CN™ determination can be carried out by
ratiometric analysis. Figure 3 shows change in the ratio of
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Figure 3. Change in the absorbance ratio (As1/As19) 0f 1 (10 uM)
with CN™ concentration. The titration was performed in water/
MeCN (1/1 v/v; CHES 100 mM, pH 9.3) under UV irradiation at
25 °C (Figure S4, Supporting Information'®). The spectra at each
CN™ concentration were obtained after stirring the solution for 30
min under UV irradiation.

the 421 and 519 nm absorbance of 1. A linear relationship
in the range of 1.7—300 uM CN~ indicates that 1 allows
accurate CN~ sensing in this concentration range. The
detection limit, 1.7 uM, is below the WHO guidelines of
drinking water (1.9 M), suggesting that 1 allows sensitive
CN™ detection.

The CN™-induced absorption change is due to the addition
of CN™ to the spirocarbon of 1, leading to a formation of
the 1-CN~ adduct (Scheme 1). 'H NMR spectra of 1
obtained in the dark and after UV irradiation with CN~
confirm this. As shown in Figure 4, chemical shift of some
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Figure 4. 'H NMR chart (270 MHz, 30 °C, CDsCN) of 1 (5 mM)
measured (a) in the dark, (b) after UV irradiation with 10 equiv of
CN™, and (c) after three cycles of UV/vis light irradiation with 10
equiv of CN~ (see Figure 7).

protons of 1 decreases with this process. The biggest change
(—0.73 ppm) is observed for the HY proton in the ortho
position relative to the phenolate oxygen of 1, indicating that
the reaction of 1 with CN™ produces a spirocycle-opened
species.®® As reported,'” olefinic H' proton of the MC form
is magnetically deshielded due to the ring current effect by
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the adjacent indole moiety and shifts downfield as compared
to the SP form. However, in our case, UV irradiation with
CN™ leads to upfield shift of H' (—0.51 ppm). This is because
CN~ addition to the spirocarbon of 1 leads to a decrease in
electron density of the indole moiety. These data indicate
that the reaction of 1 with CN~ under UV irradiation
produces the spirocycle-opened 1—CN™ adduct (Scheme 1).

The blue-shifted absorption band of the 1—-CN™ adduct
compared to the MC form of 1 is due to the localization of
m-electrons of the molecule. This is confirmed by ab initio
calculations performed within the Gaussian 03 program.*®
The lowest singlet electronic transitions of both 1(MC) and
1—CN~ are mainly contributed by a HOMO—LUMO transi-
tion, where both transitions have a s,7* character (Table
S1, Supporting Information'®). As shown in Figure 5, the
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Figure5. Energy diagrams of HOMO and LUMO orbitals of 1(MC)
and 1-CN~ calculated at the DFT level using a B3LYP/6-31+G*
basis set.

HOMO—LUMO gap of 1(MC) is 2.67 eV, whereas the gap
of 1-CN~ is 3.29 eV, suggesting that the adduct has a larger
gap than 1(MC) (A0.62 eV). This is explained by electronic
configuration of the HOMO and LUMO orbitals. The
sr-electrons of 1(MC) are distributed over the entire molecule
(Figure 5). In contrast, sr-electrons of 1—CN™ are localized
on the p-nitrophenolate moiety. This is due to the decrease
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in electron density of the indole moiety by the CN™~ addition,
which is consistent with the upfield shift of the H' proton
observed by *H NMR analysis (Figure 4). The lowest singlet
transition energy of 1(MC) is 499 nm (2.48 eV, Table S1,
Supporting Information®®), which is similar to Am.y of the
1(MC) spectrum (519 nm, Figure 2). In contrast, the
transition energy of 1—CN™ (424 nm, 2.92 eV) is much lower
than that of 1(MC) and is similar to A of the 1—CN~
spectrum (421 nm). These closely matched results indicate
that the CN™ addition to 1 leads to a localization of the
m-electrons; therefore, the adduct requires higher transition
energy than 1(MC), resulting in a blue-shift of the absorption
band (Figure 2).

The 1—CN~ adduct forms via a nucleophilic addition of
CN~ to the positively charged spirocarbon®® of the MC form
of 1, where CN™ does not react with the SP form. This is
confirmed by activation energies (E,) determined by kinetic
absorption analysis.'® The 1—CN~ formation during the
reaction of 1 with an excess amount of CN~ (50 equiv) under
UV irradiation is explained by first-order kinetics, with the
rate constant 2.44 x 1073 s7 (25 °C). An Arrhenius plot of
the kinetic data reveals that E, for this reaction is 26.9 kJ
mol~t (Figure 6c). In contrast, kinetic analysis in the dark

1(SP)

El
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Figure 6. Energy diagrams for respective reactions, (a) 1(SP) —
1(MC), (b) 1(SP) + CN™ — 1-CN7, and (c) 1(MC) + CN™ —
1—-CN~, determined by kinetic absorption analysis with 50 equiv
of CN™. The kinetic data and Arrhenius plots are shown in Figures
S5 and S6 (Supporting Information).*®

reveals that the rate constant for the reaction between the
SP form of 1 and CN™ is 1.75 x 1075 s™* (25 °C), which is
much lower than that for the reaction between 1(MC) and
CN~. In addition, E, for this reaction is 110.2 kJ mol™!
(Figure 6b), which is much higher than E, for the reaction
between 1(MC) and CN™ and is similar to E, of the thermal
SP—MC isomerization®® (115.1 kJ mol~%, Figure 6a). These
data suggest that the 1—CN~ adduct forms via reaction of
the MC form of 1 with CN~, and hence, UV irradiation is
necessary for rapid CN~ sensing by the present receptor.
Another significant feature of 1 is that it can be reproduced
just by irradiation with visible light. Figure 7 shows the
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Figure 7. Change in 421 nm absorbance during sequential UV and
visible light irradiations of a water/MeCN solution (1/1 v/v; CHES
100 mM, pH 9.3) containing 1 and 50 equiv of CN™~ at 25 °C.

change in 421 nm absorbance of a solution containing 1 and
CN~, where UV and visible lights were irradiated sequen-
tially. Visible light irradiation decreases the 421 nm absorp-
tion, but sequential UV irradiation regenerates the band. This
suggests that the 1—CN~ adduct, when excited by visible
light, successfully reverts to the SP form with a release of
CN~ in a way similar to the MC — SP isomerization.**
Repeated UV and visible light irradiation sequences show
almost the same absorbance change. As shown in Figure 4c,
the sample recovered after three-cycle irradiations shows an
!H NMR spectrum similar to that for the virgin 1 (Figure
4a). These data clearly indicate that 1 reversibly reacts with
CN~ and the process is repeatable without significant
degradation of 1.

In summary, we found that a spiropyran derivative behaves
as a selective and sensitive CN™~ receptor in aqueous media.?
The receptor allows accurate sensing of a very low level of
CN™ by simple UV—uvis analysis. In addition, the receptor
is reproduced just by visible light irradiation. Convenient
and clean CN™ sensing is realized by applying the basic idea
using the spiropyran motif, and the results presented here
may contribute to the development of more useful CN~
receptors.
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(20) Compund 1 allows selective CN™ detection even at neutral pH,
but the sensitivity decreases significantly. This is because the protonation
of CN™ (pK; (HCN) = 9.2) at neutral pH suppresses the nucleophilic
addition of CN~ to 1; the association constant between 1 and CN~ under
UV irradiation obtained at pH 7.3 (HEPES) is 92 M™%, whereas the constant
obtained at pH 9.3 is 9.8 x 10° ML,
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