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Derivatives of difluoroboron curcumin (BFz-curcumin, BFz-cur(OMe);, BF2-cur(OTs);, and BF,-curOTs),
were synthesized. All compounds possessed electron donor moieties at both ends of the conjugated ©
system and an electron acceptor moiety in the middle of the molecules (D—A—D system) and should
exhibit different optical properties depending on substituents on the benzene rings. Photophysical
properties of curcumin and difluoroboron curcumin derivatives were explored. The electron-with-
drawing substituent could decrease the electron acceptability of BF,-acceptor moiety resulting in the
hypsochromic shift of both absorption and emission bands. BF,-curcumin and BF,-cur(OMe), displayed
the positive solvatochromic effect relying predominantly on polarity and polarizability of the solvent.
Interestingly, BFz-curcumin showed high selectivity and sensitivity towards cyanide with the detection
limits of 22 uM and 0.14 uM measured by visual detection and UV—vis spectrophotometry, respectively.
Compared to the original curcumin, BF;-curcumin offered a remarkably promising detection of cyanide

with 66-fold enhancement in aqueous media (4:1 of CH3CN/H,0).

Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.

1. Introduction

In recent years, chemists have employed a number of dyes and
their derivatives in colorimetric detection of toxic substances.!
Curcumin, obtained by extraction of the rhizomes of Curcuma
Longa, is a natural yellow-orange dye with low toxicity. Turmeric
root is a well-known spice, cosmetic and medicine? due to its in-
teresting multiple pharmacological effects, for examples, anti-oxi-
dant, anti-cancer, anti-inflammatory, and potent anti-Alzheimer’s
disease activity.>™® Curcumin consists of two methoxy phenols
conjugated through a,B-unsaturated p-diketone linker, which can
perform a keto-enol tautomerism. A few investigations concerning
photophysical properties of curcumin for medicinal chemistry have
been reported.®~'? Curcumin surprisingly exhibits many in-
teresting photophysical and photochemical properties. The ab-
sorption band is approximately 408—430 nm in most organic
solvents while the fluorescence spectrum is solvent-sensitive with
emission wavelengths ranging from 460 to 560 nm.!*> Considering
the fluorescent responses of curcumin, the emission quantum yield
decreases on going from solvents of low polarity to those of high
polarity. Recently, fluorescent borondifluoride dyes, such as

* Corresponding author. Tel.: +662 2187642; fax: +662 2541309; e-mail address:
tboosayarat@gmail.com (B. Tomapatanaget).

bodipy'*~'® and boron/diketonates?°~2* have offered the advan-

tages of optical properties including high emission quantum yields,
large molar extinction coefficients and high sensitivity upon
changes in solvent polarity.2” In 1993, Montellano et al.%® pioneered
the addition of the difluoroboron moiety on the enolate group of
curcumin and studied the inhibition of HIV-1 and HIV-2 proteases.
Difluoroboron-curcumin displayed HIV-1 inhibition with ICso of
24 uM while the typical curcumin showed HIV-1 inhibition with
IC50 of 100 puM.

Cyanide, which was released in a widespread way from industrial
uses, was found to cause severe toxicity in physiological system and
environments. In the last decades, many efforts have been devoted to
design various chemosensors specific for CN~ detection?’ —3° since
this method is outstanding in terms of inexpensive cost and rapid
implementation. Yoon et al.3! have collected and summarized re-
searches involving optical sensors for cyanide based on a covalently
linked binding site and signaling unit,*>33 displacement approach of
Cu complex and CN—3%3> and chemodosimeter of cyanide-sub-
stitution.3%>” However, a significant visual change for cyanide sensing
employing a deprotonation approach is still rare. Here, we aim to
investigate the photophysical and photochemical properties of de-
rivatives of BFa-curcumin. Addition of BF, on the carbonyl group can
inhibit the keto-enol tautomerization possibly resulting in an im-
provement in the photophysical properties and stability of curcumin.

0040-4020/$ — see front matter Crown Copyright © 2010 Published by Elsevier Ltd. All rights reserved.
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The BFz-curcumin complexes consist of two methoxy phenol as
electron donor parts conjugated to the difluoroboron enolate as the
electron acceptor part resulting ina D—A—D system. In our design, the
substituents on the OH moiety of BF,-curcumin were synthetically
modified to BF»-cur(OMe),, BF»-cur(OTs),, and BF,-cur OTs in order
to evaluate the effect of substituents on the photophysical properties
of BF,-curcumin. We explored the solvatochromic behavior of BF,-
curcumin and BF,-cur(OMe); in various solvents. Moreover, we also
investigated the cyanide sensing property of BFz-curcumin in
aqueous media compared with the original curcumin.

2. Results and discussion
2.1. Synthesis

All difluoroboron curcumin derivatives, BF;-cur(OMe);, BF,-cur
(OTs), and BF,-curOTs were prepared from curcumin obtained by ex-
traction of the rhizomes of C. longa. The synthesis of all compounds was
illustrated in Scheme 1. BF,-curcumin, was prepared by the addition of
borontrifluoride diethyletherate to the enolate unit of curcumin.? BF>-
cur(OMe), was obtained by methylating BF,-curcumin with methyl io-
dide using potassium carbonate as base. The "H NMR spectrum of BF,-cur
(OMe), displayed the methoxy protons at 3.82 ppm. The methoxy group
in this compound was a representative of an electron-donating group.

OCH;3 OCHj;
i; CH3[, K2C03,
MeOH, reflux
or ii TsCl, DMAP, Et3N
CH,Cl,
F< F
B
OI/ ~0
i N N O
R;0 OR,
OCHj3 OCH;

i; BFy-cur(OMe),: R|=R, = CHj3
ii; BFy-cur(OTs),: Ry =R, =0Ts
ii; BFy-curOTs : Ry =H, R, =OTs

Scheme 1. Synthesis of BF,-cur(OMe),, BF,-cur(OTs); and BF,-curOTs.

Mono and di-tosylated (BFz-curOTs and BF;-cur(OTs);) were
prepared by the reaction between BF,-curcumin and tosyl chloride.
TH NMR spectra showed significantly different patterns between di-
and mono-tosylation indicating by the ratio of 2:1 for the aromatic
protons of the tosyl groups. The mono-tosyl compound displayed two
non-equivalent methyl protons at different positions of
3.50—4.00 ppm. The purity of all prepared compounds was assured by
the good agreement of elemental analysis except for BFy-curOTs,
which readily decomposed in air.

2.2. Photophysical properties of all difluoroboron curcumin
derivatives

The photophysical behavior of all D—A—D molecules, BF,-cur
(OMe);, BF;-curOTs, and BF;-cur(OTs);, exhibited a strong

absorption and emission band in CH;Cl; as shown in Table 1. It was
found that when the OH group was replaced with the electron-do-
nating group such as OMe in BFz-cur(OMe),, the maximum ab-
sorption spectrum of BF,-cur(OMe), showed a small red shift at
502.1 nm (AAmax(ex)=5.1 nm in CH»Cly) compared to that of BF»-
curcumin. This red shift is less than Moore’s CRANAD 2 (Amax
(ex)=760 nm in MeOH) containing a N',N-dimethyl moiety instead of
OH group on the ends of benzene rings leading to a large bath-
ochromic shift.3® Conversely, a blue shift of the absorption band was
observed when the hydroxyl groups in BF,-curcumin were modi-
fied with an electron-withdrawing group such as OTs in BF;-cur
(OTs)2 (Fig. 1a). Therefore, the substituted group influenced the
electron accepting ability of the BF,-part. Their relative transition
energies should be dependent on the relative electron affinity of the
donor fragment (curcumin part).>® An electron-withdrawing group
on the donor fragment will decrease the electron accepting ability of
BF,-part inducing the blue shift of the absorption band, while the
electron-donating group will promote the electron accepting ability
of the BF,-part resulting in a red-shifted absorption band.

Table 1
Photophysical properties of BF-curcumin, BF»-cur(OMe),;, BF»-curOTs and
BF,-cur(OTs); in CH,Cl, at a concentration of 1.0x10~6 M

Compound Absorption Emission Quantum Molar
(nm) (nm) yield absorptivity
(x10° cm~'mol~'L)
BF,-curcumin 497 557.01 0.62 0.82
BF,-cur(OMe); 502.1 570.00 0.61 1.29
BF,-curOTs 492.0 562.00 0.22 033
BF,-cur(OTs);  436.0,460.1 505.07 0.48 0.34

(@)
14 i
8 = BF,-curcumin
5 —— BFcur(OMe),
g — BF,curOTs
2 = BFcur(QTs),
o
o
S
s
E
o
=
[ T
400 t00 s00
wavelength, nm
(b)
104
BF,-curcumin
Z 084 —_—
g B, cur (OMe),
S — BF,turOl's
£ o6 = Brycur{UTs),
©
5
g 04
=3
z
024
oo

500 550 600 650 00
wavelength, nm

Figure 1. The normalized UV—vis spectra (a) and fluorescence spectra (b) of
BF,-curcumin, BF,-cur(OMe),, BF,-curOTs and BF,-cur(OTs), in CH,Cl, at a concen-
tration of 1.0x10~> mM.

Compared to BF;-curcumin, the emission spectra of BF,-cur-
OTs and BF»-cur(OMe), demonstrated a trend of a small red shift
depending on the electron accepting ability of the BF,-part. BF;-
curOTs, however, showed the maximum emission wavelength of
562 nm, which is higher than that of BF,-curcumin (557.10 nm)
(Fig. 1b). The unsymmetrical structure of BF,-curOTs with different
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substituents on both ends of benzene rings causes a higher re-
laxation of electrons resulting in the bathochromic shift compared
to BF-curcumin.

2.3. Studies of solvatochromic effects of difluoroboron
curcumin derivatives

BF,-curcumin and BF,-cur(OMe); are soluble in several common
organic solvents and exhibit solvent-dependent photophysical prop-
erties in selected common organic solvents (Fig. 2). It was worth noting
that the color of the solutions changed ranged from yellow to red on
going from solvents of low polarity to those of high polarity. BF,-cur-
cumin in selected solvents exhibited different colors with a red color-
shade upon increasing the solvent polarity and a very bright fluorescent
emission with low solvent polarity (Fig. 2a and Fig. 2b). The normalized
UV—vis and fluorescence spectra of BFy-curcumin in several organic
solvents are shown in Figures 3a and b. The fluorescent quantum yields
of BFa-curcumin and BF,-cur(OMe); were collected in Tables S1 and
S2. The results can be rationalized that the increase of the electron
accepting ability of the BF,-acceptor enhanced the charge separation or
dipole-moment of the molecule. Therefore, the different solvent po-
larities yielded different colors of the solution.

(a)

Figure 2. The photographs of BF,-curcumin in organic solvents (from left to right,
DMSO, CH30H, CH3Cl, CoHs0H, CH5CN, CH,Cly, EtOAc, and 0-CgH4Cly) under illumi-
nation of (a) white light and (b) black light (A=365 nm).

To explain the solvent effect on the photophysical properties of
BF,-curcumin and BF,cur(OMe),, the linear solvation energy re-
lationships (LSER) based on the Kamlet—Taft equation were ex-
amined. The solvatochromic parameters involving #* (polarity/
polarizability factor), « (solvent hydrogen bond donor ability, HBD),
and g (solvent hydrogen bond acceptance ability, HBA) are used in
the Kamlet—Taft relationship as shown in Eq.1.4°
Y = Yo+aa+bf+cn* (Kamlet — Taft) (1)

The coefficients (yo, a, b, and c), and correlation coefficients (R?)
were evaluated by multiple linear regression fit to the Kamlet—Taft
relationship of the absorption spectra of BFa-curcumin and BF»-
cur(OMe),, and summarized in the Supplementary data. The sol-
vents used in this study were CH30H, DMSO, C;Hs0H, CHCl3, CgHg,
CHs3CgHs, and (CH3CH3);0. The solvatochromic parameters
expressed in Egs. 2 and 3 were obtained from the best linear re-
gression fits*® between the calculated and measured

vmax With R? values of 0.991 and 0.997 for BF,-curcumin and
BF,-cur(OMe),, respectively (Fig. 4 and Fig. S5).

FmaxBF2 — curcumin<x10*3> — 20.97 + 0.23a — 0.708
~1.397* 2)

(a)1.24
——MeOH
1.04 ——EtOH
——Toluene
° ——Benzene
g 084 ——CH3CI
3 ——CH2CR
o ——Ether
£ 064
i ——DMSsO
K
N 044
=
£
© 0.24
z
0.0+
T L
400 500 600
Wavelenath, nm
(b) ] Meon
\ ——EIOH
——CHCI3
0.8 Toluene
z Benzene
] ——CHz2CI2
% 0.6+ ——Ether
e ——DMSO
§ 0.4
]
g 0.24
0.0

550 600 65 700 750 800
Wavelength, nm

Figure 3. The normalized UV—vis spectra (a) and fluorescence spectra (b) of BF,-
curcumin in various organic solvents.
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Figure 4. Multi-parameter linear regression analysis between calculated and mea-
sured absorption of BF,-curcumin.

FmaxBF2 — curcumin(x1o—3) — 20.61 4 0.39a + 0.208
1327 (3)

From Egs. 2 and 3, the polarity/polarizability factors (7*) play the
most important role on the photophysical properties of BF,-curcu-
min and BF»-cur(OMe),. Additionally, hydrogen bond accepting
abilities (8) followed by hydrogen bond donating abilities («) play
a minor effect for the former derivative. This result implied that the
dipole/dipole interaction between the curcumin derivatives and the
medium is markedly larger than the hydrogen bonding between
the solute and the solvent. The ‘c’ values are minus for BFa-curcumin
and BF-cur(OMe),, indicating the electronically excited state of
these molecules with a stronger solvate stabilized upon increasing the
solvent’s dipolarity/polarizability resulting in a good agreement with
bathochromic shift of UV—vis absorption maxima on going from
benzene to DMSO. Considering in each coefficient, ‘a’ and ‘c’ are ap-
proximately the same in both BF,-curcumin and BF,-cur(OMe);
systems, while ‘b’ displays large difference. This result suggested that
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HBA plays a larger role than HBD in the photophysical properties of
both curcumin derivatives in organic solvents. It is also worth men-
tioning that the negative value of HBA of BF,-curcumin in organic
solvent indicates the favorable hydrogen bonding towards a proto-
philic solvent leading to the bathochromic shift of the absorption
band.*! On the contrary, the coefficient of the HBA part in the Kam-
let—Taft equation of BF,-cur(OMe); system means unfavorable
hydrogen bond interaction in a protic solvent. Undoubtedly, the
maximum absorption of BF,-cur(OMe); in methanol and ethanol
illustrated a blue shift of ~13 nm compared with the solution in
benzene (see in Supplementary data). The unfavorable hydrogen
bond interaction in a protic solvent of BF,-cur(OMe); related to the
fluctuation of the maximum absorption in the optical spectra with an
increase of the solvent polarity. However, BF,-curcumin and BF,-cur
(OMe), generally displayed a positive solvatochromism under the
effect of solvent dipolarity/polarizability factor.

2.4. Anion sensing of BF,-curcumin and curcumin

The complexed properties of BF,-curcumin towards anions, in
comparison with curcumin, were investigated. All optical and
emission spectrum were measured in CH3CN/H,0 (4:1 v/v), since
deprotonation by a strongly basic anion might occur at the hydroxyl
group of both compounds. Anion sensing ability of BFz-curcumin
was examined with various anions (F~, CI7, Br—, I~ CN~, AcO~, and
BzO~, and H,POz ) by UV—vis and fluorescence spectrophotometry.

Upon addition of CN™, the color transitions from red to blue of
BF>-curcumin and from yellow to red of curcumin were observed
by naked-eye (Fig. 5). For other anions, the color of solution
remained unchanged. The photophysical properties were further
examined by UV—vis spectrophotometry. The absorption band of
BF,-curcumin at 507 nm decreased concurrently with the appear-
ance of a new strong absorption band at 649 nm in the presence of
CN~ (Fig. 6). In the case of AcO™ and BzO~, the maximum absorption
at 507 nm slightly decreased, and a weak absorption band at 625 nm
intensified. No spectrum change was observed for F~,Cl~,Br—, -, and
H,POz. The addition of CN™ in the curcumin solution leaded to
a bathochromic shift (from 460 to 510 nm). In the case of the other
anions, the UV—vis spectrum remained unchanged (shown in S7).

(@ (® () (@ () H (@ () @

Figure 5. Color transition of A. BF,-curcumin (1.0x10-5 M) in CH3CN/H,0 (4:1, v/v)
solution in the presence of 100 equiv of various anions (a) none, (b) CN~, (c) F~, (d) Br~,
(e)Cl~, (f) I, (g) BzO™, (h) AcO~, and (i) HyPO4.
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Figure 6. UV—vis spectra of BF,-curcumin (5 uM) in CH3CN/H,0 (4:1, v/v) in the
presence of 100 equiv of various anions.

Photoemission properties of BF>-curcumin and curcumin were
also investigated. The fluorescent spectrum of BF,-curcumin
showed a strong emission band at 600 nm while that of curcumin
displayed a very weak emission band at 543 nm as shown in
Figure 7. Compared to curcumin, a large red shift and high quantum
yield of BF;-curcumin could stem from the electron transition
from 7 to 7+ from oxygen to the empty orbital of boron.*? The in-
corporation of BF; on the curcumin structure resulted in a more
rigid structure and extended m-conjugation and consequently fa-
cilitated electron transfer through the conjugated system.

100 4
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Figure 7. Fluorescent spectra of BF,-curcumin and curcumin in CH;CN/H,0 (4:1 v/v).

The emission spectra of BF;-curcumin and curcumin in the
presence of various anions are illustrated in Figure 7. Interestingly,
excitation wavelength dependent fluorescence spectra were observed.
The emission bands of BF,-curcumin in the presence of CN~ were
markedly changed. The excitation wavelength of 507 nm resulted in
a complete quenching at the emission wavelength of 600 nm. On the
other hand, a new emission band at 750 nm of the cyanide complex
appeared upon changing the excitation wavelength to 649 nm (Fig. 8,
inset). In the case of other anions, the emission bands at 649 nm
slightly change without the appearance of a new emission band at
750 nm when excited at 649 nm. The fluorescence responses of cur-
cumin towards various anions were also investigated.
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Figure 8. Fluorescent spectra of BF,-curcumin with various anions (Aex=507 nm,
Inset: Aex=649 nm).

The presence of cyanide in the solution of curcumin caused
a complete quenching of the emission band at 543 nm without the
appearance of a new emission band. No changes were observed
with other anions. (Fig. S14 in Supplementary data).

The photophysical and photochemical phenomena of BF,-cur-
cumin in the presence of cyanide were assumed to undergo the
deprotonation of hydroxyl groups by CN~. NMR spectra showed
a strong evidence to support this assumption (Fig. 9). According to
TH NMR spectra of BF-curcumin and CN-, the hydroxyl protons
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Figure 9. '"H NMR spectrum of BF,-curcumin and BF,-curcumin+CN~ in DMSO-dg.

(10.09 ppm) completely disappeared with a concomitant of the
large upfield shifts of aromatic and alkene protons from 7.90—6.42
to 7.28—5.64 ppm. This indicated that the aromatic protons were
shielded by the negative charge of the deprotonated hydoxyl group.

This deprotonation caused a high charge separation between
acceptor and donor unit in BF;-curcumin, and consequently ex-
cellent electron delocalization to BF; unit. The excited states in the
complexes were stabilized upon the binding of CN~, resulting in
a bathochromic shift in the absorption band with AA=142 and
92.9 nm for BF,-curcumin and curcumin, respectively. Moreover,
a new emission band at 750 nm for BFa-curcumin and CN~ was
observed. The red shift of BF,-Curcumin is larger than that of
curcumin, possibly caused by a large charge separation between
BF; unit and the aromatic rings resulting in a strong intramolecular
charge transfer (ICT).**746 A schematic illustration is shown in
Scheme 2.

H*|| CN-

Acceptor

OCH;

Donor

OCHj
Donor

Scheme 2. The ICT process of BF,-curcumin upon adding CN™.

The selective binding properties of BF;-curcumin and curcu-
min towards CN™ can be described by the basicity of anions. The
charge transfer process could not occur in the case of fluoride ion
due to its high hydration enthalpy and low basicity
(AHOhyd:7504 kJ/mol, pK,=3.18) in an aqueous system.*” Further-
more, the binding constants of BFz-curcumin or curcumin to-
wards CN~ were carried out by UV—vis and fluorometric titrations.
Logarithm (log B2)*® of overall stability constants of the deproto-
nation of BFy-curcumin are 8.8 and those of curcumin are 7.7.

The interference of foreign substances; such as, F~, CI7, Br—, [,
AcO~, BzO~, and H,PO7 against cyanide detection of BFy-curcumin

and curcumin was evaluated by fluorescence methods. Compared
to curcumin, the presence of the BF, part in BF;-curcumin showed
a benefit on the reduction of the interference effect from other an-
ions (Fig. 10). The fluorescence signal of the solution of curcumin
and cyanide were seriously disturbed by other anions. In the case of
BF,-curcumin, the miscellaneous competitive anions did not per-
turb the emission signal, except for F~, AcO~, and H POz The toler-
ance of cyanide sensing against other interference anions, in which
the relative error are fixed at +10%*° was listed in Table S5. The
presence of F~, AcO~, and H,POz; at molar ratios of 100, 470, and 6,
respectively, could interfere the cyanide sensing of BFz-curcumin.

LI

Figure 10. Fluorescence responses of BF,-curcumin (black bar) and curcumin (red
bar) (7.5 uM) to CN~ (0.5 mM.) in the presence of foreign anions in CH3CN/H,0 (4:1)
(BF-curcumin:  Aex=507 nm, Je=600nm, and curcumin: Ae=417.1 nm,
Aem=543 nm).
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Colorimetric and UV—vis detection limits of BFz-curcumin and
curcumin for CN™ were also evaluated (Fig. 11). In CH3CN/H0 (4:1
v[v), the visual detection limit of BF>-curcumin (10 uM) towards
CN~ is 22 uM while in the case of curcumin (104 M), the color
change can be detected visually at the concentration of CN™
>75 uM. Compared to the UV—vis detection limit, the absorption
changes (Fig. 12), calculated on the basis of 3¢/K,*>>! could extend
the limit of detection down to 0.14 and 9.33 uM for BFz-curcumin
and curcumin, respectively (Fig. 11).

A

@ ® () @ (@ O (@ © @0

(@ (b)) () (d () (A (g) (h)

Figure 11. Colorimetric changes of A. BF,-curcumin (0.01 mM) in CH3CN/H,0 (4:1,
v/v) upon the addition of (a) 0, (b) (15), (c) 22, (d) 24, (e) 29, (f) 36, (g) 43, (h) 50,
and (i) 57 uM of CN B. curcumin (0.1 mM) in CH5CN/H,0 (4:1, v/v) upon the ad-
dition of (a) 0, (b) 50, (c) 75, (d) 99, (e) 109, (f) 124, (g) 149, and (h) 172 uM of CN".

This is indicative of a higher detectable sensitivity of BF,-cur-
cumin than that of curcumin for cyanide sensing. Therefore,
BF>-curcumin is a promising sensor for cyanide. For BF,-curOTs,
we did not study the cyanide detection properties of this com-
pound because it readily decomposed in air.
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Figure 12. Linear plot between absorbance of BF,-curcumin (7.5 M) versus con-
centration of CN™.

3. Conclusions

In summary, D—A—D molecular sensors employing derivatives
of BFy-curcumin with different substituents on hydroxyl groups
were successfully synthesized, and their photo-physical and
-chemical properties were examined. Electron-withdrawing
substituted groups attached to the donor part of BF;-curcumin
induced a hypsochromic shift in both absorption and emission
spectra. Conversely, electron-donating groups stabilized a higher
energy level of the molecules resulting in the bathochromic shift of
UV—vis and fluorescence spectra. The photophysical properties of
BF,-curcumin and BF,-cur(OMe); exhibited a positive sol-
vatochromic effect, mainly depending on the solvent polarity/po-
larizability factor. The incorporation of BF; on the curcumin
structure gave a cyanide sensor with excellent selectivity and
sensitivity. The sensing approach relied on the deprotonation of the
hydroxyl group of BF-curcumin by CN™ leading to an extended =-
conjugated system. BF,-curcumin thus serves as a promising
chemical sensor for cyanide detection by either naked-eye for on-
site detection or spectrophotometry when a better resolution is
required.

4. Experimental
4.1. Materials and methods

Nuclear magnetic resonance (NMR) spectra were recorded in
DMSO-dg, CDCl3 and CD3CN on a Varian 400 MHz spectrometer.
Electrospray mass spectra were determined on a Micromass
Platform quadrupole mass analyzer with an electrospray ion
source using acetonitrile as solvent Elemental analyses were car-
ried out on a Perkin—Elmer CHON/S analyzer (PE 2400 series II).
Absorption spectra were measured by a Varian Cary 50 UV—vis
spectrophotometer. Fluorescence spectra were performed on
a Varian eclipse spectrofluorometer. Unless otherwise specified,
the solvents and all materials were reagent grades without further
purification. Commercial grade solvents such as acetone,
dichloromethane, hexane, methanol, and ethyl acetate were pu-
rified by distillation. Acetonitrile, dimethylformamide, and
dichloromethane were dried over calcium hydride and THF was
dried over benzoquinone and sodium and freshly distilled under
nitrogen prior to use.

4.2. Synthesis

4.2.1. Preparation of methylated curcumin borondifluoride (BFz-cur
(OMe)z). In a 250 mL two-necked round bottom flask equipped
with a magnetic bar and a reflux condenser, a solution of BF;-
curcumin (0.416 g, 1 mmol) and anhydrous potassium carbonate in

methanol (100 ml) was stirred for 10 min. Methyl iodide (1.5 mL,
2 mmol) in methanol (4 mL) was added dropwise into the reaction
mixture, which was refluxed at 60 °C overnight. The solvent was
removed by rotary evaporator to obtain a crude product. The crude
product was dissolved in ethyl acetate and washed with water. The
organic layer was dried over anhydrous sodium sulfate and evap-
orated to dryness under reduced pressure. The desired product
(BF2-cur(OMe);) was obtained as a purple crystalline solid (73%
yield) after recrystallization in hexane/ethyl acetate. 'H NMR
(400 MHz, DMSO) 6 (in ppm)=7.954 (J=16.0 Hz, d, —ArH, 2H), 7.477
(s, —ArH, 2H,), 7.450 (J=8.4 Hz, d, —ArH, 2H), 7.086 (J=15.6 Hz, d,
—olifinic-H, 2H,), 7.077 (s, —ArH, 2H), 6.487 (s, —ArH, 1H), 3.822 (s,
—0CHS3, 12H,). 3C NMR (100.6 MHz, CDCl3) 6 (in ppm)=56.11, 56.22,
102.20, 111.63, 112.23, 119.30, 125.64, 127.54, 147.28, 149.55, 153.01,
179.50; ESI MS: m/z=445.63 [M*]. Anal. Calcd for C23Hi5N303: C,
62.18; H, 5.22. Found: C, 62.53; H, 5.32.

4.2.2. Preparation of monotosylation curcumin borondifluoride (BFz-
curOTs) and ditosylation curcumin borondifluoride (BFz-cur(OTs)2).
In a 100 mL two-neck round bottom flask, a solution of BF;-
curcumin (0.277 g, 0.67 mmol), DMAP (4-Dimethylaminopyr-
idine), and triethylamine (0.084 mL, 2.01 mmol) was stirred for
30 min in dichloromethane (30 mL) at 0 °C under nitrogen. A
solution of para-toluenesulfonyl chloride (0.284 g, 1.49 mmol) in
dichloromethane (10 mL) was added dropwise into the mixture
over 30 min. Upon completion of the reaction, a solution of HCI
(3 M) was added into the mixture to adjust the pH to 1 and
stirred for 30 min. The reaction was extracted with water, and the
organic solvent was dried over Na;SO4 and then evaporated in
vaccuo. The crude product was purified by column chromatog-
raphy using 5% ethyl acetate in dichloromethane to afford BF,-
curOTs (R=0.65) and BF-cur(OTs); (R=0.83) in 23% and 71%
yields, respectively.

4.2.2.1. BFs-curOTs. '"H NMR (400 MHz, DMSO-dg) é (in ppm)=
7.97 (J=15.6 Hz, d, olifinic-H, 1H), 7.85 (J=15.2 Hz, d, olifinic-H, 1H),
7.70 (J=8.0 Hz, d, —ArH, 2H), 7.26 (J=8 Hz, d, —ArH, 2H), 7.07 (d,
—ArH, 2H), 7.03 (s, —ArH, 1H), 6.93 (d, —ArH, 1H), 6.90 (s, —ArOH,
1H), 6.54 (J=15.6 Hz, d, -CH=CH—, 3H), 6.01 (J=17.2 Hz, d, —CH=
CH—, 2H), 3.90 (s, —OCH3, 3H), 3.56 (s, —OCH3, 3H), 1.98 (s, —CH3,
3H). 13C NMR (100.6 MHz, CDCl3) 6 (in ppm)=29.71, 55.72, 56.07,
110.82, 112.83, 115.46, 121.39, 121.62, 124.46, 124.69, 128.61, 129.50,
133.93, 139.24, 145.03, 147.13, 148.82, 180.01; ESI MS: m/z=570.87
[M*] (C23H23BF,06)

4.22.2. BF>-cur(0Ts)s. 'H NMR (400 MHz, DMSO-dg) 7.91
(J=16 Hz, d, olifinic-H, 2H), 7.70 (J=8.4Hz, d, —ArH, 4H), 7.26
(J=8.0 Hz, d, —ArH, 4H), 7.15 (d, —ArH, 4H), 6.96 (s, —CH—=CH—, 2H),
6.59 (J=15.6 Hz, d, -CH=CH—, 2H), 6.04 (s, -CH=CH—, 1H), 3.57 (s,
—OCHs, 6H), 2.40 (s, —CHs, 6H). 13C NMR (100.6 MHz, CDCl3) 6 (in
ppm)=21.76, 55.74, 102.56, 112.91, 121.34, 121.67, 124.74, 128.59,
129.55, 133.0, 133.73, 140.92, 145.48, 146.38, 152.35, 180.06; HRMS
(positive ESI) m/z caled for Cy3H»3BF,0gNa (M+Na™) 747.1420,
found 747.1396.

4.3. Studies of solvent effects of BF>-curcumin and BF,-cur
(OMe),

The solutions of BFz-curcumin and BF;-cur(OMe); (1.0 mM)
were prepared in organic solvents (spectroscopic grade), such as
methanol, ethanol, toluene, benzene, chloroform, dichloro-
methane, diethyl ether, ethyl acetate, and DMSO and were placed
in 10.0 mm width quartz cell. Fluorescence spectra (excitation at
497.1 and 503.0 nm for BF-curcumin and BF,-cur(OMe),, re-
spectively) and UV—vis spectra were recorded at room
temperature.
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4.4. UV-—vis titrations and fluorescent titrations to determine
the binding constants of BF,-curcumin and curcumin towards
CN™

All UV—vis and fluorescent titrations of BF;-curcumin
(7.5x10~3 mM) and curcumin (5.0x10~3 mM) in the presence of
cyanide ion were recorded in CH3CN/H,0 (4/4 v/v) using of [Bu4N]
[PF6] (0.01 M) as a supporting electrolyte. The solutions of CN~
were prepared and gradually added into the solution of receptor
(2 mL). Absorption and emission spectra of solution were recorded
after each addition until absorbance of a new peak at 649 nm and
510 nm and emission quenching at 600 nm and 543 nm for BF»-
curcumin and curcumin, respectively, were constant. The stability
constants (log B) of cyanide complexes of receptors were evaluated
by fitting the titration curves to the non-linear relation using the
following equations (Egs. 4 and 5 for fluorescence and UV—vis
techniques, respectively).

Io + By [CN*F
[=——" )
1+ 6, [CN‘]

Ao+ Axb [CN*]”

1+ 6, [CN*}H ©)
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