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Calix[5]phyrin for Fluoride lon Sensing with Visible and Near

Infrared Optical Responses

Tomohiro Higashino,*® Atsushi Kumagai,? Hiroshi Imahori*!

Abstract: Fluoride (F") ion sensing is an important topic due to its
roles in health, medical, and environmental sciences. In this regard,
colorimetric sensors with a near infrared (NIR) optical response are
useful in biological systems because they can avoid interference
from endogenous chromophores. Although calix[n]phyrins are highly
attractive as sensors with the NIR optical response, studies on
calix[n]phyrins are still limited owing to their intrinsic instability
against ambient light and air. In this study, we report the synthesis
and characterization of a new calix[5]phyrin bearing one spa-
hybridized carbon atom as a m-expanded calix[n]phyrin. Upon
addition of tetrabutylammonium fluoride, the calix[5]phyrin exhibited
distinct NIR absorptions at 908 and 1064 nm as well as a visible
color change. Importantly, it revealed an excellent selectivity for F~
ion. These results demonstrate that calix[5]phyrins are promising
colorimetric and NIR sensors of F~ ion.

Anion sensing has attracted considerable attention in
supramolecular chemistry owing to the widespread importa
in chemical and biological processes.""! Among anions, flu
(F7) ion is an important target due to its roles in health, médical,
and environmental sciences.? In this regard, colggmetric
sensors that can recognize anions through color ch
highly desirable because of facile detection by the n
In particular, sensors with a near infrared (NIR) optj
are fascinating in biological systems because
interference from endogenous chromophores.”

Pyrrole-containing macrocycles have been de
promising molecules for colorimetric anion sensing (Figu
In particular, they are promising candidate for F~ ion sensin
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, we focused on calix[5]phyrins bearing one sp*-
bridized cgion atom as m-expanded calix[n]phyrins. So far
calix[5]Myrins 2 and 3 have been synthesized, but their
-sensing abilities have not been examined."” Recently, we
expanded porphyrins with a dithieno[3,4-b:3",4’-
ne (B-DTT) unit stable even without electron-deficient
tituents (i.e., pentafluorophenyl).'" Bearing in
oved stability by incorporation of the g-DTT unit,
we designell a calix[5]phyrin with the B-DTT unit 4. In addition,
the peripheral thiophene-fused structure would provide a -
extended structure, which could be suitable for visible and NIR
detdion of anions.
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Figure 1. Structures of pyrrole-containing macrocycles.

Herein, we synthesized a new calix[5]phyrin with the f-DTT
unit 4 and examined its anion-sensing ability. The calix[5]phyrin
4 exhibited F~ ion sensing ability with an excellent selectivity. It is
noteworthy that 4 is the rare example of F~ ion sensing
molecules with a distinct absorption in NIR region more than
1100 nm in the presence of F~ ion.”"

The calix[5]phyrin 4 was synthesized by the route illustrated
in Scheme 1. 3,5-Di(pyrrolyl)dithienothiophene 5"" and
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dipyrromethane dicarbinol 6''? were synthesized according to
the literatures. The acid-catalyzed condensation of 5 and 6
followed by oxidation with 2,3-dichloro-5,6-dicyanobenzoquinone
(DDQ) afforded a mixture of calix[5]phyrin 4 and 5,10,15,20-
tetrakis(pentafluorophenyl)porphyrin 7. However, due to a high
affinity of 4 with 7, we could not separate two products by typical
silica-gel column chromatography. Fortunately, we found that
the adsorption behavior of 4 to silica-gel was enhanced by the
treatment with Na,CO; aqueous solution. Consequently, we
obtained pure 4 after the treatment of the mixture of 4 and 7 with
saturated Na,CO; aqueous solution and subsequent silica-gel
column chromatography using a 1:1 mixture of CH,Cl, and
hexane with acetic acid (1% v/v). Although the role of Na,COs; is
unclear at this stage, deprotonation of 4 might be effective to
adsorption of 4 to silica-gel. The isolated yield of 4 was 3.6%.
The high-resolution mass spectrometry (HR-MS) of 4 (Figure
S1) shows the ion peak at m/z = 991.0106 (calcd for
CasH14N4F15S3, [M+H]": 991.0136), which is consistent with its
calix[5]phyrin structure. The 'H NMR spectrum of 4 displays a
signal arising from the meso-proton at 5.65 ppm (Figure S2).
The four signals from B-protons at 6 = 6.92-6.41 ppm and the
signal from NH protons at 6 = 12.80 ppm indicate the
nonaromatic character of 4. It should be noted that 4 can be
stored at —20 °C for several months and is stable against
ambient light and air even in solution for more than one week.
Then, we attempted reduction and oxidation of 4. When NaBH,
was added to a solution of 4, we found a new species, prob.

phlorin-type compound, by TLC analysis. However, it wa

possible to isolate and characterize it because of its instability
under ambient conditions. On the other hand, oxidation g&4 with
MnOa, DDAQ, or tris(4-bromophen inium
hexachloroantimonate resulted in decomposition.
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3.3 A, showing involvement of the T-Tr interactions. Moreover,
the CH-T interactions between the p-protons and the p-DTT unit

are evident. The high affinity of 4 is probably attributed to
these 1-1m and CH-1T interactions.

one porphyrin molecule of 7 is sandwiched with two calix[5]phyrin molecules of
4. The non-interacting pentafluorophenyl groups are omitted for clarity. The -
T interactions between the pentafluorophenyl ring and the porphyrin

The UV/Vis absorption spectrum of 4 in CH,Cl; is shown in
Figure 3. The spectrum displays an intense Soret-like band at
474 nm, which is comparable to those of other calix[5]phyrins
(466 nm for 2 and 490 nm for 3).'? In contrast, 4 exhibits no Q-
like band, while calix[5]phyrins 2 and 3 exhibit weak Q-like
bands at 663 and 691 nm, respectively.'” Absence of the Q-
band of 4 can be rationalized by the cross-conjugated nature of
the B-DTT unit."" It is striking that the absorption spectrum of 4
is completely different from that of meso-
pentafluorophenyldipyrrin.' Thus, in 4 dipyrrin-like character
does not appear, but calix[5]phyrin-like character does as a
consequence of the T-system through the B-DTT unit. The
steady-state fluorescence spectrum of 4 was also measured in
CH.ClI, (Figure 3). The weak fluorescence is observable at 647
nm. The fluorescence quantum yield (&) was determined to be
0.004 using 5,10,15,20-tetraphenylporphyrin (TPP) as a
standard (& = 0.11) (Figure S3).'”
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Figure 3. UV/Vis absorption (red solid line) and fluorescence (red dashed line)
spectra of 4 and UV/Vis absorption spectrum of meso-
pentafluorophenyldipyrrin (black solid line) in CH,Cl,. For fluorescence
spectrum, the sample was excited at 474 nm. The fluorescence intensity was
normalized to the absorption at 543 nm.

Absorbance

The electrochemical properties of 4 were studied by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV) in 0.0 400 600 800 1000 1200 1400 1600 1800 2000
CH,Cl, versus ferrocenefferrocenium ion (Fc/Fc') with 4 /nm ——
tetrabutylammonium hexafluorophosphate (Figure S4). The
calix[5]phyrin 4 shows two reversible reduction peaks at —1.39
and —1.57 V. On the other hand, no significant oxidation pe

4. Changes in the UV/Vis/NIR absorption spectra of 4 upon titration
F in THF: a) from O (black) to 2 (red), and b) from 2 (red) to 4 (blue)

are detectable. sorbance marked with * may arise from the overtones of

We examined anion-sensing ability of 4 in THF. Upon
addition of tetrabutylammonium fluoride (TBAF), the
changed from orange to violet. Then, we performed
experiments, as shown in Figure 4. A two-step spe,

xide (TBAOH). Upon addition of TBAOH, the color is also
ged from orange to violet (Figure S7). However, the
dition of TBAOH provides a one-step spectral change. After
ddition of TBAOH, the spectrum exhibits an intense peak at
550 nm and broad absorption at around 1000 nm. Nevertheless,
it is completely different from that of 4 upon addition of F~ ion.
Thus, deprotonation mechanism should be ruled out.

The 'H and "F NMR spectra of 4 in THF-ds were also
recorded in the presence of TBAF (Figures S8 and S9). The
addition of 2 equivalents of TBAF induces the broadening of the
NH peak, which indicates the interaction between the NH and F~
ion. In addition, "°F NMR exhibits a new broad signal at —154
ppm, suggesting bound F~ ion.®? Further addition of TBAF
), the binding  displays the disappearance of initial peaks. The new broad
constants Ky and K; are 10* and 2.9 x  peaks imply conformational changes derived from the flexible
10° M™', respectively.'® arameter « is  structure of 4. Importantly, the signals of HF,™ at ~16.0 ppm in
calculated from the following tion: o = 4K,/K;. Because ¢ > 'H NMR and —216 ppm in "°F NMR are not detectable even after
1 indicates posi i formation of 1:2 complexis  the additon of 4 equivalents of TBAF.'! These NMR
favorable over th plex." In contrast to the ~ experiments also suggests F~ ion binding rather than
distinct spectral ¢ he additon of TBAF, deprotonation.”!
tetrabutylammonium (TBACI), tetrabutylammonium
bromid butylammonium iodide (TBAI) does
not ange (Figure S6). Thus, the
calix[5]phyrin excellent selectivity for F~ ion.

To obtain the insight into the F~ ion binding complexes of 4,
we performed DFT calculations at the B3LYP/6-31G(d,p) level.
The optimized structures exhibit the interaction of F~ ion with the
hydrogen atom at 15-position as well as NH (Figure S10).
Furthermore, we carried out time-dependent DFT (TD-DFT)
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calculations to evaluate the colorimetric response of 4. The Saravanan, S. Easwaramoorthi, C.-Y. Hsiow, K. Wang, M. Hayashi, L.
lowest excitation energies of 1:1 and 1:2 complexes (885 and Wang, Org. Lett. 2014, 16, 354-357.

631 nm) are smaller than that of 4 (575 nm), which is in 15]
agreement with the new absorption in NIR region upon addition
of TBAF (Figure S11).
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