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Probing Receptor—Anion Interactions by Ratiometric Chemosensors Containing
Pyrrolecarboxamide Interacting Sites

Chun-Lin Chen,'* Tzu-Pin Lin,!#! Yen-Shiu Chen,!?! and Shih-Sheng Sun*!!

Keywords: Receptors / Fluorescent probes / Molecular recognition / Anions

We have designed and synthesized a series of molecular
probes integrating both an amide and a pyrrole functionality
for anion-recognition and -sensing. The interactions between
these probe molecules and various anions have been investi-
gated to elucidate the influence of electronic effects on the
anion-recognition site. Changes in the UV/Vis and fluores-
cence spectra in the presence of anions reveal that probes 1—
5 typically display a strong response to cyanide. Moreover,
the appearance of the ratiometric phenomenon upon interac-
tion with anions further enhances spectral differentiation for
anion-sensing. The mechanism for the reaction between the
probe molecules and the anions has been further explored
by H NMR titration experiments. Anions strongly inter-
acting with probes and producing large changes in the UV/
Vis and fluorescence spectra during the titration usually re-

sult in deprotonation of the amide group, whereas weakly
interacting anions initially form hydrogen bonds with amide
and pyrrole NH groups followed by deprotonation at higher
anion concentrations. The weakest anions, however, form
only two or four hydrogen bonds with the amide and pyrrole
N-H groups during the titrations. Moreover, both probes 2
and 3 are able to recognize cyanide in a semi-aqueous envi-
ronment with extremely high selectivity. The formation of co-
valently bonded cyanohydrin derivatives from cyanide ad-
dition to an electron-deficient amide carbonyl center is at-
tributed to the effectiveness of probes 2 and 3 in a semi-
aqueous environment.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

In view of the critical roles played by anionic species in
chemical, biological, and environmental processes, the mo-
lecular recognition of anions by synthetic chemosensors has
been an active research area. Numerous efforts have been
devoted to the development of abiotic receptors for anionic
species.'l Among the various artificial receptors reported in
the literature, those employing polarized NH groups as
anion-binding motifs have attracted considerable attention
recently.”) Notable examples include receptors containing
pyrrolic moieties,®) amide groups, indolocarbazoles,™
imidazolium groups,’® and urea or thiourea derivatives.[”)
Typically, the anions form N-H-+A~ hydrogen bonds with
these receptors. However, it is not easy to clearly differen-
tiate or predict whether the receptor—anion interaction is
dominated by the formation of hydrogen bonding or anion-
induced deprotonation in some cases, especially for acyclic
receptors which usually lack complementary structures to
accommodate the shape and/or size of the anions.['®8] The
ability to establish hydrogen bonds between the anion and
NH group is usually determined by the degree of electron
deficiency on the interacting hydrogen atom (or proton
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acidity) and the electronegativity of the anion (or anion
basicity). In some extreme cases, neat proton transfer
from polarized NH groups to the anion occurs and
this phenomenon has been documented in the
literature [1¢-3¢-4b.4e.7b-7d,7£.9]

Among the various signal-reporting techniques for ana-
lyte-receptor interactions, colorimetric and ratiometric
fluorescence sensing offer several advantages, including vis-
ual monitoring, precise detection without interference due
to medium effects, and an enhanced dynamic range, over
simple detection based on fluorescence quenching or en-
hancement."'% The ratio of the emission intensities at two
different wavelengths is sufficient to determine the analyte
concentration independent of probe concentration or any
instrument-related parameters. The design of colorimetric
and ratiometric fluorescence chemosensors also provides
the basis for the manipulation and engineering of various
photophysical processes with the ultimate goal being the
selective and sensitive signaling of targeted species. Al-
though a number of colorimetric and fluorescence sensors
for anions have been developed, only a few such ratiometric
fluorescent probes have been reported for anion-sensing in
recent years.[4-11]

Recently, Cheng and co-workers reported a dipyrrole-2-
carboxamide—phenylene compound that exhibits a weak
binding affinity for F- in DMSO solution.l'?! A later report
by Gale and co-workers on the same compound showed a
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similar weak binding affinity for OAc”, PhCO,, and
H,PO, .3 The lack of a chromophoric moiety in this com-
pound has hindered the use of optical methods as the detec-
tion tool to probe the receptor—anion interaction. Our re-
cent work on cyanide-sensing prompted us to further ex-
plore the interaction modes between different anions and
these probe molecules.'¥ The molecular design of our
anion probes incorporates an anion-recognition pocket
within a chromogenic/fluorogenic moiety. Depending on
the degree of interaction between the anion and the recogni-
tion pocket, the electronic perturbation on the chromo-
phore would alter the HOMO-LUMO gap and change the
color of the solution, the fluorescence wavelength, and the
fluorescence intensity. The anion-binding pocket we studied
comprises dual amide and pyrrole functional groups which
are well known for their ability to form N-H-*A~ hydrogen
bonds with specific anions. We envision different receptor—
anion interaction modes could occur by varying the elec-
tron deficiency of the NH groups in the recognition pocket.

Herein we describe a series of bis(pyrrolecarboxamide)-
derived ratiometric probes with a tweezer-type cleft for
anions. These receptors provide varied interaction modes
for different anions stemming from different structures and
different pK, values of the hydrogen-bond donors and the
anion-recognition events can be easily probed by spectro-
scopic techniques. The receptor—anion interaction and the
mechanism of the colorimetric and ratiometric fluorescent
responses are explored and rationalized by 'H NMR ti-
tration experiments and semi-empirical ZINDO calcula-
tions.

Results

Molecular Design, Synthesis, and Structures of the Anion
Probes

The synthesis and structures of probes 1-5 are shown in
Scheme 1. They were prepared by condensation of pyrrole-
2-carbonyl chloride with the corresponding aryldiamine in
CH,Cl, with a small amount of triethylamine present in
solution. Typical yields were between 20 and 70%. The

identities and structures of all five compounds were charac-
terized by 'H NMR spectroscopy, high-resolution mass
spectrometry, and elemental analysis.
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Scheme 1. Synthesis of probes 1-5.

Table 1. Selective chemical shifts of probes 1-5 upon addition of 2 equiv. of anions in [Dg]DMSO solution.[]

Pyrrole N-H[! Amide N-HI"!

d [ppm]

Phenyl C-H Pyrrole C-HI

No 11.6 (1), 11.9 (2), 11.9 (3), 12.1 (4),  9.36 (1), 10.1 (2), 10.2 (3), 11.0 (4),

anion 11.9 (4), 11.9 (5) 10.0 (4), 9.85 (5)

Cl 11.6 (1), 12.0 (2), 11.9 (3), 12.1 (4),  9.43 (1), 10.5 (2), 10.7 (3), 11.0 (4),
11.9 (4), 11.9 (5) 10.1 (4), 10.0 (5)

OH b1),b(2),b@B3).bM@),bM@),b(5) b(1),b(2),b3),bd),b4),b(5)

H,PO, 128(1), 128 (2), 11.93), 12.7(4),  11.0 (1), 11.3 (2), b (3), 11.2 (4,

12.8 (5) 11.0 4), 11.2 (5)
OAc 12.0 (1), b(2) 11.6 (3), 12.4 (4), 10.8 (1), b (2), b (3), 11.2 (4),
2.6 (5 11.1 (5)
F b (1), b (2), b(3) bM), 13.6(5) b(),b(@2),b@3),1274),123(5)
CN- b (1), b(2).,b3).b@),b (5 b (1), b(2), b 3).b@),b (5

8.45 (2), 8.55 (3), 8.42 (4),
8.21 (4), 7.91 (5)
8.44 (2), 8.57 (3), 8.42 (4),
8.21 (4), 7.91 (5)
8.85 (2), 8.68 (3), 8.33 (4),
8.14 (4), 8.37 (5)

8.43 (2), 8.80 (3), 8.32 (4),
8.14 (4), 7.84 (5)
8.67 (2), 8.88 (3), 8.34 (4),
8.15 (4), 7.96 (5)
8.90 (2), 8.95 (3), 8.62 (4),
8.11 (4), 8.50 (5)
8.78 (2), 8.88 (3), 8.37 (4),
7.99 (4), 8.14 (5)

6.95 (1), 7.05 (2), 7.08 (3), 7.17 (4),
6.84 (4), 6.96 (5)

6.95 (1), 7.24 (2), 7.31 (3), 7.18 (4),
6.88 (4), 7.05 (5)

6.70 (1), 6.77 (2), 6.59 (3), 6.84 (4),
6.64 (4), 6.61 (5)

6.77 (1), 6.96 (2), 6.86 (3), 6.99 (4),
6.91 (4), 6.90 (5)

6.84 (1), 6.92 (2), 6.74 (3), 7.03 (4),
6.93 (4), 6.96 (5)

6.70 (1), 6.91 (2), 6.79 (3), 6.95 (4),

6.97 (5)

6.81 (1), 6.82 (2), 6.75 (3), 7.00 (4),

6.75 (4), 6.80 (5)

[a] The bold numbers in parentheses represent the probe codes. [b] The signal disappeared or was too broad to assign a position. [c] The

proton at the 3-position of the pyrrole ring.
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Anion-Binding Monitored by 'H NMR Titration in
[Dg]DMSO Solution

In order to pinpoint the anion-receptor sites and fully
explore the interaction modes between the anions and
probe molecules, we carried out "H NMR titration experi-
ments in [Dg]DMSO solution. It was anticipated that the
'"H NMR pattern would provide informative structural de-
tails after the anion—probe interaction and possibly define
the interacting sites. Table 1 summarizes the selective chemi-
cal shifts of the probes upon addition of 2 equiv. of anions.

Titration of CI- and H,PO, against Probes 1-5

The "H NMR spectra of all five probes titrated against
Cl™ displayed a downfield shift of the amide NH proton
signals and no or a very minor upfield shift of the aromatic
proton signals indicating a weak hydrogen-bonding interac-
tion between the chloride ion and amide NH protons. In
the cases of probes 2, 3, and 5, the signal of the pyrrole
proton at the 3-position also displayed a noticeable down-
field shift indicating a hydrogen-bonding interaction be-
tween the chloride ion and these C—H protons. This obser-
vation suggests that the pyrrole N-H groups adopt an anti
conformation with respect to the amide N-H groups. Only
one amide NH signal showed a downfield shift in probe
4 which is attributed to the steric repulsion between the
anthraquinone oxygen atom at the 9-position and the amide
carbonyl oxygen atom forcing a twisted conformation out
of the anthraquinone plane. In general, the extent of the
amide NH signal downfield shift decreases in the order 3
> 2 > 5> 4 = 1, which also implies that the electron de-
ficiency of the corresponding amide NH group in these
probe molecules follows the same order.

Unlike the cases observed with the chloride titrations,
with H,PO, all five probes studied here showed downfield
shifts for both the amide and pyrrole N-H proton signals
and upfield shifts of the aromatic proton signals during the
titrations. This observation indicated a collective hydrogen-
bonding interaction between the H,PO,4 and all four amide
and pyrrole N-H protons.

Titration of OH™ against Probes 1-5

Addition of OH™ to the probe solutions was expected to
induce deprotonation of the acidic N-H groups and the
patterns of the peak shifts in the '"H NMR spectra could
serve as an indication of the deprotonation process for
other anion—probe interactions. The general features of the
changes in the '"H NMR spectra upon addition of OH™ to
the probe solution are (1) the disappearance of the depro-
tonated amide N-H signal, (2) a downfield shift of the
neighboring phenyl proton peak of the amide N-H group
at 6 = 8-9 ppm due to an electrostatic through-space ef-
fect,[°1 (3) an upfield shift of the signal of the phenyl proton
in position 3 of probe 4 indicating a deprotonation of the
amide N-H group in position 1, which exerted a through-
bond effect causing the upfield shift, (4) peak broadening
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(probes 2, 4, and 5) or a shift to an upfield position (probe
3) of the pyrrole N-H signal, and (5) upfield shifts of all
the other aromatic protons signals.

On the other hand, the '"H NMR spectra of probe 1 show
that the amide and pyrrole N-H signals undergo a down-
field shift on addition of the first equivalent of OH ", as
typically observed when a hydrogen-bonding interaction is
established. Meanwhile, the peaks of the aromatic protons
do not exhibit noticeable shifts but become broad. The
amide N-H peak started to disappear and the peaks of aro-
matic protons displayed a significant upfield shift after the
addition of more than 1 equiv. of OH . A similar feature
also was observed with other probe molecules that are ex-
pected to undergo a neat proton transfer induced by basic
anions.

Titration of OAc™ against Probes 1-5

Titration of OAc against [Dg]DMSO solutions of probes
1, 4, and 5 resulted in downfield shifts for both the amide
and pyrrole NH peaks indicating a typical hydrogen-bond-
ing interaction. The downfield shift of the amide N-H sig-
nal is apparently more significant than that of the pyrrole
N-H signal in probes 1, 4, and 5. Gale and co-workers have
reported the crystal structure of the acetate complex
of N,N’'-(1,2-phenylene)bis(1 H-pyrrole-2-carboxamide) in
which the acetate is hydrogen-bonded to both amide N-H
groups but to only one pyrrole N-H group.['’] We believe a
similar binding mode also possibly exists in the associated
acetate complexes of probes 1, 4, and 5 in solution.

On addition of less than 1 equiv. of OAc™, the amide and
pyrrole N-H signals of probe 2 become broad and shift
slightly downfield, indicative of a dynamic process occur-
ring at a rate comparable to the '"H NMR spectroscopic
timescale. The amide N-H peak gradually disappeared after
initial addition of OAc . The quinoxaline CH proton signal
shifted to a downfield position and the rest of the aromatic
proton signals displayed upfield shifts. These observations
suggest initial hydrogen-bonding formation between OAc™
and possibly two amide N-H protons and one pyrrole N—
H proton followed by an intramolecular proton transfer
from one of the amide N-H protons to OAc (see
Scheme 2).

Figure 1 shows the '"H NMR titration of a [Dg]DMSO
solution of probe 3 with OAc. On addition of the first
equivalent of OAc, all the pyrrole proton signals (N-H and
C-H) shifted to an upfield position, while phenyl proton
signal exhibited a downfield shift. The amide N-H proton
signal did not shift but became broad and gradually disap-
peared. This phenomenon implies a neat proton transfer
from an amide N-H proton to OAc . The spectra virtually
did not change in the presence of 1-2 equiv. of OAc™. The
addition of more than 2 equiv. of OAc resulted in a down-
field shift of the pyrrole N-H proton signal and a slight
upfield shift of the phenyl proton signal. This is an indica-
tion of a hydrogen-bonding interaction between the pyrrole
N-H protons and OAc™ after amide NH deprotonation. As
shown later in Table 3, the association constant for the sec-
4001
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Scheme 2. Proposed stepwise equilibria formed between probe 2 and acetate.
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Figure 1. Plots of '"H NMR spectra of probe 3 on addition of OAc™ in [Dg]DMSO.

ond step of Scheme 3 is about three orders of magnitude less, the distribution of negative charge over the entire dini-
smaller than the proton dissociation constant for the first trobenzene region due to the strong electron-withdrawing
step which implies the existence of unfavorable electrostatic = nature of the nitro functionality and the favorable reso-
repulsion between the deprotonated form of 3 and the in- nance effect would expect to overcome such electrostatic
coming acetate anion in the second equilibrium. Neverthe- repulsion. To the best of our knowledge, this type of acidic

O.N NO, O,N NO, O,N NO,

0 Q o
NH HN
<~ NH HN_

OAc™
o @ O 4 HOAc Q9

o
N HN N BN

s NH HN_ SALNPLLNG
o, 0O

+ HOAc

© o
0] o o
OuN /N’ O,N /\N’O
N HN N HN
~ NH HN__ SOLLN HN_

Scheme 3. Proposed stepwise equilibria between probe 3 and acetate.
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N-H NMR shift pattern is the first reported example of a
neat proton transfer of the most acidic protons followed by
the formation of hydrogen bonds to the less acidic protons.

Titration of F~ against Probes 1-5

The titration of F against a [Dg]DMSO solution of
probe 1 resulted in a downfield shift and peak-broadening
of both the amide and pyrrole N-H signals, which indicates
a typical hydrogen-bonding interaction between F~ and the
probe 1. Similar hydrogen-bonding-induced downfield
shifts were observed for both amide and pyrrole N-H pro-
ton signals on addition of the first equivalent of F~ to
DMSO solutions of probes 2-5. The amide N-H signals
gradually disappeared on addition of 1-2 equiv. of F. Con-
comitantly, the terthiophene proton signals of 1, the quin-
oxaline peak of 2, and the phenyl peaks of 3-5 showed
slight upfield shifts. This observation is consistent with a
neat deprotonation of an amide N-H group to form the
HF, anion.!'®] Representative 'H NMR titration spectra of
probe 3 in [Dg]DMSO in the presence of BuyNF are shown
in Figure 2.

Titration of CN~ against Probes 1-5

Addition of CN™ to [Dg]DMSO solutions of probes 4
and 5 resulted in the rapid disappearance of NH proton
signals of amide and pyrrole due to peak broadening. The
downfield shift of the phenyl proton signal of probe 5 sug-
gested deprotonation of the amide NH proton by CN-
owing to a through-space electrostatic interaction.!'>] The
doublet of the phenyl proton at 6 = 8.2 ppm of probe 4
experienced an upfield shift to ca. 8 ppm on addition of
5equiv. of CN~ which implies deprotonation from the
amide NH proton by CN™ to generate a shielding effect
by through-bond propagation of negative charge onto the
phenyl ring. The upfield shift of the thiophene proton sig-

nals of probe 1 also indicated an increase in the electron
density of the aromatic rings due to deprotonation of the
amide NH proton.

Formation of the cyanide adducts by interaction of
probes 2 and 3 with CN~ was reported in our previous
work.l"¥l Addition of CN~ to a [Dg]DMSO solution of
probe 3 resulted in the slow disappearance of the amide
NH proton signal, while the pyrrole NH peak shifted to an
upfield position. The phenyl proton signals also exhibited a
downfield shift due to the electrostatic through-space effect.
The spectral shift virtually stops after addition of 2 equiv.
of cyanide. Addition of trifluoroacetic acid turned the solu-
tion back to colorless. Scheme 4 outlines the proposed
mechanism for the formation of the cyanohydrin derivative.
The formation of the cyanide adduct was further confirmed
by mass spectrometry and the '*C NMR spectrum.!!¥ The
electrospray ionization mass spectrum of the precipitated
orange solid showed a molecular mass of 948.60 which cor-
responds to the formula [11 + 2 BuyN* + CN]* (calcd.
948.68). The formation of the cyanide adduct is further in-
directly supported by anion competition experiments. The
yellowish color of the cyanide—probe 3 complex persists in
the presence of a 50 equiv. excess of other anions except for
HP,0-*, H,PO,~, and HSO,. The ability to protonate the
cyanide adduct by these three anions and turn the solution
color back to colorless is consistent with the final process
depicted in Scheme 4.

Figure 3 shows the '"H NMR spectra of 2 upon addition
of tetrabutylammonium cyanide in [Dg]DMSO solution.
The response of probe 2 to the addition of CN is similar
to that of probe 3. The most significant differences come
from the gradual disappearance of the pyrrole NH proton
signal and the downfield shift of the B proton signal of the
pyrrole on addition of the cyanide anion. This observation
confirms the interaction of pyrrole moieties with the cya-
nide anion in the probe-cyanide complex. The amide pro-
tons in 2 are expected to be less acidic than those in 3.

- | I
2 equiv. 1 U
15 equiv. A ﬁ
1 equiv. I | |
0.8 equiv. | I |
0.65 equiv. i j\ |
. |
0.25 equiv. J
. | n
veiv. | J_ J
12 1 10 9 8 7 6

Figure 2. Plots of '"H NMR spectra of probe 3 on addition of F~ in [Dg]DMSO.
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Scheme 4. Proposed cyanohydrin formation from reaction of probe 3 and cyanide.
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Figure 3. Plots of '"H NMR spectra of probe 3 on addition of CN~ in [D¢]DMSO.

Thus, the proton exchange is expected to involve not only
the amide protons but also possibly the pyrrole NH protons
as well.

Photophysical Properties and Colorimetric and Fluorescence
Anion-Sensing in CH3CN Solution

Table 2 collects the photophysical data for probes 1-5 in
CH;CN solution. Probes 1-5 all exhibit a series of absorp-
tion bands in the UV region that tail into the visible region.
Probes 1 and 2 show fairly strong fluorescence with quan-
tum yields of 0.022 and 0.26, respectively, in CH3CN solu-
tion, determined by using diphenylanthracene in cyclohex-
ane as the standard.['”! Probes 4 and 5 exhibit only very
weak fluorescence with quantum yields less than 0.01.
Probe 3 is nonemissive in air-equilibrated CH;CN solution,
possibly due to oxidative electron transfer from excited 3 to
the LUMO of the nitro groups upon photoexcitation.

The ability of probes 1-5 to complex with anions was
explored using UV/Vis absorption and fluorescence spec-
troscopy. Probe 1 displays colorimetric and fluorescent re-
sponses only to OH, F, and CN™ among the 11 anions
(CN, F,Cl, Br, I, NO;, OH, OAc, H,PO,, HSO,,
and ClOy,) tested. Addition of OH ", F, or CN™ to probe
1 in CH;CN resulted in solutions ranging from colorless to
yellow. Figure 4 illustrates the changes in the absorption
4004
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Table 2. Photophysical properties of probes 1-5 in CH;CN at
293 K.

Probe Absorption Fluorescence
Jmax (MM] (103 [mTem ™)) Ay [nm] @[ 7 [ns]
1 277 (27.0), 358 (15.9) 431 0.022 <0.118
2 292 (30.9), 380 (11.5) 428 0.26 0.89
3 276 (28.9), 358 (12.4) o]
4 289 (43.1), 391 (6.0) 595 0.009 5.29
5 279 (38.3) 368 <0.0001  <O0.1@

[a] The excited-state lifetime is too short for measurements with
our instrument. [b] No detectable emission in solution at room tem-
perature.

and fluorescence spectra of probe 1 in CH3CN upon ad-
dition of CN". The absorption bands at 277 and 358 nm
decreased while two new bands at 332 and 398 nm devel-
oped. Concomitantly, the fluorescence of 1 showed a ba-
thochromic shift from 431 to 524 nm (AE,.,,, = 4120 cm ™).

Probe 2 exhibited a strong response to CN~ and some-
what weak responses to OH, OAc, and H,PO, in
CH;CN solution: The absorption bands at 292 and 380 nm
decreased, while two new bands at around 302 and 440 nm
developed and the fluorescence maximum of 2 showed a
bathochromic shift from 428 to around 540 nm (AE., =
4850 cm™). On the other hand, fluoride affected a more
complicated response. Figure 5 shows the UV/Vis absorp-
tion spectra recorded in the course of the titration of probe
2 with F. Inspection of Figure 5(b) reveals that addition of

Eur. J. Org. Chem. 2007, 3999-4010
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Figure 4. Changes observed in the absorption (left) and fluorescence (right) spectra of 1 (20 um) upon addition of CN~ (0-6.0 X 10* m)

in CH3;CN solution. Excitation was at 343 nm.

less than 1 equiv. of F~ to probe 2 resulted in a batho-
chromic shift of absorption bands from 292 and 380 nm
to 296 and 390 nm, respectively, which is attributed to the
formation of hydrogen-bonding interactions between the
amide and pyrrole N-Hs with F-, as inferred from 'H
NMR titration experiments. After addition of more than
1 equiv. of F, the deprotonation of the probe 2 is clearly
signaled by the development of a new band at 450 nm and
the color turned to yellow [see Figure 5(c)]. The fluores-
cence of 2 also displayed a bathochromic shift from 428 to
558 nm (AE., = 5440 cm!). The concentration distribu-
tions, illustrated in Figure 5(d), of the three color species
involved, 2, 2---F~, and [2-H], can be obtained by spectral
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08
0.7
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deconvolution over the entire wavelength range using a
nonlinear least-squares-fit algorithm, as implemented in the
SPECFIT software package.['8]

Addition of CN, OH", F, OAc, and H,PO, to probe
3 produced a color change from colorless to orange-red.
Except for F, which apparently displays multiple equilibria
in solution, a new band developed at around 480 nm on
addition of CN-, OH", OAc", or H,PO, . The UV/Vis spec-
troscopic titration profile of CN~ with probe 3 is illustrated
in Figure 6. The newly developed absorption band of probe
3 at 470 nm reaches a maximum on addition of 2 equiv. of
CN. Figure 7 shows the UV/Vis absorption spectra re-
corded in the course of the titration of probe 3 with F~ in

Absorbance

200 250 300 350 400 450 500 550
Wavelength, nm

100

d

B0
=
2
% 60
E
6
L
=

20

] : . :

0 2 4 6 8 10 12

equiv. fluoride

Figure 5. Spectrophotometric titration of probe 2 (1.4 X 107> M) with BuyNF in CH;CN solution. (a) [F'] = 0-1.6 X 10*m; (b) [F] = 0
1.6 X103 ™; (¢) [F]= 1.6 X10°-1.6 X 10* M; (d) % formation vs. equiv. of F~; diamonds: probe 2; squares: hydrogen-bonding complex

[2-F]; triangles: deprotonated probe 2, [2-H] .
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CH;CN solution. A slight redshift in the absorption spectra
was observed on addition of less than 1 equiv. of F~. The
absorption bands further bathochromically shifted to 318

The titration isotherm clearly suggests the presence of two
distinct processes in solution.
The spectrophotometric titrations of probes 4 and 5 with

anions were carried out in DMSO solution because of the
solubility issue. Probes 4 and 5 responded only to OH,
CN, F, and OAc to produce a color change from red to

and 490 nm in the presence of more than 1 equiv. of F .

0.5+ 03
<0z purple for probe 4 and colorless to pale yellow for probe 5
ik 0.1 in DMSO solution. Upon addition of these anions, the
0 band at around 290 nm progressively decreased and the

2 4 ] g 10
aquiv. of cyankse

bands at around 390 and 550 nm developed for probe 4,
while the band at around 280 nm and shoulder at around
300 nm decreased and a new band at around 340 nm
formed for probe 5.

The equilibrium constants were determined by a spectral
fitting procedure using a nonlinear least-squares-fit algo-
SN rithm, as implemented in the SPECFIT program.['8] The
O250 3(‘10 s 4{']0 550 5[']0 ; ' results obtained from these analyses are collected in

Table 3. In general, the equilibrium constants obtained
from the spectrophotometric titrations are correlated to the
basicity of the anions and the intuitive acidity of the amide
and pyrrole N-H groups. In the case of probe 5 and F,
attempts to derive the equilibrium constants by spectral fit-

=
W
L

Absorbance
=
)
L
-

]
s
L

Wavelength, nm

Figure 6. Changes in the absorption spectra of probe 3
(1.6 X 1073 M) upon addition of CN~ in CH;CN solution. The inset
shows the absorbance changes at 470 nm as a function of equiv. of

CN.
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Figure 7. Changes in the absorption spectra of probe 3 (1.8 X 1073 M) upon addition of F~ in the range (a) 0-1.7X 10> M and (b)
2.5%X107°-2.1 X 10* M in CH5CN solution.

Table 3. Equilibrium constants [M '] for probes 1-5 in CH;CN®™ or DMSO!®! solution at 20 °C, as determined by absorption spectroscopy
titrations.[!

Anion Equilibrium constant K9
Probe 1 Probe 2 Probe 3 Probe 4 Probe 5
F K, =58x%10° K, =12x10* K, = 6.4x10* K, =4.7x%x10° i1
Ky =4.5%x107 Ky =1.2x107 Ky = 6.4%x10*

cl K, =90 K, =110 K, = 60 K, =110 K, =20

OAc K, = 190 Ky =82x%x10° Ky =1.1x10° K, =4.7x10* K, = 4.4x10*
K, =1.7x103
H,PO, K, =270 K, =23x10% K, =7.7%103 K, = 250 K, =33x103
CN Ky =19x10* K.>1.0% 108l K.>1.0 X 108l Ky =4.8x%x10* Ky =1.8%x10°
OH K, =9.9x10* Ky =172X%x10° Ky =1.1x10° Ky =12x10* Ky =4.8x10*
K, =32%10°

[a] For probes 1-3. [b] For probes 4 and 5. [c] The anions were added as tetrabutylammonium salts. [d] K,, K4, and K_ represent the
association constant of the anion—probe hydrogen-bonded complex, the proton dissociation constant of the probe molecule, and the
formation constant of the cyanohydrin complex, respectively. [e] A 1:2 probe/CN~ binding stoichiometry was found. The equilibrium
constants cannot be precisely obtained due to steep titration isotherms. [f] The equilibrium constants did not satisfactorily fit the simple
hydrogen-bonding or deprotonation processes.
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ting to hydrogen-bonding and deprotonation processes were
unsuccessful. The possibility of the coexistence of different
fluoride/probe 5 stoichiometries or the existence of subse-
quent reactions may contribute to the complexity of the
solution equilibrium in this case.

Solvent polarity also influences the colorimetric response
to the anion—probe interaction. High-polarity solvents tend
to stabilize and favor the deprotonated species during the
anion—probe interaction.[’?! Table 4 compares the absorp-
tion bands of probe molecules in DMSO, CH;CN, and 1,2-
dichloroethane (1,2-CIC,H4Cl) in the presence of 10 equiv.
of F~. An inspection of Table 4 reveals that the lowest-en-
ergy band is shifted to a longer wavelength in more polar
DMSO than in less polar CH;CN or 1,2-CIC,H4Cl, which
suggests the large dipole presented in the anion—probe com-
plex. The origin of the dramatic color changes observed
in the presence of anion-induced neat proton transfer or
nucleophilic cyanide addition might be ascribed to a
charge-transfer process from the electron-rich deprotonated
amide or cyanohydrin moiety to electron-deficient chromo-
phoric units.

Table 4. Lowest-energy absorption bands obtained from the species
derived from the interaction between F~ and probes 1-5 in different
solvents.

Solvent A [nm]
1 2 3 4 5
1,2-Cl1,C,H, 362 396 [l [l 304
CH;CN 398 450 490 540 302
DMSO 413 462 500 548 343

[a] The data were not taken due to the insolubility in 1,2-dichloro-
ethane.

Absorbance

250 300 350 400 450 500 550

Fluorescence Intensity

380 410 460 510 560 610 BED
Wavelength, nm

Figure 8. Changes observed in the absorption (top) and fluores-
cence (bottom) spectra of probe 2 (10 um) upon addition of CN~-
(0-5.2 X 10* M) in CH3CN/H,O (9:1, v/v) solution. Excitation is at
363 nm.
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Colorimetric and Fluorescence Anion-Sensing in CH;CN/
H,0 (90:10, v/v) Solution

Except for probes 2 and 3, for which the colorimetric
and ratiometric fluorescent responses to CN™ persist, the
colorimetric and ratiometric fluorescent responses of all the
probes to the anions in the presence of water in CH;CN
or DMSO solution vanished. Figure 8 shows the changes
observed in the absorption and fluorescence spectra of
probe 2 upon addition of CN~ in CH3CN/H,0 (90:10, v/v)
solution. The absorption spectra display a bathochromic
shift and the fluorescence bands are also redshifted from
425 to 554 nm. Similar absorption spectral changes were
observed during the course of the titration of CN~ with
probe 3 in CH;CN/H,0 (90:10, v/v) solution. The associa-
tion constants obtained by spectral-fitting for probes 2 and
3are 1.1 X10° and 7.9 X 10° M2, respectively.

Semi-Empirical ZINDO Calculations

The origin of the spectral transitions of the parent probe
molecule and various types of anion—probe complexes was
investigated by semi-empirical calculations using the
ZINDO method implemented in the CAChe program.['”]
Probe 3 was selected to demonstrate the variation of the
HOMO and LUMO orbitals upon interacting with certain
anions. The solvent-dependent absorption spectra of anion—
probe complexes suggest a charge-transfer nature of the
corresponding optical transitions. Figure 9 shows the
HOMO and LUMO orbitals of parent probe 3, the cya-
nohydrin form of probe 3, and the amide N-H deproton-
ated probe 3. It can be observed that the electron density
of the LUMO orbitals of all three species is essentially lo-
cated on the nitro groups but with a higher electron-density
distribution in the cyanohydrin and the deprotonated forms
of 3 than parent 3, whereas the electron-density distribution
of the HOMO orbitals is quite different. In the parent
probe 3, the HOMO is mainly delocalized on the pyrrole
moiety. Upon deprotonation of the amide N-H group, the
electron density of the HOMO orbital is delocalized from
the amide nitrogen atom towards the phenyl ring and be-

]

¥ -LUMO

]

3-LUMO 3-CN, - LUMO

Figure 9. HOMO and LUMO orbitals of the parent, deprotonated,
and cyanohydrin forms of probe 3.
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comes a quinoid form of nitrobenzene. In the case of the
cyanide adduct of probe 3, the electron density of the
HOMO orbital is essentially centered on the cyanohydrin
oxygen atom. Both the cyanohydrin and deprotonated
forms of 3 indeed exhibit the charge-transfer nature of the
optical transition which accounts for the bathochromic shift
observed in the absorption spectra.

Discussion

The structures of probes 1-5 feature a pyrrolecarbox-
amide receptor moiety for anion-recognition and a chromo-
genic and/or fluorogenic unit for signal output after the
anion interaction. We have found the hydrogen-bonding do-
nating ability or acidity of N-H protons in this series of
probes is directly related to the electron-withdrawing ability
of the substituents on the chromogenic and/or fluorogenic
unit and decreases in the order 3>2>5>4=1. Based on
'H NMR titration experiments, the anion—probe interac-
tion can be broadly classified into four different modes:
weak hydrogen bonding, strong hydrogen bonding, acidic
N-H deprotonation, and electron-deficient amide carbonyl
addition. These different anion-interaction modes are pri-
marily determined by both the anion basicity and N-H
acidity. Chloride and dihydrogen phosphate are the two
anions with the weakest basicity in our studies and, there-
fore, only a hydrogen-bonding interaction was observed in
the '"H NMR titration experiments. A slightly stronger ba-
sicity than CI™ and its tetrahedral shape enable H,PO, to
form four hydrogen bonds with both of the amide and pyr-
role N-H groups, while the spherical shape of Cl™ can only
form two hydrogen bonds with the amide N-H groups.
Multiple equilibria occurring in solution between the anion
and probe molecule have been observed in several cases,
including probes 1-5 with fluoride, probe 1 with hydroxide,
and probe 3 with acetate and dihydrogen phosphate. In
most situations, the typical behavior in the formation of
multiple equilibria is the formation of a hydrogen-bonding
interaction followed by neat proton transfer from the acidic
amide N-H group to the anion. In the case of the addition
of acetate to probe 2 in solution, neat proton transfer from
an amide N-H group to the acetate indeed occurs before
hydrogen-bond formation between the acetate and pyrrole
N-H groups because of the highly electron-deficient nature
of the amide N-H groups in probe 2. With the information
provided by the 'H NMR titration experiments, the acidity
scale of the amide N-H groups in probes 1-5 can be quali-
tatively estimated based on the observation of neat proton
transfer during the titrations. Scheme 5 illustrates the rela-
tive pK, values of the probes in DMSO solution.

The changes in the absorption and fluorescence spectra
of all five probes on addition of anions are consistent with
the observations in the 'H NMR titration experiments. The
formation of hydrogen-bonding complexes apparently ex-
erts very little electronic perturbation on the electron-den-
sity distribution and, thus, the absorption and fluorescence
spectra show almost no or very minor changes compared
4008
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2,3 1,4,5
CF HPO,” OAc CN F
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1 2 12 13 14 15  pKa

Scheme 5. Tentative acidic scale of the probe molecules in DMSO
solution.

with the parent spectra. Therefore, the evidence for hydro-
gen bonding can only be inferred from the '"H NMR experi-
ments. On the other hand, observations of a noticeable ba-
thochromic band shift in both absorption and fluorescence
spectra generally imply that neat proton transfer occurs
from the acidic amide N-H group to the anion. Semi-em-
pirical ZINDO calculations confirm the charge-transfer na-
ture of the lowest-energy optical transition in the anion-
induced deprotonated probes. On the basis of the interac-
tion modes between the anion and probe molecules inferred
from the 'H NMR and optical titration experiments, we
were able to derive the equilibrium constants from the UV/
Vis titration traces by spectral fitting procedures. The mag-
nitudes of the equilibrium constants are also generally con-
sistent with the order derived from the '"H NMR titration
experiments.

Cyanide represents a special case in our study. Unlike
other anions we have investigated here, one chemical char-
acteristic of cyanide is that it is a nucleophilic anion. In-
stead of simply forming hydrogen bonds with the amide N—
H group or causing deprotonation of the acidic N-H group
in the cases of probes 1, 4, and 5, addition of cyanide re-
sulted in nucleophilic addition on the electron-deficient
amide carbonyl group in probes 2 and 3. The potential hy-
drogen-bonding pocket, defined by the amide and pyrrole
protons, tends to bring the cyanide into the vicinity of the
amide carbonyl groups, and this, along with the strong elec-
tron-withdrawing nature of the NO, or quinoxaline func-
tionality, renders the amide groups highly electron-deficient
and susceptible to the nucleophilic addition by cyanide on
the carbonyl groups. In particular, the ability of probes 2
and 3 to form covalently bonded complexes with cyanide

72 W - W
2 CN F CF Br I OAc PhCO NO,CIO; HP PP*HS

Figure 10. Absorbance response at 454 nm (A/A,) of probe 3
(18 um) in the presence of 10 equiv. of selected anions in CH3CN/
H,O (1:1, v/v) solution.
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permits cyanide detection in semi-aqueous solution. The
selectivity of CN™~ over other anions, in particular fluoride,
is important because most of the chemosensors reported for
cyanide-sensing suffer the deleterious interference of other
anions.”?”) While a number of reports for selective cyanide-
sensing have appeared in the literature,>!! only a few have
demonstrated the potential to operate in competitive me-
dia.??l The selectivity of probes 2 and 3 towards cyanide is
vastly superior to other common anions, as can be seen
from the absorbance response of probe 3 in the presence of
various anions (see Figure 10).

Conclusions

A series of molecular probes integrating two pyrrolecar-
boxamide functionalities for anion-recognition and -sensing
have been designed and synthesized. Anion-binding studies
were carried out in CH;CN, DMSO, or CH;CN/H,O solu-
tion. The nature of individual probe-anion interactions has
been unambiguously defined by a combination of spectro-
scopic techniques including '"H NMR spectroscopy, UV/Vis
absorption, and fluorescence spectroscopy. Depending on
the basicity and nucleophilicity of the anions as well as the
electron deficiency of the acidic pyrrolecarboxamide N-H
protons in the probe molecules, a variety of receptor—anion
interaction modes could exist, namely, weak hydrogen
bonding, strong hydrogen bonding, acidic N-H deproton-
ation, and electron-deficient amide carbonyl addition. Most
importantly, the successful demonstration of ratiometric cy-
anide-sensing by probes 2 and 3 in a competitive medium
(e.g. water) has paved the way to possible analytical applica-
tions. In light of the critical demand for a highly selective
cyanide sensor, we believe the facile synthesis and modifica-
tion of the structural framework of our chemosensors rep-
resents a new direction in the construction of functional
chemical-sensing systems

Experimental Section

Materials and General Procedures: The starting materials, 7,123 8,114
9,241 and 13,1> were synthesized according to published methods.
All other chemical reagents were commercially available and used
without further purification unless otherwise noted. NMR spectra
were recorded with either a Bruker AMX400 (400.168 MHz for 'H
and 100.622 MHz for '3C) or a Bruker AV500 (499.773 MHz for
'H and 125.669 MHz for 3C) instrument. 'H and '*C chemical
shifts are reported in ppm downfield from tetramethylsilane (TMS,
o scale) with the solvent resonances as internal standards. Absorp-
tion spectra were obtained using a Perkin-Elmer Lambda 900 UV/
Vis/NIR spectrophotometer. Emission spectra were recorded in air-
equilibrated CH3CN solution at 298 K with a Fluorolog I1I photo-
luminescence spectrophotometer. Luminescence quantum yields
were calculated relative to 9,10-diphenylanthracene in cyclohexane
solution (@, = 0.90).I'7) Corrected emission spectra were used for
the quantum yield measurements. Luminescence quantum yields
were taken as the average of three separate determinations and were
reproducible to within 10%. Fluorescence lifetimes were measured
with an Edinburgh Instruments Mini-z single-photon counting life-
time spectrometer. The samples were excited at 370 nm with a diode
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laser. Nonlinear least-squares fitting of the decay curves were per-
formed with the Levenburg-Marquardt algorithm and im-
plemented with the Edinburgh Instruments T900 software. The er-
rors in the fitted lifetimes are estimated to be within 10%. Absorp-
tion and fluorescence titrations were performed using a 2.0 mL
probe solution in CH3;CN, CH;CN/H,O (90:10, v/v), or DMSO
titrated with a sample of the anions prepared with the same probe
solution to ensure the concentration of probe molecule does not
vary during the titration. Absorption and fluorescence spectra were
recorded following each addition of anion. The equilibrium con-
stants, K, were determined by fitting the whole series of spectra
at 1 nm intervals using the software SPECFIT 3.0 from Spectrum
Software Associates, which employs a global system with expanded
factor analysis and Marquardt least-squares minimization to ob-
tain globally optimized parameters.!'! "TH NMR titration experi-
ments were carried out in [Dg]DMSO solution at a 1-5 mm concen-
tration of the probe molecules. Semi-empirical ZINDO calculations
were carried out to estimate the electron density and positions of
the HOMO and LUMO orbitals. The structures were first opti-
mized by semi-empirical AMI calculations. Subsequently, the dif-
ference between the electron affinity and ionization potential was
calculated by employing ZINDO using the program package CA-
Che.[']

General Procedure for Preparing Anion Probes 1-5: A mixture of
1 H-pyrrole-2-carbonyl chloride (200 mg, 1.5 mmol) and diamine
(0.64 mmol) in CH,Cl, (40 mL) and Et;N (2 mL) was stirred at
room temp. under nitrogen for 24 h. Probe 1 precipitated as a
microcrystalline solid, which was collected and washed with
CH,Cl, and dried in vacuo. In the cases of probes 2-5, precipi-
tation did not occur; the volatiles were removed under vacuum.
The residue was washed with 2 M hydrochloric acid (20 mL), diethyl
ether, and CH,Cl,. The solid was further purified by column
chromatography eluting with ethyl acetate to afford pure product.

Probe 1: '"H NMR (400 MHz, [D¢]DMSO, 25°C): 6 = 6.10 (s, 2
H), 6.90 (s, 2 H), 6.95 (s, 2 H), 7.09 (t, 3Jyu = 4.4 Hz, 2 H), 7.37
(d, 3Jun = 2.8 Hz, 2 H), 7.56 (d, 3Jn = 48 Hz, 2 H), 9.35 (s, 2
H), 11.60 (s, 2 H) ppm. *C NMR (100 MHz, [Dg]DMSO, 25 °C): 6
=109.4, 112.3, 123.0, 125.3, 127.2, 127.8, 130.2, 134.4, 160.3 ppm.
HREIMS: caled. 465.0514 [M + H]*; found 465.0435.
C5H sN40,85:0.5H,0 (473.59): caled. C 55.79, H 3.62, N 11.83;
found C 55.64, H 3.65, N 11.58.

Probe 2: '"H NMR (400 MHz, [Dglacetone, 25 °C): § = 6.22 (dd,
3in = 5.2, Y = 2.9 Hz, 2 H), 7.03 (s, 2 H), 7.10 (s, 2 H), 7.29-
7.51 (m, 10 H), 8.48 (s, 2 H), 9.96 (s, 2 H), 11.09 (s, 2 H) ppm. 13C
NMR (100 MHz, [Dglacetone, 25°C): ¢ = 109.8, 111.6, 122.4,
123.3, 126.0, 128.0, 128.6, 130.0, 134.4, 138.9, 139.7, 153.1,
160.2 ppm. HREIMS: calcd. 499.1882 [M + HJ*; found 499.1887.
C30H2,N40,:0.5H,0 (507.54): caled. C 70.99, H 4.57, N 16.56;
found C 71.34, H 4.54, N 16.59.

Probe 3: 'H NMR (400 MHz, [Dg]DMSO, 25 °C): § = 6.20 (m, 2
H), 7.05 (s, 2 H), 7.03 (s, 2 H), 8.55 (s, 2 H), 10.2 (s, 2 H), 11.9 (s,
2 H) ppm. '*C NMR (100 MHz, [DsJDMSO, 25°C): 6 = 110.2,
113.7, 121.8, 124.8, 125.4, 135.0, 138.2, 159.9 ppm. HREIMS:
caled. 385.0897 [M + HJ*; found 385.0898. C¢H,N4Oj (384.30):
caled. C 50.01, H 3.15, N 21.87; found C 49.79, H 3.32, N 21.59.

Probe 4: '"H NMR (400 MHz, [Ds]DMSO, 25°C): § = 6.19 (s, 1
H), 6.30 (s, 1 H), 6.84 (s, 1 H), 7.03 (s, 1 H), 7.11 (s, 1 H), 7.17 (s,
1 H), 7.90-7.93 (m, 2 H), 8.17-8.19 (m, 2 H), 8.21 (d, ¥y p =
8.4 Hz, 1 H), 8.42 (d, 3Jyq = 8.8 Hz, 1 H), 10.02 (s, 1 H), 11.03
(s, 1 H), 11.93 (s, 1 H), 12.05 (s, 1 H) ppm. *C NMR (100 MHz,
[D]DMSO, 25°C): 6 = 99.5, 109.5, 109.8, 111.2, 112.9, 123.9,
124.1, 125.0, 125.2, 125.4, 126.3, 127.1, 129.0, 129.78, 129.84,
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132.2, 134.3, 134.4, 134.5, 138.6, 158.5, 160.2, 181.5, 184.8 ppm.
HREIMS: calcd. 4241172 M]%; found  424.1176.
C,4H ¢N4O4-H,0 (442.42): caled. C 65.15, H 4.10, N 12.66; found
C 65.28, H 3.87, N, 12.37.

Probe 5: 'H NMR (400 MHz, [D¢]DMSO, 25°C): § = 6.18 (s, 2
H), 6.96 (s, 2 H), 7.01 (s, 2 H), 7.91 (s, 2 H), 9.85 (s, 2 H), 11.87
(s, 2 H) ppm. 3C NMR (100 MHz, [Dg]DMSO, 25 °C): § = 109.4,
111.9, 123.5, 125.07, 126.1, 126.3, 130.8, 159.3 ppm. HREIMS:
caled. 362.0337 [M]*; found 362.0341.

Supporting Information (see footnote on the first page of this arti-
cle): Representative absorption and fluorescence titration spectra
and '"H NMR titration spectra.
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