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A novel trifluoroacetophenone-based binding motif has been developed that recognizes anions such as carboxylates through reversible formation
of anion—ionophore adducts that are stabilized by intramolecular H-bonding. The intramolecular H-bonding resulted in more than 10-fold
enhancement in the binding affinity and an enthalpy gain (AH°) of 3.0 kcal/mol for the binding of an acetate ion when compared to the case
without the intramolecular H-bonding.

The molecular recognition of anions with synthetic receptors recognition systems developed to date thus contain cationic
has challenged many supramolecular chemists concerningorganic or organometallic) or neutral groups that can provide
the biological importance and molecular diversity of anibns. these interactions. A different type of molecular interactions
In the recognition of anions, molecular interactions such as used for anion recognition involves “reversible covalent-bond
electrostatic interactions, hydrogen bonding, and coordinative formation” between an ionophore and an anion. This type
bond formation have been widely used. A variety of anion of binding mode can be found in the recognition and sensing
of carbonates and amines using trifluoroacetophenone (TFA)-
based ionophores, which, introduced by Herman in 1974,
have been used as membrane components of ion-selective
electrodes (ISEj.Surprisingly, with the exception of a few
examples, this type of unique molecular interactions has not
been fully appreciated in the area of molecular recognition
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s As for the H-bonding group, we have chosen a carboxamide

group that can act either as an H-bond donor or acceptor.

o 0@ X"Huo@ The new TFA analogues, 2-trifluoroacetyl-carboxanilides
R4< >7(§’ R~< >7C—C|:3 @d\CF (TFACAs) 2, can be readily synthesized starting from

CF3 o, é\ ’ 2-bromoacetanilide and its derivatives through a lithitm
o’%o £=0 halogen exchange reaction followed by treatment with
1R =nCrats I n R trifluoroacetic anhydride. As reference compounds, we

_R R synthesize®, a para analogue @g, and TFACA4, an NMe
O_QNH 0 OZC\N " analogue oPRa.
— e
i A C‘N é’o 0 First, we have investigated the molecular interactions
\ ! .

C\CF H CF3 C between2b and an acetate ion by NMR spectroscopy. A
2a Remoo ’ 5 RenGH 4 Rene fF3 1:1 mixture of2b and tetrabutylammonium acetate in CRCI
R = Ogre e T showed separate peaks &y and the adduct, indicating that

Figure 1. Trifluoroacetophenone-based anion recepiorgl and the equilibration is mgch slower on the NMR time scale.
anion adducts | and II. The NH proton of2b itself appeared at 11.0 ppm, much

downfield from that of3 (7.68 ppm), due to its intramolecular
H-bonding. Upon addition of an equivalent of acetat@lo

a series of peaks shifted upfield significantly from those of
2b (Figure 2). The shifts can be explained by increased

and sensing of aniorf$ One main reason may be found in
its relatively weak binding affinity, which results from an

unfavorable equilibrium toward the tetrahedral adduct that hieldi ; " f onic adduct has Il A
forms between the trifluoroacetyl group and an anion. If the shielding upon formation of an anionic adduct such as 1i.

binding affinity of the TFA moiety can be enhanced further, slight upfield shift observed for the NH proton. (1%610.56
this unique binding motif can be greatly useful in the ppm) may be caused by a weakened H-bonding or the change

development of a variety of anion receptors. Herein, we wish in the hybr-idizatio_n of carbonyl carbon. In the case3oh
to disclose a rational approach to enhance the binding affinity SIMilar upfield shift of the NH proton was observed upon
of the TFA motif. Our new TFA analogues have a neighbor- 2ddition of acetate (7.68~ 7.49 ppm). Although the

ing group that stabilizes the TFAanion adduct through intramolecular H-bonding exists already2b itself, that of
intramolecular H-bonding, which shifts the equilibrium (e corresponding adduct is ionic, which usually forms a

toward the adduct. One of our new TFA analogues, in its Stronger H-bond than the corresponding neutral®ohieus,

primitive form, is found to be an efficient ionophore toward W€ may not infer the weakening of the H-bond from the
simple carboxylate and cyanide iohs. magnitudes of the NH chemical shifts, because the anionic

The TFADB 1 recognizes carbonate ion via a tetrahedral species induces an upfield chemical shift through diamagnetic
adduct 1 To shift the equilibrium toward adduct I, we have shielding. In fact, it is found that the strength of the H-bond
introduced a neighboring group at the ortho position of the changes little upon guest binding, judged by IR spectros-
trifluoroacetophenone system, a neighboring group that COPY: the NH stretching frequency @b (3330 cn1?) is
stabilizes the tetrahedral alkoxide adduct through intra- @lmost the same as that of its adduct (3334 Yt
molecular H-bonding (as adduct Il in Figure 2Through The existence of intramolecular H-bonding is further
the H-bonding, adduct Il may gain additional stability, and supported by a larger binding affinity observed for ionophore
thus the equilibrium can be shifted further toward adduct Il. 2b compared to that o8 or 4.
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Figure 2. 'H NMR spectra of TFACA2b and its acetate adduct in CDGit 25°C (only NH and aromatic protons are shown; the peak
assignment was done B COSY experiments).
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To evaluate the effect of the intramolecular H-bonding [N

on the binding affinity, we analyzed thermodynamic param-
eters for the molecular interactions between ionophre$
and acetate ion by isothermal titration calorimetry (ITE).
The binding isotherm obtained with TFAC2ais shown in
Figure 3. The 1:1 binding mode was also evident from the
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Figure 3. Titration of TFACA 2awith acetate ionr{-BwN™ salt)
at 30°C in acetonitrile.

ITC analysis, judging from the binding stoichiometry values
(n=1.04£ 0.05). Comparison of the binding isotherms such
as the step heightAH°) and slope at the inflection point
(Ky) clearly indicates that TFACAa binds acetate more
favorably than its analoguesand4 (Supporting Informa-

tion). Table 1 summarizes the thermodynamic data obtained

by a nonlinear least-squares curve fit. A comparison of the
thermodynamic data indicates that the adduct formation in

(3) (@) Meyerhoff, M. E.; Pretsch, E.; Welti, D. H.; Simon, \Anal.
Chem.1987,59, 144. (b) Mohr, G. J.; Lehmann, F.; Grummt, U. W.;
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Jona, W.; Langhals, HAnal. Chem2000,72, 1084. (f) Lee, H. J.; Yoon,
I.J.; Yoo, C. L.; Pyun, H.-J.; Cha, G. S.; Nam, Mnal. Chem2000,72,
4694. (g) Kim, Y. K,; Ha, J.; Cha, G. S.; Ahn, K. HBull. Korean Chem.
Soc.2002,23, 1420.

(4) (@) Mohr, G. J.Chem. Commun2002, 2646. (b) Sasaki, S.-i.;
Hashizume, A.; Citterio, D.; Fujii, E.; Suzuki, Kkngew. Chem., Int. Ed.
2002,41, 3005. (c) Mertz, E.; Zimmerman, S. &.Am. Chem. So2003,
125 3424. (d) Whang, S. S.; Ko, S. W.; Oh, S. M.; Nam, KBTil. Korean
Chem. S0c2003,24, 1. (e) Mertz, E.; Beil, J. B.; Zimmerman, S. Grg.
Lett. 2003,5, 3127.
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Table 1. Thermodynamic Data for the Binding Process
between TFACA2—4 and Acetate lon Determined by ITC
Analysig

AH?, kcal/mol —TAS®, kcal/mol Ka, M1
2a —-16.8 10.7 2.5 x 104
3 —-13.8 9.1 1.8 x 103
4 —-10.7 5.7 2.7 x 103

a2 Determined in acetonitrile at 3TC.

all cases is driven by favorable enthalpy changes. The adduct
formation results in negative entropy changes, as expected.
The TFACA2ashows an enthalpy gain ¢&fH° = 3.0 kcal/

mol in binding acetate compared to the para analogue
which clearly indicates that the acetate adduct2afis
stabilized through the intramolecular H-bonding. In the case
of TFADB 1, the binding affinity was so wealk{ < 10°

M~Y) that ITC analysis resulted in a large error. The increased
affinity in the case oB compared td may be explained by
interplay of intermolecular H-bonding involving the car-
boxamide group in the former case. TNeEMe analoguet
shows binding affinity lower thaBa but similar to or slightly
higher than3. These results indicate that the carboxamide
group mainly acts as an H-bond donor, which forms six-
membered ring, intramolecular H-bonditg.

We evaluated the binding ability of the TFACA system
toward various anions by ITC experiments usiig On the
basis of the established binding mode, the binding affinity
is presumed to be dependent on the anion’s nucleophilicity
toward the trifluoroacetyl carbonyl carbon, which in turn is
related to the electronic and steric nature of the anions.

The AH° andKj, values obtained in the cases of aliphatic
carboxylates increase in the following order: £H,” <
CH3;CH,CO,~ < CH3;CH(CH)CO,~ < CH3C(CHs),CO; .

This suggests that electronic effects are dominant over steric
factors (Table 2). In the case of carboxylates with electron-
withdrawing groups (PhC£, CICH,CO,, and CECGO;),

the binding affinities dramatically decrease. The TFAZIA
shows the highest affinity toward cyanide ion among the

(5) Mohr referred to this type of receptors as “reactands”; see ref 4.

(6) For a recent review of carboxylate/carboxylic acid recognition, see:
Fitzmaurice, R. J.; Kyne, G. M.; Douheret, D.; Kilburn, J. D.Chem.
Soc., Perkin Trans. 2002, 841.

(7) An attempt at increasing the electrophilicity of the carbonyl carbon
of the trifluoroacetyl group in TFADBL by substituting the phenyl ring
with 2-pyridyl ring resulted in a significant increase of a hydrated form of
the carbonyl group, which prevented such a direct approach.

(8) TFACA 2aor 2b did not show its hydrated form byd and°F NMR
analyses (See ref 7).

(9) (a) Jeffrey, G. A.An Introduction to Hydrogen Bonding>xford
University Press: Oxford, 1997; Chapter 3. (b) Prins, L. J.; Reinhoudt, D.
N.; Timmerman, PAngew. Chem., Int. ER001,40, 2382.

(10) IR analysis was carried out in CHGIt 26°C. The amide | bands
(2b, 1682 cm%; 2b-AcO™ adduct, 1677 cm) indicate that the carboxamide
oxygen is not associated in these cases.

(11) (a) Christensen, J. J.; Wrathall, D. P.; Oscarson, J. O.; lzatt, R. M.
Anal. Chem1968 40, 1713. (b) Smithrud, D. B.; Wyman, T. B.; Diederich,
F.J. Am. Chem. S0d.991,113, 5420.

(12) We attempted to synthesikeethyl-2-(trifluoroacetyl)benzamide in
which the carboxamide group may act as a hydrogen bond acceptor for the
intramolecular H-bond stabilization but failed due to a rapid hydrolysis of
the carboxamide group assisted by the neighboring hydrated trifluoroacetyl
group.
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I sclicylate, SCN', NO;™, CO2", NO;-, Br-, HPG#, and
Table 2. Thermodynamic Data for Molecular Interactions CI") with respect to C&.* In other words, TFACA2a
between TEACA2b and Various Aniors responded more favorably toward carbonates compared to
TFADB 1. Although TFACA 2a still shows stronger
response toward salicylate ion, which is the most interfering

AH?®, kcal/mol —TAS°®, kcal/mol Ka, M

CH3CO2~ —-19.8 13.6 2.8 x 10 ion for carbonate sensing, the significant improvement over
CH3CH2CO,™ —22.0 157 3.0 x 10¢ the salicylate ion compared to TFADB is an important
CHsCH(CH)CO- —233 166 3.9 x 10¢ step toward the development of a practically useful carbonate
CH3C(CH3)2CO,™ —24.7 17.3 5.3 x 10% . .
PhCO,~ —10.0 13.3 11 % 104 sensor for cllmcal purposes. An extension of the new receptor
CICH,CO, 6.0 x 10 system to di- or tripodal analogues may provide more
CF5CO,~ ¢ <103 efficient carbonate sensof's.
“CN -13.1 6.0 1.2 x 105 In summary, we have developed a novel trifluoroaceto-
H2PO,~ P 3.2 x 10° phenone-based receptor system that is useful for the recogni-
a Determined in acetonitrile at 3. b K, was determined byH NMR tion of anions such as carboxlyates and cyanide. The receptor
analysis. ¢ Out of the measurement range. system recognizes anions by reversible covalent bond forma-

tion, which is stabilized by intramolecular H-bonding. The
_ o . unique binding motif can find a greater utility in the
tested anions, suggesting its potential use for the developmentievelopment of new anion receptors/sensors with enhanced

of a sensor for this highly toxic anion. binding affinity and substrate specificity, which is actively
Only phosphate ion showed an appreciable affinity among ynder investigation.

the other anions examined PO,~, HSQ,~, ClO,—, F~, CI~,
and~SCN), and the others showed weaker or little binding.  Acknowledgment. This work was financially supported
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N-acyl group of TFACA2b. With these di- or tripodal

TFACA | | h i L . .
CA analogues, we may also expect an enhancement Irlacterlzatlon data of TFACA2—4 and ITC titration data of

the substrate specificity. Substrates such as dicarboxylates . L .
amino acids, amines, and their analogues are potential guest;r.F'AtﬁAIS? andt4. tTEtItS .r/?atirlal Is available free of charge
for the TFACA analogues. via the Internet at http://pubs.acs.org.

A potential application of TFACA? and its analogues is  OL035624Z
the use as an ion-selective electrode (ISE) membrane (14) I5E . s 8.3 o —
. . : membranes were prepared using 8.3 mg of an ionophare
component for electrochemical sensing O_f amo_rlls such a'S‘Za), 60 mg of poly(vinyl chloride) as the supporting material, 92.6 mg of
carbonate$® Because TFACAahas a long lipophilic alkyl bis(2-ethylhexyl)adipate as the plasticizer, and 1 mg of tridodecyl(methyl)-

chain. it can be directly used as the ISE membrane ammonium chloride as the lipophilic additive. Potential differences were
’ . . measured between the ion-selective electrodes and a double junction

component for the electrochemical carbonates analy#is. Ag|AgCI reference electrode. For the preparation of ISE membranes and

ISE study using a TFACAa-based membrane showed a analysis, see: (a) Hong, Y. K.; Yoon, W. J.; Oh, H. J.; Jun, Y. M.; Pyun,

. L . . . H.-J.; Cha, G. S.; Nam, HElectroanalysis1997,9, 865. (b) Shin, J. H.;
significant enhancement in the ion selectivity compared t0 gaong, D. S Nam, H.; Cha, G. Snal. Chem1996,68, 221.

the case of TFADBL, showing a significant decrease in the (15) Selectivity coefficients determined by the matched potential method
; Ny s ; at an interfering ion concentration of 0.1 M are as follows. For ISE
ion selectivity coefficients for all the ions tested (GO composed of2a- CIQ; (1.22). salicylate (1.6), SCN' (0.34), NG
(—1.34), NQ~ (—1.88), Br (—2.5), CI (—2.85), and HPGF~ (<—4).

(13) For reviews on ISEs based on TFA derivatives, see: (a) Bihimann, For ISE composed of: ClO;~ (2.56), salicylate (2.47), SCN (1.79),
P.; Pretsch, E.; Baker, EChem. Re».1998, 98 1593. (b) Baker, E.; NO;~ (0.36), NG~ (—0.47), Br (—0.8), CI” (—=4), and HPG?* (<4). A
Bihlmann, P.; Pretsch, Ehem. Rev1997, 97 3083. detailed study will be reported elsewhere.
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