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A rational design of a tripodal receptor for the molecular recognition of tricarboxylate salts in aqueous
media, based on squaramide, has been performed using high-level DFT calculations (RI-BP86/SVP level
of theory) in solution using the COSMO treatment, including some preliminary ab initio calculations at
the higher RI-MP2/TZVP level of theory, comparing the ability of squaramide to bind carboxylate salts
with two widely used guanidinium salts. The tripodal receptor has been synthesized using a new
methodology that has been recently reported by some of us, and its capability of recognizing several
mono-, di-, and tricarboxylate salts has been studied experimentally by means of microcalorimetry
experiments in a very high competitive media,GHEtOH 1:3. These experiments give enthalpic and
entropic data, which are unfortunately scarce in the literature of molecular recognition of anions. Finally,
a fluorimetric ensemble of the receptor with fluorescein has been found to be useful for the fluorimetric
determination of zinc citrate in a commercial toothpaste using competition assays.

Introduction bear adequate functional groups to establish noncovalent
interactions with molecular substrates. The use of computational
methodologies for the design of such receptor moleélias

an important and increasing impact in different fields, such as
analytical and medicinal chemistry, and in the development of
catalytic substances mimicking enzymes, etc.

The relatively new field of anion coordination chemistry in
 Universitat de les llles Balears. comparison to cation coordination has become an established
#|CREA and ICIQ.

8 University of Texas at Austin.
(1) Lehn, J.-M. Supramolecular ChemisgyWCH Press: Weinheim, (2) Meyer, E. A.; Castellano, R. K.; Diederich, Rngew. Chem., Int.
Germany, 1995. Ed. 2003 42, 1210.

Molecules which interact with one another in organized
assemblies to perform useful functions are termed supramol-
ecules and are found in their most refined form in biological
systems. Advances in supramolecular cherdistaye given rise
to the preparation of a great deal of molecular receptors which
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area in supramolecular chemistry, which is obviously reflected of the squaramide ring upon complexation of the arfon.

in the number of reviews published on this topi€he design Recently, some of us have used a combination of squaramide
of anion receptors is especially challenging because, for instanceand one or two tetraalkylammonium groups to build receptors

anionic species have a wide range of geometries. Therefore, &or carboxylates, sulfate, and hydrogen phosphate that are
high degree of design is required to build receptors comple- efficient in protic media®

mentary to the anionic gyest, and the receptors must work within In our pursuit of designing receptors capable of competing
the pH range of the anion. However, the number of excellent

. S in aqueous media, in this paper, we report the rational design
receptors present in the bibliography demonstrates that most Ofand synthesis of a new receptor based on the squaramide

the challenges have been overcome. Solvent effects also play. . . . .
. : . S ammonium unit, which has been proven to be useful in the
an important role in controlling the binding strength and

selectivity of the anion guest. They are generally dominated by recognition of monocarboxylate anions in aqueous métlia.

electrostatic interactions. Anions have free energies of solvation | IS FECEPLOr incorporates three squararmid@monium units
that are higher than those of catichtherefore, strong inter- to be used for the molecular recognition of tricarboxylates and

actions are required in water for a host to efficiently compete V€rY especially in the determination of citrate, a very common
with the water molecules which are tightly bonded in the anion presentin commercial soft drinks and certain medicines,
solvation sphere of the anion. The chemistry of life mainly takes Such as sildenafil citrate (Viagra). In addition, an abnormal
p|ace in water; therefore, the design and Synthesis of receptorscitrate level in urine has been used for the diagnOSiS of several
that are competitive in aqueous media are of special importance diseases, such as prostate cancer and glycogen storage disease
Anion hosts active in aqueous solution are working models for (SD1a)’ therefore, the development of citrate receptors and
natural anion binding systems (spermidine, carboxypeptidasesensors is of current interest and significance. The rational design
A, phosphate binding protein, etc.), and they have a potential has been performed with the help of computational methods,
pharmaceutical value. first comparing the capability of the squaramigimmonium

One important part of the anion coordination chemistry is unit with other charged binding units, such as guanidinium
the selective complexation of carboxylate anions by natural and groups (energetic study), and analyzing the geometrical features
synthetic host§,which have interest in bioorganic chemistry of the host-guest interaction (geometrical study). Second, we
because these species are involved in several molecular recognihave performed a computational study of the designed receptor
tion phenomena of biological interest. For instance, the car- with several tricarboxylates to confirm the suitability of the host.
boxylate recognition plays an important role in determining the The synthesis of the receptor has been performed using a recent

biological activity of the vancomycin family of antibioti¢s.
Synthetic receptors for carboxylate anion recognition are usually
based on charged guanidinium or amidinium grotipsutral
hydrogen bonding donor groups as ami8leseas, thioureaX,

and pyrroles! and natural amino acids (biomimetic receptdfs).

Our group has used squaramido-based receptors for the molec

ular recognition of carboxylic acid and carboxylatéSeveral
theoretical studies have shown the superiority of squaramide
over urea or thiourea as hydrogen bonding ddidieing one

important reason for this, the increase of the aromatic character

(3) (a) Kubik, S.; Reyheller, C.; Ste, S.J. Incl. Phenom. Macrocycl.
Chem.2005 52, 137. (b) Bondy, C. R.; Loeb, S. Coord. Chem. Re
2003 240, 77. (c) Choi, K.; Hamilton, A. D.Coord. Chem. Re 2003
240, 101. (d) Special Issue on Anion Coordination Chemisbyord. Chem.
Rev. 2003 240, 1-226. (e) Gale, P. ACoord. Chem. Re 2001, 213 79.
(f) Beer, P. D.; Gale, P. AAngew. Chem., Int. EQ001, 40, 487. (g) Gale,
P. A. Coord. Chem. Re 200Q 199 181. (h) Antonisse, M. M. G;
Reinhoudt, D. NChem. Commuri998 443. (i) Schmidtchen, F. P.; Berger,
M. Chem. Re. 1997, 97, 1609. (j) Binachi, A., Bowman-James, K., Garcl
Espam, E., EdsSupramolecular Chemistry of Anign&/iley-VCH: New
York, 1997. (k) Seel, C.; Gam A.; de Mendoza, Jlop. Curr. Chem1995
175 101.

(4) Markus, Y.lon Properties Marcel Dekker: New York, 1997.

(5) Peczuh, M. W.; Hamilton, A. DChem. Re. 200Q 100, 2479.

(6) (a) Fitzmaurice, R. J.; Kyne, G. M.; Douheret, D.; Kilburn, J.ID.
Chem. Soc., Perkin Trans. 2002 841. (b) Seel, C.; de Mendoza, J. In
Comprehensie Supramolecular ChemistryWogtle, F., Ed.; Elsevier
Science: Amsterdam, 1996; Vol. 2, p 519.

(7) () Nicolaou, K. C.; Boddy, C. N. C.; Bse, S.; Winssinger, N.
Angew. Chem., Int. EA.999 38, 2097. (b) Williams, D. H.; Bardsley, B.
Angew. Chem., Int. EA999 38, 1172.

(8) (a) Best, M. D.; Tobey, S. L.; Anslyn, E. \Coord. Chem. Re
2003 240, 3. (b) Terfort, A.; von Kiedrowski, GAngew. Chem., Int. Ed.
Engl 1992 31, 654.

(9) Bondy, C. R.; Loeb, S. Loord. Chem. Re 2003 240, 77.

(10) Choi, K.; Hamilton, A. D.Coord. Chem. Re 2003 240, 101.

(11) Sessler, J. L.; Camiolo, S.; Gale, P.@oord. Chem. Re 2003
240, 17.

(12) (a) Guo, W.; Wang, J.; He, J.; Li, Z.; Cheng, JSRapramol. Chem
2004 16, 171. (b) Tanaka, K.; Shionoya, M.; Shigemori,8hem. Commun
1999 2475.
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improvement that allows the synthesis of the spacer in four
straightforward steps. The binding study has included a ther-
modynamic analysis of the complexes by calorimetric titrations
and using an ensemble with fluorescein (fluorescent probe).
Recently, two thematically related works on the selective binding
of citrate and other tricarboxylates in water have been published
by Schmuck et al® and Fabbrizzi et al? and several studies
and synthesis of citrate sensors using europium luminescence
have been reported.

O iO O iO
HN NH HN N
A A

squaramide

~

N*Mes
squaramide-ammonium

(13) Tomas, S.; Prohens, R.; Deslongchamps, G.; Ballester, P.; Costa,
A. Angew. Chem., Int. EA.999 38, 2208. (b) Prohens, R.; Rotger, M. C.;
Pifa, M. N.; Deya P. M.; Morey, J.; Ballester P.; Costa, Aetrahedron
Lett. 2001, 42, 4993. (c) Prohens, R.; Martorell, G.; Ballester P.; Costa, A.
Chem. Commur2001, 1456.

(14) (a) Garau, C.; Frontera, A.; Ballester, P.; Quriero, D.; Costa, A,;
Deya P. M. Eur. J. Org. Chem2005 179. (b) Quinero, D.; Frontera,
A.; Suter, G. A.; Morey, J.; Costa, A.; Ballester, P.; Deya M. Chem.
Phys. Lett200Q 326, 247.

(15) Quitonero, D.; Prohens, R.; Garau, C.; Frontera, A.; Ballester, P.;
Costa A.; DeyaP. M. Chem. Phys. Let2002 351, 115.

(16) Pite, M. N.; Rotger, M. C.; Costa, A.; Ballester P.; Deya M.
Tetrahedron Lett2004 45, 3749.

(17) (a) Costello, L. C.; Franklin, R. B.; Narayan, ®ostate1999 38,
237. (b) Kurhanewicz, J. M.; MacDonald, D. B.; Vigneron, D. B.; Konety,
B.; Nelson, S. J.; Narayan, P.; Hricak, Hrology 1995 45, 41. (c)
Weinstein, D. A.; Somers, M. J. G.; Wolfdorf, J.J. Pediatr.2001, 138
378.

(18) Schmuck, C.; Schwegmann, W.Am. Chem. So@005 127, 3373.

(19) Fabbrizzi, L.; Foti, F.; Taglietti, AOrg. Lett 2005 7, 2603.

(20) (a) Parker, D.; Yu, Zhem. Commur2005 3141. (b) Lin, Z.; Wu,
M.; Schiderling, M.; Wolfbeis, O. SAngew. Chem., Int. EQ004 43, 1735.
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FIGURE 1. RI-MP2/TZVP optimized structures of the complexes between acetate and the three binding units compared in this study and the
respective binding energies. The distances obtained at the MARIJ-BP86/SVP level of theory are in italics. Distances are in A.

Theoretical Methods the TURBOMOLE/COSMO implementation. The efficiency and
application of TURBOMOLE/COSMO for describing solvation

The geometries of the receptors, guests, and complexesgffects has been studied by Steraet al2s
included in this study were fully optimized at the BP86 density

functional level of theory using the SVP basis set (double- ) ]
with polarization). Because of the size of the receptors and Results and Discussion
consequently the time-consuming nature of the DFT calculations
on these systems, we have used a computationally faste
treatment than the traditional DFT method. This method is the
multipole accelerated resolution of the identity DFT (MARIJ-

DFT),2422which uses an auxiliary fitting basis to avoid treating

r Preliminary Calculations. The rational design of a receptor
for the molecular recognition of carboxylate salts was started
by performing high-level ab initio calculations on some model
systems. As stated in the Introduction, some of us have used
the complete set of two-electron repulsion integrals providing squaramido-based neutral receptors for the molecula_lr re_cognition
a fast evaluation of the Coulomb potential for electron densities. of anions, and we have demonstrated that _squaramlde IS a better
The calculation of the model compounds has been also carriedhyd_rogen bonding donor tha_n urea an_d thiourea. In addition, a
out at a higher level of theory. We have used the RI-MP2 Series of charged squaramidemmonium compounds have
method using triplés with polarization basis set (TZVP). The ~0&en used by our group to bind sulfate and hydrogen phosphate
MARIJ-BP86 and RI-MP2 calculations without imposing any 1" €thanot-water mixtures. In Figure 1, we compare the 1:1
symmetry constrain were done using the program TURBO- complex between the squaramiegmmonium compound and
MOLE version 5.722 The MARIJ-BP86 and RI-MP2 methods acetate with the 1:1 complexes of two guanidinium salts widely
applied to the study of noncovalent interactions are considerably USed in the molecular recognition of carboxylates. It can be
faster than the BP86 and MP2, respectively, and the interaction®Pserved that, while the guanidinium salts bind the acetate anion
energies and equilibrium distances are almost identical for both through a bidentate hydrogen bonding pattern, the squaramide
method$* We have also performed calculations using a @mmonium compound binds the acetate anion in a more
continuum solvent model (COSM&)to account for solvation complicated a_rrangement. Th_e convergent d|rect|onal|t3_/ of the
effects. COSMO is a common method for incorporating N—H groups in the squaramide molecule favors the simulta-
solvation in the calculation, as energy derivatives are easily N€OUS interaction of both groups with one oxygen atom of the
obtained and geometry optimization within the continuum is &nion, and the second oxygen atom forms three hydrogen bonds
possible. COSMO calculations were performed at the MARIJ- With three hydrogen atoms ia position with respect to the
BP86/SVP level and carried out to simulate the solvent mixture Nitrogen atom of the ammonium group. From the energetic point

H,O:EtOH 1:3 (v/v) using the default COSMO parameters of Of view, the interaction of the monocyclic guanidinium and the
squaramideammonium compounds with an acetate anion is

equivalent. For the bicyclic guanidinium, the computed inter-

(21) (a) Sierka, M.; Hogekamp, A.; Ahlrichs, B. Chem. Phys2003

118 9136. (b) Feyereisen, M. W.; Fitzgerald, G.; Komornicki, @hem. action energy is less favorable by approximately 6 kcal/mol, in
Phys. Lett1993 208 359. . qualitative agreement with calorimetric experiments present in
5 lgzg)lxah”as' O.; Almlof, J.; Feyereisen, M. \@hem. Phys. Letf 993 the literature, where the association constant obtained for the

(23) Ahlrichs, R.; Ba, M.; Hacer, M.; Horn, H.; Kanel, C.Chem. Phys. complex of TBA acetate with the monocyclic guanidinium is
Lett 1989 162, 165. higher than that obtained for the bicyclic guanidiniéfnt

(24) (a) Eichkorn, K.; Treutler, O.; Ohm, H.; dar, M.; Ahlrichs, R.
Chem. Phys. Letfl995 240, 283. (b) Quimnero, D.; Garau, C.; Frontera,

A.; Ballester, P.; Costa, A.; Dey®. M.J. Phys. Chem. 2005 109, 4632. (26) Schiger, A.; Klamt, A.; Sattel, D.; Lohrenz, J. C. W.; Eckert, F.
(25) Klamt, A.; Schiirmann, G.J. Chem. Soc., Perkin Trans.1®93 Phys. Chem. Chem. Phy200Q 2, 2187.
799. (27) Linton, B.; Hamilton, A. D.Tetrahedron1999 55, 6027.
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CHART 1. Designed Tripodal Host for Tricarboxylate CHART 2. Anionic Guests Used in the Theoretical Study:
Guests Citrate (G1), Tricarballate (G2),
Mes™N Benzene-1,3,5-tricarboxylate (trimesoate) (G3), Glutarate
j (G4), and Succinate (G5)
N*Mes OH © H O '
+ COO
[ oy N MesN o Ao Ly oo ke I,
o] 0]
NH . -0 -0
o no N 3] 0" S0 0 Yo -00C coor

(o) G1 G
o}

2
O \ o O_
0 M 'OM
O O (0]
G4 G5

should be mentioned that the interaction energy difference
between monocyclic and bicyclic guanidinium complexes with
acetate measured experimentally (in DMSO) is lower than that
predicted theoretically, probably due to solvent and counterion
effects, which are not taken into account in the computation. = .
i : : with the guests.

The capability of the squaramigammonium compounds to The optimized structure of the complex of the trianion of
interact with monocarboxylates has been demonstrated from thisth tri pt id@3) and th i b tin Fi 3
initial study since it is similar to the widely used guanidinium e trimesic acid @3) an € receplor IS present in Figure

salts. An advantage of squaramide derivatives is their facile fr?o?ir;g?elpo;rgssoﬁn\r/ri\gl g)lies Ofé'rgg;goﬁgznggﬁ?n hiérfg'
synthesis from the commercial diethyl squarate in mild condi- p Y als Sy y : Y

tions (room temperature), where chromatography purification for the formatlon o_f this complex may be the gstabllshment of
is not needed in the workup procedure since the squaramidea stacking interaction between t.he aro”.‘a“c rings of thg spacer
derivatives precipitate from the reaction mixture. and the guest. The computed distance in the complex is 4.7 A,

Design and Theoretical Analysis of the ReceptorOnce which is larger than the typical aryhryl stacking distance

i i )
demonstrated the potential utility of the squaramidenmonium ob sgrved n crysyal structures, 38.7 A Ther e.fore., this
binding unit for the molecular recognition of monocarboxylates, gddltlonal interaction is expected to have a negligible influence

we started the design of a tripodal receptor for tricarboxylates n th_e binding properties .Of t.h's. guest. . .
based on this binding unit. We chose a spacer that is a classical Dicarboxylate guests (dianionic forms of glutaric and succinic

scaffold and has played an important role in hegtest acids)G4 andG5 have been studied for comparison purposes.

recognition due to its excellent preorganization; it is 1,3,5-tris- Their optimized complexes with are present in Figure 4. In

(aminomethyl)-2,4,6-triethylbenzeA&Another important factor contrast to the rest of th? cpmple_xes, where each carboxylate
that has influenced its election is that some of us have recently 9'04P Interacts with one binding unit of each arm of the receptor,

improved its synthesis from inexpensive benzene (instead of N these two complexes, one carboxylate interacts with two

relatively expensive 1,3,5-triethylbenzene) in four straightfor- binding units and the other with one binding unit in order to

ward stepg?® The designed receptot)(is depicted in Chart 1, establish the maximum number of hydrogen bonds. .
and it is based on the aforementioned spacer and three The optimized geometries of dicarboxylate guests shown in

squaramideammorium binding Uns, which can be easiy | 011 S1OW O1€ 1o et a betr bndng consander |
attached to the spacer by simple chemistry. P y group

: . . . 4.20 A from the tetraalkylammonium group while all three
Previous to the synthesis, we have studied computationall o .

the ability of this rec)éptor to interact with di- and triczfrboxylate g N*Ry-+O" distances in thdsG4 complex are shorter than 4.0
guests using theoretical calculations at the MARIJ-BP86/SVP "™
level of theory. In Chart 2, we represent the di- and tricarboxy-
late salts studied in this work, which are citra@1], tricar-
ballate G2), trimesoate G3), glutarate G4), and succinate
(G5). We have optimized the complexes of the receptor with
the different guests, and we have analyzed the -hgpsest
hydrogen bonding interactions for each carboxylate group. The
optimized complexes and the relative energie$séfand G2
guests with the receptor are represented in Figure 2. The energie
in solution have been computed by performing single point
calculations of the gas-phase-optimized structures in a con-
tinuum solvation model (COSMO). It can be observed that the
behavior of both complexes, regarding the binding mode of the
guest, is the same in solution. As depicted in Figure 2, both
guests prefer an interaction pattern with the host where the OH/H
group/atom is pointing into the cavitgiidg. In both complexes,

G3
o

each carboxylate group adopts a binding pattern with the
squaramide-ammonium group similar to that observed in the
model system studied in the preliminary calculations, indicating
that the flexibility of the receptor is adequate for interacting

Synthesis of the ReceptorAs stated in the Introduction,
we have used a practical synthetic procedure, starting from
inexpensive benzene, that yields 1,3,5-tris(aminomethyl)-2,4,6-
triethylbenzeneJ) in four steps. This procedure has recently
been published by some of &and it is shown in the first part

of Scheme 1. The other key intermediatejsvhich is easily
prepared in high yield (98%) from diethylsquarate aw\-
gimethylethane-l,2-diamine in ether at room temperature. The
purification of this product is very easy since it precipitates in
ether and chromatography is not required. The preparatidn of
is also carried out at room temperature in ethanol and, similar
to the previous step, chromatography is not needed since
precipitates (complete precipitation requires the addition of
pentane; see Experimental Section). The yield of this step is
83%. It is worth mentioning that the total synthesisddirom
benzene and diethylsquarate is done in mild conditions of
temperature, high yields, and inexpensive starting products,

(28) Hennrich, G.; Anslyn, E. VChem—Eur. J. 2002 8, 2219.
(29) Wallace, K. J.; Hanes, R.; Anslyn, E. V.; Morey, J.; Kilway, K. V.;
Siegel, J.Synthesi005 2080. (30) Dahl, T.Acta Chem. Scand 994 48, 95.
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AAE=0.0 kcal/mol

1eG2
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AAE=2 4 kcal/mol (gas-phase)
AAE=-4 .1 kcal/mol (solution)

Ny,

AAE=-1.6 kcal/mol (gas-phase)
AAE=-5.2 kcal/mol (solution)

FIGURE 2. MARIJ-BP86/SVP optimized structures and relative energies of the complexes beBA&8a and the receptor. The carbon atoms
of the guest are represented in black. TheHN--O hydrogen bonds of two of the three carboxylates are represented by dashed lines (the hydrogen
bonds of the third carboxylate unit have been omitted for clarity). Distances are in A.

satisfying three principles of “green chemistry”, that is, atom
economy, energy efficiency, and reduction of derivati®eanly
the final step requires refluxing conditions in a DMF/acetone
mixture (1:2 v/v) to achieve the exhaustive methylationdof
with methyl iodide, yielding receptat (94%).

Binding Properties of the Receptor. Isothermal titration
calorimetry (ITC¥2was utilized to study the association between
G1-G5 guests and receptat. This technique provides a

parent pH of approximately 9, required to ensure the existence
of the anionic form of the assayed guests. In addition, the
association betwee@1 and1 was also studied in aJ®:EtOH

1:1 mixture. As model examples of calorimetric titration, we
show in Figure 5 the result obtained for the titrationsGif
andG3. On the left, the heat evolving with each injection over
the time is displayed. A binding isotherm is generated by
integrating the peaks, which are corrected by the heat of dilution

measure of association strength, stoichiometry of binding, as generated in a separate experiment. The nonlinear least-squares
well as thermodynamic parameters from a single experiment. it of the subtracted curve using a one-site binding model is
All host—guest complexes were studied in an agueous mixture gpown (on the right). In one cas6&1), the binding isotherm

of H,O:EtOH 1:3 (v/v). To regulate the pH of the aqueous
mixtures, tle 1 M Tris-HCI buffer system has been used (Tris
is tris(hydroxymethyl)aminomethane), which provides an ap-

(31) Anastas, P. T.; Warner, J. Green Chemistry: Theory and Practjce
Oxford University Press: New York, 1998; p 30.
(32) Wadso |. Chem. Soc. Re 1997, 26, 79.

corresponds to a strong, exothermic 1:1 complex. The stoichi-
ometry is evident from the inflection point of the curve at one
equivalent. Very similar curves were obtained for the rest of
complexes, apart fror®3, where a different behavior has been
found, and it is shown on the bottom of Figure 5. This opposite
behavior will be discussed below.

J. Org. ChemVol. 71, No. 19, 2006 7189
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FIGURE 3. Zenithal and perspective views of the optimized complex betvig@and the receptor. The carbon atoms of the guest are drawn in
black. Distance is in A.

1G4

FIGURE 4. MARIJ-BP86/SVP optimized structures of the complexes betweéiG5 and the receptor. The carbon atoms of the guest have are
in black. The N-H---O hydrogen bonds are represented by dashed lines. Distances are in A.

In Table 1, we summarize the results derived from the ITC dependent on the counterion of the guest. For instance, when
titration curves ofG1—G5 anions and receptdt. It can be the sodium salt ofG1 is used, the association constant
observed that in all cases, apart fr@8, the binding process  experiences a moderate decrease (Table 1, entry 3). The
is clearly exothermic and in all cases is entropically favored. experimental association constants determined for dicarboxylate
For all complexes, the value of the stoichiometry param_efér guestsG4 andG5 are smaller, especiallgs, which is 2 orders
ranges between 0'9. and 1'1'. n good agreement with a 1'1of magnitude lower than that @4 (entries 6 and 7). In one
binding mode. The high association constants obtained for the .

case, we have further characterized the complex by mass

tricarboxylate guests are a clear indication of the binding ability ¢ . In Fi 6. the elect ionizati S|
of the receptor in a competitive medium. F&t, we have also spectrometry. In Figure 6, the electrospray ionization (&

determined the association constant in a mixture g ##tOH mass spectrum of a 1:1 mixture of receptavith Nagcitrate in

1:1. The increase in the water ratio, from 25 to 50%, gives rise H20:EtOH 1:3 (v/v) is shown. It presents signals ratz =

to a decrease in the magnitude of the association constant by 1982.5295 amu, corresponding tolG1+H]* species, and at
order of magnitude, from 1. 10°to 3.9x 10* M~ (Table 1, m/z = 1004.5309 amu, which corresponds tolad1+Na]*
entry 2). Moreover, the association constant is modestly species, confirming the formation of the proposed 1:1 complex.

7190 J. Org. Chem.Vol. 71, No. 19, 2006
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SCHEME 1. Synthetic Route to 1 from Benzene and Diethylsquarate

cl
@ AICl, EtBr CS,, CICH,0Me NaN3 DMF
0°Ctort. 25°C
cl

Hp,Pd/C
H,N
oj\;ﬁo H Et,0 > g
> 2
. E/j\‘M 2 i N/ﬁ NH,
E0’  OEt ©2 o0 o NH,
2 3
EtOH, r.t.
311 N*Mes Me,N
N Mes j NMe2 j
HN N*Me3 HN MezN
o o

IMe DMF-acetone

TABLE 1. Binding Constants Kas M~"), Association Enthalpy experiments cannot be done since the counterion is different.
g?lﬂvekga'/”aogr andt Aslsc?c'atg‘E'tfggof% (F/AS,tkzcg‘Il/rEol) for Guests Second, the experiment using acetate as guest (entry 9) indicates
and Receptor 1 in HO: Svva that the complexation of with monocarboxylate anions is not

entry  complex Kas AG AH TAS n favored.

1 1G1 (1.14+0.1)x 10° -67 —-29 39 09 The ability of the squaramideammonium binding block to

2 1~Glz (3.9+04)x 100  —-61 -28 33 09 interact with a carboxylate moiety in aqueous media has been

s LGl (82£06)x108  -66 -23 43 10 confirmed experimentally, giving reliability to the theoretical

4 1.G2 (1.5+02)x 1 —-69 -19 50 09 wdv. It i h ioning that th lexation @8 i

5 1403 (4.5+ 0.5) x 10* 62 23 85 09 study. It is worth mentioning that the complexation®8 is

6 1G4 (2.2+£0.2) x 10¢ -58 —-04 54 0.9 entropy-driven. TheAH term is positive, indicating that the

7 1.G5° ~2.8x 10? ~-33 - - - complexation process is endothermic. In polar solution, su-

8  leisocitraté¢ (1.5+£0.2)x10*  -56 -0.6 50 11 pramolecular aggregation can be endothermic due to the

9 1eAcO® <1.0x 1 - - - -

reorganization of the solvent upon complexatiéithe positive

aH.0/EtOH (1:1 viv)." Sodium salt®Excessively small for being  value obtained for the enthalpy is ascribed to the energy needed
measured by ITC. to desolvate the charged groups, which overrides the negative

enthalpic contribution due to the formation of the complex.

Complexes of higher stoichiometry were not found in theESI Surprisingly, this effect is only observed in tiheG3 complex.
mass spectrum. A likely explanation is that th&eG3 complex is different from

In Table 1, we have also included the results of two 1.G1 and1eG2 in terms of the cavity that is formed between
experiments that have not been studied theoretically. First, thethe aromatic ring of the spacer of the host and the aromatic
association constant of recepfowith isocitrate (entry 8), which  ring of the guest (see Figure 3). This cavity, which is probably
gives a value oKqs6-fold lower than that of citrate in the same  desolvated, is not generated in thé51 and 16G2 complexes
conditions (entry 3). The only difference between both guests and provokes an enthalpi@ntropic compensating effect, that
is the location of the hydroxyl group. To give an explanation s, an enthalpically unfavorable process due to the desolvation
to this fact, we have computed the solvation energy of both of solvent molecules and an entropically favorable process due
guests using COSMO. As a result, the computed solvation to the release of highly ordered solvent molecules to the bulk
energy of isocitrate is 1.1 kcal/mol more negative ti@h solvent. This explanation has been also used in guest encapsula-
which explains the difference in the association constant sincetion processes where positive values\bf andASare observed
it comes principally from theAH term (see Table 1). The
association constant @4 (dicarboxylate anion) is similar to " (?'ﬁ) (a? ?\IChvf\Tl"dtsChﬁn dF hR)rgFL%gt\ 2002 (3: h431 I(b) EZJZ OZOaFOXbI
that determined for isocitrate. This result can be considered as)! ('Ct)zgerger i ;Cm“é‘icﬁgn = padent, hert dgtgg e 39816
a drawback for the selectivity of the receptor toward tricar- (q) gerger, M.; Schmidtchen, F. Rngew. Chem., Int. EA998 37, 2694.
boxylate guests. However, a direct comparison between both(e) Schiessl, P.; Schmidtchen, F. Fetrahedron Lett1993 34, 2449.
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FIGURE 5. Top: on the left, the heat evolved with each injectionGi is shown. On the right, the ITC binding curve from addition®f to
1lin H,O:EtOH 1:3 at 294 K is represented. Bottom: on the left, the heat evolved with each injec@&i®Ehown. On the right, the ITC binding
curve from addition ofG3 to 1 in HO:EtOH 1:3 at 294 K is represented.

in aqueous mediur¥f,in cleft-type receptors for dicarboxylatés, the larger entropic contribution iIG3 complexation may

and in the molecular recognition of tetraanionic peptitfds. possibly come up from the entropic conformation cost induced
fact, the ITC experiment (Table 1, entry 5) shows a positive upon complexation of the more flexible anicB4 andG2. Last,
variation ofAH and a very important contribution giAS that for dicarboxylate guest$34 and G5, the prediction of the

compensates the endothermicity of the process. As a result, aheoretical calculations was th@6 is worse tharG4 because
value of AG comparable to the that of the rest of tricarboxylate one electrostatic interaction is not effective in &5 complex,

guests is observed. Moreover, another plausible explanationas shown in Figure 4, in complete agreement with the
arises from the fact thab3 is more rigid tharG1 andG2 and experimental results.

— - - For the sake of comparison, some recent works on the same
(34) Corbellini, F.; Flammengo, R.; Timmerman, P.; Crego-Calama, M.;

Versluis, K.: Heck, A. J. R.; Luyten, I.; Reinhoudt, D. N. Am. Chem. ' topic must be mentioned: first, a tricationic guanidiniocarbonyl
Soc.2002 124 6569. S ‘ pyrrole receptor that binds citrate and other tricarboxylate anions
80(35) Sebo, L.; Schweizer, B.; Diederich, iHely. Chim. Acta200Q 83, with very high association constantskofs > 106 M~Lin water

'(36) Salvatella, X.; Peczuh, M. W. G. M.; Jain, R. K.; Sanchez-Quesada, determined by UV spectroscoﬁ?;second, a Cu-containing
J.; de Mendoza, J.; Hamilton, A. D.; Giralt, Ehem. Commur200Q 1399. trifurcate receptor that recognizes citrate in water. The negatively

7192 J. Org. Chem.Vol. 71, No. 19, 2006



Molecular Recognition of Tricarboxylate Salts ]OC Article

982.5295[1-G1+H]*

1001
1004.5309 [1-G1+Na]*
% 983.5425
1005.5037
984.5268
994.0416 1006.6022
978.6135 981.5430 6304 1
" 985.6135987'| 989.9733 go0 a6a \ IF“ = 3639008 saas] 1000.6932 I I l
}. - ‘.’ |xl. il 1y Ipul .I Wl I.I.HIII.I.IIA TV N T A T i Ifl. Wl 1l .l nim ._n,z
978 = 980 = 982 = 984 986 988 990 = 992 = 994 ~ 996 = 998 ~ 1000 = 1002 = 1004 = 1006

FIGURE 6. ESH HRMS spectrum of the complex of receptbwith G1 is shown. The peaks corresponding to theéd1+H] " and [LeG1+Na]"
species are labeled.

charged oxygen atoms of the guest interact with three coordi- of an effective quenching of the fluorescein emission band in
natively unsaturated Clucenters'® The association constants the complex, probably due to a quenching produced by the
are also greater than 48~ in water. Unfortunately, in both  squaramide rings of the receptor via a photoinduced electron
works, ITC experiments were not reported. transfer (PET) process. First, we have determined the association
Fluorimetric Assays of 1 with Citrate. Competition assays  constant ofl with fluorescein by measuring the change in the
can be used as a relatively simple method for determining fluorescence intensity of fluorescein in the presence of increasing
association constants. The introduction of an indicator to the amounts ofl in the same conditions used for the calorimetric
receptor establishes an equilibrium of binding between the experiments (ITC), that is, 25% (v/v) water in ethanol with 1
indicator (1), the receptor (H), and the-H complex, resulting M Tris-HCI buffer. The association constant determined by
in a particular optical response. The addition of the guest (G) titration for the formation of thd—fluorescein ensemble was
to the -H ensemble perturbs the equilibrium. This change in found to beKas= 6.3 x 108 M~ using a 1:1 binding algorithm.
the equilibrium is dependent on the degree of association Thjs binding constant, which is about 2 orders of magnitude
between G and H. This approach is widely present in the |ower than thek,sobtained for citrate using the same conditions
literature and allows synthetic receptors to act as sensors withoutyy |TC experiments, allows the use of competition assays for
introducing additional covalent architectielaking advantage  eyajuation of citrate in aqueous solution. Second, we have
of this approach, we have used a sensing ensembleaid obtained a calibration plot at = 525 nm (maximum of
fluorescein. Addition of receptdt to a solution of fluorescein  fjorescence emission band) for the-fluorescein ensemble
disodium salt in 25% (v/v) water in ethanol results in a non addition of citrate; see Figure 7 (left). The evolution of
1—fluorescein ensemble that is not fluorescent as a consequencey,q intensity of the emission band upon incremental additions

37) () Martnez-Mdiez. R- Sancema F.Chem. Re 2003 103 4419 of citrate is shown the same figure, on the right. The progressive
(b)(Wi)Slﬁi)r S L AttHaddou. H. Lavinge, J. 3 Ansyn 23 o3 SmS: addition of citrate displaces the fluorescein from the receptor,

Res 2001, 34, 963. (c) Eggleston, A. K.; Rahim, N. A; Kowalczykowsky, ~ restoring the original fluorescence and signaling the presence
S. C.Nucleic Acids Resl996 24, 1179. (d) Wiskur, S. L.; Anslyn, E. V. of citrate.

J. Am. Chem. So@001, 123 10109. (e) Ait-Haddou, H.; Wiskur, S. L.; . . - .
Lynch, V. M. Anslyn, E. V.J. Am. Chem. So2001, 123 11296. (f) Tobey, To check the potentl_al appllcablllt_y qf thb—fluor_esc_em

S. L.; Anslyn, E. V.Org. Lett 2003 5, 2029. (g) Best, M. D.; Anslyn, E. ensemble for the fluorimetric quantitative determination of
V. Chem—Eur. J.2003 9, 51. (h) Zhong, Z.; Anslyn, E. VJ. Am. Chem.  ¢itrate, we have used it for the quantitative determination of

S0c.2002 124, 9014. (i) Lavinge, J. J.; Anslyn, E. \A . Chem., Int. . . . .
58?1999238, 3666. G)(',)\,gﬁ\;g‘r%ea T W,gijlrn S L. rfni\f;n’ E?"\})rgr.] zinc citrate in a commercial toothpaste (GINGI KIN BB)The

Lett 2004 6, 2499. sample was prepared suspending 0.3 g of paste in 5 mL of
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FIGURE 7. On the left: calibration plot at 525 nm for the ensemblel@nd fluorescein upon addition of citrate (25% water in ethanol (v/v), 1
M Tris-HCI). On the right: fluorescence spectra obtained for the ensemtlend fluorescein, showing the progressive increase in the emission

intensity (, arbitrary units) as citric acid is added.

Millipore water, and the mixture was sonicated for 5 min in a
glass screw-top vessel and followed by centrifugation to
eliminate the solids in suspension. The concentration of citrate
in the sample was determined from the calibration plot (see
Figure 7, left). The predicted concentration of citrate was found
to be 0.91+ 0.01 mM, which is the average value plus the

standard deviation of three measurements. The real concentratior&y

in H,O:EtOH 1:3 (v/y 1 M Tris-HCI buffer system. The heats of
dilution were subtracted prior to data analysis by Origin MicroCal
software. In all cases, theeparameter, defined as= K [1]in, was

kept between 10 and 1000. Errors were calculated at a confidence
level of 95%.K,s AH, and AS were obtained at 294 K by curve
fitting using Origin 5.0 software as implemented by MicroCal.
Synthesis of 3-(3-(Dimethylamino)ethylamino)-4-ethoxy-3-
clobutene-1,2-dione (2):This compound was prepared by

obtained from the composition of the commercial toothpaste dropwise addition of 3-(dimethylamino)ethylamine (0.388 g, 4.41

was 1.01 mM, which is in agreement with the concentration
obtained using indicator displacement assays ofl.thtuores-
cein ensemble. It is worth mentioning that it is compatible with

other compounds present in the composition of the toothpaste,

such as sodium fluoride, 5-chloro-2-(2,4-dichlorophenoxy)-
phenol (triclosan), provitamines§2,4-dihydroxyN-(3-hydroxy-
propyl)-3,3-dimethylbutanamide, and xylitol (1,2,3,4,5-pentol),
emphasizing the selectivity df.

Conclusion

In summary, we have used DFT and ab initio calculations to
design a tripodal receptor that is able to form stable complexes
with tricarboxylate anions. We have synthesized it using “green”
chemistry and evaluated its binding properties using ITC
titrations with several guests, and we have determined its

mmol) in diethyl ether (20 mL) to a solution of diethylsquarate
(0.5 g, 2.94 mmol) in diethyl ether (3 mL). The precipitated was
collected from the reaction mixture by filtration, washed with cold
diethyl ether (2x 10 mL), and dried, yielding squarami@eas a
white solid (94% yield). Mp= 107—110°C. *H NMR (300 MHz,
CDCL): 6 = 6.44 (br s), 7.27 (br s), 4.75 (d(H,H) = 6.6 Hz,
2H), 3.74 (br s, 0.7 H), 3.48 (br s, 1.3 H), 2.51 (br s), 2.25 (s, 6
H), 1.45 (t,J(H,H) = 7.1 Hz, 3H) ppm.*3C NMR (75.4 MHz,
CDCly): 60 = 189.5, 183.3, 177.6, 172.8, 69.8, 59.2, 58.5, 45.3,
42.0,41.6, 16.0. FTIR (KBr)» = 3172, 2976, 2940, 2824, 2766,
1801, 1699, 1596, 1332, 1039 cin HRMS-ESI found m/z
213.1239, calculated forgH1N,O; M+ 213.1239.

Synthesis of 1,3,5-Tris[(3-aminomethyl)-4-(2N,N-dimethyl-
aminoethylamino)-3-cyclobutene-1,2-dione]-2,4,6-triethylbenzene
(4): A solution of 1,3,5-tris(aminomethyl)-2,4,6-triethylbenzehe
(0.22 g, 0.89 mmol) in ethanol (20 mL) was added dropwise to a
solution (0.66 g, 3.1 mmol) & in ethanol (20 mL). The reaction

association constants. The calorimetric experiments also givemixture was stirred at room temperature for 15 h. The precipitate

information about the thermodynamic characteristics of the
complexation, which is favorable both enthalpically and en-
tropically, apart fromG3, which presents an endothermic
complexation process.

In addition, we have shown that a sensing ensembileawid
fluorescein is able to determine the citrate concentration of a

was collected from the reaction mixture by filtration, washed with
cold ethanol (2< 10 mL), and dried, yielding the desired product
4 (0.55 g, 83%). Mp> 300°C. *H NMR (300 MHz, DMSO#):
6 = 7.56 (s, 3H), 7.38 (s, 3H), 4.98 (d(H,H) = 4.5 Hz, 6H),
3.69 (q,J(H,H) = 5.6 Hz, 6H), 2.84 (qJ(H,H) = 7.3 Hz, 6H),
2.47 (t,J(H,H) = 5.6 Hz, 6H), 2.23 (s, 18H), 1.22 (§(H,H) =
7.3. Hz, 9H) ppm23C NMR (75.4 MHz, DMSOdg): ¢ = 188.3,

commercial toothpaste. This shows that this class of receptorsy73 3 172.6, 149.3, 138.3, 64.9, 50.8, 45.9, 28.5, 22.3 ppm. FTIR

can be easily applied, using competition assays, for the
determination of citrate. Finally, the study demonstrates that
rational design can lead to selective receptors for tricarboxylate
anions (hydrophilic guests) in highly competitive media.

Experimental Section

Titration Conditions: 40—45 injections (6L each) of a 8-10
mM solution of the anion@1—G5), in H,O:EtOH 1:3 (v/v) 1 M
Tris-HCI buffer system (apparent pH 9), were introduced into a
sample cell at 294 K containing 1.5 mL of a 1.0 mM solutiorlof

(38) GINGI KIN B5. Laboratorios Kin S.A., Barcelona, Spain
(www.kin.es).
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(KBr): v 3288, 3202, 2955, 1801, 1641, 1576, 1532 &rhiRMS-
ESIt found m/z 748.4515 (0.7 ppm), calculated fordElssNgOs
M+ 748.4510.

Synthesis of 1,3,5-Tris[(3-aminomethyl)-4-(2,N,N-trimethyl-
ammoniumethylamino)-3-cyclobutene-1,2-dione]-2,4,6-triethylbenzene
triiodide salt (1): Mel (40 4L, 0.12 mmol) was added via syringe
to a solution of4 (0.10 g, 0.13 mmol) in acetone (20 mL) and
DMF (4 mL). This solution was heated to reflux for 12 h under
argon atmosphere. The precipitate was collected from the reaction
mixture by filtration, washed with cold acetone 210 mL), and
dried, yielding the desired produit(0.24 g, 94%). Mp= 260—
262°C. ™H NMR (300 MHz, DMSO¢g): 6 = 7.65 (s, 3H), 7.39
(s, 3H), 4.98 (s, 6H), 4.07 (d(H,H) = 6.5 Hz, 6H), 3.64 (tJ(H,H)

6.5 Hz, 6H), 3.23 (s, 27 H), 2.84 (q3J(H,H)
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7 Hz, 6H), 1.22 (tJ(H,H) = 7 Hz, 9H) ppm13C NMR (75.4 MHz, Cierva” contracts, respectively. M.N.P. thanks the Govern Balear
DMSO-dg): 6 =188.7,188,173.1, 172.8, 149.5, 137.8, 70.5, 58.5, for a predoctoral fellowship.

43.2, 36.4, 28.4, 22 ppm. FTIR (KBr): 3463, 3318, 3216, 2965,
1802, 1654, 1541 cmt. HRMS-ESI" found m/z 1046.3263 (3.6

ppm), calculated for GHeeNeOgls [M — 1]+ 1046.3226. Supporting Information Available: General experimental

methods, Cartesian coordinates and energies of MARIJ-BP86/SVP
fully optimized complexed4eG1—1¢G5, ITC binding curves of the
complexation processes not shown in Figure 5 (FiguresSH),
and!H NMR spectra of compoundk 2, and4 (Figures S7S9).

This material is available free of charge via the Internet at
http://pubs.acs.org.
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