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Abstract: The design and synthesis of receptors containing a Cu(ll) binding site with appended ammonium
groups (1) and guanidinium groups (2), along with thermodynamics analyses of anion binding, are reported.
Both receptors 1 and 2 show high affinities (10* M~%) and selectivities for phosphate over other anions in
98:2 water:methanol at biological pH. The binding of the host—guest pairs is proposed to proceed through
ion-pairing interactions between the charged functional groups on both the host and the guest. The affinities
and selectivities for oxyanions were determined using UV/vis titration techniques. Additionally, thermody-
namic investigations indicate that the 1:phosphate complex is primarily entropy driven, while the 2:phosphate
complex displays both favorable enthalpy and entropy changes. The thermodynamic data for binding provide
a picture of the roles of the host, guest, counterions, and solvent. The difference in the entropy and enthalpy
driving forces for the ammonium and guanidinium containing hosts are postulated to derive primarily from
differences in the solvation shell of these two groups.

Introduction interactions, especially in cases where the differences in@Gfe
o ) _values of binding were too subtle to draw any conclusfms.
One goal of moIecuIz_ir recognition |_s the cr_egtlon of synth(_etlc Extensive studies by Diederiéhusing both van't Hoff
receptors demonstrating both a high affinity and a high methods and ITC, have showed that hegtiest binding via
selectivity for guest binding in watérThe high affinity and 4rophobic interactions in water can proceed with favorable
high selgcnyny foupd within naturgl receptors such as eNZYMes anthalpy changes and unfavorable entropy changes. Alterna-
and antibodies derives from multiple weak nonbonded interac- tively, Schmidtchehand HamiltoR® have focused their efforts
tions between the functional groups on the binding partners. on electrostatic interactions. Their work shows binding via
These natural systems provide the inspiration for the rational g|ectrostatic interactions in organic media proceeds with favor-
design of synthetic receptors that can be used to garner angpje entropy changes. Classically, one might expect hydrophobic
understanding of the binding forces that contribute to complex binding in water to have an entropic driving fofcand elec-
formation. trostatic binding in organic media to have a favorable enthalpy
A significant portion of this understanding can be gleaned change. These experimental data suggest otherwise, indicating
by probing the thermodynamics of binding interactions. The that thermodynamic investigations have the potential to provide
formation of a hostguest complex through noncovalent inter- a understanding of a single binding event, sometimes with
actions has an associated enthalpy and entropy change. Adsurprising results. To further highlight the power of a thermo-
ditionally, changes in the solvent structure and the solvation dynamic analysis, Diederich, Schmitdchen, and Hamilton were
spheres of the host and the guest contribute to the overall entropyable to use the component thermodynamic valaés, andAS’,
and enthalpy changes of the system. The interplay of the dif- to differentiate the roles of the solvent and the counterions in
fering thermodynamic contributions arising from complex host-guest complex formation.
formation and concomitant solvation/desolvation processes is . - -
not immediately discernible from the determination of a binding ® Yoas 37 16 tesg oo oenen: F. Rogew. Chem., int. £d. Engl

affinity alone. Therefore, the dissection of the Gibbs free energy (3) Linton, B. R.; Goodman, M. S.; Fan, E.; Van Arman, S. A.; Hamilton, A.
D. J. Org. Chem2001, 66, 7313-7319.

of binding (AG®) into its component partsAH° and AS°) (4) Haj-Zaroubi, M.; Mitzel, N. W.; Schmidtchen, F. Rngew. Chem., Int.

) ; T ; Ed. 2002 41, 104-107.
through van t Hoff analysgs orllsothermal titration calor!mgtry (5) Smithrud, D. B.. Wyman, T. B.: Diederich, B. Am. Chem. Sod991
(ITC) provides useful insight into the nature of the binding 113 5420-5426. Smithrud, D. B.; Sanford, E. M.; Chao, |.; Ferguson, S.

B.; Carcanague, D. R.; Evanseck, J. D.; Houk, K. N.; DiederictRute
Appl. Chem.199Q 62, 2227-2236. Ferguson, S. B.; Seward, E. M.;

(1) Beer, P. D.; Gale, P. AAngew. Chem., Int. E®001, 40, 486-516. Beer, Sanford, E. M.; Hester, M.; Uyeki, M.; Diederich, Pure Appl. Chem.
P. D.Acc. Chem. Re4.998 31, 71—-80. Antonisse, M. M. G.; Reinhoudt, 1989 61, 1523-1528. Ferguson, S. B.; Seward, E. M.; Diederich, F.;
D. N. Chem. Commurl998 443-448. Hartley, J. H.; James, T. D.; Ward, Sanford, E. M.; Chou, A.; Inocencio-Szweda, P.; Knobler, CJBOrg.
C. J.J. Chem. Soc., Perkin Trans.2D0Q 3155-3184. Sutherland, I. O. Chem.1988 53, 5593-5595.
Chem. Soc. Re1986 15, 63—91. Bianchi, A.; Bowman-James, K.; Garcia- (6) Linton, B.; Hamilton, A. D.Tetrahedron1999 55, 6027-6038.
Espana, ESupramolecular Chemistry of Anigri#/iley-VCH: New York, (7) Tanford, CThe Hydrophobic Effect: Formation of Micelles and biological
1997. Membranes2nd ed; Wiley: New York, 1980.
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Recent work from our group and Inoue describes the ther- dron® One recent exampl&) of this design principle is found
modynamic investigations of host:guest binding that proceedsin work by Xie '3 but studies in water are not reported.
through ion-pairing interactions in aqueous mediaC studies
on a citrate-tris-guanidinium host:guest complex in water
revealed that the 1:1 complexation was entropy driven, with an
accompanying exothermic enthalpy change. This result was
observed at high ionic strength, whereas at low ionic strength
higher ordered complexes were observed, having an endothermic
enthalpy change and a strongly favorable entropy change. The
switch between different complexes at different ionic strengths
was revealed through the changes in the thermodynamic profile
of the associations. Again, ITC played a key role in revealing
the components of the free energy, thereby leading to a method
of controlling the binding behavior.

The binding selectivities and thermodynamic profiles of
electrostatic interactions in water at biological pH are the focus
of this report. A specific design approach for phosphating
metalloreceptorsi(and2) is described? The design of each 3
of the host employs a platform that is preorganiZegpon
binding Cu(ll), along with appended functional groups as
binding sites: ammonium or guanidinium groups. The use of
several binding sites endows the receptor with the ability to
form multiple nonbonded interactions with the guest. We find
that the vast majority of the free energy of binding derives from
the Cu(ll) binding, while the appended groups tune the affinity
and selectivity of binding. The binding is found to be entropy
driven at the metal, whereas the ammoniums or guanidiniums
offer primarily entropy? and enthalpy assistance to the binding.
Speculation as to why the ammonium and guanidinium groups
act differently is given, focusing primarily upon the differences
in hydration of these two functional groups.

Receptorl is derived from a tris(2-ethylamino)amine (TREN)
unit with appended benzylamine groups, similar to the design
exploited by Fabbriz2f and others® Similarly, receptor2 is
derived from a tris[(2-pyridyl)methyllamine (TPA) subunit
functionalized with appended guanidinium groups (embedded
in aminoimidazoline groups). This is analogous to compounds
used by Canarif Karlin,” and otherd8

Though the design of botlh and 2 are intended to be
complimentary to a tetrahedral anion as drawn, they are not
completely rigid. Receptot is more flexible than receptd,
albeit both have alternative conformations than those shown.
For example, one expects that the preferred conformatidn of
in solution is completely open with the ammonium groups
diverging away from the metal center (eq 1). Likewise, con-
formations with the amines both divergent and convergent likely

Design Criteria. The design of receptorsand2 features a  exist in water.
Cs, symmetric cavity derived from the coordination of a tripodal

Results and Discussion

ligand to a Cu(ll) center. The Cu(ll) center is intended to provide ¢ 1@ ® O
one binding site for a guest, while three additional functional NHq Ham [ : S,
groups bearing positive charges are positioned to provide j @NHg\Q

binding interactions with oxygens on phosphate. The shapes of . O - CHENG

the cavities are complementary to the three faces of a tetrahe- v N I, HL N Ny

(8) Rekharsky, M.; Inoue, Y.; Tobey, S.; Metzger, A.; AnslynJEAm. Chem.
So0c.2002 124, 14959-14967.

(9) Beer, P. D.; Cadman, New J. Chem1999 23, 347-350. Choi, K;
Hamilton, A. D.J. Am. Chem. So®001, 123 2456-2457. Hennrich, G.;
Sonnenschein, H.; Resch-Genger, Tétrahedron Lett2001, 42, 2805—
2808. Holman, K. T.; Halihan, M. M.; Steed, J. W.; Jurisson, S. S.; Atwood,
J. L.J. Am. Chem. Sod.995 117, 7848-7849. Han, M. S.; Kim, D. H.

Angew. Chem., Int. EQ2002 41, 3809-3811. Kubik, S.; Kirchner, R;
Nolting, D.; Seidel, JJ. Am. Chem. So@002 124, 12752-12760. Lee,
D. H.; Lee, H. Y.; Lee, K. H.; Hong, J.-IChem. Commur2001, 1188-
1189. Liao, J.-H.; Chen, C.-T.; Fang, J.-Krg. Lett.2002 4, 561-564.

HoH
rotate along 1 N
=2 L g
€] | \N"C\,’g~- S
> NIJ P
Nishizawa, S.; Buehlmann, P.; Iwao, M.; Umezawa,Tétrahedron Lett.

1995 36, 6483-6486. Shigemori, K.; Nishizawa, S.; Yokobori, T.; Shioya, The manner that we draw compou@ more representative

T.; Teramae, NNew J. Chem2002 26, 1102-1104. Yeo, W.-S.; Hong, i i ; i i
3.1, Tetrahedron Leti1998 39, 8137-8140. Ihm. H.: Yun, S.. Kim. H. of the conformation in solution, but others exist. In our picture,

G.; Kim, J. K.; Kim, K. S.Org. Lett.2002 4, 2897-2900.

o
H’N;{LNfS\H
NH

NH
S
V4

(10) Tobey, S. L.; Jones, B. D.; Anslyn, E. ¥. Am. Chem. So2003 4026- (13) Xie, H.; Yi, S.; Yang, X.; Wu, SNew J. Chem1999 23, 1105-1110.
4027. (14) Amendola, V.; Fabbrizzi, L.; Mangano, C.; Lanfredi, A. M.; Pallavicini,

(11) Cram, D. J.; Cram, J. MContainer Molecules and Their Guests, P.; Perotti, A.; Ugozzoli, FJ. Chem. Soc., Dalton Tran200Q 1155-
Monographs in Supramolecular Chemisti$toddart, J. F., Ed Royal 1160. De Santis, G.; Fabbrizzi, L.; Licchelli, M.; Poggi, A.; Taglietti, A.
Society of Chemistry: Cambridge, 1994; p 39. Cram, D. J.; Cram, J. M. Angew. Chem., Int. Ed. Engl996 35, 202-204. Fabbrizzi, L.; Leone,
Acc. Chem. Red4.978 11, 8—14. Cram, D. JFrom Discasery to Design A.; Taglietti, A. Angew. Chem., Int. EQ001, 40, 3066-3069. Fabbrizzi,
American Chemical Society: Washington, DC, 1991; p 91. Cram, D. J. L.; Licchelli, M.; Parodi, L.; Poggi, A.; Taglietti, AEur. J. Inorg. Chem.
Angew. Chem., Int. Ed. Engl986 25, 1041-1060. 1999 35-39.

(12) Adrian, J. C., Jr.; Wilcox, C. SI. Am. Chem. Sod.991 113 678-680. (15) Collman, J. P.; Fu, L.; Herrmann, P. C.; Wang, Z.; Rapta, M.; Broring,
Grawe, T.; Schrader, T.; Zadmard, R.; Kraft, A.Org. Chem2002 67, M.; Schwenninger, R.; Boitrel, BAngew. Chem., Int. EA.999 37, 3397
3755-3763. Sebo, L.; Schweizer, B.; Diederich Helv. Chim. Acta200Q 3400. Schatz, M.; Becker, M.; Walter, O.; Liehr, G.; Schindler|r®rg.
83, 80—92. Chim. Acta2001, 324, 173-179.

14808 J. AM. CHEM. SOC. = VOL. 125, NO. 48, 2003



Phosphate Binding to Ammonium and Guanidinium ARTICLES
0.40~ 0.07
oss| A 0.064 B L L
] | |
g % e R RS 8 0.05] "
||

© L) s n

0.254
£ h £ o004 .
2 0.204 - 2
£ - < 003 .
« 0.151 " «
— L} =
] ©  0.027
Q  0.10] . fa] -

1 n
0.014 .

0.051 -

0.00 .. 0004 =

-0.05 T T T T T -0.01 T T T T T T T T T 1

0.0 0.5 1.0 15 2.0 0.0 0.5 1.0 15 2.0 2.5 3.0
Mole Ratio Mole Ratio

Figure 1. Mole ratio plots for the tripodal ligands binding to Cu(ll). (A) Aliquots of a millimolar solution of Gu@re added to a solution of ligand (0.98
mM), and the absorbance was monitored. (B) Aliquots of a solution of £wete added to a solution of ligand (1.16 mM), and the absorbance was

monitored.
Scheme 1. Synthesis of Tripodal Ligand for Receptor 2
B/\LNj/\Br NaN3 /\Ej/\ NH4OAC (U\
7 DMF, 73% 81%
ISy
PPhg N tBuO™ N \;\1 _>
—» N | N NH2) N N
10% H20, THF, 56% ~ S — ﬂ' Py
6 '3 0% 0tBu
1) 25% TFA, CH2Clp é‘
2) acetate anion-exchange N jj ©
3CI
—_— N N N N
3) chloride anion-exchange > H ||_|

the guanidinium groups are aligned to create a cavity. This adduct5 is reduced to the tris-amine under Staudinger condi-
places them the furthest from each other relative to other tions. The resulting aminé) is combined with 3 equiv of boc
possible conformations along bond rotation 2 shown in eq 2. imidazoline to yield7. Boc protected imidazolif@was depro-
Further, large rotations along the bonds indicated as 1 in eq 2tected using trifluoroacetic acid, and the salt was isolated. The
create steric interactions with the pyridine rings. However, TFA salt was eluted from an acetate anion exchange column to
rotations about the bonds indicated in eq 2 are feasible. Theverify the presence of three acetate counterions. The acetate

conclusion from our analysis is thatand2 are both flexible,
yet the flexibility is expected to be lower with than with 1.

salt was subsequently placed on a chloride anion exchange
column to afford the trischloride sal8) (Scheme 1).

The largest difference between the designs is the ammonium The introduction of a stoichiometric amount of copper(ll)

and guanidinium groups as the peripheral binding elements.

Synthesis.The synthesis of has been reported previoush.

The synthesis o2 commences with the reaction of 2,6-bis-
(bromomethyl)pyridine with sodium azide in dimethylforma-

mide. The resulting monoazidomethyl proddas stirred with

chloride preorganizes the tripodal tren derived ligand to yield
the desired receptdr. UV/vis spectroscopy was used to observe
the absorbance at 900 nm as aliquots of copper(ll) chloride were
added to a solution of the ligand buffered at pH 7.4 with 4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer.

ammonium acetate and potassium carbonate in dry acetonitrile,The Cu(ll)-tren stability constant has been reported to be
while recovered starting material was recycled. Trisazido tripod approximately 1& M~ by Anderegg*! The coordinatiof? of

(16) Canary, J. W.; Xu, J.; Castagnetto, J. M.; Rentzeperis, D.; Marky, 0. A.
Am. Chem. Sod995 117, 11545-11547. Chiu, Y.-H.; Dos Santos, O.;
Canary, J. W.Tetrahedron1999 55, 12069-12078. Dai, Z.; Xu, X.;
Canary, J. WChem. Commur2002 1414-1415. Xu, X.; Allen, C. S.;
Chuang, C.-L.; Canary, J. WActa Crystallogr.1998 C54, 600-601.

(17) Tyeklar, Z.; Jacobson, R. R.; Wei, N.; Murthy, N. N.; Zubieta, J.; Karlin,

K. D. J. Am. Chem. S0d993 115 2677-2689. Scaltrito, D. V.; Fry, H
C.; Showalter, B. M.; Thompson, D. W.; Liang, H.-C.; Zhang, C. X;
Kretzer, R. M.; Kim, E.-l.; Toscano, J. P.; Karlin, K. D.; Meyer, G. J.
Inorg. Chem.2001, 40, 4514-4515.

(18) Hazell, A.; Mcginley, J.; Toftlund, Hnorg. Chim. Acta2001, 323 113—
118. Yamada, T.; Shinoda, S.; Tsukube ,Ghem. Commur2002 1218-
1219. Maruyama, S.; Kikuchi, K.; Hirano, T.; Urano, Y.; NaganoJT.
Am. Chem. So2002 124, 10650-10651. Bassan, A.; Blomberg, M. R.
A.; Siegbahn, P. E. M.; Que, L., . Am. Chem. So@002 124, 11056~
11063.

(19) Tobey, S.; Anslyn, EJ. Am. Chem. So@003 125, 10963-10970.

Cu(ll) to the buffer was explored by introducing copper(ll)
chloride to a solution of HEPES buffer under the same
experimental conditions. The observed absorbance was negli-
gible relative to that of compountl The change in absorbance
was used to generate a mole ratio plot and verified a 1:1 binding
stoichiometry for ligand-to-metal binding (Figure 1A).

(20) Mundla, S. R.; Wilson, L. J.; Klopfenstein, S. R.; Seibel, W. L.; Nikolaides,
N. N. Tetrahedron Lett200Q 41, 6563-6566.

(21) Thaler, F.; Hubbard, C. D.; Heinemann, F. W.; Van Eldik, R.; Schindler,
S.; Fabian, |.; Dittler-Klingemann, A. M.; Hahn, F. E.; Orvig, Dorg.
Chem.1998 37, 4022-4029. Anderegg, G.; Gramlich, \Hely. Chim.
Acta 1994 77, 685-690.

(22) Mash, H. E.; Chin, Y.-P.; Sigg, L.; Hari, R.; Xue, Anal. Chem2003
75, 671-677.
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A similar study was used to verify the coordination of the Table 1. Binding Affinities of Several Different Anions to Receptor
cu(ll) to ligands by following the absorbance at 669 nm. This 1 Were Investigated Using UVivis Titrations

was carried out in an aqueous solution buffered at pH 7.4 with stoichiometry binding constants

. . . i ion: -1
tris(hydroxymethyl)aminomethane (TRIS) buffer. The chelating __ %" anion anion:1 )
ability of TRIS to metals prompted investigations into the 1 :2062’2 ii ggx 18:&2X ig;
. . . . . sOy%~ : 5x X
!ntera_lctlon of TRIS with Cl_J_(II). Th_erefore a titration undgr 1 ReQ- 11 2.0% 10° (£ 7 x 109)
identical experimental conditions using a TRIS buffer solution 1 HSO;~ nd
with copper(ll) chloride resulted in a linear increase in the 1 AcO~ 11 <900
absorbance of the Cu(ll) center within the concentration range i ug&f %fib :dzo
gseo! for the ligand binding to Cu(ll). The Qu(ll) to.rec.epﬂ)r 1 cr 2.1 nd
titration absorbances were corrected for this, resultinginamole 9 HPO2~ 11 9.0x 10 (£ 3 x 10?9

ratio plot that verified 1:1 binding (Figure 1B). The binding

; ; indi i a2 The absorbance of the Cu(ll) center of the receptor was observed as
isotherm was not curve fit because the binding affinity was too aliquots of the guest (20 mM) were added to a solution of the receptor (0.7

high to generate a binding affinity with reasonable error. mm). All solutions were buffered at pH 7.4 with HEPES buffer (5 mM),
However, a binding constant of Cu(ll) to a TPA ligand is and the counterions to the receptor were chlorides. The counterions to the

reported in the literature as WM —L. which further substantiates ~ 9uests were sodium.Stoichiometry was estimated from the shape of the
- . ) ’ . . isotherms, although even higher order complexes cannot be ruled out.
the Cu(ll) binding primarily to the TPA derived ligand. The
TRIS Cu(ll) interaction was negligible for our purposes.
Affinities, Selectivities, and Protonation States Summary

of Binding. The binding affinities and selectivities of each of 10-
the receptors] and2, were determined using UV/vis titrations
with several anionic guests. This work was previously repétted 84

and is briefly summarized below as background for the present
thermodynamic studies. We choose to use UV/vis spectroscopy

and ITC to characterize binding constants rather than potentio-:]c:,_ 64
metric titrations because there are seven amines that undergc
protonation state changes in the potentiometric titrations oflapo-

and apo2. Further, the metal complexes can undergo hydrolysis 44
giving bound hydroxides, and phosphate has thi€gvalues
of its own that shift upon binding to the receptors (see eq 3 to 5
visualize an idealized binding mode). The number of variables
1 ' I " I 4 I 4 1 N 1 ' 1 N I
B3 g O o © 0 2 4 6 8 10 12 14
NH; HaN"oy" © NHg HaN DY i
m Ho_ 00 oo %m | . Equwalen@ of Bas§ Added
it \ﬁ‘ © Figure 2. pH titration data for the ligand, the ligand and copper, and the
Cu?t o guz,, 1-phospahte complex. For each titration, aliquotsy({LPof a standardized
>N )N‘H D N ‘:‘?f[\'fH solution of NaOH (83.5 mM) were added to a solution containing 0.005
H \\/N N{\H H” (Y - mmol of the compounds of interest. The ligand-Cu drghosphate were

all present in 1:1 mole ratios.

to be fit by a potentiometric titration modeling program available ) . ) ) )
to us, such as HYPERQUAB,makes such a method unreliable. T_he species presgnt_ln solution at thls_pH_become |m_portant
With UV/vis spectroscopy or ITC, the anion binding event itself for |nFerpret|.ng the binding data. The pH titrations of the ligand,
is all that needs to be modeled with a curve fitting program, the ligand in the presence of Cu(ll), and .t}’léphosphate
thereby making us more confident of the results. comple_x are shown (Figure 2). As Cg(l!) begins to co_ordmate

The change in the absorbanceladt 800 nm was monitored to the ligand, we would expect a shift in the ammoniuk p
by UV/vis spectroscopy as aliquots of a Nty solution were values. Indeed, this expectation is observed with a concomitant

introduced (98:2 water:methanol buffered to pH 7.4 with 10mM aPP€arance of a blue color as the Cu(ll) coordinatgs at approxi-
Tris). For consistency, in all the UV/vis and ITC studies mately pH 3. The K, values of the secondary amines of the

described herein, a 98:2 water:methanol solution is used forligand decrease by approximatelya PKaunits in the presence
solubility purposes, even though this minimum amount of of the Cu(ll), and the primary ammes_hav_léawalues ‘?‘bo".e 8.
methanol was only needed in certain cases to maintain homo-" the presence of phosphate, the titration curve is shifted to
geneous solutions. The resulting binding isotherm was fit with the r,'ght by one proton equwalerlt, which is reasonable pecause
a curve derived from a 1:1 binding algorithm to yield a binding the f!rst FKavalue for phosphate is 2,'1,5' The Cu(ll) coordinates
affinity of 2.5 x 10* M~ Similar titration methods were used ast|s<;]ussebd be:;ore, and th? rgma|E|K?]mlues are at_)ovi&

to determine the binding affinities of several other anions to urther, based on curve fitting, the hegluest species has

in aqueous media (Table 1). The lower affinities observed for " additional K around 6-7. We cannot distinguish whether

other tetrahedral anions as well as anions of various chargesthe proton resides on an amine or on phosphate. However, this

and sizes demonstrate the selectivityldbr phosphate. value would be appropriate for a secorkpf phosphate that
is depressed due to the presence of the host. Although the host/
(23) Ambundo, E. A.; Deydier, M.-V.; Grall, A. J.; Aguera-Vega, N.; Dressel, guest complex is likely to be a mixture of species with several

L. T.; Cooper, T. H.; Heeg, M. J.; Ochrymowycz, L. A.; Rorabacher, D. B ; ;
B Inorg. Chem.i999 38, 4233-4242, different protonations states, we are currently postulating that,

(24) Gans, P.; Sabatini, A.; Vacca, Ralanta1996 43, 1739-1753. at pH 7.4, the phosphate is predominately in the form of HPO

14810 J. AM. CHEM. SOC. = VOL. 125, NO. 48, 2003
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Table 2. Binding Affinities of Several Different Anions to Receptor with various other inorganic analytes were performed using
i i i I i a . . . .. . .
2 Were Investigated Using UV/vis Titrations identical experimental conditions, and no binding was observed.
stoichiometry binding constants Host 2, therefore, has both a high affinity and excellent selec-
1 ion: -1 « . .
receptor anion anion2 ) tivity in water at neutral pH for phosphate and arsenate.
2 HPO“Z;, 11 1.5x 1g (£6x 1822) Our first studies indicated that the guanidinium groups added
g g'g‘é?“ 11 i‘foxol (+6x 109 to the selectivity and affinity oR relative to a control where
2 HSO,~ the guanidinium was replaced by azidéswe now report
2 AcO~ <100 additional titration data using control ho$0. Titration of a
2 NO3~ <100
2 HCOs~ <100 Cu2---NZ
2 cr- <100 [N z/w
10 HPOZ~ 1:1 3.0x 10% (£ 6 x 1092 Z N\;@
X
aThe absorbance of the Cu(ll) center of the receptor was observed as 10

aliquots of the guest (20 mM) were added to a solution of the receptor (1.1 . )
mM). All Solutions were buffered at pH 7.4 with TRIS buffer (10 mM),  phosphate solution (29.3 mM) to a solution of recept6#®

and the counterions to the receptor were chlorides. The counterions to the(1.5 mM), which lacks the guanidinium groups, demonstrates
guests were sodium. S 1 . '
a binding affinity of 300 ML, Therefore? is a better phosphate

when bound. The purpose of the pH titrations was to establish Pinder thanl0 by a factor of 50 (ITC data gives a factor of

with certainty that the ammonium groups on the periphery of Only 10; see below). The lower affinity compared 2overi-

the cavity were protonated at the working pH of the host/guest fies the cooperative effect of the guanidinium groups and the

titrations and to verify that the phosphate is bound primarily as Cu(ll) center. However, as with the comparison betweand

a dianion. 9, the comparison betweehand 10 indicates that the largest
To decipher the roles of various binding sites bnwe t_)inding free energy deriv_es from the phosphateetal interac- _

examined hos®. Phosphate binds @ with an affinity of 900 tion. Speculation is again needed to state how many guani-

M~1, thereby indicating that the ammonium groups offer a 27- dinium-phosphate binding interactions occur in the complex.

fold enhancement of phosphate complexation in compdund All that can really be stated with confidence is that the free
energy gain with2 relative to10 is similar to that between

and9. It is difficult to judge whether more or fewer ion pairs
are formed with the appended functional groups Withr 2. It
is simply the increased preorganization2othat implies more
Q _.-CyzeN— contacts than witti.
,N\\/,il@ “H Irrespective of the fact that the metal center dominates the
H o affinity, the selectivity of bothl and 2 for phosphate derives

from the appended groups, which provide shape, size, and

Below we show van't Hoff plots that indicateis better than ~ charge complimentarity to tetrahedral oxyanions. In our original
9 by about 100-fold (Table 3). A factor of a 2200 increase  interpretation of these dat,we concluded that the inherent
over a metal baseline affinity of 900 M supports the notion flexibility of 1 relative to that qQ decrease'd.it'.s selectivity for
that the largest portion of the binding of phosphatd fe due ~ Phosphate. In contrast, the increased rigidity 2ofed to a
to the metal center, a key feature in the host design. Further, itdecrease in affinity while increasing its selectivity for phosphate
indicates that each ammonium aflikely does not adopt a  @nd arsenate. To further investigate this postulate, we attempted
conformation making a contact to the bound phosphate. Becausd® determine the enthalpy and entropy origin of these differences
solvent exposed ion paikG® values are estimated to be worth I selectivity a.m.d affinity. Our orlglna}l copclusmn is still
near 1 kcal/mol in wate# the binding ofl to phosphate prob- support_ed, butitis no_vv_c!ear that solvation dlffergnces bgtween
ably only involves a little over one ion pair on average between @mmonium and guanidinium groups are also major contributors
the phosphate and the ammoniums resulting from the flexibity t© the differences in the binding behavior band2.
of this host, although this is clearly speculation. Entropy and Enthalpy Changes. A. Binding to Host 1.
Titrations of solutions containing recep®with anions were  Sothermal titration calorimetry ('TG} was used to probe the
also performed (Table 2). Modulations in the UV/vis absorbance driving force for the high affinity of phosphate with by
at 790 nm were monitored as aliquots of a phosphate solution guantifying the thermodynamic parametefsX™, AH°, and
buffered at pH 7.4 were added. The resulting binding isotherm AS’) Of binding. The titration proceeded with the addition of 5
was fit with a 1:1 algorithm to yield a binding affinity of 1.6 uL aliquots of a 5.1 mM solution ofl to the fitration cell
10* M1 (see eq 4 for an idealized binding mode). Titrations CoNtaining a 0.32 mM solution of NaRGO, at 25°C (buffered
to pH 7.4 with 5 mM HEPES). Less than 1 kcal/mol of heat

Eq. 4 was generated per injection for the duration of the titration. The
lack of a significant amount of evolved heat was independent
of the concentration of the host and guest we used. The

(25) Hendsch, Z. S.; Tidor, BProtein Sci.1994 3, 211.

(26) Berg, K. E.; Tran, A.; Raymond, M. K.; Abrahamsson, M.; Wolny, J.;
Redon, S.; Andersson, M.; Sun, L.; Styring, S.; Hammarstrom, L.; Toftlund,
H.; Akermark, B.Eur. J. Inorg. Chem2001, 1019-1029.

(27) Stodeman, M.; Wadso,Pure Appl. Chem1995 67, 1059-1068. Wadso,
I. Trends Biotechnoll986 4, 45-51. Wiseman, T.; Williston, S.; Brandts,
J. F.; Lin, L. N. Anal. Biochem1989 179, 131—-137.
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Table 3
AG° AH° TAS®
receptor guest (kcal/mol) (kcal/mol) (kcal/mol)
12 HPO2Z~ —6.5 +0.6 +5.9
1b ReQl~ —-3.7 —2.2 +1.5
1p AcO~ —3.4 +0.7 +4.1
22 HPO2Z~ —5.3 —-3.8 +1.5
ob HPO2Z~ —3.8 -0.9 +2.9
1P HPO2~ —4.1 -0.8 +3.3

aThese thermodynamic values were determined using a van't Hoff
analysis for the UV/vis data at different temperatufsBhese thermody-
namic values were determined using isothermal titration calorimetry
techniques

yield a similar result. This result, coupled with confirmation of
binding from the UV/vis data, suggested that the binding event
was essentially entirely driven by entropy. To verify the ITC
data, a van't Hoff plot was generated uskgvalues determined
from UV/vis titrations at 13.2C, 20.1°C, and 27.0°C. The

Ka values at each temperature were comparable within experi-
mental error of the data, resulting in a van't Hoff plot with a
slightly positive slope (no correction was needed in this plot as
described below for hog). The values determined from the
plot were TAS’ = +5.9 *1.0) kcal/mol andAH® = +0.6
(£0.5) kcal/mol, thus confirming the major contribution of the
entropy changes to the overall strength of the binding.

The binding of phosphate to control compoudidvas also
analyzed using a van't Hoff approach, yieldiadd® = —0.9
(£0.5) kcal/mol andTAS® = +2.9 (£1.0) kcal/mol. These
values indicate that, in the absence of ammonium groups for
binding, the primary mode of phosphate bindin@tis through
a slightly exothermic ligation to the Cu(ll) center with a
dominate entropic driving force. The favorable entropy change

is thought to arise from the release of solvent and/or counterions

from the host and the guest upon complex formation. The
ammonium groups i enhance phosphate binding by 2.7 kcal/
mol relative t09. The dominant entropy change farderives
from interaction of the phosphate with not only the Cu(ll) center,
but from the additional interactions with the ammoniums,
leading to more solvent and/or counterion release.

Thermodynamic studies were used to examine the binding
energetics of anions with differing affinities fio(Table 3). By
UV/vis analysis, arsenate showed almost identical thermody-
namic parameters to those of phosphate. The binding of
perrhenate td was quantified (500 M) using ITC techniques.
The addition of fuL aliquots of a solution ol to a solution of
the guest displayed exothermic heats of binding. The raw data,
when fit with a binding isotherm, yielded&H° value of—2.2
(£0.5) kcal/mol and &TAS value of +1.5 1.0) kcal/mol.
Similar methods for acetate as the guest resultedH? =
+0.71 &0.5) kcal/mol andTAS® = +4.12 &1.0) kcal/mol.

In all cases, the binding of the guesttavas accompanied

interactions, solvent molecules are released into bulk solution,
thereby increasing the entropy of the overall system. This is
well-known from studies on both natural systéfend molec-
ular recognition events using synthetic receptdrs.

It is interesting to note that the host design rendesslective
for phosphate, and in comparison to other anions, phosphate
appears to have the largest entropy change associated with its
binding. Perrhenate and acetate have lower binding affinities
with 1, as well as smaller associated entropy changes. The
perrhenate anion occupies a larger molar volume and has a more
loosely held solvation shell due to its smaller charge density
relative to phosphate. Therefore, it is reasonable that the
diminishedAS’ arises from the release of solvent from a less

phate. Overall, the entropy changes for complex formation with
perrhenate are less favorable than phosphate binding, and the
data show a more favorable enthalpy change relative to
phosphate compensates for this decreased entropy.

When looking at acetate, less solvent is expected to be
displaced from the binding cavity than with phosphate due to
its smaller size. Yet, because it is smaller, acetate has a higher
charge density and, thus, a more organized solvent shell than
dihydrogen phosphaf@.However, at the working pH of these
titrations, hydrogen phosphate is present, having a higher charge
density than dihydrogenphosphate, thereby leading to a species
having a more ordered solvation sh&llThe data show that
the entropy change is indeed significant for acetate binding.
However, phosphate has a larger entropy change than in the
case of acetate. For phosphate, this may arise from the larger
more ordered solvent shell which is dispersed upon binding to
the host.

B. Binding to Host 2. Thermodynamic investigations on the
binding of phosphate t@ were pursued using ITC techniques.
Aliquots (4.5uL) of the host solution (5.07 mM) were added
to a solution of phosphate (0.21 mM) buffered at pH 7.4. The
pattern of the heat peaks on the raw data plot indicated that the
binding was exothermic. Though these titrations were reproduc-
ible, the data analysis was inconclusive. The application of a
curve fit using the Origin software converged on a 2:1 guest:
host stoichiometry for the complex. The resulting binding
affinity and AH® value were unreasonable based on the asso-
ciated errors. There appeared to be multiple equilibria present,
and a 2:1 stoichiometry may not even be correct for the
concentrations used for the ITC studies.

The possible presence of multiple equilibria lead to a Job
plot analysis to verify the binding stoichiometry of tAghos-

(28) Foguel, D.; Silva, J. LProc. Natl. Acad. Sci. U.S.AL994 91, 8244—
8247. Mahtab, R.; Harden, H. H.; Murphy, C.JJ.Am. Chem. So200Q

122 14—17. Swaminathan, C. P.; Nandi, A.; Visweswariah, S. S.; Surolia,
A. J. Biol. Chem1999 274, 31272-31278. Lynch, T. W.; Sligar, S. G.
Biol. Chem.200Q 275, 30561-30565.

Stodeman, M.; Dhar, Nl. Chem. Soc., Faraday Tran998 94, 899—
903. Prohens, R.; Rotger, M. C.; Pina, M. N.; Deya, P. M.; Morey, J.;

(29)

by a favorable entropy change. Both phosphate and acetate have
a near thermoneutral enthalpy change, and perrhenate shows
an exothermic enthalpy change. This series of guests serves to
add yet more examples to the literature which involve ion-
pairing interactions in water with a significant contribution to
the binding energetics arising from favorable entropy changes.
These favorable entropy changes often result from solvent/
counterion release. Both the host and the guest are solvated witH31)
solvent molecules, and upon binding through ion-pairing

Ballester, P.; Costa, Aletrahedron Lett2001, 42, 4933-4936. Corbellini,
F.; Flammengo, R.; Timmerman, P.; Crego-Calama, M.; Versluis, K.; Heck,
A.J. R.; Luyten, |.; Reinhoudt, D. Nl. Am. Chem. So2002 124, 6569
6575. Kano, K.; Kitae, T.; Takashimaq, H.; Shimofuri,Ghem. Lett1997,
899-900. Meissner, R.; Garcias, X.; Mecozzi, S.; Rebek, J.JJAmM.
Chem. Soc1997, 119 77-85. Kang, J.; Rebek, J., Mature1996 382
239-241. Cram, D. J.; Choi, H. J.; Bryant, J. A.; Knobler, C.B.Am.
Chem. Soc1992 114, 7748-7765.

(30) Marcus, Y Biophys. Chenl994 51, 111—-127. Collins, K. D.Biophys. J.
1997 72, 65-76.

Hribar, B.; Southall, N. T.; Vlachy, V.; Dill, K. AJ. Am. Chem. Soc.
2002 124, 12302-12311. Chu, B.; Whitney, D. C.; Diamond, R. M.
Inorg. Nucl. Chem1962 24, 1405-1415.
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AHp andAS values are then used in two additional equations
0.104 . (egs 6 and 7) that account for the temperature dependence of
7, o the enthalpy and entropy changes of the system to yild
g 0.08 " . and AS’ values.
g 0,061 AH® = AH, + TAC,
o . AS =AS+ACSInT
‘S 0.041 -
§ Treatment of the binding data in this fashion (Figure 4B)
8 002 . . yielded aAH® value of —3.8 (£0.5) kcal/mol and alAS
2 value of +1.5 (+1.0) kcal/mol for the binding of phosphate
< o00{ " . to 2. Because binding data were collected over atétnpera-
— e e ——r ture range, we are inclined to be more confident in the values
00 02 04 06 0.8 1.0 obtained from the corrected van’t Hoff plot. More importantly,
Mole Ratio the data from either analysis show the same trend. The binding

Figure 3. Job plot of recepto binding phosphate. A total concentration s characterized by a favorable entropy change, but the complex
ﬂofélrggig" i‘r']";ialiesgibllffeggggnvg:t lg'ifhi‘gnﬁ’;r; 'fdrﬁir%?ﬁg_num 305 formation is primarily driven by a favorable enthalpy change.
Heat Capacity Change.The van't Hoff analysis yielded a
phate complex. The solutions used had a total concentration ofAc value of —174 (+44) cal/molK. The heat capacity is
2.1 mM. The absorbance values of host:guest ratios betweensensitive to changes in the structure upon complex formation.
zero and one were recorded. A plot of the absorbance of thea negative heat capacity change is an indication that the
percentage of the guest bound was plotted against the mole ratiasplvation of the individual components is more structured than
of the host to yield a Job plot with a maximum at 0.5 mole the solvation of the hostguest complex. The heat capacity
ratio host (Figure 3). This result is a clear indication that the changes AC3, = —12 to —190 cal/mol K) for hydrophobic
host-guest stoichiometry is 1:1 at the concentrations used for interactions have been reported for cyclophane and cyclodextrin
the UV/vis analysis. systems in wate®2 The change in heat capacity for electrostatic

The verification of a 1:1 blndlng StOiChiometry allowed inves- bmdmg interactions in abiotic hosguest Comp|exes (porphy_
tigations to proceed with a van't Hoff analySiS Using the same rin—mannoside, quinoﬁqgorphyrin, and diacid—aminopyri_
concentration range as in the Job analysis. UV/vis spectroscopymidine) in polar solvents have been reported to range fr@
was used to determine the binding affinities of phosphat to g —560 cal/mol K33
over a range of temperatures from A to 55°C. The general We attribute theAC® value found for2 to the solvation dif-
trend observed was a decrease in blndlng aﬁlnlty with temper- ferences between the host and the guest versus thegmm[
ature increase. The reSUltlng data (Flgul’e 4A) were fit with linear Comp|exl ReceptoQ is h|gh|y Charged with solvent exposed
regression from which &H° value of —6.3 (x0.5) kcal/mol  functional groups; therefore, it is reasonable to expect the host
and aTAS’ value of ~0.7 (+1.0) kcal/mol were determined.  and guest to be well solvated in aqueous media. Upon binding,
These values indicate that there was a strong favorable enthalpythe solvent spheres are disrupted and water excluded. The
change associated with phosphate binding, with a slightly increase in entropy observed and the negative heat capacity
negative entropy change, suggesting that the guanidinium groupschange fit well with this scenario, which is very similar to the
offer an enthalpic advantage in binding phosphat&.to classical hydrophobic effeét.

The enthalpic advantage offered by the guanidinium groups  Qur abiotic hostguest systems differ from natural systems
is even more apparent when comparing the ITC data for the pecause the heat capacity changes of binding in natural systems
1G:phosphate complex to that f@ CompoundlO is slightly involve combined electrostatic and hydrophobic interactions.
exothermic AH® = —0.8 (+0.5) kcal/mol), but the binding is A theoretical approach to proteitigand binding by Gallagher
primarily driven by a favorable entropy changeAS” = +3.3 and Sharp conclude that the heat capacity change due to
(£1.0) kcal/mol). Using this ITC data, the advantage of electrostatic interactions is small; however, the overall heat

appending the guanidinium groups 10 creating2 is only a capacity change is generally negati&Ve find a very signifi-
factor of near 10 for binding phosphate, but the driving force cant heat capacity change wigh

has switched from primarily entropy withO to primarily Structure and Energetics. The results described above
enthalpy with2. clearly indicate that the binding of phosphateltand2 have

Although a linear fit to the data in the above van't Hoff comparable Gibbs free energies of binding. Yet, the component
analysis for2 was achieved, the raw data plot showed curvature. enthalpy and entropy changes are different. Recebttom-
Acurveq van't Hoff plot in(_jicates that there is a heat cgpacity plexes phosphate with a dominant enthalpy driving force,
change in the system. This seemed reasonable for this-host \whereas the binding of phosphate to receptois entirely

guest system given the temperature range investigated. We founcntropically driven. Similar results were recently reported by
it instructive to fit the data with a modified van't Hoff equation

(eq 5) which incorporates the heat capacity change. (32) Diederich, F.; Smithrud, D. B.; Sanford, E. M.; Wyman, T. B.; Ferguson,
S. B.; Carcanague, D. R.; Chao, |.; Houk, K. Atta Chim. Scandl992

46, 205-215. Harrison, J. C.; Eftink, M. RBiopolymers1982 21, 1153~

RIn K= —AH1/T) + AC{In T+ (A — AC) (5) 1166. Zhang, B.; Breslow, Rl. Am. Chem. 504993 115 9353-9354.
(33) Bonar-Law, R. P.; Sanders, J. K. M. Am. Chem. Sod.995 117, 259- )
A p|0t of RIn K againstT can be fit with eq 5, in which 271. Hayashi, T.; Miyahara, T.; Koide, N.; Kato, Y.; Masuda, H.; Ogoshi,

H. J. Am. Chem. S0d.997, 119, 7281-7290.
AHo, AS, andAC° are the dependent variables. The resulting (34) Gallagher, K.; Sharp, KBiophys. J.199§ 75, 769-776.
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Figure 4. van't Hoff plots for phosphate binding to recep®r(A) A plot of RInK vs 1/T. The data were fit with a straight line from which the enthalpy
and entropy changes were extrapolated. The linear fit ha@ aalue of 0.95. (B) The data in Figure 3 was plotted as RInK versus T and fit with a van't
Hoff equation that incorporated the temperature dependence of the enthalpy and entropy changes.

Smith and co-worker® They report that guanidinium func-  than ammonium groups. Smaller more localized ionic charges,
tionalized cyclodextrin hosts bound aryl phosphates with a more such as an ammonium relative to a guanidinium group, are better
favorable enthalpy change than the analogous ammonium func-solvated enthalpically and have a larger cytobactic region. This
tionalized hosts. Additionally, the aryl phosphates complexed means that the water around an ammonium is more organized,
the ammonium functionalized hosts with more favorable entropy and the extent of organized solvation sphere being replaced by
changes than those functionalized with guanidinium groups. A interaction of phosphate would be smaller with a guanidinium
discussion of the differences in our hosts, which may also be group but larger with an ammonium group. Thus, upon losing
relevant to their hosts, offers insight into the differences in the their solvation shell, the ammonium groups are expected to
thermodynamic profiles. release more solvent molecules into bulk solution, but impor-
We designed botd and 2 to possess a binding cavity to  tantly, they release solvent that is more organized than would
match the size and tetrahedral shape of oxyanions using a lock-guanidinium groups.
and-key analogy. Functional groups were placed on the periph- The solvation differences of an ammonium versus a guani-
ery of the cavities of each of the receptors to promote dinium group leads to the reasoning given above for why there
electrostatic interactions, a design strategy often used to enhancés an entropy difference between receptdrsand 2, but
the favorable enthalpy change upon binding. Recepénploys differences in solvation also predict the associated enthalpy
ammonium groups for this purpose, as they are known to be difference. We note that the free energy of transfer from an
effective binding epitope® However, the ammonium groups organic solvent to water is actually larger for a guanidinium
in 1 did not contribute to an overall enthalpy change, but instead group than an ammonium grodptHowever, this does not mean
their presence led to enhanced binding when comparedl to that the heat of hydration of a guanidinium group is larger than
due to an increase in favorable entropy. that of an ammonium group. In fact, recent studies show that
This observation may be explained by solvation consider- water is not well organized around guanidinium grogband
ations. We start with the assumption that the inherent flexibility therefore, it is postulated that the water does not sit in a deep
in 1 renders the ammonium groups exposed and well solvated.enthalpic well when solvating guanidinium groups. This finding
If ion pairs between the phosphate and ammonium groups offermeans there is likely a much smaller enthalpic attraction between
any electrostatic enthalpic advantage, it must be countered bywater and a guanidinium group relative to an ammonium group,
endothermic changes in the solvent structure. In other words,and that the higher hydrophilicity of a guanidinium group
the heats of solvation of the phosphate and ammonium groupsrelative to an ammonium group almost completely results from
separately, with their respective organized solvation spheres,entropy. This favorable entropy of hydration arises from the
must be nearly identical to the heats of interaction between ability of a guanidinium group to break the structure of bulk
ammoniums and phosphate in the complex and in the releasedvater, a well-known chaotropic propefyTherefore, we pos-
water. Upon binding phosphate, however, solvent molecules and/tulate that the more exothermic enthalpy of phosphate binding
or counterions would be released, leading to the favorable to 2 relative tol arises from a weaker enthalpic solvation of
entropy change observed. This favorable entropy change mustguanidinium groups ir2, allowing the enthalpic interactions
overcome any restriction of degrees of freedom upon organizing With phosphate to manifest themselves to a greater extent than
the structure ofl to phosphate binding. with 1. In other words, the heats of solvation of separate
In contrast, the guanidinium groups of recepcare likely guanidinium groups and phosphate are less favorable than the
less well solvated enthalpically than the ammonium groups of €lectrostatic attraction between the guanidinium-phosphate and
receptorl for several reasons. First, recepdis predicted to  the released water primarily because guanidiniums are not as
be more preorganized (see the earlier discussion) and, henceWell solvated enthalpically initially.
has a smaller cavity containing less waters of solvation. Second, This enthalpy argument further supports the discussion given
guanidinium groups in general are predicted to be less hydrated

(37) Radzucka, A.; Wolfenden, RBiochemistry1l988 27, 1664-1670.
(38) Mason, P. E.; Neilson, G. W.; Dempsey, C. E.; Barnes, A. C.; Cruickshank,

(35) Hauser, S. L.; Johanson, E. W.; Green, H. P.; Smith, ®rgdl. Lett.200Q J. M. Proc. Natl. Acad. Sci. U.S.£2003 100, 45570-45575.
2, 3575-3578. (39) Breslow, R.; Rizzo, C. J. Am. Chem. S0d991, 113 4340. Breslow, R.;
(36) Gale, P. ACoord. Chem. Re 2001, 213 79-128. Guo, T.Proc. Nat. Acad. Sci. U.S.A99Q 87, 167.
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above related to the increased favorable entropy for binding the anion. Yet, the cavity design appears to be more significant
with ammonium groups relative to guanidinium groups. Based in creating a high affinity and high selectivity complex. In
again upon the recent studies indicating an unorganized solvationaddition to the specific receptor design, the dominant entropy
sphere around a guanidinium grotipand upon the postulate  change in phosphatebinding further supports recent proposals
that guanidinium groups act as chaotropic agents by breakingthat solvation/desolvation processes can be an important design
the structure of bulk waté¥,we again postulate that the release criteria. The thermodynamic profile dfis quite similar to the
of water from a guanidinium group is not expected to impart accepted thermodynamic character of the “classical” hydropho-
as large an entropy advantage relative to the release of watetyjc effect, having a favorable entropy change. In contrast, the
involved in organized solvation spheres around ammonium phosphate complex formation was predominantly driven by
groups. . o . a favorable enthalpy change, reflecting the lower extent of
) The comparison 9f binding groups given above assumes thatg e organization around guanidinium groups relative to the
differences in solvat_lon of the_ bound and unbound for_m of each ammonium groups, and lower enthalpy of solvation of guani-
r_eceptor are nearly identical in all other respects. T_hls assump- i iim groups. It is clear that thermodynamic investigations
tion seems reasonable based on the thermodynamic data for th%re a powerful means by which complex formations in solution

.bmdmg of'phosphate to both control hoStand10. Thgy both can be characterized and thereby further our understanding of
interact with phosphate through the Cu(ll) center with a small -
fundamental binding forces.

enthalpy change and almost identical entropy changes. There-
fore, the differences in the thermodynamics of phosphate binding Acknowledgment. We would like to thank Dr. Paola Gomez-
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In summary, a specific design approach yielded two metallo-
y p gnapp y support.

receptors having high selectivity and high affinity for phosphate
in water at neutral pH. The binding energies of the hagtest
complexes were very similar; however, the subtle differences
in the binding were identified by further quantifying the
enthalpic and entropic contributions to the complex formation.
The Cu(ll) center was shown to be an effective binding site for JA030507K
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http://pubs.acs.org.
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