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Novel benzoic acid ligands with bulky amide groups at the ortho position, 2,6-(MeCONH)2C6H3CO2H (1) and 2,6-
(t-BuCONH)2C6H3CO2H (2), and their tris- and tetrakis(carboxylate) complexes with Ca(II) and Tb(III) ions, (NEt4)2-
[CaII{O2C-2,6-(t-BuCONH)2C6H3}4] (4), [Tb{O2C-2,6-(t-BuNHCO)2C6H3}3(H2O)3}] (5), and (NMe)4[Tb{O2C-2,6-(t-
BuNHCO)2C6H3}4(thf)] (6), were synthesized. The formation of the NH‚‚‚O hydrogen bonds between the amide
NH and carboxylate for 2, (NEt4){2,6-(t-BuCONH)2C6H3CO2} (3), and 4 was determined by 1H NMR spectroscopy
in solution and in the solid state (CRAMPS, IR). The ligand exchange reactions were attempted between 4 and a
large excess of 2,4,6- Me3C6H3CO2H in chloroform-d solution; however, exchange reaction did not take place,
indicating that the Ca(II) ions bound strongly to the carboxylate in 4. The Ca(II) ion binding properties with the
benzoate derivatives were also examined using Tb(III) ion as a fluorescence probe. These results indicate that the
NH‚‚‚O hydrogen bonding between the amide NH and the oxygen atom of the carboxylate contributes to strong
Ca(II) binding and prevents the dissociation of the calcium−carboxylate bond. The X-ray structural analyses of
these complexes revealed that the NH‚‚‚O hydrogen-bonded carboxylate ligands prefer the chelate-type coordination
and create a mononuclear {Ca(O2CR)4}2- or {Tb(O2CR)4}- core with anionic charge, which is known only in the
active site of calcium-binding proteins.

Introduction

Most calcium-mediated biochemical processes result from
the direct binding of the Ca(II) ion to specific and selective
sites on the calcium-binding proteins,1 such as troponin C,2-4

calmodulin,5,6 and parvalbumin.7-9 Crystal structure analyses
of these proteins reveal that the binding site has a charac-
teristic structural EF-hand motif consisting of a helix-loop-
helix region.10 A member of the EF-hand family of calcium-
binding proteins often relays a signal via a conformational
change to the rest of the ligating proteins, and such a process
of conformational change is still of recent interest.4,11-15 Ca-
(II)-binding sites often lie within loops and side chain groups
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of aspartates, glutamates, glutamines, the main chain amide
carbonyl, and water molecules. The mononuclear Ca(II) ion
coordinated with three or four carboxylates has been known
to give an anionic Ca(II) core, which has not been syntheti-
cally obtained. In addition, most of the coordinating car-
boxylate groups are involved in an Asx turn, where the side
chain at positionn is hydrogen-bonded with the main chain
NH of a residue at positionn + 2,3,16 as shown in Figure
1.17 The NH‚‚‚O hydrogen bonds in the active site of the
calcium-binding proteins have been hitherto proposed to
contribute to their structural stabilization.1 In the calcium-
binding proteins, a remarkable increase in the metal ion
binding has been observed.1 This is an important basic
condition for Ca-binding in many of these proteins.

We focus on the roles of the conserved NH‚‚‚O hydrogen
bonds to carboxylate groups in the active site and the
relationship with their binding properties. We have investi-
gated the functions of the NH‚‚‚X hydrogen bonds to the
coordinated atom as a model of the active site of the
metalloproteins. Our previous studies on NH‚‚‚S hydrogen
bonds in iron-sulfur proteins and in P-450 model complexes
have demonstrated that the intramolecular NH‚‚‚S hydrogen
bonds shift positively the redox potential of iron and protect
the Fe-S bond from dissociation because of the stabilization
of the anionic thiolate state by the NH‚‚‚S hydrogen
bonds.18-22 Such a stabilization of the ligand anion is also
expected by NH‚‚‚O hydrogen bonds in carboxylate coor-

dination. We have shown previously that some dicarboxylate
or poly(carboxylate) ligands connected with an amide group
bind strongly to the calcium ions.23-25 Thus, we are motivated
to clarify the effect of NH‚‚‚O hydrogen bonds in coordinat-
ing carboxylate ligands for the Ca(II) ion binding using
simplified hydrogen-bonded analogues.

We have prepared the benzoate ligands with bulky amide
substituents on theortho positions, 2,6-(MeCONH)2C6H3-
CO2H (1) and 2,6-(t-BuCONH)2C6H3CO2H (2), as shown
in Figure 2. These ligands are expected to have stable
intramolecular six-membered NH‚‚‚O hydrogen bonds and
also to prevent the formation of the polymeric complexation
with steric congestion. First, we investigated the formation
of intramolecular NH‚‚‚O hydrogen bonds in various ben-
zoate complexes in a chloroform solution by1H NMR
measurements. Second, we studied in detail the effect of the
NH‚‚‚O hydrogen bonds on the Ca(II) ion binding with the
carboxylate in a solution using Tb(III) ions as fluorescence
probes. Finally, we prepared single crystals of the series of
the Ca(II) and Tb(III)-benzoate complexes (NEt4)2[Ca{O2C-
2,6-(t-BuCONH)2C6H4}4] (4), [Tb{O2C-2,6-(t-BuNHCO)2-
C6H3}3(H2O)3}] (5), and (NMe)4[Tb{O2C-2,6-(t-BuNHCO)2-
C6H3}4(thf)] (6). The formations of the intramolecular
NH‚‚‚O hydrogen bonds in the solid state are analyzed by
crystal structures and IR and1H NMR CRAMPS (combined
rotation and multipulse spectroscopy) measurements. On the
basis of these results, we will present a chemical role of the
NH‚‚‚O hydrogen bonds to the carboxylate group and the
effect on the calcium-oxygen bonds.

Experimental Section

Materials. All solvents were distilled over appropriate drying
agents and degassed prior to use. All starting reagents were of
commercial grade. Syntheses of 2,6-(MeCONH)2C6H3CO2H (1),
2,6-(t-BuCONH)2C6H3CO2H (2), (NEt4){2,6-(t-BuCONH)2C6H3-
CO2} (3), 2-t-BuCONHC6H4SO3Na, and 4-t-BuCONHC6H4SO3-
Na were reported previously.26-28
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Figure 1. Calcium-binding site with four carboxylate goups in parvalbu-
min. Coordinating carboxylates are NH‚‚‚O hydrogen-bonded with main
chain NH groups within the Asx turn.

Figure 2. Intramolecularly NH‚‚‚O hydrogen-bonded benzoate ligands.
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(NEt4)2[Ca{O2C-2,6-(t-BuCONH)2C6H4}4] (4). To 5 mL of an
aqueous solution of Ca(OAc)2‚H2O (5.45 mg, 3.09× 10-2 mmol)
and (NEt4)(OAc)‚4H2O (16.3 mg, 6.24× 10-2 mmol) was added
an EtOH (10 mL) solution of 2,6-(t-BuCONH)2C6H4CO2H (50 mg,
1.56× 10-1 mmol). The mixed solution was evaporated, and the
residue was recrystallized from CH3CN/diethyl ether to give
colorless prismatic crystals. Yield: 35 mg (72%). Anal. Calcd for
C84H132N10O16Ca: C, 63.93; H, 8.43; N, 8.88. Found: C, 64.03;
H, 8.51; N, 8.51. ESI-MS [calcd (found)m/e]: (NEt4)[Ca{O2C-
2,6-(t-BuCONH)2C6H4}4]-, 1446.8 (1445.8).

[Tb{O2C-2,6-(t-BuNHCO)2C6H3}3(H2O)3}] (5). To Tb(OAc)3
(31 mg, 9.2× 10-5 mol) in 9.1 mL of ethanol solution was added
2,6-(t-BuCONH)2C6H3CO2H (88 mg, 2.8× 10-4 mol) in 5.5 mL
of acetonitrile. After evaporation of all solvents under reduced
pressure, the obtained residue was recrystallized from THF/diethyl
ether. Colorless prismatic crystals were obtained. Yield: 21 mg
(18%). Anal. Calcd for C51H69N6O12Tb‚H2O: C, 53.97; H, 6.30;
N, 7.40. Found: C, 54.26; H, 6.74; N, 7.41. ESI-MS [calcd (found)
m/e]: [Tb{O2C-2,6-(t-BuCONH)2C6H4}3] + Na+, 1139.4 (1140.7).

(NMe4)[Tb{O2C-2,6-(t-BuNHCO)2C6H3}4(thf)] (6). To 2,6-(t-
BuCONH)2C6H3CO2H (163.4 mg, 5.10× 10-4 mol) in 20 mL of
MeCN was added an EtOH solution (8.0 mL) of (NMe4)(OAc) (16.9
mg, 1.27× 10-4 mol) and Tb(OAc)3 (56.4 mg, 1.27× 10-4 mol).
The solution was refluxed for 12 h. After evaporation of all solvents
under reduced pressure, the obtained residue was recrystallized from
THF/diethyl ether. Colorless prismatic crystals were obtained.
Yield: 69 mg (31%). Anal. Calcd for C72H104N9O16Tb‚
(THF)1.5‚(H2O)3: C, 56.00; H, 7.35; N, 7.54. Found: C, 55.98; H,
7.33; N, 7.45. ESI-MS [calcd (found)m/e]: [Tb{O2C-2,6-(t-
BuCONH)2C6H4}4]-, 1435.6 (1435.7).

4-t-BuCONHC6H4COOH. To 4-aminobenzoic acid (5.0 g, 36
mmol) in 100 mL of THF solution was slowly added pivaloyl
chloride (4.4 g, 36 mmol) at 0°C. The solution was stirred for 1
h, and the 4% NaHCO3(aq) solution (100 mL) was added. THF
was removed under reduced pressure. After acidification to pH 1
by 10% HCl(aq) solution, the product was extracted with ethyl
acetate. The organic layer was dried over Na2SO4, and the solvent
was removed under reduced pressure. The residue was recrystallized
from hot MeOH. Yield: 3.0 g (38%). Anal. Calcd for C12H15NO3:
C, 65.14; H, 6.85; N, 6.33. Found: C, 64.91; H, 6.84; N, 6.39.1H
NMR (DMSO-d6): δ 12.6 (s, 1H), 9.43 (s, 1H), 7.87 (d, 2H), 7.88
(d, 2H), 1.25 (s, 9H).

Physical Measurements.1H NMR spectra were taken on JEOL
EX-270 and GSX-400 spectrometers using CDCl3 solution. Mass
spectrometric analyses were performed on a solution using a
FinniganMAT LCQ mass spectrometer and a JEOL LCMATE mass
spectrometer equipped with an ESI interface. Excitation and
emission spectra were measured by a Perkin-Elmer LS-50B
luminescence spectrophotometer. pKa and K measurements were
performed in 10 mM carboxylic acid compounds with 1 equiv of
Ca ion in aqueous solution at 25°C using potentiometric titration.
The saturated calomel glass electrode purchased from Metrohm was
calibrated with a 0.05 M KHC8H4O4 buffer (pH 4.01) and a 0.025
M KH2PO4/0.025 M Na2HPO4 buffer (pH 6.86).1H NMR CRAMPS
(combined rotation and multipulse spectroscopy) was recorded on
a Chemmagnetics CMX-300 and measured with a 4 mmæ pencil
rotor cell using a BR-24 multiple-pulse sequence.29 IR spectra were
recorded on a Jasco FT-IR 8300 spectrometer. Samples were
prepared as KBr pellets.

X-ray Structure Determination. The X-ray data for4 were
collected in 2.0° oscillations at 100 K on a Raxis RAPID instrument.
5 and 6 were collected in 2.0° oscillations at 200 K. Sweeps of
data for4 were done usingω oscillations from 130.0° to 190.0° at
φ ) 50.0° andø ) 45.0° and from 0.0° to 160.0° at φ ) 230.0°
andø ) 45.0°, for 5 from 130.0° to 190.0° at φ ) 0.0° andø )
45.0°, and for6 from 0.0° to 160.0° at φ ) 180.0° andø ) 45.0°.
The basic crystallographic parameters for4-6 are listed in Table
1. The structures were solved by the direct method and expanded
using Fourier techniques using teXsan crystallographic software30

and SHELXL-97.31 The following non-hydrogen atoms were refined
using isotropic displacement parameters: disordered methyl carbon
atoms in twot-Bu groups, atoms in a disordered ether molecule,
and atoms in a MeCN solvent molecule in4; disordered methyl
carbon atoms in onet-Bu group in5; disordered methyl carbon
atoms in twot-Bu groups, atoms in solvent THF molecules, and
carbon atoms in a coordinating THF molecule in6. Other non-
hydrogen atoms were refined with anisotropic displacement pa-
rameters. Hydrogen atoms except for those riding on H2O oxygen
atoms for5 and those of the solvent molecules for6 were placed
in idealized positions and refined isotropically to be constrained to
ride on their parent atom. The following restraints were used: for
4, the distances in the disordered diethyl ether were restrained by
SADI or DFIX, the bond lengths in the disordered MeCN were
restrained by SADI, and the thermal parameters of disordered atoms
in the ether were fixed to the corresponding atom by EADP; for5,
the disorderedt-Bu groups were restrained by SADI (C-CH3,
CH3---CH3) and SIMU and DELU (CH3); for 6, the weak reflections
gave the THF molecules an unreasonable structure during the
refinement, the molecules were restrained using DFIX and SADI,
and the thermal parameters in each THF molecule were restrained
by SIMU.
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Table 1. Crystallographic Data for4-6

4‚(CH3CN)(Et2O) 5‚(H2O)2(THF) 6‚(THF)3.5

empirical formula C92H148CaN12O17 C55H87N6O18Tb C90H140N9O20.5Tb
fw 1734.30 1279.23 1835.03
color colorless colorless colorless
cryst syst monoclinic monoclinic monoclinic
lattice params

a, Å 24.67(4) 18.464(2) 14.1181(4)
b, Å 18.26(3) 13.6955(14) 25.0087(7)
c, Å 22.58(3) 26.228(4) 27.8505(7)
R, deg 90 90 90
â, deg 104.58(5) 109.301(4) 100.188(1)
γ, deg 90 90 90

V, Å3 9843(26) 6259.7(14) 9678.3(5)
space group Cc (No. 9) P21/n (No. 14) P21/n (No. 14)
Z 4 4 4
Fcalcd, g cm-1 1.170 1.357 1.259
µ(Mo KR), cm-1 1.310 1.201 0.800
temp (K) 100 200 200
scan type ω ω ω
no. of collected reflns 48188 50382 77771
no. of unique reflns 20556 13038 21784
no. of obsd data

(I > 2σ(I))
7744 7867 10274

no. of variables 1091 749 1029
GOF 1.000 0.0989 1.000
R1a 0.056 0.064 0.063
wR2b 0.083 0.158 0.111

a R1 ) ∑||Fo| - |Fc||/∑|Fo| [I > 2σ(I)]. b wR2 ) [∑w(Fo
2 - Fc

2)2/
∑w(Fo

2)2]1/2.
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Results and Discussion

Synthesis of the Ca(II) Complex.Synthesis of the Ca-
(II) complex with the bulky amidated benzoate ligand was
examined by the ligand exchange reaction in MeOH/water
as shown in Scheme 1. The formation of the Ca-carboxylate
complex was detected by ESI-MS. The measurement was
performed with a mixed solution of Ca(OAc)2 (5 mM), 2
equiv of Et4NOAc (10 mM), and 4 equiv of 2,6-(t-
BuCONH)2C6H3CO2H ()ArCO2H) in MeOH/water (4:1,
v/v) in negative ion mode. We found fragments originating
from the mononuclear Ca(II) complex, [Ca(O2CAr)3]- and
(NEt4)[Ca(O2CAr)4]- (Figure 3a). The observed species does
not change with increasing ratio of [ArCO2-] to [Ca2+] up
to 6 equiv. Thus, only the mononuclear tetrakis(carboxylato)
complex is present, while, in a similar ESI-MS experiment
using a mixture with non-hydrogen-bondedortho-substituted
benzoic acid, 2,4,6-Me3C6H2CO2H (Ar′CO2H), we observe
fragments assigned to both mononuclear and binuclear Ca-

(II) complexes (Figure 3b). The benzoate ligand with bulky
amide groups on theortho position preferentially forms a
mononuclear Ca(II) core.

1H NMR Spectroscopy in Solution.The formation of the
NH‚‚‚O hydrogen bonds in the solution state was determined
by the1H NMR measurement in a 10 mM CDCl3 solution
(Figure 4). The amide NH chemical shift for2-4 appears
at 10.2, 13.5 and 12.7 ppm, respectively. In the carboxylic
acid state, the amideν(NH) stretching band for2 is present
at 3444 cm-1, indicating that NH‚‚‚O hydrogen bonds are
not formed. The NH signal for carboxylate anion3 shifts
largely downfield (+3.3 ppm), while that for Ca(II) complex
4 shows less shift (+2.5 ppm). The results indicate that, in
the formation of the NH‚‚‚O hydrogen bond in these ligands,
however, the hydrogen bonding in the Ca(II) complex is a
little weaker than that in the carboxylate anion.

Ligand Exchange Reaction Detected by1H NMR
Spectroscopy. To evaluate the effect of the NH‚‚‚O hydro-
gen bonds on the calcium-carboxylate bond, we examined
the ligand exchange reaction between the NH‚‚‚O hydrogen-
bonded calcium complex. The reaction was determined by
1H NMR utilizing the amide NH chemical shift as a probe.
The NH chemical shifts provide information for the elec-
tronic state of a carboxyl group, COOH, COO-, and COO-
Ca. We have performed the ligand exchange reaction
between the NH‚‚‚O hydrogen-bonded calcium complex,4,
and 40 equiv of the non-hydrogen-bonded benzoate ligand
2,4,6-trimethylbenzoic acid. The results are shown in Figure
4d. In the absence of 2,4,6-trimethylbenzoic acid, the amide

Figure 3. ESI-MS spectra of the mixed solution of (a) (NEt4)[Ca(OAc)4]
and 4 equiv of 2,6-(t-BuCONH)2C6H3CO2H (2) and (b) (NEt4)[Ca(OAc)4]
and 4 equiv of 2,4,6-Me3C6H2CO2H (negative mode).

Scheme 1
Figure 4. 1H NMR spectra of (a) 2,6-(t-BuCONH)2C6H3CO2H (2),
(b) (NEt4){2,6-(t-BuCONH)2C6H3CO2}, (c) (NEt4)2[Ca{O2C-2,6-(t-Bu-
CONH)2C6H3}4] (2), and (d) (NEt4)2[Ca{O2C-2,6-(t-BuCONH)2C6H3}4] +
40 equiv of 2,4,6-Me3C6H2CO2H in CDCl3 (5 mM).
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NH chemical shift for4 appears at 12.7 ppm. When the
amide-containing ligand dissociates as a carboxylic acid state,
we can observe the upfield-shifted NH around 10.2 ppm,
while, with the addition of the excess 2,4,6-trimethylbenzoic
acid, the NH signal still appears at 12.3 ppm. Thus, the amide
ligands are in the carboxylate anion and coordinate to the
Ca(II) ion. The ligand exchange reaction reveals that the
calcium-carboxylate bond with the NH‚‚‚O hydrogen-
bonded ligand is prevented from dissociation more strongly
than that with the NH‚‚‚O non-hydrogen-bonded ligand.

Tb(III) Fluorescence Measurements in Aqueous Solu-
tion. The application of lanthanide ions such as Eu and Tb
as a luminescence probe for Ca-binding proteins is well
documented.32,33 The metal ions that are native to metal-
loenzymes, for example, Ca, Mg, and Zn ions, are spectro-
scopically inactive. The substitution of trivalent lanthanides
for those ions has been utilized in the elucidation of metal
binding properties. The excitation and emission spectra of
Tb(III) complexes with 2,6-(MeCONH)2C6H3CO2H (1),
4-NCC6H4CO2H, C6H5CO2H, and Tb(III) ion without ligand
are shown in Figure 5. The highest emission peak at 545
nm corresponds to the5D4 f 7F6 transition of the Tb(III)
ion. In the absence of the ligands, the Tb(III) ion exists as
an aquo complex, [Tb(OH2)n]3+, with nine water molecules
(n ) 9) bound to the inner coordination sphere.34 These
coordinated water molecules serve as efficient quenchers of
the intrinsic Tb(III) luminescence, and consequently, the
emissive intensity of an aqueous terbium solution is normally
very weak (Figure 5c). The OH stretching mode of the
coordinated H2O is effective at quenching the terbium5D4

excited state via nonradiative energy transfer. Thus, once
the ligating groups occupy a specific coordination site on
the Tb(III) ion, the luminescence intensity of the Tb(III) ion
can be increased.35 As shown in Figure 5, the emission
intensities in hydrogen-bonded ligands are greatly in-
creased: 2,6-(MeCONH)2C6H3CO2H (1) (400)> C6H5CO2H
(50) > Tb(III) ion alone (15). The fluorescence intensities
plotted against the ratio of1 to the Tb(III) ion are shown in

Figure 6. The intensities reach a limiting value at a ratio of
6 and remain constant up to a ratio of 10 without exhibiting
any turbidity in the solution.

The increase of the fluorescence intensity upon the
complex formation between the ligands and the Tb(III) ion
may be due to two factors: (1) the discharge of the inner
coordinated water molecules to Tb(III) upon the complex
formation and (2) the energy transfer from the ligand to Tb-
(III). Horrocks and Sudnick have developed a quantitative
method by which the number of coordinated water molecules
to the Tb(III) ion can be determined on the basis of a
deuterium isotope effect.35 As mentioned above, water is a
quencher of the intrinsic Tb(III) fluorescence through dis-
sipation of the excitation energy by way of the OH manifold.
Deuterated water has a greater reduced mass of the OD
manifold. Hence, the number of coordinated water molecules
is directly related to the difference in the emission lifetime
as given in following equation: number of coordinated water
molecules) q{τ-1

H2O - τ-1
D2O} (2), whereq ) 4.2 ms-1

for Tb(III) and τ is the observed lifetime of the complex in
H2O or D2O. Typical semilogarithmic plots of the experi-
mental decay of the fluorescence intensity of the Tb(III)
complexes with hydrogen-bonded benzoate (1) and benzoate
are shown in Figure 7. The method of Horrocks was used to
determine the number of water molecules bound to Tb(III),
and the results are summarized in Table 2. The lifetime
measurements correlate with the intensity data showing an
average of 5.4 waters bound to Tb(III) in1. These results
indicate that since nine water molecules are coordinated to
the Tb(III) ion in aqueous solution, about four coordinated
water molecules are replaced with1, while benzoate ligand
replaced less (about one coordinated water molecule). Thus,

(32) Sowadski, J.; Cronick, G.; Kretsinger, R. H.J. Mol. Biol. 1978, 124,
123-132.

(33) Niebour, E.Structure. Bonding1975, 22, 1.
(34) Chattergee, A.; Maslen, E. N.; Watson, K. J.Acta Crystallogr.1988,

B44.
(35) Horrocks, W. D., Jr.; Sudnick, D. R.Acc. Chem. Res.1981, 14, 384-

392.

Figure 5. Luminescence excitation (em) 545 nm) and emission (excited
at maximum spectra for Tb3+-ligand (1:1) complexes in water ([Tb3+] )
[ligand] ) 5 mM). Ligands are (a) 2,6-(MeCONH)2C6H3CO2H (1) and (b)
C6H5CO2H. (c) is for the comcpound without ligands. The spectra were
taken in phosphorescence mode with a 0.05 ms delay.

Figure 6. (a) Fluorescence spectra of Tb(III) ions with the addition of1
([Tb3+] ) 5 mM) and (b)a plot of the fluorescence intensity at 545 nm and
the ligand:Tb3+ ratio.
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a hydrogen-bonded benzoate ligand binds stronger to Tb-
(III) than the benzoate and increases the Tb(III) fluorescence.

Energy transfer in the amide-containing benzoate ligand
is also involved in the increasing fluorescence.1 has a strong
absorption at 340 nm, and the fluorescence emission is
exhibited at 390 nm when1 is excited at 340 nm as shown
in Figure 8. With the addition of the Tb(III) ion (1:1 ratio
of the ligand to Tb(III)) into the aqueous ligand solution,
the fluorescence emission intensity of the ligand at 390 nm
was decreased from 750 to 500, and simultaneously the
characteristic emission of Tb(III) appeared at 490 and 545
nm (intensity∼100). In the case of benzoate ligand, the
fluorescence emission at 370 nm was decreased only from
46 to 44, and the characteristic emission of Tb(III) at 545
nm appeared, but the intensity was only around 10 (Figure
9). These results suggest that the ligand to Tb(III) energy

transfer in1 is much larger than that of benzoate. The degree
of energy transfer depends on the amount of overlap of the
emission peak of the ligands (as an energy donor) on the
absorption spectrum of Tb(III) ion. However, at present, we
are not able to determine how much this energy transfer
contributes to the increase in the fluorescence intensity for
the Tb(III) and hydrogen-bonded benzoate complex.

To elucidate the effect of similar NH‚‚‚O hydrogen bonds
with the sulfonate ligands, such as 2-t-BuCONHC6H4SO3-
Na, 4-t-BuCONHC6H4SO3Na, and 4-MeC6H4SO3Na, we also
measured the fluorescence lifetime of the Tb(III) ion with
these sulfonate compounds. The numbers of coordinated
water molecules calculated on Tb(III) with these sulfonates
are cited in Table 2. These results indicate that the water
molecules coordinated on Tb(III) are not expelled with these
sulfonates and agree with our previous observation that the
hydrogen bonding between the amide NH and sulfonate
oxygen is weak due to the delocalization of the anion charge
on the-SO3

- groups.28 Thus, the hydrogen bonding between
the amide NH and-SO3

- groups has little effect on the
Ca(II) ion binding properties.

Measurements of Formation Constants of the Benzoic
Acid Derivatives. We have measured the pKa values of the
benzoic acid compounds with the amide groups both in
aqueous solution and in the aqueous micellar solution.27 The
pKa value of water-insoluble carboxylic acid is obtainable
in aqueous micellar solution due to the fast proton trans-
fer.36,37 The NH‚‚‚O hydrogen bond works in hydrophobic
environments, such as neutral micelles. Our previous results
have indicated the NH‚‚‚O hydrogen bond formation in1
and2 lowers the pKa value of the carboxyl groups.27

The formation constants,K, with Ca(II) ion were deter-
mined using a potentiometric titration. We determined the
K values of various carboxylic acid ligands for reference.
The results are listed in Table 3. TheK values clearly indicate
that the formation constants increase when the pKa values
are lower. Thus, a lower shift of the pKa value in NH‚‚‚O
hydrogen-bonded ligands contributes to the higher binding
ability to the Ca ion.

The increased acidity of carboxylic acid by the NH‚‚‚O
hydrogen bonds can contribute to strong binding to a Ca(II)

(36) Cui, Q.; Karplus, M.J. Am. Chem. Soc.2002, 124, 3093-3124.
(37) Pina, F.; Melo, M. J.; Alves, S.; Ballardini, R.; Maestri, M.; Passaniti,

P. New J. Chem.2001, 25, 747-752.

Figure 7. Lifetime measurement of Tb(III) fluorescence at 545 nm with
the addition of 3 equiv of (a) 2,6-(MeCONH)2C6H3CO2

- and (b) C6H5CO2
-

(concentration of Tb(III) ion 5 mM, excited at (a) 344 nm (max) and (b)
295 nm (max)).

Table 2. Summary of Lifetime Measurements

liganda solvent
obsd rate

constant (ms-1)
no. of coordinated
water moleculesb

2,6-(MeCONH)2C6H3CO 2
- D2O 1.23 5.4

H2O 2.52
C6H5CO2

- D2O 0.45 6.6
H2O 2.02

2-(t-BuCONH)C6H4SO3
- D2O 3.84 9.8

H2O 1.50
4-(t-BuCONH)C6H4SO3

- D2O 0.68 9.1
H2O 2.85

2-Me-C6H4SO3
- D2O 0.48 8.6

H2O 2.53

a The concentrations of the ligand and TbCl3‚6H2O were 15 and 5 mM,
respectively.λex was at the maximum, andλem ) 545 nm.b The constant
of proportionality used was 4.2 ms-1.

Figure 8. Fluorescence excitation (em) 370 nm) and emission (ex)
287 nm) spectra of (a) C6H5CO2H (1) in the absence and (b) in the presence
of Tb(III). The spectra were taken in the fluorescence mode.

Figure 9. Fluorescence excitation (em) 390 nm) and emission (ex)
338 nm) spectra of (a) 2,6-(MeCONH)2C6H3CO2H (1) in the absence and
(b) in the presence of Tb(III). The spectra were taken in the fluorescence
mode.
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ion. In general, the stability constantK between Ca(II) ion
and carboxylate anion is defined by eq 1.

However, when a Ca2+ ion reacts with the acid and forms
the complex Ca(ArCO2)+, the complex formation constant,
KHL, can be defined as shown in eqs 2 and 3.

Thus, the complex formation constant,KHL, can be dependent
on both logK and pKa values. The pKa, log K, and calculated
log KHL values were reported for various carboxylate
ligands.38 The change of the pKa values was found to be
larger than that of the logK values of carboxylic acids, and
theKHL values are more sensitive to the pKa values than the
log K values. The benzoic acids having intramolecular
hydrogen bonds with carboxylates, such as 2,6-di(hydroxyl)-
benzoic acid and salicylic acid, have smaller pKa values and
larger logKHL for binding with a Ca(II) ion.39 Thus, we can
also predict according to eq 3 that ligand2 having lower a
pKa value forms stronger binding with a Ca(II) ion than those
of the non-hydrogen-bonded benzoic acids.

X-ray Structures. The crystal structure of4 is shown in
Figure 10, and the selected bond distances and bond angles
are listed in Table 4. Tetrakis(carboxylato) complex4 has a
mononuclear calcium core. Each ligand coordinates in a
bidentate bridging (η2) fashion. The Ca(II) center is eight-
coordinate with dodecahedral geometry. There have been two
examples of the mononuclear calcium core with a tetrakis-
(carboxylato) chelating ligand. However, some of the car-
boxylate ligands in previous reports coordinate inµ1 andµ2

fashions to a neighboring Ca(II) ion.40,41 Ca(II) complex4
is the first homoleptic mononuclear one with-2 charge,

which can only be found in the Ca(II) center of calcium-
binding proteins.

In the tetrakis complex, both amide NH groups are directed
to the oxygen atoms of the carboxylate with short N‚‚‚O
distances. Usually the CO2(carboxylate) plane and phenyl
ring lie perpendicular each other when bulky groups are
introduced in theorthoposition.42-48 The angle between the
two planes is 17.2° (av) in 4. Thus, the formation of double

(38) Martell, A. E.; Smith, R. M.Critical Stability Constants; Plenum
Press: New York, 1974; Vol. 2.

(39) Eberson, L. InThe chemistry of carboxylic acids and esters; Patai,
S., Ed.; John Wiley and Sons: London, 1969; pp 211-293.

(40) Schauer, C. K.; Anderson, O. P.J. Am. Chem. Soc.1987, 109, 3646-
3456.

(41) Schauer, C. K.; Anderson, O. P.J. Chem. Soc., Dalton Trans.1989,
185-191.

(42) Lee, D.; Lippard, S. J.J. Am. Chem. Soc.2001, 123.
(43) Lee, D.; Sorace, L.; Caneschi, A.; Lippard, S. J.Inorg. Chem.2001,

40, 6774-6781.
(44) Lee, D.; Hung, P.-L.; Spingler, B.; Lippard, S. J.Inorg. Chem.2002,

41, 521-531.
(45) Hagadorn, J. R.; Que, L., Jr.; Tolman, W. B.J. Am. Chem. Soc.1998,

120, 1353113532.
(46) Hagadorn, J. R.; Que, L., Jr.; Tolman, W. B.Inorg. Chem.2000, 39,

6086-6090.
(47) Anca, R.; Martinez-Carrera, S.; Garcia-Branco, S.Acta Crystallogr.

1967, 23, 1010.
(48) Kolotuchin, S. V.; Thiessen, P. A.; Fenlon, E. E.; Wilson, S. R.;

Loweth, C. J.; Zimmerman, S. C.ChemistrysEur. J.1999, 5, 2537-
2347.

Table 3. Summary of pKa andK Values of Carboxylic Acid Ligands

log Ka pKa
a log Ka pKa

a

2,6-(MeCONH)2C6H3CO2H 2.5 3.4 C6F5COOH 2.8 1.8
C6H5COOH 2.2 3.9 2,6-F2C6H3CO2H 3.8 2.1
CH3COOH 2.2 4.5 3,5-F2C6H3CO2H 1.7 3.2

a K and pKa values are measured at 25°C (ionic strength 0.01).

Ca2+ + ArCO2
- f Ca(ArCO2)

+

K ) [Ca(ArCO2)
+]/[Ca2+][ArCO2

-] (1)

Ca2+ + ArCO2H f Ca(ArCO2)
+ + H+

KHL ) [Ca(ArCO2)
+][H+]/[Ca2+][ArCO2H]

) {[Ca(ArCO2)
+]/[Ca2+][ArCO2

-]}{[H+][ArCO2
-]/

[ArCO2H]}

) KKa (2)

log KHL ) log K - pKa (3)

Figure 10. (a) Anion and (b) ligand structures of (NEt4)2[Ca{O2C-2,6-
(t-BuCONH)2C6H4}4] (4).

Table 4. Selected Bond Distances (Å) and Bond Angles (deg) for4

Bond Distances
Ca(1)-O(1) 2.488(4) Ca(1)-O(2) 2.434(4)
Ca(1)-O(3) 2.395(4) Ca(1)-O(4) 2.542(4)
Ca(1)-O(5) 2.512(4) Ca(1)-O(6) 2.443(4)
Ca(1)-O(7) 2.436(4) Ca(1)-O(8) 2.484(4)
N(1)‚‚‚O(1) 2.591(4) N(2)‚‚‚O(2) 2.583(5)
N(3)‚‚‚O(3) 2.561(5) N(4)‚‚‚O(4) 2.586(5)
N(5)‚‚‚O(5) 2.600(6) N(6)‚‚‚O(6) 2.600(4)
N(7)‚‚‚O(7) 2.576(4) N(8)‚‚‚O(8) 2.590(5)

Bond Angles
Ca(1)-O(1)-C(1) 91.9(3) Ca(1)-O(2)-C(1) 94.1(3)
Ca(1)-O(3)-C(2) 97.1(2) Ca(1)-O(4)-C(2) 89.9(3)
Ca(1)-O(5)-C(3) 90.7(3) Ca(1)-O(6)-C(3) 94.3(3)
Ca(1)-O(7)-C(4) 93.2(3) Ca(1)-O(8)-C(4) 90.6(2)
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intraligand NH‚‚‚O hydrogen bonds is thought to enforce
the CO2 plane to be almost coplanar with the phenyl plane.

Figure 11 shows the crystal structures of the Tb(III)
complexes [Tb{O2C-2,6-(t-BuNHCO)2C6H3}2(H2O)3]] (5)
and (NMe)4[Tb{O2C-2,6-(t-BuNHCO)2C6H3}4(thf)] (6). Se-
lected bond distances and angles of5 and 6 are listed in
Tables 5 and 6, respectively.5 has a mononuclear Tb(III)
core coordinated with three carboxylate ligands in a bidentate
chelate fashion (η2) and three water oxygen atoms. The nine-
coordination sphere gives a distorted tricapped trigonal prism.
The two coordinated water oxygen atoms were OH‚‚‚OdC
hydrogen-bonded with amide carbonyl groups of neighboring
units. 6 also has a mononuclear Tb(III) core with tetrakis-
(carboxylate) coordination with a THF oxygen. The distances

between amide N and carboxylate O atoms (2.543-2.639
Å) are within the hydrogen-bonding distance, and the amide
NH protons exactly direct the carboxylate groups forward
in both 5 and6.

The binding mode of the carboxylate groups in the
complexation with metal ions can be classified by three types
(Chart 1).49-51 The first one is thesyn-type coordination in
which the M-O-C angle is nearly 120° in a clockwise
direction. The second is the chelate type (η2) in which the
two oxygen atoms of the carboxylate coordinate to metal
ions. The third is theanti-type coordination in which the
M-O-C angle is nearly 240°. The anti-type coordination
is frequently observed in polynuclear complexes, while our
benzoate ligand with two strategically oriented bulky amide
groups in theorthoposition gives chelate-type coordination,
which is basically important for a mononuclear structure as
found in 4-6. The NH‚‚‚O hydrogen bonds to carboxylate
groups presumably interact with the lone pair on the
coordinating oxygen atoms and prohibit theanti-mode
coordination.

Intramolecular Hydrogen Bonds in the Solid State.1H
NMR spectroscopy (CRAMPS) is available to detect each
proton under different circumstances in the solid state,52 and
we obtained spectra to confirm the formation of the NH‚‚‚O
hydrogen bonds. CRAMPS spectra of 2,6-(t-BuCONH)2-
C6H3CO2H (2), (NEt4)2[Ca{O2C-2,6-(t-BuCONH)2C6H3}4]
(4), and (NEt4){2,6-(t-BuCONH)2C6H3CO2} (3) are shown
in Figure 12. The amide NH signals for2 appear at 10.2
and 12.5 ppm, and that for3 appears at 14.7 ppm, which
shifted to lower magnetic field than that of the non-hydrogen-
bonded NH groups for2. The amide NH signal for4 appears

(49) Carrell, C. J.; Carrell, H. L.; Erlebacher, J.; Glusker, J. P.J. Am. Chem.
Soc.1988, 110, 8651-8656.

(50) Einspahr, H.; Bugg, C. E.Acta Crystallogr.1981, B37, 1044-1052.
(51) Einspahr, H.; Bugg, C. E.Metal Ions in Biological System; Dekker:

Basel, Switzerland, 1984; Vol. 17.
(52) Shoji, A.; Kumura, H.; Ozaki, T.; Sugsawa, H.; Deguchi, K.J. Am.

Chem. Soc.1996, 118, 7604-7607.

Figure 11. Molecular structure of (a)[Tb{O2C-2,6-(t-BuNHCO)2C6H3}3‚
(H2O)3}] (5) and (b) (NMe)4[Tb{O2C-2,6-(t-BuNHCO)2C6H3}4(thf)] (6).
Carbon atoms of the THF molecule were omitted for clarity.

Table 5. Selected Bond Distances (Å) and Bond Angles (deg) for5

Bond Distances
Tb(1)-O(8) 2.426(4) Tb(1)-O(9) 2.379(4)
Tb(1)-O(10) 2.404(4) Tb(1)-O(11) 2.432(4)
Tb(1)-O(12) 2.460(4) Tb(1)-O(21) 2.378(4)
Tb(1)-O(22) 2.496(4) Tb(1)-O(31) 2.495(4)
Tb(1)-O(32) 2.432(4)
N(1)‚‚‚O(11) 2.577(6) N(2)‚‚‚O(21) 2.543(6)
N(3)‚‚‚O(32) 2.543(7) N(4)‚‚‚O(12) 2.584(7)
N(5)‚‚‚O(22) 2.621(5) N(6)‚‚‚O(31) 2.588(7)

Bond Angles
Tb(1)-O(11)-C(1) 96.0(4) Tb(1)-O(12)-C(1) 94.6(4)
Tb(1)-O(21)-C(2) 96.8(3) Tb(1)-O(22)-C(2) 92.6(3)
Tb(1)-O(31)-C(3) 93.0(4) Tb(1)-O(32)-C(3) 95.7(4)

Table 6. Selected Bond Distances (Å), Bond Angles (deg), and
Torsion Angles (deg) for6

Bond Distances
Tb(1)-O(11) 2.453(3) Tb(1)-O(12) 2.384(3)
Tb(1)-O(21) 2.380(3) Tb(1)-O(22) 2.488(3)
Tb(1)-O(31) 2.464(3) Tb(1)-O(32) 2.395(3)
Tb(1)-O(41) 2.413(3) Tb(1)-O(42) 2.479(3)
Tb(1)-O(201) 2.451(3)
N(1)‚‚‚O(11) 2.639(5) N(2)‚‚‚O(21) 2.547(5)
N(3)‚‚‚O(31) 2.591(5) N(4)‚‚‚O(41) 2.569(5)
N(5)‚‚‚O(12) 2.579(5) N(6)‚‚‚O(22) 2.605(5)
N(7)‚‚‚O(32) 2.566(5) N(8)‚‚‚O(42) 2.573(5)

Bond Angles
Tb(1)-O(11)-C(1) 91.9(3) Tb(1)-O(12)-C(1) 96.0(3)
Tb(1)-O(21)-C(2) 97.2(3) Tb(1)-O(22)-C(2) 92.0(3)
Tb(1)-O(31)-C(3) 92.2(3) Tb(1)-O(32)-C(3) 96.0(3)
Tb(1)-O(41)-C(4) 97.0(3) Tb(1)-O(42)-C(4) 93.8(3)

Chart 1. Three Typical Modes in Carboxylate-Metal Bindings
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at 12.3 ppm. Thus, the NH‚‚‚O hydrogen bonds formed in
the calcium complex are weaker than that in the carboxylate
anion3.

Such NH‚‚‚O hydrogen bonds are also determined by IR
spectroscopy in the solid state, as shown in Table 7.
Assignments of amideν(NH) bands are confirmed by using
ν(ND) bands with deuterium exchange. The NH band for
carboxylic acid 2 appears at 3407 cm-1, indicating the
absence of the NH‚‚‚O hydrogen bond formation. The large
low-wavenumber shift of the NH band for carboxylate3
(3024 cm-1) is due to the strong hydrogen bonding. The
slightly shifted NH bands for Ca(II) and Tb(III) complexes
correspond to the existence of the weaker NH‚‚‚O hydrogen
bonds, which is revealed by1H NMR spectroscopy.

Biological Relevance.In the calcium-binding sites of
proteins, there is often found mononuclear tetrakis- or tris-

(carboxylato) Ca(II) cores with anionic charge.1 We have
attempted to synthesize the tetrakis(carboxylato) complex
with bulky benzoate ligands, 2,4,6-Me3C6H2CO2H; however,
only the bis(carboxylato) complex is produced. Our doubly
amidated benzoate ligand2 gives mononuclear tetrakis-
(carboxylato) complex4, which is the first example of a
mononuclear Ca(II) complex. Tb(III) ion has an ionic radius
similar to that of the Ca(II) ion, and we have isolated
mononuclear tris- and tetrakis(carboxylato)-Tb(III) com-
plexes with bulky amide ligands. The amide-containing
ligand can prohibit theanti-type coordination and induce
chelate-type coordination, which induces a mononuclear core.
The negatively charged Ca(II) core in the calcium-binding
proteins is thought to be stabilized by the NH‚‚‚O hydrogen
bonds to the coordinating carboxylate groups.

We have shown that the NH‚‚‚O hydrogen-bonded ben-
zoate ligands can bind strongly to Ca(II) or Tb(III) ions in
both hydrophobic and hydrophilic conditions. This is because
the hydrogen-bonded ligands give a lower pKa value and
the stability constantKHL becomes higher according to eq
3. Calcium-binding proteins have coordinating carboxylate
groups to the Ca(II) ion, and they are NH‚‚‚O hydrogen-
bonded with the main chain amide NH groups. These binding
proteins have extensively smallKd values; thus, they bind
strongly to Ca(II) ions. Our hydrogen-bonded functional
analogues clearly indicate that the NH‚‚‚O hydrogen bonds
to coordinating carboxylate groups are quite important for
the stabilization of Ca-O bonds in calcium-binding proteins.

Conclusions

Strong intramolecular NH‚‚‚O hydrogen bonds form
between amide groups such as MeCONH andt-BuCONH
substituted on theortho positions of benzoate and the
carboxylate in solution and in the solid state. Such intra-
molecular hydrogen bonds contribute to the formation of
strong Ca(II) and Tb(III) complexes with carboxylates and
prevent the dissociation of the calcium-carboxylate and
terbium-carboxylate bonds. The crystallographic studies
show that our amide-containing ligands prohibitanti-type
coordination of carboxylate groups and create novel mono-
nuclear Ca(II) and Tb(III) cores which are negatively
charged. Our hydrogen-bonded functional analogues clearly
indicate that the NH‚‚‚O hydrogen bonds to coordinating
carboxylate groups are one of the important factors for
calcium ion management and regulation of coordination
geometry in calcium-binding proteins.
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Figure 12. 1H NMR CRAMPS spectra of (a) 2,6-(t-BuCONH)2C6H3CO2H
(2), (b) (NEt4)2[Ca{O2C-2,6-(t-BuCONH)2C6H3}4] (4), and (c) (NEt4){2,6-
(t-BuCONH)2C6H3CO2} (3) in the solid state.

Table 7. ν(NH) andν(ND) IR Bands (cm-1) of 2-6

ν(NH) ν(ND)

2,6-(t-BuCONH)2C6H3CO2H (2) 3407 2466
(NEt4){2,6-(t-BuCONH)2C6H3CO2} (3) 3024 2209
(NEt4)2[Ca{O2C-2,6-(t-BuCONH)2C6H4}4] (4) 3230 2364
[Tb{O2C-2,6-(t-BuNHCO)2C6H3}3‚(H2O)3}] (5) 3254 2385
(NMe4)[Tb{O2C-2,6-(t-BuNHCO)2C6H3}4(thf)] (6) 3252 2375
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