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ABSTRACT: New tetra-iron(III) (K4[1]·25H2O·(CH3)2CO
and K3[2]·3H2O·(OH)) and di-copper(II) (Na3[3]·5H2O)
complexes as carbohydrate binding models have been
synthesized and fully characterized used several techniques
including single crystal X-ray crystallography. Whereas K4[1]·
25H2O·(CH3)2CO and Na3[3]·5H2O are completely water-
soluble, K3[2]·3H2O·(OH) is less soluble in all common
solvents including water. The binding of substrates, such as D-
mannose, D-glucose, D-xylose, and xylitol with the water-
soluble complexes in different reaction conditions were
investigated. In aqueous alkaline media, complexes K4[1]·
25H2O·(CH3)2CO and Na3[3]·5H2O showed coordination
ability toward the applied substrates. Even in the presence of
stoichiometric excess of the substrates, the complexes form only 1:1 (complex/substrate) molar ratio species in solution.
Apparent binding constants, pKapp, values between the complexes and the substrates were determined and specific mode of
substrate binding is proposed. The pKapp values showed that D-mannose coordinates strongest to K4[1]·25H2O·(CH3)2CO and
Na3[3]·5H2O. Syntheses, characterizations and detailed substrate binding study using spectroscopic techniques and single crystal
X-ray diffraction are reported.

■ INTRODUCTION
Carbohydrates play several roles in biological functions.
Recently, considerable effort has been directed toward
understanding carbohydrate recognition, by synthetic receptors,
in relation to the important roles that carbohydrates play in
biological processes.1,2 One such recognition which is being
investigated with ever increasing interest involves metal ions
and carbohydrates interaction.3−10 This particular interaction
has important implications in a variety of biological systems
such as support in membrane systems, cell−cell adhesion,11,12
intercellular recognition, signal transduction, fertilization, and
as targets of bacterial or viral infections of cells.1,2,13 Although
understanding the metal ion carbohydrate coordination
chemistry is of fundamental importance to these systems,
structural and functional investigations of carbohydrate metal
complexes has been limited to complexes derived from amino
sugars.14−16 Besides to the biological relevance, carbohydrate
interaction with metal ions has also been a subject of intense
research in the field of enantioselective catalysis of organic
reactions.17−24

To understand the carbohydrate metal ion interactions in
biological processes, several synthetic complexes have been
prepared and reported in the literature as structural and
functional models.25−28 It has also been elucidated that
carboxylate-bridged divalent dinuclear complexes with Mg2+,29

Mn2+,30 Co2+,31−34 Ni2+,35 and Zn2+31,36,37 are involved in many

enzymatic nonredox active processes. However, unlike the case
with various other metalloenzymes, the study of metal-
loenzymes involved with carbohydrates using synthetic models
is largely unexplored. In the past several years, few research
groups have contributed to the understanding of carbohydrate-
transition metal ion interactions in chemistry and biol-
ogy.12,14−16,24,38−41 For example, synthetic strategies have
been developed for VO2+,14 Cr3+,14,41 Mn2+,14 Fe3+,28,42,43

Co2+,31 Ni2+,40 Cu2+,4,7−10 Zn2+,3,31 and MoO2
2+ carbohydrate

complexes.40 Furthermore, the biologically relevant aspects of
carbohydrate complexes of Fe3+,42,44−47 Cr3+,41 VO2+,48,49 and
Zn2+,31,50 have also been studied.
The focus of this paper is on the interaction of

monosaccharides with new iron(III) and reported copper(II)
complexes of a carboxylate rich dinucleating ligand, N,N′-Bis[2-
carboxybenzomethyl]-N,N′-Bis[carboxymethyl]-1,3-diamino-
propan-2-ol (H5ccdp), Scheme 1, in alkaline aqueous
solutions.51 The synthesis of our H5ccdp ligand and its
derivatives under various reaction conditions is reported
elsewhere.31,51−54 Presently, we report the synthesis and
characterization of new tetra-iron(III) complexes (K4[1]·
25H2O·(CH3)2CO and K3[2]·3H2O·(OH)) and the di-copper-
(II) (Na3[3]·5H2O) complex and their solution interactions
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with different physiologically important substrates, D -glucose,
D-xylose, and D-mannose. Furthermore, since appreciable
amounts of open ring forms of the carbohydrates is generally
unattainable in aqueous solutions, the polyalcohol, xylitol, is
used as an open ring model for the sugars in the investigation.

■ RESULTS AND DISCUSSION

Synthesis of the Metal Complexes. The symmetric
carboxylate rich dinucleating ligand, H5ccdp, with central
pendant alcoholic arm has been synthesized according to our
previously published procedure.51 The ligand is fully charac-
terized using various analytical techniques such as elemental
analysis, FTIR, 1H and 13C NMR spectroscopic analyses. The
ligand was selected for this investigation due its carboxylate rich
coordination environments, features similar to the structural
aspects of the active site of several sugar-metabolizing
metalloenzymes, such as Xylose/Glucose Isomerases.55−57

The direct route to the synthesis of K4[1]·25H2O·(CH3)2CO,
K3[2]·3H2O·(OH) and Na3[3]·5H 2O are described in Scheme
1. The reaction of FeCl3·6H2O with the H5ccdp and phthalic
acid in 2:1:1 molar ratio, respectively, in the presence of excess
amounts of a mild base, KHCO3, in methanol:H2O (3:1 by

vol.) under refluxing conditions followed by cooling the
reaction mixture to room temperature produced a green
precipitate of K4[1]·25H2O·(CH3)2CO. The product is stable
and soluble in most common solvents including water. X-ray
quality single crystals of K4[1]·25H2O·(CH3) 2CO were grown
by slow acetone diffusion into an aqueous solution of the
complex. K3[2]·3H2O·(OH) was synthesized in a very similar
fashion except the phthalic acid was replaced with potassium
acetate as a reagent in the reaction. However, K3[2]·3H 2O·
(OH) was produced as a yellow-green precipitate and is
insoluble in most common solvents but has very limited
solubility in water. Alternatively, a reaction of K4[1]·25H2O·
(CH3)2CO with stoichiometric excess of potassium acetate in
aqueous solution yielded K3[2]·3H2O·(OH) as well, Scheme 1.
X-ray quality single crystals of K3[2]·3H2O·(OH) were also
grown by slow acetone diffusion into a very dilute aqueous
solution of the complex. The Na3[3]·5H2O complex was
prepared according to our published procedure.58 The
synthesis and full characterization of the complex has been
discussed in the report.58 Characterization of K4[1]·25H2O·
(CH3)2CO, K3[2]·3H2O·(OH), and Na3[3]·5H2O have been
determined using techniques such as elemental analysis, UV−

Scheme 1. Schematic Description of the Synthesis Procedure for K4[1]·25H2O·(CH3)2CO, K3[2]·3H2O·(OH), and Na3[3]·
5H2O
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vis, FTIR, room temperature magnetic measurements, and
single-crystal X-ray diffraction.
Spectroscopic Characterization. The UV−vis spectra of

0.01 mM and 0.74 mM concentrations of K4[1]·25H2O·
(CH3)2CO were recorded in H2O at pH = 10. The spectrum of
low concentration of the yellow solution revealed several
features in the UV region corresponding to ligand-to-metal
charge transfer (LMCT) transitions. A spectrum with increased
concentration by more than order of magnitude revealed two
d−d transition bands with λmax centered at 477 and 600 nm,
Supporting Information Figure S1. The UV-spectrum of K3[2]·
3H2O·(OH) is very similar to that of K4[1]·25H2O·(CH3)2CO.
However, because of its poor solubility, the concentration could
not be increased any further to determine features in the visible
region, Supporting Information Figure S2. The UV−vis spectra
of Na3[3]·5H2O in water has only one d −d transition band
λmax centered at 768 nm.
The FT-IR spectra of solid samples of complexes were

recorded and analyzed, Supporting Information Figures S3 and
S4. The spectra for K4[1]·25H2O·(CH3)2CO and K3[2]·3H2O·
(OH) possess important common features. For example, the νs
(Fe−OH−Fe) and νas (Fe−OH−Fe) vibrational frequencies
for the complexes are observed at 663 and 758 cm−1,
respectively. The energies of the two vibrations are in
agreement with values reported in the literature for similar
complexes that hold a Fe−OH−Fe bond angle of 139°.59

Deacon and Phillips have examined the FT-IR spectra of many
metal-carboxylate complexes with known X-ray crystal
structures and drawn useful conclusions for the correlations

between carboxylate stretching frequencies and their geo-
metries.60 For example, in the FT-IR spectra of K4[1]·25H2O·
(CH3)2CO, two strong asymmetric νas(COO

−) vibrations at
1613 and 1538 cm−1 and two strong symmetric νs(COO

−)
vibrations were observed at 1365 and 1339 cm−1. The
significantly higher difference, Δ (Δ = νas(COO−) −
νs(COO

−)) of ∼248 cm−1 between the asymmetric and
symmetric stretching vibrations is attributed to the mono-
dentate bridging coordination of carboxylate.60,61 The lower
value of Δ at ∼199 cm−1 between the asymmetric and
symmetric stretching vibrations is indicated by the syn−syn
bidentate bridging of the carboxylate.60,61 The νas(COO

−) and
νs(COO

−) stretching frequencies of the free carboxylates of the
phthalate ligands were assigned to 1571 and 1400 cm−1

respectively with a Δ (Δ = νas(COO
−) − νs(COO

−)) of 171
cm−1.60 The analysis of the FT-IR spectrum of K3[2]·3H2O·
(OH) was similar to that of K4[1]·25H2O·(CH3)2CO.
The molar magnetic susceptibility (χm) of K4[1]·25H2O·

(CH3)2CO was calculated at 1.1197 × 10−2 from which the
appropriate corrections (Pascal’s constants) were applied to
obtain a value for χA of 1.0283 × 10−2. The magnetic moment
of 4.93 μB/Fe4 at T = 296 K for K4[1]·25H2O·(CH3)2CO was
then determined by Guoy methods.62,63 This value is
comparable to those reported for similar complexes with μ−
OH and bridging acetate moieties64−70 and significantly smaller
than the spin-only magnetic moment (μS = g[ZS(S + 1)]1/2, g =
2, S = 5/2, Z = 4] of 11.83 μB/Fe4) expected for four
independent high-spin Fe(III) ions, indicating antiferromag-
netic nature of interaction between the Fe(III) sites. The

Table 1. Crystal Data and Structure Refinement for K4[1]·25H2O·(CH3)2CO, K3[2]·3H2O·(OH), and Na3[3]·5H2O
a

K4[1]·25H2O·(CH3)2CO K3[2]·3H2O·(OH) Na3[3]·5H2O

empirical formula C127H106N8O88.4K11Fe8 C50H49N4O30K3Fe4 Na3Cu2O17N2C24H31

formula weight 4035.5 1526.6 801.54
crystal system triclinic monoclinic Monoclinic
space group P1̅ P21/m P21/c
a (Å) 11.4695(5) 11.2843(8) 18.322(3)
b (Å) 16.8686(8) 25.6605(18) 7.4425(10)
c (Å) 22.9044(16) 11.7228(8) 23.236(4)
α (deg) 95.884(7) 90.00 90
β (deg) 103.814(7) 118.009(9) 111.293(2)
γ (deg) 96.178(7) 90.00 90
vol (Å3) 4240.36 2996.88 2952.2(8)
Z 1 2 4,1
Dcacld (g/cm

3) 1.580 1.692 1.803
μ(Mo Kα) (mm

−1) 1.038 1.253 1.568
F(000) 2048 1556 1632
2θ range for data collection (deg) 3.18 to 25.50 3.09 to 27.5 2.44 to 27.50
index ranges −10≤ h ≥ 13 −13≤ h ≥ 13 −12≤ h ≥ 12

−20≤ k ≥ 20 −30≤ k ≥ 30 −15≤ k ≥ 15
−27≤ l ≥ 27 −14≤ l ≥ 12 −14≤ l ≥ 12

reflns collected 26293 17770 21720
ind. reflns 15663 [Rint = 0.0265] 5708 [Rint = 0.0597] 6764 [Rint = 0.0285]
max. and min. transmission 1.000, 0.707 1.000, 0.613 1.000, 0.792
data/restraints/params 15663/1159/0 5708/442/1 6746/0/457
wR (F2 all data) R1 = 0.0793 R1 = 0.0771 R1 = 0.0312

wR2 = 0.1540 wR2 = 0.1413 wR2 = 0.0722
R (F obsd data) [I > 2σ(I)] R1 = 0.0668 R1 = 0.0580 R1 = 0.0312

wR2 = 0.1481 wR2 = 0.1330 wR2 = 0.0846
GOF on F2 1.116 1.034 1.019
largest diff. peak and hole, e Å−3 2.38/−3.26 0.83/−0.73 0.904/−0.429

awR2 = {Σ[w[F02 − Fc
2)2]/Σ[w(F02)2]}1/2, R1 = Σ||F0| − |Fc||/Σ|F0|.
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antiferromagnetic behavior was corroborated with electron
paramagnetic resonance (EPR) studies. Neither the solid nor
the frozen 3.0 mM aqueous solution sample of K4[1]·25H2O·
(CH3)2CO are EPR active.
X-ray Molecular Structure Characterization. Detailed

crystal structure analysis of the iron(III) complexes is described
herein. The crystal structural data and selected metric data for
the complexes are given in Tables 1 and 2, respectively. The
thermal ellipsoid representation of the molecular structures for
K4[1]·25H2O·(CH3)2CO, K3[2]·3H2O·(OH), and Na3[3]·
5H2O are illustrated in Figures 1−3. Herein, the molecular
structure of Na3[3]·5H2O is reproduced solely for comparison
reasons, otherwise its preparation and molecular structure
analysis has been discussed in our previous report.58

Crystal Structure of K4[1]·25H2O·(CH3)2CO. The com-
plex crystallized in the triclinic P1̅ space group with the unit cell
comprising two tetranuclear Fe(III) complex fragments, eight
potassium ions, 50 water and two acetone molecules. The
thermal ellipsoid diagram of the tetranuclear Fe(III) complex
anion is shown in Figure 1. The complex anion core contains
four Fe(III) centers bridged by two ccdp5−, two phthalate, and
two hydroxo ligands. Each Fe(III) ion is in a distorted
octahedral environment with [NO5] donor set. These structural
features are similar to other tetranuclear Fe(III) complexes
reported in the literature.71,72 The Fe(1)−Fe(4) and Fe(2)−
Fe(3) distances for the (μ-alkoxo) bridged binuclear subunits
are 3.73(2) and 3.73(5) Å, while the Fe(1)−Fe(3) and Fe(2)−
Fe(4) distances of the bis(phthalato)/(μ-hydroxo) subunits are

Table 2. Selected Bond Lengths and Angles in K4[1]·25H2O·(CH3)2CO, K3[2]·3H2O·(OH), and Na3[3]·5H2O

bond lengths [Å]

K4[1]·25H2O·(CH3)2CO K3[2]·3H2O·(OH) Na3[3]·5H2O

Fe(1)−O(1) 1.988(3) Fe(1)−O(8) 2.045(3) Cu(1)−O(1) 1.982(2)
Fe(1)−O(22) 2.047(4) Fe(1)−O(10) 2.043(3) Cu(1)−O(5) 1.913(2)
Fe(1)−O(5) 2.023(4) Fe(1)−O(11) 2.040(3) Cu(1)−O(10) 1.929(1)
Fe(1)−O(3) 2.020(3) Fe(1)−O(6) 1.984(3) Cu(1)−N(1) 2.077(2)
Fe(1)−O(20) 1.875(4) Fe(1)−O(13) 1.866(5) Cu(1)−O(3) 2.179(2)
Fe(1)−N(1) 2.198(4) Fe(1)−N(2) 2.203(5) Cu(1)−Cu(2) 3.4972(7)
Fe(3)−O(14) 2.042(3) Fe(2)−O(1) 2.003(3) Cu(2)−O(8) 1.998(2)
Fe(3)−O(16) 2.050(3) Fe(2)−O(5) 2.028(2) Cu(2)−O(11) 1.929(2)
Fe(3)−O(23) 2.035(3) Fe(2)−O(3) 2.033(3) Cu(2)−O(5) 1.913(2)
Fe(3)−O(18) 1.969(3) Fe(2)−O(12) 2.028(3) Cu(2)−O(6) 2.248(1)
Fe(3)−O(20) 1.876(4) Fe(2)−O(13) 1.862(5) Cu(2)−N(2) 2.044(2)
Fe(3)−N(4) 2.205(5) Fe(2)−N(1) 2.213(5)

bond angles [deg]

K4[1]·25H2O·(CH3)2CO K3[2]·3H2O·(OH) Na3[3]·5H2O

O(1)−Fe(1)−O(22) 91.9(1) O(8)−Fe(1)−O(10) 89.8(2) O(1)−Cu(1)−O(5) 165.38(7)
O(1)−Fe(1)−O(5) 92.0(1) O(8)−Fe(1)−O(11) 84.6(1) O(1)−Cu(1)−O(10) 89.11(7)
O(1)−Fe(1)−O(3) 162.8(1) O(8)−Fe(1)−O(6) 160.8(1) O(1)−Cu(1)−N(1) 89.88(7)
O(1)−Fe(1)−O(20) 98.3(1) O(8)−Fe(1)−O(13) 98.3(2) O(1)−Cu(1)−O(3) 90.46(6)
O(1)−Fe(1)−N(1) 86.9(1) O(8)−Fe(1)−N(N2) 76.4(1) O(5)−Cu(1)−O(10) 95.22(7)
O(22)−Fe(1)−O(5) 174.2(1) O(10)−Fe(1)−O(11) 172.2(2) O(5)−Cu(1)−N(1) 86.09(7)
O(22)−Fe(1)−O(3) 83.5(1) O(10)−Fe(1)−O(6) 93.6(2) O(5)−Cu(1)−O(3) 102.85(6)
O(22) − Fe(1) − O(20) 92.2(1) O(10) − Fe(1) − O(13) 92.5(2) O(10)−Cu(1)−N(1) 178.31(7)
O(22)−Fe(1)−N(1) 92.9(1) O(10)−Fe(1)−N(2) 82.8(2) O(10)−Cu(1)−O(3) 96.78(6)
O(5)−Fe(1)−O(3) 91.6(1) O(11)−Fe(1)−O(6) 89.9(1) N(1)−Cu(1)−O(3) 81.86(6)
O(5)−Fe(1)−O(20) 91.5(1) O(11)−Fe(1)−O(13) 93.7(2) Cu(1)−O(5)−Cu(2) 132.13(9)
O(5)−Fe(1)−N(1) 83.0(1) O(11)−Fe(1)−N(2) 90.5(1) O(8)−Cu(2)−O(11) 87.43(7)
O(3)−Fe(1)−O(20) 98.4(1) O(6) − Fe(1) − O(13) 100.4(2) O(8)−Cu(2)−O(5) 163.84(7)
O(3) − Fe(1) − N(1) 76.8(1) O(6)−Fe(1)−N(2) 85.4(2) O(8)−Cu(2)−O(6) 84.38(6)
O(20)−Fe(1)−N(1) 172.6(2) O(13)−Fe(1)−N(2) 172.9(2) O(8)−Cu(2)−N(2) 92.20(7)
O(14)−Fe(3)−O(16) 94.6(1) O(1)−Fe(2)−O(5) 88.4(2) O(11)−Cu(2)−O(5) 94.34(7)
O(14)−Fe(3)−O(23) 175.7(1) O(1)−Fe(2)−O(3) 161.7(1) O(11)−Cu(2)−O(6) 100.29(6)
O(14)−Fe(3)−O(18) 89.8(1) O(1)−Fe(2)−O(12) 90.0(1) O(11)−Cu(2)−N(2) 177.38(7)
O(14)−Fe(3)−O(20) 89.9(1) O(1)−Fe(2)−O(13) 99.9(2) O(5)−Cu(2)−O(6) 111.01(6)
O(14)−Fe(3)−N(4) 82.4(2) O(1)−Fe(2)−N(1) 86.4(1) O(5)−Cu(2)−N(2) 85.30(7)
O(16)−Fe(3)−O(23) 84.3(1) O(5)−Fe(2)−O(3) 94.3(2) O(6)−Cu(2)−N(2) 82.25(6)
O(16)−Fe(3)−O(18) 163.1(1) O(5)−Fe(2)−O(12) 172.7(2)
O(16)−Fe(3)−O(20) 93.7(1) O(5)−Fe(2)−O(13) 92.7(2)
O(16)−Fe(3)−N(4) 76.2(2) O(5)−Fe(2)−N(1) 82.1(2)
O(23)−Fe(3)−O(18) 90.0(1) O(3)−Fe(2)−O(12) 85.1(1)
O(23)−Fe(3)−O(20) 94.4(1) O(3)−Fe(2)−O(13) 98.1(2)
O(23)−Fe(3)−N(4) 93.3(2) O(3)−Fe(2)−N(1) 76.1(1)
O(18)−Fe(3)−O(20) 102.6(2) O(12)−Fe(2)−O(13) 94.6(2)
O(18)−Fe(3)−N(4) 88.3(2) O(12)−Fe(2)−N(1) 90.7(1)
O(20)−Fe(3)−N(4) 166.6(2) O(13)−Fe(2)−N(1) 171.8(2)
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3.46(8) and 3.36(9) Å respectively. The Fe(1)−N(1), Fe(2)−
N(3), Fe(3)−N(4), and Fe(4)−N(2) bond lengths are all
slightly elongated with an average distance of 2.20(7) Å. The
(μ-hydroxo) bridged Fe(1)−O(20)−Fe(3) and Fe(2)−
O(21)−Fe(4) bond angles of 135.2(3)° and 133.2(2)°
respectively, which corresponds to similar μ-hydroxo bridged
di- and tetra- nuclear Fe(III) complexes in literature.67,72,73 The
remarkable flexibility of the ccdp5− ligand can be seen in the
crystal structure of the complex and illustrates its ability to
conform to the coordination environment and accommodate a
wide variety of secondary ligands within the [Fe4] core. This
type of flexibility has also been demonstrated with several
mono-, bi-, tetra-, and hexanuclear Cu(II), Co(II), Ni(II), and

Zn(II) complexes of the H5ccdp ligand.31,51,58,74−76 The
interatomic distance between O(20) and O(21) of the μ-
hydroxyl groups with the [Fe4] core at 2.41(2) Å indicates the
presence of strong hydrogen bonding interaction. The [Fe4]
core of the complex is relatively planar and consists of a central
puckered 8-member ring formed by four Fe(III) atoms (Fe(1),
Fe(2), Fe(3), and Fe(4)), four O atoms (two μ-alkoxo (O(5)
and O(14)), and two μ-hydroxo (O(20) and O(21)), Figure 4.
On either side of the central ring system is a 6-member ring
system consisting of the O−C−O group from the phthalato
ligands as well as two Fe(III) atoms and a μ-hydroxo O atom
sharing the central ring. The O(20) and O(21) of the μ-
hydroxo groups are both bent slightly out of the plane and are

Figure 1. ORTEP drawing (50% probability) with atomic numbering scheme of the molecular structure of K4[1]·25H2O·(CH3)2CO. Hydrogen
atoms, counterions, and solvent molecules of crystallization omitted for clarity.

Figure 2. ORTEP drawing (50% probability) with atomic numbering scheme of the molecular structure K3[2]·3H2O·(OH) including symmetry
generated atoms. Hydrogen atoms, counterions, and solvent molecules of crystallization omitted for clarity.
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on opposite sides of the plane from one another. The bridging
carboxylate groups of the phthalate ligands are both twisted
slightly out of the plane of the core on opposite side of the
plane. For both [Fe2] units within the tetranuclear core, the
ccdp5− ligand binds in a cis-fashion to the two Fe(III) ions
through its aliphatic and aromatic carboxylate groups.
Interestingly, the free carboxylate arms on the bridging o-
phthalato groups are oriented in a cis-fashion with respect to
one another and are situated in such a way that they maximize

both the parallel-displaced and T-shaped intramolecular π−π
stacking interactions between themselves and the adjacent
aromatic rings of the ccdp5− ligands, Figure 5.77−80 Illustrated

in Figure 6 are the intramolecular π−π stacking interactions of
the aromatic rings in an electrostatic potential map plotted
from DFT calculations (B3YLP using 6-31G**) performed on
the complex anion, 1. Similarly, other views of the interactions
are illustrated in the Supporting Information, Figure S5.
Furthermore, the packing diagram indicates extensive hydrogen
bonding which exits throughout the crystal lattice where each
water of crystallization being involved in hydrogen bonding
within the framework of the lattice, Supporting Information
Figure S6. Potassium ions are coordinated to water molecules
and free carboxylates which are not directly coordinated to the
Fe(III) centers. A single potassium ion sits in the top pocket
formed by the tetranuclear Fe(III) complex and stabilizes the
structure through its coordination to both benzyl carboxylates

Figure 3. ORTEP drawing (50% probability) with atomic numbering scheme of the molecular structure of Na3[3]·5H2O. Hydrogen atoms,
counterions, and solvent molecules of crystallization omitted for clarity.

Figure 4. (a) Front view of the tetra-nuclear Fe(III) core with bridging
μ-hydroxo (O20 and O21), μ-alkoxo (O5 and O14), and bridging
phthalato (O22, O23 and O26, O27) groups. (b) Side view of the core
of K4[1]·25H2O·(CH3)2CO.

Figure 5. View of complex anion, 1, showing the arrangement of the
aromatic rings which appears to maximize both the parallel displaced
and edge-on π−π stacking interactions, iron (orange), nitrogen (blue),
oxygen (red), and carbon (gray).
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of each of the ccdp5− ligands, Supporting Information Figure
S7. The extensive network of waters of hydration and
potassium ions connect the two tetranuclear complex anions
within the unit cell.
Crystal Structure of K3[2]·3H2O·(OH). The complex

crystallized in the monoclinic P21/m space group with the
unit cell comprising a single tetranuclear Fe(III) complex
fragment, three potassium ions, three water molecules and one
hydroxide ion. The thermal ellipsoid diagram of the
tetranuclear Fe(III) complex anion is shown in Figure 2.
While the structural architecture of the tetranuclear Fe(III)
core of K3[2]·3H2O·(OH) is very similar to that of K4[1]·
25H2O·(CH3)2CO, the overall arrangement of the ligands
around the core is very different. Analysis of the core structures
of the two complexes, Figures 4 and 7, indicates that the core of
K3[2]·3H2O·(OH) is slightly more planar than that of K4[1]·
25H2O·(CH3)2CO. The bulky phthalato bridging groups of

K4[1]·25H2O·(CH3)2CO are twisted slightly out of the plane
of the ring while the smaller acetato groups are not, mainly due
to factors including sterics and lack of π−π stacking interactions
which are present in the phthalato moiety of K4[1]·25H2O·
(CH3)2CO. The replacement of the bulky bridging phthalato
ligand with a much smaller bridging acetato ligand also allowed
the two ccdp5− ligands to position themselves on opposite sides
of the core in K3[2]·3H2O·(OH) while still binding in a cis-
fashion to the two Fe(III) ions through its aliphatic and
aromatic carboxylate groups as seen in K4[1]·25H2O·
(CH3)2CO. This type of arrangement of the ccdp5− ligands
may restrict the surface area of the complex anion available for
solvation and may also contribute to the poor solubility of the
complex in aqueous solution. The crystal structure of K3[2]·
3H2O·(OH) does not show the extensive hydrogen bonding
and potassium ion network that is found in K4[1]·25H2O·
(CH3)2CO. Unlike to the case of K4[1]·25H2O·(CH3)2CO,
and due to the absence of the phenyl ring, no π−π stacking
interactions were observed in K3[2]·3H2O·(OH), shown in
Figure 8 and Supporting Information Figure S8. Structural data
and selected metric data for the complex are presented in
Tables 1 and 2, respectively.

Carbohydrate/Metal Complex Binding Studies. Room
temperature molecular interactions between D-glucose, D-
mannose, D-xylose, and xylitol with K4[1]·25H2O·(CH3)2CO
and Na3[3]·5H2O were studied using UV−vis spectrometry at
different pH conditions. Because of solubility differences
between the two complexes, the study was carried at pH 10
and 12.5 for K4[1]·25H2O·(CH3)2CO and Na3[3]·5H2O,
respectively. The percentage distribution of the main
equilibrium structures of the substrates under investigation
are illustrated in Scheme 2. In an effort to obtain insights into
the stability of the complexes in solution, the absorbance values
for a K4[1]·25H2O·(CH3)2CO at 477 and 600 nm and Na3[3]·
5H2O at 768 nm were monitored with time for 3 h. The
absorbance vs time plots (shown in Figures S9 and S10 of the
Supporting Information section) clearly indicate no decay of
absorption bands. Thus, stabilities of K4[1]·25H2O·(CH3)2CO
and Na3[3]·5H2O under the operative pH values were
established. Several tetra-nuclear iron(III) complexes found in
literature with similar structural features to K4[1]·25H2O·
(CH3)2CO and K3[2]·3H2O·(OH) presented here have been
shown to be extremely stable over a wide pH range in aqueous
solutions.67,68,71,72,81,82 The K3[2]·3H2O·(OH) complex was

Figure 6. DFT calculations (B3YLP using 6-31G**) generated
electrostatic potential map for complex anion, 1, with Spartan (Wave
function, Inc.) illustrating the intramolecular π−π stacking interactions
of the aromatic rings.

Figure 7. (a) Front view of the tetra-nuclear Fe(III) core with bridging
μ-hydroxo (O13), μ-alkoxo (O5 and O10), and bridging acetate (O11
and O12) groups. (b) Side view of the core of K3[2]·3H2O·(OH).

Figure 8. View of complex anion, 2, showing the arrangement of the
aromatic rings which appears to show no π−π stacking interaction,
iron (orange), nitrogen (blue), oxygen (red), and carbon (gray).
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found to be insoluble in all common solvents tested and only
slightly soluble in water at pH range of 4.5−5.5. Because of the
very poor solubility of the complex in relevant pH ranges, no
sugar binding studies using K3[2]·3H2O·(OH) have been
pursued.
The Rose−Drago method has been successfully employed in

determination of the number of spectroscopic states, and hence
the number of absorbing species, in solution in previously
reported studies.8,10,31,83 Elaborated mathematical justification
of the method in relation to this study is provided in the
Supporting Information section. The method as described by
Connors relates to a chemical equilibrium (eq 1) in which the
apparent binding constant pKapp = log(Kapp

−1), where Kapp
−1 is

defined in eq 2.

+ ↔[M] [S] [MS] (1)

=
·

−K
[MS]

([M] [S])app
1

(2)

When considering a system in which the only absorbing species
present in solution are metal complex [M] and substrate-bound
metal complex [MS], a two-state system can be observed by
plotting the change in absorbance at a specific wavelength of
two different concentrations (j and k) versus the change in
absorbance at a different wavelength of concentrations j and k;
{(A1j − A1k) versus (A2j − A2k), where j ≠ k}. If only one
absorbing species is present in solution the graph will contain
only one slope. However, in the case of a two-state system the

graph will contain two different slopes passing through the
origin. Furthermore, the method will also provide insight into
multiple spectroscopic states exist for a given substrate−metal
complex system. If a single substrate binds in multiple ways to a
metal complex then multiple spectroscopic states may exist in
solution depending on how many species are present. When
this situation occurs it can be seen in the Rose−Drago plot by
the data having nonlinear quadratic slope.84

The alternative route in the facile synthesis of K3[2]·3H2O·
(OH) by just adding CH3CO2K to the solution of K4[1]·
25H2O·(CH3)2CO at ambient temperature, Scheme 1,
indicates that the phthalate ligand is labile, and thus can be
easily displaced by an appropriate entering ligand. Similarly, the
bridging carbonate ligand present in Na3[3]·5H2O can also be
displaced by suitable ligands such as deprotonated carbohy-
drates used in this investigation. Due to the insolubility and/or
instability of K4[1]·25H2O·(CH3)2CO at pH > 11, it was
necessary to carry the carbohydrate interaction study at pH
10.0 ± 0.22. Systematic additions of substoichiometric amounts
of the substrates into an alkaline aqueous solutions of complex
K4[1]·25H2O·(CH3)2CO and Na3[3]·5H2O resulted in a
significant reduction in the absorbance values at λmax = 477,
600 nm and λmax = 768 nm, respectively. The reduction in the
absorption values continued with each aliquot added up to a
1:1 mol ratio of complex to substrate. Further additions of the
aliquots did not bring change to the absorbance values. Similar
phenomenon was observed in case of Na3[3]·5H2O as well.
Shown in Figure 9 is a typical change in the λmax and

absorbance values with the addition of substoichiometric
amounts of the substrates into Na3[3]·5H2O solution. This
particular set of data is obtained for the titration of 5.0 mM of
Na3[3]·5H2O solution with aliquots of D-mannose added at 25
°C and pH of 12.5. Similar data for the rest of the systems is
presented in the Supporting Information, Figure S11. While the
change in the absorbance value at 768 nm for Na3[3]·5H2O
was accompanied by blue shift, no such a shift was observed in
the case of K4[1]·25H2O·(CH3)2CO upon additions of the
substrates. Treating such data obtained using the Rose−Drago
method allowed determination of the binding stoichiometry
between substrates and metal complex.83,84

Scheme 2. Dominant Equilibrium Structures of D-Glucose,
D-Mannose, and D-Xylose in Aqueous Solution at Room
Temperature and the Structure of Xylitol

Figure 9. Selected UV−vis spectra observed during titration of
Na3[3]·5H2O (5.0 mM) with D-mannose at 25 °C in unbuffered,
aqueous solution at pH = 12.5; the concentration of mannose was
varied from 0.0 to 25.0 mM.
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The binding isotherms shown in Figure 10 represent the plot
of the change in absorbance at 477 nm (ΔA477 nm) versus the

substrate equivalents added {SE = [S]/[M1], where [S] is the
moles of the substrate and [M1] is the moles of K4[1]·25H2O·
(CH3)2CO}. The graph shows a large change in absorbance
with each aliquot of substrate added up to a 1.0 equiv of
substrate, followed by a plateau where additional aliquots of
substrate do not significantly affect the absorbance values even
up to 5.0 equiv of substrate to the K4[1]·25H2O·(CH3)2CO
solution. In the cases of D-mannose, D-xylose, and xylitol with
K4[1]·25H2O·(CH3)2CO the binding isotherms provide
further spectroscopic evidence of a 1:1 binding interaction
between the substrate and the complex. The data obtained for
the titration of K4[1]·25H2O·(CH3)2CO with D-glucose under
the same experimental conditions was convoluted by a side
reaction and thus not provided in the graph. The binding
isotherm data for Na3[3]·5H2O with the applied substrates are
given in the Supporting Information, Figure S12. Unlike to the
case of K4[1]·25H2O·(CH3)2CO, no side reaction was
observed during the titration of Na3[3]·5H2O with D-glucose,
shown in Supporting Information Figure S12.
In an effort to assess the stability of the complexes toward

displacement of the ccdp5− ligand from the complexes by any of
the substrates under the experimental conditions, several
control studies were carried out with aqueous solutions of
the K4[1]·25H2O·(CH3)2CO and Na3[3]·5H2O complexes as
well as solutions containing a 1:3 molar ratio of the metal
[M+n] nitrate salts with the substrates using UV−vis spectros-
copy and electrospray ionization time-of-flight mass spectrom-
etry (ESI-MS). In a typical experiment, UV−vis spectrum of a
known concentration of a complex in the presence of
stoichiometric excess of a substrate in one hand and a
spectrum of a free metal ion and a substrate under the same
experimental conditions in the other hand were recorded and
analyzed. For example, shown in Supporting Information
Figure S13(a) is the UV region spectrum of an amber colored

aqueous solution K4[1]·25H2O·(CH3)2CO and xylitol in a 1:3
molar ratio, respectively. The UV region spectrum of dark
orange colored solution of 2.5 mM Fe(NO3)3·9H2O and xylitol
in a 1:3 molar ratio, respectively, in aqueous solution at pH =
10.0, 25 °C is shown in Supporting Information Figure S13(b).
The visible region, d−d transition bands, of the two spectra
with more concentrated concentrations are shown in
Supporting Information Figure S13(c) and (d), respectively.
When analyzed, the spectra from the two systems are found to
be very different. The differences of the two are presented
clearly both in the UV and the visible regions of the spectra.
Whereas UV−vis spectrum from the K4[1]·25H2O·(CH3)2CO
and xylitol solution has absorption features at 230, 276, 477,
and 600 mn, the Fe(NO3)3·9H2O and xylitol solution has
features only at 300 and 480 nm. In a similar fashion, we
studied the stability of K4[1]·25H2O·(CH3)2CO and Na3[3]·
5H2O with all the substrates and all show different UV−vis
spectra, some of the results are presented in Supporting
Information Figures S13−S16.
Furthermore, ESI-MS was used to investigate the stability of

the complexes when interact with the substrates (Figures 11,
Supporting Information S17−S19). The ESI-MS of K4[1]·
25H2O·(CH3)2CO dissolved in nanopure water with the pH
adjusted to 10.0 with KOH, shown in Figure 11(a), contains
signals corresponding to [Fe4(ccdp)2(o-phthalate)2(OH)2 +
7H 2O ] − a t m / z = 1 4 8 5 ( 1 3% ) a s w e l l a s
[Fe4(ccdp)2(OH)2(H2O)2]

− at m/z = 1233 (10%),
[Fe4(ccdp)2(OH)2(H2O)3]

2− at 625 (21%), and
[Fe4(ccdp)2(OH)2]

2− at 597 (100%). The ESI-MS data
shows that that the parent ion at m/z = 1486 subsequently
losses o -phthalate and H2O molecules to yie ld
[Fe4(ccdp)2(OH)2(H2O)3]

2− and [Fe4(ccdp)2(OH)2]
2−. The

experimentally obtained and the simulated isotope distribution
pattern for [Fe4(ccdp)2(OH)2(H2O)2]

− and [Fe4(ccdp)2(o-
phthalate)2(OH)2+ 7 H2O]

− species at m/z = 1233 and 1486
are shown in Figure 11(b) and (c), respectively. The
distribution patterns between the experimental and the
simulated data are in excellent agreement to one another.
Similarly, the ESI-MS spectra for K4[1]·25H2O·(CH3)2CO
under the same experimental conditions but in the presence of
3 mol equiv of the applied substrates was obtained (Supporting
Information Figure S18). The spectra have similar features to
the spectrum obtained for K4[1]·25H2O·(CH3)2CO (Figure
11(a)) and does not contain any of the ESI-MS signals
obtained from the reaction of one molar equivalent Fe(NO3)3·
9H2O with three molar equivalents of the substrates
(Supporting Information Figure S19). Similarly, the ESI-MS
data collected for Na3[3]·5H2O dissolved in nanopure water
with the pH adjusted to 12.5 with NaOH contains signals
corresponding to [Na2Cu2(ccdp)(CO3)(H2O)]

− at m/z = 721
(100%), as well [NaHCu2(ccdp)(CO3)(H2O)]

− at m/z = 699
(69%) and [Cu2(ccdp)]

− at m/z = 597 (58%) (Supporting
Information Figure S17(a). The ESI-MS data shows that that
the parent ion at m/z = 1486 subsequently losses Na+, H+,
CO3

2−, and H2O molecules to yield [NaHCu2(ccdp)(CO3)-
(H2O)]

− and [Cu2(ccdp)]
−. The experimentally obtained and

the simulated isotope distribution pattern for [Cu2(ccdp)]
− and

[Na2Cu2(ccdp)(CO3)(H2O)]
− species at m/z = 597 and 721

are shown in Supporting Information Figure S17(b) and (c),
respectively. As with K4[1]·25H2O·(CH3)2CO, the ESI-MS
spectrum of Na3[3]·5H2O under the same experimental
conditions but in the presence of 3 mol equiv of the substrates
(Supporting Information Figure S18) was obtained as well.

Figure 10. Binding isotherms for D-mannose, D-xylose, and xylitol.
Binding isotherm plot observed during the titration of K4[1]·25H2O·
(CH3)2CO (2.5 mM) with D-mannose (violet box), D-xylose (blue
circle), and xylitol (red diamond) (0.00−12.50 mM) at 477 nm. Data
collected at pH = 10.00 ± 0.22 at 25 °C.
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This spectrum also has similar features to the spectrum
obtained for Na3[3]·5H2O (Supporting Information Figure
S17a)) and does not contain any of the signals obtained from
the reaction of one molar equivalent Cu(NO3)2·3H2O with
three molar equivalents of the substrates (Supporting
Information Figure S19).
Hence, the results of the UV−vis and the ESI-MS of the

metal complexes and the control studies unambiguously
establishes that the ccdp5− ligands remain firmly bound to
the metal centers under the experimental conditions.
The Rose−Drago method of analysis of the UV−vis data

from the titration of K4[1]·25H2O·(CH3)2CO with D-mannose
in aqueous solution at pH = 10.0 ± 0.22 produced a linear plot,
Figure 12. The presence of two linear functions with different
slopes which pass through the origin indicates a 1:1 binding
interaction between K4[1]·25H2O·(CH3)2CO and D-mannose
as expected for two-state systems. When the data for the
titration of K4[1]·25H2O·(CH3)2CO with D-xylose (Supporting
Information Figure S20) and xylitol (Supporting Information
Figure S21) were subjected to the same treatment, similar
results were obtained. Correspondingly, sets of similar data
were obtained for the titration of Na3[3]·5H2O with the
substrates as well as with D-glucose (Supporting Information

Figures S22−S25). Each graph has two plots with different
linear slopes which both pass through the origin, again
suggesting the presence of only one substrate-bound species
in solution. The core of complexes remains intact under the
operative conditions of the experiment and no multiple
equilibria exist in solution other than 1:1 [substrate]/[complex]
ratio even with an excess of substrate.
The apparent binding constants between the complexes and

the substrates were calculated and are presented in Table 3.
One the basis of the value of the binding constants, the most
tightly bound substrate to K4[1]·25H2O·(CH3)2CO and to
Na3[3]·5H2O is D-mannose. Subsequent to the D-mannose are
the pKapp values for D-xylose and xylitol for K4[1]·25H2O·
(CH3)2CO. When the binding constant values for Na3[3]·
5H2O with D-xylose, D-mannose, and D-glucose are compared
with other Cu(II) complexes values reported in the literature,
they are consistently smaller. This is mainly due to the steric
hindrances prompted by the molecular structure of the ccdp5−

ligand around the Cu(II) centers. Although direct comparison
of the pKapp values with other iron(III) complex was not
possible, because of the lack of reported data, the binding
constant values for K4[1]·25H2O·(CH3)2CO are in the range of
other first row transition metal complexes in literature, Table 3.

Figure 11. Negative ion mode ESI-MS spectra of a 1 mg/mL pH = 10 aqueous solution of K4[1]·25H2O·(CH3)2CO (a) with the m/z = 1233
[Fe4C40H48N4O22]

− (b) and m/z = 1485 [Fe4C54H62N4O31]
− (c) regions expanded to show the isotope distribution patterns. Simulated isotope

distribution patterns generated using Molecular Weight Calculator (Matthew Monroe, PNNL, Richland WA, U.S.A.) for the m/z = 1233 and m/z =
1485 fragments.
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In the case of Cu(II) complexes, there have been two
previously reported pKapp values, Table 3. These two binding
constant values with D-mannose as the substrate are 4.06 ±
0.038,9 and 2.73 ± 0.0985 for [Cu2(bpdpo)]

2+ and
[Cu2(hpnbpda)(μ-OAc)], respectively. While the determined
value of 3.43 ± 0.11 for K4[1]·25H2O·(CH3)2CO falls within
the range of these values, it binds 5-fold tighter when compared
to the previously reported value (2.81 ± 0.0532) for the
binuclear Co(II) complex, [Co2(tcdc)(μ-OAc)]

2+. This was
expected, partially due to the higher charge and greater Lewis
acidity of the Fe(III) center when compared to the Cu(II) and
Co(II). While previously reported pKapp values for
[Cu2(bpdpo)]

2+ and [Cu2(hpnbpda)(μ-OAc)] with D-xylose
are 3.55 ± 0.038,9 and 2.51 ± 0.09,85 respectively, Co(II)
complexes with similar ligands have values of 2.93 ± 0.1131 and
2.55 ± 0.09.32 Hence, the 2.52 ± 0.32 value obtained for K4[1]·
25H2O·(CH3)2CO is comparable to those reported for Cu(II)
and Co(II).
The only pKapp (2.45 ± 0.04) value for xylitol reported in the

literature is with a binuclear Co(II) complex.31 The pKapp
values of 2.44 ± 0.12 and 2.62 ± 0.25 obtained for our
complexes are comparable to that of the Co(II) complex and
reflects the weakly coordinating nature of xylitol. The analysis
of the binding constant values suggests that the substrate-
bound complexes are reasonably stable in solution. While the

interaction of simple Fe(III) ions in solution with carbohy-
drates and polyols has been studied and reported in
literature,42,44−46,86−88 no pKapp values have been determined.
In general the observed the apparent binding constant values
appear to be inversely related to the known pKa values of the
corresponding substrates.6,89 It has been shown that sorbitol, D-
mannose and D-glucose form complexes with M3+ ions under
weakly basic pH conditions.90,91 This indicates that the pKa
value is not the only factor which determines the degree of
protonation of the substrates.
Although carbohydrates have multiple hydroxyl groups,

which could all theoretically bind to a suitable acceptor, it
has been demonstrated that binding with these types of
complexes typically occur through the hydroxyl groups attached
to the anomeric carbon C1 and C2.8,31,32,85 The observed
stronger D-mannose binding than the D-glucose or D-xylose,
could be due to the difference in the configuration of the
hydroxyl group at the C2 positions. The strong binding
interaction exhibited by D-mannose compared to D-xylose could
have stemmed partly from structural differences between the
substrates, specifically the configuration of the hydroxyl group
at the C2 position.8,9,32,85 Specific binding modes of D-glucose
have been established and previously reported in literature by
using 13C NMR spectroscopy technique for a dinuclear Zn(II)
complex which provided strong evidence that coordination to
the metal centers occurs primarily through the hydroxyl groups
on C1 and in equilibrium with the hydroxyl groups at C2 and/or
C3.85 Although no single crystal X-ray structure of any of the
complexes is reported, similar mode of coordination with
dinuclear Cu(II)8,9,85 and Co(II)32 complexes have been
proposed in the literature. Effort continues to grow substrate
bound complexes single crystals suitable for X-ray diffraction
studies. The K4[1]·25H2O·(CH3)2CO complex is sterically
more congested than Na3[3]·5H2O and therefore it is unlikely
that the C3 hydroxyl of D-mannose would participate in binding
in the former. The proposed binding of the substrates to the
complexes through the hydroxyl groups of C1 and C2 is shown
in Scheme 3.

■ EXPERIMENTAL SECTION
General Remarks. All starting materials were purchased from

commercial sources and were used without further purification.
Elemental analyses were determined by Atlantic Microlab, Norcross,
GA. FT-IR spectra were recorded on solid samples using a Bruker
Vector 22 FTIR-ATR spectrometer. Room temperature magnetic
studies on the complexes were carried out on a Johnson Matthey MSB
Mk1 magnetic susceptibility balance with standard (4 mm OD × 3.24
mm ID) sample tubes and using CuSO4·5H2O as a callibrant. DFT
calculations on K4[1]·25H2O·(CH3)2CO were carried out using the
Spartan ’10 software suite from Wavefunction, Inc.,92 with the B3LYP
functional93,94 and 6-31-G** basis set in vacuum. Experimental X-ray
crystal structure data was imported and used for the calculations with

Figure 12. Plot of differences in absorbance ΔAn = (An,j − An,k) over
ΔA477nm = (A477nm,j − A477nm,k) from titration of K4[1]·25H2O·
(CH3)2CO with D-mannose where n = 490 (triangle) and 500 nm
(circle) at pH = 10.00 ± 0.22, 25 °C.

Table 3. Apparent Binding Constants (pKapp = log(Kapp
−1) for the Substrate Bound to the Complexes

complex D-mannose D-glucose D-xylose xylitol ref

1, [Fe4(ccdp)2(o-phth)2(OH)2]
4− 3.43 ± 0.11 2.52 ± 0.32 2.44 ± 0.12 this worka

3, [Cu2(ccdp)(μ-CO3)]
3− 2.62 ± 0.25 1.94 ± 0.43 2.25 ± 0.11 2.43 ± 0.08 this workb

[Cu2(bpdpo)] 4.06 ± 0.03 2.56 ± 0.03 3.55 ± 0.03 8, 9
[Cu2(hpnbpda)(μ-OAc)] 2.73 ± 0.09 2.46 ± 0.08 2.51 ± 0.04 85
[Co2(ccdp)(μ-CO3)] 2.59 ± 0.19 2.93 ± 0.11 2.45 ± 0.04 31
[Co2(tcdc)(μ-OAc)] 2.81 ± 0.05 2.48 ± 0.15 2.55 ± 0.09 32

aK4[1]·25H2O·(CH3)2CO at pH = 10.0 ± 0.22. bNa3[3]·5H2O at pH = 12.5 ± 0.21.
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heavy atoms frozen to determine the energy as well as generate the
electrostatic potential map. Furthermore, the number of unpaired
electrons in the complex as calculated from the room temperature
magnetic study was incorporated into the calculation to more
accurately account for the antiferromagnetic coupling between the
Fe(III) centers.
UV−vis Spectroscopy. All experiments were performed on an

Agilent 8453 diode array UV−vis spectrophotometer with 1 cm quartz
cell at room temperature over a range of 200−900 nm. An Eppendorf
Research micropipette was used to measure volumes. All experiments
were carried out in degassed nanopure water, in which pH of the
solutions adjusted using either NaOH or KOH solution. Typically,
10.0 mmol stock solution of complex 1 and 50.0 mmol stock solutions
of each carbohydrates were prepared separately and kept at room
temperature. The total concentration of K4[1]·25H2O·(CH3)2CO

(Vcomplex 1 = 1 mL; [Complex]t = 2.5 mmol) and the total volume of
the resulting solutions (Vt = 4 mL) were kept constant during the
titration experiments (Vsubstrate = 0−1000 μL) by adding an appropriate
amount of water in which the pH had been adjusted to 10.0. For
Na3[3]·5H2O, to a [Complex]t = 2.5 mmol of Vt = 25 mL a total of
0.625 mmol in an increments of 0.0625 mmol of solid carbohydrate
samples were added at pH ∼12.5. The UV−vis absorbance and the pH
meter readings of the resulting mixtures were measured within 15 min
after mixing. Each concentration was made and measured three times
and the data points were averaged. Standard deviation was applied to
these averages.

Mass Spectrometry. Electrospray ionization time-of-flight mass-
spectrometry (ESI-TOF-MS) spectrometry data was collected using a
Bruker Daltonics micrOTOF instrument. Data was collected for a m/z
range of 100−2000 in both positive and negative ion modes. Samples

Scheme 3. Proposed Carbohydrate Binding Modes to the Complex Ions of 1 and 3
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were delivered as dilute (1−2 mg/mL) aqueous and methanol
solutions with a relatively moderate flow rate of 1.00 mL/h. In all the
measurements, the setting of the nebulization gas, N2, was 45.0 psi, the
capillary potential was 4 kV, the drying gas was 5.0 L/min, the
skimmer was set to −60 V, and the hexapole RF was set to 400 Vpp.
Simulations of the stable isotope patterns were made using Molecular
Weight Calculator (Matthew Monroe, PNNL, Richland WA, U.S.A.)
software.
Synthesis of N,N′-Bis[2-carboxybenzomethyl]-N,N′-Bis-

[carboxymethyl]-1,3-diaminopropan-2-ol, H5ccdp. The ligand
has been prepared according to our previously published procedure.51

The product was collected by filtration, washed with water, methanol
and dried at 80 °C. The product was confirmed by elemental analysis,
FTIR and 1H and 13C NMR spectroscopy. Yield: 5.2 g (95%). Anal.
Calcd for C23H26N2O9·2HCl: C, 50.47%; H, 5.16%; N, 5.12%. Found:
C, 50.31%; H, 5.50%; N, 5.06%. FTIR (cm-1): ν = 3503(b), 3032(b),
1667(s), 1590(vs), 1562(s), 1440(s), 1392(s), 1264(s), 1160(s),
902(s), 845(s), 788(s). 1H NMR for the sodium salt of the compound
(500 MHz, D2O, 25 °C, δ): 7.51 (d, 2H, J = 7.5 Hz), 7.40 (m, 4H),
7.33 (t, 2H, J = 7.5 Hz), 3.92 (d, 2H, J = 13.5 Hz), 3.82 (d, 2H, J =
13.5 Hz), 3.71 (quin, 1H), 3.19 (d, 2H, J = 16.5 Hz), 3.10 (d, 2H, J =
16.5 Hz), 2.62 (d, 1H, J = 3.0 Hz), 2.59 (d, 1H, J = 3.0 Hz), 2.45 (d,
1H, J = 9.0 Hz), 2.42 (d, 1H, J = 9.0). 13C NMR (500 MHz, D2O, 25
°C, δ): 180.14, 178.80, 140.58, 134.41, 130.46, 128.48, 127.30, 126.42,
66.27, 58.70, 58.57, 56.68.
Synthesis of K4[Fe4(ccdp)2(o-phth)2(OH)2]·25H2O·(CH3)2CO

(K4[1]·25H2O·(CH3)2CO). A methanol−H2O solvent mixture (3:1
by vol.) (5.5 mL) containing FeCl3·6H2O (0.9942 g, 3.68 mmol) was
added dropwise, at ambient temperature, to a stirring 10 mL
methanol−H2O solution (3:1 by vol.) of the ligand H5ccdp (1.0034
g, 1.83 mmol), phthalic acid (0.3046 g, 1.83 mmol), and KHCO3
(1.4682 g, 14.67 mmol). After complete addition the resulting green
solution was refluxed for 30 min and then allowed to cool to ambient
temperature for 2 h. The green precipitate that formed was gravity
filtered, washed with one 10 mL portion of H2O, and dried overnight
at 70 °C. X-ray quality single crystals of K4[1]·25H2O·(CH3)2CO
were grown by acetone diffusion into an aqueous solution of the
complex. Yield: 1.6643 g (44%). Anal. Calcd for C65H108Fe4K4N4O54:
C, 35.66; H, 4.97; N, 2.56. Found: C, 35.67; H, 4.93; N, 2.55%. ESI-
MS m/z (%): 597.0112 (100) [Fe4C46H44N4O20]

2−; 624.9971 (21)
[Fe4C46H50N4O23]

2−; 1233 (10) [Fe4C46H49N4O22]
−; 1484.9155 (13)

[Fe4C54H61N4O31]
−. IR (Solid on ATR): ν 3391 (br) 1716 (w) 1613,

1596, 1571, 1538 (s) 1365 (s) 1152 (m), 1076, 1040, 991, 963, 928,
872, 829 (m), 758, 710, 663 (s) (cm−1). UV−vis (H2O) λmax/nm (ε/L
mol−1 cm−1): 600 (119), 477 (528)sh, 276 (19404)sh, 230 (34675)sh.
μeff (296 K): 4.93.
Synthesis of K3[Fe4(ccdp)2(OAc)2(OH)2](OH)·3H2O (K3[2]·

3H2O·(OH)) . A methanol−H2O solvent mixture (3:1 by vol) (5.5
mL) containing FeCl3·6H2O (1.0143 g, 3.75 mmol) was added
dropwise, at ambient temperature, to a stirring 10 mL methanol−H2O
solution (3:1 by vol) of the ligand H5ccdp (1.0228 g, 1.87 mmol),
CH3CO2K (0.1834 g, 1.87 mmol), and KHCO3 (1.1241 g, 11.23
mmol). After complete addition, the resulting yellow-green solution
was refluxed for 30 min and then allowed to cool to ambient
temperature for 2 h. The yellow-green precipitate that formed was
gravity filtered, washed with one 10 mL portion of H2O, and dried
overnight at 70 °C. X-ray quality single crystals of K3[2]·3H2O·(OH)
were grown by slow acetone diffusion into a very dilute aqueous
solution of the complex. Yield: 1.5417 g (55%). Similarly, an aqueous
solution of K4[1]·25H2O·(CH3)2CO was treated with an excess of
CH3CO2K and left to stirring for 16 h at room temperature to produce
K3[2]·3H2O·(OH) in even higher yields. Anal. Calcd for
C50H63Cl9Fe4K12N4O31: C, 26.96; H, 2.85; N, 2.51. Found: C,
26.57; H, 2.83; N, 2.51%. IR (Solid on ATR): ν 3396 (br) 1609, 1599,
1572, 1541 (s) 1487, 1439 (w) 1365 (s) 1150 (m), 1071, 1035, 990,
965 (w) 925 (w, sh) 909, 872 (m), 761, 714, 661 (s) (cm−1). UV−vis
(H2O) λmax/nm (ε/L mol−1 cm−1): 477 (456), 355 (4823)sh, 275
(15122)sh, 228 (30672)sh.
Synthesis of Na3[Cu2(ccdp)(μ-CO3)]·5H2O (Na3[3]·5H2O). The

complex has been prepared in a similar manner to our previously

published procedure.51 A methanoic solution (5 mL) of Cu(ClO4)2·
6H2O (0.313 g, 0.845 mmol) was added dropwise, at ambient
temperature with stirring, to a 16 mL methanoic solution of the ligand
H5ccdp (0.200 g, 0.422 mmol) and NaOH (0.1014 g, 2.54 mmol),
which was first dissolved in water (1 mL) and then added to the
ligand-methanol mixture over a period of 15 min. After complete
addition, a layer of blue was seen separating in solution. The whole
reaction was stirred overnight at room temperature. The solution was
filtered using gravity filtration and the filtrate was setup for
crystallization. The X-ray quality single crystals were grown by slow
acetone-H2O (6:1 by vol) diffusion into the methanoic solution of the
complex. Yield: 0.1633 g (47%). Anal. Calcd for C24H55Cu2N2Na3O29:
C, 27.94; H, 5.37; N, 2.72. Found: C, 28.02; H, 5.19; N, 2.73%. ESI-
MS m/z (%): 597.0146 (58) [Cu2C23H21N2O9]

−; 699.0683 (69)
[NaCu2C24H23N2O13]

−; 721.0455 (100) [Na2Cu2C24H23N2O13]
−.

UV−vis (H2O) λmax/nm (ε/L mol−1 cm−1): 768 (143), 270 (5744)sh.
X-ray Crystallography and Data Analysis. The data were

collected at 98(2) K using a Rigaku AFC12/Saturn 724 CCD fitted
with Mo Kα radiation (k = 0.71073 Å). Data collection and unit cell
refinement were performed using CRYSTAL CLEAR software.95 The
total number of data was measured in the range 3.09° < θ < 27.5°
using ω scans. Data processing and absorption correction, giving
minimum and maximum transmission factors, were accomplished with
CRYSTAL CLEAR and ABSCOR, respectively.96 The structure, using
SHELXL-97, was solved by direct methods and refined (on F2) using
full-matrix, least-squares techniques.97,98 All non-hydrogen atoms, for
all structures, were refined with anisotropic displacement parameters.
All carbon bound hydrogen atom positions were determined by
geometry and refined by a riding model. Electron density peaks were
used to identify oxygen bound hydrogen atoms and the displacement
parameters were set to 1.5 times the displacement parameters of the
bonded atoms. Electron density peaks were used to identify the carbon
bound hydrogen atoms for the carbon labeled C14, in the molecular
structure of K4[1]·25H2O·(CH3)2CO, and the displacement param-
eters were set to 1.2 times the displacement parameters of the carbon
atom.

■ CONCLUSIONS

Selective affinity and specific modes of substrate binding are
vital in biological functions, be it for recognition, catalysis,
signaling or numerous other cell operations. Inspired by such
systems, we synthesized and investigated new tetra-iron(III)
and di-copper(II) complexes, K4[1]·25H2O·(CH3)2CO, K3[2]·
3H2O·(OH), and Na3[3]·5H 2O, for potential interaction with
biologically important carbohydrates in aqueous alkaline
solution. Whereas K4[1]·25H2O·(CH3)2CO and Na3[3]·
5H2O are very soluble and stable in solutions at pH 10.0 and
12.5, respectively, K3[ 2]·3H2O·(OH) is slightly soluble only at
pH ranges (4−5) that are not suitable for the substrate binding
studies. Our investigation into the interactions of D-mannose, D-
glucose, D-xylose, and xylitol with either K4[1]·25H2O·
(CH3)2CO or Na3[3]·5H2O reveals that only 1:1 substrate/
complex molar ratio are formed and sustained in solution, even
in the presence of stoichiometric excess of the substrate. Based
on the determined binding constant values, pKapp, the most
tightly bound substrate to K4[1]·25H2O·(CH3)2CO and to
Na3[3]·5H2O is D-mannose. The coordination D-mannose to
the Fe(III) complex is favored over the Cu(II) complex by an
order of magnitude. However, the molecularly small substrates,
D-xylose and xylitol, displays somewhat similar coordination
affinity toward K4[1]·25H2O·(CH3)2CO and Na3[3]·5H2O.
While the nature of D-glucose binding to the Cu(II) complex is
similar to the other substrates used in this study, D-glucose
interaction with the Fe(III) complex, however, is complicated
by an associated side reaction that we are currently
investigating. Direct structural evidence, from single crystal X-
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ray structure, for these complexes is presently unavailable.
However, our previously reported NMR study on the Zn(II)
analog of the complex suggested that binding of the
carbohydrates with these types of complexes occur through
the hydroxyl groups attached to the anomeric carbon, C1, and
C2. The current investigation on the interaction and pKapp value
determination between the complexes and the sugars positively
contributes to the field of carbohydrate recognition in aqueous
media. Additionally, the present study provides important
structural and functional information relevant to various sugar-
metabolizing metalloenzymes and catalysis.
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