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Manganese is a metal with diverse (bio)chemical reactivity
in aqueous media in the presence of biologically relevant li-
gands. Key to that reactivity is the existence of soluble and
bioavailable forms of Mn!' across the physiological range of
pH. To probe the interactions arising between Mn! and the
low-molecular-mass ligand D-(-)-quinic acid, research efforts
were targeted at the synthetic aqueous chemistry in the req-
uisite binary system. The pH-specific synthetic reaction of
Mn! with D-(-)-quinic acid led to the isolation of the new
species [Mn,(C;H1104)4],,,nH,O (1). Complex 1 was charac-
terized by elemental analysis, spectroscopic techniques
(EPR, FTIR), thermal and magnetic studies, and X-ray crys-
tallography. The molecular lattice of 1 reveals the presence
of dimeric units of Mn" centers, with the quinate ligands co-
ordinated to the metal ions through variable binding modes,
indicating the diversity of chemical reactivity in the system.

The octahedral Mn!' centers in the molecular assembly of 1
serve as chemical prototypes of the forms of interactions that
most likely develop in biologically relevant fluids, similar to
those encountered in plant exudates and plant cellular struc-
tures. Concurrently, the physicochemical features of 1 (from
the 3D hydrogen-bonding network to the magnetic suscep-
tibility properties and EPR spectral results) exemplify the key
features that constitute the rudiments of Mn"-organic hybrid
lattices of specific functions and (bio)chemical reactivity pat-
terns. The collective properties of 1 are discussed in the con-
text of their occurrence in natural binary Mn'-influenced
systems and advanced metal-hybrid materials of potential
applications.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

Introduction

Manganese is an element of considerable occurrence in
the earth’s lithosphere. It is found in minerals as well as
biological systems. In the biotic systems, manganese is an
essential element!!! and is involved in the active sites of me-
talloenzymes, key to the integrity of cellular processes.!”!
Among those are catalases,’ the mitochondrial superoxide
dismutase (SOD) and pyruvate carboxylase, the glial-spe-
cific enzyme glutamine synthetase, and others. Albeit con-
troversial, the role of manganese in cellular processes in the
brain has been the subject of considerable research, given
that the specific metal in its ionic forms can cross the blood
brain barrier and behave as a neurotoxin.’! As a result,
manganese ions and their chemical reactivity have been as-
sociated with physiological aberrations in humans, includ-

[a] Department of Chemical Engineering, Aristotle University of
Thessaloniki, Thessaloniki 54124 and Chemical Process Engi-
neering Research Institute,

Thermi, Thessaloniki 57001, Greece
Fax: +30-2310-996-196
E-mail: salif@auth.gr

[b] Institute of Materials Science, NCSR “Demokritos”,
Aghia Paraskevi 15310, Attiki, Greece

[c] Department of Materials Science, University of Patras,
Patras 26500, Greece

Eur. J. Inorg. Chem. 2006, 19571967

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ing manganism and a number of other neurological impair-
ments such as Parkinson’s disease. Outstanding, on the
other hand, is the participation of manganese in the oxy-
gen-evolving complex of photosystem II (PSII), with the
manganese playing an important role as an inorganic cofac-
tor of catalytic importance.[®]

Metal ions in biological systems are mobilized efficiently
through interactions with organic substrates, that is, ligands
capable of coordinating them and solubilizing them in bio-
logical fluids. These ligands include both low- and high-
molecular-mass cellular targets. Manganese, as Mn'" and/or
Mn™ aptly coordinates to such ligands and enters further
ternary interactions with biological molecules. One such
low-molecular-mass molecule is D-(-)-quinic acid,
la,30,40,5B-tetrahydroxy-1-cyclohexane carboxylic acid. It
is a molecule that is found widely in plants where it is a
precursor to shikimic acid.l”? The latter molecule is involved
in the synthesis of essential amino acids. Hence, the pres-
ence of quinic acid appears to be vital to cellular physiolo-
gy,[7#81 with the organic acid capable of binding metal ions
in biological fluids. Among the metal-ion nutrients targeted
by such ligands are Fe'"''I, Mn!!, Zn'!, Cu', and others. In
exemplifying its chemical reactivity towards Mn!, quinic
acid contains three very important features that render it
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an efficient metal-ion binder. It contains (a) a carboxylate
moiety known to promote binding, (b) alcohol moieties,
one of which is in an o position to the carboxylate group,
and (c) three alcohol groups relevant to polyol functionali-
ties. In all cases, coordination to a metal ion like Mn'! pro-
motes solubilization and contributes to Mn'! bioavailability,
leading to metallo(bio)chemical interactions characterizing
the role of the specific metal ion in cellular environments
like those of a plant.

On the basis of these views, the exploration of the aque-
ous chemistry of Mn!" with a-hydroxycarboxylate binders,
like D-(—)-quinic acid, is expected to (a) shed light on the
structural speciation of that aqueous binary system and (b)
provide chemical clues on the interaction of that metal ion
with a biologically important substrate, the reactivity of
which plays an important role in cellular biosynthetic path-
ways. The paucity of related Mn'-quinic acid derivative
species prompted us to look into the pH-specific synthetic
chemistry of that binary system. To this end, we herein re-
port on (a) the synthesis and spectroscopic properties of a
new Mn'-quinate species [Mn,(C;H;;0¢)4],-#H>O (1) and
(b) the relevance of the physicochemical properties of 1 in
the development of interactions of Mn!! with biologically
relevant targets and the assembly of lattices illustrating the
solid-state features of multimodal quinate-containing Mn!!
materials.

Results and Discussion

Synthesis

A simple procedure was employed for the synthesis of 1.
A facile reaction between Mn"! and quinic acid in aqueous
media occurred at pH 3. The pH was adjusted to 3 by ad-
dition of aqueous ammonia. The stoichiometric reaction
that led to the formation of compound 1 is shown by Reac-
tion 1.

HO,
HO NH,
2n Mn!l +4n COOH + 2 0OH- ——
pH3
OH

HO

D-(-)-quinic acid

[Mn,(C,H, 0p),], #H,0 + 2rH,0 (Reaction1)

The derived hybrid Mn!-quinate material was easily re-
trieved in pure crystalline form upon standing of the reac-
tion mixture at room temperature and allowing for slow
evaporation over a period of 24 to 36 hours. Elemental
analysis of the isolated colorless crystalline product indi-
cated the molecular formulation [Mn,(C;H;;O¢)4]-H>O.
Further evaluation of the crystalline product by FTIR spec-
troscopy confirmed the presence of quinate bound to Mn'™,
consistent with the proposed formulation. Finally, X-ray
crystallography confirmed the analytical and spectroscopic
results by rendering the molecular formulation of the crys-
1958
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talline product as [Mn,(C;H;,0¢)4],,nH,O (1). In a syn-
thetic effort making use of various bases, the same reaction
mixture of Mn'" and quinic acid reacted in the presence of
NaOH and KOH to a final pH value of 3, finally affording
a crystalline solid. That solid proved to be complex 1 by
virtue of its identical FTIR spectrum with that of the title
compound beyond the elemental analysis results. Attempts
to synthesize a congener Mn'"-quinate species in aqueous
solutions under identical conditions to Reaction 1 [using
MM (acetate); and quinic acid with a molecular ratio 1:2 in
the presence of ammonia] consistently led to the isolation
of a Mn'! species, which was shown to be 1 by spectroscopic
and crystallographic methods. Other reaction conditions
leading to Mn'"" species of quinate are currently being in-
vestigated.

Compound 1 is insoluble in water. It is also insoluble
in organic solvents like methanol, acetonitrile, chlorinated
solvents (CHCl;, CH,Cl,), toluene, and DMF. Complex 1
is stable in the crystalline form in the air at room tempera-
ture for long periods of time.

Description of the Crystal Structure

Compound 1 emerges from a molecular type of crystal
lattice. The ORTEP diagram for complex 1 is shown in Fig-
ure 1. Selected bond lengths and angles for 1 are given in
Table 1. Complex 1 crystallizes in the monoclinic space
group P2; with two molecules per unit cell. In complex 1,
there are two distinct types of Mn'" ions, with each residing
in a variable-nature coordination environment. In the first
type of Mn! ions, reflected in the Mn1™ assembly, one qui-
nate ligand coordinates to the metal ion through the car-
boxylate and alcohol oxygens Ol and O3, respectively.
These two moieties bind to Mn"! through the formation of
a five-membered metallacyclic ring, rendering the arising
species quite stable. The second carboxylate oxygen atom,
02, of that quinate ligand coordinates to a neighboring
Mnl’ ion [("): 1 + x, y, z] leading to the syn-anti bridging
mode of the carboxylate moiety depicted as mode I in
Scheme 1. The interatomic distance between the so bridged
Mn" ions (Mnl and Mn1’) is evidently equal to the length
of the a crystallographic axis [5.813(3) A]. This type of
bridging is responsible for the formation of chains of Mnl
assemblies along the a axis (Figure 2). A second quinate
ligand entering the coordination sphere of the Mnl ion em-
ploys a similar coordination mode by using one of the car-
boxylate and the alcohol oxygen atoms to anchor to Mnl
(O11 and O13, respectively). The second terminal oxygen,
012, of the carboxylate group, however, does not partici-
pate in the coordination of an adjacent manganese ion as
was the case with the first quinate ligand. Thus, the carbox-
ylate group of the second quinate ligand adopts the mono-
dentate coordination mode depicted as mode II in
Scheme 1. The remaining two coordination sites around
Mnl are taken up by the oxygen terminals O21"" [("'): 2 —
x,-0.5+y, 1 —-zland O2""" [("""): =1 + Xx, y, z] of the quinate
ligands belonging to two abutting Mn'! ions in the lattice
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Figure 1. The molecular structure of [Mny(C;H;,0¢)4],,nH,O (1) with the atom labeling scheme (50% thermal probability ellipsoids).
Symmetry operations shown: ("): 1 +x, », z; (""):2—x, 05+ 1 -z (") -1+ x, 2z (*): 1 —x, 05+ y 1 -z () 2+ X,y z; (#):

3-x,-05+y1-z

{Mn2"" [("): 2 - x, 0.5+ », 1 — z] and Mnl""" [("""): -1
+ x, y, z], respectively}. Collectively, the assembly of the
aforementioned quinate ligands render the Mnl ion six-co-
ordinate with distorted octahedral geometry. In this octahe-
dron, the terminal oxygens O1, O11, O21"’, and O2'"’ de-
fine the equatorial plane, while the two remaining oxygens
03 and O13 occupy the axial positions.

A different type of coordination sphere is formulated
around a second distinct manganese ion in the lattice. In
particular, four coordination sites are taken up by two qui-
nate ligands, both of which bind the manganese ion Mn2
through the carboxylate and alcohol oxygen terminals.

Table 1. Bond lengths [A] and angles [°] in 1.1

mode |

Scheme 1.

O—— Mn

mode Il

These oxygen anchors are O31, O33 and 022, 023 for the
corresponding carboxylate and alcohol oxygen terminals.
One coordination site is occupied by the oxygen terminal

Lengths

Mnl-021" 2.067(4) Mn2-032’ 2.104(4)
Mnl1-02""’ 2.132(4) Mn2-031 2.132(4)
Mnl1-O11 2.134(5) Mn2-022 2.142(4)
Mnl1-O1 2.178(4) Mn2-033 2.202(4)
Mnl1-03 2.199(4) Mn2-023 2.216(5)
Mnl1-013 2.324(4) Mn2-0O14 2.314(4)
Angles

021""-Mn1-02""" 96.75(17) 032'-Mn2-031 149.62(15)
021""-Mn1-0O11 148.53(17) 032'-Mn2-022 88.94(17)
02""'-Mn1-011 90.58(19) 031-Mn2-022 108.90(17)
021"'-Mn1-01 92.25(18) 032'-Mn2-033 81.82(15)
02""'-Mn1-01 146.94(16) 031-Mn2-033 73.55(13)
011-Mn1-0O1 98.1(2) 022-Mn2-033 91.54(15)
021""-Mn1-03 119.46(16) 032'-Mn2-023 113.60(17)
02'"'-Mn1-03 76.52(15) 031-Mn2-023 95.41(15)
011-Mn1-03 92.00(16) 022-Mn2-023 73.02(15)
01-Mn1-03 71.38(14) 033-Mn2-023 157.31(16)
021"'-Mn1-013 80.11(16) 032'-Mn2-014 79.49(15)
02""'-Mn1-013 118.34(16) 031-Mn2-014 87.53(16)
011-Mn1-013 69.56(15) 022-Mn2-014 162.08(17)
01-Mn1-013 94.52(15) 033-Mn2-014 100.20(15)
03-Mnl1-013 155.38(16) 023-Mn2-014 99.03(16)

[a] Symmetry transformations used to generate equivalent atoms: ('): 1 + x, y, z; (""): 2 —x, 05+ y, 1 -z (""'): =1 + x, y, z.
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Figure 2. A: Packing diagram showing the chains of the Mnl and
Mn2 assemblies in 1 along the a axis. B: Layer diagram showing
the bridging between Mnl and Mn2 assemblies of 1 along the «
axis forming the 2D polymeric structure.

032" [("): 1 + x, y, z] of the carboxylate group of an abutting
quinate ligand attached to a nearby manganese ion Mn2'
[("): 1+ x, y, z], leading to a Mn2:--Mn2’ separation equal
to 5.813(3) A, which is the length of the « axis. As a result,
polymeric chains of the Mn2 assemblies are formed which
are parallel to the crystallographic « axis. The last coordina-
tion site is occupied by the oxygen atom of one of the three
alcohol moieties borne by the quinate ligand, namely O14,
which is anchored to the first discrete Mnl site discussed
earlier. Overall, the coordination number of the Mn2 site is
six, and the arising environment is distorted octahedral.
The oxygen terminals 022, O32’, O31, and O14 formulate
the equatorial composition of the octahedron, whereas the
alcohol oxygen atoms 023 and O33 fulfil the axial require-
ments of the Mn2 environment.

The four crystallographically independent quinate li-
gands are divided into two groups according to their coor-
dination mode around the two Mn'! ions. The first group
contains three members which anchor to Mn!! through the
carboxylate and alcohol oxygen atoms (O1, O3, 022, 023,
031, 033). In particular, the first member of the group
1960
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binds to Mnl, while the two remaining members bind to
Mn2 assemblies. The second carboxylate oxygen atom in all
three quinate ligands is attached to a neighboring Mn!! ion
in a syn,anti binding mode. More specifically, O1, O2 and
031, 032 bridge Mn'! ions belonging to Mnl and Mn2
assemblies, respectively, and are responsible for the forma-
tion of the Mnl and Mn2 polymeric chains along the a
axis, while 021, 022 bridge Mnl and Mn2"’ [Mnl-+Mn2"’
5.758(3) A] and are responsible for the linkage of the chains.
The second group contains one quinate ligand, which is an-
chored to Mnl through O11 and O13, in the same way as
the quinate ligands of the first group. In this case, however,
the carboxylate moiety is coordinated to the metal ion in
an m' fashion, and the alcohol oxygen O14 is used as a
bridge to Mn2. Thus, that particular quinate ligand is used
as an extended bridge between the chains of the two Mn!!
assemblies yielding an 8.065(11) A separation between Mn1
and Mn2. In conclusion, the multifunctional nature of the
crystallographically distinct quinate ligands and the way
they extend into the coordination sphere of Mn!! ions, pro-
moting various coordination modes, are responsible for the
formation of the 2D polymeric structure of compound 1
(Figure 2). This structure becomes even more complicated
when hydrogen-bonding interactions are taken into con-
sideration for the assembly of the requisite network.

Variable coordination modes of carboxylate-bearing or-
ganic ligands were previously observed in the coordination
sphere of other divalent metal ions like Cd" and Pb'l.
Representative examples of such complexes include
Cu'(OOCCH;),”1 and the physiological ligand citrate-
containing  complexes  [Cd(C¢HgO7)(H,0)],  (2),[19
[Cd3(CeHsO7),(H,0)s]'H,O  (3) and  (NH4)[Cd(CeHsO-)-
(H,0)]'H,O (4), and [Pb(CsHcO,)],:nH,0 (5).1'

The Mn-O bond lengths for 1 are in the range from
2.067(4) to 2.324(4) A, very similar to corresponding dis-
tances in complexes (NH4)4Mn'(C4Hs04)5] (6),1'21 Mn'l-
(C4H405)-3H,0 [2.111(2)-2.220(2) A],['3) Mn'(C,;H;5NO5)-
(H,0), [2.124(3)-2.262(1) A1 Mn'{(C,H;05),-2H,0
[2.124(3)-2.225(3) A],113) [Mn"(XDK)(NO3)(CH;0H),-
(H,0),](NO3) [2.116(2)-2.345(2) AJl'¢! [H,XDK = m-xy-
lenediamine bis(Kemp’s triacid imide)] and [Mn'(bpca),-
{Mn"(hfac),},] [2.113(3)-2.190(2) AL,'7! [Hbpca = bis(2-
pyridylcarbonyl)amine; Hhfac = hexafluoroacetylacetone],
where oxygen-containing octahedral coordination is the
predominant feature of the structure around the Mn' ion.
Also worth noting is the case of the polymeric material
[Mn"(H,0)¢][Mn'(CcH507)(H,0)],-2H,0.1'8] In this com-
pound, the observed Mn-O distances between the triden-
tate citrate and Mn" range from 2.123(2) to 2.224(2) A and
compare favorably with those seen in 1. The octahedral
Mn" ion in 1 corresponds to other octahedral divalent me-
tal ions like Zn'™ "1 Cu' 2% and Ni'>!l in analogous octa-
hedral species bearing citrates. The M—O distances observed
in those complexes are in agreement with those seen in 1
and range from 2.052(2) to 2.164(2) A (Zn™) and 2.021(3)
to 2.072(3) A (Ni')), while a wider range due to Jahn-Teller
distortions is observed in the copper analog [1.969(3)—
2.341(3) A]. Equally comparable are the M—O distances oc-
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curring in the congener quinate complexes [Zn(C,;H;-
04)],221  [CA(C7H106),]'H0,  [Cu(C7H 06)(H,0)]-
(H20)2~[23] {[Cu(NO3)(C7H;,06)(H,0)]-2H,04,,  {[CuCl-
(C7H,06)(H,0)'H04,,24 [Pt(CeH 14N2)(C7H 606)], >
and the trinuclear (NHy)>{[V(O),],[V(O)](1-C7Hx0¢),}*
H20.[26]

Overall, the quinate ligand plays the role of an efficient
metal-ion chelator, employing all possible types of anchors
available in its structure and effectively formulating the co-
ordination environment around Mn'!.

Hydrogen-bonding interactions are a dominant feature
of the crystal structure of 1. Specifically in 1, the alcohol
and carboxylate moieties of the quinate ligands along with
the lattice water molecules participate in an extensive net-
work of intra- and intermolecular hydrogen bonds
(Table 2), which very likely contributes to the stability of
the crystal lattice.

Table 2. Hydrogen bonds in 1.

Interaction D--A H--A D-H:+A  Symmetry operation
[A] [A] §
03-HO3--04 2.663 1.891 1553 X, )z
04-HO4---036 2.793 1.980 166.1 l-x,05+y1-z
05-HO5-+026 2.955 2.115 157.2 2-x,-05+y =z
06-HO6--015 2.769 1.786 151.1 Il+x,p-1+z
O13-HO13--016  2.704 1.963 142.9 X, )z
0O14-HO14--06 2.725 1.820 169.8 Xy l+z
O15-HO15--05 2.831 2.001 145.2 X,y l+z
O16-HO16--026  2.872 2.098 177.9 l-x,05+y1-z
023-HO23--024  2.667 2.017 148.5 X, )z
024-HO24--012  2.768 1.917 1233 I+x,pz
025-HO25--035  2.740 1.904 169.4 X, -1+z
026-HO26--036  2.919 2.162 159.9 X, -1+z
033-HO33--034  2.648 1.962 146.5 X, )z
034-HO34--OW1  2.719 1.719 166.5 l+x,p1+z
035-HO35--012  2.683 1.800 162.2 X, l+z
036-HO36--025  2.781 1.831 164.1 “1+x,p1+z
OWI-HWIA--O12 2.960 2.282 143.7 X, )z
OWI-HWIB--011 2.908 1.959 167.4 “1+x,pz

FTIR Spectroscopy

The FTIR spectrum of 1 exhibits strong absorptions for
the carbonyl groups of the carboxylate groups in both the
antisymmetric and symmetric vibration regions. The anti-
symmetric stretching vibrations v, (COQO") appear in the
range 1639-1607 cm™!, whereas the symmetric stretches
vs(COO") appear in the range 1451-1380 cm™!. The fre-
quencies for the carbonyl stretches in 1 are shifted to lower
values relative to those of the free quinic acid. Hence, they
indicate a change in the vibrational status of the quinate
anion upon coordination to the metal ion. The difference
between the symmetric and antisymmetric stretches, A[Vv,s-
(COO") — v(COOM)], is greater than 200 cm™!, indicating
that the carboxylate groups of the quinate ligand are either
free or coordinated to the metal ion in a monodentate fash-
ion.[°®>27I The latter contention is further confirmed by the
X-ray crystal structure of 1. Similar trends in the fre-
quencies for the carboxylate carbonyl groups have also been
observed in the FTIR spectra of other metal-quinate com-
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plexes as well as a-hydroxycarboxylate complexes with
metal ions.[?8

Thermal Studies

The thermal decomposition of the title complex was
studied by TGA-DSC under an atmosphere of oxygen.
[Mny(C7H,0¢)4],,nH-O (1) is thermally stable up to
190 °C. From that point on, an initial process emerges that
involves dehydration of 1, with the release of water between
190 and 210 °C signifying an endothermic process. A fairly
clear plateau is reached at 210 °C, suggesting that the aris-
ing anhydrous species is thermally stable. The observed
weight loss, attributed to the release of the water content,
amounts to 4.8 %, a value very close to the calculated value
of 5.1% based on the molecular formula of the title com-
plex 1.

Two additional steps are observed in the thermal decom-
position of complex 1. No clear plateaus are reached in
these stages, suggesting that the derived products are un-
stable and decompose further. The total weight loss of 83 %,
due to the decomposition of the title complex, is reached at
450 °C with no further loss up to 1000 °C. This value is in
agreement with the calculated weight loss of 83%, derived
upon the proposition that the final product at 1000 °C is
Mn;0,. The DSC profile of the complex exhibits clear fea-
tures that correspond to the TGA diagram. Collectively, the
rather small number of observed TGA and DSC peaks
likely reflects simple mechanisms of decomposition path-
ways for the title complex.

Magnetic Susceptibility

The temperature dependence of yy and ym7T (ym being
the magnetic susceptibility for two Mn'! ions) for complex
1 is shown in Figure 3. The yp7 value is 8.5 emumol ' K
at 300 K (close to the value expected for two isolated Mn'!
ions). From 300 K down to 50 K there is a smooth decrease
of the yuT value (Figure 3, A), while from 50 K down to
2 K there is a more pronounced decline of the yy7 ulti-
mately reaching the value of 1.5 emumol 'K. In the inset
of Figure 3 (A), the maximum of the y\; data is shown at
3.5 K. The shape of these curves is characteristic of the oc-
currence of weak antiferromagnetic interactions between
the Mn!! centers. Taking into account the 2D character of
1, the susceptibility data were fitted through the following
approaches:

(a) The first one was based on the expansion series®”! of
Lines for a § = 5/2 antiferromagnetic quadratic layer, riding
on the exchange Hamiltonian H = > JS;S;, where X runs

nn nn

over all pairs of nearest-neighbor spins i and j [Equa-
tion (1)], in which 6 = kT/|J|S(S+ 1) C, = 4, C, = 1.448,
C; =0.228, C4 = 0.262, Cs = 0.119, Cs = 0.017, and N, g,
and f have their usual meanings.

Ng'p
zM|

9*[2%) (1
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Figure 3. A: Temperature dependence of the susceptibility data at
0.6 T, in the form of y\7 vs. T (solid stars). In the inset, the tem-
perature dependence of the susceptibility data is shown at 0.6 T, in
the form of yy; vs. T near the maximum. The solid line represents
the best fit according to the model discussed in the magnetic
susceptibility section. B: Temperature dependence of the suscep-
tibility data at different external fields in the range 0.5-5 T. The
solid line represents the best fit according to the model discussed
in the text.

The best fit is given by the superexchange parameters J
= -0.28 cm™! and g = 1.98. In this hypothesis, a quadratic
character of the layer has been assumed, that is, only one J
value. In fact, in complex 1 there are two J values because
there are two chemically distinct pathways: The first coup-
ling pathway involves pairs of abutting Mn' ions, with the
intervening linker emanating from a specific Mn" ion and
traversing through the o-hydroxycarboxylate moiety, the
quinate cyclic backbone, and the terminal alcohol anchor,
ultimately binding the abutting Mn™ ion. The second coup-
ling pathway involves adjacent Mn"' ions with the shorter
spacer linker being the a-hydroxycarboxylate moiety. The
two distinct pathways in the ab plane are explicitly por-
1962
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trayed in Figure 4, with the appropriate schematic and the
associated J (J; and J,) coupling constants. As indicated
earlier, both cases give a weak antiferromagnetic coupling,
which we can assume to be similar for the fit.

+—4
e .

<1 —
r#:'- Y ‘T\T‘A
-t
£
= A
B N 'IL

P

Figure 4. Different views (A and B) of the magnetic pathways of
the system in 1.

(b) The second one involved the analytical expression,
derived by Curely, for an infinite 2D square lattice com-
posed of classical spins (S = 5/2) isotropically coupled and
based on the exchange Hamiltonian H = > JS;S;, where

nn

> runs over all pairs of nearest-neighbor spins i and j (Hei-

nn

senberg couplings), see Equation (2).3%

(Mg s (s +1)(1+u) ]
(37 (1-u)’ |

2

Here, N is Avogadro’s number, £ is Bohr’s magneton, k
is Boltzmann’s constant, and u is the well-known Langevin
function, see Equation (3).

u:L(JS(SH)j:Coth(JS(SH)j_ T 3
T kT JS(S+1)

The best fit leads to J =—0.2 cm ! and g = 1.98 (Figure 3,
part A, solid line). The J values obtained through the Lines
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or Curely expressions are very similar: —0.28 and 0.2 cm™,
respectively. Taking into consideration the fact that the Cu-
rely formula is more accurate and is valid down to 0 K (the
Lines formula is only valid up to the maximum of yy;, ap-
proximately), the value of —0.2 cm™! seems to be the most
accurate estimate for complex 1.

(c) Another possible magnetic model could also be con-
sidered. Such a model takes into account the fact that the
only significant and maybe measurable interaction is the
one through the a-hydroxycarboxylate ligand, thus re-
flecting a potential 1D character for 1. For that reason, the
susceptibility data were fitted to the following Equation (4),

NGB (A+Bx2)

)
kT (14 Cx+Dx)

Xy

which is based on Weng’s numerical approach,?!! and the
coefficients have been generated by Hatfield et al.B’? for a
S = 5/2 antiferromagnetic linear chain, where x = |J|/kT, A
= 29167, B = 208.04, C = 15.543, D = 2707.2, and N, g,
and f have their usual meanings. The best fit is given by the
parameters J = -0.2cm™! and g = 2.0, and it is equally
good, indicating that the couplings are weak. The distinc-
tion between a 2D and 1D magnetic model is quite difficult
to address solely through the fitting of the susceptibility
data. In order to investigate and confirm the 2D magnetic
character of the system, a different experimental approach
was employed and it is explained later.

The comparison of yy; (note that here the quantity actu-
ally measured is the ratio between the magnetization and
the applied magnetic field) versus 7 curves at different mag-
netic fields from 0.5 to 5.0 T applied fields (Figure 3, B)
provides additional information. At the lower field, a clear
sign of a transition to an antiferromagnetic state is observed
with a maximum at 3.5 K. The critical temperature, taken
as the maximum of the 7dy/dT versus T curve, was esti-
mated to occur at 2.0 K.B3 On the other hand, no maxi-
mum is observed at 5 T, thus indicating that the transition
is suppressed at this field. Interestingly, ZFC/FC curves
measured at 50 G (not shown) did not reveal any diver-
gence, thus indicating that no hysteretic phenomenon is
active below the ordering temperature.

Isothermal magnetization curves at 7= 2-5 K in the ap-
plied field 0-5 T are shown in Figure 5 (A). The curves for
the increasing and decreasing fields are identical. The mag-
netization at 5 T reaches 8.4 and 6.8 ug at 7= 2 and 5K,
respectively, values which are smaller than the expected sat-
uration value of 10 pg (two isolated Mn'! ions) for the mole-
cule of 1. The sigmoidal shape of the M(H) dependence is
shown in Figure 5 (B), where a pronounced peak appears in
the dM(H)/dH curve that disappears at temperatures higher
than 5 K.3¥ This shape reveals the metamagnetic-like be-
havioral characteristic for systems in which the magneto-
crystalline anisotropy is superimposed on the exchange
couplings. Similar features have been recently observed for
Cu"-WVY coordination polymers with 2D structures.*> The
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shape of the T'= 2 K curve suggests that the effective an-
isotropy field (Hy) is less than the exchange field (HE), in
contrast to the case of metamagnets, where H, = Hg and
an immediate spin-flip transition to the saturated ferromag-
netic state occurs. When the anisotropy field is of moderate
intensity, the magnetization process proceeds through the
spin-flop transition connected with reorientation of the anti-
ferromagnetically coupled spins to the configuration per-
pendicular to the field. The threshold field for the spin-flop
transition in the polycrystalline sample is 0.3 T, whereas the
inflection point of the dM(H)/dH curve (Figure 5, B) oc-
curs at Hgg = 2.1 T. At T = 5K, the M(H) curve hardly
shows any transition, most probably because of the change
of the H/Hy, ratio.[?0]

dM(H)/dH

]
i R\&
—A—2K ""1‘\ a
] \
—k— 3K i \.\
x— 4 K : N
—a—5K !
H
bl ?
b
1 1 1 ] ]
0 1 2 3 4 5

HIT)

Figure 5. A: Magnetization curves at different temperatures in the
field range 0-5 T. B: Field dependence of the magnetization deriva-
tives in order to reveal their sigmoidal character (see text for de-
tails).
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EPR Spectroscopy

The EPR spectrum of complex 1 measured on a poly-
crystalline powder at room temperature shows an isotropic
signal centered at g = 2.00, with a line width of 380 G. The
spectra measured at variable temperatures are practically
identical, but the line width of the signal increases upon
lowering of the temperature (at 4 K it is 650 G). Since the
EPR signal does not vanish at low temperatures, proof for
antiferromagnetic ordering below the temperature of the
transition, the possible magnetic ordering, needs further
measurements at a lower temperature (about 2 K, see ear-
lier).

The Binary Mn"-Quinate System in Aqueous Media

The synthesis of [Mn,(C7H;;0¢)4],,nH->O (1) through a
facile reaction of MnCl, with quinic acid at pH 3, demon-
strates the strong affinity of D-(—)-quinic acid for the di-
valent metal ion Mn'!. Albeit low, the pH of the reaction
solution was sufficient to promote the reaction to comple-
tion and to afford the crystalline product in a pure form in
a few hours. The physicochemical characterization of the
derived material reflected the physical and chemical proper-
ties of 1 and revealed a considerable number of structural
details linked to the reactivity of the binary system investi-
gated. Specifically, the points worth noting are the follow-
ing:

(a) the retention of the protonation of the a-hydroxy group
in the quinate ligand. It appears that in the presence of Mn'",
the alcohol group adjacent to the carboxylic acid moiety
retains its proton, following binding of the quinate group
to the metal ion. Protonation of the alcohol group in the o
position to the carboxylate group has also been observed in
the case of the congener a-hydroxycarboxylic acid, citric
acid, upon binding of the latter to Mn'L[12]

(b) employment of the terminal alcohol moieties in the co-
ordination of the quinate ligand to an adjacently located Mn'
ion. In that respect, the organic moiety extends its coordina-
tion to two distinct manganese ions by (1) employing dif-
ferent anchors to bind them, (2) satisfying the coordination
requirements of both Mn'! ions, (3) preserving the proton-
ation state of the alcohol group(s) upon binding to the
metal ions, and (4) retaining the overall (de)protonation
state of the carboxylate ligand bound to the manganese
ion(s) to —1.

(¢) the variable mode of binding of the quinate carboxylate
group to the Mn' ions. Here, there exist two coordination
modes, one of which is the conventional mode and is often
observed in the case of other metal ions bound to carboxyl-
ate-containing substrates. The second one is a characteristic
coordination-binding motif (Scheme 1). In this sense, the
two Mn!! ions to which the carboxylate group spans lie in
the syn-anti conformation. This distinct mode of coordina-
tion has been observed for other metal ions bound to car-
boxylate-bearing molecules.?”! The two manganese ions lie
in the same plane with carboxylate oxygen atoms and the
abutting carbon atoms (the atoms, C1, C2, O1, O2, of the
1964
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quinate backbone, Mnl, and Mnl’ are coplanar with the
largest standard deviation 0.18 A for 02).

The aforementioned structural features define the physi-
cal formulation of complex 1 and reflect the chemical reac-
tivity, due to which the title species arose out of the reaction
mixture and crystallized out of solution. The distinct modes
of binding of the quinate ligand to the Mn!' ions led
inevitably to the formulation of a dimeric assembly
Mn,(C,H{0g), in 1. The latter moiety is the repeat unit of
the polymeric compound 1. To this end, species 1 is a poly-
mer similar to the one in the previously reported polymeric
manganese complex [Mn''(H,O)¢][Mn"(C¢sHsO,)(H,0)],:
2H,0. Despite the obvious differences between the funda-
mental ligands bound to the Mn" in the two different com-
plexes, (a) the underlying variability in the coordination
mode of the two ligands to Mn'" and (b) the resulting geo-
metric features with the associated total variable charges,
signify the diversity of the chemical reactivity of the Mn!!
ions towards a-hydroxycarboxylate ligands differing in their
structure. In this case, the structural differences in the or-
ganic ligands reflect commensurate structural differences in
the metal complexes in the two polymeric species. Such pro-
foundly different chemical reactivity and structural variabil-
ity may reflect analogously variable chemical reactivity at
the biological level, where the two organic ligands consti-
tute key molecular targets of essential biosynthetic path-
ways linked to cellular integrity and survival in bacteria and
plants.

Further structural characteristics inherent to the lattice
of 1 include the involvement of water molecules in the as-
sembly. To that end, solvent water molecules of crystalli-
zation participate in the establishment of extensive hydro-
gen-bonding interactions throughout the lattice of 1.

Mn'! Aqueous Speciation in Plants and Plant Fluids

Manganese is widely found in various structures and
compartments in plants (e.g., older leaves, the plant stem,
etc.),B831 contributing to their physiology.*) Given that
any influence of cellular biochemical processes entail bio-
available and thus soluble forms of manganese ions, Mn!!
bound to quinic acid presents a distinct form of an essential
ion promoting binary and ternary interactions in biological
fluids. Akin to this notion is the fact that solubility of Mn!!
increases at low pH, that is, under conditions employed in
this work.[*!1 1t is through such interactions that (bio)chem-
ical reactivity arises, similar to the one linked to enzymes
in the shikimate pathway in plants.[*?! Of the variety of spe-
cies that might form in solution, compound 1, albeit insolu-
ble itself, illustrates multimodal interactions of quinic acid
with Mn"" at low pH. In this sense, the dinuclear core spe-
cies in 1, is only one of the various forms potentially arising
in the aqueous milieu. Undoubtedly, a solution speciation
study would help delineate the nature and properties of spe-
cies forming as a function of pH and metal-ligand stoichi-
ometry.

Furthermore, the chemical reactivity of the binary sys-
tem studied here exemplifies one more aspect of the chemis-
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try unfolding at the biological level, that is, the ability of
the cell to seek and identify micronutrients influencing its
physiology. In that respect, aqueous Mn'-quinate species at
low pH provide a first glimpse of the chemistry promoted
by bacterial organisms to (a) internalize, and/or (b) metabo-
lize organic substrates in the presence of Mn'!, and/or (c)
bind substrates in the presence of toxic metal ions (e.g.,
Cd™), thus inhibiting their metabolic processing.[**#41 Such
chemistries could arise from the needs of a plant under vari-
able environmental adversities (e.g., nutritional deficiencies,
extreme changes in soil pH, accumulation of toxic metals
and substrates, etc.).[*’]

Mn""-Containing Lattices in Mn"-Organic Hybrid
Materials

The lattice in 1 indicates the diversity of structural motifs
generated by a single polydentate ligand: D-(-)-quinic acid
gives rise to distinct Mn!! sites, binding to it through the
hydroxy carboxylate groups on one hand and the triol moi-
eties on the other. The 1D wires strewn along the a axis
formulate a 2D lattice with gaps in between the Mn"-qui-
nate strings that potentially allow for variable chemical re-
activity in the intervening space (Figure 2). In those strings,
the octahedrality of Mn"! sites is a feature previously ob-
served in [Zn(C,;H;;Og)], but not in [Cd(C;H;;0),]-H,0,
where a monocapped trigonal prismatic arrangement of
quinates around Cd" dictates a different lattice. Equally
interesting is [Cu(C;H¢0¢)(H>0)]»(H>0),, where the lattice
is dictated by the square pyramidal geometry around Cu'.
Even more complex appears to be the 3D Mn'!citrate lat-
tices of various species, like [NaMn(C¢HsO,)] and
[Ca,Mn(CgH50-),(H,0),],,.*®! This plethora of lattice types
involving variable structure ligands bearing similarity to
quinic acid, project an equally diverse type of hybrid mate-
rials still eluding isolation and characterization under speci-
ation conditions in binary and even ternary systems.

Conclusions

Collectively, the work on the binary Mn''-quinic system
of 1 (a) projects a clear view of the complexity of the specia-
tion in aqueous media and the diversity of interactions de-
veloping in plant fluids, (b) sheds light on specific structural
features of the related solid-state lattices that could be use-
ful in designing new Mn!-organic hybrid materials, and (c)
defines the challenges of the future in the bioinorganic
chemistry of quinic acid.

Experimental Section

Materials and Methods: All manipulations were carried out in the
open air. MnCl,-4H,O was purchased from Merck and D-(-)-quinic
acid from Fluka. Nanopure-quality water was used for all reac-
tions.

Physical Measurements: FTIR measurements were recorded with a
1760X FT-Infra Red spectrometer from Perkin-Elmer, using KBr
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pellets. A ThermoFinnigan Flash EA 1112 CHNS elemental ana-
lyzer was used for the simultaneous determination of carbon, hy-
drogen, and nitrogen (%). The analyzer was based on the dynamic
flash combustion of the sample (at 1800 °C) followed by reduction,
trapping, complete GC separation and detection of the products.
The instrument was fully automated and controlled by PC using
the Eager 300 dedicated software and was capable of handling so-
lid, liquid or gaseous substances.

A TA Instruments thermal analyzer, model Q 600, system was used
to run the simultaneous TGA-DSC experiments. The employed
heating rate was 10 °Cmin!. The instrument mass precision was
0.1 pg. Sample (about 20 mg) was placed in an open alumina sam-
ple pan for each experiment. High purity helium and air (80:20 in
N,/O,) were used at a constant flow rate of 100 mLmin!, de-
pending on the conditions required for running the experiment(s).
During the experiments, the sample weight loss and rate of weight
loss were recorded continuously under dynamic conditions, as a
function of time or temp., in the range 30-1000 °C. Prior to activa-
ting the heating routine program, the entire system was purged with
the appropriate gas for 10 min, at a rate 400 mLmin ', to ensure
that the desired environment was established.

The EPR spectra of complex 1 in the solid state and in aqueous
solutions were recorded with a Bruker ER 200D-SRC X-band spec-
trometer, equipped with an Oxford ESR 9 cryostat at 9.174 GHz,
10 dB, and at 4 K. Magnetic susceptibility data were collected using
powdered samples of 1 with a Quantum Design SQUID suscepto-
meter in the 2-300 K temp. range, under various applied magnetic
fields. Magnetization measurements were carried out at three dif-
ferent temp. in the field range 0.5-5T.

Synthesis of [Mny(C;H;{Og)4l,,nH,O (1): MnCl,-4H,O (0.50 g,
2.5 mmol) and D-(-)-quinic acid (0.97 g, 5.0 mmol) were placed in
a round-bottomed flask (25 mL) and dissolved in water (5 mL).
The reaction mixture was then stirred at room temp. until both
reactants were completely dissolved. Subsequently, the pH of the
clear solution was adjusted to 3 with aqueous ammonia. The re-
sulting reaction mixture was allowed to stand at room temp. for
slow evaporation. A few hours later, colorless crystalline material
appeared on the bottom of the flask. The crystalline product was
isolated by filtration and dried in vacuo. Yield 0.56 g (50%). 1,
[Mn,(C7H | 0g)4],,nH,0, CrgHysMn,0,5 (892.52): caled. C 37.64,
H 5.15; found C 37.39, H 5.09.

X-ray Crystal Structure Determination: X-ray quality crystals
of compound 1 (Table 3) were grown from reaction mixtures
upon slow evaporation. A single crystal with dimensions
0.50x0.30x0.20 mm (1) was mounted on a P2; Nicolet dif-
fractometer using graphite monochromated Cu-K, radiation. Unit
cell dimensions for 1 were determined and refined by using the
angular settings of 25 automatically centered reflections in the
range 22 < 20 < 54°. Relevant crystallographic data appear in
Table 3. Intensity data were measured by using a 6-26 scan. Three
standard reflections were monitored every 97 reflections, over the
course of data collection. They showed less than 3% variation and
no decay. Lorentz, polarization, and psi-scan absorption correc-
tions were applied using Crystal Logic software. Further crystallo-
graphic details for 1: 20,,,, = 118°; scan speed 3.0°min!; scan
range 2.45+ aja, separation; reflections collected/unique/used,
4667/4467[R;; = 0.0372]/4467; 620 parameters refined; [A/0]max =
0.018; Flack parameter = 0.023(5); [Aplmax/[AP]min = 0.312/—
0.639 ¢eA=3; R/R,, (for all data) = 0.0506/0.1140. The structure of
compound 1 was solved by direct methods using SHELXS-86[47)
and refined by full-matrix least-squares techniques on F? by using
SHELXL-97.1481 All the non-hydrogen atoms were refined aniso-
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tropically. The methylene hydrogen atoms of the quinate ligand
were introduced at calculated positions as riding on bonded atoms.
The remainder of the hydrogen atoms were located by difference
Fourier maps and were refined isotropically.

Table 3. Summary of crystal, intensity collection, and refinement
data for [an(C7H| 106)4],,'11H20 (1)

Formula C28H46Mn2025
Formula weight 892.52

T [K] 298
Wavelength Cu-K, 1.5480
Space group P2,

a[A] 5.813(3)

b[A] 21.72(1)

c[A] 13.334(8)

pI° 93.17(2)

V [A3] 1681.0(15)

zZ 2
Dcalch/DmeasdA [Mgm73] 1.763/1.77
Absorption coeff. (1) [mm™] 7.061

Range of /, k, [ -6to 6, 24t023,-14t00
Goodness-of-fit on F? 1.031

R indices!! R = 0.0440, R,, = 0.1085[!

[a] R values are based on F values, R, values are based on F>.

:Z‘ZFU‘?IFC x :Jz[wwf—ﬁﬂ
R

flections with 7 > 2a(1).

R 242
Z[W(F”) ] [b] For 4058 re-

CCDC-290297 (for 1) contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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