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Nickel is an element present in the abiotic and biological world. In its capacity to promote chemistry at
the cellular level, Ni(Il) interacts with physiological ligands, thus influencing physiological or pathological
conditions. Efforts to comprehend the underlying chemistries led to the investigation of Ni(Il) reactivity
toward the physiological p-(—)-quinic acid, under pH-specific conditions, facilitating the isolation of a
new species Na[Ni(C;H;10¢)3] - 2.75H,0 (1). Compound 1 was characterized by elemental analysis, spec-
troscopic techniques (FT-IR, UV-Visible), magnetic susceptibility studies, and X-ray crystallography. The
lattice of 1 reveals the presence of an octahedral Ni(Il) complex bound to three quinate ligands through
the a-hydroxycarboxylate group, thus projecting a stable entity. Concurrent aqueous speciation studies
on the Ni(Il)-quinate binary system unravel the nature and properties of species arising from Ni(Il)-qui-
nate interactions. To this end, the structural and spectroscopic properties of 1, in the solid state and in
solution, are in line with the aqueous speciation, exemplifying key features of Ni(ll) interactions with
the low molecular mass quinic acid in biologically relevant fluids. The overall physicochemical profile
of 1 projects well-defined soluble and potentially bioavailable Ni(II) species that could be involved in spe-
cific chemical processes and (bio)chemical reactivity patterns at the physiological or molecular toxicity

level.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Nickel has since long been recognized as a chemical element
present in the earth’s crust and in the bacterial, fungal and plant
world [1]. In the abiotic world, nickel is a metal used to produce
stainless steel and other metal alloys [2] for making coins, jewelry,
and items such as valves and heat exchangers [3]. Concurrently,
many studies have been carried out to investigate proteins and en-
zymes that bind nickel. These diverse biological systems partici-
pate in nickel acquisition, transport and storage, regulation and
maturation of nickel metalloenzymes, etc. [4]. To that end, nickel,
as a metal cofactor, plays an important role in metalloenzymes
such as carbon monoxide dehydrogenase (CODH), methyl-CoM
reductase, acetyl-CoA synthase (ACS), Ni-Fe hydrogenases, urease,
Ni-superoxide dismutase, and glyoxalase I [5].

Metal ions in all biological systems are mobilized efficiently
through interactions with organic substrates-ligands capable of
coordinating them and solubilizing them in cellular fluids. These li-
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gands include both low and high molecular mass binders. Ni(II) can
coordinate such ligands and promote further ternary interactions
with other biological targets. The chemistry of those aqueous inter-
actions is closely linked with any physiological or toxic manifesta-
tions that this metal ion can bring about. One such metal ion
binder is the low molecular mass molecule p-(—)-quinic acid,
1a,30,40,5B-tetrahydroxy-1-cyclohexane carboxylic acid. It is
found widely in plants. There, it is encountered as a precursor to
shikimic acid, [6,7] which is involved in the biosynthesis of aro-
matic amino acids. In this sense, quinic acid rises as a vital mole-
cule in cellular physiology [8]. Metal ions, such as Mn(lI), Zn(II),
and Cu(ll), can coordinate to polyfunctional quinic acid, a chelator
bearing three very important features: (a) a carboxylate moiety
known to promote metal ion binding, (b) an alcoholic moiety o-
to the carboxylate group, and (c) three alcoholic groups relevant
to polyol functionalities. Hence, coordination of quinic acid to me-
tal ions, such as Ni(Il), is expected to promote solubilization and
lead to metallo(bio)chemical interactions shedding light onto the
role of that metal ion in cellular fluids not unlike that of a plant.
On the basis of the above views, the paucity of low molecular
mass Ni(Il)-quinate soluble forms leads to the exploration of the
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aqueous interactions and ensuing chemistry of Ni(Il) with the o-
hydroxycarboxylate binder p-(—)-quinic acid. This chemistry is ex-
pected to (a) enlighten the type and nature of interactions emerg-
ing into the structural speciation of the requisite binary Ni(Il)-
hydroxycarboxylate cellular systems, and (b) provide insight into
the chemical and physical properties on new Ni(Il) species emerg-
ing as potential metallo(bio)targets in cellular physiology or toxic-
ity. To this end, we, herein, report on the pH-specific synthesis,
spectroscopic and structural characterization, and magnetic
susceptibility studies of a new binary Ni(ll)-quinate species
Na[Ni(C;H;106)3] - 2.75H,0 (1) closely tied to the aqueous specia-
tion of the binary system and its significance in Ni(Il) biologically
relevant chemistry.

2. Experimental
2.1. Materials and methods

All manipulations were carried out under aerobic conditions.
NiCl, - 6H,0 and p-(—)-quinic acid (purity 98%) were purchased
from Fluka. Nano-pure quality water was used for all reactions
run. NaOH and NaCl were supplied by Fluka.

2.2. Physical measurements

FT-IR measurements were taken on a 1760X FT-IR spectrometer
from Perkin-Elmer, using KBr pellets. UV-Visible measurements
were carried out on a Hitachi U2001 spectrophotometer in the
range from 190 to 1000 nm. A ThermoFinnigan Flash EA 1112
CHNS elemental analyzer was used for the simultaneous determi-
nation of carbon and hydrogen (%). The analyzer is based on the dy-
namic flash combustion of the sample (at 1800 °C) followed by
reduction, trapping, complete GC separation and detection of the
products. The instrument is (a) fully automated and controlled
by PC via the Eager 300 dedicated software and (b) capable of han-
dling solid, liquid or gaseous substances. Magnetic susceptibility
data were collected on powdered samples of 1 with a Quantum De-
sign SQUID susceptometer in the 2-300 K temperature range, un-
der various applied magnetic fields. @ Magnetization
measurements were carried out at three different temperatures
in the field range 0-5T.

2.3. pH-potentiometric measurements

The protonation constants of quinic acid were determined by
pH-potentiometric titrations of 30.0(1) ml samples in the pH range
2.8-11.4 under a purified argon atmosphere. The concentration of
quinic acid was in the range of 1.3-5.0 mmol dm~3. The stability
constants of the Ni(Il) complexes of quinic acid were determined
by pH-potentiometric titrations of 30.0(1) ml samples in the pH
range 2.4-8.7 under a purified argon atmosphere. Precipitation
was observed at pH ~8.7, as in the case of the aqueous binary sys-
tem of Co(Il) with 2’-deoxyguanosine 5'-monophosphate [9].

All solutions were prepared using Fluka reagent grade quinic
acid, NiCl; - 6H,0, and ultra-pure deionized water. The purity of
quinic acid and the exact concentration of quinate and Ni(II) solu-
tions, were determined by the Gran method [10-12]. The exact
concentration of Ni(II) was checked by EDTA complexometric titra-
tions as previously described [13]. The ionic strength was adjusted
to 0.15M with NaCl. The temperature was maintained at
25.0 £ 0.1 °C during the measurements. The titrations were carried
out with a carbonate-free NaOH solution of known concentration
(ca. 0.15 M). The base solution was prepared following a standard
procedure: NaOH pellets were dissolved in nano-pure quality
water under an argon atmosphere. Carbon dioxide was removed

from water by boiling and cooling under a stream of purified argon.
The NaOH solution was standardized using potassium hydrogen io-
date (KH(IO3);). The nickel concentration was 1.0 mM, and the em-
ployed metal:ligand ratios were 1:2, 1:3, and 1:4. In order to
collect solution data at pH values lower than 3.0, a known amount
of nitric acid was initially added. The pH was measured with a
computer-controlled Crison titration system elaborated for titra-
tions at such low concentrations [14] and a Mettler Toledo-Inlab
412 combined glass-electrode, calibrated for hydrogen ion concen-
tration according to Irving et al. [15] by using the GLEE program
[16]. The ionic product of water was found to be pK,, = 13.76 [17].

The one step protonation constants of quinic acid are given as
logK;, consistent with the equilibrium L~ +H" = HL, where
Ky =[HL]/[L"] = [H']. The stepwise protonation constants of qui-
nic acid are given as logK,, consistent with the equilibrium
H,_.L+H = H,L, where K;, = [H,L]/[H,,_1L] [H]. The initial compu-
tations were obtained in the form of overall protonation constants
Bn = [HLL]/[L] [H]", taking into account that g, = [] K,. The concen-
tration stability constants Bpqr=[MpLoH,]/[MJP[E]Y[H]" for quinic
acid were calculated with surerquap [18], and those for Ni(Il)-qui-
nate complexes, arising in the investigated system, with the psk-
qQuap computer program [19]. The pH-dependent species
distribution curves and simulated titration curves were derived
from the overall formation constants measured with the program
Hyss [20].

Formation of Ni(Il)-hydroxo complexes was taken into consid-
eration in the employed calculations leading to the most plausible
speciation model. The hydroxo species considered include the fol-
lowing: (a) [NiH_]" (logp; 1 =-9.74), (b) [Ni;H 1) (logp, 1=
—9.6), and (c) [Nig(OH)4]*" (log B4_4 = —27.4). Relevant information
on the above species was taken from Plyasunova et al. [21] and cor-
rected for an ionic strength of 0.15 M by use of the Davies equation
[22].

2.4. Synthesis of sodium [tris(quinato)nickel(Il)] hydrate:
Na[Nl(C7H1 105)3] . 275H20 (1)

NiCl, - 4H,0 (0.50 g, 2.1 mmol) and p-(—)-quinic acid (0.80 g,
4.2 mmol) were placed in a 25 mL round bottom flask and dis-
solved in 6 mL of water. The reaction mixture was then stirred at
room temperature until both reactants were completely dissolved.
Subsequently, the pH of the clear solution was adjusted to 5.5 with
NaOH. The resulting reaction mixture was placed in the refrigera-
tor at 4 °C and ethanol was added. Four months later, green crystal-
line material appeared on the bottom of the flask. The crystalline
product was isolated by filtration and dried in vacuo. Yield 0.62 g
(36%). Anal. Calc. for 1, Na|Ni(C;H;,06)3]-2.75H,0 (Cy1Hsg50-
0,0.75NaNi, MW = 704.47): C, 35.7; H, 5.5. Found: C, 35.0; H, 5.8%.

2.5. X-ray crystal structure determination

X-ray quality crystals of compound 1 were grown from reac-
tion mixtures upon addition of ethanol. A single crystal with
dimensions 0.50 x 0.30 x 0.20 mm (1) was mounted on the tip
of a glass fiber with epoxy glue. Single crystal analysis was carried
out on a Bruker AXS SMART 1K CCD area detector diffractometer.
The frame data were acquired at room temperature using the
SMART-NT software and Mo Ko radiation (2 = 0.71073 A) [23]. A total
of 1325 45-s frames were collected in three sets with 0.3° ®-scan.
The collected frames were then processed using the saiNT-NT soft-
ware [24] to provide the hkl file corrected for Lorentz and polari-
zation effects. An empirical absorption correction was applied
through the program sapass [23]. The structure was solved by di-
rect methods using the sHeix-90 program and refined by least-
squares methods on F?, sHELxTL-93, incorporated in sHeLxtL, Version
5.1 (Table 1) [25].
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Table 1
Summary of crystal, intensity collection and refinement data for Na[Ni-
(C7H1106)3] - 2.75H,0 (1).

Formula C21H3g.50020.75NaNi
Formula weight 704.47

T (K) 293(2)

Wavelength Mo Ko 0.71073

Space group P2:2:24

a(A) 15.330(3)

b (A) 15.453(3)

c(A) 16.660(3)

B(°) 90.00

V (A3) 3946.9(11)

z 4

Dcalc/Dmeasd (Mg m 3) ]~]86/1~89

Absorbtion coefficient (p) mm™! 0.570

Range of h, k, 1 -18 - 18, -17 - 19, —12 - 20
Goodness-of-fit on F? 1.147

R indices? R=0.0653, R,, = 0.2038"

|[Fo|—Fcl|

3 R values are based on F values, R,, values are based on F>. R:Z‘ T
[

Rw = /W — F2)2)/ SIw(F3)?).
b For 7735 reflections with I> 2a(I).

All non-hydrogen atoms were refined anisotropically. Hydrogen
atoms on carbon atoms were geometrically positioned and left rid-
ing on their parent atoms during structure refinement. Hydrogen
atom positions, which belong to oxygen atoms, were first deter-
mined from E-maps, brought to reasonable distances from their
parent oxygen atoms, and then fixed. The disordered oxygen-atoms
of water were left as such (nascent form). The final assignment of
hydrogen atoms satisfies the electroneutrality of compound 1, with
the understanding that Ni ions are formally in the +2 oxidation
state. The associated CCDC reference number is 644650. Selected
crystallographic data appear in Table 1. Further crystallographic de-
tails for 1: 20max = 52°; reflections collected/unique/used, 23772/

7735 [Rint=0.0471]; 415 parameters refined; [A4p0]max/
[40)min=0.917/-0.399 e/A3; R/R, (for all data), 0.0841/
0.2127.
3. Results

3.1. Synthesis

Complex 1 was synthesized through a simple reaction between
Ni(Il) and p-(—)-quinic acid in a 1:2 molar ratio and isolated by
addition of ethanol to the reaction mixture. The presence of NaOH
helped to adjust the pH of the reaction mixture, while concurrently
providing the appropriate counter ions to balance the arisen charge
on the Ni(Il)-quinate assembly (vide infra). The same reaction run
with a Ni(II):quinic acid a 1:3 molar ratio led to a material identical
to 1 by virtue of its FT-IR signature (yield 33%). A major advantage,
however, of this reaction was that the crystalline product was ob-
tained faster than that of the 1:2 Ni(Il):quinic acid ratio. The stoi-
chiometric reaction leading to the formation of compound 1 is
shown below (Reaction 1):

HO
Ni(II) +3 HO + 30H " —_—
%coou O 5.5
HO OH

D-(-)-quinic acid

[Ni(C,H,;0g))" +  3H,0 Reaction 1

Elemental analysis of the isolated green-colored crystalline material
and FT-IR spectroscopy suggested the molecular formula Na[Ni-
(C7H1106)3] - 2.75H,0 for 1. Confirmation came from the X-ray crys-
tallographic determination of its structure. Compound 1 is soluble
in water, but insoluble in common organic solvents. Crystalline 1
is stable in the air at room temperature for long periods of time.

3.2. Description of X-ray crystallographic structure

Compound 1 emerges from a crystal lattice composed of dis-
crete anionic Ni(Il) complexes and Na* counter ions. The structure
diagram for complex 1 is shown in Fig. 1. A list of selected bond
distances and angles for 1 is given in Table 2. Complex 1 crystal-
lizes in the orthorhombic space group P2,2,2; with four molecules
per unit cell. The X-ray crystal structure of 1 reveals a Ni(Il) assem-
bly, with three quinate ligands coordinating to the metal ion
through the alcoholic and carboxylate oxygens O(1) and O(5), O7
and 011, and O13 and 017, respectively. Each bound ligand is sin-
gly deprotonated, with the site of deprotonation being the carbox-
ylic acid group. The three bound quinates formulate a distorted
octahedral environment around Ni(Il). Unlike other metal ions
(e.g. Mn(Il)) bound to the quinate ligand, the Ni(Il) ion bears qui-
nate ligands, the terminal alcoholic moieties of which do not par-
ticipate in coordination to abutting metal ions in the crystal
lattice of the title compound lattice.

The Ni-O bond distances are in the range from 2.009(4) to
2.069(4) A for 1, which are comparable with those in complexes,
(NH4)2[Niz(CeH507)2(H20)al2 - 2H0 (2.020(3)-2.074(2) A) (2
[26], K;[Ni(CsHs507)2(H20)4] - 4H,0 (2.036(3)-2.125(3) A) (3) [27],
[Ni(C4H405)(H,0)] - H,0 (2.034(5)-2.101(5) A) (4), [Ni(C4H405)-
(H20)(C12HsN2)] (2.032(3)-2.048(3) A) (5) [28], and [(N(CHs)s)s-
[Nig(CgH407)3(OH)(H50)] - 18H,0], (1.95(1)-2.12(1) A) (6) [29].

The angles are in the range 77.99(15)-102.76(19)° for complex
1 and similar to those observed in (81.53(9)-96.7(2)°) (2),
(86.8(1)-95.2(1)°) (3), (81.1(2)-95.0(2)°) (4), (89.2(2)-95.1(2)°)
(5),(76.5(4)-102.1(4)°) (6), and also similar to those in the quinate
organic-inorganic hybrid [Mny(C;H;106)4]n - nH20 (69.56(15)-
96.75(17)° and 73.02(13)-95.41(15)°, respectively) [30].

The octahedral Ni(II) ion in 1 correlates well with other octahe-
dral divalent metal ions such as Zn(II) [31], Cu(II) [32], and Ni(II)
[25], in analogous octahedral species bearing citrates. The M-0O
distances observed in those complexes are in line with those seen

Fig. 1. The structure of the anionic assembly in Na[Ni(C;H,0¢)3]-2.75H,0 (1) with
the atom-labeling scheme (50% thermal probability ellipsoids).
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Table 2

Bond lengths (A) and angles (°) in 1.

Distances

Ni(1)-0(1) 2.039(4) Ni(1)-0(11) 2.041(4)
Ni(1)-0(5) 2.009(4) Ni(1)-0(13) 2.069(4)
Ni(1)-0(7) 2.031(4) Ni(1)-0(17) 2.005(4)
Angles

0(17)-Ni(1)-0(5) 94.62(18) 0(7)-Ni(1)-0(11) 79.58(17)
0(17)-Ni(1)-0(7) 98.70(19) 0(1)-Ni(1)-0(11) 102.76(19)
0(5)-Ni(1)-0(7) 166.49(18) 0(17)-Ni(1)-0(13) 77.99(15)
0(17)-Ni(1)-0(1) 165.95(18) 0(5)-Ni(1)-0(13) 98.3(2)
0(5)-Ni(1)-0(1) 79.16(16) 0(7)-Ni(1)-0(13) 86.78(18)
0(7)-Ni(1)-0(1) 88.32(17) 0(1)-Ni(1)-0(13) 90.36(17)
0(17)-Ni(1)-0(11) 90.52(17) 0(11)-Ni(1)-0(13) 160.67(17)
0(5)-Ni(1)-0(11) 98.10(19)

in 1 and range from 2.052(2) to 2.164(2) A (Zn(Il)) and from
2.021(3) to 2.072(3) A (Ni(II)), while a wider range due to Jahn-
Teller distortion is observed in the copper analog (1.969(3)-
2.341(3) A). Equally comparable are the M-0O distances with those
occurring in the congener quinate compounds [Zn(C;H{106)2] [33],
[Cd(C7H1106)2] - H20, [Cu(C7H1906)(H20)]2(H20)2 [34], {[Cu(NOs3)
(C7H1106)(H20)] - 2H,0},,  {[CuCl(C7H1106)(H20)] - H20},  [35],
[Pt(C6H14N2)(C7H]QOG)] [36], and the trinuclear (NH4)2{[V(O)2]2
[V(0)](u-C7H1006)2} - H2O [37].

In the lattice structure, the Na* ions counterbalance efficiently
the anionic charge. They are in contact with the alcoholic oxygens
of the quinate anion at distances in the range of 2.344(6)-
2.423(5) A (six contacts) (Fig. 2B). The crystal structure of 1 is com-
posed of an infinite 3D network, where quinate ligands bridge each
Ni-atom with its three neighboring Na-atoms. The three Na-atoms
define a triangle, with the Ni-atom located above its center and the
Ni-Na distance in the range 8.083(3)-8.096(3) A (Fig. 2A). Each Na*
ion is bound to three quinates, all originating from different
[Ni(C7H1]06)3]7 units.

3.3. UV-Visible spectroscopy
The UV-Visible spectrum of 1 was recorded in water (Fig. S1).

The spectrum exhibits peaks at Amax 725 (¢ 2M~'cm™!) and
662 nm (¢ 2 M~ cm™!), and a distant shoulder around 395 nm ris-

A

ONi

ing into the UV. The absorption feature around 395 nm (¢
6 M ' cm™') could be tentatively attributed to the A,z — 3T14(P)
transition. The observed multiple structure containing the 725
and 662 nm features, a region normally corresponding to the
3A2g — 3T2g transition, is in line with literature reports invoking
the presence of an lEg state lying so close to 3T2g that extensive
mixing takes place. That mixing leads to the observation of a dou-
blet band, where the spin forbidden transition picks up intensity
from the spin-allowed transition, thus accounting for the complex-
ity of the spectrum [38]. The spectrum bears similar features to
that of [Ni(H,0)s]?" ion, signifying the effect of the O-containing li-
gands in the electronic structure of Ni(II).

3.4. FT-IR spectroscopy

The FT-IR spectrum of 1 exhibits strong absorptions for the car-
bonyls of the carboxylate groups in both the antisymmetric and
symmetric vibration regions. The antisymmetric stretching vibra-
tions v,(COO™~) appear close to 1602 cm™~', whereas the symmetric
stretches v,(COO~) appear in the range 1450-1334 cm™'. The fre-
quencies for the carbonyl stretches in 1 are shifted to lower values
compared to those of the free quinic acid. In addition to this, 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(v,(CO0~) — v{(COO™)),
was greater than 200 cm ™}, indicating that the carboxylate groups
of the quinate ligand were either free or coordinated to the metal
ion in a monodentate fashion [39,40]. The latter contention was
further confirmed by the X-ray crystal structure of 1. Similar trends
in the frequencies of the carboxylate carbonyls have also been ob-
served in the FT-IR spectra of other metal-quinate complexes as
well as a-hydroxycarboxylate complexes with metal ions [41,42].

3.5. Magnetic susceptibility studies

Magnetic susceptibility measurements were carried out at dif-
ferent magnetic fields and in the temperature range 2-300 K. The
data were fitted with the macpack [43] program, employed with a
nonlinear least-squares curve-fitting program, bpsterit [44]. The
temperature dependence of T (ym being the magnetic suscepti-

Fig. 2. Structural organization of 1, showing the relationship between Na- and Ni-atoms (A and B) in the lattice composition (see text).



M. Menelaou et al./Polyhedron 28 (2009) 883-890 887

bility for one Ni(Il) ion) for complex 1 is shown in Fig. 3 (solid cir-
cles). The yyT value is 1.78 emu mol ! K at 300 K. From that tem-
perature down to 10K there is a smooth linear decrease, while
after that temperature and until 2 K a more pronounced decrease
occurs, reaching the value of 0.84 emu mol~! K. The shape of this
curve is characteristic of the occurrence of large zero field effects
along with the temperature independent paramagnetism effect,
TIP, which leads to a linear temperature dependence of the suscep-
tibility data. The susceptibility data were fitted by the following
equation:

1
H=D[S2 = 35(5+1)| + ISt - ) + 2tshS: + ElHiS,
+ 8, UgHy Sy, (1)

where an isotropic g-value was used. The best fit (solid line in Fig. 3)
is given by the parameters D=34cm™' and g=22, TIP=
1.8 x 1073, In the inset of the figure, simulations of the susceptibil-
ity function are shown for different values of the D parameter,
where the g value and the TIP were kept at values obtained from
the fitting procedure. Both axes are in logarithmic scale.

Isothermal magnetization curves at T 2 K in the applied field 0-
5T are shown in Fig. 4. The curves for the increasing and decreas-
ing fields are identical. The data were fitted using (Eq. (1)) and the
best fit (solid line in Fig. 4) is given by the parameters of
D=28cm™!, g=2.2. The latter are very close to the values ob-
tained from the susceptibility study, verifying the large zero-field
character of the system.

3.6. Speciation studies

pH-potentiometric titrations of the ligand quinic acid alone, and
Ni(II) with p-(—)-quinic acid in various metal ion to ligand molar
ratios [Ni:L] =[1:2/1:3/1:4] were carried out. The titration curves
were evaluated with different potential speciation models. The
best fit between the experimental and calculated titration curves
for the binary Ni(Il)-quinic acid system was obtained by consider-
ing the species [Ni(Il)], [NiL,]° (HL=C;H,0¢; L=C;H{10¢ ),
[NiL,H_1]~, and [NiH_;]". The fit is reasonably good in the overall
pH and concentration range used, demonstrating that the adopted
speciation model is satisfactorily defined. Other complexes, such as
1:1 and 1:2 Ni(Il):quinate complexes or variably protonated and

%Xy, T/emu mol’ K

10 100
T T T T T T T T T T T T T
0 50 100 150 200 250 300
T/K

Fig. 3. Temperature dependence of the susceptibility data in the form of xyT vs. T
(solid stars) and the fitting results using the theoretical formula discussed in the
text (solid line). In the inset, simulations of the susceptibility function are shown, in
the form of xyT vs. T, for different values of the D parameter. Both axes are in
logarithmic scale.

2.0 T T T T T T T T T T

1.5 1

0.5+

e
)
4

: : : r :
0 1 2 3 4 5
H/T

Fig. 4. Magnetization measurements in the field range 0-5 T, at temperature T 2 K,
and the fitting results using the theoretical formula discussed in the text (solid line).

deprotonated species were rejected by the computer program (pse-
quap) during the computation process. The species emerging from
the speciation distribution of the binary system are in good agree-
ment with the corresponding species synthesized and isolated in
the solid state. The stability constants of the complexes formed
are listed in Table 3. The uncertainties (3SD values) for the stability
constants are given in parentheses. The pH range of the optimal
formation of complexes is also reported. For the titratable quinate
carboxylate group, the pK, value of 3.34 was obtained and was
found to be very close to the values reported by Clifford (3.40)
[45] and Luethy-Krause et al. (3.36) [46]. For shikimic acid (3R,
4S, 5R)-3,4,5-trihydroxy 1-cyclohexanecarboxylic acid) the pK; va-
lue is 4.15 [45]. The presence of an alcoholic moiety in a position o-
to the carboxylate group of quinic acid increases its acid strength.

The titrimetric data were evaluated on the premise that com-
plex formation between Ni(II) and quinate proceeds through bind-
ing of the quinate carboxylate and the a-alcoholic group moieties.
The titration curves in the absence and presence of Ni(Il) suggest
formation of the [NiL,]° species in the acidic region up to pH 8,
and the [Nil,H_;]~ species at pH values beyond 7. These studies
also suggest that this ligand reacts expediently with Ni(Il) ions,
forming soluble metal chelate complexes. In the [NiL;]° complex,
the ligand appears to be deprotonated at the carboxylate moiety
and as such both quinate ligands act in a bidentate fashion, coordi-
nating Ni(II). The hexacoordination of Ni(Il) ion is consistent with
the presence of the [Ni(H,0)s]** complex ion in the entire pH range
investigated.

Table 3
Proton (logK) and Ni(Il)-quinic acid complex formation constants (logp) at I=0.15
(NaCl) and 25 °C.

Quinic acid  Ni-quinic acid  pH range for each species
LogK(HL) 3.34(1)
Log B (NiL;) 4.95(3) all domain
Log § (NiLH_;) —4.14(7) >7.0
PK ([NiL,H_]/[NiL,]) 9.09
Fitting® 9.656 x 103
Number of pts. 191

Charges from the various species are omitted for clarity.
2 Goodness-of-fit between the experimental and the calculated titration curves
expressed in milliliters of titrant.
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The overall stability constant of the mononuclear complex
[NiL,]° (log g 4.95) is similar yet greater than those in complexes
of Ni(Il) with some a-hydroxycarboxylic acids, such as 2-hydroxy-
acetic acid (glycolic acid) (logp 3.77) [47], 2-hydroxypropanoic
acid (lactic acid) (logp 2.85) [48], 2-hydroxybutanoic acid (logp
2.89) [49], 2-hydroxy-2-methylpropanoic acid (2-hydroxyisobu-
tyric acid) (logp 2.80) [50], and 2-hydroxy-2-phenylacetic acid
(mandelic acid) (logp 2.48) [51].

In the pH range beyond 7 of the binary Ni(Il)-quinic acid sys-
tem, two species emerge, namely [Nil,H_;]~ and the mononuclear
[NiH_{]" = [Ni(OH)]*. Quinic acid contains one carboxylic acid
group and four alcoholic hydrogens. The pK, of the latter is >11.
The dicationic metal ions (Co(II), Ni(Il), etc.) are not sufficiently
strong to deprotonate the alcoholic proton of quinic acid. As a con-
sequence, it is very likely that one of the two water molecules coor-
dinated to the nickel ion in the mononuclear species [Nil,H_1]~ is
possibly deprotonated. This is the species arising as the successor
participant to the [NiL,]° species at higher pH values in the speci-
ation diagram. These two species coexist with the hexa-aquo nickel
[Ni(H,0)g]?>* species in the entire pH range studied, as that is
shown in the speciation curves presented in Fig. 5. The maximum%
content of [NiL,]° appears to be 30% and stays constant in the pH
range 4.5-7.5 of the binary Ni(ll)-quinic acid system, where
cni = 0.000657 mol dm 3, and Cjigang = 0.002704 mol dm 3,

Beyond the pH range 8.2-8.8, depending on the molar ratio
Ni(Il):quinate, a precipitate appears and the pH rise ceases, most
likely due to OH™ ions being consumed toward formation of
Ni(OH),. The incipient precipitation at pH beyond 8.5 makes the
observation of the next phase of the aqueous speciation doubtful,
even in the presence of higher ligand-to-metal molar ratios
(Fig. S2).

The presence of the hexa-aquo [Ni(H,0)s]** species over the en-
tire pH range, where the aqueous speciation was investigated, has
been noted. In a similar system containing histidinehydroxamic
acid, the Ni(II) ion is strongly bound to the ligand in mononuclear
NiL (log8=10.49) and NiL, (logp = 18.80) complexes [52]. From
the speciation curves of that system, it can be seen that the
hexa-aquo [Ni(H,0)g]?* species stays intact up to pH around 11.
As was the case of the binary system of Ni(Il) in presence of quinic
acid, a precipitate appears beyond pH 9 in this system as well. In
the Ni(Il)-p-glucosamine system [53], the NiL, (log =6.43) com-
plex appears in the pH range 7-10. From the speciation curves of
this system, it can be seen that the aquo [Ni(H,0)s]*" species stays

100
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Fig. 5. Speciation curves for complexes forming in the binary Ni(Il)-quinic acid

system; cn; = 0.000657 mol dm >, Cjigana = 0.002704 mol dm 3. Charges are omitted
for clarity.

as such up to pH around 11. Hexa-aquo Ni(II) ions are also the ma-
jor species present in the binary system of Ni(Il) with pycdpnen (a
pyridylamido hexadentate ligand) up to pH 7 [54]. In the case of
the aqueous binary system of Ni(Il) with 2-(4-methylthiazol-2-
y1)-2-(hydroxyimino)acetic acid, the binary NiL, complex also
forms (logp=11.83), while at pH<6.5 hexa-aquo Ni(Il) ions are
present [55]. The stability constant of the [Nil,H 1]
(log p = —4.14) species is higher than that of the monohydroxo spe-
cies [NiH_;]" (log p = —9.74). That could help explain why at pH be-
yond 7, where both species form, the% content of the [NiL,H_{]~
species appears to be higher than that of the [NiH_;]* species in
the same pH range [56].

4. Discussion

4.1. The chemistry of the binary Ni(ll)-quinate system in aqueous
media

The synthesis of Na[Ni(C;H1106)3] - 2.75H,0 (1) through the pH
specific reaction of NiCl, with quinic acid at pH 5.5, emphasizes the
distinct interaction of p-(—)-quinic acid with the divalent metal ion
Ni(II). The analytical, spectroscopic, structural and magnetic sus-
ceptibility characterization of the derived material provided the
physical and chemical properties of 1, revealing a considerable
number of structural details related to the reactivity of quinic acid
toward Ni(II).

Associated with the distinct structural identity of 1 was the
retention of the protonation of the a-alcoholic group in the quinate
ligand upon binding to Ni(Il). Each binding site around Ni(Il) in-
cludes the oxygen from the carboxylate moiety bearing 1— charge,
thus raising the total charge for the isolated mononuclear complex
to 1—. Formation of a five-membered cyclic ring is most likely a
source for stability in the isolated complex. The negative charge
on the anionic complex [Ni(C;H;,0¢)3] " is counteracted by one so-
dium ion. Retention of the proton of the alcoholic group in the a-
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 Ni(Il) and Mn(II). In contrast to that behav-
ior, binding of the a-hydroxycarboxylate ligand citrate to the high-
er oxidation state manganese ion Mn(III), led to a species in which
the alcoholic group does not retain the proton despite the fact that
citrate employs the same mode of coordination to Mn(Ill) as in
Ni(II), through formation of a five-member cyclic ring [25,57].

Beyond the conventional contributions of the ligand to the reac-
tivity of Ni(Il), there appear to be general features potentially in-
volved in the binary Ni(ll)-quinic acid system linked to its
aqueous chemistry. These include: (a) the coordination mode of
all three quinate ligands to Ni(Il) in 1, and (b) the presence of the
uncoordinated polyol functionalities in the quinates, signifying
the unique chemical reactivity of Ni(Il) ions toward o-hydroxy-
carboxylate ligands (central carboxylate and alcoholic groups)
leading to a metal-cyclic motif formation. Even though both the
o-hydroxycarboxylate and polyol functionalities in quinate are
capable of promoting metal ion binding chemistries, the herein
distinctly observed chemical reactivity and structural identity
may indicate commensurably diverse chemical reactivity at the
biological level. In such an environment, the natural metal ionic
binder organic moieties are key molecular targets participating in
essential biosynthetic pathways and likely influencing cellular
integrity and survival.

Lastly, the employed synthetic strategy for the isolation of com-
plex 1 reflects a chemical reactivity of Ni(Il), because of which the
title species crystallized out of solution. Key to the achievement of
the solid state lattice of 1 appears to be (a) the low solubility of the
anionic assembly [Ni(C;H110g)3]~ in the presence of the counter
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ion Na*, and (b) the involvement of water molecules in the assem-
bly. To that end, solvent water molecules of crystallization contrib-
ute to the establishment of extensive hydrogen-bonding
interactions throughout the lattice of 1 bestowing to it consider-
able stability.

4.2. The Ni(Il)-quinic acid binary system speciation

A well-defined form of a metal-organic binary species such as 1
requires that an in-depth knowledge of its solution identity and
properties is established. To this end, the aqueous solution study
on the distribution of species arising in the binary system Ni(Il)-
quinic acid: (a) aids significantly in the understanding of the nature
of various species forming as a function of pH and the stoichiome-
try of the reagent partners involved, and (b) provides a direct cor-
relation of the physicochemical profile of the proposed species
with the structure and properties of the species in the solid state
(1). In this regard, the species prevailing in the requisite aqueous
speciation bear a 1:2 Ni:L stoichiometry. In line with this stoichi-
ometry, mononuclear [NiL,]° and [NiL,H_4]~ species emerge as
competent participants in the pH distribution. Beyond that, mono-
nuclear [Ni(II)]** and [NiH_;]" species emerge as complementary
representative compounds of the aqueous binary distribution in
different pH-ranges. Complex [NiL,]° dominates in the low to
physiological pH range. Its almost constant % fraction of total Ni(II)
(30%) in the low and physiological pH range up to pH 8, indicates a
preference over other species that could bear quinate ligands. It
portrays a species containing a Ni(Il) metal ion bearing two quinate
ligands and likely two water molecules, thus bestowing an octahe-
dral coordination environment to the central metal ion. In that re-
spect, the [NiL,]° species correlates the nature of the proposed
solution species with that of 1 in the solid state. That, in turn, im-
plies that compound 1 upon dissolution turns into [NiL,]° giving up
one quinate ligand. Consequently, 1 is likely not a species existing
in solution, but rather one that emerges through favored lattice
dynamics upon crystallization from the reaction mixture originally
employed. It is worth noting that no 1:1 Ni:L species were pro-
posed through the aqueous solution studies. Collectively, the data
of the aqueous speciation relate the existence of the [NiL,]° species
at pH values around the specific pH value employed for the synthe-
sis of that complex, with 1 ultimately crystallizing out of solution.
This thesis is in line with recently isolated complexes of Co(II) with
quinic acid at variable pH values in the corresponding binary aque-
ous speciation [58]. Hence, the idea of (a) synthesizing and isolat-
ing the proposed [NiL,]° species, and (b) converting the [NilL,]°
species to 1 upon increasing the quinate:Ni(Il) molar ratio (or influ-
encing other factors) in the synthetic reaction mixture, are cur-
rently under investigation in our lab.

Moreover, the aqueous speciation studies suggest that other
binary species exist at higher pH values (>7.5), including the
[NiL,H_{]~ complex. The composition of that complex presents a
synthetic challenge that will shed light into that pH region of the
aqueous speciation diagram, pinpointing specific structural fea-
tures borne by quinate and the bound water molecules to Ni(II).
The presence of Ni(Il) bearing the same number of quinates at a
higher pH as the [NiL,]° dominant complex, but with an additional
deprotonated aquo ligand (most likely), attests to its significance
as a competent partner in the aqueous distribution diagram (albeit
at a lower % fraction), explicitly projecting a variable chemical
reactivity between Ni(Il) and quinate as a function of pH.

4.3. Relevance of Ni(Il) aqueous speciation to physiology and/or Ni(ll)
toxicity

The role of nickel in various structures and compartments in
cells has been widely investigated and includes both normal phys-

iological functions as well as toxic effects. As an exogenous inor-
ganic cofactor, Ni(Il) has been shown to exhibit physiological
and/or aberrant effects (e.g. toxicity) with all the concomitant con-
sequences to the integrity of organisms. As an enzyme metal cofac-
tor and inducer of pathogenic physiologies, Ni(Il) could exert
influence on biochemical processes in cell structures or intercede
in the chemistry of cellular (metal)homeostasis [59] by promoting
binary and ternary interactions with cellular organic targets of
both low and high molecular mass. Quinic acid is a suitable form
of an organic substrate-ligand (a) present in plant fluids and circu-
lating within plant structures, and (b) poised to seek chelation to
divalent metal ions, such as Ni(Il). In so doing, it establishes a bin-
ary Ni(Il)-quinic acid system, which in the pH-range of plant phys-
iological functions, generates a distribution of species with distinct
physicochemical properties and potential (bio)chemical activity.
Metal-linked biochemical activity has been observed in plants,
emphasizing the ability of their cells to seek and identify metal
ions or organic nutrients (a) essential to maintaining of their phys-
iology [60], and/or (b) competent in combating (phyto)toxicity
[61,62] events. To that end, the herein data signify the importance
of the form, type and nature of Ni(Il)-L (L = hydroxycarboxylate
chelator) interactions potentially associated with the mainte-
nance/compromise of cellular physiology or Ni(Il) toxicity. In this
respect, the well-characterized species 1 relates to the [NiL;] com-
plex as the dominant species present in the aqueous speciation of
the binary Ni(Il)-quinic acid system. In plants, the chemistry of
Ni(Il), represented by well-defined soluble species such as
[NiL,]° may also reflect critical aspects of its interactive chemistry
with other a-hydroxycarboxylic acids.

In humans, on the other hand, aberrant Ni(Il) reactivity may
influence processes (sister chromatid exchange, signaling path-
ways, transcription factor chemistry, etc.) linked to various mani-
festations of Ni(Il) toxicity, potentially leading to allergic [63],
respiratory and carcinogenic phenotypes [64]. In all of the afore-
mentioned cases, soluble and bioavailable forms of Ni(Il) constitute
(a) the key to understanding the genetic and epigenetic (bio)chem-
istry unfolding in cellular compartments, organs and tissues, and
(b) targets of ongoing research seeking to comprehend the intricate
chemistry of Ni(Il) toxicity at the molecular level. In this challeng-
ing field, efforts to understand further details of binary and ternary
interactions of Ni(ll), associated with soluble and bioavailable
species currently eluding characterization, are ongoing in our
labs.

5. Conclusion

The present endeavor (a) projects the complexity of the Ni(Il)-
quinic acid solution speciation in aqueous media and the diversity
of species expected to arise as a function of pH and molecular
Ni(II):quinate stoichiometry, (b) defines the physicochemical prop-
erties of a well-defined and characterized Ni(Il)-quinate species 1
isolated at a specific pH value and its partner [NiL,]° in solution
projected through the aqueous speciation studies, and (c) links
the pH-dependent bioinorganic chemistry of low molecular mass
binary Ni(II)-(O-containing)organic substrate species with further
binary and ternary interactions that might promote any potential
activity relating to Ni(Il) physiology or toxic effects on fundamen-
tal structures within cellular fluids.
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Appendix A. Supplementary data

CCDC 644650 contains the supplementary crystallographic data
for 1. These data can be obtained free of charge via http://
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (+44) 1223 336 033; or e-mail: deposit@ccdc.cam.ac.uk.
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.poly.2008.12.045.
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