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By using multinuclear (1H, 13C, 17O, 95Mo, 183W) magnetic resonance spectroscopy (1D and 2D), quinic acid is found
to form 2 homologous complexes with both tungsten() and molybdenum(), in aqueous solution. Two isomeric
1 : 2 (metal : ligand) complexes involving the carboxylate and the adjacent OH groups are present in the pH range
2–11. One of the W() complexes with quinic acid, WO2(C7H10O6)2

2� has been isolated in the solid state and
characterised by X-ray diffraction, the tungsten atom being six-coordinated in an approximate square bipyramidal
geometry. This structure is identical to that proposed for the most stable complex in solution. In the presence of
hydrogen peroxide and with both metals, quinic acid forms one 1 : 1 : 2 (metal : ligand : peroxide) species, also
involving the carboxylate and the adjacent OH groups.

Introduction
-(�)Quinic acid, (�)-1,3,4,5-tetrahydroxycyclohexanecarb-
oxylic acid, occupies a prominent position among the primary
metabolites originating from -glucose and is widely found in
plants.1 It is a precursor of shikimic acid, which is involved in
the biosynthesis of essential aromatic amino acids 2 and it can
constitute an alternative carbon source for many micro-
organisms, e.g. Aerobacter aerogenes and Klebsiella pneumonia.1

Quinic acid has also emerged in synthetic chemistry as an
attractive and inexpensive starting material for the total syn-
thesis of complex molecules and chiral reagents for asymmetric
synthesis.1

It is known that cyclic polyols act as calcium carriers in bio-
logical systems. Such compounds can therefore be expected to
be effective carriers for other metal ions, due to the formation
of coordination compounds.3 The complexation of quinic acid
with some metals has been the subject of several studies. Its
complexation with Cr(),4,5 Cr(),6 V(),7 V(),8 Zn(),
Cd(),9 Pt(),10 Cu() 3 and also with boron 11 has received
special attention. Peroxo complexes are also important regard-
ing their role in the oxidation of several substrates and their
industrial applications 12 and a peroxo complex of quinic acid
with Mo() was isolated and characterised in solution by 13C
and 95Mo NMR.13 The coordination chemistry of quinic acid
was recently reviewed.3

The polyhydroxy-substituted cyclohexane ring is a poly-
functional molecule that has typical characteristics of a sugar
molecule and also can coordinate the metals in a variety of
fashions, since it can behave as a polyhydroxy acid and as a
cyclic polyol.14 Following our previous studies on the com-
plexes, viz. refs.,15,16 and oxoperoxo complexes of Mo() and
W() with sugar derivatives,17 we now address this important
natural occurring ligand, -quinic acid.

Experimental
Analytical grade disodium tungstate and disodium molybdate
dihydrates, Na2MO4�2H2O, hydrogen peroxide (35% in water),
and tungstic and quinic acids were purchased from commercial
sources and used as received.

Apparatus

The 13C spectra were recorded on a Varian XL-200 instrument
and the 1H, 17O, 95Mo and 183W spectra were obtained on a
Varian Unity-500 NMR spectrometer. The 2D NMR spectra,
DQFCOSY 18 and HETCOR 19 were recorded on a Varian
Unity-500 NMR spectrometer. Elemental analyses were
obtained on an EA1108-CHNS-0 Fisons Instruments. X-Ray
diffraction experiments were performed on an Enraf-Nonius
CAD4 four-circle diffractometer.

NMR studies in aqueous solution

Solutions of oxo complexes were prepared by adding the
appropriate amounts of tungstate or molybdate and quinic
acid, ranging the metal : ligand molar ratios from 4 to 0.25 : 1,
total concentrations of metal and ligand from 0.10 to 1.5 M,
and pH values from 2 to 12.

Solutions of peroxo complexes were prepared by adding
hydrogen peroxide to metal/quinic acid solutions (pH 7, in order
to avoid the decomposition of H2O2), the pH of each solution
being then adjusted to a value between 2 and 12. A large excess of
H2O2 was used, the molar ratios (M : H2O2) ranging from 1 : 2.5
to 1 : 5, to prevent the formation of oxo complexes. Molar ratios
(M : L) ranged from 2 : 1 to 1 : 2, total concentrations of metal
and quinic acid from 0.10 to 1.5 M, and pH values from 2 to 12.

The pH was adjusted (cautiously, to reduce the possibility of
drastic local disturbances of equilibria that may be slow to dis-
appear) by addition of DCl and NaOD; the pH* values quoted
are the direct pH-meter readings (room temperature) after
standardization with aqueous (H2O) buffers.

Detailed NMR experimental conditions can be found in
previous papers.20,21

Synthesis

The tungstate complex K2[WO2(C7H10O6)2]�1.5H2O was pre-
pared starting from tungstic acid (750 mg, 3 mmol), potassium
hydroxide (337 mg, 6 mmol) and quinic acid (1.15 g, 6 mmol).
The tungstic acid was dissolved in 5 cm3 of water with the
potassium hydroxide (40 �C). After the total solubilization,
quinic acid was added and the solution stirred for 30 min and

D
A

LTO
N

FU
LL PA

PER

2126 J. Chem. Soc., Dalton Trans., 2002, 2126–2131 DOI: 10.1039/b109564c

This journal is © The Royal Society of Chemistry 2002



the pH was adjusted to 5 (using KOH). Single crystals were
obtained by slow diffusion of acetone vapour. Anal. found C,
22.41; H 3.26. Calc. for K2[WO2(C7H10O6)2]�1.5H2O: C, 23.95;
H, 3.27%. Interference owing to metal carbide formation dur-
ing combustion cannot be ruled out, affecting the experimental
C-content of the crystals.

X-Ray crystallography

A prismatic transparent crystal of the tungsten complex was
selected and mounted on an Enraf Nonius CAD4 four-circle
diffractometer. Unit cell parameters were determined from
automatic centering of 25 reflections in the range 5.44 < θ <
18.07� and refined by a least-squares method. Intensities were
collected with graphite monochromated Mo-Kα radiation,
using ω/θ scan techniques. 3 Reflections were measured every
3 hours as orientation and intensity controls and no significant
intensity decay was observed. Lorentz-polarisation and absorp-
tion corrections based on ψ-scan measurements of χ = 90�
reflections were made. The structure was solved by direct
methods using the SHELXS97 22 computer program and
refined by full-matrix least-squares methods on F 2 using
SHELXL97.23 The data/parameter ratio is 12.47. The chir-
ality of the structure was determined from the refined Flack
coefficient.24 The water hydrogen atoms could not be located
whilst the remaining hydrogen atoms were placed at calculated
positions and refined as riding on the parent atoms using
SHELXL97 defaults.

The final RF factor was 2.7% and wR (all reflections) = 6.9%.
See Table 1 for further details concerning the resolution and
refinement of the crystal structure.

CCDC reference number 172995.
See http://www.rsc.org/suppdata/dt/b1/b109564c/ for crystal-

lographic data in CIF or other electronic format.

Results and discussion

Structure of D-(�)quinic acid in aqueous solution

-(�)Quinic acid has been shown to exist in DMSO solution as
two chair conformers in rapid equilibrium, in an equatorial–
axial ratio of 73 : 27 25 (see Scheme 1).

It was previously established by 1H 26 and 13C 27 NMR that
quinic acid in aqueous solution assumes predominantly a

Scheme 1

Table 1 Crystallographic data for K2[WO2(C7H10O6)2]�1.5H2O

Formula C14H29K2O18.5W
Formula weight 755.42
Size/mm 0.34 × 0.15 × 0.14
Space group P21212
a/Å 16.8239(13)
b/Å 17.772(2)
c/Å 8.217(4)
V/Å3 2456.8(12)
Z 4
µ/mm�1 5.125
dcalc/g cm�3 2.042
Reflections unique 4300
Reflections observed 4016
Number of parameters 322
R, Rw 0.0267; 0.0668
GOOF 1.006
Flack parameter �0.007(10)
∆ρmax, min/e Å�3 0.51, �0.85

chair conformation, the CO2H group being equatorial. This
conformation was also found in the solid state by X-ray
diffraction.28

In order to characterise the complexes formed, a proper
assignment of all the proton and carbon NMR signals of the
ligand is necessary, for various pH conditions. The proton and
carbon chemical shifts, as well as the proton–proton coupling
constants, are shown in Tables 2 and 3, for different pH values.
Our results are in agreement with previous studies, except for
the H-2eq and H-2ax assignments which are interchanged. In
particular, the observed J4,5, J5,6ax vicinal coupling constants
and J2eq,6eq long-range coupling constant suggest the exclusive
existence of the equatorial conformer. The observed long-range
coupling constant J2eq,6eq is a result of a zig-zag H–C–C–C–H
arrangement.

Complexation with W(VI) and Mo(VI)

In the presence of sodium tungstate or sodium molybdate the
proton and 13C spectra of aqueous solutions of -quinic acid
show new signals which are due to complexation, besides those
of the free ligand when present. The observation of distinct
signals for bound and free ligand is a consequence of slow
ligand exchange on the NMR time-scale, which renders a
speciation study more direct using this technique.

A systematic recording of spectra was performed for both
W()– and Mo()–-quinic acid systems, total concentrations
of complexing species ranging from 2.5 to 0.10 mol dm�3, metal
: ligand molar ratios from 4 to 0.25 : 1, and pH values ranging
from 3 to 11. Under these conditions, the spectra show two
different sets of signals due to bound ligand for both systems.
Signal intensity considerations led to the conclusion that these
sets correspond to two different complexes. These complexes, a
and b, are formed over the entire pH range covered (3–11),
irrespective of the total concentrations of complexing species
and of the metal : ligand molar ratios. The effect of pH* on
their concentration is shown in Fig. 1 for a 0.25 mol dm�3 : 0.50

mol dm�3 W()–-quinic acid solution. The concentrations of
the complexes and free ligand were estimated on the basis of the
1H NMR signal intensities. The Mo()–-quinic acid system
shows similar behaviour.

The 1H and 13C assignments were done with the aid of
homonuclear and heteronuclear correlation experiments
(COSY and HETCOR, respectively). Tables 4 and 5 show the
proton and carbon NMR parameters.

The way in which the ligand is bonded to the metals can be
established from the proton and carbon chemical shifts, relative
to the free ligand at the same pH. For both tungstate and
molybdate systems, the high frequency 13C shifts observed for
the carboxylic and the adjacent carbinol carbon nuclei upon
complexation (∆δ 5 and 10–12, respectively) are characteristic

Fig. 1 Concentration of the ligand as a function of pH*, obtained by
1H NMR for a 0.25 mol dm�3 : 0.50 mol dm�3 solution in D2O of
sodium tungstate() and -quinic acid, temperature 298 K.
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Table 2 1H NMR parameters a for quinic acid in D2O solution (0.20 mol dm�3), 298 K

 H-2eq H-2ax H-3 H-4 H-5 H-6ax H-6eq J2eq,3 J2ax,3 |J2eq,2ax| J3,4 J4,5 J5,6ax J5,6eq |J6ax,6eq| J2eq,6eq
b

pH* = 3.1
δ 2.10 2.17 4.23 3.62 4.10 1.98 2.21 3.1 3.4 15.1 3.3 9.4 10.9 4.7 13.5 2.7

pH* = 5.0
δ 2.02 2.11 4.20 3.60 4.07 1.93 2.12 3.1 3.3 15.0 3.2 9.3 10.9 4.7 13.5 2.7

pH* = 7.0
δ 2.02 2.11 4.20 3.60 4.07 1.93 2.12 3.1 3.3 15.0 3.2 9.3 10.9 4.7 13.5 2.7
a δ Values, in ppm, relative to Me4Si, using tert-butyl alcohol (δH 1.3) as internal reference; J values in Hz. b 4J due to a zig-zag H–C–C–C–H
arrangement. 

of involvement of these groups in complexation;15–17,20,21,29–36

the other carbon shifts are much smaller. This is also supported
by the small 1H shifts observed upon complexation.

The 183W, 95Mo, and 17O chemical shifts help to elucidate the
nature of the metal centre in the complexes. The respective
parameters are shown in Tables 6, 7 and 8, respectively. The
183W spectra show two sharp signals, at δ �4.0 and 0.80 ppm,

Table 3 13C NMR chemical shifts a for quinic acid in D2O solution
(0.20 mol dm�3), 298 K

 C-1 C-2 C-3 C-4 C-5 C-6 C-7

pH* = 3.0
δ 77.54 38.45 71.65 76.45 68.06 41.86 180.32

pH* = 5.0
δ 78.53 38.93 71.98 76.78 68.54 42.25 182.86

pH* = 6.9
δ 78.57 38.96 71.99 76.79 68.57 42.26 182.94
a δ Values, in ppm, relative to Me4Si, using tert-butyl alcohol (δC 31.2) as
internal reference. 

the more intense one lying at lower frequency. Their relative
intensities exactly match the relative concentrations of a and b
in solution. The chemical shift values can be compared with
those found for pairs of isomeric 1 : 2 (metal : ligand) tungstate
complexes with α-hydroxyacids possessing a MO2

2� centre, the
carbon atom that bears the hydroxy group being a tertiary
one.35 The 95Mo spectrum is a broad signal that can be analysed
as two close signals (δ 70 and 73 ppm) as expected for the
two complexes, regarding the observed relationship between
δ183W/δ95Mo for homologous species.17 Accordingly, the 17O
NMR spectra show signals (δ 637 and 827 ppm, relative to
external reference D2O, for tungstate and molybdate, respec-
tively), due to terminal M��O bonds but no signals for M–O–M
bridges are detected.15,16,20,21,30–32,37–41 Also consistent with the
proposed 1 : 2 (metal : ligand) stoichiometry is the fact that (a)
solutions having metal : ligand molar ratios larger than 0.5 : 1
have 183W, 95Mo and 17O spectra showing free metal and 1H and
13C spectra with no signals for free ligand and (b) solutions
having metal : ligand molar ratios smaller than 0.5 : 1 have 183W,
95Mo and 17O spectra showing no signals for free metal and
1H and 13C spectra with an appropriate amount of free ligand.
All these findings point to a and b being the diastereomers
1 and 2.

Table 4 1H NMR parameters a for W() � quinic acid, Mo() � quinic acid, W() � quinic acid � H2O2 and Mo() � quinic acid � H2O2, 298 K

 H-2eq H-2ax H-3 H-4 H-5 H-6ax H-6eq J2eq,3 J2ax,3 |J2eq,2ax| J3,4 J4,5 J5,6ax J5,6eq |J6ax,6eq| J2eq,6eq
b

W() � quinic acid
Complex a c (pH* 3.0)
δ 2.27 2.08 4.23 3.61 4.05 1.75 2.37 2.9 3.3 15.0 3.4 9.8 11.8 4.7 12.9 2.9
∆δ 0.17 �0.09 0.0 �0.01 �0.05 �0.23 0.16          

Complex b c (pH* 3.0)
δ 2.30 2.02 4.23 3.62 4.12 1.82 2.40 3.1 3.2 14.9 3.4 9.8 11.6 4.7 13.0 2.9
∆δ 0.20 �0.15 0.0 0.0 0.02 �0.16 0.19          
 
Mo() � quinic acid
Complex a d (pH* 3.0)
δ 2.28 2.07 4.18 3.58 4.01 1.75 2.39 2.9 3.1 14.8 3.1 9.1 12.3 4.5 12.4 2.8
∆δ 0.18 �0.10 �0.05 �0.04 �0.09 �0.23 0.18          

Complex b d (pH* 3.0)
δ 2.30 1.99 4.19 3.59 4.10 1.84 2.39 2.8 3.0 14.7 3.1 9.0 12.3 4.4 12.3 2.8
∆δ 0.20 �0.18 �0.04 �0.03 0.0 �0.14 0.18          
 
W() � quinic acid � H2O2

Complex a e (pH* 5.0)
δ 2.19 2.08 4.20 3.63 4.19 1.85 2.26 2.8 2.6 14.5 2.8 9.5 12.5 4.9 12.5 2.8
∆δ 0.17 �0.03 0.0 0.03 0.12 �0.08 0.14          
 
Mo() � quinic acid � H2O2

Complex a f (pH* 5.0)
δ 2.28 2.11 4.23 3.66 4.30 1.93 2.34 2.8 2.7 14.5 2.8 9.6 12.1 4.9 12.2 2.8
∆δ 0.26 0.0 0.03 0.06 0.23 0.0 0.22          
a δ Values, in ppm, relative to Me4Si, using tert-butyl alcohol (δH 1.3) as internal reference; J values in Hz. b 4J due to a zig-zag H–C–C–C–H
arrangement. c 0.25 : 0.50 mol dm�3 W()–quinic acid solution. d 0.25 : 0.50 mol dm�3 Mo()–quinic acid solution. e 0.50 : 0.50 : 2.5 mol dm�3

W()–quinic acid–H2O2 solution. f 0.50 : 0.50 : 2.5 mol dm�3 Mo()–quinic acid–H2O2 solution. 
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The two ligand molecules are magnetically equivalent, com-
plex a being slightly more stable than b mainly for steric reasons
involving the non-complexed rings. These geometries are

Table 5 13C NMR chemical shifts a for W() � quinic acid, Mo() �
quinic acid, W() � quinic acid � H2O2 and Mo() � quinic acid �
H2O2, 298 K

 C-1 C-2 C-3 C-4 C-5 C-6 C-7

W() � quinic acid
Complex a b (pH* 5.0)
δ 89.89 38.41 72.02 76.94 68.04 41.11 187.45
∆δ 11.36 �0.52 0.04 0.16 �0.50 �1.14 4.59

Complex b b

δ 90.10 37.93 72.14 76.84 68.14 42.05 187.45
∆δ 11.57 �1.00 0.16 0.06 �0.40 �0.20 4.59
 
Mo() � quinic acid
Complex a c (pH* 5.0)
δ 90.41 38.28 72.06 76.84 68.22 40.37 186.43
∆δ 11.88 �0.65 0.08 0.06 �0.32 �1.88 3.57

Complex b c

δ 90.57 37.04 72.21 76.70 68.29 41.98 186.35
∆δ 12.04 �1.89 0.23 �0.08 �0.25 �0.27 3.49
 
W() � quinic acid � H2O2

Complex a d (pH* 5.0)
δ 89.09 39.94 72.56 77.02 68.49 43.81 187.47
∆δ 10.56 1.01 0.58 0.24 �0.05 1.56 4.61
 
Mo() � quinic acid � H2O2

Complex a e (pH* 5.0)
δ 89.16 39.90 72.80 77.13 68.88 43.81 186.37
∆δ 10.63 0.97 0.82 0.35 0.34 1.56 3.51
a δ Values, in ppm, relative to Me4Si, using tert-butyl alcohol (δC 31.2) as
internal reference. b 0.25 : 0.50 mol dm�3 W()–quinic acid solution.
c 0.25 : 0.50 mol dm�3 Mo()–quinic acid solution. d 0.50 : 0.50 : 2.5
mol dm�3 W()–quinic acid–H2O2 solution. e 0.50 : 0.50 : 2.5 mol dm�3

Mo()–quinic acid–H2O2 solution. 

Table 6 183W NMR chemical shifts a for W() � quinic acid and
W() � quinic acid � H2O2, 298 K

 δ183W 3JW–H

W() � quinic acid   
Complex a b (pH* 5.0) �4.0 — c

Complex b b (pH* 5.0) 0.8 — c

 
W() � quinic acid � H2O2   
Complex a d (pH* 5.0) �611.9 — c

a δ Values relative to external reference Na2WO4, pH* = 9.5, J values in
Hz. b 0.25 : 0.50 mol dm�3 W()–quinic acid solution. c Not resolved.
d 0.50 : 0.50 : 2.5 mol dm�3 W()–quinic acid–H2O2 solution. 

also consistent with only small changes of the proton coupling
constants upon complexation.

The NMR evidence points to the sole formation of the
homo-complexes but this cannot be considered as completely
unambiguous as coincident chemical shifts cannot be totally
excluded.

Crystal structure

The tungsten() complex K2[WO2(C7H10O6)2]�1.5H2O crystal-
lises in an orthorhombic unit cell in the non-centrosymmetric
space group P21212, exhibiting a three-dimensional infinite
polymeric structure. The tungsten atom is bound to two oxygen
atoms O1 and O2, with bond distances 1.743(5) Å for both
atoms, as usual for the tungstate ion. Two quinic acid molecules
coordinate each tungstate ion. The coordinated oxygen atoms
come from the carboxyl group [bond distances 2.174(5) and
2.182(5) Å for O71A–W1 and O71B–W1] and from the hydroxy
group on C1 [bond distances 1.925(5) and 1.938(4) Å for O1B
and O1A, respectively]. The tungsten atom is 6-coordinate in an
approximate square bipyramidal geometry, with an O1–W1–O2
angle of 104.0(2)�. The two potassium atoms are spread over
three positions: K1 occupies a general position with a refined
occupation factor 1.0; K2 also occupies a general position but
with an occupation factor of 0.5; K3 occupies a special posi-
tion of symmetry 2b. Potassium and tungsten atoms are
bridged by oxygen atoms (see Fig. 2) forming short K2–K1–
W1–K3–W1�–K1�–K2� chains further interlinked by the quinic
acid ligands.

The quinic acid ligands are deprotonated both in the
carboxyl and hydroxy group on C1 and adopt chair conform-
ations. The 6-membered ring C1A–C2A–C3A–C4A–C5A–
C6A has an average ring bond distance of 1.522(4) Å and an

Table 7 95Mo NMR chemical shifts a for Mo() � quinic acid and
Mo() � quinic acid � H2O2, 298 K

 95Mo ∆ν1/2

Mo() � quinic acid   
Complex a b (pH* 5.0) 70 308
Complex b b (pH* 5.0) 73 280

 
Mo() � quinic acid � H2O2   
Complex a c (pH* 5.0) �253 849

a δ Values relative to external reference Na2MoO4, pH* = 9.0; ∆ν1/2 in
Hz. b 0.25 : 0.50 mol dm�3 Mo()–quinic acid solution. c 0.50 : 0.50 : 2.5
mol dm�3 Mo()–quinic acid–H2O2 solution. 

Table 8 17O NMR chemical shifts a for W() � quinic acid, Mo() �
quinic acid, W() � quinic acid � H2O2 and Mo() � quinic acid �
H2O2, 298 K

 

W() � quinic acid   
Complexes a � b b (pH* 5.0) 637 —

 
Mo() � quinic acid   
Complexes a � b c (pH* 5.0) 827 —

 
W() � quinic acid � H2O2   
Complex a d (pH* 5.0) 655 —

 
Mo() � quinic acid � H2O2   
Complex a e (pH* 5.0) 838 —

a δ Values relative to external reference D2O. b 0.25 : 0.50 mol dm�3

W()–quinic acid solution. c 0.25 : 0.50 mol dm�3 Mo()–quinic acid
solution. d 0.50 : 0.50 : 2.5 mol dm�3 W()–quinic acid–H2O2 solution.
e 0.50 : 0.50 : 2.5 mol dm�3 Mo()–quinic acid–H2O2 solution. 
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average torsion angle of 54.3(3)�. The Cremer and Pople
parameters 42 are Q = 0.558(7) Å, θ = 171.1(7)�, 	 = 328(5)�.

The 6-membered ring C1B–C2B–C3B–C4B–C5B–C6B has
an average ring bond distance of 1.524(4) Å and an average
torsion angle of 53.3(3)�. The Cremer and Pople parameters are
Q = 0.541(7) Å, θ = 175.3(7)�, 	 = 293(9)�.

In both rings the hydroxy group on C1 adopts an axial
position related to the Cremer and Pople plane, as does the
hydroxy group on C5, while the other hydroxy and carboxyl
groups adopt an equatorial position.

The absolute structure was determined from X-ray analysis
using the significant anomalous dispersion of tungsten at the
Mo-Kα wavelength and confirmed the chirality of -quinic
acid (C3 and C5 are R chiral centers).

Complexation with W(VI) and Mo(VI) in the presence of hydrogen
peroxide

When an excess of hydrogen peroxide is added to mixtures of
sodium tungstate or sodium molybdate with -quinic acid, in
aqueous solution, the systems become simpler, showing only
one set of 1H and 13C signals due to complexed forms, besides
those of the free ligand. This indicates the formation of only
one complex (namely peroxo complex a). The effect of pH* on
its concentration is shown in Fig. 3, for a 0.50 mol dm�3 : 0.50

mol dm�3 : 1.25 mol dm�3 W()/-quinic/H2O2 solution. The
concentrations of the complex and “free” ligand were estimated
on the basis of the 13C NMR signal intensities. Signals due to
degradation products are also detected, especially at high pH.

The high frequency 13C NMR shifts observed for the carb-
oxylic and the adjacent carbon nuclei (∆δ 4–5 and 11 ppm)
(Table 5) suggest that quinic acid is involved with both metal
centres by the carboxylate and the adjacent OH group.15–17,20,21,29–36

The 183W and 95Mo NMR chemical shifts observed (δ �612 and
�253 ppm, relative to external reference Na2MO4, for M��W
and Mo, respectively) (Tables 6 and 7) can be compared with
those found for oxoperoxo complexes of W() and Mo() with

Fig. 2 X-Ray structure of potassium bis-quinato tungstate hydrate.
Disordered water molecules are omitted for clarity.

Fig. 3 Concentration of the ligand as a function of pH*, obtained by
13C NMR for a 0.50 mol dm�3 : 0.50 mol dm�3 : 1.25 mol dm�3 aqueous
solution (50% D2O) of sodium tungstate(), -quinic acid and H2O2,
temperature 298 K.

sugar acids, previously studied.17 In particular, the 95Mo NMR
chemical shift also reproduces the value of ref. 13 for the peroxo
complex of molybdate with quinic acid and are in agreement
with those found for mononuclear diperoxo complexes of
molybdate with oxalic, glycolic, malic and citric acids.13 The
183W signals also fall in the region of oxodiperoxo tungstates
in water.43,44 The oxygen shifts detected (δ 655 and 838 ppm,
relative to external reference D2O, for tungstate and molybdate,
respectively) (Table 8) are typical of terminal M��O bonds of
Mo4� centers,17,45–47 no signals due to M–O–M bridges being
present.15,16,20,21,30–32,37–41 Severe broadening of the peroxide 17O
resonances due to nuclear quadrupolar relaxation precluded
any detection of the M(O2) 

17O signals.46,48

The above data are consistent with the formation of a
mononuclear diperoxo complex. The existence of equal
contents of metal and ligand (quinic acid) is confirmed by the
fact that, for example, 0.50 : 0.50 : 2.5 mol dm�3 W()/-quinic
acid/H2O2 solutions, at pH* 5.0, have 13C, 17O and 183W NMR
spectra with no signals for free ligand or for free metal, whereas,
0.25 : 0.0.50 : 2.5 mol dm�3 solutions have about 50% free
ligand and no signal for free metal, and 0.50 : 0.25 : 2.5 mol
dm�3 W()/-quinic acid/H2O2 solutions have about 50% free
metal. Free metal is in the peroxotungstate forms [WO2(O2)2]

2�

and [W2O3(O2)4]
2� 42,43 due to the large excess of hydrogen

peroxide present in solution. Also consistent with the 1 : 1 metal
: ligand stoichiometry is the detection of only one 1H set and
only one 13C set of signals for the bound ligand. If two ligand
molecules were coordinated in a bidentate fashion to a
7-coordinated metal atom possessing a pentagonal bipyramidal
geometry, two 1H and two 13C sets of signals of equal intensities
would appear for the bound ligand.

All these findings point to a 1 : 1 : 2 (metal : ligand : peroxide)
stoichiometry for the complex. Guided by the structures
found by X-ray diffraction for the oxodiperoxo complexes of
molybate with glycolic 13 and citric acids 49 we can propose
structure 3. 

This structure was also previously proposed for the peroxo
complex of molybdenum, K2[MoO(O2)2(quin)]�2H2O

13 by
comparison with the X-ray determined structure of the related
glycolate complex.

In such a structure, seven oxygen atoms coordinate the metal
in essentially a pentagonal bipyramidal arrangement. The M��O
oxo group occupies one of the apical positions and the two
bound η2-peroxo ligands occupy equatorial positions. The
remaining positions are occupied by the α-hydroxycarboxylic
moiety of the quinic acid. The hydroxy group is assumed to
occupy an equatorial position around the metal atom so as to
form a strong bond, whereas the carboxylic group occupies the
remaining apical position, as previously proposed in the case
for the oxoperoxo complexes of Mo() and W() with sugar
acids.17

Conclusion
The system addressed in this paper can be regarded as an exten-
sion of the previous systematic studies on the complexation of
metal oxo ions, namely tungstate and molybdate, with the main
sugar acids, aldaric,20,21,29 alduronic,15 and aldonic 16,30–32 acids,
also in the presence of hydrogen peroxide.17

Irrespective of pH, 1 : 2 (metal : ligand) complexation occurs,
the ligand behaving as an α-hydroxycarboxylic acid (O-1 and
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O-7 as binding sites) and two diastereoisomers were detected
in solution. One of the complexes with W() was isolated
and characterised in the solid state by X-ray diffraction. This
structure is similar to that proposed for the most stable 1 : 2
(metal : ligand) tungstate and molybdate oxo complexes of
α-hydroxyacids having a MO2

2� centre, as established on the
basis of NMR and steric considerations.

In the presence of hydrogen peroxide, only one complex is
detected. Common features to both Mo and W peroxo com-
plexes are the involvement of two peroxide units per metal
centre and the coordination of the ligand through O-1 and O-7.

It is known that ionized organic OH functions are relatively
hard bases, which may displace the carboxylate groups from the
first coordination sphere of the metal ion. Thus, at high pH
values, polyhydroxycarboxylic acids can coordinate exclusively
through ionized OH functions, without COO� coordination.50

This we have found to occur in previous studies of oxo com-
plexes of sugar acids involving M2O5

2� metal centres,15,16,20,21,30–32

but not in the present study where MO2
2� and MO4� centres

are present. Over the pH range used, coordination is estab-
lished through the carboxylate and adjacent hydroxy groups.
Accordingly, two 1 : 2 (metal : acid) oxo complexes and one
1 : 1 : 2 (metal : acid : peroxide) oxoperoxo complex are detected.
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