Formation of 1 : 1 and 2 : 2 complexes of Ce(1i1) with the
heteropolytungstate anion o,-[P,W,,O,]'""", and their interaction
with proline. The structure of [Ce,(P,W,O,),(H,0)s]"* T
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The “1: 1” complex of Ce** and a,-[P,W ;041" is formed in an equimolar solution of Ce(NO;); and K ,[P,W;,04],
but attempts to isolate a solid yield salts of the 1 : 2 complexes first described by Peacock and Weakley in 1971. With
a 3-fold excess of Ce*" however, a crystalline ammonium salt (anion 1) could be isolated in 90% yield based on
tungstate. Structural analysis of these crystals (monoclinic, C2/c; a = 46.1124(6); b = 12.7451(1); ¢ = 26.4624(2) A,
£=93.570(1)°, Z = 4, 18856 independent reflections, R1 =0.0799; wR2 = 0.1594) revealed a head-to-head dimeric
anion with each 9-coordinate Ce(1r) cation attached to four oxygens that surround the lacuna of one tungstophosphate
anion, a terminal O(W) of the second tungstophosphate, and four water molecules. Phosphorus-31 NMR spectra of
solutions of 1 revealed two sets of resonances, A and B, the relative intensities of which could be fitted to an
equilibrium 2A =B, with K =1.46 £ 0.04 M " at 23 °C. Further NMR analysis suggests a scheme in which 1, which
is in rapid exchange with the “monomer” (2), is also in slow exchange with a labile associate of Ce** and the 1: 2
complex. The exchange process between 1 and 2 is responsible for the non-observance of one of the expected 9 lines
in the tungsten-183 NMR spectrum and an exchange-broadened P-NMR line. Addition of proline to form a ternary
complex [Ce(P,W;,04;)(proline)(aq)]” (K = 4.5 £ 0.1 M™! from '"H-NMR) restores the missing W-NMR

résonance.

Introduction

The chemistry of polyoxometalates continues to attract interest
as a result of their realized and potential applications in fields
as disparate as catalysis, materials science, structural biology,
and medicine.! In recent years attention has been focussed on
very large polyoxoanions which span the interface between dis-
crete molecular species and extended lattices, and which can
demonstrate novel host—guest chemistry, and unusual optical,
magnetic and other properties.> The structures of such large
polyoxoanions can be mentally decomposed into smaller dis-
crete “building blocks” with various linking atoms or groups.
Simple, early examples of such composite polyoxometalates are
complexes such as [Mn(NbgO,,),]"* * and [Eu(PW,;,0;),]",*
in which the linkers are transition metal and lanthanide cations.
The latter type of complexes, first reported by Peacock and
Weakley, are easily synthesized from the lacunary polyoxoanion
“ligand” and the lanthanide cation which adopts a square
prismatic 8-coordinate coordination geometry. Large numbers
of such complexes with lanthanide and actinide(4+) cations
and a variety of polyoxometalate ligands have been character-
ized since the first reports.>* Much research has been directed
at the use of the tungstophosphate anion [P,W,,0]" (o,
isomer) for radioactive waste treatment via sequestration of
transuranium elements.®

Although Peacock and Weakley had noted the existence of
1 : 1 complexes such as [Ce(PW,;050)(H,0),]”", and these were
later characterized by spectroscopic and electrochemical
methods,”® the first structural studies revealed that the anions

1 Electronic supplementary information (ESI) available: representative
P-31 EXSY spectrum for a solution of “1 : 1” complex. Plot of InK vs.
1/T for the equilibrium species A (1, 2) and B (3, 4). Determination of
formation constant of proline complex; plot of inverse cerium-induced
chemical shift of Ho versus [proline]/[1]. See http://www.rsc.org/
suppdata/dt/b1/b105967j/
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assembled into linear polymeric arrays upon crystallization.’
We have recently examined the 1 : 1 complex of the metastable
a, isomer of [P,W,;04]"~ with Ce*" and showed that it crystal-
lizes in the form of a head-to-head dimer, [{Ce(H,0),(P,W ;-
Og) 1" .2 Very recently, Francesconi et al. have described the
structure of [{Eu(H,0);(P,W,04)},]"* 1!

This paper describes the synthesis, and solution and solid
state characterization of the 1 : 1 complex of the o, isomer
of [P,W ;041" with Ce™. Owing to the existence of the stable
1 : 2 complex, the solution equilibria are more complicated than
for the o, system (for which no 1 : 2 complex has yet been
detected) and evidence for two dimers is presented. The form-
ation of labile complexes with proline has been detected by
NMR.

Experimental
Materials

All chemicals were reagent grade and used as supplied. Water
was purified by passage through a purification train. The
following lacunary anion salts were prepared according to
published methods and were identified by infrared spectro-
scopy and *'P NMR: a,-K,(P,W ;04" 0,-Li; oP,W,,0¢;,"% and
a-Na;P,W,5054."

Synthesis of (NH,),[Ce(P,W,,0,,)]-nH,O

This complex was first isolated as a minor by-product from the
synthesis of [Ce,(OH,)s(OH),(P,W,40s5,),]"*"."* More efficient
syntheses were subsequently developed.

Method 1. A hot (80 °C) solution of 0,-K;,P,W;,04;*xH,O
(3.5 g, ca. 0.72 mmol) in water (40 mL) was added dropwise
over a period of 45 min to a hot (80 °C) solution of Ce(NOj;);*
6H,0 (1.25 g, 2.8 mmol) in 10 mL water. Formation of an oily
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phase (dark orange-red) at the bottom of the beaker was
observed upon complete addition of the polyoxotungstate sol-
ution. After stirring the solution was stirred at 80 °C for an
additional 5 min, 30 mL of 4 M NH,CI solution was added.
The reaction mixture turned into a clear orange solution which
was stirred at the same temperature for an additional 5 min
before the solution was cooled to room temperature (pH 2.8).
The formation of crystalline material occurred after a few
hours and the final product (3.12 g, 90 mol%) was collected the
next day.

Method 2. To a solution of o-Na;,P,W;sOs (4.23 g, ca.
1.0 mmol) dissolved in 100 mL 1 M LiCl solution (pH 7.7), a
solution of Na,WO,-2H,0 (0.66 g, 2.0 mmol) in 5 mL water
was added (pH 8.3). After stirring the solution vigorously
for 5 min (pH 8.3), a solution of Ce(NO;);-6H,0 (0.86 g,
2.0 mmol) dissolved in 1 M HOAc (6 mL) was added dropwise
to the reaction mixture to form a light yellow—orange suspen-
sion. The suspension was heated in a water bath from room
temperature to 85 °C over the course of 10 min, and kept at this
temperature for an additional 25 min. While stirring, 2.0 ml 3 M
KClI were added to the suspension. The mixture was then fil-
tered with suction once and gravimetrically twice to obtain a
clear orange solution (pH 5.0). The solution was subsequently
heated in a hot water bath for 1 additional min, and 35 mL of a
4 M NH,CI solution were added while stirring (pH 5.0). The
solution was allowed to stand at room temperature for one
week to obtain a orange crystalline product (2.50 g, 52 mol%).

The products of the three preparations gave identical P-NMR
spectra. Found: N, 1.94; H, 1.44; Ce, 3.04; P, 1.17; W, 63.11;
Cl, 0.10; K, 0.20%. Calc. for (NH,)s,5Ko25[Ce(P,W1;04))]:
0.27H,0-0.15NH,Cl: N, 1.96; H, 1.66; Ce, 2.84; P, 1.26;
W, 63.40; Cl, 0.10; K, 0.20%. IR (v/lcm™'): 1085 (s), 1055
(w), 1024 (w), 1016 (w) 943 (s), 923 (s), 918 (s), 812 (vs), 783 (s).
Ce™™ redox potential (literature®): 0.654 V (0.651 V) vs.
Ag/AgCl.

Crystal structure determination

Single crystal X-ray analyses were performed on a Bruker-
Siemens SMART CCD single crystal diffractometer equipped
with an Mo-Ka anode and graphite monochromator (4 =
0.71073 A). The orange crystal (0.17 X 0.12 x 0.04 mm) was
mounted on a glass fiber under mineral oil to prevent water loss,
and placed in a nitrogen stream at 173(2) K. The final unit cell
was calculated using a least squares refinement of reflections
culled from the entire data set. The data was corrected for
Lorentz and polarization effects. An empirical absorption
correction based on equivalent reflections' was applied as
incorporated in the SADABS program.'® All structures were
solved using direct methods and refined against F? using the
routines included in the SHELXTL-PC software suite.!” Nitro-
gen atoms of ammonium cations were modeled as oxygen
atoms because the former could not be distinguished from the
latter. K, P, W and Ce atoms were refined anisotropically; oxy-
gen atoms were refined isotropically. Hydrogen atoms were not
included in the refinement model. (NH,);K[{Ce(P,W;04,)},]-
(H,0);5, M = 9204.95, monoclinic, a = 46.1124(6), b =
12.7451(1), ¢ = 26.4624(2) A, f=93.570(1), U=15522.03), T =
173(2) K, space group C2/c, Z = 4, u(Mo-Ka) = 25.825 mm ™,
84148 reflections measured, 18856 unique (R;,, = 0.1610) which
were used in all calculations. The final wR(F?) was 0.1594.

CCDC reference number 169242.

See http://www.rsc.org/suppdata/dt/bl/b105967j/ for crystal-
lographic data in CIF or other electronic format.

Physical measurements

Phosphorus-31 NMR was measured on a Varian Mercury
300 MHz spectrometer (P resonance frequency 121.472 MHz)
interfaced to a Sun Microsystems workstation with the follow-
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ing parameters: spectral width, 10000 Hz; acquisition time,
6.4 s; pulse delay, 5 s; pulse width, 34.1°. All spectra were refer-
enced to external 85% H;PO,, and the temperature was con-
trolled by a V'T temperature control unit. Tungsten-183 NMR
spectra were recorded on a Bruker AM 300WB spectrometer
(W resonance frequency 12.504 MHz), equipped with an
Aspect 3000 computer with the following parameters: spectral
width, 8064.516 Hz; acquisition time, 1.0158 s; pulse delay,
0.5 s; pulse width 45° tip angle. All spectra were referenced to
external 2 M Na,WO,. Infrared spectra were recorded with
a Nicolet FT-7000 spectrometer as KBr pellets. Cyclic volt-
ammetry was measured at ambient temperature on a BAS100A
system. A glassy carbon working electrode (diameter 3mm), a
platinum wire counter electrode and an Ag/AgCl reference elec-
trode (3M NaCl) were used. Approximate formal potential
values (E,,) were calculated from the cyclic voltammograms as
the average of the cathodic and anodic peak potentials for each
corresponding oxidation and reduction wave.

P-NMR Titration

Titration of a,-[P,W,;,04,]'"" with Ce(NO;), was carried out
as follows: A concentrated solution of o,-[P,W;;04]"" was
prepared by dissolving ca. 7.20 g of a,-Li;,P,W;04,-22H,0 in
10.0 mL D,O, and 0.5 mL of the solution was placed in an
NMR tube. To this solution, Ce(NO,); (1.50 M) in D,0O was
added in 5 or 10 uL increments, and the *'P-NMR spectrum
was measured at 23 °C. On adding Ce(NO;);, new peaks belong-
ing to the [Ce(a,-P,W,,0¢,),]'"~ complex (4) appeared, until the
ratio of a,-[P,W,,0¢]"" and Ce(NO,), reached 2 : 1. Plotting
the integration ratio change between the peaks due to o,-
[P,W,,04]" and [Ce(a,-P,W,,0,),]"" against the amount of
Ce(NO;); added gave the exact concentration (1.50 M) of the
o,-[P,W,,04,]"" solution.

Results and discussion

Synthesis

The complex was isolated as a mixed potassium—ammonium
salt from the reactions involving the precursor anions, o,-[P,-
W,706:]"" or 0-[P,W,s05]'*” (methods 1 and 2, respectively).

[P, W1,04]"” + Ce(NO;); (3eq.) —
[Ce(a,-P,W,06)]"~ (Method 1)

a-[P,W,;s05]2 + WO, (2eq.) + Ce(NO;); (2eq.) —
[Ce(0,-P,W,,04)]~ (Method 2)

The direct method (method 1) between the monovacant
lacunary anion a-[P,W,,0]"" and Ce(NO,),; gave excellent
isolated yields (90%). The trivacant lacunary derivative a-
[P,W,505]"" also gave the desired product under appropriate
conditions in the presence of additional tungstate, although
excess amounts of Ce(NO,); were necessary. The formation of
an oily phase during the synthesis and its disappearance upon
addition of NH,CI (method 1) suggested the importance of the
counter ions for this synthesis. Attempts to optimize the syn-
thesis for the correct (1 : 1) stoichiometry were unsuccessful,
and considerable amounts of the 1 : 2 complex (4) were formed.

X-Ray structural analysis

As illustrated in Fig. 1, the complex exists in dimeric form (1)
in the solid state. The asymmetric unit contains a 1 : 1
[(H,0),Ce(0,-P,W,;04)]” " unit, and the complete anion is gen-
erated by a center of symmetry. The linkage between the two
1 : 1 units occurs in a head to head fashion, via two Ce-O-W
bridges formed between each cerium atom and one terminal
oxygen atom belonging to the W,0,, duplet of the adjacent ao,-
P,W,,0q, anion. Each cerium atom is nine-coordinate (mono-
capped square antiprism), with four sites occupied by one anion
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Fig. 1 (left) Polyhedral representation of [Ce(0,-P,W;,04,)(H,0),],'*~
in the ammonium salt (white circles: cerium, grey circles: water
oxygens) and (right) ball-and-stick representation of selected atoms
(phosphorus atom is black).

unit (acting as a tetradentate ligand), four by water molecules,
and the ninth site by a terminal oxygen of the other anion. The
average Ce—O bond length for the bonds formed with the lig-
and‘s oxygens in the lacuna (2.48 A) is essentially equal to the
sum of the Ce-O ionic radii for an 8-coordinate Ce*" and
2-coordinate O*~ (2.49 A)™ and to the average Ce-O bond
length in the [Ce(0,-P,W,,0¢),]""" complex (2.46 A).” The
bond length for the Ce-O bond joining the two halves of the
anion (Ce-O2A, 2.57 A) is comparable to the overall average
Ce-OH, bond distance (2.56 A) and to the sum of the ionic
radii for a 9-coordinate Ce** and 2-coordinate O*~ (2.55 A).!®
The W-O framework of the anion does not show unusual
features and the W-O and P-O distances are consistent with
previous crystallographic reports of complexes formed with the
a,-P,W ;04 anion.'*

NMR analysis

The P-NMR spectrum of a solution of the isolated ammonium
salt (20 mM in D,0O) exhibits two pairs of resonances, A,
(—17.61 ppm), A, (—14.57 ppm), and much weaker B peaks at
—14.81 and —14.06 ppm, see Fig. 2(a). In order to understand
this spectrum a series of measurements was made on solutions
of Li;[a,-P,W1;,04;] with increasing amounts of Ce(NOs);, see
Fig. 3. Four resonances are observed when 0 < Ce/P,W,, < 0.5,
two for unreacted [P,W,,04]" at —6.70 (P,) and —13.39 ppm
(P,) and two for the 1 : 2 complex [Ce(P,W;O0¢),]'"~ at —13.90
and —13.93 ppm. The 1 : 2 complex is the only detectable spe-
cies present when Ce/P,W,; = 0.5. When 0.5 < Ce/P,W, < 1.0
the two NMR peaks gradually transform into the B resonances
and the A resonances appear and increase in intensity. These
results demonstrate that the species responsible for the B reson-
ances is in fast exchange with the 1 : 2 complex, but not with the
species responsible for the A resonances. That “A” and “B” are
connected by a slower exchange process was shown by 2D
(EXSY) spectroscopy (see ESI). The relative intensities of the A
and B peaks at Ce/P,W, = 1.0 are concentration dependent, see
Fig. 2(b) and (c), and are consistent with a “monomer(A)—
dimer(B)” equilibrium, characterized by K = 1.46 £ 0.04 M™!
and AH=—18.2+ 0.8 kI mol ™', (Fig. 4 and ESI). Although it is
tempting to identify B with the dimer revealed by the crystal
structure, this does not explain the fast exchange with the 1 : 2
complex and slow exchange with the monomer, [Ce(P,W,,-
Og4)(H,0).]"~ .2 We therefore propose equilibria involving four
species, as shown in Scheme 1—the crystal dimer (1) and the
“monomer” (2) in fast exchange, the 1 : 2 complex (4) and an
“lon-pair” of 4 with Ce** (3) also in fast exchange, and a “slow”
exchange equilibrium between 3 and 1, 2. This scheme is further
supported by the following W-NMR data.

The W-NMR spectrum of a saturated solution of the
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Fig. 2 P-NMR spectra of [Ce(a,-P,W;0¢,)]"": (2) 20 mM of isolated
complex at 23.0 °C (40 scans), (b) 150 mM at 23.0 °C (8 scans), (c)
15 mM at 23.0 °C (128 scans), and (d) 150 mM at 66.8 °C (8 scans) of
in situ-prepared complex {[0,-P,W,0,]"" + Ce(NO,),}.

ammonium salt (~20 mM 1) shows eight resonances (2:2:2:
1:2:2:2:2), Fig. 5(a). Attempts to generate a more soluble
lithium salt by ion-exchange led to the formation of large
amounts of the 1 : 2 complex [spectrum shown in Fig. 5(e)], but
the spectrum of the ammonium salt could be reproduced from
an equimolar mixture of Li,o[a,-P,W{;04,] and Ce(NOs),, Fig.
5(b). The “missing” line in this spectrum is assigned to W1,W2
[Fig. 1(b)], which are anticipated to have very different chemical
shifts in a static dimer structure, but which become equivalent
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Table 1 W-NMR chemical shifts for spectra illustrated in Fig. 5 (the integration ratios are shown in parentheses)
a 121 —135 —174 —176 —209 -210 —215 —226
2w) 2w) 2w) aw) (2wW) @w) @w) @w)
b 120 —136 —176 —-177 -210 =211 —216 —227
2W 2W 2W 1W 2W 2W 2W 2W)
c 304 118 —135 —-172 —175 —209 =215 —224
2wW) 2w) 2w) 2w) aw) (4W) @w) @w)
d 304 118 —135 —-172 —175 —208 -210 —215 —223
(2W, 33 Hz“) (2W, 29 Hz“) (2W, 31 Hz*) (2W, 19 Hz“) (1W) (2W, 6 Hz?) W) 2W) (2W)
e 323 145 —136 —171 —-179 —211 -213 —-217 —226
(2W, br.) (2W) 2W) 2W) (1W) (2W) W) W) (2W)

“ Splitting of virtual “doublet” resulting from loss of mirror symmetry in the AA complex.
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Fig.3 Chemical shift variation during the titration of o,-[P,W ;041"
with Ce(NO;); (open circles and squares: B, and B, resonances, closed
circles and squares: A, and A, resonances). Broken lines denote
stoichiometry of the 1 : 2 and 1 : 1 complexes.
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Fig. 4 Plot of the integrated intensity of the B, resonance versus the
square of the intensity of the A, resonance in D,0 at 23.0 °C. The
sample was prepared by mixing Liy(0,-P,W;0q;) and Ce(NO;); in a
1 : 1 ratio (initial concentration 150 mM). The slope (monomer—dimer
equilibrium constant) is 1.46 + 0.04 M~' (R* = 0.998).
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Scheme 1  Suggested equilibria in D,0. Those represented by horizontal
arrows are labile on the NMR timescale.
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under monomer—dimer exchange at a rate, resulting in an
undetectable coalesced line. Evidence for the intermediate
exchange rate, is also provided by the broad A, resonance (from
the phosphorus adjacent to the cerium atoms) in the P-NMR
spectrum, which narrows as the temperature is increased, Fig.
2(b) and (d).

We have shown elsewhere that amino acids (AA) form weak
complexes with [Ce(a,;-P,W,,04,)(H,0),]”” and that these may
be used to discriminate between the enantiomers of the hetero-
polyanions.'® When D,L-proline is added to a solution contain-
ing [Ce(0,-P,W;,04)(H,0),]”” both P- and W-NMR spectra
are modified, the A, resonance is narrowed > and the “missing”
tungsten resonance is observed [Fig. 5(c)]. If L-proline is added,
several of the W resonances are split as a result of the loss of
mirror symmetry in the AA complex.? These results imply that
attachment of the amino acid to the monomer impedes the
monomer—dimer exchange. The formation constant of the
proline—polyanion complex was estimated to be 4.5 £ 0.1 M ™!
from '"H NMR spectra (ESI). This value is comparable to those
found for the corresponding complexes of the a, isomer'® and
for AA complexes of Eu™ chelates.?®

Conclusions

Isolation of the “1 : 1” complex (1, in dimeric form) of Ce**
and the a, isomer of [P,W;04,]'~ was achieved by the use of a
3-fold excess of Ce**. Solutions of 1, or an equimolar mixture
of Ce** and [P,W,,04,]"*", are involved in equilibria linked to
the stable 1 : 2 complex. This behavior stands in contrast to that
of mixtures of Ce** and the «, isomer of [P,W,04,]*" which
yield only a 1 : 1 complex in rapid exchange with the dimeric
form." There is no convincing evidence to date to suggest that
1 : 2 complexes of any trivalent lanthanides with a,-[P,W;,0¢]"*~
can be formed, and this has been attributed to steric factors.?*
Addition of proline to solutions of 1 prevents exchange between
monomer and dimer forms by binding to the Ce** centre. The
formation constant of the proline complex is comparable to
that found for other amino acid complexes of lanthanides.
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