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Enantiopure crystals of chiral [L-/D-Er(¡2-P2W17O61)2]17¹

polyanions were successfully resolved by using L-/D-proline
(pro) as chiral auxiliaries. In both crystals, the chirality was
stabilized by enantioselective interaction involving NH£O
hydrogen bonding between the polyanion and pro molecules.
Circular dichroic spectroscopy in aqueous solutions revealed that
partial racemization of the polyanions and the racemic equilibrium
can be enantioselectively controlled by the amount of coexisting
pro.

Chiral polyoxometalates (POMs) have received much atten-
tion for a long time owing to not only a broad spectrum of
application such as nonlinear optics, asymmetric catalysis, and
inorganic medicine but also their distinctive structure and geo-
metric topology.1 However, most of the reported chiral POMs
are known to racemize in solutions as well as in the solid state
because of their partial hydrolysis and fluxional behavior.2 In a
great number of chiral POMs, there are a few examples of the
enantiomerically isolated chiral POMs by means of spontaneous
resolution and optical resolution.

After the first discovery of the spontaneous resolution of
NH4

+ salt of [MnMo9O32]6¹ by Pauling in 1954,3 wide-ranging
POMs with chiral space groups have been reported to date. But,
the synthesis of chiral POMs utilizing spontaneous resolution is
not useful for further application since the overall products are
enantiomixtures.

As for the optical resolution, [H4Co2Mo10O36]6¹ was reported
by Ama et al. in 1970 to be the first example,4 which was resolved
by using a chiral [Co(en)3]+ complex. Recently, studies of
enantiomeric separation of [P2Mo18O62]6¹ with amino acids such
as lysine and histidine were conducted by the Wang group.5 These
methods produce enantiopure POMs and therefore, are more
practical than spontaneous resolution.

Chiral C2-symmetric sandwich-type [Ln(¡-XM11O39)2]n¹ and
[Ln(¡2-X2M17O61)2]n¹, first reported by Peacock and Weakley,6

have the central Ln coordinated by two mono-lacunary Keggin [¡-
XM11O39]n¹ and WellsDawson [¡2-X2M17O61]n¹ ligands with a
square-antiprism geometry. The relative twist between the mono-
lacunary units resulting from the square-antiprismatic coordination
to Ln gives rise to the molecular chirality and defines a pair of
two enantiomers. In most cases, [Ln(¡-XM11O39)2]n¹ and [Ln(¡2-
X2M17O61)2]n¹ polyanions racemize in solutions and crystallize as
racemic solids. Meanwhile, for the last several years, dimethyl-
ammonium salts of [MIV(¡-PW11O39)2]10¹ (M = HfIV, ZrIV, and
CeIV) polyanions have been continuously delivered as new
examples that were spontaneously resolved.7

Recently, our group has reported an enantioselective synthesis
of [Ln(¡-PW11O39)2]11¹ using a proline (pro: HNC4H7COOH)
molecule as chiral auxiliary for the first time.8 L- and D-Pro
have been used for diastereomeric recognition of a Ln3+:[¡1-
P2W17O61]10¹ = 1:1 type [LnIII(¡1-P2W17O61)(H2O)n]7¹ polyan-

ion, evidenced by 31P and 183WNMR spectroscopy.9 Herein, we
report the first enantioselective isolation of [Er(¡2-P2W17O61)2]17¹

polyanion using L- and D-pro. The chirality of this anion in
aqueous solution and in the solid state was confirmed by means
of circular dichroic (CD) spectroscopy and single crystal X-ray
diffraction analysis.

The enantiopure crystals of K14H3[L-Er(¡2-P2W17O61)2]¢2(L-
pro)¢44H2O (Er-L-Dawson) and K14H3[D-Er(¡2-P2W17O61)2]¢2(D-
pro)¢41H2O (Er-D-Dawson) were obtained by using a modified
procedure for enantioselective isolation of Na+/K+-mixed salts
of [Ln(¡-PW11O39)2]11¹ in the literature.8 To a solution of KCl
(0.15 g, 2.0mmol) in 20mL of H2O were added both solid L-pro
(0.58 g, 5.0mmol) and ErCl3¢6H2O (0.38 g, 1.0mmol) dissolved
in 5mL of H2O. The clear solution was heated at 60 °C for 30min
with stirring. The solution was then acidified with 1M HCl to
pH 1.5 and an aqueous solution (20mL) of K6[P2W18O62]¢6H2O
(9.2 g, 2.0mmol)10 was added dropwise. After adjusting the pH
to ca. 5 by addition of solid Li2CO3, the solution was boiled for
1 h and cooled to room temperature. The residual powders were
filtered off, and the resulting filtrate was concentrated to less than
half of the initial volume and stood at room temperature for several
days. Light pink block crystals of Er-L-Dawson were obtained
(yield; 3.43 g, 34.4% based on W). The use of D-pro as a chiral
source instead of L-pro yielded crystals of Er-D-Dawson (yield;
1.14 g, 11.4% based on W).

From single crystal X-ray diffraction analysis,11 the two
crystals are isomorphic with a space group P21212. The asym-
metric unit is composed of a [Er(¡2-P2W17O61)2]17¹ polyanion,
14K+ ions, two L- or D-pro, and some waters of crystallization.
Their chemical formulas are consistent with the results of CHN
elementals analysis13 and TG-DTA (Figure S119). It is of signifi-
cance that the unique polyanion enantiomer [L-/D-Er(¡2-P2W17-
O61)2]17¹ was selectively isolated by the use of L- or D-pro,
respectively. The reasonably small Flack parameters14 of 0.010(8)
for Er-L-Dawson and 0.015(9) for Er-D-Dawson support the
chirality of these crystals.

The polyanion is composed of two mono-lacunary Wells
Dawson [¡2-P2W17O61]10¹ units coordinating to Er3+ with a
square-antiprism geometry (Figure 1). The Er3+ center is posi-
tioned on the crystallographic C2 axis parallel to the c axis.
Therefore, the polyanion has an ideal C2 point symmetry in the
crystal. The pKa (1.95 and 10.47) of pro15 and the weakly acidic
condition (pH 5) in the synthetic procedure suggest that all the
pro molecules are zwitterionic. In fact, the carboxylate group
coordinating to a K+ cation (Figure S219) has two similar
(1.24(2)1.29(3)¡) CO distances due to a resonance state.

The two pro molecules are located in the proximity of Er3+,
and distances from the amino-N atoms in pro to O atoms
coordinating to Er3+ are 2.847(14) and 3.021(13)¡ for Er-L-
Dawson and 2.806(15) and 3.008(14)¡ for Er-D-Dawson,
suggesting the presence of NH£O hydrogen bondings between
[L-/D-Er(¡2-P2W17O61)2]17¹ and L-/D-pro. We have reported
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similar hydrogen-bonding interaction and molecular association
between [Ln(¡-PW11O39)2]11¹ (Ln = Pr and Er) and pro in
enantiopure K1.3Na3.2H6.5[L-Er(¡-PW11O39)2]¢8.3(L-pro)¢22.5H2O
(Er-L-Keggin) and K1.3Na3.2H6.5[D-Er(¡-PW11O39)2]¢8.3(D-pro)¢
14H2O (Er-D-Keggin) crystals.8 The similarity is due to the
isostructural polyanion frameworks around the Ln3+ centers
(Figure 2). Thus, it is strongly suggested that stereo-specific and
-selective interactions between the polyanion and pro, stabilize
the square-antiprism coordination of Er3+ and contribute to the
selective isolation of Er-L/D-Dawson.

The IR spectrum of Er-L-Dawson (Figure 3) contains stretch-
ing bands of ¯(PO) (1084, 1056, 1027, and 1015 cm¹1), ¯(WOt)
(940 cm¹1), ¯(WObW) (916, 888, and 826 cm¹1), and ¯(WOc
W) (777 and 729 cm¹1).16 These band energies are close to those
for the K salt of [Yb(¡2-P2W17O61)2]17¹,17 showing little effect of
counter cation and Ln3+ species. The weak bands around 1420
1250 cm¹1 are due to the pyrrolidine ring of pro in crystals. The
spectrum of Er-D-Dawson is identical with that of Er-L-Dawson
(Figure S319).

Figure 4 shows the 31PNMR spectrum of Er-L-Dawson in
D2O solution. A pair of two major resonance peaks is observed.

Referring to the previous study of [Er(¡-PW11O39)2]11¹ by
Fedotov et al.,18 one broadened peak at 71.9 ppm is assignable
to the P1 atom close to Er3+, and another peak at ¹5.02 ppm to the
P2 atom far from Er3+. The large positive shift and broadened peak
for P1 is ascribable to a paramagnetic effect of Er3+.18 A couple of
minor peaks (less than 5% to [Er(¡2-P2W17O61)2]17¹) at ¹7.70 and
¹14.2 ppm are attributable to a free [¡2-P2W17O61]10¹ moiety,10

indicating that [Er(¡2-P2W17O61)2]17¹ is stable in aqueous solu-
tion. As expected, the spectrum of Er-D-Dawson is identical to
that of Er-L-Dawson (Figure S419).

The CD spectra of Er-L/D-Dawson in aqueous solutions are
shown with blue solid and broken plots in Figure 5 (400550 nm;
magnified spectra: Figure S6a19) and in Figure S719 (375420 nm).
The spectra in the former and latter regions are assignable to the
f ¼ f transitions in Er3+ (absorption spectrum: Figure S6b19) and
O¼ W charge-transfer (CT) bands in the [¡2-P2W17O61]10¹ units,
respectively. These mirror-imaged CD spectra reveal the presence
of the [L-/D-Er(¡2-P2W17O61)2]17¹ enantiomers in solutions.
Although the signs of ellipticities for the f¼ f transitions are
consistent with those for Er-L/D-Keggin8 (Figure S6c19), their
overall CD signals are weak under the comparable polyanion
concentrations. Note that a partial racemization occurs in the Er-L/
D-Keggin solutions, and the resulting racemic equilibrium is
shifted to either of the enantiomers by interaction with coexistent
L-/D-pro.8 Assuming a similar behavior in the Er-L/D-Dawson
solutions, the weak CD signals are attributable to the smaller pro/
polyanion molar ratio (= 2) in Er-L/D-Dawson than that (= 8.3)

Figure 1. Combined polyhedral and ball-and-stick model of [L-/D-
Er(¡2-P2W17O61)2]17¹ polyanions hydrogen-bonded by L-/D-pro molecules
in Er-L-Dawson (left) and Er-D-Dawson (right) viewed along the
molecular C2 axes. The N£O hydrogen bondings are emphasized with
red dotted line. Color codes; white octahedron: WO6, blue tetrahedron:
PO4, green sphere: Er, pink sphere: carboxy O in pro, red sphere: O
coordinating to Er, brown sphere: C, light blue sphere: N.

Figure 2. Space-filling model of polyanions and L-pro in Er-L-Dawson
(left) and Er-L-Keggin (right). The isostructural areas around the Er centers
are highlighted by the blue dotted rectangles. Color codes of spheres; red:
O in the polyanion, dark green: Er, pink: carboxylate O in pro, light blue:
N, brown: C.

Figure 3. The IR spectrum of Er-L-Dawson.

Figure 4. The 31PNMR spectrum of Er-L-Dawson in D2O solution
(20.1mM). The inset is a magnified spectrum of the orange rectangled
region.
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in Er-L/D-Keggin. To confirm this, the CD spectra were measured
for the Er-L/D-Dawson solutions to which extra L- and D-pro were
added successively. For both solutions, an increase of the pro/
polyanion molar ratio from 2 to 32 gives rise to a remarkable
enhancement of ellipticities of the f¼ f (Figure 5) and O¼W
CT (Figure S719) bands. This result demonstrates that dissolution
of the Er-L/D-Dawson crystals to water results in a rapid
racemization to establish an equilibrium between [L-Er(¡2-P2-
W17O61)2]17¹ and [D-Er(¡2-P2W17O61)2]17¹, and the equilibrium is
shifted by the coexisting L- and D-pro.

Plots of the CD intensity vs. pro/polyanion ratio (from
Figures 5 and S719) exhibit an approximate linear increase of
ellipticities (Figure S819), suggesting that polyanionpro complex-
ation or interaction is weak in aqueous solutions. This is supported
by the observation of only two 31PNMR peaks for the polyanion
(Figure 4)20 and no peak-splitting caused by diastereomeric
interaction between the polyanion and pro.9a Further addition of
L-pro to the Er-L-Dawson solution had no effect on the 31PNMR
peaks of the polyanion (Figure S519).

In conclusion, we have obtained the enantiopure crystals of
Er-L-Dawson and Er-D-Dawson. The stereospecific hydrogen-
bonding interaction between [Er(¡2-P2W17O61)2]17¹ and pro
stabilizes the chirality in the solid state. In the aqueous solutions,
the CD signals of the chiral polyanions due to the Er3+: f¼ f and
O¼ W CT transitions are weak because of the partial racemiza-
tion, but the equilibrium balance between the two enantiomers is
effectively controllable by the coexisting L-/D-pro added to the
solutions. The knowledge obtained in this study may open the way
for not only resolution methods for chiral POMs by organic
molecules but also their future application.
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