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Abstract: Lanthanide complexes of the
chiral Dawson phosphotungstate [oy-
P,W;04]"" were used to study the
formation of diastereomers with opti-
cally pure organic ligands. The present
work started with the full assignment
of the "™W NMR spectra of [0-Yb-
(H,0),P,W,04]" at different temper-
atures and concentrations, which al-
lowed the structure of the dimerized
form in aqueous solution to be estab-

screened as ligands. Both types allowed
chiral differentiation by multinuclear
NMR spectroscopy under fast-ex-
change conditions. Functional groups
with a good affinity for the oxo frame-
work of the polyoxometalate were
identified, and maps of the interactions
between L-serine and N-phosphono-
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methyl-L-proline with [a-YDb-
(H,0),P,W,,0¢, ]~ were established.
This demonstrates the power of W
NMR spectroscopy to elucidate the
molecular recognition of inorganic
molecules by organic compounds. N-
Phosphonomethyl-L-proline appears to
be a convenient ligand to promote sep-
aration of the diastereomers and ulti-
mately resolution of the enantiomers
of [a-Yb(H,0),P,W ;04"

lished. Different enantiopure amino

3 . 3 lates - tungsten
acids and phosphonic acids were

Introduction

Polyoxometalates (POMs) are early transition metal oxo
clusters with diverse compositions, structures, and properties
that result in a variety of applications in organic synthesis,
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materials science, and biology.'*! Each of these fields would
benefit from readier availability of optically active polyoxo-
metalates, but their preparation remains a challenge. Several
strategies have been applied to solve this problem. First,
polyoxometalates can be rendered chiral by attachment of
chiral organic ligands.*'¥ Analogously, POM-based solid-
state architectures can be rendered chiral by this ap-
proach.'"! In these cases, however, the polyoxometalate
framework remains essentially achiral. Hill etal. have
shown that it is possible to transfer the chirality of specific
organic molecules to build enantiomerically pure polyoxo-
metalates with a chiral framework.'! Yet, the organic com-
ponent remains covalently bound to the inorganic cluster. A
number of chiral polyoxometalates reported in the literature
have all been prepared as racemic mixtures.'>?"! To the best
of our knowledge, resolution of [H,Co,Mo0,,05]°" with opti-
cally pure [Co(en);]** by Ama et al. is the only example of
preparative separation of two enantiomers in polyoxometa-
late chemistry.”'*! Partial spontaneous resolution® and
more recently full spontaneous resolution™->! have been ob-
served. These sparse reports certainly reflect the little avail-
able knowledge on molecular recognition of polyoxometa-
lates. Indeed, a suitable resolving agent for polyoxometa-
lates must recognize a chiral oxide surface. Observations of
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a Pfeiffer effect’™ or an induced Cotton effect indicate
enantioselective interactions of polyoxometalates with chiral
ammonium ions or sugar molecules.”*>!! One such system
was used for asymmetric polymerization of benzyl alco-
hol.®? Stereoelectronic interactions with amino acids were
also observed by NMR spectroscopy.'®'¥ In particular, Sa-
dakane et al. have differentiated the two enantiomers of [o;-
Ce(H,0),P,W ;041" ({a;-Ce}) by complexation with opti-
cally active amino acids.’® This work is of interest, because
we have shown recently that analogous complexes in this
family [a,,-Ln"™(H,0),P,W ;0] ({o;-Ln}; Ln=La, Sm, Eu,
Yb) are active Lewis acid catalysts in organic transforma-
tions.?**! Studying the interactions of these compounds
with asymmetric molecules is therefore a prerequisite to un-
derstand the role of the polyoxometalate in stereoselective
reactions. We therefore used W and *'P NMR spectrosco-
py to map the interactions between organic ligands and {o-
Yb} to design a method of optical resolution and enantiose-
lective catalysis.

Methodology

Peacock—Weakley-type complexes of lanthanides with the a;
isomer of the monolacunary Dawson polyoxometalate
[P,W ;0] are well described in the literature.>3¢4
Their coordination chemistry is similar to that of the achiral
a, isomer.F#4552 Multiple diastereomers are formed when
one lanthanide ion 1is sandwiched between two o;-
[P,W;04,]""" ions to yield [Ln(a;-P,W;,04),]""~,"* compa-
rable to the situation with the chiral Keggin derivative
[Ln(B,-SiW,,05),].* We focus here on {a,-Ln}, that is, 1:1
Ln:POM complexes, which occur as two enantiomers. They
are in equilibrium with the dimer in aqueous solution ac-
cording to Equation (1).

2{o-Ln} = {a-Ln}, Ky = [{or-Ln}y] - ¢*/[{ar-Ln} (1)

The dimer is formed by coordination of a terminal oxo
ligand of each monomer complex to the lanthanide ion of
the other monomer. Two dimeric structures have been iden-
tified in the solid state, which differ in the site of the W-O-
Ln bridge. In {a;-La},, capping W=O groups form the
bridge,[* while in {a,;-Ce}, belt W=0O groups are involved."

These polyoxometalates contain two nonequivalent phos-
phorus atoms: P1 in the {LnPW05,} moiety, and P2 in the
{PW,0,,)] moiety. According to *P NMR spectroscopy,
which gives only two resonance signals whatever the concen-
tration, one for P1 and one for P2, the monomer—dimer
equilibrium is in the fast-exchange regime at room tempera-
ture on the ¥P NMR timescale. From the concentration de-
pendence of the observed chemical shifts, Pope et al. calcu-
lated the dimerization constant of {0,-Ce} to be K;=20+4
at 22°C.¥ Using the same approach, we found K,=23+6
at 25°C for {a,-Yb}. This means that at a typical concentra-
tion of 200 mgmL~! for our *P NMR spectra, about 50 % of
the complex is in the form of the dimer.
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On addition of an organic ligand L that can coordinate to
the lanthanide ion, new complexes are formed with the mo-
nomer.”! For steric reasons, coordination to the lanthanide
centers in the dimer can be excluded for L of the size of
amino acids.’>>! We consider here the coordination of one
L to yield [o;-LnL(H,0),P,W;,04]"" [04-Ln}-L, Eq.(2)],
and that of two L to yield [o;-LnL,(H,0),P,W ;041" [{at;-
Ln}-L,, Eq. (3)].

{o4-Ln} + L = {a;-Ln} -L (2)

Ky = [{oy-Ln} L] ¢"/([{oy-Ln}] - [L])

{a;-Ln} -L+L = {oy-Ln}-L, (3)
K = [{o;-Ln} - L] - ¢’/ ([{ay-Ln} - 1] - [L])

Under fast-equilibrium conditions, the observed NMR
signal for each nucleus is the mean value of the chemical
shifts of the monomer (Jy), the dimer (Jp), and the com-
plexes with L (Oyp, Omi2)- A full analysis of the species
present in solution cannot be achieved with a single NMR
experiment, and only recording of spectra at different con-
centrations gives insight into the distribution of species.

With regard to the interactions of {a,-Ln} with chiral li-
gands under conditions of fast ligand exchange, the splitting
of the NMR signals provides important information. Indeed,
the reaction of racemic {(4)-oy-Ln} with an enantiopure
ligand L* yields two diastereomers {(+)-o,-Ln}-L* and {(—)-
a,-Ln}-L* [considering only Eq. (2)]. The presence of both
isomers in solution can be detected by NMR spectroscopy,
as long as the racemization of {o,-Ln} is slow on the NMR
timescale. Two signals (Ogps)a and (dgps)s should then arise
for each nucleus (Figure 1).

The chemical shifts depend on Ogpiniia Of the unbound
{o,-Ln} in monomer—dimer equilibrium, on dy; of the pure
diastereomers A and B, and on the formation constants
(Kj1)a and (Kj;)g of the complexes, which determine the
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Figure 1. Schematic representation of the differentiation by NMR of a
racemic polyoxometalate in monomer—dimer equilibrium on addition of
a chiral, optically active ligand L* in the fast-exchange regime with
(K1) a= (K1) M=monomer {o,-Ln}; D=dimer {a,-Ln},; A, B=two dif-
ferent diastereomers {a;-Ln}-L*; solid lines: observed signals, dotted
lines: hypothetical signals for the pure species.
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molar fraction of each diastereomer. A large differentiation
of the signals A(d.) can therefore result from a pronounced
difference in the complexation constants K,; for the two dia-
stereomers, or from a significantly different chemical envi-
ronment of the observed nucleus in the two diastercomers,
that is, increased A(dyp). Actually, the two effects are likely
to occur simultaneously, because a larger formation constant
should result from tighter binding, so that the chemical envi-
ronment of the observed nucleus is more strongly affected
in that diastereomer. Bearing in mind our objective to find
an efficient resolving agent, it then seems reasonable to
look for a ligand that causes a large differentiation A(Jy,)
of the signals. The preparative separation of the two diaste-
reomers would be facilitated if they were present in differ-
ent concentrations, and if their properties (reflected by their
chemical shifts) were highly different.

Note that under these conditions of fast coordination
equilibrium, differentiation of a given signal of the racemic
{oy-Ln} by a chiral ligand will always yield two signals of
equal intensity, whatever the respective equilibrium concen-
trations of the two diastereomers. Diastereomeric excess can
only be detected if the chemical shifts (Oy)s and (Oy ) of
the pure diastereomers are known. Furthermore, only one
signal will be observed when racemic L* is used.

Since the NMR frequency of the W nucleus is lower
than that of *'P, the fast-exchange conditions k> Av in
3'P NMR spectroscopy are generally sufficient for fast ex-
change in "W spectra, too. All of the above considerations
therefore apply.

Results and Discussion

Assignment of "W NMR spectra: We recently published
the assignment of all 17 signals of {a,;-Yb} at very high con-
centration.” For solubility reasons, it is not possible to per-
form complexation studies with organic ligands under these
conditions. As "W NMR chemical shifts are medium-de-
pendent (concentration, temperature, etc.), it was necessary
to record the spectra of {0,-Yb} at different dilutions, and to
follow the variation of & with the POM concentration
(Figure 2 and Supporting Information). Assignment of
peaks (numbering of W atoms shown in Figure 3) was made
under the assumption of a smooth evolution of the chemical
shifts. In addition, the %/ coupling constants of W5 and
W10 at ¢=0.44 molL~! were measured, and the variation of
d as a function of temperature was used to confirm the as-
signment. W9 and W10 have negative temperature coeffi-
cients in {o,-Yb}, and this behavior allows their identifica-
tion. A spectrum obtained at a given concentration is then
assigned by extrapolation from the plots in Figure 2 and Fig-
ure S1 in the Supporting Information. It can be seen from
these figures that few signals vary significantly with concen-
tration. The largest variation is observed for W5 (Ad>
20 ppm between 0.1 and 0.5 molL™"), and to a lesser extent
for W1 and W10 (A0 <10 ppm), all close to Yb (Figure 3).
These variations are attributed to the change in chemical en-
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Figure 2. "W chemical shifts (—40 to —120 ppm range) of [a-Yb-
(H,0),P,W;0¢]~ as a function of concentration. T=300 K. (see Fig-
ure S1 in the Supporting Information for full chemical shift range)

Figure 3. Numbering of [0,-YbP,W,;04]"~ and graphical representation
of the chemical-shift variation at different concentrations. The darkness
of gray reflects the slope of the curves in Figure 2.

vironment between the monomer and the dimer, and disso-
ciation of the dimer on dilution. Accordingly, the results
suggest that dimerization occurs through W5-O-Yb' and
W5'-O-Yb bridges. This arrangement also brings W1 and
W10 into proximity of the second POM, as can be seen in
the analogous dimeric {o,-Ce}, in the solid state.’¥ Thus,
our methodology evidences dimerization in solution, and
identifies which W=O group is involved. Dimerization in
the solid state of the complex {o,-La}, occurs through a cap-
ping W=O site./

Chiral differentiation

Amino acids as ligands: Pope et al. reported differentiation
of the *P NMR signals of {a;-Ce} by addition of enantio-
merically pure amino acids, in particular L-proline.®*! We de-
cided to follow this approach and recorded the spectra of a
series of complexes {a;-Ln} (Ln=La™, Ce™, Sm™, Eu™,

Chem. Eur. J. 2008, 14, 1532—-1540
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Nd™, Yb™) in the presence of increasing concentrations of
L-proline. The results obtained in the presence of 20 equiva-
lents of L-proline are summarized in Table 1. Each signal of
{o,-Ln} splits into two resonances, except for Ln=La, Sm,
for which only the P1 signal splits. The amplitude of the
splitting increases with increasing amount of ligand. This
confirms the observations of Pope et al. and extends them to
other {0;-Ln} complexes.

Table 1. Chiral differentiation by P NMR of {o,-Ln} in the presence of
20 equivalents of L-proline.

{o-Ln} | A(Bon) | (P1) [A(Oaps) | (P2)
[ppb] [ppb]

La 30 0

Ce 160 70

Sm 60 0

Eu 60 30

Nd 130 40

Yb 250 300

The largest chiral differentiation is obtained for {a,-Yb},
which may be attributable to larger paramagnetic shift of
the complex.”’ Consequently, this complex was chosen for
subsequent studies.

In the next step, *'P NMR spectra of {o;-Yb} in the pres-
ence of 20 equiv of a variety of amino acids were recorded
(Table 2, Figure 4). It is not surprising, also by comparison
with the reported results on {a;-Ce},* that chiral differen-
tiation depends on the nature of the amino acid. In the sim-
plest way, chiral recognition can be explained by a three-
point interaction between two chiral molecules. In the pres-
ent case, the carboxylate group of the amino acid is expect-
ed to bind to the Yb ion, and the protonated a-amino group
should establish a hydrogen bond with a neighboring oxo
ligand. The third interaction needed for chiral differentia-
tion must involve the amino acid side chain. Evaluation of
the splitting of *'P NMR signals caused by different func-
tional groups in the amino acid side chains allows some
trends to be established, which have oriented our subse-
quent work. Chiral differentiation is rather weak with amino

FULL PAPER

P1 P2
lo-YbP W, O 1"

27761

+ L-proline

| + L-serine

+ L-histidine

Figure 4. *'P spectra of [a;-Yb(H,0),P,W;0¢,]"~ (10 mmolL~" in water,
top) and in the presence of 20 equivalents of L-proline, L-serine, and L-
histidine.

acids bearing carboxyl groups in their side chain, in particu-
lar with shorter chain length (aspartate versus glutamate).
The most pronounced effects are obtained with L-arginine
and L-histidine, two amino acids with protonated side chains
under the experimental conditions. This may reflect the
electrostatic attraction between the negatively charged
POM and the positively charged side chain, which strength-
ens the interaction between {a,-Yb} and the amino acid. Un-
fortunately, the *'P and "W NMR signals are broadened to
such an extent that a detailed analysis becomes impossible.
In addition, the pH of these solutions is higher than for
other amino acids, which compromises the long-term stabili-
ty of the polyoxometalate. L-Lysine and L-ornithine, which
also bear protonated side chains, exhibit smaller effects,
likely because of the sterically less demanding functional
group, which easily accommodates both enantiomers of {a;-
Yb}. The amino acids all produce comparable effects on P1
and P2, with two notable exceptions: L-serine and L-histi-
dine, which influence P1 about ten times more than P2. The
lack of flexibility of the side chains of serine and histidine
may constrain these ligands in a particular orientation to-
wards the YbPW; moiety of {a,-Yb}, whereas for the other
ligands a conformation implicating both sides of the POM

and/or a dynamic exchange be-

tween conformations would be

Table 2. Chiral differentiation by *'P NMR spectroscopy of {0,,-Yb} by a selection of amino acids (20 equiv).

[{e4-Yb}]=10 mmol L', T=300 K.

possible. This particular behav-

ior prompted us to investigate

Amino acid Side chain [ A(Oons) | (P1) [ A(Ogns) | (P2) . .
[ppb] [ppb] the system with L-serine more
L-proline alkylidene —(CHy)— 250 300 thoroughly, taking into account
L-valine alkyl —CH(CHS,), 430 160 the drawbacks of L-histidine.
L-serine alcohol —CH,OH 410 40 Assuming formation of a
L-aspartate ac%d —CH,COOH 50 0 complex with 1:1 {Otl—Yb}:L-
L-glutamate acid —(CH,),COOH 250 90 serine stoichiometrv in a con-
L-ornithinel®! ammonium —(CH,);NH;* 350 320 . y
L-lysine!® ammomium ~(CH,),NH,* 310 310 centration range of 0.1<[r-
NH* serine] < 0.6 mol L™ and
L-arginine guanidinium '(CHz)s'NHqNHZ 1350 520 0.03 molL™" {a,-Yb}, the appar-
o _(/\Nw ent formation constants were
L-histidine imidazolium N 3400 440 estimated from the variation in
H

3P chemical shift of both P

[a] The hydrochloride of the amino acid was used.
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K;;=1.7+1.0 and K;;=1.4+1.0 for the two diastereomers
have relatively large uncertainties, but they indicate the
order of magnitude. They are slightly smaller than those
found by Pope etal. for rL-proline with {a;-Ce} and {o,-
Ce).Po!

W NMR spectra in the presence of 10 and 20 equiv of
L-serine were recorded at three different temperatures
(Figure 5 and Supporting Information). The plots of the

T NTTel

+ 20 equiv L-Serine

1513 14
3 2 817 716
6
09 s 1841 12 UUL
JLLUM‘U o W Snadrbitriond o
-60 -80 -100 -120 -140 -160 -180 -200
d/ppm

Figure 5. "W NMR spectra of [a,-Yb(H,0),P,W,;0¢,]"" in aqueous solu-
tion in the presence of L-serine with assignment of the peaks. Total con-
centration [{0,-Yb}]=0.15 molL™". T=293 K.

temperature dependence of the chemical shifts allowed as-
signment of the peaks to the W atoms, by comparison with
the chemical shifts and temperature coefficients obtained
for {0;-YDb)}. In some cases, the %/ coupling constants were
also measured to eliminate any ambiguity. The absence of a
set of signals assignable to free {0;-Yb} indicates that both
enantiomers of {a,-Yb} reacted with L-serine, as expected.
Figure 6 illustrates two effects of L-serine on each W site
of {a,-Yb}. First, the ligand induces a variation in the chemi-
cal shifts of all signals, indicative of modification of the
chemical environment of all W atoms. The largest changes
are observed for W5, and to a smaller extent for W1 and
W10, a result similar to the sensitivity of d,,, to POM con-
centration (see Figure 3). This is not surprising, because
only the monomeric form of {a;-Yb} can react with L-serine,
and therefore this complexation shifts the monomer—dimer
equilibrium in the same manner as does dilution. Hence,
variations in chemical shift are also expected for W atoms

Figure 6. Influence of 10 equivalents of L-serine on the *W NMR signals
of [a;-Yb(H,0),P,W;0¢,]"". a) The darkness of gray reflects the varia-
tion of chemical shifts A, before and after addition of L-serine (see
Figure 1). b) The darkness of gray reflects the difference between the
chemical shifts of the diastereomers A(yys)-

1536 ——
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not directly involved in ligand binding but in dimerization.
On the other hand, chemical-shift variations due to ligand
complexation and dimer dissociation may compensate each
other. As a result, the chemical shift variation does not
allow the binding site of L-serine to be located.

The second effect of L-serine observed in the spectra of
Figure 5 is that about half of the 17 signals are split. This in-
dicates that these W sites are in different environments in
the two diastereomers, and that the complex formed has the
necessary rigidity to distinguish the influence of the ligand
on the different W atoms. Figure 6b illustrates the amplitude
of splitting at each site. This map directly reflects the inter-
actions between the organic and inorganic molecules. The
W atoms connected to Yb™ are more strongly influenced
than those further away. This confirms the intuitive assump-
tion that the serine ligand is bound to the Yb ion and to the
neighboring oxygen atoms. It can then be assumed that the
carboxylate group is coordinated to Yb, and that the ammo-
nium group establishes a hydrogen bond to a nearby oxo
ligand. Moreover, Figure 6b shows clearly that W9 is the
most sensitive to the chirality of the ligand. This points to
an orientation of the ligand in the belt of the Dawson struc-
ture. One possible arrangement in agreement with these ob-
servations would include a hydrogen bond between the
CH,OH side chain and an oxo ligand in the belt.

Phosphonic acid derivatives as ligands: We were not able to
separate the two enantiomers of {a;-Yb} by crystallization
of diastereomers formed with optically pure amino acids as
ligand. Indeed, a large excess of ligand must be used to
form a significant amount of complex, and under such con-
ditions the amino acids crystallize first. This shifts the com-
plexation equilibrium towards free {a;-Yb}. The problem
might be overcome with a ligand with a stronger complexa-
tion constant. Furthermore, as noted above, the preparative
separation of both diastereomers should be facilitated if
they were present in different concentrations, and if their
chemical properties were different. As we have shown for L-
serine that this chiral recognition can be monitored by
NMR spectroscopy, we sought a new ligand with a higher
complexation constant and large chiral differentiation by
this technique.

Among the known ligands for Yb** are phosphonate de-
rivatives, and therefore we tried N-phosphonomethyl-L-pro-
line (L-H;PMP, Scheme 1) because it combines several inter-
acting groups.

The two signals of {a;-Yb} in the *'P NMR spectrum split
significantly in the presence of only one equivalent of L-

H3POj3 (2 equiv), Q‘COOH
D‘ HCI (6.5 m) H—N o
N~ COOH (cH,0), (4 equiv) L'P:/

H oh &

L-H,PMP

reflux, 90 min

Scheme 1. Synthesis of N-phosphonomethyl-L-proline (1-H;PMP).5!

Chem. Eur. J. 2008, 14, 1532—-1540
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H;PMP, which indicates a higher complexation constant for
phosphonate than for carboxylate, and good chiral recogni-
tion.

The method of continuous variations (Job plot) was used
to determine the stoichiometry of the complex formed be-
tween {a,-Yb} and L-H;PMP. The *'P chemical shifts of P1,
P2, and the P atom of the ligand were monitored while vary-
ing the molar fraction X of {0,-Yb} and keeping a total con-
centration of 0.06 M (Figure 7). The Job plots for P1 and the

25 0.6

——P2A
2 —e—P28
0.4
w w
-1 3
< o
e 1 > 0.2
—e—Pi1A
0.5 —e—P1B
0+

0 025 05 075 1
X {o4-Yb}

0 025 05 075 1
X {o4-Yb}

X+Aobs
N w B

—&— Pligand

-

0 0.25 0.5 0.75 1

X {o-Yb}
Figure 7. Job plots obtained by varying the molar fraction X of [a;-Yb-
(H,0),P,W ;04 ]~ with respect to L-H;PMP in aqueous solution (=
60 mmol L™"). Values measured by *'P NMR spectroscopy for P1 and P2
in both diastereomers A and B, and for the P atom in the ligand.

ligand show a maximum at X =0.5, which indicates a 1:1 sto-
ichiometry of {a;-Yb}:L.-H;PMP. However, the maxima in
the curves for P2 at X=0.3 indicate 1:2 stoichiometry. This
apparent contradiction must be explained by the presence
of two complexes with similar formation constants. The
method of continuous variations is limited in such a case.
The chemical shifts of P1 and L-H;PMP must be very close,
so that the 1:1 and 1:2 complexes cannot be distinguished. A
similar situation is observed when using absorption spectros-
copy to study equilibria of multiple complexes formed si-
multaneously in solution.’! Job plots indicate different stoi-
chiometries depending on the chosen wavelength in that
case.

By use of the computer program HypNMR,®! the step-
wise complexation constants were determined from the
chemical shifts observed at different concentrations. We
found log(K;;)o=2.1+0.4 and log(K;)»=2.7+0.4 for one
diastereomer denoted A, and log(K;;)s~2.6 and log(K,)s
~3.3 for the other diastereomer denoted B. The K values
are about two orders of magnitude larger than those ob-
tained with natural amino acids.

As the stability of complexes with L-H;PMP is higher
than that with amino acids, we analyzed the solution by
ESI-MS.™ The spectrum of K;{a;-Yb)} recorded from a solu-
tion in H,O/CH;CN (1/1) shows a distribution of signals of

Chem. Eur. J. 2008, 14, 1532-1540
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{0-Yb} associated with K+, H*, and solvent molecules with
overall charges of 5— and 4— for the molecular ion

(Figure 8, top). After addition of 10 equivalents of L-
M- M+ 1089.6
867.7 1084.8 108”‘ o f0a0 T K*
. 100 — (or solvent)
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Figure 8. ESI mass spectra in H,O/CH;CN (1/1) solution. Top: [a;-Yb-
(H,0),P,W;04]"", ¢=50 umol L™". Bottom: after addition of 10 equiva-
lents of L-H;PMP.

H;PMP, this distribution of adducts is no longer observed,
and only the protonated species {H,[c;,-YbP,W,O¢, ]~ (m/z
868.0) and {H;[a,-YbP,W,O4 ]} (m/z 1085.5) remain. Two
new peaks arise at m/z 909.9 and 1136.8, corresponding to
the addition of one ligand L-H;PMP to these anions. Thus,
the ESI-MS analysis confirms the coordination of L-H;PMP
to {o,-YDb} by the signals for the 1:1 complex. The 1:2 com-
plex cannot be seen under these conditions ([{a;-Yb}]=
50 uM, [L-H;PMP] =500 um), as its concentration is below
nanomolar.

To gain further insight into the nature of the complex
formed, "W NMR spectra were recorded in the presence of
increasing amounts of L-H;PMP (Figure 9). Each solution
was measured at different temperatures, and the tempera-
ture coefficients allowed some ambiguities in the assignment

105 9 3 1718 15414
299 K N

’ H one M 0.5 equiv

A AL UL.»JL W ”JL—»

| 0.3 equiv
VIS MLUL\JU,M :

" J\Jw e M

300K
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6 7 16 12 15 11
300 K
yM \) W\wwudm o
80 "420 160 -200
d/ppm

Figure 9. "W NMR spectra of [a,-Yb(H,0),P,W,,0¢]~ (bottom) with
increasing amounts of L-H;PMP in water. [a,-Yb(H,0),P,W,,04] =
0.3 molL~!, T=299 or 300 K.
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to be removed (see Supporting Information). Variation of
the chemical shifts and splitting into two signals were ob-
served for some of the peaks of {a,-Yb}, in line with the ob-
servations made with L-serine. As before, the signal of W5 is
shifted the most, which reveals the change in the monomer-—
dimer equilibrium. Again, W atoms around the Yb ion are
better differentiated by the chiral ligand, which confirms co-
ordination to the Lewis acid site. However, there are pro-
nounced differences between the effects of L-H;PMP and L-
serine. The addition of as little as 0.1 equivalents of L-
H;PMP allows chiral differentiation, whereas ten equiva-
lents were necessary for amino acids. The W atoms that
sense the chirality of the ligand are not the same as with L-
serine, as can be seen by comparing Figure 6 with Figure 10.

Figure 10. Influence of 0.5 equivalents of L-H;PMP on the "W signals of
[0-Yb(H,0),P,W,04]"". a) The darkness of gray reflects the variation
of chemical shifts A, before and after addition of L-H;PMP. b) The
darkness of gray reflects the difference between the chemical shifts of
the diastereomers A(Jys)-

In the case of L-H;PMP, the largest |A(dy,)| are found in
two distinct areas around W1 and W10. W5 and W9 are not
influenced, contrary to what was observed with L-serine. In
accordance with the close stability of the two diastereomeric
forms of {a,-Yb}-L-H;PMP, this observation may correspond
to preferred interaction between the ligand and the cap of
YbPW; for one of the {a;-Yb} enantiomers, and with the
belt of the PW, moiety for the other enantiomer, that is,
back-orientation of the ligand.

To evaluate the relative importance of the different func-
tional groups on L-H;PMP, we also prepared its carboxy-
methyl ester. A small splitting of the *P NMR signals of
{o,-YD} is observed in the presence of this ligand. However,
this compound is slowly hydrolyzed to L-H;PMP in solution,
and the observed chiral differentiation may then result from
the presence of L-H;PMP. Therefore, (R)-1-phosphonometh-
yl-2-methyl-pyrrolidine (r-H,PMMP) was prepared from
(R)-(—)-2-methylpyrrolidine in 44 % overall yield in a simi-
lar way as L-H;PMP (see Supporting Information).

Table 3 summarizes the interactions of proline and its de-
rivatives with {a;-Yb}. We have to differentiate the primary
interactions of the ligand with the Yb** center, which deter-
mine the formation constant of the complex, from the sec-
ondary interactions involving peripheral O atoms of the
POM, which are responsible for chiral differentiation.

The phosphonic acid is responsible for stronger complexa-
tion. It is known that phosphonate groups are better ligands
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Table 3. Comparison of the complexation properties of {o,-Yb} with dif-
ferent ligands.

N _N
Ligand Q‘COQH O‘COQMe H H
H

N 0 L0
N o e
HO Yo HO Lo
L-H;PMP R-
H,PMMP
K (order of mag- 1 <1 10 10*
nitude)
Differentiation of + — 4+ _
*'P signals

for lanthanides than carboxylates, and carboxylic esters have
no complexing properties at all. This allows the increased
stability of the complexes of {a;-Yb} with L-H;PMP and r-
H,PMMP compared to those with L-proline and its carboxy-
methyl ester to be understood. With the phosphonate as the
primary anchoring group, the carboxylic acid appears to be
a better auxiliary group for chiral recognition than a methyl
group.

A working model for the arrangement of the ligand can
be deduced from these results. The phosphonate group
should be coordinated to the Yb ion, and the carboxyl
group establishes a hydrogen bond with an oxo ligand. The
ammonium group should also be in strong interaction with
the polyoxometalate, by a combination of electrostatic at-
traction and hydrogen bonding. As a result, L.-H;PMP has
three important points of interaction with {0;-Yb} and leads
to the observed chiral differentiation. The rigidity of the
ligand is certainly a further advantage in this molecular-rec-
ognition process.

Conclusion

Starting from the full assignment of the W NMR spectra
of {0,-YDb} at different concentrations, the most likely struc-
ture of the dimer in aqueous solution could be established.
{o4-YDb} seems to dimerize through coordination of a belt
W=0 group to a neighboring complex. Such an arrangement
is known for the complex {a;-Ce} in the solid state, and this
analogy validates our approach.

Furthermore, screening of the effect of L-proline on the
3P NMR spectra of a family of complexes {a;-Ln}, and of
different amino acids on {a,;-Yb}, allowed trends in the sens-
ing of the chirality of {o,-Ln} by amino acids to be estab-
lished. L-Serine was identified as a ligand with a particularly
strong contrast in the differentiation of the P1 and P2 sig-
nals. The mapping of its influence on the W atoms con-
firmed experimentally the intuitive assumption of binding to
the YD ion. It also revealed that the chirality of the ligand is
most strongly sensed by W9, a site in the YbPWjs belt of the
Dawson structure.

A phosphonic acid derivative of proline L-H;PMP was
shown to exhibit much higher affinity than natural amino
acids towards {o;-Yb}. Up to two such ligands bind to one
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{0,-Yb} through coordination of the phosphonate group to
the Yb ion. In this case, the chirality of the ligands influen-
ces the sites in the upper cap and the lower belt of the poly-
oxometalate.

More generally speaking, these results demonstrate how
18W NMR spectroscopy can be used to investigate the inter-
molecular interactions between an organic molecule and a
polyoxometalate. In a nonsymmetric structure such as the o,
monolacunary Dawson anion, all 17 W atoms can be moni-
tored individually. The chemical shifts observed then reflect
the chemical environments at each site. Yet, one should
keep in mind that the surface of polyoxometalates is com-
posed of closed-packed oxygen atoms. The observed chiral
differentiation results from the chiral recognition of a metal
oxide surface by an organic molecule. Such a molecular rec-
ognition process is of importance in the study of metal
oxide catalysts for organic transformations. The {a,;-Yb} de-
scribed herein can be used as a Lewis acid catalyst, and
asymmetric catalysis should in principle be possible. We
plan to model the exact arrangement of the ligands bound
to {0,-Yb} to gain further insight which will be useful for the
design of resolving agents for {a,;-Yb} and the evaluation of
potential substrates for asymmetric catalysis.

Experimental Section

K;[0,-Ln(H,0),P,W,,0¢] (Ln=La, Ce, Sm, Eu, Nd, Yb)***! were pre-
pared by literature methods, and checked by IR and *'P NMR spectros-
copy.

135W NMR spectra were recorded in 10 mm o.d. tubes (sample volume
2.5mL) at 12.5 MHz on a Bruker AC300 equipped with a low-frequency
special VSP probe head, and at 20.8 MHz on a Bruker DRXS500 spec-
trometer with a standard tunable BBO probe head. Chemical shifts are
referenced to WO,*>~ (6 =0 ppm) according to the IUPAC recommenda-
tion. Positive 0 corresponds to high-frequency shift (deshielding) with re-
spect to the reference. They were measured by the substitution method,
by using a saturated solution of dodecatungstosilicic acid (H,SiW,,0,,) in
D,0 as secondary standard (0=-—103.8 ppm). The spectral width was
about 200 ppm. At 12.5 MHz, high-quality spectra with signal-to-noise
ratio good enough to observe tungsten satellites required at least 10°
transients corresponding to more than 2 days of spectrometer time; 12 h
of acquisition time was sufficient to observe the signals for all 17 W
atoms. Concentrated solutions were obtained by cation exchange with
LiCIO,.

3P spectra were recorded in 5 mm o.d. tubes at 121.5 MHz on a Bruker
AC300/Avance II 300 equipped with a QNP probe head. Chemical shifts
are referenced to 85% H,PO,. *'P spectra were also measured prior to
"W spectra on the same NMR tubes on the decoupling coil of the VSP
probe head, both for control and for determination of the *'P decoupling
frequency. The *'P decoupling experiments were performed with a B-SV3
unit operating at 121.5 MHz and equipped with a B-BM1 broadband
modulator. Selective or broadband decoupling was determined by appro-
priate choice of the synthesizer frequency and of the output power (5-
40 W) before entering the decoupling coil of the low-frequency probe
head.

The following conditions were used for binding studies by W NMR
spectroscopy: with L-serine: [{0;-Yb}]=0.14 mol L™!, T=288-303 K; with
L-H,PMP: [{0;-Yb}]=0.33 molL™!, T=280-320 K. Ligands were added
as solids. Further details are available in the Supporting Information.
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