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The ammonium salt of the 1:1complek) (of Ce(Ill) with a;-[P,W17061]1%~ was prepared and characterized by
elemental analysis, vibrational and NMR spectroscdfy, (83W), cyclic voltammetry, and single-crystal X-ray
analysis P1; a = 15.8523(9) A = 17.4382(10) Ac = 29.3322(16) Ao = 99.617(13, f = 105.450 (19, y

= 101.132(1, V = 7460.9(7) B, Z = 2). The anion consists of a centrosymmetric head-to-head dimer,
[{ Ce(HO)4(P.W17061)} 2], 14~ with each 9-coordinate Ce cation linked to four oxygens of one tungstophosphate
anion and to one oxygen of the other anion. On the basis of P NMR spectroscopy, a medomerequilibrium
exists in solution witlkK = 20+ 4 M~1 at 22°C. Addition of chiral amino acids to aqueous solutiond oésults

in splitting of the3P NMR signals as a result of diastereomer formation. No such splitting is observed with
glycine orpL-proline, or when chiral amino acids are added to the corresponding complex of the aghiral
isomer of [BW17041]1%". From analysis of thé'P NMR spectra, formation constants of the two diastereomeric
adducts ofl with L-proline are 7.3+ 1.3 and 9.8+ 1.4 M1,

at1-[PaW1706:Co(H0) 8,4 or the 1,5-isomer of [PM@V204q]5 5
is so subtle that it has not yet been possible to discriminate
between enantiomers in solution, let alone to devise methods
of resolution. In view of the considerable emphasis on the
' catalytic and stoichiometric reactivity of such “mixed metal”
polyoxometalates in recent yed&rsye believe that efforts to
effect partial or complete resolution of their enantiomers are of
great importance.

We report here the interaction of amino acids with the 1:1

Introduction

Polyoxometalates attract considerable attention because o
their catalytic and biomedical applicatioh$n both of these
areas it would be desirable to have chiral polyoxometalates
since chiral selectivity in catalysis is a major goal, and much
biological activity involves chiral recognition. Although there
are several readily accessible polyoxometalates with chiral
structures, there have been few studies that have focused on
this aspect,since many of these structures undergo rapid race-
mization via water exchange, partial hydrolysis, or as a result complexes of Ce(lll) andx,-[PW1706™". In contrast to
of fluxional behavior. Chirality that results from “substitution” complexeg with transltlon metal cations, which bear a single

. terminal ligand as inay-[P2W1706:Co(H0)]8~, the larger

of metal atoms into otherwise achiral parent structures, such 3Sjanthanide cations offer additional coordination sites. This often
can lead to supramolecular assembly of such complekés.
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the present case the complex is isolated in crystalline form asTable 1. Crystal Data and Structure Refinement

apL-dimer, and participates in a monometimer equilibrium
in solution. By the use of Ce(lll) as an internal “shift reagent”,

it has been possible to distinguish between the binding constants temperature

of the diastereomers formed betweesproline and the het-
eropolytungstate enantiomers.

Experimental Section

Materials. All chemicals were reagent grade and used as supplied.
The potassiumlithium salt of au-[P,W17061]*% (2) was prepared
according to published methdd8 and was identified by infrared
spectroscopy and b$P NMR.

Synthesis: (NH)sKLI[ a;-Ce(P2W17061)]:9H0—(NH4CI). To a
suspension 0u-KgLiP2W17061°xH20 (2.0 g, ca. 0.44 mmol) in 1 M
LiOAc solution (20 mL, pH 4.75) was added a solution of Ceg{¢©
6H,0 (0.72 g, 1.66 mmol) in 3 mL of water at room temperature. After
5 min, traces of a white powder remaining were removed by centrifu-
gation and 10 mL ©4 N NH.Cl was added to the solution. The solution
was stored in a refrigerator, and after 3 days any white deposit was
removed by filtration. The orange filtrate was returned to the refrigera-
tor, and after 2 weeks the orange crystals which had formed were filtered
off and air-dried (1.04 g, 0.223 mmol, 50 mol % based on W).

Elemental analysis (KANTI Technologies, Inc., Amherst, USA) of
air-dried materials: calculated (found): N, 1.81 (1.81); H, 0.91 (0.77);
Ce, 3.01 (2.59); P, 1.33 (1.36); W, 67.14 (67.40); Cl, 0.76 (0.80); K,
0.84 (0.70); Li, 0.15 (0.12).

IR (KBr disk, cnml) in metal-oxygen stretching region: 1132 (m),
1082 (s), 1056 (m), 1014 (m), 958 (vs), 945 (vs), 904 (vs), 827 (vs),
783 (vs), 729 (vs).

Physical MeasurementsPhosphorus-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 following
parameters: spectral width, 10 000 Hz; acquisition time, 6.4 s; pulse
delay, 5 s; pulse width, 34%1or 90.0 tip angle. All spectra were
referenced to external 85%;PiO,, and the temperature was controlled
by a VT 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 widttt 4p angle. All spectra were
referenced to exterh M Na,WO;,. Infrared spectra were recorded
with a Nicolet FT-7000 spectrometer as KBr pellets. Cyclic voltammetry
was measured at ambient temperature on a BAS100A System (Bio-
analytical Systems, Inc., West Lafayette, IN). A glassy carbon working
electrode (diameter 3 mm), a platinum wire counter electrode, and a
Ag/AgCl reference electrode (3 M NaCl, Bioanalytical Systems, Inc.,)
were used. Approximate formal potential values, were calculated
from the cyclic voltammograms as the average of the cathodic and
anodic peak potentials for each corresponding oxidation and reduction
wave.

Crystallography. An orange crystal suitable for X-ray analysis
was obtained by the following procedure: To a suspensionyef
KoLiP2W17061°xH20 (2.0 g, ca. 0.44 mmol)ni 1 M LIOAc solution
(20 mL, pH 4.75) was added a solution of Ce(j6H,0 (0.72 g,

1.66 mmol) in 3 mL of water at room temperature. After 5 min, 1.5 g

of KCl was added to the reaction mixture and a small amount of white
powder was filtered off. The filtrate was stored overnight in a

refrigerator, and the resulting solid was filtered off and air-dried (1.65
g). Recrystallization of the crude solid from 12 mE2 N NH.CI at

empirical formula H24CeKo s0N13 500154 W34
formula weight 9500.70
—100°C
wavelength 0.710 73 A
space group P1

unit cell dimensions

a=15.8523(9) A
b=17.4382(10) A
c=29.3322(16) A

o= 99.617(1)
B = 105.450(19
y =101.132(1)

volume 7460.9(7) A
A 2

density (calcd) 4.229 mghn
abs coeff 26.866 mmt
R1[ > 20()] 0.0519

WR?2 (all data) 0.1346

3R1=3||Fo| — IFdl/Z|Fol, WR2= [T [W(Fe* — FAF/ T [W(F*)]

Figure 1. Polyhedral representation of [@gfP,W170s1)(H20)4] 24~

in the ammonium salt (white circles, cerium; gray circles, water oxy-
gen). Selected bond lengths: €@(W) (oxygens in the uncapped
face), 2.434(1152.495(12) A; Ce-O (oxygens in the capped face),
2.543(13)-2.633(13) A.

Single-crystal X-ray analyses were performed on a Bruker-Siemens
SMART CCD single-crystal diffractometer equipped with a Ma K
anode and graphite monochromatdr= 0.710 73 A). The orange
crystal (0.18x 0.16 x 0.08 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 initial unit cell was determined using a least-squares
analysis of a set of reflections obtained from three short (20 data frame)
series of 0.3-wide w-scans which were well distributed in space. The
intensity data were then collected usingscans (0.3 wide) with a
crystal-to-detector distance of 5.0 cm to yield an approximate sphere
of data with a maximum resolution of 0.75 A. The final unit cell was
calculated using a least-squares refinement of reflections culled from
the entire data set. The data were corrected for Lorenz and polarization
effects. An absorption correction based on multiple measurement of
reflectiond! was applied as incorporated in the SADABS progfdm.

All structures were solved using direct methods and refined against
using the routines included in the SHELXTL-PC software stfite.
Nitrogen atoms of ammonium cations were modeled as oxygen atoms
because nitrogen atoms could not be distinguished from oxygen atoms.
K, P, W, and Ce atoms were refined anisotropically; oxygen atoms

room temperature formed the desired orange crystals accompanied withare refined isotropically. Hydrogen atoms were not included in the

white powder and red-brown crystafs.

(7) Miller, A.; Peters, F.; Pope, M.; Gatteschi, Ohem. Re. 1998 98,
239-271 and references therein.

(8) Sadakane, M.; Dickman, M. H.; Pope, M. Angew. Chem., Int. Ed.
200Q 36, 2914-2916.

(9) (a) Contant, R.; Ciabrini, J. B. Chem. Red977, (S) 222, (M) 260%+
2617. (b) Contant, Rinorg. Synth199Q 27, 104-110. (c) Ciabrini,
J. P.; Contant, RJ. Chem. Res., Synop993 391;J. Chem. Res.,
Miniprint 1993 2720-2744.

(10) Characterization using IR, X-ray structure analysis, &fINMR
revealed that this red-brown crystal was the ammonium salt of [Ce-
(0t1-P2W17061) (02-P2W17061)]27~.4d The white powder was not identi-
fied.

(11) Blessing, RActa Crystallogr 1995 A51, 33.

(12) Sheldrick, G. MSADABS Absorption Correction Methddniversity
of Goettingen: Germany, 1996.

(13) Sheldrick, G. MSHELXTL 97. Program for the Refinement of Crystal
Structures. Release 92, Bruker Analysis Instrumentsladison, WI.



Chiral Polyoxotungstates Inorganic Chemistry, Vol. 40, No. 12, 2002717

T LILLER LR LR BN (e LI LELBLER S TPTT LI LI LR L rrra LU | LI
1o Yoo bso ® Iso Yoo L b % Yoo hso 200
ppm

Figure 2. 3V NMR spectrum ofl in D,O (1.0 g in 3.0 mL, 48 000 scans).

refinement model. Although one lithium atom, one potassium atom,
and one chloride atom were found in the elemental analysis, only 0.5
potassium atom was found in the crystal analysis, due either to disorder
or to a difference between crystal and bulk sample. Less water was
found in the elemental analysis than the crystal structure, because the
bulk sample was air-dried.

Crystal data and structure refinement parameters are listed in Table i
1, and all crystallographic data are available as Supporting Information.

|
Results and Discussion WM”,.»"' SN WP e,

The 1:1 Ce(lll) complex oR, [Ce(o-P,W17061)(H20)]"~ o e me e
(1), was prepared and isolated as an ammonium salt by
modifying previously reported metho&&¢ X-ray structure
analysis of a crystal of this salt shows that the anion exists as
a dimeric mesoq,L) form in the solid state (Figure 1). Each
cerium cation occupies a distorted monocapped square antiprism
defined by the four oxygens that surround the vacant site of
one lacunary anion, four water molecules, and a terminal oxygen
of the second heteropolyanion.

In solution, the'®W NMR spectrum ofL consists of 17 lines 5\ \
of similar intensity, consistent with the; symmetry of then;- i b
isomer (Figure 2). Thirteen lines appear betweehl0 and A :’

—215 ppm, but four are observed betweleh00 and+340 ppm
and are assigned to the W atoms adjacent to the paramagnetiigure 3. 3P NMR spectrum ofl (ca. 10 mM in DO) without (top)
Ce atom. In the previous repdrtye found that the analogous and withL-proline (ca. 100 mM) (bottom), 40 scans.

Keggin complex [Ce{-SiW11039)]5~ existed as a polymer in
the solid state, but, based dfi"wW NMR, dissociated into
monomeric species in aqueous solution. In the present&¥e
NMR spectra cannot discriminate between monomeric or
dimeric solute species or a mixture of both under fast exchange
conditions. However, thé'P NMR studies discussed below
strongly indicate that the dimer dissociates in solution.

The 3P NMR spectrum ofl shows two lines of equal _
integrated intensity at—13.44 and —15.88 ppm assigned Mmoo emoemm o am
respectively to the phosphorus atoms remote from (P2) and close Concentration of 1/M
to (P1) the paramagnetic Ce(lll) atom (Figu8 , top). The . . . .
spectrum reveals that other phosphorus-containing species (mosfigure 4. *P NMR chemical shift (P1) ofl as a function of
likely the a-isomer) are present in insignificant amounts concentration. The line is the best fit to the dimerization isoth€rm.
(<2%)1* The chemical shifts show a concentration dependence,
indicating a rapidly established dimemonomer equilibrium
in aqueous solution (eq 1). The concentration effect is greater

for P1 than P2, and the concentration effect@®l) is depicted aC“,’ complexes that are in fast exchgnge With. the uanund
in Figure 4. The data were fitted to a dimerization isotherm amino acids. We suggest that the amino acids interact ith
yielding a dimerization constamty = 20 + 4 ML at 22°C 15 through coordination of the carboxylate to®Cend hydrogen

Chemical shift / ppm

(Figure 5), and we attribute this behavior to the formation of
diastereomeric pairs ahonomerié® polyoxometalate-amino

_ - (14) The corresponding chemical shifts under the same conditions
2[((11 P2W17061)C6(H20)4] are —8.56 ppm (P1) and-12.90 ppm (P2), and chemical shifts for
R 14— [Ce(az-P2W17061)(H20) 7~ are —17.40 ppm (P1) and-14.44 ppm
[((0y-PW1706) Ce(H0)n), @) (P2). (Sadakane, M.; Ostuni, A.; Pope, M. T. Manuscript in prepara-
tion.)

There is further evidence that the complex dissociates into (15) Dimerization constank) for eq 1 was obtained vitP NMR titration,
monomeric species in aqueous solution. Addition of selected with 6(P1) followed as a function of concentratighTo provideKg,

: : : : 1 the data were fitted (Mathematica version 4.0.1.0; Wolfram Research
chiral amino acids (AA) to solutions df causes thé'P NMR Inc.: 1988-1999) 10 the equatiofos = dm + (g — Oom)[PD(([F]

lines to split; see Figure 3 and Table'2Achiral or racemic + 1/(4Kg)) — ((IP] + 1/(4Ka)? — [P])¥?), where the experimentally
amino acids (glycinepL-proline) have no effect. Significantly, determined parameters are as follows: [P] is the total concentration
. . ; ; i . of analyte andopsis the observed shift. Parameters obtaineddare
addition of .-proline 1o the achiralGz,) 'Z?mer of1, [Ce(a, (~16.42+ 0.02), the shift of the monomedq (—14.98+ 0.12), the
PW17061)(H20){] "~, had no effect on thé'P NMR spectrum. shift of the dimer, andg (20 + 4), the dimerization constant.

The splitting increases as the molar ratio of AAs increased (16) Conners, KBinding ConstantsWiley and Sons: New York, 1987.
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Table 2. Splitting of Phosphorus-31 NMR Lines of of T T T T ]
[Ce(0-P.W17061)(H20)d "~ (1) in the Presence of Selected Amino
Acids? sk ]
splitting/Hz oL |
amino acid P41 pz < ,
L-proline 14.6 6.8 s
L-N-methylproline 10.3 d 3 or .
L-asparagine 114 12.2 .l ]
L-glutamic acidy-methyl ester d 4.9 -
L-serine 6.3 3.9 4L ]
L-methionine 10.0 34 o~ = L e =
L-S'methylcysteine 4.4 5.3 ) ’ ’
L-lysine HCF 21.4 2.7 Potental [mV]

210 mM 1, 100 mM amino acids in BD except where noted. No Figure 6. Cyclic voltammogram ofl in 0.1 M N&SGQ, solution (pH
splitting observed with glycinepL-proline, L-proline methyl ester 4.50).
hydrochloride P Phosphorus close to Ce(l1H:15.88 ppm< Phosphorus

remote fr(;)m Ce(ll)—13.44 ppm.d Unresolved (broad line}.36 mM Table 3. Ce(IV/Ill) Redox Potentials in Selected Polytungstates
amino acid. polytungstate redox potential [mV/]
25 [Ce((x-SiWuOgg)]“”S’ 581 (5909
&oP1 [Ce((ll-P2W17Oe1)] 6-/7- (l) 600
2 ’_0 [Ce(0-GeWi10se)]4 75 639 (632)
= oP2 'S [Ce(oz-PW1706)]6 7 654 (651)
s ‘_0 [Ce(o-PWi10s9)]3 4 747 (740)
jé 10 Q’ a1.0 mM ammonium polytungstété&24in 0.1 M NaSQ, (pH
} < OOOO 4.50), glassy carbon electrode, scan rate 10 mV/s, Ag/AgCl (3 M
] al reference electro iterature value® for complexes prepare
. @) NaCl) ref lectrodeLi ué f | d
’ in situ.
0 5 10 15 20 25 its adjacent oxygen as a Lewis b&sd=rom 3P NMR spec-
L-Proline / [a-P;W,;04:Ce] tra of millimolar solutions ofl (99% monomer) containing
10-50 mM L-proline, the formation constants of the two
Figure 5. Spl_itting width plotted against the molar ratio ofproline/ diastereomers were determined to be ©.8.4 and 7.3+ 1.3
heterapolyanion. M~122 These values are comparable to the binding constants
Scheme 1. Possible Interaction betwednand Amino Acid repor_tedzgor complexes of AA and europium chelates in aqueous
(L-Proline as a Model) solution®* _
The cyclic voltammogram of, measured in 0.1 M N8Oy
® 0o (pH 4.50) is shown in Figure 6. Three pseudoreversible redox
N ¢ pairs, a one-electron redox cycle for Ce(IV/IIl) and two two-
HH X electron reductions of the polytungstate, were observed. The
o/W\“O//Ce\\o redox pptent?als of Ce incorporated into polytungstates are
o O summarized in Table 3.

bonding of the ammonium cation to an adjacent oxygen; see Conclusion

Scheme 1. There are several lines of evidence to support this: . .
. i . L Although it has long been evident that-[P,W17061]%~ and
(1) The amino acids are in zwitterionic form at the pH (ca. 6.0) its derivatives are chiral and optically nonlabile, discrimination

of _the experiment, Under these qondlthns, .only carquylate between enantiomers has hitherto not been possible, since these
anions coordinate to lanthanide cations with 1:1-AAnthanide have very similar molecular shapes. The trivalent cerium

e o oA o s oy i MBI P OnCel s it and characierzed
piitting, 9 Y The complex exists as a dimeric mesgL] form in the solid

is necessary. (3) Previous studies of amino ?C'ds W.'th poly- state, but dissociates into monomeric species in aqueous solution.
oxometalates have shown hydrogen-bonding interactions, andThe use of a paramagnetic lanthanide cation magnifies the

tThr?; akl)r:;:jn?namgf ar;?\ paig::?sezgt?/\r/]eséirvgeasar?gulettzrceaQtlk?Z)SrﬁOStChemical shift differences between the diastereomers that result
- bridging oxyg . from interactions with chiral amino acids, and permits deter-
basic sites on the polyoxometalate surface, and precedents exist

for complexes in which the lanthanide acts as a Lewis acid and (21) (a) Sasai, H.; Arai, T.: Satow, Y. Houk, K. N.; Shibasaki, MAM.

Chem. Soc1995 117, 6194-6198. (b) Shibasaki, M.; Sasai, H.; Arai,
(17) In all cases addition of amino acid in excess of the amounts shown in T. Angew. Chem., Int. Ed. Engl997, 36, 1236-1256.
Table 1 led to precipitation of the polyoxometalate before a limiting (22) Assuming that only 1:l-prolined complexes are formed with binding

value of the splitting could be observed. constank, the following equation can be usétil/Aqys= 1/AoK[L]
(18) The dimeric species is not chiral. + 1/Ao, whereAgps is the measured chemical shift difference lof
(19) (a) Sherry, A. D.; Pascual, H. Am. Chem. Sod 977, 99, 5871~ (P1 signal) in the presence and absenaepline,Aq is the chemical
5876. (b) Sherry, A. D.; Stark, C. A.; Ascenso, J. R.; Geraldes, C. F. shift difference betweed and theL-prolined complex, and [L] is
G. C.J. Chem. Soc., Dalton Tran$981, 2078-2082. (c) Singh, M.; total L-proline concentration. By plotting Abps vs 1/[L] (see Sup-
Reynolds, J. J.; Sherry, A. . Am. Chem. S0d.983 105 4172~ porting Information) for each of the split P1 lines, valuesadndAg
4177. could be determined as 7:81.3 M1, 0.53+ 0.09 ppm, and 9.&
(20) (a) Crans, D. CComments Inorg. Chemi994 16, 1—34. (b) Crans, 1.4 M™%, 0.70+ 0.09 ppm.
D. C.; Comments Inorg. Chenl994 16, 35-76. (c) Crans, D. C; (23) (a) Kido, J.; Okamoto, Y.; Brittain, H. Gl. Org. Chem 1991, 56,
Mahroof-Tahir, M.; Anderson, O. P.; Miller, M. Mnorg. Chem1994 1412-1415. (b) Hulst, R.; De Vries, N. K.; Feringa, B. . Org.

33, 5586-5590. Chem 1994 59, 7453-7458.
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