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Abstract: Cyclic oxothiomolybdates containing polyphosphate ions were prepared by simple reactions in
aqueous medium of the corresponding polyphosphate ions and the cyclic precursor Kz12M010S10010(OH)10-
(OH2)5+15H,0. Ks[CI(P207} M012S12012(OH)12(H20)4]:22H,0 (1) was isolated from concentrated chloride
solution (2.5 mol-L™1). 1 reveals a remarkable complex containing two different substrates encapsulated in
a dodecanuclear ring, a H-bonded CI~ ion, and a covalently bonded {P-O;} group. The chloride ion in 1
can be selectively removed for a monohydrogenophosphate group yielding Kg[(HPO4)(P207)M012S12012-
(OH)12(H20)2]:19H,0 (2), a mixed species containing a {P.0O7} and a {HPO,4} group. The substitution is
accompanied by a significant change of the ring, which adopts a “pear-shape” conformation. In the presence
of triphosphate ion, the “heart-shaped” decanuclear ring Rbs[(H2P3010)M010S10010(OH)10]-17.5H,0 (3) is
formed containing a linear {P3010} group intimately embedded in the inorganic cyclic host. The three
compounds were structurally characterized by single-crystal X-ray diffraction. The behaviors of 1, 2, and
3in solution were studied by *!P NMR. Variable temperature experiments, supported by a two-dimensional
COSY 3P experiment, revealed that the supramolecular interaction existing between the chloride ion and
the ring in solid 1 is maintained in solution. Nevertheless, 1 remains labile, and successive equilibria were
evidenced and interpreted as an ion-pair association involving a halide ion (Cl, Br, or 1), responsible for the
conformational change of the {P,O-} group within the cavity. The influence of the nature of the halide
guest (Cl, Br7, and I7) on the successive equilibria was studied, and the thermodynamic constant related
to the postulated equilibrium was determined. The stability of the supramolecular association decreases in
the order CI > Br > I. In solution, a phosphate exchange is observed for 2 while for 3 the absence of
temperature dependence of the 3P NMR spectrum confirms the conformation of the host—guest system
is blocked. Elemental analysis and infrared characterizations are also supplied.

Introduction flexibility of such materials is attributed to the versatility of
the coordination of vanadium centers, which can change between
octahedra{ VOg} and square pyramid@VOs}: the cluster shell
was considered as a kind of “molecular flask” weakly interacting
with the inner guest.Some of these cyclic clusters derive from
linear cores containing edge-shared polyhedra, and this is the
case of VgOa4} 210 The cyclic oxothiomolybdates that we report

The synthesis of designed inorganic materials of specific size,
conformation, and properties is a key aspect in fields as various
as modern materials, electronic, catalysis, or meditif@here
is wide structural diversity in polyoxometalate complexes,
ranging from discrete clusters to extended frameworks often

obtained by the directed linking of simple polyhedra or more h hibi | | ith ool d Th
sophisticated polyoxometalate suburit&xamples have also ere exhibit some structural analogy with polyvanadates. The
inorganic cyclic host of general formula [M&nO02,(OH)2n]

been reported for polyoxovanadates where discrete metal OXIde
P poY s based on successive enchainment§Mb,0,S,} building

shells encapsulate various anionic guéstsThe structural
P 9 blocks, and the shape and size of these architectures are

T Institut Lavoisier, IREM, UMR CNRS. intimately related to the nature of the template or structure-
(;)%RFIFO%I Ul'\J/lR CNtRS-K Voshi VL Fuite N Kusuk . directing agent! The first member of the series is the neutral
ujita, M.; Umemoto, K.; Yoshizawa, M.; Fujita, N.; Kusukawa, T.; . . -
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Kim, J. Nature 2003 143 705-714. (6) Miller, A.; Reuter, H.; Dillinger, SAngew. Chem., Int. Ed. Engl995
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Table 1. Summary of Crystal Structure Data

1 2 3
formula KsCIHg4P2M012057S12 KeHs3P3M012060S12 RbzH47M010P3S10047.50
M, g-mol~1 2805.40 2887.01 2436.70
T,K 296(2) 296(2) 296(2)
cryst size (mrd) 0.18x 0.08x 0.06 0.25x 0.25x 0.15 0.24x 0.24x 0.14
cryst syst monoclinic orthorhombic hexagonal
space group P2,/c Cme; P63/m
a A 9.3478(2) 11.1863(2) 23.2344(2)
b, A 15.9535(2) 26.3305(3) 23.2344(2)
c, A 24.4659(4) 29.6214(3) 20.7222(3)
p, deg 92.410(1) 90 90
V, A3 3645.4(1) 8724.7(2) 9687.9(2)
V4 2 4 6
Pealed §-CM 3 2.556 2.198 2.506
u (Mo Koy, cmt 2.799 2.380 4.609
4 (Mo Ka), A 0.71073 0.71073 0.71073
6 range, deg 1.5229.60 1.3729.94 1.0+23.29
data collected 24423 30644 44803
unique data 9304 11617 4814
unique datd>20(l) 6062 10163 3747
no. params 506 551 440
R(F)2 0.0503 0.0465 0.0390
Ry(F?)P 0.1082 0.1269 0.1092
GOF 1.040 1.078 1.155

SIF — IFl SW(F2 — F2?
aRl#.bRW: #.clzazpoz+(ap)2+bp.
2IFd SwWF)? W

state are probably maintained in solution, explaining the
solubility of neutral cyclic species. These inner water molecules
can be successively ionized into hydroxo groups, giving the
cyclic architecture a polyacid behavirFurthermore, these
water molecules are labile enough to enhance the cationic
character of the open cavity. Bases, as (poly)carboxylate,
monophosphate, and metalate ions, have been substituted to the
aquo ligands leading to specific hegjuest compound$-18

In addition, the lability of the aquo ligands, supported by the
versatile geometry of the Mo(V) centers, easily swinging from
octahedral to square pyramidal, confers an extreme flexibility
to the ring which adapts its geometry (circular or elliptical
conformation) to that of the central gue$18°These properties
enable to develop some challengingplecular engineering
concepts toward recognition, dynamic, reversible inclusion of
guest, and molecular adaptability.

Figure 1. Anti- and syn-linkages between twdo,0,S;} dimers.

Results and Discussion
a central open cavity of about 11 A in diameter, lined by six ) ) )
water molecules playing a crucial role in the condensation Structures of the Anions.Crystal data are given in Table 1.
process, formally deriving from olation reactions of the hexa- The three [CI(BO7} M015S12015(OH)12(OHp)a*” (1) (noted
aquo dication [MeO,S,(OH)e]2+.13 Those water molecules can  [CI(P2Mo13*"), [(HPO)(P:07)M01551201(OH)1(OHy)] ™ (2)
be viewed as structure-directing agents, favoring the syn (noted [HP(R)Mo17®), and [(FP:019)M016S10010(OH)1a]*
connection between tHa10,0,S;} units. In the wheel, the aquo (3) (noted [(HP3)Mo10]3") molecular architectures are described

ligands attached to two neighborif#10,0,S;} units ensure @S @n inorganic cyclic neutral skeletphloznS;O0zn(OH)zn},
the face-shared connections between dimers and stabilize the 5orb, ej,ncapsulatlng mono, dl,zor tn_phosphate guests. The
syn conformation represented in Figure 1, at the origin of the Mo-wheel" results from [M@S;0,]*" _bundmg blocks linked
circular geometry. A syn/anti statistic mode of connections lo eagh others by double hydroxo brldges..Two types oFMo
would have favored polymeric enchainments. In addition, these Mo d_|s'§ances are observe_d: short Wo.dlstances (ca 2.8
inner water molecules are polarized enough to interact smoothly'&) within the binuclear unit, characteristic of a metahetal
through hydrogen bonds with soft bases such as halidelfons.

The resulting supramolecular associations observed in the solid

(15) Cadot, E.; Dolbecq, A.; Salignac, B.;®eresse, Rl. Phys. Chem. Solids
2001, 62, 1533-1543.

(16) Salignac, B.; Riedel, S.; Dolbecq, A.;®eresse, F.; Cadot, E£.Am. Chem.
Soc.200Q 122 10381.

(12) Cadot, E.; Salignac, B.; Halut, S.;&eresse, FAngew. Chenil998 110,

63

1-633

(13) Jolivet, J. PMetal Oxide Chemistry and Synthesis. From Solution to Solid

State Wiley: Chichester, U.K., 2000.

(14) Cadot, E.; Salignac, B.; Marrot, J.; Dolbecq, A’cBeresse, FChem.

Commun200Q 261—262.
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Eur. J. 1999 5, 3390.

(18) Dolbecq, A.; Cadot, E.; ‘8beresse, FChem. Communl998 2293.

(19) Cadot, E.; Marrot, J.; ‘8beresse, FAngew. Chem2001, 40, 774.
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Figure 3. Representation of the mixed complex [(HP®.07)M012S12012
(OH)12(OHo)21%~ (2).

Figure 2. Top: Face view of [CI(FO7)M012S12012(OH)12(OH2)4]>~ (2).
Bottom: Side view of [CI(RO7)M0125;:201(OH)2(OHy)4]°~ (1), showing

the quasi-close compact arrangement of the off-centered supramolecular
cluster{ CI(OHp)4} —.

bond, and long Me-Mo interblock distances (ca 3.2 A). The
important feature of these structures is the possibility of
matching their nuclearity and conformation to the shape of the
guest(s). The inner phosphate ions and aquo ligands adopt
different modes of coordination, singly or doubly bonded
through oxygen atoms. This mode of linking provokes large
variations in the Me-Mo—Mo angles, ranging from 1350
18C°, and determines the interblock connections, either face- Figure 4. Representation of the “heart-shape” complex fD10)Mo1¢-
or edge-sharing. S10010(OH)1]*~ (3).
K5[CI(P207)M012S1201(OH)12(H20)4]:22H,0 (1). The mo-
lecular unit ofl (Figure 2) is formed of a dodecameric cyclic

ion and two water molecules are replaced by a monohydro-

. i genophosphate [HP{F~ ion. The chelating phosphato group
backbone{M0125,2012(OH)s2} resulting from the self-linking 55 a5 a pincer, slightly distorting the wheel from regular

of six {M0,0,S] fragments. A pyrophosphate4®;]*~ ionis  gjjintical (D, local symmetry for the Mg skeleton inl) to a
strongly attached in the hemicycle through four anchoring points. “pear-shape” conformation ir2 (Cy, local symmetry). A
Two oxygen atoms of the pyrophosphate ion bridge two adjacent 5 nrotonategP=0} bond is identified by the significant short
Mo atoms, while the other two show monodentate coordination. p_q distances $1.52(1) A], while the other corresponding
Finally, six Mo atoms are involved in bonding contacts with  yistance is longer enough to be attributed to-aCfM bond
the off-cerjtered pyrophgsphate. Four water molecuIes.attached[,vl_59(1) AJ. In addition, thé P=0O} fragment interacts weakly
to other six Mo atoms line the second part of the cavity. The {h5gh hydrogen bonds with the two closest symmetrically
presence of a single chloride ion on the aperture of the cavity istriputed aquo ligands (@O averaged distances of about
is a striking feature of the molecular structure. The distances 2 5g(1) A). Finally, this compound is the first example reporting
between the capping Cion and the oxygen atoms of the four  he encapsulation of two different substrates, a monophosphate
inner aquo ligands [about 3.27(1)A] are short enough to suggestyroup and a pyrophosphate group, in the pocket of ¥e2}
that the stability of the supramolecular arrangement is directly \yneel.
related to the presence of four hydrogen bonds. As depicted in - R, [(H ,P3019)M010S1001(OH) 1g*17.5H:0 (3). The mo-
Figure 2 (bottom), the CI(OHp)a} ~ cluster exhibits a quasi-  |ecuylar structure o8 represented in Figure 4 corresponds to a
close compact arrangement. The tfQs} functions of the  perfect example of encapsulation of a substrate: the linear
pyrophosphate group adopt an anti conformation, with the two triphosphate ion [BD]° is embedded in the pocket of the
{P=0} bonds of each phosphate group pointing toward opposite neytral May ring. All the Mo centers are engaged in bonding
directions. The two phosphorus atoms are slightly displaced contacts with the central guest. The five oxygen atoms interact-
about 0.5 A from the mean plane defined by the 12 molybdenum jng with the host bridge the adjacent Mo atoms, yielding a-host
atoms. The presence of the single capping chloride ion brakesguest anion, which adopts a “heart-shape” conformation.
any symmetry, making the two phosphate groups strictly Elemental analysis is consistent with two fewer rubidium
nonequivalent in the solid state. cations. The charge balance should be ensured by the presence
Ke[(HPO 4)(P207)M01,5;:201(OH) 12(H20)2]-23H,0 (2). The of two protons, probably located on the terminal oxygen atoms
inorganic ring in2 represented in Figure 3 derives from that of of the central triphosphate, although the three corresponding
anion in1. The off-centered [FD7]*~ group is still present in experimental distances do not univocally permit their location
the cavity delimited by the dodecameric ring, but the chloride [1.533-1.476 A].

J. AM. CHEM. SOC. = VOL. 126, NO. 29, 2004 9129
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(a) [PPMo,,]*
[P2Mo,,]*
[HPO,)*
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Figure 5. (@) 3P NMR spectra o at variable concentration: (1) 3.66 1072 mol-L, (2) 1.85x 1072 mol-L, (3) 9.27 x 1073 mol-L, (4) 2.54 x 1073
mol-L; (5) 7.2 x 10~* mol-L. (b) Linear behavior agreeing with eq 4:
LogK¢, = LogK; — 16A Vu
1

+ BV

3P NMR Characterization of 1, 2, and 3 in Agueous of the dilution experiments shown in Figure 5b allowed us to
Solution [(HPO4)(P207)M01:S12012(OH)12(H20)2]%~ (2). Se- determine the constai; of eq 1, expressed by eq 2.
lected3!P NMR spectra of recorded at room temperature are
shown in Figure 5a. At high concentration (0.036 rhof!),
the spectrum exhibits only two lines with 2:1 intensity ratio K — o e )
consistent with a pyrophosphat& £ —14.55 ppm; 2P) and a ! &HPP,Mo, 6
monohydrogenophosphaté £ —2.55 ppm; 1P) encapsulated
group. When the concentration is decreased from 0.04Lmbl
to 0.0007 molL~1, two additional resonances appeared &80
ppm and—13.90 ppm with an intensity ratio of about 1:2. On
the basis of its chemical shifts, tHel.80 ppm line is attributed
to uncoordinated phosphate [HR®'. The remaining peak at
—13.90 ppm corresponds to the §E)M01201,S1(OH);o- (eq 3)
(H20)4]%~ anion (noted [(IMo12]*") resulting from the loss

Therefore, the extraction of th€; value required a Debye
Huckel correction since the ionic strength varies from 0.01 to
0.75. For ionic strengths > 1072, the activity coefficienty;
for an ioni is expressed by the extended Debyéickel law

of the inner phosphate (see below). Finally, a simple preponder- ziZ-A\/ﬁ
ant equation (1) can be expressed, involving the [[{PCon Log,pyi = — —[ 3)
exchange within the cavity of the Mgring. 1+Brvu

[HP(P)Mo,,]°” = [HP]*™ + [(P,)Mo,,]* (1) whereA andB are two defined constants (at 26, in waterA

= 0.509 mol¥2dm32 and B = 0.347 mot¥2dm'?) 2! 7, is
The lability of such a group was previously observed on the ionic charge of, andr; is a fitting parameter corresponding
phosphate-containing rings and corresponds to a common featurd© the hard-sphere collision distance for a givesn. Generally,
in such system&:2°In agreement with the proposed eq 1, the the r; parameter matches approximately to the hydrodynamic

addition of phosphate ions to a solution Bfprevents the ;"\ o R A Sylbey, R. JPhysical Chemistry2nd ed.; Wiley: New
formation of the [(B)Mo12]*~ anion. The quantitative treatment York, 1997.

9130 J. AM. CHEM. SOC. = VOL. 126, NO. 29, 2004
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outer <+ phosphates + inner

—r— ——
(b) *
(@)
2 1 0 -1 -2 -3
<+—— S /ppm

Figure 6. Monophosphate region of tféP NMR spectrum at 298 K (a)
for [(HPO4)2M012515012(OH)12(OH2)2]*~ and (b) for [(HPQ)(P:07)Mo12-
$12012(OH)12(0OH)2] 6.

radius of the ion. Equation 4 was obtained from egs 2 and 3.

16AVu

Log, K., = Log,, K, —
G0 K1 G10 K1 1+BT«//—4

(4)

In eq 4,K is the conditional constant of eq 1 expressed with
the concentration of the [HP], [(P2)Mo17*~, and [HP(R)Mo17®~
species, and is an adjustable parameter (averaged values of
the individualr; parameters). The best fit (see Figure 5b) was
obtained with the current value of the B constant (0.34%0~1°
mol~Y2-dml/?), andr = 10~8 dm, consistent with the dimensions
of the Moy, rings (about 14 A in diameter in the solid state).
The linear plot (Figure 5b) givelk; = 0.0072 andA = 0.500
mol~Y2L12 The low value oK gives a standard Gibb’s energy
at 25°C, A,G° = 12.2 kdmol~1, which illustrates the high
affinity of the ring for the [HPQ]?>~ phosphate ion. Another
point needing to be discussed concerns*#eline broadening

*

T=345K

T=335K ) \ A *

T=325K /\. J\ *
T=315K . J\

*
T=305K L *
T=295K k*,
T=285K J N

3

8, 5,

- | M *
T=275K
T 40 1 42 43 A4 5

Figure 7. Variable temperaturé’ NMR spectra of [CI(FO7;)M012S:-
O12(OH)12(OHy)4]5.

does not vary significantly with temperature, indicating that no

of exchangeable phosphate ions in other oxothiomolybdate rings.€fficient dynamic occurs on the NMR time scale. Thus, the
The phosphate exchange properties in the mono and diphosphatéP207} moiety within the Ma; ring acts as gseudepillar

compounds, [(HP@M016S1001o(OH)1o(OH2)3]?~ and [(HPQ),-
M012812012(OH)12(OH2)2]4_, noted [HPMQQ 2= and [(HP}-
Moz12]*~, respectively, were previously report€dBoth com-
pounds are related by an equilibrium involving uncoordinated

strongly attached to six anchoring points conferring rigidity to
the hemicycle of the “pear-shape” ring. It also sterically prevents
any internal hopping for the neighboring monophosphate ion.

[C|(P207)M012812012(OH) 12(H 20)4] 5= (1) The variable tem-

phosphate ions in solution. An exhaustive study revealed the perature®’® NMR spectra of [CIEM015]°~ in aqueous solution
existence of dynamic exchanges involving the phosphate ionsare shown Figure 7. At 275 K, the spectrum Ioexhibits a

within the two compounds. At 298 K, th&P resonances of
[(HP):Mo1,]*~ and [HPMag]?~ collapse, giving a broad signal
Avyp = 45 Hz (atd = —2.4 ppm) while simultaneously the
line width related to the uncoordinated phosphate reashes

= 120 Hz. In the same conditions at 298 K for solutions of
[HP(P,)Mo1,]*~, the line widths of coordinated and uncoordi-
nated phosphates do not exceed 3 Hz. ReNMR spectra of

sharp resonance\{1, = 4 Hz) at—14.25 ppm, noted;; an
asymmetric doublet at13.85 and—13.75 ppm, noted,; and

a broad asymmetric liné&@1» = 80 Hz) at—11.15 ppm, noted
d2*. Two additional minor lines at-14.60 and—2.60 ppm are
always present in the spectraband were assigned unambigu-
ously to the mixed [HP(JMo17]®~ compound 2) (see above).
The formation of this compound results from the hydrolysis of

the monophosphate region for both the systems at 298 K arethe pyrophosphate group into monophosphate ions, which
shown in Figure 6. These results suggest that the phosphaténvariably leads to the mixed [HP{Mo;2]®~ species. The

ion dynamic exchange is substantially lowered for the pyro-
phosphate containing Mgring. The dynamic properties of such
molecular materials are related to the extreme flexibility of the
Moz, architecture and to the internal mobility of the substrate
as previously reported for the Moand Ma, rings containing
linear dicarboxylate ions with long alkyl chain (8s04]%~ and
[H10C704)%, respectively}é For such system3H NMR studies
showed that at ambient temperature, a synergistictmstst

spectrum ofl is strongly temperature-dependent. The doublet,
centered onod; —13.80 ppm, collapses on raising the
temperature just 10 K and then completely vanishes at 305 K.
Similarly, the 62* —11.15 ppm broad line exhibits a
comparable feature. Both the lines (initial doublet—t3.80
ppm and—11.15 ppm line) broaden and then mutually coalesce
at 305 K, for a broad resonance-at2.00 ppm, which sharpens
as the temperature increases until 345 K. The high and low

dynamic occurs, the wheeling of the template inside the cavity temperature® P NMR spectra are reversibly interconverted,

being facilitated by the flexibility of the ring. With monophos-
phate groups, similar internal motions must be considered,
probably facilitated by the flexibility of the inorganic backbone.
The line width of the{ P,O;} resonance is sharp-@ Hz) and

showing that no chemical reaction occurs in such a temperature
range. The changes are only due to rapid dynamic phenomena
in the wheel. The unambiguous assignments of the lines
observed at 275 K to the parent [GMPo15]°~ or to other species

J. AM. CHEM. SOC. = VOL. 126, NO. 29, 2004 9131
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S A
o 80% c
£
s 9% 9 Br
5 70%q (a)
g1 .
@ | 65%
2
E  60%
(3
2 55% -
&
& 50% T T T T
0 0,5 1 1,5 2 2,5
10 12 -14 -16 [X)/mol.L! —»
~——bppm 45
Figure 8. Contour plot of a two-dimensional COS¥P experiment fod 4-
at 275 K. The mixing time was 100 ms. (b)
3,5
required further NMR experiments. The doublet-t3.80 ppm T 31 °
and the broad band at11.15 ppm could correspond to two 257 %
coupled inequivalent phosphorus nuclei of a singRO7} c£ 21
group. The two lines are always in a 1:1 ratio, and the doublet 151
would correspond to the first component of an AB coupling ]
system in an asymmetrical pyrophosphate group. The coupling 051
constant exhibits the usual value expected for such a system 0 0 0'5 1 1'5 2 25

(3Jp—0-p = 16 Hz). Finally, the asymmetric shape of the broad
band £11.15 ppm) would be due to the second unresolved [X]/mol.L" —»
component of the AB system. To confirm this assumption, a Figure 9. (a) Dependence of thé, relative intensity versus the halide
two-dimensional COSY¥P NMR experiment was carried out  (Cl-, Br-, and I') concentration. (b) Linear behavior justifying the two
(Figure 8) and clearly showed that the two lines-d13.80 and ~ Successive egs 5 and 6.
—11.15 ppm are correlated by two off-diagonal spots. They can
therefore be definitely assigned to a single asymmetfiezD;} -
containing species. Th&p_o-p indirect coupling constant is
strongly dependent on the angle-B—P. Some examples of
pyrophosphate embedded in polyoxometalate architectures give
correlated values between the-©—P angles and the corre-
sponding coupling constant. In [B;)MoeO15(OH,)]*~, the
P—O—P angle is 122.% corresponding t8Jp_o-p = 10.3 Hz??
The opening of the PO—P angle to 189 observed in the cigar-
shaped [(FO7)2M030090]®~ anion, increases significantly the
2Jp—o-p constant to 36 H23 The 16 Hz value corresponds to
that observed here for [@Rs)Mo10]3~ (3) (see below), which
exhibits a 130 P—O—P angle in the solid state. Accordingly, 14,35
the mean angle value in the asymmetriddO;} group should ) oy
be close to 139 significantly lower than the observed-®—P ngfﬂfg{gl Icr;lurﬁirl;? ;]:ig?e nature of the halide (X = Cl, Br. and |
angle (150) of the symmetrica{ P.O7} in [CI(P2)Mo12]°>~ (1).
Finally, both set of resonancégand ¢, — d,*) probably arise ~ symmetric{ P,O7} group in a Maring) increased significantly
from a commor{ P,Mo13} architecture, containing two strictly from 60 to 80% (Figure 9a). Then, this line was attributed to a
equivalent phosphorus nuclei (symmetrical conformation giving chloride-interacting species, probably structurally close to the
d1) or two inequivalent phosphorus (asymmetrical conformation ion parentl [CI(P2)Mo12]>" (see Figure 3). This assumption is
giving 0, + 02*), respectively. supported by the fact that only tide chemical shift is sensitive
The influence of the halide ion concentration {CBr—, and to the concentration of Cl(Figure 10), while the othed,, 62*
I-) on the distribution of the two main resonances was studied "ésonances and that of the [HEXR01]®~ impurity remain quite:
while the ionic strength was maintained constan2aM by constant. Then, the chloride ion interacts with the symmetrical

varying the concentration of sodium nitrate and sodium chioride, [(P2M012*~ hemicycle (througf;fH-bonding.) to form a labile
[NaNOs] + [NaX] = 2.00 motL~1. The results graphically ~ On-Pairing complex [CI(E)M_olg]. 'I_'h(_e chloride ion e>_<change
presented in Figure 9a clearly show the influence of the chioride IS fast (Scheme 1), occurring statistically at both sides of the

concentration upon the distribution of the two sets of resonances."?1perture of the hemicyclg; it.is characterized by #hesingle
When the concentration of chioride ion is varied from 0.03 to !IN€- Removal of the chloride ion from the aperture of the cycle
2.00 motL~1, the relative intensity of; (attributed to a provokes a change in the conformation of the molecule, noted

[(PP*)Mo15]*~ and characterized by an asymmetri¢&0}
(22) Kortz, U.Inorg. Chem 2000 39, 625. group within the cavity. Thed, resolved doublet would
(23) Kortz, U.Inorg. Chem 200Q 39, 623. correspond to théP,O7} part strongly anchored within the ring

[X}mol.L' —>

13,95 L 2 L 2

14 -

m —

14,05 4
-14,1 4
-14,15 4
-14,2 4

-14,25

8, Chemical Shit/pp

14,3 1
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Polyphosphate lons in Oxothiomolybdate Rings
Scheme 1

7 K.
. fast

[CI(P3)Mo,,]* [(P)Moy]*

Ks

slow @

[(P2)Moy,]1* [(PP")Mo,,1*

via double-bonded oxygen atoms. T broad signal would
correspond to the other parts of tie,0;} group, showing the

12, presents two signals consisting of a doublet &7.52 ppm

and a triplet at-24.61 ppm with an 2:1 intensity ratiéJ}%_o-p

= 16 Hz). The spectrum 08 is not temperature-dependent,
confirming the absence of dynamic in [fPt)Mo10]3~. The
central{ PsO;q} group is strongly blocked inside the ring through
covalent interactions. In such a situation, the central guest has
no possibility for changing its conformation through a concerted
hopping in the cavity.

Conclusion

Polyphosphate ions easily react with cyclic oxothiomolybdic
backbone, allowing the formation of encapsulated substrates.
These compounds are quantitatively prepared in aqueous

possibility for the phosphate to hop from each side of the inner medium. Their molecular structure, established in the solid state,

wall of the cavity (see Figure 11). The wriggling motion is

exemplified the adaptability and the potentialities of this class

temperature-dependent, giving a single emerging resonance abf compounds: different substrates can be incorporated, dif-

305 K. In fact, at high temperature, th®,0;} group quickly

fering by the nature of the hosguest interactions, either

hops in the cavity, making the two phosphorus nearly equivalent through H-bonding or through iono-covalent interactiong!
on the NMR time scale. A simple model can be proposed for NMR study (variable temperature and 2D COSY experiment)

the [(PP*)Ma_]*~ anion which results from the 90otation of
the{P,O7} group. Finally, théP NMR of 1 in aqueous solution

reveals that supramolecular interactions between halidéxXX
= ClI, Br, or I) and the ring are maintained even in solution for

can be explained by the presence of two main species, differinggiving the labile anion X C [P.Mo012]5". In addition, the

by their ring conformation, one giving a symmetrical “blocked”
{P,O7} guest (noted [fMo;5]*") while the other one (noted
[PP*Moy,]*") permits a wriggling motion of the asymmetrical
{P,0O7} in the wheel. As the ratio between the two forms can

possibility to remove selectively the halide ions for a mono-
phosphate [HPg?~ ion in the [BMo1;]*~ compound is a

promising route for the synthesis of a more sophisticated
multiring assembly such as a dumbbell-shape compound with

be tuned by the chloride ion, two successive egs, 5 and 6, arethe use of specific polytopic ligand as polyphosphonate or

proposed.
[CI(P)Mo,,)°” = CI™ + [(P)Mo,]*" (5)

[(P,Moy]*~ = [(PP*)Mo,,]* (6)

The dynamic of eq 5 was deduced to be fast on the NMR time

scale, and thus the weight of thi line is related to the
concentratiorC corresponding to the sum of the concentration
of the two species [CHMo12]°>~ and [RMo12]*~. The concen-
tration C* of the [PP*May]*~ anion was directly calculated
from the intensity of thé, andd,* lines. Finally, the convenient
linear eq 7, includind<s, Kg, the concentration of the chloride
ion [CIT], C, andC*, was established, whekg andKg are the
constants of egs 5 and 6, respectively. The linear pl@/cf
versus [Cf], shown in Figure 9b, is in agreement with the
postulated equations and th¥ NMR attributions. According
to eq 7, the equilibrium constanks = 0.60 andKs = 1.09
were found.

C 1 1

cr Ky KK,

(ClI'] ()

The influence of the nature of the halides &< ClI~, Br~, and

polycarboxylate.

Experimental Section

Synthesis. All reagents were used as purchased without further
purification. The cyclic precursor was prepared by the synthetic
procedure described in ref 12. The previous characterization of this
crude precursor led to the compositiosl fM016S10010(OH)10(H20)s] *
15H,0-eMesNCI (noted Kl,Mo010).

K5[C|(P207)M012812012(OH)12(H20)4]‘22H20 (1) K2|2M010 (3 g,

1.30 mmol) was dissolved in 120 mL of distilled water under moderate
heating (35-40 °C). Then, NaP,O;-10H,0 (0.47 g, 1.04 mmol) was
added. After 15 min, the solution was cooled to ambient temperature,
and potassium chloride (18 g, 241 mmol) was added. The turbid solution
was filtered until clear. The resultant filtrate was left standing at ambient
temperature for crystallization. After 2 days, orange crystalline needles
were isolated (1.60 g, yield 52%). Elemental analysis (%), calcd
(found): K, 6.96 (6.98); ClI, 1.26 (1.32); P, 2.21 (2.15); Mo, 41.06
(42.10). IRv/cm™%: 1128 (m), 1053 (m), 1032 (sh), 950 (s), 907 (s),
693 (vw), 572 (m), 510 (s), 408 (w), 334 (w).

K6[(HPO4)(P207)M012812012(OH)12(H20)2]'23Hzo (2) K2|2M010
(3 g, 1.30 mmol) was dissolved in 120 mL of distilled water under
moderate heating (340 °C). Then, NaP,O;-10H,0 (0.47 g, 1.04
mmol) was added. After 15 min, the solution was cooled at ambient
temperature, and potassium chloride (18 g; 241 mmol) was added. The

I-) upon the successive egs 5 and 6 was studied, and the result&irbid solution was filtered until clear. Then KPQ, (0.18 g, 1.32
are graphically shown in Figure 9 and summarized in Table 2. mmol) was added. After about 2 h, an orange crystalline precipitate

In agreement with eq 6, the constaK does not vary
significantly with the nature of the halid&§ = 0.63+ 0.03).
In contrast, the constals is significantly increased in the order
I~ > Br~ > CI~, meaning that the stability of the ion-pairing
complex [X(R)Mo17]%" is increased in the order CH Br~ >
I~

[(H 2P3010)M010S10010(0OH) 103~ (3). The3P NMR spectrum

was isolated (2.60 g, yield 85%). Elemental analysis (%), calcd
(found): K, 8.34 (8.62); P, 3.30 (3.25); Mo, 40.94 (41.02)em %
1152 (sh), 1133 (w), 1056 (m), 941 (s), 916 (s), 714 (w), 577 (w), 500
(m), 423 (sh), 341 (w)3P NMR, DO—H,O solution about 0.03
mol-L~tin (2): —13.9 ppm (2P)~1.8 ppm (1P).

Single crystals ofZ) were obtained by recrystallization of the crude
powder (about 0.4 g) in 20 mL of 0.5 mal~* KCI aqueous solution.
After 1 day, orange diamond-shaped crystals were obtained, suitable

of the triphosphate anion in agueous solution, shown in Figure for single-crystal X-ray diffraction.
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Figure 11. Postulated conformation for the “wriggling” asymmetrical pyrophosphate group imaavichitecture with anchored and wheeling (schematized

by arrows){ POs} moieties.

-16 -18 -20 -22
<+ 3/ppm

Figure 12. 31p NMR spectrum of [('2'33010)M0105_|_0010(OH)10]37 3).

-24 -26

Table 2. Equilibrium Constants Ks and Ks at T = 275K

X~ Ks Ks

Cl- 1.09 0.60
Br~ 2.51 0.65
1~ 3.17 0.65

Rb3[(H 2P3010)M010810010(OH)10]'175Hzo (3) KzloMo1g (3 g, 1.30
mmol) was dissolved in 120 mL of distilled water under moderate
heating (5C°C). Then, NgP;010 (0.47 g, 1.30 mmol) was added. After
15 min, RbCI (2 g, 16.5 mmol) was added to the warm solution. The
rubidium salt of3 slowly precipitated from the hot solution (5C).
Orange rubidium salt was washed with ethanol, and then dried with
diethyl ether (2.1 g; yield 70%). Elemental analysis (%), calcd
(found): Rb, 10.48 (10.65); P, 3.82 (3.94); Mo, 39.46 (37.65); S, 13.15
(12.95). IRv/cm™*: 1235 (m), 1162 (sh), 1122 (m), 1048 (w), 1034
(w), 1005 (w), 940 (s), 736 (w), 709 (w), 604 (vw), 563 (m), 507 (m),
413 (w), 314 (m)3P NMR, D,O—H,0 solution about 0.01 madl-1
in (3): —17.52 ppm (doublet, 2P);-24.61 ppm (triplet, 1P).

Single crystals of3) were obtained by recrystallization of the crude
powder (about 0.1 g) in 20 mL of water. After one week, parallelepi-

An empirical absorption correction was applied (SADABS progfam
based on Blessing’s meth®)l The structures were solved by direct
methods and refined by the full-matrix least-squares procedure (SHELX-
TL packagef® Relevant crystal data for compoundls2, and3 are
summarized in Table 1. Heavier atoms for each structure were initially
located by direct methods. The remaining non-hydrogen atoms were
located from Fourier differences and were refined with anisotropic
thermal parameters.

Ks[CI(P2)Mo17]-22H,0 (1). The inner pyrophosphate and chloride
ion adopt two enantiomeric conformations related by an inversion center
located at the center of the Moring. The resulting atoms P1, P2,
017, 018, 019, and Cl were refined with occupancy factor of 1/2. All
the potassium cations were found to be disordered and refined with a
statistical occupancy factor of 1/2.

Ke[HP(P2)Mo012]:23H,0 (2). The inner monophosphate and pyro-
phosphate adopt two enantiomeric arrangement related by a mirror plane
containing the 12 Mo atoms of the ring. As a result, the two
enantiomeric forms appear statistically distributed over the same
crystallographic site, leading to a 1/2 occupancy factor for the
phosphorus atoms P1, P2, and P3 and the P-bounded 027, 028, 029,
030, 031, and 024 oxygen atoms. All the potassium cations were found
to be disordered and refined with a statistical occupancy factor of 1/2,
excepted for the K7 atom (S.O.F of 0.25).

Rb3[H 2(P3)M01g]+17.5 H,O (3). The central P2 phosphorus atom
of the linear{ P;O10} group in the Mg ring was found to be disordered
over two positions labeled P2A and P2B, refined with statistically
occupancy factors of 2/3 and 1/3, respectively. The corresponding P2-
bounded 016 and O17 oxygen atoms were refined with adequate
statistical occupancy factors of 2/3 and 1/3 when labeled A and B,
respectively. One rubidium atom was split over the two neighboring

pedic orange crystals were obtained, suitable for single-crystal X-ray pp> and Rb3 sites, with statistical occupancy factors of 2/3 and 1/3,

diffraction.
Elemental analysiswas performed by the Service Central d’Analyses

respectively, while the remaining 0.33 rubidium atom could be
distributed over the Rb4 and Rb5 sites with statistical occupancy factors

du CNRS. The water content was determined by thermal gravimetric of 0.24 and 0.19, respectively.

analysis (TGA experiments) with a TGA7-Perkin-Elmer apparatus.

Infrared spectra were recorded on an IRFT Magna 550 Nicolet
spectrophotometer using the technique of pressed KBr pellets.

3P NMR spectra were recorded at the nominal frequency of 121.5

Supporting Information Available: Further details on the
crystal structures df, 2, and3 (CIF). This material is available
free of charge via the Internet at http://pubs.acs.org.

MHz (Bruker AC 300 apparatus). Spectra were referenced to external JAO48746A

85% HPO, in 5 mm tubes.
X-ray Crystallography. Intensity data collection was carried out

atroom temperature with a Siemens SMART-CCD area detector systems)

equipped with a normal-focus molybdenum-target X-ray tube=(
0.71073 A). Crystals ol and2 were mounted in glass tube because
they rapidly lose water of crystallization, leading to an amorphous solid.
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