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Two new compounds containing the title diphosphono-polyoxometalate anion and diprotonated ethylenediamine
(enHy) or piperazine (ppzH,) countercations have been hydrothermally synthesized and structurally characterized
((enH,)[M07016(0sPCH,PO3)3]- 7H,0, triclinic, P1, Z = 2, a = 10.3455(7) A, b = 13.136(1) A, and ¢ = 20.216(3)
A, o = 93.247(6)°, B = 96.434(6)°, and y = 111.900(6)°; (PpzH2)a[M07014(03PCH,PO3)s]+8H.0, triclinic, P1, Z
=2,a=13255@2) A b = 13.638(2) A, and ¢ = 16.874(4) A, o = 93.20(2)°, B = 101.27(2)°, and y =
105.87(1)°). The anion is a ring of three pairs of edge-sharing octahedra of MoYOs (with MoY—MaY bonds) that
share corners with each other. The diphosphonate groups connect the pairs at the periphery. The ring is “capped”
by a tetrahedron of Mo¥'0,. According to magnetic measurements, the compounds are diamagnetic.

Introduction diphosphonate systems have remained somewhat underde-
veloped. Only a few compounds have been reported before,
all of them molecular anions of molybdenum(Vlere, we
describe the hydrothermal synthesis and characterization of
rtwo new compounds, (eni[M0o70:¢OsPCHPGs)3] 7H,0O

(1) and (ppzH)a[M070:6(OsPCHPGs)3]-8H,O (2), which
contain the first mixed-valent M@Mo"' diphosphonate
molecular anion, [MgO;6(OsPCHPO;)3]8~, with molybde-

num in both tetrahedral and octahedral coordination.

One of the currently dynamic areas of materials chemistry
concerns the development of new inorganicganic hybrid
materials with open-framework structures where the organic
fragments are not just counterions or templates but are rathe
part of the structure as covalently bonded linkers. The
potential for useful physical and chemical properties of such
compounds makes them promising materials for eventual
applications as catalysts, molecular sieves, nonlinear optical
materials, and so forth.* Numerous multifunctional linkers  Experimental Section
such as organophosphonatésyganoarsonatésand organo- )
diamineg have been used for the construction of structures _(ENMH2)M0701(OsPCHoPO3)g]-7H,0 (1). This compound was
that range from zero-dimensional molecular species to three_|n|t|aIIy synthesized in an attempt to prepare the diphosphonate
dimensional frameworks. Among these systems, the diphos_analogue of the recently reported polyoxomolybdenum borophos-

) ’ phate anion [M8sMoV';025(BO.)2(POs)s(HPOy)3]8~.8 Later, the
phonates of vanadium have attracted most atteAfidhThis synthesis was carried out in a rational way from a mixture of Na

can b_e_ easily understpod When_ taking into account_the Mo0O,-2H,0, elemental Mo, methylenediphosphonic acid, ethyl-
versatility of the vanadium coordination and the resulting
multitude of structures and properties that are accessible with (6) (a) Riou, D.; Baltazar, P.; Fey, G.Solid State| gciZOOQ Zr’] 127. (b)

; ; ; Riou, D.; Serre, C.; Provost, J.{feg, G.J. Solid State Chen200
different linkers. Comparatively, the molybdenum organo- 155, 238, (c) Belier, F.; Riou_CaﬁleQ M.: Vichard, D.- Riou., 3_
R. Acad. Sci., Ser. llc: Chin200Q 3, 655. (d) Riou, D.; Serre, C;

* To whom correspondence should be addressed. E-mail: ssevov@nd.edu. Ferey, G.Int. J. Inorg. Mater.200Q 2, 551. (e) Barthelet, K.; Jouve,
(1) Clearfield, A.Prog. Inorg. Chem1998 47, 371. C.; Riou, D.; Feey, G.Solid State ScR00qQ 2, 871. (f) Barthelet, K.;
(2) Khan, M. I.; Zubieta, JProg. Inorg. Chem1995 43, 1. Riou, D.; Feey, G.Solid State Sci2001, 3, 203.

(3) Hagrman, P. J.; Hagrman, D.; ZubietaAdgew. ChemInt. Ed.1999 (7) (a) Sergieniko, V. S.; Tolkacheva, E. O.; llyukhin, A. B.; Starikova,
38, 2638. Z. A.; Krol, I. A. Mendelee Commun.1992 4, 144. (b) Kortz, U.;
(4) (a) Burwell, D. A.; Thompson, M. EACS Symp. Set992 499 166. Pope, M. T.Inorg. Chem1995 34, 2160. (c) Chang, Y.-D.; Zubieta,
(b) Clearfield, A.; Ortiz-Avila, C. Y. ACS Symp. Set992 499, 178. J.Inorg. Chim. Actal996 245, 177.
(5) Finn, R. C.; Lam, R.; Greedan, J. E.; Zubietalndrg. Chem 2001, (8) Dumas, E.; Debiemme-Chouvy, C.; Sevov, SJCAmM. Chem. Soc.
40, 3745. 2002 124, 908.
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enediamine, and #0 in a molar ratio of 1:0.25:1:1:140, respec-
tively. The mixture was loaded in a Teflon-lined autoclave (23 mL
capacity) and was heated at 180 for 5 days under autogenous
pressure. The solid product was collected by filtration, washed with
water, and dried at room temperature. Red polyhedral crystals of
compoundL (50% yield, based on Mo) and black, unidentified solid
were isolated. The IR spectrum of selected crystalsl ofias
obtained on a Perkin-Elmer Paragon 1000 FT-spectrometer (KBr
pellet, cn): 3445vs, br; 1634m, br; 1519w; 1452w; 1386w;
1327w; 1184s; 1158s; 1117s; 1067vs; 1026vs; 957vs; 889s; 828m;
795m; 760s; 726sh; 611w; 550m; 507m; 459m, 342s. Thermo-
gravimetric analysis was carried out on a Perkin-Elmer TGA7
thermogravimetric analyzer in a flow of oxygen (60 mL/min) up
to 800°C. It showed one weight-loss step of 6.15% between room Figure 1. ORTEP view (thermal ellipsoids at the 50% probability level)
temperature and 19%C, and this was attributed to the release of of the molecular anion [M&Mo"!O16(OsPCHPOs)3]®~. Oxygen, carbon,
crystallization water (theoreticat 6.94%). A second step of abrupt ?r;ldﬂt])oth plhoﬁ.phofa‘s and mot'.yb?e”“m are shown with open, crossed, and
weight loss was observed at about 31 and this was followed Wl thermat eflipsolds, respectively.

by a continuous lesser weight loss which was not completed up to Table 1. Crystallographic Data for

800 °C. The total weight lost in the last two steps was 14.92%, (H3aN(CHz)2NH3)4[(OsPCHPO;)3M07016]-7H:0 (1) and

and this was attributed to the partial calcination of the organic part (N2CaH12)4[(O3PCHPO;)3M07014 -8H20 (2)

of the compound (theoretica 15.98%). formula Gi1HeoM07NgO41Ps C19H54M07NgO4:Ps
(ppzH2)4[M07016(O3PCH,PO3)3]-8H,0 (2). The identical syn- fw 1818.07 1924.10
thetic conditions and molar ratio as fhrbut with piperazine instead phace g;(?;razeters P1(No.2),2 P1(No.2), 2
pf ethylenediamine, were useql to make this compound. It was a 10.3455(7) A 13.255(2) A
isolated as a pure phase (30% vyield, based on Mo) of red polyhedral b 13.136(1) A 13.638(2) A
crystals. Magnetic measurements carried out on a Quantum Design ¢ 20.216(3) A 16.874(4) A
MPMS SQUID magnetometer at different temperatures showed o 93.247(6) 93.20(2)
negative magnetic susceptibility which is consistent with a dia- p 96.434(6) 101.27(2y
) i . . . ) ¥ 111.900(6) 105.87(1)
magnetic compound. IR: 3446vs, br; 3246vs; 3004vs; 2819s; v 2518.4(5) & 2858.1(9) &
2414m; 1619m, br; 1560m; 1439m; 1380w; 1317w; 1195s; 1153s; radiation 4 Mo Ka, 0.710 73 A Mo K, 0.710 73 A
1118s; 1067vs; 1028vs; 954vs; 894m; 866m; 831m; 796m; 760s; tebmp . 209"(; - 2006% .
. . . . . abs coe 19.94 c 17.66 cnt
74;?' 5t82m’ SYtlm’ .55(t).m’ S;Sm’ 4g%m, ?4786 ¢ ¢ density (calcd) 2.397 g/cin 2.236 g/cm
ructure Determination. X-ray diffraction data sets were RIWR2 ( > 207)? 0.0248/0.0682 0.0263/0.0654
collected at room temperature from single crystalsldb.52 x RLWR?2 (all data) 0.0261/0.0696 0.0325/0.0695

O.le 0.12 mm) and? (0.40 x 0.26 x .0.13 mm) on an Enraf- SRL = S|Fo — [FdUSIFo and WR2 = {[SWI(F? — (FOT/
Nor_1|u§ CAD4 diffractometer with graphite monochromated Mo K SW(F2)} 72 Wﬁerew i [aZ(FZ)Z + (0.035P) + 7.03 4‘;33],1 for °1 and
radiation § = 0.71073 A, w—26 scans, B = 50°). The data W= [0%(Fo)2 + (0.028)2 + 4.520P] 2 for 2, andP = [(Fo)2 + 2(F)2)/3.
sets were corrected for absorption with the aidyegcans of a few

appropriate reflections at differeftangles. The structures were Table 2. Selected Bond Distances in

solved by direct methods and refined Bhusing the SHELXTL- (HaNCH,CHNH3)4[M07016(OsPCHPO3)s]-7Hz0 (1)

V5.1 software package. All non-hydrogen atoms, except one water Mo(1)—0(22) 1.674(3) Mo(5y0(26) 1.676(3) P(H0(29) 1.497(3)
oxygen atom and one disordered ethylenediamirie ivere refined Mo(1)-O(2)  1.939(2) Mo(5yO(14) 1.931(2) P(HO(S) 1.535(3)

with anisotropic thermal parameters. The final reliability factors mgg;:ggg ;'_gzgg)) mgggggg ;:ggi% Eégg((i)z) i:ggég))

were R1/wR2= 0.0248/0.0682 for 8469 observed reflectiohs ( Mo(1)-0(17) 2.080(2) Mo(5yO(11) 2.078(3) P(2)O(30) 1.496(3)
20y) for 1 and R1/wR2= 0.0263/0.0654 for 8841 observed mogg—ggg i-ggggg moggg% i-ggggg E%g% iggggg
. . . . o(2)— . [0} . .
reflections for2. Details of the data collgctlon and reflnemen.t of  Mo(2)-0(2)  1921(2) Mo(6yO(14) 1921(2) P(3C(12) 1.805(4)
the compounds and selected bond distances for the anion NMo(2)-0(1) 1.932(2) Mo(6y0(13) 1.942(3) P(3YO(31) 1.505(3)

compoundl are given in Tables 1 and 2, respectively. Mo(2)-O(3) 2.068(2) Mo(6)0O(16) 2.060(2) P(3}0(9) 1.530(3)
Mo(2)—O(4) 2.085(2) Mo(6yO(15) 2.077(2) P(3yO(11) 1.535(3)
Results and DISCUSSIOH MO(2)-O(19) 2.470(2) MO(G‘)’O(Z].) 2530(2) P(3‘)C(34) 1.800(4)

Mo(3)-0(24) 1.682(3) Mo(7r0(28) 1.731(2) P(4)O(32) 1.489(3)
The structures of the two new compounds contain a novel Mo(3)-0(8)  1.929(2) Mo(7yO(20) 1.784(2) P(4O(12) 1.537(3)

. : Mo(3)-0(7) 1.939(3) Mo(7}-0(21) 1.787(2) P(4)O(10) 1.543(3)

polyoxometalate anion, a polyoxomolybdenum diphospho- y3)-o() 2.052(3) Mo(7y0(19) 1.795(2) P(4)C(34) 1.804(4)
nate, [MaO16(OsPCH,P(;)3]8~ (denoted EMo;). Because Mo(3)-O(5)  2.069(3) Mo(1}Mo(2) 2.5535(4) P(5r0(33) 1.506(3)

; ; ; ; Mo(3)—0(19) 2.564(2) Mo(3}Mo(4) 2.5725(5) P(5rO(15) 1.535(3)
there are only minor differences between the anions in the Mo(4)-0(25) 1680(3) Mo(5yMo(6) 2.5621(5) P(5y0(17) 1536(2)

two compounds, only the structure of the anion in compound mo(4)-0(7)" 1.939(3) P(5yC(56) 1.806(4)
1 will be discussed in detail. It is a ring-like anion made of Mo(4)-O(8) ~ 1.939(2) P(6yO(34) 1.501(3)
three pairs of edge-sharing octahedra ofkdg (Figure 1). mggg:gg?) 5;8228)) Efg;ggg; 1233%
The two molybdenum(V) atoms within a pair are bonded to Mo(4)—0(20) 2.482(2) P(6)C(56) 1.806(4)

each other by a single bond according to the average Mo

Mo distance of 2.563 A (2.571 A in compour®l. This is edge-sharing octahedra are well-known as the fundamental
confirmed further by the observed diamagnetic behavior of building units in other reduced (hetero)polyoxomolybdate-
the compound. Similar molybdenum dinuclear fragments of (V) anions? The three pairs in fo; share corners with
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Mixed-Valent Polyoxomolybdenum Diphosphonate Anion

each other and form a triangular ring with a semi 3-fold axis
of symmetry. The shared corners are additionally shared with
a tetrahedron of M80O, that caps the ring on one side.

The dimolybdenum pairs are also linked by methylene-
diphosphonate groups which are positioned at the periphery
of the ring (Figure 1). One such group connects two dimers
by coordinating two oxygen atoms of each phosphonate
functionality to two different dimolybdenum units. Thus, the
methylenediphosphonate provides two bridges per a pair of
dimers (Figure 1). The third oxygen of each phosphonate
group is terminal and not protonated which makes the
diphosphonate linker a tetradentate ligand. The formula of
the ring, therefore, can be written @810,05(0OsPCHPG;)} 5.

The six molybdenum atoms of the ring are nearly coplanar
with a maximum deviation of 0.02 A from the least-squares
plane (0.06 A ir2). The octahedra around the molybdenum
atoms are quite distorted with one short (1.674(B)%90-

(3) A), four intermediate (1.921(2)2.085(2) A), and one
long (2.470(2)-2.564(2) A) Mo-0O distances (Table 2). The
short distance is to the peripheral terminal oxygen (Figure
1) and is trans to the long distance. The latter is to the oxygen
atom which is three-bonded to two molybdenum(V) and one
molybdenum(VI) atoms. The four intermediate MO
distances can be split in two categories: two of them are to

oxygen atoms of the shared edge between the octahedrdigure 2.

(1.921(2y-1.942(3) A) and two are to the phosphonate
oxygen atoms (2.052(3%2.085(2) A).

The tetrahedrally coordinated molybdenum(VI) capping
the center of the ring bonds to the three oxygen atoms that
are shared between the dinuclear units, thus making them
three-bonded. The fourth oxygen atom of the tetrahedral

Polyhedral representation of the molecular anions of (a)
[MoVeMoV'016(0sPCHPOs)3]8 (denoted BMo7) and (b) [RM0ogO2g(OH)z]*~
(denoted EMog).

phosphorus atom fits well in the smaller void ofMRg

(averagedp_o = 1.52 A) but is too small for fMo; where

it is replaced by molybdenum (averaggo,-o = 1.79 A).
The two anions differ substantially also in the bonding at

coordination is a terminal oxygen positioned along the semi the periphery of the ring. The three peripheral phosphate
3-fold axis of the anion. Therefore, the formula of the anion 9roups in BMos are bidentate and connect the units by single
can be written as [M8O{ MoV,05(OsPCHPO3)}3]8~. The O—P—0 bridges. In BMoy, on the other hand, the phos-
distance to the terminal oxygen, 1.731(2) A, is quite shorter Phates are “replaced” by methylenediphosphonate groups
than the other three distances, 1.784(R)795(2) A. This which coordinate as tetradentate ligands with two oxygen
molybdenum atom is 0.73 A above the least-squares planeatoms per phosphonate functionality. This, again, is possible

of the six molybdenum(V) atoms.

At first glance, the new polyoxomolybdenum diphospho-
nate anion, fMo;, seems very similar to the well-known
polyoxomolybdenum phosphate anion [ND,0(Os-
POH)}3]® (denoted EMoe, Figure 2). A closer look,
however, reveals that the similarity is only in the overall
triangular geometry of the two species and that they differ
significantly in the bonding between the building uriits.
Thus, although the building units of molybdenum(V) in both

anions are dimers of edge-sharing octahedra, these dimers

in P,Mog are bonded to each other by sharing edges while
they share corners ingMo;. Despite the edge-sharing
between the dimers insMos, however, there are no Mo

Mo interactions between molybdenum atoms of different
dimers @wo-mo =~ 3.5 A) but only within them @vio-mo ~

2.6 A). The major result of the different connectivities of

the two anions is that the edge-sharing between the dimers

in P,Mog leads to smaller opening in the middle of the ring
compared to that in Moy (Figure 2). Thus, a “capping”

(9) Chen, Q.; Zubieta, oord. Chem. Re 1992 114, 107.

only because the edge-sharing mode between the dimers of
P,Mog is replaced with corner-sharing ingN@o; which
provides two more octahedral corners available for coordina-
tion by the peripheral group. The methylene linkers in the
methylenediphosphonate provide also some degree of hydro-
phobicity which can potentially lead to different behavior

(10) (a) Haushalter, R. C.; Lai, F. WAngew. ChemInt. Ed. Engl.1989
28, 743. (b) Haushalter, R. C.; Lai, F. Whorg. Chem.1989 28,
2904. (c¢) Mundi, L. A.; Haushalter, R. @norg. Chem.1992 31,
3050. (d) Meyer, L. A.; Haushalter, R. Morg. Chem.1993 32,
1579. (e) Lightfoot, P.; Masson, DMater. Res. Bull1995 30, 1005.
(f) Lightfoot, P.; Masson, DActa Crystallogr, Sect. C1996 52, 1077.
(g) Guesdon, A.; Borel, M. M.; Leclaire, A.; Raveau, Bhem—Eur.

J. 1997 3, 1797. (h) Xu, L.; Sun, Y.; Wang, E.; Shen, E.; Liu, Z,;
Hu, C.; Xing, Y.; Lin, Y.; Jia, H.Inorg. Chem. Commuri998 1,
382. (i) Leclaire, A.; Biot, C.; Rebbah, H.; Borel, M. M.; Raveau, B.
J. Mater. Chem1998 8, 439. (j) Leclaire, A.; Guesdon, A.; Berrah,
F.; Borel, M. M.; Raveau, BJ. Solid State Chen1999 145 291. (k)
Xu, L.; Sun, Y.; Wang, E.; Shen, E.; Liu, Z.; Hu, Q. Solid State
Chem.1999 146 533. (I) Xu, L.; Sun, Y.; Wang, E.; Shen, E.; Liu,
Z.; Hu, C,; Xing, Y.; Lin, Y.; Jia, H.New J. Chem1999 23, 1041.
(m) Xu, L.; Sun, Y.; Wang, E.; Shen, E.; Liu, Z.; Hu, C.; Xing, Y.;
Lin, Y.; Jia, H. J. Mol. Struct.200Q 519, 55. (n) Du Peloux, C.;
Mialane, P.; Dolbecq, A.; Marrot, J.; Rivie, E.; Seheresse, FJ.
Mater. Chem. 2001 11, 3392. (0) Zhou, Y.; Zhang, L.; You, X.;
Natarajan, Slnorg. Chem. Commur2001, 4, 699.
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of these anions when used for building structures of higher the terminal oxygen ator?. The system was later extended
dimensionality. to the oxdhio chemistry by the synthesis of the anions
The RMo7 anions in the structures are well separated by [X;M0sSs0s(OH)3]°>~ (X = HPQ,, HASO,) where six sulfur
diprotonated ethylenediamine or piperazine cations as wellatoms were inserted in the bridging positions of the di-
as water molecules (see the figures in Supporting Informa- molybdenum paird®1” Successive substitution of the peri-
tion). They are involved also in a vast net of hydrogen pheralphosphate groups by arsenate or acetate groups has
bonding with both the cations and the water molecules. The been illustrated by NMR studiééas well as regioselective
IR spectra display a common general pattern of five bands partial S/O substitution allowing the characterization of
in the 1006-1200 cnt? region that are attributed to the-® “P4M06Ss—Oy" (0 < x < 3) specied’ In the solid state, these
stretching vibrations and a sharp and intense band at 957species are often found as dimers of parallel rings positioned
and 954 cm? for 1 and2, respectively, from the asymmetric  with the capping groups pointing outward and interacting
Mo—O vibration for the terminal oxygen atontsThey also via an alkali- or transition-metal cation which is in octahedral
show similar features for the skeletal vibrations in the region coordination between thett1213.1517 The existence of the
between 300 and 900 cth The main differences between title anion proves further that the ring is not only flexible in
the two spectra occur in the 1360600 and 20063500 bonding to different central groups but is also flexible in
cm! regions that correspond to the vibrations of the diamine the modes of sharing the molybdenum dimers and in the

cations. Mo—O distances. The three peripheral diphosphonate groups
The new mixed-valent molecular anion [Mb10VeO16(Os- induce different bonding and an overall widening of the ring,

PCHPG;)3]® is another example of a large class of and the latter accommodates these changes by simply

compounds of general formula 2XlosEs” (E = O, S) in incorporating a larger central cappifiloV'O4} tetrahedron.

which a flexible oxo(or thio)hexamolybdenum(V) ring can The title anion offers new perspectives and ideas on how
accommodate various central and peripheral X groups. Theeventual three-dimensional networks of such building units
prototype of this family, first isolated by Haushalter et al., and multifunctional linkers might be designed.
conj[e'lms phosphate groups n boath centra_l g_nd peripheral Acknowledgment. We thank the National Science Foun-
positions of the molybdenum ring2 The flexibility of the ) ) .
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latter was then confirmed with the insertion of a large variety
of X groups such a§PQOy},1° { CsHsP O3}, 12 { CsHsASOs} 22 Supporting Information Available: Figure of the anion irl
and {CO3} 4 as well as the synthesis of the first reduced with all atoms labeled, two figures showing the packing of the
sulfate anion with a centrdlAs" O3} and three peripheral — anions, cations, and water moleculeslinand an X-ray crystal-

{SO;} groups where a lone pair at the arsenic atom replaceslographic file for the two structures in CIF format. This material is
available free of charge via the Internet at http://pubs.acs.org.
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