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A novel mixed-valence polyoxomolybdenum anion, [Mo"7M0"'06(03PPhPOsH),J*~, was synthesized hydrothermally
from molybdenum oxide, molybdenum metal, boric and phosphoric acids, 1,2-phenyldiphosphonic acid, and imidazole
(ImH) and was structurally characterized as an imidazolium salt (orthorhombic, Aba2; a = 16.674(4), b =
17.238(1), and ¢ = 24.81(2) A). One- and two-dimensional structures of this anion and additional molybdenum
diphosphonate linkers were assembled as well. They were structurally characterized as their pyridinium (pyH) salts
(pyH)4[{ M0¥7M0¥'016(03PPhPO3),(03PPhPO3H),} { M0,04(OH)(HO3PPhPO3H)} -5H,0  (monoclinic, P2i/c; a =
20.8506(9), b = 22.866(1), and ¢ = 21.1403(9) A; B = 118.7087(8)°) and (pyH)s[{ M0¥;M0"'016(0sPPhPO5)s} -
{ M0,0,(OH),(HOsPPhPO3H)} ]+3H,0 (orthorhombic, Pca2s; a = 19.057(1), b = 20.402(2), and ¢ = 20.660(2) A).
The compounds were also characterized by IR spectroscopy and magnetic measurements.

Introduction thermal synthesis provides also the capability of using
éalemental transition metals as the reducing agents in the
reaction mixture. Recently, we reported the hydrothermal
synthesis and structure of a mixed-valence polyoxomolyb-
denum anion with two different heterogroups, borate and
phosphate, [M&MoV'70,5(BO,)2(POy)s(HPQy)3]8~, where

The heteropolyoxometalates as a class of compounds hav
been studied very extensively for their potential applications
in the fields of catalysis, medicine, and various applied
scienced.Various approaches for their synthesis and postsyn-
thetic modifications are availabteOn the other hand, several _ \
strategies for systematic construction of frameworks from ONe Of the starting materials was elemental molybdehum.
variety of molecular building blocks are also knowRerhaps S/ Of the phosphate groups are part of the outer shell of the
the oldest of these strategies is the hydrothermal synthesis'SpeC'eS and have terminal oxygen or hydroxyl groups that

in the presence of structure-directing templates. Its successan be “replgced” b.y ph_enyl groups, and the same anion was
has been demonstrated by both the enormous diversity OfIatersynthe5|zed with six phenylphosphonate groups at these

systems for which it can be applied and by the huge numberPOSitions, [MJsMo™7:024BO,)(PQy)o(PhPQ)e].° This novel

of compounds with various dimensionalities that can be 20roPhosphonate is one step closer to building a covalently
achieved only by this technique. One of the syntheses for bondeq _extended structure of p(_)lyoxometalates as it is easy
which this method has been successful is the synthesis ofl® €nvision the use of phenyldiphosphonate as the linker

reduced or mixed-valence heteropolyoxometalétégdro- between them. Although there are many compounds that
claim to be extended structures of polyoxometalates, only
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(2) gseeethe articles in issue 1: Hill, C. L., Guest Ezhem. Re. 1998 bonded linker€. In the majority cases the anions are
2 P(;p.e’ M. T.Heteropoly and isopoly oxometalateSpring-Verlag: assembled via either hydrogen bonds or coordination to
Berlin, 1983. transition-metal or rare-earth cations. Here we report the
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Table 1. Crystallographic Data for (ImpJs(1), (pyH)a(2), and (pyH}(3)

param (ImH)3(1) (PyH)4(2) (PyH)(3)
fw 2170.93 2882.75 2747.98
space groupZ Aba2, 4 P2i/c, 4 Pcazy, 4
a(A) 16.675(4) 20.8506(9) 19.057(1)
b (A) 17.238(1) 22.866(1) 20.402(2)
c(A) 24.881(2) 21.1403(9) 20.660(2)

118.7087(8)

V (A3 7152(2) 8839 8032
ocalc(g/cmP) 2.014 2.139 2.252
radiation,A (A) Mo Ka, 0.710 73 Mo K, 0.710 73 Mo K, 0.710 73
temp (K) 293 100 100
wu (cm™?) 16.27 16.56 18.13
R1/WR2 forl > 20| (%)? 4.65/11.67 7.26/18.63 5.11/11.49
R1/wR2 for all data (%) 5.85/12.37 8.72/19.80 6.20/12.08

aR1 = 3||Fo| — |Fell/ZIFol, WR2 = {[EW[(Fo)2 — (FQ)Z[EW(F20)3} V2 for Fo2 > 20(Fo2), wherew = [0%(Fo)2 + (AP)2 + BP| 1 andP = [(Fo)? +
2(F9)7/3: A= 0.0792 andB = 0 for (ImHy)s(1); A = 0.0825 andB = 179.3759 for (pyH)2); A = 0.0503 andB = 21.1447 for (pyH)(3).

mixed-valence polyoxomolybdenum diphosphonate anion one and of 6 T for the latter two over the temperature range of
[MoVY;M0Y'O16(0sPPhPQ@H)4]%~ (1) and its one- and two- 10-250 K. The temperature dependencies of the molar magnetic

dimensional derivatives,{ M0Y;M0"'O16(OsPPhPQ),(Os- susceptibilities of the compounds showed Cuiiéeiss behavior.
PPhPGH)z}{ MoV ,0,(OH)(HO;PPhPQ H)}]*~ (2) and They were fitted withy = C/(T — ©) + yxo, Wherey, is a
[{MoV7M0Y'O15(0sPPhPQ)4} { MoV' ,0,(OH),(HOs- temperature-independent contribution to the paramagnetism. The

accuracies of the fits were better than 99.99%, and the following

parameters were obtained from these fis= 0.229(1) (emtK)/

mol, ® = —0.48(6) K, ando = 98(1) x 105> emu/mol for (ImH)s-

(2); C=0.130(1) (emeK)/mol, ® = 0.70(9) K, andyo = 40(1) x

105 emu/mol for (pyH)(2); C = 0.561(7) (emtK)/mol, ® =
Synthesis The imidazolium (ImH)* salt of 1 was prepared by —1.8(2) K, andyo = 200(7) x 105 emu/mol for (pyH)(3). EPR

the hydrothermal reaction of Ma@Baker, 99.9%), elemental Mo spectra of the three compounds were taken on a Bruker EMX EPR

(Acros, 99.99%), boric acid (Acros, 99.5%), imidazole (Alfa-Aesar, spectrometer at 77 K. All three compounds showed nice isotropic

99%), 1,2-bis(dimethoxyphosphoryl)benzene (Alfa-Aesar, 99%), and strong signals with values of 1.9252, 1.9212, and 1.9194 for

phosphoric acid (Fisher, 85%), and deionized water in a molar ratio 1—3, respectively. IR (pellets with KBr) spectra were obtained on

of 1:0.25:5:3.3:0.8:1.2:445. The mixture was stirred, and the pH an Perkin-Elmer Paragon 1000 FT spectrometer.

was adjusted to 2.0 with hydrochloric acid (Fisher). Initially, the

pyridinium (pyH)" salts of 1—-3 were synthesized from similar  Results and Discussion

mixtures with the same molar ratios but using pyridine (Fisher) ) . ) ) o .

instead of imidazole and pH of 1.5 (adjusted with HCI). This The isolated aniod is characterized as its imidazolium

synthesis was later optimized by leaving out the boric and and pyridinium salts, (Imbjs(1) and (pyH)(1), respectively.

phosphoric acids. In a typical reaction 2 mL of the reaction mixture It is a novel ring made of eight MoQoctahedra that share

is loaded in a 23 mL Teflon-lined acid digestion bomb, and it is alternatingly corners and edges (Figure 1). This mode of

then heated for 5 days at 176 (final pH= 1.5). The solid products  fusion of octahedra in small rings is quite rare. The only

were collected by filtration, washed with water, and dried at room gther example is a hexameric ring of octahedra that is capped

temperature. All compo.unds are dfark purple, almost blue, and Whlle on one side by Mo@tetrahedron, [MoMgO;6(OsPCH-

(lmH2)3(:!.) was synthe5|zed_ as a single-phase product, the reactlonspozy)s]sf (Figure 2af Other modes of fusion are more typical

with pyridine always provided the three compounds (pYH) for most of the known small rings of octahedra. Some

(pyH)4(2), and (pyH}(3). Apparently, the amount of reaction . . .
mixture inside the Teflon containers and the pH values are very examples are rings of six edge-sharing octahedra, fohjo

important for whether the compounds form and whether other (QsPOHXI®™ (Figure 2b)? and rings of eight octahedra;hat
impurities will form. Variations of these often lead to formation of Share alternatingly faces and edges, [WBk®11(OH)11

PPhPGH)} 3 (3), respectively, assembled via additional
molybdenum diphosphonate groups.

Experimental Section

unknown brown powder as an impurity. (Figure 2c¢)!° The higher degree of fusion observed in the
Structure Determination. Single-crystal X-ray diffraction data  last two examples is needed most likely because of the small
were collected with Mo K radiation on single crystals of (In- number of Mo@ oxygen atoms that are shared with other
(1 (0.20 x 0.20 x 0.15 mm) on an Enraf-Nonius CAD4  groups, i.e., only six with the phosphate groups in [ROg-
diffractometer and of (pyHJ1) (0.20x 0.20x 0.16 mm), (pyH)- (OsPOHY]®" and none in [WMg@Ss011(OH);4]3. On the

(2) (0.28 x 0.24 x 0.05 mm), and (pyHJ3) (0.11x 0.09 x 0.03

mm) on a Bruker APEX diffractometer with a CCD area detector. gy pymas, E.; Sassoye, C.; Smith, K. D.; Sevov, SIi@rg. Chem.
The structures were solved by direct methods and were refined (on 2002 41, 4029.

F2) using the SHELXTL V5.1 package. Details of the data (9) (a) Haushalter, R. C.; Lai, F. WAngew. Chem., Int. Ed. Engl989

. . . . 28, 743. (b) Haushalter, R. C.; Lai, F. Whorg. Chem.1989 28,
collections and refinements are summarized in Table 1. The 2904. (¢) Mundi, L. A Haushalter. R. Gnorg. Chem 1992 31

structure of (pyHy(1) is clearly similar to (ImH)s(1) but could 3050. (d) Meyer, L. A.; Haushalter, R. @org. Chem.1993 32,
not be refined satisfactory and is not presented here. 1579. (e) Guesdon, A.; Borel, M. M.; Leclaire, A.; Raveau{Bem=—

Properties The magnetizations of 28 mg of (IM}(1), 4 mg Marrot, - Rvise, £ Soheresse, R Mater. Chem2001 11 5365,

of (pyH)«(2), and 3 mg of (pyH)3) were measured on a Quantum (10 pollbecq, A.; du Peloux, C.; Auberty, A. L.; Mason, S. A.; Barboux,
Design MPMS SQUID magnetometer at a field3oT for the first P.; Marrot, J.; Cadot, E.; 8Beresse, FChem—Eur. J.2002 8, 350.
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Figure 1. Two views of the isolated ring made of eight Mo@octahedra

that alternatingly share corners and edges and four phenyldiphosphonate
groups: (a) the center of the ring is open; (b) the ring is puckered with
approximate symmetry dbyq.

other hand, the diphosphonates are multidentate ligands that
can coordinate and share all of their six oxygen atoms. As
it can be seen in Figure 2a, each methylenediphosphonate
coordinates with four oxygen atoms in [MoMDe
(OsPCHPG;)3]8 . Similarly, each phenyldiphosphonate mol-
ecule inl (Figure 1) uses five oxygen atoms for coordination
to molybdenum atoms from the ring. The sixth phosphonic rigyre 2. various small rings with different connectivity between the
oxygen atom inl is protonated giving the overall formula  octahedra: (a) [MOMgD1s(OsPCHPO;):]°" with alternatingly shared
[M0gO16(OsPPhPGH) 4]37. corner'\s/I and OEdgoé:S-l(b) 3[PM9?102|2(03PQH)|;]9* hW|thdsh(r;1red edgefs é%nﬁl;
While the known rings discussed above are flat and either (© [WMOsSO0L(OH)ul™" with altematingly shared edges and facts.
capped along the ring axis or centered (Figuré2),the are Mo(V). The available d-electrons from the latter are
novel ringlis puckered and empty (Figure 1). This geometry apparently delocalized, and six of them are paired. The
for 1 is simply a result of the specific connectivity within  formula of 1 can be therefore written as [MgMoV'O;¢-
the ring. The only way for four dimers of edge-fused (OsPPhPQ@H)43". Supporting this description are the
octahedra to form a ring via corner-sharing is to share cornersMo—Mo distances in the rings compared with those in the
of the edges that are parallel to the fused edge. This leadsknown hexameric [MoMgO16(OsPCHPO;)3]8~ (Figure 2a)
ultimately to puckering and the observed shape of ap- with similar connectivity between the Mo octahedra, i.e.,
proximate symmetryD,y. The pentadentate phenyldiphos- alternating edge- and corner-sharfngll six Mo atoms of
phonate coordinates to three dimers with one phosphonatehe ring in the latter are Mo(the central atom is M6) and
group while the second such group coordinates two of its form single Mo-Mo (d'—d*) bonds of 2.55-2.70 A within
oxygens to one dimer (Figure 1). The geometry of the ring the pairs of edge-sharing octahedra while the distances
and this particular coordination of the diphosphonates provide between the corner-sharing centers are nonbonding, ca. 4.5
four terminal P-OH functionalities positioned at the corners  A. In contrast, the Me-Mo distances within the edge- and
of a square (Figure 1a). These groups are available and carcorner-sharing pairs of octahedra in compoundre quite
participate in additional bonding by coordinating to other similar, 3.35-3.40 and 3.763.75 A, respectively. This
available metal centers to form extended structures. Theindicates that, first, there are no single Miglo bonds and
charge of the anion, -3, the measured CuriéNeiss therefore some of the molybdenum atoms areMand,
magnetic behavior that corresponds approximately to onesecond, the Me Mo interactions, as weak as they might be,
unpaired electron, the EPR results, and the calculated loware distributed more or less evenly over the ring. These
valence sums for the terminal phosphonate oxygen atomsobservations are consistent with delocalized electrons and
indicate that (a) the latter are protonated and (b) one of the mixed-valent molybdenum. The latter is also supported by
eight molybdenum atoms is Mo(VI) while the other seven the color of the compounds, deep purple to deep blue.
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Figure 3. Chain of2 made of ringsl connected to each other via a linker made of two corner-sharingsMa@hedra and a phenylphosphonate group.

Figure 4. Layer of 3 made of rings ofL connected to four rings of the same kind via linkers made of two Moahedra and a phenyldiophosphonate
group.

Compounds of M¥ only or localized bonding are typically PPhPGH),}. The distances within the ring and the corre-
red, while molybdenum mixed-valence compounds with sponding valence sums of the atoms are virtually the same
delocalized electrons are typically blue. as for the isolated monomer and indicate that the oxidation
The IR spectrum of (Imb)3(1) displays the bands typical  state of molybdenum remains the same. This is confirmed
for imidazolium, aromatic €C vibrations, phosphonate with the observed CurieWeiss behavior of the magnetic
group, and various skeletal vibrations below 800 &rThe susceptibility.
compound is soluble in a mixture of pyridinecath M HCI The two MoQ octahedra of the group linking the rings
in equal volumes. The IR of the solid after evaporation of share an oxygen corner (Figure 3). The phenylphosphonic
the solvent is virtually unchanged in the anionic part. The group coordinates to these two octahedra with four of its
only differences are that bands due to the pyridinium cation oxygen atoms, two of each phosphonic end to one molyb-
have appeared while those of the imidazolium cation have denum atom. The remaining two phosphonic and one MoO
either disappeared or have been significantly reduced.oxygen atoms are protonated giving a formul& bfo,O,-
Unfortunately, the solid material could not be crystallized (OH)(HO:PPhPG@H)} for the linker. The latter shares oxygen
well enough for characterization by X-ray diffraction. atoms, one per Mo octahedron, with two rings to form
Nevertheless, the existence of the corresponding compoundhe chain. These connections are very likely achieved by
(pyH)3(1) was proven by its direct synthesis at the same dehydration of Me-OH and P-OH groups from the linker
conditions as for the imidazolium analogue but using and the ring, respectively; i.e., monomers suck de,0,-
pyridine. It contains the same isolated ringlike anions, and (OH);(HOsPPhPGH)} ~ and{ MoV;MoY'O;4(OsPPhPGH) 4} 3~
the only difference are the countercations. couple to produce D and [MoV;MoV'O,4(OsPPhPQ),-
Anion 2, [{MoY7M0Y'O4(OsPPhPQ),(OsPPhPGQH),} - (O3PPhPGH)2}{ M0,04(OH)(HO:PPhPQH)} 4.
{MoV',O,(OH)(HO;PPhPQ@ H)} 14, is the repeating unit of Anion 3, [{MoV7/M0Y'O¢(OsPPhPQ)4}{ Mov',0,(OH),-
a chain formed when two opposite-PH groups of the (HOsPPhP@H)} 1%, is the repeating unit of a layer formed
monomerl connect to linking groups made of two corner- by linking the rings ofl to four other rings of the same kind
sharing MoQ octahedra and a diphosphonate molecule (Figure 4). Each ring uses all fourfOH groups to connect
(Figure 3). The phosphonate terminal oxygen atoms of the to the same linking groups as those2imade of two MoQ@
other two corners of the ring remain protonated giving the octahedra and a diphosphonate group. The difference in the
formula of the ring as{MoY7Mo"'O4(OsPPhPQ),(Os- linkers is that the octahedra Bare not directly connected

Inorganic Chemistry, Vol. 42, No. 22, 2003 7307
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Figure 5. Part of the structure of (pyH(2) showing how the chains are positioned with respect to each other and how close this order is to the structure
of the layer (Figure 4). The arrows show how phosphonic OH groups and corners of the linkers should be connected to achieve the layer 8tructure of

to each other as i2 but only via the diphosphonate. The to 3 is most likely the reason it has been impossible to
latter is coordinated and protonated in the same way as in  synthesize the two compounds as pure phases.
Each MoQ octahedron shares two oxygen atoms with rings,  The novel ring of eight Mo@ octahedra and four 1,2-
and therefore, the linker connects to four rings (Figure 4). phenyldiphosphonic groups appears to be quite a stable
The connections between the rings and the linkers can beformation judging from the four different compounds with
viewed again as achieved via dehydration of MoH and  three different dimensionalities in which it has been found.
P—OH groups, i.e., as made of monomerg bfo,O;(OH)s- Therefore, it can be reasonably assumed that these species
(HOsPPhP@H)} and{Mo";M0"'O;6(0sPPhPQ@H),}*" that are perhaps also stable and predominant in the starting
couple via dehydration to a layer with repeating unit of solutions under hydrothermal conditions. It seems that very
[{M0Y7M0Y'O14(0sPPhPQ)4} { M0V ,02(OH)2(HOsPPh-  minute differences in the local environment direct the
PO;H)}[*". The IR spectra of (pyH}2) and (pyH)(3) crystallization to monomers, chains, or layers. The avail-
display bands characteristic for pyridinium cations in addition ability of four phosphonic OH groups of the monomer can
to the same bands for aromatie-C, phosphonate groups, be exploited further for formation of better defined structures
and various skeletal vibrations as for (I)k{(1). with various dimensionality if linkers that can bond better
A closer look at a layer of (pyH{3) and the positioning  to these groups can be found. Among the candidates are

of the chains with respect to each other in (pyE) reveals  transition metals that coordinate easily to such phosphonic
that the chains o can be easily recognized Band that oxygens.

they form the same pattern (Figure 5). In both structures each
chain is shifted by half of the repeating unit with respectto ~ Acknowledgment. We thank the National Science Foun-
the neighboring chains. Thus, for the structure of (py®j)  dation (Grant DMR-0139565) for the financial support of
each linker is already surrounded by four rings but only two this research.

of them are connected to it. Going from this structure to

that of (pyH)(3) takes a very small SFep that couples two for the three structures in CIF format, plots of the temperature
more oxygen atoms of the linker dwith the two nearby  gependence of the magnetic susceptibilities of the three compounds,
groups of P-OH as shown with arrows in Figure 5. This  and a table with the calculated bond-valence sums for the oxygen
coupling evidently requires some twisting of the linker atoms. This material is available free of charge via the Internet at
(Figures 4 and 5) which cannot be accomplished with two http://pubs.acs.org.

corner-sharing octahedra, and as a result of this, the link is

severed. The apparent ease of the “transformation” flom 1C034505C

Supporting Information Available: X-ray crystallographic files
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