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of a bimetallic molybdenum oxide backbone, as in [CO(2,2
bpy)Mos0;q);” and (iv) spacer ligands in a polymeric coordina-
tion complex cation providing charge compensation for the
negatively charged metal oxide, as {iC[i(4,4-bpy)} sM015047].18

In the course of our development of the chemistry of
molybdenum oxide organodiamine solids, we noted that both
tether length between the amine nitrogen donors and the relative
orientations of the donor groups profoundly influence the
structure of the composite material. An obvious variant to the
linear rodlike ditopic ligand 4,4bipyridine is the bent rod, 44
bipyridylamine, whose synthesis and hydrothermal chemistry
with molybdenum oxide are described. The material JOia-
(Hbpa)] provides an example of a two-dimensional sheet
formed by cross-linking one-dimensional molybdenum oxide
chains through hydrogen bonding of the pendant and protonated
arm of the 4-pyridyl-4pyridinum amine (Hbpa) ligand to the

The dramatic expansion of supramolecular chemistry into the ©X0 groups of adjacent chains.

solid staté reflects the intense contemporary interest in the
rational design of functional materials.Crystal engineering

based on multitopic organic spacer ligands has resulted in

architectures based on diamond®id, octahedral, honey-
comb#8 square grid; 1 brick wall? ladder!® and railroad
motifs® Polymeric coordination complex cations constructed
from Zn(Il), Cd(l1), Cu(ll), Cu(l), and Ag(l) and organodiamine
ligands are the prototypical materials of this class.

We have recently demonstrated that this approach to organic

Experimental Section

Reagents were purchased from Aldrich and used without further
purification, unless specifically noted. The ligand'4dépyridylamine
was prepared by minor modification of a published proceédtre.

Synthesis of 4,4Dipyridylamine (bpa). To 4-aminopyridine (31
g, 0.33 mol) was added P£29 mL, 0.33 mol). After about 2 min,

60 mL of pyridine (distill before use) was added in one portion. After
addition of the pyridine, the mixture began to boil. The reaction flask

inorganic composite materials may be extended to the synthesiswas fitted with a reflux condenser, and the reaction mixture was heated
of metal oxides. Organodiamine components in such structuresto 140°C for 5 h in apreheated oil bath. The volatiles were removed

may assume a variety of structural roles: (i) simple counterions,

as in [4,4-bpyH;][Mo 7O2,]; 1 (ii) ligands covalently bound to
the molybdenum oxide skeleton, as in [Mg@®4-bpy)]*> or
[M030q(2,2-bpy)]; 18 (iii) ligands to a heterometal forming part
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by distillation by increasing the temperature of the oil bath to 180

for 1 h. The result was a compact yellow cake, to which was added
15 mL of ethanol, 250 mL of water, and 30 mL of concentrated
hydrochloric acid. The mixture was then heated in a hot water bath
for about 1 h, at which point most of the product dissolved and the
residue disintegrated into a fine yellow powder. The mixture was
filtered and washed with a small portion of dilute hydrochloric acid.
The yellow precipitate was discarded. To the filtrate was added an
excess b5 M NaOH solution, forming a voluminous white precipitate.
The white solid obtained by filtration was dissolved in 3.5 L of boiling
water. A small portion of insoluble material was filtered off and
discarded. The filtrate was concentrated on a hot plate to approximately
1L, with any excess pyridine removed by steam distillation during the
concentration process. Upon cooling to room temperature and then to
0 °C, white needles of 4,4ipyridylamine crystallized from solution.
The mother liquor may be further concentrated and cooled to afford
more product. The yield obtained was 20.5 g or 72% theoretical yield.
Melting point: 273-275°C.

Synthesis of [MqOi13(Hbpa);]. A mixture of MoG;(0.20 g, 1.4
mmol) and 4,4dipyridylamine (0.31 g, 1.8 mmol) in 10 mL of 4
in the mole ratio 1:1.3:400 was heated at 220for 48 h in a 23 mL
Parr acid digestion bomb. After cooling, light yellow crystals of
[Mo4015(Hbpa}] were collected in 60% vyield.

X-ray Crystallography. The crystals of [M@O.3(Hbpa}] were
studied on a Siemens SMART system using graphite-monochromated
Mo Ko radiation ¢ = 0.710 73 A). Crystal parameters and other
experimental details of the data collection are summarized in Table 1,
and selected bond lengths and angles are provided in Table 2. A
complete description of the crystallographic methods is given in the
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Table 1. Crystal Data and Structure Refinement Parameters for
[M04O15(Hbpa)]

empirical formula GoH20M04NgO13
fw 936.18
A 0.71073
space group P1
a A 8.1339(4)
b, A 9.0054(5)
c A 9.6200(5)
o, deg 92.218(1)
S, deg 102.299(1)
y, deg 107.021(1)
V, A3 654.47(6)
z 1
pcab g cr‘rr3 2.375
,cmt 19.53
Rl (all datay 0.0269
WR2 0.0713
aRl— YI[Fol — IFell/3|Fol. ®WR2 = [FwW(|Fo| — IFCI)Z/ZIFOIZ]“2

= U[o*(Fs) + (0.0323)° + 1.630], p = (Fs* + 2F3)/3

Table 2. Selected Bond Lengths (A) and Angles (deg) for
[M04013(pra)g]a

Mo(1)-0(3) 1.709(2) Mo(1}O(4) 1.715(2)
Mo(1)—0(6) 1.9017(2) Mo(1}0(7) 2.016(2)
Mo(1)—0(2) 2.236(2) Mo(1)-N(3) 2.426(2)
Mo(2)—0(5) 1.716(2) Mo(2)}-O(1) 1.725(2)
Mo(2)—0(7) 1.862(2) Mo(2)-O(2)#1 1.862(2)
Mo(2)—0(2) 2.402(2) H(1)}-0(2) 2.250(9)
H(1)—0(5) 2.195(8)

O(3-Mo(1)-O(4)  103.80(10) O(3yMo(1)-O(6)  101.99(7)
O(4)-Mo(1)-0(6) 99.38(7)  O(3)Mo(1)-0(7) 94.53(9)
O(4)-Mo(1)-0(7) 95.19(9) O(6yMo(1)-O(7)  154.60(6)
O(3-Mo(1)-0(2)  161.91(9) O(4yMo(1)-0(2) 90.92(9)
0(6)-Mo(1)-0(2) 85.61(5) O(7Mo(1)—0(2) 73.41(8)
0(3)-Mo(1)-N(3) 81.06(9) O(4yMo(1)-N(3)  171.70(9)
0(6)~Mo(1)—N(3) 85.99(6) O(7)-Mo(1)-N(3) 77.59(8)
0(2)~Mo(1)—N(3) 83.15(8) O(5yMo(2)-O(1)  105.75(10)
O(5)-Mo(2)-0(7)  110.47(10) O(yMo(2)—O(7) 99.89(10)
O(5)-Mo(2)-O(2)#1 112.13(9) O(BMo(2)-O(2)#1 102.99(10)
O(7)-Mo(2)—-O(2)#1 123.05(9) O(5yMo(2)—0(2) 86.40(8)
O(1)-Mo(2)-0(2)  167.40(9) O(7Mo(2)—0(2) 72.14(8)
O@)#1-Mo(2)-0(2)  74.69(8) Mo(1)}0(6)~Mo(1)#2 180.0
Mo(2)-O(7)-Mo(1)  117.78(10) Mo(2)#+0(2)~Mo(1) 144.91(11)

Mo(2)#1-0(2)~Mo(2) 105.31(8) Mo(1}O(2)Mo(2) 91.38(7)

a Symmetry transformations used to generate equivalent atoms: #1,

—x+1,-y+1, -z #2,—x, —-y+1, -z
Supporting Information. The structure was solved by direct metffods.
Neutral atom scattering factors were taken from Cromer and Waber,

Figure 1. View of the one-dimensional chain of [MO:3(Hbpa}],
showing the atom-labeling scheme and 50% thermal ellipsoids. Also
note the chain puckering.

Results and Discussion

Hydrothermal synthesis has been exploited recently as a

routine method for the preparation of inorganic matefammpst
notably in the syntheses of materials of the oxomolybdenum
phosphat® and oxovanadiumphosphate and-organophos-
phonate systen®S. Hydrothermal reactions, typically carried
out in the temperature range 11P60 °C under autogenous
pressure, exploit the self-assembly of the product from soluble
precursors. The reduced viscosity of the solvent under these
conditions results in enhanced rates of solvent extraction of
solids and crystal growth from solution. Since differential
solubility problems are minimized, a variety of simple starting
materials may be introduced, as well as a number of organic
and/or inorganic structure-directing (templating) agents from
which those of appropriate shape(s) and size(s) may be selected
for efficient crystal packing during the crystallization pro-
cess?%27 Thus, the reaction of a mixture of Me@wind 4,4
dipyridylamine in water in the mole ratio 1:1.3:400 heated to
120°C for 48 h yielded light yellow crystals of [M@®:3(Hbpa))]
(1). The infrared spectrum df exhibited an intense band at
910 cn1t attributed tov(Mo=0) and medium-intensity features
in the 700-750 cnT? range assigned to(Mo—O—Mo).

As shown in Figure 1, the structure of [MD;3(Hbpa)]

and anomalous dispersion corrections were taken from Creagh andconsists of molybdenum oxide chains linked through covalently

McAuley 2?2 All calculations were performed using SHELXTL. Non-
hydrogen atoms were refined anisotropically. Hydrogen atoms were

bonded and hydrogen-bonded Hbpgroups into two-dimen-
sional sheets. The one-dimensional chain is constructed from

introduced at idealized positions. No anomalies were encountered in edge- and corner-sharifiyloOs} square pyramids arfdloOsN}

the refinement.
Intercalation Studies. Samples of [M@O:3(Hbpa)] were stirred
in the appropriate organoamine at room temperature for 24 h. After

the crystals were collected and washed with alcohol and ether, the

infrared spectra were taken. These exhibit@llo=0) bands in the
900-950 cmt region, as observed for the parent compound, and
medium-intensity bands in the 3163200, 1156-1200, and 706

800 cnt! regions which are not present in the parent compound and
which are assigned to the intercalated amine. Anal. Calcd for@vio
(Hbpax(C:HsNHy)]: C, 26.9; N, 9.99; H, 2.75. Found: 26.6; N, 9.32;
H, 2.51. Calcd for [M@O13(Hbpap(Me:NM)os: C, 26.3; N, 9.49; H,
2.45. Found: C, 25.7; N, 9.22; H, 2.29.
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WI, 1990.
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Crystallography Kluwer: Dordrecht, 1992; Vol. C., Table 4, 2.6.8.

octahedra. The fundamental building block of the chain is the
{Mo4O;3(Hbpa)} tetranuclear unit, which exhibits a central
binuclear core of edge-sharing square pyramids, each in turn
edge-sharing to a periphefdoOsN} octahedron. The square
pyramidal sites adopt ais-dioxo orientation of the terminal
oxo groups; furthermore, the terminal oxo groups of the
binuclear unit exhibit an unusual anti-orthogonal, anti-coplanar
configuration of the{MoO,(u-O;)MoQ,} core?® The oxo
groups bridging the square pyramidal sites are also implicated
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Figure 3. View down thea axis of the stacking of sheets.

in bridging to the octahedral site, hence adopting-bridging to limit the condensation of metal polyhedra and prevent more
mode. The octahedral sites also exhibit terminetdioxo efficient packing of polyhedral building blocks.

coordination with the oxo groups in the syn-orthogonal and syn-  While one arm of the Hbpa group coordinates to a
coplanar configurations with respect to thlo(1)O,(u-Oy)- molybdenum site, the second is protonated and pendant. As

Mo(2)O,} moiety. The nitrogen donor of the Hbpéigand is shown in Figure 2, the protonated pyridyl nitrogens form
situated trans to a terminal oxo group, and the-NAbdistance bifurcated hydrogen bonds to the terminal and bridging oxo
of 2.426(2) A reflects the strong trans influence of the oxo group. groups of adjacent chains (NHO range 2.1952.250 A), so

The tetranuclear building blocks find extension into one &S {0 generate a two-dimensional sheet. The pyridyl groups
dimension through corner-sharing interactions between the from adjacent chains interdigitate and provide weakz
peripheral octahedral sites producing a ling&to—O—Mo} _stacklng mteractlo_n“’é within the sr_leet (ca. 3.25 A average
moiety. The terminal oxo groups of the fused octahedral sites interplanar separations). The stacking of sheets, shown in Figure

are oriented in an anti configuration; consequently, the Hibpa 3, results in weak hydrogen bonding between the hydrogen

groups of adjacent octahedral sites project from opposites sidesattaChed to the ligand bridging amine site N2 and terminal oxo

of the molybdenum oxide chain. The steric requirements of groups of the adjacent sheet. The structure of4ig(Hbpaj]

; manifests two of the noncovalent forces, hydrogen-bonding and
the edge- and corner-sharing pattern of molybdenum polyhedra S h . .
- . . : . w—m stacking interactions, which are common in the self-
result in a puckered chain, shown in Figure 1. While one-

. . . ~,_assembly of supramolecular speciés.
dimensional chains are a common feature of molybdenum oxide It is noteworthy that the Hbgacomponent adopts a multiple
splid state chemistry, the d_etaile_d polyhedral connectivity role: as ligand covalently linked to the molybdenum oxide
displayed by wQOw(pra)Z] IS u:uque. In cont”rast to the chain, as charge-compensating cation, and as the locus of the
structure of the title compound, the “tetramolybdatesNICH,)e-

29 ) dimensionality defining hydrogen bonding. Two-dimensional
NHz][Mo4O14]*” is constructed from octanuclear units of edge-  gt,ctyres generated from one-dimensional chains are a common
sharing octahedra linked through corner-sharing into a one-

dimensional chain. This observation suggests that the Hbpa (30) Hunter, C. A.; Sanders, J. K. M. Am. Chem. S0d.99Q 112, 5825.
ligand serves to passivate the molybdenum oxide surface so a¢31) Ashton, P. R.; Ballardini, R.; Balzani, V.; Boyd, S. E.; Credi, A.;
Gandolfi, M. T.; Gomez-Lopez, M.; Igbal, S.; Philip, D.; Preece, J.
A.; Prodi, L.; Richetts, H. G.; Stoddart, F. J.; Tolley, M. S.; Venturi,
(29) Xu, Y.; An, L.-H.; Koh, L.-L.Chem. Mater1996 8, 814. M.; White, A. J. P.; Williams, D. JChem. Eur. J1997, 3, 152.
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motif in the chemistry of polymeric coordination complexes [Mo4O13(Hbpap(Me;:NH)o g, respectively. However, tertiary
constructed from rodlike ditopic organoamine ligaftisHow- amines do not intercalate, suggesting that hydrogen bonding
ever, in contrast to the structure of the oxide [[@s(Hbpay], between the intercalate and the oxo groups of the chain may
these latter materials typically consist{dfl(4,4'-bpy)(HO)} ™" dictate the process.

linear chains cross-linked through hydrogen bonding of the aquo

ligands to noncoordinated 4;8py groups, to produce a square  Acknowledgment. This work was supported by NSF Grant
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