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Since the discovery of a novel class of microporous alumi-
nophosphate materials (AIPO,-n) nearly 25 years ago, the
chemistry of AIPOs has seen a tremendous growth.'! In
particular, use of structurally diverse organic templates has
yielded a wide variety of lower dimensional (0D, 1D, and 2D)
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and framework (3D) metal phosphates.>*! Parallel to the
developments in the area of aluminophosphate materials,
there has also been considerable interest in synthesizing
discrete and soluble model compounds (and/or structural
building units (SBUs) of zeolites) for a better understanding
of the mechanism of the formation of zeolites.'® The use of
H;PO, for this purpose has limited scope owing to its poor
solubility in solvents other than water. Tilley and co-work-
ers* and our group!”! have partially overcome this problem
by using a diester of H;PO, (di-tert-butylphosphate; dtbpH)
for the preparation of a wide range of molecular phosphates
which could be decomposed at low temperatures to yield
metal phosphate materials with exceptional surface area.
Significant among these results are a) the facile synthesis of
cyclic aluminophosphates with a “single 4-ring” (S4R) core,
which serve as precursors for the low-temperature prepara-
tion of aluminophosphate (AIPO)P and silicoaluminophos-
phate (SAPO)P" materials, and b) the conversion of one of
these molecular phases into 2D framework solids.®"!

Although dtbpH has been a great success in terms of the
preparation of thermally labile metal phosphates, the pres-
ence of only one P-OH group means that dtbpH produces
only cyclic or 1D polymeric phosphates and not cage-like
molecules.”! We have now overcome this problem by using a
phosphoric acid mono-aryl ester™ to synthesize two novel
nanometric aluminophosphate clusters 1 and 2.

[Al{t3-O3P(OR)}15(13-0), (OiPr), (thf),] - 6 C;Hg 1

[Alg{p3-OsP(OR) }¢{p,-HO;P(OR) }5(pa-O), (o-OH), (thf),] - 2C;Hy 2

R = 2,6-iPr,C,H,

The title clusters have been obtained by stirring an
equimolar solution of Al(OiPr); and diisopropylphenylphos-
phate (dippH,) at room temperature in tetrahydrofuran
(THF) under dry dinitrogen atmosphere.’! Cluster 1 is
obtained when a THF solution of Al(OiPr); was added to a
THF solution of dippH,, while a reverse addition was
necessary to obtain 2. Compound 1 is soluble in common
organic solvents despite its very high molecular weight. A
single-crystal X-ray diffraction study confirms the molecular
formula for 1 with six cocrystallized toluene solvate mole-
cules," whereas the vacuum-dried sample has lost five
toluene solvate molecules."!! In the P NMR spectrum, six
separate resonances of similar intensity were observed in the
upfield range 0 = —16.1 to —26.5 ppm, suggesting the pres-
ence of six magnetically non-equivalent {(OR)PO,}*~ ligands
(Figure 1).

The elemental analysis of 2 reveals the complete loss of
solvent toluene molecules during the vacuum drying of the
sample. The IR spectrum of 2 is essentially identical to 1 but
for the presence of an additional weak absorption at 7=
2280 cm™' arising from the P-OH group. Unlike 1, compound
2 is insoluble in all common NMR spectroscopy solvents.
Both clusters are thermally stable and do not melt up to
275°C. Thermolysis of these clusters at higher temperatures
results in their conversion into dense-phase AIPO, materials.

Compound 1 crystallizes in P1 space group with a large
cell volume (5663 A3), corresponding to the volume of a
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Figure 1. *'P NMR spectrum of 1.

single molecule of 1 that contains as many as 286 non-
hydrogen atoms and has a molecular weight of 4336. The
molecule, which displays several interesting structural fea-
tures, is made up of two units which are connected together
across the crystallographic inversion center (Figure 2). The
molecular dimensions of 1 are similar to the unit cell
dimensions. In fact the length of the molecule (ca. 25.0 A) is
longer than the largest unit cell dimension (c axis: ca.
21.05 A). The size of the inorganic core excluding the organic
substituents on the cluster is about 2 nm. A view of the cluster
shown in Figure 2 demonstrates the spherical nature of the
two [Al;(O;P(OR))] units (which are built around a p;-O
center which bridges Al3, Al4, Al5) as well as the presence of

Figure 2. Molecular (top; Al and P coordination environments in
polyhedral representation) and core (bottom) structure of 1 (C black,
O red, Al blue, P pink). Selected bond lengths [A] and angles [°]: Al-
O(P) 1.723(2)-1.941(2) (av. 1.809), A-O(iPr) 1.656(2), Al-O(Al)
1.753(2), 1.917(2), 1.929(2), A—O(thf) 1.966(2), 2.024(2), P-O(Al)
1.482(2)-1.538(2) (av. 1.514), P-O(Ar) 1.571(2)-1.587(2) (av. 1.577);
0-Al1-0 107.9(1)-112.9(1), O-Al2-O 105.6(1)-113.2(1), O-Al3-O
102.2(1)=120.1(1), O-Al4-O (cis) 84.0(1)-95.5(1), (trans) 168.8(1),
172.6(1), 178.5(1), O-AI5-O (cis) 84.5(1)-96.5(1), (trans) 168.8(1),
175.6(1), 178.0(1), Al-O-P 118.4(1)-154.8(1), AI3-O-Al4 121.7(1), Al3-
O-Al5 112.5(1), Al4-O-Al5 125.6(1); cluster dimensions [A]: 025---025'
20.7, Al2---Al2’ 17.5.
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a central 4-ring that connects the two units. A closer
inspection reveals that each of these [Al;(O;P(OR))¢] units
is made up of three 3-rings, five 4-rings, and a 6-ring. The
cluster as a whole encloses six 3-rings, eleven 4-rings, and two
6-rings and has an architecture which has not been, to our
knowledge, observed in any of the known SBUs of alumi-
nophosphate frameworks. Interestingly, the five aluminum
ions in each half of the molecule have four different
coordination environments. While two of the aluminum ions
are six-coordinated with an octahedral geometry, the three
tetrahedral aluminum ions have three different coordination
environments (one aluminum atom surrounded by four
phosphate oxygen atoms, one aluminum atom surrounded
by three phosphate oxygen atoms and one O*" ion, and one
aluminum surrounded by three phosphate oxygen atoms and
one isopropoxide). This varied coordination environments
around the aluminum also introduces chemical inequivalence
among the six phosphorus atoms on each part of the molecule
and hence the six different *'P NMR resonances observed
(Figure 1).

The molecule of 2 which crystallizes in P2,/n space group
is also made up of two units, each of which occupying an
asymmetric part in the unit cell. The two units are joined
together across the crystallographic inversion center
(Figure 3). Unlike 1, the molecular dimensions of 2 are
somewhat smaller; the size of the inorganic core is about
1.6nm in its longest direction. Each of the two [Al,-
(OsP(OR))s] units is built around a p;-O bridge (linking

Figure 3. Molecular (top) and core (bottom) structure of 2 (color key
as for Figure 2). Selected bond lengths [A] and angles [°]: Al-O(P)
1.746(4)-1.888(4) (av. 1.807), AI-O(Al) 1.753(4), 1.858(4), 1.937(4),
Al=O(thf) 1.959(2), 2.052(2), P-O(Al) 1.486(4)-1.536(4) (av. 1.509), P-
O(Ar) 1.571(2)-1.598(2) (av. 1.586); O-Al1-O (tbp) 72.9(2)-97.8(2),
107.8(2)-127.2(2), 164.0(2), O-Al3-O (Td) 108.3(2)-111.0(2), O-Al4-O
(tbp) 84.0(1)-96.9(2), 118.5(2)-123.1(2), 177.9(2), O-Al5-O (Oh)
87.1(2)-93.0(2), 174.9(2)-179.5(2), Al3-O-Al4 126.2(2), Al3-O-Al5
112.0(2), Al4-O-Al5 120.9(2), Al1-O23-Al' 107.1(2); cluster dimen-
sions [A]: O15.-O15' 16.09, P5---P5’' 14.07. tbp = trigonal bipyramidal,
Td =tetrahedral, Oh = octahedral.
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Al3, Al4, AlS), which resides in the center of an AL;P;O, ring.
Compound 2 differs from 1 by the absence of one aluminum
center and one phosphate ligand per unit. This deficiency in
this unsaturated cluster 2 is however compensated by the
presence of Al-(u-OH)-Al and P-O-(u-H)-O-P bridges. The
four aluminum centers in each sub-unit display four different
coordination environments. While AlS is octahedrally coor-
dinated by four phosphate oxygen atoms, one O*" ion, and
one thf, the trigonal bipyramidal Al4 is surrounded by three
phosphate oxygen atoms, one O~ ion, and one thf. Although
both All and Al3 are nearly tetrahedral, All is surrounded by
three phosphate oxygen atoms and a hydroxy group while in
Al3 the position of hydroxy group is taken up by the oxo
ligand. Thus the aluminum cations in 1 and 2 display AlO,,
AlOs, and AlOg coordination geometries with many different
environments.

The formation of cluster 1 and 2 from an 1:1 mixture of
the reactants is puzzling because of the observations that the
equimolar reaction between RPO;H, and AIR; normally
leads to tetrameric cubanes [RAIO;PR’],['? although hex-
americ and decameric cages also have been isolated in a few
instances.®™'?*3] Formation of 1 and 2 however can be
understood by invoking the pathway suggested in
Scheme 1.4 It appears that the initial reaction between the
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Scheme 1. Suggested pathway for the formation of 1 and 2; see text
for details."
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two starting materials proceeds via the formation of a “single
6-ring” (S6R) [(OiPr),Al(O;P(OR)]; unit (A) which is
attacked by adventitious water to produce the intermediate
B. The formation of an S6R, capped by a p-oxo group, and
which is similar to B, has been observed in gallophospho-
nates.™! Addition of two more equivalents of aluminum
isopropoxide and three equivalents of dippH, to B followed
by dimerization reaction between P—OH and Al-OiPr
terminals produces 1. On the other hand, addition of only
one equivalent of Al(OiPr); and two equivalents of dippH, to
B followed by dimerization and a slow Al—OiPr hydrolysis
yields 2.

In summary, by introducing minor modifications in the
choice of aluminum and phosphorus sources (AIR; versus
AI(OR);; (RO),P(O)(OH) versus (RO)P(O)(OH),) as well
as the reaction conditions, we have assembled the largest
molecular aluminophosphate. The cores of 1 and 2 represent
new SBUs in zeolite chemistry. Further, the presence of a
number of interconnected 3-, 4- and 6-rings (3R, 4R, and 6R)
and residual functional groups, such as terminal Al-OiPr, Al—
thf, AI-OH, P—OH, and hydrolysable P-OR linkages, makes
the nanometer sized 1 and 2 ideal building blocks for realizing
newer framework structures. We are presently exploring these
possibilities.

Experimental Section

Synthesis of 1: Al(OiPr); (408 mg, 2 mmol) in THF (30 mL) was
added drop wise to dippH, (620 mg, 2 mmol) in THF (20 mL), and
stirred for 12 h at 25°C. The solvent was removed in vacuo and the
residue was dissolved in toluene (10 mL) and left for crystallization
on the bench top. Colorless crystals of 1 were obtained after one
week. Yield: 62%. M.p. >275°C. Elemental analysis (%) calcd for
Al ;(O;P(OR));,(O)(OiPr),(thf),]-C;Hg (3875.4): C 53.62, H 6.71;
found: C 53.76, H 6.82. IR (KBr): #=2965(s), 2929(s), 2871(m),
1633(br), 1467(m), 1440(m), 1384(w), 1364(w), 1338(w), 1259(m),
1182(s), 1105(m), 1070(vs), 942(m), 775(m) cm~'. 'HNMR
([Dg]benzene, 300 MHz): 6 =6.89-7.11 (m, Ar), 4.85 (s, thf), 3.58—
3.87 (m, iPr-CH), 2.11(s, CH;), 1.14-1.42 ppm (m, iPr-CH;). P NMR
(CDCl;, 121 MHz): 6 = —-16.1, —16.4, —21.1, —21.5, —=23.4, —26.4 ppm
(all singlets).

Synthesis of 2: The synthesis was similar to 1. In the present case,
dippH, was added to AIl(OiPr); (reverse addition). Yield: 53%.
M.p.>275°C. Elemental analysis (%) calcd for [AL{O;P(OR)}s-
{HO;P(OR)},(0),(OH),(thf),] (3110.6): C 51.74, H 6.68; found: C
52.53, H 6.45. IR (KBr): #=2967(s), 2930(s), 2870(m), 2280(w),
1630(br), 1467(m), 1443(m), 1385(w), 1364(w), 1338(w), 1259(m),
1172(s), 1160(s), 1051(vs), 939(m), 773(m) cm .
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