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The reaction of water with compounds containing M�C
bonds has been a fascinating theme in chemistry since the
discovery of Cadet�s fuming liquid in a Paris pharmacy in
1747[1] and Frankland�s organozinc compounds in Bunsen�s
laboratory in the 1850s.[2] A recent research account entitled
+Is Water a Friend or Foe in Organometallic Chemistry? The
case of Group 13 Organometallic Compounds,� addressed
the role of both adventitious and deliberately added water
in the reactions of Group 13 alkyls with various substrates.[3]

The skillful experiments carried out in the 1990s on the hy-
drolysis of organoaluminum and -gallium compounds result-
ed in unraveling some of the mechanistic details associated
with the methylaluminoxane ACHTUNGTRENNUNG(MAO)-catalyzed polymeri-
zation of olefins.[4,5] More recent work by Roesky et al. on
the synthesis of RAl(OH)2 demonstrated the power of care-
ful hydrolysis of Al�Me bonds.[6] One of our endeavors in
rationally building hierarchical metal phosphate struc-
tures,[7–10] which resemble and function as zeolites, centers
around the search for new alumniophosphate (AlPO) clus-
ters. There has been a great deal of interest in microporous
AlPO materials since their discovery in the 1980s,[11] and
subsequently a range of aluminophosphate frameworks has
been synthesized.[12] While varied strategies have been
adopted by others to build molecular AlPOs,[13] we used
phosphoric monoesters for the buildup of larger clusters (oc-
tameric and decameric cages) starting from aluminum iso-

propoxide.[7] The latter studies revealed significantly that the
cluster growth takes place in a stepwise manner and that the
growth terminates by the hydrolysis of peripheral functions
on aluminum. Herein, we now report how slow introduction
of adequate amounts water in the reaction between an AlIII

source and a aryl phosphate leads to the isolation of com-
partmentalized dodecanuclear clusters, comprising two tet-
ranuclear aluminophosphate units and a tetrameric alumi-
num hydroxide unit.

Stirring an equimolar solution of iBu2AlH and diisopro-
pylphenylphosphate (dipp-H2) at room temperature in pe-
troleum ether followed by a very slow crystallization of the
concentrated reaction mixture with a few drops of THF led
to the isolation of 1; R=2,6-iPr2C6H3) as single crystals in
90% yield. A similar reaction involving AlCl3 and dippH2 in
THF followed by crystallization from toluene over several
days results in the isolation of 2 in 60% yield (Scheme 1).

½Al12ðOiBuÞ4ðROPO3Þ12ðm3-OHÞ2ðm-OHÞ6ðOH2Þ2ðthfÞ4� � ðTHFÞ4 1

½Al12Cl4ðROPO3Þ12ðm3-OHÞ2ðm-OHÞ6ðOH2Þ2ðthfÞ4� � ðtolueneÞ4 2

The lattice THF molecules in 1 and the toluene in 2 were
partially lost during the drying of the samples in vacuum, as
shown by the elemental analysis of various batches of crys-
tals. The IR spectral characteristics of both the compounds
are very similar. The absence of any absorption at 2350 cm�1

indicates the complete deprotonation of all dipp ligands in
the clusters. Compounds 1 and 2 display four resonances
each in the 31P NMR spectra at room temperature, which in-
dicates four different chemical environments for the dipp li-
gands in the clusters (vide infra). Both clusters are thermally
stable and do not melt up to 275 8C. Thermolysis of these
clusters at higher temperatures results in their conversion to
dense-phase AlPO4 materials. The 27Al NMR spectra of
both samples show a broad spectral pattern with two peaks
corresponding to the octahedral and tetrahedral Al centers
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at d=�2.4 and 54.7 ppm for 1 and d=�6.0 and 58.8 ppm
for 2, respectively.

A single-crystal X-ray diffraction study on both the com-
pounds revealed them to be structurally similar dodecameric
clusters. Since the molecular structures of 1 and 2 are quite
similar, only the structure of 2
is described here in detail.[14]

Compound 2 crystallizes in the
P1̄ space group with a cell
volume of 5493 L3, corre-
sponding to the volume of a
single molecule of 2 that con-
tains 278 non-hydrogen atoms
and 280 hydrogen atoms (mo-
lecular weight 4369). Com-
pound 1 also has a similar mo-
lecular weight (4440).

Compound 2 displays several
interesting structural features,
the most significant of which is
the architecture of the cluster
core itself. The molecular
structure of 2 (Figure 1) is
rugby-ball shaped, made up of
twelve aluminum centers and
twelve oganophosphate ligands
together with hydroxide and
chloride ligands. The molecule
is about 25 Ĺ long, and the in-
organic core, excluding the or-
ganic substituents, is about
2 nm. Although the cluster is
very large, its architecture can
be easily understood by view-
ing it as a three-in-one cluster,
in which two aluminophos-
phate bowls are stitched to-
gether through a central alumi-
num hydroxide unit. Each of
the two aluminophosphate
bowls contains four aluminum

centers and six phosphate li-
gands (Figure 1, bottom left).
All four phosphate groups situ-
ated closer to the rim of the
bowl have one free P�O group
each, which points outwards
(O11, O15, O17, O21). These
oxygen atoms of the bowls act
as a glue to bind to the central
Al4(OH)6 unit (Figure 1,
bottom right), resulting in the
final rugby-ball-shaped cluster
(Figure 1, top).

The central Al4(OH)6 unit in
2 contains four six-coordinate
aluminum atoms (Al5, Al5’,

A16, and Al6’) held together by two m3-OH and four m-OH
groups, which can be best described as two face-shared
cubes, in which two of the diagonally opposing aluminum
vertices are absent (Figure 1; bottom right), Quite interest-
ingly, the mineral boehmite and its polymorph diaspore also

Scheme 1. Synthesis of dodecamers 1 and 2

Figure 1. Molecular structure of 2 (top); aluminophosphate (bottom left) and aluminum hydroxide (bottom
right) fragments of 2.
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contain Al4O6 repeating units (as well Al3O4 units),[15–17] and
hence clusters 1 and 2 can be considered as AlPO clusters
that incorporate small repeating units of boehmite.

The six aluminum centers in the centrosymmetric half of
the molecule show four different coordination environments.
The basal aluminum centers Al1 and Al2 at the bottom of
the bowl are hexacoordinate with a regular octahedral ge-
ometry, in which the metal ions are surrounded by four
phosphate oxygen atoms, a m-OH group that bridges Al1
and Al2, and a solvent THF molecule. Al3 and Al4, which
are located in the middle of the bowl, are the only tetracoor-
dinate tetrahedral Al centers. Each of these metal ions is
surrounded by three oxygen atoms belonging to three differ-
ent phosphate ligands and an X ligand. Whereas in 2, X is
an unreacted chloride ligand, in 1 the isobutyl group has un-
dergone oxidation to yield an OiBu substituent on alumi-
num. The Al ions in the central core, Al5 and Al6, which
appear to be similar in terms of the octahedral coordination
geometry, differ with respect to the ligating atoms around
them. Whereas Al5 is surrounded by two phosphate oxygen
atoms, three bridging hydroxide lidands, and a terminal
aqua ligand, the central Al6 is ligated by two phosphate
oxygen atoms and four bridging hydroxide ligands.

Although it is convenient to view and understand mole-
cules 1 and 2 as three-compartmental systems, it is highly
unlikely that in reality the AlPO bowls and the Al hydrox-
ide central unit were formed simultaneously in solution (in a
2:1 ratio!) and then joined together later to form the final
cluster. A closer look at the clusters 1 and 2 indicates that

they should have essentially formed by a dimerization reac-
tion of the hexameric cluster units, rather than a [4+4+4]
addition. A plausible pathway for the formation of clusters
1 and 2 is outlined in Scheme 2. The cluster growth clearly
begins with the formation of a [Al2 ACHTUNGTRENNUNG(dipp)2] eight-membered-
ring unit (A), which resembles several model compounds
synthesized for the S4R building block of zeolites (vide
infra).[13] Due to the presence of free PO�H and Al�X func-
tionalities on A, additional molecules of AlX3 and dippH2

can add on to this unit. For example, the two free PO�H
groups on A can react with two more AlX3 groups to pro-
duce B, during which time the four Al�X bonds on A can
also combine with four more dipp-H2 ligands to produce C,
which contains four aluminum centers and six phosphate
groups. The cluster fragment C presumably undergoes a
slow hydrolysis by the water that is introduced to the flask
over a period of several days and results in E.[18] Since E
contains as many as three free PO�H groups pointing to-
wards the same side, a facile dimerization reaction is trig-
gered to form the final cluster. Although it has not been
possible to study the intermediates in solution, mainly be-
cause the steps up to the formation of D take place very
rapidly, the proposed mechanism is the most plausible that
can be conceived at this point of time.

Apart from the fact that eight-membered-ring alumino-
phosphates of type A have already been isolated, additional
evidence for the above mechanism has been obtained by the
successful synthesis and structural characterization of 3
(Scheme 3) starting from a more kinetically stable aluminum

Scheme 2. Plausible mechanism for the formation of 1 and 2.
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alkyl that is more stable to attack by water. The reaction of
(Me3Si)3CAlMe2 with dipp-H2 under identical conditions
leads to the formation of the dinuclear compound 3 and not
a polynuclear aluminophosphate. Compound 3, which has
been characterized by analytical, spectroscopic, and single-
crystal X-ray diffraction studies,[14] is made up of two alumi-
num atoms that are bridged by two dipp-H and one dipp
ligand. Each aluminum atom is tetracoordinate, attached to
a bulky C ACHTUNGTRENNUNG(SiMe3)3 group in addition to three phosphate
oxygen atoms. The 31P NMR spectrum of 3 displays three
different signals for the three phosphate ligands in the mole-
cule. The ESI mass spectrum of 3 shows the molecular ion
peak (minus water) at m/z 1289 (100%).

½fðMe3SiÞ3CAlg2ðdippHÞ2ðdippÞ� � ðtolueneÞ3 � ðH2OÞ 3

The formation of 3 also clearly proceeds initially in the
same way as that of 1 and 2, with the formation of the eight-
membered ring intermediate A’ with free P�OH groups.
However, due to the presence of the sterically bulky and
chemically inert C ACHTUNGTRENNUNG(SiMe3)3 group on aluminum, neither the
cluster expansion reaction nor the Al�C hydrolysis takes
place during the synthesis of 3. It appears that the Al�Me
groups on A’ consume another molecule of dipp-H2 to form
3. Thus, the isolation of 3 provides mechanistic insights into
the formation of clusters 1 and 2, at least at the early stages
of the reaction.

In summary, we have shown that controlled hydrolysis of
functional aluminophosphate clusters under ambient condi-
tions can lead to the assembly of large clusters in a highly
reproducible manner. The clusters retain the aluminophos-
phate and aluminum hydroxide identities in the respective
regions of the clusters. Insights into the mechanism for the
formation of such large clusters have been gleaned by an in-

dependent synthesis of a di-
meric aluminophosphate bear-
ing a bulky, chemically inert R
group. With the successful syn-
thesis of octa-, deca-, and do-
decameric aluminophosphate
clusters, it appears that the nu-
clearity can be further in-
creased by suitable changes in
the aluminum and phosphate
starting materials. We are cur-
rently investigating these as-
pects.

Experimental Section

Synthesis of 1: Solid dipp-H2 (516 mg,
2 mmol) was added to iBu2AlH
(2 mL; 1.0m solution in heptane,
2 mmol) in petroleum ether (20 mL).
The reaction mixture was stirred
overnight at room temperature and

concentrated to 10 mL under vacuum. A few drops of tetrahydrofuran
was added to the above solution, which was then left to crystallize. Color-
less crystals of this compound were obtained after one week. Yield:
90%; m.p. > 275 8C; 1H NMR (300 MHz, [D6]benzene, 25 8C, TMS): d=

7.05 (br), 3.56–3.93 (br), 3.06–3.15 (br), 1.73–1.80 (br), 1.24–1.29 (br),
1.06 (d), 0.87–0.91 (m), 0.73–0.79 (br), 0.28 (s), �0.01 (s), �0.02 ppm (s);
31P NMR (121 MHz, [D6]benzene, 25 8C, H3PO4): d=�0.03, �9.5, �15.4,
�23.3 ppm; 27Al NMR (78 MHz, [D6]benzene, 25 8C, Al ACHTUNGTRENNUNG(NO3)3): d=54.7,
�2.4 ppm; IR (KBr): ñ=3410 (br), 3067 (w), 2965 (s), 2931 (w), 2871
(w), 1627 (br), 1467 (m), 1442 (m), 1383 (w), 1363 (w), 1337 (w), 1258
(m), 1178 (s), 1159 (w), 1105 (w), 1051 (vs), 1031 (w), 937 (m), 773 cm�1

(m); elemental analysis calcd (%) for Al12C176H284O66P12: C 50.92, H 6.90;
found: C 51.66, H 7.04.

Synthesis of 2 : Solid Al2Cl6 (267 mg, 1 mmol) was dissolved in THF
(30 mL), and dipp-H2 (516 mg, 2 mmol) in THF (20 mL) was added drop-
wise through a syringe at room temperature over 10 min. The reaction
mixture was stirred 24 h at room temperature. The solvent was removed
in vacuo and the residue was dissolved in toluene (10 mL) and left for
crystallization. Colorless crystals 2· ACHTUNGTRENNUNG(toluene)4 were obtained after one
week. Yield: 60%; m.p. > 275 8C; 31P NMR (121 MHz, [D6]benzene,
25 8C, H3PO4): d=�17.2 (s), �18.1 (s), �25.2 (s), �26.3 ppm (s); 27Al
NMR (78 MHz, [D6]benzene, 25 8C, Al ACHTUNGTRENNUNG(NO3)3): d=58.8, �6.0 ppm; IR
(KBr): ñ =3421 (br), 3067 (w), 2964 (s), 2930 (w), 2870 (w), 1627 (br),
1466 (m), 1441 (m), 1384 (w), 1364 (w), 1336 (w), 1257 (m), 1182 (s),
1104 (w), 1070 (vs), 939 (m), 775 cm�1 (m); elemental analysis calcd (%)
for Al12C167H256O62P12Cl4: C 49.01, H 6.30; found: C 49.17, H 6.65.

Synthesis of 3 : Solid (Me3Si)3CAlMe2 (289 mg, 1 mmol) was dissolved in
THF (30 mL), and dipp-H2 (387 mg, 1.5 mmol) in THF (20 mL) was
added dropwise through a syringe at room temperature. The reaction
mixture was stirred 24 h and the solvent was removed in vacuo. The resi-
due was dissolved in toluene (10 mL), filtered, and the clear solution was
left for crystallization at �30 8C. Colorless crystals of this compound
were obtained after one week. Yield: 65%; m.p. > 275 8C; 1H NMR
(400 MHz, [D6]benzene, 25 8C, TMS): d=7.02–7.11 (m, 9H; Ar-H), 3.88
(septet, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 4H; iPr-CH), 3.58 (septet, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz,
2H; iPr-CH), 1.30 (d, 3J ACHTUNGTRENNUNG(H,H)=6.8 Hz, 36H; iPr-CH3), 0.29 (s, 27H; Si-
CH3), 0.28 ppm (s, 27H; Si-CH3);

31P NMR (121 MHz, [D6]benzene,
25 8C, H3PO4): d=�12.66 (s), �12.73 (s), �16.2 ppm (s); 27Al NMR
(78 MHz, [D6]benzene, 25 8C, Al ACHTUNGTRENNUNG(NO3)3): d=51.3 ppm; IR (KBr): ñ=

3068 (w), 2971 (m), 2930 (w), 2872 (w), 2280 (br), 1631 (br), 1464 (w),
1438 (w), 1384 (w), 1331 (w), 1252 (m), 1175 (s), 1109 (m), 1051 (s), 1029
(s), 855 cm�1 (m); ESI-MS (70 eV): m/z (%): 1289 (100) [M+�H2O]; ele-

Scheme 3. Synthesis and core structure of 3.
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mental analysis calcd (%) for Al2C56H109O13P3Si6: C 51.51, H 8.41; found:
C 51.34, H 8.38.
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