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The synthesis and characterisation (by single crystal X-ray
diffraction and solid state 13C, 27Al, 31P NMR) of a new
Al–O–P cluster related to the 4��1 Secondary Building Unit
(SBU) of zeolites are presented.

Zeolites and porous derivatives are now commonly described as
an assembly of SBUs (18 SBUs are reported).1 The synthesis of
clusters mimicking SBUs remains a chemical challenge as these
clusters may be considered as suitable intermediates for the
direct synthesis of microporous materials and also as spectro-
scopic references for solid state NMR studies.2,3 Five types of
Al–O–P clusters mimicking the following SBUs have been
reported so far in the literature: the S4R (or 4) ring, the S6R (or
6) ring, the cubane-shaped D4R (or 4–4), the prismatic D6R
(6–6) and the 6���1 SBU.4 Very recently, we have presented the
first Al–O–P analogue of the 4��1 SBU.5 This SBU (Fig. 1d) is
rarely encountered as only three zeolites can be considered as
derivatives of 4��1 units: natrolite, thomsonite and edingtonite.1

The direct reaction of anhydrous AlCl3 with phenylphosphonic
acid C6H5PO(OH)2 in cooled ethanol led to a cluster mimicking
the 4��1 unit (Fig. 1c) (with an additional oxo bond with respect
to the 4��1 unit), involving three sixfold coordinated Al atoms.
Three or four ethanol ligands surrounding each Al atom were
observed in the crystallographic structure.5 The generalisation
of this synthetic approach to various secondary alcohol mole-
cules, instead of ethanol, led to the following conclusion:
steric hindrance prevents the coordination of Al atoms by four
alcohol molecules. A new geometry (vide infra) is then obtained.

The reaction of anhydrous AlCl3 with phenylphosphonic
acid C6H5PO(OH)2 in sec-butanol led to single crystals, suitable
for X-ray diffraction analysis at low temperature: [Al5(µ2-OH)2-
(µ3-C6H5PO3)4(C4H9OH)12]Cl5�2C4H9OH (compound 1). † The
molecular structure of 1 is presented in Fig. 1, as well as
selected bond lengths and angles.‡ To the best of our know-
ledge, such an inorganic Al–O–P core was never described in
previous works. It exhibits five Al atoms linked by phenyl-
phosphonate groups (P1, P10). Four Al atoms (Al2, Al3) are
sixfold coordinated, involving three sec-butanol ligands (O20,
O25, O30 and O35, O40, O45). A µ2-(OH) (O50) hydroxo
bridge links Al2 and Al3. This particular bonding makes a
difference with the 4��1 unit observed in the aluminosilicate
solids. Indeed, no Al–OH–Al bond is observed for this particu-
lar compound’s family.The Al1 atom is fourfold coordinated: it
is linked to four P atoms via oxo bridges. Distances between O
of ethanol ligands and Al are much longer than those related to
Al and oxo bridges (Fig. 1). The mean bond length for the
µ-OH bridge is about 1.87 Å. P atoms are fourfold coordinated:
in addition to three O atoms, each P is bonded to one phenyl
ring (C4 C9 and C14 C19). The average P–O bond length is
1.53 Å, whereas the mean P–C bond length is about 1.80 Å.
These distances are comparable to those observed for parent
derivatives.3,5 A disorder model was applied for the Cl� counter-
ions that are present in the structure. Because of charge neutral-
ity of the compound, five chloride anions per structural unit are

necessary. Sec-butanol molecules are present as ligands and
solvate molecules with a disorder model (O95A, O95B). We
note finally that similar cluster cores were obtained with
iso-propanol (chloride and bromide derivatives).

Compound 1 was further characterised by multinuclear solid
state NMR.§ Fig. 2 shows the 27Al {1H dec.} MAS spectrum of
1 obtained at νrot = 13 kHz (B0 = 7.0 T). Two main resonances
are observed. The most deshielded resonance can be safely
assigned to Al1 (fourfold coordinated Al) and is broadened by
second-order quadrupolar effects. The simulation of the line-
shape 6 led to the following (CQ, ηQ, δiso) quadrupolar and
isotropic shift parameters for Al1: (3.68 MHz, 0.25, 48.7 ppm).
Resonances assigned to Al2 and Al3 are located at ≈ 0 ppm.

Fig. 1 (a) Molecular structure of 1 with labelling of Al, P and O
atoms. Quaternary C atoms of phenyl groups are indicated. Other C
atoms labels are omitted for clarity. Cl atoms and solvate molecules are
omitted. (b) View of the inorganic core of 1. (c) View of the inorganic
core of the cluster mimicking the 4��1 SBU. (d) SBU 4��1. AlIV : Al atom
in 4-fold coordination. AlVI : Al atom in 6-fold coordination. Selected
bond lengths for 1: Al1–O1 1.743(4) Å, Al1–O12 1.740(4) Å, Al2–O20
1.981(4) Å, Al2–O25 1.952(5) Å, Al2–O30 1.965(5) Å, Al3–O35
1.974(5) Å, Al3–O40 1.990(4) Å, Al3–O45 1.927(5) Å, P1–C4
1.798(5) Å, P10–C14 1.802(5) Å. Selected bond angles: O1–Al1–O12
110.51(17)�, O1–P1–C4 104.2(2)�, O2–P1–C4 107.6(2)�, O3–P1–C4
111.6(2)�, O11–P10–C14 108.5(2)�, O12–P10–C14 104.9(2)�, O13–P10–
C14 110.2(3)�.
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However (at B0 = 7.0 T), they are strongly overlapped, indi-
cating a very similar chemical environment for Al2 and Al3.
The (CQ, ηQ, δiso) parameters for Al2, Al3 were determined at
νrot = 3 kHz by extensive simulation of the SSBs (spinning side
bands) patterns (satellite transitions): (≈1.7 MHz, ≈0.5, ≈1.5
ppm). Quantitative 27Al MAS experiments 7 led to the ratio 1 : 4
for Al1 : (Al2 � Al3), in agreement with the chemical formula
of compound 1. We note that very similar 27Al MAS spectra
were obtained for the (Cl, Br) iso-propanol derivatives cited
above.

The 31P CP MAS spectrum of 1 (not shown) exhibits two
isotropic resonances in agreement with the crystallographic
data. Isotropic shift (ppm), [line width (Hz)] and CSA param-
eters (δ11, δ22, δ33 (ppm); ηCSA) for each resonance are the
following: 6.7, [143], (48.8, 11.3, �39.9; 0.80) and 7.7, [160],
(48.5, 13.7, �40.0; 0.75). Such parameters were determined by
slow CP MAS experiments and subsequent analysis of the SSBs
patterns.

The 13C CP MAS spectrum of 1 is shown in Fig. 3. Reson-
ances centered at 132.1 ppm are assigned to the phenyl groups
of the structure. The assignment of the resonances centered
at 10.3, 26.1, 30.4 and 75.7 ppm is also straightforward (see
Fig. 3).

Finally, we note that compound 1 can be viewed as the
combination of two 4��1 SBUs sharing a unique fourfold co-
ordinated Al atom (Al1) (see Fig. 1b). Compound 1 is a good
representation of bonding modes encountered in the EDI
(edingtonite) zeolite type. Moreover, compound 1 may be
viewed as a first step in the understanding of complex
architectures and to the role of building units in the solid-state
inorganic structures.8,9

Notes and references
† Synthesis of 1: anhydrous AlCl3 (6.66 g, 50 mmol) was slowly added to
cooled sec-butanol (25 ml, 0 �C, exothermic reaction). C6H5PO(OH)2

(7.9 g, 50 mmol) was then added to the solution. After 48 h at 5 �C,
colorless crystals were obtained. Elemental analysis (CNRS center,
Vernaison, France): chemical analyses were hardly reliable due to the
extreme instability of compound 1 to air and moisture (several attempts

Fig. 2 (a) 27Al {1H dec.} MAS NMR spectrum of 1 (νrot = 13 kHz,
B0 = 7.0 T). (b) simulation of the fourfold coordinated 27Al resonance,6

using CQ = 3.68 MHz, ηQ = 0.25 and δiso = 48.7 ppm.

Fig. 3 13C CP MAS NMR spectrum of 1 (νrot = 7 kHz, B0 = 7.0 T).
*: spinning side bands of aromatic carbon resonances.

were made on powdered samples stored under argon). In order to
obtain Cl/Al and Cl/P ratios, compound 1 was dissolved in acidic water
for chemical analyses: Cl/Al: 1.03 (calcd. 1.00); Cl/P: 1.25 (calcd. 1.25).

Simultaneous differential thermal and thermogravimetric analyses:
SDT 2960 simultaneous DSC-TGA TA Instrument. Air flow, 2 �C
min�1; 25 �C up to 1300 �C. Total weight loss: 73.1 wt% (calcd. 73.2 %).
25 �C up to 200 �C: endothermic event, sec-butanol loss. 465 �C up to
600 �C: exothermic event, phenyl decomposition/combustion.
‡ X-ray structure analysis: An X-ray quality crystal was mounted on
glass fibers in rapidly cooled perfluoropolyether. The data for the
crystal structure determination was collected on a Bruker-AXS
SMART diffractometer with a CCD area detector. The nominal
crystal-to-detector distance was 5.00 cm. A hemisphere of data was
collected by a combination of three sets of exposures at 213 K in a
nitrogen stream. Each set had a different � angle for the crystal, and
each exposure took 20 s and covered 0.3� in ω.

Crystal data: C40H81Al2.5Cl2.5O14P2, M = 1003.02, orthorhombic,
a = 20.56 (2) Å, b = 22.659 (16) Å, c = 24.35 (3) Å, U = 11344 (20) Å3,
T = 213 K, Iba2, Z = 8, µ = 0.285 mm�1, 28390 reflections collected,
8462 unique (Rint = 0.0252) which were used in all calculations. The final
wR(F 2) was 0.0823 (all data). CCDC reference number 208332. See
http://www.rsc.org/suppdata/dt/b3/b305982k/ for crystallographic data
in CIF or other electronic format.
§ Solid state NMR: Bruker MSL-300 spectrometer. All ZrO2 rotors
were filled under argon in a dried glove-box as compound 1 was very
sensitive to air moisture. 13C CP MAS: Ξ13C: 75.43 MHz; spectra refer-
enced to TMS via solid adamantane; diameter of rotor (φ): 4 mm;
MAS: 7 kHz. 1H 90� pulse duration: 5 µs; Hartmann–Hahn (H–H)
condition was matched with adamantane; contact time: 3 ms;
relaxation delay (RD): 15 s; number of scans (NS): 620. 31P CP MAS:
Ξ31P: 121.44 MHz; spectra referenced to H3PO4, 85% (δ = 0 ppm); φ:
4 mm; MAS: 1–5 kHz. 1H 90� pulse duration: 4 µs; H–H condition was
matched with compound 1; contact time: 3 ms; RD = 15 s; NS = 40. 27Al
MAS: Ξ27Al: 78.17 MHz; spectra referenced to Al(NO3)3, HNO3 (1 M),
δ = 0 ppm; φ: 4 mm; MAS with 1H high power decoupling: 3–15 kHz.
Flip angles ≤ π/127; RD = 1 s; NS = 7200.
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