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AlN and AlF3 are high-melting, temperature-stable solids
that are insoluble in organic solvents. In the last years soluble
precursors of both compounds have become available which
lead to AlN[1] and AlF3

[2] , respectively, upon elimination
under relatively mild conditions. Our goal now was to find out
whether it is possible to combine the two systems and to
synthesize soluble precursors containing Al, F, and N. Here we

describe the synthesis of [(2,6-iPr2C6H3NH)MeAl(m2-F)]4 (1)
and its pyrolysis to the first Al-F-N cage compound 2, which
was characterized by X-ray structure analysis,[3] NMR and IR
spectroscopy as well as mass spectrometry. Compound 2 was
obtained as colorless crystals after a two-step elimination
reaction from Me2AlF and (2,6-iPr2C6H3)NH2 (Scheme 1).

Scheme 1. Synthesis of 1 and 2. Ar� 2,6-iPr2C6H3.

In the first step of the reaction, one methyl group at each Al
atom of the eight-membered starting material (Me2AlF)4

[4]

was replaced by a (2,6-iPr2C6H3)NH residue under methane
elimination. Compound 1 was isolated and characterized: In
the EI mass spectrum the peak for [Mÿ 3 Me]� was detected
at m/z 902, the 19F NMR signals (d�ÿ141 and ÿ140) for the
Al-bridging fluorine atoms were in accord with those of
known Al-F-Al substructures,[5, 6] and the elemental analysis
confirmed the composition. The pyrolysis of 1 then surpris-
ingly took place under (2,6-iPr2C6H3)NH2 elimination. This
reaction sequence, which takes place at two very different
temperatures, allowed the isolation of 2 in high yields.

Compound 2 crystallizes in the tetragonal space group
P4Å21c with one-quarter of a molecule in the asymmetric unit;
the remaining three-quarters are generated by the 4Å axis. The
center of the structure is a cubic cage, the six faces of which
form four eight-membered Al4N(m2-F)3 rings in a half-chair
conformation and two likewise eight-membered Al4N2(m2-F)2

rings in a boat conformation (Figure 1). All rings consist of
alternating metal and nonmetal atoms. To complete the
coordination sphere each Al atom carries a methyl group, and
each N atom is bound to a 2,6-diisopropylphenyl residue.

The mean AlÿN bond length in 2 (1.788(3) �) lies within
the typical range for AlÿN bonds,[7] the AlÿF bonds (on
average 1.785(3) �) are longer than AlÿF single bonds
(1.65 �), but quite typical for m2-bridging F atoms.[8] The
aluminum atoms are all coordinated in a slightly distorted
tetrahedron (angular sum 651.58 (ideal tetrahedron: 657.08)),
in which four groups of angles can be distinguished: F-Al-F
(1� ), C-Al-N (1� ), N-Al-F (2� ), and C-Al-F angles (2� ).
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Figure 1. Molecular structure of 2 in the crystal. Selected distances [�] and
angles [8]: Al(1)ÿF(2) 1.776(3), Al(1)ÿN(1) 1.793 (3), Al(2)ÿF(2) 1.792(3),
Al(1)ÿF(1) 1.784(2), Al(2)ÿC(8) 1.918(4); F(2)-Al(1)-F(1) 92.6(1), F(1)-
Al(1)-N(1) 107.5(1), F(1)-Al(1)-C(7) 109.6(2), F(2)-Al(1)-N(1) 107.0(1),
Al(1)-F(1)-Al(2B) 164.4(2), Al(1)-F(2)-Al(2) 173.3(2), Al(1)-N(1)-Al(2A)
125.9(2).

The F-Al-F angles are smaller than the ideal tetrahedral angle
of 109.58 (on average 91.9(1)8), the C-Al-N angles are larger
(on average 126.2(2)8), and the N-Al-F and C-Al-F angles (on
average 107.1(1) and 109.6(2)8, respectively) are very close to
the ideal tetrahedral angle. The nitrogen atoms in the eight-
membered rings have a planar environment within the
experimental error: The angular sum around them amounts
to 359.8(2)8 ; the mean deviation from the best plane is
0.003 �. The two Al-N-Al angles are equal for reasons of
symmetry and amount to 125.9(2)8. The two independent Al-
F-Al angles differ significantly: If the bridging fluorine atom
belongs to an Al4N2F2 ring, the angle is 164.4(2)8 (Al(1)-F(1)-
Al(2B)), if it belongs to an Al4NF3 ring, 173.3(2)8 (Al(1)-F(2)-
Al(2)).

Compound 2 can be considered as an entry into a new class
of compounds and can draw a varied chemistry with it due to
its reactive substituents. For its use in metal organic chemical
vapor deposition (MOCVD) methods the system has to be
modified in future work in such a way that good leaving
groups are introduced as substituents in order to prevent the
deposition of carbon.

Experimental Section

1: Me2AlF (20 mL of a 2.5m solution in toluene) was added dropwise to a
solution of (2,6-iPr2C6H3)NH2 (9.41 mL, 50.0 mmol) in toluene (75 mL) at
room temperature. Subsequently the reaction mixture was heated for 10 h
under reflux, during which time the evolving methane was led off through a
mercury pressure relief valve. After all volatile components were removed
in vacuo, the residue was washed with n-hexane (30 mL), and 1 was
obtained as a white solid (40.3 g, 85%). M.p. 152 8C; 1H NMR (200 MHz,
C6D6, TMS): d�ÿ0.22 (m, 12 H, AlCH3), 1.15 (m, 48H, CH(CH3)2), 3.35
(m, 8H, CH(CH3)2), 3.85 (s, 2H, NH), 4.05 (s, 2H, NH), 6.95 (m, 12H,
arom. H); 19F NMR (235 MHz, C6D6, CFCl3): d�ÿ141 (s, 2F), ÿ140 (s,
2F); IR (KBr, nujol): nÄ � 3369, 3258, 1621, 1592, 1433, 1379, 1343, 1309,
1255, 1211, 1168, 1100, 1043, 976, 887, 866, 820, 762, 705, 670, 570, 545,
427 cmÿ1; MS (EI): m/z (%): 902 (2, Mÿ 3Me), 162 (100, C12H18);
elemental analysis calcd for C52H84Al4F4N4: C 65.8, H 8.9, Al 11.4, N 5.9;
found: C 65.7, H 9.2, Al 11.1, N 6.2.

2 : Compound 1 (4.7 g, 5.0 mmol) was heated to 165 8C for 3 h. The crude
product was then washed with n-hexane (15 mL), and 2 was obtained as a
white microcrystalline solid (3.8 g, 80 %). Single crystals were grown from
n-hexane at ÿ22 8C within two months. M.p. 180 8C; 1H NMR (200 MHz,
C6D6, TMS): d�ÿ0.31 (m, 24 H, AlCH3), 1.51 (m, 48H, CH(CH3)2), 3.40
(sept., 8H, CH(CH3)2), 6.95 (m, 12H, arom. H); 19F NMR (235 MHz, C6D6,
CFCl3): d�ÿ144 to ÿ140 (4s, 8 F);[6] IR (KBr, nujol): nÄ � 1943, 1608, 1577,
1539, 1509, 1419, 1348, 1260, 1168, 1089, 1077, 1039, 1023, 864, 833, 801, 740,
722, 565 cmÿ1; MS (EI): m/z (%): 581 (2, M/2ÿMe), 162 (100, C12H18);
elemental analysis calcd for C56H92Al8F8N4: C 56.6, H 7.7, F 12.8, N 4.7;
found: C 57.0, H 7.6, F 12.4, N 4.7.
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greatest residual electron density/sink 0.222/ÿ 0.272 e Aÿ3. The choice
of enantiomer was made based on the Flack x parameter: For the
chosen enantiomer this parameter amounted toÿ0.36 with a standard
deviation of 0.3, for the inverted structure 1.37 with the same standard
deviation. The better R value of the described enantiomer also
supports this choice. The crystal was removed from the Schlenck flask
under protective gas, mounted on a glass thread with perfluoropo-
lyether, and quickly frozen.[9] The data were collected at 133 K on a
Stoe-Siemens-Huber four-circle diffractometer with a Siemens-CCD
area detector with graphite-monochromatized MoKa radiation (l�
0.71073 �); the intensities were recorded with f and w scans. The
structure was solved with direct methods (program SHELXS-97) [10]

and refined against F 2 with the full-matrix least-squares method using
the program SHELXL-97.[11] All non-hydrogen atoms were refined
anisotropically, and the hydrogen atoms were added to geometrically
calculated positions and refined with a riding model. Crystallographic
data (excluding structure factors) for the structure reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-103311. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).
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Energetics of Molecular Complexes in a
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Enantiomeric discrimination takes place when a chiral
selector (C) forms with a pair of enantiomers (M) two
diastereomeric molecular complexes (MCs) of different
stability (thermodynamic enantioselectivity). This is the basis
of chiral chromatography, enzymic resolution, asymmetric
synthesis, and NMR spectroscopic discrimination with chiral
auxiliaries.[1, 2] Although the principles of thermodynamic
enantioselectivity find eminent applications in many fields,
very few experiments have been designed so far to establish at
the microscopic level the nature and energetics of the various
interactions in diastereomeric MCs.

Thermometric measurements of the energetics of aggrega-
tion of chiral ions in solution to make diastereomeric ion pairs
were first carried out by Arnett and Zingg.[3] These authors
pointed out that the average difference in thermodynamic
stability between diastereomeric combinations of several
chiral amines with mandelic acid enantiomers may span from
zero to 200 ± 350 calmolÿ1, depending upon the structure of
the amine and the nature of the solvent.

A way to evaluate the intrinsic nature of the various
interactions in diastereomeric MCs and to eliminate the
moderating effects of solvent on their energetics is to study
their features in the isolated state. Here we report on the first
spectroscopic determination of the binding energy in isolated

diastereomeric MCs, with special regard to the dependence of
the binding energy on the configuration of the chiral solvent
molecule.

Weakly bound MCs, which would be unobservable at room
temperature, can be readily generated in the isolated state by
supersonic expansion of their components. Under these
conditions, they are formed at an average temperature of a
few Kelvins[4] and can be spectroscopically discriminated. The
spectral analysis is facilitated by the fact that, at low temper-
atures, only the lowest rotational and vibrational levels are
populated. Lahmani and co-workers recently characterized
jet-cooled diastereomeric MCs by different laser-induced
fluorescence (LIF) spectra.[5±7] Discrimination between dia-
stereomeric MCs was obtained by us[8] with resonance-
enhanced multiphoton ionization (REMPI) spectroscopy
combined with time-of-flight (TOF) mass spectrometry.[4, 9]

Accordingly, the REMPI-TOF spectra of the diastereomeric
molecular complexes Rr and RsÐformed from the combina-
tion of the chiral chromophore (R)-(�)-1-phenyl-1-propanol
(R) with (R)-(ÿ) (r) and (S)-(�)-2-butanol (s), respectivelyÐ
display different features. In particular, their most intense
band, assigned to the electronic band origin, is red-shifted
relative to the S1 S0 band origin of the isolated R molecule
(Dn�ÿ79 cmÿ1 (Rr), ÿ92 cmÿ1 (Rs)), indicating an enhance-
ment of binding energy of both Rr and Rs adducts in the S1

state relative to the S0 state. The difference between the red
shifts (Dn[Rr]ÿDn[Rs]� 13 cmÿ1) reflects a S1 S0 energy
gap for Rs which is smaller than for Rr.

The binding energy of the diastereomeric Rr and Rs
adducts was measured by two color resonance two photon
ionization (2cR2PI) experiments. The species under inves-
tigation is selectively excited to the S1 state by absorption of
one photon at a fixed frequency n1 (hn1 in Figure 1), and then
ionized by a second photon of variable frequency n2 (hn2 in
Figure 1). The experimental procedure is the following: the
species under unvestigation was first submitted to one color
resonance two photon ionization (1cR2PI) experiments,[8] in
which it is excited to a discrete S1 state by absorption of one
photon of frequency n1, and to the ionization continuum by
absorption of another photon with the same frequency n1.
Once having obtained the 1cR2PI-TOF mass spectrum of the
selected species at the resonance frequency n1, the intensity of
the laser emitting at n1 is lowered so as to reduce the TOF ion
pattern to less than 10 %. Then, by superimposing a second
laser of variable frequency n2, which alone does not produce
any significant signal in the spectral region of interest, there is
a pronounced increase in the intensity of the TOF signal of a
characteristic ion only when the 2cR2PI process takes place.
The value of n2 corresponding to the signal onset provides a
measure of the ionization threshold of the species.

The energetics involved in diastereomeric Rr or Rs is
determined as follows: The dissociation energy D''0 of ground-
state Rr is computed from Equation (1), namely, from the
difference between its dissociative ionization threshold
(hn1[Rr*]� hn2[R�� r]; Figure 1) and the ionization thresh-
old of bare R (IP(R)� hn1[R*]� hn2[R�]). The dissociation
energy D�

0 of ionic cluster Rr� is calculated from Equa-
tion (2), namely, from the difference between its dissociative
ionization threshold (hn1[Rr*]� hn2[R�� r]; Figure 1) and its
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