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Distorting the ground-state coordination geometry of certain
silicon,1 transition metal,2 and main group metal3 complexes leads
to metal-ligand complexes that expand their typical coordination
numbers in generating Lewis acid-base complexes. Lewis acidic
organometallic species exhibiting this type of behavior have
recently been implicated as operative intermediates in carbonyl
additions, cycloadditions, and conjugate addition reactions.4

However, little information regarding the origin of the reactivity
expressed by these putative hypercoordinate metal complexes
relative to their coordinatively unsaturated analogues currently
exists. Investigations described herein of the tetracoordinate
Al(III) -triamine complex1 responsible for catalysis in ketene-
aldehyde cycloadditions reveal definitive evidence that a neutral,
pentacoordinate Lewis acid-base adduct derived from1 is the
catalytically active species (Figure 1). Evaluating Lewis acidic
behavior of related Al(III) complexes as a function of metal
electronics, ligand structure, and coordination geometry provides
evidence of a unique form of ligand-defined catalysis in which
coordinative distortion overcomes inherently unfavorable metal
electronics to afford catalytically active, hypercoordinate Al(III)
Lewis acids.

A series of optically active Al(III) complexes have recently
been reported as Lewis acid catalysts for asymmetric ketene-
aldehyde cycloaddition reactions.5 On the basis of accepted criteria
for Lewis acidity, the neutral tetracoordinate, electron-rich
Al(III) -alkyl complexes1 and2 seemed to be poor candidates
for Lewis acidic catalysts.6 To understand the potent catalytic
activity expressed by1, an X-ray diffraction structure of the
Al(III)-based cyclocondensation catalyst was obtained. The X-ray
structure indicates1 to be a four-coordinate complex adopting a
trigonal monopyramidal (tmp) geometry with the methyl and
triflamide ligands defining the equatorial plane of the bipyramidal

structure [∑(plane angles)) 358.6°] (Figure 2). This crystal
structure data suggested that the distorted trigonal monopyramidal
coordination geometry defined in1 by the tridentate ligand was
responsible for the observed Lewis acidity by providing a vacant
dz2p orbital disposed ideally to accept a fifth ligand.

X-ray crystal structure analysis in conjunction with1H/13C
NMR investigations of Lewis acid-base association expressed
by 1 provided definitive evidence for a neutral, five-coordinate
Lewis acid-base complex acting as the catalytically active species
in the AAC reactions. A toluene solution of1 containing
dimethylformamide (DMF) as a representative carbonyl Lewis
base deposited colorless crystals of the1‚DMF complex (Figure
3). As expected, Lewis base coordination occurs at the vacant
“apical” coordination site on the tmp Al ion to deliver the five-
coordinate Lewis acid-base complex, with dimethylformamide
coordination imparting minimal perturbation to the Al ion’s
trigonal plane relative to the free catalyst [∑angles(1) ) 358.6°;
∑angles(1‚DMF) ) 357.8°].

To probe the dynamics of Lewis acid-base association
promoted by the Al[triamine] catalyst, the binding of DMF to1
was examined by1H NMR.7 The spectra obtained from titrating
1 with progressive amounts of DMF [0.10 equiv (0.012 M) to
2.0 equiv (0.24 M)] in CD2Cl2 are presented in Figure 4. Only
the Lewis acid-base complex and the parent catalyst complex
are observed during the titration experiment; no time-averaging
of resonances that would accompany dynamic Lewis acid-base
association is observed. Only in the presence of excess DMF was
the unbound Lewis base observed. Therefore, despite the electron-
rich nature of the highly coordinated Al-alkyl complex 1,
carbonyl binding is strongly favored even at ambient temperatures
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Figure 1. Lewis acid catalysts for ketene-aldehyde cycloadditions.

Figure 2. X-ray structure of Al(III)-triamine complex1.
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and dissociation of the Lewis acid-base complex is slow on the
NMR time scale.8

To validate our hypothesis relating distorted metal coordination
geometry and the Lewis acidity expressed by1, the Al(III)
complexes2-5 were prepared to probe structural requirements
for Lewis acidic behavior in structurally and electronically related
Al(III) complexes. The catalyzed cycloaddition of ketene and
hydrocinnamaldehyde was selected as a test reaction for evaluating
the kinetic profiles of the putative Al(III) catalyst complexes1-5
(Figure 1).9 The tetracoordinate complexes2 and 3, direct
structural analogues of1, are effective reaction catalysts (10 mol
%), providing g95% conversion in 1.8-7.5 h.10 Complex 4
lacking a Lewis basic residue in the ligand backbone and, thus,
the coordinative distortion present in1-3 is inactive as a reaction
catalyst despite being coordinatively unsaturated.11 This observa-
tion suggests that despite the more highly coordinated nature of
1-3, ligand-defined geometric distortion enhances Lewis acidity
relative to the coordinatively unsaturated analogue.

The Lewis acidity of Al(III)[triamine] complex5,12 identical
in coordination number and ligand electronics to1 and differing
only in chelate size, provided further evidence of the relationship
between metal coordination geometry and catalyst activtiy.
Geometry optimization of complex513 indicated that the expanded
chelate size of the propylene triamine-derived ligand conferred

sufficient conformational mobility to allow the Al(III) ion to adopt
a low-energy, tetrahedral coordination geometry.14 The Al(III)
complex5 did not form a Lewis acid-base adduct with DMF
even in the presence of excess Lewis base and is completely
inactive as a cycloaddition catalyst.

The radical departure in the reactivity of5 relative to the
cyclocondensation catalyst1 despite similar electronics and
coordination numbers provides compelling evidence of the ligand-
defined Lewis acidity available to1. The dsp3 Al ion hybridization
in 1 provides a low-lying metal-centered LUMO, thus disposing
the Al(III) center ideally to accommodate a fifth ligand and
complete the tbp coordination geometry achieved in the Lewis
acid-base complex (Figure 5). Conversely, the electron-rich,
highly coordinated complex5, lacking any ligand-imposed
coordinative distortion, exhibits minimal Lewis acidic character.
These results suggest that the distorted coordination geometry
present in1 functions to dramatically attenuate the energetic
barrier associated with reorganizing the ground-state geometry
(tetrahedral) of related four-coordinate Al(III) complexes required
to access pentacoordinate species.15 This ligand-defined catalysis
can be interpreted as arising from a combination of ground-state
destabilization of the distorted metal complex and a stabilization
of the transition state leading to Lewis acid-base association for
the preorganized tmp catalysts relative to analogous tetrahedral
complexes. The ligand, therefore, acts primarily to define a
catalytically active coordination geometry rather than assisting
in defining electronic properties within the metal complex
necessary for catalysis.16

It is anticipated that exploiting ligand-defined metal geometries
to influence catalyst electrophilicity and reactivity will provide
new avenues for developing unique Lewis acid catalysts.
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Figure 3. X-ray crystal of1‚dimethylformamide complex.

Figure 4. Titration of 1 with dimethylformamide (1H NMR).

Figure 5. Ligand-defined Lewis acidity in Al(III) complexes.
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