
Inorganica Chimica Acta, 25 (1977) W5-L57 
@Elscvier Sequoia S.A., Lausanne - Printed in Switzerland 

L55 

The Mechanism of the Intramolecular Rearrange- 
ments of Aluminum a-Diketonate Complexes 

D. R. EATON and A. J. C. NIXON 

Department of Chemistry, M&faster University, Hamilton, 
Ontario, Canada 

Received September 14, 1977 

The rearrangement reactions of Al(III) /3-diketo- 
nates have been studied in some detail [l-4]. They 
clearly proceed by an intramolecular mechanism since 
the rates of rearrangement are much greater than the 
rates of ligand exchange [ 5, 61. However, in spite of 
detailed analyses, it has not been possible to unam- 
biguously distinguish between various twisting and 
bond rupture mechanisms. Bond rupture mechanisms 
would be ruled out if the rate of ligand exchange 
were determined by the breaking of the first metal- 
oxygen bond rather than by breaking of the second 
bond as suggested by Saito and Masuda [6]. It is the 
purpose of the present communication to present 
evidence that the breaking of an aluminum oxygen 
bond to form a dangling ligand intermediate is a slow 
process and that rearrangement must therefore occur 
without bond rupture. However we also wish to 
argue that rearrangement does not necessarily occur 
by any of the simple twisting mechanisms usually 
considered, 

Saito and Masuda [S, 61 measured the rates of 
ligand exchange of Al(acac)s (acac = acetylacetonate) 
and found that the reaction was catalysed by water 
and by acids. They suggested that protonation occurs 
on the oxygen of the ligand and leads to the rapid 
formation of a dangling ligand intermediate of “con- 
siderably long lifetime”. If this is the case it should 
be possible to obtain NMR evidence for the inter- 
mediate. Our experiments have been directed towards 
this end. 

The NMR spectra obtained by the addition of tri- 
fluoroacetic acid to Al(acac)a have been examined 
using a number of different solvents. The results 
depend markedly on the solvent. However all of the 
results can be accommodated by the reaction scheme : 

fast 
(1) Al(acac)a t CFsCOOH + 

Al(acac)z(acHac)’ + CFaCOO- 

SlOW 

(2) Al(acac)z(acHac)’ + S & 

Al(acac)Z(acacH)S’ 

fast 

(3) Al(acac)2(acacH)S’ t S + 

Al(acac)& + acacH 

In this scheme acHac represents the keto form of 
acetylacetone, acacH the enol form and S a solvent 
molecule. Al(acac)z(acacH)S’ is the dangling ligand 
intermediate of Saito and Masuda. 

In good coordinating solvents such as THF and 
DMSO equilibrium 1 is to the left and equilibrium 3 
to the right. As a result, the NMR spectrum shows 
only the resonances of Al(acac), and the final pro- 
ducts Al(acac)$z and acetylacetone. The lines for 
Al(acac)s, acacH and acHac are sharp and not shifted 
from their positions in the absence of acid. The 
spectrum of Al(acac)& (S = THF) agreed well with 
that given by Movius and Matwiyoff [7] and with 
spectra of the same species obtained by other reac- 
tions in this laboratory. Conductivity and r9F NMR 
measurements showed that CFsCOO- was not co- 
ordinated to the metal. It is apparent that neither of 
the intermediates are present in sufficient concentra- 
tion to affect the spectra. 

In poor coordinating solvents such as benzene and 
nitromethane the initial result of adding acid was a 
considerable broadening of the C-H resonance of 
Al(acac)a. At high acid concentrations (0.5 M) weak 
lines from the free ligand appeared. These lines 
showed small but significant shifts from their expec- 
ted positions. Equilibria 2 and 3 have been displaced 
to the left resulting in a sufficient concentration of 
Al(acac)l(acHac)’ to give line broadening by equili- 
brium 1 and of rapid exchange of free ligand by equi- 
librium 3. It is possible that in benzene S represents 
small amounts of water added with the acid. 

Chloroform and methylene chloride show inter- 
mediate behaviour as solvents. Al(acac)& is formed 
and both broadening of the C-H resonance and shifts 
of the free ligand lines are observed. These shifts 
cannot be accounted for by adding either Al(acac), 
or CFaCOOH alone. Chemical shift data is given in 
Table I. 

The reactions l-3 provide a pathway for ligand 
exchange essentially the same as that suggested by 
Saito and Masuda. Protonation occurs on the carbon 
rather than on the oxygen, which is perhaps not 
unexpected in the light of the observations of 
Brouwer [8] on the effect of electron withdrawing 
substituents on the protonation of /I-diketones. 
Modifications of the scheme are possible, e.g., 
reaction 2 could occur without transferring the 
proton from carbon to oxygen, but the three basic 
steps of a) protonation b) breaking the first Al-O 
bond and c) breaking the second Al-O bond must 
be present. Since the overall reaction is slow, one of 
these steps must be slow. 

The observed line broadening shows that protona- 
tion is fast. The following argument shows that reac- 
tion 3 is fast. In THF (the solvent used in Ref. 5) 
equilibrium 3 is clearly to the right. If the rate con- 
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TABLE I. Proton Chemical Shifts of Acetylacetonates.a 
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Solvent/Solute Hacac acHac Al(acac)s Al(acac)zSi 

CDCls/Hacac 
CDClg/Al(acac)j 
CDC13/Hacac + 0.5 M CFaCOOH 
CDCls/Al(acac)3 + 0.5 M CF3COOH 
CeDb/Hacac 
CgDg/Al(acac)s 
CbDb/Al(acac)3 + 0.25 MCFsCOOH 
DMF/Hacac 
DMF/Al(acac)a 
DMF/Al(acac)3 + 0.5 MCFsCOOH 

2.03b, 5.50’ 

2.07, 5.55 
2.12,5.57 
1.69, 5.12 

1.66, 4.98 
2.03,5.68 

2.03, 5.68 

2.22, 3.5gd 

2.25, 3.64 
2.70, 3.66 
1.78, 3.06 

2.16, 3.74 

2.16, 3.74 

1.99,5.47 

2.03, -5.6 (broad) 2.05, 5.62 

1.76,5.30 
1.76, 5.30 (broad) 

1.88, 5.56 
1.88, 5.56 1.92, 5.64 

?Shifts in ppm obtained at 100 MHz, T = 27 “C. bCH3. ‘CH. dCH2. Other assignments analogous. 

stant for the forward reaction were small, that for the 
backward reaction would be even smaller. If this were 
so the backward reaction would be the rate deter- 
mining step in ligand exchange and the rate would be 
proportional to ligand concentration. The rate is 
clearly independent of ligand concentration [S, 61. 
The conclusion that reaction 3 is fast is supported by 
the NMR evidence for rapid exchange involving the 
free ligand. Breaking of the first AI-O bond (reaction 2 
or a modification thereof) must therefore be the slow 
step. This conclusion is consistent with all the experi- 
mental data of Saito and Masuda. 

The above discussion applies to acid catalysed 
ligand exchange. However if the rate of breaking the 
first bond is slow for the protonated complex it will 
be even slower for a neutral complex [9, lo]. Data 
in the literature allow an estimate of this rate for 
some acetylacetonate complexes. Thus Pearson and 
Anderson [ 1 l] found a rate of 2 X 1 O4 s-l M-’ for 
the formation of Cu(acac)’ and concluded that the 
rate determining step was closure of the six mem- 
bered chelate ring to form the second M-O bond. 
Since the equilibrium for most acetylacetonates 
clearly favours the chelate over the dangling ligand 
isomer, if closing the ring is slow, opening the ring 
must be even slower. The formation constant [ 121 
of Cu(acac)+ is - 10” and that for analogous mono- 
dentate ligands [I 21 (e.g. propionic acid) - IO*. 
This gives the rate for dangling ligand to chelate as 
- lo* s-l and the equilibrium constant as lo’, 
leading to a dissociation rate - 10M6 s-l. Fortuitously 
this agrees exactly with the rate of 6 X IO-’ min-’ 
reported by Saito and Masuda [S] for the uncata- 
lyzed ligand exchange of Al(acac),. Clearly, though, 
the observed rate is consistent with the rate deter- 
mining step being the breaking of the first Al-O 
bond. 

be applied to V; Zr and Hf complexes since the ligand 
exchange rates in these cases [13, 141 are not deter- 
mined by a bond breaking step. However it does not 
necessarily follow that rearrangement takes place by a 
simple twisting mechanism. The activation energy for 
rearrangement must reside in the normal vibrations of 
the molecule. Each normal coordinate probably cor- 
responds to a complex mixture of bond stretching 
and bending motions. It seems unlikely that the 
lowest energy pathway will correspond to the accu- 
mulation of all the activation energy in the stretching 
of a single bond or in a single twisting motion. A 
more plausible view would be that the transition state 
of the molecule corresponds to a distorted configura- 
tion involving stretching several bonds and distorting 
several angles. Such a mechanism would be inter- 
mediate between a pure twisting and a pure bond 
rupture process. If this is the case a permutational 
analysis based on simple model mechanisms [15] 
must be expected to give ambiguous answers. 
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