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ABSTRACT

GaCl3 is found to be a superior catalyst for the skeletal rearrangement of r,r,r-trisubstituted aldehydes to ketones. The rearrangement can
proceed smoothly in the presence of a catalytic amount of GaCl 3, and even substrates having no heteroatoms r to the carbonyl group or
without steric strains can be used. Double activation of a carbonyl group by two molecules of GaCl 3 was supported on the basis of experimental
data and a DFT study.

A skeletal rearrangement is a characteristic feature in
carbocation chemistry.1 Rearrangement can occur by the 1,2-
shift of an alkyl group, an aryl group, or a hydrogen to an
electrophilic carbocation center. A similar rearrangement can
readily occur even on a less electrophilic carbon, such as is
found in aldehydes, ketones, imines, or epoxides, provided
the substrates contain a hydroxyl group or amino group
adjacent to the electrophilic center. Such a system is
frequently employed in organic synthesis.2 In 1926, Danilov
et al. reported on the rearrangement of pivalaldehyde to
methyl isopropyl ketone in 70% H2SO4 at a temperature of
130 °C,3 indicating that the presence of a heteroatom at the

R position to the carbonyl group is not always necessary if
the reaction conditions used are harsh. Hopff found that the
rearrangement also proceeds in the presence of AlCl3 and
H2SO4.4 Recently, Olah and Prakash reported that strong
protic acids (H0 < -11), such as TfOH, anhydrous HF, and
trifluoroethanol/BF3, mediate the rearrangement of pivalal-
dehyde to methyl isopropyl ketone, even at 0°C.5 They
concluded that the reaction proceeds via a protosolvated
carboxonium ion intermediate6 on the basis that a large
excess of the protic acids is required for the rearrangement
to take place and based on a DFT study. A methyl group
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moves to the aldehyde carbonyl carbon, which is activated
by a strong protic acid to form a protosolvated carboxonium
ion intermediate. A 1,2-hydride shift completes the rear-
rangement. Quite recently, Davies reported on a similar, ring-
expansion rearrangement ofexo-2-norbornanecarbaldehyde
induced by AlCl3.7 As part of our interest in the unique
catalytic or stoichiometric activity of GaCl3,8 we found the
GaCl3-mediated conversion of adamantane to 1-adamantane-
carboxaldehyde under mild reaction conditions (1 atm of CO,
at room temperature).9 The use of methylcyclohexane as the
substrate did not give the expected aldehyde, but cyclohexyl
methyl ketone was formed instead (Scheme 1). Such a

product would be formed by the formylation of methylcy-
clohexane followed by a skeletal rearrangement.10

This prompted us to examine the latter unique rearrange-
ment. We wish to report here that a common Lewis acid,
such as GaCl3, catalyzes the rearrangement ofR,R,R-
trisubstituted aldehydes to ketones (Scheme 2). In addition,

to develop a better understanding of the mechanism of the
rearrangement, theoretical calculations were also done.

The treatment of 2,2-diphenylpropionaldehyde (1, 1 mmol)
with 100 mol % of GaCl3 in methylcyclohexane (3 mL) at
room temperature for 1 h gave 1,2-diphenylpropan-1-one (2)
in 92% isolated yield, and a trace amount of3 was detected

by GC (Table 1). It was found that the rearrangement
proceeds in a catalytic manner (20 mol %) to give2 in 73%

yield when the reaction is carried out at 80°C. Among the
solvents examined, 1,2-dichloroethane was found to be the
solvent of choice (methylcyclohexane 12%, toluene 24%,
THF 0%). Thus, the use of 1,2-dichloroethane gave2 in 87%
yield along with3 in 9% at 80°C for 1 h. We next examined
the effect of Lewis acids other than GaCl3. It was found that
GaCl3 is the most effective catalyst (AlCl3 2/3 ) 66%/8%,
ZrCl4 26%/2%, Sc(OTf)3 7%/0%, ineffective; InCl3, TiCl4,
HfCl4, PtCl2, ZnCl2, SnCl2).

The relative preference for susceptibility to migration was
next examined (Scheme 3). A phenyl group in4a migrates

in preference to a methyl group, even though4a has two
methyl groups. The product distribution remained unchanged
during the reaction. The more electron-withdrawing a sub-
stituent on an aryl group is, the greater is the preference for
the aryl group migrates compared with a methyl group,
indicating that the migration directs the formation of a stable
cation. The reaction of7a resulted in a selective ring
expansion to give9a as a single product. On the other hand,
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Scheme 1. GaCl3-Mediated Carbonylation of
Methylcyclohexanea

a Yield based on GaCl3. bThe product was isolated as a
tosylhydrazone.

Scheme 2. GaCl3-Catalyzed Rearrangement of Aldehydes

Table 1. Rearrangement of 2,2-Diphenylpropionaldehyde (1)a

yields (%)

GaCl3 solvent conditions 2 3

100 mol % methylcyclohexane rt, 1 h 92
20 mol % methylcyclohexane 80 °C, 20 h 73
20 mol % ClCH2CH2Cl 80 °C, 1 h 87 9

a Isolated yield.

Scheme 3. Relative Preference for Susceptibility to Migration
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the reaction of7b resulted in the selective migration of a
phenyl group to give8b in high yield and the ring-expansion
product9b was obtained in 9% yield, although the latter
product is derived from a more stable cation. This indicates
that the nature of the reaction is also affected by the ring
size.

Surprisingly, when a reaction using a stoichiometric
amount of GaCl3 and at lower reaction temperatures was
employed, it was curiously found that the amount of GaCl3

has a significant effect on the efficiency of the rearrangement
(Scheme 4). No reaction took place when 100 mol % of

GaCl3 was used at room temperature in the reaction of4a
for 12 h. However, the use of more than 150 mol % of GaCl3

resulted in a smooth rearrangement to give5aand6a in good
yields. A similar drastic effect was also observed for the
reactions of10and1.11 As mentioned above, Olah suggested
that the rearrangement of pivalaldehyde in a large excess of
the strong protic acids proceeds via a protosolvated car-
boxonium ion intermediate.6 Therefore, the results described
in Scheme 4 can possibly indicate that additional molecules
of GaCl3 are necessary for the reaction to proceed.

Scheme 5 shows the proposed mechanistic pathway for
the reaction. We propose that two molecules of GaCl3 are
operative in the rearrangement based on the results shown
in Scheme 4. The coordination of the carbonyl oxygen to a
dimer of GaCl3, as in12,12 leads to a highly electrophilic
carbonyl carbon, where a 1,2-methyl shift takes place to give

a tertiary cation13. A 1,2-hydride shift leads to the formation
of 14, which then undergoes ligand exchange with10 to give
11.

To rationalize the experimental results, density functional
theory (DFT) calculations were performed at the B3LYP/
6-31G(d) level.13 Table S1 (see the Supporting Information)
summarizes electronic energies for intermediates and transi-
tion states of the rearrangements.

(11) In the reaction of10, the rearrangement product was isolated as a
4-tosylhydrazone because of the low boiling point of the product11.

Scheme 4. Effect of the Amount of GaCl3 on the Efficiency
of the Rearrangement

Scheme 5. A Possible Mechanism

Figure 1. Energy Profile for the Rearrangement Computed by
B3LYP/6-31G(d) Calculations
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Figure 1 shows a description of the potential energy
surfaces of the isomerization for the di-GaCl3-coordinated
complex. The activation barriers are 19.4 kcal/mol for the
methyl shift (12f 13) and 19.4 kcal/mol for the hydrides
shift (13f 14). The activation energy from12 to 13 is less
than those in mono-GaCl3-coordinated complex by 18.6 kcal/
mol (Figure 1). This stabilization is caused by more efficient
coordination of the GaCl3 to a carbon center with developing
positive charge in the transition state. The cationic intermedi-
ate13 is thermodynamically stabilized with a similar effect,
as shown in Scheme 5.

In conclusion, we demonstrate here that GaCl3 is a superior
catalyst for the skeletal rearrangement ofR,R,R-trisubstituted
aldehydes. The rearrangement can proceed smoothly in the
presence of a catalytic amount of a weak Lewis acid, such
as GaCl3, and even substrates having no heteroatomsR to
the carbonyl group or without steric strains can be used.

Double activation of a carbonyl group by two molecules of
GaCl3 was supported by a DFT study. Such a unique
characteristic feature of GaCl3 may continue to have
considerable impact on the development of new transforma-
tions.8,9,14
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