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Promoted by catalytic amounts of transition-metal com-
plexes, the tertiary α-hydroxy ketones 1, 3, 5/6 undergo α-
ketol rearrangements to afford equilibrium mixtures of iso-
mers with a reorganization of the carbon skeleton. The range
of metal complexes catalyzing the isomerizations is large; the
best results were obtained with the catalyst systems NiCl2/
TMEDA, Ni(acac)2, and Ni(acac)2/TMEDA (TMEDA =
N,N,N9,N9-tetramethyl-1,2-diaminoethane). The catalytic re-
arrangements were performed at 130 °C in the absence of
solvent, with a NiII/ligand/substrate ratio of 1:2:100. The
equilibrium composition of the model system 1/2 is 12.5:87:5.

Introduction

In the α-ketol rearrangement of α-hydroxy ketones of the
type shown in Scheme 1, the carbonyl and hydroxy parts of
the hydroxycarbonyl moiety change their roles. In the first
step of the rearrangement, one of the substituents R2 mi-
grates from the hydroxy carbon atom to the carbonyl car-
bon atom. A proton shift completes the inversion of the
carbonyl and hydroxy functionalities. In a subsequent step,
the substituent R1 may also take part in the rearrangement.

Scheme 1. α-Ketol rearrangement

Isomerizations of α-hydroxycarbonyl compounds are of
crucial importance in metabolism. In vivo, these rearrange-
ments are catalyzed by enzymes with high regio- and stereo-
selectivity.[1,2,3] In vitro, de Bruyn and van Ekenstein ob-
served the first α-ketol rearrangement in the base-catalyzed
isomerization of aldoses at the end of the 19th century.[4,5]

The first step of this reaction was the formation of an en-
ediol, because in D2O solution the C2-hydrogen atom was
replaced by deuterium.[6,7] Favorski investigated the acid-
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The conversion of the achiral substrates 1 and 3 into the
chiral products 2 and 4 can be used for kinetic resolution.
However, the reverse reactions 2 R 1 and 4 R 3 in the equi-
librations narrow the window for asymmetric induction with
enantioselective catalysts of the metal component/optically
active ligand type. In system 1, the highest enantiomeric ex-
cess was achieved with the catalyst systems NiCl2/pybox
[18.9% (S)-2] and Ni(acac)2/pybox [19.3% (R)-2] {pybox =
2,6-bis[(S)-4-isopropyl(oxazolin-29-yl)]pyridine}. The α-ketol
rearrangement of 3 with the Ni(acac)2/pybox catalyst re-
sulted in a maximum enantiomeric excess of 37.1% (S)-4.

catalyzed rearrangements of secondary and tertiary α-ketols
in alcoholic solvents at 130 °C after the addition of concen-
trated sulfuric acid.[8,9]

Elphimoff2Felkin induced the isomerization of α-ketols
with aluminium tert-butoxide at 80 °C. Her main interest
was the determination of the equilibrium composition of
the isomers involved. She found that the α-ketols with an
alkyl-CO functionality were more stable than the α-ketols
with an aryl-CO functionality.[10,11,12] In the EI mass spec-
tra of α-hydroxy ketones, there are often fragments of prod-
ucts from α-ketol rearrangements. First it was assumed that
this rearrangement was induced by electron impact.[13]

However, it was later shown that it was due to catalysis by
hot metal/metal oxide surfaces in the mass spectro-
meter.[14,15] Stevens investigated thermal α-ketol rearrange-
ments of tertiary α-hydroxy ketones in biphenyl at 252
°C.[16]

Bilik studied the interaction of aldoses and molybdates
in weakly acidic solutions.[17] He found a C2-epimerization
of -glucose and -mannose affording an equilibrium -
glucose/-mannose of 2.5:1 irrespective of whether he
started from -glucose or from -mannose. Evidence for
a stereospecific 1,2-rearrangement and against an enediol
mechanism was presented.

In 1983, Yoshikawa isolated a green complex from a solu-
tion containing a NiII/TMEDA complex and -mannose
(TMEDA 5 N,N,N9,N9-tetramethyl-1,2-diamino-
ethane).[18,19] Surprisingly, the same complex was isolated
starting from -glucose.[20] From these observations, Yoshi-
kawa developed a C2-epimerization for aldoses under mild
conditions (reaction time 324 min; temperature 60 °C;
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solvent MeOH; ratio NiII/TMEDA/aldose 5 1:2:1).[21,22,23]

The mechanism of this reaction was examined with
[13C]aldoses. Starting from -[1-13C]glucose, only -[1-
13C]glucose and -[2-13C]mannose were isolated after the
standard epimerization procedure. The use of deuterated
solvents for the reaction established the absence of a C2H
bond cleavage. These results exclude an enediol mechanism
and prove that a stereospecific C1/C2 exchange involving a
rearrangement of the carbon skeleton takes place.[23]

We tried to extend the transition metal catalyzed α-ketol
rearrangement to tertiary α-hydroxy ketones as simply as
possible. In such α-hydroxy ketones, the three additional
substituents (R1 and R2 in Scheme 1) are methyl, ethyl, and
phenyl (model systems 1/2, 3/4, and 5/6/7, Scheme 2).

Scheme 2. Isomers of the model systems 1/2, 3/4 and 5/6/7

In the present paper we describe the synthesis and ana-
lysis of the components of the systems 1/2, 3/4 and 5/6/7,
the preparative aspects of their transition metal catalyzed
α-ketol rearrangements and the stereochemical results of
the α-ketol rearrangements in 1/2 and 3/4 promoted by op-
tically active transition metal catalysts.[24]

The Model Systems 1/2, 3/4, and 5/6/7

The achiral compound 1 is commercially available. In the
isomerization of 1 the chiral isomer 2 is formed. The isomer
analysis was carried out by 1H NMR spectroscopy and by
gas chromatography on a Restek RT-βDEX cst column,
which allowed for the determination of the enantiomeric
excess of 2. The enantiomer analysis was also possible by
1H NMR spectroscopy using the shift reagent (S)-(1)-1-(99-
anthryl)-2,2,2-trifluoroethanol (super-Pirkle).

A 58:42 mixture of achiral 3 and racemic 4 was obtained
by the Grignard reaction of 2,3-pentanedione with
MeMgCl. The mixture was separated by fractional column
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distillation to give pure 3. The isomer and enantiomer ana-
lysis was performed analogously to model system 1/2.

A 64:36 mixture of 5 and 6 was prepared by the reaction
of 1-phenylpropane-1,2-dione with EtMgCl. The α-ketol re-
arrangement of this mixture produced a third isomer 7. 1H
NMR spectroscopy was used for the isomer analysis.

Isomerization of 1 2 the NiCl2/TMEDA
Catalyst

Using the reaction conditions of the epimerization -glu-
cose R

r -mannose (NiCl2/TMEDA/aldose 5 1:2/1, solvent
MeOH, temperature 65 °C) no isomerization of 1 was ob-
served within 72 hours. Even a ratio of 1:10:20 did not re-
sult in any α-ketol rearrangement of 1. However, both start-
ing material 1 and by-product 8 were found. The colorless
crystalline 8 was formed in a base-catalyzed dimerization of
1 with subsequent dehydration (Scheme 3).

Scheme 3. Formation of 8

In the following experiments, the reaction temperature
was increased using higher boiling alcohols as solvents.
With 1-butyl alcohol at 110 °C, the α-ketol rearrangement
of 1 was observed. However, besides 1 there were by-prod-
ucts derived from the solvent used. The unsuccessful search
for better solvents led us to carry out the reaction in the
absence of solvent. The mixture NiCl2/TMEDA/1 5
1:2:100 is a yellow-green suspension at room temperature.
On heating, the mixture becomes clear and a color change
from green to red is observed at about 100 °C. The α-ketol
rearrangement of 1 starts at this temperature. Up to 110 °C
the reaction is very slow, whereas above 140 °C the forma-
tion of by-products, especially 8, increases. Therefore, 130
°C was chosen as the standard reaction temperature. The
formation of by-products is negligible at this temperature.

Figure 1 shows how, starting from pure 1, the concentra-
tion of 2 increases as a function of time for the reaction
temperatures 110 °C and 130 °C at a ratio NiCl2/TMEDA/
1 5 1:2:100.

The reaction is a first-order approach to an equilibrium
1 R

r 2 for which, according to many experiments, 1/2 5
12.5:87.5 is the best value. Given that in the isomerization
of 1 at time t 5 0 there is no 2, each measured point allows
for the calculation of the rate constant k with the equation
kt 5 ln{[2]`/([2]` 2 [2]t)} provided that the equilibrium
concentration [2]` is known. In this case, instead of the con-
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Figure 1. NiCl2/TMEDA-catalyzed α-ketol rearrangement of 1:
percentage of 2 as a function of time at the reaction temperatures
110 °C and 130 °C (no solvent)

centrations of 2, it is possible to use the percentages of 2
directly. Deviations of the rate constant k from a constant
value indicate the build-up or deactivation of different cata-
lytically active species during the reaction. The curves in
Figure 1 were fitted with the first-order formula and the
calculated values for [2]`, k and X2 (sum of the squares of
the deviations between the theoretical curve and the experi-
mental points) are given with their errors in the inserts of
Figure 1. At 110 °C the equilibrium is only reached after
600 hours. However, at 130 °C the equilibration is complete
after 12 hours. In contrast to the epimerization of aldoses,
which need equimolar quantities of catalyst, the α-ketol re-
arrangement described here is a truly catalytic process.

Increasing the amount of substrate 1 (NiCl2/TMEDA/
1 5 1:2:1000) reduces the isomerization rate appreciably.
After 600 hours, only 70% of 2 is formed and the equilib-
rium is no longer reached. If the catalyst/substrate ratio is
increased to 1:2:50, the reaction mixture takes a long time
to become clear and at a ratio of 1:2:20 it remains a suspen-
sion. These higher catalyst concentrations increase the rates.
However, the reproducibility of the results obtained with
cloudy reaction mixtures is generally poor. Therefore, the
ratio NiCl2/TMEDA/1 5 1:2:100 was chosen for the stand-
ard procedure. No α-ketol rearrangement is induced by
NiCl2 or by TMEDA alone, even at higher concentrations,
proving that the isomerization is NiII/TMEDA-catalyzed.

In the epimerization -glucose R
r -mannose, a NiCl2/

TMEDA ratio of 1:2 has been used and the complex Ni2(T-
MEDA)4Cl2 has been postulated as the catalytic species.[23]

In order to prove that the same complex is active in the
rearrangement of α-hydroxy ketones, the isomerization of 1
was carried out with catalysts differing in the NiCl2/
TMEDA ratio (Figure 2). In these experiments, the percent-
age of 2 obtained after four hours of reaction time at 130
°C was determined. Up to a ratio NiCl2/TMEDA 1:1, there
is hardly any isomerization of 1. Obviously, the 1:1 complex
[Ni(TMEDA)]21 is not a good catalyst for the α-ketol re-
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arrangement of 1. With increasing TMEDA concentration,
the 1:2 complex [Ni(TMEDA)2]21 is formed and the per-
centage of 2 obtained after four hours rises appreciably. It
remains constant up to a NiCl2/TMEDA ratio of 1:8 (Fig-
ure 2). These observations provide evidence for a similar
active species (and mechanism, see later) in the NiCl2/
TMEDA-catalyzed epimerization of aldoses and the iso-
merization of 1.

Figure 2. NiCl2/TMEDA-catalyzed α-ketol rearrangement of 1:
percentage of 2 after 4 hours reaction time at 130 °C as a function
of the NiCl2/TMEDA ratio 1/x

The water content of the NiCl2 used has no observable
effect on the results of the catalyses. However, the reprodu-
cibility with anhydrous NiCl2 is better. Therefore, powdered
anhydrous NiCl2 was used in the standard reactions.

Isomerization of 1 2 Other Catalysts

In the experiments to catalyze the α-ketol rearrangement
of 1 with other metal chlorides, the ligand TMEDA was
used in a ratio Mn1/(TMEDA)n. With NaCl and KCl, as
well as with MgCl2 and CaCl2 together with TMEDA, no
isomerization of 1 is found and with AlCl3, CuCl2, and
ZnCl2 only a maximum of about 5% of 2 is obtained.
PdCl2, the higher homologue of NiCl2, does not catalyze
the α-ketol rearrangement in combination with TMEDA.
LaCl3, CrCl3, MnCl2, FeCl2, and CoCl2 together with
TMEDA catalyze the isomerisation of 1, but the reaction
rates are lower and the amounts of by-products higher than
with NiCl2. NiF2 does not catalyze the reaction, whereas
with NiBr2, NiI2, NiII tartrate, and NiII dimethylglyoximate
in combination with TMEDA, the α-ketol rearrangement is
observed with low reaction rates, and the equilibrium value
of 87.5% of 2 is not attained.

None of the metal compounds tested so far catalyze the
α-ketol rearrangement of 1 without the ligand TMEDA.
Therefore, it was a surprise to find that Ni(acac)2 catalyzes
the rearrangement without the addition of TMEDA. The
rate constant is lower (k 5 0.13 h21) than with NiCl2/
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TMEDA (k 5 0.40 h21), but with both catalysts there is a
color change at 100 °C. On addition of TMEDA to Ni(a-
cac)2 [Ni(acac)2/TMEDA/1 5 1:2:100], the highest rate con-
stant (k 5 1.41 h21) so far was observed and the equilibra-
tion was complete within about 4 hours. La(acac)3,
VO(acac)2, MoO2(acac)2, Co(acac)2, Co(acac)3, and Cu(a-
cac)2 also catalyze the α-ketol rearrangement of 1 without
the addition of TMEDA, but the rates are lower and the
amounts of by-products higher than with Ni(acac)2. With
Na(acac), the rearrangement stops at an early stage. The
complexity of the phenomena is demonstrated by the fact
that the reaction rate is lowered by the addition of TMEDA
to Cu(acac)2, whilst for other acetylacetonates, the rates in-
crease with the addition of TMEDA.

In further experiments it was tested whether in the NiCl2/
TMEDA catalyst the ligand TMEDA can be replaced by
other ligands. With 1,4-diazabicyclo[2.2.2]octane (triethy-
lenediamine) in a ratio NiCl2/triethylenediamine/1 5
1:2:100 and at a temperature of 130 °C, the equilibrium is
reached only after about 200 hours (k 5 0.016 h21) and the
color change from green to red is not reversible. The lower
reaction rate relative to the TMEDA system (k 5 0.40 h21)
might be due to the higher rigidity of the triethylenediamine
ligand. (R,R)-1,2-Diamino-1,2-diphenylethane together
with NiCl2 (NiCl2/ligand/1 5 1:2:50) at 130 °C gives a sol-
uble blue-green complex, however, no isomerization is ob-
served. Although the reaction mixtures with the ligand tri-
n-butylamine at ratios of NiCl2/N(nBu)3/1 from 1:1:100 to
1:2:100 at 130 °C are cloudy, isomerization is found, in
agreement with results that metal/monoamine complexes
catalyze the epimerization of aldoses.[25]

The reaction rates are low and equilibrium is not reached
with ratios NiCl2/N(nBu)3/1 from 1:1:100 to 1:20:100. The
NiCl2/N(nBu)3/1 system exhibits a somewhat different con-
centration-dependence from the NiCl2/TMEDA/1 system

Figure 3. NiCl2/N(n-Bu)3-catalyzed α-ketol rearrangement of 1:
percentage of 2 after 65 hours reaction time at 130 °C as a function
of the NiCl2/N(n-Bu)3 ratio 1/x

(Figure 2). Figure 3 shows the percentage of 2 obtained
after 65 hours reaction time at 130 °C as a function of the
ratio NiCl2/N(nBu)3/1. While the system NiCl2/TMEDA/1
reaches maximum activity at a ratio of 1:2:100, for the sys-
tem NiCl2/N(nBu)3/1, the maximum activity is obtained at
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a ratio of 1:4:100, indicating similar active species with one
TMEDA ligand equivalent to two N(nBu)3 ligands. Differ-
ent from the TMEDA system, the percentage of 2 increases
in the N(nBu)3 system at higher tri-n-butylamine concentra-
tions.

Ti(OiPr)4 catalyzes the isomerization of 1 without the ad-
dition of ligands. At a ratio Ti(OiPr)4/1 5 1:100, a rate con-
stant (k 5 0.36 h21) comparable with the system NiCl2/
TMEDA (k 5 0.40 h21) is found, in agreement with Elphi-
moff9s investigations.[11] However, NaOEt does not catalyze
the α-ketol rearrangement of 1. Neither triphenylphosphane
nor NiCl2/P(C6H5)3 nor [NiCl2(2)-diop] catalyze the equi-
libration 1 R

r 2. [NiCl2(bpy)] catalyzes the isomerization at
a low rate, but equilibrium is not reached. Pyridine and its
combination with NiCl2 do not catalyze the reaction. With
NaOH, at a NaOH/1 ratio 5 1:100 no isomerization is ob-
served and at a 1:10 ratio, decomposition occurs.

Isomerization of 5/6 2 Preliminary Experiments

The model system 5/6/7 consists of three isomers. In the
isomerization of a sample 5/6 5 64.3:35.7 with NiCl2/
TMEDA/5/6 5 0.5:1:20 at a reaction temperature of 130
°C, the third isomer 7 is found and an isomer mixture 5/6/
7 5 52.9:17.4:29.7 is obtained after 17 hours.

Optical Induction 2 Theory

In the isomerization of prochiral 1 to chiral 2, an asym-
metric induction should be obtained provided that the rate
constants kS and kR have different values (Scheme 4).

Scheme 4. Formation of the enantiomers (S)- and (R)-2 in the α-
ketol rearrangement of 1

In the initial phase of the equilibration 1 R
r 2, one enanti-

omer may be formed faster than the other, depending on
the ratio kS/kR 5 s. With increasing conversion, the enanti-
omeric excess will decrease and at equilibrium both enanti-
omers will have the same concentration. Figure 4 shows the
theoretical curves for the (S)-2, (R)-2, and (R/S)-2 concen-
trations as well as the enantiomeric excess. A first-order ap-
proach to an equilibrium of 87.5% of 2 and 12.5% of 1,
as found in the preparative studies, was assumed. The rate
constants were arbitrarily adjusted to kR 5 1 h21 and kS 5
2 h21. At complete conversion, a mixture of 87.5% of ra-
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cemic 2 and 12.5% of 1 is obtained. Thus, the reaction must
be stopped before complete conversion in order to find a
compromise between yield and enantiomeric excess. In con-
trast to kinetic resolution, in which the chiral products do
not revert to the starting material, in the equilibration 1 R

r 2
the reverse reaction will narrow the window for optical in-
duction.

Figure 4. Theoretical curves for the equilibration 1 R
r 2 (87.5% of

2 and 12.5% of 1) adjusted for kR 5 1 h21 and kS 5 2 h21 (s 5 2)

Optically Active Amines, Acetylacetonates, and Cinchona
Alkaloids

The good preparative results obtained with the ligand
TMEDA in combination with NiCl2 or Ni(acac)2 suggested
the use of optically active diamines as chiral ligands in the
α-ketol rearrangement of 1. With (S,S)- and (R,R)-
N,N,N9,N9-tetramethyl-1,2-diamino-1,2-diphenylethane in
combination with NiCl2 or Ni(acac)2 there is a color change
from green to red at 100 °C and isomerization takes place,
although with low rates (NiCl2/ligand/1 5 1:2:100: k 5
0.09 h21 and Ni(acac)2/ligand/1 5 1:2:100: k 5 0.21 h21).

However, no enantiomeric excess is observed. The primary
diamine (R,R)-1,2-diamino-1,2-diphenylethane with NiCl2
does not catalyze the reaction. The systems NiCl2 or Ni(a-
cac)2 in combination with (R)-1-phenylethylamine in a ratio
0.5:1:100 are cloudy. With Ni(acac)2 the equilibrium is re-
ached, however, the enantiomeric excess is below 1%. With
NiCl2, the equilibration is slow and a maximum enantiom-
eric excess of 2.2% (R)-2 is obtained.

Acetylacetonate was found to be a good ligand for the α-
ketol rearrangement of 1, and the shift reagent Eu(facam)3

(facam: 3-trifluoroacetyl--camphorate) was therefore
tested. It catalyzes the isomerization of 2, but no asymmet-
ric induction is obtained.

With the alkaloid (1)-cinchonine in combination with
Ni(acac)2, a color change takes place on heating, although
less pronounced than with other NiII/ligand systems. With
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a ratio Ni(acac)2/(1)-cinchonine/1 5 0.5:1:100 at 130 °C,
the equilibrium 1/2 5 12.5:87.5 5 1/(S)-2/(R)-2 5
12.5:43.75:43.75 is reached with a rate constant k 5
0.040 h21 within about 100 hours.

The build up of the (S)-2 and (R)-2 percentages as a func-
tion of the reaction time t is displayed in Figure 5. There
was an excess of (S)-2 during the reaction. Fitting of the
curves yields the rate constants for the formation of the
enantiomers kS 5 0.042 h21 and kR 5 0.038 h21 resulting
in a stereoselectivity factor of s 5 kS/kR 5 1.11.[26] The en-
antiomeric excess should decrease from a maximum at the
start of the reaction. However, it increases first from 0 to
4% and drops thereafter (Figure 6). Furthermore, whereas
the curve calculated from the rate constants kS and kR after
54 hours reaction time, when the ratio kS/kR 5 s reached a
maximum, fits the experimental points at higher reaction
times (Figure 6, dotted line), the curve calculated from the
average rate constants kS and kR derived from Figure 5 de-
viates appreciably from the measured enantiomeric excess
(Figure 6, bold line).

Figure 5. Percentage of (S)- and (R)-2 as a function of reaction time

This behavior will be understood better after inspection
of the curve of the rate constants (Figure 6, squares).
Ideally, the rate constant k should be constant during a re-
action. However, Figure 6 shows that this is not true for
the α-ketol rearrangement of 1 promoted by the catalyst
Ni(acac)2/(1)-cinchonine. At the beginning of the reaction
there are high rate constants which decrease after very short
time. This could be due to Ni(acac)2 which has been shown
to be a good catalyst. Then, a new catalytically active spe-
cies is building up. It may be the product of the reaction
of Ni(acac)2 with (1)-cinchonine, associated with the color
change on heating. Parallel to this rate increase, the stereo-
selectivity factor rises to s 5 1.20. After 70 hours, the rate
constants decrease, probably owing to a successive deactiva-
tion of the catalytically active species.

(2)-Cinchonidine, the diastereomer of (1)-cinchonine,
behaves analogously, but gives an excess of (R)-2. The aver-
age rate constant is k 5 0.041 h21 [with (1)-cinchonine
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Figure 6. The rate constant k as a function of time and a comparison of the measured and the calculated enantiomeric excesses

0.040 h21], the maximum enantiomeric excess is 5.5% (R)-
2 [4.0% (S)-2], the average stereoselectivity factor was s 5
1.18 (s 5 1.11) and the maximum stereoselectivity factor
was smax 5 1.40 (smax 5 1.20). The system NiCl2/(1)-cin-
chonine/1 5 0.5:1:100 at 130 °C is cloudy. The reproducibil-
ity of the catalyses is unsatisfactory and the enantiomeric
excess is low.

The system NiCl2/(1)-quinidine/1 5 0.5:1:100 at 130 °C
is catalytically active with a rate constant k 5 7.7 3 1023

h21 and a maximum enantiomeric excess of 1.4% (S)-2. In
the system Ni(acac)2/(2)-N-methylephedrine/1 5 1:1:100,
the maximum enantiomeric excess was 4.6% (R)-2 and the
maximum stereoselectivity factor s 5 1.23. (2)-Nicotine
and (2)-strychnine in combination with NiCl2 give slow
catalysis. The equilibrium is not reached and the enantiose-
lectivity is small.[24]

Optically Active Pyridineoxazolines

The best enantiomeric excess in the α-ketol rearrange-
ment of 1 is obtained with NiII complexes of the pyridine-
oxazoline 2,6-bis[(S)-4-isopropyl(oxazolin-29-yl)]pyridine[27]

(pybox, Scheme 5).

Scheme 5. Ligand 2,6-bis[(S)-4-isopropyl(oxazolin-29-yl)]pyridine
(pybox)
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At a ratio NiCl2/pybox/1 of 0.5:1:100 a soluble complex
is formed, which shows a color change at 100 °C. Figure 7
displays the percentage of 2 and the enantiomeric excess as
a function of time. The enantiomeric excess increases to
17.7% (S)-2 after 6 hours. It rises further to 18.3% after 24
hours and is still 17.9% after 72 hours. At this point the
percentage of 2 had increased to 55% and the isomerization
had almost come to a stop, as is evident from Figure 8,
which shows the decrease of catalytic activity with time. Al-
though conversion had almost ceased after 72 hours, the
stereoselectivity had reached a maximum with s 5 1.71.

Table 1 (entries 123) shows that increasing the catalyst
concentration increases the percentage of 2, although the
equilibrium of 87.5% of 2 was not attained. The maximum
enantioselective excesses hardly differ, whereas the max-
imum stereoselectivity factors rise with the catalyst concen-
tration. Increasing the Ni content in the NiCl2/pybox cata-
lyst from 1:4, to 1:2 to 1:1.33 (Table 1, entries 426) does
not change the kinetic and stereochemical parameters.
However, ratios of NiCl2/pybox 5 1:1 and greater decrease
the values for 2, eemax, and smax dramatically (Table 1, ent-
ries 7, 8), indicating that the NiII/pybox complex of stoichi-
ometry 1:1 is not a good catalyst for the α-ketol rearrange-
ment.

NiF2, NiBr2, NiI2, and Ni(dmg)2 (dmg 5 dimethylglyoxi-
mate) do not rival NiCl2 in the system NiX2/pybox/1 5
0.5:1:100 in rate and enantioselectivity. Surprisingly, Ni(a-

cac)2 turns out to be the best Ni component by far in the
system NiX2/pybox/1. At a ratio Ni(acac)2/pybox/1 5
0.5:1:100 at 130 °C there is an equilibration of 87.5% of 2
R
r 12.5% of 1 after 36 hours. Whilst all the other nickel com-
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Figure 7. Percentage of 2 and enantiomeric excess as a function
of time

Figure 8. Stereoselectivity factor s and rate constant k as a function
of time

pounds tested give an excess of (S)-2, with Ni(acac)2 an
enantiomeric excess of (R)-2 is obtained. Figure 9 displays
the percentage and enantiomeric excess of 2 as a function
of time.

Figure 9. Percentage of 2 and enantiomeric excess as a function
of time
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The enantiomeric excess rises at the beginning of the re-
action because the enantioselective catalyst has to be
formed first. The enantiomeric excess reaches a maximum
of 19.3% of (R)-2 after four hours, then it decreases rapidly.
After 96 hours, only an enantiomeric excess of 0.9% is ob-
servable. In this reaction too, many catalytically active spe-
cies must be involved, because the stereoselectivity factor
adopts a manifold of values passing through a maximum
of s 5 3.46.

In addition to the 2,6-pyridinebisoxazoline pybox, an-
other twelve oxazoline derivatives (bisoxazolines, 2-salicyl-
and 2-pyridineoxazolines) were tested in combination with
NiCl2 or Ni(acac)2 in the α-ketol rearrangement of 1. None
of these ligands reached activities and enantioselectivities
as high as the pybox ligand.[24]

While pybox in combination with NiCl2 catalyzes the α-
ketol rearrangement of 1, no rearrangement of 3 is found
with an NiCl2/pybox/3 ratio 5 0.5:1:100, even though a sol-
uble complex is formed which shows a color change at 100
°C. However, the system Ni(acac)2/pybox/3 5 0.5:1:100 ca-
talyzes the isomerization of 3 at a reaction temperature of
130 °C. Figure 10 displays the concentration of 4 and the
enantiomeric excess as a function of time.

Figure 10. Percentage of 4 and enantiomeric excess as a function
of time

The reaction is a first-order approach to an equilibrium
of 70.0% of 4 and 30% of 3. This equilibrium composition
was confirmed by catalyses with NiCl2/TMEDA starting
from pure 3 and from a 8% of 3:92% of 4 mixture. The
enantiomeric excess decreases from 37.1% (S)-4 (Figure 10)
as does the stereoselectivity factor from s 5 2.23.

Increasing the catalyst concentration from 0.5:1:250 to
0.5:1:100 increases the rate constants, the maximum enanti-
omeric excess and the maximum stereoselectivity factor.
Another increase to 0.5:1:25 leads to a higher reaction rate,
but eemax and smax decrease (Table 2, entries 123). Increas-
ing the ratio Ni(acac)2/pybox from 0.25:1 to 0.5:1 increases
the reaction rate, the maximum enantiomeric excess and the
maximum stereoselectivity factor. Higher Ni(acac)2 concen-
trations, however, lead to a decrease of the rate and the
equilibrium is no longer reached (Table 2, entries 426).
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Table 1. Effect of the catalyst concentration and the NiCl2/pybox
ratio on the catalysis of the isomerization 1 R

r 2

Entry NiCl2/ 2 t eemax (S) t smax
[a] t

pybox/1 [%][a] [h] [%] [a] [h] [h]

1 0.5:1:250 16.9 96 17.3 36 1.47 36
2 0.5:1:100 45.9 72 18.3 24 1.71 72
3 0.5:1:50 57.6 96 18.9 6 1.90 96
4 0.25:1:100 45.1 72 18.6 12 1.75 72
5 0.5:1:100 45.9 72 18.3 24 1.71 72
6 0.75:1:100 44.4 50 18.3 12 1.69 50
7 1:1:100 11.2 50 14.0 6 1.35 6
8 2:1:100 6.11 50 1.68 6 1.03 6

[a] The values shown are the maximum values of a series of meas-
urements.

Table 2. Effect of the catalyst concentration and the Ni(acac)2/py-
box ratio on the catalysis of the isomerization 3 R

r 4

Entry NiCl2/ 4 t eemax (S) t smax
[a] t

pybox/3 [%][a] [h] [%] [a] [h] [h]

1 0.5:1/250 22.9 36 14.8 6 1.36 6
2 0.5:1/100 67.2 51 37.1 1 2.23 1
3 0.5:1/25 70 36 34.5 1 2.19 1
4 0.25:1/100 28.0 26 16.3 12 1.46 12
5 0.5:1/100 67.2 51 37.1 1 2.23 1
6 1:1/100 54.2 39 34.9 3 2.19 3

[a] The values shown are the maximum values of a series of meas-
urements.

Mechanism

For the NiII/TMEDA-catalyzed α-ketol equilibration 1
R
r 2, we propose the mechanism shown in Scheme 6 as the
first step. The substrate 1 coordinates to the Ni catalyst
through the carbonyl oxygen and hydroxy oxygen atoms,
forming a five-membered chelate ring. In A, one of the
NMe2 groups of the TMEDA ligand binds to Ni in a posi-
tion facial to the O,O9-chelate of the substrate, whereas the
other NMe2 group adds to the carbonyl group of the che-
late ligand converting the sp2 carbon atom into the sp3 car-
bon atom of a carbinolamine. In a kind of windshield wiper
motion, the carbinolamine nitrogen atom passes over from
the carbonyl carbon to the hydroxy carbon atom via trans-
ition state B. Simultaneously, the axial substituent R2 on
the other side of the chelate ligand migrates in the opposite
direction. These processes are accompanied by a flip of the
chelate ring to give C. A proton shift completes the role
change of carbonyl and hydroxy parts. The carbinolamine-
assisted rearrangement of the carbon skeleton in the sub-
strate 1 is analogous to that proposed for the NiII/TMEDA-
catalyzed epimerization glucose R

r mannose.[23]

The simplified mechanism in Scheme 6 does not account
for the fact that the active isomerization catalysts have a
stoichiometry NiII/chelate 5 1:2. Maybe one of the bident-
ate ligands must coordinate to NiII as a normal chelate to
allow the second ligand to bind as shown for X2X in
Scheme 6 and to assist the rearrangement.
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Scheme 6. Carbinolamine mechanism in the Ni(X2X)2-catalyzed
rearrangement of α-ketols of the type 1 R

r 2 (charges disregarded)

Attack of the NMe2 group of the TMEDA ligand on the
carbonyl carbon atom generates a new chiral center, which
can adopt an (R) or (S) configuration, depending on which
of the two facial positions at Ni with respect to the O,O9-
chelate is occupied. The stereochemical implication is that,
of the two substituents at the hydroxy carbon (in Scheme 6
both are R2), only the axial one is able to take part in the
stereospecific rearrangement. After dissociation and recoor-
dination of 2, the configuration at the carbinolamine car-
bon may invert and the substituent R1 may participate in
subsequent reaction steps. As long as the system is not at
equilibrium, chiral inductions can be obtained by addi-
tional optically active ligands. Possibly, the surprising effect
of the acetylacetonate ligand observed in the present study
has the same origin as the TMEDA effect. An acetal-like
structure with X2X 5 acetylacetonate in Scheme 6 could
be formed assisting the rearrangement.

There is an alternative to the mechanism shown in
Scheme 6. The dangling NMe2 group of the unidentate
X2X ligand can act as a base and bind to the proton of
the OH group in A9, which has become relatively acidic on
coordination. A move over to the other side via transition
state B9 could accompany the migration of R2 from the hy-
droxy side to the carbonyl side (Scheme 7). Both mechan-
isms, the carbinolamine-assisted and the acid/base-assisted
rearrangements, are interesting examples of bifunctional
catalysis: NiII catalysis through coordination and nucleo-
philic assistance through the dangling end of a unidentate
ligand.
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Scheme 7. Acid-base assistance in the Ni(X2X)2-catalyzed re-
arrangement of α-ketols of the type 1 R

r 2 (charges disregarded)

Experimental Section

General Remarks: All reactions were performed under dried nitro-
gen. All reagents were of best commercial grade. Solids were used
without further purification, liquids were dried with molecular
sieves 4 Å for 24 h and distilled under nitrogen. 2 1H and 13C
NMR: Bruker AC 250 or ARX 400 (internal standard TMS). 2

Bulb-to-bulb distillations: Büchi GKR-50. 2 Kinetic calculations:
Origin 5.0 by Microcal.

2-Hydroxy-2-methyl-1-phenylpropane-1-one (1): The commercial
product was distilled under argon before use. The content of 2 in
these samples varied by up to one percent as shown by GC analysis.
For catalytic reactions, only samples with a content of 2 below
0.1% were used. Protected from light, compound 1 is stable for
months. Isomerization of 1 gives a mixture of 3-hydroxy-3-
phenylbutane-2-one (2) and 1 as a colorless liquid.

1/2: B.p. 60 °C/0.075 Torr. 2 1H NMR (250 MHz, CDCl3): δ 5

1.62 [s, 6 H, C(OH)(CH3)2, 1], 1.77 [s, 3 H, C(OH)CH3, 2], 2.08 (s,
3 H, COCH3, 2), 4.12 (sb, 1 H, OH, 1), 4.57 (bs, 1 H, OH, 2),
7.2627.41 (m, 5 H, CHarom., 2), 7.4327.61 (m, 3 H, CHarom., 1),
7.9928.04 (m, 2 H, CHarom., 1). After addition of a threefold excess
(by weight) of super-Pirkle to the NMR sample, the C(OH)CH3

singlet of 2 splits, allowing for enantiomer analysis. The signal
shifted upfield correlates with (1)-(R)-2.

GC analysis of 1/2: Hewlett Packard 5890A, split injector (250 °C),
FID detector (260 °C), Spectra-Physics SP 4270 integrator, oven
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temperature 110 °C, hydrogen as carrier gas, solvent CH2Cl2. Base-
line separation was observed with a Restek Rt-βDEX cst column
(length 30 m, lumen 0.32 mm, film thickness 0.25 µm). Retention
times: 19.0 min (2)-(S)-2, 19.6 min (1)-(R)-2, 25.4 min 1. The as-
signment optical rotation/configuration is based on enantiomer-
ically enriched samples.[17]

2-Hydroxy-2-methylpentane-3-one (3) and 3-Hydroxy-3-methylpent-
ane-2-one (4): To an ice-cold solution of 2,3-pentanedione
(78.2 mL, 75.1 g, 0.75 mol) in diethyl ether (750 mL) was added
dropwise methylmagnesium chloride (250 mL, 0.75 mol, 3 mol/L)
in THF (Merck) with stirring. When the addition was complete,
the thick yellow mixture was allowed to warm up to room temper-
ature and hydrolyzed by pouring it into an ice-cold saturated aque-
ous solution of ammonium chloride. The mixture was extracted
with diethyl ether (4 3 150 mL). The combined organic layers were
washed with water (3 3 100 mL), dried with Na2SO4, and the solv-
ent was removed. The yellow liquid was distilled at 60261 °C/
25 Torr with a 50-cm Vigreux column to yield 55.5 g of a colorless
liquid consisting of a 58:42 mixture of 3 and 4. By very slow distil-
lation with a Fischer 30-cm Spaltrohr column, it was possible to
obtain pure 3 (colorless liquid) as the last fraction.

3: B.p. 61 °C/25 Torr. 2 C6H12O2 (116.16): calcd. C 62.04, H 10.41;
found C 61.76, H 10.34. 2 1H NMR (250 MHz, CDCl3): δ 5 1.09
(t, 3J 5 7.3 Hz, 3 H, CH2CH3), 1.36 (s, 6 H, CH3), 2.57 (q, 3J 5

7.3 Hz, 2 H, CH2), 3.80 (sb, 1 H, OH).

Compound 4 was enriched to 92% by distillation with a Fischer
30-cm Spaltrohr column (colorless liquid) as the first fraction.

4: B.p. 61 °C/25 Torr. 2 C6H12O2 (116.16): calcd. C 62.04, H 10.41;
found C 62.23, H 10.49. 2 1H NMR (250 MHz, CDCl3): δ 5 0.80
(t, 3J 5 7.4 Hz, 3 H, CH2CH3), 1.34 [s, 3 H, C(OH)CH3],
1.6721.78 (m, 2 H, CH2), 2.19 (s, 3 H, COCH3), 3.80 (sb, 1 H,
OH). 2 After addition of a fourfold excess (by weight) of super-
Pirkle to the NMR sample, the signals of C(OH)CH3 and CH2CH3

split, enabling enantiomeric analysis. The upfield-shifted signal of
CH2CH3 and the downfield-shifted signal of C(OH)CH3 correlate
with (1)-(S)-4.

GC Analysis of 3/4: Hewlett Packard 9000, split injector (250 °C),
FID detector (250 °C), Spectra-Physics SP 4290 integrator, oven
temperature 88 °C, helium as carrier gas, solvent CH2Cl2. Baseline
separation was observed with a Macherey2Nagel Lipodex-E col-
umn (length 50 m, lumen 0.25 mm). Retention times: 11.3 min 3,
12.1 min (1)-(S)-4, 12.6 min (2)-(R)-4. The assignment optical ro-
tation/configuration is based on enantiomerically enriched
samples.[28]

3-Hydroxy-3-phenylpentane-2-one (5) and 2-Hydroxy-2-methyl-1-
phenylbutane-1-one (6): Magnesium powder (4.86 g, 0.20 mol),
flame-dried in a nitrogen-atmosphere, was suspended in diethyl
ether (100 mL). 1-Bromoethane (15 mL, 21.79 g, 0.20 mol) in di-
ethyl ether (100 mL) was added dropwise, keeping the mixture
gently refluxing. After cooling to 240 °C, 1-phenylpropane-1,2-
dione (24.8 g, 0.17 mol) was added dropwise with vigorous stirring.
When the addition was complete, the mixture was worked up as
described for 3/4. Bulb-to-bulb distillation at 50255 °C/2 Torr gave
13.1 g of a pale yellow liquid consisting of a 64:36 mixture of 5
and 6.

5/6: B.p. 50255 °C/2 Torr. 2 C11H14O2 (178.23): calcd. C 74.13, H
7.92; found C 74.56, H 7.85. 2 1H NMR (250 MHz, CDCl3): δ 5

0.84 (t, 3J 5 7.4 Hz, 3 H, CH2CH3, 6), 0.93 (t, 3J 5 7.4 Hz, 3 H,
CH2CH3, 5), 1.61 [s, 3 H, C(OH)CH3, 6], 1.9122.31 (m, 232 H,
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CH2, 5/6), 2.08 (s, 3 H, COCH3, 5), 4.0024.40 (sb, 1 H, OH, 6),
4.4024.65 (sb, 1 H, OH, 5), 7.2628.13 (m, 235 H, CHarom., 5/6).

During isomerization 2-hydroxy-2-phenylpentane-3-one (7) is
formed and a mixture of the three isomers 5/6/7 was obtained as a
colorless liquid.

7: 1H NMR (250 MHz, CDCl3): δ 5 0.96 (t, 3J 5 7.3 Hz, 3 H,
CH2CH3), 1.77 (s, 3 H, C(OH)CH3), 2.3022.54 (m, 2 H, CH2),
3.5024.50 (sb, 1 H, OH), 7.2628.13 (m, 5 H, CHarom.).

Standard Isomerization Procedure for the α-Ketol Rearrangement of
the Model Systems 1/2, 3/4, and 5/6/7: All catalyses were performed
under nitrogen in long Schlenk tubes with 10.0 mmol of substrate
(1.52 mL 1, 1.21 mL 3, 1.78 g 5/6). After the addition of the metal
salt, the ligand, the substrate and a stirring bar, the Schlenk tube
was kept at the required temperature. Aliquots (0.1 mL) were taken
for analysis. The sample was dissolved in CHCl3 and filtered
through a Pasteur pipette filled with silica (5 cm). After removal of
the solvent, the sample was purified by bulb-to-bulb distillation
and analyzed by 1H NMR spectroscopy and GC. Enlarged runs
give identical results.
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