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place Louis Pasteur 1, UniVersite´ catholique de LouVain, 1348 LouVain la NeuVe,
Belgique, and Laboratoire de Catalyse Mole´culaire, ICMO, UniVersite´ Paris-Sud,
91405 Orsay, France

riant@chim.ucl.ac.be

Received August 28, 2001

ABSTRACT

Starting from easily available chiral Schiff bases, a straightforward synthesis of air-stable titanium(IV) complexes was devised. Asymmetric
pinacol coupling of aromatic aldehydes mediated and catalyzed by the corresponding low valent complexes afforded the chiral diols with high
yields and enantioselectivities up to 91%.

The transition metal catalyzed formation of radicals anions
is a very challenging process in organic methodology as it
can lead to potential control of diastereoselectivity and
enantioselectivity in a wide range of organic transformations.1

The pinacol coupling of aldehydes remains one of the most
studied reaction in this area, and various metals such as Ce,2

Ti,3 U,4 Sm,5 Cr6 and V7 have been shown to efficiently

catalyze pinacol coupling. In some cases, careful optimization
of the reaction parameters often leads to high diastereo-
selectivities for intramolecular as well as intermolecular
coupling of either aliphatic and aromatic aldehydes. These
results show that pinacol coupling is an excellent benchwork
reaction for the study of the enantioselective catalyzed
formation of radicals as no efficient system has been reported
so far for this reaction. The very first example of a transition
metal catalyzed enantioselective formation of radicals was
reported in 1999 by Gansäuer et al. for the asymmetric
opening of meso epoxides mediated by an enantiopure
titanocene catalyst.8 High enantioselectivities were observed
when the R-titanoxyradicals were trapped either by an
hydrogen source or an unsaturated ester. In the case of
pinacol coupling of aromatic aldehydes, some reports have
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Chem.1998, 1923-1927. (e) Gansäuer, A.; Bauer, D.J. Org. Chem.1998,
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already appeared in the literature concerning the use of
catalytic amounts of chiral titanocenes9 as well as stoichio-
metric amounts of titanium(II) halides and chiral ligands.10

However, in most cases, enantioselectivities remain quite
modest, and more studies are now required for better
understanding of the mechanistic pathway of such reactions
as well as optimization of the asymmetric induction. We wish
to describe here our preliminary results concerning an efficent
method for the enantioselective coupling of aromatic alde-
hydes using a new family of chiral titanium complexes.

As already shown by Gansäuer, chiral titanocenes can offer
an elegant pathway for the generation of chiral titanium(III)
catalysts, but their syntheses are often time-consuming and
suffer low flexiblity for structure modification of the
complex. In view of their easy access and wide applications
in asymmetric catalysis, we turned our attention to the
tetradentate salen and tridentate hemisalen ligands and
designed a straightforward preparation of a new family of
chiral titanium(IV) precursors. Complexes2a-c are easily
prepared by mixing Schiff bases1a-c and titanium isopro-
poxide in THF followed by isopropoxide-chloride exchange
by addition of an excess of TMSCl under inert atmosphere.
The complexes were then precipitated by hexane and filtered
at air (Scheme 1).

We were very pleased to see that all of the complexes
containing one molecule of THF were completely air-stable
and nonhygroscopic in the crystalline state. They can be thus
conserved in an open vessel at air for many months without
any sign of decomposition.11 As a result of the low cost of
the Schiff bases used and the ease of the overall process,
we were able to design a routine preparation of the complexes

on a 20-50 g scale using standard benchwork material, and
the yields were usually in the range of 85-95% starting from
the chiral amino alcohols. The same procedure was also used
for the synthesis of the known complex3, which was isolated
in a 87% yield.

Stoichiometric conditions for the asymmetric pinacoliza-
tion of benzaldehyde were first evaluated using in situ
generated titanium(III) reagents. Optimization was performed
with complex2b by studying reaction parameters such as
solvent, concentration, temperature and coreductant.

Typical experiments were performed by reducing the
titanium(IV) complex by an excess of reductant in acetonitrile
under inert atmosphere and then adding freshly distilled
benzaldehyde at the desired temperature. The pinacols were
usually isolated after chromatographic purification in excel-
lent yields and with high diastereoselectivities when precursor
2b was employed. We found that optimum enantioselection
was reached when the reaction was carried out at-10 °C
and when acetonitrile was used instead of THF. Various
coreductants were also compared with complex2b (entries
3-8, Table 1) and gave good enantioselectivities in most

cases. Cerium metal proved the most efficient in terms of
selectivity when the reaction was carried out at room
temperature. However, in that latter case, no reaction was
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Scheme 1

Table 1. Asymmetric Pinacol Reaction of Benzaldehyde
Promoted by Chiral Titanium2a-c and3

entry complex reductant
T

(°C)
yield
(%)b dl:mesoc ee (%)d

1 2a Mn -10 >95 61:39 31 (S,S)
2 2be Mn 25 >95 97:3 53 (S,S)
3 2b Mn 25 93 98:2 61 (S,S)
4 2b Mg 25 >95 97:3 64 (S,S)
5 2b Zn 25 >95 69:31 65 (S,S)
6 2b Sm 25 >95 97:3 67 (S,S)
7 2b Ce 25 73 99:1 76 (S,S)
8 2b SmI2 25 85 98:2 69 (S,S)
9 2b Mn -10 95 98:2 77 (S,S)

10 2c Mn -10 94 81:19 37 (R,R)
11 3 Mn -10 52 96:4 72 (S,S)
a Unless noted otherwise, all the reaction were carried out with 1 equiv

of titanium(IV) complex and 3 equiv of reductant in acetonitrile ([Ti])
0.05 M). When Mn was used, 325 mesh Mn powder was used.b Yield of
isolated product after flash column chromatography on silica.c Measured
by HPLC. d Enantiomeric excesses were measured by HPLC analysis;
column, Pirkle (S,S)-Whelk; eluent, hexane/methanol/acetic acid (97/3/0.12);
flow rate, 1 mL. min-1; retention time, 30 min (R,R), 34 min (S,S), 39 min
(meso).e The reaction was carried out in THF.
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observed with cerium when the temperature was lowered to
-10 °C. We chosed Mn (325 mesh) as the best compromise
in term of efficiency and reproducibility in this reaction, and
this choice was retained in the optimized system. Salen-based
complex3 also gave good enantioselection when it was used
as a stoichiometric reagent (entry 11) ,but it showed lower
reactivity and was then discarded in further experiments.
Various structures were also tested by changing the nature
of the salicycladehyde and the amino alcohol in the ligand
in order to optimize the enantioselection, three representative
structures being given here by the complexes2a-c. During
the optimization of the reaction procedure using complex
2b, we found that the complex could be partially recovered
when the reaction mixture was treated with an excess of
TMSCl before workup in order to regenerate the dichloro
complex2b and the pinacol bis-TMS ether. Complex2b
could then be selectively extracted by precipation from the
crude reaction mixture and recrystallized (60% recovery) for
further reuse.

Efforts were then made toward the use of a catalytic
amount of the titanium complex. We found that, according
to previous studies in this area of research,12 the use of
TMSCl as a mediator for catalysis allowed us to lower the
amount of titanium catalyst up to 2-10 mol % when the
reaction was carried out at room temperature; the results are
summarized in Table 2.

The loss of enantioselectivity observed when the reaction
was carried out under catalytic condition was attributed to
the fact that similar ee’s were obtained when the reaction
was carried out at room temperature with a stoichiometric
amount of 2b. Unfortunately, reactivity was lost in the
catalytic system when the reaction temperature was lowered.
A 10 mol % amount of the titanium complex was used in
all catalytic runs, but we also found out that little decrease
in enantioselectivity was observed when the amount of the
catalyst was lowered to 2 mol % (entry 2). Examination of
various substituted aryl aldehydes showed a crucial electronic
effect on the enantioselectivity. Whereas electron-donating
substituents gave a noticeable increase in the ee of the pinacol
(entries 4 and 5), introduction of an electron-withdrawing
group showed a strongly negative effect in the selectivity
(entries 7 and 8). However, we were able to reach a 91% ee
with p-anisaldehyde when a stoichiometric amount of the
complex was used (entry 5). Other coreductants were also
used, such as the inexpensive cerium Mishmetall13 for which

high enantioselectivities were observed at room temperature
in the stoichiometric system.

In summary, we have been able to devise a new family of
chiral titanium complexes that could be efficiently used in
the promoted and catalyzed asymmetric pinacol coupling of
aromatic aldehydes. More work is now required in order to
understand the mechanistic pathway of this reaction14 and
the application to synthetically useful redox catalyzed
reactions.
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Table 2. Asymmetric Pinacol Coupling of Various Aromatic
Aldehydes

stoichiometrica catalytic

entry R
yield
(%)b dl:mesoc

ee
(%)d

yield
(%)b dl:mesoc

ee
(%)d

1 H >95 98:2 77 94 96:4 63
2 He 80 91:9 60
3 o-CH3 >95 95:5 85 >95 86:14 64
4 p-CH3 >95 97:3 86 >95 95:5 52
5 p-OCH3 >95 98:2 91 84 95:5 58
6 p-OCH3

f 73 99:1 88
7 p-Br >95 95:5 48 81 83:17 16
8 p-CF3 >95 81:19 7 90 63:17 5

a For the conditions used, see above.b Yield of isolated product after
flash column chromatography on silica.c Measured by HPLC.d Enantio-
meric excesses were measured by HPLC analysis on a Pirkle (S,S)-Whelk
column (entries1 and 2) or a Chiralcel AD column (entries 3-8). e Two
mole percent of2b was used.f Cerium Mishmetall was used instead of
Mn, and the reaction was carried out at room temperature.
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