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ABSTRACT

Many important asymmetric reactions are catalyzed by (BINOLate)Ti species with unknown structures. Reported here are three structures of
BINOLate titanium complexes that show an interesting aggregation of (BINOLate)Ti(OiPr)2 with itself and with titanium tetraisopropoxide.
These complexes are potential intermediates in the asymmetric addition of alkyl groups to aldehydes.

Of the multitude of ligands that have been prepared and
screened in asymmetric catalysis, BINOL (1, Figure 1) is

perhaps the most effective across a broad spectrum of
transformations.

BINOL has been shown to form very enantioselective
catalysts with main group elements,1,2 transition metals,2

f-block elements,3 and heterobimetallic combinations4,5 from
these groups.2,6-8

In concert with various titanium precursors, BINOL forms
highly enantioselective catalysts that have been employed
in many asymmetric processes.2,6-15 Considering the impor-
tance of titanium BINOL complexes in asymmetric catalysis,

† Dedicated to Professor K. Barry Sharpless, a pioneer in asymmetric
catalysis, on the occasion of his 60th birthday.

(1) Yamamoto, H.; Yanagisawa, A.; Ishihara, K.; Saito, S.Pure Appl.
Chem.1998, 70, 1507-1512.

(2) Rosini, C.; Franzini, L.; Raffaelli, A.; Salvadori, P.Synthesis1992,
503-505.

(3) Qian, C.; Zhu, C.; Huang, T.J. Chem. Soc., Perkin Trans. 11998,
2131.

(4) Shibasaki, M.; Sasai, H.; Arai, T.Angew. Chem., Int. Ed. Engl.1997,
36, 1237-1256.

(5) Shibasaki, M.; Gro¨ger, H. Top. Organomet. Chem.1999, 2, 200-
232.

(6) Paquette, L. A.Encyclopedia of Reagents for Organic Synthesis; John
Wiley and Sons: New York, 1995.

(7) Pu, L.Chem. ReV. 1998, 98, 2405-2494.
(8) Jacobsen, E. N.; Pfaltz, A.; Yamamoto, H.ComprehensiVe Asym-

metric Catalysis; Springer: Berlin, 1999; Vol. 1-3.
(9) Gautheir, D. R. J.; Carreira, E. M.Angew. Chem., Int. Ed. Engl.1996,

35, 2363-2365.
(10) Keck, G. E.; Tarbet, K.; Geraci, L. S.J. Am. Chem. Soc.1993,

115, 8467-8468.
(11) Costa, A. L.; Piazza, M. G.; Tagliavini, C.; Umani-Ronchi, A.J.

Am. Chem. Soc.1993, 115, 7001-7002.
(12) Mikami, K.; Terada, M.; Korenaga, T.; Matsumoto, Y.; Ueki, M.;

Angelaud, R.Angew. Chem., Int. Ed.2000, 39, 3532-3556.
(13) Doucet, H.; Santelli, M.Tetrahedron: Asymmetry2000, 11, 4163-

4169.
(14) Huang, W.-S.; Pu, L.Tetrahedron Lett.2000, 41, 145-148.
(15) Pu, L.Chem. Eur. J.1999, 5, 2227-2232.

Figure 1.

ORGANIC
LETTERS

2001
Vol. 3, No. 5

699-702

10.1021/ol0070381 CCC: $20.00 © 2001 American Chemical Society
Published on Web 02/07/2001



there is little information regarding the structures of these
species. With this in mind we initiated research designed to
elucidate the solid state interactions between BINOL and
varying amounts of titanium tetraisopropoxide. The resulting
structures provide insight into possible intermediates in the
asymmetric addition of alkyl groups to aldehydes catalyzed
by (BINOLate)Ti-based complexes in the presence of excess
titanium tetraisopropoxide (eq 1).

The asymmetric addition of alkyl groups to aldehydes
employing BINOL and titanium tetraisopropoxide (eq 1) was
introduced independently by Nakai16 and Chan.17 On the
basis of their results, other groups have examined related
additions including use of modified18 and hetero-substituted
BINOL analogues,19 fluorinated BINOL derivatives,20 den-
drimers containing BINOL,21 poly BINOLs,15,22 polymer-
supported BINOL,23-25 and even fluorous BINOL derivatives
in organic/fluorous biphasic systems.26

Despite the flurry of recent interest in this reaction, little
concrete mechanistic information has been reported. The
proposed intermediates include (BINOLate)Ti(OiPr)217,22and
(BINOLate)Ti(OiPr)(Et) (Figure 2).16 Upon combining 6

equiv of titanium tetraisopropoxide with BINOL, Nakai and
Mori observed formation of a complex proposed to be
(BINOLate)Ti2(OiPr)6 (Figure 2), on the basis of the1H

NMR of this mixture. Importantly, to obtain high enantio-
selectivity and turnover frequency in eq 1, an excess of
titanium tetraisopropoxide must be used [Ti(OiPr)4:BINOL
is 6:1]. Although the role of the excess titanium tetraiso-
propoxide is not clear, the results of Nakai and Mori suggest
that interaction of titanium tetraisopropoxide with (BINO-
Late)Ti species must be considered in any mechanistic
investigation.

Our study began with synthesis of titanium BINOLate
complexes with BINOL to titanium tetraisopropoxide ratios
of 1:1, 1:2, and 1:6. All reactions were stirred at room
temperature for 1 h and the volatile materials removed under
reduced pressure. Combination of equal molar amounts of
BINOL and titanium tetraisopropoxide followed by recrys-
tallization of the resulting compound from chloroform at-30
°C provided crystals for a low-temperature structural deter-
mination (90% isolated yield). The structure is the trimeric
[(BINOLate)Ti(OiPr)2]3‚CHCl3 (2, Figure 3).27 For the

purpose of comparison, bond lengths for all the structures
are given in Table 1. A structure differing in the absence of
the CHCl3 found in 2 was reported in the Ph.D. Thesis of
Dr. C. Martin from the laboratory of Prof. K. B. Sharpless.28

The spectroscopic data of2 are identical to that reported by
Martin and Sharpless.28 Our structure is presented here
because the quality of the original structure was low and
this important structure has been misrepresented in the
literature several times,16,29-32 including in an excellent recent
review.7
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Figure 2. Proposed intermediates in the asymmetric addition of
alkyl groups to aldehydes (eq 1).

Figure 3. Structure of the trimeric2. The isopropoxy groups have
been removed for clarity. Bond distances are located in Table 1.
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The central titanium in2 is in a distorted octahedral
environment while the remaining titanium centers have
distorted trigonal-bipyramidal geometries. Importantly,the
naphthylate oxygens bridge the metal centers and the
isopropoxy groups are terminal. For comparison, the analo-
gous 3,3′-dimethyl BINOLate derivative [(Me2-BINOL)Ti-
(OiPr)2]2 is dimeric, showing the sensitivity of these com-
plexes to small changes in the chiral ligand.33 It is unlikely
that trimer2 is involved in the asymmetric addition reaction
in eq 1 on the basis of the absence of nonlinear effects34,35

under the conditions of the addition reaction (eq 1).16

When 2 equiv of titanium tetraisopropoxide was combined
with racemicBINOL under the conditions outlined above
and the resulting solid recrystallized from dichloromethane
at -30 °C, X-ray quality crystals formed in 70% yield.36

The structure of3 is illustrated in Figure 4.37

The structure contains two inequivalent titanium centers
and one BINOLate ligand. To a first approximation it appears
as if a (BINOLate)Ti(OiPr)2 has bound to a molecule of Ti-
(OiPr)4. Both titanium centers have distorted trigonal-
bipyramidal geometries and again the naphthylate oxygen
bridges to the second titanium center. The room temperature
1H NMR spectrum has three types of methyl resonances in
an approximate ratio of 1:1:10 (the latter of which is very
broad), indicating that one of the isopropoxy groups does
not readily exchange with the others. The13C{1H} NMR
contains 20 aromatic resonances indicating that theC2-
symmetry of the BINOLate ligand has been lost, consistent

with the solid state structure. The structure can be contrasted
with the product formed on reaction of the monomeric
substituted 3,3′-derivative [(tBuMe2Si)2-BINOLate]Ti(OiPr)2
with titanium tetraisopropoxide. This reaction gave [(tBuMe2-
Si)2-BINOLate]Ti2(OiPr)6 in which the naphthylate oxygens
each interact withonly onetitanium center.33

In the asymmetric addition reaction in eq 1, titanium
tetraisopropoxide is in 6-fold excess with respect to BINOL.
We therefore combined 6 equiv of titanium tetraisopropoxide
with 1 equiv of (S)-BINOL.36

After removal of the volatile materials under reduced
pressure, crystals were grown in pentane at-30 °C (isolated
yield 79%). Data for the structure were collected at low
temperature and an ORTEP diagram of4 is depicted in
Figure 5.38

The structure consists of a trinuclear arrangement of
titanium metals with a single BINOLate ligand, as would
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Table 1. Selected Bond Distances for2-4 [Å]

2 3 4

Ti(1)-O(1) 2.117(5) 2.111(3) 2.147(2)
Ti(1)-O(2) 2.097(5) 1.861(3) 2.156(2)
Ti(1)-O(3) 1.775(5) 1.781(3) 1.779(2)
Ti(1)-O(4) 1.776(5) 1.779(3) 1.778(2)
Ti(1)-O(5) 2.046(5) 1.921(3) 1.999(2)
Ti(1)-O(9) 2.062(5) 1.997(2)
Ti(2)-O(1) 1.992(5) 1.980(3) 2.041(2)
Ti(2)-O(5) 2.119(4) 2.120(3) 2.073(2)
Ti(2)-O(6) 1.853(5) 1.794(3) 1.801(2)
Ti(2)-O(7) 1.752(6) 1.765(3) 1.779(2)
Ti(2)-O(8) 1.772(5) 1.805(3) 1.791(2)
Ti(3)-O(2) 2.011(5) 2.020(2)
Ti(3)-O(9) 2.093(5) 2.087(2)
Ti(3)-O(10) 1.847(5) 1.792(2)
Ti(3)-O(11) 1.762(5) 1.780(2)
Ti(3)-O(12) 1.776(6) 1.794(2)
Ti(1)-Ti(2) 3.334(2) 3.309 (1) 3.348(1)
Ti(1)-Ti(3) 3.339(2) 3.346(1)

Figure 4. Structure of the dinuclear3. Bond distances are located
in Table 1.
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be expected if binuclear3 had reacted with another equivalent
of titanium tetraisopropoxide. Like trimer2, the central

titanium in 4 has a distorted octahedral geometry and the
terminal titanium centers have distorted trigonal-bipyramidal
geometries. The naphthylate oxygens O(1) and O(2) bridge
to Ti(2) and Ti(3) and exhibit shorter Ti-O distances to these
centers than to Ti(1). Conversely, isopropoxy oxygens O(5)
and O(9) form shorter distances to Ti(1) than to Ti(2) or
Ti(3) (Table 1). When4 is dissolved in CDCl3, the13C{1H}
NMR spectrum is identical to binuclear3 with excess
titanium tetraisopropoxide, suggesting that loss of one
titanium tetraisopropoxide from4 is facile in solution.

In summary, the three structures of BINOLate-titanium
complexes reported here present insight into the association
of titanium and BINOL in the solid state. These aggregates
are being considered in mechanistic studies that are currently
ongoing in our laboratories.
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Figure 5. Structure of the trinuclear4. Bond distances are located
in Table 1.
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