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Effect of water on BINOL/Ti(OiPr)4 solution mixtures: The nature
of a catalytic precursor of enantioselective sulfoxidation
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Abstract

The solution mixtures of (R)-BINOL, Ti(OiPr)4 and H2O in 1:0.5:10 proportion in CCl4, corresponding to the conditions employed
for catalyzing the enantioselective oxidation of sulfides to sulfoxides, contain a single titanium BINOLate species. NMR, CD and MS
characterization allowed us to identify this species as (BINOLate)6Ti4(l3-OH)4 with tetrahedric symmetry consistent with a known crys-
tallographic structure. By varying sample preparation conditions, some aspects of the catalytic behavior could be rationalized. Using
racemic BINOL, several heterochiral species were observed in accord with reported non-linear effects in catalysis.
� 2005 Published by Elsevier B.V.
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1. Introduction

Titanium (IV) complexes of 1,1 0-bi-2(naphthol) (BIN-
OL) represent one of the most powerful classes of enantio-
selective catalysts employed in modern organic synthesis
[1]. An impressive variety of organic reactions promoted
and stereocontrolled by BINOL/Ti species has been docu-
mented by recent reviews [1]; in fact, titanium dominates
the literature of BINOL-based Lewis acids.

In addition to favorable electronic properties, the key
factor responsible for the efficiency and versatility of
BINOL/Ti catalysts is essentially structural, and arises
from the combination of very special ligand and metal.
On the one hand, the 1,1 0-binaphthylic core is endowed
with a typical structural pliancy, making it possible to
accommodate donor atoms at 2,2 0 positions into almost
any required chelating (or bridging) geometry without sub-
stantial strain [2]. On the other hand, titanium alkoxides
exhibit peculiar fluxionality in solution: they feature vari-
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ous coordination numbers and geometries; undergo ligand
addition, elimination and exchange reactions easily and
rapidly; have a pronounced tendency to oligomerize and
organize into composite supramolecular assemblies [3].
Such structural richness and complexity ensures flexibility
and efficiency, but thwarts the efforts toward structural elu-
cidations aimed at rationalizing catalytic behaviors. In par-
ticular, crystals amenable to X-ray analysis are not easily
obtained, and the structural information relative to the
solid state must be transferred with great caution to the
solution state, where the majority of the reactions occur.

For example, BINOLates obtained by mixing BINOL
and titanium (IV) halides, alkoxides and mixed halides/alk-
oxides, which embrace most of the synthetically useful
BINOL/Ti complexes [1], may be represented by minimal
formulae, such as ‘‘BINOLTiX2’’ or ‘‘BINOLTi(OR)2’’,
which hardly have a correspondence with the true solution
species [4,5]. First, depending on the ligand-to-metal ratio,
a range of different stoichiometries is possible, e.g.,
‘‘(BINOL)2Ti’’, ‘‘(BINOL)TiX2’’, ‘‘(BINOL)Ti2X6’’ and
so on. Secondly, titanium expands its coordination number
by addition of other available ligands or by forming oligo-
mers upon sharing l-donors. Finally, the initial complexes
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will possibly react with a variety of reagents, including
adventitious ones: the most relevant example is water,
which promotes formation of l-oxo and l-hydroxo com-
pounds [3a]. As a result of the structural heterogeneity
and of the role of many factors, hypotheses on the nature
of active species and even catalytic precursors need to be
substantiated by ad hoc investigations of solution samples
as close as possible to the synthetic conditions [4,5]. In fact,
BINOL/Ti catalysts are often prepared in situ by simple
mixing of reagents and are not isolated [1], a situation
which lends itself for direct spectroscopic measurements
of the effective catalytically active solutions.

The identification of exact nature and structure of enan-
tioselective catalysts or catalytic precursors is always a
significant piece of information, because it may open the
way to the rational design of new, more efficient chiral
auxiliaries. In especially intriguing cases, the structural elu-
cidation represents itself an important task from a spectro-
scopic point of view. In addition, chirality amplification
phenomena [1,6,7] have often been observed in catalytic
applications of titanium BINOLates (an aspect which is
again related to structural features); thus, rationalization
of non-linear effects (NLE) adds further theoretical interest
to the study of this elusive family of compounds.

We have recently characterized, by means of NMR and
circular dichroism (CD) spectroscopies, the samples
obtained by dissolving enantiopure BINOL and excess tita-
nium tetraisopropoxide Ti(OiPr)4 in anhydrous chloroform
[4]. Such mixtures, when at least a 6:1 Ti-to-BINOL ratio is
used, promote the enantioselective addition of dialkyl-Zn
compounds to aldehydes [8]. Two different titanium BINO-
Lates were detected to exist in the above conditions. At low
(from 2:1 to 3:1) Ti/BINOL ratios, a dimeric 1:1 species
dominates in solution, which can be formulated as [BINO-
LTi(OiPr)2]2; the solid-state compound obtained for the
same stoichiometry is instead trimeric [5d]. At higher (from
3:1 on) Ti/BINOL ratios, the monomeric binuclear 2:1 spe-
cies BINOLTi2(OiPr)6 is favored, and represents the active
catalyst precursor [4,5d,5e,5f].

A system analogous to the above one has been found,
first in 1992 by Uemura and coworkers, to catalyze the
enantioselective oxidation of prochiral sulfides to sulfox-
ides by hydroperoxides in toluene or carbon tetrachloride
[9]. Efficient catalysis requires a 2-fold excess BINOL with
respect to Ti(OiPr)4, and the addition of a large (at least 10-
fold with respect to BINOL) excess of water. Since chiral
sulfoxides are useful synthons [10], the reaction has been
widely applied in the following years and still attracts wide
attention [11,12]; remarkable mechanistic aspects have also
emerged [9b,9c,11c]. The reaction usually proceeds by two
consecutive steps: the enantioselective sulfide oxidation to
sulfoxides is followed by a kinetic resolution, which further
enriches the product enantiomeric excess, by over-oxidizing
the less favored sulfoxide enantiomer to the corresponding
sulfone. Moreover, a distinct positive NLE has been
reported with a peculiar relation between BINOL and sulf-
oxide enantiomeric excesses, which has drawn attention in
Kagan’s and Blackmond’s surveys on non-linear effects in
catalysis [6].

Despite the undoubted interest, only a few direct indica-
tions are available on the nature of the titanium-containing
active species. In the following we describe a spectroscopic
characterization by NMR, CD and mass spectrometry of
solution samples obtained in the same conditions as in
the synthetic application. Our investigation led to several
surprising results. First, despite the well-known complexity
of BINOL/Ti(OiPr)4 mixtures, especially at low Ti/BINOL
ratios [4], a single stable species was detected. Second, this
species proved to correspond to the l-hydroxo tetranuclear
complex (BINOLate)6Ti4(OH)4, which had been previously
isolated by Mikami et al. in the solid state and employed in
[2+3] nitrone cycloadditions [13], but whose role in the
enantioselective sulfoxidation had never been proposed
before. In fact, Yudin and coworkers have solved the X-
ray structure of the perfluorated analog ‘‘(F8BINO-
Late)6Ti4O4’’ [14] also employed as sulfoxidation catalyst
[12a]; however, probably due the discrepancies observed
in the catalytic behavior with respect to the parent BINOL
catalyst, and to some structural differences, their conclu-
sions had not been extrapolated to the general case.

2. Results

2.1. 1H NMR spectra of 1:0.5:10 BINOL/Ti(OiPr)4/H2O in

CCl4

According to Uemura’s procedure [9a,9b], the active
catalyst for the enantioselective sulfoxidation is assembled
by mixing BINOL, Ti(OiPr)4 and water in 1:0.5:10 propor-
tion in toluene or CCl4, with a BINOL concentration
around 50 mM. Such catalyst is freshly prepared and stir-
red for one hour at room temperature before the reagents
(sulfide and, thereafter, hydroperoxide) are added. Both
the solvent and the amount of water are critical for the
yield and selectivity; in particular, 5–20 equivalents of
water relative to BINOL is the optimal amount [9a,9b].
Practically the same conditions have been employed in all
successive applications of Uemura’s procedure, using
BINOL or its analogs [11,12]. Independent investigations
have evidenced both a positive non-linear effect and the
occurrence of a kinetic resolution of the sulfoxide
[9b,9c,11c], following its formation (except for a-dialkyl-
phosphonyl substrates) [11a,11e]. In the case of BINOL
itself, no conclusive characterization of the catalytic
mixture has been carried out; Naso and coworkers briefly
reported to observe a dominant complex at NMR, whose
resonances are affected by addition of water [11d]. The
NMR spectra of similarly active mixtures of 5,5 0,6,6 0,
7,7 0,8,8 0-octafluoroBINOL and Ti(OiPr)4 have instead
been reported by Yudin et al. [12a], and they will be
referred to in Section 3.

The 1H NMR spectrum of a 2:1 (R)-BINOL/Ti(OiPr)4

mixture in CCl4 (Fig. 1, bottom) displays dozens of small
peaks plus the expected set of signals for free BINOL.



Fig. 1. 1H NMR spectra (600 MHz) of (a) 1:0.5 (R)-BINOL/Ti(OiPr)4 and (b) 1:0.5:10 (R)-BINOL/Ti(OiPr)4/H2O in CCl4; BINOL concentration
�50 mM. (a) Proton assignment showed for free BINOL; (b) proton assignment and parameters D and sc (inset, see text) showed for Ti-bound BINOL
(filled peaks).
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It is known that BINOL/Ti(OiPr)4 mixtures with Ti-to-
BINOL ratios up to 1–1.5 have complex NMR spectra
descriptive of several species with distinct naphthalene
rings [4]. However, addition of 5–20 equivalents of water
with respect to BINOL provokes a dramatic spectral evolu-
tion (Fig. 1, top; shown for 10 H2O equivalents added): a
single set of new signals emerges, which may be assigned
to a species containing two or more equivalent naphthalene
rings. All aromatic protons undergo a significant shift upon
complexation; especially notable is the high-field position
of protons H3 and, to a minor extent, H4 (respectively,
1.6 and 0.8 ppm shift with respect to BINOL). At the same
time, all the peaks relative to other BINOL/Ti species dis-
appear: thus, addition of water promotes a complete con-
vergence of a manifold of species into a single one; this is
in accord with the experimental finding that water is neces-
sary for the formation of the active catalyst, rather than for
the following reactions [9b,9c]. It is widely established that
water may convert titanium alkoxides and aryloxides into
the corresponding oxo (or hydroxo) compounds with one
or more oxygen atoms (or hydroxyl groups) bridging two
or more distinct metal centers [3a]. The same behavior is
also exhibited by titanium BINOLates: many active tita-
nium oxo/BINOLates have been described [15], and some
isolated in the solid state [15e,16]. In particular, Mikami
et al. reported the X-ray structure of the tetranuclear
hydroxo complex (BINOLate)6Ti4(l3-OH)4 (1) [13],
obtained by hydrolysis either of the 1:1 complex ‘‘BINO-
LTi(OiPr)2’’ (actually trimeric) in refluxing THF, or of
the tetranuclear dioxo complex (BINOLate)4Ti4(l3-
O)2(OiPr)4 in hot toluene. By mixing (R)-BINOL, Ti(OiPr)4

and H2O in 1:0.5:10 proportion in CDCl3 we recorded a 1H
NMR spectrum (not shown) coincident with the one
reported by Mikami upon dissolution of solid 1 in d-chlo-
roform [13]. This is the first indication that the sulfoxida-
tion catalyst precursor is the same as compound 1, whose
structure is showed in Fig. 2. The NMR equivalence of
the twelve naphthyl rings is due to the high symmetry
exhibited by 1, belonging to the T group; it is a static sym-
metry, not like a dynamic one, like that showed by other
titanium BINOLates [4,5a,5e]. Cooling down the sample
had no evident effect on its 1H and HSQC spectra; more-
over, no exchange between free and bound BINOLs could
be detected by ROESY. The structure of 1 explains the
high-field shift of H3 (and H4): each proton H3 lies exactly
in front of another substituted benzene ring at less than



Fig. 2. Solid-state X-ray structure of (BINOLate)6Ti4(l3-OH)4 (1),
adapted from [13]; aromatic hydrogens removed for clarity. Fig. 3. ESI-MS spectrum of 1:0.5:10 (R)-BINOL/Ti(OiPr)4/H2O in

CH3CN; vertical bars show spectrum simulated for [(BINOLate)6Ti4-
(OH)4H]+, i.e., (C120H76O16Ti4)H+.
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3 Å, thus in a region subject to a strong shielding effect due
to diamagnetic anisotropy. Similar ring current shift effects
have been found for other titanium BINOLates with multi-
ple 1,1 0-bi-2(naphthol) moieties [4,15e].

2.2. DOSY, NOESY and ESI-MS data

The most characteristic property of 1, i.e., its large
molecular size, helped us to definitely assign its structure
to the BINOL/Ti species found in our samples. First, the
diffusion coefficient D measured by DOSY was extremely
small (1.8 ± 0.1 and 3.1 ± 0.1 · 10�10 m2/s in CCl4 and
CDCl3, respectively, at 25 �C) [17]. When compared to
the D values we measured for other titanium-BINOLates,
[BINOLateTi(OiPr)2]2 and BINOLateTi2(OiPr)6 (respec-
tively, 5.5 and 4.9 · 10�10 m2/s in CDCl3, 25 �C) [4], a
clear-cut linear D vs. 1/V1/3 relationship emerges (see Sup-
plementary material) when the molecular volume V esti-
mated for 1 is used [18]. Other NMR parameters were
also in keeping with slow molecular dynamics, in particular
a very large rotational correlation time sc (about 700 ps in
CCl4, 25 �C) and NOESY cross-peaks having the same sign
as diagonal ones (see Supplementary material). Finally, a
mass ESI spectrum could be obtained by diluting in aceto-
nitrile our 1:0.5:10 BINOL/Ti(OiPr)4/H2O solution in
CCl4; it showed a [M + H]+ molecular cluster at 1962–
1970 amu, with 100% peak at 1966.4, in keeping with what
expected for (BINOLate)6Ti4(OH)4 (Fig. 3). This is the
ultimate proof that compound 1 is the only species, or by
far the dominant BINOL/Ti species, obtained in the sul-
foxidation conditions.

2.3. 1H NMR spectra with different conditions

We varied the conditions of sample preparation to check
the dependence of formation of 1 on the stoichiometry of
reagents and on the solvent, with reference to the literature
data. Concerning the sample ageing, the appearance of 1H
NMR peaks of 1 is immediate after addition of water to the
BINOL/Ti(OiPr)4 mixture; however, their relative intensity
(with respect to free BINOL) increases with time: around a
50% enhancement of peaks of 1 is reached within a few
hours, which justifies the need for stirring the catalytic mix-
ture for one hour before substrate addition. Then, a pla-
teau with almost 1:1 free/bound BINOL proportion is
observed after about one week; afterwards, the sample is
indefinitely stable (checked after 6 months storage at
0 �C). The optimal amount of water was confirmed to be
10 equivalents with respect to BINOL; 5 and 20 equivalents
led to a slightly smaller relative amount of 1. Since the
BINOL-to-Ti stoichiometry in compound 1 is 6:4, we also
prepared a BINOL/Ti(OiPr)4/H2O sample in 1:1:10 pro-
portion, i.e., doubling the Ti(OiPr)4 amount. Its 1H
NMR spectrum (see Supplementary material) is rich in
dozens of peaks from 5.5 to 8.0 ppm which may be
assigned to various BINOL/Ti species with D coefficients
in the 1.4–2.5 · 10�10 m2/s range (CCl4, 25 �C) [19]; still,
signals for 1 represent the most abundant set, with about
30% intensity relative to free BINOL. Concerning the sol-
vents, we prepared samples in CCl4, CDCl3, d8-THF, 9:1
d12-cyclohexane/CDCl3 and 1:1 CCl4/CD3CN [20]. Sam-
ples in chlorinated solvents and in their mixtures always
displayed a single set of signals for bound BINOL, assigned
to 1. On the contrary, the sample in d8-THF displayed four
sets of naphthyl signals with equivalent intensity, relative
to a single species with D = 2.7 ± 0.1 · 10�10 m2/s. Taking
into account the different solvent viscosity [17], this species
must be assigned to a structure different from 1. Finally,
racemic BINOL was used instead of enantiopure one to
prepare 1:0.5:10 BINOL/Ti(OiPr)4/H2O samples in CCl4,
with the aim of assessing questions relative to non-linear
effects (see Section 3). In these conditions, again, a very
large number of peaks was obtained in the aromatic region
(see Supplementary material), belonging to various
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BINOL/Ti species with D � 1.8 ± 0.2 · 10�10 m2/s [19].
These include the homochiral compound equivalent to that
obtained with enantiopure BINOL, containing six BINOLs
of same configuration (which may be indicated as R6 or
S6), and various heterochiral compounds (i.e., R5S1, R4S2

and so on). One must consider that the number of distinct
non-equivalent naphthyl rings statistically expected for all
possible heterochiral species amounts to 41 (see Supple-
mentary material). Careful inspection of proton H3 reso-
nance area (isolated from other protons), in DOSY and
TOCSY spectra, revealed the presence of at least fifteen
well-detected signals; remarkably, the one for the homochi-
ral species is by far the most intense one. Moreover, its pro-
portion sharply increases with time, while the signals for
the other, heterochiral, species globally decrease; finally,
the integral of homochiral species signals accounts for
more than 50% of bound BINOL.

2.4. CD spectra

A CD spectrum of 1:0.5:10 (R)-BINOL/Ti(OiPr)4/H2O
sample in 9:1 hexane/CDCl3 is reported in Fig. 4, along
with the spectrum of (R)-BINOL in the same solvent mix-
ture. CD spectra of 1,1 0-binaphthyl derivatives are extre-
mely sensitive to the conformation they adopt in
solution, and in particular to the value assumed by the
dihedral angle h between the two naphthalene planes
[4,21], which may in principle vary between 50� and 130�.
The CD spectra in Fig. 4 can be divided into two main
regions. The 260–340 region features two positive CD
bands for each spectrum, broadened by effect of vibronic
states, assigned (from long to short wavelengths) to p–p*
1Lb and 1La electronic transitions of the 2-naphthoate chro-
mophore [22]; the relative intensity increase and broaden-
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Fig. 4. CD spectra of (R)-BINOL and 1:0.5:10 (R)-BINOL/Ti(OiPr)4/
H2O in 9:1 hexane/CHCl3. BINOL concentration �1 mM, cell 0.01 cm.
Spectra are not normalized because of the uncertainty concerning the
concentration of the BINOL/Ti species.
ing upon titanium binding is mainly of electronic origin
[4]. The 210–250 region features two very intense bands
of opposite sign, defining a so-called negative couplet typ-
ical of (R)-1,1 0-binaphthyl derivatives. It is mainly due to
the exciton coupling between the 1Bb electronic transitions
of two attached 2-naphthoate rings, and its shape (sign,
intensity and width) is strongly structure-dependent [21].
The couplet wavelength splitting Dkext, i.e., the wavelength
difference between the extremes of the two oppositely-
signed components, is a relevant parameter strictly related
to h: ceteris paribus, the smaller is h, the larger Dkext

[4,21b,21c,21d,21e]. In the current case, the appearance of
the two 1Bb couplets in Fig. 4 is relatively similar. For
the BINOL/Ti complex, the couplet looks strongly unsym-
metrical, with a more intense negative branch, probably
due a stronger coupling with other transitions; it is also
partially blue shifted by about 3 nm with respect to free
BINOL (seen at the crossover point, i.e. zero-CD point).
More importantly, the apparent Dkext values are, respec-
tively, 13.4 and 12.2 nm for bound and free BINOL (DD
kext = 1.2 nm); deconvoluting the CD couplet into the
two theoretical components (by second derivative or
multi-Gaussian fit), DDkext = 1.3 nm is similarly found.
This value is notably smaller than what encountered for
other titanium BINOLates such as [BINOLateTi(OiPr)2]2
and BINOLateTi2(OiPr)6 (DDkext � 5 nm) [4], in keeping
with a different ligation mode. The bridging of a Ti–OH–
Ti moiety by each pair of BINOL oxygens, as observed
in 1 (Fig. 2), requires a wider 1,1 0-binaphthyl dihedral angle
h than the chelation of a single Ti center; in fact, X-ray h
values amount to around 70� for 1 [23], and 55� for [BIN-
OLateTi(OiPr)2]2 and BINOLateTi2(OiPr)6 [5d,5f]. Given
the average orthogonal arrangement expected for BINOL
(h � 90�) [22], the 1Bb CD couplet for the present
BINOL/Ti species is only slightly distorted with respect
to the free ligand [24]. Thus, CD spectroscopy also sup-
ports a close structural relationship between the solid com-
pound 1 and the BINOL/Ti solution species formed by
mixing BINOL, Ti(OiPr)4 and H2O in 1:0.5:10 proportions.

3. Discussion

We have demonstrated the identity between the catalyst
precursor obtained in the Uemura’s sulfoxidation condi-
tions [9] and compound 1 isolated and employed by
Mikami in [2+3] nitrone cycloadditions [13]. At the best
of our knowledge, this identity had been ignored so far
and the nature of Uemura’s enantioselective catalyst had
remained unknown.

Yudin and coworkers solved the X-ray structures of two
compounds obtained by mixing (R)-F8BINOL and
Ti(OiPr)4 in 1:1 and 2:1 ratio [14]. The latter, reported as
‘‘C120H24F48O16Ti4’’, has an X-ray structure similar to 1,
if the four l3-oxo oxygens are replaced by l3-hydroxo
groups (leading to an acceptable stoichiometry); it was
obtained by heating, for one hour at 60 �C, a 2:1 (R)-
F8BINOL/Ti(OiPr)4 solution in toluene and formally in
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absence of water. In the enantioselective sulfoxidation of
methyl-p-tolylsulfide with F8BINOL as ligand, they used
the same conditions as Uemura’s [12a]. Probably because
of the differences in the preparation, the correspondence
between the two species in the solid and solution state is
not explicit in the published papers [12a,14]. At the same
time, the authors stressed the discrepancies between the
titanium complexes of parent BINOL and its fluorinated
analogs [12a,12b]. A most striking difference is that the
opposite sense of induction in the enantioselective sulfoxi-
dation was observed upon fluorine substitution: this phe-
nomenon, which is not unique [12d,25], let them conclude
that ‘‘upon coordination to Ti(IV), BINOL and F8BINOL
ligands produce very different catalytically active species’’
[14], and a ‘‘different aggregation is a likely cause for the
change in the enantioselectivity’’ [12a]. In conclusion, there
were various arguments pointing against a direct corre-
spondence between BINOL- and F8BINOL-based sulfoxi-
dation catalysts. Our findings demonstrate, on the
contrary, that if the titanium F8BINOLate has a solution
structure corresponding to the solid state, it must also clo-
sely resemble the titanium hydroxo-BINOLate in solution.
Yudin et al. reported some NMR spectra for samples pre-
pared without adding water, which do not compare well
with ours; in fact, their 2:1 F8BINOL/Ti(OiPr)4 mixtures
showed two sets of aromatic signals assigned to one C2-
and one C1-symmetric species [12a,14].

Very recently, Kurosu et al. reported NMR and MS data
for the 2:1 BINOL/Ti(OiPr)4 mixture in dichloromethane in
the presence of unactivated 4 Å molecular sieves [26], a set
of conditions used to promote enantioselective aldehyde
allylation, which is believed to produce titanium l-oxo/
BINOLate species similar to 1. A molecular peak was
detected at 1819 amu; the reported 1H NMR spectrum dis-
plays many small signals for the aromatic protons, dis-
persed within a wide region (5.4–9.2 ppm) [26]. Thus, a
high-nuclearity titanium cluster was obtained which seems
not to coincide with 1.

From a structural viewpoint, the nature of the solution
species (BINOLate)6Ti4(l3-OH)4 is amazing, with respect
to its straightforward preparation. Simple mixing of the
three reagents at room temperature leads to the composite
architecture showed in Fig. 2; in particular, water is
responsible for promoting a thorough re-organization of
various BINOL/Ti species into a single one by forming
four l3-hydroxo bridges. The presence of l-oxo or l-
hydroxo groups is a common and well-recognized struc-
tural motif in the family of catalytically active titanium
BINOLates [15]; in addition, it is possible that many
described applications requiring the presence of molecular
sieves [1] (particularly if not activated) actually involve l-
oxo/BINOLate species [15c,15d,15e,26]. In the current
case, it is especially noteworthy how the mild conditions
employed in the solution sample preparation lead to the
same complex structure obtained upon crystallization of
pre-heated mixtures [13]. Moreover, the compound (BINO-
Late)6Ti4(l3-OH)4 has been demonstrated to form, in the
conditions required for the preparation of sulfoxidation
catalyst, with strong preference with respect to any other
BINOL/Ti species, and to be thermodynamically very sta-
ble and quite kinetically inert. During the course of sulfox-
idation reaction, the generation of the true catalyst will
presumably require that the precursor undergoes some
ligand elimination/addition. This last point may partly
explain why Uemura’s catalyst is not the most active
among those employed in sulfoxidations [10], while
BINOL-based chiral auxiliaries perform as the most effi-
cient ones in several described applications [1].

The NMR data obtained with racemic BINOL deserve
further comment. They reveal the formation of a limited
number of heterochiral species, and a strong preference
for the homochiral complex. Many BINOL-derived chiral
catalysts exhibit non-linear effects; interestingly enough,
two recent authoritative reviews regarded the chirality
amplification reported by Uemura as a remarkable case
[6]. In fact, the enantioselective sulfoxidation/kinetic
resolution sequence is itself a reason for the observed com-
plicate relationship between sulfoxide and BINOL enantio-
meric excesses. However, as noted by Blackmond, the
scarce information on the catalytically active species has
prevented any quantitative treatment of the case [6b]; the
present identification of the catalyst precursor will hope-
fully remove this obstacle and prompt future analyses,
although it is clear that considering the possible NLE’s
related to a species containing five or six BINOLates repre-
sents a formidable task.

4. Conclusion

The catalyst precursor obtained in the conditions
designed by Uemura for enantioselective sulfoxidation,
namely 1:0.5:10 BINOL/Ti(OiPr)4/H2O mixture in chlori-
nated solvents, is (BINOLate)6Ti4(OH)4, and coincides
with the solid compound 1, previously isolated by Mikami
in different conditions. NMR, MS and CD data concur to
prove this substantial analogy between solution and solid-
state structures. BINOL, titanium and water manifest a
remarkable propensity to organize into an highly symmet-
rical and very stable solution compound, a point which
may have an impact in the understanding of mechanistic
aspects that regulate the assembling of titanium aryloxides
in solution, with consequences on their catalytic behavior.

5. Experimental

All manipulations were carried out under an inert atmo-
sphere. Racemic and (R)-1,1 0-bi(2-naphthol) (e.e. >99%)
were purchased from Fluka. Titanium (IV) isopropoxide
(99.999% purity) was purchased from Aldrich. Solvents
and reagents were purified with standard procedures.

NMR spectra were recorded with a Varian INOVA 600
spectrometer operating at 14.1 T. TOCSY (mixing time
80 ms), ROESY (800 ms) and HSQC spectra were acquired
with standard pulse sequences. Rotational correlation times
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sc were estimated using the known relation between cross-
correlation rates, rij, and sc for the pair of nuclei i and j

at known distance [27], by means of 1D-NOESY experi-
ments: protons H3 and H5 were selectively inverted with
g3 pulses (duration 4 and 57 ms, B1 720 and 51 Hz, respec-
tively); r34, r54, and r56 were obtained by a linear fit of the
NOE intensities vs. mixing time (0.1–0.5 s); the sc reported
in the text and in Fig. 1 is the average of the values obtained
from the three cross-relaxation rates. 1H DOSY experi-
ments were performed with the DgcsteSL pulse sequence,
with gradient pulses having 2 ms width and 1.17–
46.8 G cm�1 strength. For samples in CCl4, an inner coaxial
tube containing D2O was used for the deuterium lock.

CD spectra were measured with a Jasco J715 spectropo-
larimeter, using a 0.01 cm cell, with the following condi-
tions: speed 10 nm/min, response 2 s, band width 1.0 nm.

ESI-MS spectra were acquired with a PE Sciex API 4000
spectrometer, with the following conditions: scan range
1900–2700 amu, positive ion mode, ionspray voltage
5.0 kV, declustering potential 20 V, resolution 0.5 amu.
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Appendix A. Supplementary material

Plot of experimental D coefficients vs. estimated 1/V1/3

for various BINOL/Ti species; 1H NMR and HSQC spec-
tra of 1:1:10 (R)-BINOL/Ti(OiPr)4/H2O and 1:0.5:10 rac-
BINOL/Ti(OiPr)4/H2O in CCl4; 1D-NOESY traces of
1:0.5:10 (R)-BINOL/Ti(OiPr)4/H2O in CCl4; scheme of sta-
tistically expected homo/heterochiral analogs of 1 obtained
with racemic BINOL (six pages). Supplementary data asso-
ciated with this article can be found, in the online version,
at doi:10.1016/j.jorganchem.2005. 12.032.
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