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Introduction

Some enzymes, such as tyrosinase monooxygenases, contain
bimetallic centers, and cooperative effects between the two
metal atoms are thought to be involved in enzyme activity.[1]

Chemical transformations induced by bimetallic (or multi-
metallic) catalyst systems often have higher reaction rates
and selectivities than those induced by monometallic and
mononuclear complex catalysts.[2] The synergistic functions
of the active metal sites make substrates more reactive and
control their position in the transition state, so that the func-
tional groups are proximal to each other. In contrast to bio-

inorganic catalytic chemistry, the synthesis and utilization of
artificial chiral multimetallic catalysts in asymmetric reac-
tions have not been well studied. As a result, the develop-
ment of a chiral multimetallic catalyst is one of the most im-
portant topics in chemical science. The majority of the re-
ported asymmetric catalyses, however, have used monome-
tallic complexes, due to difficulties assembling the requisite
metals and ligands in a well-organized manner.
Since the early 1990s, we have reported a series of rare-

earth/alkali-metal heterobimetallic complexes that catalyze
various asymmetric reactions, such as the nitro–aldol and
direct aldol reactions.[3] These heterobimetallic complexes
were determined to consist of one rare-earth metal (RE),
three 1,1’-bi-2-naphtholates (binol), and three alkali metals
(M) (abbreviated REMB) by X-ray crystallography, elemen-
tal analysis, mass spectrometry, and NMR spectroscopy
(Figure 1).[4] Recently, several other groups also reported
various excellent asymmetric catalyses promoted by chiral
bi- or multimetallic complexes.[5] The self-assemblies of
those systems are thermodynamically controlled to form one
predominant assembled structure. On the other hand, dy-
namic assembly, which interconvert two or more self-assem-
bled units by re-sorting or reorganizing the component spe-
cies, is often observed in biologic systems. In chemical sys-
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tems, although there are several reports on the dynamic as-
sembly of supramolecules,[6] dynamic assembly of asymmet-
ric catalysts is rarely discussed, despite the usefulness of this
concept for the development of new artificial chiral multi-
metallic catalysts.[7] In this manuscript, we report a dynamic
structural change between the self-assembled [LaLi3(binol)3]
(LLB) complex and another unique self-assembled [La2Li4-
(binol)5] complex by the addi-
tion of lithium triflate (LiOTf).
The structure of the [La2Li4-
(binol)5] complex was elucidat-
ed by X-ray crystallography.
The catalyst development for
the direct catalytic asymmetric
aldol–Tishchenko reaction[8,9]

and active species of the reac-
tion are also discussed.

Results and Discussion

Catalyst development for the
direct asymmetric aldol–Tish-
chenko reaction : The aldol re-
action is one of the most power-
ful and efficient carbon–carbon
bond-forming reactions.[10]

From the viewpoint of atom
economy, the development of a
direct catalytic asymmetric
aldol reaction is highly desira-
ble.[11] Since our first successful
intermolecular, direct catalytic,
asymmetric aldol reaction of al-
dehydes with unmodified ke-
tones using heterobimetallic
asymmetric catalyst, we[3h–j] and other groups[12] have at-
tempted this type of direct reaction with great success. In
almost all of these direct asymmetric catalyses, however,
only limited donors, such as methyl ketones, a-hydroxy ke-
tones, and easily enolizable aliphatic aldehydes, are utilized.
Thus, despite the high demand for the development of a
direct aldol reaction of ethyl ketones, it remains uninvesti-
gated. Considering the usefulness of the corresponding aldol

product of ethyl ketones for the synthesis of 2-methyl-1,3-
polyol arrays, we examined various reaction conditions
using heterobimetallic asymmetric catalysts; however, all at-
tempts were unsatisfactory. One major reason for this diffi-
culty is a strong tendency toward retro-aldol reactions of the
resulting product. Inspired by the earliest report of an SmI2-
catalyzed Tishchenko reaction of b-hydroxy ketone by
Evans et al. ,[9a] and cross-aldol–Tishchenko reaction cata-
lyzed by an yttrium–salen complex by Morken et al.,[9j] we
hypothesized that the metalated aldolates derived from our
lanthanoid-based hetrobimetallic catalyst might be activated
for the addition of another aldehyde molecule to provide
Tishchenko adduct through [3,3]-bond reorganization. Thus,
by coupling an irreversible Tishchenko reaction to a reversi-
ble aldol reaction of ethyl ketones, we recently overcame
this issue and achieved a direct catalytic asymmetric aldol–
Tishchenko reaction that provided high product yields and
high enantioselectivities. To obtain satisfactory results,
tuning of the LLB complex by the addition of LiOTf was es-
sential (Table 1). Although 10 mol% of LLB, which was

prepared from [La(O-iPr)3],
[13] 1,1’-bi-2-naphthol (BINOL=

binol-H2), and BuLi in a ratio of 1:3:3, promoted the reac-
tion with excellent diastereoselectivity (>98:2) and moder-
ate enantioselectivity (64% ee), only 20% of the ketone 1a
was converted to a mixture of 3a[14] and 4a (~1:1) even
after 48 h (Table 1, entry 1). To improve the reactivity, we
examined the addition of metal salts. As shown in entries 2–
6, all lithium salts greatly accelerated the reaction, but only

Figure 1. Structure of [REM3{(S)-binol}3] ((S)-REMB).

Table 1. Effects of lithium salt on direct catalytic asymmetric aldol–Tishchenko reaction.

Entry[a] Ketone Catalyst Total
yield [%][b]

3:4[c] ee [%][d]

1 1a (R)-LLB 20 ~1:1 64
2 1a (R)-LLB+LiI (1:3) 75 ~1:1 60
3 1a (R)-LLB+LiBF4 (1:3) 50 ~1:1 44
4 1a (R)-LLB+LiClO4 (1:3) 78 ~1:1 64
5 1a (R)-LLB+LiOTf (1:3) 60 ~1:1 78
6 1a (R)-LLB+LiPF6 (1:3) 73 ~1:1 64
7 1a (R)-LLB+NaOTf (1:3) 70 ~1:1 62
8 1a (R)-LLB+KOTf (1:3) 65 ~1:1 73
9 1a (R)-LLB+CuOTf (1:3) 40 1:>10 9
10 1a (R)-LLB+AgOTf (1:3) 42 1:9 28
11 1a La(OTf)3+(R)-BINOL+BuLi (1:3:6) 60 ~1:1 86
12 1b (R)-LLB+LiOTf (1:3) 89 2:>98 93
13 1b La(OTf)3+(R)-BINOL+BuLi (1:3:6) 75 2:>98 88
14 1b La(OTf)3+(R)-BINOL+BuLi (1:3:5.6) 80 2:>98 93

[a] All reactions were performed in THF (1.0m) at room temperature (48 h for 1a, 24 h for 1b). [b] Total yield
of 3 and 4 was determined by 1H NMR analysis of the crude sample. [c] The ratio was determined by 1H NMR
analysis of the crude sample. [d] Enantiomeric excess of 4 was determined by HPLC analysis after hydrolysis
using NaOMe/MeOH to produce the corresponding diol. Diastereoselectivity of 4 was generally below the de-
tection limit of 500 MHz 1H NMR (>98/2).
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in the case of lithium triflate was the enantioselectivity im-
proved (entry 5, 78% ee). Based on the results obtained
using other metal triflates (entries 7–10), both lithium cati-
ons and triflates were indispensable for obtaining optimal
reaction efficiency. The addition of at least three equivalents
of LiOTf to one equivalent of LLB was necessary, because
decreasing the amount of LiOTf decreased enantioselectivi-
ty. Alternatively, the same catalyst system as LLB·3LiOTf
can be prepared by the addition of six equivalents of BuLi
to a 1:3 ratio mixture of [La(OTf)3] and BINOL. This new
catalyst preparation method improved enantioselectivity
(entry 11) and by changing the ketone to 1b superior levels
of substrate conversion, Tishchenko selectivity, and asym-
metric induction were realized (entry 13). Because even a
slight excess of BuLi resulted in decreased enantioselectivi-
ty, the 1:3:5.6 [La(OTf)3]/BINOL/BuLi catalyst system was
set as the standard condition (entry 14).
Under the optimized conditions, the direct catalytic asym-

metric aldol–Tishchenko reaction of a variety of both alde-
hydes 2 and ketones 1 smoothly proceeded to give 4 and,
after hydrolysis using NaOMe in MeOH, the corresponding
diols 5 were obtained in up to 96% isolated yield and up to
95% ee (Table 2). It is worth noting that the reaction pro-
ceeded with the same efficiency even when propyl ketone
1h (entry 16) and butyl ketone 1 i (entry 17) were used, ach-
ieving the asymmetric direct aldol-type reaction of propyl
and butyl ketones for the first time.

Dynamic structural change of LLB induced by LiOTf—for-
mation of a novel binuclear lanthanum complex : In our pre-
vious studies, the structure of several self-assembled REMB
complexes, such as [LaNa3{(S)-binol}3(thf)6(H2O)] (LSB),

were elucidated by X-ray crystallography.[4c] Recently, Aspi-
nall et al.[15] also reported the preparation of anhydrous crys-
tal of several REMB. In all cases, the obtained crystals pos-
sessed the L configuration rather than the D configuration
when the complex was prepared from (S)-BINOL. X-ray
crystallography of LLB has not yet been achieved. Based on
laser-desorption/ionization time-of-flight mass spectrometry
(LDI-TOF MS) and NMR spectroscopy,[4a] the structure of
LLB is similar to that of LSB (Figure 1) and even in solu-
tion phase one La3+ ions, three binol ligands, and three Li+

ions are predominantly assembled to the structure. After ob-
taining excellent results in a direct catalytic asymmetric
aldol–Tishchenko reaction by using the LLB·3 LiOTf cata-
lyst system, we were interested in the effects of LiOTf on
the catalyst structure. During the investigation of the above
asymmetric catalysis, we observed the formation of a color-
less prismatic crystal from the catalyst solution prepared
from La(OTf)3, BINOL, and BuLi in a ratio of 1:3:5.6 in
THF (0.2m) after a long storage period. The structure of the
crystal was unequivocally determined by X-ray crystallogra-
phy to be a novel binuclear [La2Li4(binaphthoxide)5] com-
plex (6), which exists as a 1:1 mixture of adducts 6a and 6b
(Figure 2) with eight and nine coordinated THF molecules,
respectively. In the complex, two binol units and one THF
coordinate to each La metal, and both La metals are bridg-
ed by another binol ligand. Another structural feature of the
complex is that each oxygen atom of the binol moiety is
bridged to the oxygen of another binol unit by La metal
and/or Li metal. This is the first example from X-ray crystal-
lography of rare-earth/alkali-metal/binol heterobimetallic
complexes other than those with the REMB-type structure
shown in Figure 1.

To further investigate the
crystals of 6, a new preparation
method of 6 was developed. In
the standard procedure for the
preparation of the catalyst solu-
tion (Scheme 1, procedure A),
after addition of hexane solu-
tion of BuLi to a mixture of La-
(OTf)3 and BINOL in THF, all
solvents were removed under
reduced pressure, and the resid-
ual solid was dissolved by THF
to make 0.2m stock solution of
the catalyst. In the new proce-
dure for the preparation of the
crystal (procedure B), the mix-
ture of La(OTf)3, BINOL, and
BuLi[16] was allowed to stand in
0.15m THF/hexane (7:8) with-
out concentration. After 12 h
storage at room temperature,
identical colorless prismatic
crystals of 6 were obtained in
approximately 40% yield with
high reproducibility. In spite of

Table 2. Direct catalytic asymmetric aldol–Tishchenko reaction of various substrates.

Entry Ketone 1 Aldehyde 2 t [h] Yield [%][a] ee [%][b]

1 1b : Ar1=C6H4-4-CF3, R=Me 2a : Ar2=C6H4-4-Cl 60 95 93
2 1b : Ar1=C6H4-4-CF3, R=Me 2b : Ar2=C6H4-4-Br 48 96 95
3 1b : Ar1=C6H4-4-CF3, R=Me 2c : Ar2=C6H4-4-F 72 85 92
4 1b : Ar1=C6H4-4-CF3, R=Me 2d : Ar2=C6H4-4-Me 94 67 92
5 1b : Ar1=C6H4-4-CF3, R=Me 2e : Ar2=C6H5 84 95 91
6 1b : Ar1=C6H4-4-CF3, R=Me 2 f : Ar2=C6H4-3-Br 48 92 86
7 1b : Ar1=C6H4-4-CF3, R=Me 2g :Ar2=C6H4-3-OMe 72 65 85
8 1b : Ar1=C6H4-4-CF3, R=Me 2h : Ar2=2-naphthyl 80 67 88
9 1b : Ar1=C6H4-4-CF3, R=Me 2 i : Ar2=3-furyl 84 77 93
10 1b : Ar1=C6H4-4-CF3, R=Me 2j : Ar2=3-thienyl 84 82 94
11 1c : Ar1=C6H4-4-Br, R=Me 2b : Ar2=C6H4-4-Br 48 70 85
12 1d : Ar1=C6H4-3-Cl, R=Me 2a : Ar2=C6H4-4-Cl 48 60 84
13 1e : Ar1=C6H4-3,4-Cl2, R=Me 2a : Ar2=C6H4-4-Cl 48 81 88
14 1 f : Ar1=C6H4-3,5-Cl2, R=Me 2a : Ar2=C6H4-4-Cl 48 73 85
15 1g : Ar1=C6H4-3,5-F2, R=Me 2a : Ar2=C6H4-4-Cl 48 77 87
16 1h : Ar1=C6H4-4-CF3, R=Et 2b : Ar2=C6H4-4-Br 90 90 88
17 1 i : Ar1=C6H4-4-CF3, R=Pr 2b : Ar2=C6H4-4-Br 90 88 87

[a] Isolated yield of the corresponding diol 5. [b] Determined by HPLC analysis after converting to the corre-
sponding diol. The diastereoselectivity was generally below the detection limit of 500 MHz 1H NMR (>98:2).
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intensive efforts, no crystal was obtained in the absence of
LiOTf, suggesting that LiOTf was essential for crystal for-
mation; however, LiOTf was not involved in the crystal.

Mechanistic studies : The results shown in Table 1 revealed
that LiOTf had an important role in the highly enantioselec-
tive aldol–Tishchenko reaction. In addition, a new La/Li/
binol (2:4:5) complex 6 was obtained from a catalyst solu-
tion prepared from La(OTf)3, BuLi, and BINOL. Thus, we
were interested in the role of LiOTf and the efficiency of
crystalline complex 6 in the asymmetric catalysis. When
ketone 1b and aldehyde 2b were used as substrates, clear
beneficial effects of LiOTf were observed (Table 3, en-

tries 1–4). On the other hand,
the crystalline complex 6 on its
own was a less effective catalyst
(entry 5). This low selectivity
might be due to the absence of
LiOTf, and as expected, the ad-
dition of LiOTf to complex 6
greatly improved enantioselec-
tivity of the reaction to 80% ee
(entry 6). The addition of one
equivalent of Li2(binol) to com-
plex 6 (entry 7), which was as-
sumed to change the composi-
tion from La/Li/binol (2:4:5) to
La/Li/binol (2:6:6=1:3:3 as in
LLB), gave almost identical re-
sults to those achieved with
LLB (entry 1). As shown in en-
tries 8 and 9, the addition order
of LiOTf to a mixture of (R)-6,
(R)-BINOL, and BuLi did not
affect either yield or enantiose-
lectivity, suggesting rapid equi-
librium of the lanthanum com-
plexes. The addition of either
extra BuLi (entry 10) or extra
Li2(binol) (entries 11 and 12)
dramatically decreased enantio-

selectivity (vide infra).
To gain insight into the structure of the lanthanum com-

plexes in solution, we performed NMR spectroscopy on the
catalyst. Probably due to structural similarity and/or rapid
equilibrium, there was almost no difference between the so-
lution of LLB in [D8]THF and that of crystalline complex 6
in [D8]THF on the 1H and 13C NMR spectra (Figure 3a). On
the other hand, following the addition of LiOTf to those sol-
utions, a new set of signals appeared in the 13C NMR spectra
in both cases (Figure 3b), suggesting the generation of new
species in the presence of LiOTf. To obtain more informa-
tion on the lanthanum complexes, we performed electro-
nspray ionization mass spectrometry (ESI-MS) and cold-
spray ionization mass spectrometry (CSI-MS) analyses.
Almost no peak was observed by ESI-MS of solutions of the
lanthanum complexes in THF due to the low ionization effi-
ciency in aprotic solvent; therefore, ESI-MS analysis was
performed by using solution of the complex in a THF/
iPrOH (2:1) mixture (ca. 0.7 mm due to limitations of the
ESI apparatus). As shown in Figure 4a, the La/Li/binol
(1:1:2) complex (m/z=721) and LLB (m/z=1019) were de-
tected in the LLB solution as major peaks (see Table 3,
entry 1). In the ESI-MS analysis of the solution of the crys-
talline complex 6, a peak assigned to the La/Li/binol (2:4:5)
complex 6 (m/z=1733) was detected and the relative inten-
sity of the peak of the LLB+binol�Li2 complex (m/z=
1317) increased (Figure 4b, see also Table 3, entry 5). The
addition of one equivalent of Li2(binol) to complex 6 made
the peak at 1733 disappear, resulting in an ESI-MS spectrum

Figure 2. Crystal structure of [La2Li4{(R)-binol}5(thf)8] 6a (top left) and [La2Li4{(R)-binol}5(thf)9] 6b (top
right). The crystal unit is composed of 6a and 6b (1:1). Hydrogen atoms are omitted for clarity. Selected bond
lengths of 6a (N): La1�Ob1, 2.474; La1�Ob1*, 2.429; La1�Ob2, 2.439; La1�Ob2*, 2.467; La1�Ob3, 2.417; La1�Ob5*,
2.500; La1�Ot1, 2.584; Li1�Ob1*, 1.901; Li1�Ob2, 1.894; Li1�Ob2, 1.901; Li1�Ot2, 1.936; Li1�Ot3, 2.020; Li2�Ob2*,
1.827; Li2�Ob3, 1.862; Li2�Ot4, 1.836.

Scheme 1. Best preparative procedures for the catalyst solution (top) and
the crystalline complex 6 (bottom).
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almost identical to that of LLB (Figure 4c). In conjunction
with results shown in Table 3 (entry 7), the addition of Li2-
(binol) to crystalline complex 6 promoted a dynamic struc-
tural change of the La/Li/binol (2:4:5) complex, returning to
LLB. Similar to 13C NMR analysis, the addition of LiOTf to
the solution of LLB and the complex 6 produced several
new peaks assigned to LLB+LiOTf (m/z=1175),
LLB+2LiOTf (m/z=1331), LLB+HLi(binol)+LiOTf (m/
z=1467), and so forth (Figure 4d and e, see also Table 3, en-
tries 2 and 6, respectively). In addition, the ESI-MS spec-
trum of [La(OTf)3]+BINOL+BuLi (1:3:5.6) (Figure 4f) was
almost identical to those shown in Figure 4d and e.[17] Addi-
tional valuable information on the actual structure of the
lanthanum complexes in solution was obtained by CSI-MS.
CSI-MS was developed by one of the authors for the charac-
terization of labile ionic compounds, such as labile self-as-
sembling nanosize metal complexes.[18] Because the CSI ap-
paratus features a drying gas (N2) cooling device to maintain

the temperature of the capillary
and spray below �20 8C, CSI-
MS allows for easy and precise
characterization of labile self-
assembling compounds. Anoth-
er beneficial feature of CSI-MS
is that highly concentrated solu-
tion of the sample in THF
(2mm) can be directly used for
analysis without the addition of
a protic solvent, although it is
still a very dilute solution com-
pared with that used for asym-
metric catalysis (200mm). CSI-
MS of the solution of LLB in
THF mainly showed peaks of
LLB as several THF adducts
(n=0–3) with peaks of
LLB+Li2(binol) (Figure 5a). In
striking contrast to ESI-MS
analysis, the relative intensity of
the peak of LLB dramatically
decreased in the presence of

LiOTf (Figure 5b), indicating the formation of other self-as-
sembling lanthanum complexes. In the case of a solution of
the crystalline complex 6 in THF, very complicated spectra
were obtained due to the existence of possible THF adducts
of various self-assembled complexes in solution.[19]

The information obtained from the above-mentioned ex-
perimental and spectroscopic results allowed us to make the
following deductions:

1) Based on the 13C NMR spectra (Figure 3c) and ESI-MS
(Figure 4d–f), the addition of LiOTf promoted a dynam-
ic structural change in the LLB complex to generate sev-
eral new self-assembled lanthanum complexes, presuma-
bly including the active species of the asymmetric cataly-
sis. Moreover, CSI-MS (Figure 5b) indicated that the
LLB complex underwent a high degree of structural
change.

Table 3. Direct asymmetric aldol–Tishchenko reaction catalyzed by several lanthanum complexes.

Entry Catalyst La/Li/binol/LiOTf Yield [%][a] ee [%][b]

1 (R)-LLB 1:3:3:0 75 79
2 (R)-LLB+LiOTf (1:3) 1:3:3:3 92 92
3 La(OTf)3+(R)-BINOL+BuLi (1:3:6) 1:3:3:3 87 92
4 La(OTf)3+(R)-BINOL+BuLi (1:3:5.6) 1:2.6:3:3 96 95
5[c] (R)-6 2:4:5:0 83 59
6[c] (R)-6+LiOTf (1:6) 2:4:5:6 92 80
7[c] (R)-6+(R)-BINOL+BuLi (1:1:2) 2:6:6:0 (1:3:3:0) 79 81
8[c][d] (R)-6+(R)-BINOL+BuLi+LiOTf (1:1:2:6) 2:6:6:6 (1:3:3:6) 90 92
9[c][e] (R)-6+(R)-BINOL+BuLi+LiOTf (1:1:2:6) 2:6:6:6 (1:3:3:6) 93 90
10[c][e] (R)-6+(R)-BINOL+BuLi+LiOTf (1:1:3:6) 2:7:6:6 98 34
11[e] (R)-LLB+(R)-BINOL+BuLi+LiOTf (1:0.5:1:3) 1:4:3.5:3 82 68
12[e] (R)-LLB+(R)-BINOL+BuLi+LiOTf (1:1:2:3) 1:5:4:3 88 24

[a] Isolated yield of the corresponding diol 5bb. [b] Determined by HPLC analysis after converting to the cor-
responding diol. The diastereoselectivity was generally below the detection limit of 500 MHz 1H NMR (>
98:2). [c] 5 mol% of crystalline complex 6 (10 mol% on La) was used. [d] LiOTf was added after the addition
of BuLi to (R)-6 and BINOL in THF. [e] LiOTf was added before the addition of BuLi.

Figure 3. 13C NMR spectra of the lanthanum complexes in [D8]THF.
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2) Because of the formation of a large quantity of the com-
plex 6 from the LiOTf-containing catalyst solution
(Figure 2), a certain amount of this La/Li/binol (2:4:5)
complex would exist in the active solution [Eq. (1)], al-
though the precise abundance ratio of 6 is unclear
(Table 3, Entry 5).

3) Based on the experimental results (Table 3, entry 7) and
ESI-MS (Figure 4c), the addition of one equivalent of
Li2(binol) to the complex 6 in the absence of LiOTf pro-
motes a reverse dynamic structural change of 6 to LLB
[Eq. (2)].

4) As in Equation (1), with the formation of complex 6
from two equivalents of LLB, the same amount of Li2-
(binol) is generated. Li2(binol) promotes the aldol–Tish-
chenko reaction to give almost racemic products, so that
Li2(binol) itself does not exist in the active catalyst solu-
tion and transforms to a more oligomeric complex such
as the (LLB)l·6m·{Li2(binol)}n·(LiOTf)x complex, as de-
tected on ESI-MS (Figure 4d–f). When Li2(binol) was
added to a solution of LLB+LiOTf (1:3), there was a
significant decrease in enantioselectivity (Table 3,
entry 11, 0.5 equiv of Li2(binol), 68% ee and entry 12,
1 equiv of Li2(binol), 24% ee).

Figure 4. ESI-MS of the lanthanum complexes in THF/iPrOH. a) LLB; b) complex 6 ; c) complex 6+Li2(binol) (1:1); d) LLB+LiOTf (1:3); e) complex
6+LiOTf (1:6); f) La(OTf)3+BINOL+BuLi (1:3:5.6). m/z : 299 [HLi(binol)+Li]+ , 305 [Li2(binol)+Li]

+ , 319 [2LiOTf+Li]+ , 475 [3LiOTf+Li]+ , 721 [La/
Li/binol(1:1:2)+Li]+ , 1019 [LLB+Li]+ , 1175 [LLB+LiOTf+Li]+ , 1311 [LLB+HLi(binol)+Li]+ , 1317 [LLB+Li2(binol)+Li]

+ , 1331 [LLB+2LiOTf+Li]+ ,
1467 [LLB+HLi(binol)+LiOTf+Li]+ , 1733 [La/Li/binol(2:4:5)+Li]+ , 2031 [2LLB+Li]+ .
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From the above deductions, we propose a scheme of dy-
namic self-assembling of the lanthanum complexes with
LiOTf and the candidates of active species of the asymmet-
ric aldol–Tishchenko reaction (Scheme 2). One reasonable

candidate for the active species is an LLB–LiOTf complex
such as the LLB·LiOTf and LLB·2 LiOTf complexes detect-
ed by ESI-MS and CSI-MS. Other possible candidates are
some oligomeric species, which consist of LLB, Li2(binol),
the complex 6, and LiOTf, or a cooperative catalyst system
of all of those species. In addition, the results of the drastic

concentration effects on both reactivity and enantioselectivi-
ty support the possibility of an oligomeric active species
(Table 4).[20]

Conclusion

We successfully developed a direct catalytic aldol–Tishchen-
ko reaction using the lanthanum catalyst as a useful method
to overcome the retroaldol reaction problem of a direct
aldol reaction of ethyl ketone. LiOTf promoted a dynamic
structural change of LLB to generate a novel binuclear [La2-
Li4(binaphthoxide)5] complex (6), whose structure was de-
termined by X-ray crystallography. We demonstrated that
the self-assembled lanthanum complex 6 dynamically
changed its structure to that of LLB (by the addition of Li2-
(binol)) and an active species of the asymmetric catalysis
(by the addition of Li2(binol) and LiOTf). Results of ESI-
MS, CSI-MS, 13C NMR spectroscopy, and experiments of
concentration effects suggested that the active species is an
oligomeric species (LLB)l·6m·{Li2(binol)}n·(LiOTf)x.

Figure 5. CSI-MS of the lanthanum complexes in THF. a) LLB; b) LLB+LiOTf (1:3). m/z : 443 [HLi(binol)+2THF+Li]+ , 521 [Li2(binol)+3THF+Li]+ ,
1019 [LLB+Li]+, 1091 [LLB+THF+Li]+ , 1163 [LLB+2THF+Li]+, 1235 [LLB+3THF+Li]+, 1311 [LLB+HLi(binol)+Li]+ , 1317 [LLB+Li2(binol)+Li]

+,
1331 [LLB+2LiOTf+Li]+ , 1383 [LLB+HLi(binol)+THF+Li]+ , 1389 [LLB+Li2(binol)+THF+Li]+ , 1403 [LLB+2LiOTf+THF+Li]+ , 1455 [LLB+HLi-
(binol)+2THF+Li]+ , 1461 [LLB+Li2(binol)+2THF+Li]+ , 1467 [LLB+Li2(binol)+LiOTf+Li]+ , 1539 [LLB+Li2(binol)+LiOTf+THF+Li]+ , 1643
[LLB+4LiOTf+Li]+ , 1403 [LLB+4LiOTf+THF+Li]+ .

Scheme 2. Proposed dynamic self-assembling of the lanthanum com-
plexes and active species.

Table 4. Concentration effects on the direct catalytic asymmetric aldol–
Tishchenko reaction.

Entry Conc [m] Yield [%][a] ee [%][b]

1 1.0 96 95
2 0.7 82 86
3 0.5 66 78
4 0.2 22 77

[a] Isolated yield of the corresponding diol 5bb. [b] Determined by
HPLC analysis after converting to the corresponding diol. The diastereo-
selectivity was generally below the detection limit of 500 MHz 1H NMR
(>98:2).
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Experimental Section

General : NMR spectra were recorded on a JEOL JNM-LA500 spectrom-
eter, operating at 500 MHz for 1H NMR and 125.65 MHz for 13C NMR
spectra. For 1H NMR spectra chemical shifts in CDCl3 were reported
downfield from TMS (d=0 ppm) or relative to CHCl3 (d=7.26 ppm) or
THF (d=3.58 ppm) as internal references. For 13C NMR spectra, chemi-
cal shifts were reported downfield from TMS (d=0 ppm) or relative to
CHCl3 (d=77.00 ppm) or THF (d=67.40 ppm) as internal references.
Optical rotations were measured on a JASCO P-1010 polarimeter. EI
mass spectra were measured on JEOL JMS-DX303, JEOL JMS-
AX505W or JMS-BU20 GCmate. CSI Mass spectral measurements were
performed by two-sector(BE) mass spectrometer (JMS-700,JEOL) equip-
ped with a cold-spray ionization(CSI) source. The X-ray crystallographic
analysis was under taken using Bruker Samrt1000 CCD diffractometer
with MoKa radiation at 90 K. The enantiomeric excess (ee) was deter-
mined by HPLC analysis. HPLC was performed on JASCO HPLC sys-
tems consisting of the following: pump, 880-PU or PU-980: detector, 875-
UV or UV-970. Reactions were carried out in dry solvents under an
argon atmosphere, unless otherwise stated. [La(O-iPr)3] was purchased
from Kojundo Chemical Laboratory Co., 5-1-28, Chiyoda, Sakado-shi,
Saitama 350-0214 (Japan). Other reagents were purified by the usual
methods.

Procedure for the formation of complex 6 : Lanthanum trifluoromethane-
sulfonate (1.342 g, 2.29 mmol, purity 99.999%, Aldrich) and (R)-(+)-1,1’-
bi-2-naphthol (1.964 g, 6.86 mmol) were placed in a 30 mL flask under
air. The flask was charged with argon and THF (7 mL) was added. nBuLi
in hexanes (8 mL, 12.8 mmol, 1.6m, Aldrich) was then added dropwise to
the mixture at room temperature over a period of 50 min, while main-
taining the reaction temperature below 35 8C. After stirring for 10 min,
the reaction mixture was left standing for 12 h; prismatic crystals were
formed. Under argon atmosphere, the supernatant was removed by sy-
ringe (20 G) and then the crystals were washed with THF (2 mLP3). The
residual crystals were dried for 1 h by means of a needle (21 G) attached
to a vacuum pump. The crystals were collected and stored under argon
atmosphere. The absence of LiOTf was confirmed by 13C NMR analysis
of this product.

X-ray crystallographic analysis : A crystal coated with paratone-N was
mounted on glass fiber. The crystal structure was solved by using
SHELXS 97 (Sheldrick, 1997). Refinement was carried out by full-matrix
least-squares methods (on F2) with anisotropic temperature factors for
non-hydrogen atoms after omission of redundant and space-group-forbid-
den data. In all of the structures H atoms were included as their calculat-
ed positions. For refinement of the structure and structure analysis, the
program package SHELXTL was used. CCDC 269103 contains the sup-
plementary crystallographic data for this paper. This data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via http://www.ccdc.cam.ac.uk/data request/cif.

Preparation of catalyst solution of complex 6+BINOL+BuLi+LiOTf
(Table 3, entry 9): In a glovebox under argon atmosphere, (R)-BINOL
(51 mg, 0.178 mmol) and LiOTf (167 mg, 1.068 mmol) were added to the
complex 6 (384 mg, 0.178 mmol) in a 20 mL round-bottom flask. THF
(4 mL) was added to the mixture. After stirring for 10 min at room tem-
perature, nBuLi (0.22 mL, 0.356 mmol, 1.6m in hexanes, Aldrich) was
added dropwise at 4 8C to give a white suspension. The reaction mixture
was gradually warmed to room temperature and after 12 h became a ho-
mogeneous solution. The solution was cooled to �78 8C and the solvent
was slowly removed by means of a needle (21 G) attached to a vacuum
pump. The cooling bath was then removed and the reaction mixture was
slowly allowed to come to room temperature. After the reaction mixture
became a dry solid (approximately 2 h), the vacuum was replaced with
argon gas and THF (1.8 mL) was added to make a 0.2m catalyst solution
based on lanthanum metal.

General procedure for the direct catalytic asymmetric aldol–Tishchenko
reaction : A solution of the catalyst (0.25 mL, 0.2m in THF based on lan-
thanum metal) was slowly added to a mixture of 1b (101 mg, 0.50 mmol)
and 2b (231 mg, 1.25 mmol) in THF (0.25 mL) at 4 8C. After stirring for
48 h at room temperature, the reaction mixture was quenched by the ad-

dition of 1m aqueous HCl. The aqueous layer was extracted twice with
ethyl acetate. The combined organic layers were washed with brine, dried
over Na2SO4, filtered, and concentrated in vacuo. The residue was puri-
fied by column chromatography (silica gel, hexane/acetone 25:3) to
afford aldol–Tishchenko ester 4bb as a colorless oil. The product was dis-
solved in MeOH (3 mL), NaOMe (100 mg, 1.85 mmol) was added, and
the resulting mixture was stirred for 1 h. The reaction mixture was
poured into brine and extracted with ethyl acetate. The combined organic
layers were dried over Na2SO4, filtered, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, hexane/ethyl
acetate 400:70 to 400:30) to afford the diol 5bb as a single diastereomer
(96% yield for 2 steps). HPLC analysis conditions [column: DAICEL
CHIRALPAK AD-H, eluent: hexane/isopropanol 92:8, flow rate:
1.0 mLmin�1, detector: 254 nm, tR=11.0 (minor (1R,2R,3R)) 14.9 min
(major (1S,2S,3S))].

Mass spectrometry analyses : The 0.1m LLB solution (20 mL) was diluted
with dry THF (3 mL) and dry 2-propanol (1 mL). The diluted solution
was directly used for ESI-MS analysis. ESI-MS analysis was performed in
cation mode under the following conditions: capillary: 3.5 kV; cone:
150 V; source temp: 90 8C; desolvation temp: 90 8C; syringe pump:
30 mLmin�1. For CSI-MS the LLB solution (0.1m) was diluted with THF
to give a 2mm solution, which was directly used for CSI-MS analysis.
Typical measurement conditions were as follows: acceleration voltage:
5.0 kV; needle voltage: 3.4 kV; orifice voltage: 248 V; ringlens voltage:
283 V; resolution (10% valley definition): 1000; sample flow-rate:
17 mLmin�1; spray temperature: �25 to 0 8C.
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