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Inrecent years, numerous attempts have been made to develop
catalyticasymmetric C-C bond-forming reactions. Nevertheless,
elucidation of catalyst structure and mode of enantioselection
have remained at a primitive level, limiting both their application
and further development. Recently?-S we developed the first
catalyticasymmetric nitroaldol reaction using rare earth BINOL
complexes of La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Yb, and Y,
prepared from rare earth metal trichlorides, dilithium (R)-
binaphthoxide, NaOH, and H,0, and showed** some of its
applications in the efficient catalytic asymmetric syntheses of
important therapeuticagents. Therare earth metals are generally
regarded as a group of 17 elements with similar properties,
especially with respect to their chemical reactivity. However, in
the case of the above-mentioned nitroaldol reaction, we have
observed pronounced differences both in the reactivity and in the
enantioselectivity among the various rare earth metals used.’ In
addition, the presence of LiCl and H,O appears to be essential
for obtaining nitroaldols of high optical purity.>® Nevertheless,
structures of the catalysts have still remained unclear. Thus the
question arises not only about the catalyst structure and the role
of additives but also about the mode of enantioselection. In this
communication we report on the structures of optically active
rare earth catalysts, which should be quite helpful in further
studies of their reactions.

The relatively simple 1*C and 'H NMR peak patterns of the
La catalyst suggestS either a simple structure for the catalyst or
the magnetic equivalence of the BINOL moiety if the catalyst
has an oligomeric structure. An NMR study of all the rare earth
complexes, with the exception of the La catalyst complex, provided
little information on catalyst structure due to the paramagnetism
of the rare earth elements.

By conventional EI- and FAB-MS methods, we could obtain
only obscure spectra with complex fragment peaks. In contrast,
the laser desorption/ionization time-of-flight mass spectrometry
(LDI-TOF MS)’# proved to be quite a powerful tool in the analysis
of the structure of rare earth BINOL complexes. By the LDI-
TOF MS method, anionic and cationic species could be detected
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Figure 1. Laser desorption/ionization time-of-flight mass spectra of La—
(S)-BINOL compiex in anionic (top) and cationic (bottom) modes.

independently according to the measurement mode. As shown
in Figure 1,in both anionic and cationic modes, a tris(binaphthoxy)
mixed-metal complex of La and Li came up as a candidate for
the framework of the catalyst. Surprisingly, no Cl atom-
containing fragment was detected. The other BINOL-rare earth
complexes (Pr, Nd, and Eu) also showed a peak pattern similar
to that of the La-BINOL complex, suggesting that these rare
earth complexes have fundamentally similar structures.® Al-
though the LDI-TOF MS has a mass accuracy of about £0.1%,’
the proposed framework was strongly supported by the similarity
of the mass spectra of the various rare earth complexes, since rare
earth elements have their own atomic weight and isotope
abundance distribution.

Although several attempts were made to obtain an X-ray grade
crystal of a rare earth complex, these were largely unsuccessful.
One reason for the low crystalline character of these rare earth
complexes might be contamination due to soluble LiCl in the
catalyst solution. Therefore, we turned ourattentionto preparing
the crystals under Li-free conditions. Starting from rare earth
(La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Er, Yb, and Y) trichlorides,
disodium (S)-binaphthoxide, NaO-¢-Bu, and H,0,!° we were
pleased to find that several of the rare earth complexes, with the
exception of La, could be crystallized from THF. Thermal
analysis of the crystals showed that none of the crystals had a
clear melting point and that all of the crystals lost almost 30%
of their weight when heated to 300 °C.° These results suggested
the presence of six THF molecules coordinated to the metal and
a few H;O molecules in the crystal. The composition was
attributable to LnNastris(binaphthoxide)-6THF-2H,0 (Ln =rare
earth metal) fromthe elemental analysis.” X-raycrystallographic
analyses of Eu, Nd, and Pr complexes prove this hypothesis. Figure
2displaysthestructure of the Eu complex. X-ray crystallographic
analyses shows that Eu-, Pr-, and Nd-containing crystals have
almost the same structure except for the distance of the atoms
around the center rare earth metal.®!! For example, the bond
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Figure2. ORTEP drawing for EuNastris((S)-binaphthoxy)-6THF-H,0O
with 50% thermal ellipsoids (hydrogens omitted).
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length between the rare earth metals and oxygens of BINOL
were Eu-0, 2.286 and 2.312; Nd-O, 2.338 and 2.363;and Pr-O,
2.365and 2.386 A. These results suggest that small changes in
the structure of the catalyst (ca. 0.1 A in bond length) cause a
drastic change in the optical purity of nitroaldols produced.’?
Each rare earth (S)-BINOL complex has an asymmetric center
at the rare earth metal so that the (S)-BINOL complex can exist
as a diastereomixture. Nevertheless, it is interesting to note that
Pr, Nd, and Eu complexes starting from (S)-BINOL exist only
inthe A-configuration, perhaps due tothe greater thermodynamic
stability of this configuration than the A-form.

All the above-mentioned crystals were basic and acted as
catalysts for the nitroaldol reaction. However, the nitroaldols
thus obtained were mostly racemic mixtures. For example, in
the case of reaction of hydrocinnamaldehyde with nitromethane
at —40 °C, the results were as follows: Eu, 72% yield, 3% ee (S)

(11) Crystal data for the rare earth BINOL complexes collected at 291 K:
EuNa;CeoHs0s:6 THF-H,0, space group P63, a = 15.279(2) A, b = 15.279-
(2) A, c = 18.454(8) A; & = 90.00(0)°, 8 = 90.00(0)°, v = 120.00(0)°, Z
= 6. The structure was solved by direct methods and refined to R(F) = 0.055,
R (F) =0.045. NdNa;CgH360s:6 THF-H0, space group P6;,a = 15.295(1)
A, b=15295(1) A, ¢ = 18.459(2) A; « = 90.00(0)°, 8 = 90.00(0)°, ¥ =
120.00(0)°, Z = 6. The structure was solved by direct methods and refined
to R(F) = 0.050, Ry(F) = 0.049. PrNa,;CeH35046THF-H,0, space group
P63, a = 15.309(2) A, b = 15.309(2) Ac= 18.452(8) A; « = 90.00(0)°, 8
= 90.00(0)°, v = 120.00(0)°, Z = 6. The structure was solved by direct
methods and refined to R(F) = 0.042, Ru(F) = 0.048.
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Figure 3. Proposed mechanisms for the rare earth BINOL complex
catalyzed asymmetric nitroaidol reactions.

configuration; Nd, 83%, 7% ee (R); Pr, 80%, 9% ee (R). On the
other hand, only after they were stirred for 3 days with 3 equiv
of LiCl in THF did the solutions prove to be efficient asymmetric
catalysts (Eu, 84%, 70% ee (R); Nd, 71%, 68% ee (R); Pr, 84%,
73%ee (R)). Again by analysis with the LDI-TOF MS method,
all Li-free crystals showed similar mass patterns (cf. Figure 1)
exceptthatthey contained Na instead of Li.> Moreover, complete
exchange of Na with Li, on addition of LiCl to the catalyst, was
also observed with LDI-TOF MS.?

The disclosed structure of the rare earth complexes led us to
prepare the La-BINOL complex in a rationally designed
procedure.'? Namely, to a stirred suspension of monolithium
(S)-binaphthoxide was added a THF solution of La(O-i-Pr),!3
(0.33 mol equiv) at room temperature.” This catalyst solution
also gave almost the same LDI-TOF mass spectra as depicted in
Figure 1, and also showed excellent catalytic activity in the
asymmetric nitroaldol reaction (Scheme I).

On the basis of the knowledge of the structure of the catalyst,
we propose the following mechanism for the asymmetric nitroaldol
reaction Figure 3. Reaction of the catalyst with nitromethane
initially affords a rare earth nitronate [A], wherein the increased
coordination around the La atom causes it to be more acidic. The
carbonyl oxygen of an aldehyde can then coordinate to the La
atom more easily to form the nitroaldol derivative. In contrast,
with the Li-free catalyst (Na-containing catalyst), sodium
nitronate [B], in which the asymmetric center is far from the
arising carbon—carbon bond, is formed, resulting in poor enan-
tioselectivity. This result appears to be ascribed to the difference
of electronegativity between Li and Na. Further studies along
this line are now in progress.
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