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The title reaction has been a very popular target for design of
chiral ligands ever since 1984, when Oguni and Omi used catalytic
amounts of §-leucinol and obtained moderate enantiomeric
excess for the addition of dialkyl zinc to benzaldehydéany
chiral ligands have since been reported to induce asymmetry in
this reaction, the majority of which have begmmino-alcohols,
but also some featuring other structural motifs.

Several types of transition states for the title reaction have been
proposed in the literatureNoyori and co-workers have studied
the reaction mechanism extensively, both experimenitalhd
theoretically® In 1995, Yamakawa and Noyori presented a
theoretical investigation of a small model syst&mharacterizing
two tricyclic transition states- syn-andanti-orientation of the
terminal rings— and one bicyclic TS (Figure 1).

MP252 and B3LYP calculations show that the tricyclanti-
configuration is the most favored, being-123 kJ/mol more
stable than the tricyclisynconfiguration, and 29 kJ/mol more
stable than the bicyclic TS. In the tricyclic transition states, alkyl
migration occurs with retention of configuration, whereas the high-
energy bicyclic pathway would give inversion of the migrating
alkyl group%?

On the basis of the tricyclic transition states, several selectivity
models have been develop®& The major influence of the chiral
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Figure 1. Transition states characterized by Yamakawa and N&yori.
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Figure 2. The four major forms of the tricyclic transition state.

ligand is to block one face of the chelated zinc atom. The aldehyde
coordinates either lone paicis, or transto R. For the favored
zinc face, the four possible tricyclic transition states are shown
in Figure 2. The most favorable of these configurations is usually
anti-trans® The minor enantiomer can arise via thn-transor
anti-cis pathways, whereasyn-cis(leading to the same product
asanti-trang is highly disfavored due to steric crowding.

We have implemented a Q2Mi¥ force field for the title
reaction to allow rapid evaluation of new ligands. In line with
previous work in our group we had expected an accuracy around
2 kJ/mol for enantioselectivity predictions from the force field.
Testing against a set of known ligands with diverse selectivity
revealed that many systems (e.g., DAIBwere predicted within
the target accuracy, but some prominent outliers were identified,
among them the DBNE ligand2).° No obvious parameter
deficiencies could be identified, and inclusion of additional data
points in the parametrization did not change the picture signifi-
cantly. Goldfuss and Houk have shown that the behavior of the
very similar ligand3 could be rationalized by PM®,and we
therefore subjected our best conformation®2ab optimization
using this unbiased methad.
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Surprisingly, a new low-energy path was identified when at-
tempting to locate aanti-cistransition state. The new mechanism
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is formally related to the old by a change in the coordinating
lone-pair on the carbonyl oxygen, (e.g., eistrans, Figure 3).

To retain best possible overlap with the migrating alkyl group,
the structure opens to a bicyclic configuration, including a six-
membered ring with an envelopery) conformation. In all
previously proposed mechanisms the two breaking bonds-<zinc
alkyl and carbonyl) are close to paralfekhereas in the new TS
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Figure 5. New six-membered transition statesy andchair. Innocent
hydrogens are hidden for clarity.

At the PM3 level, the formaldehyde model could not be
converged to theanti or syn TS. Employing instead #&ans-
acetaldehyde model, PM3 identifieshv as the lowest path, 31
kJ/mol belowanti, whereas DFT showanti to be 18 kJ/mol lower
than erv in the gas phase (a shift by 2 kJ/mol from the
formaldehyde model). This discrepancy must be considered when
using PM3 to calculate transition states for larger systems, but
considering all error sources it is still likely that the favored TS
for 2 is the chair form. A final resolution of this question will
have to await evaluation of the transition statesZdny a more
accurate method such as QM/Mite

the bonds are almost perpendicular (Figure 4). In contrast to the ~ The results illustrate some of the relative merits of different
high-energy six-membered TS reported earlier (Figure 1), the new methods for assessing reaction selectivities. The Q2MM method,

six-membered transition states give migration with retention of
configuration, just like the tricyclic ones. &hair TS arises
formally from thesyn-cisTS in a similar manner. F&, the new
transition statesgnv andchair, are lower in energy than the best
anti form by 19 and 50 kJ/mol, respectively. The lowest form,

chair-trans,does indeed lead to the observed major enantiomer.

A small-model system constructed from dimethylamino ethanol,
dimethyl zinc, and formaldehyde was investigated using DFT.
Similar to the results of Noyori and co-workértheanti TS was
lowest in energy, with thesyn TS 13 kJ/mol higher. The two
new transition stateg(w andchair) were located 16 kJ/mol above
theanti TS (Figure 5). Employing a continuum solvation model,
erv is 13 kJ/mol aboveanti in toluene and only 11 kJ/mol higher
in THF, slightly lower thansyn At the triple< level in the gas
phasegerv is only 9 kJ/mol aboventi.
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by virtue of allowing full searching of the conformational space,
can pinpoint cases where the tricyclic transition-state model fails
to rationalize the observed selectivity, but only QM or QM/MM
can show the reason for the failure. Thus, the techniques are
complementary: the Q2MM method allows rapid scanning and
sometimes accurate predictions, whereas the slower QM-based
methods can reproduce changes in the reaction coordinate.

The successful rationalization of experimental data using the
old transition states indicate that for many systems the tricyclic
transition states are favor@8However, it is clear from the current
results that the new transition states could constitute the dominant
path to the minor enantiomer in solvent, and for some substrates
could also be the major source of both enantiomers. Thus, future
design and rationalization of the title reaction should consider
the alternative paths described herein.
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