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Catalytic asymmetric carbercarbon bond forming reactions  Scheme 1

represent an extremely valuable synthetic procedure for preparing

enantiomerically pure chiral compounds. Recently, Wu and Chong
have reported that the asymmetric conjugate addition8-af
alkynyldiisopropylboronate®to enoned catalyzed by binaphthols

3 occur smoothly, affording alkyned with high yields and
enantiomeric excesses (Schemet4)The development of this
methodology constitutes a key contribution to the progress of

modern asymmetric synthesis since it proves that the use of catalytic

amounts of “exchangeable” chiral ligands on boron can be used to
promote asymmetric transformations.

On the basis of experimental observations, the authors propose

the catalytic cycle depicted in Scheme 1. The rapid equilibrium
established between diisopropylboronatand its chiral analogue

5 is followed by the conjugate addition & to enonel, which
appears to be the rate-determining step. The alkylated pro@uct (
subsequently exchanges ligands wiho simultaneously vyield
diisopropoxyboron enolaté and regenerat8. Final protonation

of 7 during workup affords th¢-alkynyl ketone4.

This scheme will work only if the reactivity of the different
components is finely balanced. Fir& must not react withl to
compete with the reaction & with 1. Second, howeve must
also be reactive enough to allow the initial equilibriught¢ 5) to
be established and to convé&to 7 while regenerating. Third,
the chiral ligand must be small enough that the reactiob with
1 goes smoothly, and yet hindered enough that it can stereodiffer-
entiate theRe and Si faces of the enone to induce chirality in the
conjugate addition. Fourth, these conditions must not lea# to
through a [4+ 2] cycloaddition, which occurs for the analogous
alkynylborane/diene systefd.

To gain a deeper understanding of the factors responsible for
the intriguing catalysis exerted by binaphthols, to investigate the
limits on the variations possible for this process, and to explain
the direction of the stereoinduction, we have performed a theoretical
study at the B3LYP/lacvp* level of theory usintguarversion
4.256We have investigated the reaction between erfan@R! =
Ph, R = CHs) and model alkynylboronat2a (R® = CHa) using
3,3-diiodo-2,2-biphenol as a model for the most effective binaph-
thol catalysB3a (X = 1), which would lead to chiral alkynylboronate
5a We have located the transition structures (TSs) for the conjugate
addition of2a and5a to 1a (Figure 1).

The calculations correctly reproduced the effect of catalysis
produced by binaphthda, as well as the sense of asymmetric
induction. The energy barrier for the reactionlafwith 2ais much
higher than that foda with the chiral alkynylboronat&a.

The boron atom of alkynylboronatea binds tightly to enone
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laand activates it effectively for the reaction. The boror2ais
less able to do this. This is illustrated by the- ®1 distances, which
are considerably shorter in the TSs wih than with 2a, and is
further demonstrated by the NBO analysis (see Supporting Informa-
tion).” In addition, QRC analysiof the TSs connects the reactants
and the product for the reaction @& with 2a, but connects the
products to a complex between the reactat#sand 5a The
formation of a complex between enohaand alkynylboronatéa
lowers the energy of the LUMO of the enone moiety freti.07
to —0.11 eV and so facilitates the conjugate addition process.
Wu and Chong also tested ethylene glycol and pinacol, and none
of these gave the desired prod&dthe TSs for the corresponding
propynylboronatesand 10, respectively) reacting witlha have
also been found (see Supporting Information), and the barriers are
similar to that for the reaction ¢fa (ca. 23 kcal moi?). We were
not able to locate the complex betwekmand9 or 10, and QRC
analysis of the TSs leads directly to products and reactantdike
and unlike5a. This lack of reactivity might be explained by steric
effects for2a and 10, but the ethylene glycol derived reage8j (
does not have great steric demands. The difference in reactivity
may also be due to the ability of the oxygen lone pairs to donate
into the vacant boron orbital. For isolat2d, 9, and10, the C-O—
B—C1 angles are close to either 180 ¢t Gor 5a however, this
angle is 147, twisted substantially from the plane and reducing
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Scheme 2

Y. 42
RN = Rf\/xk
X= 0, CH, Y=R, OR RN OR?

the 1,4-alkynylboratio? The Diels-Alder reaction can occur either
through classical [4- 2] TSs with [4+ 3] C—B secondary orbital
interactions or through [4 3] TSs (DATSS).

We have located the TSs for the competing hetero-Bialgler

Cr @, & reaction of enonela and alkynylboronate2a and 5a (see

o— S e, = ¢ Supporting Information). FoRa, we have found the [4- 2] TS

R > & (DATS lat2a-A) and the [4+ 3] TS (DATS 1at2a-B), whereas
for 5a, only nonclassical TSs could be located (DAT&t+5a-B-
Reand-Si). All attempts to locate the [4 2] TSs merged in the
[4 + 3] TSs. This could be attributed to the higher electrophilic
character of the boron atom &f. Again, the Diels-Alder TSs
for 2a connect the product and the reactants, while the TSSdor
connect the products to a complex between the reactants. In
agreement with experimental results, the hetero-Bialsgler reac-
tions were predicted to be kinetically disfavored relative to the
alkynylborations by about 10 kcal midlfor 5a.

In summary, we have shown that the stringent requirements for
Chong’s catalytic cycle to work are consistent with the calculated
reaction pathways. The inability of different achiral ligands to
the oxygen lone pair’s ability to donate into the vacant boron orbital. Perform the conjugate addition reaction also fits this scheme. This
This is reinforced by the possibility of delocalization into the ~demonstrates that the computational procedure is able to analyze
adjacent aromatic systems and by the presence of electron-this finely balanced reactivity, to distinguish between competing
withdrawing groups on the 3 and Positions of the aromatic ~ reaction pathways, and so guide the choice of potential reagents.

system, which further withdraw electron density from the oxygens, Acknowledgment. We thank CONICET, Universidad Nacional

enhancing the Lewis acid character of the boron. o de Rosario, FundacibAntorchas, ANPCyT and Unilever.
NBO values show that TSkat+5a-Re and-Si present similar

interactions. However, the former has two close contacts between Supporting Information Available: Geometries, Cartesian coor-
one of the iodines of the chiral boronate and two hydrogens in the dinates, absolute energies, and number of imaginary frequencies of all
enone (3.14 and 3.17 A, Figure 1). These destabilizing interactions Stationary points; imaginary frequencies of all transition structures;
can be invoked to account for the facial discrimination of compound conformers foRaand derived transition structures; reaction coordinates
5a The energy difference computed between I&$5a-Re and for the reactions ofa a}ndSa; energies and atomic coefﬁ.cie.nts of.the
-Si (1.18 kcal motY) predicts a 87:1%R ratio for product4, which frontier molecula_\r orbitals of the reactants. This material is available
agrees reasonably well with the experimental ratio for the reaction free of charge via the Intemet at hitp://pubs.acs.org.

of 1a using B-1-octynyldiisopropylboronate and catalygs (X =
1) (97:39R).

TS 1a+2a ©
26.06 kcal mol”!

TS 1a+5a-Re
10.92 kcal mol”!

TS 1a+5a-Si
9.74 keal mol’

Figure 1. B3LYP/lacvp* transition structures of the conjugate additions
of alkynylboronatea and5a to enonela Selected distances (in A) and
B3LYP/lacvp* activation energies including zero-point energy (ZPE)
corrections are shown.
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