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ABSTRACT: DFT calculations suggest that O-monoacyl L-
tartaric acids catalyze the asymmetric conjugate alkenylbora-
tion of enones through transition structures that are stabilized
by hydrogen-bonding interactions. Formation of a five-
membered acyloxyborane is proposed. The hydrogen of the
free carboxy group derived from the catalyst interacts with the
carbonyl group of the cyclic acyloxyborane, stabilizing the
transition structure and reducing the flexibility of the system.
Additional stabilizing nonclassical CH···O hydrogen-bond
interactions seem to determine the observed enantioselectivity.

In 2010, Sugiura and co-workers reported that O-monoacyl L-
tartaric acids (1) organocatalyze the conjugate alkenylbora-

tion of enones with high yields and enantioselectivities.1 Within
the acyl groups tested, the 3,5-di-tert-butylbenzoyl group gave
optimized yields and enantioselectivities. As an example, the
conjugate addition of (E)-styrylboronic acid (3) to chalcone
(2) with 10 mol % of (2R,3R)-2-O-(3,5-di-tert-butylbenzoyl)-
tartaric acid (1a) in toluene at 50 °C for 24 h gave the desired
product 4 in 92% yield with 87% ee (Scheme 1).
To our knowledge, that report demonstrated for the first

time that α-hydroxy acids could be used as organocatalysts in
organoboron reactions.2 More recently, tartaric acid has also
been described to organocatalyze the enantioselective addition
of alkenylboronic esters to N-acylquinoliniums.3 Given that
boronic acids have long been known to selectively bind to diols
and α-hydroxy acids,4,5 it is surprising that such interactions
have not been exploited in the field of organocatalysis earlier. In
contrast, several reports on the conjugate alkenylborations
accelerated by chiral biphenols,6 a resin-supported peptide,7

and trifluoroacetic anhydride8 have appeared in the literature.
In a related but conceptually different approach, Yamamoto

and co-workers used O-monoacyltartaric acids to stoichio-
metrically prepare chiral acyloxyboranes (CAB), which as a
class of Lewis acid can catalyze different asymmetric reactions
efficiently.9 NOE studies for CAB-complexed methacrolein and
crotonaldehyde suggested that facial differentiation originated
from π-stacking between the enal and the aromatic ring of the
acyl group.9d

On the basis of such premises and our previous theoretical
studies for similar reactions,10 we propose that the reaction of
boronic acid 3 with catalyst 1 would initially give rise to the
formation of chiral intermediate 5 (Scheme 2). The electron-
withdrawing acyloxy group in 5 would enhance the electro-

philicity of the boron atom to facilitate coordination to the
carbonyl oxygen of enone 2. Intramolecular attack of the
carbon attached to the boron atom to the Re face of the
activated enone in the highly ordered complex 2−5 would then
give rise to the addition product with the S absolute
configuration at the β carbon. The chiral catalyst would be
released by ligand exchange, while protonation would yield β-
alkenyl ketone 4.
To shed light into the mechanism of catalysis of O-

monoacyltartaric acids in the enantioselective conjugate
addition of alkenylboronic acids to enones we performed a
theoretical study using DFT methods as implemented in
Gaussian 09, revision D.01.11 We have used the smallest
catalyst tartaric acid 1b (R = Me, Scheme 1) to reduce the
number of atoms. We have analyzed possible competitive
pathways for the conjugate addition since many different boron
species could be formed by ligand exchange due to the presence
of multiple free hydroxy and carboxy groups in the catalyst and
the methanol additive (see the Supporting Information). We
performed thorough conformational searches for all the studied
structures, analyzed the features of the reactants and the
transition structures (TSs), and compared the energetics of all
the possible pathways to identify the origin of the
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experimentally observed catalytic activity and enantioselectivity.
Energies and geometries shown herein correspond to structures
optimized at the B3LYP/6-311+G** level of theory.12

Examination of the FMOs of the reagents gives a very similar
picture to the one found for the BINOL-catalyzed conjugate
alkenylboration.10b Chalcone (2) and (E)-styrylboronic acid
(3) show a typical dominant interaction for a nucleophilic
addition, i.e., that between the LUMO of the enone and the
HOMO of the alkenylboronic acid (energy gap 4.06 eV)
(Figure 1).13 Intermediate 5 has lower energy FMOs so it is
less nucleophilic and more electrophilic showing very similar
HOMO5−LUMO2 and HOMO2−LUMO5 energy gaps (4.35

and 4.36 eV, respectively). However, the later interaction leads
to a tightly bound complex 2−5 (dB−O 1.64 Å) with a small
intramolecular HOMO−LUMO gap of 2.47 eV, so even if a
very small amount of the complex is formed it should undergo
conjugate addition promptly.14 We were not able to locate
either molecular or coordination complexes for (E)-styrylbor-
onic acid (3) with 2. Contrary to the mode of activation of
BINOLs, where the higher electrophilicity of boron originated
from the twisted geometry of the derived cyclic boronate and
the resulting poorer ability of the oxygens to donate electron
density into the vacant p orbital of the boron atom, we propose
that the enhanced Lewis acidity of borolane 5 can be attributed
to the presence of the electron-attracting acyloxy group in the
ring. This is corroborated by the coefficients of the carbonyl
atoms in the LUMO of 5 (ca. 0.10).
Location of the transition structures for the conjugate

addition reactions provided further evidence for the hypothesis
of Lewis acid activation of the enone via formation of complex
2−5 and also suggested that other interactions contribute to
accelerate the reaction. Although the reaction of (E)-
styrylboronic acid (3) with catalyst 1b to give intermediate
acyloxyborane 5 appears to be slightly exergonic (ΔG = −0.09
kcal/mol), the free activation energy for the conjugate
alkenylboration was calculated to be much lower than for the
noncatalyzed reaction, as well as for those for the methanol
hemiester and ester derivatives (Figure 2).15 The energy
barriers corresponding to the transition structures for the
catalyzed reaction were ca. 10 kcal/mol lower than those for the
background reaction.
Figure 3 gathers the minimum energy geometries for the

transition structures of the reactions of chalcone with (E)-
styrylboronic acid (3) and chiral borolane 5.16 It is important to
remark that for the achiral boron compounds such as (E)-

Scheme 1. Enantioselective Conjugate Addition of (E)-Styrylboronic Acid to Chalcone Catalyzed by O-Monoacyltartaric Acids

Scheme 2. Possible Catalytic Cycle

Figure 1. Correlation diagrams (B3LYP/6-311+G** energies in eV)
and optimized geometry of intermediate 5.

Figure 2. Reaction coordinates for the lower energy TSs
corresponding to the alkenylboration of chalcone (2) with (E)-
styrylboronic acid (3) and chiral borolane 5, with B3LYP/6-311+G**
energies from separate reactants in kcal/mol.
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styrylboronic (3) there are two possible approaches depending
on the face to the alkenylboron being exposed (Re or Si), which
lead to different conformations of the same product. In the case
of chiral intermediate 5 the situation is more complex. Both
lobes of the vacant p orbital of the boron atom in 5 can interact
with the enone oxygen during coordination, so two
diastereomeric complexes with either the R and S configuration
at the sp3 boron stereogenic center can be obtained. We have
found that structures in which the boron atom has the S
absolute configuration are more stable.
All the transition structures exhibit six-membered sofa-like

geometries with C−C distances in the range 1.96−2.06 Å and
B−O within 1.48−1.58 Å. Interestingly, in the transition
structures for chiral borolane intermediate 5, the hydrogen of
the free carboxy group derived from the catalyst interacts with
the carbonyl oxygen of the cyclic acycloxyborane (H···O

distances ca. 1.7 Å).17 These strong intramolecular hydrogen-
bonding interactions stabilize the transition structures by 23.4
kcal/mol and lock the conformation of the system.18 It is
interesting to note that such type of interactions are not
observed in intermediate 5, therefore we propose that they are
originated to stabilize the charge formed during the course of
the reaction, thus mimicking enzymatic catalysis mechanisms.19

Hydrogen-bonding interactions become stronger as the charge
is reorganized in going from separate reactants to the transition
state. The optimized geometry of the complex 2+5-S-ReRe is
shown in Figure 4, together with another view of the
corresponding TS. The B−O distance and the strength of the
hydrogen bond in the complex are nearly the same as those for
the TS. We postulate that the hydrogen bond between the free
carboxy group derived from the catalyst and the carbonyl of the
cyclic acyloxyborane is responsible for the catalyst activity. This

Figure 3. B3LYP/6-311+G**-optimized geometries of selected TSs for the alkenylboration reactions of chalcone (2) with (E)-styrylboronic acid (3)
and chiral borolane 5 with interatomic distances in angstroms and, in parentheses, Wiberg bond indexes. Free activation energies in the gas phase
and in toluene, in parentheses, from separate reactants in kcal/mol.
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could be classified as a special case of intramolecular Brønsted
acid assisted Lewis acid catalysis (BLA), as defined by
Yamamoto.20 Calculations correctly predict the S absolute
configuration of the product and estimate the enantiomeric
excess for the reaction of 1b (ee experimental 80%, computed
82%). The most favorable attack, corresponding to the
approach of the Re face of 5 to the Re face of enone 2 (TS-
2+5-S-ReRe), is 1.5 kcal/mol lower in energy than the closest
transition structure (TS-2+5-S-SiSi). In analogy to the work of
Yamamoto and co-workers on enantioselective reactions of
chiral acyloxyboranes, we anticipated that π-stacking inter-
actions between the aromatic ring of the acyl group and the
alkenyl moiety would dictate the facial differentiation. However,
we were not able to locate any conformations for the transition
structures that presented such type of interactions, possibly due
to geometry constraints of the highly compact system under
study. Instead, we propose that transient nonclassical C(sp2)−
H···O hydrogen-bond interactions between the carbonyl
oxygen of the acyl substituent and two hydrogens of the
alkenyl group determine the observed enantioselectivity (Figure
4).21 NBO calculations indicated that such interactions should
stabilize TS-2+5-S-ReRe by over 1.0 kcal/mol, which is close to
the energy difference with the most stable transition structure
corresponding to the attack of the Si face of the enone (TS-
2+5-S-SiSi). The geometry of the latter prevents the formation
of these key stabilizing hydrogen-bond interactions since the
acyl moiety and the alkenyl groups are too far away. CH···O
NCHBs in the other transition structure corresponding to
attack of the Re face of the enone (TS-2+5-S-ReSi), though
present, are weaker (ca. 0.3 kcal/mol, 2.65 Å). In addition, TS-
2+5-S-ReSi is also more sterically congested than TS-2+5-S-
ReRe, and a clash between two hydrogens belonging to the
alkenyl moiety (H−H distance 2.09 Å) is observed.
In conclusion, the results of the theoretical study presented

herein provided some insight on the mechanism of the
asymmetric alkenylboration of enones catalyzed by chiral O-
monoacyltartaric acids. We postulate that the formation of a
strong intramolecular hydrogen bond between the hydrogen of
the free carboxy group derived from the catalyst and the
carbonyl oxygen of the cyclic acyloxyborane along the course of
the reaction is responsible for the catalytic activity observed
experimentally. In addition, owing to such interactions the
system becomes rigid. A second type of hydrogen-bond

interactions, namely the nonclassical C(sp2)−H···O hydro-
gen-bond interactions between the carbonyl oxygen of the acyl
substituent and two hydrogens of the alkenyl group, account for
the high levels of enantioselectivity.
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