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ABSTRACT: The mechanism of the asymmetric BINOL-derived hydroxyl carboxylic acid catalyzed allylboration of benzaldehyde
was investigated using density functional theory calculations. A new reaction model is proposed, and the roles of the two Brønsted
acidic sites of the catalyst elucidated. Catalyst distortion was found to be a key factor in determining stereoselectivity. The flexibility
of the hydroxyl carboxylic acid catalyst leads to significant differences in the mechanism and origins of selectivity compared to the
equivalent phosphoric acid catalyzed reaction.

■ INTRODUCTION

BINOL and its derivatives are one of the most popular groups
of chiral catalysts in asymmetric organic synthesis.1−3

Commonly used derivatives include phosphoric acids,4,5 N-
triflyl phosphoramides,6 bis(sulfonyl)imides,7,8 bis(sulfuryl)-
imides,9 and dicarboxylic acids.10 BINOL-derived hydroxyl
carboxylic acids (BHCAs) have seen increasing use in a variety
of important asymmetric synthetic processes since 2015,
including the fluorolactonization of vinylbenzoic acids11 and
C−C bond-forming reactions such as aldehyde allylboration
and propargylation,12 which are important methods in natural
product syntheses.13,14

Although BHCAs are a relatively new and promising
Brønsted acid catalyst, no detailed computational studies
have been performed for any BHCA-catalyzed reaction. Such
analyses could allow the optimization and development of new
methodology for the broader use of BHCAs as catalysts in
asymmetric synthesis. As a well-explored reaction type,
allylboration marks an ideal case for investigations into the
general workings of BHCAs as catalysts and allows
comparisons to be made with the analogous BINOL-derived
phosphoric acid (BPA)-catalyzed allylboration,15 whose
mechanism has seen extensive computational study.16−19

Asymmetric aldehyde allylboration is known to proceed via a
cyclic, six-membered chairlike transition state structure (TS),
where the boronate acts as a Lewis acid and activates the

electrophile by its electron-deficient boron atom.20,21 Quasi-
classical direct molecular dynamics simulations have suggested
that the boronate ester oxygen becomes partially negatively
charged in the transition state as the boronate bonds to the
aldehyde oxygen, enhancing the hydrogen bond accepting
ability of the boronate oxygen and the hydrogen bond
donating ability of the formyl hydrogen.22 This leads to a
stabilizing interaction between a Brønsted acidic site of the
catalyst and boronate oxygen, as well as a stabilizing
nonclassical (C−H···O) hydrogen bonding interaction be-
tween a Lewis basic site of the catalyst and the formyl
hydrogen (Figure 1). The strength of this type of interaction
was previously calculated using QM methods to be
approximately 4.6 kcal·mol−1 with phosphoric acids.22 Non-
classical hydrogen bonding of this nature is a common
phenomenon in asymmetric catalysis,23 and a variety of organic
transformations have had their selectivity rationalized on the
basis of such interactions.17,24,25 Our previous QM/MM
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studies on BPA-catalyzed allylboration support such a reaction
model, with the BPA catalyst’s hydroxyl group shown to
interact with the pseudoaxial oxygen of the boronate (Figure 2,
mode A).17 An alternative mode, involving pseudoequatorial
boronate protonation and no formyl interaction (Figure 2,
mode B), has previously been suggested,15,19,26 but was found
to be disfavored in comparison to mode A.17

In accordance with the previous literature, Ota et al., in the
original experimental report of BHCA-catalyzed allylboration,
proposed that promotion of the reaction most likely occurs
through enhancement of the Lewis acidity of the boronate via
protonation of one of its oxygen atoms by one of the catalyst
Brønsted acidic sites.12 Additionally, Ota et al. found that the
presence of both the carboxyl and alcohol functionalities at
their respective positions of the BHCA catalyst were essential
to the enantioselectivity of the reaction. However, although
Ota et al. identified that hydrogen bonding between these two
groups was likely to be important in the TS, the exact role of
the alcohol group was not elucidated. Herein, we report
density functional theory (DFT) calculations27−30 (full details
in Supporting Information (SI), Section 1) that have allowed
us to analyze the propositions made by Ota et al. and
determine the mechanism of the BHCA-catalyzed allylboration
of aldehydes. The experimental conditions chosen for
computational analysis are summarized in Figure 3.12

■ RESULTS AND DISCUSSION
In total, 145 unique TSs were obtained for the catalyzed
reaction (full details in SI, Section 5), of which the lowest in
energy, TS-2.1, yields a ΔG‡ value of 4.1 kcal·mol−1 (Figure
4), 13.1 kcal·mol−1 lower than the respective value calculated
for the uncatalyzed pathway via TS-1chair‑eq (see SI, Section 4).
The lowest-energy TS leading to the minor product, TS-2.2, is

0.7 kcal·mol−1 higher in energy than TS-2.1 (Figure 4). Based
on a Boltzmann weighting at 195.15 K over all conformers
within 3.0 kcal·mol−1 of TS-2.1, a computed ee of 79% was
predicted, in excellent agreement with the experimental ee of
86%.
Intramolecular hydrogen bonding was observed between the

carboxyl and alcohol groups of the catalyst for all TSs within
7.3 kcal·mol−1 of TS-2.1. In the absence of such hydrogen
bonding, a 0.5 kcal·mol−1 difference in energy was found
between the lowest major and minor TSs, corresponding to a
computed ee of 57%. Thus, by reducing the degree of
rotational freedom about the bond connecting the catalyst acid
moiety to the chiral scaffold, this intramolecular hydrogen
bonding allows for a better transfer of chiral information and
hence higher asymmetric induction by the catalyst. The
carboxyl group was found to be the preferred hydrogen bond
donor in favor of the alcohol group; TS-2.4, the lowest-energy
TS, where the alcohol group acts as the hydrogen bond donor,
is 4.1 kcal·mol−1 higher in energy than TS-2.1 (Figure 5). The
same trend was observed in the lowest-energy structure of the
isolated catalyst, where the carboxyl group also acts as the
hydrogen bond donor. The lowest-energy catalyst structure
where the alcohol group acts as the hydrogen bond donor is
1.3 kcal·mol−1 higher in energy (Figure S1). This trend may be
rationalized by the relative acidities of the two groups, with the
carboxyl group being more acidic and hence a better hydrogen
bond donor.
A mix of pseudoaxial and pseudoequatorial boronate oxygen

protonation by the catalyst was observed, with the protonating
group determined by the type of intramolecular bonding in the

Figure 1. Key interactions in the acid catalyzed allylboration
transition state structure.

Figure 2. Reactions models for BPA-catalyzed allylboration.

Figure 3. BHCA-catalyzed allylboration.
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catalyst; when the carboxyl group acts as the hydrogen bond
donor, the alcohol group is left free to protonate the boronate
oxygen and vice versa. Hence, protonation of the boronate
oxygen occurs via the alcohol group in all TSs within 4.1 kcal·
mol−1 of TS-2.1, and all catalysts within 1.3 kcal·mol−1 of the
lowest-energy catalyst structure. It may be expected that
protonation of the boronate oxygen by the more acidic
carboxyl group, with the alcohol group acting as the
intramolecular hydrogen bond donor, as in TS-2.4 or TS-2.5
(Figure 5), the lowest-energy mode B and mode A structures
of this type, respectively, should be preferred, as they would
activate the boronate more strongly and thus catalyze the
reaction more effectively. However, TSs of this nature were
found to result in a significantly greater distortion of the
catalyst away from its optimum geometry, resulting in their
higher energy. The origins and effects of this catalyst distortion
are discussed below. The magnitude of this distortion is larger
in the transition state than in the isolated catalyst due to
additional distortion of the catalyst aryl groups to avoid steric
clashing with the substrate. This explains why there is a greater
preference for the carboxyl group to act as the intramolecular
hydrogen bond donor in the transition state (4.1 and 6.6 kcal·
mol−1) than in the catalyst (1.3 kcal·mol−1).
In contrast to our previous work on BPA-catalyzed

allylboration,17 where both the lowest-energy major and
minor TSs were found to proceed via the same pseudoaxial
formyl H-bonded TS model (Figure 2, mode A), TS-2.1 and
TS-2.2 are distinctly different in their activation modes.
Whereas TS-2.1 corresponds to this formyl H-bonded model,
possessing both a nonclassical hydrogen bonding interaction
between the Lewis basic alcohol oxygen and the acidic formyl
proton, and pseudoaxial boronate oxygen protonation by the
acidic alcohol group, TS-2.2 corresponds to the pseudoequa-

torial TS model (Figure 2, mode B). This involves a six-
membered chairlike TS with the activation of the pseudoe-
quatorial boronate oxygen via protonation by the catalyst
alcohol group and no formyl interaction. The lowest-energy
mode A TS corresponding to the formation of the minor
enantiomer of the product, TS-2.3, is 1.9 kcal·mol−1 higher in
energy than TS-2.1 (Figure 6).
Under mode A, enantioselectivity in the BPA-catalyzed

allylboration was rationalized based on steric factors related to
the boronate pinacol ester methyl groups and the aldehyde
substituent, with the steric demand of the former found to
outweigh that of the latter.17 Hence, the major enantiomer of
the product results from whichever TS is able to place the
pinacol ester methyl groups in the sterically less demanding
pocket of the catalyst at the expense of the aldehyde
substituent. No H−H contacts between the substrate and
catalyst within 90% of the van der Waals radii were found in
TS-2.1, TS-2.2, or TS-2.3, suggesting that there is no
significant steric clash between the substrate and catalyst in
any case. As a result, it is not possible to rationalize the
enantioselectivity for the BHCA-catalyzed allylboration based
on steric factors.
A detailed conformational analysis of the two catalytic

species found BHCAs to be significantly more flexible than
their phosphoric acid counterparts, with 31 conformations
generated following DFT optimization of a simple BHCA
species, compared to only two for the corresponding BPA
(Figure 7). Although both species possess a central atom (C
and P, respectively) with a Brønsted acidic site (carboxylic or
phosphoric hydroxyl group, respectively) and a Lewis basic site
(double bond to oxygen), BHCAs also possess an alternative
Brønsted acidic site in the alcohol group, which is not tethered
to the same atom as the Lewis basic carbonyl oxygen, as in

Figure 4. Lowest-energy major (TS-2.1) and minor (TS-2.2) TSs for BHCA-catalyzed allylboration. Energies relative to TS-2.1 (B3LYP-D3(BJ)/
def2-TZVPP/IEF-PCM(dichloromethane)//B3LYP-D3(BJ)/6-31G(d,p)).
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BPAs, and is hence more conformationally flexible. As a result,
the functional groups of the BHCA can exhibit a larger range
of positions, resulting in many unique conformations.
Conversely, the two BPA conformations result from the
rotation of the phenyl groups, with no flexibility associated
with the acid functionality. Additionally, BHCAs possess a

flexible hydrogen-bonded structure,31 in contrast to the cyclic

O−P−O covalent bonding that rigidly links the phosphoric

acid to the chiral scaffold in BPAs. This allows for a much

larger range of dihedral angles about the BINOL C−C single

bond than in BPAs.

Figure 5. Lowest-energy mode B (TS-2.4) and mode A (TS-2.5) TSs for BHCA-catalyzed allylboration where the alcohol and carboxyl groups act
as the hydrogen bond donor and acceptor, respectively. Energies relative to TS-2.1 (B3LYP-D3(BJ)/def2-TZVPP/IEF-PCM(dichloromethane)//
B3LYP-D3(BJ)/6-31G(d,p)).

Figure 6. Lowest-energy mode A minor TS for BHCA-catalyzed allylboration. Energy relative to TS-2.1 (B3LYP-D3(BJ)/def2-TZVPP/IEF-
PCM(dichloromethane)//B3LYP-D3(BJ)/6-31G(d,p)).
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This additional flexibility is key to determining the
mechanistic differences between the two acid catalyzed
allylboration reactions. As a result of this flexibility, the
BHCA catalyst is able to adjust its structure and bind the
substrate in such a way that allows both the pinacol ester
methyl groups and aldehyde substituent to avoid steric
interactions with the catalyst, whilst still forming tight
interactions with the boronate oxygen and formyl proton.
Such an adaptation is not possible for the more rigid BPA
catalyst, where the Brønsted acidic and the Lewis basic sites are
covalently bound to one another. However, by adjusting its
structure like this, the BHCA catalyst is distorted and

destabilized relative to its optimum geometry. Close inspection
of TS-2.1, TS-2.2, TS-2.3, TS-2.4, and TS-2.5 revealed that
changes in the BINOL C−C dihedral angle of the catalyst
structures are a major source of this distortion, whilst SPE
calculations of the isolated catalyst structures from these TSs
helped to quantify the relative extents of distortion (Figure 8).
Interaction lengths, given in brackets where appropriate,
provide further insight into the energetic trends of the five TSs.
TS-2.2 was found to possess the least destabilized catalyst

structure relative to the optimum catalyst structure, likely due
to the single-point substrate−catalyst binding in mode B,
minimizing the potential for steric clashing and hence the

Figure 7. Major structural features and conformational analysis results of (a) BPAs and (b) BHCAs (B3LYP-D3(BJ)/def2-TZVPP/IEF-
PCM(dichloromethane)//B3LYP-D3(BJ)/6-31G(d,p)).

Figure 8. Dihedral angle and degree of distortion for each of the catalyst structures within TS-2.1, TS-2.2, TS-2.3, TS-2.4, and TS-2.5, compared
to the optimum isolated catalyst geometry (B3LYP-D3(BJ)/def2-TZVPP/IEF-PCM(dichloromethane)).
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extent of distortion. For the mode A TSs, TS-2.5 possesses the
most destabilized catalyst structure, followed by TS-2.3 and
then TS-2.1. However, TS-2.1, despite possessing a more
destabilized catalyst structure than TS-2.2, is an overall lower-
energy TS. This may be rationalized by the presence of the
electronically stabilizing formyl C−H···O interaction (2.27 Å)
and the tighter binding of the boronate oxygen (1.58 Å vs 1.80
Å) in TS-2.1, which compensates for the greater distortion
relative to TS-2.2 (ΔΔE = +1.6 kcal·mol−1). Like TS-2.1, TS-
2.3 also exhibits an electronically stabilizing formyl interaction
(2.48 Å) and a tighter binding of the boronate oxygen
compared to TS-2.2 (1.59 Å vs 1.80 Å) but is a higher-energy
TS than TS-2.2 for the formation of the minor enantiomer.
This is partially rationalized by the catalyst structure in TS-2.3
being significantly more distorted than that in TS-2.2 (ΔΔE =
+3.7 kcal·mol−1). Furthermore, as a result of this additional
distortion, the Brønsted acidic sites of the catalyst in TS-2.3
are positioned less optimally than those in TS-2.1. Thus, it is
not possible for the alcohol group of the catalyst to both
protonate the boronate oxygen and interact with the formyl
proton, as in TS-2.1, and so interaction with the formyl proton
instead occurs via the carboxyl group, while the alcohol group
protonates the boronate. As a result, the electronically
stabilizing formyl interaction in TS-2.3 (2.48 Å, calculated at
0.7 kcal·mol−1 by NBO analysis) is longer, and thus less
electronically stabilizing, than the corresponding interaction in
TS-2.1 (2.27 Å, calculated at 2.5 kcal·mol−1 by NBO analysis).
This further explains why TS-2.3 cannot compensate for the

greater catalyst distortion relative to TS-2.2. The significant
catalyst distortion in TS-2.4 and TS-2.5, where the carboxyl
group protonates the boronate oxygen and the alcohol group
acts as the intramolecular hydrogen bond donor, results in the
significantly higher energy of TSs of this nature.
To explore the generality of our reaction model, all

computed TSs within 3.0 kcal·mol−1 of TS-2.1 were
reoptimized using an alternative catalyst from the original
experimental paper (Figure 9).12 The computed structures for
this new system were Boltzmann weighted at 195.15 K over all
conformers, resulting in a predicted ee of 66%, in strong
agreement with the experimental ee of 77%. Low-energy TSs
analogous to TS-2.1, TS-2.2, and TS-2.3, denoted by a prime,
were all identified (Figure S8); however, while TS-2.1′ remains
the major TS, TS-2.3′ is found to be the lowest-energy minor
TS. An investigation into the extent of catalyst distortion of
each of these key TSs revealed that the new catalyst is less
distorted in mode A TSs, compared to the original catalyst, but
more distorted in mode B TSs (Table 1). Accordingly, the
dihedral angle about the BINOL C−C single bond is closer to
its optimum for the new catalyst in mode A TSs, compared to
the original catalyst, but further away in mode B TSs. This is
because the para-phenyl group of the new catalyst is less
sterically demanding than the bulky meta-tBu substituents of
the original catalyst. In mode A TSs, this para-phenyl group
lies away from the substrate and hence reduces the potential
for substrate−catalyst steric clashing and allows the catalyst to
relax closer to its optimum geometry. In accordance with these
trends in catalyst distortion, TS-2.3′ decreases by 1.1 kcal·
mol−1 in free energy for the new catalyst relative to TS-2.1′
and becomes the dominant pathway for the formation of the
minor enantiomer of the product. In contrast, TS-2.2′
increases by 0.2 kcal·mol−1 in free energy, compared to TS-
2.1′. These changes correspond to the overall decrease in
enantioselectivity observed experimentally.

■ CONCLUSIONS

The experimental results reported by Ota et al.12 have been
reproduced computationally, and insights into the BHCA-
catalyzed allylboration mechanism and the general workings of
BHCAs as catalysts obtained. The occurrence of intra-
molecular hydrogen bonding between the catalyst groups has
been confirmed, with the more acidic carboxyl group found to
be the favored hydrogen bond donor in preference to the
alcohol group, which was instead found to protonate a
boronate oxygen. These observations were rationalized in
terms of the relative acidities of the Brønsted acidic groups. A
formyl interaction between the Brønsted acidic sites of the
catalyst and the formyl proton of the aldehyde was observed in
some of the catalyzed reaction TSs, including the lowest-
energy TS. Thus, the importance and individual roles of the

Figure 9. (a) Original conditions and (b) alternative catalyst. Both
with 10% mol catalyst, −78 °C, 24 h, CH2Cl2..

Table 1. Summary of Dihedral Angle and Degree of Catalyst Distortion, Relative to the Isolated Catalyst, in TS-2.1, TS-2.2,
and TS-2.3 for the Original and Alternative Conditions (B3LYP-D3(BJ)/def2-TZVPP/IEF-PCM(dichloromethane))a

original catalyst (Ar = 3,5-tBu) alternative catalyst (Ar = 4-Ph)

structure product mode
catalyst distortion

(ΔE)
C−C BINOL
dihedral angle

relative free energy
(ΔΔG‡)

catalyst distortion
(ΔE)

C−C BINOL
dihedral angle

relative free energy
(ΔΔG‡)

TS-2.1 major A 4.2 96.9 0.0 2.9 92.8 0.0
TS-2.2 minor B 2.6 89.8 0.7 3.7 95.3 0.9
TS-2.3 minor A 6.3 102.1 1.9 4.9 99.6 0.8

aAll energies in kcal·mol−1.
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alcohol and carboxyl groups of the catalyst were elucidated.
The lowest-energy major TS resembled the pseudoaxial formyl
H-bonded model (mode A), while the lowest-energy minor TS
resembled a pseudoequatorial TS model (mode B). However,
while the substrate−catalyst steric clashes dictated the
selectivity of the BPA-catalyzed allylboration, any such steric
clashes were avoided in the BHCA-catalyzed reaction as a
result of the more flexible catalyst. Instead, the difference in
energy between the TSs was the result of weaker substrate−
catalyst interactions and catalyst distortion. An exploration of
this TS system with an alternative catalyst helped to validate
the results of the original calculations, with the relative extent
of catalyst distortion remaining an important factor in
selectivity.
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