View metadata, citation and similar papers at core.ac.uk

brought to you by .{ CORE

provided by Apollo

Chronology of CH:--O Hydrogen Bonding from Molecular Dynamics
Studies of the Phosphoric Acid-Catalyzed Allylboration of Benzalde-

hyde

Matthew N. Grayson,™!" Zhongyue Yang,*" and K. N. Houk**

TCentre for Molecular Informatics, Department of Chemistry, University of Cambridge, Lensfield Road, Cambridge CB2
1EW, United Kingdom. Department of Chemistry and Biochemistry, University of California, Los Angeles, California

90095-1569, United States.
Supporting Information Placeholder

ABSTRACT: CH---0 hydrogen bonds involving formyl groups
have been invoked as a crucial factor controlling many asymmet-
ric transformations. We have conducted quasi-classical direct
molecular dynamics simulations on the phosphoric acid-catalyzed
allylboration of benzaldehyde to understand the synergy between
the phosphoric acid OH---O hydrogen bond and the secondary
CH---O formyl hydrogen bond as the reaction occurs. In the gas
phase, both the CH:--O and OH---O hydrogen bonds are en-
hanced from reactants to transition states. In toluene, the trend of
H-bond enhancement is observed with a smaller magnitude be-
cause of solvent caging. The strength of the formyl hydrogen
bond in the TS, a second CH---O interaction between the P=0O
oxygen and ortho-hydrogen of the phenyl ring and the OH---O
hydrogen bond were determined using quantum mechanical calcu-
lations (4.6, 1.0 and 14.5 kcal mol™ respectively).

In a series of communications in 1997 and after, E. J. Corey
proposed the importance of formyl CH---O hydrogen bonds for
transition state stabilization in enantioselective asymmetric reac-
tions.*® This interaction was proposed based on X-ray crystal
structures of aldehyde—Lewis acid complexes that contained
formyl H to oxygen distances well within the sum of the van der
Waals radii.' Since these pioneering studies, computational work
has revealed that the formyl hydrogen bond plays a crucial role in
many asymmetric transformations® including aldol,”® allylbora-
tion,'>! aza-ene-type,*> cycloaddition,® hydrohydroxyalkyla-
tion'* and propargylation®® reactions. X-ray crystallographic evi-
dence has been debated, but seems in favor of the importance of
CH---X interactions.*®

Goodman and co-workers® found that Antilla’s BINOL-
derived phosphoric acid-catalyzed asymmetric allylboration of
aldehydes'’ (Scheme 1) proceeds via a six-membered transition
structure (TS) in which the Brgnsted acidic site of the catalyst
interacts with the pseudoaxial oxygen of the cyclic boronate and
the P=O oxygen interacts with the formyl proton (TS Model,
Scheme 1).

We have now conducted direct molecular dynamics (MD) sim-
ulations on this reaction to understand more about the timing and
nature of this formyl hydrogen bond to O=P. Quantum mechani-
cal calculations were also performed to provide an estimate of the
strength of this interaction in the TS. The reaction of interest in-
volves TRIP-PA catalysis of the allylboration of benzaldehyde
shown in Scheme 1. For the computational studies, buta-1,3-

diene-1,4-diol-phosphoric acid was used as a model for the full
catalyst system (Model Catalyst, Scheme 1). Previous computa-
tional studies have shown that this truncated catalyst is a reliable
model for BINOL-derived phosphoric acids.

Scheme 1. Asymmetric Allylboration of Benzaldehyde.

0 o
1 Q (RITRIPPA 5mol%e A~
+ —_—
P “H  A~B0 Toluene, -30°C "
— . - *
(>
~P.
I~o,
9 H
Vo
L N
|~ \o
/S~ O R )
L Ph i o OH
(R)-TRIP-PA TS Model Model Catalyst

Direct molecular dynamics (MD) simulations were performed
for the allylboration of benzaldehyde using our model catalyst
(Scheme 1) in the gas phase and in toluene. We initialized 150
quasiclassical trajectories (QCTs) in the gas phase within the re-
gion of the potential energy surface near the transition structure
(supporting information). Zero-point energy was added to each
sampled TS for each real normal mode, along with a Boltzmann
sampling of thermal energy available at 300 K with a random
phase.?** The trajectories were propagated forward and back-
ward, for 150 fs in each direction. The classical equations of mo-
tion were integrated with a velocity-Verlet algorithm using Sin-
gleton’s program Progdyn,?® with the energies and derivatives
computed on the fly by the B3LYP/6-31G(d) method using
Gaussian 09. The step length for integration was 1 fs. When 150
QCTs were propagated in the gas phase, 142 of them were pro-
ductive, and 8 recrossed.

For dynamics in toluene, solvent-perturbed transition state
sampling protocol was applied.??” Twenty-five solvent configu-
rations were sampled with frozen TSs using classical MD. In each
snapshot, the transition structure was optimized using the
QM/MM method in Gaussian, with B3LYP/6-31G(d) applied for
QM and GAFF for MM. Frequencies for each transition structure
were calculated, and TS normal mode sampling was performed to
obtain a Boltzmann distribution of TS geometries for dynamics.
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This is defined as a solvent-perturbed transition state (SPTS),
which is used to initialize trajectories in a solvent box.?® Twenty-
five QCTs were propagated in toluene with the B3LYP/6-
31G(d)/GAFF method forward and backward for 150 fs in each
direction. Twenty-two were productive, and three recrossed.

The strength of the formyl hydrogen bond (H-bond) was deter-
mined using quantum mechanical calculations performed with
Gaussian 09 (Revision D.01).?® All geometries were optimized
using the B3LYP density functional,>®%® and the 6-31G(d) basis
set. Single point energies were calculated using M06-2X3! and the
polarized, triple-{ valence quality def2-TZVPP basis set.** Com-
puted structures were illustrated with CYLView.* To ensure that
the B3LYP TS geometries were reliable, the allylboration of ben-
zaldehyde TS was reoptimized using M06-2X. Superposition of
the six reacting ring atoms and the catalyst phosphorous atom in
these TSs allowed calculation of an RMSD value of 0.09 A, sug-
gesting minimal geometric change between the 2 TSs.

Direct dynamics simulations were conducted to study the tim-
ing of changes in H-bonding, that we call the chronology of the
benzaldehyde formyl H-bond to O=P (CH---O) and the phosphor-
ic acid hydrogen bond to the boronate O (OH-:--O) in the gas
phase and in toluene. Figure 1la shows the snapshots of a typical
productive trajectory in the gas phase. The phosphoric acid cata-
lyst stabilizes the transition state by H-bonding to the boronate O.
The boronate ester becomes partially negative in the TS as the
aldehyde O forms a bond to B. The boronate O becomes a good
H-bond acceptor. At the same time, the formyl group becomes
more positive and becomes a CH H-bond donor. For this trajecto-
ry, the length of the CH---O distance is 3.0 A at -150 fs (hardly an
H-bond at all), 2.1 A at 0 fs, and 2.3 A at 150 fs. In comparison,
the length of the OH---O H-bond is 1.9 A at -150 fs, 1.6 A at 0 fs,
and 2.1 A at 150 fs. From -150 fs to 0 fs, the CH---O H-bond
decreases by 0.9 A, and the OH---O H-bond decreases by 0.3 A,
This indicates that both hydrogen bonds are enhanced in the tran-
sition state. Figure 1b displays the snapshots for a typical produc-
tive trajectory in toluene. The length of the CH---O H-bond is 2.3
A at -150 fs, 2.1 A at 0 fs and 2.5 A at 150 fs, while that of the
OH---O H-bond is 1.7 A at -150 fs, 1.6 A at 0 fs, and 2.2 A at 150
fs. A smaller magnitude of enhancement is observed relative to
the gas phase, which is likely caused by the solvent caging effect
of toluene molecules.
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Figure 1. Snapshots for typical reactive trajectories in the cata-
lyzed allylboration of benzaldehyde (a) in the gas phase, and (b)
in toluene.

The statistics of the CH---O and OH---O distances in the gas
phase are shown in Figure 2a and 2b, respectively. In each trajec-
tory, the geometries at -150 fs, 0 fs, and 150 fs are defined as

reactant, transition state and product, respectively. Figure 2a
shows that in the gas phase, the distribution of the CH---O dis-
tances in the transition states range from 1.8 A to 2.8 A, which is
about half as narrow as that in the reactant or products (from 1.8
A to 3.5 A). Here we define the H-bond cutoff as 2.25 A.* The
percentage of trajectories possessing a CH---O H-bond is 8% in
reactants, 53% in transition states, and 5% in products. This
shows a significant increase in the percentage of CH---O H-bonds
from reactant to transition state. Figure 2b shows that the OH---O
H-bond lengths of the transition state range from 1.3 A to 2.0 A,
which is also about half as narrow as that in reactants or products
(from 1.3 A to 3.0 A). The percentage of trajectories involving H-
bond is 95% in reactants, 100% in transition states, and 70% in
products. This indicates that the OH---O H-bond is formed in
most trajectories from reactant to the TS. The average distance of
the OH---O H-bond is 1.9 A for reactants, 1.6 A for transition
states, and 2.2 A for products. This indicates an enhancement of
the OH---O H-bond from reactant to the TS.
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Figure 2. Distribution of (a) benzaldehyde formyl hydrogen bond
(CH---O) distances and (b) phosphoric acid hydrogen bond
(OH---0) distances in the gas phase at reactants, transition states,
and products. In each trajectory, the transition state is at 0 fs, and
the reactants and products are defined as structures at -150 fs, and
150 fs, respectively. H-bond cutoff is set as 2.25 A,

As shown in Figure 3, in toluene, the percentage of trajectories
possessing a CH---O H-bond is 28% in reactants, 50% in the TS,
and 8% in products, while the average distance of the OH---O H-
bond lengths is 1.7 A for reactants, 1.5 A for transition states, and
1.9 A for products. The enhancements of both CH---O and
OH---O hydrogen bonds are also observed in toluene, even
though with a smaller magnitude for the CH---O H-bond.
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Figure 3. Distribution of (a) benzaldehyde formyl hydrogen
bond (CH---O) distances and (b) phosphoric acid hydrogen bond
(OH---0) distances in toluene at reactants, transition states, and
products. In each trajectory, the transition state is at 0 fs, and the
reactants and products are defined as structures at -150 fs, and 150
fs, respectively. H-bond cutoff is set as 2.25 A,

Figure 4 shows the average of CH---O and OH---O distances
versus time. Both bond lengths decrease from reactant to transi-
tion state, and then increase until the formation of products. This
indicates the enhancement of both hydrogen bonds during the
allylboration of benzaldehyde. This synergy results from a partial
charge separation as the B-O bond forms between the al-
lylboronate and benzaldehyde in the transition state. The charge
separation increase the acidity of the benzaldehyde hydrogen and
the basicity of the allylboronate oxygen. This reinforces the for-
mation of both CH---O and OH---O hydrogen bonds. The charge
separation decreases, however, as the product forms, which is
accompanied by a change of the hybridization state of the carbon-
yl carbon from sp? to sp>. This causes the decline in both hydro-
gen bond lengths from TS to product. Other possibilities, such as
statistical fluctuation and entropic effects, were excluded as rea-
sons for the observed bond length decrease (see supporting infor-
mation, page S9).

We also investigated the difference between the averaged dy-
namics motion and the IRC in the supporting information, page
S10. Singleton recently pointed out that the difference between
hydrogen and heavy atoms results in their different time scales of
motion.®® This makes the dynamical behaviors of trajectories
sometimes deviate from what IRC would expect. Our results show
that the IRC does not reveal the enhancement of hydrogen bonds
during the reaction course, but trajectories do. This highlights the
importance of time-resolved studies in the elucidation of reaction
mechanisms.
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Figure 4. Dynamics of averaged CH---O and OH---O distances in
the gas phase. One hundred and forty two product trajectories
were averaged.

CH---O H-bond is a weak interaction that might be dynamically
affected by neighboring solvent molecules. Consequently, we
investigated the evolution of CH---O H-bond from reactant to the
transition state for trajectories in the gas phase and in toluene. As
shown in Figure 5, in the gas phase, the percentage of trajectories
possessing CH---O H-bond is low (8%), and keeps increasing
until it reaches the maximum (53 %) around the transition state. In
contrast, for trajectories in toluene, the percentage fluctuates be-
tween 28% and 50% from reactant to transition state. This sug-
gests that toluene molecules favor the formation of CH:---O H-
bond in reactant by keeping two reacting molecules in one solvent
cage, but detracts from H-bonding in the TS. Our results only
provide a qualitative understanding because of the limited number
of trajectories in toluene.
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Figure 5. Evolution of percentage of trajectories possessing
CH---O hydrogen bonds in the gas phase and in toluene. The H-
bond criteria is defined as 2.25 A.

To provide an estimate of the strength of the formyl hydrogen
bond in the TS, quantum mechanical calculations were also per-
formed (Figure 6). Allylboronic acid pinacol ester was removed
from the gas phase TS, TS-1, and without further optimization,
the energy of the catalyst-aldehyde complex was evaluated. This
energy value was compared to the sum of the energy of the indi-
vidual unoptimized fragments to determine the interaction energy



between them (5.6 kcal mol™?, Figure 6). However, the P=O of
the catalyst also interacts with the ortho-hydrogen of the phenyl
ring. TS-2 (aldehyde = ethanal) was located in which the ortho-
hydrogen interaction was absent and, using the same process as
outlined above, the interaction energy was calculated to be 4.6
kcal mol™ (Figure 6). Therefore, the strength of the formyl hy-
drogen bond and the second CH---O interaction are approximately
4.6 and 1.0 kcal mol™ respectively. The OH---O hydrogen bond
strength was estimated to be 14.5 kcal mol™ by measuring the
interaction energy between the allylboronic acid pinacol ester and
model phosphoric acid catalyst in TS-1.
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Figure 6. Catalyst-aldehyde interaction energies for TS-1 (alde-
hyde = benzaldehyde) and TS-2 (aldehyde = ethanal). MO6-
2X/def2-TZVPP//B3LYP/6-31G(d). All energies in kcal mol™.

Molecular dynamics simulations on the phosphoric acid-
catalyzed allylboration of benzaldehyde have shown that in the
gas phase and toluene, a synergy between the enhancement of
both the formyl hydrogen bond (CH-:--O) and the phosphoric acid

hydrogen bond (OH---O) occurs in the TS relative to the reactants.

Toluene molecules favor the formation of the CH---O H-bond in
the reactant by keeping two reacting molecules in one solvent
cage, but diminish the further enhancement of CH---O H-bonds in
the TS. The strengths of the formyl hydrogen bond in the TS, and
of the CH---O interaction between the P=O oxygen and ortho-
hydrogen of the phenyl ring and the OH---O hydrogen bond were
determined using quantum mechanical calculations and were
found to be 4.6, 1.0, and 14.5 kcal mol™, respectively.
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