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Proline, along with its derivatives, has been employed as an efficient organocatalyst for aldol reactions, with
the ability to promote the creation of stereoselective C-C bonds. Even though the Houk-List transition
state model is able to explain the stereoselectivity observed when proline is used as a catalyst, few
studies investigate the role of microheterogeneous media in modulating the reaction outcome. In this
work, molecular dynamics and electronic structure calculations were used to investigate the aldol
reaction in the condensed phase. Our research focused on a lipopeptide compound incorporating the
proline residue within the sequence PRWG-(CigHs7), where P represents L-proline, R stands for (-
arginine, W for L-tryptophan, and G for L-glycine. This sequence is covalently bonded to a hydrophobic
segment formed by a long aliphatic chain, acting as an organocatalyst in an aqueous solution. This
catalytic phase utilizes the complex chemical environment of the solution to achieve high selectivity. Our
findings indicate a Houk-List-like mechanism, in which the amide acts as an H-bond donor,
complemented by a mechanism in which the counter ion, trifluoracetic acid (TFA), acts as a proton
shuttle. Both mechanisms demonstrated low energy barriers—12.23 and 1.42 kcal mol™? for the (S,R)
stereoisomer formation, computed using DLPNO-CCSD with def2-TZVPP basis set. Further, to explore

the catalytic effect of the PRWG-(CigH3,) lipopeptide in water, molecular dynamics simulations were
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Accepted 14th June 2024 conducted. It was observed that the micellar phase significantly enhances stereospecific encounters,

favouring the experimentally observed ratio of (SR/SS) isomers, in contrast to reactions in a pure
cyclohexanone medium. By quantifying the effects enabled by the supramolecular assembly, we were
able to shed light on the factors that modify and enhance the stereoslectivity of the reaction.
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theoretically, with Bahmanyar and Houk using density func-
tional theory (DFT) calculations to elucidate kinetic barriers and
proposed mechanisms.>* Their work highlighted the critical
role of intermolecular interactions at the transition state

Introduction

Organocatalytic aldol reactions have great synthetic signifi-
cance, generating B-hydroxy carbonyl compounds in a stereo-

selective approach. Since the seminal work of List and Barbas in
2000, the amino acid proline and proline derivatives have
been used as catalysts in aldol reactions, showcasing their
ability to promote stereoselective C-C bond formation. This
phenomenon has been explored experimentally and
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geometry in determining the experimental outcome, particu-
larly the hydrogen bond between the carbonyl moiety and the
acidic group from the amino acid during C-C bond formation.
These studies suggest a stereoselective reaction through
enamine formed in the reaction medium from a carbonyl
compound and t-proline nitrobenzaldehyde.

Further investigations, such as those by Clemente and
colleagues, involved calculating a series of different transition
states (TS) and intermediates, including enaminium, a reaction
mechanism with two proline molecules, a mechanism with the
formation of a L-proline derived enamine intermediate and, the
TS for the uncatalyzed reaction.” The lower energy associated
with the enamine intermediary supported its intermediary role
in C-C bond formation, distinguishing it from other pathways.
DFT results underlined the enamine intermediate's signifi-
cantly lower energy than the uncatalyzed reaction, whereas
enaminium displayed higher energy. The experimental
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detection of the r-proline derived enamine intermediates in
DMSO in 2010 provided concrete evidence supporting these
theoretical findings.® The Houk-List mechanism (HL), intro-
duced by Houk and List in 2003, integrates these insights,
offering a comprehensive explanation for the fundamental
intramolecular interactions that govern C-C bond formation in
proline-organocatalyzed aldol reactions.

Barbas and Mase's demonstration that proline derivatives
containing alkyl long-chain could act as organocatalysts in
water, with acidic additives like trifluoracetic acid (TFA)
enhancing the enantiomeric excess,” further highlighted the
versatility of proline-based catalysis.

In 2014, Armstrong and collaborators revisited the Houk-
List mechanism with updated computational methods, reflect-
ing new techniques and increased computational power avail-
able.? Their investigation focused on the effects of dispersion
corrections, more extensive basis sets, and implicit solvent
optimization on the reaction mechanism. Armstrong’s group
findings emphasized the role of aromatic ring stacking and
intramolecular hydrogen bond interactions at the transition
state.® In conjunction with an enamine mechanism, these
interactions favoured the nucleophilic enamine approach to Re
over the Si carbonyl face of the electrophilic carbonyl reagent.
This led to a preference for Re-enamines that yield (S,R) and
(S,S) products over Si enamines that lead to (R,R) and (R,S)
products. The Re enamine features a more stable chair-like
conformation, whereas the Si conformation adopts a twisted
boat. These interactions highlight the importance of the cyclo-
hexene ring's intermolecular interactions and conformation for
selectivity, with non-covalent interaction (NCI) plots suggesting
that dispersion and electrostatic intermolecular interactions
also contribute to these TS conformations. Bahmanyar studies
show the relevance of the hydrogen bond and the prochiral
carbonyl faces, with the TS energies being sensitive to the
formed hydrogen bond configuration.®*

Gong, Wu, and collaborators described the use of amides
prepared from proline as catalysts to extend the application of
proline derivatives.®'® By modifying the strength of the intra-
molecular hydrogen bond through strategic substitution on
proline amides, researchers aimed to refine a presumed
mechanism related to the original Houk-List proposal that
involves a hydrogen bond stabilized transition state. They
observed improvements in catalysis when electron-withdrawing
groups were added to the catalyst. The stereoselective C-C bond
formation between the enamine and an electrophile carbonyl
compounds, such as acetone, benzaldehyde, or p-nitro-
benzaldehyde, was central to these studies.

The proposed enamine intermediate formation mechanism®
encompasses several steps similar to the original Houk-List
proposed mechanism, starting from an initial nucleophilic
attack, followed by forming an iminium ion that rearranges to
an enamine intermediate. Fig. 1 depicts the enamine formation
starting from cyclohexanone and N-methyl-i-prolinamide. This
key intermediate is a potent nucleophile whose attack results in
novel C-C bonds with specific stereochemistry. In Fig. 1, we
specify a given pro-chiral encounter Re-Re that results in
a product with (S,R) stereochemistry.
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Fig. 1 A diagram illustrating the creation of an intermediate enamine
from a N-methyl-prolinamide catalyst and cyclohexanone, followed
by a further reaction with p-nitrobenzaldehyde. Only the primary
product is displayed.

In a further DFT investigation of aldol reaction between p-
nitrobenzaldehyde and cyclohexanone described by Rzepa and
collaborators,® the transition states are discussed in terms of
distinct prochiral faces of electrophilic carbonyl reagent. This
analysis showed how the cyclohexanone ring conformation is
related to the developed positive charge on the nitrogen atom.
As the carbon-carbon bond is formed, an intramolecular
hydrogen bond stabilizes the alkoxide negative charge.

Introducing proline-containing peptides and modified
proline derivatives with long alkyl tails represents a novel
approach™** to aldol catalysis."*> Replacing the carboxylic acid
for an amide group allows the amide to act as an H bond donor,
putatively following a Houk List-like mechanism similar to the
one proposed by Wu et al.® However, unlike previous catalysts,
lipopeptides self-assemble to form aggregates in water, creating
a complex array of chemical environments ranging from typi-
cally organic at the aggregate centre, through an interfacial
charged and hydrophilic region to the bulk.'* This diversity can
stabilize distinct transition states, with more hydrophilic envi-
ronments favouring zwitterionic intermediates.

Experimental evidence shows that proline-containing
supramolecular aggregates in water enhance yield and selec-
tivity compared to a pure cyclohexanone medium, where the
aggregate is absent.""'> Theoretical investigations of aggregate
lipopeptide structures are essential to help characterize their
influence on the catalytical process. Previous investigations in
our group have shown that proline lies at the micelle interface,
where the water content is about half of its bulk value.*** Our
results suggest that the environmental effect provided by the
aggregate may influence the protonation equilibrium of both r-
proline and TFA and can be fundamental for catalysis.'” The t-
proline derived enamine and p-nitrobenzaldehyde molecules
constitute the reactants for the aldol C-C bond formation step.
The stereoselective step in the conventional Houk-List mecha-
nism is facilitated by an intramolecular proton transfer from
the carboxylic acid group of proline to the aldehyde.

This work employs a multiscale approach using molecular
dynamics simulations and electronic structure calculations to
investigate the factors governing the stereoselectivity of aldol
organocatalyzed reaction by r-proline-containing lipopeptides.
We focus on environmental and intrinsic factors affecting the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reaction’s stereoselective determining step (SDS). Especially, we
investigate in detail the reaction of p-nitrobenzaldehyde with
cyclohexanone catalysed by a lipopeptide composed of the
Proline-Arginine-Tryptophan-Glycine-C,gHs;, [PRWG-(CygH3-)]
sequence originally investigated by W. Alves and colleagues.*
We used molecular dynamics simulations of PRWG-C;gH3,
aggregates to assess the molecular interactions promoted by the
aggregate that may affect the reaction's SDS. In addition, elec-
tronic structure calculations have been employed to investigate
the SDS explicitly.

To improve computational efficiency, we employ a methyl-
capped N-methyl-prolinamide enamine, as depicted in Fig. 1,
instead of the entire PRWG-C18H37 enamine for all electronic
structure calculations. Fig. 2 shows all four possible pro-chiral
encounters and subsequent products for the reaction.

Molecular dynamics simulation

To investigate the dynamics of the reactant pair formation at
the SDS in the condensed media, we modelled a PRWG-C,gHj3-
micelle using 160 lipopeptide chains with 20 modified prolines
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Fig. 2 Four stereochemical possibilities for the Houk like-List mech-
anism showing distinct TS with amide hydrogen bonding. Top panel
shows the aldol reaction. Panels (A) and (B) represent the Re enamine
face that results in the Re—Re, Re—Si prochiral encounters leading to
(S.R) and (S,S) products, while panels (C) and (D) depict the Si-Si and
Si—Re prochiral encounters that result in (R,S) and (R,R) products.
Cahn-Ingold—Prelog conventions are shown for R=Phe-NO,. An
enamine derived from N-methyl-prolinamide is shown in all panels.
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to act as enamines. In addition, 432 p-nitrobenzaldehyde
molecules were added to the simulation box. This concentra-
tion saturates the micelle in water and should enhance the
statistics of encounters. We paid particular attention to the
micellar aggregate's enamine-p-nitrobenzaldehyde reactant pair
formation. The r-prolinamide-derived enamine (i-prolinamide-
enamine) and p-nitrobenzaldehyde structures have been ob-
tained using density functional theory (DFT). The protocols
employed for micelle construction and simulations were similar
to the ones employed in previous publications.'>** Details are
given in the Methods section.

Fig. 3 illustrates the micellar structure described by radial
distribution functions (RDFs) g(r). This function quantifies the
distribution of residues and molecules as a function of the
radial distance from the hydrophobic core, defined as the
position of the group formed by the first carbon (C1) of the alkyl
chains. The figure shows the micellar aggregate's layered
structure, highlighting a pre-concentration effect of the p-
nitrobenzaldehyde molecules shown as PHA in Fig. 3. This
effect results from the micelle's ability to accumulate reactant
molecules within its hydrophobic core, facilitating their inter-
action with the enamine intermediate. Two distinct initial
conditions were used for p-nitrobenzaldehyde placement. For
initial condition A (simulation A), the aldehydes were placed in
the micelle's hydrophobic core. In contrast, for B (simulation B)
they were evenly distributed outside the micellar assembly.
Fig. 3 shows that even after 600 ns of simulation, the distribu-
tion of aldehyde molecules varies between scenarios A and B
due to slow diffusion. Correlating to their respective initial
condition, the aldehyde molecules predominantly accumulate
inside the aggregate for A. In contrast, these molecules are more
broadly distributed in B. Nonetheless, even when starting with
molecules evenly distributed on the outside, most of the p-
nitrobenzaldehyde molecules migrate to the interior of the

PRWGCys—- A

Fig. 3 Radial distribution functions g(r) in arbitrary units vs. distance in
Angstroms for the PRWG-C;gH37 systems computed using the last 100
ns of a 600 ns of simulation calculation. It shows the micelle structure
with p-nitrobenzaldehyde identified as PHA (reactant), L-prolinamide-
enamine as ENP (reactant), proline as PRO, arginine as ARG, trypto-
phan as TRP, glycine as GLY, alkyl chain as ALK and, water as WAT. The
origin of the curve is defined as the positions of the first (C1) carbon of
the alkyl chains. Up/bottom (A/B) panels represent two different initial
conditions used (details in text).
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micelle during simulation B. A third simulation (simulation C)
was carried out using a pure cyclohexanone medium with
identical concentration of lipopeptides and reactant pairs ENP
and PHA for comparison.

The light blue curve (WAT in Fig. 3) shows the g(r) of water,
which increases from zero at the organic core to one at the bulk.
This water content gradient underscores how the chemical
environment changes within the aggregate as a function of the
radial position, . From the RDFs, one can see that most
encounters between p-nitrobenzaldehyde and the 1-
prolinamide-enamine intermediate (PHA and ENP in Fig. 3)
happen in the intermediate region, known as the micelle pali-
sade region, where water content is about half its bulk value
according to our simulations. Fig. 4 depicts an illustration
derived from the final frame of simulation A. It displays water,
represented in blue, together with the organic core in ochre.
Additionally, the illustration includes amino acids and p-
nitrobenzaldehyde molecules in the palisade region. p-Nitro-
benzaldehyde molecules less than 4 Angstroms from t-
prolinamine-enamine are shown in white.

We propose using a dimensionless empirical function—
hereafter referred to as the proximity function or p;(x) —that
counts putative reactive encounters between r-prolinamine-
enamine (ENP) and p-nitrobenzaldehyde molecules (PHA).
This function counts and classifies encounters that happen
within a given distance threshold. Put differently, this function
aims to estimate the probability of a reactive encounter to occur
between enamine-modified prolines and p-nitrobenzaldehyde
molecules in the dynamic environment of the micelle.

Fig. 5 illustrates the orientation vectors used for the pair
formation analysis in computing p;(x). A reference vector Vi
represents the forming C-C bond going from the enamine to
the aldehyde, while the cross product V; X V, = Ve results in
an orientation that distinguishes the prochiral face, indicated
by the purple vectors entering or leaving the plane in Fig. 5. To

Fig. 4 Final snapshot of a MD for simulation A. The aggregate alkyl
residues are shown using a surface representation in ochre. The amino
acid residues and p-nitrobenzaldehyde are shown using a licorice
representation. p-Nitrobenzaldehyde molecules within 4 A from L-
prolinamine-enamine molecules are shown in red while other P-
nitrobenzaldehyde are shown in white. Water molecules are shown
using a translucid representation in blue.
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Fig. 5 Scheme used to determine pro-chiral faces during MD. A unit
vector, Vpong (Orange) represents the reference orientation of the
nascent C—-C bond going from enamine (ENP) to the aldehyde (PHA).
The faces are distinguished in terms of unit vectors, V; and V; for each
species, whose cross product V; x V, = Viace (purple) determines the
orientation of a prochiral face. The dot product Visce X Vpong results in
a positive or negative value and assigns a Re face or Si face to
a molecule.

effectively distinguish between faces, we employed the dot
product Viace X Vhona to evaluate its relative orientation con-
cerning the nascent C-C bond. For positive values Ve is
aligned to Vpong, indicating a Re face. Conversely, negative
values indicate that Vi is anti-aligned to Vpong and corre-
sponds to a Si face. The full expression for the function
including the distance dependence term is given by:

pii(x) =
(1= 1= ap/0")
(1=K —an/bf +e

) abS((Vface X Vond );(Viace X Viond) j>

(1)

with (Viace X Vbona)ij being either positive or negative, corre-
sponding to the Re or Si face respectively for the aldehyde/
enamine. The values assigned for a, b and ¢ were 4.5, 1.5 and
107" respectively. The function varies between 0 and 1 and
decays rapidly for distances greater than a. In other words, for
each stereochemistry, the function counts every time a pair of
ENP and PHA is within a short distance from each other.

Proximity functions p;(x) were computed for simulations
using two different initial conditions (simulations A and B, as
previously described) and an additional simulation carried out
in a pure cyclohexanone medium (simulation C). Cyclohexa-
none serves as a neat organic medium, which, according to
experimental results,"** yields lower reaction efficiency and
stereoselectivity. We note that no micellar aggregate is formed
in the cyclohexanone medium.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Reactant pair formation during MD simulations as measured by
a proximity function pj;(x) described in the text. Results are plotted as
a function of the percentage of the number of frames. The green and
blue curves correspond to the (Re,Re) and (Re,Si) encounters while the
black and red curves to (Si,Re) and (Si,Si) stereoisomers respectively.
The left panels correspond to p;(x) while the right panels to their
integrals. Top results refer to simulation A, middle results to simulation
B while bottom results to simulation C in pure cyclohexanone.

The p,(x) results are displayed in Fig. 6 along its integral and
are presented as a percentage of the total number of frames
from MD simulations. The outcomes for the micellar and non-
micellar phases show a substantial difference, with a larger
number of interactions occurring for the micellar systems. This
enhancement results from a pre-concentration effect promoted
by the aggregate and is apparent in the RDF results. Results
show that the aldehyde Re face encounters occur more
frequently than Si configurations for all systems, as shown by
the blue and green curves. However, the final preferred stereo-
selectivity varies for the aggregate simulations. The isotropic
neat cyclohexanone medium favors (Re,Si) encounters, as
shown by the blue curve in Fig. 6. Meanwhile, the aggregate
simulations promote (Re,Re) pro-chiral encounters, as shown by
the green curves (see Fig. 2 for the prochiral face to final product
stereochemistry mapping). In short, unlike neat cyclohexanone
simulations that favour (Re,Si) encounters leading to (S,S)
stereoisomer, micelle simulations show a preference for (Re,Re)
face encounters, possibly enhancing the formation of the (S,R)
stereoisomer.

To better gauge the enhancement or suppression induced by
the aggregate phase, we compute the ratio between integral
values of p;(x) for each stereoisomer, having the largest value at
the denominator for each simulation. We also calculated an
enhancement factor by computing the ratio of the integrals for
simulations A and B, having simulation C in pure cyclohexa-
none as a reference.

The results shown in Table 1 undoubtedly demonstrate that
the micellar environment facilitates reactive encounters
compared to neat cyclohexanone. Our results agree with
experiments that observed an enhancement for the major
observed stereoisomer (S,R) over the second (S,S) and better
total yield promoted by PRWG-C,3H;, aggregates compared to
the neat medium.'>'> Furthermore, simulation A exhibits the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Stereoisomer's p;(x) integral having the largest value at the
denominator for each simulation. Values in brackets are computed as
a ratio between pj(x) integrals for simulations A and B divided by the
result for the same stereochemistry computed for simulation C
(enhancement)

Encounter

stereochemistry Simulation A Simulation B Simulation C
(Si,Re) 0.66 (4.08)  0.85(3.92)  0.35

(Si,81) 0.71 (3.35)  0.85(3.13)  0.44

(Re,Re) 1.0 (3.45) 1.0 (2.57) 0.63

(Re,Si) 0.74 (1.59)  0.95(1.53) 1.0

largest enhancements due to the higher concentration of p-
nitrobenzaldehyde molecules within the micellar system than
B, with a 3.45 enhancement factor for encounters with Re-Re
pro-chiral faces. The proximity function analysis highlights
a significant catalytic role for micellar or supramolecular
catalysis, enhancing reactant encounters and favoring a partic-
ular pro-chiral configuration.

In the following section, we examine two mechanisms for the
stereochemical determining step: one bimolecular mechanism
with reacting r-prolinamide-enamine and p-nitrobenzaldehyde
molecules and a tri-molecular mechanism with trifluoroacetic
acid acting as a proton donor to the r-proleneamide-enamine -
p-nitrobenzaldehyde pair. Molecular dynamics simulations can
be used to examine the probability of bimolecular and tri-
molecular encounters as a function of the distance from the
micelle centre. Fig. S31 shows the probability of reactant
encounters computed as the product of normalized radial
distribution functions. For the bimolecular mechanism, the
product between g(r) for r-prolinamide-enamine and p-nitro-
benzaldehyde (ENP-PHA pair) shows a clear maximum at circa
25 A from the micelle centre, close to the maximum of the r-
proline derived enamine g{(r) distribution shown on Fig. 3. The
tri-molecular encounter probability estimated as a product
between g(r) for r-prolinamide-enamine, p-nitrobenzaldehyde
and TFA (ENP-PHA-TFA) displays a maximum further away at
circa 30 A from the micelle centre. Both product distributions
exhibit maximum at the palisade region, supporting the argu-
ment that the reaction should take place in an environment
with reduced water content.

Reaction mechanisms from electronic structure calculations

The micellar environment, characterized by reduced water
content and numerous positively charged groups, can signifi-
cantly influence the protonation equilibrium and reaction
barriers. Molecular dynamics results identify at least three
distinct environments within our mostly spherical micellar
lipopeptide system: the water-free organic core, an intermediate
partially hydrophilic interface region, and the micelle surface.
These regions are typically known as the micelle core, palisade
region, and outer surface, exhibiting markedly distinct chem-
ical environments. Previously,> we have computed the proton
transfer equilibrium between trifluoroacetic acid (TFA), present
in all lipopeptide salts, and a r-prolinamide model molecule
across three distinct environments: water, cyclohexanone, and

RSC Adv, 2024, 14, 21035-21046 | 21039
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n-heptane. These environments serve as a proxy to model the
bulk and interface region, the intermediate palisade region, and
the micelle core, respectively.

As stated earlier, we utilize an enamine produced from
a methyl-capped N-methyl-prolinamide instead of the enamine
derived from PRWG-C18H37 in our studies. We performed all
investigations in a cyclohexanone medium. Cyclohexanone has
been used as a neat reaction medium with PRWG-C;gH3; lip-
opeptides as catalysts. We reason that the cyclohexanone
medium is a good proxy for the palisade region and that the
reaction mechanism for the SDS in cyclohexanone is similar to
the one occurring in the PRWG-C;gH3, micelle with some key
differences. Results from molecular dynamics indicate that the
palisade region is the most probable region for ENP and PHA
encounters. As previously discussed, most reactive encounters
should happen in the intermedia palisade region between 25
and 30 A from the micelle core as shown in Fig. $3.f Addi-
tionally, we conducted investigations in DMSO, a solvent
commonly used for studying proline organocatalysis.

Nudge elastic band calculations in its climbing image
version (NEB-CI) can probe both the reaction mechanism and
kinetic barriers. The geometries generated through NEB calcu-
lations approximate the MEP and are stabilized on the energy
surface by virtual springs.*** When reactant and product
conformations are appropriately chosen, the TS can be identi-
fied by optimizing the highest energy image (HEI), providing
insights into the reaction's energetic landscape and mecha-
nistic pathway. While NEB has been successfully utilized to
study diffusion and reactions on solid surfaces, its application
to molecular systems has recently been facilitated with imple-
mentations such as in the ORCA software package.”*™'> We
explored the proposed mechanisms using nudge elastic band
(NEB) calculations with the B3LYP functional and 6-31G(d,p)
basis set augmented with Grimme's D3 corrections (named
B3LYP-D3/6-31G(d,p)). All calculations were performed using
the ORCA package v4.12 and v5.03. We also performed transi-
tion state calculations from NEB climbing images for the
bimolecular HLWT mechanism.

Two reaction mechanisms were investigated for the C-C
bond formation step. The first is a bimolecular mechanism
related to the Houk-List mechanism,"** which was further
explored by Wo and collaborators using prolinamides as cata-
lysts.” We named this mechanism herein the Houk-List-Tang-
Wo (HLTW) or bimolecular mechanism. In this scenario, the
hydrogen of the amide forms a hydrogen bond with the oxygen
of the aldehyde during the C-C bond formation. Only confor-
mations where the amide hydrogen can form a hydrogen bond
with the aldehyde group were considered for these
investigations.

A second trimolecular mechanism was also investigated.
This mechanism is hypothesized to be facilitated by the
micelle's environment and its potential to aggregate reactants.
In the trimolecular mechanism, we propose that TFA acts as
a proton shuttle within the micellar environment for the reac-
tion. It is important to note that TFA is not the only entity
capable of acting as a proton reservoir for the reaction, espe-
cially considering the shifts in pK, values expected for charged
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species at the interface. Nonetheless, previously computed
values indicate a shift in TFA's pK, from —0.56 (with the
experimental value being 0.3) to 3.7 and 16.6 when transitioning
from water to cyclohexanone and n-heptane, respectively.”
Furthermore, the proton equilibrium between vr-proline and
TFA is highly dependent on the medium, with AG changing
from a significantly positive 14.4 kcal mol " to 4.35 kcal mol "
when moving from an aqueous environment (bulk) to an
organic cyclohexanone medium. Thus, the closer to the micelle
centre, the easier for a direct proton transfer reaction to occur
between TFA and a protonated r-proline residue. Additionally,
TFA has been demonstrated to facilitate aldol catalysis in the
presence of long-chained amines.” Fig. S31 demonstrates that
the likelihood of interaction between TFA and r-proline, calcu-
lated as the product of their g(r), peaks at approximately 35 A
from the micelle centre, at the edge of the palisade region where
the water content is still half of its bulk value.

It is important to acknowledge that both proposed mecha-
nisms are a simplification of the true range of possibilities
provided by the aggregate environment. There may be several
alternate routes to the suggested Houk-List-Tang-Wo that
employ hydrogen bond donors other than the nearby amide
group. The examination of hydrogen bonds in the MD trajectory
for simulation A revealed that when p-nitrobenzaldehyde is
close to enamine, with reacting carbons within a distance of 4.5
A from each other, the amide N-H hydrogens are the most likely
hydrogen bond donors to aldehyde oxygen. The interaction
occurs in 2.5% of the total number of frames. Both intra-
molecular (1.2% of frames) and inter-molecular (1.3% of
frames) amide groups can form H-bonds to p-nitro-
benzaldehyde. Detailed results for hydrogen bond analysis are
shown in Table S2.1 Hydrogen bond stabilization by the argi-
nine side chain occurs in only 0.8% of frames, of those, only
0.1% being of intramolecular nature. Hence, we believe that the
proposed Houk-List-Tang-Wo is a representative mechanism
involving H-bond stabilization of the nascent alkoxide present
in the C-C bond formation in the micelle.

Table 2 presents the data for the bimolecular Houk-Listi-
Tang-Wu mechanism. Computed transition state free energies
(AG¥) are computed as the energy difference between the tran-
sition state and the pre-reaction complex. Transition states were
calculates starting from NEB highest energy images. Values for
AG” in cyclohexanone are all within a 6.1 kecal mol™" window,
with transition state energies shown in Table S1{ being about
3 kecal mol™* DMSO results are all within half
a kcal mol ™" from cyclohexanone values with the exception of
the (S,S) product. The experimentally observed (S,R) product has
the lowest barrier at 10.41 (10.12) in cyclohexanone (DMSO)
followed by the (R,S), (S,S) and finally (R,R) stereoisomers. Pre-
reaction complexes stabilization energies, computed as the
energy of the reaction complex minus the energy of the isolated
species, are larger in modulus than the activation barriers with
values for the Re enamine face being slightly lower in energy
than their Si counterpart. With product energies very close to TS
values, the transition state geometry resembles the product,
with transition state C-C and O-H bond distances being
remarkably similar for all stereochemistries. All transition

lower.
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Table 2 Results for the bimolecular Houk-List—Tang—Wu mechanism in cyclohexanone and DMSO (values in brackets) computed using the
B3LYP-D3/6-31G(d,p) method. The first two columns show the product final stereochemistry and encounters labels, as in Fig. 2. AE* and AG*
labels the transition state energies and free energies with respect to the pre-reaction complex; AGMP* labels the stabilization energy of the pre-
reaction complexes; AG" the free energy differences between the product complex and the pre-reaction complex. re_c and ro_y; are the C—C
and O—H lengths at the transition state in cyclohexanone (DMSQ). Energies are in kcal mol™*

AGCMPX

AG* AGR

Stereoisomer Encounter Te-c To-u

(S,R) Re-Re (A)-anti —12.87 (—13.00) 10.41 (10.12) 10.36 (9.98) 1.90 (1.89) 1.70 (1.70)
(S,5) Re-Si (B)-syn —13.33 (~13.66) 13.29 (15.79) 13.57 (12.56) 1.81 (1.80) 1.73 (1.73)
(R,S) Si-Si-HL (C)-anti —11.79 (—12.27) 13.03 (12.92) 11.75 (9.30) 1.93 (1.92) 1.68 (1.68)
(R,R) Si-Re-HL (D)-syn —11.04 (—11.34) 16.52 (16.37) 14.33 (13.61) 1.96 (1.96) 1.75 (1.75)

states exhibit short hydrogen bonds, pointing to alkoxide
stabilization by the amide hydrogen. Still, the amide present in
our N-methyl-t-prolinamide is much less capable of stabilizing
the emerging alkoxide when compared to the carboxylic acid
group present in the standard Houk-List mechanism.

The stacking between rings in the Houk-List mechanism
depends on the specific stereoisomer encounter. Fig. 7 repre-
sents the Re-Re and Re-Si encounters, with the former lacking
a ring-stacking conformation. Rzepa® showed that non-covalent
interactions (NCI) are most relevant when the enamine moiety
is planar. However, Re-Re exhibits a lower barrier and a more
deformed conformation for the cyclohexene ring. Other transi-
tion states are shown in Fig. S1.}

Gong Wu reported an enantiomeric excess of roughly 30%,°
with DFT calculations showing barrier heights ranging from 10
to 15 keal mol ™" in acetone, in line with our observations. They
found that substituted proline amides with a secondary
hydrogen bond and phenyl groups further stabilize the transi-
tion state and increase the experimental enantiomeric excess to
44%. Their findings confirm that the stabilization of alkoxide by
hydrogen bonding significantly impacts the stereochemical
consequence of the reaction. In our proposed HLWT mecha-
nism, this role is played by the proline's amide, a comparatively

Re-Re

Fig. 7 Re—Re and Re-Si TS conformations, resulting in (S,R) and (S.,5)
stereoisomers. For the fixed Re enamine. The C-C bond being formed
is perpendicular to the sheet and marked with a circle. The paperchain
representation showcases the ring puckering conformation, with the
red color representing the planar aromatic ring and colors yellow,
green, and blue represent distinct ring puckering. See original refer-
ence for additional information.

© 2024 The Author(s). Published by the Royal Society of Chemistry

weak H bond donor. This is also consistent with the shallow
product basin found in our electronic structure calculations.
Despite the extensive usage of the B3LYP functional for
predictions following the influential research by Houk and List,
it may not be reliable for achieving chemical accuracy in esti-
mating reaction barriers. To confirm our findings, we calculated
single-point energies using the B2-BLYP and CCSD methods
and the def2-TZVP basis set using B3LYP-D3/6-31G(d,p) geom-
etries computed in cyclohexanone. The DLPNO approximation,
standing for domain-based local pair natural orbital, is
employed in all B2-PLYP and CCSD calculations. Its use in
double hybrids has been recently benchmarked, producing
excellent results for relatively large systems.'® Given that the
energies and geometries computed in DMSO were nearly iden-
tical to the ones computed in cyclohexanone, we opted to
continue our investigation in cyclohexanone medium only.
Results for the B2PLYP and CCSD calculations are shown in
Table 3. The calculated barriers obtained from using the
double-hybrid functional B2-PLYP (named DNPNO-B2-PLYP/
def2-TZVP//B3LYP-D3/6-31g(d,p)) are slightly higher than the
ones obtained from B3LYP-D3/6-31g(d,p). However, no change
in barrier heigh ordering is observed when compared to B3LYP
results. Results for DLPNO-CCSD/def2-TZVP//B3LYP-D3/6-
31g(d,p) confirm the formation of very stable pre-reaction

Table 3 Energy barriers considering the Houk-List-Tang-Wo
mechanism in cyclohexanone computed using B2-PLYP-DNLPO/
def2-TZVPP and CCSD-DLPNO/def2-TZVPP methods on B3LYP-D3/
6-31G(d,p) geometries. AGMP* and AGMPX label the stabilization
energies and free energies of the pre-reaction complexes; AE* and
AG* label the transition state energies and free energies with respect
to the pre-reaction complex; AER and AGR the energy differences
between the product complex and the pre-reaction complex. Ener-
gies are in kcal mol™

Product®  AECMPX  AE” AER AGEMPX AGY AGR
DNLPO-B2-PLYP

(S,R) —13.32 9.11 9.15 -10.66  11.14  11.54
(S,S) —14.50  12.05 1243  —10.93  14.53 1527
(R,S) ~12.69  12.03 774  -10.83  15.23  12.56
(R,R) -11.78 1519  11.66 -8.97 1910  17.99
DLPNO-CCSD

(S,R) -11.22  12.23 9.70 —8.56 14.26  12.09
(S,S) —12.32 1412  12.91 -875  16.60 15.75
(R,S) ~12.59  17.18 6.70  —10.74  20.38  11.52
(R,R) —10.56  20.53  10.04 —7.75  24.43  16.38
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complexes and that the (S,R) stereoisomer has the lowest
barrier. Additionally, the energy gap between the favoured (S,R)
stereoisomer and the other pro-chiral configurations increase,
showing a clear preference for the product found in experi-
ments. DLPNO-CCSD results also show (S,S) as the second
preferred stereoisomer, in agreement with experimental
observations and in contrast to B3LYP and DLPNO-B2-PLYP
results. In addition, the DLPNO-CCSD/def2-TZVP//B3LYP-D3/
6-31g(d,p) results show more favourable AG® than DFT-based
estimates. Despite their differences, all methods agree upon
the preferred (S,R) stereoisomer and that the alkoxide inter-
mediate product resides in a shallow basin. A proton donor is
needed for the reaction to move forward. In the original Houk-
List mechanism, the required stabilization comes from r-
proline acidic proton, and for r-prolinamides, it comes from
both amide hydrogen and terminal hydroxyl groups bound to
aromatic rings or electron-withdrawing groups. Both features
are lacking in our lipopeptide catalytic system.

Our proposed tri-molecular mechanism involves TFA acting
as the proton donor to stabilize the nascent alkoxide,
mimicking the role of proline’s acid group in the original Houk-
List mechanism. As previously discussed, TFA can undergo
protonation in a mixed water-cyclohexanone media at the
micelle palisade requiring an energy cost of
4.35 keal mol ™.

As in the bimolecular HLTW mechanism, all geometry
optimization and NEB-CI calculations have been performed
using the B3LYP-D3/6-31G(d,p) method using nine energy
images. However, unlike the HLTW bimolecular studies, no
explicit transition state search and no zero-point energy or
thermodynamic correction have been computed. Results for the
bimolecular mechanism support using NEB highest energy
image (HEI) as an approximation to the TS, as those were at
most 1.5 kecal mol ™" off (about 15%) from true transition state
energy values. Moreover, we would have reached similar
conclusions if AE values were used instead of AG ones.

An explicit proton donor allows for more flexibility at the
transition state. Two categories of transition state arrangements
investigated: one where the stacking of p-nitro-
benzaldehyde occurs over proline's pyrrolidine five-member
ring, and another involving the stacking over the six-member
ring created by the enamine. The results for these two

region,

were
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Table 5 Results for the trimolecular mechanism in computed using
DLPNO-CCSD method using the def2-TZVPp basis set on B3LYP-D3/
6-31g(d,p) geometries. The first column shows the pro-chiral face
arrangement. AE¥ labels the transition state energies; AESM™X labels
the stabilization energies of the pre-reaction complexes, and AER the
energy differences between the product complex and the pre-reac-
tion complex. Energies are in kcal mol™

Isomer™®! AECMPX AE" AER

(Re,Re)-5 —11.39 1.42 —26.99
(Re,Si)—S —18.00 2.79 —18.27
(Re,Re]—6 —19.22 3.46 —20.62
(Re,Sl')-B —18.01 11.31 —21.84

categories of TSs are labeled with a (5) or a (6) in Tables 4 and 5.
Fig. 8 shows the two types of transition states for stereoisomer
(S,R) as approximated by NEB-CI HEI. Transition states for all
other cases are shown in Fig. S2.}

A clear difference between the bimolecular HLWT and the
tri-molecular mechanisms is that the latter involves smaller
barriers and exergonic reactions. All pre-reaction complexes
have large stabilization energies, with the Re-Re pro chiral
encounter having the lowest energy when p-nitrobenzaldehyde
stacks over the enamine six-member ring. The pre-reaction
complex stabilization energies are larger than the reaction
activation barriers, indicating that an equilibrium between
different conformations may not be achieved before the reac-
tion occurs. This favours the path with the lowest barrier,
regardless of the stabilization encountered.

The findings in Table 4 indicate that the (S,R) stereoisomer is
the preferred species. It is generated by a pathway involving
a stacked configuration between p-nitrobenzaldehyde and
proline's pyrrolidine five-member ring with a very low
1.77 keal mol ™" barrier. Results also indicate that (S,S) stereo-
isomer is the second favoured species, occurring through
a pathway involving stacking over enamine's six member ring,
albeit with a very small difference from the path that forms the
product via a stacking interaction over pyrrolidine five-member
ring. These results agree with experiments and with our
previous findings for the HLWT bimolecular mechanisms. In
addition, the lowest energy transition states found for the (S,R)
and (S,S) products show shorter ro  and longer rc_¢ bonds

Table 4 Results for the trimolecular mechanism in cyclohexanone and DMSO (values in brackets) were computed using the B3LYP-D3/6-
31G(d,p) method. The first two column show the product final stereochemistry and pro-chiral face arrangement. AE* labels the transition state
energies; AE“MPX abel the stabilization energies of the pre-reaction complexes and AER the energy differences between the product complex
and the pre-reaction complex. re_c and ro_p are the C-C and O—-H lengths at the transition state. Energies are in kcal mol ™!

AECMPX

AE*

AER

Product Encounter Tc-c [A] To-H [A]
(S,R) (Re,Re)-5 —18.17 (—23.25) 1.77 (1.40) —20.97 (—22.55) 2.48 1.15
(S,R) (Re,Re)-6 —26.50 (—30.81) 4.49 (4.54) —15.55 (—17.02) 2.68 1.53
(S,5) (Re,Si)-5 —21.88 (—27,42) 2.51 (3.29) —17.45 (—19.45) 2.74 1.59
(s,9) (Re,Si)-6 —18.81 (—21.70) 2.29 (2.04) —20.90 (—22.84) 2.45 1.50
(R,S) (8i,81)-5 —23.68 (—27.94) 8.52 (7.90) —19.11 (—20.23) 1.85 1.44
(R,S) (8i,51)-6 —22.50 (—24.63) 19.30 (17.21) —20.72 (—21.83) 4.08 1.88
(R,R) (Si,Re)-5 —20.87 (—24.63) 3.07 (2.44) —19.44 (—22.96) 1.88 1.10
(R,R) (Si,Re)-6 —22.89 (—26.08) 6.28 (6.04) —15.96 (—18.58) 2.30 1.39
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A B

Fig. 8 Re—Re HEI from NEB-CI calculations resulting in (S,R) stereo-
isomers. For A, the stacking occurs over the cyclohexene ring, whereas
for B it forms over the pyrrolidine ring. The C-C bond being formed is
perpendicular to the sheet and marked with a circle. The paperchain
representation showcases the ring puckering conformation, with the
red color representing the planar aromatic ring and colors yellow,
green and blue represent distinct ring puckering. See original refer-
ence for additional information.

when compared to the bimolecular mechanism, indicating that
the proton transfer and alkoxide stabilization occur before the
formation of the C-C bond.

We assess our findings by employing DLPNO-CCSD/def2-
TZVP//B3LYP-D3/6-31g(d,p) calculations to analyse the ener-
getics of the (S,R) and (S,S) stereoisomers along their respective
minimum energy paths, similar to what was done for the
bimolecular mechanism. Results are show in Table 5.
Compared to B3LYP-D3/6-31g(d,p) results, DLPNO-CCSD
results exhibit smaller values for AE°™™* but similar reaction
barriers. Nonetheless, DLPNO-CCSD results confirm the (Re,Re)-
5 configuration that leads to the (R,S) stereoisomer as having
the lowest barrier, followed by the (Re,Si)-5 configuration that
leads to the (S,S) stereoisomer. DLPNO-CCSD calculations
reveal greater energy differences for the TS between the
configurations in which p-nitrobenzaldehyde stacks above the
pyrrolidine five-member ring than the one where it stacks over
the enamine six-member ring, in comparison to B3LYP-D3
findings.

The tri-molecular mechanism has lower barriers compared
to the bi-molecular HLWT mechanism due to the synchronous
proton transfer for alkoxide stabilization occurring simulta-
neously with C-C bond formation. As such, it should be fav-
oured in the aggregate's environment if the proton transfer
equilibrium between TFA and proton-donating species is ener-
getically allowed.

Methods

We employed the AMBER"*® suite of programs in all molecular
dynamics simulations using the pmemd.cuda module of
AMBER"?* with the ff14SB** force field to model the peptide
moiety and enamine. For the lipid part, we used the lipid21 (ref.
22) forcefield parameters. p-Nitrobenzaldehyde, cyclohexanone,
and the enamine-modified r-proline used the general amber

© 2024 The Author(s). Published by the Royal Society of Chemistry
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forcefield (GAFF)* parameters. We employed the restrained
electrostatic potential (RESP)** procedure for non-standard
residues to determine atomic charges from Hartree-Fock/6-
31G* calculations using the AmberTools suite of codes.
GAUSSIANO9 (ref. 24) program was used solely for the RESP
calculations.

The initial configuration of the micellar assemblies was built
using the PACKMOL software® using a procedure similar to the
one used in our previous publications. Molecule geometries
were visualized using Avogadro® and the visual molecular
dynamics (VMD) program,” with the ring puckering being
observed with the paperchain®®* representation. Reaction
mechanisms were plotted using Marvin Sketch.*

For the proximity function analysis, a Python script using
NumPy,** SciPy,** and Matplotlib* libraries were employed for
array operations, integration of curves, and figure plotting,
respectively. The stereochemical function inputs two datasets
obtained from molecular dynamics runs using CPPTRAJ.** For
the first, we count geometries if the C-C distance is less than 4.5
A; for each enamine, only the closest aldehyde is considered.
The second data is the vector data, for which we need to
consider two vectors for each pro-chiral face (enamine and
aldehyde) and a reference vector representing the C-C bond.
The values assigned for a, b, and ¢ were 4.5, 1.5, and 10>
respectively, to account for distances slightly larger than the van
der Waals radius and closer to those in the pre-reactant
complex.

The ORCA™™* software versions 4.12 and 5.03 were used for
all electronic structure calculations. B3LYP***® calculations
augmented with dispersion corrections®** were performed
using the 6-31G(d,p)**** basis set and the RIJCOSX approxi-
mation. The solvent environment was included using the SMD*
method. Single-point calculations using B2-BLYP and CCSD
methods and the def2-TZVP basis set employed B3LYP-D3/6-
31G(d,p) geometries. B2-BLYP calculations employed disper-
sions corrections. We named these approaches DLPNO-CCSD/
def2-TZVP//B3LYP-D3/6-31g(d,p) and DLPNO-B2-PLYP/def2-
TZVP//B3LYP-D3/6-31g(d,p). They employed the domain-based
local pair natural orbital approximation (DLPNO)** and
used the auto default mode for auxiliar correlation and
coulomb basis set in the RI (resolution of the identity)
approach. Rection paths were investigated using NEB method*®
in its climbing image (CI) variation as implemented in the
ORCA®* program. Each NEB interpolates a pre-reaction complex
conformation to a product complex to estimate a reaction path
and TS. A total of nine images were used in all NEB calculations.

All AG values include zero-point energy and thermodynamic
corrections according to the rigid rotor harmonic oscillator
approximation. Thermodynamic and zero-point energy correc-
tions from B3LYP-D3 calculations were incorporated into
DLPNO-B2-BLYP and DLPNO-CCSD results when calculating
AG for these approaches.

Conclusions

This study focused on investigating how the arrangement of
molecules into supramolecular structures affects the ability of
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proline-containing lipopeptides to catalyze reactions. Using
a combination of molecular dynamics and electronic structure
methods, we explored the intricate catalytic landscapes
orchestrated by macrostructured aggregates. A mechanism akin
the Houk-List mechanism, herein named Houk-List-Tang-Wo
(HLTW) mechanism, alongside a trimolecular mechanism
facilitated by trifluoroacetic acid (TFA), revealed remarkable
selectivity driven by specific hydrogen-bonded conformations
and intermolecular interactions. We propose that TFA can act as
a proton donor in a proton shuttle mechanism due to the ability
of the aggregate environment in influencing the TFA's proton-
ation equilibrium owing to the reduced water content present in
the palisade region.

Our results demonstrate that both the Houk-List-Tang-Wo
and the proposed tri-molecular mechanisms, with TFA acting as
a proton donor, effectively lead to the formation of the experi-
mentally observed (S,R) stereoisomer product. The computed
barriers using DLNPO-CCSD are 12.23 and 1.42 kcal mol ™"
respectively, confirming the energetic feasibility of these
mechanisms. Furthermore, as observed experimentally, both
mechanism predict the (S,S) stereoisomer as the second
preferred product.

The Houk-List mechanism utilizes the r-proline amino acid,
which can donate a proton without external sources. While this
hydrogen bond formation is also possible with r-prolinamides,
the amide group's pK, is higher than that of the r-proline acid
group, making it a weaker acid. On the other hand, given that
TFA has a much lower pK,, it is a potent proton source in the tri-
molecular mechanism investigated. Notably, the two stacking
conformations (aldehyde-pyrrolidine ring and aldehyde-
cyclohexene ring) are associated with the same stereoisomer,
offering two different conformational paths to the same reac-
tion mechanism. Fig. 8A and 7B depict these conformations,
with TFA donating a proton to the oxygen atom and conse-
quently stabilizing the alkoxide ion, illustrating the dynamic
interplay of molecular interactions in facilitating the reaction.

Our results showed that the micellar environment signifi-
cantly increased the interaction between aldehydes and Re
enamines, in contrast to the restricted access in a pure cyclo-
hexanone medium. This difference underscores the micelles’
ability to enhance reaction efficiency and stereoselectivity and
act as dynamic nanoreactors that intricately navigate the
chemistry of aldol reactions. We noted that the micellar phase
distinctly favours the formation of (S,R) over (S,S) stereoisomers
compared to reactions in a cyclohexanone medium, high-
lighting the substantial influence of the micelle's supramolec-
ular structure on reaction dynamics. This observation is further
supported by the proximity function analysis, which indicates
enhanced interactions between aldehydes and Re enamines
within the micelle, crucial for the observed stereoselectivity.
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