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ABSTRACT: Peptides and foldamers have recently gained
increasing attention as chiral catalysts to achieve challenging
(asymmetric) transformations. We previously reported that short
helically folded aliphatic oligoureas in combination with achiral
Bronsted bases are effective H-bonding catalysts for C—C bond-
forming reactions—i.e., the conjugate addition of 1,3-dicarbonyl
pronucleophiles to nitroalkenes—with high reactivity and
selectivity and at remarkably low chiral catalyst/substrate molar
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ratios. This theoretical investigation at the density functional - U P
theory level of theory, aims to both analyze how the substrates of C %L wd ° s ©
the reaction interact with the foldamer catalyst and rationalize a ;’Nfﬁ NN \/N\O/N\ SUNO;
chain-length dependence effect on the catalytic properties. We = R

confirm that the first two ureas are the only H-bond donors

available to interact with external molecules. Moreover, each urea site interacts with one of the two reactants allowing a short
distance between the two reacting carbons, thus facilitating the conjugated addition. Additionally, it was observed that the molecular
recognition and catalyst—substrate interactions are mainly governed by electrostatic interactions but not orbital interactions (see
from NBO if this is finally true). On these grounds, an electrostatic potential (ESP) analysis showed an important internal charge
separation in the catalyst, the positive ESP region being concentrated around the first two ureas, with its area extending as the

number of residues increases.

Bl INTRODUCTION

Defined sequences and folding (e.g., protein tertiary structure)
are two of the main attributes of biopolymers that determine
their specific and highly diverse functionalities (transport,
sensing, signaling, energy storage, catalysis, ..). In enzymes,
precise organization of active-site side chains in the 3D space,
participation of cofactors, and electrostatic interactions are
inherent elements mediated by a folded yet dynamic backbone
which contributes to facilitating the interaction with the
substrate and stabilizing the transition states, ultimately leading
to catalytic activity."” Inspired by protein structures, small- and
medium-size synthetic folded strands have received increasing
interest as chiral catalysts because, on the one hand, they are
modular and scalable and, on the other hand, they may retain
some key features of enzymes such as high reactivity and
stereoselectivity but also chemoselectivity and site-selectivity.
This is particularly true for synthetic a-peptides which were
found to be well-suited as chiral catalysts for a broad range of
asymmetric transformations.>® Concurrently, foldamers—non
natural oligomers with defined folding patterns—which exhibit
both sequence tunability and folding predictability, have gained
increasing interest as scaffolds for catalyst design.” In these
systems, the active site generally consists of an array of spatially
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arranged functional side chains and can also involve main-
chain functional groups well-organized through folding. This is
the case for chiral aliphatic N,N’-linked oligoureas, a class of
helical foldamers previously reported to catalyze enantiose-
lective C—C bond-forming reactions, in which main chain
(thio)urea NH groups located at the positive pole of the helix
macrodipole are available to bind and activate substrates.”’
This system actually shows similarities with the well-studied
helical polypeptides developed as catalysts for Julia—Colonna
epoxidations in which the four N-terminal amide NH groups
not engaged in intramolecular H-bonds are involved as H-
bond donor groups with the substrates.'”""

Oligourea hexamer 1, which contains seven urea linkages
(Figure 1), was found to catalyze the conjugate addition of 1,3-
dicarbonyl substrates to nitroalkenes in high yield and
enantioselectivity at remarkably low catalyst/substrate molar
ratios in the presence of an achiral Brensted base such as Et;N
or DIPEA.” In this paper, it was observed that the chain length
of the foldamer was a crucial parameter in terms of reactivity
and enantiocontrol. Whereas the helically folded 6-residue long
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Figure 1. Formulas of helical foldamers 1 and 2, X-ray structure of 1, and their use as H-bond donor chiral catalysts in the enantioselective

conjugate addition of 1,3-dicarbonyl compounds to nitroalkenes.”
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Figure 2. (a) Structure of the foldamer-based chiral catalyst (hexaurea 2). The studied reaction involves the (1E)-3-methyl-1-nitrobut-1-ene as
nitroolefin (b) and the deprotonated dimethylmalonate (c), the last being deprotonated by the triethylamine (d).

oligourea (1) and the related S-mer (2) show remarkable
catalytic properties, oligomers with shorter chain lengths were
much less effective in terms of enantiocontrol. Structure—
activity relationship studies further confirmed that the helix
conformation of the oligourea foldamer is a major determinant
of their catalytic activities and that the second (thio)urea site is
as important as the first. Related hybrid oligomers consisting of

a short oligourea segments fused at the N-terminus of a short
helical peptide have also been used to catalyze similar
reactions.'*~'*

Mono- and bis(thio)urea H-bond donor catalysts'>~>* have
been studied extensively, and in many cases, detailed
computational investigations have been conducted on these
small molecules to explore the catalytic processes at the
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Figure 3. Binding energies (in kcal/mol) of the nitroalkene (electrophile) on the hexaurea catalyst 2. Here [1] and [2] represent the two binding

sites of the catalyst.
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Figure 4. Binding energies (in kcal/mol) of the deprotonated malonate (nucleophile) on the hexaurea catalyst 2. Here [1] and [2] represent the

two binding sites of the catalyst.

atomistic level, mainly by finding the related transitions
states.”’"****7° In contrast, the mechanism of synergistic
activation with oligourea foldamer-based catalysts has not yet
been investigated from a theoretical point of view. Our aim in
this work was thus to use computational chemistry to study the
binary system composed of chiral H—bond donor foldamer
catalyst/achiral Brensted base, by asking the following
questions: What kind of interactions occur between the
reactants and the foldamer catalyst? What is the role of the
helical shape in the catalytic process? Which is the influence of
the catalyst on the capability of the reactants to react? To that
end, the properties of the foldamer catalyst as a function of its

chain length, as well as the interactions between the catalyst
and reaction substrates, were carefully investigated at the DFT
level of theory.

B RESULTS AND DISCUSSION

Molecular Recognition. The global optimization search,
which involves the helical foldamer, both reactants ((1E)-3-
methyl-1-nitrobut-1-ene as electrophile and deprotonated
dmiethylmalonate as nucleophile), and the achiral base
(triethylamine), was first performed using 2 (S-residues long
oligomer) as reference because it requires less computational
time compared to 1 (Figure 2). As depicted in Figures 3 and 4,
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Figure S. Binding energies (in kcal/mol) of the deprotonated malonate (nucleophile) and the nitroalkene (electrophile) on the hexaurea catalyst 2.

Here [1] and [2] represent the two binding sites of the catalyst.

which show the most energetically stable conformers, this
numerical process found that only the two first urea groups
(denoted as site [1] and [2] in the figures) can accommodate
the reactants.

Among the possible configurations, the site [2] is generally
more favorable for the electrophilic species ((1E)-3-methyl-1-
nitrobut-1-ene) and leads to a stabilization of about 18 kcal/
mol (Figure 3) while the nucleophilic species (deprotonated
dimethylmalonate) tends to be astride on the two sites with a
stabilization of about 31 kcal/mol (Figure 4). However, when
the two reactants are considered together for binding on the
foldamer, the nucleophilic species appears to bind clearly and
exclusively on site [1], as stated in Figure S. This clearly reveals
a bifunctional activation of the catalyst from the two first sites.

The four structures of Figure S were obtained (i) by
considering the most stable situation of Figure 4 (nucleophile
in astride position) in which the nucleophile species was placed
on sites [1] and [2] and (ii) by considering the most stable
structure of Figure 3 in which the electrophilic species binds
on site [2]. When the electrophile is placed in the vicinity of
site [2], it is then observed that the nucleophile moves from
the astride position to site [1] during the local optimization
process. Note that the three-model chemistry used revealed the
same pattern: the B3LYP-D3 results overbound for few kcal/
mol with respect to their M06-2X counterparts, and no
sensitive deviations are found with the use of a triple-{ basis
set. Moreover, our computations show that the deprotonation
of the malonate by the achiral base is sensitively favored in the
presence of the catalyst at 300 K (see the Supporting
Information, Figure S1). Overall, these results are consistent
with experimental 'H NMR data of la obtained upon
successive addition of malonate, triethylamine, and nitro-
styrene (see Figures S4—S8 in the Supporting Information)
showing that under the conditions used (for solubility issues,
spectra were recorded in a mixture of acetonitrile-d;/DMSO-d,
(88:12 v/v)) (i) the deprotonated malonate interacts with the
catalyst, more than the cognate malonate, (ii) this interaction

involves site [1], and (iii) triethylamine critically controls the
interaction process because nitrostyrene and malonate alone
do not lead to significant modification of the spectrum of la.

Furthermore, one can note that the most energetically
favored structural position may also, from a structural point of
view, favor a C—C bond formation reaction between the two
reactants since the corresponding C—C distance for this
optimized structure is calculated at 3.69 A.

Finally, a few points on the methodology used for the
computation of binding energies: (i) Basis Set Superposition
Error (BSSE) was found not to influence the reported binding
energies, and (ii) the role of the diffuse functions was identified
as fundamental to describe these systems (see the section
“Influence of BSSE and diffuse function in our computations”
in the Supporting Information for more details).

Nature of the Binding Interactions. We next wondered
about the nature of the stabilizing interactions between the
reactant and the catalyst, i.e., whether the interactions are more
orbital or electrostatic in nature.

Concerning the investigation of the orbital interactions and
according to the Frontier Orbital Theory,” the energies of the
HOMO of each of the substrates were compared to those of
the LUMO of the oligourea foldamer electron acceptor (see
the Supporting Information for the description of the
molecular orbitals, Figure S2). A HOMO (gubstrates) —LU-
MO (cytayst) energy gap of about 3.5 and 6 eV is observed for
the malonate and the nitroalkene, respectively. This value is
not sensitively modified by the number of the residues of the
foldamer (from monomer to hexamer) as shown in Figure S2,
thus suggesting that the change of affinity between the
substrates and the foldamer with respect to the number of
residues is not governed by orbital interactions. Although
donor orbitals of the substrates and acceptor orbitals of the
catalyst are quite far in terms of energy observed (not depicted
in the Supporting Information), a very small mixing between
the orbitals of the two kinds cannot be ignored since the
decrease of each HOMO energy of the substrates when
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Figure 6. Noncovalent interactions in the most stable conformations found for the hexaurea foldamer 2 interacting with the substrates. In the
tables, BCP stands for “Bond Critical Point” as defined by QTAIM theory and vdW stands for “van der Waals interactions”. The value E reported is
an estimation of the binding energy related to that H-Bond® (see section “Non-covalent interactions” in the Supporting Information for more
details on the computation and meaning of E). Unless otherwise specified, the values were obtained with B3LYP-D3/6-31“+"G(d,p).

connected to the foldamer is about 0.45 eV. This decrease is
constant whatever the number of residues of the foldamer.
Figure 6 illustrates the noncovalent interactions between the
foldamer and the different substrates obtained by Integrated
Gradient Model (IGM) and Atom in Molecules (QTAIM)
methods (see the Supporting Information for more details on
these methods, section “Non-covalent interactions”). Four
complexes were considered: (a) the most stable structure of
the nitroalkene on the catalyst, binding on site [2]; (b) the
most stable structure of the deprotonated malonate on the
catalyst, astride on sites [1] and [2]; (c) the second most
stable structure of the deprotonated malonate, binding on site
[1]; and (d) the most stable structure of the nitroalkene
binding on site [2] and the malonate binding on site [1].
The nitroalkene was found to bind to site [2] by means of
two H-bonds, while a region of van der Waals interactions rises

around the 3,5-bis(trifluoromethyl)phenyl group (see Figure
6a). Differently, the malonate ester binds to the catalyst
exclusively using an array of H-bonds, i.e., five for the complex
shown in Figure 6b and two for the complex shown in Figure
6¢c. In any case, it is observed that the average interaction
energy by the hydrogen bond is about 4 kcal/mol, which is
relatively strong and would have predominantly an electrostatic
nature (see computations and AIM details in the section “Non-
covalent interactions” of the Supporting Information for more
details), as generally observed in biomolecules.”® The results
obtained with M06-2X were equivalent (see Figure 6d).

To evaluate the stabilization energy due to orbital
interactions, a Second Order Perturbation Theory Analysis of
Fock Matrix in NBO Basis was carried out in the 3-mer (which
gives low selectivity’), S-mer (which gives high selectivity’),
and 9-mer foldamers (which has not been studied
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(a) trimer

Figure 7. Numbering of the atoms involved in the NBO analysis.
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(b) pentamer

H35

36§

(¢) nonamer

experimentally yet) interacting with both substrates (see
Figure 7 and Table 1). It is observed that the stabilizing

Table 1. Second-Order Perturbation Theory Analysis of
Fock Matrix in NBO Basis for the 3-mer, S-mer, and 9-mer
Foldamers Represented in Figure 7

donor (i) type acceptor (j) type E(2) (kcal/mol)
Trimer
08§ LP(2) N66—H67 BD*(1) 3.56
085 LP(2) NI1S—-H16 BD*(1) 0.22
086 LP(2) N15-H16 BD*(1) 7.14
0124 LP(2) N64—H65 BD*(1) 4.15
0130 LP(1) N21-H22 BD*(1) 9.23
Pentamer
C43—H46 BD(1) 0160 LP(3) 0.12
0160 LP(1) N38-H39 BD*(1) 0.93
0160 LP(2) N36—H37 BD*(1) 2.54
0161 LP(2) N36-H37 BD*(1) 3.06
0145 LP(2) N40—H41 BD*(1) 1.94
0128 Lp(1) N34-H35 BD*(1) 1026
Nonamer
0244 LP(1) N65—H66 BD*(1) 0.75
0244 LP(2) N63—-H64 BD*(1) 3.01
0245 LP(2) N63—-H64 BD*(1) 2.85
0229 LP(2) N67—-H68 BD*(1) 1.88
0212 LP(1) N61-H62 BD*(1) 10.50

“E(2) is the energy of hyper conjugative interaction (stabilization
energy), LP stands for lone pair, BD stands for bond, and RY stands
for Rydberg (all related to the NBO nomenclature).

interactions between the substrates and the foldamer are
similar in the three systems, with two exceptions localized in
the trimer: O86 to N15—H16 and 0124 to N64—H6S, which
are ~4 kcal/mol and ~3 kcal/mol higher than their
corresponding values in the pentamer and nonamer,
respectively. Disregarding those two exceptions, only one
interaction has a considerable stabilization energy due to
orbital interactions in the three systems, and it is localized in

one of the two acceptor dimethylmalonate’s oxygen (see, for
example, the interaction between 0128 and N34—H3S5 in the
pentamer of Figure 7b). Furthermore, it is interesting to point
out that the stabilizing interactions are constant and do not
depend on the catalyst’s length.

Reactive Behavior. The theoretical estimation of the
strength of the electrophile and nucleophile interaction with
the foldamer and stabilization of charged intermediates arises
from the evaluation of the electrostatic potential and some
quantities statistically related to it’* (see the Supporting
Information for more details, section “Electrostatic Inter-
actions”). The ESP surfaces of the foldamers as a function of
their chain length (monomer, dimer, hexamer, and dodeca-
mer) and their unfolded form are shown in Figure 8. A set of
indexes that illustrates the reactivity of the catalyst with respect
to the number of its residues is also reported: (i) the index of
polarization (IT) which is the internal charge separation within
the molecule and is related to its dipole moment (Figure 8g),
(i) the minimum and maximum value of the ESP (Figure 8h),
and (iii) the sigma indexes (o) that are used as indicators of
the tendency of the molecule to interact by its positive (67) or
its negative (62) region (Figure 8.i). From Figure 8, it is clearly
seen that the polarization increase with the number of residues
when the catalyst is folded, while in the unfolded state it
remains nearly constant and weaker (see Figure 8g). The
polarization difference in each case is directly related to the
intramolecular H-bonding cooperation between ureas, which is
present in the folded catalyst but not in the unfolded form.
This reveals the importance of the helical conformation. Figure
8g also reveals three ranges of internal charge separation: (i)
from monomer to trimer in which the positive region of the
ESP surfaces encloses partially the binding sites [1] and [2],
(ii) from tetramer to heptamer for which the positive region
fully enclose the binding sites and the polarization is slightly
higher, (iii) from octamer to dodecamer for which the positive
ESP region extends further outside the two reactive sites.
Furthermore, the maximum value of the positive charge (see
Figure 8h) which is centered on site [1] increases form the
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Figure 8. Catalyst electrostatic potential and related properties. (a—d) ESP surfaces of various folded catalysts with different chain lengths. (e,f)

Hexaurea 2 unfolded. (g—i) Interesting ESP statistically based quantiti

es for the folded molecule and for the unfolded oligomer when specified (see

the Supporting Information for more information on these statistically based quantities, section “Electrostatic interactions”).

monomer to dodecamer. About 70% of the gain is reached for
the tetrameric form and beyond in the series. This shows that
the electron acceptor character of the foldamer increases with
the number of residues and seems to extend beyond the site
[1] and two [2] for oligomers larger than the heptameric form
(see the red line in Figure 8i).

HOMO-LUMO Gap of the Reactants. According to
Frontier orbital theory,”" the reactivity between an electrophile
and a nucleophile is governed by the HOMO—LUMO gap of
the overall system. On that point, Figure 9 illustrates the
evolution of the HOMO—-LUMO gap with respect to the
number of the residues when the reactants bind to the catalyst.

It is clearly seen that the gap significantly decreases with the
introduction of the catalyst in the system, from 5.21 to 2.74 €V,
and then it becomes nearly constant from monomer to
dodecamer. This suggests two important points (at least): first,
the presence of the 1-mer catalyst considerably lowers the
HOMO-LUMO gap between the substrates, facilitating the
reaction, and second, the changes in reactivity and
enantioselectivity observed in the experiment,’ which are
dependent on the catalyst’s size, should not be related to its
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Figure 9. HOMO-LUMO gap behavior in the substrates as a
function of the catalyst chain length. HOMO was calculated for the
deprotonated malonate ester (nucleophilic species) and LUMO for
the nitroalkene (electrophillic species).
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influence on the frontier orbitals of the substrates positioned
this way, as their gap is constant no matter the foldamer’s
number of residues.

B CONCLUSIONS

We reported here the first computational insights into the
molecular recognition and catalytic properties of aliphatic
N,N’-linked oligoureas (foldamers) which together with
achiral Bronsted base catalyze the addition of malonate to
nitroolefins at low loading (0.01—0.1 mol % in chiral catalyst).
The present work reveals that the foldamer interacts with and
activates simultaneously both reactants and not only the
electrophile (nitroalkene) as could have been anticipated when
designing this synergistic catalytic system. This computational
analysis shows that the nitroalkene is bound to the second site,
whereas the malonate ester is located at the first site, the two
substrates being engaged in multiple H-bond interactions.

Orbital and electrostatic interaction are of equivalent
magnitude, but only the latter evolves with the size of the
foldamer: the polarization of the foldamer was observed to
increase due to the internal urea—urea cooperation resulting
from the helix conformation.

Finally, our analysis reveals that the reactivity of the
reactants should increase in the presence of the catalyst as
the difference between the highest occupied molecular orbital
of the nucleophile (malonate) and the lowest unoccupied
molecular orbital of the electrophile (nitroalkene) decreases by
2.47 eV when the catalyst is added and is place in a better
suited position for the reaction to take place.

Opverall, these results open the possibility of further designs
and improvements useful for expanding the scope of foldamer-
catalyzed reactions. In this respect, molecular modeling of the
energetic profile from localization of the corresponding
transition states to estimate the enantiocontrol of the C—C
bond-forming reaction between nitroalkene and malonate in
the presence of (thio)urea foldamer catalyst as a function of its
chain-length is still needed and will be reported in due course.

B COMPUTATIONAL METHODS

The heptaurea (6-mer) was optimized from the experimental
X-ray structures (CCDC accession code 1534525).9 Starting
with this 6-mer, the other structures were deduced as follows:
from the heptaurea, we removed one residue at a time and
optimized the resulting structure, obtaining in this way the
hexaurea (S-mer, 2), pentaurea (4-mer), and so on. We then
duplicated the backbone of the heptaurea and connected the
two resulting helices to generate the 12-mer molecule. Finally,
we followed the previously mentioned procedure of removing
residues one by one and optimizing until we obtained the
octaurea (7-mer), completing in this way a set of 12 foldamers
(see Figure S3 of the Supporting Information for their
formulas).

The most stable binding sites were found from Global
Optimization procedures.”® Some additional possible con-
formers were found from the most stable species previously
obtained. Molecular geometry optimizations were performed
with the Gaussian 16 Revision C.01 software® using DET*"~*°
with the B3LYP-D3 functional*' ™ and 6-31G(d,p) basis
set.* Additionally, a diffuse function®® was specified for O, N,
F, and the negative charged carbon of the malonate anion
atoms (hereafter 6-31“+”G(d,p)). The SMD variation of the
Polarizable Continuum Model (PCM) using the integral

equation formalism variant (IEFPCM) solvent model*’ was set
in all the optimizations with toluene and Solvent Accesible
Surface (SAS) representing the solute—solvent boundary. The
temperature in all simulations was set to 298.15 K, in
agreement with the experiments.

The lowest energy structures of the systems composed of the
malonate (i.e, dimethyl malonate) and/or nitroalkene (ie.,
(1E)-3-methyl-1-nitrobut-1-ene) binding onto the hexaurea
catalyst 2” were obtained by the Global Search Algorithm of
Minima (GSAM) (see ref SO and references cited therein)
interfaced with the Gaussian16 program™ for computations of
the energies and gradients. The GSAM procedure consists of a
random process of structure generation followed by an iterative
process. For each iteration, the structures are partially
optimized (typically 30 cycles of optimization) and sorted
from their relative energy with respect to the most stable
structure of the set and refined from their topological
differences. Generally, the iterative process consists of four
steps in which the relative energetic criterion that selects the
structures for the next step is successively tightened, typically
from 100 to 20 kcal/mol. This allows us to decrease by 30—
60% the number of the structures for the next step of
optimization. The final structures are then fully optimized. Our
choice to apply the B3LYP-D3 functional, together with the 6-
31“4”G(d,p) basis set, stems from our previous experience,
which showed that this combination leads to good agreement
between experimental and theoretical vibrational spectra of
different types of hydrates®"> and structure of micro hydrated
nucleic acid basis.>® Nevertheless, regarding the effect of basis
sets,”* functionals,>®> and the estimation of interatomic
molecular interactions by DFT, all of the energies of the
low-lying isomers reported in the present manuscript were fully
reoptimized with the B3LYP-D3/6-311“+"G(d,p) and MO06-
2X/6-31“+"G(d,p) model chemistry.

Moreover IGM®® and QTAIM® ™’ analyses were per-
formed with Multiwfn® software, while NBO®'~%® analysis was
perform with Gaussian software.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.joc.2c00562.

Some deeper annotations in some theoretical quantities
and methods used; Figures S1—S3 further support the
description of the systems; Figures S4—S8 show related
NMR experimental results (PDF)
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