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Abstract: H-bond donor catalysts able to modulate the reactivity of
ionic substrates for asymmetric reactions have gained great attention
in the past years, leading to the development of cooperative
multidentate H-bonding supramolecular structures. However, there is
still a lack of understanding of the forces driving the ion recognition
and catalytic performance of these systems. Herein, insights into the
cooperativity nature, anion binding strength, and folding mechanism
of a model chiral triazole catalyst is presented. Our combined
experimental and computational study revealed that multi-interaction
catalysts exhibiting weak binding energies (~3-4 kcal mol™") can
effectively recognize ionic substrates and induce chirality, while strong
dependencies on the temperature and solvent were quantified. These
results are key for the future design of catalysts with optimal anion
binding strength and catalytic activity in target reactions.

Introduction

Hydrogen-bond (HB) catalysis represents an important type of
activation mode in non-covalent organocatalysis."l Alongside the
more classical activation of neutral electrophilic substrates, such
as carbonyls or nitro derivatives, it has lately also been proved
highly effective in reactions involving ionic substrates through the
formation of reactive ion-pair intermediates.? In particular, it is
noteworthy the growing use of this approach in anion-binding
catalysis,? in which the HB-donor catalyst activates and/or
modulates the reactivity of the cationic species of the ionic
substrate upon binding to its counteranion. However, despite the
remarkable work carried out in the past few years,? especially in
asymmetric catalysis, the reported methods still present major
practical limitations such as high catalyst loadings and long
reaction times. These issues have inspired very recent efforts
toward the design of more efficient and selective anion-binding
catalysts based on multidentate hydrogen-bonding
supramolecular  structures.”#l  Among them, macrocyclic
bisthiourea or polyamide structures, as well as triazole-based
supramolecular catalysts can be highlighted (Figure 1).57]

In particular, triazole HB-donor derivatives have recently
attracted great attention due to the several polarized sites present

in their scaffolds, which open new opportunities in the interactions
that can be involved in the activation step. Thus, since our pioneer
application of triazoles as anion-binding catalysts in 2013,®
several supramolecular triazole-based structures have been
designed.M'% The groups of Feringal® and Leighl”! developed
molecular rotor and rotaxane catalysts,'"l in which their activity
and/or chirality induction efficiency can be switched upon
photochemical or protonation reactions (Figure 1A). We proposed
a new family of foldamer chiral oligo-triazoles (Figure 1B),5H12
which are characterized by having a great modulating capacity
and several active sites where the ionic species can be hosted
during the reaction process. However, there is a lack of
understanding of the binding strength and mechanism of the
supramolecular contact ion-pair complex formation in catalysis.!"®!
Therefore, these interactions lie at the heart of the ion binding
catalysis and are of prime interest to understand the mechanism
of action. Indeed, a detailed description of the binding
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Figure 1. Supramolecular switchable/foldable triazole-based HB-donor anion-
binding catalysts.[57]



phenomenon with this type of supramolecular structures would be
crucial to overcome reactivity and selectivity issues, allowing the
prediction of the binding and activity of the host:guest complex,
as well as the design of more efficient catalysts. Hence, in this
work, we aim at revealing the forces and mechanisms involved in
the formation of the supramolecular contact ion pair, as well as
bringing some light into the catalytic activity of supramolecular
binders.

Results and Discussion

For this study, the chiral TetrakisTriazole 1 (Figure 1B) was
chosen as suitable prototypical system. This foldameric catalyst
already showed a high activity, presenting one of the lowest
catalytic loadings in this field (down to 0.05 mol%), while keeping
a high chirality transfer in a series of asymmetric catalytic
transformations such as dearomatization reactions of N- and O-
heteroarenes.Pl'Yl We began our investigation by exploring the
possible dimerization or aggregation of 1 in solution by studying
non-linear effects!"™ in the model asymmetric Reissert-reaction of
quinoline with isopropyl fert-butyldimethylsilylketene acetal
(Figure 2).9! Differing from the recent studies with thiourea
catalysts that showed an activation/deactivation mechanism,[®! 1
showed close to a 1:1 relationship between the ee of the catalyst
and the ee of the resultant product, which suggests that this type
of catalysts stays primarily monomeric during the reaction course.

Next, we examined the binding ability of 1 towards three
different types of anions. To this purpose, the non-reactive
tetrabutylammonium salts (TBAX) were used as model ionic
substrates. The results from 'H NMR titrations and isothermal
titration calorimetry (ITC) are summarized in Table 1 (see S.I. for
full analysis). Although previous observations suggested a 1:2 or
higher order stoichiometry,[" our present analysis revealed a 1:1
stoichiometry of the catalyst(host):guest complexes for CI~ and
PhCO2", while it indicates no binding to TfO~ under these
conditions (see Fig. S2in S.1.)."1 "TH-NMR titration experiments at
constant host concentration were then performed at 25 °C using
acetone-ds as solvent (see Figure 3, right), where a fit with the 1:1
binding model resulted in moderate binding constants for CI~
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Figure 2. NL-effect study of 1 in the Reissert-reaction of quinoline with a
silylketene acetal as nucleophile.
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Table 1. Summary of parameters characterizing anion binding of 1 with different
TBA salts.

X Cl- PhCO2~ TfO-
Stoichiometrylal 1:1 1:1 -
TH-NMR, Ka /M1 536 + 54 699 + 56 15 2 16l
AG /kcal mol-'bHel -3.7+04 -3.9+0.3 -
ITC, Ka /M- 305 £ 96 224 +90 -
AG /kcal mol! -34+0.2 -21+0.6 -
AH /kcal mol! -1.8+0.5 -3.1+0.3 -
AS /cal mol! +5.5+0.9 +3.5+2.9 -

[a] Determined through Job Plot analysis (see Fig. S2 in S.1.).'1 [b] NMR-
titration of 1 (2 mM) with the corresponding TBAX in acetone-ds at 25 °C. Ka
fitted using the BindFit softwarel'®! and given as average from two to four
measurements. The total fitting error (10 and 8%) is applied to the Ka and AG
(see S.I. for more details). [c] AG derived from Ka (NMR). [d] ITC-titration of 30
mM TBACI into 1 (2 mM) in acetone at 25 °C. [e] Considering a 1:1 complex
formation.

(Ka ~ 500 M™"; see Figure 3 and S4) and PhCO2™ (Ka ~ 700 M™").
Moreover, ITC (Figure 3 and see details in S.I.) provided a Gibbs
energy on the order of AG ~ -3 kcal mol™ for both weak anion-
binding processes, and a small positive entropic contribution (AS
~ +5.5 and +3.5 cal mol” for CI- and PhCOz", respectively). We
note that the low binding constants result in an ITC curve shape
deviating from the typical S-shape.l'® This entropy can be
explained by the release of solvent molecules from the solvation
shell upon binding. Based on the difference between the
calculated gas-phase entropies and the measured AS, the
solvation contribution is ~ +66.5 cal mol'. However, the most
surprising observation was the nearly nonexistent binding to
triflate, even though this counter-anion was also proven to be
efficient in asymmetric catalysis leading to a highly reactive and
enantioselective outcome.l'd Therefore, it is clear that the
standard titration anion-binding analysis is not always appropriate
to fully describe and, even more importantly, predict the
performance and efficiency of supramolecular binders in catalysis.
This can be explained by the different and incompatible conditions
used to perform the titration experiments and the reactions. While
polar solvents are chosen for titrations to secure homogeneity by
complete solubilization of the ionic species, non-polar solvents
such as toluene or ethers are required to form the contact ion pair
and effect transfer of chirality at low temperatures.
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Figure 3. ITC (left) and "H-NMR titrations (right) of (R,R)-1 (2 mM) with TBACI
in acetone-d.



Taking this into account, we conducted computational studies
aiming at providing a detailed description of the non-covalent
interactions and delivering key mechanistic insights. For this
study, we decided to compare the binding ability of 1 to CI-and
TfO™ as llustrative counteranions in different solvents and
temperatures (Table 2). The most stable structures of the catalyst
1 and its 1:1 and 1:2 host:guest complexes with MesNCI and
MesNOTf as model substrates were first determined at DFT level
of theory including zero-point energy correction and the solvent
effects of acetone and toluene at 25 °C (titration experiment) and
-78 °C (catalytic reaction) (see S.I. for details).?”! Consequently,
the binding energies (BE) were computed from the corrected
Gibbs energies within the super-molecular approach, defined as:
BE(H:nG)= E(H:nG) — E(H) — nE(G). Key solvent and temperature
dependencies in the anion recognition were unveiled. For the
complexation to MesNCl in acetone, a 1:1 stoichiometry is
expected based on both the experimental observations and
computed BE. Accordingly, the calculated BE of -3.9 kcal mol™ at
25 °C is in very good agreement with the experimentally
measured binding energies AG of -3.7 kcal mol™" ("H-NMR) and
-3.4 kcal mol™ (ITC) (Table1). This weak interaction is strongly
reinforced in toluene, especially at -78 °C, giving a prominent
interaction of -11.4 kcal mol™ for the 1:1 complex, and showing
the possibility of the formation of 1:2 complexes (-14.0 kcal mol™;
ABE -2.6 kcal mol™). Interestingly, though triflate does not
appreciably bind in the "H-NMR titrations (acetone, 25 °C), under
the reaction conditions (toluene, -78 °C) the binding and formation
of a 1:1 complex can be expected (-3.4 kcal mol™), explaining the
observed performance in catalysis.

Table 2. Calculated BE of the complexes of 1 with MesNCI and MesNOTf as
model substrates.

BE Acetone Acetone Toluene Toluene
/kcal mol! -78 °C 25°C -78 °C 25°C
1:1(Cl) -4.6 -3.9 -11.4 -8.5
1:2(Cl) -3.1 -1.1 -14.0 -8.9
1:1(OTf) 3.9 5.6 -3.4 0.0
1:2(OTf) 3.6 7.9 2.2 8.2

We next decided to study in more detail the cooperative
interactions involved in the binding process. The entire host:guest
(H:G) complex is described by its components, the catalyst (C),
anion (A) and substrate (S) (Figure 4, left), and the unit
stabilization energy is defined as the sum of all donor and
acceptor orbital interactions between a given pair of units of the
complex: Eunit= YAEj®, where the stabilization energy is defined
as follows (Eq. 1):

IFij|*

i EJ(NL)_ el(L) (1)

AEi(]-Z) =—q

with g; the occupancy of the donor orbital, Fj; the off-diagonal
Natural Bond Orbital (NBO) Fock matrix element?" and &®),gN-
the donor and acceptor orbital energies, respectively. The
interactions were evaluated paying special attention to the
stabilization energies of the catalyst-anion (Ec.a) and catalyst-
substrate (Ec-s) pairs responsible for the binding, as well as the
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Figure 4. Calculated stabilization energies in kcal mol™" for the most stable 1:1
and 1:2 complexes of 1 with MesNCI. Contribution (%) of key interactions to the
binding E™C in brackets.

anion-substrate (Eas) interaction. The calculated NBO
stabilization energies between the units for the 1:1 and 1:2
complexes of 1 with MesNCI are given in Figure 4 (see S.I. for
more details and complexes with TfO"). They consider the orbital
donor towards the orbital acceptor interactions (shown by the
direction of the arrow). In both cases, a notable weakening of the
interaction Eas of the ammonium salt ion-pair is observed upon
binding to the catalyst, i.e. from a strong interaction of 39.7 kcal
mol™' to 16.8 and ~17.5 kcal mol™ for the 1:1 and 1:2 complexes,
respectively. Moreover, for the 1:1 complex the H:G NBO binding
energy (E"® = Enc+Ec.a+Ecs+Esc) is 33.0 kcal mol™, while for
the 1:2 complex the stabilization decreases about 2 kcal mol™ for
each of the two guest units (MesNCl) interacting with the host,
showing hence a small destructive interaction of ~4.5 kcal mol™.
However, this does not reflect the ability of the catalyst 1 to
recognize the second chloride anion. In fact, the stabilization of
the catalyst:chloride anion interaction (Ec-a) in the 1:2 complex
increases by 7% with respect to the 1:1 complex (from 22.9 to
23.5 kcal mol™"). Though, the interaction between 1 and the
substrate MesN* (Ec-s) is being decreased from 26% to ~20% of
the total unit stabilization energy.

Next, to monitor the folding towards the 1:MesNCI complex ab
initio Born Oppenheimer molecular dynamic (BOMD) simulations
were run employing DFT-M062X functional and def-SV(P) basis
set?? with the TURBOMOLE package!® (Figure 5a). We focused
on the first steps of the folding process that implies the snapping
up of the chloride anion and first catalyst conformational changes
to allocate the guest molecule. Despite the weak hydrogen
bonding involved, the MD-simulations showed a fast
complexation process, which is initiated by the main interaction of
the chloride anion with the C-H bonds of the two central triazoles.
Next, the opening of one arm of the catalyst takes place in order
to leave space for the cationic substrate (MesN™) to enter into the
binding cavity, which is driven by additional weak HB-interactions
with the nitrogen lone pair (central triazole) of the second arm of
the catalyst. The dynamics can be monitored through the changes
in the C(cyclohexyl)-N—-C(triazole) dihedral angle of the opening
arm, which occur within the first 1000 femtoseconds, before it
initiates the closing towards the most stable 1:1 complex.
Moreover, the CD spectra calculated for the most stable
structures could qualitatively reflect both the experimental CD
spectral structural signature and the changes in conformation
between the non-interacting catalyst 1 and the 1:1 complex
(Figure 5b-c and S11).
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Figure 5. a) Folding mechanism studied by BOMD simulations, b) experimental CD of (R,R)-1 (black line) and after addition of 1 equiv. TBACI (orange line) in THF
(62.5 uM), c) calculated CD spectra of 1 (black line) and its 1:1 complex (orange line), and d) computed TS for a model Reissert reaction in Et20 at -78 °C. Zoom-
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Finally, a model enantioselective catalytic Reissert-type
reaction employing catalyst (R,R)-1 was investigated
computationally. The possible transition state (TS) of the reaction
of N-2,2,2-trichloroethoxycarbonyl (Troc) pyridinium salt 2 as the
simplest substrate with silylketene acetal 3 was computed at M06-
2X/def2tzvp/ IAM1P24 |evel of theory in Et20 at -78 °C (see S.l.),
according to the experimental catalytic conditions.[@ The most
plausible kinetically and thermodynamically TS is presented in
Figure 5d. Similar to the model system, the unit stabilization
analysis shows that the ion pair interaction (Eas) between the
pyridinium and the chloride anion in the TS is significantly reduced
(65% with respect to the weakly bonded complex I). Moreover,
both pyridinium and nucleophile are stabilized by a HB-interaction
with the chloride anion through the C2-H and the MeO-group of 3
with a H-CI distance of 1.9 and 2.1 A, respectively. Hence, the
nucleophilic attack involves a small barrier of 2.0 kcal mol™,
leading to a more stable intermediate Il (-18.7 kcal mol™') that form
the final product 4 upon elimination of TMSCI and regeneration of
the catalyst 1. Lastly, the experimentally obtained (R)-enantiomer
of the product can be explained due to the parallel orientation and
weak n—r-interaction between 2 and one arm of 1 in the TS, which
makes the Re-face attack favorable, while the formation of the
(S)-product is sterically hindered.

Conclusion

To sum up, this study underlines the importance of both the static
and dynamic analysis of the anion-binding process for a deeper
understanding of the performance of supramolecular receptors in
catalysis. Fundamental insight into the competing nature and
strength of the anion binding, as well as the recognition and
folding mechanism of chiral triazole supramolecular catalysts
were unraveled by combining experimental and computational
studies. We have learnt that the C-H bonds of the central triazoles
are mainly responsible for the initiation of the anion recognition.
However, as observed by previous studies with truncated
catalysts, the outer triazoles play an important role in attaining
high chirality transfer. They present stronger H-bond interactions
with the anion than the central triazoles due to their electron poor
aromatic substituents, which come closer in the ion-pair complex
creating a pseudo-helical structure that can allocate anions with
different shapes and sizes. Therefore, the modification at the
lower part of the catalyst with different electron deficient groups
or by closing the structure into a macrocycle to enforce a quasi-
helical structure is expected to lead to more active and efficient
chiral anion-binding catalysts. Moreover, calculations on the
model reaction showed that the chloride anion in the contact ion-
pair complex bridges the cationic substrate and nucleophile via H-
bonding. Hence, polarized nucleophiles that can directly interact
by HB with different anions within the supramolecular complex
provide new opportunities by providing a more rigid hydrogen-
bond network, and are currently under investigation in our group.
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Brought into the fold! Fundamental insight into the folding mechanism, cooperativity nature and anion binding strength requirements
in supramolecular anion-binding catalysis is presented. This is afforded by a combined experimental and computational study with a
prototypical foldameric triazole-based chiral anion-binding catalytic system, implying multi-recognition sites to the ionic substrate units
and weak binding energies as success factors.



