Improving phase-transfer catalysis by enhancing non-covalent interactions
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A wide variety of asymmetric transformations catalysed by chiral catalysts have been developed for the synthesis of valuable organic compounds in

the past several decades. Within asymmetric catalysis field, phase-transfer catalysis has been recognized as a powerful method for establishing

useful procedures for organic synthesis. In the present study intermolecular interactions between a well-known alkaloid quinine-derived phase

transfer catalyst and four different anions were characterised, analysing the competition between the pure ion-pair interaction and the

intermolecular hydrogen bond established upon complexation. Finally, the energy profile corresponding to the enantioselective conjugate

cyanation of a o, 3-unsaturated ketone, under the presence of two different catalysts were performed.

Introduction

During the past few decades, there has been an impressive interest
in organocatalytic processes; the recovery and reuse of the catalyst
is highly desirable from both economic and environmental
standpoints. Due to the absence of transition metals,
organocatalytic methods are attractive for the preparation of
pharmaceutical compounds where levels of certain metal-ion
contamination are tightly controlled.

Phase-transfer catalysts (PTCs), since Starks firstly introduced the
term in 1971," have been widely applied in organic reactions in
different immiscible phases. Asymmetric PTCs based on the use of a
variety of structurally well-defined chiral motifs have also attracted
chemists’ attentions, and have since been recognized as a versatile
strategy for preparing chiral functional molecules. As a result, many
novel organic transformations have been achieved with highly
enantioselectivities.” ®

Several catalyst classes have been developed based on the
Cinchona alkaloid and chiral binaphthyls have emerged among the
most successful examples, including the quaternary -onium salts®*®
and applied successfully to highly enantioselective transformations.

Non-covalent interactions are of utmost importance across many
different scientific domains from materials science to drug design.
There is a diversity of non-covalent interactions, but the
introduction of strong, directional hydrogen bonds'®*? in particular,
are known to be crucial in the success of organocatalysed reactions
It is well-known that the anion of the PTCs is usually situated
proximally to the positively-charged nitrogen or phosphorous atom,
establishing a strict (/tight) ion pairing interaction.”> By
introducing secondary interactions, as in recent studies, ion pairing
has found wide application in PTC-promoted asymmetric reactions
(Figure 1 left). In bifunctional PTCs, however, ion pairing processes
compete with the establishment of an intermolecular hydrogen
bond between the PTC counteranion and potential hydrogen bond
donors.

While the field of asymmetric organocatalysis is currently growing
exponentially, an understanding of the mechanistic details involved
in most of these reactions has often lagged far behind the pace of
catalyst development, which in return retards rational catalyst
design. Therefore, continuous efforts should be made toward the
design and development of new catalysts classes, as well as
understanding existing relationships between the structure of the
catalyst and its ability to transfer stereochemical information.**%°

Herein, we present a theoretical study of the different interactions
that can be established between the well-known alkaloid quinine -
derived PTC (Figure 1, right) and four different anions of interest in
organocatalysis: CI, Br, MeCO, and CN. An improved PTC
derivative to the existing system was proposed in order to increase
the enantioselectivity of a model reaction and therefore a
theoretical studied of the energy profile was performed. The
enantioselective conjugate cyanation of o,B-unsaturated ketones
catalysed by the catalyst of interest and the modified one were
studied.
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Figure 1. Structure of the different interacting systems analysed in the
present study.

Computational Details

The structures of the complexes were optimized at M062X/aug—cc—
pVDZZI’ 2 computational level. Harmonic vibrational frequencies
were computed at the same level used for the geometry
optimizations in order to confirm that the stationary points are local
minima. Calculations were performed using the Gaussianl6



software”. Single point energies for lowest energy small basis set
calculations were computed using M062X/aug—cc—pVTZ. Interaction
energies (AG;) were calculated as a difference of the energy of the
optimised complex minus the energy of each monomer in their
optimised geometry. The free energies reported in the document
were obtained by adding the free energy correction from the small
basis set calculations to the potential energy obtained from the
high-level single-point energy calculations. Solvent effects (Toluene)
were included in the optimization by means of a continuum
method, the Solvation Model based on Density (SMD) approach24
and the refined SMD18% version for Br atoms implemented in
Gaussian16. The molecular electrostatic potential (MEP) of the
isolated monomers were calculated on the electron density
isosurface of 0.001 au. This isosurface was shown to resemble the
van der Waals surface.”® These calculations were carried out with
the Gaussian-16 software and the numerical results analysed using
the Multiwfn ¥’ and plotted using Jmol. The Atoms in Molecules
(AIM) methodology 2930 \yas used to analyse the electron density of
the systems with the AIMAII program.31 The Natural Bond Orbital
(NBO) method™ was employed to evaluate atomic charges using
the NBO-6 program, and to analyse charge-transfer interactions
between occupied and unoccupied orbitals.

Results and Discussion

Conformational Analysis of the Catalyst

We began by exploring the low-energy chemical space of the
catalyst by rotating three different parts of the catalyst plotted in
Figure 2. The relative energies are summarised in Table S1.
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Figure 2. Different rotations taken into account for the conformational

analysis.

From the conformational analysis 12 different conformers were
obtained (Figure S1). The relative free energies range from 0.1 to
36.0 kJ-mol™. Following the different conformations, it is clear that
compared to catalyst conf_1 (no rotations made) when only ¢, or
(s is rotated (conf_5 or conf_6, respectively Figure S1) the energy
difference is ca. 14 kJ-mol™, and therefore ca. 30 kJmol™” is
obtained when two dihedral angles are changed (conf_11 and
conf_12, Figure S1). Rotations of the dihedral angle @; do not
provoke significant changes regarding the energy outcome.

Figure 3. Lowest-energy optimised conformer for the catalyst under study,
conf_1.

Catalyst-Anion Interactions

With the optimal conformations in hand, we began by calculating
the molecular electrostatic potential (MEP) surface for the isolated
catalyst in order to analyse the areas susceptible to anion
interaction. Maxima values of the MEP on the 0.001 a.u. electron
density isosurface were plotted in Figure 4 and summarised in Table
1.

Figure 4. Molecular electrostatic potential on the 0.001 a.u electron density
isosurface for the catalyst under study at the MO062X/aug—cc—pVDZ
computational level. Colour scheme range: Red (-0.015 a.u.) to Blue (+0.015
a.u.).

Four MEP maxima values (black dots) were found within the
catalyst (Vnay), one corresponding to the OH group and three
localised around the quinuclidine ring, where the positive charge is
placed (Figure 4). All the values are very close, but the most
positive one corresponds to the OH group. Considering the
previous results, it is clear that the hydrogen bond becomes a
significant competitive interaction for the anion.

Table 1. Maxima (Vm.x) values of the molecular electrostatic potential (in
a.u.) on the 0.001 a.u. electron density isosurface for all the monomers (A)
calculated at M062X/aug—cc—pVDZ level.

Vmax
1 0.1779
2 0.1669
3 0.1500
4 0.1378

In order to provide an insight of the different interactions that can
be established with the catalyst a thorough computational study
upon complexation were performed (Figure 1). The nomenclature
chosen for the formed complexes is complex_X_N, where X refers
the different anions involved (X = CI, Br, MeCO, and CN’) and N
corresponds to the different maxima value found in the MEP of the
catalyst,(N = 1-5). Not in all cases the complex with N=4 was found,



and for both halogen anions an extra complex N=5 was found. The
optimised structures are shown in Figure S2. The interaction free
energy values (AG;,;) were gathered in Table 2 and they range from
-74.5 to -172.3 kl-mol ™.

Regarding the different anions, the acetate anion complexes
present the strongest interactions while the bromide ion complexes
show the weakest interaction energy among of all them. It is clear
that within the same anion-complex interaction, the one stablishing
an intermolecular hydrogen bond exhibit the strongest interaction.
If a comparison is made between the HB-bound complex (1) and the
one exhibiting an strict ion-pair interaction, in which both charged
atoms are closest (2), the former is in general more than 30 kJ-mol™
more stable than the latter, even though the XN' distance is
shorter.

Table 2. Interaction energies (AG, kl-mol™), X---H and X"N" intermolecular
distances (A) calculated at the MO062X/aug-cc-pVTZ//aug-cc-pVDZ
computational level.

Complex AGin Dist. X"H Dist. X"N*
Complex_CI_1 -150.7 2.054 4.020
Complex_CI_2 -118.1 - 3.713
Complex_CI_3 -101.4 - 4.024
Complex_CI_4 - - -
Complex_CI_5 -95.9 - 4.575
Complex_Br_1 -139.6 2.259 4.217
Complex_Br_2 -105.5 - 3.934
Complex_Br_3 -92.4 - 4.255
Complex_Br_4 -96.8 - 4.771
Complex_Br_5 -86.9 - 4.758
Complex_MeCO,_1  -172.3 1.491 4.729
Complex_MeCO,_2 -133.6 - 3.410
Complex_MeCO,_3 -107.0 - 3.591
Complex_MeCO,_4 - - -
Complex_CN_1 -142.8 1.684 3.810
Complex_NC_1 -139.6 1.776 3.931
Complex_CN_2 -107.5 - 3.461
Complex_CN_3 -74.5 - 3.708

Atoms in Molecules (QTAIM) analysis was carried out. The main
electron density properties at the bond critical points (BCP) of the
different HBs found in these complexes within the QTAIM analysis
are summarized in Table S2. Molecular graphs for all the complexes
were summarised in Table S1. The values of the electron density at
the BCP, p(BCP), found range from 0.079 to 0.004 a.u. Large p(BCP)
values indicate strong hydrogen bonds, while positive values of
Vzp(BCP) are characteristic of close shell systems. From the
molecular graphs and the analysis of the density at the BCPs, it is
clear that the different anions can established either a strong
intermolecular HB with the hydroxyl group of the catalyst (OH"X)
or mild hydrogen bonds with weaker hydrogen bond donors such as
CH groups from the quinuclidine ring of the catalyst. The values
both for p(BCP) and Vzp(BCP) increase with the intermolecular
hydrogen bond established between the anion and the OH group of
the catalyst as seen in Table S2. Also, the strength of the most
relevant intermolecular hydrogen bond (OH™X) is also dependent
on the nature of the anion. It becomes weaker in the MeCO, > CN’
> CI' > Br order, evidenced by the interaction energy, binding
distance and electron density. That pattern is in complete

agreement with the electronegative trend; greater electronegativity
of the hydrogen bond acceptor will lead to an increase in hydrogen-
bond strength. Exponential relationships between the
intermolecular distance with the anion and p(BCP) in each BCP were
found (Figure 5).
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Figure 5. Exponential relationships between intermolecular distance catalyst
and anion, in A, and p(BCP).

In order to provide a visual description of the electron density
overlap established in the interactions, Non-
Covalent Interaction index (NCI) plots for the most representative

intramolecular

examples (complex_X_1) were calculated and plotted (Figure 6).
Besides, the 2D-NCI plots were depicted in Figure S4.

Figure 6. NCI plots of the interactions found for the most stable complex
with CI' (a), Br (b), MeCO,(c) and CN'(d). RDG isosurfaces provide a 3D
representation of interaction regions. The sign of the second eigenvalue of
the p Hessian matrix is used to differentiate repulsive (A, > 0) from attractive
(A; < 0) interactions.

In all the cases a green area corresponding to values of A, = 0
(weakly attractive) appears between the anions and the catalyst
indicating the interactions taking place. In case of MeCO, and CN",
two blue areas A, < 0 (strongly attractive) are shown in coincidence
with the position of the established hydrogen bond interaction.
Those are consistent with the AG;, values shown for both anion
complexes. Also, CI' complex presents small blue areas, weaker
compare with the other two anions, but stronger than in bromide
case. The calculated 2D-NCI plots show an intense peak
corresponding to both anions, MeCO, and CN’, at more negative
values of the A,

Finally, an NBO analysis was used to identify and characterised
intermolecular charge transfer between occupied molecular



orbitals and empty ones upon complexation. In Table S5 the second
order perturbation energies E(2) present in the complexes found

A
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are reported. Among all the molecular interactions observed the

_ cat1 + cyanide + 1
largest contributions correspond to the donations from the X —
electron lone pairs into the ¢* antibonding orbital of the hydrogen
bond donor (6*0-H). In all the anion-hydrogen bonding established
in the series the orbital interaction decrease following the
interaction energy trend (MeCO, > CN > CI' > Br). The smallest

contributions of the series come from the ion pair in which both
ions present the larger interatomic distance.
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Having obtained a clearer understanding of the different
interactions that can be established between the catalyst and the
different anions, an application in order to improve the phase
transfer catalysis of the catl was studied.

W
Figure 7. Free-energy profiles for the reaction under the presence of cat1.
We began by studying the pathway of the enantioselective
conjugate cyanation of o,f-unsaturated ketone, (E)-Chalcone (1),
under the presence of the catalyst previously studied, catl, and

When the OMe group is replaced by a hydrogen bond donor group,
then a theoretical modification of the catalyst was made, cat2

OH, a second anchoring point is added, forcing the intermolecular
hydrogen bond between the two moieties, new hydroxyl group of
cat2 and the oxygen of the (E)-Chalcone. The free-energy profile
study was performed (Figure 8), showing that the energetic barrier

between the two enantiomers had increased up to 12 kJ-mol™.
(Scheme 1). In order to improve the enantioselectivity of this

reaction, an extra anchorage point was added.
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Scheme 1. Asymmetric conjugate cyanation of (E)-Chalcone.

/_\\ ,;
I TSI b
-II -\\ \‘\\\ J‘:{}L—' "5\‘«";!; =
I ,'I’ N i b4 9 of
V1400 /Y W PPy N, 34
- P - . . . \ ) I, \‘\\‘\ *’)VM ""C{lf.,-f = l)i
Only the first step, addition of the CN’, was studied, since is the | ; S g’ P
responsible of the stereochemistry of the global process, therefore — \ter0 ® ;}!’*ﬁ?}’
. . 1721 - g
the product of the energy profile is the cat-bound enolate (2). (cat2-bound cyanide + ketone) (catzbamd enolate) *7;%
Besides, from the methodology perspective, due to convergence Figure 8. Free-energy profiles the reaction under the presence of cat2.
. 33, 34 .
issues, a 6-31g(d)™ ™ basis set was used to perform the energy
profile, instead  the pre.vlous used aug-c.c-pVDZ basis se.t. To To probe the origins of the observed asymmetric induction, we
guarantee the homogeneity of the calculation along the project a
benchmark between both bases set for the conformational study as
well as for the catalyst-anion interactions study (Figures S2 and S3),
obtaining, in general, the same trend.

examined the transition states associated with the key stereocentre

forming addition step for both major enantiomers (Figure 9). The
binding mode is analogous for both TSs.

The free energy profile for the formation of both enantiomers of
catl-bound enolate product (2) (Figure 7) indicates that the barrier
corresponding for the C-C bond formation is very similar for both
1

pathways, around 80 kJ-mol™ for both pathways (AAG=0.6 kl-mol”

Inspection of the calculated transition state leading to the major
). It is clear from the energy profile that no sterical issues are

antipode allows an appreciation of why the simple modification, 6’-

hydroxylation, was superior in this process and also sheds light on
the catalyst-substrate interactions which render aromatic aldehyde-

derived imines considerably more
presented by the two TSs (R and S) and therefore both are
energetically accessible by the cyanide.

amenable to highly
enantioselective cycloaddition than aliphatic analogues. Cat2 forms
a discernible non-covalent
energies to the pre-TS assembly,

network
Regarding the cat-enolate complexes (2.), they present S|m|.|ar electrophile.
being the corresponding
enantiomer S slightly more stable that the R one.

identified by QTAIM
calculations (see ESI) in the transition state. This, together with the
binding of the O-H proton to one of the carbonyl group, aligns the
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Figure 9. Optimised geometries for both TSs under the presence of catl
(left) and cat2 (right) for the major enantiomer in each reaction (S and R
respectively).

The calculated ee is 13% when the reaction goes under the
presence of catl while for cat2 increases up to 99%.

Conclusions

A theoretical study of the different interactions that can be
established between the well-known alkaloid quinine -derived PTC
and four different anions of interest in organocatalysis: CI, Br,
MeCO, and CN" were performed. The competition between the ion
pairing processes with the establishment of an intermolecular
hydrogen bond between the PTC counteranion and potential
hydrogen bond donors was studied.

It was found that the acetate anion complexes exhibit the strongest
interactions while the bromide ion complexes show the weakest
interaction energy among of all them, therefore, the one stablishing
an intermolecular hydrogen bond present the strongest interaction.
The complex exhibiting an strict ion-pair interaction, in which both
charged atoms are closest (2) (shortest X "N distance) is 30 kJ-mol™
less stable than the HB-bound complex (1).

The free energy profile corresponding to the enantioselective
conjugate cyanation of o,B-unsaturated ketone, (E)-Chalcone,
under the presence of the catalyst cat 1 was performed. The
barrier for both enantiomers of catl-bound enolate product
indicates that the C-C bond formation is very similar for both
pathways, (AAG=0.6 ki-mol™). From the energy profile both
enantiomers (R and S) are energetically accessible by the cyanide,
obtaining a theoretical ee value of 13%.

In order to improve the enantioselectivity of this reaction, an extra
anchorage point was added, cat2. The corresponding free energy
profile was studied.The calculated ee when the reaction goes under
the presence of cat2 increases up to 99%.
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