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the reactivity of aminomethylene
derivatives of resorc[4]arene: amine group transfer,
conformational analysis, reaction mechanism†

Waldemar Iwanek

Using the example of aminomethylene derivatives of resorc[4]arene and their Michael reaction with 4-

hydroxycoumarin, the possibility of transferring an amine molecule from substrate to product is

demonstrated. The conformation of the aminocoumarin derivatives of resorc[4]arene formed is

controlled by the polarity of the solvent. For one of the products, conformational analysis was performed

by kinetic sampling using metadynamics (MTD). The energies of the final set of conformers were

calculated by DFT (r2scan-3c). A reaction mechanism based on multiscale (ONIOM) Nudged Elastic Band

(NEB-TS) reaction profile calculations is discussed.
Introduction

Currently, there has been an increase in the number of studies
in the literature demonstrating the use of resorc[4]arenes,
particularly in the organocatalytic1 and biological2 elds as well
as in the creation of efficient molecular switches.3 However, the
possibilities of synthesising structurally ‘interesting’ resorc[4]
arenes are still open. In this context, a worthwhile task seemed
to be the synthesis of new resorc[4]arenes with an interesting
molecular architecture, containing in their structure various
heterocyclic units linked to each other by a system of directional
intramolecular hydrogen bonds. By selecting appropriate
proton donor/acceptor substituents in the attached heterocyclic
units, the type of solvent and the temperature, we can inuence
the selectivity and rigidity of formation of specic resorc[4]
arene conformers.4 Conformational dynamics controlled in this
way are of interest from the point of view of, among other
things, modelling and mimicking enzymes, controlling
substrate complexation processes and creating conformation-
ally and spectroscopically variable molecular switches.

The Mannich reaction of resorc[4]arene with formaldehyde
and secondary amines is one of the basic reactions for the
formation of resorc[4]arene derivatives with enlarged cavity.5

The products of this reaction are oen formed at room
temperature with high yields. They have been the subject of
papers including studies of their receptor properties towards
anions.6 The presence of a methylene amine group and
a hydroxyl group in the ortho position in the resorc[4]arene
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molecule opens up the possibility of their reaction via two
pathways: (1) through the departure of the amino group with
the formation of a reactive transition product, which is the o-
quinomethine derivative of resorc[4]arene;7 (2) the formation of
a coordination bond with the boron atom, with the formation of
new boron-cyclic rings in the resorc[4]arene molecule.8

Enzymatically catalysed functional group transfer reactions are
fundamental to the functioning of living organisms. One such
process is the transamination reaction of amino acids, catalysed
by enzymes called transaminases.9 In the work presented here, I
present the possibility of amine group transfer in the thermal
reaction of aminomethylene derivatives of resorc[4]arene with 4-
hydroxycoumarin. The possibility of a diverse arrangement of
substituents in the resorc[4]arene molecule generates a poten-
tially large number of conformers for this molecule. The NMR
spectra observed are of greater or lesser complexity depending on
the solvent. This prompted the author to carry out a conforma-
tional analysis of themorpholine–coumarin derivative of resorc[4]
arene bymetadynamics using the semi-empirical DFTmethods of
tight binding GFNn−xTB developed by S. Grimme's team.10 In
order to better understand the mechanism of the ongoing reac-
tion, multiscale calculations of the energy prole of the reaction
by NEB-TS11 between the morpholine derivative of resorc[4]arene
and 4-hydroxycoumarin were performed.

The results presented in this work open up and demonstrate
the possibilities for the synthesis of new resorc[4]arene deriva-
tives via an amine group transfer reaction and describe their
solvent-controlled conformational changes. In the author's
opinion, this is an interesting example of a reaction that has so
far (to the author's knowledge) not been reported in the litera-
ture. It can greatly simplify the procedure for the synthesis of
such compounds. Furthermore, no literature example was
found showing this type of reaction using the known and
structurally relatively simple Betti bases.12
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Results and discussion
Synthesis of 4-aminocoumarin derivatives of resorc[4]arene

Aminomethylene derivatives of resorc[4]arene (1) were syn-
thesised with formaldehyde and selected secondary amines in
ethanol at room temperature.5 They were then used to thermally
react with 4-hydroxycoumarin by performing the reaction in
chloroform for 30 minutes at 160 �C using a Monowave 50
reactor. Aer evaporation of the chloroform, the product was
isolated by adding ethyl acetate or methanol. The precipitate
was washed with a suitable solvent under reduced pressure.
Aer crystallisation, the resulting precipitate was subjected to
spectroscopic analysis. The yields of the reaction in question,
shown in Table 1, range from 58–78%. A collective diagram for
the synthesis of 4-aminocoumarin derivatives of resorc[4]arene
(2) is shown in Scheme 1.

In an earlier paper,13 the possibility of synthesising 4-
hydroxycoumarin derivatives of resorc[4]arene was shown using
the Michael reaction of the o-quinomethine derivative of resorc
[4]arene, which was generated thermally from the methoxy
derivative of resorc[4]arene. The resulting 4-hydroxycoumarin
derivative of resorc[4]arene exhibited a variable ‘in-out’ confor-
mation depending on the reaction environment.

In the example described in this work, a series of amino-
methylene derivatives of resorc[4]arene were used for the reac-
tion, which did not yield 4-hydroxycoumarin derivatives of
Table 1 Reaction yields for the formation of 4-amino-coumarin
derivatives of resorc[4]arene (2) at 160 �C in chloroform

Aminocoumarin derivatives
of resorc[4]arene

Reaction yield
(%)

2a 58
2b 67
2c 78
2d 68
2e 64
2f 69

Scheme 1 The synthesis of 4-amino coumarin derivatives of resorc[4]a

© 2022 The Author(s). Published by the Royal Society of Chemistry
resorc[4]arene, but 4-aminocoumarin derivatives of resorc[4]
arene, when reacted with 4-hydroxycoumarin. During the reac-
tion, there was a transfer of the amino group from the amino-
methylene derivative of resorc[4]arene to the reaction product.
The mechanism of this transfer is discussed in more detail in
the section ‘Reaction Mechanism’.

The resulting products, depending on the solvent, are char-
acterised by NMR spectra of greater or lesser complexity.
Structural and conformational analysis will be discussed below
using the structure of the morpholine–coumarin derivative of
resorc[4]arene as an example (2c). The 1H-NMR spectrum of
compound 2c in DMSO is shown in Fig. 1, together with the
assigned chemical shis of the proton signals. It indicates that
the molecule exhibits C4 symmetry, which greatly simplies its
analysis. The morpholine–coumarin substituents locate outside
the cavity of the resorc[4]arene skeleton to form a conformer of
the type “all-out”. Slightly broadened signals on the spectrum
indicate the rather large dynamics of this molecule.

The ability of the morpholine–coumarin substituent to
rotate along the CH2–C-fragment coumarin bond in derivative
2c means that they can locate above the rim of the resorc[4]
arene or below it, giving rise to 2 theoretically possible ‘all-out’
conformers. The rst of these, for which the morpholine moiety
is located above the upper rim (up) of the resorc[4]arene and the
coumarin moiety below (down) was designated 2c-all-out-Mup-
Cdown (M ¼ morpholine, C ¼ coumarin). While the second
conformer, in which the morpholine fragment is located below
the lower rim and the coumarin part above respectively 2c-all-
out-Mdown-Cup.

Calculated with r2scan-3c,14 the energies of the 2c-all-out-
Mup-Cdown and 2c-all-out-Mdown-Cup conformers in DMSO using
the CPCM model of the solvent15 indicate that the more ther-
modynamically stable conformer in DMSO and in CHCl3 is the
2c-all-out-Mup-Cdown conformer. The calculated energy differ-
ences are summarised in Table 2, while the optimised struc-
tures of the corresponding conformers are shown in Fig. 2.

2D spectra do not show strong evidence of a correlation
between coumarin's and resorc[4]arene's moieties. However, an
interaction of the protons of the hydroxyl groups OH(f) with the
rene (2).

RSC Adv., 2022, 12, 27370–27379 | 27371
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Fig. 1 1H-NMR spectrum (400 MHz) of derivative 2c in DMSO.
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protons of the morpholine groups CH2(m,l) can be observed
(ESI†).

The proton signals of derivative 2c in chloroform, shown in
Fig. 3, are strongly broadened. This demonstrates the high
conformational dynamics of this derivative in chloroform. A
different image of the 1H NMR spectrum can be observed in
acetone (Fig. 3, brown colour). In this solvent, the proton signals
are most clearly separated, but signals indicating the presence of
a mixture of conformers can be observed on the spectrum.
Conformational analysis of derivative 2c in acetone

The search for the molecular conformations of derivative 2c
present in acetone was performed by GFNn−xTB (semi-
empirical DFT method) based on the xTB programme16 using
molecular metadynamics (MTD).17 Kinetic sampling was per-
formed at 433 K in CHCl3 (simulating the experimental condi-
tions of the reaction) using GFN0−xTB18 and the implicit
Table 2 Calculated relative energies of 2c-all-out-Mup-Cdown and 2c-
all-out-Mdown-Cup conformers in DMSO and CHCl3 using r2scan-3c/
CPCM. Energy differences are given in kcal mol−1

r2scan-3c/CPCM

Conformer DMSO kcal mol−1 CHCl3 kcal mol−1

2c-all-out-Mup-Cdown 0 0
2c-all-out-Mdown-Cup 17.22 17.05

27372 | RSC Adv., 2022, 12, 27370–27379
solvation model ALPB18 to calculate the ensemble energy of the
generated structures. The total simulation time was 100 ps,
writing to the trajectory le was set to 50 fs with a step size of 1
fs. The number of frames generated in the total trajectory was
2000. CREST19 was then used to optimise the dynamics trajec-
tory in the gaseous state using GFN2−xTB with an accuracy level
of 5 � 10−6 Econv/Eh. The optimised structures were sorted
(default values) into an energy window of 4 kcal mol−1 yielding
the 99 structures with the lowest energy. These structures were
again optimised by GFN2−xTB in acetone (tier 1 � 10−7 Econv/
Eh) using the ALPB solvation model. The optimised conformer
structures were segregated within an energy window of
1 kcal mol−1 with an energy threshold of 0.25 kcal mol−1 and
a geometry threshold of 0.5 A to distinguish them, yielding
a nal 5 conformers. These conformers were subjected to
higher-level DFT calculations with the r2scan-3c function in
acetone using the CPCM solvation model. The r2scan-3c func-
tional is specically recommended for calculating the energy of
conformational changes of organic compounds.20 The ORCA
5.0.2 package21 was used for the calculations. The energies of
the calculated conformers and their populations at 298 K are
summarised in Table 3. Below, Fig. 4 shows the geometrically
optimised structures of derivative 2c conformers (1–3).

The population of conformers calculated theoretically at 298
K corresponds well with the results of the integration of the
methine proton signal CH(d) in acetone, which are respectively:
72 : 14 : 14. It is worth noting that the 2 conformers with the
lowest energy (1–3) of the 5 conformers computed are all-out-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The r2scan-3c/CPCM(DMSO)-optimised conformer geometries, respectively: 2c-all-out-Mup-Cdown and 2c-all-out-Mdown-Cup (M ¼
morpholine, C ¼ coumarine) left side of structure in top view, right side in side view. Hydrogen atoms have been omitted for better visualisation.
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Mup-Cdown-conformers with a slight rearrangement of the mor-
pholine–coumarin fragments. In the case of conformer 2c-2
(out-3-Mup-Cdown-1-MdownCup), we have a case where one of the
morpholine fragments is located below the rim of the resorc[4]
arene, while the coumarin fragment is above. The low energy
barrier of the conformational changes of conformers 1–3 at 298
K explains their high mobility, as manifested by broadened
signals on 1H-NMR spectra in DMSO, particularly in CHCl3.
Reaction mechanism

The aminocoumarin derivatives of resorc[4]arene in question
are molecules containing approximately 160 atoms in their
structure. Moreover, studies of reaction mechanisms using the
NEB-TS method implemented in the ORCA package require the
calculation of a large number of cycles (usually around several
hundred) and are computationally expensive. This led the
© 2022 The Author(s). Published by the Royal Society of Chemistry
author to use the ONIOM multiscale method,22 in which two
fragments of a molecule are calculated at different levels of DFT
theory/methods (QM/XTB2). In the present case, the reaction of
one morpholine–resorcinol unit (yellow fragment in Fig. 5) in
the morpholine derivative of resorc[4]arene with 4-hydrox-
ycoumarin was calculated at a higher level of DFT theory (QM ¼
B97-3c), while the rest of the molecule was calculated at a lower
level of DFT theory (XTB2 ¼ GFN2). This simplied structure
was subjected to NEB-TS calculations (25 images) in the gas
phase using the LOOSE-NEB-TS command. Fig. 5 shows the
energy prole of the reaction along with highlighted images of
the reactants (1) and transition state (TS) structures respec-
tively. In the case of the reactant, the yellow colour indicates the
section optimised at a higher level of theory (B97-3c). The
numbers (1–6), on the other hand, represent the structures
shown in Scheme 2, describing the reaction mechanism.
RSC Adv., 2022, 12, 27370–27379 | 27373
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Fig. 3 1H-NMR spectrum (400 MHz) of derivative 2c in CDCl3 (blue) and acetone-d6 (brown).
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The energy prole of the reaction shows that the reaction in
question is a two-step reaction, where the rate-determining step
is the formation of the transition state (TS) in the rst reaction
27374 | RSC Adv., 2022, 12, 27370–27379
step. Its optimised structure indicates that it is a zwitterion with
a positive charge on the nitrogen atom of the morpholine ring
and an attached coumarin fragment and a negative charge
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Relative energy and population of geometrically optimised derivative 2c conformers by r2scan-3c/CPCM in acetone

Conformers of 2c
r2scan-3c/CPCM
(acetone) kcal mol−1

Conformer population
298 K/%

1-all-out-Mup-Cdown 0 62.22
2-out-3-Mup-Cdown-1-Mdown-Cup 0.63 21.30
3-all-out-Mup-Cdown 0.79 16.46
4-all-out-Mup-Cdown 5.13 0.01
5-all-out-Mup-Cdown 5.19 0.01
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located on the oxygen atom of the resorcinol ring. Data on
reaction energy prole and transition state calculations,
together with IRC calculations, are included in ESI.†

The proposed reaction mechanism (Scheme 2) based on the
NEB-TS calculations is presented below. The optimized struc-
ture of the substrates (1) indicates that the energy minimum is
achieved aer proton transfer between the 4-hydroxycoumarin
molecule and the morpholine unit in the resorc[4]arene. In the
next stage, the proton is transferred back from the protonated
morpholine unit in the resorc[4]arene to the 4-hydroxycoumarin
with its simultaneous shi towards the resorc[4]arene hydroxyl
group with the formation of the structure (2). In the next step,
the water molecule is disconnected with the simultaneous
formation of a dipolar morpholinocoumarin derivative of resorc
[4]arene (3), in which the coumarin unit is attached to the
morpholine unit in the 4 position. The dipolar nature of the
structure (3) favors the formation of an o-quinomethine deriv-
ative of resorc[4]arene (4) with the simultaneous formation of 4-
morpholinocoumarin. The interaction of the electrophilic
carbon of the methine group of the o-chinomethine derivative
of resorc[4]arene with electronically enriched C3 carbon of the 4-
morpholinocoumarin leads to the formation of the reaction
product (5). The length of the bond formed is 1.784�A. The next
steps of the reaction are the spatial reorganization of the created
product to the most energy-stable product (6), in which the
length of the formed bond is 1.508 �A.

The water molecule formed during the reaction plays an
important role in the course of the reaction. It interacts through
Fig. 4 The geometrical structures of conformers 2c-1–3 optimised by th
conformer 2c-2, the morpholine fragment that proceeds below the rim
been omitted for better visualisation of the conformers.

© 2022 The Author(s). Published by the Royal Society of Chemistry
hydrogen bonds with the coumarin unit and the resorcinol unit
in resorc[4]arene, as shown in the example of structures (3–6).

To calculate the height of the energy barrier, the M06-2X
hybrid functional23 recommended for this purpose19 was used
using the 6-311G** basis set. Single-point energy calculations
for the structures shown in Fig. 5 in chloroform using the CPCM
solvent model are shown in Table 4.

The energy barrier of the reaction in chloroform, calculated
with the M06-2X/6-311G**/CPCM(CHCl3) hybrid functionals, is
DEsTS ¼ 39.48 kcal mol−1, while the reaction energy is DEP–R ¼
10.77 kcal mol−1, respectively. Quite unexpectedly, the calcula-
tion results obtained using the B97-3c functional are very
similar.

Experimantal teil

The NMR spectra were achieved using a Avance 400 ultra-shield
spectrometer (Bruker, Karlsruhe, Germany). The mass spectra
were recorded by electrospray ionisation (ESI) coupled with
a TOF analyser (Bruker, Karlsruhe, Germany). The reaction was
completed using a Monowave 50 reactor (Anton Paar, Graz,
Austria). Reagents and solvents were obtained from Sigma-
Aldrich, Fluka, and Merck and were used without purication.

The semi-empirical GFN2−xTBmethod with the use of the S.
Grimme program16 was also used for the calculations. The
solvent effects in this program were accounted for by applying
the implicit ALPB solvent model. MTD simulations were made
using the CREST 2.12 program.
e r2scan-3c functional in acetone are shown in Table 2. In the case of
of the resorc[4]arene (Mdown) is shown in green. Hydrogen atoms have

RSC Adv., 2022, 12, 27370–27379 | 27375
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Fig. 5 Energy plot of individual images calculated using the LOOSE-NEB-TS method with ONIOM QM/XTB2 (B97-3c/xTB-GFN2) in the gas
phase. The figure highlights images for the reactants (1) and transition state (TS) along with their respective molecular structures. The dashed
green line illustrates hydrogen bonds. In the case of regents (1), yellow is used to indicate the fragments of the molecules optimised at a higher
level of theory.
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The geometry of compound 2c and its conformers was
optimized with the r2scan-3c functional, using the ORCA 5.0.2
program suite. Solvent effects were considered within the SCRF
theory using the polarized continuum model (CPCM) approach
to model the interaction with the solvent.
Example procedure for the synthesis of amino-coumarin
derivatives of resorcin[4]arene (2)

100mg of the aminomethylene derivative of resorcin[4]arene (1)
and 4 equivalents of 4-hydroxycoumarin were weighed into the
reaction vessel, and then dissolved in 6 ml of chloroform. The
reaction was carried out in closed reaction vessels, in which the
pressure of chloroform at a temperature of 160 �C was 15 bar.
Aer heating was stopped, the chloroform was evaporated on
the rotary evaporator. Ethyl acetate was added to the residue to
precipitate. Depending on the obtained derivative, the products
were crystallized from ethyl acetate or from chloroform/
methanol. The yields of the reactions were in the range of 58–
78%.
27376 | RSC Adv., 2022, 12, 27370–27379
4-Dimethylaminocoumarin derivative of resorc[4]arene (2a).
(99 mg, 58% yield), yellow-orange solid, mp. >300 �C (decom-
position). 1H NMR (400 MHz, DMSO, T¼ 298 K) d [ppm]: 8.16 (s,
8H, OH), 7.92 (m, 4H, ArH), 7.45 (m, 4H, ArH), 7.23 (m, 8H,
ArH), 6.60 (brs, 4H, ArH), 4.83 (t, J ¼ 7.70 Hz, 4H, CH), 3.50 (s,
8H, CH2), 2.89 (d, 24H, CH3), 1.46 (brs, 8H, CH2), 1.29 (brs, 4H,
CH), 0.75 (d, J¼ 6.24 Hz, 24H, CH3);

13C NMR (100 MHz, DMSO,
T ¼ 298 K) d [ppm]: 173.3, 167.4, 152.9, 130.2, 124.4, 122.5,
122.0, 115.8, 115.0, 98.6, 59.7, 47.2, 46.3, 32.3, 25.4, 22.9, 22.4,
20.7, 20.6; HRMS ESI m/z for C92H102N4O16 [M + H]+ calcd
1519.7291, found 1519.7267.

4-Diethylaminocoumarin derivative of resorc[4]arene (2b).
(119 mg, 65% yield), yellow-orange solid, mp. >300 �C (decom-
position). 1H NMR (400 MHz, acetone, T¼ 298 K) d [ppm]: 10.28
(brs, 8H, OH), 7.89 (brs, 4H, ArH), 7.38–7.50 (m, 4H, ArH), 7.26–
7.13 (m, 4H, ArH), 6.80 (brs, 4H, ArH), 4.95 (t, J ¼ 7.70 Hz, 4H,
CH), 3.56 (s, 8H, CH2), 3.13 (t, J ¼ 7.34 Hz, 8H, CH2), 1.71 (m,
8H, CH2), 1.50 (m, 4H, CH), 1.20 (q, J ¼ 7.34 Hz, 24H, CH3) 0.87
(d, J¼ 6.24 Hz, 24H, CH3);

13C NMR (100 MHz, acetone, T¼ 298
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Proposed reaction mechanism for the formation of the 2c product based on NEB-TS calculations.
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K) d [ppm]: 174.8, 169.3, 154.1, 152.0, 131.4, 125.4, 125.0, 123.9,
122.8, 116.9, 116.2, 60.54, 46.7, 43.6, 34.2, 26.9, 26.6, 23.4, 23.2,
14.5, 11.7; HRMS ESI m/z for C100H118N4O16 [M + H]+ calcd
1631.8543, found 1631.8565.

4-Morpholinocoumarin derivative of resorc[4]arene (2c).
(148 mg, 78% yield), yellow-orange solid, mp. >300 �C (decom-
position). 1H NMR (400 MHz, DMSO, T ¼ 298 K) d [ppm]: 8.68
(brs, 8H, OH), 7.92 (m, 4H, ArH), 7.45 (m, 4H, ArH), 7.23 (m, 4H,
ArH), 6.57 (brs, 4H, ArH), 4.79 (t, J ¼ 7.70 Hz, 4H, CH), 3.74 (t, J
¼ 4.77 Hz 16H, CH2), 3.36 (brs, 4H, CH2), 3.10 (t, J ¼ 4.77 Hz,
16H, CH2), 1.71 (m, 8H, CH2), 1.46 (m, 8H, CH), 1.29 (m, 4H,
CH2) 0.87 (d, J¼ 6.24 Hz, 24H, CH3);

13C NMR (100MHz, DMSO,
T ¼ 298 K) d [ppm]: 173.3, 167.4, 152.9, 150.7, 130.2, 124.4,
122.6, 122.0, 115.9, 115.1, 98.7, 79.2, 63.3, 46.2, 42.9, 32.4, 25.4,
20.6; HRMS ESIm/z for C100H110N4O20 [M + H]+ calcd 1687.7713,
found 1687.7724.
Table 4 Relative energies (kcal mol−1) of the structures shown in Fig. 5, c
in chloroform using the CPCM solvent model. Single-point energy calcu
phase

B97-3c/CPCM(CHCl3) kcal m

Reactant (1) 0
Transition state (TS) 38.28
Product (6) 11.02

© 2022 The Author(s). Published by the Royal Society of Chemistry
4-Piperidinocoumarin derivative of resorc[4]arene (2d).
(128 mg, 68% yield), yellow-orange solid, mp. >300 �C
(decomposition). 1H NMR (400 MHz, DMSO, T ¼ 298 K)
d [ppm]: 8.23 (brs, 8H, OH), 7.91 (m, 4H, ArH), 7.46 (m, 4H,
ArH), 7.24 (m, 4H, ArH), 6.60 (brs, 4H, ArH), 4.79 (t, J ¼
7.70 Hz, 4H, CH), 3.46 (brs, 8H, CH2), 3.38 (brs, 16H, CH2),
3.10 (t, J ¼ 4.77 Hz, 16H, CH2), 1.61 (m, 24H, CH2), 1.53 (m,
16H, CH2), 1.46 (m, 8H, CH), 1.29 (m, 4H, CH2) 0.77 (d, J ¼
6.24 Hz, 24H, CH3);

13C NMR (100 MHz, DMSO, T ¼ 298 K)
d [ppm] ¼ 167.2, 152.9, 150.8, 130.3, 124.3, 121.2, 115.9, 115.1,
115.9, 98.9, 46.1, 43.7, 46.2, 32.3, 25.4, 22.8, 22.2, 21.6, 20.5;
HRMS ESI m/z for C104H118N4O16 [M + H]+ calcd 1679.8543,
found 1679.8551.

4-Pyrrolidinocoumarin derivative of resorc[4]arene (2e).
(117 mg, 64% yield), yellow-orange solid, mp. >300 �C (decom-
position). 1H NMR (400MHz, acetone, T¼ 298 K) d [ppm]¼ 8.22
alculated with B97-3c and M06-2X/6-311G** functionals, respectively,
lations were performed on ONIOM geometries calculated for the gas

ol−1 M06-2X/6-311G**/CPCM(CHCl3) kcal mol−1

0
39.48
10.77

RSC Adv., 2022, 12, 27370–27379 | 27377
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(brs, 8H, OH), 7.91 (m, 4H, ArH), 7.46 (m, 4H, ArH), 7.24 (m, 4H,
ArH), 6.59 (brs, 4H, ArH), 4.79 (t, J¼ 7.70 Hz, 4H, CH), 3.46 (brs,
8H, CH2), 2.99 (s, 16H, CH2), 3.10 (t, J¼ 4.77 Hz, 16H, CH2), 1.62
(m, 24H, CH2), 1.53 (m, 16H, CH2), 1.29 (m, 4H, CH2) 0.77 (d, J¼
6.24 Hz, 24H, CH3);

13C NMR (100 MHz, acetone, T ¼ 298 K)
d [ppm] ¼ 168.4, 168.3, 153.3, 153.0, 151.1, 150.9, 130.5, 130.1,
124.1, 124.1, 122.9, 122.7, 116.0, 99.6, 99.2, 53.4, 44.3, 43.7, 34.6,
31.7, 31.4, 25.8, 25.7, 22.6, 21.4, 20.6; HRMS ESI m/z for
C100H110N4O16 [M + H]+ calcd 1623.7917, found 1623.7932.

4-(4-Methylpiperidino)coumarin derivative of resorc[4]arene
(2f). (135 mg, 69% yield), yellow-orange solid, mp. >300 �C
(decomposition). 1H NMR (400 MHz, acetone, T ¼ 298 K)
d [ppm] ¼ 8.45 (brs, 8H, OH), 7.94 (m, 4H, ArH), 7.48 (m, 4H,
ArH), 7.26 (m, 4H, ArH), 6.87 (brs, 4H, ArH), 4.82 (t, J ¼ 7.70 Hz,
4H, CH), 3.39 (brs, 8H, CH2), 3.08 (t, J¼ 5.14 Hz, 16H, CH2), 2.51
(m, 16H, CH2), 2,22 (2, 12H, CH3), 1.50 (m, 8H, CH2), 1.32 (m,
4H, CH), 0.78 (d, J ¼ 6.24 Hz, 24H, CH3);

13C NMR (100 MHz,
acetone, T ¼ 298 K) d [ppm] ¼ 176.1, 169.4, 154.2, 153.8, 151.9,
151.2, 131.4, 131.2, 125.1, 125.0, 123.7, 123.1, 117.0, 101.0,
100.5, 100.2, 79.2, 54.3, 53.0, 52.7, 45.8, 45.0, 35.0, 26.7, 23.3,
23.2, 21.6; HRMS ESI m/z for C104H122N8O16 [M + H]+ calcd
1739.8979, found 1739.8986.

Conclusions

A novel, single-step, rapid and efficient synthesis of amino-
coumarin derivatives of resorc[4]arene (2) is presented. The
reaction proceeds by the transfer of an amino group from
aminomethylene derivatives of resorc[4]arene to the reaction
product (2). The aminocoumarin derivatives of resorc[4]arene
formed are conformationally labile and the population of
conformers depends on the type and polarity of the solvent. For
the derivative 2c, a search for the lowest energy conformers was
performed using MTD sampling with the CREST and
GFN2−xTB programmes. The calculations resulted in a nal
ve conformations for which geometry optimisation was per-
formed at the higher level of DFT theory by r2scan-3c in acetone.
The population of conformers at 298 K calculated from the
energies obtained agrees reasonably well with the conformers
observed on the NMR spectrum of derivative 2c in acetone. The
mechanism of the reaction of the morpholine derivative of
resorc[4]arene with 4-hydroxycoumarin based on multiscale
(ONIOM) calculations of the reaction energy prole using the
NEB method is discussed. The transition state structure of this
reaction was determined and the activation energy (DEsTS ¼
39.48 kcal mol−1) and reaction energy (DEP–R ¼
10.77 kcal mol−1) – in chloroform were calculated using the
M06-2X functional and the 6-311G** basis set.
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A. Szumna and W. Iwanek, Chiral chromane[4]arenes
synthesised by cycloaddition reactions of o-quinomethine
resorcin[4]arenes, New J. Chem., 2019, 43, 2687.

14 S. Grimme, A. Hansen, S. Ehlert and J.-M. Mewes, r2SCAN-
3c: A “Swiss army knife” composite electronic-structure
method, J. Chem. Phys., 2021, 154, 064103.

15 V. Barone and M. Cossi, Quantum Calculation of Molecular
Energies and Energy Gradients in Solution by a Conductor
Solvent Model, J. Phys. Chem. A, 1998, 102, 1995.
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04610e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 1

1/
8/

20
24

 1
:4

0:
04

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
16 Semiempirical extended tight-binding program package xtb
version 6.50, https://github.com/grimme-lab/xtb, accessed
15 May 2022.

17 S. Grimme, Exploration of Chemical Compound,
Conformer, and Reaction Space with Meta-Dynamics
Simulations Based on Tight-Binding Quantum Chemical
Calculations, J. Chem. Theory Comput., 2019, 15(5), 2847.

18 S. Ehlert, M. Stahn and S. Grimme, Robust and Efficient
Implicit Solvation Model for Fast Semiempirical Methods,
J. Chem. Theory Comput., 2021, 17(7), 4250.

19 P. Pracht, F. Bohle and S. Grimme, Automated exploration of
the low-energy chemical space with fast quantum chemical
methods, Phys. Chem. Chem. Phys., 2020, 22, 7169.
© 2022 The Author(s). Published by the Royal Society of Chemistry
20 M. Bursch, J.-M. Mewes, A. Hansen and S. Grimme, Best
Practice DFT Protocols for Basic Molecular Computational
Chemistry, Angew. Chem., Int. Ed., 2022, e202205735.

21 F. Neese, F. Wennmohs, U. Becker and C. Riplinger, The
ORCA quantum chemistry program package, J. Chem.
Phys., 2020, 152, 224108.

22 T. Vreven and K. Morokuma, Chapter 3 Hybrid Methods:
ONIOM(QM:MM) and QM/MM, Annual Reports in
Computational Chemistry, 2006, vol. 2, p. 35.

23 Y. Zhao and D. G. Truhlar, Theor. Chem. Acc., 2008, 120, 215.
RSC Adv., 2022, 12, 27370–27379 | 27379

https://github.com/grimme-lab/xtb
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra04610e

	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e
	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e
	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e
	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e
	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e
	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e

	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e
	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e
	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e
	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e
	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e
	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e
	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e
	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e

	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e
	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e
	New insights into the reactivity of aminomethylene derivatives of resorc[4]arene: amine group transfer, conformational analysis, reaction mechanismElectronic supplementary information (ESI) available. See https://doi.org/10.1039/d2ra04610e


