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ABSTRACT: We present the synthesis and characterization of two Hg-macrocycles
offering H-bonding based cavities of varying dimensions. Both Hg-macrocycles illustrate a
noteworthy difference in their catalytic performance that has been related to their cavity
structures.

Coordination-driven supramolecular self-assemblies are at the
pinnacle of supramolecular chemistry. Such a fact is not only
related to the presence of well-defined cavities such molecular
assemblies offer but also due to the possibility to fine-tune
these cavities.1−11 Several such molecular assemblies have been
effectively used in host−guest chemistry,12−19 sensing,20−26

drug delivery,27−36 stabilizing reactive intermediates18,37−39

and organic transformations.40−53 Extensive efforts have been
made to synthesize assorted molecular assemblies that show
remarkable properties.54,55 Efforts vary from the construction
of molecular assemblies offering hydrophobic interior
space,54−57 and examples include various covalent bonding
based assemblies with the objective to tune the cavity structure
to suit an application. Efforts have also been made to construct
metal−ligand coordination driven molecular assemblies that
rely on the geometrical parameters of both metal(s) and
ligand(s).58−60 In such molecular assemblies, the interior space
has been designed to offer hydrophobic55,61−63 as well as
hydrophilic functional groups. In contrast, examples are scarce
when hydrogen bonds (H-bonds) are installed within a
cavity.61−65 Such paucity is related to the difficulty in first
synthetically installing H-bonds followed by giving them the
required orientations to interact with an analyte of choice
while also avoiding their undesirable interactions with lattice
solvent molecules and/or anions.61,62 Although there have
been a few examples where H-bonds have been incorporated
within coordination-driven self-assemblies, in most cases H-
bonds have been primarily used for structural purposes rather
than focusing on their influence on applications.61−63 Our
research group has recently reported two Pd(II) macrocycles

synthesized using pyridine-2,6-dicarboxamide based ligands
offering appended phosphine groups.66 Such 1 + 1 and 2 + 2
Pd-macrocycles offered inner cavity lined with H-bonds and
remarkably participated in the recognition of nitroaromatics,
particularly picric acid.66

In this work, we report two discrete coordination-driven
Hg(II) based molecular assemblies (1 and 2) synthesized using
either pyridine-2,6-dicarboxamide (L1) or benzene-1,3-dicar-
boxamide (L2) based ligands offering appended phosphine
groups. The two ligands resulted in cavities of varying
dimensions therefore emphasizing the importance of pyridyl
versus phenylene ring in designing contrast molecular
assemblies. We also illustrate that both molecular assemblies
offering H-bonds have the potential of capturing a reagent
and/or substrate and such a fact has resulted in dramatic
difference in their catalytic performances in the Knoevenagel
condensation reactions.
Results and Discussion. Synthesis and Characterization.

Mercury macrocycles 1 and 2 were synthesized by the reaction
of ligands L1 and L2 (Figures S1−S4, Supporting
Information) with HgCl2 in a 1:1 mixture of chloroform−
methanol (Scheme 1). In both cases, a 2 + 2 self-assembly of
ligands to that of Hg(II) ions was noted. Fourier transform
infrared spectra of macrocycles 1 and 2 respectively revealed
νC=O stretches at 1684 and 1657 cm−1 (Figures S5−S6,
Supporting Information) that were very similar to that of free
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ligands (L1 = 1681 and L2 = 1652). Such a fact suggests that
coordination to a metal ion occurs via Pphosphine groups and not
through N/Oamidate groups.67 Further, broad N−H stretches
were observed at 3287 and 3271 for 1 and 2 (Figures S5−S6,
Supporting Information), respectively, suggesting their intact
nature with however involvement in hydrogen bonding (H-
bonding) interactions (vide infra).67 Hg-macrocycle 1 was
completely insoluble in common organic solvents, whereas
complex 2 was soluble in high polarity solvents such as DMF
and DMSO. As a result, only Hg-macrocycle 2 was
characterized by NMR spectroscopy (Figures S7−S9, Support-
ing Information). The proton NMR spectrum confirms the
presence of N−H resonances at 10.65 ppm (Figure S7,
Supporting Information). For comparison, ligand L2 exhibits
N−H signals at 10.41 ppm. Importantly, the 31P NMR
spectrum of 2 inferred the involvement of Pphosphine atoms in
coordination to the Hg(II) ions as the ligand’s phosphorus
signal at −5.23 ppm was shifted to 33.91 ppm in Hg-
macrocycle 2 (Figure S9, Supporting Information).66 Com-
plexes 1 and 2 respectively crystallized with molecule(s) of
water and DMSO, and therefore TGA was performed to
evaluate their fate and to understand the thermal stability of
both the complexes. For 1, an observed weight change of ca.
7.2% (calcd. 8.3%) was noticed between 230−300 °C that
corresponded to the loss of one water molecule and four Cl
atoms (Figure S10, Supporting Information). In the case of 2,
a weight loss of 17.7% (calcd. 18.2%) correlated to [1 DMSO
+ HgCl2] was noticed between 280−290 °C (Figure S11,

Supporting Information). Further, both Hg-macrocycles 1 and
2 start decomposing beyond ca. 320 °C.
Crystal Structures. Both Hg-macrocycles 1 and 2 were

crystallographically characterized and were found to crystallize
in a monoclinic cell with C2/c and triclinic cell with P̅1 space
groups, respectively (Tables S1−S4, Supporting Information).
The crystal structures revealed a 2 + 2 assembly of ligands to
that of Hg(II) ions for both the Hg-macrocycles (Figures 1
and 2). In both cases, two Hg(II) ions are coordinated by two
phosphorus atoms originating from two amide-based ligands,
whereas the remaining two coordination sites are occupied by
two chloride atoms. The Hg−Pphosphine bond distances
(2.4488−2.4707 Å) were very similar for two complexes,
whereas Hg−Cl distances varied between 2.5184 and 2.5753
Å. The geometry around the Hg(II) ions in both macrocycles
is four-coordinated. In the case of 1, the P−Hg−P and Cl−
Hg−Cl bond angles were 135.34 and 107.93°, respectively.
Similarly, for complex 2, P−Hg−P and Cl−Hg−Cl bond
angles were respectively found to be 135.05 and 105.61°. In
order to understand the geometry being deviated from a
perfect tetrahedral (τ4 = 1) and a perfect square-planar (τ4 =
0), a four-coordinate geometry index, τ4, was calculated for
both complexes. Hg-macrocycles 1 and 2 respectively showed
τ4 values of 0.82 and 0.81, suggesting predominantly
tetrahedral geometry around the Hg(II) ions.68

Both Hg-macrocycles exhibited remarkable structural
features including H-bonds and cavities of varying dimensions.
In Hg-macrocycle 1, pyridine-2,6-dicarboxamide based frag-
ments are oriented in syn fashion, and as a result H-bonding
groups are directed within the macrocyclic cavity. Such a
structural feature is due to the presence of a pyridine ring that
has aligned both amide fragments in a single orientation.69 In
addition, two lattice water molecules were found to be located
within the pyridine-2,6-dicarboxamide fragment based cavities
and formed H-bonds both with N−H and Npyridine groups:
N2−H2···O1W = 2.939 Å, N3−H3···O1W = 2.932 Å, and
N1···H−O1W = 3.075 Å. A hydrogen atom of water molecule,
O1W, further makes an H-bond with the Hg-bound Cl atom
with a bond distance of 3.114 Å. Such an H-bonding is assisted
by the fact that both Cl atoms are facing inward toward the
interior of the macrocycle. Two Hg(II) ions are coordinated by

Scheme 1. Preparative Route for the Synthesis of Hg-
Macrocycles 1 and 2

Figure 1. (a) Crystal structure of Hg-macrocycle 1 where thermal ellipsoids are drawn at the 30% probability level, and hydrogen atoms, except for
N−H groups, have been omitted for clarity. Selected bond distances (Å) and bond angles (deg): Hg1−P1, 2.4707(11); Hg1−P2, 2.4617(11);
Hg1−Cl1, 2.5184(12); Hg1−Cl2, 2.5612(13); P2−Hg1−P1, 135.34(4); Cl1−Hg1−Cl2, 107.93(4). (b) Space-fill model of 1 where arene rings
bound to the amide groups are shown in a capped stick fashion.
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the Pphosphine atoms of two amide-based ligands to constitute a
36-membered cavity. The dimension of this 36-membered
cavity was 17.068 × 6.988 Å2 after measuring the distance
between pyridine-N···Hg and the two farthest amide-C atoms
(Figure S12, Supporting Information). The structure shows
that most of the other phenyl groups are not in close contact,
therefore leaving the macrocyclic cavity empty. In fact, two
amide-bound arene rings are the nearest neighbors with a
separation of 5.306 Å, which is certainly outside the range of
π−π interactions (Figure 1b).70

The crystal structure for Hg-macrocycle 2, which is again a 2
+ 2 self-assembly, reveals a very different structure wherein
both amide functional groups are in anti-conformation (Figure
2). We believe that the absence of a pyridine ring in 2
eliminates the intramolecular H-bonding involving amide N−
H groups and that allows free rotation of the amide-based arms
and therefore their anti-conformation.69 In this case,
conformation of two ligands as a result of their coordination
to the Hg(II) ions via Pphosphine groups is exocyclic in nature. As
a consequence, Hg-bound chloride atoms are faced outside the
32-membered cavity. Further, one phosphine-bound arene ring
from each ligand is located inside the macrocyclic cavity.
However, both such arene rings do not show any π−π
interaction, which is evident from the distance between the
two rings, 6.367 Å (Figure 2b).70 Interestingly, while two
molecules of DMSO were found to crystallize in the lattice,
only one of them was involved in H-bonding interactions with
the amide group (N1−H1A···O3DMSO = 2.825 Å). Importantly,
macrocycle 2 presents a wider cavity than that of 1 which is
evident from the dimensions of the cavity: 18.295 × 10.983 Å2

(Figure S13, Supporting Information).
Iodine Inclusion Studies. To understand the probability of

guest inclusion within the macrocyclic cavity of 1 and 2, I2
inclusion studies were performed. In both cases, an Hg-
macrocycle was evacuated for 1 h at 50 °C in order to remove
any adventitious solvent molecule. This was followed by
sealing a fixed amount (15.0 mg) of a compound within a glass
vial containing solid I2, and it was allowed to equilibrate with
iodine vapors for 2 h. In the case of Hg-macrocycles 1 and 2,
respectively, a 12.7% (2.2 mg) and 17.1% (3.1 mg) weight
change was noted. In both cases, the nearly colorless
compound acquired a orange-brown color, suggesting
adsorption of molecular iodine within the macrocyclic cavity
(Figure S14, Supporting Information). Importantly, the FTIR
spectrum of any of the Hg-macrocycles does not reveal
significant changes except for the broadening of the N−H

stretches.43 Such a fact points toward the inclusion of I2 within
the cavity of a macrocycle. Notably, the I2 adsorption process
was reversible in nature as the compound regained its original
color after a brief evacuation within a minute.
Heterogeneous Catalysis. Both Hg-macrocycles offered

cavities lined with H-bonds which suggest their potential of
favorably interacting both with a substrate and a reagent.64,65

In addition, both macrocycles offered cavities of different
dimensions and orientations and therefore suggest their
propensity to interact with a substrate and/or reagent
differently.64,65 Furthermore, the presence of Hg(II) ions
endows such macrocycles with Lewis acid character.51,53

Considering the aforementioned points, both Hg-macrocycles
provide excellent opportunities to attempt various organic
transformations in catalytic fashion. In this context, Knoeve-
nagel condensation reactions (KCRs) were contemplated to be
appropriate.71,72 This was due to the involvement of O-based
substrates that may potentially interact with the N−H groups
of the Hg-macrocycles. In order to evaluate the effect of cavity
structure on proposed catalysis and to minimize the influence
of solvent molecules, both Hg-macrocycles were tested as the
heterogeneous catalysts.71,72

We initiated KCRs by optimizing the reaction conditions
taking Hg-macrocycle 1 as a representative catalyst and
benzaldehyde as a model substrate along with malononitrile
as the active methylene reagent while maintaining a reaction
time of 4 h (Table 1). The role of Hg-macrocycle 1 as a
catalyst was indispensable as the reaction did not proceed
without it (entry 1). Similarly, only ligand and only metal salts
(HgCl2 and Hg(OAc)2) did not promote the catalytic reaction
(entries 2 and 3). The solvent-free reaction was not quite
successful due to the lower product yield, despite a reaction
time of 12 h, both at milder (30 °C) and higher (60 °C)
reaction temperatures (entry 4). We believe that the absence of
a solvent led to inadequate mixing of substrate and reagent.
Subsequently, several solvents were scrutinized ranging from

nonpolar CH2Cl2 to highly polar DMF in addition to MeCN,
THF, and MeOH (entry 5). Out of various tested solvents,
methanol was found to be the best solvent for promoting
KCRs as other solvents resulted in a lower yield of the product.
It is suggested that a polar solvent, such as MeOH, is likely to
efficiently replace the already existing solvent molecule(s)
within the macrocyclic cavity. Such a situation may assist in
catalysis by allowing a substrate and/or reagent effectively
approaching the Hg-macrocycle. A very small catalyst loading
of 1 mol % was sufficient for promoting the catalytic reactions

Figure 2. (a) Crystal structure of Hg-macrocycle 2 where thermal ellipsoids are drawn at the 30% probability level, and hydrogen atoms, except for
N−H groups, have been omitted for clarity. Selected bond distances (Å) and bond angles (deg): Hg1−P1, 2.4572 (11); Hg1−P2, 2.4488(11);
Hg1−Cl1, 2.5753(11); Hg1−Cl2, 2.5459(11); P2−Hg1−P1, 135.05(4); Cl2−Hg1−Cl1, 105.61(4). (b) Space-fill model of 2 where arene rings
bound to the amide groups are shown in a capped stick fashion.
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quantitatively (entry 6). In addition to malononitrile, other
reagents with active methylene groups such as acetylacetone
(entry 7), 1,3-cyclohexanedione (entry 8), and ethyl-2-
cyanoacetate (entry 9) were also examined. However, none
of these reagents were quite effective in promoting KCRs with
both the Hg-macrocycles 1 and 2 (vide infra).
These optimized reaction conditions were then utilized to

explore catalytic performance with assorted substituted
benzaldehydes along with malononitrile (Table 2). Impor-
tantly, both the nature of a substituent and its position on
benzaldehyde ring had a considerable effect on the product
yield.42,52 For example, electron-withdrawing groups present at
the para position (entries 2 and 3) were much more effective
than that at ortho and meta positions (entries 5 and 6) in
promoting the catalytic KCRs. In contrast, the electron-
donating −OCH3 group at the para position resulted in a lower
product yield (entry 4). To further understand the influence of
electronic groups, time-dependent KCRs were carried out for

ortho-, meta-, and para-substituted nitro-benzaldehydes with
malononitrile (Figure S15, Supporting Information). Impor-
tantly, nearly quantitative catalytic reaction was completed
within 2 h in the case of para-nitro-benzaldehyde, whereas the
same reaction took close to 4 h in the case of other two
substrates.
More importantly, bulkier substrates were converted to their

corresponding products with equally good yields (entries 7−
9). In these cases, Hg-macrocycle 2 was found to be a better

Table 1. Optimization Experiments for the Knoevenagel
Condensation Reactionsa

aReaction conditions: catalyst: 1-mol %; reaction time: 4 h;
temperature: 60 °C. bProducts were quantified by using the gas
chromatograph. cReaction time: 12 h.

Table 2. Knoevenagel Condensation Reactions for Assorted
Aldehydes along with Malononitrilea

aConditions: catalyst, 1-mol %; solvent, MeOH; reaction time: 4 h;
temperature, 60 °C. bYield was calculated using the gas chromato-
graph. cReaction was completed within 2 h.
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catalyst in promoting KCRs when compared to Hg-macrocycle
1. Such a fact can be nicely correlated to the larger cavity size
being offered by Hg-macrocycle 2 when compared to 1. A
comparison between the molecular dimensions of the bulkier
substrates (Table S5, Supporting Information)73 1-naphthal-
dehyde (9.69 × 8.29 Å2), 2-naphthaldehyde (10.67 × 7.49 Å2),
and 9-anthraldehyde (10.88 × 8.60 Å2) to that of the cavity
dimensions of Hg-macrocycle 2 (18.295 × 10.983 Å2) suggests
that the cavity is large enough to comfortably accommodate

and therefore activate these substrates. On the other hand, Hg-
macrocycle 1 presents a slightly smaller macrocyclic cavity
(17.068 × 6.988 Å2), and therefore bulkier substrates may have
difficulty in being comfortably accommodated within the
cavity.
Docking Studies. As discussed (cf. Table 1), KCRs were

performed with four different reagents containing active
methylene groups malononitrile, 1,3-cyclohexanedione, acety-
lacetone, and ethyl-2-cyanoacetate. Out of four reagents, only

Figure 3. Structures of molecular docking studies for Hg-macrocycles 1 and 2 with the reagents containing active methylene groups: (a)
malononitrile; (b) 1,3-cyclohexanedione; (c) acetylacetone; and (d) ethyl-2-cyanoacetate. Hydrogen atoms, except for N−H groups, have been
omitted for clarity. Hg-macrocycles 1 and 2 are shown in a capped stick model, whereas reagents are displayed in a ball and stick model where
carbon atoms are shown in purple color for the sake of clarity.
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malononitrile provided a high yield of the products with a
variety of substituted benzaldehydes, while the remaining three
reagents were largely ineffective. To gain insight about the
difference in their reactivity, molecular docking studies were
performed.66,74 These studies may help us in understanding
the role of H-bonding in accommodating and plausibly
retaining such substrates within the macrocyclic cavities.
Importantly, malononitrile was not found to form any H-
bonds within the macrocyclic cavity (Figure 3a) and therefore
was freely available to react with the benzaldehyde. As a result,
malononitrile provided a very high yield of the KCR product.
On the other hand, remaining three substrates 1,3-cyclo-
hexadione, acetylacetone, as well as ethyl-2-cyanoacetate were
involved in many H-bonding interactions within the macro-
cyclic cavities. For example, the O atom of 1,3-cyclo-
hexanedione was noted to form H-bond(s) with the N−H
group(s) of the Hg-macrocycles (Figures 3b and S16,
Supporting Information). Similarly, acetylacetone also inter-
acted with the cavity via N−H···O synthons (Figures 3c, S17
and S18, Supporting Information). Finally, ethyl-2-cyanoace-
tate was also seen interacting with the N−H groups of the
cavities. In this case, two types of H-bonding synthons were
observed: N−H···O and N−H···NC interactions (Figures 3d,
S19, S20, and S21, Supporting Information).
Such studies suggest that 1,3-cyclohexanedione, acetylace-

tone, and ethyl-2-cyanoacetate were involved in many H-
bonding interactions within the cavity of a Hg-macrocycle. We
propose that such a fact retains or locks a reagent within an
Hg-macrocycle and substantially reduces its reactivity with a
substrate, such as benzaldehyde. To prove the above
hypothesis, FTIR spectra of Hg-macrocycles impregnated
with these reagents were measured. Notably, in all three
cases (1,3-cyclohexanedione, acetylacetone, and ethyl-2-
cyanoacetate), N−H stretches of the Hg-macrocycles were
significantly red-shifted when compared to the pristine samples
of Hg-macrocycles. A representative FTIR spectrum of Hg-
macrocycle 2 impregnated with acetylacetone illustrates that
N−H stretches of 2 were shifted from 3271 to 3254 cm−1.
Such a fact asserts the interaction and potential locking of
acetylacetone within the macrocyclic cavity (Figure S22,
Supporting Information).41

We also evaluated the potential activation of a substrate
(benzaldehyde) within the cavity of the present Hg-macro-
cycles by taking 2 as a representative case. For such an
experiment, a vacuum-dried (at 50 °C) sample of 2 was dipped
in a CH2Cl2 solution of benzaldehyde for 2 h and the said
impregnated sample was filtered, washed thoroughly with
CH2Cl2, and vacuum-dried. This impregnated sample showed
red-shifted stretches for the CO group of benzaldehyde,
from 1705 to 1676 cm−1, in the FTIR spectrum (Figure S23,
Supporting Information).42,50 In addition, N−H stretches of
the Hg-macrocycles were also perturbed after the inclusion of
benzaldehyde. This experiment therefore asserts that benzal-
dehyde has been indeed accommodated within the macrocyclic
cavity and thus has been activated. We propose that both
Lewis acid activation and H-bonding interaction contribute
here.
Recyclability Experiments. The importance of a heteroge-

neous catalyst lies in its ability to be recycled and reused.75

Therefore, in order to justify the heterogeneous nature of the
present catalysts, Hg-macrocycle 2 was selected as a model
catalyst for the hot filtration experiment during the course of a
reaction between benzaldehyde and malononitrile (Figure

4a).40,43 If a KCR is allowed uninterrupted, then nearly
quantitative product formation is noted at the end (blue

triangle and red dots). Notably, the catalytic reaction comes to
an end as soon as the catalyst is filtered off from the reaction
mixture at 150 min. As expected, there is no further reaction
without the catalyst (blue triangles). Readdition of the catalyst
at 175 min restarts the catalysis, and the reaction leads to
completion (green squares). Thus, this simple filtration test
confirms the true heterogeneous nature of the catalysis.
Additional evidence was obtained by analyzing the filtrates

of the KCR after removing Hg-macrocycle 1 by using the
atomic absorption spectroscopy-visual gas analyzer (AAS-
VGA). The amount of mercury leached from Hg-macrocycle 1
into the filtrate was only 0.0036% and 0.0479% after 4 and 24
h, respectively. This experiment thus eliminates the appreciable
leaching of mercury from Hg-macrocycles and supports their
stable nature as the heterogeneous catalysts.
Importantly, recovered Hg-macrocycles would certainly

allow exploring their recyclability.42−47 For such studies, Hg-
macrocycle 2 was selected as a representative catalyst in a
reaction of benzaldehyde with malononitrile. Importantly, Hg-
macrocycle 2 was recovered by simple filtration and was
successfully used for five consecutive cycles without any further
purification and/or activation.42−47 In all such cycles, no
noticeable change in the catalytic performance was observed
(Figure 4b).
More importantly, both Hg-macrocycles were isolated after

their fifth catalytic cycle and characterized by the FTIR spectra.
FTIR spectra exhibited superimposable traces of the recovered
Hg-macrocycles to that of pristine samples (Figures S24 and
S25, Supporting Information). Similarly, powder XRD patterns
of the recovered Hg-macrocycles matched nicely to that of as-
synthesized samples (Figures S26 and S27, Supporting
Information). Such a fact asserts that both Hg-macrocycles
maintained their crystallinity as well as structural integrity
during the catalysis. Collectively, these studies sufficiently
support the robust nature of both Hg-macrocycles as the
heterogeneous catalysts.
Conclusion. This work described the synthesis and

characterization of two Hg-macrocycles 1 and 2 offering H-
bonding based cavities of varying dimensions. Crystal
structures illustrated remarkable influence of the presence (in
1) or absence (in 2) of pyridine-2,6-dicarboxamide based
fragment in controlling the macrocyclic cavity structure. Such a
structural feature resulted in a noteworthy difference in the
heterogeneous catalytic performance of two Hg-macrocycles in
Knoevenagel condensation reactions (KCRs). The catalytic

Figure 4. (a) Hot-filtration test for the Knoevenagel condensation
reaction between benzaldehyde and malononitrile in the presence of
Hg-macrocycle 2. Catalyst 2 was filtered off at 150 min (blue
triangles) and readded at 175 min (green squares). (b) Bar graph
displaying recyclability of Hg-macrocycle 2 for five consecutive cycles.
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results illustrated two notable trends: (i) Hg-macrocycle 2
having phenylene ring functioned as a much effective catalyst
when compared to Hg-macrocycle 1 with the pyridyl ring; and
(ii) except malononitrile, remaining three reagents were largely
ineffective in promoting KCRs. The first trend was related to
the cavity dimensions being offered by the two Hg-macrocycles
where it was concluded that 2, offering larger cavity, was able
to activate both a substrate (benzaldehyde) and a reagent
(malononitrile) better than that of 1. The difference between
various reagents (malononitrile, 1,3-cyclohexanedione, acety-
lacetone, and ethyl-2-cyanoacetate) was related to the locking
of a reagent within the macrocyclic cavity due to the
involvement of H-bonding interactions. These results were
well-supported by the molecular docking studies and FTIR
spectral studies. Future work is directed to modify the
macrocyclic cavity structure to relate to the catalysis of
challenging organic transformations.
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