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Anakuthil Anoop,*™ and Venkatesan S. Thimmakondu*™

Novel organomagnesium crown ether molecules have been
computationally characterized using density functional theory
(DFT). Monomer units of MgCy are used as building blocks.
Isomers of MgC¢H, have been extensively explored using both
DFT and coupled-cluster methods in the past by some of us. It
had been concluded that the seven-membered ring isomer, 1-
magnesacyclohept-4-en-2,6-diyne, was the thermodynamically
most stable molecule at all levels. Thus, the latter has been
used as the building block for designing new organomagne-

Introduction

More than 10,000 crown ether molecules have been reported
to date™ since the original discovery of crown ethers
accidentally happened in 1967 by Pedersen.®” However, the
concept of crown ethers remains fascinating due to the
potential applications of these molecules in various fields
including (but not limited to) phase transfer catalysis,® ion-
sensing,®'” nuclear waste management,"""® and analytical
methods."" The ability of crown ethers to recognize and trap
different metal ions depending on the size of the macrocyclic
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sium crown ethers. Both alkali (Li*, Na*, and K*) and alkaline-
earth (Be?", Mg, and Ca’") metal ions selective complexes
have been theoretically identified. Theoretical binding energies
(AE at 0 K) and thermally corrected Gibbs free energies (AG at
298.15 K) have been computed for these molecules with MgCe-
6-crown-2, MgCs-9-crown-3, and MgC-12-crown-4 hosts. High-
er binding affinity values obtained for Be’* indicate that these
new crown ether molecules could effectively be used for Be’"
encapsulation.

ring, type of the donor atom (N, O, and S and thus hard-soft
interactions), and polarity of the medium strengthened their
utility in various aspects.!>"

Various isomers of MgCgH, have been extensively explored
by Thimmakondu and co-workers, in a previous theoretical
study, using density functional theory (DFT) and coupled-
cluster methods.?" The thermodynamically most stable isomer
for MgC¢H, was identified to be 1-magnesacyclohept-4-en-2,6-
diyne. Theoretical studies carried out by Largo and co- workers
at the B3LYP/6-311G(d) and B3LYP/6-311 -+ G(d) level of theo-
ries on bare MgC, elemental composition concluded that the
singlet electronic state of the cyclic isomer is the most stable
molecule.”? Therefore, utilizing the cyclic MgC, as a base unit
in building the new crown ether molecules is justified beyond
any reasonable doubts. Here, we have computationally de-
signed four different organomagnesium crown ethers (MgCy-6-
crown-2, MgCg-9-crown-3, and MgCg-12-crown-4 (two different
isomers)) using MgC, as a base unit (see Figure 1).

Optimized geometries of these molecules in the ball and
stick model including energy differences in case of multiple
structural isomers (MgCe-12-crown-4) are shown in Figure 2.
The IUPAC names are given in Table 1. These IUPAC names
have been cross checked with the Cambridge OPSIN
software.”” At the moment, pentamers and hexamers have not
been considered in this study due to the computational
viability of performing the calculations as well as the multiple
number of structural isomers possible in these two cases.

We have computed gas phase binding affinities of these
crown ether molecules with alkali (Li*, Na*, and K*) and
alkaline-earth (Be?*, Mg?*, and Ca®>") metal ions (see Tables 2
and 3). The binding affinities have been explicitly studied at
five different level of theories each for MgCy-6C2, MgCe-12C3,
and MgC,-12C4. The solvent effects are not considered in this
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Figure 1. Organomagnesium crown ethers theoretically identified. ZPVE-
corrected relative energies are obtained at the B3LYP—D3BJ/6-311+ +G-

G(2d,2p) level of theory.
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Figure 2. Optimized structures of organomagnesium crown ethers identified
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MgCg-12-crown-4
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at the B3LYP- D3BJ/6-311 + + G(2d,2p) level of theory.

on solvated beryllium cations are discussed elsewhere in the
literature.?¥

The results showed a selective binding of Li* among alkali
metal ions and Be’" among the alkaline-earth metal ions. This
observation is highly relevant for the following reasons. The
separation of Li™ from Mg>* ion remains as a challenge even to
date.”™ Thus, designing new ligands, which could effectively
bind one ion over the other is a key problem to address.
Though toxic, beryllium and its alloys are indispensable for the
aeronautic and space industry®?”’ due to their comparable
mechanical properties to steel but non-magnetic and non-
sparking. However, one of the major safety issues in using
beryllium and its compounds is that they can cause the
development of chronic beryllium disease.”*>” For this reason,
beryllium chemistry is somewhat underdeveloped from an
experimental perspective.®*'* Thus, computational designing
of new ligands which could effectively bind with Li* and Be’"
ions are important before extensive experimental efforts in
finding a suitable host molecule. Perhaps, we leave this
discussion with a caveat that experimental studies on various
beryllium crown ether molecules were carried out in the groups
of Dehnicke,®*** Puchta,®® and Buchner.?’3

Computational Details

Geometry optimization and frequency calculations have been done
using DFT with the hybrid-functional B3LYP®**" and the 6-311+ +
G(2d,2p) basis set.*>* All stationary points obtained at this level
have been reoptimized including Grimme’s empirical dispersion
corrections (D3)"*? with Becke-Johnson damping (D3BJ)*“ to
account for the dispersion (i.e, van der Waals) interactions.!”
Further, all geometries have been optimized with the TPSSh“®
hybrid-meta functional first without and later with D3BJ correc-
tions. Truhlar's M06-2X"" hybrid-meta functional has also been
used. As this functional already incorporates certain amount of
dispersion correction within, additional D3BJ corrections on top of
this functional have not been required. All the organomagnesium
crown ethers studied here are found to be minima (i.e., zero
imaginary frequencies) at all these five different level of theories.
For all host molecules, ab initio molecular dynamics (AIMD)
simulations using the atom-centered density matrix propagation
(ADMP)*® approach have been carried out at the B3LYP/6-31G(d)

Table 1. IUPAC names of MgC, crown ethers.

Crown-ether Name IUPAC Name
MgCy-6-crown-2 MgCe—6C2 6,14-dimagnesa-2,10-dioxatricyclo[9.5.0.0%°]
hexadeca-1(11),3(9)-dien-4,7,12,15-tetrayne
MgC,-9-crown-3 MgCe—9C3 6,14,22-trimagnesa-2,10,18-trioxatetracyclo[17.5.0.0*°.0""""]
tetracosan-1(19),3(9),11(17)-trien-4,7,12,15,20,23-hexayne
MgCe-12-crown-4 MgCe—12C4 (12,72,92,157)-8,16,24,32-tetraoxa-4,12,20,28-
low energy tetramagnesapentacyclo[21.9.0.0”"7.0%%'.0"**]dotriacontal
(23),7(17),9(31),15(25)-tetraen-2,5,10,13,18,21,26,29-octayne
MgCs-12-crown-4 MgCs-12C4 7,18,25,30-tetramagnesa-3,11,14,22- tetraoxapentacyclo
high energy [11.9.5.5*2,0*"°.0"?"]dotriacontan-1,4(10),12,15(21)-

tetraene-5,8,16,19,23,26,28,31-octayne
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Table 2. Binding energies (AE; ZPVE inclusive; in kcal mol~") and Gibbs free energies (AG; in kcal mol~") of metal-ion chelated MgCy-6C2 and MgCs-9C3
calculated at different levels.”
B3LYP B3LYP—-D3BJ TPSSh TPSSh—D3BJ Mo06-2X
host ion 6-311+ +G(2d,2p)
MgCe- AE 2G AE AG AE AG AE 2G AE AG
6C2 Li* —43.15 —36.43 —45.64 —39.66 —42.20 —35.98 —43.79 —37.95 —42.27 —36.24
Na* —33.03 —26.14 —36.07 —30.29 —32.06 —25.66 —34.01 —28.00 —33.09 —26.82
K* —24.73 —18.18 —27.99 —22.84 —24.28 —18.29 —26.42 —22.95 —26.19 —20.13
Be?* 278.67 —269.43 —283.44 —274.42 —284.20 —275.31 —287.64 —278.91 —266.88 —258.58
Mg+ 164.48 —155.43 —170.10 —161.27 —165.64 —156.89 —169.58 —160.99 —156.08 —148.20
Ca’* Ca’* 115.26 —107.43 —121.50 —114.22 —117.34 —109.76 —121.68 —114.53 —113.63 —106.00
9C3 Li* —64.95 —57.40 —68.34 —60.87 —64.21 —56.65 —66.55 —59.04 —63.42 —55.91
Na* —48.14 —-41.41 —52.26 —45.45 —47.65 —40.94 —50.52 —43.75 —48.26 —41.65
K* —34.83 —28.42 —38.76 —32.29 —34.97 —28.56 —37.77 —31.34 —36.46 —30.10
Be?* —351.16 —343.26 —355.21 —347.20 —351.88 —344.26 —354.61 —346.91 —337.02 —329.73
Mg?* —215.83 —208.64 —221.59 —214.42 —215.40 —208.40 —219.39 —212.44 —209.87 —202.90
Ca*" —152.19 —144.34 —157.60 —149.74 —153.18 —146.21 —157.14 —150.25 —146.49 —139.60
' AE values are calculated at 0 K. Thermally corrected AG values are calculated at 298.15 K.

ethers calculated at different levels. @

Table 3. Binding energies (AE; ZPVE inclusive; in kcal mol™') and Gibbs free energies (AG; in kcalmol™') of metal-ion chelated organomagnesium crown

B3LYP B3LYP-D3BJ TPSSh TPSSh—D3BJ MO06-2X

host ion 6-311+ +G(2d,2p)

MgCe— AE nG AE AG AE AG AE nG AE AG

12C4 (low) Li* —50.25 —43.63 —55.83 —49.11 —50.55 —44.04 —54.37 —47.70 —50.34 —43.74
Na™* —35.73 —29.06 —42.18 —35.25 —35.44 —28.83 —39.97 —33.13 —36.74 —30.14
K* —24.55 —18.20 —30.67 —23.96 —24.73 —18.52 —29.17 —22.62 —27.20 —20.90
Be?’ —330.03 —323.26 —335.12 —328.48 —331.15 —324.64 —335.28 —328.82 —320.92 —314.37
Mg?* —203.27 —196.14 —209.73 —202.71 —201.21 —194.30 —206.18 —199.29 —198.01 —191.06
Ca* —142.94 —135.92 —149.59 —142.67 —142.83 —136.01 —147.84 —141.05 —138.41 —131.53

12C4 (high) Li* —60.00 —51.98 —70.50 —62.82 —73.09 —64.00 —81.18 -72.16 —72.71 —63.90
Na™* —46.78 —38.49 —58.49 —50.12 —48.13 —39.94 —55.88 —47.77 —51.30 —42.90
K* —32.08 —23.70 —43.35 —35.03 —33.67 —25.47 —41.05 —32.94 —39.12 —30.37
Be?’ —364.44 —355.83 —377.57 —368.97 —368.63 —359.73 —377.99 —368.96 —359.62 —351.80
Mg** —244.90 —235.67 —258.96 —249.86 —250.88 —241.71 —260.83 —251.51 —250.35 —241.04
Ca?* —184.52 —175.07 —199.00 —189.30 —190.07 —180.87 —199.42 —190.07 —190.32 —180.76

' AE values are calculated at 0 K. Thermally corrected AG values are calculated at 298.15 K.

level of theory to check the kinetic stability of these molecules.
These simulations have been done for 500 fs at 298 K. All electronic
structure calculations have been done with the Gaussian program
package.”" To analyze the nature of interactions between the host
molecules and guest ions, energy decomposition analyses (EDA)"?
were carried out with symmetry-adapted perturbation theory
(SAPT)®® using psi4® at the SAPTO®>*®/def2-TZVP®"//B3LYP—D3BJ/
6-311+ +G(2d,2p) level unless otherwise specified.

Results and Discussion

The binding energies (AE at 0 K) and thermally corrected Gibbs
free energies (AG at 298.15 K) computed for the metal ions
with MgCe-6C2 and MgC¢-9C3 at different level of theories have
been collected in Table 2. Likewise, these values obtained for
two different isomers of MgCg-12C4 at different level of
theories are collected in Table 3. They are calculated using the
following equation

AE:Ecomplex_(Ehost + Eion) (1)
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where, E e is the ZPVE-corrected value of the complex,
Eiot is the ZPVE-corrected value of the host, and E,, is the
energy of the ion. Similarly, Gibbs free energy values have been
calculated using the corresponding thermally corrected ener-
gies. Unless otherwise stated, discussions here below refer to
calculations carried out at the B3LYP—D3BJ/6- 311 + + G(2d,2p)
level of theory.

M+2+_MgC,—6C2

The dimer host molecule is quasi-planar with C,, symmetry.
Two different binding sites have been identified for this host
molecule. In one case, the binding occurs on the side of the
O—C—C=C bond, which is depicted in Figure 3(a). In another
case, the binding occurs on top of the O—C=C—O ring, which is
shown in Figure 3(b). The quasi planar structure of Li*-MgCs-
6C2, where both electrostatic and metal-ion-alkyne interactions
are possible (Figure 3(a)), was found to be more stable than the
puckered ring structure (Figure 3(b)) by 8.77 kcalmol™". In the
latter, electrostatic interactions between the oxygen atoms and

© 2021 Wiley-VCH GmbH
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Li*-MgC,-6-crown-2
AE, = 0.00 kcal mol?

Li*-MgC¢-6-crown-2
AE, = 8.77 kcal mol?

Li*-(MgCg-6-crown-2),

Figure 3. Three different optimized structures of Li"-MgC,—6C2 identified at
the B3LYP- D3BJ/6-311+ + G(2d,2p) level of theory. (a) binding occurs on
the side; (b) binding occurs on top of the O—C=C—O ring; (c) 2(substra-
te):1(ion) combination taken. Key bond length parameters are given in
°Angstrom

the metal-ion are possible along with metal-ion-alkene inter-
actions, whereas in the former, electrostatic and metal-ion-
alkyne interactions are possible. For this host molecule, the
latter combination leads to more stable geometries. For Na™,
K™, Be?", Mg®", and Ca*"-MgCs6C2, where binding occurs on
the side, isomers are more stable by 9.78, 8.48, 16.15, 18.74,
and 8.66 kcalmol™', respectively. Therefore, we have calculated
the binding energies of all metal ions where the ion binds on
the side with the dimer host. For brevity, only the most stable
geometries of other metal ions with MgC¢-6 C2 are shown in
Figure 4. As per an anonymous reviewer's suggestion, calcu-
lations were also done taking two host molecules of the dimer
and one metal ion, which is shown in Figure 3(c). The binding

K*-6-crown-2

Ca?*-6-crown-2

Figure 4. Optimized structures of (a) Na"-MgC¢-6C2; (b) K*-MgCys-6C2; (<)
Be?"-MgCs- 6C2; (d) Mg?*-MgCs-6C2, and (e) Ca>"-MgC,-6C2 identified at the
B3LYP—D3BJ/6- 311 + +G(2d,2p) level of theory. Key bond length parameters
are given in °Angstrom.
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energy and Gibbs free energy obtained for this combination is
—40.51 and —30.02 kcalmol™, respectively. These values are
slightly less compared with the 1(substrate):1(ion) combination
(see Table 2). It is noted here that without the presence of Li*
ion, the host molecule is flat, whose structure is given in the
supporting information. More investigation along 2:1 combina-
tion for various ions including solvent effects will be carried out
in a future study.

The binding energy values calculated for Li* are in the
range of —42.20 to —45.64 kcalmol™' (see Table 2) at different
levels. For Na*, these values are decreased by ~ 9-
10 kcalmol™'. For K*, the values are further decreased by ~ 7-
9 kcalmol™" at all levels. Same observations are true for Gibbs
free energies, which are calculated at 298.15 K. Compared to
the binding energies, AG values are 6-7 kcalmol™' lower in all
cases. Down the group, the metal ion and the donor oxygen
atom bond length increases. Li*-O, Na*-O, and K*-O distances
are 1.89, 2.31, and 2.66 A, respectively (see Figure 3(a), 4(a), and
4(b)). As the ionic radius of the ions increase down the group,
the binding distance between the donor oxygen atoms and
the metal ions also increases. Consequently, the electrostatic
interactions are decreased and so are the binding energies.
Although such periodic trends are similar for alkali-earth metal
ions (Be?", Mg**, Ca®"), due to increased charge and smaller
size of the ions, the binding energies are quite high (~six
times) compared to the alkali metal ions. Moreover, the overall
geometry of the dimer complex after binding has occurred is
no longer quasi planar (see Figure 4 (c)-(e)) and the structures
are rather puckered. For Mg?*-MgCs-6 C2, there is a dative
bond between the Mg and O atoms with a Wiberg bond index
(WBI™® of 0.0479. For this host, Be*" exhibits the highest
binding strength and the values are in the range of —266.88 to
—287.64 kcalmol ™" at different levels (see Table 2).

M*72+_MgC,—9C3

The trimer host molecule is in a bowl shape with C;, symmetry.
For this host as well, two different binding sites have been
identified (see Figure 5). However, unlike the dimer, in the case
of trimer, both the structures are equally competitive. The
smaller ions (Li* and Be®") prefer the structure that exhibits
electrostatic and alkene-metal-ion interactions (see Figure 5 (a)
and (c)). For Li*- and Be’"-MgCs-9C3, these geometries are
found to be slightly more stable by 1.20 and 4.33 kcalmol ™',
respectively. The other structures (see Figure 5 (b) and (d)) that
show electrostatic and alkyne-metal-ion interactions are
slightly less stable as the Li*—O (3.81 °A) and Be’™—0 (3.52 °A)
distances are quite large. This indirectly implies that the
electrostatic interactions are weak here though the alkyne-
metal-ion interactions are dominant. Therefore, we have
calculated all our binding energies for Li*- and Be?*-MgC,- 9C3
using their most stable structures. However, for Na”, K*, and
Mg?*-MgCs-9C3, where the binding occurs on the side are
more stable by 1.29, 0.86, and 8.43 kcalmol ™', respectively. For
Ca’*"-Mg(,-9C3, binding occurring at the center was found to
be more stable by 0.76 kcalmol™". For brevity, these most
stable structures alone are shown in Figure 6 and the binding

© 2021 Wiley-VCH GmbH
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Li*-MgCg-9-crown-3
AE, = 1.20 kcal mol?

Li*-MgC¢-9-crown-3
AE, = 0.00 kcal mol?!

Be?*-MgC,-9-crown-3

Be?*-MgC,-9-crown-3
AE, = 4.33 kcal mol?!

AE, = 0.00 kcal mol*

Figure 5. Two different optimized structures of Li*-MgCe-9C3 ((a) and (b))
and Be?"- MgCq-9C3 ((c) and (d)) identified at the B3LYP-D3BJ/6-311+ +G-
G(2d,2p) level of theory. (a) and (c) - binding occurs at the center; (b) and
(d)-binding occurs on the side. Key bond length parameters are given in
°Angstrom.

K*-MgCg-9-crown-3
AE, = 0.00 kcal mol?

Na*-MgC,-9-crown-3
AE, = 0.00 kcal mol?*

00600006

Ca?*-MgCg-9-crown-3
AE, = 0.00 kcal mol!

Mg?*-MgC,-9-crown-3
AE, = 0.00 kcal mol

Figure 6. Optimized structures of (a) Na“—MgCs—9C3; (b) K"-MgC¢—9C3; (c)
Mg?*—MgCs—9C3; and (d) Ca’*—MgCs—9C3 identified at the B3LYP-D3BJ/6-
311+ +G(2d,2p) level of theory. Key bond length parameters are given in
°Angstrom.

energy values shown in Table 2 are calculated using these most
stable structures at all levels.

The binding energy values calculated for Li* are in the
range of —63.42 to —68.34 (lowest to highest) kcal mol~'. The
values calculated by us at different levels closely matches with
one of the trioxane derivatives reported elsewhere at the
B3LYP/6-31 + +G(d,p) level.” Within group 2, the smallest ion
Be?* exhibits the highest binding affinity at all levels. The AE
values are in the range of —337.02 to —355.21 kcalmol™". The
Gibbs free energy values (AG) are consistently 7 to 8 kcalmol™'
less than the binding energy values for all the six ions. In
general, binding affinity within a group (here group 1 and 2)
decreases down the group. This periodic trend could be
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explained due to the increase in the ionic radii of the ions
down a given group. For Mg®>"-MgCe-9C3, WBI has been
calculated at the B3LYP/6- 311 + + G(2d,2p) level of theory. We
found that there is a dative bond between the Mg and C atoms
(2.09 °A) with a WBI value of 0.1792, which almost appears like
forming a covalent bond bridging the two MgC, units (see
Figure 6(c)).

M+2*_MgCe—12C4

Unlike the lower homologues, MgCq-6 C2 and MgC,-9C3, for
this system we found two isomers (see Figure 2). The most
stable isomer is in S, symmetry and the second most isomer
forms a bridge between two MgCy units. The second isomer,
which has a cross-link, is 45.67 kcalmol™' above the low-lying
isomer at the B3LYP—D3BJ/6-311+ +G(2d,2p) level of theory.
The ZPVE-corrected energy gap calculated at the B3LYP/6-
3114 +G(2d,2p), TPSSh/6- 311+ +G(2d,2p), TPSSh—D3BJ/6-
311+ +G(2d,2p), and MO06-2X/6-311+ +G(2d,2p) levels are
35.93, 41.04, 47.70, and 46.72 kcalmol™', respectively. The
energy gap calculated with Grimme’s empirical dispersion
corrections™ involving D3BJ damping™*® or Truhlar's Minne-
sota functional, M06-2X,“" that has certain amount of in-built
empirical  dispersion  corrections are consistently 8-
10 kcalmol™ higher, which indirectly indicates that these
corrections are key to retrieve accurate energy differences.

Three different binding sites have been identified for the
low-lying MgCs-12C4 isomer (see Figure 7) with the Li* and
Be?" ions. Like the dimer host, for the tetramer too, the isomers
with both electrostatic and metal-ion-alkyne interactions were
found to be the most stable molecules. For Li*, the next two
isomers are 15.86 and 59.91 kcalmol™ above the most stable
isomer (see Figure 7 (b) and (c)), whereas for Be’" the next two
isomers are 0.62 and 50.04 kcalmol™' (see Figure 7 (e) and (f)),
respectively, at the B3LYP-D3BJ/6- 311+ +G(2d,2p) level of
theory. Keeping the metal-ion inside the cage, where it can
bind with the donor oxygen atoms, seems to be not a viable
option as it gives positive or very low binding energy values in
all cases. As mentioned above in other cases, the binding
energy values have been reported using the most stable
structures and they are collected in Table 3.

For Na*- and K*"-MgCg-12C4, the structures where the
binding occurs on the side with electrostatic and metal-ion-
alkyne interactions were found to be the most stable (see Fig-
ure 8 (a) and (b)). Their second most stable isomers are by
20.52 and 18.62 kcalmol™', respectively, above their corre-
sponding most stable isomers. For brevity, these geometries
are not shown. Geometry optimizations starting from the least
stable geometry (see Figure 7 (c)), where the ion resides inside
the cage leads to the most stable geometry in Na*- and K*
—MgC,—12C4 cases, which are due to increased ionic radii of
the metal ions. Therefore, for larger ions (Na* and K*), we
could find only two most stable isomers unlike the Li*- or Be**
—MgCs—12C4 case. For Mg®"- and Ca’*—MgC,-12C4, the most
stable isomers are shown in Figure 8 (c) and (d), respectively.
Their second most stable isomers are 16.17 and 22.57 kcal mol~
!, respectively, above their corresponding most stable isomers.
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Li*-MgC,-12-crown-4
AE, = 0.00 kcal mol?

Be?*-MgC,-12-crown-4
AE, = 0.00 kcal mol*?

Li*-MgC.-12-crown-4
AE, = 15.86 kcal mol*?

Be?*-MgC,-12-crown-4
AE, = 0.62 kcal mol*?

Li*-MgC.-12-crown-4
AE, = 59.91 kcal mol*?

(f)

Be?*-MgC,-12-crown-4
AE, = 50.04 kcal mol?

Figure 7. Three different optimized binding sites for Li* (a-c) and Be*" (d-f) for the low-lying MgCs-12C4 host identified at the B3LYP—D3BJ/6-311 + +G(2d,2p)

level of theory. Key bond length parameters are given in °Angstrom.

Na*-MgC¢-12-crown-4
AE, = 0.00 kcal mol?!

K*-MgCg-12-crown-4
AE, = 0.00 kcal mol*!

006000

Mg?*-MgC,-12-crown-4
AE, = 0.00 kcal molt

Ca?*-MgC,-12-crown-4
AE, = 0.00 kcal mol?*

Figure 8. Optimized structures with the low-lying isomer of MgC,—12C4: (a)
Na*—MgCs—12C4; (b) K*—MgCs—12C4; (c) Mg?*—MgCs—12C4; and (d)
Ca’"—MgC—12C4 identified at the B3LYP-D3BJ/6-311 + +G(2d,2p) level of
theory. Key bond length parameters are given in Angstrom.

Quite surprisingly, the binding energies and Gibbs free
energies obtained for six different metal ions with the low-lying
MgCs-12C4 host are less than the values obtained with the
lower homologue, MgC—9C3 (see Tables 2 and 3). This trend
indirectly indicates that the chances of electrostatic and metal-
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ion-alkyne or metal-ion-alkene interactions are ideal with the
trimer than the low-lying tetramer. Therefore, for Be?*
encapsulation, the trimer will be an ideal host than the low-
lying tetramer.

With the high-lying MgCs—12C4 host, three and four differ-
ent binding sites have been identified with the Li* (see
Figure 9 (a-c)) and Be?" ions (see Figure 9 (d-g)), respectively.
Unlike the low-lying isomer, here for Li*, the isomer with
dominant metal-ion-alkyne inter- actions alone is the most
stable geometry. The second and third isomers for Li*
—MgCs—12C4 are 2.53 and 25.99 kcalmol™, respectively, above
the most stable isomer. For Be?" too, the isomer that exhibits
strong metal-ion-alkyne interactions is found to be the most
stable molecule. The next three isomers are 16.21, 26.08, and
60.24 kcalmol ' above the most stable geometry, respectively,
at the same level. In the second isomer, Be’* forms a
tetrahedral kind of motif and rearranges the host molecule like
a propeller. We have seen Be’" making such a twisting
arrangement with flat crown ether molecules.* It is also noted
here that Be atom making tetrahedral tetracoordination is quite
usual and reported elsewhere in the literature.*’® For Na™*
and K*—MgC¢—12C4 (high), we could find only two stationary
points instead of three as keeping these ions on the side leads
to the second most stable isomer. For brevity, only the most
stable isomers alone are shown in these cases (see Figure 10).
For Na*- and K*™—MgC—12C4 (high), the second most stable
isomers are 7.31 and 6.03 kcalmol™’, respectively, above their
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® 0 0

(b)

Li*-MgC;-12-crown-4
AE, = 0.00 kcal mol?

(d)

BeZ*-MgC,-12-crown-4
AE, = 0.00 kcal mol?

BeZ*-MgC;-12-crown-4
AE, = 16.21 kcal mol?

1.99 2.2
Li*-MgC;-12-crown-4
AE, = 2.53 kcal mol?

Be?*-MgC,-12-crown-4
AE, = 26.08 kcal mol*

2.23.._‘-..:1.96

Li*-MgC,-12-crown-4
AE, = 25.99 kcal mol?

(8)

Be?*-MgC,-12-crown-4
AE, = 60.24 kcal mol*

Figure 9. Three and four different optimized binding sites for Li* (a—c) and Be’* (d-g), respectively, with the high-lying MgCs—12C4 host identified at the
B3LYP-D3BJ/6- 311+ +G(2d,2p) level of theory. Key bond length parameters are given in °Angstrom.

(b)

Na*-MgC;-12-crown-4
AE, = 0.00 kcal mol™*

K*-MgCg-12-crown-4
AE, = 0.00 kcal mol*

00600006

Mg?*-MgC,-12-crown-4
AE, = 0.00 kcal mol?

Ca?*-MgC,-12-crown-4
AE, = 0.00 kcal mol?

Figure 10. Optimized structures with the high-lying isomer of MgC¢—12C4:
(a) Na"—MgCs—12C4; (b) K*—MgCs—12C4; () Mg*"—MgCe—12C4; and (d)
Ca’"—MgC—12C4 identified at the B3LYP—D3BJ/6-311 + 4 G(2d,2p) level of
theory. Key bond length parameters are given in Angstrom.

most stable ones. For Mg’" and Ca’*-MgCs-12C4, we could
find three different stationary points unlike Na*- and K*. The
second and third most isomers for Mg®>*-MgC,-12C4 are 33.79
and 64.83 kcalmol~" above, whereas for Ca>*-MgCy-12C4, the
second and third isomers are 33.83 and 60.64 kcalmol ™' above
their most stable ones. For brevity, we have not shown the
high-energy MgCe—12C4 isomers for Na*, K*, Mg?*, and Ca”".
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With the high-lying isomer of MgC,-12C4, binding energy
values obtained for all the alkaline-earth metal ions (Be®",
Mg?", and Ca’") are higher than the MgC¢—9C3 host. The
binding energy values obtained for the alkali metal ions (Li*,
Na*, and K*) are also slightly higher with the high-energy
isomer of MgCs—12C4 than with the MgC-9C3 host. The only
exception here to this trend are the values obtained at the
B3LYP/6-311 4 + G(2d,2p) level. However, for this study we rely
on the values obtained with the empirical dispersion correc-
tions. EDA analyses were also done for all ions with various
host molecules. The EDA values from SAPTO calculations in
terms of electrostatic, exchange, induction, and dispersion
terms are shown in the supporting information for brevity.
These values indicate that the dominant contributions for
stabilizing interactions and a higher value of binding energy in
the case of Be’" are mostly due to induction. Electrostatic
interactions are the second major contributing factor for Be’™.

To confirm the kinetic stability of the host molecules, AIMD
simulations have been carried out (see Figure 11) using the
ADMP approach®® included in Gaussian 16 program.”" These
simulations have been done for 500 fs at 298 K. We do not see
huge fluctuations in energy or structural changes occurring
during the entire simulation. Therefore, it is concluded that the
host molecules are not only thermodynamically stable but also
kinetically stable.

© 2021 Wiley-VCH GmbH
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Figure 11. Energy evolution of host molecules (a) MgC¢—6-crown-2; (b) MgC,—9C3; (c) MgCe—12C4 (low); (d) MgCs—12C4 (high) at 298 K for 500 fs. AIMD

simulations have been carried out at the B3LYP/6-31G(d) level of theory.

Conclusions

A brand new series of organomagnesium crown ethers have
been theoretically designed using DFT for the first time. Alkali
(Li*, Na*, and K¥) and alkaline-earth metal-ion (Be’*, Mg>*, and
Ca’") chelated crown ethers have been identified. Binding
affinities of these ions with organomagnesium crown ether
host molecules have been estimated to gauze their binding
strengths. Binding energies are calculated at 0 K, whereas the
thermally-corrected ZPVE-inclusive Gibbs free energy values are
reported at 298.15 K. These values suggest that Li* ion has the
highest binding affinity among the alkali metal ions whereas
Be?* ion shows the highest strength among the alkaline-earth
metal ions. Compared to normal crown ether molecules in the
literature, it is noted here that the binding affinity of Li* ion is
low. However, the values are comparable to trioxane
derivatives®™ and dibenzo-14-crown-4 derivatives'™ reported
elsewhere. On the other hand, among the alkaline-earth metal
ions, the binding strength of Be?" ion is excessively high. In
particular, for Be’" encapsulation, the trimer MgC,—9C3 and
the high-energy MgCy-12C4 seem to be ideal host molecules,
which is inferred through higher binding energy values. On the
basis of EDA analyses, it is further concluded that induction is
the prime reason why these molecules exhibited higher-bind-
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ing energy values in the case of Be?™. Through MD simulations,
we conclude that these host molecules are kinetically stable.

Supporting Information Summary

Cartesian coordinates of the optimized geometries, total
electronic energies, ZPVEs, ZPVE- corrected total energies,
number of imaginary frequencies, Free energy correction, Free
energy corrected total energies, and EDA values obtained at
different levels are given.
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