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1 | INTRODUCTION

The three-dimensional extension of the diaza-derivate of
18-crown-6 was presented more than 50 years ago in 1969
by Jean-Marie Lehn, Bernard Dietrich, and Jean Pierre

Density functional calculations at three different levels of theory (B3LYP/LAN-
L2DZp, B3LYP-GD3/LANL2DZp, and wB97XD/def2tzvp) were applied to dif-
ferent conformers of the Lehn-type macrobicyclic polyether cryptate complex
[K c [2.2.2]]" to construct the enantiomerization pathway and to compute the
energy barrier for the change in symmetry. Changes in the conformation of
the investigated complex are discussed in terms of energy and geometric
criteria, where changes in the structures follow a trend of activation energies
prohibiting the achiral pathways. The investigated Ds-symmetric cryptate
[K C [2.2.2]]" shows enantiomerization through an all chiral five step pathway
with two local minima (C, and C,") and three C; transition states ending in the
Dy'-symmetric cryptate [K C [2.2.2]]", the mirror image of the starting struc-
ture. The potential achiral transition states are higher order saddle points with
a minimum twice as high in energy as an all-chiral path. This study unambigu-
ously accounts for Lehn's NMR data showing fluxionality of the studied com-
plex. The obtained results were further rationalized by means of energy
decomposition analysis (EDA) and natural bond orbital (NBO) calculations
performed for the metal cation and the host in its different conformations.

KEYWORDS
cryptand, DFT study, EDA, enantiomerization, NBO

Sauvage as 4,7,13,16,21,24-(hexaoxa-1,10-diazabicyclo
[8.8.8]hexacosane, today well known as [2.2.2] and traded
as Kryptofix 222 (Figure 1).! For these developments,
Lehn together with Pedersen and Cram received the
Nobel Prize in 1987.1! The outstanding potential of these
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FIGURE 1 Structural presentation of the investigated cryptand
[2.2.2] (4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[ 8.8.8|hexacosane)
with number labeling on relevant atoms

compounds especially in the field of selective binding of
guests, in particular alkali and alkaline earth metal ions,
was immediately recognized. Today, these classes of com-
pounds are widely employed in phase-transfer
catalysis,*! studies on Zintl phases,'¥ selective complexa-
tion of radioactive or toxic ions in medlcme,[s] and
elsewhere,!®! as a ligand for magnetic resonance imaging
(MRI) contrast agents,[7] and as models for carrier antibi-
otics such as valinomycin and enzyme inhibitors.®!

While selective complexation of metal ions with
Lehn-type cryptands has been quantum chemically stud-
ied in detail over the past years,!°!! there are little data
available concerning the energy profile for the process of
enantiomerization of the Lehn-type cryptand with incor-
porated metal ion. In contrast, in metallo supramolecular
systems, such enantiomerization processes were investi-
gated in detail.*! This is especially surprising since in the
NMR spectra, Lehn and coworkers were able to observe
temperature-dependent motions for cryptate complexes
based on [22.2] already in the early 1970s""*! and for
bipyridine and phenanthroline spaced systems again in
the early 1980s.*! Driven by the experimental observation
of Lehn's team and our interest in cryptate complexes, we
report in this density functional theory (DFT)-based mech-
anistic study of the enantiomerization process of [K C
[2.2.2]]" at three different levels of theory, as well as an
investigation of the electron density distribution.

2 | QUANTUM CHEMICAL
METHOD

Quantum chemical calculations of the different complex
structures were performed at three different levels of the-
ory: (i) ®B97XD"! with the Ahlrichs basis set
def2tzvp,1®! (ii) the hybrid density functional B3LYP!!”!
extended by Grimme's dispersion correction'®! (B3LYP-
GD3), with the LANL2DZ basis set with effective core
potentials augmented with polarization functions on
nonhydrogen atoms (denoted as LANL2DZp),'® and

(iii) pure B3LYP!"”! again with the LANL2DZp'**! basis
set. Additionally, the influence of bulk solvent was evalu-
ated via single-point calculations using the conductor-
like polarizable continuum model (CPCM) formalism"!
on the ®B97XD/def2tzvp theory level where water was
used as a solvent. All the three computational methods
were employed for geometry optimization and frequency
calculations of all molecular structures along the pro-
posed the enantiomerization pathway. The transition
states and higher order saddle points were initially gener-
ated by following the negative frequencies associated
with the D3, structure, while the D5 ground state of [K C
[2.2.2]]" is well-known since the first structural investiga-
tion and today text book knowledge.”!

The obtained structures were characterized as min-
ima, transition states, or saddle points of higher order by
examining the vibrational frequencies at the same level.
The three levels of theory were selected to increase our
understanding of selective ion complexation®! and to
test the influence of dispersion. These calculations were
performed using the GAUSSIANO9 program package.*?!
Localized orbital energy decomposition analysis (EDA)
method developed by Su and Li was employed.!**! The
EDA interaction energy between two fragments (in our
case K cation and [2.2.2] cryptand) can be decomposed
into electrostatic (AE,), exchange (AE.,), Pauli repulsion
(AEp,u), polarization (AEp), and dispersion (AEg;sp)
components:

AEint = AEes + AEex + AEpay;i + AEpol + AEdisp-

It should be noted that AE;,; is not the same as the
bond dissociation energy (BDE), because the relaxation
of the fragments is not considered.!**! The EDA was per-
formed at the B3LYP/LANL2DZp level by means of the
GAMESS program package. 2]

The bonding situation in the cryptate [K C [2.2.2]]"
was further investigated by means of natural bond orbital
(NBO) analysis.!*”! The electrostatic interactions in the
studied system were rationalized by means of the NBO
charge distribution. Furthermore, within the NBO
method, delocalization effects can be assessed through
the off-diagonal elements of the Fock matrix in the NBO
basis. The extent of the delocalization interaction is quan-
tified by means of the second order perturbation theory:

o, F))
P EG)E)

where g; is the ith donor orbital occupancy, E(i) and E(j)
are the diagonal elements (energies of the donor and
acceptor orbitals), and F(i,j) are the off-diagonal elements
of the NBO Fock matrix.
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3 | RESULTS AND DISCUSSION

For the explanation of the temperature-dependent NMR
spectra in supramolecular complex chemistry, two possi-
bilities can in general be considered. i) An equilibrium
for complexation and decomplexation of metal cations,
including bond breaking and bond formation, which is
generally connected to high energy barriers, ii) or mecha-
nisms that operate via distortion and twisting. Such pro-
cesses can conserve all bonds and consequently show low
energy barriers. The investigated cryptate [K C [2.2.2]]"
shows Ds;-symmetry, a chiral point group, as there is no
reason for chiral discrimination in solvated [K C
[2.2.2]], both enantiomers D; and D5’ will be in solution
and should be connected by a non-dissociative
enantiomerization process with relative low energy bar-
riers. Such non-dissociative pathways can either proceed
via a fully chiral pathway, known as Mislow's
Paradoxon,?®?°! or can proceed via a nonchiral transition
state structure of higher symmetry. Both pathways were
tested and are reported in this manuscript.

To get the structures traversed in both reaction path-
ways, the symmetry of the cryptand was changed by
changing the orientation of the O-Et-O-bridges in the
cryptate [K C [2.2.2]]" (see Table 1). The D; geometry of

TABLE 1
investigated complex
Symmetry  ®(@*() @)  F)F()
D, 66.6 —67.3 66.6 3.07
66.6 —67.3 66.6
66.6 —67.3 66.6
C, (ts1) —58.9 -28 —52.6 2.95
60.4 —63.8 66.2
65.6 —63.6 63.4
C, —59.0 71.7 -59.0 3.04
65.3 —63.5 64.2
64.2 —63.5 65.3
C, (ts2) —60.2 71.1 —61.4 3.01
60.0 —2.7 66.2
65.0 —65.0 64.2
Csn —56.3 0.0 56.3 2.83
—56.3 0.0 56.3
-56.3 0.0 56.3
Dap, 0.0 0.0 0.0 3.33
0.0 0.0 0.0
0.0 0.0 0.0

4(a) refers to N;-CH,-CH,-0, dihedral angle (see Figure 1).
@(p) refers to O,—~CH,-CH,-0, dihedral angle (see Figure 1).
°@(y) refers to O,~CH,-CH,-N, dihedral angle (see Figure 1).

d(KT-Ny) (A)

[K c [2.2.2]]" is clearly the most stable structure in terms
of energy criteria at all applied levels of theory, as can be
seen in Figure 2. The chiral enantiomerization pathway
goes from the Ds structure through a first C; transition
state, a C, local minimum, a second C; transition state,
reaching the “mirror images” local minima C,/, transition
state C{/, and finally Ds'. Alternatively, the achiral path-
way traversing the cryptate structures with Djj,- or Czp-
structures shows much higher energies and is associated
with higher order saddle points on the energy hypersur-
face. By applying the CPCM water solvent model, we
have the lowering of all energy barriers along the reac-
tion path on the relevant theory level by ~30%. Opti-
mized structures of the investigated complex for all
applied symmetries are displayed in Figures 3 and 4.

As mentioned before, different [K C [2.2.2]]"
rotamers with structures of different symmetry were
investigated by changing the orientation of the O-Et-O-
bridge, and subsequently, the dihedral angle also chan-
ged. These changes are displayed in Tables 1-3 for all
here applied theory levels. In addition, these changes lead
to a change in bond lengths between the K* cation and
the coordinated oxygen and nitrogen atoms. This length-
ening/shortening of K*-N and K"-O bonds can be reg-
arded as negligible in the case of the traversed reaction

Geometric properties extracted from optimized structures at the ®B97XD/def2tzvp theory level for different symmetries of the

dK"™-0)A) dEK'-0,) @A) dEK'-N,) (A)

2.85 2.85 3.07
2.85 2.85
2.85 2.85
2.75 2.70 3.02
2.79 2.80
2.73 2.77
2.83 2.83 3.04
2.79 2.82
2.82 2.79
2.84 2.83 3.07
2.78 2.73
2.77 2.81
2.79 2.79 2.83
2.79 2.79
2.79 2.79
2.72 2.72 3.33
2.72 2.72
2.72 2.72



40f10 Wl L EY Journal of Physical

—Organic Chemistry

BALOVIC Er AL.

kcal/mol

01 © 41363
wb97xd/def2tzvp +13 81

CPCM-SP
b3lyp-GD3/lanl2dz
b3lyp/lani2dzp

+4.61

+3.50
+5.04
+5.38

D3h

+110.42
+79.64

+111.05

+102.82

FIGURE 2

Calculated enantiomerization pathway for the [K C [2.2.2]

]+

molecule. Energies of different symmetries at different theory

levels relative to the D; geometry of a [K C [2.2.2]]" are graphically displayed and summarized in Table 5. Geometric structures with Ds and
C, symmetry are considered as local minima, where all other structures possess at least one imaginary frequency (Table 5) and can be

regarded as transition states or a higher order saddle point on the energy hypersurface

FIGURE 3

ground states of the investigated [K C [2.2.2]]" complex

Optimized structures at the ®B97XD/def2tzvp level of theory with selected bond lengths for D; and C, symmetries as a
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FIGURE 4 Optimized
structures at the ®B97XD/
def2tzvp level of theory for C;,
Csp, and D5, symmetries as
transition states of the
investigated [K C [2.2.2]]"
complex

pathway, as the variation in the K"-N bonds is around
0.1 and 0.15 A for K*-O bonds (see Table 1). Clearly,
higher deviations are found in Cs;, and D3, with a range
between 2.83 and 3.33 A for K'-N bonds and a range
between 2.70 and 2.85 A for K'-O bonds. The larger
change in the structures goes parallel with high activa-
tion energies that prohibit the achiral pathways.

EDA was performed in order to investigate the nature
of bonding interactions between the K™ metal cation and
the host. The results of this investigation are presented in
Table 5 and graphically displayed in Figure 5. The data

C, (ts1)

C, (ts2)

given in Table 5 show that the EDA-obtained AE;, values
are very close to the BDE values. It should be noted that
unlike the AEj,;, the BDE values given in Table 5 include
the geometry relaxation effects of the [2.2.2] cryptand.
Based on AE;,; and BDE values, the most intensive bond-
ing between the K* ion and the host is found for the Dy,
geometry of [K C [2.2.2]]", which is far less thermody-
namically stable than other geometries (Figure 2). It can
be seen that there is no relation between the thermody-
namic stability of the studied molecular geometries,
measured through the relative energies given in Table 4



f hysical
6or10_| \A|LEY_dunefphysical

TABLE 2

BALOVIC ET AL.

Geometric properties extracted from optimized structures at the BALYP-GD3/LANL2DZp theory level for different symmetries

of the investigated complex

D) () PP’ ()

Symmetry
D;

C; (tSl)

G

C1 (tSZ)

67.2
67.2
67.2
—52.8
64.3
67.1
66.7
65.2
—-59.4
66.4
60.0
—61.2
—57.0
—-57.0
—57.0
0.0
0.0
0.0

—68.1
—68.1
—68.1
—-1.7
—64.7
—64.9
—64.7
—64.7
72.4
—65.9
-2.0
71.8
0.0
0.0
0.0
0.0
0.0
0.0

(1) ()

67.2
67.2
67.2
—59.7
66.5
60.9
65.2
66.7
—-59.4
65.5
66.4
—61.4
57.0
57.0
57.0
0.0
0.0
0.0

2(a) refers to N;-CH,-CH,-0, dihedral angle (see Figure 1).
@(p) refers to 0,—~CH,-CH,-0, dihedral angle (see Figure 1).
°@(y) refers to O,~CH,-CH,-N, dihedral angle (see Figure 1).

TABLE 3

the investigated complex

Symmetry
Ds

C, (tSl)

G

C, (tSZ)

d(KT-Ny) (&)

3.09

3.05

3.07

3.02

2.87

3.35

d(K*-0,) (A)
2.89
2.89
2.89
2.82
2.75
2.83
2.83
2.86
2.89
2.81
2.82
2.89
2.83
2.83
2.83
2.75
2.75
2.75

d(K*-0,) (&)
2.89
2.89
2.89
2.77
2.77
2.83
2.86
2.83
2.89
2.84
2.76
2.89
2.83
2.83
2.83
2.75
2.75
2.75

d(KT-N,) (&)
3.09

2.98

3.07

3.08

2.87

3.35

Geometric properties extracted from optimized structures at the BALYP/LANL2DZp theory level for different symmetries of

2@ ) 2P’

65.5
65.5
65.5
67.7
—58.9
61.0
64.3
66.2
—58.9
65.6
65.1
65.9
—-57.0
—57.0
—57.0
0.0
0.0
0.0

—66.1
—66.1
—66.1
—64.6
—0.7
—65.0
—63.9
—63.9
70.2
0.5
—66.6
—66.7

0

0

0
0.0
0.0
0.0

2(1)° ()

65.5
65.5
65.5
62.24
—56.96
66.88
66.2
64.3
—58.98
62.2
66.0
65.7
57.0
57.0
57.0
0.0
0.0
0.0

Ad(a) refers to N;-CH,-CH,-0, dihedral angle (see Figure 1).
b(D(B) refers to O;-CH,-CH,-0; dihedral angle (see Figure 1).
°@(y) refers to O,—~CH,-CH,-N, dihedral angle (see Figure 1).

d(KT-Ny) (&)

3.09

3.01

3.09

3.09

2.89

3.36

d(K-0,) (A)
2.88
2.88
2.88
2.78
2.79
2.85
2.87
2.83
2.86
2.77
2.87
2.86
2.83
2.83
2.83
2.75
2.75
2.75

d(K™-0,) (A)
2.88
2.88
2.88
2.84
2.74
2.84
2.83
2.87
2.86
2.83
2.87
2.83
2.83
2.83
2.83
2.75
2.75
2.75

d(KT-N,) (&)
3.09

3.10

3.09

3.03

2.89

3.36
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FIGURE 5 Changes of different energy components along the symmetric path of [K C [2.2.2]]" relative to D;-symmetry (for a clear

view see colored version)

TABLE 4 Calculated energies relative to the D; symmetry and number of imaginary frequencies on three different levels of theory

Theory level
®B97XD/def2tzvp B3LYP-GD3/LANL2DZp B3LYP/LANL2DZp

Symmetry AE (kcal/mol) Nimag ®B97XD (CPCM)* AE (kcal/mol) Nimag AE (kcal/mol) Nimag

Ds 0 0 0 0 0 0 0

C, (ts1) 12.49 1 8.86 13.63 1 13.81

C, 4.61 0 3.50 5.04 0 5.38 0

C, (ts2) 13.12 1 9.21 13.86 1 9.16 1

Csp 22.86 3 15.93 24.32 3 22.89 3

D3y, 110.42 13 79.64 111.05 13 102.82 13

3pBY97XD(CPCM): RoB97XD(CPCM)/def2tzvp//and RwBI7XD/def2tzvp + ZPE (0B97XD/def2tzvp).

and Figure 2, and AE,, and BDE values, which quantify
the bonding interaction between the K™ ion and the hosts.
This implies that the bonding interactions between the
central metal ion and host are only secondary effects in
the overall complex stability, which turns out to be mainly
determined by the conformation features of the cryptand.
As can be seen, the bonding between K and [2.2.2]
cryptand in all geometrical forms is dominated by the AE
component, which emerges from the classical electrostatic
interaction between the fragments.

The second important bonding component is the
AE,, term. This component comes from the orbital relax-
ation effects, which can be related to charge transfer and
orbital polarization effects (interaction between occupied
orbitals on one fragment and unoccupied orbitals on the

other). The obtained EDA results are in line with those
obtained with the NBO method. The strong electrostatic
interactions (Table 5) are in agreement with a significant
charge separation between the K" metal cation and O
and N atoms of the host (Table 6). The NBO analysis
shows that there are no formal bonds between the K+
ion and host atoms. The second-order perturbation treat-
ment within the NBO approach revealed a significant
electron transfer from the lone pairs on the O and N
atoms of the [2.2.2] cryptand (donor) to the empty
orbitals of the K* ion (acceptor). The obtained NBO
results are illustrated for the D; geometry of [K C
[2.2.2]]". The donor NBO on the O atoms of the [2.2.2]
cryptand are lone pairs that are the sp hybrids with 44%
s and 56% p mixing (Figure 6A). These orbitals donate
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Symmetry
Energy (kcal/mol) D; C, (tsl) C, C, (ts2) Csp Dy,
AEg —86.76 —92.23 —87.00 —89.27 —98.15 —100.27
AEex —4.65 —7.43 —5.57 —6.20 —7.3 —6.39
AEpaqii 32.13 43.46 36.01 38.58 43.13 39.02
AEy —17.79 —19.51 —18.56 —18.87 —19.8 —18.99
AEjgisp —12.55 —14.38 —13.26 —13.64 —14.23 —13.41
AEin: —89.62 —90.10 —88.37 —89.40 —96.35 —100.04
BDE 87.61 79.73 87.42 87.80 95.08 95.61
NBO charge distribution

Atom D, C, (tsl) C, C; (ts2) € Dy,

K 0.885 0.884 0.880 0.886 0.903 0.917
N1 —0.448 —0.456 —0.455 —0.456 —0.447 —0.431
N2 —0.448 —0.452 —0.455 —0.452 —0.447 —0.431
01 —0.529 —0.533 —0.532 —0.532 —0.518 —0.512
02 —0.529 —0.529 —0.529 —0.530 —0.518 —0.512

Abbreviation: NBO, natural bond orbital.

FIGURE 6

(A)

TABLE 5 Results of EDA for
different conformers of the [K C
[2.2.2]]" complex (in kcal/mol) and
bond dissociation energies (BDE)

TABLE 6 Results of NBO analysis
calculated at the ® B97XD/def2tzvp
level of theory

Orbitals of the D5 geometry of [K C [2.2.2]]" obtained from natural bond orbital (NBO) analysis: (A) lone pairs on O
(donors) and formally “empty” orbitals on K ion (acceptor); (B) lone pairs on N (donors) and formally “empty” orbitals on K ion (acceptor)
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electron charge to the empty orbital on the K ion
(Figure 6A). These two acceptor orbitals are the hybrids
with 34% d and 66% p mixing. On the other hand, the
donating orbital on the N atoms has dominant p character,
with 16% s mixing. The charge transfer from such lone
pairs on the N atoms (Figure 6B) goes to the orbital on the
K", which has predominant d character (98%).

4 | CONCLUSIONS

In this study, we investigated the enantiomerization pro-
cess of the Dy-symmetric [K C [2.2.2]]" cryptate complex
by quantum chemical methods. This process was first
observed experimentally by the team of Lehn in their
NMR spectra.l'*!# By calculating the achiral and chiral
pathways, we were able to rule out the achiral pathway,
because both structures that could be suggested as poten-
tial transition states (Dsj, and Cs,) are much too high in
energy. Therefore, the most reasonable pathway is an all-
chiral one that starts from the most stable rotamer D;,
traverses a C, transition state, and leads to the intermedi-
ate C, rotamer. This rotamer is connected via a second C;
transition state to the mirrored structures C,’, followed
by the mirrored transition state C;’ and the final rotamer
Ds'. The maximum activation energy along this path is
with approximately 13 kcal/mol, only 50% of the lowest
along the achiral pathway, which is surely not traversed.
Our findings indicate that the bonding interactions
between the central metal ion K" and host cryptand are
only secondary effects in the overall complex stability,
which turn out to be mainly determined by the
conformation features of the cryptand.
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