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Abstract This paper investigates the thermodynamics of
gas-phase CO, cascade uptake-reactions in the form of
carbonate or monomethylcarbonate anions in the host
cavity of various dinuclear octa-azacryptates of m-
CH,C¢H4CH, and 2,5-furano-spaced hosts, L' and L?
cryptands, using density functional theory (DFT). The
cascade process involves two stages, namely the formation
of dinuclear cryptate complexes, and the subsequent
formation of either p-carbonato cryptate complexes or p-
monomethylcarbonato cryptates. The geometric and elec-
tronic structures were also investigated to determine the
parameters that affect the stability of the complexes.
Natural bond orbital (NBO) analysis was used to investi-
gate the interactions between the trapped anion and its host.
Ion selectivity was studied in terms of the formation of
dinuclear cryptate complexes, while the basicity and
nucleophilicity of cryptands towards Lewis acids was also
studied, and good agreement was found vis-a-vis available
experimental data.
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Introduction

Atmospheric CO, uptake and conversion into energy-rich
organic compounds is catalyzed naturally by the enzyme
Rubisco (Ribulose-1,5-biphosphate-carboxylase/oxygenase),
which is distributed widely in green plants and algae [1].
As a result of potentially alarming reports linking global
warming to the steadily increasing concentration of anthro-
pogenic CO, in the atmosphere, there is currently much effort
underway to ‘mimic’ CO, fixation artificially [2—16]. Despite
CO, being considered one of the most inexpensive and
plentiful sources of carbon, it is also one of the most
inaccessible, due in large part to its chemical inertness. Thus,
if rendered possible, the chemical activation of CO, could
help serve to reduce its level in the atmosphere, while at the
same time allowing CO, to be exploited as a carbon
feedstock for the production of useful organic compounds [2].

Many studies refer to the importance of host cavities in
transition metal complexes as catalysts in taking up and
activating CO, from air [3—14]. One such strategy of
cryptand complexation was developed by Lehn and
co-workers over 30 years ago [17], the central idea of
which lies in the replacement of the first solvation shell of a
cation by a surrogate shell of a three-dimensional (3D)
caged ligand-like “cryptand” to enhance both the thermo-
dynamic and kinetic stability of the product (the so-called
“cryptate effect”) [17]. Then, the formed macrocyclic
complex can trap an anion like carbonate from solution.
This effect underlies the varied applications of cryptands;
they can be utilized for detoxification, environmental
remediation, hydrometallurgy, etc. [18]. However, polyaza-
cryptands constitute good candidates for incorporation into
ion-selective membrane responsive to transition or heavy-
metal cations, while polyether cryptands are responsive to
alkali metal cations [18].
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The bis-tren cryptands of interest in this work, L' and L?,
are shown in Fig. 1. These cryptands are octamine cages
consisting of two tripodal tetramine sub-units, linked
covalently by given spacers (—CH,—CH,—). These ligands
are able to bind firstly with two metal ions, then an anion
such as carbonate anion, according to a cascade mechanism
[5, 9, 19]. In homodimetallic complexes, each metal center
(M*") occupies a tren cavity (i.e., a coordination number of
4). Accordingly, it behaves as a receptor for anions [19],
which serve to fill the otherwise empty cavities and adopt
their donor atoms for coordination with both metal centers,
forming trigonal bipyramidal or octahedral geometry [9].
Recently, dinuclear azacryptates of m-CH,CcH4CH, [5, 9]
and 2,5-furano-spaced hosts [5], namely L' and L (cf.
Fig. 1), have shown somewhat different tendencies to
catalyze CO,-uptake reactions within the sterically pro-
tected host cavities that form homodinuclear p-carbonato
cryptates. Although the host molecules L' and L? exhibit a
similar structure, carbonato-complexes of L' display further
reactivity with primary alcohol-forming carbonate mono-
esters [5, 9], while those of L? do not. The failure of L? to
do so may lie in the insufficient spacing between the pair of
transition metals to accommodate the monomethyl ester [9].

The cascade reaction of CO, uptake takes place in two
stages:

(1) Formation of a dinuclear cryptate by encapsulation of two
transition metal cations in the host cavity of the cryptand

Fig. 1 Chemical structures
of cryptands L' and L? and their
gas-phase optimized structures

calculated using the B3LYP/ B ]

6-311+G(d,p) approach. N HQ]

Hydrogen atoms are omitted for ( 6 7

clarity (see Supplementary

Information for positions). 5 H NH 1 5N N
7

Only the labels of key atoms
are shown on the chemical
structures. Blue Nitrogen
atoms, red oxygen atoms
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(L). The metal cations of concern here are of the late
first-row transition elements (from Co®" to Zn>"):

AG
oM* + L ML (1)

(2) Encapsulation of an anion in the host cavity of the
dinuclear cryptate. Here, the carbonate anion may
originate from a pre-formed carbonate or from the
atmosphere. In the latter case, CO, reacts with the
aqueous solution surrounding the dinuclear cryptate
and forms CO;> . Then the dinuclear cryptate uptakes
the CO;>~ anion, forming homodinuclear p-carbonato
cryptates:

AG
ML + CO =7 [MyLCO5* 2)

It is found that the replacement of the aqueous medium
by methanol leads to the direct formation of monomethyl
ester only in the case of the cryptand according to reaction
given in Eq. 3 [5, 9]

ML+ €Oy + MeoH B9 ppiMecos)™ + Y (3)

Alternatively, this can be simplified to the overall reaction:

AG3

(ML + MecOy 257 [MyL' MeCO3)™ 4)

This means that replacement of one H-atom of water by
a methyl group (as in methanol) has a positive impact,




J Mol Model (2011) 17:3151-3162

3153

because one C-atom from CO, is added to another C-atom
from methanol. This behavior has been reported for other
complexes in the literature [14]. This indicates the
possibility of the utility of cryptate complexes for the
production of chemical feedstock.

The ultimate goal of this work is to provide a quantum-
based understanding of the complexation reactions (dis-
cussed above) and to also investigate the effects, if any, that
the metal ion may have. This is achieved by the calculation
of Gibbs free energies and enthalpies of the gas-phase
reactions described by the reactions described by Egs. 1-3.
An interesting question to consider is the relative selectivity
of the cryptand towards the transition metal ion. These
results have a direct impact on the cavity size and reactivity
of the formed cryptate towards reaction with anionic
substrates. This may be understood by considering the
following:

1 AAGy

’

ML)t 42 {M (H20)6} i

(5)

It is expected that because both cryptands have a very
similar structure, their stability will be very close. Therefore
we have studied their global and local nucleophilicity and
basicity to show the affinity of both cryptands towards
reaction with a Lewis acid.

2[M(H,0)5]*" + {MZL}

Methodology

Single-crystal structures of cryptands and their complexes
were obtained from the Cambridge Structural Database
(CSD), where available. The referenced sources for the
coordinates of cryptands L' and L? are references [20] and
[21]. The CCDC reference numbers of the carbonato
cryptate complexes were 181027, 181029, 181031 and
181034 for Cu, Ni, Co and Zn in conjunction with L'-based
carbonato cryptate complexes, respectively, and 181032 for
Co with the L*-based complex. Because of the unavailabil-
ity of X-ray structures of Ni, Cu and Zn cryptates of L*, we
have employed the results of other experimental analysis
tools that suggest that they have similar structures to
[CoL*CO;]*" [9]. Thus, these were derived here from their
analogues by replacement of Co atoms with Ni, Cu or Zn
atoms. Because of the unavailability of the coordinates of
homo-dinuclear cryptates, they were derived from the
corresponding carbonato-bridged cryptates by dropping
out the carbonate anion in the initial structures. However,
the CCDC reference numbers of L'-based methylcarbonato-
bridged cryptates in the case of Cu, Ni and Zn were
181028, 181030 and 181033, respectively. The initial
structure of the Co-derivative was taken from the analogous

Ni form. In this work, all interfering species, such as
residual solvents, were removed from the crystal structure
before the calculations. Counter-ions were not considered
due to computational intractability.

All calculations were performed using the Gaussian 09
suite [22], using density functional theory (DFT) in
conjunction with the B3LYP functional [23-25]. Among
quantum chemical methods for computational modeling of
macrocyclic ligands and their complexes, DFT has been
applied successfully to the calculation of the thermody-
namic parameters for the cryptate formation reaction [26—
28]. Since hydrogen atoms usually have low X-ray
scattering factors and, as a result, their coordinates are
not generally determined, structures from crystal data were
subject to proton optimization at the B3LYP/6-31G(d)
level, with the coordinates of heavy atoms fixed. Because
the complexes of interest include open shell transition
metal cations (Co**, Ni** and Cu®"), they possess a
number of different spin states. Therefore, it is necessary
to know the energy of these states. The closed-shell singlet
and open-shell triplet (quintet and septet if any) states, as
well as the antiferromagentic singlet states, were opti-
mized at either the RB3LYP/6-311+G(d,p) or UB3LYP/
6-311+G(d,p) level. Although the energetic differences
among these states are small, we found that the anti-
ferromagentic state is the lowest in energy (cf. Table S1).
This result agrees with the magnetic measurement of these
complexes [9]. Therefore, we used this state to represent
the studied complexes in this paper. However, dinuclear
zinc complexes have a closed 3d-shell, thus closed-shell
singlet states were used to model these at the RB3LYP/
6-311+G(d,p) level. Frequency calculations were carried
out to verify that structures were indeed optimized to their
energy minima (i.e., without any imaginary frequency
components). In addition, natural bond orbital (NBO)
analysis was undertaken using the NBO 3.1 program [29],
as implemented in Gaussian 09.

Because cryptands act as nucleophilic ligands in the
reaction of a Lewis acid (i.e., either hydrogen protons or
transition metal cations), global and local nucleophilic-
ities were estimated according to the following proce-
dure. The global nucleophilicity (N) is the reciprocal
electrophilicity (w), which is calculated using the following
equation [30]:

1 2
N = —wherew = - (6)
0] 2,

where p is the electronic chemical potential and 7 is the
chemical hardness. These two parameters were calculated
using the vertical ionization potential and electron affinity;
for further details, see [31]. To evaluate the nucleophilic
power of the reactive sites within the molecule, a local
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nucleophilicity index was evaluated using the following
equation [30]:

N (r)=N*f (7)

where f,~ is the Fukui function for electrophilic attack (e.g.,
Lewis acid) on the nucleophilic sites (e.g., the nitrogen atoms
in the cryptand):

Jo = ax(N) —gqr(N = 1) (8)

where ¢gx(N) and g, (N — 1) are the atomic population of
atoms within the molecular species of N and N—1 electrons,
respectively. This is discussed in further detail in [31].

Results and discussion
Cryptands

Here, we consider the cryptands L' and L? prior to reaction with
the metal ions. The optimized structures of L' and L? are shown
in Fig. 1, together with their molecular structure. Geometry-
optimised structural parameters are in good agreement with
structural parameters determined by X-ray crystallography (cf.
Supplementary Information, Table S2). The RMSD between
the theoretical and experimental structures for L' and L* are
small at 0.837 and 0.166A, respectively, with most structural
deviation arising from the position of the hydrogen atoms.
Table 1 reports the natural population analysis (NPA)
and local nucleophilicity of the nitrogen atoms in the
cryptands. It is apparent that the charges on the bridgehead
nitrogen atoms N1 and N5 are less than those of the other
nitrogen atoms. For example, the NPA charge on the
tertiary bridgehead nitrogen atoms of L' is less than that of
the other nitrogen atoms by 12%. This agrees qualitatively
with a previous experimental study that investigated the

Table 1 Natural population analysis (NPA) charge (g) and local
nucleophilicity (V") for key atoms in L' and I*

Key site (@) (@) (NI;)LI ("Vl:)L2
N1 -0.60 -0.59 0.378 0.467
N2 -0.68 -0.68 0.373 0.307
N3 -0.68 -0.71 0.373 0.400
N4 -0.68 -0.68 0.372 0.308
N5 -0.60 -0.59 0.377 0.437
N6 -0.68 -0.69 0.374 0.315
N7 -0.68 -0.71 0.371 0.380
N8 -0.68 -0.68 0.374 0.307
O 11 — -0.48 — 0.216
012 — -0.48 — 0.217
013 — -0.48 — 0.215
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Table 2 The global nucleophilicity and proton affinity calculated in
this work together with the experimentally measured overall basicity

L L’

Global nucleophilicity 0.921 0.907
Proton affinity (-AH) kcal mol”’ 680 611
Overall basicity (> log K;)* 48.3+0.8 442+0.8

Data taken from [21]; (3 log K;)is the summation of the measured
stepwise protonation constants

basicity of L' and L? [21]. It was found that, although the
ligands have eight potential protonation sites, only six
stepwise protonation constants could be determined, which
refer to six secondary amines, while the bridgehead amines
remained undetectable [21]. The symmetric charge distribu-
tion on nitrogen atoms in each tren of L' is readily apparent,
indicating parallel symmetry in the structure and reactivity.
Also, the replacement of phenyl with furanyl rings disrupts
this symmetry. Results in Table 1 also suggest that NPA
charges and local nucleophilicities on oxygen atoms of L* are
much less than nitrogen atoms. This reflects the weak
tendency for the oxygen atoms in furan rings to react with
metal cations, in comparison to nitrogen atoms. This agrees
with experimental observations demonstrating that oxygen
atoms do not share in the bonding with the metallic centers
[21]. However, the local nucleophilicity of N1 and N5 in the
cryptand, especially L?, is higher than the other atoms, and
hence the bonds between these atoms and metal ion would be
formed more readily.

Besides the local parameters, the global nucleophilicity
and proton affinity of the cryptands were also calculated
(Table 2). The proton affinity of a molecule is a measure of
its gas-phase basicity, i.e., the energy released in the
following reaction:

L+ 6H" — [LHg*" (9)

‘

3%

‘..

Fig. 2 Optimized geometry of [Cu,L*]*"; hydrogen atoms are omitted
and the carbons atoms around four-fold coordinated metal ions are in
stick form for clarification
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Fig. 3 Dependence of cavity size (M...M distance) (A) of dimetallic
cryptates on the ionic radius of the metal cation (A)

The proton affinity of the ligand (L) is the negative value
of the enthalpy change in the above reaction. Although
nucleophilicity and basicity are very similar properties, it is
generally accepted that nucleophilicity is a kinetic concept
(i.e., characteristic of a rate constant) while basicity is a
thermodynamic one [32]. Although basicity is related to the
position of an equilibrium reaction with a proton, a good
nucleophile is one that forms a new bond rapidly between a
base and a proton (H") [32]. Table 2 shows the calculated
global nucleophilicity and proton affinity together with the
overall experimental basicity of L' and L?. Tt is clear that L'
is a better nucleophile and also a better base than L. This
may be attributed to the lower basicity of the furanyl rings
incorporating L? compared to the phenyl ones in L'. The
ratio between the calculated proton affinities of L' and L? is
1.02, which is the same the ratio between the overall

Table 4 Relative binding selectivity (kcal mol ") for L'-based and L*-
based dinuclear cryptates according to the reaction described in Eq. 5

MM (AAG ,)Ll (AAG ,>L2
MM MM

Cu®t : Co?* -87 -70

Cu®" : Ni?* -11 51

Cu?": Zn*" 2 3

NiZ* : Co** -77 -19

NiZ" : Zn*" 201 240

NiZ" : Zn?" 277 260

experimental basicities of L' and L?, lending confidence as
to the reliability of our results.

Dinuclear cryptates [M,L]*"

Despite there being no published crystallographic structures
for the dinuclear cryptates, experimental studies confirm
their existence [21, 32, 33]. Therefore, quantum techniques
should be able to provide useful insights into the structure
of these compounds. The lengths of metal-nitrogen bonds
are around 2 A (cf. Table S3). Meanwhile, Fig. 2 shows the
optimized structure of [Cu,L']*" as a representative
example. As shown, each cation bonds in an enhedral
manner into each tren cavity, forming a distorted tetrahe-
dron in which the bridgehead tertiary nitrogen is perpen-
dicular to a triangle of three secondary amino donors. All
dinuclear cryptates of interest exhibit the same coordination
pattern. However, the distance between the encapsulated
metal-pair represents the cavity size in which the carbonate
or the monomethylcarbonate anion would be trapped. This
depends on the nature of the encapsulated metal cation; for
instance, the cavity size in L?-based dinuclear cryptates
increases as the ionic radius of metal increases. Meanwhile
the size in L'-based dinuclear cryptates exhibits the reverse

Table 3 Binding Gibbs free energies and enthalpies with (AG,BSSE, AH,®55E) and without (AG,;, AH,) basis set superposition errors (BSSE)
(kcal mol ") in the gas phase at 298.15 K for (1) [M,L'T*" and (2) [M,L*]*" complexes

) AG, AH, BSSE
Co** -467 -492 6.03
NiZ* 513 -531 9.48
cu? 567 -593 5.67
Zn** -517 -544 6.68
Q) AG, AH, BSSE
Co** -458 -489 3.77
NiZ* ~496 -524 7.31
cu** -564 -592 1.48
Zn** -514 -542 6.9

AG,BSSE AH,BSSE Overall stability constant
-460 -486 13.56%

-495 -523 —

-562 -588 26.20°

510 -537 —

AGIBSSE AHIBSSE .

-454 -482 9.75+0.06°

-489 517 —

-563 -590 25.38+0.08°

-507 -535 16.10£0.01°

?Data from [21]
® Data from [33]
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Table 5 Different coordination modes of carbonate bridge in dinuclear metal complexes

Mode symbol a b c d e
o :
l M PN
C M o o v M l M
Mod o No” ¢ é | l ¢ |
oce / VMG M o o O/C\O o 0
structure VWM o ) / \ \M/
oM Mo é
. . . U-12,1>
Syn- anti 1;,m; Anti-anti n;,m;
u-12,12
s [Co,L*CO51**
[COzL CO3] * ) )
[Ni,L2CO,]*
Examples [Zn,L'CO5** [Cu,L'COs1** -
[CUZL CO3] +
[Ni,L'COs]* o
[ZI’IQL CO3] +

trend, as shown in Fig. 3. This shows the effect on the
chemical structure of the replacement of an m-benzene ring
by a furanyl one. However, this replacement led to a more
compact structure of the host; for instance, the metal-metal
distance drops from about 6.6A in the case of [M,L']*"
complexes to about 6.1A for [M,L?]*" complexes.

Nelson and co-workers have attempted to study the
binding properties of dinuclear cryptates of L' and L* with
late first-row transition metals from Co>" to Zn®>', but
unfortunately L'-dinuclear complexation was not observed,
except in the case of Cu®* [21]. This contrasts with other
studies that confirm the formation of [Co,L']*" [33] and
[Ni,L'1*" [34]. It was also found that L? generally forms
dinuclear cryptates with all transition metals of interest

[Zn,L'CO;**

LY

[Cu,L'CO,J*

except in the case of Co®" [21]. As a result, there is no
complete picture of the binding properties of these
cryptands with transition metal cations. In order to elucidate
this matter, we have calculated the Gibbs free energy and
enthalpy changes for the complexation reactions in the gas
phase at standard conditions according to reaction given in
Eq. 1.

There are three approaches for the calculation of
thermodynamic parameters of metal-ligand complexation
reactions in the gas phase. The first is to consider the bare
metal according to reaction given in Eq. 1, and this is the
most popular [26]. The second considers a solvated metal
cluster, such as hexa-aqua metal complex [M(H,0)q]*",
instead of the bare metal [27]. The third approach combines

[Ni,L*CO;*

Fig. 4 Optimized geometry of [Zn,L'CO5]*", [Cu,L'CO5]*" and [Ni,L>*CO;]*" compounds. The hydrogen and carbons atoms around the

coordination center are in stick form for clarification
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Fig. 5 Correlation plot between experimental and calculated M...M
distance (in A) of [M,L!CO,** complexes

the first two [28], wherein the first step is the desolvation of
the metal ion according to reaction given in Eq. 10, and the
second is the bare metal reaction with the cryptand as in
Eq. 1. Then, the free energy of the reaction is the sum of
both steps (AG| 4+ AGeson)-

Gde.mlv

M (H,0),]** 2M* + 6,0

(10)

We calculated the thermodynamic parameters using all
three approaches. We found that the first approach works best
because it correlates with available experimental data.
Therefore, we discuss here only the results of the first
approach; the reader is referred to the supplementary
information for the other approaches. Table 3 lists the free
energy and enthalpy of complexation reactions described by
Eq. 1 with and without the basis set superposition errors
(BSSE). The BSSE is calculated using the counterpoise
method [35]. It is apparent that BSSE does not affect the
relative stability of complexes. The stability sequence of
dinuclear cryptates has the same order, i.c., Cu2" > Zn*" >
Ni*" > Co*", for both ligands. This order agrees with the
available experimental results as shown in Table 3. However,
as seen, the stability of dinuclear cryptates do not depend
greatly on the nature of the cryptand with the same metal.
For example, the free energy changes (AG,®5%F) for
[Cu,L'T*" and [Cu,L?]*" are —562 and —563 kcal mol ',
respectively. Therefore, we could conclude that the effect of
the metal on the stability of dinuclear cryptates is significant.

Because of the previously mentioned applications of
cryptands, especially in the extraction of metal ions from an
aqueous phase to an apolar organic phase [36], it is
important to evaluate the relative binding selectivity to
examine the feasibility of extraction. This is the difference

in the free energy change AAG,, , as given by Eq. 5, using
the following equations [28]. The experimental relative
binding selectivity can be expressed as:

MG, = —2.303RTlog?
B

where are the overall binding constants. The theoretical
relative binding selectivity is calculated as the difference in
free energy changes specified in reaction 5:

(11)

AAGY T = MGy — AG, (12)

Table 4 displays the relative binding selectivity between
each couple of different metal ions where the first metal ion
is solvated with the first solvated shell of water simulated in
the aqueous medium and the second metal cation is
encapsulated in the cryptand resembling an organic medi-
um. The negative value of the relative binding selectivity is
an indication of the feasibility of extraction of the first
metal from the aqueous medium. Therefore, the selectivity
of L' or L* towards the Cu®" cation is superior in terms of
selectivity vis-a-vis other transition metal cations of
interest. This is in agreement with previously reported
experiments [21].

Dinuclear carbonato-bridged cryptates [M,LCO5]**

It is well-known that the carbonate bridge in dinuclear
metal complexes has five different coordination modes
depending on the nature of metal and the cavity size [37],
as illustrated in Table 5. Because of the high degree of
flexibility in the geometry of cryptates, it is important that
the techniques used here are able to demonstrate agreement.
Actually, DFT-generated geometries of dinuclear
carbonato-bridged cryptates exhibit the same coordination
modes (a, b, and e) as those obtained from experiment (cf.
Table 5).

The optimized geometries of [Zn,L'CO;*", [Cu,L'CO5**
and [Ni,L?CO;]*" are shown in Fig. 4 as representative
examples for coordination modes of a, b, and e, respectively.
Complexes with mode b have a trigonal-bipyramidal structure
for each metallic center, where the bridgehead nitrogen and
one oxygen donor are orthogonal on the face of triangle for
which the positions of N2, N3 and N4 constitute its corners.
The situation is different in the case of [Zn,L'CO;**
(mode a). While the Zn9 atom embeds in a trigonal-
bipyramid arrangement, Znl0 is embedded in a square-
pyramid structure. Complexes with mode e have distorted
octahedral geometries around each metallic center. For
example, the Ni9 center in [Ni,L’CO5]*" is embedded in an
octahedral motif in which the N2 and N4 positions are semi-
orthogonal on a square planar geometry consisting of 012,

@ Springer
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Table 6 Binding Gibbs free energies and enthalpies with (AG,®S%E,

AH,P55) and without (AG,, AH,) BSSE (kcal mol ') in gas phase
at 298.15 K together with M...M distance (experimental value in

brackets) (A) and ionic radius of metal cation (A) for (1) [M,L'CO5]**
and (2) [M,L*CO5]** complexes

60 AG, AH, BSSE AG,BSSE
Co** -632 -646 27.36 -605
NiZ* -606 619 25.66 -580
Cu** -624 -640 28.87 -595
Zn*" -624 -636 22.76 -601
Q) AG, AH, BSSE AG,"SSE
Co** -665 -682 25.83 -639
NiZ* -683 -699 25.66 -657
cu* -636 -649 27.80 -608
Zn** -639 -650 23.55 616

AH,BSSE M...M distance Ionic radius
-619 5.817 (5.939) 0.67
-593 5.920 (6.018) 0.63
-611 5.752 (5.791) 0.65
-613 5.163 (5.331) 0.68
AH,PSSE M...M distance Ionic radius
-656 4.406 (4.292) 0.65
-674 4.427 0.69
-621 4.336 0.73
-627 4.429 0.74

014, N1 and N3 atoms. In such cases, the carbonate anion
acts as a bidentate ligand, the center of which may confer
extra stability to the complex compared to those of the other
modes. However, the other calculated structural parameters,
such as bond length and angle, are in satisfactory agreement
with the corresponding published X-ray parameters (cf. Tables
S5 and S6). The average percentage errors in bond lengths
between these calculations and available X-ray data were
0.86%, 0.65%, 1.12% and 0.96% for Co”", Ni**, Cu”" and
Zn*" L'-based -carbonato cryptates, respectively. For the case
of dicobalt-carbonato cryptate (the only one for which
experimental structural data is available), the average errors
in bond lengths were 1.60%. In terms of critical angles,
calculated percentage errors were 3.46%, 5.14%, 1.50% and
6.75% for Co*", Ni**, Cu®" and Zn®" L'-based -carbonato
cryptates, respectively. Again, for the case of dicobalt -
carbonato cryptates (the only one for which experimental
structural data is available), the average errors in angles were
0.92%. At this point, structural replication was deemed to be
of sufficient quality to proceed. An example of the utility of

the techniques used here is the good correlation between the
experimental and calculated metal-metal distance of
[M,L'CO;*" (cf. Fig. 5). Another interesting observation is
the shortening M...M distance in [M,L*CO5]*" compared to
[MLL'CO5]**, which yields more compact structures. For
example, while the M...M distance in [MLL'1*" and [M,L*T*
complexes hovers around 6.6 and 6.1 A, the encapsulation of
CO; anion in these complexes serves to reduce these to
about 5.5 and 4.4A, respectively. This is attributed to the
arrangement of the carbonate anion (mode e) which interacts
with each metallic center as a bidentate ligand. In such cases,
the negative carbonate anion attracts two positive centers,
leading to a more compact structure. However, the greater
drop in M..M distance in the case of the [MLL2CO5*"
complexes is ascribed to the use of the CO; > anion to its
bidentate character in the interaction with the two positive
centers. These observations agree with previous experimental
results [9].

It is noteworthy that, compared to L'-based complexes,
the binding of the CO;> anion with L*-based complexes is

Table 7 Second-order perturbation interaction energies [E(2)] of [M,L'CO;]** complexes (kcal mol ') together with the orbital population of the

metal cation given by electrons

Donor— Acceptor Co** NiZ* cu** Zn**
LP(012)—LP*(M9) 63.83 63.50 37.80 47.75
LP(013)—LP*(M10) 34.20 32.00 45.50 33.53
LP(014)—LP*(M9) 5.00 6.00 4.00 6.01
LP(014)—LP*(M10) 4.00 6.00 4.00 2.67
BD(C11-012)— LP*(M9) 8.00 8.00 6.20 6.6
BD(C11-013)—LP*(M10) 6.00 7.00 6.00 5.00
BD(C11-O14)— LP*(M9) 5.00 7.50 3.01 4.53
BD(C11-014)— LP*(M10) 5.00 7.00 — 2.35
3" E®@donor — acceptor 131.03 137.00 106.51 108.44
Average population of M** 4s (0.23) 4s (0.27) 4s (0.25) 4s (0.35)
3d (7.71) 3d (8.66) 3d (9.51) 3d (9.99)
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lon mterastion enersies [H(y) Donor— Acceptor Co” N cu* Zn”

of [ML*CO;]1*" complexes

(keal mol™') together with the LP(012)—LP*(M9) 46.76 46.36 14.83 45.14

orbital population of the metal LP(013)—LP*(M10) 23.00 28.70 29.37 40.99

cation given by electrons LP(O14)— LP*(M9) 2635 2033 19.60 2.86
LP(014)—LP*(M10) 22.00 28.89 17.64 10.00
BD(C11-012)—LP*(M9) -7.00— 9.50 11.10 4.1
BD(C11-013)—LP*(M10) 10.00 9.50 4.00 4.60
BD(C11-014)— LP*(M9) 8.50 3.20 5.11 3.1
BD(C11-014)— LP*(M10) 5.70 7.20 6.90 3.10
S E@donor — acceptor 142.31 153.68 108.55 113.09
Average population of M>* 4s (0.23) 4s (0.27) 4s (0.25) 4s (0.35)

3d (1.71) 3d (8.66) 3d (9.51) 3d (9.99)

thermodynamically favorable, where the bidentate bonding
of carbonate anions with each metallic center in the latter
case confers extra stability. However, the stability sequence
of dinuclear carbonato-bridged cryptates depends on the
binding mode of the carbonate anion (cf. Table 6). For
instance, the stability sequence of [M,L'CO5]*" complexes
is Co*"> Zn*" > Cu*" > Ni*', while for [M,L*CO;*
complexes, it is Ni*" > Co*" > zZn** > Cu®". However,
BSSE is important in defining the relative stability among
[M,L!'CO;*" complexes. For example, the AG, values for
Cu and Zn-complexes are equal at =624 kcal mol ™', but by
considering the BSSE, their AG,®%%F values became —595
and —601 kcal mol™', respectively. There is no clear-cut
relationship between the stability of the complex and the
cavity size or ionic radius, but they have an effect. For
example, on going from Ni to Zn complexes of [M,L'CO;]*",
the AG,5SF value increases by decreasing the M..M
distance and increasing the ionic radius of the metal.

The orbital bonding interactions between metal ions and
carbonate anion can be examined by the NBO method [38].
The second-order perturbation energy, E(2), arises between
the filled molecular orbital as a donor (i) and the
neighboring empty molecular orbitals as acceptor (f). E(2),
termed the stabilization energy associated with the delocal-
ization occurring between the donor NBO (i) and the
acceptor NBO (j) — 2e¢ stabilization, can be estimated from
the following equation:

E(2) = AE; = qiF(i.j)/ (g — i) (13)

where ¢; is the i-th donor orbital occupancy, ¢; and ¢; are
the diagonal elements (orbital energies) and F(i,)) is the off-
diagonal NBO Fock matrix element [38]. As a rule, the
greater the value of E(2), the stronger the interaction
between a donor NBO and an acceptor NBO. Therefore,
E(2) is used to assign and evaluate orbital contributions for
stabilizing the complex structures under investigation.
Tables 7 and 8 show the E(2) of p-carbonato cryptate

complexes. In NBO analysis, the NBOs are defined for
each covalent bond, lone pair and anti-bonding orbital.
Among the possible interactions between each two NBOs,
the interaction between the lone pair of the O atom of the
carbonate anion and the 3d-antibonding orbital contribute
significantly to the stabilization of the complex. The
summation of E(2), namely > E®donor — acceptor
[39], gives a good correlation with the stability of complex.
It is apparent that S E®)donor — acceptor is larger for
[M,L*CO;]*" complexes than for [M,L'CO;]*" ones,
which confirms the bidentate action of carbonate anions
for adding extra stability to the former.

Dinuclear p-monomethylcarbonato cryptates
[M,L'MeCO;]**

It is well known that the reaction of CO, with hydroxide to
generate bicarbonate or carbonate ions is extremely slow in
the absence of a catalyst. However, it was reported that
dinuclear transition metal complexes are able to uptake

Fig. 6 Syn-anti p-1;, 1, arrangement of monomethylcarbonate
arrangement within the host cavity of [Cu,L'MeCO;]*"
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Table 9 Binding Gibbs free energies and enthalpies with
(AG;P5SE, AH3BSSE) and without (AGs, AHj) B5F (kcal mol™)
in gas phase at 298.15 K for [M,L'MeCO;]** complexes together

with M...M distance (experimental value in brackets) (A) and ionic
radius of metal cation (A)

AG; AHj; BSSE AG,BSSE AH,BSSE M...M distance Ionic radius
Co*" =271 -301 6.05 -264 -295 5.591 0.67
NiZ* -305 -334 6.47 -298 -327 5.648 (5.629) 0.63
Cu*" -342 -379 5.73 -336 -373 5.667 (5.655) 0.65
Zn*" -307 -335 6.62 -299 -328 5.888 (5.982) 0.68

atmospheric CO, and then catalyze it to form carbonate or
bicarbonate [13, 40, 41]. Under ambient atmospheric con-
ditions, the dimetallic cryptates of L' form methylcarbonato-
bridged cryptates in methanolic solution [9]. The forming of
such compounds is considered evidence of the ability of
dinuclear cryptates to activate CO, and increase the number of
carbon atoms by reaction with methanol. This would be
considered highly beneficial for producing chemical feedstock
compounds.

In this work, the geometries of all methylcarbonato-
bridged cryptates of L' were optimized using the B3LYP/6-
311+G(d,p) method based on the available X-ray coordi-
nates [9]. The calculation showed that the antiferromagentic
species have the lowest energies, which agrees with the
experimental finding [9]. The monomethylcarbonate frag-
ment has a syn-anti u-1;, 1, arrangement within the host
cavity of the dinuclear cryptates (see Fig. 6 as a
representative example). Table S7 lists some selected bond
length and bond angles together with the corresponding
X-ray data, if available; it is apparent that there is general
agreement with those of the crystal structures. The average
percentage errors in bond lengths between these calcula-
tions and available X-ray data were 1.20%, 2.26% and
0.79% for Ni**, Cu®" and Zn®', respectively, while the
average respective percentage errors in the critical angles,
for which the expected flexibility is higher, were 0.15%,
1.1% and 0.25%. An interesting example of this agreement
was that both the available experimental and theoretical

metal-metal distances in the series have the same trend:
Zn** > Cu®" > Ni*" > Co®" . This order depends on the
population of 3d-orbitals of the metal cation. On the other
hand, the calculated free energies and enthalpies of binding
for [M,L'MeCO5]*" reveal that the strength of binding of
dimetallic cryptate with monomethylcarbonate fragment
follows the trend: Cu®*™> Zn>" =Ni**> Co?", as shown in
Table 9; this trend is similar to that of the dinuclear
cryptates, but with lower stability. In other words, the
encapsulation of the monomethylcarbonate anion destabil-
izes the monomethylcarbonato cryptates by about 208 kcal
mol " while the encapsulation of carbonate anion stabilizes
it by about 90 kcal mol™'. On the other hand, the negative
enthalpy and free energy of the reactions for dinuclear
cryptate with the carbonate or monomethylcarbonate anion
reflects their exothermic and spontaneous formation, in
accord with experimental observations [9].

In order to describe the orbital interaction between the
monomethylcarbonate fragment and metallic cations in the
dinuclear cryptate, NBO analysis was conducted and the
results are presented in Table 10. Here, one can see that the
interaction between the lone pairs of oxygen atoms in
monomethylcarbonate and the antibonding 3d-orbitals of
metal cations contribute significantly to the stabilization of
complexes. However, the overall orbital interaction be-
tween monomethylcarbonate fragment and the dinuclear
cryptate > E@donor — acceptor follows the same trend
of the overall stability of the complexes. This indicates the

Table 10 Second-order

perturbation interaction energies Donor— Acceptor Co** Ni** Cu* "
[E(2)] of [M,L'MeCO5]**
Complexes (kcal molil) together LP(OIZ)—>LP*(M9) 35.08 37.08 3941 45.14
with the orbital population of LP(013)—LP*(M10) 16.01 19.01 26.84 40.99
the metal cation given by LP(O14)—LP*(M9) o o 1932 2.86
electrons
LP(014)—LP*(M10) 13.9 8.46 — —
BD(C11-012)—LP*(M9) — — 8.7 4.1
BD(C11-013)—LP*(M10) 14.53 11.53 6.3 3.1
BD(C11-014)—LP*(M10) 11.13 17.5 9.29 —
S E®@donor — acceptor 90.65 93.58 109.86 96.19
Average population of M2+ 4S (0.23) 4S (0.23) 4S8 (0.27) 4S (0.35)
3d (7.73) 3d (8.65) 3d (9.51) 3d (9.99)
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significant dependence of stability of complexes on these
orbital interactions.

Conclusions

In conclusion, the DFT geometries of studied cryptands and
their complexes are in reasonable agreement with the
available X-ray crystallographic data. Also, the calculations
have reproduced the arrangement mode of carbonate and
monomethylcarbonate anion in the host cavity of dinuclear
cryptate. The global nucleophilicity and proton affinity of
L' cryptand is larger than L* towards the Lewis acid which
agrees with experimental findings. In addition, L' and L*-
based dinuclear cryptates have comparable stability with
the same metallic centers. However, the sequence of
stability is the same for both types, Cu®"> Zn>"> Ni**>
Co®", in accordance with experimental data. It was also
found that the mode of arrangement of the carbonate anion
in the host cavity of the dinuclear cryptate affects the
stability of the complex significantly. The results demon-
strate that the reaction of the dinuclear cryptate with
carbonate anion is more thermodynamically favorable than
that with monomethylcarbonate anion. Finally, the stability
of the carbonato or monomethylcarbonato cryptates
depends generally on the cavity size where the anionic
fragment would be trapped as well as on the ionic radius of
the metal cation.
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