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The structures and complex-formation energies for the cryp-
tands 6,6',6'',6""",6"""",6'""""-bis[nitrilotri(methylene)]tris(2,2'-
bipyridine) (1) and 2,2',2"",9,9',9"'-bis[nitrilotri(methy-
lene)]tris(1,10-phenanthroline) (2) with alkali and alkaline-
earth cations are obtained by PM3/SPASS and density func-
tional (B3LYP/LANL2DZp) calculations and the results used
to predict the ion selectivity. Both cryptands 1 and 2 have a

cavity size similar to [2.2.2] and prefer Ca%* and Sr?*, while
1 has a preference for K* and 2 favours Na*® and K*. The
cryptand flexibility for 1 is attributed mainly to the bipyridine
building block and that for 2 to the groups neighbouring the
bridgehead nitrogen atoms.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The selective complexation of guest molecules and ions
is an essential prerequisite for the proper functioning of en-
zymes and receptors in biological and technical systems,
and it has therefore been investigated over several dec-
ades.'?! In order to mimic the geometric and electronic
requirements necessary for selective complexation as ob-
served in nature, many different model compounds with
cavities of variable size and structure have been studied ex-
perimentally and computationally.* ! Examples are the
well-known calixarenes,[®”] crown ethers,®! cryptands,-19]
and their inclusion complexes, along with the correspond-
ing metallatopomers, which are easily accessible by self-or-
ganisation.[']

The synthesis of 4,7,13,16,21,24-hexaoxa-1,10-diazabicy-
clo[8.8.8]hexacosane, which was reported by Dietrich, Lehn
and Sauvage in 1969, today well known as [2.2.2] and
traded as Kryptofix 222, led to a wide range of applications,
although other cryptands with similar topology have hardly
been explored. It was immediately recognized that [2.2.2]
and its derivatives have an outstanding potential to selec-
tively bind guests, in particular alkali and alkaline-earth
metal ions. Today, cryptands and cryptates like [2.2.2] and
their different derivatives are widely applied, for example
in phase-transfer catalysis,['>!3 studies on Zintl phases,!'4l
selective complexation of radioactive or toxic ions in medi-
cinel’! and elsewhere,'®!7! as chelates for MRI contrast
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agents,!'® and as models for carrier-antibiotics such as Val-
inomycin and enzyme inhibitors.['”] In contrast, the cryp-
tands 6,6',6"',6""',6"""",6""""-bis[nitrilotri(methylene)]tris-
(2,2'-bipyridine) (1) and 2,2',2"7,9,9",9"'-bis[nitrilotri(me-
thylene)]tris(1,10-phenanthroline) (2) are systems that have
only been partially investigated (see Figure 1).
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Figure 1. 6,6',6",6""",6"""",6"""""-Bis[nitrilotri(methylene)]tris(2,2’-
bipyridine) (1) and 2,2',2"7,9,9',9"'-bis[nitrilotri(methylene)]-
tris(1,10-phenanthroline) (2).

In the 1984 report on the first synthesis of cryptands,
two project aims for these newly designed polypyridine
cryptands were expressed: (i) as ligand systems with novel
metal-ion binding properties and (ii) special photophysical/
photochemical properties for electron-transfer processes./’!
In the following years much research has been focused on
their photophysics and photochemistry,?!! and the lantha-
nide complexes [LnC1]** and [LnC2]** were found to be
efficient luminophores for converting UV light into visible
light.?2-231 These properties can be utilized in fluorescent
markers, >4 for example for detecting or locating nucleic ac-
ids,?*! or in other labelling techniques.”®) With the help of
NMR techniques, the water exchange of [Gd(H,0);C1]**
has been investigated by Merbach et al., who tested
[Gd(H,0);C1]** as a potential contrast agent for magnetic
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resonance imaging.*”l However, for the first proposed aim
and application involving the selective ion binding of 1 and
2, only two studies on the separation of Am** and Eu**
have appeared.l?®2° This is surprising since different cryp-
tand/cryptate or crown ether-solvent combinations have
been investigated,3°34 especially with respect to their
transport propertiest®! or ion conductivity and potential
applications in batteries and capacitors,*! while parallel al-
kali and alkaline-earth ion complexes with phenanthroline
and bipyridine moieties have also been studied.[3”

In a recent report we demonstrated that ion selectivity
can be studied by quantum chemical methods for [2.2.2]
and smaller homologues. The calculated complex-formation
energy is a reliable value to conclude which ion fits best.[®!
In this study we will tie up with the first report by Lehn et
al., where 1 and 2 were synthesised as [NaCl]* and
[NaC2]" (see Figures 2 and 3).2% We have calculated the
complex-formation energies for the alkali and alkaline-

earth metal ions to determine which ions fit best into 1 and
2. In addition, we have investigated how the host responds
to the different guest ions.

Quantum Chemical Methods

We performed B3LYP/LANL2DZp hybrid density func-
tional calculations, with pseudo-potentials on the heavy ele-
ments and the valence basis set augmented with polarisa-
tion functions.?*4! During the optimisation of the struc-
tures no constraints other than symmetry were applied. In
addition, the resulting structures were characterised as min-
ima, transition structures, etc., by computation of their vi-
brational frequencies. The relative energies were corrected
for zero-point vibrational energies (ZPE). The Gaussian
suite of programs was used for all calculations.[*!]

Semiempirical PM3 calculations*? for Li*[*3], K*#4 and
Ca®*™1 were performed using VAMPM“Y The PM3/

Figure 3. Calculated (RB3LYP/LANL2DZp) (D;) and X-ray structure of [NaC2])* (X-ray: Na-N> = 2.70, Na-N» = 2.79 Al5),
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SPASSP8471 calculations for all other alkali and alkaline-
earth ions not included in PM3 were performed using
MOPAC 6.0.1481

Results and Discussion

In contrast to [2.2.2], for which X-ray structures of all
alkali and alkaline-earth metal cryptate complexes have
been published, only the structures of [Na 1]*e*! and
[NaC2]Brl* have been published for 1 and 2. The cryptat-
ium species [NaC1]"e is an electride™®! and therefore can-
not be taken into consideration. The structural parameters
for the calculated (Table 2) and published X-ray structure
of [NaC2]" are in satisfactory agreement (the mean X-ray
bond length between Na and the sp>-hybridized pyridine
nitrogen (Na—-Ny) is 2.70 A, and that between Na and the

amine nitrogen (Ny) is 2.79 A),5 as expected. Further se-
lected data for the calculated structures (metal-N» and
metal-N: distances and the twist angle) are summarised
in Tables 1 and 2.

The Li* and Be?* ions seem to be too small for 1 and 2
as the calculated D5 structures of [LiC1]* and [LiC2]* as
well as [BeC1]** and [BeC1]** are not local minima on the
potential hypersurface. The D5 structures of all endohedral
complexed Li* and Be?* are transition states for the move-
ment of the metal ion inside the cavity of 1 and 2. This
motion leads from one N, to the other. Whereas [LiC1]"
shows a clear barrier of 3.3 kcalmol™! for this movement,
the C; and D5 conformers of [LiC2]" have no barrier, in-
deed Dj is even slightly negative (0.1 kcalmol™'). The Be>*
ion is significantly smaller than Li* and therefore the barri-
ers are higher: [BeC1]** 22.4 kcalmol! and [BeC2]**

Table 1. Distances [A] and angles [°] of the metal-donor interactions in 1 (calculated structures: Dy symmetry). [

Li* Li* Na* K* Rb* Cs* Be?* Be?* Mgt Ca?* Sr2* Ba?*
(C3) (t.s) (C3) (t.s)
M-Nj, 2.45/ 2.65 2.82 2.90 2.96 3.04 1.78/ 2.09 2.47 2.71 2.82 2.91
(DFT) 2.91 3.54
M-Nj, 2.54/ - 2.79 2.78 2.86 2.88 1.71/ - 1.89/ 2.67 2.69 2.81
(PM3/SPASS) 2.53 4.15 4.15(C3)
M-N,3 2.35/ 2.81 2.82 2.94 3.01 3.09 1.76/ 3.26 2.82 2.75 2.82 2.93
(DFT) 5.15 5.07
M-N,3 3.04/ - 2.89 2.85 2.99 3.02 1.69/ - 1.83/ 2.78 2.88 2.95
(PM3/SPASS) 3.01 6.33 6.18(C3)
Nyp-C-C-Ny2 -26.1 -23.4 21.5 34.0 41.3 54.4 —68.2 -32.7 -24.4 -14.2 15.06 26.4
(DFT)
Nyp-C-C-Ny» -21.3 - 8.3 6.9 16.6 23.4 -100.9 - -88.1(C3) -8.7 -6.9 9.2
(PM3/SPASS)
CH-Ng,3Ni-CH, -99.4 -100.3 784 -62.1 533 427 -109.0 -138.3 -113.9 -95.5 -782 619
(DFT)
CH,—Ng Ny »-CH, —-100.0 - -82.5 -86.6 679 -63.3 -50.3 - -32.1(C3) -100.8 -90.3 737
(PM3/SPASS)
[a] C3: the cryptate complex has only C; symmetry; t.s.: transition state.
Table 2. Distances [A] and angles [°] of the metal-donor interactions in 2 (calculated structures: D; symmetry).[
Li* Li* Na* K* Rb* Cs* Be?* Be?* Mgt Ca?* Sr2* Ba?*
(C3)  (ts) (C3) (ts)
M-Ng,» 2.60/ 2.69 2.75 2.84 2.90 2.97 1.92/ 2.11 2.51 2.71 2.78 2.87
(DFT) 2.91 3.16
M-Ng,» 2.61/ - 2.75 2.78 2.83 2.85 1.78/ - 1.93/ 2.67 2.69 2.77
(PM3/SPASS) 2.62 3.49 3.60 (C3)
M-Ng» 2.41/ 2.82 2.84 2.90 2.96 3.03 1.79/ 3.22 2.78 2.80 2.85 2.92
(DFT) 3.25 4.8
M-Ng,3 2.96/ - 2.93 2.85 2.98 3.00 1.70/ - 1.84/ 2.82 2.92 2.96
(PM3/SPASS) 2.94 5.32 5.27 (C3)
Njpr-CC-Ng2 2.1 2.1 -0.2 2.8 5.1 7.7 -16.7 -16.2 -7.2 -1.6 0.4 3.0
(DFT)
Nyp-CC-N2 4.8 - 0.3 1.2 3.5 4.4 -22.4 - -16.3(C3) -2.2 -2.2 0.6
(PM3/SPASS)
CHy-NpNgpi-CH, -86.8 -92.3 -85.4 -73.8 -64.9 -55.1 -119.5 -138.3 -109.9 -89.6 -80.5 —68.8
(DFT)
CHy-NpNgpi-CH, -95.7 - -83.8 -85.3 -72.4 -68.9 -122.6 - -110.2 (C3) -97.8 -87.5 -77.1
(PM3/SPASS)

[a] C3: the cryptate complex has only C; symmetry; t.s.: transition state.
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11.6 kcalmol™'. The lower barriers in both cryptates based
on 2 can be attributed to the rigidity of the phenanthroline
moieties.

Interestingly, the quality of the structures calculated ap-
plying the simple PM3/SPASS method, in which the metal
cation is modelled by a “sparkle” (a charged pseudo-atom),
is very satisfactory, although the metal-sp?-nitrogen dis-
tances are somewhat too short and the metal-sp3-nitrogen
interactions are somewhat too long compared to the DFT
data.

The main goal of this work was to investigate the selec-
tive complexation of alkali and alkaline-earth metal ions
by the cryptands 1 and 2. As demonstrated in our earlier
contributions,!''4-38 one can inspect two properties in order
to predict whether or not an ion will be complexed. The
bond length between the metal ion and the donor atoms in
the cryptate can be compared with those computed for a
metal ion complexed by solvent molecules like acetonitrile
or ammonia. This method only seems to be of value if the
donor atoms coordinating to the metal ions are the same in
the cryptand and have the same hybridisation as in the sol-
vent, and was therefore not followed further in this work.
Alternatively, the energy of the model reactions shown in
Equations (1) and (2) can be evaluated. Note that, for the
sake of consistency, sixfold coordination is adopted for all
cations. The lithiumP! and sodium cations prefer four- and
fivefold coordination, respectively, with additional water
molecules hydrogen-bonded in the second coordination
sphere instead of being coordinated to the cation. However,
in the gas phase [Li(OH,)¢]" and [Na(OH,)¢]" are local mi-
nima.

[M(H,0)J"* + 1 — [MC1]"* + 6 H,O (1)

[M(H,0)]"™* + 2 — [MC2]"* + 6 H,O Q)

The complexation energies computed in this way are
plotted against the ionic radii in Figures 4, 5, 6 and 7. The
most stable endohedral complexes of 1 with the alkali-metal
ions are formed for K* followed by Na* and with the alka-
line-earth ions Ca®* and Sr?*, followed by Ba’*. Cryptand
2 prefers to bind Na™ followed by K* of the alkali-metal
ions, and Ca®* and Sr>* followed by Ba?* of the alkaline-

earth ions. Therefore, we conclude that the cavity sizes of 1
and 2 are of the same order as the cavity size of [2.2.2], and
that the cavity of 1 is slightly larger than that of 2.
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Figure4. RB3LYP/LANL2DZp complexation energies for

[MC1]"* according to reaction (1), plotted against the ionic radius
of M"* (dashed line represents observed trend; for the data see
Table 3).
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Figure 5. PM3/SPASS complexation energies for [MC1]"* accord-
ing to reaction (1), plotted against the ionic radius of M"* (dashed
line represents observed trend; for the data see Table 4).

Table 3. Energy contributions! to the complexation energy for [MC1]** (RB3LYP/LANL2DZp).['!

Li* Li* Na* K* Rb* Cs* Be?* Be?* Mgt Ca?* Sr2* Ba*

(C3)  (ts) (C3) (ts)
AE o -3.0 2.7 -16.3 -15.2 -1.4 23.0 -23.1 -10.1 -38.0 -60.2 —-60.1 -52.4
AZPE -59 -6.3 -5.0 5.2 =52 5.1 -10.8 -12.2 -9.6 -8.5 -8.1 -6.9
Complexation -8.9 -9.0 -21.2 -20.4 -6.6 17.9 -33.9 -223 —47.7 —-68.8 —-68.2 -59.4
energy
[a] In kcalmol™!. [b] C3: the cryptate complex has only C; symmetry; t.s.: transition state.
Table 4. Complexation energy [kcalmol™'] for [MC1]"* (PM3/SPASS).1!

Li* (C3) Na* K* Rb* Cs* Be?* (C3) Mg+ Ca?* Sr2* Ba?*

Complexation -2.5 -8.2 —40.8 4.4 12.5 19.7 73.3 -125.9 -822 —69.4
energy
[a] C3: the cryptate complex has only C; symmetry.
Eur. J. Inorg. Chem. 2007, 1120-1127 © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjic.org 1123
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Figure 6. RB3LYP/LANL2DZp complexation energies for

[MC2]"* according to reaction (2), plotted against the ionic radius
of M"* (dashed line represents observed trend; for the data see
Table 5).
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Figure 7. PM3/SPASS complexation energies for [MC2]"* accord-
ing to reaction (2), plotted against the ionic radius of M™* (dashed
line represents observed trend; for the data see Table 6).

The same trend can be qualitatively found by application
of semiempirical methods, in this case PM3/SPASS. (see
Figures 5 and 7) In the semiempirical series, [CaC1]** and

[CaC2]*" and, to a lesser extent, [KC2]* and [KC2]", are
computed to be too stable. Previous studies on the en-
dohedral complexation of Ca”>"*®l and calculations on
[Ca(H,0),]** and [Ca(NHj3),]** confirm that the calcium
PM3 parameters do not describe Ca—N and Ca-O interac-
tions correctly. The semiempirical structures of [MgC1]>*
and [MgC2]** lead to a clear fourfold-coordinated Cs
structure and therefore show a larger energy gap than in
the DFT case, although the qualitative result is not affected.

A comparison of the M—N distances (Tables 1 and 2)
shows an increase in the metal-donor bond lengths with
increasing size of the guest ion. This behaviour is clearly
attributed to the different contributions of the guest ions,
but it is also a distinct hint that the investigated cryptands
show some flexibility. An essential prerequisite for flexibil-
ity is that the molecular moieties can undergo twisting and
tilting. While in [MC1]"* every molecular bar has two N-
CH,(pyridine) motifs adjacent to the N bridgehead and a
conformationally nearly unhampered C-C bond bridging
the two pyridine rings, [MC2]"* has only two such pyridine
motifs adjacent to the N bridgehead, and the two pyridine
rings in phenanthroline are stiffened by a third, weaker aro-
matict3?! six-membered ring. A descriptor for the twist and
tilt of these moieties is the torsion angle N»—C-C-Ng,.
between the aromatic pyridine groups and the CH,—
Ngp*Ng,»~CH, angle between the aliphatic methylene
building blocks (see Tables 1 and 2).

Both sorts of torsion angles show a qualitative linear be-
haviour that mainly depends on the ion size (see Figures 8,
9, 10 and 11). The CHy-Ny"N,-~CH, angle covers a
wide range in both host-guest systems [96° for [MC1]**
(see Figure 8)1%3 and 83° for [MC2]"* (see Figure 10)5].
Throughout the series, all cryptates show the same stereo-
chemistry, which is easily derivable from the algebraic sign
(here minus, and therefore 1). As expected, there are more
drastic differences in the series of Ny»-C-C-Nj,» angles.
Whereas the bipyridine building block shows a 1/3 higher
value for the twist (123°)%3 (see Figure 9) compared to
CH,-N,»*Ny,-~CH,, the phenanthroline moiety is inflexi-
ble and only shows a three times lower angle (25°)3 (see
Figure 11) than CHy-Ng,»*Ny»~CH,. Interestingly, both
coordinating systems use the same principle to improve the

Table 5. Energy contributions!® to the complexation energy for [MC2]"* (RB3LYP/LANL2DZp)."

Li* Li* Na* K* Rb* Cs* Be?* Be?* Mg+ Ca** Sr2* Ba?*

(C3)  (ts) (C3) (t.s.)
AE,, 1.5 -1.5 -13.71 -16.59 -6.5 1.8 -387 1512 362 5527 5446  -49.78
AZPE -5.8 -6.1 4.4 4.5 4.7 42 -10.6 -11.8 -9.3 -8.1 -1.5 -6.3
Complexation 4.3 7.6 -18.1 -21.1 -11.3 7.5 -49.3 -26.9 —45.5 -63.4 -62.0 -56.1
energy
[a] In kcalmol ™. [b] C3: the cryptate complex has only C; symmetry; t.s.: transition state.
Table 6. Complexation energy [kcalmol™ '] for [MC2]"* (PM3/SPASS).[4]

Li* (C3) Na* K* Rb* Cs* Be?* (C3) Mg?* Ca** Sr2* Ba?*

Complexation 13.8 14.4 —62.6 -15.3 -9.8 —40.6 24.0 -146.4 -100.5 -87.4
energy

[a] C3: the cryptate complex has only C; symmetry.
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interactions between donor and guest ion: in order to get
more tilted and closer to the ion, the puckered ring formed
by the pyridine moieties and guest ions interconvert their
stereochemistry. Therefore, small ions like Li*, Be** and
Ca®* have a AL arrangement as both torsion angles show
negative algebraic signs, whereas the larger ions K*, Rb*,
Cs*, Sr?* and Ba’* have a A8 arrangement since CH,—
NypNy,-~CHy is negative and Ny —C--C-Ny» is positive.
The sodium cation is a special case. Thus, whereas
[NaC1]" is clearly AA, the stiffened cryptand [NaC2]" is
only just A} since the N —C+*C-Nj,»> angle is only —0.2°.
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Figure 8. RB3LYP/LANL2DZp and PM3/SPASS torsion angle

CH,-NpNypi—CH, of [MC1]"* plotted against the ionic radius
of M"* (dashed line represents observed trend).
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Figure 9. RB3LYP/LANL2DZp and PM3/SPASS torsion angle
N,»—C-+C-Nj» of [MC1]"" plotted against the ionic radius of M"*
(dashed line represents observed trend).

Conclusions

Density functional theory and PM3/SPASS suggest that
1 and 2 have similar-sized cavities to [2.2.2]. According to
our calculations and introduced model reactions, the inves-
tigated cryptands prefer Ca®>* and Sr?>* as alkaline-earth
ions, whereas K™ is preferred by 1 and 2 binds Na* and K*
equally well. The flexibility, which is important for selective
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Figure 10. RB3LYP/LANL2DZp and PM3/SPASS torsion angle
CH,—NjpNg,—CH, of [MC2]"* plotted against the ionic radius
of M"* (dashed line represents observed trend).
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Figure 11. RB3LYP/LANL2DZp and PM3/SPASS torsion angle
N,,»—C-+*C-Ng,» of [MC2]"" plotted against the ionic radius of M"*
(dashed line represents observed trend).

host binding, is dominated in 1 by the flexibility of the pyri-
dine—pyridine connection, whereas in the more rigid 2 the
CH,-Njs+*Ng,»~CH, motif contributes the main part. The
stereo-arrangement of the molecular cage axis fixed at the
bridgehead nitrogen is identical in all host-guest systems
investigated and does not change during the calculations.
On the contrary, the stereochemistry of the coordinating
bipyridine and phenanthroline moieties can change de-
pending on the size of the guest ion.
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