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An important idea in macrocyclic chemistry! and also
in the chemistry of cryptates? is size-match selectivity,
the idea that a metal ion will form its most stable
complex with the member of a series of macrocycles
where match between size of metal ion and macrocyclic
cavity is closest. A classic example of size-match se-
lectivity is seen in Figure 1, where formation constants®
of the crown ether 18-crown-6 (see Figure 2 for struc-
tures of ligands) are plotted for each metal ion as a
function of its ionic radius.* The maximum in complex
stability at K* can be interpreted in terms of its ionic
radius fitting the cavity in the crown ether most closely.
Some criticism of this interpretation® has been offered,
since with smaller macrocycles such as 12-crown-4 the
maximum in complex stability is still at the K* ion,
rather than shifting to smaller ions such as Li*. In
general, however, size-match selectivity is widely ac-
cepted® as the most important factor in controlling
metal ion selectivity in macrocyclic ligands.

In expectation of confirming this idea for the tetraaza
macrocycles 12-aneN, through 15-aneN, (Chart I), we
determined the missing formation constants with these
ligands for the metal ions Nill, Cufl, ZnT, CdZ, and Pb",
which range in ionic radius* from 0.49 [S = 0 Ni(II))
to 1.18 A [octahedral Pb(II)]. The best fit hole sizes
of the tetraaza macrocycles 12-aneN, through 16-aneN,
had been estimated by De Hayes and Busch?’ through
molecular mechanics (MM) calculations where the M~N
force constant K had been set to 0 in eq 1 to allow the
ligand to dictate M-N bond length, which was then the
best fit M—N length for coordinating to that particular
macrocycle, as seen in Chart I. (We obtained® essential
agreement with these hole sizes.)

Chart I shows where the metal ions might have been
expected to form their most stable complexes on the
basis of size-match selectivity. The strain-free M—N
lengths are derived from MM calculations® or crystal
structures of the simple ammine complexes. The for-
mation constants for each metal ion tended not to peak
at the tetraaza macrocycle with a cavity that matched
the size of the metal ion. Instead, behavior was as
summarized in Figure 3, where the change in stability
(A log K) for each metal ion relative to the 12-aneN,
complex as the size of the macrocyclic ring is increased
is plotted against the size of the macrocyclic ring.
Figure 3 has a very regular pattern showing that as
metal ions became larger, so their affinity for the
smallest macrocycle 12-aneN,, relative to the others in
the series, increased. The ligand that would be expected
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from size-match selectivity to form the most stable
complex with each metal ion is indicated by an arrow
in Figure 3. Only for Cul! does the behavior appear to
accord with expectations based on size-match selectiv-
ity.

In their estimation of the best fit M-N lengths for
the macrocycles seen in Chart I, De Hayes and Busch
considered’ only the trans-III conformer of the tetraaza
macrocycles, seen in Figure 4. While we were obtain-
ing® our “anomalous” (in terms of size-match selectiv-
ity) results for the tetraaza macrocycles, we were car-
rying out? MM calculations on two other commonly
occurring conformers of tetraaza macrocycles, the
trans-I and cis-V conformers (Figure 4). These calcu-
lations led to a rethinking of what controlled metal ion
selectivity in macrocycles and to some ideas that are
applicable to metal ion selectivity in all ligands.

Molecular Mechanics Calculations. These have
in recent years gained importance in coordination
chemistry.!%1! For a discussion of the basis of MM, the
literature should be consulted.'** The MM calcula-
tion models steric effects in molecules by use of simple
equations to represent contributions to steric strain,
such as bond-length and bond-angle deformation, tor-
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Figure 1. The formation constants® of the complexes of the
alkali-metal ions with 18-crown-6 at 25 °C in water, plotted as
a function of their octahedral ionic radii.*
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Figure 3. The change in formation constant, A log K, of the
complexes of the X-aneN, macrocycles relative to log K; for
12-aneN,, plotted as a function of X, the macrocyclic ring size.
The metal ions are indicated in circles drawn proportionally to
their ionic radii.* Redrawn after ref 9.

sional strain, and van der Waals interactions between
nonbonded atoms. Thus, the equation used to calculate
strain from bond-length deformation, Up, is a simple
Hooke’s law expression,

Ug = Y%K(r° - r)? (1)

where r° is the ideal bond length, r is the observed bond
length, and K is the force constant for that particular
type of bond.

Molecular Mechanics Calculations on Tetraaza
Macrocycles. We have developed®®!15 an approach
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Figure 4. (a) Three conformers of the tetraaza macrocycle type
of ligand. The open circles represent the N-H hydrogen atoms.
(b) Diagrams illustrating how the trans-I type of conformer is able
to adapt to metal ions of different sizes, compared to the more
rigid trans-III conformer in tetraaza macrocycles.

o

trans-Iil

2

18 20 22 24
M-N bond length, &

Figure 5. The strain energy, AU, of the trans-I and trans-III
conformers of [M(12-aneN,)]** as a function of final energy
minimized M-N bond length. Redrawn after ref 18.
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Figure 6. The strain energy, AU, of the trans-I and trans-III
conformers of [M(14-aneN,)]™* as a function of final energy
minimized M-N bond length. Redrawn after ref 29.

to finding the best fit metal ions for ligands, in which
the strain energy of the complex is calculated as a
function of the strain-free M—-N length, r° in eq 1, over
a suitable range of M—-N lengths. All other parameters
in the calculation involving the metal ion are kept
constant, usually at the values for high-spin Ni(II). The
results are not too dependent on choice of metal ion.
In Figure 5 and 6 are shown scans of strain energies of
the trans-I and trans-III conformers of the 12-aneN,
and 14-aneN, complexes. The minima in the curves in
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Figure 7. The change in formation constant, A log Kj, that occurs
on increasing the chelate ring size from five membered in the
chelate ring containing the amide oxygen in AA-IDA fto six
membe4red in PA-IDA, plotted as a function of octahedral ionic
radius.

Figures 5 and 6 are the best fit M—N lengths for each
conformer. The sharpness of the curves is an indication
of the rigidity of the conformer of the complex. Figure
5 shows that for 12-aneN, at all M-N bond lengths the
trans-I conformer will be of lower energy than the
trans-I1I conformer, so that the trans-III conformer
should not occur. All known planar complexes of 12-
aneN, and its derivatives have'®'? the trans-I confor-
mation.

Figure 6 shows that, in contrast to 12-aneN,, for 14-
aneN, complexes there is a region where the trans-III
conformer is of lower energy than the trans-I conformer.
This lies between M-N lengths of 1.96 and 2.17 A
(points A and B on the diagram). The Cu(II) complex
of 14-aneN, with a Cu-N length of 2.04 A lies in this
region and so is observed®® to have the trans-III con-
formation. In contrast, Hg—N lengths in the Hg!! 14-
aneN, complex lie outside this range at 2.37 A, and it
has?! the trans-I conformation.

Calculations have also been carried out® on the cis-V
conformer of 14-aneN, (Figure 4), which show that this
is more stable (relative to the trans-III conformer) at
longer M—-N lengths. The picture of selectivity in the
tetraaza macrocycles that emerges is not one where the
ligand has a single preferred conformer with a rigid
cavity that leads to size-match selectivity for metal ions.
Rather, the ligand has several conformers not greatly
different in energy, which have different metal ion size
preferences. Metal ions that are too large for the cavity
of the macrocycle are simply coordinated out of the
plane of the donor atoms in conformers such as the
trans-I conformer. In these out-of-plane positions the
size of the macrocyclic cavity is unimportant, and sta-
bility is controlled by the same geometrical factors that
control stability in open-chain ligands, namely, the size
of the chelate ring.
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Figure 8. A relationship similar to that depicted in Figure 7,
plotted for the pair of ligands 12-aneN, and 13-aneN,.
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Chelate Ring Size and Metal Ion Selectivity. It
was observed® that in open-chain ligands the familiar
destabilization of complexes that occurs when the size
of the chelate ring is increased from five membered to
six membered was directly related to metal ion size. An
example of this dependency is shown in Figure 7, where
the change in formation constant, A log K, that occurs
on passing from AA-IDA (Figure 7) to PA-IDA is
plotted against metal ion octahedral radius. In AA-
IDA all the chelate rings formed are five membered,
whereas in PA-IDA the size of the chelate ring involving
the amide oxygen is increased to six membered. Many
examples of this type of relationship between change
of stability on increase of chelate ring size from five to
six membered and metal ion radius have been demon-
strated.222 The relationships include also macrocycles
where there is an increase of chelate ring size, as seen
in Figure 8 for 12-aneN, and 13-aneN,. The widespread
occurrence of the type of correlation seen in Figures 7
and 8 leads?? to a rule of ligand design: Increase of
chelate ring size from five membered to six membered
in a complex will increase the stability of complexes
of smaller relative to larger metal ions. This rule holds
for both macrocyclic and nonmacrocyclic ligands. An
example of the rule applied to crown ethers is seen in
Chart II. Ligand I shows* much higher selectivity for
the small Lit* ion relative to other alkali-metal ions than
does ligand II, even though it has a larger macrocyclic
cavity. This relates to the presence of six-membered
chelate rings in the complexes of crown ether I, so fa-
voring the small Li* ion.

Origin of the Size-Selective Effect of Chelate
Ring Size. Metal ion size preferences of five- and
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Figure 9. The relationship between minimum strain geometry
in cyclohexane and the steric requirements of chelate rings of size
five and size six.

six-membered chelate rings relate to the steric re-
quirements of low-strain cycloalkanes. The chair form
of the cyclohexane ring has (Figure 9) minimum strain
energy because all torsional angles are at the minimum
strain value of 60°. A six-membered chelate ring based
on TN (1,3-diaminopropane) retains this low-strain
geometry as long as the metal ion is about the same size
as the tetrahedral carbon atom. MM calculation shows
that as the metal ion gets larger, the chelate ring flat-
tens, and the hydrogens rotate into eclipsed positions,
with a rise in strain energy. Thus, very small metal ions
coordinate best in six-membered chelate rings, while
complexes of large metal ions are destabilized by six-
membered chelate rings.

MM calculations!! show that the torsion angles in the
five-membered chelate ring based on EN (1,2-di-
aminoethane) approach the minimum strain situation
when the metal ion is large (Figure 9) with an M-N
length of 2.5 A and a small N-M-N angle of 69°. Metal
ion size based on selectivity is thus controlled by chelate
ring size because minimum strain energy is achieved in
six-membered chelate rings with the smallest metal
ions, with low coordination number and thus large
N-M-N angle. Five-membered chelate rings have
minimum strain energy with large metal ions of high
coordination number and thus small N-M-N angle.

Metal Ion Selectivity of Oxygen-Donor Macro-
cycles. The oxygen donor found in crown ethers has
not been extensively investigated as a donor atom in
its own right. We found?% that in open-chain ligands,
addition of neutral oxygen donors as pendent hydrox-
yethyl groups had effects on complex stability remi-
niscent of the coordinating properties of crown ethers.
Thus, complexes of large metal ions such as Pb!l and
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Ba!l showed strong increases in complex stability when
groups containing neutral oxygen donors were added,
while small metal ions such as Cul! showed strong de-
creases in complex stability (Chart III). This behavior
relates strongly enough to metal ion radius that plots
of A log K on addition of neutral oxygen donors to a
ligand versus ionic radius are of good linearity,> %' re-
sembling Figures 7 and 8, but of opposite slope. An
important proviso here is that the added oxygen donors
should be part of a five-membered chelate ring, as we
have recently demonstrated®® with ligands where 3-
hydroxypropyl groups are used to form six-membered
chelate rings. With oxygen donors in six-membered
chelate rings, the complexes of small metal ions are
stabilized relative to those of large metal ions. This is
seen also in Chart II and Figure 7. It is suggested that
much of the preference displayed by crown ethers and
other ligands containing neutral oxygen donors for large
metal ions arises because the oxygen donors are usually
part of five-membered rather than six-membered che-
late rings. An explanation for the fact that peaks in
complex stability in correlations such as Figure 1 occur
at K* regardless of the size of the macrocyclic ring could
lie in the idea that potassium is the right size for the
five-membered chelate rings of crown ethers.
Ligand Field Strength of Nitrogen Donor Mac-
rocycles. Complexes of nitrogen donor macrocycles
usually show higher ligand field (LF) strengths than
their open-chain analogues.?® Increased LF strength
implies increased overlap in the M-N bond. It is not
surprising in terms of the idea of macrocycles as rigid
ligands that a widely accepted 1nterpretat10n3° of this
phenomenon is that it is due to compression of the
metal ion in the too-small cavity of the ligand. This
seems unlikely, however, since crystal structures show®
no shortening of the M—-N bond in these situations. A
better interpretation is that the increase in LF is due®*
to increasing covalency in the M-N bond accompanying
the increase in donor strength, along the series primary
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< secondary < tertiary, illustrated in the series in Chart
IV. As illustrated in Chart IV, an increase in the
basicity of the nitrogens from the addition of methyl
groups to give TMC is overcome by the resulting steric
strain and a drop in LF strength®! corresponding to the
lengthening®? of the Ni-N bond is observed. High LF
strengths lead to the stabilization of unusual oxidation
states,® including a report* of Hg'l. To increase com-
plex stability and LF strength, the alkyl groups added
should not produce adverse steric effects, which usually
means that they should be bridging alkyl groups that
are part of a chelate ring.

Structurally Reinforced Macrocycles. The con-
clusion that macrocycles in general, and the tetraaza
macrocycles in particular, were not particularly rigid
molecules, and so failed to show size-match selectivity,
led us to search for more rigid ligands. The literature
yielded brief reports®3 of reinforced macrocycles, such
as B-12-aneN§ shown in Chart V. A crystal structure
determination® for [Ni(B-12-aneN,)}?* showed that the
Ni-N bond lengths had been compressed from the
strain-free value!! of 1.91 A for S = 0 Nill down to a
mean length of 1.86 A, in accord with the suggestion®
that the very high LF strength observed for this com-
plex was due to compression of the metal ion. We have
since synthesized® g variety of reinforced macrocycles,
some of which are shown in Chart V. The complex of
ligand II with Nill shows an even higher LF strength
than does B-12-aneN,, which is attributed® to the
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presence of tertiary nitrogen donors rather than com-
pression. The rigidity of ligand II is such that the Nil!
complex is not demetalated even in refluxing cyanide
solutions. Ligand III is interesting in that it shows3?
total selectivity for the Pb™ ion, with no signs of com-
plexing other metal ions tested. Adoption of the low-
energy chair form by the piperazine bridges of the free
ligand, however, rather than the boat form required for
coordination to metal ions, means that overall complex
stability is low, even with Pbll.

Concluding Remarks. Space limitations have
meant that I have been able to give only a brief look
at the application of MM calculations to problems in
coordination chemistry, and the interested reader is
referred to ref 11. Similarly, the arguments concerning
the role in metal ion size-based selectivity of the size
of the chelate ring, i.e., whether it is five membered or
six membered, have necessarily been brief. The evi-
dence, weighed carefully, seems strong that the size of
the chelate ring outweighs the size of the macrocyclic
ring in determining thermodynamic complex stability
with metal ions of different sizes, at least for saturated
unreinforced macrocycles.

One can distinguish the effects of the size of the
chelate ring from the effects of the size of the macro-
cyclic ring because these are often expected to be of
opposite effect on complex stability as the size of the
metal ion increases. In nonmacrocyclic ligands, an in-
crease in the size of the chelate ring leads to a decrease
in complex stability for larger metal ions relative to
smaller metal ions. The increase in macrocyclic ring
size that accompanies increasing chelate ring size is
expected to produce an increase in complex stability
for larger metal ions, but invariably it does not. In
considering macrocyclic ring size, we are expecting the
distance from the metal ion to the donor atoms to
control complex stability. MM calculation shows that
the macrocyclic ring is generally too flexible for this to
be important. In considering chelate ring size, we are
actually considering the orientation of the lone pairs on
the donor atoms, which for ring size six focus on a point
close to the donor atoms, while for ring size five the lone
pairs focus on a point a long way from the donor atoms.
This fact leads to rules for controlling selectivity of
ligands for metal ions on the basis of their size, which,
along with other rules developed® for ligand design,
may lead to an improved ability to design ligands for
specific complexation of metal ions.
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