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Abstract: Structural requirements for strain-free metal ion complexation by an aliphatic ether group are investigated
through the use of both ab initio molecular orbital and molecular mechanics calculations. Hartree-Fock calculations
on simple models, M—O(Me), and M—-O(Me)(Et), reveal a preference for trigonal planar geometry when aliphatic ether
oxygens are coordinated to alkali and alkaline earth cations. This preference is found to be strongest in small, high-
valent cations and weakest in large, low-valent cations. Results from the Hartree—Fock calculations are used to extend
the MM3 force field for calculation on aliphatic ether complexes with the alkali (Li to Cs) and alkaline earth (Mg
to Ba) cations. The resulting molecular model (i) reproduces the experimental crystal structures of 51 different
complexes of multidentate ethers with alkali and alkaline earth cations, (ii) explains experimental trends in the structure
of five-membered chelate rings of aliphatic ethers, (iii) reveals a fundamental difference between the metal ion size
selectivity of five-membered chelate rings of ethers versus that of amines, and (iv) rationalizes trends in the stability
of four potassium complexes with the diasteriomers of dicyclohexyl-18-crown-6. Two structural requirements for
strain-free metal ion complexation, M—O length and oxygen orientation, are identified and quantified. Itis demonstrated
that the degree to which ligand structure can satisfy the trigonal planar geometry preference of the coordinated ether
oxygens can have a greater affect on complex stability than the ability of the ligand to satisfy M—O length preferences.

L. Introduction

The remarkable ability of macrocyclic ethers to selectively
complex metal cations is a topic of fundamental interest in
coordination chemistry. A large number of macrocyclic ethers
have been synthesized, and the stabilities of many of their metal
complexes have been determined.!® The structuresof suchligands
and their complexes have also been studied extensively in the
solid state,3? in solution,'®and through the application of molecular
models.!!-13 However, although a large body of data has been
accumulated, factors that control metal ion recognition remain
incompletely understood. These factors include the solvation of
the cation and the ligand, number and type of donor atoms, and
the ligand structure.!-® In this paper, we focus on the influence
of ligand structure on the stability of multidentate, aliphatic ether
complexes with the alkali and alkaline earth cations.

A key goal in ligand design is to attain a high degree of metal
ion selectivity. To achieve this goal, the ligand must complex the
target metal ion more strongly than the other metal ions in the
system. From a structural point of view, the highest possible
complex stability that can be obtained with any given group of
donor atoms will be obtained when each donor atom in the ligand
is spatially arranged to perfectly satisfy the structural require-
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ments of metal ion—donor group interactions.!# Failure tosatisfy
these requirements destabilizes the complex. Thus, the design
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of selectivity through the manipulation of structure involves
tailoring the ligand to achieve a good fit to the target ion and a
poor fit to other metal ions. It is obvious that success in the
rational a priori design of selective multidentate ligands will
depend largely on understanding the structural requirements of
the metal ion—donor group interactions.

It is widely accepted that the only important structural
requirement for the ideal metal ion—ether donor groupinteraction
isattainment of the preferred M—O length. The structural design
of multidentate ethers for metal ion discrimination among the
alkali and alkaline earth cations has been based on achieving a
match between the size of the ligand cavity and the size of the
cation.!® This concept is also prevalent in most molecular
modeling studies on macrocyclic ether complexes!?in which metal-
dependent potential function parameters have been derived by
fitting them only to the M—O lengths and interaction energies in
simple models, e.g. M—O(Me), or M(OH)s.

Inearlystudies, crown ether macrocycles were varied to attempt
to attain metal ion selectivity on the basis of cavity size. This
approach was not entirely successful.!* Deviationsfrom predicted
size-match selectivity behavior for crown ethers have been
attributed to differences in cation solvation and/or to flexibility
that allows the ligand to achieve optimum M-O lengths with
more than one metal ion.!4!6 Observed metal ion selectivities of
cryptands, which possess a more conformationally organized
spherical cavity than the flexible planar cavities of crown ethers,
do show a strong correlation between the size of the cation and
thesizeof thecavity.” Further metal ion selectivity enhancements
have been obtained for ligands with conformationally rigid cavities,
e.g. spherands. This enhanced selectivity has been attributed to
the fact that a rigid cavity can accommodate only a very narrow
range of M—O lengths.?

Thus, the control of cavity size, i.e. M—O length, has served
as the main basis for designing metal ion selective multidentate
ethers for the past two decades. The current criteria for the
structural design of selective ligands for the alkali and alkaline
earth cations is a very rigid cavity with the correct radius for the
target metal ion. The rationale for these criteria is that size-
based selectivity will be obtained because cations that are too
small cannot simultaneously contact all the donor atoms, and
attempts to bind cations that are too large cause the development
of severe steric strain within the complex.
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The possibility of additional structural requirements for ideal
metal ion—ether interaction has been largely ignored, perhaps
because it has often been possible torationalize observed selectivity
patterns in terms of either cavity size alone or some combination
of cavity size, conformational flexibility, and solvation. Onesuch
additional requirement is the directional preference of the ether
coordinationsites. It has been noted that the selectivity patterns
of some crown ethers are better explained in terms of chelate ring
size rather than macrocycle cavity size,'4 implying the presence
of a preferred geometry at the oxygen atom. In a survey of
crystallographic data,!? it was observed that ether oxygen donor
groups appear to have preferred geometry preferences when
coordinated with alkali and alkaline earth cations. While there
was a definite tendency for lithium to lie within the C-O-C plane
of an aliphatic ether donor (i.e. trigonal planar oxygen),
unambiguous assignments of coordinated oxygen geometry
preferences were not possible for the other cations. Morerecently,
the geometry preferences of the coordinated ether oxygen and
their impact on complex stability have been considered in
molecular mechanics studies.

Ithas been postulated that thesp® oxygens of ethers and alcohols
prefer a tetrahedral geometry when coordinated to a metal ion;
i.e., thereis a steric preference for an M—O—C angle of 109.5°,13b.18
The consequences of a tetrahedral, neutral oxygen donor have
been discussed with respect tosteric strain and chelate ring size.!8a.b
It was concluded that with tetrahedral M—O-C angles, five-
membered aliphatic ether chelate rings would exhibit a steric
preference to complex a metal ion roughly the size of sodium (an
M-Olengthof ~2.5 A), and six-membered aliphatic ether chelate
rings would exhibit a steric preference to bind smaller metalions. 8¢
The putative preference for tetrahedral oxygen geometry has
been shown to be consistent with the experimental metal ion size
selectivity of five- and six-membered chelate rings of aromatic
bidentate alcohols.!8b

The nature of the geometry preference for coordination of the
ether oxygen to the potassium ion has been clarified in a more
recent study.!® A4b initio molecular orbital calculations on the
simple models K-O(Me), and K-O(Me)(Et) revealed a signifi-
cant preference for trigonal planar, rather than tetrahedral, oxygen
coordination. The ether oxygen geometry preferences were
incorporated in the MM2 force field, which was then used to
examine the structure and steric strain in a series of 11 hexadentate
aliphatic crown ethers and their potassium complexes. The
calculated increase in strain energy on the complexation of
potassium (range from 6.6 to 16.8 kcal/mol) correlated well with
experimental stability constants (log K range from 1.7 t0 6.1) to
yield the first structure—stability relationship that quantitatively
accounts for the affect of alkyl substitution on complex stability.
It was concluded that it is necessary to consider both M—O length
preference and the oxygen geometry preference to understand
the relationship between structure and stability.

In the present study, we have continued to investigate the
structural requirements for strain-free metal ion complexation
by aliphatic ethers. Inwhat follows, we present the development
and validation of an extended MM3 force field for aliphatic ether
complexes of the alkali (Li to Cs) and alkaline earth (Mg to Ba)
cations. Both oxygen geometry preference and M—O length
preference are examined asa function of metalionsize and charge.
The relative importance of these structural preferences are
discussed with respect to the design of ligand structure.

(17) Chakrabarti, P.; Dunitz, J. D. Helv. Chim. Acta 1982, 65, 1482.

(18) (a) Hancock, R. D.; Bhavan, R.; Wade, P. W,; Boeyens, J. C. A;
Dobson, S. M. Inorg. Chem. 1989, 28, 187. (b) Hancock, R. D.; Wade, P.
W.; Ngwenya, M. P.; de Sousa, A. S.; Damu, K. V. Inorg. Chem. 1990, 29,
1968. (c) Hancock, R. D.; Hegetschweiler, K. J. Chem. Soc., Dalton Trans.
1993,2137. (d) Hegetschweiler, K.; Hancock, R. D.; Ghisletta, M.; Kradolfer,
T.; Gramlich, V.; Schmalle, H. W. Inorg. Chem. 1993, 32, 5273.
i 5(19) lggy, B. P.; Rustad, J. R.; Hostetler, C. J. J. Am. Chem. Soc. 1993,

, 11158,



6318 J. Am. Chem. Soc., Vol. 116, No. 14, 1994

II. Development of the Molecular Model

1. Hardware and Software. All molecular mechanics (MM)
calculations were carried out using the MM 3 program?® with the
augmented force field described in this work. Abinitio quantum
calculations were performed with the Gaussian 90 program.2!
Both MM and quantum calculations were performed on a Sun
Sparcll workstation. The molecular graphics program Chem3D
Plus?? was used on a MacIntosh Ilci personal computer to build
initial sets of molecular coordinates for MM3 and Gaussian 90,
to plot energy-minimized molecular coordinates obtained from
the calculations, and to plot crystal structure data from the
Cambridge Crystallographic Database.??

2. Potential Functions. Althoughoriginally designed to model
organic compounds and transition metal complexes with simple
metal geometries, the MM3 program can readily be applied to
model the more varied geometries found in ether complexes of
the alkali and alkaline earth metal ions. No modification to the
code is necessary. This application excludes several potential
functions that would otherwise be present in purely organic
structures and changes the way the potential functions are assigned
at the metal ion center. These changes, which affect the number
and type of interactions that are present in the MM calculation,
arediscussed in this section. Alterations to the organic, or metal-
independent, MM 3 parameter set are discussed in Section 3,and
the development of the additional metal-dependent force field
parameters is presented in Sections 4 and 5.

With two exceptions, the default MM3 potential functions are
used to describe all interactions. The exceptions are the stretch—
bend and bend-bend terms that involve angles subtended at the
ether oxygen. When present, these terms yield unrealistically
large stretch—bend energies and bend-bend energies due to the
high variability in M—O length and M—O—C bond angle. Inour
previous work with MM2,'? it was necessary to exclude all stretch—
bend terms to remove the few undesirable ones. With MM3, it
is possible to selectively remove only those stretch-bend terms
thatinvolve angles subtended at oxygen. However, it is necessary
to exclude all bend-bend interactions to remove those involving
oxygen. Thus, for all calculations described in this work, the
input files were altered to zero stretch—bend terms at oxygen and
to zero all bend-bend terms.

Interactions involving the metal ion were handled with the
points-on-a-sphere approach.24 -This approach entails the re-
placement of all O—-M-O bond angle terms with 1,3 van der
Waals interactions between ligated oxygens, the neglect of
torsional interactions about M—O bonds, and the neglect of all
nonbonded interactions (both van der Waals and electrostatic)
that involve the metal ion. With this approach, only five new
types of interaction are added to the force field for each metal
ion. These are the M—O stretch, M—O—C bend, oxygen out-of-
plane bend, M—O—C-H torsion, and M—O-C-C torsion. With
one exception, these interactions are treated with the same
potential functions that were used for corresponding organic
interactions. .

The exception is the oxygen out-of-plane bending interaction.
The standard MM3 out-of-plane bending function, intended for
use with sp? carbon and nitrogen atoms, proved to be too stiff for
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J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Topiol, S.; Pople, J. A.
Gaussian 90; Gaussian, Inc.: Pittsburgh, PA, 1990.
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Cambridge, MA, 1989.

(23) Cambridge Crystallographic Database (1991 version). Allen, F. H.;
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this application. We therefore adopted the following alternative.
A dummy atom, D, is attached to each coordinated oxygen atom
such that the M—~O-D and C-O-D angles are <90°. Parameters
are chosen for the dummy atom such that the only contribution
tothe strain energy total comes from M—O-D and C-O-D bending
interactions. An energetic preference for the metal ion to lie in
the plane defined by the C—-O-C group is achieved by assigning
a strain-free value of 90° to the M—O-D and C-O-D angles.

All options described above for assigning potential functions
to interactions that involve a metalion were specified in standard
MM3 input files using methods reported elsewhere.2’ Example
input files are available as supplementary material.

3. Metal-Independent Parameters. As in other applications
of molecular mechanics to coordination compounds,?4 we adopted
the assumption that force field parameters used for modeling the
various interactions in ethers are transferable to the ether portion
of a metal complex. Moreover, we assume these parameters to
be independent of the identity of the metal ion. In the current
application of MM3 (see Section 2 above), the term metal-
independent refers to the parameters that are used for interactions
that involve C (atom type 1), H (atom type 5), and O (atom type
6). Theseinclude C-H, C-C, and C-Ostretches; H-C-H, C-C-
H, O—C-H, C-C-C, C-C-0, and C-O-C bends; stretch-bends
atcarbon; H-C-C-H, H-C-C-C, H-C-C-0O,H-C-0-C,C-C-
C-C, C-C-C-0,and C-C-O—Ctorsions; C—C and C-O torsion—
stretches; C-O dipole—dipole interactions; and H- -H, H- -C,
H- -0,C--C,C--0,and O- -Ovander Waals interactions. With
only two exceptions, detailed below, thedefault MM3 parameters
(1992 Version) were applied to all of these interactions.

The first exception is the electronegativity correction that is
used to obtain a shorter strain-free length for the C—C bond when
anoxygen atom isattached to each carbonatom. In thissituation,
thedefault MM3 parameter, Al =-0.007 A, gives a strain-free
C—C bond length of 1.513 A. Use of this value yields calculated
lengths that aresignificantly longer than the average experimental
value of 1.49 & 0.03 A found in metal complexes (see Table 3
below). To compensate for this, we have decreased the value of
the parameter A/, to -0.020 A, which gives a strain-free value
of 1.493 A,

The second exception is the set of parameters for the O-C-
C-O torsion interaction. The default MM3 parameters, V; =
1.00, ¥, = -2.00, and ¥; = 0.30 kcal/mol, gave poor agreement
between experimental and calculated O—-C-C-O torsion angles.
Improved performance was obtained when these parameters were
replaced with the values that were used in our earlier work, ¥,
=3.36,V,=-4.82,and ¥; =3.84kcal/mol.** Toavoid confusion
elsewhere in the text, we will use MM3’ to refer to calculations
performed with these modifications to the MM3 force field.

The effect of these two alterations to the organic parameter
set, plus the exclusion of stretch-bends at oxygen and bend-
bends at all atom centers (see Section 2 above), was evaluated
by checking calculated structures and, where data were available,
by the conformational equilibria of simple ethers including
dimethyl ether, ethyl methyl ether, diethyl ether, methyl isopropyl
ether, and diisopropyl ether. Comparison with reported MM3
force field calculations2é showed that our changes to the force
field do not significantly alter the results in these cases. For
1,2-dimethoxyethane, we calculate the #gr conformation to be
lower in energy than the t£¢ conformation by 0.54 kcal/mol, which
is in agreement with experimental data that indicate a gauche
preference of 0.4 kcal/mol in the gas phase?’ (default MM3
parameters yield a slight trans preference of 0.05 kcal/mol).26

(25) Hay, B. P. Inorg. Chem. 1991, 30, 2876.
(26) Allinger, N.L.; Rahman, M.; Lii, J.-H. J. Am. Chem. Soc. 1990, 112,
8293,

(27) (a) Inomata, K.; Abe, A. J. Phys. Chem. 1992, 96, 7934. See also:
(b) Astrup, E. E. Acta Chem. Scand. 1979, A33, 655. (c) Ogawa, Y.; Ohta,
M.;Sakakibarra, M.; Matsuura, H.; Harada, I.; Shimanouchi, T. Bull. Chem.
Soc. Jpn. 1977, 50, 650.
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Table 1. Comparison of Experimental versus Calculated (Parentheses) Structural Features of Metal-Free Aliphatic Crown Ethers®

ligand c-C c-0 bite? C-0-C c-C-0 0-C-C-0 C-0-C-C, Cc-0-C-C,
1 2.50 (2.51) 1.42 (1.43) 2.99 (2.95) 113 (114) 109 (109) 75 (76) 157 (160) 94 (96)
2 2.51 (2.51) 1.43 (1.43) 293 (2.91) 112 (114) 111 (110) 66 (70) 167 (170) 85 (86)
3 2.51 (2.51) 1.43 (1.43) 2.94 (2.91) 111 (114) 112 (110) 68 (69) 167 (170) 83 (85)
4 2.52(2.51) 1.43 (1.43) 2.85 (2.86) 115 (115) 110 (109) 65 (66) 175 (173) 92 (97)
5 2.52(2.51) 1.43 (1.43) 2.82 (2.83) 115 (115) 110 (109) 57 (60) 167 (168) 64 (64)
6 2.51 (2.50) 1.43 (1.43) 2.93 (2.93) 113 (114) 109 (109) 70 (73) 167 (173) 80 (75)

@ Values represent average bond lengths (A), bond angles (deg), and torsion angles (deg) in the macrocyclic rings and do not include contributions
from alkyl substituents. The C—-O-C—C torsion angles are differentiated with a subscript a (anti) or g (gauche). b Average distance (A) between oxygens
within O—-CH;-CH>-O groups.

Table 2. Metal-Dependent MM 3 Parameter Set®

M-0O-D and
M-O stretch M-0O—C bend C-0O-D bends M-O-C-H torsion M-0O-C—C torsion
metal ion ro K, 8o Ky 8 Ky " V) V3 " Vs Vs
Li* 2.050 0.290 123.5 0.170 90.0 0.183 0.000 0.000 0.127 -2.900 1.100 0.537
Nat 2.380 0.210 123.5 0.140 90.0 0.118 0.000 0.000 0.075 -1.625 0.950 0.383
K* 2.750 0.170 123.5 0.120 90.0 0.079 0.000 0.000 0.060 ~-1.100 0.880 0.200
Rb* 2.920 0.135 123.5 0.110 90.0 0.074 0.000 0.000 0.049 -1.000 0.720 0.254
Cs* 3.100 0.125 123.5 0.104 90.0 0.066 0.000 0.000 0.045 -1.000 0.700 0.165
Mgt 2.047 0.579 123.5 0.246 90.0 0.430 0.000 0.000 0.334 —6.439 1.617 2.204
Ca?t 2.400 0.430 123.5 0.210 90.0 0.294 0.000 0.000 0.194 —4.650 1.375 1.275
Sr2+ 2.580 0.340 123.5 0.195 90.0 0.220 0.000 0.000 0.167 -3.327 1.227 1.023
Ba2* 2.830 0.290 123.5 0.181 90.0 0.198 0.000 0.000 0.137 -2.991 1.174 0.764

a Parameters are given in standard MM3 units as follows: ro, A; K;, mdyn/A; 8o, deg; Ky, mdyn-A/rad?; V; kcal/mol.

MM3’ was further tested by examining metal-free aliphatic
crown ethers for which crystallographic data are available, 1-6.
The results are summarized in Table 1. Structural features of
these ligands wereaccurately reproduced (bond length root mean
squared deviation = £0.005 A, bond angle root mean squared
deviation = 1.0°, and torsion angle root mean squared deviation
= 2.5°).

4. Parameters for Metal-Dependent Bends and Torsions. After
the fact that MM 3’ yielded satisfactory results for aliphatic ethers
was verified, it was necessary to develop parameters for the
interactions that involve the metal ions (atom type 54) and dummy
atoms (atom type 11). There are the M—O stretch, the M—O-C
bend, the oxygen out-of-plane interaction (M—O-D and C-O-D
bends), the M—O—-C-H torsion, and the M—O—C—C torsion. These
interactions can be divided into two groups, an M-O stretch
interaction that establishes a preferred distance from the ether
oxygen to the metal ion and the other four interactions that
establish the preferred orientation of the ether group relative to
themetalion. Thesetwogroupsofinteractions were parametrized
by different methods. Parametrization of the interactions that
dictate ether group orientation is described in this section.

Where possible, the parameters for the metal-dependent bends
and torsions were determined through the use of ab initio
calculations. Hartree—Fock calculations with the STO-3G basis
set were performed to determine optimized geometries and
potential surfaces for selected distortions in the simple molecular
fragments M—O(Me), and M—O(Me)(Et), where M = Li, Na,
K, Rb, Mg, Ca, and Sr. For these calculations, the M—O bond
lengths were constrained to the average distance found in
crystallographic data (see Table 3 below). We felt this level of
theory to be adequate for the current application because the
goal was to obtain relative potential energy surfaces rather than
absolute energies.?? Because no electron pairs aredisturbed during
the distortions, the associated energy error is expected to be
approximately constant over the range of the distortion.

Using methods described in detail elsewhere,!® selected
structural distortions of M—O(Me), and M-O(Me)(Et) were

(28) (a) Schaeffer, H. F. Modern Theoretical Chemistry, Plenum: New
York, 1977;Vol. 3. (b) Carsky, P.; Urban, M. Abinitio Calculations. Lecture
Notes in Chemistry, Springer-Verlag: New York, 1980; Vol. 16.

(29) Cambridge Crystallographic Database?? reference codes for these
structures are as follows: 1, TOXCDP; 2, FUNTAJ; 3, JEMWED; 4,
GEFJOQ; §, GEFJIK; 6, HOXOCD.

performed to yield potential energy surfaces. The metal-
dependent bend force constants and torsion parameters were then
optimized by fitting MM3’-generated potential surfaces to the
ab initio generated ones. Because of a lack of basis sets, an
alternate method was employed to determine the metal-dependent
bend and torsion parameters for Cs and Ba. Plots of the
parameters already determined for the other metal ions revealed
definite trends when plotted against the charge-to-size ratio for
the cation.?® Values for Cs and Ba were interpolated from these
plots. The resulting set of parameters is presented in Table 2.

Changes in the experimental structure of the O-CH,~CH,-O
chelate were used as a basis to check the performance of the
metal-dependent bend and torsion parameters. The Cambridge
Crystallographic Database was searched todetermine the average
structural features in the O-CH,~CH,-O chelate ring as a
function of metal ion for Li to Cs and Mg to Ba. This search,
constrained to structures with R-factors of less than 7%, yielded
the following results: metal ion (number of fragments located),
Li(142),Na (237),K(397), Rb (27), Cs (29), Mg (13),Ca (52),
Sr (48), Ba (117). For each metal ion, average values and their
root mean squared deviations were determined for M-O, C-O,
and C-C lengths, the chelate bite (O- -O distance), the O~-M-0,
M-0-C, and O-C-C angles, and the M—-O-C-C and O-C-
C-Otorsion angles. Theseresults, summarized in Table 3, reveal
the changes in chelate ring structure that occur as the metal ion
is varied.

For each metal ion, MM3’ energy minimizations were
performed for the simple fragment, M(1,2-dimethoxyethane).
During these calculations, M-O lengths were constrained to the
average values given in Table 3. Calculated bond lengths, bond
angles, and torsional angles for M(1,2-dimethoxyethane) are
compared with the average values obtained for the O—CH,-
CH-O chelate ring in crystal structures (Table 3).

5. M-O Stretch Parameters. The M-O stretch parameters
were developed only after all other parameters had been assigned.
This development was accomplished through an iterative process
in which the strain-free length, r,, and the force constant, KX,

(30) (a) Charge-to-size ratios calculated using Shannon’s ionic radii® for
coordination number six were as follows: Li, 1.316 A-l; Na, 0.980 A-1; K,
0.725 A-1; Rb, 0.658 A-1; Cs, 0.599 A-1; Mg, 2.788 A-!; Ca, 2.000 A-!; Sr,
1.695 A-1;Ba, 1.481 A-1;Ra, 1.408 A-1. (b) Shannon, R. D. Acta Crystallogr.
1976, A32, 751.
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Table 3. Experimental versus Calculated Structural Features of O-CH,~CH,-O Chelate Rings®

cation M-O 0-C G bited O-M-0 M-0-C 0CC M-0CC O0-CCO

Li exp  2.26(0.05)  1.43(0.02)  1.50(0.03)  2.72(0.05) 74(4) 111(2) 108(1) 42(3) 57(4)
cale 1.43 1.50 2.68 73 114 108 41 54

Na  exp  252(0.13)  1.42(0.02) 1.49(0.04)  2.75(0.05) 66(3) 112(2) 109(2) 45(3) 61(5)
cale 1.43 1.50 2.76 66 115 109 44 58

K exp  2.83(0.06)  1.42(0.02)  1.48(0.04)  2.81(0.05) 59(2) 114(3) 109(2) 48(3) 65(4)
cale 1.43 1.50 2.82 60 116 109 47 62

Rb  exp  295(0.05) 1.42(002) 1.48(0.02)  2.85(0.05) 59(2) 113(1) 110(2) 48(2) 66(3)
cale 1.43 1.50 2.84 58 116 110 48 63

Cs exp  3.19(0.13)  1.42(0.01)  1.48(0.02)  2.87(0.04) 54(3) 113(2) 110(1) 48(2) 68(4)
cale 1.43 1.50 2.86 53 118 110 49 65

Mg  exp  222(0.05) 1.43(0.01)  1.50(0.01)  2.61(0.05) 72(2) 115(1) 106(1) 43(2) 54(4)
cale 1.43 1.50 2.63 73 115 107 40 51

Ca exp  2.51(0.05)  1.44(0.02)  1.49(0.05)  2.69(0.04) 65(2) 116(2) 108(3) 44(4) 56(5)
calc 1.43 1.50 293 65 117 109 42 54

Sr exp  2.68(0.05)  1.43(0.02)  1.48(0.04)  2.75(0.03) 62(2) 116(1) 109(2) 44(5) 57(6)
cale 1.43 1.50 2.75 62 117 109 44 57

Ba exp  2.87(0.05)  1.43(0.02)  1.49(0.03)  2.78(0.05) 58(2) 116(2) 109(2) 46(4) 60(6)
calc 1.43 1.50 2.79 58 118 109 46 59

@ Average experimental values for selected structural features (root mean squared deviations in parentheses). Calculated values obtained from MM3’
calculations on M(1,2-dimethoxyethane) with M—O lengths fixed at observed values. Lengths are given in A. Angles are given in degrees. ® Bite is

the distance between oxygen atoms.

rigure 1. Representative geometry-optimized Hartree-Fock STO-3G
structures obtained for M—O(Me), and M—O(Me)(Et).

were manually adjusted to give the best overall agreement between
MM3’-calculated M-O lengths and the M—O lengths that occur
in the crystal structures. Final calculations on these structures
served to validate the performance of the entire MM3’ force
field. A totalof 65 crystal structures,?! representing 51 different
complexes of multidentate aliphatic ethers with the alkali and
alkaline earth cations, 7-57 (Chart 1), were examined.

In the solid state, many of these complexes have other types
of ligands bound to the metal ion in addition to the multidentate
aliphatic ether. These extra ligands can influence the ether—
metal ion structure by causing steric crowding in the inner
coordination sphere. This influence is strongest for small metal
ions in which short M-L lengths hold the extra ligands close to
the ether but becomes negligible for the larger metal ions. To
a good approximation, the effect of the additional ligation can
be modeled by simply including the donor atom of each extra
ligand. Such ligand donor atoms, where L = O, N, F, or CI, were
attached to the metal ion with fixed bond lengths corresponding
to the observed M~L lengths in the crystal structures. These L

(31) (a) Where available, Chambridge Crystallographic Database? refer-
ence codes for these structures are as follows: 7, GIMWEE; 8, BARVOF,
CEMVIZ, DUWYOI; 9, DUGYUZ; 10, CEVMUL, FALGAA, 11, GEF-
JUW; 15, FUVFUX; 16, VAHWEG; 17, FOPPOP,GARLIU; 18,SEHHAO,
VAJZAH; 19, FEJBAX; 20, NATHOD; 21, GANZOK; 22, KIVZOE; 23,
DECDUC, DEJWOE, DIKXEA; 24, COXCUN; 25, GANZIE, DIJLAJ
(axial ligands I); 26, FABMIA, JEPMIA; 27, JAPVOL, KIZWAR; 28,
JEPMEW, TAGFEM; 29,S0OJVUI; 30, FABMAW, FUJCUI; 31, FUYCOR,;
32, FIYXUG; 33, KEGXO0J; 34, FIXKUS; 35, FIXKEC; 36, FITFAP; 37,
FUJBAN; 38, FUYCUX; 39, FUYCIL; 40, FEWGAP; 41, DUJJOH; 42,
FIXLAZ; 43, FIXKIG; 44, FITFET; 45, FUJBER; 46, FUYDAE; 47,
FIBFUR; 48, CUBNIW; 49, VUYXUI; 50, FIXKOM; 51, FITFIX; 52,
CIRVII; 53, FIXKAY; 54, FUYDEI; 55, DAZWEZ; 56, BACYHC; 57,
VUYYAP. (B) Structural data for 12-14 were provided by Dr. Richard A.
Sachleben and Dr. John H. Burns, Oak Ridge National Laboratory, Oak
Ridge, TN.

atoms were allowed tointeract with the rest of the complex through
van der Waals interactions alone. Default MM3 van der Waals
parameters were used for these interactions.

Input coordinates for these calculations were prepared as
follows. Atomic coordinates were read into Chem3D Plus from
the Cambridge Structural Database. Dummy atoms were added
toeachcoordinated ether oxygen. When absent, hydrogenatoms
were added using the “rectify” feature of Chem3D Plus. When
present, non-ether ligand types were reduced to ligand donor
atoms. For each metal ion, a series of MM3’ calculations was
performed on each complex over a range of strain-free lengths,
ro. For each strain-free length, the stretching force constant, &,
was varied, and the calculated structures were compared with the
experimental data. The resulting set of M—O stretch parameters
is presented in Table 2.

The structures calculated with the final parameter set (Table
2) were compared with the crystal structures for 7-57 to assess
the performance of the model. The average experimental and
calculated structural features are summarized for each case in
Table 4. A measure of the overall accuracy of the model is given
by the deviation between average experimental and calculated
structural features: feature, root mean squared deviation; M-O,
+0.03 A; bite, £0.04 A; M-O-C, £2°; O-M-O, £1°; C-O-C,
£2°; C-C-0O, £2°; M-O-C-C, £3°; O-C-C-0, %£3°; C-O-
C-C,, £5°; and C-O-C-C,, £6°. Although the calculations
were performed on isolated complexes with single-atom repre-
sentations for non-ether ligands, the overall level of agreement
establishes that the model reproduces the solid-state geometries
reasonably well and that it can be used to predict the structure
of multidentate ether complexes.

III. Results and Discussion

1. Preferred Ether Orientation. Figure 1 illustrates repre-
sentative geometry-optimized ab initio structures obtained for
M-O(Me), and M-O(Me)(Et). For all metal ions that were
investigated, minimum-energy configurations are obtained with
the metal ion located in the plane of the C—~O-C group. These
results establish that, on coordination with an alkali or alkaline
earth cation, the ether oxygen prefers to adopt a trigonal planar
geometry. Distortion from this planar configuration results in
a significant increase in energy or, in molecular mechanics terms,
a significant increase in steric strain. The magnitude of this
strain is dependent on the size and charge of the metal ion.

The nature of this dependency can be illustrated by comparing
potential surfaces for the movement of the different metal ions
out of the C—O—-C plane in M—O(Me),. These distortions were
constrained such that a projection of the M—O bond onto the
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C-0O-C plane bisected the C-O-C angle. The energy for this
out-of-plane distortion was obtained (using MM 3’) as a function
of the angle ¥ formed between the M—O bond and the C-O-C
plane (i.e the equilibrium geometry has a ¥ angle of 0°). Plots
of energy versus the angle ¥ presented in Figure 2 reveal (i) the
divalent cations have a stronger preference to remain in a planar
configuration than the monovalent cations and, (ii) for a given
charge, the preference becomes progressively weaker as the bond

length becomes longer. The amount of distortion required to
yield 1 kcal/mol of strain is as follows: metal ion, ¥ (deg); Mg,
23; Ca, 24.5; Sr, 28.5; Ba, 29; Li, 30; Na, 33.5; K, 39; Rb, 39.5;
Cs, 41.

Some direct experimental evidence for the preferred planar
orientation isavailable from complexes that have unidentate ether
ligandscoordinated tothe metal ion. For example, inthe (THF),-
(18-crown-6) complex of sodium (19) the C—-O-C planes of the
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Table 4. Comparison of Experimental versus Calculated (Parentheses) Structural Features of Aliphatic Ether Complexes with the Alkali and

Alkaline Earth Cations?®

complex  M-O bite® M-0-C O-M-0¢ C-0C CCO M-OCC O0CCO CO0CC, C-O0CC,
7 212(222) 2.67(2.67) 120(120) 78(74) 112(113) 111(108) 37 (41) 50(53) 177 (164)
8 217(225) 270(2.62) 110(115) 77(72) 114(117) 108 (107) 41 (42) 55(53)  165(172)
9 237(236) 276(2.64) 112(112) 71(68) 114(116) 109(107) 43 (42) 58(53)  166(172)  81(89)
10 237(235) 2.77(264) 112(116) 71(68) 114(116) 109 (107) 43 (42) 58(53)  165(171)  81(89)
11 202(1.97) 2.63(2.62) 115(117) 86(90) 115(119) 107 (108) 42 (42) 55(54)  174(172)
12 204(2.06) 2.56(2.61) 116(116) 84(85) 117(120) 109(109) 41 (40) 51(51) 171 (167)
13 2.02(2.05) 2.53(2.60) 116(117) 84(85) 117(120) 107(108) 44 (40) 73(68) 168 (165)
14 203(206) 2.55(2.60) 115(116) 84(85) 119(121) 105(108) 44 (40) 74(72) 167 (165)
15 223(222) 2.59(260) 115(116) - 71(72) 118 (117) 110(107)  34(41) 45(51) 168 (169)
16 237(241) 2.71(272) 116(118) 70(69) 114(114) 109 (108) 44 (44) 59(s8)  177(173)
17 249(249) 2.80(2.72) 112(115) S59(57) 114(116) 110(108) 43 (44) 59(57)  164(169) 80 (84)
18 245(237) 274(269) 111(114) 59(57) 114(117) 108 (107) 43 (44) 61(57)  171(173)  88(95)
19 276(2.73) 278(2.73) 117(119) 60(60) 112(113) 109 (108) 48 (47) 63(59) 177(172)
20 255(2.58) 276(272) 114(116) 66 (64) 113 (115) 109(109) 43 (45) 57(58)  173(176) 74 (85)
21 2.55(2.58) 2.76(2.72) 115(116) 63(63) 114(115) 108 (108) 45 (46) 59(58)  168(170)  76(82)
22 276(2.76) 2.76(2.81) 117(119) 60(61) 114 (112) 112(109) 49 (48) 64(62)  172(169)
23 2.80(2.79) 282(2.80) 114(116) 61(60) 113(113) 109(109) 49 (48) 66(63)  177(175)
24 279(280) 2.77(277) 116(116) 60(60) 116 (115) 112(108) 44 (47) 59(61)  175(171)
25 281(2.79) 2.82(2.80) 114(116) 60(60) 113 (115) 108 (108) 49 (48) 66(63)  172(173)
26 3.00(3.00) 2.86(281) 114(116) 57(56) 113 (115) 112(109) 43 (48) 69(62)  164(171)  81(83)
27 298(2.92) 283(2.82) 113(115) 57(58) 112(113) 109 (109) 48 (48) 66(64) 176 (174)
28 3.12(3.10) 287(2.84) 114(116) 55(54) 110(115) 111 (109) 44 (48) 67(64)  169(171)  81(83)
29 313(3.07) 283(2.84) 111(115) 54(55) 112(114) 109(109) 47 (48) 66(64) 176 (172)
30 334(332) 2.87(285) 115(117) S1(51) 113(113) 111 (110) 47 (49) 65(65)  175(173)  81(79)
31 2.18(2.16) 2.57(2.54) 117(118) 72(73) 118(118) 110(106) 34 (39) 43(46) 168 (164)
32 225(236) 261(256) 117(122) 72(73) 114(114) 109(107)  42(42) 59(55) 174 (158)
33 227(230) 262(2.57) 117(121) 72(73) 113(114) 108 (108) 47 (45) 61(59) 173 (163)
34 245(248) 267(267) 118(120) 66(65) 114(114) 110(108) 40 (42) 51(53) 168 (165)
35 249(2.51) 271(2.67) 118(120) 66 (64) 113(114) 111 (108) 38 (42) 50(53)  165(165)
36 2.50(2.52) 267(2.67) 117(120) 41(43) 113(115) 113(107)  41(43) 53(55) 173 (166)
37 246(2.48) 2.68(2.67) 118(119) 66(65) 115(115) 110(108) 39 (42) 52(56)  175(169) 108 (109)
38 252(250) 272(2.63) 115(117) 65(64) 115(116) 112(107) 37 (42) 49(52)  162(171)  91(90)
39 254(2.52) 2.69(2.65) 116(118) 61(60) 114(116) 108 (107) 31 (44) 56(53) 171 (170) 90 (96)
40  261(259) 270(2.66) 116(119) 62(62) 115(115) 107 (108) 48 (43) 61(53)  171(167)  98(102)
41 2.62(2.64) 2.66(2.66) 120(120) 61(60) 118(115) 113(107) 31 (44) 39(53)  161(154)
42 266(266) 2.75(271) 118(119) 62(62) 113(115) 110(108) 43 (44) 57(56)  172(169) 81 (89)
43 263(265) 274(272) 117(119) 63(62) 112(114) 109(109) 46 (44) 60(56) 173 (167)
44  273(270) 2.74(2.72) 118(119) 60(61) 115(114) 111(108) 45 (45) 59(56) 176 (167)
45 270(269) 2.73(271) 117(119) 61(61) 113(115) 110(108) 43 (44) 56(56) 171 (169) 121 (115)
46 264(263) 275(2.69) 116(117) 63(61) 113(116) 114(108) 34 (43) 45(55)  158(170) 94 (87)
47 274(270) 2.77(272) 115(118) 61(61) 116 (115) 108 (108) 49 (45) 64(57)  172(169) 106 (95)
48  273(269) 277(273) 116(118) 61(61) 112(116) 108 (108) 47 (45) 61(57)  173(170)  111(98)
49  273(272) 276(273) 115(118) 61(60) 116 (116) 110(108) 42 (46) 55(58) 168 (167)
50  2.88(2.86) 2.79(2.78) 117(119) 58(58) 112(113) 109 (109) 48 (46) 63(59) 173 (167)
51 2.85(2.86) 2.77(277) 117(119) 58(58) 114(114) 110(109)  45(47) 58(58) 173 (167)
52 291(290) 2.80(2.77) 117(119) S7(57) 113(114) 109 (109) 48 (46) 63(60) 172 (168)
53 290(290) 276(2.75) 117(119) S7(57) 112(114) 110(109) 53 (55) 60(58) 170 (166)
54  292(2.89) 276(2.72) 117(118) 57(56) 111(116) 108 (108) 46 (44) 61(56)  165(169)  77(84)
55 2.84(2.82) 2.81(278) 115(117) 59(59) 112(115) 108 (109) 49 (46) 65(59)  172(171)
56  2.83(2.82) 278(2.78) 116(118) 59(59) 114(117) 109(109) 61 (59) 61(59)  173(167)  131(126)
57 284(284) 279(277) 116(118) 59(59) 114(115) 108 (109) 49 (47) 64(60) 169 (168)

4 Values represent average bond lengths (A), bond angles (deg), and torsion angles (deg) in the macrocyclic rings and do not include contributrions
from alkyl substituents. The C-O—C—C torsion angles are differentiated with a subscript 4 (anti) or g (gauche). ¢ Average distance (A) between oxygens
in five-membered chelate rings. © Average O-M-O angle for oxygen pairs within five-membered chelate rings.

THEF groups exhibit a ¥ angle of 3°. Similarly, in the tetrakis-
(1,2-dimethoxyethane) complex of potassium (22) the C-O-C
plane of the single unidentate 1,2-dimethoxyethane ligand exhibits
a ¥ angle of 17°. These values are much closer to the ¥ angle
of 0° expected for a trigonal planar oxygen than to the ¥ angle
of 53° expected for a tetrahedral oxygen.

2. Analysis of the 0—CH;—CH,-O Chelate. Thebasic building
block of the multidentate aliphatic ether is the O—-CH,—CH,-O
group. This group typically forms a five-membered chelate ring
on metal ion complexation. Examination of the experimental
structure of the five-membered chelate rings formed by O-CH -
CH2-O provides further evidence for the planar preference of
the coordinated ether functional groups. The experimental data,
summarized in Table 3, reveal trends in structural features as the
metal ion is varied. While C-O and C-C bond lengths remain
relatively constant, the M-O bond lengths increase from Li to
Cs and from Mg to Ba. The bite shows a significant increase

from 2.72 A for Li to 2.87 A for Cs and 2.61 A for Mg to 2.78
A for Ba (see Figures 3 and 4). The O-M-O angle decreases
as the size of the metal increases. The M—O-C and O-C-C
angles both show a slight tendency to open from Li to Cs and
from Mg to Ba. The M—O—C-C and O-C-C-O torsion angles
increase from Li to Cs and from Mg to Ba. Although some of
these trends are expected on the basis of the size of the metal ion,
e.g. those in the M—O length, O-M-O angle, and M—O—C angle,
the origins of other trends, e.g. those in the bite and the O-C-
C-O torsion angle, are not as obvious. In the following analysis,
it will be shown that the latter behavior is consistent with an
increasing preference for planar ether coordination from Lito Cs
and from Mg to Ba.

Consider the simplest polyether ligand that can form the five-
membered chelate ring 1,2-dimethoxyethane. Figure 5 shows
this ligand in the tg¢ conformation that is required for bidentate
metal ion complexation. MM3’yieldsan O—-C-C-Otorsionangle
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Figure 4. Plot of bite (A) versus M—-O length (A) for the alkaline earth
metal ions.

of 72° and a bite of 2.91 A for this conformer. It can be seen
that the two C-O—-C groups are not coplanar, and it is not possible
for both C-O-C groups to simultaneously adopt a trigonal planar
geometry on metal ion complexation. Such a geometry can be
obtained only when both C-O bonds are eclipsed to give an O-C-
C-O angle of 0°. While this eclipsed conformation yields the
preferred geometry for the coordinated ether oxygens, it results
in a large amount of torsional strain in the chelate backbone
(MM3’ energy for gauche to eclipsed O-C-C-O conformation
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tgt form Cs complex Mg complex eclipsed form
0-C-C-0 72° 0-C-C-0 85 0-CC-0 51° oc-co o
bite 291A bite 286 A bite 263 A bite 255A

Figure 5. Structure of C-O-C-C-O-C backboneof 1,2-dimethoxyethane
in the rgr conformer, the Cs complex, the Mg complex, and the eclipsed
conformer.

is 13.25 kcal/mol). Therefore, the observed chelate ring
geometries are the result of a compromise between the competing
structural preferences. Metal ion coordination causes a decrease
in the O-C-C-O angle because this allows the oxygens to move
toward the desired trigonal planar geometry. Thisyieldsa shorter
bite as the two oxygens are brought closer to one another as a
result of the C—C bond rotation. The stronger the preference for
planar orientation becomes, the smaller the O-C—C-O angle and
the bite become.

This behavior is quantitatively reproduced by the MM 3’ model.
With M-O bond lengths constrained to their experimental average
values, MM 3’-optimized structures for M(1,2-dimethoxyethane)
exhibit the same structural trends as those found in the five-
membered chelate rings in experimental structures (see Table 3
and Figures 3and 4). The two extremes of these structural trends
occur for Cs and Mg, which have the weakest and strongest oxygen
geometry preferences, respectively. These optimized structures
are compared to the metal-free gt conformer and the eclipsed
conformer in Figure 5. This comparison shows that the C-O-
C-C-O-C backbone tends to flatten, i.e. change from a gt
conformation to an eclipsed conformation, on going from Cs to
Mg.

Finally, it should be noted that while the experimental trends
given in Table 3 are consistent with a preferred trigonal planar
geometry for coordinated oxygen, they are not consistent with
either a tetrahedral preference or the absence of a preference.
Use of a tetrahedral oxygen in the M(1,2-dimethoxyethane)
calculations yields bites and O—-C-C-O angles that are larger
than the values calculated for the metal-free gt conformer for
all metal ions larger than Na. In the absence of an oxygen
geometry preference, the M(1,2-dimethoxyethane) calculations
yield the metal-free tgf conformation for all metal ion complexes;
i.e., the variation in M~O length is accommodated without
changing the ligand structure.

3. Ether Oxygen versus Amine Nitrogen. The addition of
neutral oxygen donors to multidentate ligands in such a way as
to form additional five-membered aliphatic chelate rings fre-
quently results inan enhanced selectivity for larger metalions.!4!8
Nosuch enhancement is obtained when additional five-membered
aliphatic chelate rings containing amines are introduced. For
example, the addition of an ether oxygen to 1,2-diaminoethane
to give oxybis(2-aminoethane) results in an increase in Pb/Ni
selectivity of +2.8 log units.32 The analogous addition of an
amine nitrogen to give diethylenetriamine results in a decrease
in Pb/Ni selectivity of 0.1 log units.?* It has been proposed that
because strain energy effects in five-membered chelate rings are
similar for amines and ethers (assuming that both types of donor
atom exihibit a tetrahedral geometry preference when coordinated
to the metal ion), the enhanced selectivity for larger metal ions

(32) Thom, V. J.; Shaikjee, M. S.; Hancock, R. D. Inorg. Chem. 1986, 25,
2992,

(33) Smith, R. M_; Martell, A. E. Critical Stability Constants; Plenum:
New York, 1975; Vol. 2.
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that is associated with ether oxygens must be due to differences
in donor atom basicity.!% In contrast, our results suggest that
because of differing geometry preferences for the donor atoms
the degree of chelate ring strain is a funiction of the identity of
the donor groups and the enhanced selectivity may, to a large
extent, result from steric effects.

Itis clear that amine nitrogen donor atoms prefer a tetrahedral
geometry when coordinated to metal ions. Extensive confor-
mational analyses on the five-membered chelate rings formed by
simple bidentate amines of the structure R;N-CR;~CR;-NR,;
have quantified this preference.’* In addition, molecular me-
chanics calculations have been used to examine the effect of metal
ion size on ring strain in M(1,2-diaminoethane).’* When the
M-N length was varied in the absence of any N-M-N preference,
an M-N bond length of 2.5 A was found to yield the preferred
geometry of the chelate ring, i.e. a geometry with torsion angles
close to 60° and bond angles near 109.5°. The coordination of
smaller or larger metal ions resulted in steric strain that could
be traced primarily to the inability to achieve the preferred
tetrahedral geometry at nitrogen.

We haveshown that ether oxygen donor atoms prefer a trigonal
planar geometry when coordinated to the alkali and alkaline earth
cations. Our calculations on M(1,2-dimethoxyethane) establish
that there is no M—O length that will allow the chelate ring to
achieve its preferred geometry, i.e. the ligand in the metal-free
tgt conformation and both oxygens in a trigonal planar geometry.
For metal ions of a given charge, the steric strain in the chelate
ring decreases montonically as the metal ion becomes larger.
This behavior is due to weakening of the trigonal planar preference
as M-O lengths increase. Our results reveal that five-membered
chelate rings of aliphatic ethers exhibit a significant steric
preference to bind large, low-valent metal ions over small, high-
valent metal ions. For example, we calculate a 1.04 kcal/mol
increase of steric strain within the 1,2-dimethoxyethane ligand
on complexation of cesium and a corresponding value of 5.34
kcal/mol on complexation of magnesium.

The results obtained in this study establish that the steric
requirements of five-membered aliphatic chelate rings formed
by trigonal planar ether donor groups are fundamentally different
from those of rings formed by tetrahedral amine donor groups.
When such rings contain tetrahedral donor groups, they will
sterically favor monovalent cations the size of sodium or divalent
cations the size of calcium, i.e. M-L lengths of ~2.5 A.3
However, when such rings contain ether donor groups, they will
always sterically favor the larger of two metal ions of the same
charge. These results are consistent with the observation that
the addition of five-membered ether chelate rings to multidentate
ligands yields enhanced selectivity for larger metal ions and
establish that, for the alkali and alkaline earth cations, this
enhanced selectivity can largely be explained in terms of steric
effects. Given the likely possibility that other metal ions will
share the requirement of planar coordination to ether oxygens,
our results suggest that the differing steric requirements of amines
and ethers may also prove important in understanding the observed
size selectivity for other systems.

4. M-O Length Preference. While the other metal-dependent
parameters were deduced by fitting potential functions to ab initio
energy surfaces, those for the M—O stretch were determined by
empirical fitting to crystal structures. This alternate method
was chosen for several reasons. First, ab initio calculations on

(34) (a) Corey, E. J.; Bailar, J. C. J. Am. Chem. Soc. 1959, 81, 2620. (b)
Gollogly, J. R.; Hawkins, C. J. Inorg. Chem. 1969, 8, 1168. (c) Gollogly, J.
R.; Hawkins, C. J. Inorg. Chem. 1970, 9, 576. (d) Gollogly, J. R.; Hawkins,
C.J. Inorg. Chem. 1971, 10, 317. (e) DeHayes, L. J.; Busch, D. H. Inorg.
Chem. 1973, 12,1505, (f) Niketic, S. R.; Rasmussen, K. Acta Chem. Scand.
1978, 432,391, (g) Hald, N. C.P.; Rasmussen, K. Acta Chem. Scand. 1978,
A32,735. (h) Hald, N. C. P.; Rasmussen, K. Acta Chem. Scand. 1978, A32,
879. (i) Laier T.;Larsen, E. Acta Chem. Scand. 1979, A33,257. (j) Hilleary,
C. J.; Them, T. F.; Tapscott, R. E. Inorg. Chem. 1980, 19, 102.

(35) Hancock, R. D. Prog. Inorg. Chem. 1989, 37, 187.
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f’igure 6. Plots of calculated (MM3’) energy (kcal/mol) versus M-O
bond length.

the unidentate M—O(Me), and M—O(Me)(Et) models would be
expected to yield strain-free M—O lengths that are too short and
M-O stretching force constants that are too stiff. More realistic
values would require calculations to be performed on models with
fullinner coordination spheres. Second, adequateenergysurfaces
for the distortions of M—O bonds would require calculations at
higher levels of theory.3¢ Third, because of the variability found
in experimental M-O lengths, it is possible to deduce the M-O
stretch parameters through empirical fitting.3’

Values obtained for strain-free M—O lengths are close to the
M-O lengths observed for sterically unencumbered unidentate
oxygen donors. For example, the strain-free lengths obtained in
this study for M—O(ether) are comparable to the experimental
M-O(water) lengths that have been observed in crown ether
complexes:® metal ion, 7 in A (M—OH, lengths in A); Li, 2.05
(1.91-2.00); Na, 2.38 (2.27-2.35); K, 2.75(2.72); Rb,2.92 (n.a.);
Cs, 3.10 (n.a.); Mg, 2.05 (2.10); Ca, 2.40 (2.38-2.42); Sr, 2.58
(2.55-2.58); Ba, 2.83 (2.73-2.88).

Stretching force constants show trends expected on the basis
of the size and charge of the cation: (i) they decrease from Li
to Cs and from Mg to Ba and, (ii) for similar sized metal ions,
the divalent force constant is greater than the monovalent force
constant. These forceconstants definethe strainthat accompanies
a distortion from the preferred M—O length. Plots of energy
versus length distortion in an isolated M—O bond are presented
in Figure 6. Consistent with the experimental variation in M—O
bond length, these plots reveal that the alkali and alkaline earth
cations are able to tolerate significant variations in M—-O length
without incurring a large energy penalty. This is especially true
for the larger cations. Variation in M-O length yielding <1
kcal/mol of strain is as follows: metalion, range (A); Mg, —0.13-
0.19; Ca, -0.15-0.23; Sr, -0.16-0.26; Ba,-0.17-0.29; Li, -0.17-
0.29; Na,-0.20-0.34; K, -0.22-0.38; Rb, -0.24-0.42; Cs,-0.24—
0.43.

5. Ligand Design Criteria. The goal in ligand structure design
is to control complex stability through the choice of connecting
groups for sets of donor atoms. A knowledge of the structural
requirements that define minimum steric strain in the interaction
between the metal ion and the donor atom provides the design
criteria. The results obtained in this study establish that, for the
aliphatic ether donor atom, these requirements include both a
preferred M—O length and trigonal planar geometry preference
of the coordinated oxygen. The relative importance of these
requirements is discussed below.

Examination of crystal structures reveals that the M—O bonds
in ether complexes are actually quite flexible. If they were not,

(36) Herhe, W. J.; Radom, L.; Schleyer, P. v .R.; Pople, J. A. Ab Initio
Molecular Orbital Theory; Wiley: New York, 1986.

(37) Allured, V. S,; Kelly, C. M.; Landis, C. R. J. Am. Chem. Soc. 1991,
113, 1.
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Figure 7. Diastereomers of dicyclohexyl-18-crown-6 and their stability
constants for potassium complexation in methanol at 25 °C 3%

then all M-O lengths for each metal ion would fall within a
narrow range. Instead, M—O lengths within the same complex
are often found to vary over a range of 0.3 A. For ligands with
a low degree of cavity organization, ¢.g. podands and coronands,
the metal ion is usually able to adopt a position that achieves the
preferred M—O lengths or only slightly distorted M—O lengths
without requiring a significant change in the ligand structure.
This situation is attained most easily for the large, low-valent
metal ions because they have more flexible M—O bonds that can
tolerate a significant range of distortion without incurring large
strain energies.

For the 51 complexes examined in this study, 7-57, instances
of significant M—O length strain were the exception rather than
the rule. These instances occur only in complexes of the smaller
metal ions, e.g. the bis(12-crown-4) Li complexes 9 and 10, where
interligand repulsion yields elongated bonds; the (18-crown-6)-
Nacomplex 19, where the D34 ring conformation presents a cavity
that is too large; and the (18-crown-6)Mg complexes 32 and 33,
where again the cavity is too large. In the rest of the complexes,
MM3’ calculations reveal that the strain due to M—O length
distortion is not a major contribution to the steric strain of the
complex.

In contrast, MM3’ calculations reveal that failure to achieve
the preferred oxygen geometry makes a significant contribution
to the steric strain in all of the complexes that were examined.
Even when M-O strain is present, the strain due to the failure
to achieve the preferred oxygen geometry is greater than the
strain due to M-O length distortion. As discussed above,
complexation of a metal ion to form a five-membered aliphatic
chelate ring results in steric strain due to unfavorable closure of
the O—C-C-O torsion angles. Whilethe M—O length preference
can be satisfied either by adjusting the position of the metal ion
or by changing the conformation of the ligand toresize the cavity,
the ability to achieve the preferred geometry around the
coordinated oxygen is controlled primarily by the strong intrali-
gand structural preferences. Unlike the straindue to M-O length
distortion, the strain arising from oxygen geometry preference
cannot be relieved by repositioning the metal ion. Similarly,
while changing from one ligand conformer to another may change
thecavitysize to yield a preferred M-O length, it does not remove
the undesirable steric interactions that result from the presence
of the five-membered chelate rings. Therefore, in ligands with
arelatively low level of cavity preorganization, such as the podands
and coronands examined in this study, ligand structure has a
much greater impact on the degree to which the ligand can satisty
the preferred trigonal planar geometry of the coordinated ether
oxygens than on the ability of the ligand to satisty the M-O
length preferences.

Anexample of the influence of the oxygen geometry preferences
on complex stability is provided by the four diasteriomers of
dicyclohexyl-18-crown-6 shown in Figure 7. The stability
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Table 5. Breakdown of the Strain Increase for Potassium
Complexation by the Diastereomers of Dicyclohexyl-18-crown-62

strain from
strain from oxygen
K-Olength geometry

increase in total
strain within increase

diastercomer distortn?® distortn®  the crown ether? in strain¢
cis-syn-cis 0.22 3.51 2.51 6.24
cis-anti-cis 047 4.05 2.74 7.26
trans-syn-trans 0.98 5.63 4.26 10.87
trans-anti-trans 0.73 593 7.69 14.35

4 Strain values are given in kcal/mol. ® The sum of the strain in the
six K-O bonds. ¢ The sum of the strain in all other metal-dependent
terms, i.e. the K~-O-C, K-O-D, and C-O-D bond angles and K-O-C-C
and K-O-C-H torsions. 4 The difference between the sum of the strain
in all metal-independent terms of the complex and the total strain in the
free ligand. ¢ See footnote 39.

constants for the potassium complexes of these isomers cover a
range of 2.7 log units in methanol.?® In our previous study,!®
molecular mechanics calculations were used to compute the
increase in strain energy from the free ligand to the potassium
complex. The calculated increases in strain energy were linearly
correlated with the experimental log K values (see Figure 8).

A more detailed analysis of the calculated increase in strain
reveals the importance of the oxygen geometry preferences.’®
The increase in strain can be broken into three contributions: (i)
the strain from M—O length distortions, (ii) the strain from oxygen
geometry distortions (M-O-C, M-O-D, C-O-D, M-0O-C-C,
and M-O-C-H interactions), and (iii) the strain from changes
within the crown ether. These data are summarized in Table 5.
The contribution from M-O distortion represents only 4-9% of
thetotalstrain. Thecontribution from oxygen geometry distortion
accounts for 41-56% of the total strain. The remaining strain,
38-54%, is due to structural changes within the crown ether as
it attempts to accommodate the structural preferences of metal
ion coordination. Given the relative magnitude of the first two
contributions, the primary cause of the strain within the crown
ether is the structural changes that occur to achieve oxygen
geometry preferences rather than to achieve M-O length
preferences. This example demonstrates that failure to achieve

(38) (a) Frensdorff, H. K. J. Am. Chem. Soc. 1971, 93, 600. (b) Burden,
I. J.; Coxon, A. C.; Stoddart, J. F.; Wheatley, C. M. J. Chem. Soc., Perkin
Trans. 1 1977, 220.

(39) Calculations on the potassium complexes performed in our earlier
study!® were carried out with the MM2 program with a modified force field.
This previous force field differs from the MM3 force field in that the MM3
program uses additional interactions and altered forms of the potential
functions. As a check, we have repeated all calculations of our earlier study
with the current MM 3’ force field. Forall 11 crown ethers, MM3‘ values for
the increase in strain for potassium complexation differ only slightly from the
earlier MM2 values. MM3’ values for the dicyclohexyl-18-crown-6 isomers
are used in Table 5 and Figure 8.
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the desired oxygen geometry can decrease complex stability by
orders of magnitude.

From the foregoing discussion it follows that structural
modification to provide the desired oxygen geometry could increase
complex stability by orders of magnitude. Inagreement with the
findings of the prior crystallographic survey,!” we conclude that
it is not merely a coincidence that the most stable complex known
to be formed by a multidentate either and the lithium cation,®
the spherand complex shown in Figure 9, possesses an architecture
that provides the preferred oxygen orientation. Analysis of the
crystal structure®’ reveals that all six C-O—C groups are essentially
coplanar with the metal (the out-of-plane angle, ¥, is only 4°).
Unlike the majority of other multidentate ethers, the structure
of this spherand is ideally organized for complexation because it
provides for both M—O length and oxygen geometry requirements.
The destabilizing conformational strain that accompanies com-
plexation by ligands containing O—-CH,~CH,-O groups is not
present. Theresultsobtained in this study suggest that significant
enhancement of complex stability can be obtained by replacement
of the CH,~CHj, linkages, commonly found in podands, coronands,
and cryptands, with connecting structure that allows the trigonal
planar coordination of the ether oxygen.

IV. Summary

Hartree-Fock calculations performed on the simple models
M-O(Me), and M-O(Me)(Et) revealed a trigonal planar
geometry preference for aliphatic ether donor atoms coordinated
to alkali and alkaline earth cations. This information was
incorporated in the MM3 force field to yield a molecular model
for the alkali and alkaline earth complexes of multidentate
aliphatic ethers. The molecular model (i) reproduced experi-
mental crystal structures of 51 different complexes, (ii) reproduced
experimental trends in the structure of five-membered chelate
rings of aliphatic ethers, (iii) revealed the difference between the
size-selectivity of five-membered chelate rings of ethers versus
those of amines, and (iv) rationalized trends in the stability of
four potassium complexes with the diasteriomers of dicyclohexyl-
18-crown-6.

Two structural criteria for ligand design, M—O length prefer-
ence and oxygen trigonal planar geometry preference, were
identified and quantified. Therelativeimportance of M—O length
versus oxygen geometry was discussed. It was demonstrated that
the degree to which the ligand can satisfy the preferred trigonal
planar geometry of the coordinated ether oxygens can have a
greater impact on complex stability than the ability of the ligand
to satisfy the M—O length preferences.

(40) (a) Trueblood, K. N.; Knobler, C. B.; Maverick, E.; Helgeson, R. C.;

Brown,S. B.; Cram,D.J. J. Am. Chem. Soc. 1981, 103, 5594. (b) Cambridge
Structural Database reference code: CAXWUT.
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Figure 9. Crystal structure of the Li(spherand) complex* showing the
trigonal planar geometry of the oxygen donors.

We conclude that it is important to consider both the M-O
length preference and the oxygen geometry preference when
attempting to understand the effect of structure on stability. The
augmented MM3 force field developed in this study provides a
means to quantitatively assess the influence of these structural
factors in terms of steric strain and, thus, provides a tool for the
rational design of more highly organized binding sites.
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