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ABSTRACT

Molecular mechanics calculations are used to interpret and predict metal ion

discrimination by coordinating ligands. Of particular interest are chelates exhibiting

characteristics that Single them out for potential medical application;

Selectivity patterns for several series of ligands are investigated with the help of strain

energy profiles as a function of metal-donor atom bond distance. Ligands include

simple; open-chain oxygen- and nitrogen-donors ana triaza- and tetraazamacrocyeles.
Results are compared with X-ray crystallographic and solution data. Factors such as

chelate ring size, conformational flexibility and preferred metal coordination geometry
are found to influence metal specificity. Addition of pendent donor groups to

macrocyoles leads to rigid structures and selectivity predictions according to cavity size.

Interpretation of specific. metal ion recognition by polyetner antibiotics is attempted.

Structural and steric factors are probed as possible determinants of metal choice.

H<.)thcovalent and ionic bonding models are explored. The covalent approach results

in predictions of metal selectivity which correlate with mown selectivity patterns.

Unfortunately, inability to optimise force field parameters in the ionic bonding

approach forced us to abandon this model.

The main force field used is the TRIPOS (e~:!,:;';>3) force field. It performs well in

calculations involving a univariate scanning technique but has to be modified to obtain

reasonable structure reproduction with the large antibiotics, Errors in thermodynamic

data predictions are obtained, nonbonding parameters have yet to be properly

parameterized and the allocation of partial atomic charges warrants closer

examination . All of these factors contribute to the poor performance of the force

field when ionic interactions between metal and donor atoms of the polyethers are

assumed.
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A. !NTRODUCTION

Over the past few years, the availability of more powerful computer hardware and

software for CAMD [Computer Assisted Molecular Design) has changed the
traditional hit-and-miss approach of synthetic chemists (Ripka, 1983). This is

pai~,icular1y true for those involved in pharmaceutical or medical research, where the

main emphasis is on the design of drugs for therapeutic use. In certain applications,

an important factor is the selectivity of the drug for specific metal ions. Thus the role

of the coordination chemist in JUs research field.

The overall objective of this work was to use Molecular Mechanics to find factors

governing metal selectivity with specific reference to medical ~.pp1ications.

A.I MACROCYCLIC LIGANDS IN MEDICINE

Macrocyolic ligands which bind metal ions via nitrogen atoms in the ring have been

studied extensively because of their relation to such naturally occurring complexes as

the metalloporphy-ins, vitamin B12 and chlorophyll (Cotton &. Wilkinson, 1980).
These nitrogen-donor macrocyeles form strong complexes with. transition metal ions

while oxygen-donor macrocycles complex strongly to alkali and alkaline-earth metals.

These coordinating preferences, in addition to the following characteristics of

macrocyclic complexes: their marked kinetic inertness with regard to both metal-

ligand complex formation and extrusion of the metal from the ligand, their ability to

stabilize high oxidation states not readily attained, and their high thermodynamic

stability due to the "macrocyclic effect" (Cabbiness et al.,.1969), have led to an interest

in macrocycles for possible use inmedicine. Two areas where chelating agents are

already used are in the treatment of metal intoxication (May et al., 1983) and in

clinical diagnosis with imaging agents (Deutsch et al., 1983).
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A.2 ,POLYETHER ANTIBIOTICS

Antibiotic action is another area in which selective complexation of metals is
encountered. Valinomycin is a cyclic depsipeptide antibiotic which is potassium-
selective leading to its participation in uncoupling oxidative phosphorylation. in
mitochondria (MclVlurray et al., 1959 and Pressman, 1965). Monensin is another
antibiotic but belongs to a different class, that of polyether antibiotics. It is sodium...
selective and is used extensively as an agricultural feed additive. It controls
coccidiosis, a disease found in poultry, and promotes growth in ruminants such as
cattle and sheep (painter & Pressman, 1985). Monensin and its related structures
have found no use as clinical antibacterial agents due to their high toxicity.

Polyether antibiotics is the term given to a group of monocarboxylic acid ionophores
which contain several tetrahydrofurans and ~pyransin their structures. Westley (1977)
further divided the group into four separate groups, namely (i) monovalent) (ii)

monovalent monoglycoside, (iii) divalent, and (iv) divalent pyrrole, Classes (i) and (ii)

transport monovalent cations while classes (ill) and (iv) transport divalent cations.
This transportation occurs across lipophilic environments and is made possible by the
ablli~y of the antibiotics to form lipid-soluble complexes. Cation-binding properties

in organic solvents have been determined for the more common polyether antibiotics
and are reported byPainter and Pressman (1985). Only two antibiotics, monensin and
dianemyein, display selectivity for sodium over potassium. The others are more
selective for potassium.
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A considerable number of factors must be considered when designing ligands for

selective complexation of metal ions in aqueous solution. Hancock and Martell (1989)

discussed several of these factors in detail. These included the selection of suitable

donor atoms, the effect of chelate ring size and macroeyclic ring size, the addition of

substituent groups, preorganization and steric effects. Parameters influencing both

enthalpy and entropy effects have been listed by Meyers (1978) and the importance

of these effects in macrocyclic chemistry is illustrated by the large amount of

thermodynamic data available for Ion-maorocycle interactions (Izatt et al., 1991).
Hancock et al. (1983) have also investigated steric effects of coordinated solvent

atoms, and Wade (1.989) has reviewed the relation between ligand field strength and

selectivity.

Selectivity-determining factors which are explored in this work are detailed below.

A.3.t. Effects of chelate ring size

An increase in chelate ring size from five-membered to six-membered has been found

to increase the stability of complexes of smaller relative to larger metal ions (Hancock,

1986). Molecular Mechanics (MM) calculations are performed by Thorn and Hancock

(1985) in an attempt to explain this observation. They found that for the five-

membered chelate ring, lowest strain energy occurs when the metal ion is large with

a metal-nitrogen (M-N) length of 2.5 A and an N-M-N angle of 69°. For the six-

membered chelate ring, minimum strain energy occurs at an M-N length of 1.6 A and

an N-M-N bond angle of 109.5°. A bite size (N...N distance across the chelate ring)

of 2.8 A was measured for the five-membered chelate and 2.50 for the six-membered.

Similar studies on the four-membered chelate ring should yield even larger metal-

donor atom (M-L) bond lengths than 2.5 A and smaller L-M-L angles than 69°.
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A.3'z Flexibility of macrocyeles

The "size-match selectivity" rule or "best-fit" hypothesis was first suggested by Pedersen

(1967), and subsequently investigated by Martin et al. (1974) and Lindoy (1989). The

role states that a metal ion will complex most strongly with a macrocycle whose cavity

size matches its ionic radius.

Thorn et al. (1985) tried to rationalise their observatio as with this hypothesis. They

were correlating cavity sizes of the tetraazamacroeycles 12-aneN4 through 16-aneN4,

as calculated by De Hayes and Busch (1973), with formation constants of these ligands

with certain metal ions. Contrary to expectations, log Kl values of large metals

decreased with increasing hole size. The reason for this is that other conformers

besides that of the trans-In, for which the above cavity sizes were measured, are

observed for tetraazamacroeycles, The five conformations differ witt! respect to the

orientation of theHsatoms attached to the nitrogens (Bosnieh et al., 1965) and are

diagrammed below.

Trans-I
++++
RSRS

Trans-II
+++-
RSRR

Trans-III
++...-
RRSS

Trans-IV
+--+
RSSR

Cis-V
+--+-
RRRR

Figure A.I.' The five conformers of 14-aneN 4' Hsatoms above the plane of the page

are designated w:i(ha +, while those below the plane of the page are designated with a ....

The cis and. trans prefixes indicate whether the two remaining ligand sites in octahedral

coordination would be cis or trans to each other.
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MM calculations performed by Thom, Fox et al. (1985) on 12-aneN4 through 14-aneN4

revealed that the type I configuration is adopted when the metal ion is too large for

the macrocyclic cavity and also not obliged to be octahee' ....al, The folded type V

configuration is adopted (0 relieve steric strain. when the metal bas a strong preference

for remaining octahedral. When type IIi configuration is forced, compression of M-N

bonds occurs. With larger macroeycles 15-aneN4 and 16-aneN i' another consideration

is the situation where cavity size is larger than the best-fit sit" for a particular meta},

ion. Ito et al. (1984a) found that for the octahedral high-spin Ni(II) complex of 16

aneN4, the ''fiN4 set distorts toward. tetrahedral character. With the smaller

macro cycles, Ni(H) remains in the plane of the N-donors.

C1S-V

Figure A.2: The trans-I, trans-III and cis-V conformers of 14-aneN4-

In this thesis, MM will be used to investigate the. various configurations adopted by

15-aneN4 and 16-aneN4•

Conformers of azaeycloalkanes can also be classified according to Dale's (1973)

approach. He devised a scheme to select conformations of the O,J - C16 cycloalkanes

and calculated their conformational energies. Although the difference in enthalpy

between the lowest conformations in cyclododecane is high (4.4 kcal.mol"), differences

in LlH values for those of C13 - C16 are lower. This could be another reason for the

flexibility encountered inmacrocycles, Another contribution to macrocyclie complex

flexibility is the variation in. chelate ring orientations. Five-membered EN rings can

adopt the envelope or half-chair form, while six-membered TN rings can assume the

conformation of chair, boat or twist-boat (Ferguson, 1989).
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A.3.3.1 Preorganization

Itwas noted in the previous section that macrocycles are too flexible to adhere to the

"hole-size seleetivity" rule. This complicates matters W~';::;l using them Jn designing

ligands for metal spe'ti:fiCity. One solution is to synthesise maerocyeles which are more

rigid. Rigidity can be achieved by adding substituents to ¥he ring such as pendent

donor gtoaps or bridging groups. In this wayy the molecule becomes "precrganized''.

Artz and Cram (1984) Introduced the term "preorganization''; the principle of which

is that the formation constant for metal-ligand complexation is greatly increased if the

free ligand is already in the conformation required for binding to the metal and is

poorly solvated before complex formation. Pre organizing a ligand can thus improve

its selectivity for one metal over another and minimise the change in strain l".POl)

complexation since no conformational adjustment need occur. For coordination to

transition-metal ions, which display different geometry preferences, rigid ligands may
he able to provide the required geometries. This "coordination-geometry selectivity"

(I7att et al., 1991) was found by Shinkai et al. (1987) to occur for calixarene complexes

with UOl+. Other examples of highly preorganized ligands are cryptands (Lehn,

1978), sepulchrates (Sargeson, 1984) and spherands (Cram et al., 1985). Another

approach to greater ligand rigidity is reinforcement of macrocycles with bridges

between the nitrogen donors (Hancock et al., 1987).

6



a crypt and a spherand

a sepulchrate a reinforced macrocycle

Figure A.3: Examples of highly preorganized ligands.

A.3.3.2 Nssubstituted a'eamacrocycles

Examples of less highly preorganized ligands are tetraazamacrocycles with four

pendent donor N..acetate groups (Stetter & Frank, 1976). These ligands are ideal for

larger metal ions such as the lanthanides and calcium,which are capable of expanding

their coordination numbers. Because of the success of the Gd(llI)-DOTA complex

as a paramagnetic imaging agent (Lauffer, 1987), much interest has been directed

towards similar comp~exes with a view to further medical application (parker, 1990).

Hancock and Martell (1989) concluded that such ligands with pendent donor groups

display the best properties needed for complexes used as NMR contrast agents since

they are non-labile, highly stable and form at reasonable rates.
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Complexes of TA(."NTA with Jhl{ill) and Ga(III} havebeen smdi~d for possible use
as metal radionuclides (Broan et al., 1991), and. ligands containing Nsbonded

phenolate arms, such as HBED and derivatives thereof (Mathias et al: 1990) have also

been studied for this purpose. Workers like Moore et al. (1989) and Auerbach et al.
(1990), combined the two ideas and synthesised ligands containing a TACNTA

backbone with 2-hydroxybenzyI and similar groups as pendent arms. Clarke and

Martell (19911» found that Moore's (1989) ligand formed highly stable complexes with

Ga(ill), Fe (Ill) and Jfn(ffi). The high basicity of phenolate Osatoms creates an

advantage over the less basic Osatoms of acetate groups for coordination to these

metals, The effect of the addition of these pendent donor groups to both triaza- and

tetraazamacrocycles on steric strain will be evaluated via MM calculations.

HOOC, r-\. /,COOtl(N)
'-COOH

TACNTA

HOOC~~rA(;OOH

:;,\C··. )N N
nooc __/. <::: '-.-COOH

nOTA··

HBED

}\\_ r-\ JiY. ~)=(. ~N N~)={-
OH I. ) HO'-b[H

HOOC~. ~. "r-COIOlt
'N N'·

TX-TACNTA

Figure A.4: Ligands with pendent donor groups.
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A.4 FACTOR.S DETERMINING SELECTIVITY OF POLYETHER ANTIBIOTICS

A.A.l Moncensin selectivity versus nfigeJiidn selectivity

Cation sele(.~tjvity of several polyether antibiotics indicates that monensin is the

exception to the rule regarding its selectivity for sodium over potassium (Pressmaa.er
"al., 1975) .. Pinkerton and Steinrauf (1970) attributed the difference in cation binding

between monensin and nigericin to the differences inmolecule length and side groups.

(See Figure A.5 for the structural formulae.) These antibiotics complex the particular

cation by enclosing it with oxygen atoms situated at similar cation-oxygen distances.

Nigericin, being the longer of the two molecules, would form a larger complexing .lmg

thus allowing for binding to the larger potassium ion. Pinkerton et al: (1970) also

concluded that side groups attached to rings in. the molecules restrict rotation of the

rings with respect to each other and therefore may also affect cation binding.

Infurther work, Steinrauf es al. (1971) c(tP'l?ared the structures of monensin, nigericin

and dianemyein to explain cation specifienies. With monensin, both oxygens of the

carboxylate group are finnly hydrogen-bonded and neither bond to the cation. With

nigericin, the extra length of t~e carboxylate end enables it to reach aml\bbnd. Only

one oxygen of the group is hydrogen-bonded, Rotation about the C-C bond depicted

in red inFigure A.5 could allow movement of the oxygen so as to permit coordination

to larger caticxs, The flexibility of the carboxylate end of dianemycin allows it to
adopt conformations to form complexes of almost equal stability with sodium,.
potassium and rubidium.

J
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, monensin A

monensin B

Otvle
Me OM#e

I Me
M,e~· .r . r»..- ,- -_- -_ ~- ,

H H H H
COzH

nigericin

Or.Ae~¢N
o

" (~,M'MeH Me Me dianemycin
~ I ., 0~H .., - ••CH,aOH

OH

A204A

/!!Jg!.,lreA.S: Structural formulae for monensin (A and B), nigericin, dianemycin and
A204A.
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Pa.nter and Pressman (1985) reviewed the conformational aspects related to the
capture and release of cations by carboxylic ionophores. Two proposed mechanisms
of molecular rearrangement were examined. The first involves the existence of two
radically different conformations: an open, acyclic form in the highly polar
environment before ion capture, and a cyclicform during transport of the ion through

low polarity biological membranes. "Hinges" (Goldman et al., 1972) in the backbone
of these molecules result in backbone flexibility. As expected, conformational
equilibrium is dependent on solvent polarity. Inlow polarity solvents, intramolecular
hydrogen bonding which closes the complexing ling call ~1.llr, while in highly polar
solvents, hydrogen bonding is unlikely because of solvation of the relevant oxygen
atoms.

The second mechanism postulated (Painter et al., 1985) stems from available crystal
structure data on several carboxylic ionophores, Their complexed and uncomplexed
structures were found to be essentially isomorphic. The mechanism supports the idea
that the liganding cavity is preformed and thus results in minimal conformational
Change when binding takes place. Examples of ionophores where comparisons
between the free acid and its metal complexes have been made, are monensin A (LUtz
et al..., 1971, Duax et al., 1980, and Pangborn et al., 1987a) and A204A (Smith ei al.,
1978, Pangborn et al., 1987b). Although similar conformations were observed in the
case of each antibiotic, subtle changes also occurred. Variation in hydrogen bonding
is in some cases not insignificant and rings C and D (see Figure AS) differed for Na+
and K+ monensin, The reason for the presence of only one conformer of monensin
was given by Smieh and Still (1988) as being the avoidance of high-energy +gauche/
-gauche pentane interactions in the acyclicpart of the molecule. Geddes et al. (1974)
and Walba et at. (1986) also found small torsion angle differences between complexed
structures of nigericin and monensin B respectively. These investigations indicated
that the ion binding properties of these antibiotics probably result from an
accumulation of small structural changes rather than large variations in conformational

11



energies.

Early thermodynamics work by Lutz and Frob (1971) on monensin and nigericin
confirmed the selectivity preferences of these antibiotics for Na" and K+ respectively.
They accounted for the smaller .L.\S values of the monensin system by assuming that
less solvent molecules are liberated when monensin complexes with the cations than
when nigericin complexes. Since the carboxylate anion of monensin is not bonded to
the cation, greater charge separation exists in the complex leading to a higher degree
of solvation. In the same way, Na" is more strongly solvated than 1(''" and its
complexation results in large ASvalues. These and other calorimetric measurements
(Taylor et al., 1982) were conducted in methanol.

In reality, monensin operates between an aqueous medium and membranes. This led
. Hebrant et al. (1991) to measure its complexation thermodynamics in heterogenous
systems. Selectivity of sodium over potassium was again demonstrated in all tested
environments, but was attributed to enthalpic effects, It was also shown that
solubilities of the complexed monensin in water increase-in the order Na '< K -< Li,

12



For the reaction,

(1)

where M+ :::= monovalent cation and V = carboxylic ionophore anion, the following
equation can be used to describe complexstability and thus cation specificity (Painter
& Pressman, 1985):

(2)

where AGM(detlQlv) = nett free energy to transfer M+ from bulle solvent to the li$
h.GL(de.soI\') == nett free energy to desolvate liganding Leteroatoms,
AGL(con!} :::= nett free energy to convert from nncomplexed conformation tlj

oomplexed conformation,
AGint = nett free energy of interaction between resolvated M" and L',

AGM(deoolv) ¢a.n be taken fromIiterature experimental values. In this work, attempt,
will be made to quantify the remaining factors for monensin and its Na f and K"~
complexes.

In conclusion, the discrimination between cations by polyether antibiotic is a result of
several parameters. 'Themost important appear to be ionophore backbone flexibility,
conformational variation and solvation. These will be addressed in my investigation
of monensin selectivity.

13



A,I[!. APPLICATION OF MOLECUlLAR MECHANICS TO COORDINATION

CHEMl1:§TRY

Many reviews on molecular mechanics (MM) dealing with its history, background,

concepts, force fields and parameterization already exist (Allinger, 1976; Burkert &

Allinger, 1982; White et al., 1989; Seibel & Kollman, 1990; and Bowen & Cory, 1991).

Only a brief summary of these aspects will thus be given in the following sections.

A.S.l JrIistory and concepts

As early as 1946, three sets of workers (Westheimer et al., Hill, and Dostrovsky et al.)
applied "classical"mechanical concepts to chemical problems. Their papers formed

the basis for future research development in molecular mechanics, which only really

gathered momentum in the 1950's with the advent of computers. Today, the MM or

force-field method, also known as the Westheimer method, is considered one of the

standard techniques of structural chemistry. Continuing advances in computer

hardware, graphics and. software technology are allowing scientists to investigate

molecular modeling of ~arger structures, as well as more complex, realistic systems.

MM is a structural method of calculating potential energies of molecules or systems

of interacting molecules as a function of their nuclear coordinates. The Born-
Oppenheimer approximation, which treats nuclear and electronic motions separately,

is assumed. Unlike quantum mechanics, where electronic behaviour in a fixednuclear

field is described, MM solves for the positions of the nuclei, the electronic distribution

being implicit in the force-field. The force-field consists of "classical" equations and

constants that describe this resultant potential energy surface of the molecule.

"Cassie 1" equations; are used since the MM model considers molecules as a system

of points held together by elastic forces. Any deformation of this ball-and-spring
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model from its "natural" bond lengths, angles and torsions results in strain and a
corresponding increase in internal energy,

A.5.2 The molecular meehanleal ][»otell?tiiaD

In general, the total energy of a =iolecule may be regarded as the sum of potential
energy terms due to bond stretching, angle bending, torsions, van der Waals

interactions and electrostatic interactions (Seibel et al., 1990).

Other energy terms, for example Eoop (out-of -plane distortion) and &yd (hydrogen
bonds), may also be added. The individual functions differ from one force field to
another and will be detailed under the di$cussionof the TRlPOS force field.

A.S .2.1 Pal'ameterizatit):q
'c .

The quality of a MM field depends both on the potential energy equations and the
parameter values or force constants used (Burkert et al., 1982). Since a specific force
field is parameterized against experimental data for a given set of molecules,
parameters are usually not transferable from one field to another. Force field
derivation by linear least-squares method. was proposed by Lifson and Warshel (1968)
where parameters are fitted to a large set of data. Alternative methods are simplex
oj.,JJmlzation (Wade, 1989) and optimization by trial-and-error, This complexproblem
of assigning force constants has, as yet, found no universally accepted solution.
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A.5.2.2 Minimization and .conformational searching

To obtain the structure geometry where its energy is at a minimum, the function

describing its potential energy must be minimised. MM energy minimization involves

successive iterative computations, beginning with the initial molecule. conformation.

White (1977) delineated the classes of practical algorithms used: (a) search

procedures not requiring derivative evaluation guarantee minimisation and are

conceptually simple, (b) procedures requiring evaluation of potential derivatives, such

as steepest descents, (c) variants of the general Newton iteration, such as the Newton-

Raphson, which require evaluation of both first and second partial derivatives.

The minimized molecule corresponds to the first local minimum encountered in the

potential energy surface. and may not be the absolute lowest energy structure - the

global minimum (Cohen et al., 1990). To find the global minimum in simple systems,

conformational space must be searched. Search methods include Monte Carlo (Paine

& Scheraga, 1985), distance geometry (Weiner et al.; 1983) and molecular dynamics.

Molecular dynamics (MD) simulations describe the trajectory of a system by applying

Newton's equations of motion (Bowen & Cory, 1991) and is able to climb small

barriers and thus locate deep local minima.

A.5.2.3 Solvation

Seibel and Kollman (1990) stressed the importance of solvent effects in their review

on molecular mechanics and the modeling of drugs. Because of the high dielectric

constant of water, they recommend the lise of solvent environments when calculating

MM on polar molecules. Monte Carlo and molecular dynamics arc two methods

offering such a treatment. A much easier solvent treatment although not aesthetically

pleasing, is the use of a modified dielectric. The dielectric can be a constant, which

is normally set to unity with gas-phase calculations, or a function of distance. Wade

(1989) examined work done by several researchers who applied dielectric variance to

their calculations and concluded that the choice of dielectric was circumstantial.
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A.5.3 Molecular mechanics in coordination daemfistry

All the most extensively tested force fields, MM2 (Burkert &Allinger, 1982), AMBER

(Weiner & Kollman, 1981) CHARMM (Brooks et al., 1983): and ECEPP (Mom any

et al., 1975) have been derived for organic molecules. Applications of MM to

inorganic chemistry problems have been fewer due to difficulties encountered with

metal parameterization. Corey and Bailer (1959) were the first to perform

calculations on transition metal systems, followed by Gollogly and Hawkins (1969).

Since then, conformation analysis has become well established in the field of

coordination chemistry (Brubaker & Johnson, 1984; Hancock, 1989; and Comb a,

1993).

Force field optimization for transition metals is complicated by the number of varied

coordination geometries assumed by these metals. Hancock and coworkers (1989)

have reproduced structures successfully by using separate parameters for the two spin-

states of a metal; ego low-spin and high-spin Ni(ll), and also by using parameters

specific to the observed metal geometry, ego square planar Cu(II). Comba (1993)

suggested that the .placement of L-M..L angle bending terms by 1,3-nonbonded

interactions would simplify optimization and thus lead to better accuracy, Examples

given in his review substantiate this approach.

With alkali-metal ions and lanthanide/Ill) ions, the ionic character of the M-L bonds

do not allow for coordination geometry definition. Here, the ionic bond mode], as

opposed to the covalent bond model, would be employed where no L-M-L angles are

defined and geometry is dictated by the ligand and L-L nonbonded interactions

(Hancock, 1989). Electrostatic interactions must also be accounted for when metal

ions complex with ligands, especially charged ligands. However, difficulties

encountered with the determination of partial charges on atoms have made

incorporation of these electrostatic effects into force fields problematic. Partial atomic

charges are usually derived from quantum mechanical calculations.
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Molecular mechanics can be used to calculate vibrational spectraoptimize structural

geometries and predict thermodynamics by comparing minimized strain energies. It

is thus invaluable to research areas such as drug design, the study of biochemical

phenomena and metal ion selectivity in coordination chemistry.

Alp THE l'IUPO§ Ji'ORCE FIELD

The SYBYL molecular modeling package (TRIJPOS, 1992,1993) incorporating the

TRIPOS force field-was used in this work.

A.I&.l Potential energy functions

The types of interactions between atoms that are modelled by force fields are shown

in the following diagram.

lfjgure A.6: Components of intramolecular strain.
Redrawn from Brubaker and Johnson (1984).
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Energy functions empl~yed in the TRIPOS force field are described below.

(a) Bond stretching

The energy stretching or compressing function is described by the harmonic

potential,

\\

E ::;: 1/2 ICjj (dij ~ dijQ)21 .
where I~j is the force constant (k~a]jmo1.A2),djJ the actualbondlength (A)
between atoms! and j, and d~othe equilibrium or unstrained bond length (A.).

(b) Angle bending

The harmonic potential also describes this term,

E ::;:1/2 Jc;jk (9 ..0° )2,

where ~;k is the force constant (kcal/mol.o2)f(J the angle e) between .atoms
j and k, and eo the equilibrium angle CO).

(0) Out~of-plane bending
This energy accounts for the bending of planar atoms out of the plane.

E::;: 1/2 ~dl,
where ki is the out-of-plane bending force constant (keal/motAl) for atom i,

and dj the distance CA.) from atomi to the plane defined by its three attached

atoms. For example,

A, B and C will define the plane.
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(d) Torsional potential

For four consecutively bonded atoms i, J, k, I,
E == 1/2 ~jkl ( 1 + S cos ( In I. q, ) ).

k is the torsional barrier (kcal.mol), n is the periodicity around the bond and

q, is the torsion angle e).
s ;::::+1 in staggered conformation, and S = -1 in eclipsed conformation.

(e) Van der Waals

This nonbonded term associates any pair of atoms which are 1I1.otdirectly

bonded to a common atom. It is depicted with a form of the 6-12 Lennard-

Jones potential.

E = Eij (1.0/ a12 - 2.0/ a6),
where Eij is the van der Waals constant or potential well depth {kcal.mol'')

which equals lEi Bj' and a is the distance (A) between atoms i and jdivided by

the sum of their radii. The first term in the equation represents all attractive

force, while the second represents a repulsion.

(1:) Hydrogen bonding

Unlike the Weiner et al. (1983) force field which uses a 10-12 hydrogen

bonding potential, the TRIPOS force field does not include an explicit

uydrogen bonding term. Instead, it treats hydrogen bonds with the same
function as the van der Waals interactions. Inearlier SYBYLversions (5.4 and

lower), hydrogens Involved in hydrogen bonding were given zero size which

probably resulted in very large nonbonded strain. ""'lef;:';' $.5 and higher

account for H-bond energies by scaling the van ~er W?.:4lsI. nons between

If-bond acceptors and hydrogens attached to If-bond donors.

(g) Electrostatic

Ths point charge approach is used and the form of the Coulomb potential

function is

E = 33217 (Q.Q. / D..r..).• 1 J I, IJ '

where Dij is the dielectric function for atoms i and j, OJ is the nett atomic
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charge (e'),at atom it and Iij' is the distance (A) between the two atoms, The

dielectric function ru.ay either be a constant or distance dependent, This

electrostatic potential term is optional.

A.6.'2.Validation ofthe TIllPOS force fleld

The test of a good force field is its ability to reproduce crystal structures for a diverse

selection of molecules. The TRIP OS 5.2 force field has been tested by Clarke et 01.
(1989) of "TRIPOS Associates"; They assessed'model geometries, produced by their

force field by minimizing 80 crystallographic structures, all organic in nature.

Differences between initial and final structures were analyzed with both rms heavy

atom movements and internal coordinated deviations. The results on crambin and

three proteins were compared to those from the AMBER (Weiner et al., 1984) and
AMBER/OPIS (Jorgensen et ai; 1988) force fields. Relative energies produced by
TRIPOS were assessed by calculating conformational energy differences and torsional

barriers, and then comparing values with both experimental and MM2 (Burkert et al.,
1982). Results confirmed the validity of the TRIPOS force field.

Gundertofte et al. (1991) further compared conformational energies calculated with

SYBYL 5.1 and SYBYL 5.21 to those calculated with two other MM methods and

two semiempirical methods. Molecules with different functional groupswere ChOS.P.A)

as test compounds. All methods reproduced the experimentally determined

conformational energies reasonably well, with MM2(85) (Burkert et al., 1982)
deliveringthe closest results.
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Molecular mechanics will be used in an attempt to achieve the following objectives:

(1) To examine the role of the four-membered chelate ring in .coordination

chemistry.
(2) To determine ideal M-N bond .lengtbs and coordination geometries for all

conformers of the triaza- and tetraazamacrocyeles.
(3) To determine ideal M-N bond lengths, M~O bond lengths and coordination

geometries for all conformers of the 1;riw:a- and tetraazamacrocycles bearing

pendent o~gen-donor groups.

(4) To quantify the differences in selectivity exhibited by monensin and other

related polyether antibiotics,

(5) To evaluate the performance of the TRIPOS force field in the above-

mentioned applications.
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B. EXPEPJlMENTAL

All Molecular mechanics calculations were performed on a Silicon Gt~.phlC$ll\1DlGO

(R3000) computer, .The SYBY.L Versions 5.5 and 6.0 program, available from
"fRIPOS Associates; was use-l. Differences between the two versions which are
applicable to this study include the implementation of a molecular spreadsheet to

allow for easy manipulation and analysis of data, a change in default from hnergy
change to gradient termination option for minimization and the treatment of hydrogen
bp;nds. Both versions treat hydrogen bonds as non-directional and electrostatic in
nature. VersionS.S accounts for H..;bond.energies by omitting the van der Waals

interactions between the Hsbond acceptors (nitrogen, oxygen, fluorine) and hydrogens

bond/ - "H~bond donors (nitrogen, oxygi~n, fluorine). In Version 6.0, H-bond
o

energ . t.:!:eaccounted for by scaling these van der Waals interactions to tl:ievan del'
Waals radif No changes in force field parametervalues relevant to this study occur,

':8.1 INITIAL COORDINATEb

Starting coordinates for the calculations were either taken from cl'Ystal1~~~taphicdata,
1\ ~

which was obtained from 'me Cambridge Crystallographic Database (1992) 01' from
relevant papers, or from. molecules built with the: SKETCH. option available in the
SYBYL package. Actual crystal structures were used as the bases ln molecule
construction. For simplification purposes, crystal structures cited in the text will be
ref rred to numerically. (See section F.)
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Molecular dynamics, another option within SYBYL$ was applied to conformers in an

attempt to overcome the problem of local energy minima. Simulated annealing runs

Were performed. Each molecule, minimized first to a RMS gradient of less than umo
I!:cal/mol.A., was held at a "plateau" temperature of 800 K f(~r 1000 fs, then annealed

over 500 fs to 0 K in five annealing steps. Five cycles were executed for each

eonformer, After the dynamics run, tile low temperature "annealed" configurations

were saved to a database. The resultant molecule database was then searched for

lowest energy structures. '1~ese were in turn minimized with tlJolecular mechanics and
tlle resulting most stable conformer assumed to be the global minimum.

:8.3.1 Previous ealeulatlons

The interest in correlating macrocycle "hole" size with metal ion radius has led to

several methods cited in the literature for the calculation of these cavity sizes.

Henrick et al. (1985) postulated the simplest method. Using crystal structure data, the

hole radius of the macro cycle was determined by the mean distance of the donor atom

positions from their centroid. The main problem with this method is its disregard for

macro cycle flexibility.

Busch and coworkers (Martin et al., 1974) performed MM calculations on the tetraaza

macrocycle series 12~aneN4 through 16..aneN4• The M~N stretching force constant was

set to zero so that the M~N bond length would be entirely determined by the ligand.

Their resultant ideal bond lengths are given in Table C.l. Ligands used were in the

correct stereochemistry for essentially planar chelation. Hancock and McDougall
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1(1980)scanned the same conformations of 12NaneN4 through 14-aneN4• The minima

in their strain energy versus unstrained bond length curves agreed closely with Busch's

work.

H r=\. H H~H H f'] H H~ H,~./Hc: ~5eN N) c: :) c: :s c' N)
,N N N N

E(/"'===/'H ,;' " n/V'H H"""--.I'HH '===/ H :t(V'H

12-aneN4 ~3-aneN4 1~-aneN4 15-aneN4 16..aneN4

Figure C.l: The series of tetraaza macrocycles 12-aneN4 through 16-aneN.,.

Table C.l: Molecular mechanics cavity size calculations for planar conformers.

Cavity Size / A
Macroeycle Busch et al. (1974) Hancock et al, (1980)

12-aneN4

13-aneN4

14-aneN4

15-aueN4

16-aneN4

1.83 1.81

1.92 1.92

2.07 2.05
2.22

2.38

Hancock and coworkers (Thorn ei al., 1984) further proceeded with MM calculations

on r+her conformers besides that of the planar or trans-III. It was concluded that

selectivities of the tetraazamacroeycles are governed by relative stabilities of two or

more conformers with differing preferences for metal ion size. The size-match
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selectivity concept thus does not apply. During the scans, all parameters involving the
metal ion, except for the strain-free M-N length, were kept constant at values

previously optimised for high spin Ni(U) (Mclrougall et al., 1978).

Drew et al. (1985) described a method of cavity size determination similar tq.iliat of

Hancock et al. (1980) in that ideal bond lengths were plotted against strain energy.

The difference between the two methods is the value of the force constant for M-N,

J[~(M.N). Drew uses an exceedingly high value to force the molecule to vary its

conformation and accommodate the new bond length. This approach claimed to be

independent of accurate force field parameters, thereby making it transferable to any
system.

"Sphere-radius" calculations on macrocycles have been carried out by Bernhardt and

Comb a (1991). Strain energy of molecules was again plotted as a fuucticn of l\/i-N

bond length. Their metal-ligand distance was however fixed mathematically, thus

excluding K, and 1'0 from the force field (Bernhardt & Comb a, 1992). The L"M-L
bending potential function was also replaced with 1~3-repulsion of the donor atoms.

Here, the calculated hole size is made completely independent of the metal ion to be

coordinated. Configurational isomers of Co (II) amine complexes have also been

theoretically studied in this manner by Bond et al. (1985, 1987).

In recent work, Drew and Santos (1993) calculated the hole sizes of various

conformations of 18..azacrown-e using both Drew's above-mentioned method and

Comb a's method. The increased M-N bond lengths obtained with the latter were

ascribed to an increase in the allowed fll~xibilityof the metal within the coordination

sphere. They concluded that the method of using 1,3-nonbonded ~..~.teracrlons was

unsuitable for smaller than 7 coordination number environments.

Bivariate scanning is another technique that could be used b probe different

coordination preferences of metals. Wade (1989) scanned strain energy as a function

of both unstrained M-L bond length and L-M~L angle.
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Univariate scanning was employed in the investigation of macrocyeles, Strain energies

~U) of metal complexes were calculated as a function of ideal metal-ligand bond

length 0.'(.'). The approach of Hancock et al. (1980), where the MQL bond length was

varied and a small I<r(M-L) constant was retained, was adopted. Macro programs

'Using SYBYL'S programming language (SPL) were written to scan molecules. The
minima in the resulting curves, which were taken as the best-fit M ..L size, were

obtained with the aid of the statistical regression analysis option in the AXUM

package. A third-order polynomial function was fitted to the data sets and its
coefficients determinec, The point where the first derivative of the function equals

zero was then located. Force field parameters used in this work will be discussed in
the relevant sections.

:8.3.3 Force field parameters for univariate scanning

For a completely rigorous molecular mechanics investigation, calculations with force

field constants appropriate to each metal ion of interest should be done. A simpler

approach is to keep all the constants involving the metal fixed at those for one metal

ion. The Ni(U) ion was chosen since it is an "average" ion, with M"L bonds that are

neither very strong nor very weak and neither very ionic nor very covalent.

Thus nickel was added to the ATOM_DEF file inSYBYL's Tripes force field. It was

assigned 4! coordination number of four, an unclassified geometry and a +2 charge.

In this force field, if a metal is defined to have a valency less than or equal to foul',

angle bending constants, L-M- L, come into operation. If a coordination of greater

than four is specified, 1-3 nonbonded interactions between L--L pairs are utilised.

The value of 0.68 mdyne.A·l ~0r'he bond stretching force constant ~(Ni(U)-L), where

Ni is high-spin, used by McDougall et al. (1978) in their M:HB force field was

transported to the Tripes force field by the appropriate conversion factor. Thus

I~(M-L)intheTAFjP_BOND_ST.RETCHfilewasassignedthevalue98.0lwa1/mo1.A2.
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Inprevious scanning methods, described in section B.3.1, if the angle bending function
L-M ..L was used, angles subtended at the metal were constrained in particular
geometries by assigning angle bending force constants, Kt,. Inthis work, to permit the
coordination geometry of the metal to be controlled entirely by the ligand, no
constraints, ie. X~ equals zero, were placed on tlie L-M-L and M-I.-C angles. The
ideal angle dependence about the metal ions was thus removed.

Force constants involving torsions about the metal-ligand bonds, i.e, JL..M..L-X were
set to zero. No electrostatics Of bond dipoles were applied. Unless otherwise stated
in the results section, default organic parameter sets for the purely organic
interactions and default settings in the minimization procedure (Powell minimization
method, 100 maximum iterations, RMS gradient termination option of 0.05
Iccal/mol.A, nonbonding atoms cutoff radius of 8.0 A.) were employed.

D.4 PARAMETER OPTIMIZATION

Molecular mechanics calculations on the polyether antibiotics involved optimization
of the force fieldb so as to produce a minimized structure geometry as close as
possible to the original, These attempts at optimization are reportedin detail at a

later stage. In order to assess force field accuracy, minimized and initial structures
were compared by statistical analysis. RMS deviations, standard deviations, mean
deviations and maximum deviations of internal coordinates, bond le:ngtq~,bond angles
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C. RESULTS AND JI}l"[SCUSSiON

C.]. roun..MEMlllERED CmELATE llUNGS

The role played by chelate ring size in metal ion recognition (Hancock, 1990)

prompted investigation of the effect of the four-membered chelate ring. Examples of

multidentate ligands f011Uv ;gfour-membered rings upon complexation are carboxylate,
acetate, nitrate and phozphate, The coordination of carboxylate groups of proteins

and phosphate groups of nucleotides to biologically important metal ions is of interest

here.

C.l •.1 Coordlnstlon preferences of biologically Interesting cations

The functions of Groups IA and IIA cations are vital in biological chemistry (Hughes

& Birch, 1982). Na", h , Mg2+ and Ca2+ are selectively distributed throughout the

body. This selectivity enables them to perform their respective roles. For example,

Ca2+ rather than Mt~stabilises cell walls because of its more effective binding to sites

of high coordination number supplied by carbox..ylate groups. Calcium ions also play

a central part in the conveyance of intracellular messages by way of regulatory Ca2+ -

binding proteins (Ahlstrom et al., 1989). These proteins undergo conformational

changes in response to increases in intracellular Ca2+ concentrations. Studies on

several Ca2+ - binding proteins have indicated that coordination to the ion occurs via

carboxyl and carbonyl oxygen atoms. Oxygen binding to cations also occurs through

phosphate groups of ATP and ADPt which play pivotal roles in regulating metabolic

reactions.

Other metal ions involved in biochemical processes include Zn, Cu, Ni, COt Fe and

Mn, Williams (1983) researched the binding of these metals to proteins.

Coordination number preferences and chemical nature of ligand donors on the

proteins are major considerations. Cu(II), Ni(II) and Zn(U) are selected by sites of

low coordination number and strong donors, while Mn(lI) and Fe(U) complex better

29



with sites of higher coordination number and poor donor strength.

A preliminary study was conducted on preferred coordination numbers of univalent

Na and K and divalent Mg, Ca, Mn and Zn, where oxygen is the major donor atom.

The Cambridge Structural Database Version 5.1 (1992) was searched with QUEST

(92) for complexes of each metal bound to acetate, nitrate and phosphate. Atoms

situated within a distance of 3.0 A from the metal were then tabulated with GSTAT

(92) for every complex. Perusal of the resultant files led to the findings shown in

Figures C.2 to C.7 and Tables C.2 and C.3. Only one metal-nitrate structure occurred

with each of the met, 1sNa, K and Mg.

Total number of complexes == 59
............. _._ '" _ ,.. w.. ~ _ .. _ , -

~
I-; 20
~
.0
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::;1
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.. ~ .. .. .. ... .. .. -. .. .... -. ... ...... -

4 5 8

Coordination Number

Figure C.2: Distribution of coordination number for No-acetate complexes.
Minimum Na..O bond lengthlA = 2.212
Maximum Na-O bond length!A == 2.7'(;5
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~ : Distribution of coordination number for Kacetate complexes,
Minimum .K-O bond length/.If == 2.572\
Maximum K-O bond length!A ::::3.000

~16

~14-p.,12
~10
U

8
~
1-1 6_g 4
S 2
Z

4 S 6 7

Coordination Number
8

Ei.g!ge C.4: Distribution of coordination number for Mg-acetate complexes.
Minimum Mg-O bond lengthlA == 1.978
Maximum Mg-O bond length!A = 2.398
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Figure C.5: Distribution of coordination number for Ca-acetate complexes.
Minimum Ca"O bond length!A = 2.250
Maximum Ca·O bond length!A :::2.862

Total number of complexes == 48

Coordination Number

Figure C.6.. Distribution of coordination number for Mn-acetate complexes.
Minimum Mn-O bond length!A :::1.817
Maximum Mn-O bond length!A :::2.688
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Figure C.7: Distribution of coordination number for Zn-acetate complexes.
Minimum Zn"O bond length!A :; 1.718
Maximum Zn-O bond length!A = 2.564

Table C.2: Distribution of coordination number for metal-nitrate complexes.

Metal (M) Coordination Number Total No. of Minimum Maximum
Complexes M-o/A M-O/A.

4 5 6 7 8

Ca 5 5 2.247 2.684

Mn 1 1 8 1 2 13 1.818 2.~j;'7

Zn 6 1 13 2 22 1.896 2.525
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Table C.3 : Distribution of coordinati number for metal-phosphate complexes.

Metal (1\1) Coordination Number Total No. of Minimum Maximum

Complexes M-OJA M-O/A

4 5 6 7 8

Na 10 18 3 31 2.219 2.704-

K 5 1 7 2.559 2.980

D/Jlg 1 2- 3 1.897 2.176

Ca 5 5 10 2.196 2.650

Mn 3 3 1.784- 2.348

Zn 5 1 6 1.872 2.140

It appears that coordination of six is most popular with all the metal iOILc), except Ca.

Na, Mg and Mn display au average 74% tendency towards complexation with six

donor atoms. The larger group IA cation, K, also coordinates readily with seven

donor atoms; while the larger Group UA cation, Ca, has, as expected, a slight

preferenoe for eight-coordination over that of six and seven. This can be seen in
Figure C.5. The trend towards four- and five-coordination with Zn, the smaller of the

two transition metals! is not surprising.

The trend observed for maximum and average M ..O bond lengths, ie. a decrease in

values of the.order K > Na> Ca > Mn > Zn > Mg, correlates with the 6·

coordination effective ionic radii of the metals as given by Shannon (1976).
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"";.1.2 Melecular tnechanies calculations

In general, as metal ions jmcrease in size, their coordination number increases,

resulting in smaller Iigand-metal-:1gand (L-M-L) angles, Molecular mechfJiics

<...Jcruations showed tl~s to be true for isolated chelate rings, five-membered involving
',::, ".'

EN and six-membeted{~'{fvolving1'N (Hancock & Marten, ~989). StJrIDnerit~rgies?
.: . :,~! .... ,>

~U, were plotted against varying M-N length with M, a generalized metal ion and L-
M~L angles set to different values. 109.5° was used for tetrahedral coordination, 90°

for octahedral, and '70° for cubic 8-coordination. The five-membered chelate ring

showed an increasing preference for geometry from cubic to octahedral to tetrahedral,

while the six-membered ring showed a decreasing ~D I'~"""-'O(;efcrthe s~c order. The

ability of four-membered chelate lings to nrQ:" -.:aill.a'ion numbers and

long M -L bond lengths derives largely from its mu, i t . ~1i(,wan the five or

six-membered rings resulting in more efficient p4. ".

metal ion. This ability was investigated using the sa:..,\\~.fu...,.

described above.

'velates around a

)uucs technique

Acetate, nitrate and phosphate groups were isolated from pertinent crystat structures.
The two oxygens t;,O'and to the metal as part of the chelate ring were defined as

carboxylate and phosphate oxygens in SYBYL. To eonstrjin We complexes in

particular geometries, the I~ (L-M-L) constant was set to 3.0 kcal.mol'l.deg", and the

L-M-L angles to 50°, 70° and 90°, These were t:4e only parameter settings changed
from those described in section B.3,3. For the M-O-N, M-O-C and M-G-P bending

interactions, the Tripes force field used th~ relevant angle of the, chosen crystal

structure and the default Kb(M-O-X), where X = N, C, P, of 0.02 kcal.mol+.deg'".

Default assignments for the M-OuX·,x, where X == any other atom, torsional

interactions were used. The curves from these scans are shown in Figures e.8. and
C.9.
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fif'!re C.B,' Strain energy, -.£0, of an, isolated four-membered chelate ring involving
ace, '1te and nitrate as a /unction of metal-oxygen bond length and O ..A:f-O bond cmgles
appropriate to different coordination geor:netnes.
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Figure C.9 : Strain energy, '£lJ, of an isolated four ..membered chelate ring involving
phosphate as a function oj metal-oxygen bond length and O-M-O bond angles appropriate
to different coordination geometries.

Although the curve for phosphate differs from those of acetate and nitrate, it can be

clearly predicted that four-membered chelate ringswill be most stable at longer M~O

bond lengths with smaller O-lV{~Oangles.

37



These isolated groups were also scanned with no constraints placed on coordination
geometry. SeeiFigure C.l0. Variances in best-fit M~O lengths, O~~!{..O angles and

0··.0 bite sizes .for the three complexed ligands call probably be attributed to the
differing atom sets attached to the O-donors. For nitrate, M-O = 2.74 At L O-M-O
;:::470, L M-O-N :I;: 97°, L O-N-O == 1200 and 0 ...0 ;:::2.17 A, and for phosphate, M-O
;:::2.53 A , L O..M..O :::::57°, L M~O-P = 970, L O-P-O ;:::1090 and 0...0 ;:::2.43A.
Results obtained fext the lowest energy structure of metal-acetate were compared to
those obtained withlfive- and six-membered chelate rings (Figure C.ll).

4 -~~~.--~~--------..~.-...--..-----------.---~.....__...~

0:,--_,__~_,__.~_,__.__.__...l-....J.--'--__'_-"'___"'-,~ 1
2.0

.... acetate

.~. nitrate3.5

.~-phosphate

1.S - ~,

1-

4'.....''<$I •• ' •. ... .~ ..... ~ .,......

2.2
o

M-O BOND LENGTH: (A)

2.4 2.t:' 3.0 3.43.2

E.i.EHrre[:.10: Strain energy, xo, of isoiated acetate, nitrate and phosphate ligands as a
function of metal-oxygen bond length and unconstrained O-M-O angles.
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A B c
M-O-C angle ~ 93"
o-e-o angle ;;:;1'23Q

M-N ..C angle = 1090 M..N-C angle == 109°

figure C.ll: Lowest strain energy geometry for (A) the four-membered chelate ring, (B)
the five-membered chelate ring, and (C) the six-membered chelate ring.
(8) and (C) redrawn from Hancock and Martell (1989).

C.2 BEST..FIT SIZES AND GEOMETIUES OF METAL IONS COORDINATED
TO NmDONOR MACROCYC!.ES

In an attempt to fully understand the effect of N-dOUQt macrocycle flexibility on
selectivities exhibited by these structures, an intensive molecular mechanics
investigation was carried out on the unsubstituted triaza- and tetraazamacrocycles,
F01' each macroeycle, all possible N-H hydrogen orientations identified and labelled
according to the scheme of Bosnich et at. (1965) were considered (~ee Figure A.l).
Except where applied constraints are specified, ego section C.2.!, both coordination
geometry of the metal ions anc'M-N bond length were allowed to vary during scans.
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C.2.1 lVliolecular mechanics calculations using constraints

To compare this molecular mechanics study to previous studies, the planar conformers

of every maerocycle were scanned and their planar geometry constrained with an angle

bending N·M·N force constant, K, I of 0.014 kcal.mol'l.deg? (TRIPOS force field).

N-M-N angles were set to either 90° or 180°. Comparison of results is given in Table

CA. Figure C.12 can be consulted for the trans-HI and trans-Tv conformers of 13-

aneN4 and 15-aneN4•

Table C.4: Best-fit M-N bond lengths for triaza- and tetraaza macrocycles constrained
to be trigonal planar and square planar respectively.

Busch et al. (1974)-------------------------------~-------------------M-N/ A deviation from M-N/A
planev A

deviation from
planeDj A

this work----------------------------------------------------~---------~
Macroeycle

9~aneN3

12-aneNs
12-aneN4

13-aneN4

0.41

1.51
1.61

1.82

1.97 (trans-III)

1.94 (trans-IV)

2.11 (trans-ill)

2.08 (trans-IV)

2.19 (trans-III)

2.08 (trans-IV)

2.32

1.83

1.92 0.12

2.07 0.00

2.22 0.14

16-aneN4 2.38 0.00

0.40

0.35

0.19

0.01

0.07

0.00

0.00

0.11

0.02

0.07

a plane defined by Nsdonors
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(a) 'frans-I
++++

Cis-lla
+++-

'frans-lib
+++-

Trans-III
++--

Trans"IV
+--+

Cis-V
+-t-

(b) 'lrans-I++++
'frans·Ila
+++-

'Irans-Ilb.,
+++..

1rans·m
++--

Trans-!", 11"ans·V
+ ...+-

Figure C.12: The six conformers of (a) 13-aneN41 and (b) 15-aneN., with respect to the
possible orientations of the N-lf hydrogenatoms. H-atams above the plane of the page
are assigned +. while those below the plane of the page are assigned - .

Two orientations with reference to N-H hydrogens are possible for the
triazamacrocyeles 9-aneN3 and 12~aneN3(Figure C.13). MM minimization of the
uncomplexed ligands indicated the +++ energy conformer to be much more stable
than the ++-. The [333] conformation of 9-aneN3' as depicted by Dale's (1973)
notation, was found to yield a lower strain energy than that of the [234]conformation.
(Hancock, Dobson and Boeyens, 1987). This symmetrical configuration for 9-aneN31

where the chelate rings are all gauche, and the symmetrical [!~]configuration for 12-.
aneN3, where the rings are all chair, were used in initial scans to calculate ideal M-N
bond lengths.
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Figure C.13 : Triazamacrocycles discussed in this section.

In Figure C.14(a) are shown the strain energy ~U) versus i~' '\I2~d length (ro)

curves for the ++ + conformer of 9-aneN3 and 12-aneN:~~ 'l11, tcVllat curve for
9-aneN3 indicates a high tolerance to change K. l1et~J ion size, ~!Jillethe narrower

/' fi

,;' " - II
curve for 12~aneN3 indicates a lower tolerance leveJ;: This may be~the reason for the

,\

availability in the literature of crystal structures of Cu(II)\ Pb(II),·t, Re(IV)3, Pd(IIt

and Ir(llI)s complexes of 9-aneN3 where M-N blond lengths range from 2.04 A to 2.44

A, and the availability of only Zn(nt·7 crystal structures of 12-aneN3 where M~N bond

lengths range frore. 2.00 A to 2.06 A. The preferences of 9-aneN3 for larger metal

ions and 12-aneN3 for smaller metal ions are ShO\VI1by the resultant best-fit M~M
lengths, 1.80A and 1.65 A respectively, from the curves.
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Figure C.14(a): Total strain e,zergy, 'ku, as afunction of idealM-N bond length for the
+++ conformer.of 9-aneNj and 12~aneN3"Lowest energy structuresfor both are drawn.
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Details of the crystal structures mentioned above are given in Table CoS. The smaller

ligand experiences five or six coordination, while the larger ligand coordinates

tetrahedrally. The coordination geometry calculated here for both triazamaerocycles

at their best-fit M-N bond lengths is trigonal pyramidal. The metal lies 0.92 A away

from the Nsdoncr plane in 9MCllneN3 and 0.54 A away in 12-aneN3, N-M-N angles in

the 12-aneN3 complex (109.7") are however larger than those in the 9-aneNJ complex

(96.r) which corresponds to thetendency of 12-aneN3 to accommodate smaller
tetrahedralnietal ions such as Zn(U).

Table C.S : CfJr$tal!ograpJiicdata.on g-aneNJ (L1) and 12-aneN$ (L2) complexes.

Crystal Structure Coordination Ave. M-N/ A Ave. N-M-N/o Reference

Geometry

PbLl(ct04)2 six-coordinate 2.43

[ReLICl3]Cl pseudo-O, 2.13

CuLIBrz dist, sqllare 2.11
pyramidal

[PdHLIBr2]Q04 2.06

IrLICl3 dist. Oh 2.06

[ZnL2Br]Br dist Td 2.04

[ZnL2(OH)]/''' dist Td 2.02

71.6 2

3

182.9

82.0 4

82.9 5

104.9 6

105.5 7
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The adoption of the chair-chair-boat (c-o-b) conformation byZn(12-aneN3)X, where

X = Br' and OM-, in two known crystal struomres6•7 instead of the expected ideal
chair-chair-chair (c..c-c) conformation warranted further investigation. Results from

MM calculations on the c-e-o ([444]) and c-e-b ([210]) forms of complexedIz-anelc,
are graphed in Figure C.14(b). Here, the N··M-N angles were constrained at l09.5°
to account for tetrahedral metal chara~~erby assigninga value 'ifO.0028kcaJ.:mot1.deg-t

to the N"M-N bending force constant. The c-e-o fom.1,Jn which N-H hydrogens lie
on the opposite side of the N-donors plane to M, is most stable below an M-N bond
length of 2.0 A. The c-c-b form, inwhich the hydrogens lie on the same side as the

metal ion, is most stable at ro values below this bond length. Since the average M-N

distances in the crystal structures concerned ate 2.04 A and 2.02 A, it is not

unexpected that the c-c-b conformation is the one observed in reality.

Similar calculations were performed on M(12-aneN3)Br. An extra conformation, c-e-o

with N-H hydrogens on the same side of the N-donors plane as the metal, was

studied. the curves in Figure C.14(c) show that the artal bromide has no effect on

relative conformation stability, and that the c-c..b form still predominates at bond

lengths greater tbM':2.0 1.
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M-N bond length (A.)

Figure C.14(b): Total strain energy, 'iu,L'?S a function of ideal M ..N bond lengm for the'
chair-chair-chair and chair-chair-boat conformations of 12-alzeN3' Mwas constrained
to be tetrahedral.. In the c-c-c form (see structrre in Figure C.14(a)), amine hydrogens
lie on the opposite side to M, while in the c-c-b for;» (illustrated in this figure), they lie
On the same side.
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-Ir chair-chair-chair (i)

.. chair-chair-boa!

100 ~chair-chair.chair (ii)

80

.'
40

0~~~L-~_J--~~--~~~~~~--~~--~~·
1.5 1.7 1.9 2.1 2.3 2.5 2.7 2.9

M-N bond length (A)

Figyre C.14(c): Total strain energy, 'Xu, as a function of ideal M-N bond length/or the

chair-chair-chair (i), chair-chair-boat and chair-chair-chair (ii) conformations of 12-
aneN3Bl: Jl,f was constrained to be tetrahedral. In the c-c-b (bottom structure) and c-e-o

(ii) (middl: structure) forms, amine hydrvgens lie on the same side as AI; while in the c-c-
c (i) (top structure ) form, they lie on the opposite side.
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The popular thought concerning stability constant trends ia'triazamacrocycles is that

the rigidity of these .ligands force them to follow the size-match selectivity rule. On

inspection of Table C.6, log K values for each ligand do indeed decrease as the size

of the metal ion increases from Cu to Cd. The Pb anomaly was explained by Hancock

et al. (1988) to be the result IOf stereochemical activity of the inert electron pair of the
Pb ion, My study, however, shows that 9-aneN3 and especially lZ-aneN3 are less rigid

titan expected. Their best-fit M-N lengths and N-M~N angles agree with the rule of

complex stability in relation to chelate ring size, ie, 9-aneNs forms five-membered

chelate rings when coordinated to a metal ion and therefore prefers larger metal ions,

while 12"'aneN:lfol'D1s six-membered rings and therefore prefers smallermetal ions.
Unfortunately, no reason lor this disagreement with experimental data (9-aueN3

actually binds more bghtly to the smaller metal ions en and Ni than 12-aneN3) could

be distinguished. Since each ligand contains three secondary amine' donor groups,

steric effects should predominate a:~d 12..aneNl should bind en and Ni better than

9-aneN3•

Table C.6: Compilation of log K, values' for complexes of the triazam« "ocycles.

.. . 0.1(;-

en(Il) ,.In(U) ed(H) Pb(II)

ionic radiusb/ A- 0.57 0.69 0.74 0.9.:> 1.18

log x, (9·aneN3) 17.5 16.24 11.6 9.2 10.8

log x, (l0-ant;N3) 16.14 14.58 11.28 7.8 8.8
log K1 (l1 ..aneN~) 14.4 12.88 10.41

log Kl (12-aneNs) 13.16 10.93 8.75

a references: Chaudhuri and Wieghardt (19R7), Kodama and Kimura (197b).

b square planar radius for CU(U); octahedral radii for Ni(U), Zn(II), Cd(U) and

Ph (II).
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The :;£Uversus To curve for each of the four possible conformers of 12-aneN4 is ~eh

in Figure C.1S. 'Trans-Ill, (++ ....) and trans-Tv (+--+) conformers are equivalent.

Tz S very broad, flat curve for trans ..I: (++++) indicates its probable ability to

accommodate the fun range of metal ion sizes, provided that they do not require

octahed-al coordination, since one axial coordination site is blocked off. An example

of this conformer is the square pyramidal CU(U)8 complex (Table C.7). The relative

stability of t;tans-l eompared to tho other forms can be attributed to the symmetrical

quadrangular [333$] conformation and stable gauche chelate rings it adopts. Between

the cross-ever points 1.92 A and 1.98 A., budded 01S-II (+ ++-) is the stable

conformer, 'This configuration is found in the Co(III)9 and blue high-spin Ni(ll)
(Fabbrizzt, 1977) complexes of 12-ap,eN4'

. '- : - ..
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Figqre 0.15: Total strain.energy, IV, as a junction of idealM~N bond length for the
lour conformers of 12"aneN4'
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,Table Co7 : Crystallographk; data on 12~aneN4(L) complexes.

Crystal Coordination A-ve. Ave. Deviation Reference
Stmctul'e Geometry M-N/A N-M-N/o from

planeal A

[CuLN031N03 square 2.02 86.3 0.51 8

pyramidal

[CoL(NOz)2]C1 cis-Oh 1.96 84.8 9

(buckled)

a plane defined by N"donors

These results, presented in detail inTable e.s, correlate with previous findings (Thoro

et al.~1984). When to is larger than the macrocycle cavity size of 1.82 A (fable C.4)

and octahedral coordination is not required as with Cu(II), the trans..Iconformer is

adopted. When there is a preference for octahedral geometry such as with Co(Ill)

and high-spin Ni(n), the macrocycle folds. The yellow, squs.e planar, low-spin

[Ni(12-aneN4)}2+ complex (Fabbrizzi, 1977) has been characterized and predicted to

adopt the trans-I configuration. Low-spin Ni(II) should ideally fit into the cavity of

the trans-III conformer with its best-fit size of 1.90 A and therefore assume this form.

However, the square planar trans-HI conformer has such a large ~U values when

compared to the others; that it seems extremely unlik ..~lythat it would occur in any
complex. The trans-V (+ ..+-) conformer, which is also square planar at its lowest

energy, is most stable at fo values below 1.92 A and may be the form adopted in the

Ni(n) complex.
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Table C.8: Results from MM calculationson conformersof 12-aneN4"

Conformer Ave. Ave. IUbj Coordination
t4j A N-M-N kcal.mol" geometry of

angle/ 0 metal----------------~---
Deviation
from plane/ A

trans~I 2.15 82.5C 9.01

(++++)
cis-II 2.00 87.1 9.94

(+++-)
trans-TIl 1.90 87.9 15.63

(++--)
trans-V 1.85 92.6 9,61

(+~+-)

~quare
pyramidal

0.78

buckled

distorted 0.37

square planar

distorted 0.12

square planar

a final (minimised) M-N bond length
b strain energy at r

c N-M-N angle in five-membered chelate rings
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Figure C.16 shows the variation of formation constants for a variety of metal ions as

a function of t~,e size of the macrocyclic ring. 12-aneN4 prefers coordination to larger

metal ions, contrary to the "best-fit" hypothesis. This preference can be explained by

the results here. Larger metals are allowed to coordinate out of the plane of the N-

donors in the trans ..I conformer (Figure C.17) which is the most stable conformer at

longer M-N bond lengths, Effect of chelate ring size i~\\;~A{itb.erfactor. The four five-

membered chelate rings of 12-aneN.. favour large metals.

12 13 14 15 16
Macrocyclic ring si.:e

Figure C.l Q: Variation of complex stability of the tetraazamaerocycles 12-aneN4 through

16-aneN4, relative to 12-aneN4, as a function of macro cyclic rilri.g~ize. The metal.Ions

are represented as circles of radii proportional to their ionic radii:
Redrawn from Luckay and Hancock, 1991, Stability constants .froln same reference.
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(a)

(b)

(c)

Figure C.17: Stereoviews of lowest energy conformers of (a) 12-aneN41 (b) 14-aneN4I

and (c) 16-aneN4"
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Six conformers of 13..aneN4 are-possible (Figure C.12). Results from MM calculanons

on these conformers are given inTable e.9 and corresponding .EU versus fo curves in
Figure C.l8. The square-pyramidal trans-Iv (+--+) conformer is the most stable over

a wide range of M-N bond lengths, ie, from 1.75 Aito 2.60 A" 'The other square

pyramidal conformer, trans-I (+ + + -I-), will only predominate at to values greater than

2.60 A. Thus, with almost all metal ions that can assume square pyramidal geometry,

trans ..IV configuration is expected. However, the: (,\rysta1 structure of [Cu(13-

aneN30)Br]+ (see Table C.lO) was found to match the trans-I form (Thorn et al.,

1984). This discrepancy was addressedin the same paper,

With metals that are too small for the 13-al1eN4 maorocycle cavity such as low-spin

Ni(i.l)l1, Ni(TII)12 and low-spin Fe(TI)14, the ligand, adopts planar geometry. In this

case, where the requirement for metal planarity is strong, the planar trans-Iib (+ ++-)
conformer is predicted to be stabilised relative to the trans-ill (+ +--). Martin et al.
(1987) postulated the presence of these two isomers for the Ni(13 ..aneN4)z+, the

+++- being the intermediate. The C-functionalized [Ni(Mez-13-aneN4} ]z+ complex

was reported" to have chelate rings in the uder chair-gauche-cis-gauche, which is the

order found in trans ..ITh here.

If the metal ion is larger than the cavity size of 1.97A (trans-Ill) or 1.94 A (trans-Iv)

as given in Table C.4, and has a strong preference for remaining octahedral, the cis

conformers TIa (+++-) and V (+-+-) will prevail, Examples of such buckled

structures are the complexes with high ..spin Ni(II)lO, Ru(mi3 and high-spin Pe(ny4.
Curves obtained for the cis conformers are so similar that no prediction regarding

them can be made. Che et af.13 formulated their R.u(ID) structure to be the ++ +-
configuration, while Martin et al. (1987) and Hay and Pujari (1986) formulated their

complexes, [Ni(13-aneN4)(HzO)2]2+ and [Ni(13-anel'{f)(en)]H, to be of'the form +-+-.
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· Table C.9: Results from MIVlcalculations on conformers of 13-aneN4•

Conformer Ave. Ave. ,£Ub/ Coordination Deviation
rYA N-M...N kcal.mol" geometry of from plane/ A

angle/ e metal

trans-I 2.20 80.6C 11.76 square 0.13
(++++) 93.2<1 pyramidal
cis-Ua 2.05 86.0 10.36 buckled

(+++ ..) 97.9

trans-lib 1.95 88.1 9.55 distorted 0.13
(+++-) 101.5 square planar

trans-TIl 2.00 84.2 1;).50 distorted 0.28

(++--) 102.9 square planar

trans-Iv 2.01 ··86.9 7.74 square 0.44
(+--+) 89.1 pyramidal

cis-V 2.00 86.2 10.48 buckled

(+-+-) 103.4

a final (minimised) M-N bond length

b strain energy at r

C N-M-N angle in five-membered chelate rings

d N-M-N angle in six-membered chelate ring
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35 r---------. .........--...-----------------------.
-es- Traris-I
*Cis-iia
-Q- Trans ..Iib

30 '*Trans-Hi
~ Trans-iv
"*"Cis-v

•

5~.~--~~~~-~~~-~~~~~
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

M-N BOND LENGTH (A)

Figure C.18: Total strain energy, I~ as a function of ideal M·N bond.length for the

six conformers of 13-arteN.;.-
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Table C.lO: Crystallographic data on 13-aneN4 (L) complexes. L1 is 1,4,7,10 -

tetramethyl-13-:meN4•

Crystal Structure~~. ----------~------------------~--~-----------------~-----

[RuL1C12]004

NiL(NCS)., (s=l)

[Cu(13-aneNgO)Br+

6[NiLBtz]Br

[Ni(Me2-·L)]2+
(s~O)

Coordination

Geometry

cis-Dh

ciS-Ob

square

pyramidal

trans-O,

square planar

.2.18

2.12

2.04

1.92

1.88

Deviation , }~eference
','

from

plane! A

0:47

13
10

Thomet

al; 1984

12
11

58



Of the azamacrocycles, cyclam or 14-aneN4 has been the most extensively studied.

Hence the many crystal structures available (Table C.11). Planar structures all adopt

the trans-ill (++-~) conformer. Their M-N crystal bond lengths range from 1.97A
to l.llA. Metals with a strong preference for square planar coordination such as

Cu(ll)26 and Pd(ll)29 complex with the ligand in this manner, Diamagnetic, square

planar, yellow Ni(Il)-cycJ.am has been characterized in solution by, among others,

Ohtaki and Seki (1991)r but a crystallographic study has yet to be reported, Buckled

cis-V configurations are assumed by l)gh-spin Ni(ll)Z3 Cr(ID)llJ, Ru(ID)31, Co(m)~7
and Pb(ll)35, a phenomenon expected for the latter metal only. Both trans and cis-

octahedral forms exist for Ir(ITI) (Monsted et al., 1993), Ni, Cr and Ru, their sizes

being on the ..borderline between cavity size fit and larger than cavity size.

Another large metal, Hg(ny~4,complexes with cyelam in a square pyramidal, trans-I

(+ + ++) fashion. Hg is a metal which is not obliged to be octahedral. Ag(lli6

displays both d~~torted square planar and octahedral geometries with 14-aneNi• In the

square planar structure, Ag is extruded 0.24 A from the N-donor plane, thus tending

towards trans-I conformation. In the octahedral structure, Ag lies in the plane. Beth

isomers could probably be isolated because theAg(ll) radius is intermediate between

that of the smaller transition metals which coordinate in a planar fashion and that of

the larger ions which coordinate in square pyramidal.
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Table C.II: Crystallographic data on J,t!'arr:eJV4(L) complexes. X = Ct, BP, or NO;.

Crystal Structure Coordination Ave. Ave. Reference

Geometry M-N/A N-M-N/o

[CrLX2t trans-Oh 2.06 85AP, 15, 16, 17, 18
94.6b

[CrLOz]Cl cis-Oll 2.10 19

[MnLXzt trans-O, 2.03 85.3,94.7 20

CoL(CI04)z (5=0) trans-Ob 1.98 85.9,94.1 21

NiLX_£ (5==1) trans-O, 2.06 Thomez al., 1984,

Bosnieh et al.,
1965,·22

~iL(II2(»2]z+ (s:::1) cis-O, 2.10 23

[NiLdzl+ trans-O, 1.97 24

[CuL(HzO)z]<!+

[CuL]z+

2.01 85.6,94.4 25
26square planar 2.04

[ZnL]z+ trans-On 2.11 2.728,

[PdL]z+

[pdLCIzf+

square planar 2.05

trans-O, 2.06

29
29
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[RuLC1z]Br

[RuLOz]Q

trans-O,

cis-Oh

2.08

2.11

83.4,96.6

82.4t 96.1

30
31

--------__.,;---~......;_-------- .. __.--.,._._------~. ;/-oj~ ...... ~

VReO(OH)L]Z+

[TcLOzlt
[HgLQ]+

trans-Oh

trans-O,

square

pyramidal

cis-Oh

AgL(004)Z trans-O,

dist. square

planar

2.09

2.13

2.37

83.5,96.5 32

33

34

2.45 35

2.19

2.16

36

a five-membered chelate. rings
b six-membered chelate rings

InFigure C.19 are seen the univariate scans for the conformers of 14-aneN4• Detailed

results are given inTable C.12. All geometries adopted by the' conformers, except cis-

V ~are square planar. Cis-V only predominates at high Tovalues, a prediction verified

by the literature. The lowest energy conformer, trans-III, is diagrammed in Figure
C.17.
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45.-------...,...:....------

I35 I-......----____.l.
..:>,A- Cis-v

-Ill- Trans- ii.

'"*'Trans-ti
40 -<$>- Trans-Hi

*'Trans ..Iv

I5(~_~--~ __~~---~ __~-~--~-~--~--~~~~,-_J
1.6 1.8 2.0 2.2 2.4 2.6 2.8

o
M-N BOND LENGTH (A)

Figure C.19 : Total strain energy, 'ito, as a function of ideal M-N bond length for the
five conformers of 14-aneN 4"
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Table C.12: Results from MIlAcalculations on conformers of 14~aneNs.

Conformer Ave; .. Ave. :tUb
/ Coqrdination Deviation

Jr?jA N-M~N kcal/mol geometry of from plane! A
angle! 0 metal ..

trans-I 2.03 87.6° 8.59 square planar 0.06

(++++) 92Ad

trans-Il 2;04 80.4 10.06 square planar 0.07

(+++-) 93.4

trans-III 2.11 84.S 8.07 square planar 0.00

(++--) 95.S

trans-Iv 2.09 8304 12.58 square planar 0.04

(+--+) 98.0

cis ..V 2.20 80.3 12.03 buckled

(+-+-) 88.1

a final (mimmised) M-N bond length
bstrain energy at r

C N-M-N angle in five-membered chelate rings
d N-M-N angle in six-membered chelate rings
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A<>with 13-.a.neN4six conformers of 15-cmeN4 are possible. iJU versus to curves for
these conformers are graphed in Figure C.20 and additional information shown in

Table C.13. A survey of the literature revealed the availability of only trans-
;;

octahedral structures (Table C.14) for the 15~aneN4' M-N bond lengths in these
structures indicate that these metals would fit fairly wen into the 15;;aneN4

maorocyclic cavity whose hole size was calculated to be 2.19 A (trans-HI) and 2.08 A
,'.1

(trans-Iv), Inspection of the experimental curves show that for ro values between. 1.6
A and 2.75 A, planar configurations will likely be adopted. Trans-octahedral geometry

is. also the geometry found in both high- and low-spin PeeU) and Cr(m) complexes.
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40 r--------------_..----------r-----"--~....,

35

-iPD-- Trans-I
"*- Trans-Ha
~Trans-iib
~Trans-iii
-*"nans-iv
~'frans-v

30

15

10

5 ~~"~~~~--~--~---~~~~--~--~--~---~--~"
1~ 13 ~1 13 2~ 2.7 2.9

M-N BOND LENGTH (A)

figure C.20 : Total strain energy, ~u, as a function of ideal M-N bond length for the

six conformers of 15-aneN4'
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Table C.13: Results from MM calculations on conformers of 15-aneN4•

Conformer Ave. Ave. ~Ubl Coordination Deviation

rIA. N-M-N keel/mol geometry of from plane! A
angle! e metal

trans-I 2.19 81.0c 11.65 square 0.41

(++++) 90.7d pyramidal

trans-Ila 2.20 80,8 11.45 square 0.45

(+++-) 90.0 pyramidal

trans-Ilb 2.11 84.1 10.8.3 square planar 0.10

(+++-) 92.3

trans-ill 2.20 78.3 11.25 square 059
C')+--) 89.1 pyramidal

,__.",.., - .

trans-Iv 2.09 84.8 12.82 square planar 0.07

(+~-+) 92,4

trans-V 2.20 80.8 11.35 square planar 0.00

(+~+-) 93.1

II final (minimised) M-N bond length
b strain energy at r
C N-lVI-N angle in five-membered chelate ring

cl N-M-N angle in six-membered chelate rings
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Table C.14 : Crystallographicdata ott 15~aneN4 (L) complexes. L1 is 1,4,8,12 ':

tetramethyl-15;.aneN 4'

Crystal Structure Coordination Ave. M-N/ A Reference

Geometry

CuL(CI04)z trans-Oh 2.04- 38

NiLClz (s=l) ttans-Oh 2.11 22
ZnL(NCS)z trans-O, 2.15 39
[RuVOz](CI04)z trans-O, 2.20 40

The abse .ofbuckled structures results from increased macrocyclic cavity size. This

was reasoned by Hung et al. (1977) and Richens et aI.41 who found that for. eo(H!)
and Cr(IlI) metals which have a preference for octahedral coordination, cis-folded

complexes occur for 12-aneN4, both cis and trans occur for 13-aneN4 and 14-aneN4,

but only trans complexes exist for 15-aneN4 and 16-aneN4• These same researchers

isolated two isomers for trans -[Co(15-aneN4)ClzJ+. The thermodynamically stable

isomer was' of configuration +++- or trans-Ilb with an MM ealculated M-N distance

of 2.28 A. The second isomer had the +-+- or trans-V form with an ideal M-N
distance of 2.23 A.

C.2.7 16-81llleN4complexes

As with 12-aneN4, only four possible conformers of 16-aneN4 are feasible since the

trans-In (+ +~-)and trans-Iv (+--+) conformers are equivalent. Curves and detailed

results are given in Figure e2l and Table GiS. It can be clearly seen that at low t()

values (less than 2.1 A), the tetrahedral trans-V (+-+-) conformer is very much

stabilized relative to the remaining conformers. We would thus predict that small

tetrahedral cations such as Be(ll), B(Ill) or P(V) would complex most strongly with
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16-aneN4• The [4444] conformation assumed by trans-V and its conformational

sequence of four chair-form chelate rings :is responsible for its low energy. A
stereoview of this configuration can be seen in Figure c'17.

45

-@!-TI'ans-i

'"*" Tra'ns-H
-¢-1Orans-iii

"*'" 'TI:'ans -v
40

o~~--~~·~--~--~~--~--~--~~--~--~--~~
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

o
M-N BOND LENGTH (A)

figure C.21 : Total strain energy, IU, as a function of ideal M·N bond length for the .
four conformers of 16-aneN4'
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Table C.15: Resultsfrom MM calculations on conformers of 16-aneNq

Conformer Ave. Ave. ~Ubl Coordination Deviation

r~A N..M-N kcal/mol geometry of from plane/ A
angle/o metal

trans-I 2.15 93.6c 12.70 distorted 0.26

(++++) square pls .~a,r
-

trans-Il 2.20 91.2 12.05 dist. sq. pi, .,lat! 0.14

(+++-) buckled

trans-III 2.17 90.3 14.38 distorted 0.26

(++--) square planar

trans-V 1.85 102.8 6.75 distorted

(+-+-) tetrahedral

a final (minimised) M-N bond length

b strain energy at r
C N-M-N angle in six-membered chelate rings

The crystal structures of Ni(II)22 and Cr(IlI)42 16~aneN4 complexes are reported to

have the +++- or trans-If configuration. This agrees with the results obtained here.

Of the three square planar conformers, the trans-Il is the most stable at fo values

greater than 2.10 A. ed(n:) and Hg(llt3 however, have all the N-H groups directed

towards one axial ligand, ir-. they adopt the trans-I (+ +++) configuration. This

discrepancy can be explained by examining metal to N-donor plane distances for the

f01Jr structures. The distances for Cd and Hg are much longer than those for Ni and

C\ a result of their larger sizes. Thus, even though trans-If is stabilised relative to

trans-I, there will be a tendency towards trans-I when longer IvI-N bond lengths are

required. Pb(II)43 bonds with the N-donors of 16-aneN4 at distances much larger than

the macro cycle cavity size of 2.32 A (fable C.4), and even though the Ph complex

adopts the trans-I form, the preference of Ph to be octahedrally coordinated forces
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budded cis configuration (see Table C.16).

Table C.16: Crystallographic data on 16-aneN4 (L) complexes.

Crystal Structure Coordination Ave. Deviation Reference

Geometry l\.f-N/ A frem

plane/ A

NiLC1z (s=I) trans-Oh 2.18 0.072 22
[CrLClz]ClO4 trans-O, 2.13 0.089 42
[CdL(N03) (HzO)]2+ trans-O, 2.33 0.29 43
[HgLCIMHgC14] 2.38 0.24 .43

[PbLCI]C1~ cis-Oh 2.54 1.26 43

PbL,N03)z

16-aneN4 forms more stable complexes with smaller metal ions like Cu(U) (log K =

20.92) than with the large metals like Pb(II) (log K = 929, Luckay et al., 1991). The

principal reason for this selectivity is the inductive effect where en binds more tightly

to amines than Pb, In addition to this effect, .steric factors also act to favour Cu.

These steric factors are: (i) the presence of four six-membered chelate rings when 16-

aneN4 is eomplexed, and (ii) the adoption of the stable trans- V conformer which

prefers coordination to metals with tendencies to form smaller tetrahedral ions.
However, no four-coordinate crystal structures have been recorded to date snd

attempts with crystallization failed in this project.

MM calculations using metal parameters in the SYBYL 6.0 package were used to

predict coordination geometries of Cu(16-aneN4?+ and Pb(l6-aneN4)z+. Since

valencies of six were assigned to the metals when defining them in SYBYL, 1,3-

nonbonded interactions replaced N-M-N angle bending constants. Results predict

tetrahedral geometry for en and trans-I for Pb (fable C.l7), which correlates with the

work .above.
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Tabll! C.17: Strain energies for the conformers of Cu(J6-aneN4Y~+ and Pb(16~aneN4)2+.

Metro·· trans-I trans-Il

en lJU/ kcal.mol? 16.418 19.511 18.693 5.500

Ave. Cu-NI A 1.947 1.956 1.947 1.909

Ave. N-Cu-NI o 94.9 92.4 92.7 102.4
Coordination. dist, square square square tetrahedral

geometry planar planar planar

Pb 11U/ kcal.mol? 15.831 16.485 18.027 17.671
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C.3 BESTaFITSIZES OF METAL IONS COQ~INATED TO

N~FlJNCTIONALIZED MACR.OCYCLES

In order to gain further insight into ligand design for purposes of diagnostic nuclear ..

medicine and radioimmunotherapy; molecularmechanics minimizations were carried

out on azamacroeycles which were N*function.a1izedwith acetate, hydroxyphenyl and
hydroxybenzyl groups. .The metals of interest here are the lanthanides and Group

ill's, classified by Pearson (1963) as hard acids. A preliminary thought would thus be

to complex them with hard bases lik~ ligands containing neutral and negatively
charged oxygen donor atoms. Although macrocycles containing neutral nitrogen

donors are less basic, chelating groups can be attached to the nitrogens to improve the

coordinating ability of the macroeycle. Full or semi-substitution of amine-attached
. _- ._. i-,

hydrogens may occur.

Again, all possible conformers for each macrocycle were considered in the
calculations. The difference in covalent radii of 0.1 A between nitrogen and oxygen

was used to calculate relative ideal M-O bond lengths. All other experimentel data

Is given in section B.3. See Figure C.22 for ligand structures discussed in this section.

Previous MM calculations byBrecknell et al.e . (1985) and Hay (1~91) on lanthanide ion

complexes concentrated on optimizing force-field parameters for the metal ions. In
both cases, L-M-L bending interactions were replaced with L-L 'onbonded

interactions to circumvent problems in defining angle bending parameters. Fossheim

et ai., (1990, 1991) examined molecular structures and dynamics of, amongst others,

DTPA, TACNTA; DOTA and TETA with Gd(ill) by molecular mechanics
calculations and molecular dynamics simulations. They were ;llvestigating factors
which determine stability of these complexes.

, : ..
i :.
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R = acetic acid

= propionic acid

== 2-hydroxyphenyl

= 2~hydroxybenzyl

R = acetic acid

== 2-hydroxyphenyl

= 2-hydroxybenzyl

R = acetic acid

== 2-hydrOJ~'Yphenyl

= 2-hydroxybenzyl
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Figure C.22: Ligands N-jUnctionalized with acetate, hydroxyphenyl and hydroxybenzyl

groups.
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C.3.1.1 EDTA and DTFA

I/' -c-,<
f !

I
, I
I
i

I
!
J

1

Since functionalized EDTA and,?TPA have alsobeen investigated for medical use,

scans on tile acyclic ligands EDTA and DTP A were included. Illthough EDTA forms

relatively stable complexes with most metal ions, its open chain backbone often

prevents it from completely wrapping around small, hard trivalent: metals like Ga(ffi).
,

The macroeyclic ligand, TACNTA, which will be investigated later, was found to be
ideally suited for this purpose. DTPA, although less flexible thaft EDTA, forms

stronger complexes with the lanthanides than does EDTA due to its octadentate

nature.

I

I
" I. I

!
I
!
I

Results are seen in Figure C.23. It would appear that if all donor atoms are used for

coordination, eight coordinate DTPA will prefer to tind to larger metal ions (best-fit

r(MwN) ::;:2.23 A , r(M-O) = 2.16 A). Six coordinate EDTA prefers smaller metal

ions (best-fit r(M~N) ==2.02A., r(M-O) ::;:1.97 A). As expected, angles subtended at

the metal are sm,dl~r for DTPA ( O(N-M-N) ;:::81..5°, 9(N-M-O) ::;.77.8°) than for
\

EDTA (9(N-M,;,J:..qJ'== 86.6!>.9(N-M-O) = 84.8°). Because of the higher coordinating

ability ofDTPA, it is expected to have a preference for larger metals which require

higher coordination numbers. The very broad, 'flat curve for the ED1"A scan
reinforces its ability to accommodate the ndl range of metal ion sizes and m.y explain

its diverse ligating behaviour, while the steeper DTPA curve indicates apreference for

specific metals. 'This finding is not supported by experiment since DTP A is known to

complex the full range of metal ~ons, and with both small and large metals, has larger

binding constants than EDTA.
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Figure C.23: Total strain energy) "Zu, as a [unction of ideal M~L bond length for ED'fA
andDTPA.
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C.3.1.2 NTA anii analogues '"

Hancock and Martell (1989) noted that donor groups with negatively charged oxygen
donors, ego carbosylates, are sterically efficientbecause the oxygens carry no hydrogen
atoms. Thus, ligandswhich are able to meet the. requirements (if :""large number of
carboxylate groups ina sterieally efficient arrangement would be best for coordination
to the Ianthanides and Ca (with chemistry closely.allied to that of the Ian fhanides)."
NTA:is such a ligand. However, its log K1.values with Ca(ll) and JLa(IU) are
relatively low, 7,71 and 12.45 respectively (Martell & Smith). Since the phenolateor

.'
hydroxybenzyl pendent' donor group may also be sterically e:ffic.fent, hypothetical
ligands NTHP and Ni:ffi3 were. also investigated for ideal metal size. Strain energy
curves for NTA anlltS analogues are shown in Figure C.24. Coordination to all '.'

nitrogen and oxygen atoms was assumed.

Calculated best ..fit IO values agree with the rule connecting chelate ring size to metal
ion size. The ligands forming five-membered chelate rings, NTA and NTHP, opt for
larger r(M-L) values (r(M-N) == 2.05 A and 2.0SA., and r(M ..O) == 2.02 A and 1.94
A) and smaDer N-M-O angles (81.7° and 85.6~). Those forming six-m-mbered rings,
NTP and NTHB, opt for smaller rvalues-t r(M>N) == 1.58 A and 1.67 A, and r(M-O)
= 1S0 A and 1.61 A) and N-M..O angles of 127.6° and 118.1°. Coordination

geometries found for NTA and NTHP are capped trigonal planar, and for NTP and
NTHB, distorted tetrahedral.
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f1B.r:freC.24: Total strain energy, ~u, as a function of ideal M-L bond length for NTA,
NTp, NTHP and NTHB.
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The versatile, multidentate capsbilities of NTA are evidenced by its diverse

coordination complexes and are dependent on the coordination preferences of the
particular metal ions. With Ca(Ut8.39, geometries chosen are pentagonal bipyramidal

and monocapped trigonal antiprismatic. Zn(U)39coordinates octahedrally, Cu(H}~9
assumes both square pyramidal and pentagonal bipyramidal geometries. Results

obtained here indicate that if binding structure is dictated entirely by the ligand, NTA
would choose to coordinate with smaller Zn and Cu than with Ca. This may add to

the reason for the large difference in sta.i,ilitybetween small Fe(JfU) (log Kl = 17.88,

Martell et ai., 1982) and large ea(U), the main factor for this stability difference being

an inductive effect. Fe(IU) has a much hi~her>:<'''ijnityfor negatively charged oxygen

donors thatJ. Ca(Il).

C.3.1. Trlaeetate trlazamaeroeycles

C.3.2.1 TACNTA

Two types of complex, I and II4l),e1ri~..ror T.&.CNTAdepending on theorientation of

'Ute acetate arms. Type Lexhibits a distorted-octahedral environment and tyt1~IT a
distorted-trigonal prismatic. The octahedron is diagrammed schematically below.

o

N
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The degree of distortion from regular octahedral arrangement of the NS03 donor set

is expressed by a twist angle", 4). q, is zero for octahedral and 60° for trigonal-
prismatic coordination. Since TACN1' A is potentially hexadentate bearing three basic

groups, its complexation with divalent and trivalent transition metals", as well as

isotopes mIn and 67,68Ga (Broan et al., 1991), has been studied. Crystal structure data

are tabulated below.

Table C.l8: Crystallographic data on TACN1'A complexes.

Metal Ion Coordination Ave. Ave. cpr (Type) Reference

Geometry M-N/o M-O/o

Ni(llI) pseudo-O, 1.92 1.92 6,9 (1) 42
Ni(U) (s:.:1) pseudo-O, 2.04 2.08 12.0 (1) 41
Cr(III) pseudo-O, 2.06 1.96 11.0 (1) 40
Al(IlI) pseudo-Og 2.06 1.85 9.0 (I) 43,44

Ga(III) pseudo-O, 2.10 1.93 12.4 (1) Broan et al.,
1991,45

Cu(II) pseudo- 2.12 2.11 33.4 (U) 40
prismatic

Fe (HI) (s=I) pseudo- 2.18 1.96 35.0 (II) 40

prismatic

It would appear that the change from type I to type II results from increasing M ..N

bond distance. When the metal is too large for the cavity, it is forced up out of the

N-donor plane causing tension on the M-O bonds which may be relieved by adopting

type II configuration. Clarke and Martell (1991) determined stability constants of

Fe(IH), Ga(III) and In(lIl) with TACNTA to be 28.3, 30.98 and 26.2 respectively,

This trend may 'be rationalised by the M-N lengths found in these complexes" In the
pentagonal bipyramidal structure of [In.HCl.H20.TACNTA] (Broan et al., 1991),

average M-N distance is 2.31 A.
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Previous MM calculations" found 2.0 A to be the best-fit size for metal ions in both

type I and type n TACNTA structures, andtype I to be more stable than type Il.
Results in close agreement were obtained here when octahedral angle constraints were

applied (figure C.25(a». N-M-N, N-M-O and O-M-O bending angles Were set to

either 900 or 1800 and the Kt,(L-M-l) constant given a value of 0.014 kcal.mol'l.deg".

Type 1'8 lower energy is due to a much lower fixed angle energy needed, as compared

to type II, to constrain its angles. When constraints are removed, i.e. all L-M-L
constants zeroed, type II becomes more stable than type I at ro(M-N) values below

2.55 A (see Figure C.2S(b». Measured twist angles are 8.80 (type I) and 26.90 (type
U). This paradox in stability to literature findings occurs when coordination geometry

is dictated entirely by the ligand and indicates the controlling influence that the

complexed metal may exert on geometry.

M-N BOND LENGTH (A)

Figure C.25(a): Total strain energy,IU, as afunctiono/idealM-L bond lengthfor type
1 and type 11configurations of TACNTA using angle constraints.
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Minimization of type 1 and type n comnlexes ofligands Q and V, wnich were built
.. - !.,{(

from TACNTA, yielded almost identical results for the two configurations. For the
Q structures, ~ averages 26.8(1 and for the V structures, ~ averages 14.1(1, Auerbach

and Eckert (1990) have solved the crystal structure of V with Cu(ll), ..and found

square pyramidal geometry. One phenolate ann was not bound to the metal and was

protonated,

~.3.2.2 TACDTA

The search for appropriate hexadentate ligands to bind isotopes for purposes of
magnetic resonance imaging led to the synthesis and potentiometric study of

TACDTA (Cortes et al., ,~990). For the present MM calculations, the existence of the
'~

same two types. of complex.as that found for TACNTA was assumed for TACDTA.

Univariate scanning curve; are shown inFigure c'25(b). As with TACNTA, type n
is stabilised relative to type I, but now the cross-over point is at ~t 1'0 value of 2.2 A.
Measured twist angles ate 12.9°(1) and 52.2(1(fl).

On inspection of ideal metal sizes for the ligands under discussion, it appears that

change in chelate ring size does not have the same effect as with the unsubstituted

triazamacrocycles. For example, Zn(fl) and Cd(II) would be expected to complex

better with ligands favouring tetrahedral L-M"L angles, like TACDTA, but Cortes et
al. (1990) have shown that their binding strengths with TACDTA equal that with
TACNTA. They postulated that other factors such as macrocyclic hole size and metal

ion-donor atom covalency come into play when considering complexation with
different metals.
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4TACNTA 1}1le i.

*TA.CNrA 1}pe n
4- TACDTA ,!)?e.I

-A:TACOTA 'IYPe II

\'\
,&.'

,
A

1.) L---1-_i---1-_J......;..-J..._J...,......,--1- __ .L--L-.....o..-''---L..--..J'--..,..L-~

t1.6 3.0

Figure C.25(b!: Total strain energy,~u,as a function of ideal M-L bond length for
unconstrained ·TACNTA and' jr.ACD1::4.

(';.3.3 Comparison of conformers for each N·Jrl!D.nctionaUzedazamacroeycle

TACNTA and TACDTA are Jidealligands for binding to hexacoordinate Ga(UI) and

In(Il!). The tetraazamacrocycles DOTA, TRITA and TETA were concluded by
Clarke and Martell (1991a) to be too large to form very stable complexes with such

small trivalent metals. These larger ligands may thusbe more suitable far ootadentate

binding to Ca(II) and the Ln(Ill)'s. Differences in metal size preference for the two

series arc noted by the log Kl values for their complexation with Ca(II) and Mg(II}.

DOTA actually forms the most stable complexes known to date with Ca and the

lanthanides.
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Table C.19: Formation constants of the Carll) and Mg(II) complexes of a vmiety of

ligands.

Ligand log Kt (Mg2+) log Klb (Ca2+)

TACNTA 8.93 8.81

TACDTA 7.1 6.0

DOTA 11.15 16.37

TRlTA 8.18 11.99

TETA 3.01 8.53

a 41, Clarke and Marten (1991c)
b Cortes et at. (1990)

All structures in this section, besides DOTA and TETA, had to be constructed with

the SKETCH option of SYBYL because of their unavailability in the literature.

Calculations performed here thus focus on prediction rather than interpretation of

data. Octadentate coordination was assumed.

C.3.3.1 DOTA and analogues

Four conformers with different nitrogen to pendent donor group orientations may

exist for complexes of DOTA, Sand X. Scanning of all conformers yielded lowest

strain energy values presented in Table C.20. Two observations common to these

ligands were noted: (i) Configuration I (++++) is so much more stable than the
remaining forms that it is unlikely that.any metal complexwill assume any other form.

Its calculated geometry is distorted square antiprismatic and conformation of the

macrocycle ring, [33331. Dale (1973) found this formation to be the most stable for

cy,"ododecaue. (ii) Conformer stability decreases in the order I > Il > V > III.
Higher strain energies are due primarily to larger angle bending and bond stretching

energy values, Disparity in M-L bond lengths may also contribute to steric strain.

The lowest energy conformer for each macroeycle can be seen in Figure C.26.
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Table C.20: Minimized strain energies {kcal.mot'] for conformers of». _r:.,mctionaiized
tetraazamacrocycles.

Ligand Conformer

1(++++) n (+++-) HX (++--) IV (+--+) v (+-+-)

DOTA 19.513 55.98 70.75 61.36

(2.38Y (2.22) (2.19) (2J.9)

S 4.64a 40.32 58.22 50.89

(2.24) (2.23) (2.23) (2.29)

X 27.853 76.30 101.54 87.09

(2.50) (2.39) (2.29) (2.27)

TETA 32.05b 39.86 41.42 61.88 45.19

(2.37) (2.36) (2.34) (2.36) (2.33)

T 14.15b 16.11 23.10 34.39 18.83

(2.38) (2.38) (2.39) (2.38) .36)

Y 40.60b 58.25 61.83 80.07 60.98

(2.68) (2.58) (2A9) (2.54) (2.49)

HETA 43.04c 50.81 57.00 47.93

(2.50) (2.57) (2.53) (2.54)

U 19.95 25.83 29.03 14.93d

(2.50) (2.51) (2.50) (2.49)

Z 48.07° 50.02 74.44 64.06

(3.32) (2.98) (2.68) (2.73)

U-V333) ring conformation
b [77] ring conformation

c [171?J ring conformation

d [4444] ring conformation
e best-fit r(M-N)/ A
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(a)

Figure C.26: Stereoviewsoflowest energy conformers of (a) DOTA, (b) S, and (c) ]{.

(b)

(c)
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No eight-coordinate DOTA complexes appear in the literature. A comparison of the

nine-coordinate trans-I structure [E~DOTA.H20]"with the MM calculated trans-I, of

which both have the [3333] macrocyelic ring form, indicates that an extra coordinating

ligand results in longer M-L bond lengths and smaller L-M-L angles .. The geometry

adopted by Eu(Xn) is distorted capped square antiprism. DOTA coordinates

octahedrally with the transition metals, Cu(H)47, Zn(lIt8 and high-spin Ni(U)47,
forming crystals ofMH2DOTA. The metals are in a distorted' cis-octahedral geometry

bound by f-ourNsatoms and two carboxylates. Conformer I is assumed'<. ,~.the metal

ions lying out of the donor plane and the complexed acetate groups ~ ~. 'i' ,sitions.

A binucldr Cu2DOTA49 structure has also been established. A heptacoordinate

In(TII)50 structure with 12-aneN4 and only three pendent acetates has been

characterized where trans-I configuration and capped trigonal prismatic geometry were

adopted. The IV.tM..derived prediction that conformer I will predominate for DOTA

complexes. thus seems to be correct.

Aime et al: (1992) and Hoeft et al. (1993) studied structures and dynamics of Ln(ill)
DOTA complexes in solution and discovered the presence of two isomeric forms,

major and minor, which differ in the layout of the acetate arms (see diagram below).

This situation is similar to that with TACNTA. Relative torsion angles indicate that

. the calculated trans-I form described here is the antiprismatic major isomer.

Q 1.0"
o C
10 o·
o N
Q H

J!.igT&reC.27.~ The two isomers of DOTA differingin the orientation of the acetate arms;
Redrawn from Aime et al. (1992),
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C.3.3.2 :rETA an!1 analogues

Five conformers may exist .for complexes o;f l:'E'rA, T and,?:{. As with DOTA and'its
" ' /'\

analogues, conformer I for each ligand experiences the least amount of steric strain

(Table C.20). Distorted dodecahedron geometry and [77] maerocyele conformation
(). .! .... \

prevail. Energy differences between conformers, especially for T, are not as ~'Alarked
. ,

as those for DOTA, etc,··This was also observed With 12..aneN4 and 14-aI1eN4• ,'wltei"e

trans-I for lZ-aneN4 clearly predominated, while 14-aneN4 ekpe1rien~d much
overlapping of conformers. The instability of conformer IV for all thr~e ligands,

despite its low energy [3:M4] form (Dale, 1973), is again due to high angle bending

strain. Lowest energy conformers are diagrammed in Figure C.28.

The crystal §tmctm:eS1 of [TtTETA]", where Th(ill) is eight-coon" ,:.',ite, reveals

properties correctly predicted by this MM work. Its ge()~~try is distorted

dodecahedron, the four carboxylic pendent arms lie on the same side of th.e ring, and
~'

[77] conformation is maintained. Averag't' M~N distances and L~M..L angles are

smaller than those obtained for the minimum energy structure from the.trans-I curve.

As with DOTA, crystallographic data 'is available for both mononuclear" and

binuclear" Cu(ll)-TEtA.complexes. With CuHzTETAS2,ell is again six-coordinate
,\

but this time is contained in the .macrocyclic.cavity. Two pendent ~cetato groups

coordinatein trans positions. In the binuclear complex'", en lief>outside .the cavity

in a square pyramidal fashion. Unlike ZnHzDO'fA, where Zn is in a cis-octahedral
arrangement, trans-octahedral geometry ·is adopted in; , ZnHzTETA48• 'The

configuration assumed by TETA in these complexes where the metal is planar is) tr~s-

HI, and occurs because of the better fifl between cavity and meta-lion size. In a
heptacoordinate structure with fu(III)SO, .trans-lis again fQm.ld.
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(a)

(1))

(0)

Figure C.28: StJreoviewsoflowest energyconjotmo» of (a) TETA, (b) 1; and (a) Y.
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FigY:reC.29: Variation of log stability constants with various metal ions for the
macrocyclic series DOTA, TRITA and TETA.
Log KML values from Clarke and Martell (1991d) and Cox et al. (1989).
Effective octahedral {Ga, Fe, In) and Bcoordtnate (Y; Gd, La) ionic radii from Shannon
(1976).

Figure C.29 shows the variation of log K with the various metal ions of interest in this
\

section for DOT A, TRrrA and TETA. Stability constants vary with ligand in the
order DOTA > TRn'A > TETA and generally decrease with increasing metal ion

size. The high stabilities of the Fe (III) complexes are partly due to the small Fe(III),s
fit into the N-macrocyclic cavities when it is octahedrally coordinated. Again the
inductive effect is the main reason for these high stabilities. Small, highly charged
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Fe(IH) has a high affinity for negative oxygen donorgroups, When octa- or nona ..
coordination occurs, as with Y, Gd and La, the larger sizes of the metals make N..
planar complexation impossible. Elevation, of the metals likely leads to destabilisation
relative to in-plane octahedral geometry (Clarke &.Marten, 1991d). The stability of

DOTA complexes is partially assigned to the low repulsion energy of its square
antiprismatic conformation, TETA lanthanide chelates conform to dodecahedral
geometry which exhibits a higher repulsion energy (Lonein et al., 1986).

C.3.3.3 BETA and analogues

Minimized strain energies obtained whilst scanning BETA, U and Z are shown in
Table C.20. Again, energydifferences between the four conformers of each ligand are
not extreme. Most stable energy forms are I ([1717]) for I-IETA and Z, and V
([4444]) for U. The.latter configuration was also calculated to be the most stable for
16-aneN4, as was the trans-III form calculated to be the least stable.

In general, conformers which have two pendent donor groups both above and below
the m.a(~rocyclicplane defined by the N·donors are unstable. This is lil~elythe result
of sterie repulsion experienced by the groups when the metal is forced to remain in
the cavity, Compression of the metal in such conformers results itt longer than
expected ideal r(M:..O) values. These effects decrease with an increase in macrooycle
size. In the BETA; U and Z configurations, no compression of r(M-L) and
lengthening of r(M-O) bonds occur. Basal nitrogens are at distances far enough apart
so as not to cause steric strain between their attached groups. Rigidity of these N..
substituted structures makes no allowance for preferred metal.geometries, However,

positioning of aU pendent groups on one side of the N-plane does allow for metal
movement up out of the plane leading to reliefof strain for both 1\r~..N and M~O
bonds. Thus the stability of trans-I conformerswith Iarger r(M ..L) lengths, specifically
for the small 12"'al1eN4series.
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(b)

(c)

figure C.30: Stereoviews of lowest energyconformers of (a) liETA, (b) U, and (c) Z.
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Examination of Tables C.21 and C.22 where lowest energy conformers for each ligand
are compared reveals the expected increase in ideal M~Nbond length when moving

from unsubstituted to substituted chelates, In other words, an increase in potential

coordinating ability from three .. to six-coordinate or from four- to eight-coordinate

should result in an increase in the metal ion size favoured since larger metals are able

to accommodate more donor atoms.

As was established by MM in section C.2 of this dissertation, as macrocycle size
increases, Ie. from 9~aneN3 to 12-aneN3, and from 12~aneN4to 16-aneN4~best-fit metal

size decreases. The principal reason for this trend is the increase in the size of the

chelate rings formed from five-membered to six-membered. MM, however, shows the
opposite trend with macrocycles bearing hard oxygen donor groups. It appears that

"ligand size-match" selectivity is followed. Thus, the chelate ring size effect falls away

with larger coordination numbers. This is logical since an increase incoordination will

inevitably lead to a decrease in L-M-L angle size and an increase in preferred M-L
distance. This phenomenon is pronounced with BETA and its analogues. An
extremely low value of 62.2· is obtained for N-M-O angles in six-membered chelate
rings. Note that complete hexadentate coordination with the triaza series and

octadentate coordination with the tetraaza series were used in the calculations.

For each base ligand, best-fit r(M ..N) and r(M-O) values generally decrease from
pendent donor group hydroxybenzyl to acetate to hydrosyphenyl, This can probably
btl:attributed to added flexibility permitted by the linking. ~CH2..group in the former

two pendent arms, Other pendent donor groups such as phosphinic acid have been

tried (Parker et al., 1992). Complexes with phosphinic acid donors were expected to
be more kinetically stable than those with carboxylic acid donors.

Results emphasize the rigidity placed on macro cycles when functionalized with-donor
ligands. Folding of macrocycles is prevented by the arrangements assumed by
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coordinated donor atoms.

\,
.. . . .. . .... t
Table. C.2i: Comparison of ideal r(l~l-L)and ()(LwM-L) values for unsubstitut~(iand
substituted tnazamacrocycles. Lowest energy conformer results.

Ligand Type Ave. Ave. '~ Ave. Ave.'.1

1l'(M-N)/ A r(M-O)/ J~ N-M-N/O N-M-O/O
'\r--o

9-aneN1 1.80 96.1

TACJ:\i'TA I 2.09 2.01 85.2 83.2

II 1.94 1.87 90.3 88.1

Q I == II 1.9.5 1.84 91.8 92.4

V I ;:::H 2.00 1.91 89.2 103.3

l2-aneN3 1.65 .. 109.7

TACDTA I 2.13 2.07 109.1 81.8

n 2.03 1.97 104.3 84.0

R 1 2.01 1.91 106.3 88.1

W I 2.26 2.21 104,2 94.2
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Table C.22: Comparison of ideal r(M-L) and 9(L-M-L) values for unsubstituted and
substituted teiraazamacrocycies. Lowest energy conformer results.

ligand Conformer Ave. Ave. Ave. Ave.

1I'(M-N)/ A r(M-O)/A N-M~NI 0 N-M-O/O

12-aneN4 r 2.15 82.5

DOTA I 2.38 2.31 78.1 72.9

S I 2.24 2.14 82.2 79.4

X I 2.50 2.41 76.2 84.3

14oaneN.\ III 2.11 84.5a

95.5b

TETA I 2.37 2.32 79.7 72.9
93.2

T I 2.38 2.29 78.0 72.6

96.6
y 2.68 2.62 70.6 79.8

89.0

16-aneN4' V 1.85 102.8

BETA I 2.50 2.42 90.0 70.3

U V 2.49 2.41 90.1 70.9

Z I 3.3~2 3.18 80~1 62.2

il N.M-N angle in five-membered chelate rings

bN-M-N angle in six-membered chelate rings
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CA STRUCTURAL FACTORS AFFECTING SELECTIVITY IN MONENSIN AND

RELATED POLYEmEllt AN1f'n1IUOTICS

C.4.1 Previous molecular meehanlcs calculatlons

Intheir endeavour to correlate structural features with the selectivity of monensin for

Na" over K+, Pangborn et at. (1987a) performed MM calculations on rings D and E

(see Figure A.S), isolated from each monensin complex. They constrained torsion

angles and obtained qualitative results indicating a distortion of the molecule from its

low-energy conformation when coordinated to the huger K+ ion. To obtain more

realistic conclusious, MM calculations in this dissertation encompassed the entire

molecule and avoided the fixing of torsion angles.

C.S.2 ':Jptimizatioll of TIUPOS force field

C.S.2.1 Covalent assumption

For monensin complexed with K , initial calculations (SYBYL Version 5.5) using the
ionic bonding approach led to unsatisfactory structure reproduction. Collapse of the

minimised structure occurred and appeared to result from the strong attraction of the

single positive charge on the alkali-metal for the single negative charge at the

carboxylate end of the molecule. This prompted the use of a covalent bonding model

where bonds are explicitly described. 'The M-O bond was given a low force constant

value of 28.8 kcal/:mol.A2 <mel the O-M-O angle, a zero force constant. 0--0

nonbonded interactions were also not taken into account. Angles ~A-O-Cand M..O-H

were both given ideal values of 109.5° and KlJvalues of 0.00441waI/mol.deg2• The
twist w.tJstant for the H-O-C-C torsion was decreased from 1.2 to 0.2 kcal/mol.deg",

Torsion constants involving the M-O bonds were set to zero. The K-O bonds were

made more covalent by reducing the electrostatic charge on the metal to 0.6 and

assigning each of ·the six neatest oxygens a formal charge of 0.067. The two
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carboxylate oxygens were given a charge of -0.5.

Root mean square deviation (RMSD) results comparing initial structures to final
minimised structures ale shown in. Table C.2S. The poor performance of the ionic

model. can be noted. Although better reproduction was obtained in case (c) than in

(b), formal charges in the former esse are unrealistic and bring into question the

validity 'Of the computed electrostatic charges. Identical calculations on Na monensin
indicated! that, under these conditions, the TRIPOS force ueld was better equipped

. to accommodate the Na structure. r(M~O) values employed were 2.72 A and 2.43 A
respectively for K..O and Na-O. Total minimized strain energies obtained for cases

(b) and (d) were 40.269 kcal.mol" and 46.034 kcal.mol", The difference in energy was

attribute '. entirely to electrostatics.

Table C.23: Complexed monensin minimization results as a function of M formal
charge.

------~------~------------------------------------------

K+ complex

(a)

(b)

(c)

Na+ complex
(d)

Formal charge RMSD

M coordinated 0 M-O O-M~O M-O-C M-O
II
\\ bonds angles angles torsions'\

~

+1 0 0.033 22.097 13.292 28.032

+0.6 0.067 0.128 9.216 4.766 14.738

+0.4 0.1 0.086 5.695 3.985 11.046

~--~--------~------~~----------------------~

+0.6 0.067 0.078 4.164 3.209 7.382
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.' . Another approach adopted was that of the covalent assumption without electrostatic

effects.de. atomic charges were ignored. In recent MM work on potassium crown
ethers, Hay et al. (1993) have suggested the use of a value of trigonal planar 123.5°
for the M~O-C angle instead of tetrahedral 109 .5Q

, This value was substituted into the

changed TRIP OS force field mentioned above. J.d.l other parameters, except

electrostatic charges which were removed, were left unchanged. To evaluate the effect

of steric hindrance On complex stability, complexed monensia and nigericin were

scanned and their strain energies calculated as a function of varying metal ion size.

Their Na crystal structure coordinates (Duax et al; 1980 and reference 65) served as

base coordinates. The formation of hydrogen bonds in these polyethers is essential

since they link the carboxylate ends of the molecules to their A rings (see Figure
C.31), thus producing the cavity inwhich the cation fits for coordination. To prevent
disruption of these bonds and subsequent structure collapse, the bonds were

constrained at their literature values during minimizations.

Figure C.31.: The K. monensin crystal structure showing intramolecular hydrogen
bonding and cation coordination. Reference: Pangborn et al. (1987a)
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The resultant monensin curve inFigure C.32 corroborates its selectivity preference for

Na over K. It displays a steeper increase in strain energy after an fa value of 2.4 A
than does the curve for nigericin. Complexed monensin 'Will thus be destabilised with

larger metal ions. Although nigericin is known to be more specific for K than for Na,

results here predict that at higher M-O values, it wilt be non-specific. Structure

reproduction (Figure C.33) improved when compared to the minimised structures

obtained above.

7Sr-·------~,_----------------------------~--~
*monensin

70 +nigericin

...... <$ •

45 -
.~. ............ _. .

40

2.0 2.1 :2,2

Na K

It, ,t, ,
2.3 ":..4 2.S 2.6 2.7 2.8 2.9 3.0

M-O bond length (A)

Figure C.32: Total strain energy, IU, as a function oJ ideal M-O bond lengthfor the
polyether anttbiotics, monensin and nigericin. Covalent bonding Was assumed,
electrostaticswas ignored and hydrogrltl bonding was constrained.
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(a)

(b)

Figure C.ll ~ Stereoviews of initial and final energy minimized structures of (a) M+~
monensin and (b) l1-f+-nigericin. Ideal M-O value == 2;43 A. RMSD of internal
coordinates of all atoms: (a) Q.143and (b) 0.173.
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C.4.2.2 19nic assumption

The initial calculations discussed in the previous section were performed using SYBYL

Version 5.5. Although satisfactory structure reproducticn was reached with the

covalent bonding approach, itwas decidedto adopt tbl')mote realistic ionic model in

future investigations where an improved SYBn Version 6.0would be employed.

Electrostatic 12arameters

Since electrostatic interactions are important inG\ologicru systems, these parameters

were, investigated closely. The SYBYL modeling package makes available two
methods anc . ",--o.jationsthereof for the computation of parual ator: ;; charges: Del
Re'~{l~- .. • method and Gasteiger's (1980) method of partialequalization

of orbital !( 'll¥. ....~M calculations on uncomplexed and eomplexed
monensin U""~ vresulted insimilar minimized structures, and Gasteiger's
charge. calculan . ~, 1chosen for further minimizations. In this ionic model

approach, formal charge ..L -t'1, 0, and -0.5 were respectively assigned to the alkali-

metal, coordinated oxygens and carboxylate oxygens,

Seibel and Kollman (1990) suggested that for charged or highly polar molecules,
models where charge is independent of conformation and polarization is unaccounted

for, are highly inadequate. This may explain the problems encountered in this work
with the =Ilocation of partial charges, Also, the ionic approach is inherently a bad

model, with coulombic interactions between charges centred at nuclear positions

yielding a very poor approximation of reality

Originally the dielectric constant, D was set to unity. To weaken long-range

coulombic effects and so take .into account the critical role played by .solvents in

antibiotic activity, the dielectric was varied. The cut-off distance for elec' .ostatic

interactions was kept at the default value of 8.00 A.. Values inTable C.2 ,; ahow the

sensitivity of strain energy to a change in dielectric constant. RMSD values of internal

cocrdinates for all atoms in the molecule were obtained using the MATCH option in
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SYBYL D had a marked e.ffect .on Na monensin t":;!?t.odUction..When set to a
constant value, the displacement of Na from its original position increased by about
tenfold. The collapse of structures during refinement due to the strong electrostatic
attraction between metal ions and carboxylate oxygens appeared to be prevented by

the use of this charge attenuation option. Unlike 18~crown..o and its alkali ..~~tion
.~.

complexes which display relative conformatienal stabilities d~~endent on diele~tp~"_~,
constant (Wipffet al; 1982), conformational flexibiHtyofthe mon~~sincomplexes was
found to be independent of ~4is factor. To predict more accurately the effect of
solvent polarity on conformational dynamics, a solution study such as. that made by

Painter et al. (1982) on the polyether antibiqtic, lasalocid A, is required.
I.

Table. C.24,_;. l(.. and Na-monensin minimization results as a function of dielectric
constant, D\

D "2,U/Iccal.mol"l

XC Na

RMSD!l

K Na

Displ.h/ A
K Na

f·P ..31.300
1.1

2rjj 4.578

41'jj 19.402

1 -114i438
2 -36.192

4 0.616

..46.088 0.348 0.240 0.444· 0.162

14,231 ! 0.221 0.218 0.461 0.106

19.572 0.268 0.219 0.396 0.115

-143.580 0.289 0.363 0.53Z 1A11
..45.590 0.214 0.346 0.520 1.479

-4.086 0.232 0.418 0.470 1.398

..........---__
a root mean square deviation of internal coordinates of all atoms
b displacement of metal from initial structure position to final structure position
C D proportional to the distance between atoms i and J

:11
~
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Non-bonding l291amete_rs

The Tf<IPOS force field was found to be inadequate when dealing with the 6-12
potential parameters ror alkali-metal ions. U, Na and K are assigned identical van
del' Waals radil (R) and well depths (e). Several researchers have determined

t,

nonbonded parameters for these metals, values being specific to the force field used.
Lifson et at. (1983) employed a Lennard-.t,?p,esPQ~p.tial ofth~::'Wrm 'b:(r·/r)f)w 3s(r"/r}6

i~ v:_~, -

in their work on polylactone macrocyoles, and iL:,'ltied to a IIlefJlled guess" of sand
r" which led to satisfactory calculation results. Grootenhuis and Kollman (1989)
derived the 6-12 potential parameters by varying them to reproduce experimental
interaction energies and metal-oxygen distances ~s,calcul~ted byab initio methods for
alkali cation ..water complexes. Twyford (1993), in his wq,k on simulating the
dynamics of alkali ..metal ions in solution with SYBYL, found nonbonded parameters
usinl~ method ~i~il;jr to thatof GrooterillUis et al. (1989). He us~d crystal ionic radii
(Shaunen; 1976) as a basis for calculations. These latter parameters, referred to here
as parameter set 1;were used as a starting p6int for parameterization of the 1'RIPOS
force field in, this study.

At fixed, chosen e 'values, van der 'Vaal$~tadiifor K and Nawere varied andseveral
of their complexes, including monensin, lB.C6, DB18C6, DB30ClO, valinomycin and
A204A,·.minimized. Initial and final structures were then compared visually and
ruvISD values obtained. Since no relationship appeared to exist between Rand
RlVISD, a !~imple:'{optimization method could not be employed and force constants

iJ

had to be fitted using a trial and error procedure. Monensin results from two R and
6 parameter sets are shown ill Table C.25. 'With all parameters tried; difficulty was
met in preventing tile Na+ ion in the minimized molecules from being displaced too
far away from its initial position.
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Table.C.25.. Nonbonded parameters for Na and K; and corrssponding monensin.
. '~'\. \;.:-{

complex reproduction. .'"

..Metal ion RIA 13/ koal.mol" RMSDn Disp1.h/ A-
.,_.~

Parameter set 1 Na 1,3 ..0.2 0.363 1.411

K 1.7 0.35 0.289 0.532

Parameter set 2 Na 1.75 0.2 0.443 0.825
1{ 1.75 0.35 0.306 0.482

II. root mean square deviation of internal coordinates Qf all atoms
b displacement of metal from initial structure position to final structure position

When an earlier SYBYL version was employed, one of the central causes of structure
collapse was the disruption of hydrogen bonds (shown in Figure C.3!). Better
accountability for hydrogen bonding in SYBYL Version 6.0 improved structure
reproduction. The default scaling term of 0.7 was found to yield the most favourable
results. The lack of ahydrogen bonding functiou in tile MHB force field (McDougall
et al; 1978) forced the discontinuance of this force field in these calculations.

Other variables such as minimization procedure, minimizer termination option and
. interaction cut..off points were maintained at TRIPOS force field default values.
Attempts to SOlV~ these IVIMcalculations with the MM2 force field (Allinger, 1976)
were unsuccessful. Problems encountered were thought to be due to the poor
minimizer of M;\12.
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C.4.3 Cemparlson with previous moleeular mechanics studles

It can be seen nom the above results that parameter optimization Iorthis study of
polyether antibiotics is complicated. Indeed, with the ionic bonding approach, no
common parameter set was found which yielded superior structure reproduction for
every compound tested. To assess the performance of the TRIPOS force field on
alkali-ntetal complexes, molecular mechanics calculations were carried out on 18-
crown-S and valinomycin. Both have been previously subjected to such calculations.
Their structures are illustrated in Figure C.34. Coordination to alkali-metals is via
oxygen donors, the metals being enclosed.within a cavity. The cyclic nature of these
ligands allow for the presence of a preformed cavity whereas the acyclic polyether
antibiotics re~yon hydrogen bonding for cavity formation. Results obtained here were
compared to those from previous molecular modeling studies.

(a)

(0)

~C.34: The structures oj (a) I8-crow/Hi and (b) valinomycin. H-atoms have
been omitted for (b).
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C.4.3.1 18.:;crown-6

As starting geometries for the MM calculations on the crown ether and its cation
complexes" literature X-ray data were usedS~'61.

The flexibility of 18C6 allows it to adopt different conformations when complexing

differentspecies. Recent molecular dynamics studies by Leuwerink et al. (1993)
predict correctly conformations assumed in the solid state: Dld lor the K+ and Rb"

complexes, an irregular C1 conformation for the Na" complex, and C. for the free

crown. Conformations are thus sensitive to metal ion radius. Bigger ions offer a

closer fit to the cavity size of the stable D3d form, while smaller ions cause the

molecule to adopt a form which allows for closer approach of the ion and donor

atoms. (See Figure C.35.) These were also the findingsor Wipff~! al. (1982) who

calculated relative conformer energies via MM. Using their procedure, strain energies
of the same conformers were calculated with the TRIPOS force'field, Nonbonding

parameters were taken from set 1, and the dielectric constant set to unity (see

previous section). A comparison of results is given in Table C.26.

(a)

(0)

.fjgy[_eC.35: Structures of (a) [Na(18C6)}+ and (b) [K(18C6)r. The Na+complex

is in the C1 conformer, and the K.(·complex in the DJd conformer.
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Ii

Table C.26...l. Summary of total energies (lreal.motl) of 18C6 unoomplexed and
complexed.

Conformation
C.
I

uncomplexed crown

Wipff et al,a .

this work"

193.3

60.643

181.4

47.383

202.3

70508

K+ complex

Wipff et al.a

thi,I;J work
119.6

-16.296c
134.7

25.781

126.7

-13.877. ..
II\; H

Wipff et all~

this work

114.6

-16.333

137.6

6.823

1V 5

-27.245d

.......,_.,----- ........--------.............,---.....;.; ......._.__

II charge of -0.6·on coordinated oxygeas

b RMSD: D3d == 0.132:q = 0.170, Ct ::::0.125
C RMSD == 0.0928
d RMSD r,:: 0.304

\{"

Yamabe et al, (1979) and Wipff et al: (1982) concluded from their'. research that
relative solvation made the largest contribution to the selectivity of 18C6 for certain,

cations. Thus, hydration energies must be taken into account when examining

specificities. The reaction energy, AE, for

was calculated to be ..15.7kcal.mol", where M, = K, M2 = Na, "Er(K+(H20)6) == 65.4
and -Er(Na+(H20)6) = 89.2 (Wipff et 'al; 1982). This is in agreement with
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C.4.3.2 Valinomycin

"l

I

I

I
I

experimental stabilization energies which indicate the crown ether's preference, ill
aqueous solution, for K+. Inthe present study, AE for reaction (1) was calculated to

be -14.4 kcal.mol", The cation hydration energies of -81.5 for K and ..106.8 for Na

were taken from Twyford (1993).

The TRIPOS force field yielded satisfactory results with regard to the above
calculations. The same order in conformation energies as that found in the literature

was obtained, and 18C6's relative affinity for K+ over Na" was affirmed.

Valinomycin is one of the most extensively studied ionophores. It is a cyclic
depsipeptidic antibiotic which selectively enhances potassium permeability across
membranes. Its I(+/Na+ selectivity ratio is actually the largest known to date. Gresh

and Pullman (1985) used ab initio to calculate interaction energies between the alkali-

metal ions and valinomycin. T energies were attained by placing the ions at
variable locations within the oav' the potassium ionophore, To obtain the correct

order of prefercI.··tll binding, determined experimentally, they also took desolvatton
energies of the ions into consideration. Their final affinity sequence was of the order:
Rb+>K+>Cs+>N,~+. Masut and Kushick (~\985)used molecular mechanics in their

investigation. Again, K+-valinomycin was the base complex. Their selectivity
preference order was: Cs+>Rb+>K+>Na+>Li+. High strain energies for the Na"
and Li" complexes were attributed to the rigidity of the valinomycin central cavity

which does not allow for accommodation of smaller ions.

Calculations with the TRIPOS parameters incorporated both K+~and Na +-valinomycin
crystal structures6'l,63. Strain energy values obtained were 3.793 kcal.mol" for K+ and

0.629 kcal.mol? for Na". As with 18C6, AE for the reaction

where M, :::::K and M2 := Na, was evaluated and found to be -22.14 kcal.mol".



Although these results correlate with affinities inthe literature, structure reproduction

of the N a+ complex was not good. Figure C.36 shows initial and minimized structures

.of the valinomycin compounds. The distance moved by K+ during minimization was
0.083 A, while that moved by Na+ was much greater at 1.821 A. Respective RMSD

values for K~ and Na-valinomycin were 0.242 and 0.357.

(a)

(b)

FigJ&reC.36: Stereoviews of initial and final energy minimized structures Of (a) .K+..,

valinomycin and (b) Na" -vdinomycin:
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C.4.4 Appiftcatiol)lto monensln and related polyctber antibiotics

Predicted selectivities for monensin and related polyether antibiotics, obtained using

the ionic assumption, are presented in this section. However, it must be remembered

that calculated strain energy values are sensitive to the force field used, especially
where flexible ligands such 'as these' ate concerned. Mis-parametrization may thus

lead to inconsistent conclusions,

With reference to the equation in section A.4.3,

AGML = AGM(de$Olv) + AGL(dcSOlv) + AGL(col1f) - AGinu

AGu1t values were obtained for several polyether antibiotics from energy minimizations.

These, together with calculated AGML values, ate presented in Table C.27. AGM(desolV)

quantities were again taken from Twyford (1993). Ligand and complex solvation
energies were assumed to be negligible. Since these molecules did not appear to vary

much in conformation when proceeding from the uncomplexed to. thecomplexed
state, ~GL(<<lDf) was also not considered. The cavity in which the cation sits thus

appears to be preformed before coordination. Structural formulae for the relevant
ligands can be seen in Fig4re AS. Crystal structure data were used as starting
coordinates for the minimizations.
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Table C.27: Calculated AG values for monensin and related polyether antibiotics.
Nonbonded parameter set 11 dielectric constant= I, Gasteiger-Marsilli charge calculations.

Ligand Metal ion aGint!
kcal.mol"

Reference"

1980

monensin A ~114A38 32.938 3.842 Pangborn et
al; 1987a

-143.580 36.780

monensin B -146.280 39.480 64

nigericin -135.602 28.802 65

A204A K+ -11'7.883 36.383 0.139

Na+ -143.322 36.52.2

66

Pangborn et
al., 1987b

n calculated as in section C.4.3 with M, = K and M2 = Na
b crysral structure data

Although the positive LiE value for monensin A correlated with the selectivity

preference of the ligand for Na" over K+, AE obtained for A204A incorrectly

predicted the same pattern. On comparison of the different energies comprising

AGint! electrostatic energy was again found to be the central cause of strain energy

difference between K and Na complexes.

I
1I,

!
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Walba and Hermsmeier (1985) have shown that monensin B has diminished affinity

for both K+ and Na" relative to monensin A, but is still more selective for Na" over

K+. The fact that small structural changes, such as that between monensin A and B,



can have a measurable effect on binding makes proper parametrization of the force

field in MM calculations even more vital. Energy results obtained here .for Nat
monensinA and Na monensin B gave no clear indication as to which structural factors

cause cation.discrimination,

The effect of variance in dielectric constant and van der Waals parameters oD,LiEis
seen in 'fable C.2B. Although improved structure reproducibility was gained with

parameter set 2 and S =7 4rij' especially with the Na complexes, AE values for
monensin were negative; With 18C6 and valinomycin, tllei-; vel)' high preferences for

K+ over Na" always led to calculations yielding negative AE's. Where differences in
specificity were less marked, as with monensin, it was obvious that the force field

failed.
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Table C.28;. Calculated ABa, RMSD and metal displacement values as a function of
nonbonded parameters and dielectric constant, D~

D Ligand M:~tal RJ.'VISD Displ'/ IJ.E/
_,

A kcal.mol"

1 Parameter set 1 monensin A K+ 0..489 0.532 3.842

Na+ 0.363 1.411

A204A K+ 0.323 0.149 0.1.39

Na+ 0.367 0.553

Parameter set 2 monensin A K+ 0.306 0.482 ~15.092

Na+ 0.443 0.825

A204A K+ 0.320 0.132 -21.735

Na+ 0,255 O.16Q

4r·. Parameter set 1 monensin A K+ 0.268 0.396 ~25.4?IJ

Na+ 0.219 0.115

A204A K+ 0.'227 0.086 -19.596

Na+ 0.273 0.196

Parameter set 2 monensin A K+ 0.230 0.416

Na+ 0.336 0.663

A204A lK+ 0.230 0.093

Na+ 0.274 0.368

-26.413

-24.688

a calculated as in section C.4.3 with M1 == K arid Mz = Na
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D. CONCJLUSUONS

The preference of ligands, which upon complexation form four-membered chelate

rings, for larger metal ions, as witnessed by the abundance of stable calcium-acetate
complexes of highly variable coordination number, is consolidated with molecul
mechanics calculations. The previously established trend, observed for five- and six-

membered chelate rings, has proved valid for four-membered rings. The larger the

chelate ring size, the smaller the metal selected, and vice Versa.

This effect may assist in the explanation of metal ion discrimination by carboxylate,

acetate and phosphate groups in biochemical systems.

The effect of conformaf onal flexibility of unsubstituted azamacrocycles on macroeycle

selectivity is noted. Flexible ligands are able to fulfil specific geometric requirements
(If certain small metal ions, thus exp: ·ining literature selectivities, crystal structures

and conformations in solution, The mode of complexation is governed by the same

principles i$S open-chain polyamines, the chelate ring size effect. To achieve selectivity
based on cavity size, more rigid macrocycle structures are required.

Complexation ofnitrogen-substituted open-chain liganos with metal ions also complies

with the chelate ring size effect. However, nitrogen-substituted azamacrocycles, which
are less flesible than their unsubstituted cov~~,erparts seem to follow the "cavity size-

match" selectivity rule. Due to their higher coordinating ability, these macrocycles are
able to accommodate larger metals, especially when cavity size is too small. Pendent

donor groups enhance donor atom bask' I', prevent ligand folding thus stiffening the

macroeyclic ring and improving pieorganization, and. introduce steric crowding into
the coordination sphere cf small metals thus denying them access to solvent
molecules. Uere, steric requirements of the ligand alone governs stereochemistry of
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the complex. DOTA, with Its preformed internal cavity of eight donor sites is well

suited to wrap around Ianthanideflll) and Groupffll) metal ions, leading to the

establishment of safe and effective contrast agents for nuclear MID.

Agreement between predicted and experimental data shows that the TRIFOS force

field performs satisfactorily with univariate scanning of simple open-chain and
macrocyclic ligands. Setting the donor atom-metal-donor atom angle bending constant

to zero so that stereochemistry depends entirely on. coordination geometry of the

metal appears to be justified.

The force field does not perform efficiently in the reproduction of polyether antibiotic

structures when the ionic bonding situation is assumed. This results in errors in
thermodynamic predictions for sodium and potassium complexes, which are likely due

to intrinsic faults of the force field. Modifications to the force field include the

parameterization ofvander Waals parameters and the dielectric function. These lead

to moderately enhanced structure reproduction. Electrostatic effects, including the

improper allocation of partial atomic charges, are thought to be the main cause of.

pod TlUPOS performance. When electrostatic effects are ignored and covalent

bond sg between metal and donor atoms is assumed, structure reproduction is good

and the correct prediction of metal selectivity for mouensin is obtained.
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