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The macrocyclic ring interconversion of four maleonitrile mixed oxadithia crown ethers of variable ring size,
mn-12-S,0,, mn-15-S,0,, mn-18-S,0, and fn-12-S,0,, were studied by 'H and *C NMR spectroscopy and

by molecular modelling. The barriers to ring interconversion were estimated using variable temperature NMR
spectroscopy and from the calculated activation energies, together with the spin-lattice relaxation times of the

CH, carbon atoms, conclusions were drawn regarding the intramolecular flexibility of the crown ethers in both the
free state as well as the complexed state incorporating either Ag', Bi™, Sb™, Pd™ or Pt" metal cations. Furthermore,
both the stoichiometry of the complexes and the coordination sites of the crown ethers to the various cations were
also clearly implicated. Molecular modelling was also utilised to ascertain the preferred conformers of the four
compounds and their corresponding complexes, the results of which corroborated the experimental NMR results

to a high degree.

Introduction

The continuing interest in the oxygen-bearing crown ethers
stems from their ability to selectively bind cations from complex
solutions comprised of chemically similar cations. The pre-
ferred conformation for these oxa crown ethers is endo-dentate,
in which the oxygen atoms are orientated towards the centre
of the macrocyclic ring and the resultant cavity of negative
electrostatic potential that this creates is selectively receptive
towards cations of a particular diameter. The state of both
the metal cation complexation and the attendant variation of
the crown ether stereochemistry (and thereby more effective
accommodation of the cations) can be readily assessed by
NMR spectroscopy.! Furthermore, the stoichiometry of the
complexes and their stability constants can also be readily
determined by the application of NMR spectroscopy.>

Thia crown ethers, due to the longer C-S bond (1.8 A)
compared to the C—O bond (1.4 A), prefer the exo-dentate
conformation, i.e. the sulfurs are pointed away from the centre
of the macrocyclic ring. As a result, the dihedral angle of the
S—-C-C-S segment in thia crowns is preferably trans (respec-
tively gauche in the oxa crowns) and gauche for the C-C-S-C
segment (respectively trans in the oxa crowns). Thus the differ-
ences in preference of the thia crowns in comparison to their
oxygen-bearing analogues for complexation is accentuated
relative to their single atom binding modes; whilst oxygen-
bearing crown ethers tend to preferentially bind main group
metal cations the corresponding thia crown ethers prefer
transition metal cations.’

Recently, we synthesised a set of mixed oxadithia crown
ethers [maleonitrile dithia crown ethers: mn-12-S,0,—mn-18-
S,0, and fn-12-S,0, (1-4, see Scheme 1)] and determined that
these mixed oxadithia crown ethers are highly receptive coro-
nands which force 4, AB and B class metal cations into their
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Scheme 1 Structures of the compounds studied.

mixed S and O coordination spheres.* ¢ We report now the pre-
ferred conformations and the intramolecular flexibility of 1-4,
both in the free state and whilst complexed to a metal cation
such as Ag", Bi'™, Sb™, Pd™ or Pt", which were found to readily
coordinate to these mixed S,0, coronands.* ¢

Results and discussion
NMR studies

The assignment strategy of both the 'H and *C NMR spectra
of 1-4 was based on the assignment of the most upfield carbon
signal as the aliphatic carbon bearing the sulfur, from which the
rest of the assignments followed suit by the standard applic-
ation of COSY, HMQC and HMBC experiments. The 'H sig-
nals for compounds 1-3 are all strongly exchange-broadened
even at ambient temperature and, by way of example, the
variable temperature 'H NMR spectra of mn-12-S,0, (1)
together with both the experimental and theoretical 'H NMR
spectrum, simulated using the PERCH iterator program’ of
fn-12-S,0, are presented in Fig. 1. The 'H chemical shifts for
1-3 are listed in Table 1; in Table 2 are listed the geminal and
vicinal H-H coupling constants which could be extracted after
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Fig. 1 (a) "H NMR spectra of mn-12-S,0, (1) at various temperatures; (b) experimental (bottom) and theoretical (top) "H NMR spectrum of fn-12-
S,0, (4) at ambient temperature, simulated using PERCH;’ (c)—(¢) expanded parts of (b).

simulation of the "H NMR spectra for 1 at —55 °C and the 'H
NMR spectra for 4 at 25 °C using PERCH (together with the
'H chemical shifts for 4).” Compound 4 is a rigid structure and
temperature variation did not result in any discernible dynamic
effects. For compound 2, a linewidth sufficiently small to enable
extraction of the relevant coupling information after decoales-
cence could not be obtained; for compound 3, decoalescence

of the proton signals could not be accomplished at all. After
calculation of the corresponding dihedral angles from the
experimentally obtained vicinal H-H coupling constants, it is
clear that gauche relationships are present for the framework
atoms in both S-CH,~CH,-O structural fragments for the two
compounds 1 and 4. Similar conformational relationships for
the structural fragments S-CH,~CH,-O to those obtained for 1
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Table 1 'H chemical shifts in ppm relative to TMS for compounds mn-12-S,0,-mn-18-S,0, (1-3) and their Ag", Bi"™, Sb™, Pd" or Pt" complexes
(A9) in NO,CD; at 25 °C
Compound SCH,CH,0 SCH,CH,O OCH,CH,0
mn-12-S,0, (1) 3.25 3.75 3.60
[Ag(mn-12-S,0,),]PF, +0.31 +0.02 +0.24
[Ag(mn-12-S,0,),]CIO, +0.29 +0.01 +0.22
[Pd(mn-12-S,0,),]Cl, 3.73-3.77; 3.80-3.82 3.86-3.88; 3.90-3.91 4.11-4.13;4.14-4.16
[Pt(mn-12-S,0,),]Cl, 3.84-3.86; 3.87-3.88 3.75-3.82; 3.84-3.86 3.87-3.88; 4.20-4.28
mn-15-S,0; (2) 3.38 372 3.58
[Ag(mn-15-S,0,),]PF, +0.16 +0.05 +0.12
[Ag(mn-15-S,0,)CIO, +0.31 +0.10 +0.23
[Bi(mn-15-S,0,)]Cl, +0.06 +0.11 +0.09
[Sb(mn-15-5,0,)]Cl, +0.02 +0.03 +0.05
mn-18-S,0, (3) 3.38 3.76 3.62
[Ag(mn-18-S,0,)]PF, +0.20 +0.01 +0.20
[Bi(mn-18-S,0,)]Cl, +0.07 +0.39 +0.29
[Sb(mn-18-S,0,)]Cl, +0.05 +0.14 +0.12
[Pd(mn-18-S,0,)]Cl, 3.67-3.83; broad, m 3.60; s 3.67-3.83; broad, m
[Pt(mn-18-S,0,)]Cl, 3.62-3.72, broad, m 3.59;s 3.62-3.72; broad, m
Table 2 'H chemical shifts in ppm relative to TMS for mn-12-S,0, (1) over the sulfur atoms. These chemical shift variations are

(at —55°C) and fn-12-S,0, (4) (at 25 °C) both in CD,Cl, at 500 MHz
together with their geminal and vicinal "H-'H coupling constants in Hz
extracted by PERCH iteration’

Compound ~-SCH,HzCH:H,O0- —~OCHgHgCHg HzO-

H, Hy H. H, H; H;

mn-12-5,0, (1) 348 299 349 4.02 355 3.62
fn-12-S,0, (4)  3.51  2.83 347 412 348 3.62

JA,B JA,C JA,D JB,C JB,D JC,D

mn-12-S,0, (1)
fn-12-S,0, (4)

—-153 120 32 23 2.1
-152 119 29 20 22

-9.8

Jer JE,E’ ‘]E,F’ Jep

mn-12-S,0, (1)
fn-12-S,0, (4)

—-119 6.3 2.0 0.8
-10.0 10.7 1.9 1.8

and 4 however, can also be inferred for the larger heterocyclic
ring systems 2 and 3. The electronegative effect of the oxygen
atoms, with respect to the sulfur atoms, can also be seen in the
coupling constants of these crown ether moieties: J, , 2.9 and
3.2Hz > Jg ¢ 2.0 and 2.3 Hz, respectively.

In Table 3 are listed the *C chemical shifts for 1-4 from
which it is seen that the *C NMR shifts of the two (Z) and (E)
isomers, 1 and 4, bear a strong resemblance to one another.
Tables 1 and 3 also list the 'H and *C chemical shifts, respect-
ively, of the crown ethers when complexed to Ag', Bi'™, Sb™,
Pd™ or Pt" cations. From these data, pertinent observations
regarding the relative strength, position and stoichiometry of
the complexation can be drawn. Firstly, because of the similar
BC chemical shift variations for all of the analogous carbons of
1-3 on complexation to Ag', it can be inferred that there is
equal coordination of the Ag' cation to all of the macrocyclic
ring heteroatoms with the anion having only a negligible
influence on the chemical shifts. Titration curves indicate a
1:1 complexation for 1 to Ag' but, by way of deviation, they
indicate the formation of a 2:3 complex for 2° to the same
cation—in agreement with the X-ray structure determination
of the material in the solid state.'® Since the *C chemical shift
variations are largest for 1, it can be concluded that the com-
plexation of the Ag' cation to 1 is stronger than to either 2 or 3.

Secondly, conspicuous for Bi™ and Sb™ complexation is the
higher field shift of the OCH, protons and corresponding
carbon atoms compared to the SCH, chemical shift variations
in 1-3 and hence the preferred complexation of both the Bi™
and Sb™ cations in these ether complexes is to the oxygen atoms
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significantly larger in the BiCl; complexes and imply that these
complexes are more stable in comparison to the Sb™ complexes
for the same sized ring.

Finally, contrastingly for the complexation of Pd™ and Pt" to
1-3, the SCH, protons and carbons, together with the carbon
atoms of the maleonitrile moiety, are strongly shifted to lower
field; the OCH, protons and carbons of the crown moiety,
however, are only negligibly affected. As determined in the solid
state,'® and hence also in solution, the two cations Pd™ and Pt
are complexed in an exo-cyclic mode to the sulfur atoms only.
The stoichiometry of the corresponding complexes was shown
to be 1: 1'" and the PtCl, complexes are also more stable than
their PdCl, analogues. In comparison of three crown ethers,
1-3, the following stability order was established based on the
strength of the chemical shift variations during the titration
experiments.

[M(mn-12-S,0,)]Cl, > [M(mn-18-8,0,)[Cl, >
[M(mn-15-S,0,)ICl,

These results are in agreement with previous UV-VIS
results* and a parallel mass spectrometry study.'

Dynamic NMR studies

The exchange-broadened resonances of both 1 and 2 are fully
resolved at lower temperature (see Fig. 1) enabling the ready
determination of the coalescence temperatures and estimation
of the corresponding ring interconversion barriers (activation
free energies) via the Eyring equation.® The barriers to ring
interconversion are presented in Table 4. The corresponding
values could not be accurately determined for 3, even at the
lowest temperature attainable with the available NMR set-up,
for the signals still remained considerably exchange-broadened
even at the extreme limit [—120 °C (CD,Cl,~CCl,FH, 10 : 90) at
300 MHz]. Therefore, a barrier to interconversion for 3 of
AG* <25 kJ mol™! could only be estimated. In addition to the
free crown ethers, the Ag' and Bi™ complexes of 1 and 2 were
also examined and evaluated by dynamic NMR, the results of
which are also included in Table 4.

The following two conclusions regarding the intramolecular
flexibility of 1-3 and their respective Ag' and Bi"™ complexes
could be drawn from the barriers to ring interconversion.
Firstly, the macrocyclic ring interconversion barrier decreases
as the ring size increases [1 (~52 kJ mol™')>2 (~33 kJ
mol™!) >3 (<25 kJ mol™")]; ie the intramolecular flexibility
increases significantly, probably via a pseudo-rotational mode.
Secondly, the complexation of either Ag' or Bi'™" cation to 2
increases the barrier to ring interconversion of the corre-



Table 3 '*C chemical shifts in ppm relative to TMS for compounds mn-12-S,0,-mn-18-S,0,, fn-12-S,0, (1-4) and their Ag", Bi", Sb™, Pd" or Pt"
complexes (in Ad) in NO,CDj; at 25 °C

Compound c=C SCH,0 SCH,CH,0 OCH,CH,0 C=N

mn-12-5,0, (1) 127.19 37.16 71.46 69.67 115.43
[Ag(mn-12-S,0,),]PF, —0.84 +0.25 -521 ~0.70 ~1.69
[Ag(mn-12-5,0,),]CIO, ~0.79 +0.27 —4.89 ~0.76 ~1.59
[Pd(mn-12-S,0,),ICl, +3.39 +5.82 —3.13 ~0.19 —4.07
[Pt(mn-12-5,0,),]Cl, +4.15 +6.44 ~3.11 ~0.80 —4.15

mn-15-5,0, (2) 123.58 36.28 70.84 71.19; 71.65 114.49
[Ag(mn-15-S,0,),]PF, +0.02 +0.94 ~1.71 —0.16; —0.43 —0.81
[Ag(mn-15-S,0,)]CIO, +0.09 +1.80 —3.33 —0.40; —0.69 ~1.57
[Bi(mn-15-5,0,)|Cl, +0.26 +0.06 ~0.52 —0.49; —0.31 —0.43
[Sb(mn-15-S,0,)Cl +0.21 +0.04 ~0.36 ~0.30; —0.20 ~0.19
[Pd(mn-15-S,0,)ICl, — +8.80 +0.14 -0.24; —0.75 —
[Pt(mn-15-S,0)|Cl, — +9.20 +0.34 -0.14; —0.50 —2.68

mn-18-S,0, (3) 123.30 36.37 70.36 71.62;71.81; 71.91 114.18
[Ag(mn-18-S,0,)]PF, 0.28 +0.57 ~1.86 —1.14; —0.77; —0.44 -0.72
[Bi(mn-18-S,0,)ICl, +1.37 —1.48 —0.72 —1.84; —1.22; —1.12 —0.01
[Sb(mn-18-S,0,)Cl +0.35 —0.43 ~0.08 ~0.91; —0.91; —0.75 ~0.02
[Pd(mn-18-S,0,)]Cl, — +8.45 -231 001 —; — —
[Pt(mn-18-S,0,)|Cl, — +8.40 ~2.30 021 — —

fn-12-S,0, (4) 125.58 36.34 73.63 71.88 114.98

Table 4 Coalescence temperatures, Tc, in K and activation free energies, AG:* in kJ mol™' for compounds 1 and 2 together with some of their Ag'

and Bi'™ complexes

SCH,CH,0 SCH,CH,0 OCH,CH,0
Compound Solvent Tc, AGSH T, AGH Tc, AG:H
mn-12-S,0, (1) CD,Cl, 263,515 263,517 253,51.4
[Ag(mn-12-8,0,),]CIO, CD,Cl, 253.51.9 258, 51.7 —
[Ag(mn-12-S,0,),]PF, CD,Cl, 248, 50.6 258, 50.0 —
mn-15-5,0, (2) CD,Cl,-CCLFH 173, 32.7 173, 33.6 —
[Ag(mn-15-8,0,)|CIO, (CD,),CO _ 198, 37.0 —
[Ag(mn-15-5,0,),]PF, (CD,),CO — 188, 37.0 —
[Bi(mn-15-S,0,)]Cl, (CD,),CO 193, 37.9 188, 36.1 —_

Table 5 'C spin-lattice relaxation times, 7}, in seconds for the aliphatic carbons of compounds 1-3 together with some of their Ag' and Bi™
complexes in CD;NO,
Compound —-SCH,- —CH,0O- —~CH,- —CH,0O- —CH,-
mn-12-5,0, (1) 1.46 1.64 163 — —
[Ag(mn-12-5,0,),/CIO, 0.46 0.69 0.58 — —
mn-15-5,0, (2) 1.13 1.22 1.34 1.29 —
[Ag(mn-15-S,0,)|CIO, 0.59 0.67 0.62 0.63 —
[Bi(mn-15-5,0,)|Cl, 0.81 0.90 1.09 0.94 —
mn-18-S,0, (3) 0.91 1.16 1.25 1.48 1.25
[Bi(mn-18-5,0,)|Cl, 0.67 0.65 0.79 0.78 0.76
sponding crown ether. Evidently complexation forces the crown UT pp = NP retercn (1)

ether moiety into a particular conformation to accommodate
the cation thereby reducing the intramolecular flexibility of
the macrocyclic ring. By contrast, the barrier to ring inter-
conversion of 1 was essentially invariant upon complexation
(AG* ca. 50-52 kJ mol™"). The anion again appeared to have
only a negligible effect, ¢f. the AgClO, and AgPF, complexes.

Longitudinal relaxation NMR studies

The utilisation of dynamic NMR is limited to cases where one
is able to freely access the coalescence temperature and lower
temperatures. In order to obtain some indication of the intra-
molecular flexibility of 3 and its Bi"™ complex, as well as to
substantiate the dynamic NMR results obtained above for 1
and 2 and their complexes, the spin-lattice relaxation time (77)
of the aliphatic carbons of 1-3 together with some of their Ag'
and Bi™ complexes were measured using the inversion-recovery
pulse sequence. T; values reflect both the inter- and intra-
molecular motion (and therein flexibility) of the nuclei under
measurement. In the case of molecules tumbling isotropically in
solution, implicit information regarding the intramolecular
flexibility is readily available from eqn. (1),"* where 1/T)pp is

the dipole—dipole relaxation, N the number of Hs, r¢y the
internuclear distance and 7 the molecular correlation time.

The portion of the spin-lattice relaxation time, 73, which
is due to the dipole-dipole relaxation, 7T pp, can be readily
estimated from the experimentally measured 7, by measure-
ment of the NOE enhancement factor # and eqn. (2).

Ty.pp = T1(1.988/1) (2)

For compounds 1-3 and their Ag" and Bi'™ complexes, NOE

enhancements of 82-93% (n =0.82-0.93) were measured and
together with the experimentally-determined 77 values (see
Table 5), were used as a basis for the following qualitative
conclusions regarding the intramolecular flexibility of 1-3 and
their Ag' and Bi™ complexes. Firstly, increasing ring size
reduces 7, as the larger the ring, the slower its reorientation,
reducing 7 substantially. This correlation has been found pre-
viously for the cycloalkanes.* Thus there are two opposing
factors—intermolecular and intramolecular motion—with the
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increase in the ring size tending to reduce the T; values by the
reduced motion of the molecule as a whole being countered by
the additional flexibility within the molecule leading to an
increase in 7;. With these macrocycles, the reduction in the T;
values afforded by the increased ring size more than compen-
sates for the increase in T factored in by the additional flexi-
bility of the ring—which has already been established from the
dynamic NMR experiments. Thus, only within a series of the
same ring size can decisive conclusions be drawn regarding
molecular flexibility and measured 7, values.

As an unwavering trend, though, the 7; values of the SCH,
carbon atoms near the rigid maleonitrile moiety are slightly
shorter in comparison to the OCH, carbons for this very reason
of reduced local intramolecular motion. Complexation, how-
ever, clearly reduces the T values of the carbon atoms involved
in the crown ether moiety, as expected, and concluded from the
aforementioned dynamic NMR results. This reduction in the T}
values is a consequence of the restricted flexibility as a direct
result of the formation of the complexes. Notably, 7; values of
all the carbon atoms of the crown ether moiety are similarly
reduced in the Ag' complexes of mn-12-S,0,-mn-18-S,0, (1-3)
corroborating the conclusion based on the chemical shift
variations regarding the full (i.e. equal) complexation of the Ag"
cation to all hetero donor atoms of the crown ether. Finally,
complexation to Bi'" also reduces the intramolecular flexibility
of the crown ether moiety; in the case of mn-18-S,0, (3),
however, the T values of the OCH, carbons are reduced more
distinctly than the SCH, carbons within the same molecule. As
concluded previously from the chemical shift variations, the
reason is the preferred complexation of the Bi"™ cation to the
oxygen atoms over the sulfur atoms.

Molecular modelling studies

Since the only specific information on the preferred conformers
of mn-12-S,0,-mn-18-S,0, (1-3) was obtained from the 'H
NMR spectra of frozen mn-12-S,0, (1) and fn-12-S,0, (4), and
because only gauche conformations for the —SCH,CH,O-
crown ether fragments in 1 and 4 could be deduced, a molecular
modelling study was also conducted in order to determine the
complete preferred conformations of the crown ethers 1-3. In
addition to molecular dynamic simulations at 500 K, GRID-
SEARCH calculations, carefully varying all dihedral angles
in 10° steps, were also processed starting from known X-ray
structures. The conformations of minimal energy, thus
obtained, were geometry optimised first by the TRIPOS force
field (for the complexes the MSI/DISCOVER 97 force field %)
and afterwards by PM3 semi-empirical quantum-chemical
calculations. As a final result, usually a number of conform-
ations of similar energies were obtained of which the most
stable one for mn-12-S,0,-mn-18-S,0, is depicted in Fig. 2. The
following trend is visible: C—C-S-C fragments prefer gauche,
S-C-C-O anti and O-C-C-O fragments both gauche and
anti conformations in agreement with expectations.’® The
maleonitrile fragment remains rigid and the angle of the
aliphatic arms to this plane, NC-C-S-CH,, was dependent on
the size of the macrocyclic ring system.

The calculation results obtained for the complexes are quite
compelling—the “sandwich-like” coordination of Ag' employ-
ing all ring hetero donor atoms of compounds 1-3° and the
exo-dentate orientation of the Pd™ and Pt" cations to com-
pounds 1-3,'' both in complete agreement with the experi-
mental results of this study, were correctly predicted and have
been published previously. However, the experimental results
obtained for the Bi™ and Sb™ complexes are impressively
corroborated by the molecular modelling performed in this
study. The two cations coordinate in a “half-sandwich-like”
conformation to compounds 1-3 and the global minimum
structures of both [Bi(mn-15-S,0,)]Cl; and [Sb(mn-15-S,-
0,)]Cl, are depicted in Fig. 3. In the Bi™ and Sb™ complexes of
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Fig. 2 Global minimum structures of mn-12-S,0,-mn-18-S,0, (1-3)
and fn-12-S,0, (4).

Fig. 3 Global minimum structures of [Bi(mn-15-S,0,)]Cl; (A) and
[Sb(mn-15-S,0,)]Cl; (B).

1 and 2 and in the Sb™ complex of 3, the two cations coordinate
to the two sulfur atoms and all the oxygen atoms of the crown
ether moiety; in the Bi'™ complex of 3, however, the sulfur
atoms are not involved in the complexation of the crown ether
moiety to the Bi™ cation, this poignant result also distinctly
corroborates the experimental NMR results.



Conclusions

Both global minimum structures and the intramolecular flex-
ibility of a number of mixed S, O coronands, compounds 1-3,
and their associated complexes formed with Ag', Bi'™, Sb™, Pd"
or Pt"" metal cations were studied by NMR (including variable
temperature NMR and 7 spin-lattice relaxation time meas-
urements) and by molecular modelling. Complexation was
found to clearly reduce the intramolecular flexibility. While Ag"
coordinates more or less equivalently to all sulfur and oxygen
donor atoms, Bi"™ and Sb™ cations prefer the oxygen atoms of
the crown ether moiety. By contrast, Pt and Pd™ coordinate in
an exo-cyclic mode to the sulfur atoms only. Global minimum
structures of compounds 1-3 and their respective Ag', Bi'™,
Sb™, Pd™ and Pt" complexes were derived by molecular
modelling and the results were found to be in excellent agree-
ment with the experimentally obtained results.

Experimental

NMR spectroscopy

'H and "*C NMR spectra were acquired on a Bruker ARX 300
NMR spectrometer equipped with a 5 mm probe operating at
300.13 and 74.47 MHz, respectively. All samples were dissolved
in CD;NO, or, in the case of low-temperature measurements, in
CD,Cl,, ds-acetone or in the mixed solvent system CD,Cl,~
CCIL,FH (10 : 90). Both 'H and *C spectra were acquired using
30° pulses, 2 s relaxation delay, 32 K data points and referenced
to TMS (0 ppm). For COSY, HMQC, and HMBC experiments
the standard Bruker software was employed. Sample prepar-
ation consisted of five freeze-thaw cycles followed by sealing
under argon.

For dynamic NMR measurements, the chemical shift differ-
ences, Av/Hz, at the coalescence temperature, T, were deter-
mined by extrapolation from regions of slow exchange and the
ring interconversional barriers AG* were calculated in the usual
way from these two values.® The probe temperature was
calibrated using methanol to within +1-2 °C.

The T, values were obtained using the inversion-recovery
pulse sequence (12 delays) and evaluated using standard
BRUKER software (errors for determining both the 7 values
and the NOE enhancement factors are 5-10%). NOEs were
quantitatively determined from *C NMR spectra acquired with
inverse-gated decoupling and determining the ratio of the
integrals to BB-decoupled *C NMR spectra to estimate the
NOE enhancement 5.y and hence the contribution of 7T pp
to T,.13

Molecular modelling

The molecular dynamic simulations (NVT statistical ensemble)
of the crown ethers and their complexes were performed using
the program MSI/DISCOVER97" (ESFF force field).!” The
ESFF has been shown to reproduce the structures of metal
complexes with high accuracy and it is able to deal with a broad
variety of metal centres without extensive reparametrisation.'®
The non-bonded interactions (long-range Coulomb and van
der Waals forces) were calculated pairwise without cut-off.
Energy minimisations were performed until the absolute value
of the largest partial derivatives of the energy with respect to
the coordinates was below 0.001 kcal mol™' A~'. Steepest
descent and conjugated gradient (Polak—Ribiere scheme)
methods, the quasi-Newton-Raphson algorithm in combin-
ation with the BFGS update scheme were used.!®* The MD runs
were executed with time steps of 1 fs. Each MD run was carried
out up to 510 ps at different temperatures (7'= 300, 373, 500 K)
in order to explore the conformational space efficiently. During
the first 10 ps the system was equilibrated. For data sampling
the coordinates were saved every ps. After the MD simulation

each of the saved structures was used as starting geometry for a
subsequent ESFF energy minimisation.

The flexibility of the ligands (energy hypersurface) was also
studied by the Grid search algorithm of SYBYL? (TRIPOS
force field).?! A step width of 10° about all rotatory bonds
(OCCO, SCCO) was used. For non bonded interactions,
described by van der Waals forces and long-range Coulomb
interactions, an atom-based cut-off at 8 A was imposed. Atomic
charges were evaluated by the Gasteiger Marsili scheme.?

The heats of formation were calculated semi-empirically
using the PM3?* computational method within the MOPAC?**
program. All calculations were performed on either a Silicon
Graphics IRIS-INDIGO XS24 or an IBM RS6000 machine.
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