X-Ray diffraction and molecular mechanics studies of 12-, 13-,
and 14-membered tetraaza macrocycles containing pyridine: effect
of the macrocyclic cavity size on the selectivity of the metal ion
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The single crystal structures of complexes [CuL'Br]CIO, 1, [CuL?Br]PF; 2, and [NiL?][ClO,], 3 were determined (L'
is 3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene and L? is 3,6,10,16-tetraazabicyclo[10.3.1]hexadeca-
1(16),12,14-triene). The asymmetric unit of 1 contains two [CuL'Br]" cations having different five-co-ordinated
environments. One (A) exhibits a distorted square pyramidal arrangement, with the basal plane defined by three
nitrogen atoms of the macrocycle and the bromine, and the apical position occupied by the nitrogen opposite to the
pyridine ring. In the other (B) the donor atoms are distorted from this geometry towards a trigonal bipyramid with
the equatorial plane formed by two nitrogen atoms of the macrocycle and Br, and the axial positions occupied by
the nitrogen atoms contiguous to the pyridine ring. The complex cation [CuL*Br]* 2 exhibits a distorted square
pyramidal environment with the basal plane defined by the four nitrogen atoms of the macrocycle and the apical
co-ordination by the bromine atom. In [NiL*]** 3 the four nitrogen atoms of the macrocycle form a distorted
square planar environment around the nickel centre. Molecular mechanics calculations are used to determine the
best-fit sizes for metal ions accommodated into L' and L? by evaluation of all sterically allowed conformers for
five-co-ordination geometry. The results obtained, together with those of L* (3,7,11,17-tetraazabicyclo[11.3.1]-
heptadeca-1(17),13,15-triene), published previously, clearly establish the effect of macrocyclic cavity size on metal
ion selectivity. These macrocycles prefer a planar conformation to accommodate small metal ions but folded
conformations are preferred for longer M—N distances. The increase of the macrocyclic cavity size leads to an
increase of the M—N(sp®) distances at which the folded conformer(s) become the most stable form: 1.90, 2.14 and

2.18 A for 12-, 13- and 14-membered macrocycles, respectively.

Introduction

In the last few years we have investigated a series of tetra-
azamacrocycles containing a pyridine ring in their backbone
together with their N-derivatives. The protonation reactions of
these compounds as well as their co-ordination behaviour with
di- and tri-valent metal ions have been studied.'™®

The structures of several metal transition complexes were
investigated by X-ray diffraction**® and molecular mechanics
(MM) calculations were carried out*® in order to evaluate the
steric flexibility of these macrocycles in encapsulating metal
ions with different stereo-electronic properties and different
sizes. These calculations allowed us to understand the role of
related structural features, especially the importance of the fit
between the metal ion (guest) size and the cavity size provided
by the macrocyclic framework (host) on the selectivity of
guests. However, most of the work was concentrated on a study
of the 14-membered derivative L* (3,7,11,17-tetraazabicyclo-
[11.3.1]heptadeca-1(17),13,15-triene) and its N-methyl carb-
oxylates,>® N-methylpyridines’ and N-methylferrocenyl.?

In this study we present the crystal structure determinations
of a copper(1) complex of the 12-membered macrocycle L?,
and of a copper() and a nickel(n) complex of the 13-
membered macrocycle L?. A study of both these macrocycles
and their first row transition metal complexes in solution has
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been undertaken previously,' but at that time no crystal struc-
ture had been determined. The structures now determined offer
the possibility of investigating the effect of cavity size, by the
successive increase of the macrocyclic framework with one CH,
unit, on the co-ordination behaviour of this series of macro-
cycles, L', L? and L3, as well as their N-alkyl derivatives. MM
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calculations were carried out previously for the metal com-
plexes of L* (ref. 2), and in this paper we extend them to
complexes of the smaller cavity size macrocycles, L' and L2,
completing the structural and molecular modelling studies
dedicated to this family of macrocycles as hosts for transition
metals of the first row of the Periodic Table. With the present
study the best-fit sizes for metal ions in 12- to 14-membered
tetra-azamacrocycles containing a pyridine ring in the back-
bone are determined.

Crystallographic and molecular mechanics studies
Crystal structures

The solid state structures of macrocyclic complexes [CuL'-
Br]ClO, 1, [CuLBr]PF, 2 and [NiL?]|[ClO,], 3 were determined
by single crystal X-ray diffraction. To the best of our know-
ledge these crystal structures represent the first X-ray determin-
ations of transition metal complexes of both macrocycles.
Indeed, no structures were retrieved for L? in a search on the
Cambridge Data Base,” while only three for the free macrocycle
L! were found, L!-HCI (ref. 10), (H,L"),(SiF¢);*4H,0 (ref. 11)
and (H;L"),GeF4(NO;), (ref. 12).

Selected bond lengths and angles for the three complex
cations, listed in Table 1, indicate that the copper atoms in com-
plexes of L' and L? have co-ordination spheres of the [4 + 1]
type while the nickel atom in the complex of L?* is four-co-
ordinate.

The asymmetric unit of complex 1 contains two [CuL'Br]*
cations and two ClO,” anions. One of the anions is disordered
over two positions with different statistical occupations (see
Experimental section). The molecular dimensions listed in
Table 1 for the copper co-ordination sphere clearly show that
these two cations have slightly different overall geometries.
PLATON " diagrams showing the molecular structures of the
two independent cations and the atomic labelling scheme
adopted are presented in Fig. 1. The four nitrogen donors of
L' and the bromine form a distorted square pyramidal co-
ordination arrangement around the copper centre in molecule
A (Fig. la), while in B these donor atoms are intermediate
between that geometry and trigonal bipyramidal (Fig. 1b). The
root mean square deviation of angles subtended at the metal
is only 9.7° between the two structures. In A the basal plane is
defined by three nitrogen atoms of the macrocycle [N(1), N(4),
N(7)] and one bromine leading to angles N(4)-Cu-Br and
N(1)-Cu-N(7) of 144.4(2) and 158.8(4)° respectively. The
apical position is occupied by the nitrogen N(10) opposite to
the pyridine ring. The bond Cu-N(10) is almost perpendicular
to the N;Br basal plane intersecting at an angle of 87.6(3)°. By
contrast in B the angles centred at the copper atom, N(4)-Cu—
N(10), N(4)-Cu-Br and N(10)-Cu-Br, have values of 123.4(3),
126.1(2) and 110.6(3)°, respectively, which suggests a distorted
bipyramidal geometric arrangement. The equatorial plane is
defined by the nitrogen atoms N(4) and N(10) of the macro-
cyclic backbone and bromine while the axial positions are
occupied by the nitrogen atoms N(1) and N(7), giving rise to
an N(1)-Cu-N(7) angle of 152.6(4)°. Furthermore, the vector
defined by the atomic positions of the two axial nitrogen donor
atoms is nearly perpendicular to the equatorial plane, intersect-
ing at an angle of 89.1(2)°.

The asymmetric unit of complex 2 contains one complex
cation, [CuL’Br]*, and one disordered PF,” anion. A
PLATON " diagram of the complex cation together with the
atomic labelling scheme used is shown in Fig. 2. The complex
cation also exhibits a distorted square pyramidal environment,
but in this case the basal plane is defined by the four nitrogen
atoms of the macrocycle with the angles N(4)-Cu—N(10) and
N(1)-Cu-N(7) taking values of 143.4(2) and 158.1(2)°, respec-
tively. The axial site is occupied by the bromine atom, which
is 2.996(3) A from the least-squares plane determined by the

Fig. 1 PLATON diagrams of [CuL'Br]" 1 showing the different co-
ordination environments of the two independent molecules and the
labelling adopted: (a) molecule A with a distorted square pyramidal
geometry; (b) molecule B with distorted bipyramidal geometry. For
clarity only the notation for the atoms quoted in the text is included.

Fig. 2 A PLATON diagram of [CuL’?Br]* 2 showing the molecular
geometry and the labelling scheme adopted. For clarity only the
notation for the atoms quoted in the text is included.

atoms N(1), N(4), N(7) and N(10). The copper centre is
0.472(3) A away from this plane with a Cu-Br distance of
2.499(1) A. The Cu-Br bond and the N, basal co-ordination
plane are almost perpendicular intersecting at an angle of
89.1(1)°.

The asymmetric unit of complex 3 comprises one cationic
unit, [NiL?**, which is disordered such that several atoms
occupy two sites with equal probability, and two ClO,” anions
one of which is also disordered over two sites. A PLATON "
view of the molecular structure is shown in Fig. 3, ignoring one
of the components of the disorder model, and the labelling
scheme adopted. The nitrogen N(10) trans to the pyridine ring
and the bonded carbon atom C(11) are found in two alternative
positions, in such a way that in 50% of the cations the ethane
chain of the macrocyclic framework is formed by the carbon
atoms C(8) and C(9) and the propane chain by C(11), C(12) and
C(13), while in the remaining 50% of the cations the reverse
situation is observed with the five- and six-membered rings on
the opposite sides. Thus the two disordered components are
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Table 1 Molecular dimensions of the metal co-ordination sphere(s) of complexes 1, 2 and 3

1, M = Cu(u)
2 3¢

Molecule A Molecule B M = Cu(m) M = Ni(1)
Bond lengthS/A
M-N(1) 2.054(9) 2.067(10) 2.027(6) 1.899(4)
M-N(4) 1.965(9) 1.945(8) 1.942(6) 1.805(4)
M-N(7) 2.077(9) 2.026(10) 2.039(5) 1.900(4)
M-N(10) 2.146(9) 2.058(9) 2.003(6) 1.906(9), 1.959(10)
M-Br 2.384(3) 2.430(3) 2.499(1)
Bond angles/®
N(1)-M-N(7) 158.8(4) 152.6(4) 158.1(2) 171.2(2)
N(4)-M-N(10) 102.2(3) 123.4(3) 143.4(2) 167.1(4), 166.3(4)
N(4)-M-Br 144.4(2) 126.1(2) 112.2(2)
N(10)-M-Br 113.3(2) 110.6(3) 103.9(2)
N(@)-M-N(1) 82.5(4) 81.5(3) 81.7(2) 85.0(2)
N(4)-M-N(7) 80.8(4) 80.6(4) 81.7(2) 86.1(2)
N(1)-M-N(10) 86.2(4) 86.3(4) 98.0(3) 102.1(3), 87.6(3)
N(7)-M-N(10) 84.6(4) 86.3(4) 87.0(3) 86.7(3), 101.0(3)
N(1)-M-Br 99.8(3) 102.2(3) 99.4(2)
N(7)-M-Br 101.3(2) 105.1(3) 100.1(2)

“Values in italics correspond to the second component of the disorder model.

Fig. 3 A PLATON diagram of [NiL*]** 3. Details as in Fig. 2.

pseudo-related by a twofold axis passing through the nitrogen
atom N(4) and the nickel centre. The four nitrogen atoms of L?
form a distorted square planar environment around the metal
atom. The disordered model found for the macrocyclic frame-
work leads to two structures with slightly different geometries.
In the nickel co-ordination sphere the distance involving the
nitrogen trans to the pyridine ring exhibits the largest difference
between the two structures [Ni-N(10) 1.906(9) versus 1.959(10)
A]. However this seems to be more a consequence of the dis-
order model rather than a significant structural result. In fact,
the angles centred at the nickel atom and involving N(10) are
very similar for the two components of the disorder. Further-
more the two components display identical macrocyclic con-
formations. Indeed the fitting of the atomic positions of the
sixteen non-hydrogen atoms of the macrocyclic framework of
the two components leads to a root mean square deviation of
only 0.065 A.

As would be expected® for metal complexes of macrocycles
containing a pyridine moiety in the three metal complexes
under study the M—N(sp?) is shorter than the remaining three
M-N(sp®) distances.

Macrocyclic conformations of transition metal complexes

The conformations adopted by the 14-membered macrocycle
L? as well as its N-derivatives in metal complexes have been
described in terms of the positions of the NH hydrogen atoms
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or N-substituent groups being either above (+) or below (—)
the N, macrocyclic plane.? For a square planar geometry there
are therefore three different planar conformers: +++, —+—
and ——+. The metal centre is often slightly displaced from the
plane determined by the four nitrogen donor atoms. For the 12-
membered macrocycle L' only these three arrangements are
also possible, because both macrocycles have symmetric frame-
works. The insertion of one CH, group into the backbone of L
to give L? results in an asymmetric macrocycle and so one extra
conformer must be considered. The arrangement ——+ in L'
leads to two geometric isomers in L? depending on whether the
N-H + group above the plane belongs to a five- or a six-
membered chelating ring. These two conformers are designated
in this manuscript by ——+[5] when the N-H + group is com-
mon to two five-membered chelating rings and — — +[6] when it
is between one six- and one five-membered chelating ring. In
square pyramidal geometries the number of possible conform-
ations for the three macrocycles is at least twice that of the
square planar depending on the orientation of the N-H groups
relative to the fifth ligand, which may also occupy an equatorial
or an axial position. The labels e and a are used to indicate
precisely the equatorial or axial position of the monodentate
ligand in the metal co-ordination sphere. All possible con-
formers for L' and L? are defined in Figs. 4 and 5.

Following this nomenclature the macrocycle L, in the com-
plexes 1A and 1B determined by single crystal X-ray diffrac-
tion, displays a folded conformation of the type ++ +e, while
L? adopts in 2 the planar conformation +++a. In both com-
plexes the positions of the N-H groups are designated by +
because the hydrogen atoms and the bromine are located on the
same side of the N, plane (see Figs. 1 and 2). Both components
of disorder in complex 3 give rise to a ——+[5] conformation.

As mentioned before, there are no experimental X-ray data
available in the CSD? for metal complexes of L' and L% By
contrast some structures of the first row transition metal com-
plexes of the 14-membered macrocycle L* and their N-methyl
derivatives, L* and L®, were found. These complexes are listed in
Table 2 together with their CSD refcodes and relevant struc-
tural parameters for characterisation of their co-ordination
sphere together with data for the compounds under study. The
comparison of the structural data listed for the 14-membered
macrocycles together with those of the 12- and 13-membered
macrocycles available in this work offers the possibility of
evaluating the effect of the macrocyclic cavity size on the
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structural preferences of these ligands and on the molecular
dimensions of the metal co-ordination spheres. Furthermore
establishing the flexibility of these ligands allows us also to
evaluate their capability to encapsulate metal ions with different
sizes and stereo-electronic preferences.

The deviations from the least-square planes defined through
the equatorial co-ordination planes show that the most pro-
nounced tetrahedral distortion is exhibited by complex 1A,
where the 12-membered macrocycle L' encapsulates the copper
centre in a folded square pyramidal geometric arrangement.
The folding of the macrocyclic ring along the axis defined by
the nitrogen atoms neighbouring to the pyridine ring can be
measured by the folding angle (€2), which corresponds to the
dihedral angle between the planes [N(1),N(4),N(7)] and
[N(1),N(10),N(7)] (see Figs. 1, 2 and 3) in the crystal structures
reported here. The complex 1A exhibits a £ angle of 60.0(4)°
which is significantly reduced to 30.4(1)° in 1B, where the nitro-
gen trans to pyridine ring [N(10)] occupies an equatorial site
position distorted towards a trigonal bipyramidal arrangement.
A more pronounced folding is reported for the macrocycle L*
in the square pyramidal complexes [NiL*(H,0)]** 6 (77.5°),
[NiL3(dmso)]** 7 (101.9°) and [NiL*CI]* 8 (77.2°), where the
nitrogen trans to the pyridine ring and the monodentate ligand
are located respectively in the apical and basal positions as
observed in complex 1A (see Table 2).

When the four nitrogen donor atoms of the macrocycle ring
form a square planar arrangement around the metal centre
small values for Q are expected. Thus in the 13-membered
macrocyclic complexes [CuL?Br]* 2 and [NiL?** 3 the Q angle
takes values of 17.3 and 10.3° (average), respectively. Com-
parable Q angles were found for complexes of the 14-membered
macrocycle L* and its N-methyl derivatives (L* and L°) in the
planar conformers [CuL*** 9 (17.6°), [NiL5]** 10 (14.2°) and
[CuL*NO,)]" 4 (12.0°), the last one exhibiting a square
pyramidal geometry with the NO;™ in the axial position as a
monodentate ligand. Therefore in all these complexes the
N, co-ordination plane has a comparable distortion. The
square planar complexes [NiL‘P** 5 and [NiL*]** 11 display
even smaller Q angles of 5.6 and 3.8° respectively, and slightly
smaller tetrahedral distortions were found.

Additionally in five-co-ordinate complexes such as 2 or 4
the copper centre is displaced from the N, co-ordination plane
towards the apical ligand by 0.472 and 0.239 A, respectively.
On the other hand, in the square planar complexes, 3 and 10,
the nickel centre is displaced from the equatorial N, plane by
only 0.098 (average) and 0.090 A respectively, and in 11 the
nickel atom is coplanar within experimental error with a dis-
placement of 0.006 A. The latter results clearly indicate that the
nickel ion fits reasonably well in the planar cavity provided
either by the 13- or the 14-membered macrocycles. A small
deviation of 0.133 A of the copper centre from the N, co-
ordination plane was found in complex 9.

So the X-ray structural data of 12-, 13-, and 14-membered
macrocyclic complexes collected in Table 2 clearly show that for
macrocycles of small cavity sizes, such as L', the incorporation
of the metal centre into the cavity is only possible because the
macrocycle has enough flexibility to fold and distort. In fact, as
mentioned above, the two independent cations of 1 exhibit two
different distorted five-co-ordination environments, in which
the copper centre is encapsulated by the macrocycle in a folded
conformation + + +e. By contrast in complexes 2 and 3 the 13-
membered macrocycle L? adopts a planar arrangement around
the metal centre. These results indicate that L2 is able to achieve
a planar conformation with a large enough cavity to accom-
modate metal ions such as Ni** and Cu**. Consequently, planar
conformers for the complexes of the 14-membered macrocycle
L3 and its derivatives will be expected and indeed are observed
(see Table 2). In the square planar complexes of L%, L* and
L° the metal centres are only slightly displaced from the N,
macrocyclic plane indicating that ions such as Ni** or Cu®* fit

comfortably into the larger cavities provided by these 13- and
14-membered macrocycles. The macrocycle L? in 3 shows a
——+[5] conformation while L® in the nickel complexes 11 and
10 adopts the ++— and ——— conformations respectively, the
latter being also adopted by L? in 9. Furthermore, as expected
in planar conformers with square pyramidal geometry, such as
are found in complexes 2 and 4, the copper centre is displaced
from the plane in the direction of the apical ligand, but with
larger deviations in 2 (0.472 A) than in 4 (0.239 A), no doubt
because the cavity size of the 13-membered macrocycle L? is
smaller than that of the 14-membered macrocycle L*.

It is also interesting that the five-co-ordinate nickel com-
plexes of L? in Table 2 exhibit a co-ordination environment of
the type found in 1, but the folded conformation adopted by the
macrocycle is +— +e rather than ++ +e.

Molecular mechanics calculations

In previous work we reported molecular mechanics calculations
for the 14-membered macrocycle L* and its N-methyl deriv-
atives in four- and five-co-ordination environments.> Here we
extend these calculations to the 12- and 13-membered macro-
cycles L' and L? respectively, but only considering the co-
ordination number of 5. In both studies the MM calculations
were carried out with the universal force field ' using a similar
molecular modelling methodology as before (see Experimental
section). Therefore the results obtained can directly be com-
pared, and consequently the effect of the dimensions of the
macrocycle, by adding CH,, units, along the series L', L> and L3
can unambiguously be determined.

Results for the five-co-ordinate complexes of [ML!Br] are
shown in Fig. 4 and those of [ML?Br] in Fig. 5. The figures
include plots of the changes of steric energy versus the
M-N(sp®) distances, as well as 3-D sketches of all the con-
formers taken into account in the molecular mechanics calcu-
lations. All curves plotted have broad profiles over the wide
ranges of M-N distances studied indicating that the macro-
cyclic frameworks of L' and L? have enough steric flexibility to
accommodate metal ions with different sizes.

For L! in the square pyramidal arrangement we have con-
sidered six different conformers containing the monodentate
ligand in an apical position, +++a, ———a, —+—a, +—+a,
——+a, ++—a, and two conformers having the monodentate
ligand in an equatorial position, +++e and + —+e. For planar
conformers the sign (+ or —) characterises the position of the
corresponding N-H group relative to the apical ligand. In addi-
tion the +++e conformer is also evaluated in a constrained
trigonal bipyramidal (bt) geometric arrangement, because a
distorted form of this type of geometry was observed for one of
the two independent molecules of the crystal structure of 1,
+++ebt (see above). Other possible geometric arrangements
resulting from different stereochemistries of the three sp? nitro-
gen atoms of L' are not sterically allowed. From Fig. 4 it can be
observed that the curves of steric energy as a function of the
M-N(sp®) distance, calculated for all the conformers, display
broad minima exhibiting small energy differences up to 1.90 A,
but in this range the ++ +a conformer has the lowest energy.
Between 1.90 and 2.00 A the +++¢ and +++ebt conformers
share the lowest energy, and finally the ++ +e conformation is
the preferred one for longer M—N(sp?) distances. The stabilis-
ation of both +++e and ++ +ebt conformers in the range
1.90-2.00 A is entirely consistent with the crystal structure
determination of complex 1. The two independent molecules
[CuL'Br]* 1A and 1B have distorted square pyramidal geom-
etries with average Cu—N(sp®) distances of 2.09 and 2.05 A,
respectively. The corresponding theoretical curves for the ideal
geometries at these distances are barely distinguishable, the
energy difference being only about 4.0 kcal mol™ at 2.09 A.
These energies can be compared since the calculations were
carried out in the gas phase and the distortions were modelled
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using a force field which included ideal angles subtended at the
metal centre (see Experimental section).

The asymmetry of the 13-membered macrocycle L?* required
the consideration of a considerable number of independent
conformations, as shown in Fig. 5. As explained above, the
++—a and ——+a forms of the symmetric macrocycle L! give
rise to four different conformers in the case of L* which are
called ++—[5]a, ++—[6]a, ——+[5]a and ——+[6]a. The
remaining four conformers which contain the fifth ligand in the
apical position are ———a, +++a, —+—a and +—+a. Simi-
larly to what has been described for L' there are also two folded
conformers +++e and +—+e. The ++—[6]a conformer is
preferred for short M—N(sp?) distances up to 1.80 A, the +++a
conformer between 1.80 and 2.14 A while both +++e and
+ —+e forms show the lowest steric energy for longer M—N(sp?)
distances. Again the theoretical and experimental results are
in agreement since the +++a form is found in the crystal
structure of [CuL?Br]* 2 and the average M—N(sp®) distance
of 2.02 A is within the broad minimum of the corresponding
curve.

The MM calculations carried out for L3, previously reported?
using the species [ML3CI], have shown that the most stable
conformers at short M—N distances all have the chloride in the
apical position. Thus the +++a conformer is the most stable
for M—N distances up to 1.90 A, followed by the ——+a con-
former between 1.90 and 2.05 A and the ———a conformer
between 2.05 and 2.18 A. Finally for longer distances the
+—+e conformer becomes the most stable. On the other hand,
replacement of the three N-hydrogen atoms of L*® by N-methyl
groups to give L’ leads to stabilisation of the folded equatorial
conformer (+—+e) in the complete range of M—L distances
studied, although its energy is barely distinguishable from that
of the ———a conformer near their minima between 1.95 and
2.25 A. These results are entirely consistent with crystal struc-
tures of metal complexes of L*-L3 quoted in Table 2, in that
complexes of L* display the ———a conformation while those
of L? exhibit the +—+e¢ conformer.

Conclusion

The molecular mechanics and structural results presented for
the 12- to 14-membered macrocycles L'-L° clearly show that
the macrocycles of smaller cavity size prefer the planar con-
formation +++a to accommodate small metal ions, corre-
sponding to ideal M—N(sp?) distances of up to 1.90 A. However
for longer distances the 12-membered framework has enough
flexibility to fold and the ++ +e conformation clearly becomes
the preferred one. With the larger dimensions found for the
14-membered rings, L>-L°, the +++a is also the most stable
conformation for M—N(sp?) distances up to 1.90 A, however the
folded +—+e conformation only becomes the most stable for
distances longer than 2.18 A. Between these two values, the two
conformations having a monodentate apical ligand are pre-
ferred (——+a between 1.90 and 2.05 A, and ———a between
2.05 and 2.18 A). The 13-membered ring exhibits intermediate
behaviour adopting folded conformations for distances longer
than 2.14 A, +++e and +— +e, respectively, the former being
found for the 12-membered and the latter for the 14-membered
macrocycle. Thus these two conformations have the same prob-
ability of occurring in complexes of larger metal ions with L2, It
is also apparent that increasing the macrocyclic cavity size
results in a clear and concomitant increase of the M—N(sp®)
distances at which the folded conformer(s) become the most
stable form: eg 1.90, 2.14 and 2.18 A for the 12-, 13- and
14-membered macrocycles, respectively.

Another striking fact which emerges from these molecular
mechanics studies is that the ———a conformer only appears
among the most stable conformations for the 14-membered
macrocycle. In other words, this conformation, in which the
metal ion and all hydrogens bound to nitrogen atoms are on
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opposite sides of the donor plane, is unlikely to be observed for
the 12- and 13-membered macrocycles.

To aid understanding of this last observation we present in
Fig. 6 the ball and stick representations of +++a and ———a
MM minimised conformers for the 12-, 13-, and 14-membered
macrocycles (L!, L? and L?) as well as Newman projections for
the ethane and propane chains. The optimised structures
correspond to the conformations with lowest strain energy
values found for the large range M—N(sp®) and M-N(sp?)
distances studied, see Figs. 4 and 5. The Newman projections
for the +++a conformer of the 12-membered macrocycle L!
show that the two ethane chains of this ligand adopt a
staggered arrangement, while in the ———a conformer both
chains display a nearly eclipsed arrangement which is obviously
sterically less stable. Furthermore, in the case of the +++a
conformer the metal ion is clearly above the N, donor atoms
plane and as the nitrogen lone pairs are directed towards the
metal ion, consequently the N-H groups are directed to the
external side of the macrocyclic ring. In this form the apical
ligand and the ethane bridges are on opposite sides giving
additional steric stability to this conformation. By contrast in
the ———a conformer the ethane chains and the apical ligand
are on the same side of the N, macrocyclic co-ordination plane.
A similar situation occurs with complexes of the 12-membered
tetra-aza macrocycle cyclen (1,4,7,10-tetra-azacyclododecane)®
and is explained by Hancock ez al. using a similar structural
model.”® In the case of the 14-membered macrocycle, repre-
sented in Fig. 6(c), the three CH, groups of the two propane
chains show sterically stable staggered arrangements in both
conformers, +++a and ———a. However in the latter con-
former additional stability is provided by the relative position
of the hydrogens bound to the nitrogen donor atoms and the
apical ligand, which are on opposite sides of the N, donor
atoms of the co-ordination plane. As expected, the 13-
membered macrocycle displays an intermediate situation as
shown in Fig. 6(b). In other words, in the ++ +a conformer the
ethane chains of the five- and six-membered chelate rings
adopt staggered arrangements, while in the ———a conformer
the ethane chain of the five-membered chelate ring exhibits an
almost eclipsed arrangement as found in the 12-membered
macrocycle, while the ethane chains of the six-membered
chelate ring have staggered arrangements comparable to those
reported for the 14-membered macrocycle.

These molecular calculations were necessarily carried out in
the gas phase. However because the macrocycles encapsulate
the metal atoms it seems likely that similar structures would be
found in solution. With predominantly monodentate or biden-
tate ligands this is less likely and it might be necessary to
include solvent either implicitly or explicitly in the calculations.

It is difficult to cater exactly in a molecular mechanics force
field for electronic effects and resulting structural dis-
tortions but our calculations are sufficiently quantitative to be
consistent with experimental results from crystal structure
determinations.

Experimental
Reagents

The macrocycles L' and L? were synthesized by previously
reported procedures.' All the chemicals were of reagent grade
and used as supplied without further purification. CAUTION:
although no problems were found in this work, perchlorates in
the presence of organic matter are potentially explosive and
should be prepared in small quantities.

Syntheses

[CuL'BrlClO, 1. Cu(ClO,),*6H,0O (0.1 mmol, 0.037 g) was
added to a stirred solution of L'-3HBr (0.1 mmol, 0.0446 g)
dissolved in the minimum volume of water (=2 cm®) and the pH
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Fig. 6 Ball and stick representations of +++a and ———a MM minimised conformers for the L' (a), L* (b), and L* (c) macrocycles and their
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increased to 5.2 by addition of KOH. The mixture was stirred trate again concentrated to dryness and the residue dissolved in
for 2 h and then concentrated to dryness. The residue was taken a mixture of ethanol and acetonitrile. Blue crystals were formed
up in methanol, the precipitate formed filtered off and the fil- in six weeks by slow evaporation of the solvent. Yield: #90%.
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Table 3 Room temperature crystal data and the pertinent refinement parameters for complexes 1, 2 and 3

1

2 3

Empirical formula C,;H,4BrCICuN,O,

M 449.19
Crystal system Orthorhombic
Space group P2,/a

alA 7.950(11)
blA 22.307(27)
clA 18.298(23)
al®

B “

°

VIA? 3245(7)

Z 8

w/mm™! 3.995
Reflections measured 9223

Unique reflections
Rand R, [I>20(1)]
(all unique data)

5383 (R, = 0.0448)
0.0703, 0.1862
0.1203, 0.2129

C,,H,,BrCuF,N,P C,,H,,CLN,NiO,

508.74 477.93
Triclinic Triclinic
P1 P1
8.559(3) 8.162(2)
9.592(3) 8.874(2)
11.803(3) 13.989(2)
77.69(2) 91.36(3)
75.19(2) 104.48(2)
88.56(2) 113.52(2)
914.9(5) 890.8(4)
2 2

3.526 1.767
6907 3742

4411 (Ryy, = 0.1249)
0.0731, 0.1745
0.1070, 0.2043

3500 (R, = 0.0108)
0.0690, 0.1826
0.0772, 0.1943

“ No significant deviation from 90.0° could be observed in this twinned crystal.

Found: C, 29.1; H, 4.1; N, 12.1%. Calc. for C,;H,;BrCICuN,O,:
C, 29.4; H, 4.0; N, 12.5%.

[CuL?Br]PF, 2. A mixture of CuCl,»2H,0 (0.05 mmol,
0.00852 g) and L2-3HBr (0.05 mmol, 0.023 g) in water (=2 cm®)
at pH 6.3 (by addition of 3 mol dm~* KOH) was stirred for 2 h
and then TIPF, (0.05 mmol, 0.175 g) added. A white precipitate
was formed and filtered off. The solution was concentrated to
dryness and the residue taken up in methanol. The precipitate
formed was filtered off and the filtrate again concentrated. Blue
crystals suitable for X-ray determination were formed in a
few days by slow evaporation of the remaining solvent. Yield:
~90%. Found: C, 28.3; H, 3.7; N, 10.9%. Calc. for C,,H,,
BrCuF¢N,P: C, 28.3; H, 4.0; N, 11.0%.

[NIiL?][C10,], 3. Ni(ClO,),6H,0 (0.492 mmol, 0.180 g) was
added to a stirred solution of L*3HBr (0.05 mmol, 0.023 g)
dissolved in the minimum volume of water (=2 cm?®) and the pH
increased to ~8 by addition of 3 mol dm™* KOH. The mixture
was refluxed for 2 h and then concentrated to dryness. The
residue was taken up in a mixture of methanol and acetone.
Orange-yellow crystals were formed in a few days by slow evap-
oration of the solvent at room temperature. Yield: =94%.
Found: C, 29.2; H, 4.2; N, 11.5%. Calc. for C;,H,,Cl,N,-
NiO4-H,0: C, 29.1; H, 4.5; N, 11.3%.

Crystallography

In Table 3 the crystallographic data are summarised together
with data collection and the refinement details for complexes
[CuL'Br]|ClO, 1, [CuL*Br]PF; 2 and [NiL?|[ClO,], 3.

Crystal data for complex 1 were collected at Reading
University using a MAR research image plate system equipped
with graphite-monochromated Mo-Ka radiation (1 =0.71073 A).
Data analysis was performed with the XDS program.'® Inten-
sities were corrected empirically for absorption effects with the
DIFABS program, using a version modified for the image plate
system.'” Crystal data for complexes 2 and 3 were measured at
the Instituto Superior Técnico on a CAD4 diffractometer with
graphite-monochromated Mo-Ko radiation (4 = 0.71069 A) by
w-20 scan mode. Unit cell dimensions for both complexes were
obtained by least-squares refinement of the setting angles of 25
reflections with 0 between 18 and 25°. Data were corrected for
Lorentz, polarisation and linear decay (no decay was observed)
as well as empirically for absorption, using the MOLEN
software.'®

The structures of the three complexes were solved by a com-
bination of direct methods and Fourier difference syntheses.
The crystal of 1 appeared to be orthorhombic but successful
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refinement was eventually obtained in monoclinic space group
P2,/a assuming a twinned crystal. The structure refinement was
performed using the instruction TWIN 10000 -100 —12
together with the BASF parameter which refined to 0.23(1).
The structure of complex 3 was solved in both space groups of
the triclinic system. Refinement in P1, with two independent
molecules of 3, was unstable and yielded two structures with
some chemically unreasonable dimensions. Alternatively in P1
two alternative positions for the nitrogen atom trans to the
pyridine ring [N(10)] and for other atoms were found from
Fourier difference maps. Structure refinement was carried out
successfully with the disordered model described above.

In complexes 1 and 3 one of the two independent ClO,~
anions in the asymmetric unit was disordered. In both cases two
sets of tetrahedral oxygen atoms were found from the Fourier
difference maps and refined with occupancy factors x and
1 — x; x refined to 0.40(2) for 1 and 0.48(1) for 3. In the unit cell
of complex 2 the PF,~ anions are disordered over two positions.
Two sets of octahedral fluorine atoms sites were refined with
occupancy factors x and 1 — x, x being refined to 0.40(2). The
disordered fluorine and oxygen atoms were refined using iso-
tropic thermal parameters the remaining non-H atoms with
anisotropic thermal parameters. All hydrogen atoms were
inserted in idealised positions and allowed to refine, riding on
the parent C (N) atom with an isotropic thermal parameter
equal to 1.2 times those of the atom to which they were bonded.
The structures were refined by full-matrix least squares against
F? until the desired convergence was achieved.

The final Fourier difference synthesis revealed residual elec-
tron densities of 1.480, —1.247 ¢ A~ for 2 and 1.491, —0.952
e A73 for 3. In both cases the highest positive peaks are near
oxygen or fluorine atoms of disordered anions. For complex 1
the residual electron density, ranging between 1.193 and —1.269
e A3, was within the expected values. All calculations to solve
and refine the structures were carried out with SHELXS and
SHELXL from the SHELX 97 package." Molecular and
crystal packing diagrams were drawn with PLATON graphical
software."

CCDC reference numbers 154180-154182.

See http://www.rsc.org/suppdata/dt/b0/b009773j/ for crystal-
lographic data in CIF or other electronic format.

Molecular mechanics calculations

Molecular mechanics calculations were carried out using the
Universal Force Field' within the CERIUS 2 software.?
Default parameters were used apart from the terms involving
the metal centre. The angle bending terms at the metal centre
for square pyramidal and bipyramidal geometries were treated



individually using a cosine Fourier expansion term in the fol-
lowing manner. For square pyramidal the L,~M-L., angles
were restrained to 100° while L.,—M-L,, were restrained to 100
or 160°. These bending angle values allow one indirectly to
simulate the position of the metal centre out of the basal co-
ordination plane. This geometric feature, typical of this geom-
etry, is not available in the CERIUS 2 software but can be
imposed via the restrain tool. For bipyramidal geometry the
angles L,-M-L,,, L,.-M-L,, and L,,—-M-L,, were restrained
to 160, 120 and 100°, respectively. For both geometries force
constants of 100 kcal mol™' rad™? were used for all angles
restrained. M denotes the atom type Cu®” while L,, and L,
represent the atoms N R, N 3, N 31 or Br respectively.
The atom N_31 has the same universal force field properties
as those of N _3 and it was created to allow individual
assignment of bending angle terms.

The strain energies for different conformers were calculated
using a procedure similar to that described before.? All four
M-N distances were fixed using large force constants of 7000
kcal mol™' A2 for the stretching terms. A difference of 0.1 A
between M-N(sp®) and M-N(sp?) distances was taken into
account in all MM calculations since this is observed in most
of the crystal structures of transition metal complexes of
macrocycles containing pyridine moieties. Then the energy pro-
files of the conformers relative to M—N distances were obtained
by changing concomitantly the M—N(sp®) and M—-N(sp?) dis-
tances successively at 0.05 A intervals over the range 1.7 to 2.5
A. Partial charges were not included because they were difficult
to calculate accurately and only have marginal impact on
relative strain energies in metal complexes.

The starting coordinates for geometric isomers were obtained
from the X-ray determinations or alternatively by manipulation
of the coordinates of metal complexes where the macro-
cyclic ligand is co-ordinated to the metal centre in a geometric
arrangement similar to the present ones.
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