Diastereomeric discrimination in 1,4,7-tris((5)-2-hydroxypropyl)-
1,4,7-triazacyclononane and its lithium(1), sodium(r) and
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In methanol, interchange between equivalent forms of a single diastereomer of 1,4,7-tris((S)-2-hydroxypropyl)-1,4,7-
triazacyclononanelithium(1), [Li(S-thpc9)]*, and a similar interchange in [Na(S-thpc9)]* have been characterised

by variable temperature *C{'H} NMR spectroscopy. The respective kinetic parameters are: k = 33.5 £ 0.8 and

3030 £ 80 s ' at 2982 K, AH*=50.6 £ 1.0 and 50.9 + 1.3 kJ mol™!, and AS*=—46.1 £3.4and -7.6 +4.7J K™!
mol !, with the corresponding log(K/dm?® mol™*) = 3.39 + 0.05 and 2.50 £ 0.05 at 298.2 K and 7= 0.05 mol dm 3
(NEt,Cl0,), where K is the complex stability constant. In N,N-dimethylformamide (DMF), log(K/dm® mol ) =
3.29,2.29,2.28,2.27,2.29 and 7.59 (all £ 0.05) for [M(S-thpc9)]” where M* = Li*, Na*, K*, Rb", Cs™ and Ag™,
respectively. For the interchange between equivalent forms of a single diastereomer of 1,4,7-tris((S)-2-hydroxy-2-
phenylethyl)-1,4,7-triazacyclononanelithium(1), [Li(S-thpec9)]*, and a similar interchange in [Na(S-thpec9)]*,

the kinetic parameters obtained in DMF are: k =20.5 + 0.8 and k = 8600 + 200 s ' at 298.2 K, AH*=32.8 + 1.8
and 54.7 + 1.2 kJmol™}, and AS*= —110 £ 3.2 and 13.8 £ 4.2 J K" ! mol !, respectively. In DMF, log(K/dm?

mol 1) =3.64,2.03,1.91, 1.91, 1.62 and 7.59 (all + 0.05) for [M(S-thpc9)]" where M = Li*, Na*, K*, Rb*, Cs*

and Ag™, respectively. Gas phase ab initio modelling shows S-thpc9, S-thpec9 and their Li*, Na™ and Zn(1)
complexes to assume single distorted trigonal prismatic diastereomeric conformations, as do X-ray crystallographic,
ab initio modelling and *C{"H} NMR spectroscopic solution studies of [Zn(S-thpc9)]*.

Introduction

Pendant arm polyaaza macrocyclic complexes have attracted
attention because of their intrinsic interest ''° and also because
of their potential use as biological tracers,'"!? in ion specific
electrodes® and in solvent extraction.' Their use as magnetic
resonance imaging contrast agents in the case of some lan-
thanide(i) complexes is widespread.’*?* When each pendant
arm incorporates the same chiral centre one diastereomer of
both the ligand and its metal complexes may be dominantly
stable as has been reported for 1,4,7,10-tetrakis((R)-2-
hydroxypropyl)- and 1,4,7,10-tetrakis((R)-2-hydroxy-2-phenyl-
ethyl)-1,4,7,10-tetraazacyclododecane and their alkali metal
complexes.*** Such chiral discrimination between diastereo-
mers in a free octadentate ligand and its eight-coordinate metal
complexes in solution is unusual, and it is of interest to know to
what extent this phenomenon extends to ligands and metal
complexes of other denticities and coordination numbers.
Accordingly, we now report a study of the alkali metal
complexes of hexadentate 1,4,7-tris((S)-2-hydroxypropyl)-
and 1,4,7-tris((S)-2-hydroxy-2-phenylethyl)-1,4,7-triazacyclo-
nonane, S-thpc9 and S-thpec9, where each arm of either ligand
incorporates a (S) chiral centre. We find that both ligands
complex Li* in preference to the other alkali metal ions in
methanol and N,N-dimethylformamide, DMF. Our *C NMR
and ab initio modelling studies are consistent with [Li-
(S-thpe9)]* and its Na* analogue and [Li(S-thpec9)]* and its
Na® analogue existing as single diastereomers interchanging
rapidly between two equivalent forms in methanol and DMF,
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respectively. Such interchanges are shown schematically in
Fig. 1a, and are compared with the rapid enantiomerisation of
A- and A-1,4,7-tris(2-hydroxyethyl)-1,4,7-triazacyclononane-
lithium(r), A and A[Li(thec9)]*, and its Na* analogue shown
schematically in Fig. 1b. ®C NMR solution studies and ab
initio of [Zn(S-thpc9)]™ and [Zn(S-thpec9)]* are also consistent
with the dominance of one diastereomer, as is an X-ray crystal-
lographic study of [Zn(S-thpc9)]*.

Results and discussion
Complex stability

The stability constants for the alkali metal complexes of thec9,
S-thpc9 and S-thpec9 in methanol and DMF are collected in
Table 1 from which it is seen that thec9 is weakly selective for
Na® while S-thpc9 and S-thpec9 are selective for Li*. This
change in selectivity is consistent with increasing pendant arm
bulk imposing steric restraints on the ligand cavity size such
that thec9 more readily accommodates Na™ while S-thpc9 and
S-thpec9 more readily accommodate Li*. It is also consistent
with the observation that thec9 barely discriminates between
coordination of Mg** and Ca**, while S-thpc9 and S-thpec9
both discriminate strongly in coordinating Mg?* in preference
to Ca®" in acetonitrile.®!* The stabilities of [Ag(S-thpc9)]*,
[Ag(S-thpec9)]* and [Ag(thec9)]* (Table 1) are high relative to
those of their alkali metal analogues. This is attributable to the
borderline soft Lewis base amines of these ligands competing
with hard Lewis base solvents more effectively for the soft
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Table 1 Stability constants for [M(thec9)]*, [M(S-thpc9)]* and
[M(S-thpec9)]* at 298.2 K and I = 0.05 mol dm* (Et,NCIO,)

log(K/dm® mol ™)

Ligand/solvent M*=Li* Na"* K~ Rb® Cs* Ag™

thec9/MeOH® 3.13 352 323 28 247  7.65
S-thpc9/MeOH*¢  3.39 250 4 ¢ 7.39
S-thpc)/DMF ¢ 3.29 229 228 227 229 759
S-thpec9/DMF¢  3.64 203 191 191 1.62 7.59

“Tt was necessary to determine Ag" complex stability constants to
facilitate the competitive titration method used to determine the alkali
metal complex stability constants. ® Ref. 9. © Single standard deviations
in log(K/dm® mol™") did not exceed £0.05 in any case. ¢ Insufficiently
soluble for stability constant determination.
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Fig. 1 (a) Interchange between two equivalent forms of either A[M(S-
thpe9)]™ or A[M(S-thpec9)]™ or A[M(S-thpc9)]™ or A[M(S-thpec9)]*.
(b) Enantiomerisation of A and A[M(thec9)]*. The convention adopted
assigns A and A to a structure where the trigonal nitrogen plane is
twisted by an angle ¢ to the right and the left, respectively, by reference
to the trigonal oxygen plane when viewed down the C; axis. For a
trigonal prism ¢ = 0°. The ¢ angles shown are exaggerated for the pur-
poses of illustration.

Lewis acid Ag® than for the hard Lewis acid alkali metal
ions.

Diastereomer interchange processes

The A and A diastereomers of [M(S-thpc9)]*™ shown in Fig. la
(R = Me), are characterised by the trigonal nitrogen plane being
twisted by an angle ¢ to the right and left, respectively, by refer-
ence to the trigonal oxygen plane when viewed down the C;
axis. For a trigonal prism ¢ =0°. (In earlier studies we have
assigned A and A in the opposite manner using a different
convention.*>*!?2%) In principle, these diastereomers may be
interconverted by a single nitrogen inversion at each of the
three nitrogens of the macrocycle. Because there is no equiv-
alence between carbon atoms in each of the diastereomers,
A and A[M(S-thpc9)]" should be characterised by separate *C
NMR spectra each consisting of five resonances arising from
the five unique carbons, a—e and a’'—e¢’, in each diastereomer.
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Fig. 2 The temperature variation of the *C{'H} 75.47 MHz NMR
spectra of A[Li(S-thpc9)]" and A[Na(S-thpc9)]* in "C enriched
[*H,Jmethanol arising from solutions 0.10 mol dm™* in [M*],o and
[S'thpC9]total'

However, variable temperature *C NMR studies show a
single five resonance spectrum at low temperature in which the
resonances assigned to the CH, macrocyclic carbons, a and b,
broaden and coalesce to a singlet for [Li(S-thpc9)]" and [Na-
(S-thpc9)]*, respectively, at temperatures just below the 2C
enriched [*H,Jmethanol solution boiling point as shown in Fig.
2. (The individual CH, resonances cannot be assigned to indi-
vidual macrocyclic carbons on the basis of the available data.)
This is consistent with each complex interconverting between
equivalent forms of single diastereomers through double inver-
sions at each nitrogen as shown in Fig. 1a. (These appear to be
the A diastereomers for [Li(S-thpc9)]* and [Na(S-thpc9)]* from
the ab initio modelling discussed below.) The CH, macrocyclic
carbons, a and b, interchange environments with increasing
rapidity as the temperature increases with a resulting broadening
and coalescence of their resonances. Carbons c—e of CH,N,
OCHCH,; and OCHCH,, respectively, interchange between
equivalent environments and show no change in their reson-
ances associated with the interchange process although they
show some narrowing as the temperature increases and viscosity
decreases.

Each of A and A[M(S-thpec9)]* should be characterised by
separate spectra consisting of four resonances arising from the
four unique carbons, a—d, and a multiplet, e, arising from the
phenyl groups in each diastereomer (Fig. 1a, R = Ph). However,
at low temperature only four resonances a—d, and one multiplet,
e, are observed. The resonances assigned to the CH, macro-
cyclic carbons, a and b, broaden and coalesce to a singlet,
respectively, for [Li(S-thpec9)]* and [Na(S-thpec9)]" at temper-
atures just below the *C enriched [*H,]DMF solution boiling
point as shown in Fig. 3. This is also consistent with each of
these complexes interchanging between equivalent forms of
single diastereomers through double nitrogen inversions at each
nitrogen as shown in Fig. 1a. (4b initio modelling also indicates
that [Li(S-thpec9)]* and [Na(S-thpec9)]* exist as A diastereo-
mers in the gas phase as discussed below.)
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Fig. 3 The temperature variation of the *C{'H} 75.47 MHz NMR
spectra  of A[Li(S-thpec9)]" and A[Na(S-thpec9)]” in [*H,]N,N-
dimethylformamide arising from solutions 0.10 mol dm™* in [M "]y
and [S-thpec9],ocar-

Complete lineshape analyses®* of the broadening and coales-
cence of the a and b "*C resonances arising from the four com-
plexes, as exemplified by [Na(S-thpc9)]”™ in Fig. 4, yield the
mean lifetimes of the CH, macrocyclic carbons @ and b in their
different environments, 7, such that:

1z = k = kg Tlh exp(—AH¥*RT + AS*/R) (1)

where k is the rate constant for interconversion between the two
equivalent forms of the diastereomers of each of the four com-
plexes. The derived 7 values (ms) and the experimental temper-
atures (K) in brackets are 4.2 (328.1), 5.8 (323.2), 7.8 (318.2),
10.2 (313.3), 15.0 (308.3), 21.5 (303.3), 31.3 (298.4) and 43.1
(292.3) for [Li(S-thpc9)]™; 0.23 (303.4). 0.41 (293.1), 0.93
(287.1), 1.62 (276.8), 2.56 (271.6), 6.60 (261.3), 18.6 (250.9) and
59.5 (240.6) for [Na(S-thpc9)]™; 3.80 (362.9), 4.40 (358.0), 5.23
(353.0), 6.39 (348.1), 7.82 (343.2), 8.63 (338.3) and 10.8 (333.4)
for [Li(S-thpec9)]*; and 0.09 (303.3), 0.16 (292.9), 0.42 (281.9),
0.67 (276.8), 1.07 (271.6), 1.91 (266.4), 3.39 (261.3) and 8.25
(250.9) for [Na(S-thpec9)]*. The kinetic parameters calculated
from these data through eqn. (1) are collected in Table 2.
Interchanges between the two equivalent forms of the
diastereomers of each of A[Li(S-thpc9)]*, A[Na(S-thpc9)]*,
A[Li(S-thpec9)]™ and A[Na(S-thpec9)]* are much slower at
298.2 K than the enantiomerisation of A and A[Li(thec9)]*
and A and A[Na(thec9)]* largely because of the greater AH*
of the former processes. The enantiomerisation of A and
A[Li(thec9)]* and A and A[Na(thec9)]” may be achieved
through a trigonal twist mechanism involving a single inver-
sion at each nitrogen without displacement of the metal centre
from between the trigonal oxygen and nitrogen planes of
thec9 (Fig. 1b). In contrast, the interchange processes for
A[Li(S-thpc9)]*, A[Na(S-thpc9)]*, A[Li(S-thpec9)]™ and A[Na-
(S-thpec9)]* require the translation of the trigonal oxygen

Table 2 Kinetic parameters for [M(thec9)]” and A[M(S-thpc9)]*
in C enriched [*H,Jmethanol, and A[M(S-thpec9)]* in [*H,]N,N-
dimethylformamide

k (2982 K)/ AHY AS¥
Complex st kJ mol ™! JK 'mol™!
[Li(thec9)]** 1.11 x 10° 27.2 —36.3
[Na(thec9)]* * 227 % 10° 217 ~69.6
A[Li(S-thpc9)]* 33.51+0.8 50.6 + 1.0 —46.1+34
A[Na(S-thpe9)]* 3030 = 80 509%13 —-7.6t4.7
A[Li(S-thpec9)]* 20.5+£0.8 328+ 1.8 —110+ 3.2
A[Na(S-thpec9)]* 8600 + 200 547412 13.8+4.2

“Ref. 9.

Fig. 4 Global energy minimised ab initio modelled structures of
equivalent forms of A[Na(S-thpc9)]* viewed down the C; axes from the
trigonal oxygen plane and illustrating the diastereomeric interchange
process. Bonds between Na™ (the atom on the C; axis) and S-thpc9 are
omitted for clarity.

plane and metal centre from one side of the trigonal nitrogen
plane to the other as seen in Fig. 1a. Both Li* and Na* are too
large to pass through the centre of the trigonal nitrogen planes
of S-thpc9 and S-thpec9, and the double inversion at each
nitrogen consequently requires the detachment of the metal
centre from each of the three hydroxy coordinating groups and
reattachment at some stage in the interchange process.
Although the rate determining step is unknown, the relative
slowness of the interchange processes for A[Li(S-thpc9)]*,
A[Na(S-thpc9)]*, A[Li(S-thpec9)]* and A[Na(S-thpec9)]" at
298.2 K relates to the requirement for a double nitrogen inver-
sion to occur at each nitrogen, whereas for the enantiomeris-
ation of A and A[Li(thec9)]* and A and A[Na(thec9)]” only a
single nitrogen inversion and no bond breaking or making is
required.

The [K(S-thpc9)]" and [K(S-thpec9)]” macrocyclic ring
carbon resonances also coalesce to a singlet as the temperature
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Table 3 Dimensions from gas phase ab initio modelling through Gaussian 94 using the HF/LanL.2DZ basis set

Dimension S-thpc9 Li(S-thpc9)]* Na(S-thpc9)]* [K(S-thpc9)]*
ol —-39.2 14.2 9.9 9.5

0-0/A 3.11 2.97 3.72 4.59

N-N/A 4.82 2.94 3.03 3.10
OptaneNpjand/ A 2.57 2.71 2.83 2.82
M-Oppand/A — 1.16 0.95 0.53

M-N, e — 1.55 1.88 2.29

S-thpec9 [Li(S-thpec9)]* [Na(S-thpec9)]* [K(S-thpec9)]*

ol° —34.0 13.7 7.9 9.1

0-0/A 4.41 3.02 3.71 4.60

N-N/A 3.10 2.94 3.03 3.11
OptaneNpjand/ A 2.93 2.72 2.84 2.81

M-O, /A — 1.15 0.96 0.52
M-N_,../A — 1.57 1.88 2.29

plane’

increases consistent with an exchange process occurring similar
to that seen in their lighter analogues. However, the pendant
arm carbon resonances are substantially broadened at low tem-
perature in both cases. This may indicate that [K(S-thpc9)]*
and [K(S-thpec9)]™ exist in equilibrium with [K(S-thpc9)-
(MeOH),]* and [K(S-thpc9)(MeOH),]*, respectively, where K*
increases its coordination number beyond 6, and interchange
occurs between species of different coordination numbers. As
a consequence, quantitative variable temperature *C NMR
studies were not undertaken. The solubilities of RbCF;SO,
and CsCF;SO; in methanol at low temperature are insuffi-
cient for quantitative '*C NMR studies of [Rb(S-thpc9)]* and
[Cs(S-thpc9)]*.

In methanol S-thpec9 shows sharp *C c—e resonances and
two broad a and b resonances at temperatures just above the
solution freezing point consistent with the macrocyclic carbons
a and b entering the slow regime of the NMR timescale. Gas
phase ab initio modelling shows S-thpec9 to adopt a distorted
trigonal prismatic stereochemistry similar to that shown for
AM(S-thpec9)]”™ in Fig. la except that the A diastereomer
appears to be the more stable, as is discussed below. The broad
13C NMR doublet observed for the S-thpec9 a and b carbons is
consistent with interchange occurring between equivalent
forms of its A diastereomer in an analogous manner to that
proposed for the interchange observed for A[Li(S-thpec9)]*.
No resolution into a doublet of the a and b *C resonances
of S-thpc9 is observed in methanol at low temperature
consistent with interchange of the macrocyclic carbons
a and b between different environments being in the fast
regime of the NMR timescale. The tetraaza analogues of
S-thpc9 and S-thpec9, 1,4,7,10-tetrakis((R)-2-hydroxypropyl)-
and  1,4,7,10-tetrakis((R)-2-hydroxy-2-phenylethyl)-1,4,7,10-
tetraazacyclododecane, both exhibit separate *C resonances
for their macrocyclic ¢ and b carbons consistent with the
presence of a single diastereomer in each case.?'*

Ab initio modelling

While the NMR data is consistent with the complexes existing
as single diastereomers, they do not permit diastereomer identi-
fication. Accordingly, the complexes were modelled primarily to
gain insight into the probable identity of the diastereomers.
Selected dimensions for AS-thpc9, A[Li(S-thpc9)]™ and its Na™
and K* analogues, and AS-thpec9, A[Li(S-thpec9)]* and its
Na® and K* analogues obtained from gas phase ab initio
modelling through Gaussian 94 using the HF/LanL2DZ basis
set? are shown in Table 3. In each case the parallel trigonal
oxygen and nitrogen planes define opposing faces of a distorted
trigonal prism. When viewed down the C; axis from the oxygen
plane, the nitrogen plane is twisted to the left from trigonal
prismatic stereochemistry in AS-thpc9 and its twist angle, ¢, is
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Fig. 5 Global energy minimised ab initio modelled structures of
A[Na(S-thpec9)]* viewed down the C; axes from the three oxygen plane
(above) and viewed from the side (below).

defined as negative. However, the nitrogen plane is twisted to
the right in A[Li(S-thpc9)]” and its Na*™ and K* analogues and
their ¢ are defined as positive and their overall chirality as A
(Table 3). The modelled structure of A[Na(S-thpc9)]* is shown
in its two equivalent forms in Fig. 4 which are consistent with
the interpretation of the observed *C NMR spectral temper-
ature variation. When proceeding from the nitrogen atom in a
clockwise manner, the adjacent macrocyclic methylene carbon
is below the second methylene carbon in a repeating “down-up”
sequence around the macrocyclic ring of AS-thpc9 and its
A complexes, as is also the case for AS-thpec9 and its A com-
plexes. For AS-thpec9, ¢ is negative while it is positive for A[Li-
(S-thpec9)]* and its Na™ and K* analogues (Table 3 and Fig. 5).
The change from methyl to phenyl substitution at the a carbons
of the ligands has little effect on the distortion of the coordinat-
ing atom set from trigonal prismatic geometry compared with
the effect of the coordination of Li*, Na® and K* which



Fig. 6 Molecular structure and crystallographic numbering scheme
employed for the A[Zn(S-thpc9)]** cation.

changes the sign of ¢. (The other diastereomers of S-thpc9,
S-thpec9 and their Li*, Na* and K* complexes may be
obtained through single inversions at each nitrogen (Fig. 1a)
but they are of higher energy and represent local energy mini-
mum structures.) The separation between the trigonal oxygen
and nitrogen planes of S-thpc9 is significantly less than that of
S-thpec9 which probably reflects the greater bulk of the
phenyl groups of the latter. As the size of M™ increases in
[M(S-thpc9)]* and [M(S-thpec9)]™ so it moves away from the
trigonal nitrogen plane and towards the trigonal oxygen plane
and the separation between the two planes changes as is seen for
the Li*, Na* and K* complexes in Table 3. This suggests that K*
may be more exposed to solvent interaction which may explain
some of the variations of the solution NMR spectra of [K(S-
thpc9)]™ and [K(S-thpec9)]* discussed above. It is seen that for
both of the free ligands and their complexes, distorted trigonal
prismatic stereochemistry is preferred. However, the A and A
diastereomers are the most stable for the free ligands and their
complexes, respectively. This change in chirality probably reflects
the competition between steric effects in the ligand and the alkali
metal to donor atom bond length requirements of the complexes.

X-Ray crystallography, ab initio modelling and >*C NMR
spectroscopy of [Zn(S-thpc9)]**

The X-ray crystallographically determined structure of [Zn-
(S-thpc9)]** shows the parallel trigonal oxygen and nitrogen
S-thpc9 planes to be slightly staggered by 7.3° which constitutes
the twist angle, ¢, of the approximately trigonal prismatic six-
coordinate zinc() environment shown in Fig. 6. (The twist
angle of a trigonal prism is defined as 0°.) Selected bond angles
and distances appear in Table 4. A selection of distances and
the ¢ values determined by X-ray crystallography and calcu-
lated by ab intio calculations appear in Table 5, from which it is
apparent that both structures for [Zn(S-thpc9)]™ are in broad
agreement. The sign of ¢ is positive in both cases consistent
with the A diastereomer. The A diastereomer of [Zn(S-thpc9)]**
was also observed in the X-ray crystallographically determined
dimer structure formed by [Zn(S-thpc9)]** and [V(S-thpc9")]*,
where in [S-thpc9']*~ each of the hydroxy groups of S-thpc9 are
deprotonated.® In this case, ¢ decreased to 4.5° consistent with
small changes in the various forces affecting structure in the
crystalline state being reflected in a change in ¢. On this basis
some minor differences in structural dimensions between the
crystallographically determined [Zn(S-thpc9)]** structure and
that calculated by ab initio methods are expected. These obser-
vations indicate that ab initio calculations give a reasonable
guide to the chirality of [Zn(S-thpc9)]**, and probably to that

Table 4 Selected bond lengths (A) and angles (°) for the A[Zn-
(S-thpc9)]** cation

Zn-0l 2.167(5) Zn-04 2.110(5)
Zn-07 2.118(5) Zn N1 2.128(4)
Zn-N4 2.168(6) Zn-N7 2.175(5)
01-Zn-04 87.8(2) 01-Zn-07 82.6(2)
01-Zn-N1 78.6(2) 01 Zn N4  141.02)
01-Zn-N7  128.1(2) 04-Zn-07 89.0(2)
04-Zn-Nl  127.5(2) 04-Zn-N4 78.1(2)
04-Zn-N7  140.0(2) 07-Zn-N1  137.6(2)
07-Zn-N4  132.5(2) 07-Zn-N7 80.2(2)
N1-Zn-N4  81.6(2) N1-Zn-N7 82.1(2)
N4-Zn-N7 81.3(2) Zn-O1-Cl1  114.5(4)
Zn-04-Cl4  117.2(4) Zn-07-C17  110.9(4)
ZnN1-C2  111.0(4) Zn-N1-C9  102.4(4)
Zn-N1-C10  108.9(4) Zn-N4-C3  102.7(4)
Zn-N4-C5  109.9(4) Zn-N4-C13  108.2(4)
Zn-N7-C6  104.2(4) Zn-N7-C8  107.4(4)
Zn-N7-C16  107.3(4)

Table 5 Dimensions for A[Zn(S-thpc9)]** determined by X-ray
crystallography and calculated by ab initio modelling through Gaussian
94 using the HF/LanL2DZ basis set

Dimension By X-ray By modelling
ol° -73 -19.1

0-0/A 293 3.05

N-N/A 2.83 2.90
Oplaneprlage/A 2.73 2.64
Znioplane/A 1.31 1.19
Zn-N,, A 1.42 1.45

of its Li* and Na® analogues and S-thpc9 also. A similar
assumption is made for S-thpec9 and its complexes. Trigonal
prismatic Zn** complexes are unusual, and it appears that the
stereochemical constraint induced by incorporation of the
three nitrogen donor atoms into the macrocylic structure
together with the steric requirements of the three pendant arms
are largely responsible for this stereochemistry.

In [*H,Jmethanol at 298.2 K, [Zn(S-thpc9)]*" exhibited five
BC{'™H} resonances corresponding to the inequivalent macro-
cyclic CH, carbons at 50.43 and 57.10 ppm (but which cannot
be separately assigned on the basis of these data) and the
pendant arm NCH,, CH and CH; carbons at 65.60, 65.31 and
20.10 ppm, respectively, corresponding to a—e in Fig. la. Thus,
[Zn(S-thpc9)** exists as a single diastercomer (assigned the A
configuration on the basis of the X-ray crystallographic data
and ab initio calculations) in undergoing slow interchange as
shown in Fig. la. This slowness of interchange relative to that
of [Li(S-thpc9)]* and [Na(S-thpc9)]* is attributed to the higher
surface charge density of Zn?* and stronger interaction with the
donor atoms by comparison with that of the alkali metal
ions. A similar slowness of intramolecular exchange, attributed
to the same cause, was observed for A[Zn(S-thpec9)]** in
[*H,]N,N-dimethylformamide at 298.2 K.

Conclusion

This study shows that the sexadentate pendant arm ligands
1,4,7-tris((S)-2-hydroxypropyl)-1,4,7-triazacyclononane, S-
thpc9, and 1,4,7-tris((S)-2-hydroxy-2-phenylethyl)-1,4,7-triaza-
cyclononane, S-thpec9, preferentially coordinate Li* of the
alkali metal ions in DMF and that both coordinate Zn**. In
DMEF, [Li(S-thpc9)]*, [Na(S-thpc9)]™, [Li(S-thpec9)]*, and
[Na(S-thpec9)]* exist as single diastereomers which interconvert
between equivalent forms at rates within the 'H (300 MHz)
timescale. In contrast, the analogous interconversions of
[Zn(S-thpc9)]* and [Zn(S-thepc9)]*, which also exist as single
diastereomers, are slow on the 'TH NMR timescale in methanol.
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Crystallographic studies show that [Zn(S-thpc9)]™ possesses a
distorted trigonal prismatic structure where Zn** lies between
parallel, trigonal oxygen and trigonal nitrogen donor atom
planes in a A configuration. This provided an opportunity to
assess the validity of using ab initio modelling to gain insight
into the distereomers for which experimentally determined
structures were unavailable. It showed [Zn(S-thpc9)]™ to exist as
a single A diastereomer with a distorted trigonal prismatic
structure broadly similar to that observed in the solid state. It
also showed the four alkali metal complexes to exist as single
distorted trigonal prismatic diastereomers with A configur-
ations, from which it is deduced that similar structures exist for
the single diastereomers observed in solution.

Experimental
Syntheses

1,4,7-Tris((S)-2-hydroxypropyl)-1,4,7-triazacyclononane.

Synthesis was achieved through elaboration of 1,4,7-triaza-
cyclononane (tacn) prepared as described in the literature.?
S-(—)-Propylene oxide (0.116 g, 0.002 mol) was added to a solu-
tion of triazacyclononane (0.079 g, 0.0006 mol) in ethanol (10
cm®) and left to stir at room temperature overnight. The solu-
tion was then evaporated to dryness at reduced pressure and the
product was obtained as a colourless oil in quantitative yield.
BC NMR in CDCly: 6 66.4, 63.4, 52.7, 19.8 (Found: C, 55.78;
H, 10.35; N, 13.30. C;5sH;oN;05-1.25H,0 requires C, 55.79; H,
10.14; N, 13.01%). A preparation of this ligand from tacn-3HBr
has been reported.’

1,4,7-Tris((:S)-2-hydroxy-2-phenylethyl)-1,4,7-triazacyclo-

nonane. S-(—)-Styrene oxide (0.25 g, 0.002 mol) was added to a
solution of triazacyclononane (0.079 g, 0.0006 mol) in DMF
(10 cm®) and was left to stir at 85 °C for three days. Upon cool-
ing to room temperature, methanol (5 cm®) and water (5 cm®)
were added resulting in the formation of a fine white precipitate
which was filtered off, washed with water and dried under
vacuum. Yield 0.261 g, 89%. *C NMR in CDCl;: § 142.5,
128.3, 127.3, 126.0, 70.7, 67.9, 53.7 (Found: C, 73.49; H, 8.05,
N, 8.56. C;,H30;N; requires C, 73.62; H, 7.98; N, 8.59%). A
similar preparation is reported in the literature.®'?

[Zn(S-thpc9)][C10,], sCl,s. Crystals were obtained by the
slow evaporation of an equimolar aqueous solution of
Zn(ClO,), and S-thpc9 at ambient temperature. The origin of
chloride in the crystal is unclear.

Physical methods

2C Enriched [*H,Jmethanol (99.5% *C and 99.5% *H, Aldrich)
was dried over 3 A molecular sieves prior to use in preparation
of NMR samples. Analytical grade methanol (BDH Analar)
and spectroscopic grade DMF (Aldrich) were used in the prep-
aration of samples for potentiometric titration. In both cases,
the water content was below the 50 ppm detection level of the
Karl-Fischer method. *C{'H} NMR spectra (75.47 MHz)
were run on a Varian Gemini 300 spectrometer. Samples were
thermostatted to within + 0.3 K. The stability constants for
[M(S-thpc9)]* were potentiometrically determined in triplicate
by a literature method.”” Lineshape analyses* and ab initio
modelling? were performed on a Digital Venturis 575 com-
puter and a Silicon Graphics Indigo® work station, respectively.
The ab initio modelling incorporated all electrons for H, C, N
and O, and the valence electrons for Li*, Na* and Zn?* together
with their effective core potentials.”® To check that the modelled
structures in Fig. 4 and 5 and their analogues represent those
with minimum global energies, two basic structures with either
three or two pendant arms on the same side of the three nitro-
gen plane were used as starting points. A range of macrocyclic
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ring and pendant arm conformations were then superimposed
on these structures to give a broad selection of starting points.
In each case the energy minimised structures obtained were
those characterised by the dimensions shown in Table 3 and
depicted in Fig. 4 and 5 consistent with global energy minima
being reached in each case.

Crystal structure determination of [Zn(S-thpc9)][C10O ], sCl, 5

Crystal data. C;sH;;C1,N;04,Zn, M =535.7, monoclinc, a =
17.6183(6), b=10.4941(2), ¢ =14.4786(5) A, f=123.504(1)",
T=173 K, space group C2, Z=4, u(Mo-Ka)=13.91 cm™,
17857 reflections measured on a Nonius Kappa CCD, 6,,,
30.0°, 7443 unique (R;,, = 0.055), 4797 with I > 3.0a(]) were used
in subsequent calculations: final R=0.065 and R, =0.075.%
The absolute structure was determined on the basis of the
known chirality of the (S)-2-hydroxypropyl pendant arms. The
O-H atoms were not located.

CCDC reference number 164174.

See http://www.rsc.org/suppdata/dt/b0/b008687h/ for crystal-
lographic data in CIF or other electronic format.
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