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ABSTRACT: A series of the lanthanide(IIl) or yttrium(III) com-
plexes of the type [LnL(NO;)(H,0),](NO,), [LnL(NO;)-
(H,0)](NO3),, [LnL(H,0),](NO;)s;, and [LaLCI(H,0),]Cl,
where L is an all-R or all-S enantiomer (LR or LS) of the chiral
hexaaza macrocycle, 2(R),7(R),18(R),23(R)- or 2(S),7(S),18-
(8),23(5)-1,8,15,17,24,31-hexaazatricyclo[25.3.1.1.0.0]-dotria-
conta-10,12,14,26,28,30-hexaene, and Ln(III) = Sm(III),
Tb(I1I), Ho(I1T), Er(IT), Tm(III), Yb(III), Lu(III), or Y(IIL),
have been synthesized and structurally characterized. The crystal
structure of the free macrocycle shows a highly twisted mole-
cule, preorganized for the formation of helical complexes. The
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crystal structures of the lanthanide(III) complexes show two different diastereomeric forms of the macrocycle with different
configurations at the stereogenic amine nitrogen atoms: (RRRR) or (RSRS) (denoted as L™ and L™, respectively). The L™
diastereomeric form of the nitrate derivatives [LnL(NO,)(H,0)](NO;), (Ln = Ho, Er) and [LnL(H,0),](NO;); (Ln =
Tm, Yb, Lu) convert slowly to the LR form in methanol or acetonitrile solutions, while this process is not observed for the L
diastereomers of analogous chloride derivatives [LnL(H,0),]Cl; (Ln = Tm, Yb, Lu). On the other hand, the L — L*'
conversion for these Tm(III), Yb(III), and Lu(III) chloride derivatives can be triggered by the addition of external nitrate anions.
The circular dichroism (CD) and 'H NMR data indicate initial fast exchange of axial chloride for axial nitrate ligand, followed by

slow chirality inversion of the equatorial macrocyclic ligand.

B INTRODUCTION

Macrocyclic lanthanide(III) and chiral lanthanide(III) com-
plexes attract considerable attention because of their unique
properties and potential applications. Robust Ln(III) complexes
of defined chirality may be effectively obtained by the applica-
tion of enantiopure macrocyclic ligands. For instance, the enan-
tiopure macrocyclic complexes derived from 2,6-pyridinedicar-
boxaldehyde and trans-(1R,2R)-diaminecyclohexane form a
number of metal complexes,"™® which have been studied in
the context of helicity inversion," chiral self—recognition,3’a axial
ligand exchange,‘?’b chirooptical properties,”** interactions with
DNA* and formation of polymetallic systems.**® In particular
the 2 + 2 chiral hexaaza tetraamine macrocycle L (Figure 1)
derived from the above precursors forms both enantiopure' and
racemic” lanthanide(IIT) complexes. The chirality of free L is
determined by the configuration at the stereogenic cyclohexane
carbon atoms, and this macrocycle can be easily obtained in
enantiopure form as either all-R or all-S enantiomer (denoted
as L® and L*). In the rigid complexed form of this macrocyle
the configuration at the amine nitrogen atoms is fixed, that in
principle creates new stereogenic centers and new isomeric
forms. This type of isomerism plays an important role in the
chemistry of complexes of tetraazamacrocyclic amines, where
different diastereomeric forms are determined by the con-
figuration at nitrogen atoms.”® We have previously shown that
this type of isomerism plays a role also in the chemistry of
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hexaazamacrocycles and that the lanthanide(III) complexes of
LR can exist in two diastereomeric forms, which differ in the
sense of helical twist and the configuration at the stereogenic
amine nitrogen atoms.! In one of the stereoisomers, denoted as
L, the macrocycle L* of (RRRR) configuration at the stereo-
genic cyclohexane carbon atoms adopts (RRRR) configuration
at the amine nitrogen atoms, while in the other stereoisomer,
denoted as L™, the macrocycle L® adopts (RSRS) configuration
at the amine nitrogen atoms (Figure 1). In the case of the
nitrate Yb(III) complex it was shown that the L® and LR
diastereomers can be selectively interconverted by changing the
solvent (water vs acetonitrile), which represents a rare case of
helicity inversion controlled by the solvent. In this contribution
we extend this process to the Ho(III), Er(IlI), Tm(III), and
Lu(III) complexes. We also show that this interconversion is
anion dependent; while it is operating in the case of the nitrate
derivatives, it is not observed for the analogous chloride deriva-
tives of the type [LnL*(H,0),]Cl;. For the latter complexes,
however, the chirality inversion can be triggered in organic
solvents by the replacement of the axial CI™ anion for the
NO;™ anion.

Controlled chirality switching is a rare process occurring in
various systems such as metal complexes, DNA, supramolecular
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Figure 1. Stereomers of the chiral macrocycle L.
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assemblies, and as organic polymers.””'* Inversion of helical
conformation may correspond to the conversion of kinetic
product to the thermodynamic product or can be triggered by
stimuli such as change of solvent, redox process, or light. In
particular, the Miyake group has demonstrated the selective
switching of helicity of a chiral tetradentate ligand triggered
by the exchange of achiral anion in the metal coordination
sphere. 106g k1 Helicity inversion triggered bZ achiral anions has
also been observed for organic foldamers."

B EXPERIMENTAL SECTION

Measurements. The NMR spectra were taken on Bruker Avance
500 and AMX 300 spectrometers. The pH* readings for the D,O
solutions were converted to pH values as described previously."* The
circular dichroism (CD) spectra were measured on Jasco J-715 Spec-
tropolarimeter. The electrospray mass were obtained using a Bruker
microOTOF-Q instrument. The elemental analyses were carried out
on a Perkin-Elmer 2400 CHN elemental analyzer.

Crystal Structure Determination. The crystals of free ligand
trichloromethane disolvate (L®2CHCI;) suitable for single-crystal
X-ray diffraction experiments were grown from chloroform. The crystals
of [HoLM(NO;)(H,0)](NO;),-0.4H,0, [ErL}(NO,)(H,0)]-
(NO,),-0.3H,0, [TmL¥(H,0),](NO;);-H,0 and [LuL¥(H,0),]-
(NO,)5-H,0 were obtained by slow evaporation of the water solutions
of the [HOLRI(Nos)(Hzo)] (NO3),, [ErLR](NO3)(HZO)](NOS)Z, [TmLRI-
(H,0),](NO,);, and [LuL®(H,0),](NO;); complexes, respectively.
The crystals of [YbLRCI(H,0)]Cl,-CH;CN and [YL¥CI(H,0)]Cl,:
MeOH-2H,0 have been obtained from the acetonitrile solution of
[YbLY(H,0),]Cl; and from the methanol solution of [YLX(H,0),]-
Cl,, respectively. The crystals of [SmL¥(NO;)(H,0),](NO;), and
[TbLF(NO,)(H,0)](NO;),-0.3H,0 were grown by slow evaporation
of the methanol/acetonitrile 1:1 solutions of [SmLX(NO,)(H,0),]-
(NO3), and [TbLR(NO,)(H,0)](NO,), complexes, respectively.

The crystallographic measurements were performed at 100—296(2) K
(Table 1) on a k-geometry Xcalibur PX (@ and ¢ scan), Xcalibur R
(w scan) or Kuma KM4CCD (w scan) four-circle diffractometers with
graphite-monochromatized MoK, radiation. Data were corrected for
Lorentz and polarization effects. Data collection, cell refinement, data
reduction, and analysis were carried out with Crysalis CCD and Crysalis
RED, respectively."* Analytical or empirical (multiscan) absorption
correction was applied to the data with the use of Crysalis RED. The
structures of free ligand chloroform disolvate (L®2CHCL,) and the
complexes [HoL¥(NO;)(H,0)](NO;),-0.4H,0, [YL¥CI(H,0)]Cl,-
MeOH-2H,0, [YbLXCI(H,0)]Cl,-CH,CN, and [TbLR(NO,)-
(H,0)](NO,),-0. 3HZO were solved by direct methods using the
SHELXS-97 program'® and refined on F* by a full-matrix least-squares
technique using SHELXL-2013"° with anisotropic thermal parameters
for the ordered and fully occupied non-H atoms. Some of the not fully
occupied positions were also refined anisotropically. Because the
erbium complex [ErL¥(NO;)(H,0)](NO;),0.3H,0 is isomorphous
with [HoL®(NO,)(H,0)](NO;),-0.4H,0, the refinement of its struc-
ture was started by using the coordinates of ordered heavy atoms taken
from the holmium complex. A similar procedure was applied to the
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[TmLY(H,0),](NO;);-H,0 and [LuL¥(H,0),](NO;);-H,0 com-
plexes, which were refined using starting coordinates taken from the
isomorphous ytterbium complex reported previously,' and to
[SmL*(NO;)(H,0),](NO;),, which was based on , y, z from the
isomorphous europium complex.” Figures é)resentmg the molecular
structures were made using the Diamond'® program. The details of
structure refinement and the description of disorder are provided in
the Supporting Information.

Syntheses. Macrocycle L® and the [YbLY(H,0),](NO;); com-
plex were obtained as previously described." The enantiomers L® and
[YbLS'(H,0),](NO;); were obtained in a similar fashion.

[HoL®(NO3)(H,0)](NO3),. A 882 mg portion (0.2 mmol) of
Ho(NO;);-5H,0 and 86.9 mg (0.2 mmol) of macrocycle L* were
dissolved in 3 mL of water, and the mixture was refluxed for 2 h. The
obtained clear solution was cooled down and left to concentrate slowly
in air (to ca. 1 mL). The obtained crystalline white product was filtered
and dried in vacuum. Yield 93 mg (56%). 'H NMR (300 MHz, D,0,
298 K): —136.59, —76.71, —27.48, 10.64, 20.95, 41.02, 57.84, 70.55,
80.81, 103.78, 145.62 ppm. Calcd (anal.) for HoC,gH,;NyO,5: C,
35.98 (36.41); H, 4.55 (5.41); N, 14.77 (14.70).

The [ErLRl(NO3)(H20)](NO3)2, [TmLRI(HZO)z](NO3)3,
[LuL®(H,0),](NO;); complexes were obtained in a similar fashion.

[ErLR(NO;)(H,0)I(NO5),. Yield 92 mg (56%). 'H NMR (300 MHz,
D,0, 298 K): —123.71, —100.20, —70.82, —39,23, —18.37, —7.57,
10.58, 19.37, 29.38, 42.75, 204.08. Calcd (anal.) for ErCysH,¢NyO5:
C, 36.13 (36.31); H, 5.34 (5.39); N, 14.69 (14.66).

[TmLR(H,0),J(NO3);. Yield 98 mg (57%). '"H NMR (300 MHg,
D,0, 298 K): —272.00, —211.16, —181.52, —172.37, —=81.22, —53.82,
—32.54, —13.67, —12.02, 7.94, 28.45, 31.00, 38.98, 69.59, 96.25, 107.53.
Calcd (anal.) for TmC,gHNyO,5: C, 35.75 (36.24); H, 4.93 (5.38);
N, 14.59 (14.63).

[LuL®'(H,0),](NO;);. Yield 102 mg (61%). 'H NMR (500 MHg,
D,0, 298 K): 0.94, 1.21, 1.33, 1.84, 2.28, 2.43, 2.52, 2.71, 3.56, 4.17, 4.39,
4.42, 4.60, 4.63, 4.66, 7.59, 8.11. Calcd (anal.) for LuC,¢H,4NyO,5: C,
36.15 (35.99); H, 5.10 (5.43); N, 14.61 (14.53).

The [SH]LR(NO3)(H20)2](NO3)2 and [TbLR(NO3)(HZO)](NO3)2
complexes were obtained in a similar fashion as the above com-
plexes, but they were further recrystallized from chloroform—methanol
(1:1) solutions.

[SmLR'(NO;)(H,0),](NO3),. Yield 87 mg (54%). "H NMR (500 MHz,
CDCL,/CD;0H v/v 1/1, 298 K): 1.70, 2.12, 2.29, 2.60, 2.71, 3.4,
4.17, 429, 5.10, 5.22, 5.42, 5.92, 6.13, 7.27, 7.70, 7.85, 11.48. Calcd
(anal.) for SmC,¢H,,NyO,;: C, 38.32 (38.69); H, 5.16 (5.25); N,
1547 (15.62).

[TBLR(NO3)(H,0)I(NOs),. Yield 87 mg (53%). 'H NMR (500 MHg,
CDCl,/CD,0H v/v 1/1, 298 K): —16.30, —7.34, —5.94, 1.63, 21.91,
22.88, 26.22, 26.75, 38.84, 52.40, 55.16, 58.71, 93.92, 105.19, 112.44,
136.77, 222.39.

[LnLR'(H,0),]Cl; complexes. A 0.5 mmol portion of appropriate
lanthanide(III) or yttrium(III) chloride hydrate and 217.3 mg
(0.5 mmol) of macrocycle LERR®) were dissolved in S mL of water,
and the mixture was refluxed for 2 h. The obtained clear solution was
cooled down and left to concentrate slowly in air (to ca. 1 mL). The
obtained white product was filtered and dried in vacuum.

dx.doi.org/10.1021/ic401437r | Inorg. Chem. 2013, 52, 12450—12460
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Figure 2. Structures of [TmL*(H,0),]*" (left) and [HoL¥(NO,)(H,0)]*" (right) complex cations.

[TmLR(H,0),]Cl;. Yield 228 mg (61%). '"H NMR (300 MHz, D,0O,
298 K): —280.92, —217.08, —185.49, —176.41, —83.73, —54.70, —36.54,
—14.31, —11.87, 8.59, 29.81, 31.33, 32.44, 38.83, 41.16, 72.41, 99.68,
110.22. Calcd (anal.) for LuC,HgN4O;oCly: C, 36.23 (36.57); H,
5.89 (5.80); N, 9.68 (9.84).

[YBLR'(H,0),]Cl;. Yield 227 mg (61%). '"H NMR (300 MHz, D,0O,
298 K): —75.91, 72.10, —70.02, —25.37, —22.03, —9.75, —2.13, —1.74,
1.03, 3.77, 5.80, 13.17, 16.98, 17.85, 24.75, 40.84, 48.85, 105.70. Calcd
(anal.) for YbCyH¢,N4OsCly: C, 36.11 (36.39); H, 5.23 (5.34); N,
9.57 (9.79).

[LuL®(H,0),]Cl;. Yield 232 mg (62%). 'H NMR (500 MHz, D,0O,
298 K): 8.11, 7.59, 4.67, 4.64, 4.60, 4.42, 4.39, 4.18, 3.57, 2.71, 2.53,
243,228, 1.84, 1.34, 1.21, 0.94. Calcd (anal.) for LuC,¢H¢NgO,; Cly:
C, 35.73 (35.56); H, 5.18 (5.43); N, 9.44 (957).

[YLR(H,0),]Cl;. Yield 77 mg (58%). 'H NMR (500 MHz, D,0, 298
K): 8.09, 7.56, 4.56, 4.53, 4.45, 4.41, 3.81, 2.48, 1.83, 1.21, 1.16. Calcd
(anal.) for YC,qH,sNOsCly: C, 43.65 (43.37); H, 6.38 (6.72); N,
11.68 (11.67).

B RESULTS AND DISCUSSION

X-ray Crystal Structures. The structures of [TmL¥(H,0),]-
(NO;)yH,0 and [LuL®(H,0),](NO,;);-H,0 (Supporting
Information, Figure S1) are isomorphous to the previously
reported Yb(III) derivative." These complexes contain [LnLR-
(H,0),]** complex cations (Figure 2) with 8-coordinate Ln(IIT)
ion coordinated by the six nitrogen atoms of the macrocycle L
and two axial water molecules situated at the same side of the
macrocycle. The asymmetric units of the isomorphous [HoL"-
(NO3) (HZO)](N03)2~O.4HZO and [EYLRI(Nos) (HZO)](NO3)2-
0.3H,0 crystals (Supporting Information, Figure S2) contain
complex cation [LnL*¥(H,0)(NO,)]** (Figure 2), two unco-
ordinated nitrate anions as well as partially occupied water
molecule (see the Supporting Information for the description
of disorder). In these complexes the Ln(III) ions adopt
irregular 9-coordinate geometry and are coordinated by the six
nitrogen atoms of the macrocycle L in addition to water
molecule and nitrate anion positioned at the same side of the
macrocycle. The differences in coordination number and axial
ligation between the above two series of nitrate complexes

Ho—Er and Tm—Lu reflect decreasing radii ions along the
lanthanide series (Supporting Information, Table S1).

The asymmetric unit of the [YLXCI(H,0)]Cl,-MeOH-2H,0
complex (Supporting Information, Figure S3) contains complex
cation [YLMCI(H,0)]** (Figure 3), two chloride anions, two
water molecules, and a methanol molecule. The 8-coordinate
Y(III) ion is coordinated by the six nitrogen atoms of the
macrocycle L as well as axial water molecule and axial chloride
positioned at the same side of the macrocycle. A similar
complex cation (Figure 3) is observed in the crystal structure of
[YbL¥CI(H,0)]Cl,-CH;CN (Supporting Information, Figure S4),
although the Y(III) and Yb(III) complexes are not isomorphous.

The asymmetric unit of [SmLY(NO,)(H,0),](NO,), con-
tains two complex cations [SmL*(NO;)(H,0),]** and four
nitrate anions. This complex is isostructural with the previously
reported Eu(IIl) and Pr(III) derivatives obtained by a different
synthetic procedure.' The two independent complex cations
are very similar. The 10-coordinate Sm(III) ions are coor-
dinated by six nitrogen atoms of the macrocycle L, a bidentate
nitrate anion located at one side of the macrocycle, and two
water molecules located at the opposite side (Figure 4). The
asymmetric unit of [TbL*(NO,)(H,0)](NO,;),-0.3H,0
contains complex cation [TbL™(NO,)(H,0)]*, two nitrate
anions, and a partially occupied water molecule. Similarly as in
the case of the Sm(IIl) complex, an axial water molecule and
nitrate anion are positioned at opposite faces of the macrocycle
(Figure 4). The lower coordination number of the Tb(III)
complex in comparison with the Sm(III) complex reflects the
contraction of the lanthanide series.

In the above Ho(III), Er(IlI), Tm(III), and Lu(III) nitrate
derivatives crystallized from water solutions and in the Y(III)
and Yb(III) chloride derivatives crystallized from organic
solvents the macrocyclic ligand adopts very similar conforma-
tion. In contrast, crystals of [SmL*(NO;)(H,0),](NO,), and
[TbLY(NO;)(H,0)](NO;),-0.3H,0 complexes grown from
organic solvents reveal a different conformation of the macro-
cycle (Figure 4, Supporting Information, Figures SS, S6). In the
above Ho(III)—Yb(III) series of complexes of the macrocycle
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Figure 3. Structures of the [YLYCI(H,0)]** (left) and [YbLR'CI(H,0)]** (right) complex cations.

Figure 4. Structures of complex cations: [SmLF(NO;)(H,0),]*" (one of the two independent ions; left) and [TbL*(NO,)(H,0)]** (right). The
comparison of the geometry of the two independent [SmL*(NO,)(H,0),]* ions is also shown (lower left).

L® derived from trans-(1R,2R)-diaminocyclohexane, the chir-
ality at the carbon atoms imposes also a specific configuration
at the coordinated amine nitrogen atoms which results in
formation of the L' diastereomer. In this diastereomer denoted
as form I, the NH protons point alternately above and below
the macrocycle plane. This conformation corresponds to the
RRRR configuration'” at the amine nitrogen atoms of the
respective form of the free ligand L (Figure 1). In the Sm(III)
and Tb(IIT) complexes a different diastereomer of L is present,
denoted as form IL In this form all the amine protons NH of L?
point to one side of the macrocycle, corresponding to the RSRS
configuration at the nitrogen atoms (Figure 1).

The two forms of complexes differ not only in the orienta-
tion of NH protons. In all complexes of diastereomer I the axial
ligands are located at one side of the macrocycle, while in the

complexes of diastereomer II they are positioned at both sides
of the macrocycle (Figures 4, 5). In form I the ligand adopts a
rather compact form as a result of wrapping around the metal
ion as well as substantial bending of the macrocycle. This
combination of twist and fold of the macrocycle makes only
one side of the system available for the coordination of
additional axial ligands. The conformation of the form II is
dominated by the bending of the macrocycle. This bending is
reflected by the angle determined by the two pyridine nitrogen
atoms and the central metal ion, equal to 139.9(2)°, 139.5(2)°
for two crystallographically independent cations in the Sm(III)
complex, and equal to 145.69(11)° for the complex cation in the
Tb(IIT) compound. Overall conformation of form II is more open
in comparison with that of form I, so there is less steric hindrance
for the coordination of ligands at both sides of the macrocycle.
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Figure 5. Comparison of the conformations of diastereomers I and II. The complex cation [ErL®(NO;)(H,0)]* (left) contains diastereomeric
form I and the complex cation [TbL*(NO,)(H,0)]** (right) contains diastereomeric form II of macrocycle L.
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Figure 6. Top and side views of the free macrocycle L. Symmetry code (i): —x+1, y, —z+1.

Another difference between diastereomers I and II is the
different mutual orientation of the cyclohexane fragments as
well as the different mutual orientation of the pyridyl rings. The
orientation of the cyclohexane rings is reflected by the pseudo-
torsion angle C7—C12—C20—C25 (Figure S), which ranges
from —64.1(3)° to —51.95(11)° for the complexes with dia-
stereomer I (extreme values for [HoL¥(NO,)(H,0)]*" and
[YLRCI(H,0)]*", respectively) and ranges from 70.7(4)° to
79.5(5)° for the complexes with diastereomer II (extreme
values for two crystallographically independent [SmL*(NO;)-
(H,0),]** cations). The mutual orientation of pyridine rings is
reflected by the pseudotorsion angle C2—C4-C15-Cl17,
which is in the range from 83.23(7)° to 91.37(10)° for the
complexes with diastereomer 1 (extreme values for [YLXCI-
(H,0)]** and [YbLMCI(H,0)]*" cations, respectively) and in
the range from —13.2(3)° to —10.0(3)° for the complexes with
diastereomer II (extreme values for two crystallographically
independent [SmL*(NO,)(H,0),]*" cations). The opposite
signs of the above torsion angles for the forms I and II
correspond to the opposite sense of the helical twist.

The helical twist of the macrocycle L is observed not only in
its complexes but also in its free form obtained from chloro-
form solution. The X-ray crystal structure of the L* enantiomer
of the macrocycle shows a highly twisted conformation, accom-
panied by some additional bending (Figure 6). The molecule
lies in a special position, on a 2-fold axis passing through the
center of the macrocycle (but through none of its atoms). The
mutual orientation of cyclohexane rings is reflected by the
pseudotorsion angle C7—C12—C7'—C12' equal to —86.1(4)°,
and the mutual orientation of the pyridine rings is reflected by

the pseudotorsion angle C2—C4—C2'—C4' equal to 98.9(3)°
(symmetry code is given in Figure 6). These values correspond
to the conformation of diastereomeric form 1. On the other
hand, for the free macrocycle in solution the positions of the
amine hydrogen atoms may vary, and the geometry at the
nitrogen atoms is not necessarily fixed because of dynamic
processes. The conformation of the free L is quite similar to
that found in the diastereomeric form I Ln(III) complexes and
even more to that found in the Cd(II) and Zn(II) complexes
of L. This similarity indicates that this macrocycle is pre-
organized to form helical complexes of type I and need not to
wrap around the metal ions from a putative more flat
conformation. On the other hand, the additional bending of
Ln(IlI) complexes of type I, as well as formation of Ln(III)
complexes of type II, reflect less than perfect fit between the
cavity size of the free macrocycle and the size of the Ln(III)
ions as well as the steric effects of axial ligands.

Synthesis and Spectroscopic Characterization of the
Complexes. The [LnL"¥(H,0),](NO;); complexes can be
easily obtained in water solvent using the L* enantiomer of the
macrocycle and nitrate salts of the heavier lanthanides Tm(III),
Yb(III), and Lu(IIl). In the case of Ho(IIl) and Er(Il) the
[LnL¥(NO;)(H,0)](NO;), complexes are obtained under
analogous conditions. Similarly, chloride derivatives of the type
[LnL"(H,0),]Cl; can be obtained in water using chloride salts
of the heavier lanthanides Tm(III), Yb(III), and Lu(IIl) or
Y(III) as substrates. The CD spectra and X-ray crystal struc-
tures of the above complexes indicate that the diastereomeric
form I corresponding to the RI chirality is preferred for
complexes synthesized in water. This form seems to be more

dx.doi.org/10.1021/ic401437r | Inorg. Chem. 2013, 52, 12450—12460



Inorganic Chemistry

compatible with smaller (heavier) lanthanide(III) ions. In the
case of nitrate salts of lighter lanthanides, such as Sm(III) or
Tb(III), insoluble products were obtained, which could be
recrystallized from organic solvents to give [SmL*/(NO,)-
(H,0),](NO3), and [TbLRH(NO3)(H20)](NO3)2'0'3H20
complexes containing diastereomeric form II of macrocycle L.
This different form of the macrocycle gives rise to a different
type of solution CD spectra (Supporting Information, Figure S7).
The complexes of form I and form II exhibit different CD
spectra also for the solid samples measured as KCI pellets,
in particular in the region around 200 nm (Supporting
Information, Figure S8).

In general, smaller Ln(III) ions seem to prefer form I of the
ligand, while the larger Ln(IIl) ions seem to prefer form IL
However, the type of the diastereomer of the ligand is not
solely determined by the type of the Ln(Ill) ion, as we have
observed both forms of the macrocycle L with the same ion,
Yb(III).! Equally or more important is the solvent used for
synthesis; complexes of form I are preferred in the case of
water, while complexes of form II are preferred in the case of
organic solvents.

The '"H NMR spectra of the obtained lanthanide(III) com-
plexes indicate C, symmetry corresponding to the presence of
19 signals of equal intensity. It should be also noted that the
exchange of NH protons for deuterium in D, O solutions is very
slow (the NH signals do not completely vanish even after 2
weeks, Supporting Information, Figure S9). This behavior is
characteristic for strongly coordinated secondary amine nitro-
gen atoms that slowly undergo inversion or exchange for
deuterium.>® In the case of paramagnetic Ln(III) complexes
the signals span a wide range of chemical shifts (Figure 7),

[YbL(H,0),](NO,),

[YbL(H.0).ICl,

. : datodes =
100 50 o - 50 [epm]

Figure 7. Comparison of the "H NMR spectra (300 MHz, 298 K) of
the D,O solutions (pH = 6.5) of complexes [YbL¥(H,0),](NO;),
(top) and [YbL¥(H,0),]Cl; (bottom).

while some of the signals are not observed because of
paramagnetic broadening, particularly for the Tb(III), Ho(III),
and Er(IIT) derivatives. The C, symmetry is also in accord with
the 2D NMR spectra measured for the D,O solution of the
diamagnetic [LuL®(H,0),](NO;); complex (Figure 8, Sup-
porting Information, Figures S10—S12). The signals of this
complex can be assigned starting from the HMQC spectrum
(Supporting Information, Figure S11) identifying the two
amine proton signals el and e2 (see Figure 8 for the labeling
scheme). These are in turn COSY correlated (Supporting
Information, Figure S10) to the two analogous signals of axial
methylene protons d1, d2, as well as to the cyclohexane signals
fl and f2. The combined analysis of COSY and HMQC

spectrum allows full *C and '"H NMR spectral assignment,
even though the pair of signals bl and b2, c1 and d2, c2 and d1,
il and i2 as well as j1 and j2 are overlapped. This signal
assignment is confirmed by the NOESY spectrum (Figure 8).
Apart from the expected negative NOE-type cross-peaks,
additional positive exchange-type cross-peaks are observed in
the NOESY (Figure 8) and ROESY (Supporting Information,
Figure S12) spectra. These exchange-type correlations between
signals of c1 and ¢2, d1 and d2, f1 and 2, g1 and g2 as well as
hl and h2 indicate a chemical exchange process that
interconverts the positions denoted with 1 and those denoted
with 2 (Figure 8, Supporting Information, Figure S13). This
process corresponds to the dissociation of axial water molecules
at one side of the macrocycle followed by coordination of these
molecules at the opposite side, accompanied by the adjustment
of the macrocycle conformation (Supporting Information,
Figures S13, S14). In the case of water solution of the
[YL®(H,0),]Cl; complex, the analogous exchange of water
molecules at the two sides of the macrocycle is fast enough to
average the corresponding pairs of signals and the observed 'H,
and C NMR spectra correspond to effective D, symmetry
(Supporting Information, Figures S15—S18). The averaging of
the signals and the higher effective symmetry for the Y(III)
complex is not related to enantiomerization of the complex
(Supporting Information,. Figure S14), as it was observed for
the Ln(III) complex with the other macrocyclic ligand.'® The
slower dynamic process for the Lu(IIl) complex in comparison
with that of the Y(III) complex reflects its smaller size, higher
charge density, and stronger bonds. A similar influence of rare
earth ion size on the rigidity of complexes and the number of
ligand NMR signals has been observed previously for the series
of lanthanide(III) complexes with other ligands."

In the case of Tm(IIl), Yb(III), and Lu(Ill) derivatives
practically identical CD (Supporting Information, Figure S19)
and 'H NMR spectra (Figure 7, Supporting Information,
Figure S20) are observed for the pairs of complexes
[LnL¥(H,0),](NO,;),/[LnLY(H,0),]Cl;. As expected, the
enantiomeric complexes, for example, [YbL¥(H,0),](NO;),
and [YbL¥/(H,0),](NO;);, give mirror-like CD spectra
(Supporting Information, Figure S21). Because the NMR
spectra of paramagnetic macrocyclic Ln(III) complexes are
extremely sensitive to the type of axial ligand, the identical
spectra for the chloride and nitrate derivatives indicate that
neither nitrate nor chloride anions are coordinated to the
Ln(III) in water solutions. In these solutions complex cations
[LnL¥(H,0),]*" containing water molecule as axial ligands are
present. It is likely that the same type of cation is present in the
water solutions of the Y(III) derivative instead of the
[YLYCI(H,0)]** complex cation observed in the crystal
structure. Similarly the bulk chloride Yb(III) and Y(III)
derivatives synthesized from water solutions more likely
correspond to the formula [LnL*(H,0),]Cl; rather than the
formula [LnLMCI(H,0)]Cl, corresponding to the crystal
structures of complexes crystallized from organic solvent.

In contrast to the situation observed for water solutions,
different CD (Supporting Information, Figures S22, $23) and
"H NMR spectra (Supporting Information, Figures $24, S25)
are observed for the pairs of complexes [LnL"(H,0),]-
(NO;);/[LnL¥(H,0),]Cl; freshly dissolved in methanol or
acetonitrile. This difference must reflect the coordination of
counter-anions as axial ligands in the complex forms present in
organic solutions.
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Figure 8. NOESY spectrum of the D,O solution of the [LuL®(H,0),](NO;); complex (pH = 6.5). Green lines correspond to NOE-type

correlations and blue lines to exchange-type correlations.

Chirality Inversion. The CD spectra of water solutions of
the [LnL*(H,0),](NO;); (Ln = Tm, Lu) and [LaL¥(NO,)-
(H,0)](NOs), (Ln = Ho, Er) complexes do not change over
time. In contrast the CD spectra of the same complexes
in methanol or acetonitrile solutions gradually change. This
change corresponds to the inversion of helicity of the
complexes and transformation of the diastereomeric form I to
the diastereomeric form II (Figure 9). We have documented

15 4
— [TmL(H,0),l(NO,), freshly dissolved

104 —— [TmL(H,0),](NO,), after 1 h
—— [TmL(H,0),](NO,), after 2 h
—— [TML(H,0),](NO,), after 24 h
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-25 T T T T 1
200 220 240 260 280 300
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Figure 9. Time-dependent CD spectra of 0.25 mM acetonitrile
solutions of the [TmL¥(H,0),](NO,); complex.

previously similar process for the Yb(III) complexes, where
both diastereomeric forms were synthesized and structurally
characterized." The conversion of form I to form II is also
reflected in gradual change of '"H NMR spectra, as the two
types of complexes give rise to different signals (Figure 10,

]
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Figure 10. Time-dependent 'H NMR spectra recorded for the
CD;0D solution of [LuL¥(H,0),](NO,);. Open circles indicate
signals of diastereomer I, squares indicate signals of diastereomer IL

Supporting Information, Figure S$24). It should be noted that
the NMR spectra measured immediately after dissolution of the
[LnL¥(H,0),](NO;); (Ln = Tm, Yb, Lu) complexes in
CD;0D or CD;CN are markedly different from those recorded
for D,O solutions of these complexes. The lines are severely
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broadened and correspond to decisively different chemical
shifts. This difference has to arise from replacement of at least
part of the axial water molecules by nitrate anions bound in
axial positions. The additional line broadening indicates
chemical exchange effects superimposed on paramagnetic
relaxation. Although the exact nature of the complex form
present at this stage is not known, most likely it corresponds to
species with two axial nitrate ligands [LnL™(NOj;),]* in
equilibrium with other forms such as [LnL®(NO,)(H,0)]*".
The formation of cations [LnLM(NO,),]* is practically
immediate, as the ligand exchange in macrocyclic complexes
of fluxional Ln(III) ions is a fast process. The subsequent
spectral changes reflect much slower macrocycle rearrangement
to diastereomeric form II in the [LnL**(NO,),]" cation.

The comparison of the CD spectra measured over time for
the series of Tm—Lu nitrate derivatives indicates decreasing extent
of spectral changes (Figure 9 and Supporting Information,
Figure S22), suggesting that for the [LuL*(H,0),](NO;); the
conversion is incomplete. This conclusion is supported by the
comparison of spectral changes in the 'H NMR spectra
recorded over time for this series of nitrate complexes in
organic solvents. While the conversion of complex form I to
complex form II is practically complete for the Tm(III)
complex and almost complete for the Yb(III) complexes
(Supporting Information, Figure S$24), the equilibrium
corresponding roughly to equal concentrations of form I and
II is reached for the Lu(Ill) derivative (Figure 10). These
differences reflect the preference of the smallest Lu(III) ion for
the more compact, twisted form I. This preference is not fully
reversed by the application of organic solvent.

In contrast to the behavior of nitrate derivatives, the CD
and "H NMR spectra of chloride derivatives [LnL"(H,0),]Cl,
(Ln = Tm, Yb, Lu) do not change over time both for water
solutions and for the methanol or acetonitrile solutions
(Supporting Information, Figure S23). This difference shows
that the conversion of diastereomeric form I to form II is anion
dependent. Most likely it reflects the tendency of nitrate anion
to axial coordination in a bidentate mode. In contrast to water
solvent used for the synthesis, the organic solvents used for the
monitoring of spectral changes favor less ionic complex forms,
for example, [LnL*(NO,),]* cation in comparison with
the original [LnL*(H,0),]** cation. The observed chirality
inversion is likely related to sterical preferences of the two
forms. In the more compact form I less space is available for the
coordination of two axial bidentate ligands at the same face of
the macrocycle. In a more “flat” form II the axial ligands can be
bound at both faces of the macrocycle, thus enabling formation
of 10-coordinate complexes with two bidentate nitrate anions.
This mechanism explains the reason why the chloride deriva-
tives do not undergo diastereomeric conversion in organic
solvents: the monodentate chloride axial ligand is less sterically
demanding in comparison with the bidentate nitrate ligand.
Additionally, the chloride anion has a lower tendency to
coordinate to the hard Ln(III) ions and competes less strongly
with water molecules for axial coordination sites. Indeed the
comparison of the NMR spectra of the freshly prepared
solutions of the paramagnetic complexes [TmL*(H,0),]Cl,
and [YbL¥(H,0),]Cl; in CD;0D with those in D,O reveals
quite similar spectra. This similarity most likely points to a
limited replacement of axial water molecules and formation of
species such as [LnL"'CI(H,0)]*" and [LnL"Cl,]*, which are
in a (fast on the NMR time scale) equilibrium with the intact
dominant cation [LnL¥(H,0),]*".

Since axial ligands can be easily exchanged in the macrocyclic
Ln(III) complexes,*™?° the above mechanism should be verified
by exchange of the chloride counteranion for the nitrate
counteranion; this exchange should trigger the chirality
inversion process. To test this hypothesis we have added
sodium nitrate to solutions of [LnL¥(H,0),]Cl, (Ln = Tm,
Yb, Lu) complexes in methanol and monitored the reaction by
CD and 'H NMR. The exchange of anion resulted in the
immediate change of the CD spectrum, which then gradually
changed again over time (Figure 11). The change of the

10+ [TmL(H,0),C!. after
dissolution and addition of NaNQ,
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Figure 11. Time-dependent CD spectra of 0.125 mM methanol

solution of [TmLY(H,0),]Cl; complex measured after addition of
NaNO, (0.75 mM).

spectrum immediately after addition of nitrate anions reflects
axial ligand exchange, since it is a fast process for Ln(III)
macrocyclic complexes.®*° Similar behavior was also reflected
by the '"H NMR spectra. For instance the spectrum measured
directly after addition of 6 equiv of NaNO; to the solution of
[YbL¥(H,0),]Cl; in CD,0D indicates a dynamic mixture of
species such as [YbLYCI(NO;)]*, YbL®(NO;)(H,0)]*, or
[YbLY(NO,),]". With time a new set of signals gradually appear,
which dominate the spectrum measured after 24 h (Supporting
Information, Figure S26). The spectral pattern of the final
species is similar, but not identical to that of the final species
obtained for the nitrate derivative, that is to the [YbL®(NO,),]*
complex cation (Supporting Information, Figure S27). Never-
theless the final product is a [YbL*M(NO;),]" cation in
equilibrium (fast on the NMR time scale) with species such as
[YbLR(NO;)CI]* or [YbLRCL]*. The replacement of
chloride for nitrate is simply not complete and both anions
compete for the Ln(IIl) ion complexed by diastereomeric form
IT of the macrocycle. This can be proved by gradual addition of
chloride anions to the solution of the final [YbL*¥(NO;),]*
complex resulting from the conversion of [YbLY(H,O),]-
(NO,); in CD,0OD. The '"H NMR spectrum recorded for such
a titration experiment is practically identical to the final spectrum
recorded for the reaction of chloride complex with NaNO,
(Supporting Information, Figure $28). In summary, the nitrate
anion can replace the chloride anion in the [YbL¥(H,0),]Cl,
complexes and trigger chirality inversion, although this process
is partly obscured by mixed species of the type [YbL*(NO,)CI]*
and [YbLRY(NO,)CI]". A similar situation was observed for the
addition of NaNO; to the chloride complexes of Tm(IIl) and
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Lu(III) (Supporting Information, Figure $S26). In the case of
Lu(III) derivative only partial conversion of form I to form II is
observed, similarly to what was observed for the nitrate
complex itself.

B CONCLUSIONS

The crystal structures of the lanthanide(III) complexes with
chiral macrocycle L indicate that this ligand can exist in
diastereomeric forms I and II. Form I is more compact as a
result of considerable twist and fold of the macrocycle, and this
form imposes coordination of axial ligands at the same face of
the macrocycle. The nitrate complexes [LnL"(H,0),](NO;),
(Ln = Ho—Lu) of the diastereomeric form I of the ligand
slowly convert to complexes of the diastereomeric form II after
dissolution in organic solvents. This process of chirality
inversion in organic solvent is not observed for analogous
chloride derivatives. It can be triggered, however, by addition of
external nitrate anions to [LnL®(H,0),]Cl; (Ln = Tm—Lu)
complexes. This addition results in initial fast anion exchange,
followed by a slow chirality inversion process. The simplified
chirality inversion scheme for the Tm(III), Yb(III), and Lu(III)
complexes is presented below.

Ln{NO3)z

MeOH .
LR s [LnLRYH,0),1(NOs); — = [LnLF(NO;),](NO3)
H,0
[LnL®(NO3),(NO3)
NaNQO;
LnLRcLle
A
LnC[3 MeOH >’\
LR —— [LnLR(H,0)5]C0; ———> [LnL¥(H,0),ICl;
H,0
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