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ABSTRACT: A cluster of lanthanide(IIl) or yttrium(III) ions, Lny(u;-OH),,
(Ln(III) = Nd(IIT), Sm(III), Eu(III), GA(III), Th(III), Dy(III), Yb(III), or
Y(IIT)) can be bound in the center of a chiral macrocyclic amines H,L1%,
H,L15 and H,L2° obtained in a reduction of a 3 + 3 condensation product of
(1R2R)- or (18,25)-1,2-diaminocyclohexane and 2,6-diformyl-4-methylphenol
or 2,6-diformyl-4-tertbutylphenol. X-ray crystal structures of the Nd(III),
Sm(III), Gd(III), Dy(IIT), and Y(III) complexes reveal trinuclear complexes
with Ln(III) ions bridged by the phenolate oxygen atoms of the macrocycle as
well as by p;-hydroxo bridges. In the case of the Nd(III) ion, another complex
form can be obtained, whose X-ray crystal structure reveals two trinuclear
macrocyclic units additionally bridged by hydroxide anions, corresponding
to a [Lny(u;-OH)],(u,-OH), cluster encapsulated by two macrocycles. The

formation of trinuclear complexes is confirmed additionally by 'H NMR, electrospray ionization mass spectrometry (ESI MS),
and elemental analyses. Titrations of free macrocycles with Sm(III) or Y(III) salts and KOH also indicate that a trinuclear
complex is formed in solution. On the other hand, analogous titrations with La(III) salt indicate that this kind of complex is not
formed even with the excess of La(Ill) salt. The magnetic data for the trinuclear Gd(III) indicate weak antiferromagnetic
coupling (J = —0.17 cm™") between the Gd(III) ions. For the trinuclear Dy(IIT) and Tb(III) complexes the y,T vs T plots
indicate a more complicated dependence, resulting from the combination of thermal depopulation of m; sublevels, magnetic

anisotropy, and possibly weak antiferromagnetic and ferromagnetic interactions.

B INTRODUCTION applications of their complexes. The macrocyclic and chelate

Chiral 3 + 3 macrocycles (Figure 1) are interesting ligands that
form a variety of lanthanide and transition metal complexes.' ™
In a previous communication we have reported the X-ray crystal
structure of a trinuclear, hydroxo-bridged Eu(III) complex of the
deprotonated form of a large chiral macrocyclic amine L1*
(Figure 1), and we have shown the encapsulation of the Eus(u5-
OH), cluster within a macrocyclic environment." In a more
recent communication the synthesis of the analogous trinuclear
Dy(IlI) complexes of L1 and analysis of their magnetic
properties, consistent with sin§le-molecule magnet (SMM)
behavior, have been described.” Macrocycle L1* forms also
mononuclear complexes with Ln(III) ions® as well as trinuclear
complexes with transition metal ions.* Similarly, the related
3 + 3 macrocycle L3 forms mononuclear Ln(III) complexes®
and trinuclear transition metal complexes,® while macrocycle L4,
which is the 3 + 3 Schiff base analogue of L2, forms trinuclear
double-decker zinc complexes’ (Figure 1).

Here we describe the synthesis, spectroscopic characterization,
magnetic properties, and crystal structures of a series of new
trinuclear Ln(III) complexes of L1* and related macrocycles L1°,
L2" L2° (Figure 1). Since the applied macrocycles are chiral and
can be obtained in an enantiopure form, their polynuclear
complexes may combine magnetic properties with chirality.®

Lanthanide(III) ions exhibit interesting magnetic, spectro-
scopic, and chemical properties that are the basis of important
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Gd(III) complexes are widely used in medical diagnostics as
contrast enhancing agents for magnetic resonance imaging
(MRI).” Ln(III) complexes are used also as catalysts, spectro-
scopic probes, and shift reagents and are tested as photosensitizers
for cancer therapy and materials for liquid crystal displays. Some
of the potential applications of Ln(IIl) compounds are related to
polynuclear {-f complexes, and the coordination chemistry of these
complexes attracts increasing attention. For instance complexes
containing several Gd(III) ions are studied as improved contrast
enhancing agents for MRL,'® polynuclear complexes containing
highly paramagnetic ions such as Gd(III), Dy(Ill), or Tb(III) are
interesting molecular magnets,u_14 and multimetallic lanthanide
complexes are studied as artificial nucleases.'>'® Despite many
elegant molecular complexes containing more than one Ln(III)
ion having been obtained,'’ ™" the rational synthesis of molecular
polynuclear lanthanide(III) complexes is still a challenging task.
It is difficult to precisely control the coordination environment
around the Ln(III) ion because of variable coordination numbers
of Ln(III) ions, poorly defined steric and electronic requirements,
and often highly fluxional character of their complexes.

One of the most important classes of polynuclear lanthanide-
(TII) complexes is based on hydroxo-bridges. Many interesting
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Figure 1. Trinuclear complexes of macrocycles L1—L4 ((RRRRRR) isomers shown).

polynuclear hydroxo-bridged clusters'®?® and coordination

polymers™' containing f-elements have been obtained, but
their characterization was usually limited to the solid-state. On
the other hand, the number of hydroxo-bridged polynuclear
f-f complexes well-defined and well characterized in solution
is much smaller."®'® Some of the polynuclear Ln(III) complexes
contain the Lny(u3-OH), cluster, in particular the molecular
complexes based on the Dy;(;-OH), core behave as single-
molecule magnets (SMMs)."" Similar trinuclear hydroxo-bridged
structural motifs can be found in d-f magnetic materials,"* in f-f
coordination polymers,*" and in Ln(III) clusters which are active
in hydrolytic cleavage of DNA and RNA.'

B EXPERIMENTAL SECTION

Syntheses. Macrocyclic amine H;L1® was synthesized as described
previously,”* the enantiomer H;L1° has been obtained similarly by
reducing the corresponding 3 + 3 Schiff base derived from trans-
(18,2S)-diaminocyclohexane with NaBH,,

H,L2%, H;L25 were synthesized by reducing the analogous 3 + 3
Schiff base” with tert-butyl substituents. To the solution of (1R2R)-
1,2-diaminocyclohexane (1.00 g, 8.76 mmol) in SO mL of acetonitrile,
2,6-diformyl-4-tertbutylphenol (1.807 g, 8.76 mmol) was added. The
resulting mixture became yellow, and the precipitate which was formed
after 24 h of stirring at RT was collected and dried under vacuum. The
formed Schiff base L4’ (1.00 g, 1.17 mmol) was dissolved in 30 mL
of methanol, and NaBH, (0.531 g, 14.04 mmol) was slowly added in
for 1 h. The resulting mixture was evaporated to dryness, dissolved in
water (200 mL), and then extracted with dichloromethane (2 X
100 mL). The collected organic fraction was dried over the potassium
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carbonate, filtered, and the solvent was removed giving a yellow solid.
Yield: 88%. Anal. Calcd for Cy,Hg,NsO;: C, 74.96; H, 9.78; N, 9.71.
Found: C, 75.05; H, 9.98; N, 9.59. ESI-MS - M(+) m/z: 865
[H,L2%]*. "TH NMR (500 MHz, CD,0D): 1.05, 1.19, 1.28, 1.71, 2.18,
2.25, 3.74, 3.99, 7.03 ppm.

[Y3L1°Cl3(OH),]CI-4CH;0H-H,0 (1). A solution of KOH (24.7 mg,
0.441 mmol) in 3 mL of methanol was added dropwise to the stirred
solution of HyL1% (78.5 mg, 0.088 mmol) and YCl,-6H,0 (133.8 mg,
0.441 mmol) in 10 mL of methanol. The resulting mixture was stirred
for 40 h at RT and then left for slow evaporation of the solvent. After
the total volume of the solution decreased by half, colorless crystals
were formed. The crystal suitable for X-ray analysis was taken directly
from the solution, and the rest of the sample was filtered and washed
with small amount of cold methanol and dried in air. Yield: 26%.
Anal. Caled for C,HgCLNO, Yy C, 4443; H, 6.32; Cl, 10.7;
N, 6.34. Found: C, 44.54; H, 6.08; Cl, 10.35; N, 6.30. '"H NMR
(500 MHz, CD,0D): 0.96 (m, 2H, NHCHCH,CH,-), 1.28 (m,
2H, NHCHCH,CH,-), 1.83 (m, 2H, NHCHCH,CH,—), 2.21 (s, 3H,
—CH;), 2.57 (m, 2H, NHCHCH,CH,-), 3.46 (m, 2H,
NHCHCH,CH,—-), 4.19 (br, 2H, —CH,-), 6.98 (s, 4H, ArH) ppm.

[Sm;L1R(NO3);(OH),INO5-8H,0 (2). Solution of NaOH (13.4 mg,
0.335 mmol) in 2 mL of methanol was added dropwise to the stirred
solution of H;L2% (82.5 mg, 0.112 mmol) and Sm(NO;);-6H,0
(148.9 mg, 0.335 mmol) in S mL of methanol. The mixture was stirred
for 20 h at room temperature (RT), and the obtained precipitate was
filtered, washed with small amount of methanol, and dried under
vacuum. Yield: 43.3%. Anal. Calcd for C,sHg;N;,0,;Sm;: C, 33.50; H,
5.06; N, 8.68. Found: C, 33.38; H, 4.89; N, 8.63. ESL-MS - M(+) m/z:
1390 [Sm;L1R(NO,);(0OH),]", 663 [Sm;L1¥}(NO;),(OH),]**. 'H
NMR (500 MHz, CD;0D/CDCl,, (v/v 1:1)): —6.58, 2.70, 2.75, 2.90,
3.50, 3.73, 4.44, 6.65, 13.32 ppm.
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[Sm3LT3(NO;)5(OH),JNO;-10CH;0H (3). To the solution of HyL1°
(6.1 mg, 0.0068 mmol) and Sm(NO,);:6H,0 (9.1 mg, 20.6 mmol)
dissolved in 1 mL of deuterated methanol in the NMR tube, a solution
of KOH in deuterated methanol was added in portions. The final
overall molar ratio of L15 to KOH was 1 to S. After 48 h crystals
suitable for X-ray analysis were formed in the NMR tube from which
they were taken directly. The remaining crystals were filtered and
washed with a small amount of cold methanol and dried in air. Yield:
about 19%. Anal. Calcd for CysH 35N ,(O,,Sm;: C, 36.91; H, 591; N,
7.83. Found: C, 37.10; H, 5.82; N, 7.90.

The compounds 4—7 were obtained according to the same
procedure as the compound 2. All of them were dried in vacuum.

[TbsL 1R(NO;)5(OH),INO;-3.5H,0 (4). Yield: 39.1%. Anal. Calcd for
C4sH,,N 0,0 sTbs: C, 34.68; H, 4.65; N, 8.99. Found: C, 34.74; H,
4.56; N, 8.90. ESLMS - M(+) m/z: 1417 [Tb,L1IX(NO,),(OH),]*,
677 [TbsL1}(NO,),(OH),]*". 'TH NMR (500 MHz, CD;0D/CDCl,,
(v/v 1:1)): =29.2, —8.3, 10.0, 2441, 39.2, 74.4, 100.0, 127.1, 183.0 ppm.

[Dy;L1R(NO3);(OH),JNO5-6H,0 (5). Yield: 30.8%. Anal. Calcd for
C,sH,7N,0,;3Dy;: C, 33.49; H, 4.81; N, 8.68. Found: 33.64; H, 4.86;
N, 8.66. ESI-MS - M(+) m/z: 1427 [Dy,L1}(NO,);(OH),]*, 683
[Dy,L1X(NO,),(OH),]**. 'H NMR (500 MHz, CD,0D/CDCl,, (v/v
1:1)): 32.77, 62.23, 94.96, 102.00, 134.10, 179.80, 231.26 ppm.

[Tm;L1R(NO3)(OH),INO;-7H,0 (6). Yield: 30.6%. Anal. Calcd for
CysHoN,,0,,Tmy: C, 32.74; H, 4.82; N, 8.43. Found: C, 32.53; H,
4.82; N, 827. ESI-MS - M(+) m/z: 1447 [Tm,L1¥(NO,),(OH),]*,
693 [HosL1¥(NO,),(OH),]*". 'H NMR (500 MHz, CD,0D/D,0,
(v/v 1:1)): —262.0, —158.09, —97.0, —82.85, —65.67, —27.70, —23.70,
0.4, 19.0 ppm.

[YbsL17(NO3)(OH),INO3-11H,0 (7). Yield: 28.6%. Anal. Caled for
C,sHgN,,054Ybs: C, 31.15; H, 5.05; N, 8.07. Found: 30.98; H, 4.50;
N, 8.02. ESI-MS - M(+) m/z: 1458 [Yb,LI*(NO,);(OH),]*, 698
[Yb,L1}(NO;),(OH),]*. '"H NMR (500 MHz, CD;0D/D,0, (v/v
1:1)): —76.01, —48.05, —33.13, —25.00, —19.69, —13.88, —11.50,
—9.77, 1309 ppm.

[Sm;L25(NO3)5(OH),INO3-3CH;0H-3H,0 (8). Sm(NO,)4-6H,0
(5334 mg, 1.2 mmol) was added to the solution of L2° (346.1 mg,
0.4 mmol) dissolved in 10 mL of methanol and was stirred until it was
completely dissolved. Triethylamine (0.28 mL, 2 mmol) was then
added, and the solution was stirred again for 1 h and left at RT for the
slow evaporation of the solvent without stirring. Four days later white
crystals useful for X-ray analysis were formed. They were separated
by decantation, washed with a small amount of methanol, and dried.
Yield: 16.8%. Anal. Calcd for Co,HyqN,gO,:Smy: C, 38.08; H, 5.62;
N, 8.22. Found: C, 37.93; H, 5.74; N, 8.37. 'H NMR (500 MHz,
CD;0H/D,0 v/v 1/1): —6.43, 1.62, 2.60, 2.80, 3.22, 3.4, 3.57, 4.33,
4.66, 6.51,7.97. "H NMR (500 MHz, CD;0H): —4.13, —1.15, —0.52,
0.90, 1.46, 2.12, 2.29, 2.45, 2.78, 2.98, 3.51, 3.67, 3.87, 4.04, 4.36, 4.52,
4.65, 4.80, 5.46, 6.19, 6.33, 6.53, 6.58, 6.75, 6.85, 6.98, 7.69, 7.92, 8.27,
8.64, 9.26, 9.74, 10.90.

The compounds 9—14 were obtained according to the same
procedure as the compound 8.

[Sm3L2R(NO;);(OH),INO;-3CH;0H-3H,0 (9). Yield: 23.6%. Anal.
Caled for Cy;H;oN;(O,0Smy: C, 37.17; H, 5.54; N, 7.61. Found: C,
38.00; H, 5.80; N, 7.88. '"H NMR is in accordance with the compound 8.

[Gd;3L25(NO3)5(OH),JNO3-2CH;0H-2H,0 (10). Yield 45.7%. Anal.
Caled for Cg4HysGd3N,O,5: C, 37.23; H, 5.61; N, 8.04. Found: C,
37.24; H, 5.30; N, 7.80.

[Gd;L2R(NOs)5(OH),INO;-2CH;0H-2H,0 (11). Yield 45.7%. Anal.
Caled for CgHysGd3N,O,5: C, 37.23; H, 5.61; N, 8.04. Found: C,
37.24; H, 530; N, 7.80. ESLMS - M(+) m/z: 1458 714.7
{[GdsL_»31](0),(NO;)}*, 5108 [GdL_y]*.

[Nd5L2°(NO3)5(OH),JNO3-2CH;0H-2H,0 (12). Yield 46.9%. Anal.
Calcd for CyHysNd;N,O,5: C, 38.44; H, 5.69; N, 8.30. Found: C,
38.24; H, 5.30; N, 8.10 . '"H NMR (500 MHz, CD,0H/D,0 v/v 1/1):
—18.32, 0.81, 6.93, 7.32, 9.80, 10.59, 11.64, 12.23, 19.8171 (Figure 2).

[Dy;L25(NOs);(OH),INO5-2CH;0H-2H,0 (13). Yield 42.4%. Anal.
Caled for Cs,HosDy;N 40,5 C, 37.27; H, 5.51; N, 8.0S. Found: C,
3794; H, 5.37; N, 8.15 .

[EusL25(NO3)3(OH),INO;-3CH;0H-3H,0 (14). Yield 72.9%. Anal.
Caled for CyH o EusN;(O,: C, 37.57; H, 5.79; N, 7.97. Found: C,

37.37; H, 5.36; N, 7.83. '"H NMR (500 MHz, CD,0H/D,0 v/v 1/1):
—22.31, —1841, —12.05, —8.33, —6.85, —5.64, —4.39, —1.91, —0.61,
2841 (Figure 2). ESI-MS - M(+) m/z: 1538.4 [EusL2%(NO,);(OH),]*,
738.2 [EusL2R(NO;),(OH), >

[Las(L1%),(NO3)3]-3CH;0H-H,0 (15). A solution of KOH (35.0 mg,
0.625 mmol) in S mL of methanol was added dropwise to the stirred
solution of H;L1% (112.0 mg, 0.125 mmol) and La(NO,);-6H,0
(270.6 mg, 0.625 mmol) in 15 mL of methanol. The resulting mixture
was stirred for 40 h at RT and then left for slow evaporation of the
solvent. After the total volume of the solution decreased by half,
colorless crystals were formed. The crystal suitable for X-ray analysis
was taken directly from the solution, and the rest of the sample was
filtered and washed with small amount of cold methanol and dried in
air. Yield: 35%. Anal. Calcd for Co;H ;4N 5O gLas: C, 51.03; H, 6.45;
N, 9.60. Found: C, 51.10; H, 6.58; N, 9.55. 'H NMR (500 MHz,
CD,0D): 0.26, 0.37, 0.56, 0.71, 0.99, 1.13, 1.50, 1.63, 1.75, 2.01, 2.10,
229, 2.41, 2.47, 2.70, 2.78, 2.81, 3.01, 3.09, 3.23, 3.42, 3.4, 3.47, 3.53,
3.56, 3.68, 3.81, 3.93, 4.70, 5.04, 6.43, 6.59, 6.77, 6.85, 6.98, 7.04 ppm.
ESI-MS - M(+) m/z: 2111.7 [La;(L1%),(NO;),(H,0),H]*".

Measurements. The NMR spectra were taken on Bruker Avance
500 and AMX 300 spectrometers. The positive-mode electrospray
mass spectra of water/methanol solutions were obtained using a
Bruker microOTOF-Q_ instrument. The elemental analyses were
carried out on a Perkin-Elmer 2400 CHN elemental analyzer. The CD
spectra were measured on a Jasco J-715 Spectropolarimeter. Electronic
spectra were measured on a Cary S UV—vis-NIR spectrophotometer.

Variable temperature magnetizations (1.8—300 K) were measured
using a Quantum Design SQUID-based MPMSXL-S-type magneto-
meter with field strength ranging from 0 to 5 T. The SQUID magneto-
meter was calibrated with the palladium rod sample. Background
corrections for the sample holder and diamagnetic contribution
estimated from the Pascal constants> were applied.

Crystal Structure Determination. The crystals of 1 and 8—13
were obtained by slow evaporation of the solvent from the mother
liquor in which the syntheses were carried out. In case of compound 3
the crystals suitable for X-ray analysis were formed in the NMR tube
from which they were taken directly.

The crystallographic measurements were performed at 90—
120(2) K (Table 1) on a k-geometry Xcalibur PX (@ and ¢ scan)
or Kuma KM4CCD (w scan) four-circle diffractometer with graphite-
monochromatized MoK, radiation. Data were corrected for Lorentz
and polarization effects. Data collection, cell refinement, data reduc-
tion 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 1, 3, 8, and 10 were solved by direct methods using the
SHELXS-97 program”® and refined on F* by a full-matrix least-squares
technique using SHELXL-97>° 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 com-
pounds 9, 11, 12, and 13 are isomorphous with 10, the refinements
of their structures were started by using the coordinates of ordered
heavy atoms taken from complex 10 (in the case of 9 and 11, atom
coordinates were changed into —x+1, —y+1, —z+1). All H atoms were
treated as riding atoms in geometrically optimized positions, with
O—H = 0.84—1.00 A, N-H = 0.93 A, C—H = 0.95—1.00 A, and with
Uiso(H) = 1.2U,(parent atom) for OH, NH, CH,, or 1.5U,y(parent
atom) for Me—OH, CH;. Water H atoms were not found in difference
Fourier maps. Figures gresenting the molecular structures were made
with the DIAMOND?® program.

All crystals are slightly disordered, mainly in the regions of axial
ligands and uncoordinated solvent molecules or nitrate ions. 1 and 3
are mixed crystals containing two types of cations. In 1 two different
complex cations may be distinguished in the same, symmetrically
equivalent position: [Y;L1°Cly(OH),(MeOH),(H,0)]* with s.of. =
0.63(3) and [Y,L15Cl;(OH),(MeOH)(H,0),]" with s.o.f. = 0.37(3).
Independently, the uncoordinated CI™ ion is disordered into two
positions with s.o.f. = 0.86(1), 0.14(1).

Similarly in 3, two different complex cations may be distinguished in
the same position: [Sm;L15(NO;);(OH),(MeOH),(H,0)]* with

dx.doi.org/10.1021/ic400508y | Inorg. Chem. 2013, 52, 12893—12903
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Inorganic Chemistry

s.of = 0.61(2) and [Sm,L15(NO;);(OH),(MeOH),]* with s.of. =
0.39(2). Additionally, the disorder of the complex cation is correlated
with the disorder of the uncoordinated MeOH molecule (O4M—C4M
with s.of. = 0.61(2)). Another uncoordinated MeOH molecule is
not fully occupied (O10M—C10M, s.o.f. = 0.73(3)). Therefore, the
formula [Sm,;L15(NO,);(OH),(MeOH),(H,0)][Sm,L15-
(NO;);(OH),(MeOH);],4,NO;:6.3MeOH, accepted in the final
model, corresponds to the existence of two complexes, [Sm;L15(NO;);-
(OH),(MeOH),(H,0)](NO;)-6.7MeOH and [Sm;L1%-
(NO;);(OH),(MeOH);](NO;)-5.7MeOH, randomly occupying the
crystallographic sites of the unit cell in a 0.6:0.4 ratio.

The complex cation in [Sm;L25(NO;);(OH),(H,0);]NO;-3MeOH
(8) lies in a special position with the bridging OH groups lying on a
3-fold axis. The axial positions at the Sm(III) ion are occupied by
nitrate ions and water molecules in a disordered manner. Thus, there
are positions of three NO;™ at the same face of the macrocyclic system,
and corresponding positions of three water molecules at the opposite
side, with s.o.f. = 0.60(2), and there are also reversed positions with
s.o.f. = 0.40(2). This means that two different orientations of the same
[Sm,;L25(NO;);(OH),(H,0),]" cation occur in the crystal lattice in a
0.6:0.4 ratio. The t-Bu groups of the macrocyclic ligand are disordered,
and they were modeled with Me groups in two positions with s.o.f. =
0.59(2) and 0.41(2). Uncoordinated MeOH molecule is disordered
into two sites with s.o.f. = 0.56(3) and 0.44(3). Uncoordinated nitrate
counterions were not found in the refinement procedure. They
are supposed to be highly disordered and fill the voids of about
320 A’ present in the crystal (960 A® per unit cell volume of
6136.8(17) A%).

In the isomorphous crystals 9, 10, 11, 12, and 13, of the general
composition {[Ln;L2°(NO,),(OH),(MeOH),(H,0),](NO;),}[Ln;-
L25(NO,),(OH),(H,0),]-6MeOH for 10, 12, and 13, {[Ln,L2%
(NO;),(OH),(MeOH),(H,0),] (NO3)2}~[Ln3L2R(NO3)4(OH)2—
(H,0),]-6MeOH for 11, and {[Sm;L28(NO;),(0OH),-
(H20)4]0,5[sz,LzR(NO3)2(OH)2(MQOH)2(H20)2]0.4(NO3)2}'
[Sm;L2%(NO,),(OH),(H,0),]-4.8MeOH for 9, both the complex
cation (denoted as A) and the complex molecule (B) lie in a special
position, that is on a 2-fold axis crossing Ln2, one of the aromatic rings
(atoms O1, C1, C4, CS) and one of the cycohexyl ring (centers of two
C—C bonds). All t-Bu groups are disordered and modeled with Me
groups in two positions. The s.o.f. of these Me groups are equal to
0.5 for t-Bu groups lying on 2-fold axes, in other cases of -Bu groups
lying in general positions the s.o.f. values were refined; final s.of. =
0.56(2)/0.44(2) and 0.72(2)/0.28(2) for A and B, respectively in 12,
0.56(2)/0.44(2) and 0.74(2)/0.26(2) for A and B, respectively in 9,
0.60(2)/0.40(2) and 0.72(2)/0.28(2) for A and B, respectively in 10,
0.59(2)/0.41(2) and 0.68(2)/0.32(2) for A and B, respectively in 11,
0.64(2)/0.36(2) and 0.67(2)/0.33(2) for A and B, respectively in 13.
In complexes 9, 10, 11, 12, and 13, one of the axial nitrate ions
(denoted as N4) is disordered in both the complex cation (A) and
complex molecule (B). This anion was modeled with some of the
atoms disordered in two positions, that is, two O atoms of the NO3
group in two positions with s.o.f. = 0.69(2)/0.31(2) and 0.64(3)/
0.36(3) for A and B, respectively in 12, 0.64(2)/0.36(2) and 0.60(2)/
0.40(2) for A and B, respectively in 10, 0.62(2)/0.38(2) and 0.55(2)/
0.45(2) for A and B, respectively in 13, 0.65(3)/0.35(3) for Ain 11, N
atom and two O atoms of the NO3 group in two positions with s.o.f. =
0.65(2)/0.35(2) for A in 9, three O atoms of NO3 group in two
positions with s.o.f. = 0.67(2)/0.33(2) for B in 9, and all nitrate atoms in
two positions with s.o.f. = 0.54(3)/0.46(3) for B in 11. Additionally, for
the complex cation B in 9 and 12, the other nitrate ion is disordered and
modeled with a N atom and two O atoms occupying two positions with
s.of = 0.51(2) and 0.49(2) (for 9) or with three O atoms occupying
two positions with s.of. = 0.57(2) and 0.43(2) (for 12).

In addition to the disorder described above, 9 is a mixed crystal,
because of the presence of two different complex cations (A) randomly
occupying the crystallographic sites of the unit cell in a 0.6:0.4 ratio:
[Sm,L2%(NO,),(0OH),(H,0),]** (with s.o.f. = 0.57(3)) and [Sm,L2%
(NO;),(OH),(MeOH),(H,0),]>" (with s.o.f = 0.43(3)). Because
two out of three uncoordinated MeOH molecules are
not fully occupied (s.of. = 0.67(2) for O3M—C3M and 0.66(2) for

04M—C4M), the finally accepted formula is {[Sm;L2%-
(Nos)z(OH)z(Hzo)4]0.6[SmstR(Noa)z(OH)z(MeOH)z(Hzo)z]o.4'
(NO,),}-[SmyL28(NO),(OH),(H,0),]-4.8MeOH.

Some geometrical restraints (SADI, DFIX, SAME instructions in
SHELXL-97), restraints on anisotropic displacement parameters (SIMU
or ISOR instructions), as well as constraints on the fractional co-
ordinates and anisotropic displacement parameters (EXYZ and EADP
instructions) were applied in the refinement procedures if appropriate.
Details are given in the crystallographic information file (CIF) provided
as Supporting Information.

B RESULTS AND DISCUSSION

Synthesis and Spectra. The macrocycles L1 and L2 react
in methanol or water/methanol solvents with 3 equiv of
lanthanide nitrates or chlorides and S equiv of base to give
trinuclear complexes. Similar products are obtained with sodium
hydroxide, potassium hydroxide, and triethylamine as a
hydroxide source. These complexes can be obtained (with
lower yields) also by using only 3 equiv of base. On the other
hand, without the added base the reaction of these macrocycles
with 3 equiv of lanthanide nitrates or chlorides results in
mononuclear complexes of partially protonated macrocycles. The
obtained trinuclear complexes dissolved in D,0/CD;0D give
rise to simple 'H NMR spectra consisting of 9 nonexchange-
able lines, corresponding to effective D symmetry (Figure 2).

DU ¥
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30 20 10 0 -10 -20 [ppm]

Figure 2. '"H NMR spectra of 14 (top) and 12 (bottom) complexes
(D,0/CD;0D, 298 K).

This spectral pattern easily distinguishes them from the mono-
nuclear complexes of protonated macrocycles, [LnH,L(NO;),]-
(NO,),, which exhibit 26 nonexchangeable 'H NMR signals
corresponding to C, symmetry or the dinuclear complexes, such
as Na;[Pr,L(NO;),(OH),],NO;, exhibiting 51 nonexchangeable
'H NMR signals corresponding to C; symmetry.” The line
widths of the discussed trinuclear Eu(III) and Nd(III) complexes
are larger than those observed for other paramagnetic Nd(III)
and Eu(1IT) macrocycles with similar metal-proton distances;”"”
thus line broadening is probably a result of both paramagnetic
relaxation and chemical exchange. The relatively broad bands
indicate that the effective D; symmetry observed in solution
likely results from the dynamic exchange of axial ligands (fast on
the NMR time scale) among the various low-symmetry species.
In particular this exchange seems to be more pronounced in

dx.doi.org/10.1021/ic400508y | Inorg. Chem. 2013, 52, 12893—12903
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solutions containing water, where water molecule is probably the
dominant axial ligand.

While the trinuclear Ln(III)complexes of L1 and L2 usually
form easily in solution in the presence of excess of Ln(III) salts
(except the largest Ln(III) ions) and base as judged by NMR
spectra of species generated in situ, the isolation of pure solids
in some cases was unsuccessful. For instance the reactions of the
discussed macrocycles with samarium(III) nitrate or yttrium(III)
chloride proceeded smoothly, but the analogous products
obtained with yttrium(III) nitrate or lutetium(III) nitrate
revealed complicated NMR spectra indicating mixtures of
products.

We have also performed 'H NMR titrations of the free ligand
with 3 equiv of Y(III) (Figure 3, Supporting Information,

M L

J
]
K st

[

N
T T T T T T

T
2 [ppm]

T

igfz:;:;gtﬂ

Figure 3. (A) 'H NMR spectrum (CD;0D) obtained after addition of
3 equiv of YCl;-6H,O to 1 equiv of H;L1% (B—I) spectra obtained
after subsequent additions of 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, and 5.0
equiv of KOH, respectively; (J—L) spectra of the sample I recorded
after 24, 48, and 70 h, respectively; (M) the NMR spectrum of the
crystals of the isolated complex 1.

Figure S1)) or Sm(III) (Supporting Information, Figure S2)
salts and base. In both cases KOH was added in portions to
the solution of H,L1% and Ln(III) salt until the final ratio of
macrocycle to KOH reached 1: S. These titrations indicate, that
after the initial formation of mononuclear complex of pro-
tonated macrocycle and some other intermediate species finally
a trinuclear complex is formed. After the completion of the
titration in case of Sm(III) salt crystals of 3 were formed in
the NMR tube. This constitute yet another evidence for the
preference of the macrocycle to bind a Ln,(p;-OH), cluster.
A different behavior was observed for the larger La(III) ion.
In contrast to the heavier Ln(III) ions, the reaction of base and
3 (or even more) equiv of lanthanum(III) nitrate with L1°
resulted in isolation of pure complex 15, under conditions used
for the synthesis of trinuclear derivatives. The 'H and '*C NMR
spectra (Supporting Information, Figures S3 and $4) indicate C,
symmetry of this complex. In particular the observation of six

6.8

7.0

|
7.0 6.8 6.6 F2 [ppm]

Figure 4. Aromatic region of the COSY spectrum of the lanthanum-
(TII) complex 15 (CDCI solution).

signals of equal intensity in the aromatic region, corresponding
to three pairs of correlated protons observed in the correlation
spectroscopy (COSY) spectrum (Figure 4, Supporting Informa-
tion, Figure SS) indicates the presence of three nonequivalent
aromatic rings. Similarly total correlation spectroscopy (TOCSY)
spectrum (Supporting Information, Figure S6) indicates three
spin systems of cyclohexane proton signals in accord with C;
symmetry observed previously in the crystal structure® of the
dinuclear Pr(Ill) complex. The electrospray ionization mass
spectrometry (ESI MS) spectra of 15, exhibiting signals at m/e
2111.7 corresponding to cation [Lay(L1°%),(NO,),(H,0),H]",
respectively, as well as elemental analyses indicate the presence
of a complex containing two macrocyclic ligands and three
lanthanum(III) ions. This formula is indeed supported by a
preliminary X-ray crystal structure,”” which indicates two
dinuclear macrocyclic units with one La(Ill) ion shared over
the two macrocycles. Thus, similarly as it was observed for
Pr(II) derivative,® the macrocycle L seems to be unable to bind
three larger La(III) ions and a dinuclear-type complex is formed
instead.

To check whether the isolation of dinuclear-type La(III)
complex was accidental, we have performed 'H NMR titration
of the free ligand H3L1° with La(Ill) salt and base under
identical conditions which were applied for Y(IIT) and Sm(III)
titrations. Indeed in the case of La(III) salts the initial forma-
tion of a mononuclear complex of a protonated macrocycle
was followed by formation of complexes of lower symmetry,
and the symmetric trinuclear species were not observed even
with more than 3 equiv of La(III) used (Supporting
Information, Figure S7). These experiment clearly shows that
the size of the macrocycle L is too small to accommodate three
larger Ln(11I) ions.

The enantiopure character of the trinuclear complexes is
reflected in their circular dichroism (CD) spectra. The intensive
CD signals observed in the UV region correspond to organic
chromophores on the ligand, as observed for the two isomers of
the Gd(III) complexes 10 and 11 (Figure S). For some
complexes additional, much weaker signals corresponding to f-f
transitions are also observed (Supporting Information, Figure S8)

dx.doi.org/10.1021/ic400508y | Inorg. Chem. 2013, 52, 12893—12903
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Figure S. CD spectra of the enantiomeric trinuclear Gd(III)
complexes 10 (blue) and 11 (green).

X-ray Crystal Structures. The X-ray crystal structures of
the Nd(IIT), Sm(IIT), Gd(III), Dy(III), and Y(III) trinuclear
complexes show incorporation of the Lns(y;-OH), cluster in
the center of the macrocycles L1°, L2% and L2°. The three
Ln(Ill) ions in these complexes are bridged by hydroxide
anions and phenolate oxygen atoms to form an approxi-
mate equilateral triangle. In contrast to the situation observed
for the mononuclear Ln(III) complexes,® the macrocycles
adopt a relatively flat and symmetrical conformation. Several
types of complex cations are observed in the solid state, which
differ in the sets of axial ligands, nevertheless the lanthanide(III)
ions are always eight-coordinate. The coordination spheres of
Ln(I1I) ions in these trinuclear complexes correspond to irregular
geometry and consist of two nitrogen atoms from the same
cyclohexane ring, two bridging phenolate oxygen atoms, two
bridging hydroxide anions, and two donor atoms from the axial
anions or solvent molecules (one axial ligand is coordinated above
and one below the macrocycle plane).

The asymmetric unit of complex 1 contains a cationic
complex, two methanol molecules, and chloride anion
disordered into two sites. The complex cation is of C; symmetry
because of different set of axial ligands at each Y(III) ion; the
first of these ions is coordinated by two methanol molecules, the
second by chloride anion and water molecule, and the third
Y(III) ion is coordinated by two chloride anions (Figure 6).

The compound 3 crystallizes in the P1 space group. The unit
cell contains the cationic complex, ionic nitrate, and solvent
molecules. The complex cation is again unsymmetrical; two
Sm(IIl) ions are coordinated by a monodendate nitrate
anion and methanol molecule, while the third Sm(III) ion is

Figure 7. [Sm,L15(NO;);(OH),(MeOH),(H,0)]*, one of the
complex cations present in 3. H atoms are omitted for clarity.

coordinated by a monodendate nitrate anion and water/
methanol molecule (Figure 7).

The complexes 10, 11, 12, and 13 crystallize in the C2 space
group and are isomorphous. The contraction of lanthanide(III)
ion radii in this series has a minimal influence on bond
lengths (for selected bond lengths of 1, 3, 8—13 see Supporting
Information, Table S1). Similarly the overall macrocycle radius,
reflected, for example, by the distance between the outer
cyclohexane carbon atom and the opposite tert-butyl group, is
reduced only slightly by 0.2 A when passing from the Nd(III)
complex to the Dy(II) complex. Their crystals contain ionic
nitrate, solvent molecules, as well as two different complex
individuals: dication A and molecule B (Figure 8), both lying
on a 2-fold axis as described earlier. The coordination environ-
ments of the individual Ln(III) ions incorporated in the
complex cations A and molecules B are similar and differ only
in axial ligands of one of the Ln(IIl) ions, that is, two lying in a
general positions LnlA and LnlB are each coordinated by
water molecule and monodentate nitrate anion, while located
on a 2-fold axis Ln2 coordinates two MeOH molecules in A or
two NOJ ions in B. In the structure of mixed crystal of com-
pound 9, another type of dication, namely [Sm;L2*(NO;),(OH),-
(H,0),]** with two H,O molecules at Sm2A is found beside
[Sm,L2%(NO,),(0H),(MeOH),(H,0),]** (see Figure 8 and
Experimental Section).

The complex 8 crystallizes in the R3 space group. The
complex cation of this crystal is of C; symmetry (lies on a 3-fold
axis crossing both hydroxo bridges). Each Sm(IIl) ion is
coordinated by an axial monodendate nitrate anion and an axial
water molecule in disordered manner, as described in the
Experimental Section. In each of the two orientations of the
cation in the crystal, the NO3 ions are positioned at one side of

Figure 6. Two complex cations occupying the same position in 1: [Y;L15Cly(OH),(MeOH),(H,0)]* and [Y;L15Cl,(OH),(MeOH)(H,0),]".

H atoms are omitted for clarity.

12899
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a)

b)

c)

Figure 8. Views of the two independent complex forms in 13, dication [Dy;L25(NO,),(OH),(MeOH),(H,0),]** (a) and molecule
[Dy;L25(NO,),(0OH),(H,0),] (b); the view of the [Sm;L2*(NO,),(OH),(H,0),]** complex dication in 9 (c). H atoms and disorder of t-Bu
groups and NO;™ ions are omitted for clarity. Symmetry codes: (i) —x+1, y, —z+1; (ii) —x, y, —z+1; (iii) —x+1, y, —z+2.

the macrocycle (and the H,O molecules at the other) (Figure 9,
Supporting Information, Figure S9).

Out of 13 molecular structures of trinuclear complexes
reported here, only the above trinuclear Sm(III) complex retains
formally a 3-fold axis. Similarly, the trinuclear molecules observed
in the previously reported structures of the [Dy;L1(u;-OH),-
(NO;),(H,0),](NO;),,6MeOH-H,0 and [Dy;L1(u3-OH),-
(SCN),(H,0),]-3MeOH-2H,0 complexes” and {[Eu;L1-
(NO,),(OH),(H,0)5] (4,-NO;) [EusL1(NO;)3(OH),(H,0),]}-
(NO;),-3.5CH;0H-8H,0 complex' are devoid of a C; axis.
The latter structure shows unsymmetrical trinuclear macrocylic
units, additionally bridged by nitrate anion. This tendency to form
low symmetry trinuclear complexes in the solid state seems to be
an inherent feature of L1 and L2, and perhaps reflects less than
perfect matching between the size of metal ions and the size
of central core of the macrocycle. On the other hand the apparent
C; symmetry resulting from fast exchange of axial ligands is
observed in solution, as discussed above.

Although the complexes 8 and 9 give identical NMR spectra
and mirror CD spectra they crystallize in different crystal forms.

12900

This effect reflects the delicate balance between different
crystalline forms which are determined by slightly different
crystallization conditions. The precise form of the obtained
crystal is dependent more on crystallization time, solvents, and
concentrations, rather than the variations of metal ion radius in
the group of Nd(III), Sm(III), Eu(IlI), Gd(III), Dy(IlI), and
Y(III) ions. In particular, partial hydrolysis of lanthanide(III)
ions during crystallization may lead to the generation of addi-
tional hydroxide anions. Further dependence of the kind of the
obtained form of the complex on the crystallization conditions
is illustrated by the attempted synthesis of dinuclear Nd(III)
complex based on the application of 2 equiv of neodymium
nitrate per macrocycle. In this case the pure complexes were
not obtained, but the single crystals of trinuclear complex were
manually separated. Although their X-ray crystal structure could
not be satisfactory solved, in this case the structural model
(Figure 10, Supporting Information, Figure 10) shows yet
another type of trinuclear complex of L2. Unlike the case of
the above-discussed trinuclear complexes, only a single central
U5-OH bridge connects the three Nd(III) ions bound by the

dx.doi.org/10.1021/ic400508y | Inorg. Chem. 2013, 52, 12893—12903
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Figure 9. [Sm;L25(NO;);(OH),(H,0);]" in 8. H atoms and disorder
of t-Bu groups are omitted for clarity. Symmetry codes: (i) —a+y+1,
—x+1, z; (i) —y+1, x—y, 2.

Figure 10. Model structure of [Nd;(u;-OH)],(u,-OH), cluster
coordinated by two L2% macrocycyles. H atoms and axial ligands
other than OH™ bridges are omitted for clarity. For the disordered
region of the L25, only one position is shown.

macrocycle. Additionally two u,-OH bridges connect the two
trinuclear macrocyclic units. In this way a [Nd;(u;-OH)],(u,-
OH), cluster is coordinated by two macrocycles. Interestingly,
the macrocycle adopts a highly distorted cone-shaped
conformation. This conformation is somewhat similar to that
of L4 (Figure 1) in its double-decker Zn(II) complex,” but is
completely different from the more “flat” conformation
observed for 12 and other Ln(III) trinuclear complexes of L1
and 12, as well as for their trinuclear transition metal complexes
and free macrocycles.* This difference illustrates considerable
flexibility of the discussed macrocycles in adjusting to particular
coordination.

Magnetic Properties. Variable temperature magnetic
susceptibility data for complexes 4, 5, 10, and 13 were obtained
in the temperature range 1.8—300 K at a magnetic field of 0.5 T.
For the complex 10, the y,T product is equal to 23.4 cm® K
mol™! at 300 K, which is in good agreement with the value of
23.6 cm® K mol™" expected for three noninteracting Gd(III)
ions. The the T value decreases with decreasing temperature;
this decrease is initially very slight and accelerates below about

50 K with T reaching finally the value of 8.28 cm® K mol™
at 1.8 K (Figure 11). This decrease is in accord with anti-
ferromagnetic interaction, as for the Gd(II) ion only the
ground state is populated and magnetic anisotropy is expected
to be low. The antiferromagnetic interaction is also evident from
the 1/ yy = f(T) plots and negative value of the Weiss constant.

The variable temperature magnetic data for 10 were
simulated assuming a simplified model of a regular triangular
arrangement of three identical S = 7/2 Gd(III) ions with
isotropic exchange, which corresponds to the following spin-
only Hamiltonian:

H=-J($S, + S,S; + S55) (1)

The total spin state combinations and their energies were
calculated using the Kambe approach®® implemented in the
MAGMUN 4.1 magnetic software package.”” A reasonable fit
R=[Xexp — )(mlc)z/Z(){exp)z]l/z = 0.014) was obtained for
g =200 and J = —0.17 cm™' (Figure 11). The magnetic
behavior of 10 is very similar to that of the Gd;(u;-OH),

25 4
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Figure 11. Temperature dependence of experimental y,T vs T for 10.
Solid line represents the simulated curve calculated on the basis of eq 1.

trinuclear complex'” of o-vanilin ligand, where the antiferro-
magnetic interaction with ] = —0.19 cm™ was observed.

The RT yT values for 13 (Figure 12) is equal to 40.1 cm® K
mol™!, slightly lower than the value of 42.5 cm® K mol™’
expected for the three noninteracting °Hs/, Dy(III) ions with
g =4/3 and ] = 15/2. On cooling the y,T value first changes
slightly in an irregular fashion, then after about 40 K increases
to reach the maximum value of 41.4 cm® K mol™ at 9 K
(Figure 12). After reaching a maximum, the yyT values fall
sharply on further cooling to 1.8 K, reaching the value of
25.0 cm® K mol ™. The initial increase of y,,T values may reflect
ferromagnetic interactions, while the subsequent decrease of
amT is most likely the result of the depopulation of the
sublevels of the °H/, state and magnetic anisotropy, although
weak antiferromagnetic interactions may also play a role.
Slightly different behavior was reported” for the [Dy;L2(s-
OH),(NO;),(H,0),](NO,),-6MeOH-H,0 complex; where the
xuT values initially remained constant, then slightly decreased
to 37.11 ecm® K mol™! at 40 K, and then increased to reach a
maximum of 42.29 cm® K mol™ at 3 K. This difference indicates

dx.doi.org/10.1021/ic400508y | Inorg. Chem. 2013, 52, 12893—12903
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Figure 12. Temperature dependence of experimental yyT vs T for
complex 4 (triangles) and complex 13 (circles).

the influence of minor changes in the molecular structure (the
complexes differ in the set of axial ligands) on the magnetic
interactions. Importantly, the susceptibility of 13 is not vanishing
at low temperatures, and y,,T values are not close to zero at 1.8 K,
as it was observed for the very unusual case of nonmagnetic
ground state of a system with odd number of ions with half-integer
J value observed for an analofgous Ln;(u3-OH), triangle com-
plexed with o-vanilin ligands.""" This difference and the irregular
change of y,,T with temperature, possibly reflect lowering of the
C; symmetry in the present case, and the presence of various
axial ligations for the two independent complex molecules
observed in the crystal of 13. This lowering of symmetry leads
to nonequivalent interactions in the various pairs of Dy(III) ions
and hence different magnetic behavior.

For complex 4 the yy,T value of 32.6 cm® K mol™" observed
at RT is somewhat lower than the value of 35.4 cm® K mol™
expected for three noninteracting "Fg Tb(III) ions with g = 3/2
and J = 6. The yT value increases steadily as the temperature
is lowered to 100 K reaching a maximum value of 34.0 cm® K
mol ™!, and then after about 50 K drops to the value of 14.1 cm?
K mol'at 1.8 K (Figure 12). Similarly as for complexes 13,
these variations may reflect both the isotropic exchange as well
as of thermal depopulation of m; sublevels and magnetic
anisotropy, and the initial increase of y,T values may indicate
weak ferromagnetic interactions.

B CONCLUSIONS

The chiral macrocyclic amines L1** and L2** are suitable hosts
for the encapsulation of Ln;(¢3-OH), clusters both in the solid-
state and in solution, except the largest Ln(IIl) ions. Despite
the D; symmetry of the free macrocycles and clusters, the
X-ray crystal structures of the obtained trinuclear complexes
indicate the tendency to lowering the symmetry of the system
because of various axial coordination at the particular Ln(III)
sites. Out of the 13 structures presented herein and 2 structures
reported previously only one structure corresponds to Cj
symmetry. On the other hand an effective D; symmetry of
the complexes is observed in solution because of dynamic
exchange of axial ligands. In the case of the Nd(III) ion
encapsulation of the [Ln;(u;-OH)],(4,-OH), cluster by
two macrocycles units is additionally observed. The magnetic
data indicate weak antiferromagnetic interactions in the case

of the trinuclear Gd(III) complex and possible weak ferro-
magnetic interactions in the case of the trinuclear Dy(III)
complexes.

B ASSOCIATED CONTENT

© Supporting Information

Figures S1—S10, Table S1, details of crystal structure solutions
for hexanuclear Nd(III) complex as well as X-ray crystallo-
graphic information in CIF format. This material is available
free of charge via the Internet at http://pubs.acs.org.
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