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Abstract—The reactions of lanthanum and neodymium triphenylacetates with polydentate 6- and 18-membered N-
and O-heterocyclic ligands give various types of mononuclear triphenylacetate complexes containing a polydentate
auxiliary ligand (neutral or cationic and anionic): [Nd(Ph;CCOO);(Me;TACH)] CHCI; ),
[La(Ph;CCOO),(Me;TACH)] [NH,Me] " (II), [La(Ph;CCOO);(18-crown-6)] (IV), and [Nd(Ph;CCOO),(18-
crown-6)]"[Nd(Ph;CCOO),]~ (V) and binuclear complex [La,(Ph;CCOO0);-(Me;TACH)] - 2C¢HsCH; (T) (CIF
files CCDC no. 1968815 (I), 1968813 (II), 1968814 (I1I), 1968812 (IV), and 1968816 (V)). A minor change in the
ionic radius, e.g., on going from La to Nd, results in a changed coordination environment. These changes can be

followed using macrocyclic polydentate ligands.
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INTRODUCTION

The coordination compounds of lanthanides are
quite attractive for the development of new lumines-
cent and magnetic materials and are used as contrast
agents for magnetic resonance imaging and cell optical
imaging [1, 2].

All lanthanides have similar chemical properties
because of similar ionic radii, which change by only
15% from the beginning to the end of the 4f series.
Nevertheless, in the last 10—12 years, examples of dif-
ferent chemical behavior even for lanthanides located
near each other in the 4fseries were reported in the lit-
erature [3—5].

Therefore, it is of interest to detect examples of
chemical behavior that would result in the formation
of different types of coordination compounds for lan-
thanides with similar ionic radii. This phenomenon is
rather due to different electronic configurations of
lanthanide ions than to the minor changes in the radii
of Ln* cations. However, the choice of ligands able to
form such compounds and thus to demonstrate the
desired differences is not obvious.

We assumed that saturated nitrogen- and oxygen-
containing heterocyclic compounds containing three
to six heteroatoms in the ring may prove to be good

polydentate ligands for observing different coordina-
tion modes of lanthanide ions and elucidating the dif-
ferences between the structures of lanthanide com-
plexes, which usually demonstrate a similar type of
structural organization.

This communication describes the preparation of
lanthanum and neodymium triphenylacetate com-
plexes with 1,3,5-trimethyl-1,3,5-triazacyclohexane
(Me;TACH) and a crown ether (18-crown-6) that
implement basically different coordination environ-
ments for lanthanum and neodymium cations for
the same set of ligands in the complex. The choice of
6- and 18-membered heterocyclic ligands is caused by
their different conformational mobility, namely,
structural rigidity of Me;TACH and conformational
flexibility of 18-crown-6, which would reveal the
structural differences of interest.

EXPERIMENTAL

All experiments were carried out under argon using
the Schlenk vessels and an argon vacuum line. Argon
was purified by being passed through a column with
molecular sieves (4 /f) impregnated with a Na/K
eutectic (10 wt %) and a column with Mn(II) oxide
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supported on mica. Lanthanum and neodymium
triphenylacetates were synthesized by a reported pro-
cedure [6]. 1,3,5-Trimethyl-1,3,5-triazacyclohexane
(Aldrich) was distilled from calcium hydride, de-
gassed, and stored over molecular sieves (4 A).
The organic solvents were distilled under argon, and
18-crown-6 (Aldrich) was dried in a dynamic vacuum
prior to use. Hexane was distilled from a Na/K eutec-
tic, toluene was distilled from sodium metal, and chlo-
roform was distilled from calcium hydride. Elemental
analysis was carried out on a PerkinElmer 2400 Series
II analyzer. Lanthanides were quantified by direct
complexometric titration with the Xylenol Orange
indicator.

Synthesis of [La,(Ph;CCOO),(Me;TACH)]
C¢H;CH; (I). A toluene solution of Me;TACH
(1.74 mL, 0.325 M, 0.57 mmol) was added with stir-
ring to [La(Ph;CCOO);(THF);] (1.39 g, 1.140 mmol)
in anhydrous toluene (20 mL). The reaction mixture
was stirred for 2 h and then concentrated to 5 mL, and
hexane (20 mL) was added. The precipitate was sepa-
rated from the solution and dried in vacuo. The yield of
I was 10.200 g (92%).

For Cy33H;13N;0,La,
Anal. caled., % C, 71.85
Found, % C, 71.51

H, 5.12
H, 5.65

N, 1.89 La, 12.50
N, 1.81 La, 12.25

The crystals suitable for X-ray diffraction were
formed upon slow diffusion of hexane into a solution
of I in toluene. A single crystal of I contained three tol-
uene solvate molecules per formula unit. Drying in
vacuum was accompanied by removal of two toluene
molecules.

Synthesis of [Nd(Ph;CCOO);(Me;TACH)] - CHCl,
(IT). A chloroform solution of Me;TACH (4.35 mL,
0.164 M, 0.713 mmol) was added with stirring to a
solution of [Nd(Ph;CCOO);(THF)s] (0.83 g, 0.679
mmol) in chloroform (3 mL), the mixture was stirred
for 1 h and then hexane (25 mL) was added without
stirring. After a week, light blue crystals precipitated in
the Schlenk vessel. The yield of II was 0.520 g (61%).

For C67H61N3O6C13Nd
Anal. caled., % C,64.13 H,4.90 N,3.35 Nd,11.50
Found, % C,64.17 H,5.07 N,3.13 Nd,11.49

The single crystal of II contained one hexane sol-
vate molecule and one chloroform solvate molecule
per formula unit. Drying in vacuum was accompanied
by the loss of one hexane molecule.

Synthesis of [ La(Ph;CCOO);(18-crown-6)] (IV). A
solution of 18-crown-6 (6.62 mg, 0.234 mmol) in tol-
uene (10 mL) was carefully added to a solution of
[La(Ph,CCOO);(THF)s] (0.255 g, 0.209 mmol) in
anhydrous toluene (5 mL) in such a way that two layers
formed. After 3 days, colorless crystals appeared in the
Schlenk vessel. The vessel was kept for 24 h at —12°C.
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The crystals were separated from the solution by
decantation and dried in vacuo. The yield of IV was
0.230 g (87%).

For C;,HgO,La
Anal. caled., %
Found, %

C, 68.42
C, 68.35

H, 5.59
H, 5.50

La, 11.08
La, 10.98

The single crystal of IV contained toluene solvate
molecules, which were removed on drying in vacuo.

Synthesis of [Nd(Ph;CCOO),(18-crown-6)]*[Nd-
(Ph;CCOO)4]~ (V). A solution of 18-crown-6
(0.400 g, 1.515 mmol) in toluene (10 mL) was added to
a solution of [Nd(Ph;CCOO);THF;] (3.492 g,
2.858 mmol) in toluene (50 mL). A pale blue precipi-
tate formed. The reaction mixture was stirred for 6 h.
The precipitated blue crystals were collected on a filter
and dried in vacuo. The yield of V was 3.227 g (99%).

The crystals of V suitable for X-ray diffraction were
obtained by slow diffusion of a solution of 18-crown-6
into a chloroform solution of [Nd(Ph;CCOO);-
(THF);].

For Cy3,H;14,05Nd,
Anal. caled., % C, 69.63
Found, % C, 69.89

H, 5.05
H, 4.95

Nd, 12.67
Nd, 12.40

The X-ray diffraction study of I—V was carried out
on a SMART APEX 2 CCD diffractometer (MoK,
radiation, graphite monochromator, ®-scan mode).
The structures were solved by direct methods and
refined by the least-squares method in the full-matrix

anisotropic approximation on thk,. The absorption
corrections were applied semiempirically on the basis
of equivalent reflections. The disordered groups were
refined using constraints for atomic displacement
parameters and positional parameters (DFIX and
EADP). In the crystal of V, a highly disordered solvate
molecule is located in one of the voids (the observed
electron density distribution corresponds to superpo-
sition of CHCI; and toluene), whose contribution was
eliminated from structure amplitudes by the
SQUEEZE procedure [7]. The hydrogen atoms in all
structures were calculated and refined by the riding
model. All calculations were carried out using the
SHELXL-2014/2017 software package [8]. Selected
crystallographic data and structure refinement
parameters for compounds I-V are summarized in
Table 1.

The atomic coordinates and other structure
parameters were deposited with the Cambridge Crys-
tallographic Data Centre (nos. 1968815 (I), 1968813
(I), 1968814 (III), 1968812 (IV), 1968816 (V);
deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.
ac.uk/data_request/cif).
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RESULTS AND DISCUSSION

The reactions of lanthanum and neodymium triph-
enylacetates with Me; TACH result in the formation of
binuclear complex I in the case of lanthanum and
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mononuclear complex II in the case of neodymium
(Scheme 1). The use of excess Me; TACH (2 equiv.) in
the reaction with lanthanum triphenylacetate did not
change the reaction outcome.

F“é’]

Scheme 1.

The structures of I and II were established by X-ray
diffraction (Fig. 1, Table 2). In the binuclear complex
I, only one lanthanum cation is coordinated to
Me,TACH, two metal cations are linked by three
Ph;CCOO~ bridging ligands, two of which are coordi-
nated in the W,:'-x' mode, and the other one is coor-
dinated in the W,:k*>-x! mode. The La(l) atom
(C.N.9) is additionally coordinated by one K2-
Ph,CCOO~ ligand and the Me;TACH molecule
according to the k3-type, while La(2) (C.N. 7) is k*-
coordinated to two terminal triphenylacetate ligands.
In the mononuclear complex II, the central atom is
coordinated by three carboxylate ligands in the 2
mode and by Me,;TACH in the k* mode (C.N.(Nd) =
9). The Nd—O (carboxylate ligand) distances in com-
plex II are comparable with those observed in the
mononuclear triphenylacetate [Nd(Ph;CCOO);-
(THF);] [6].

In complexes I and II, coordinated Me;TACH
exists in the chair conformation, with the Ln—
N(Me;TACH) distances being comparable with those

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 46

observed in the previously known [Pr(CH(AlMe;);)-
(Me;TACH)] [3] and [(Sm(AlMe,),(iso-Pr;TACH),]
[9] complexes.

Presumably, for both metals (Nd and La), a mono-
nuclear complex is formed initially, but in the case of
lanthanum, this complex is unstable because of the
larger ionic radius. Upon the formation of the mono-
nuclear adduct, the lanthanum coordination sphere is
unsaturated, and further interaction with the initial
lanthanum triphenyl acetate gives rise to the binuclear
complex. Apparently, another way of destruction of
the hypothetical mononuclear lanthanum complex
[La(Ph;CCOO);(Me;TACH)] is hydrolysis induced
by traces of water in the solvent. Hydrolysis affects the
coordinated triazacyclohexane ligand and results in
the formation of compound III. Evidently, the meth-
ylammonium cation is generated via protonation of
methylamine formed wupon the hydrolysis of
Me;TACH. Several crystals of III suitable for X-ray
diffraction were isolated from solutions of I in toluene
(Fig. 2).

No.5 2020



312 VINOGRADOV et al.

Fig. 1. Structures of complexes (a) I and (b) II. The hydrogen atoms and phenyl groups are omitted.

Complex III is a mononuclear ate-complex in
which the lanthanum cation is coordinated by four ter-
minal triphenylacetate ligands and one Me;TACH
molecule. The Ln—O (k>-Ph;CCOO) and Ln—N
(Me;TACH) distances are longer than those in I by, on
average, 0.12 and 0.07 A, respectively (Table 2). This
elongation of the distances is associated with the
change in C.N.(La*") in III to 11. The [NH;Me]*
counter-ion forms hydrogen bonds with the carboxyl-
ate oxygen atoms. In view of the fact that the Ln-con-
taining anion (proton acceptor) has an approximate C,

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 46

symmetry and the CH;NH;* cationic group (proton
donor) has a C; symmetry, the ammonium cation in
the crystal is disordered over two positions, which
form NH--O bonds (2.67—2.85 A). The formation of a
similar trifluomethanesulfonate ate-complex
[Pry,(CF5S0,),(Et;TACH),] [EtNH;]*, which was
isolated as a minor product in the synthesis of
[Pr(CF;S0;);(Et;TACH)], was reported in [10].

The reaction of lanthanum and neodymium triph-
enylacetates with 18-crown-6, in which the ring size is
much greater than that of trimethyltriazacyclohexane,

No. 5 2020
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Table 2. Selected parameters of structures I—IIT

Parameter I (La(1)) I (La(2)) I1 (Nd) III (La)
Ln—O 2.5084(13)— 2.5289(13) | 2.4618(14)—2.5490(14) | 2.453(3)— 2.505(3) | 2.570(1)—2.692(1)
(x2-Ph;CCOO0)

Ln—O 2.5179(13), 2.7680(13) 2.5294(13)

(1,-x'x2-Ph;CCOO)

Ln—O 2.4357(14)—2.4793(14) | 2.3781(14), 2.4562(13)

(1y-x':x!'-Ph;CCOO)

Ln—N 2.7435(16)— 2.7580(17) 2.670(4)—2.692(2) | 2.764(2)—2.880(2)
LnLn 4.524

also proved to be sensitive to the lanthanide ionic
radius. The reaction of 18-crown-6 with lanthanum or
neodymium triphenylacetate affords complexes IV
and V insoluble in toluene (Scheme 2). Compound IV
(metal to ligand molar ratio of 1 : 1) is formed in the

case of lanthanum, while complex V (2 : 1 ratio) is
formed for neodymium. The use of an excess of 18-
crown-6 (up to 2.5 equiv.) in the reaction with neo-
dymium triphenylacetate also results in the formation
of compound V.
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Scheme 2.

It is evident that 18-crown-6 coordination to the
metal is possible only upon dissociation of the com-
plex with detachment of one carboxylate ligand,
because the triphenylacetate ligand is too large to fit in

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 46

the crown ether cavity (Scheme 3). Presumably, com-
plex IV is formed initially. In the case of La (C.N. 12),
which has a smaller ionic radius than neodymium, this
complex is rather stable. The Nd complex is coordina-
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tively or sterically congested and undergoes metathesis
to give the [Nd(Ph;CCOO),(18-crown-6)]* complex

VINOGRADOV et al.

cation and [Nd(Ph;CCOO),]~ complex anion and,
hence, complex V is formed as a contact ion pair.

CPh;

(IV) (Ln=La
Ph;C CPhy
Ph;C CPh; [Nd(Ph;CCOO);3]
JC\Ph3 =0 O‘( (~Ph3CCOO/+Ph;CCOO")
0o o % 4 0
/l'-.—,r"ﬂ - '
SC@ > e
iy s o
TO Ph;C CPhy
CPhy
(V) (Ln=Nd)
Scheme 3.

This process (dissociation of the complex) in toluene,
which has a low relative dielectric permittivity (€ = 2.4),
was unexpected [11]. Usually, crown ether complexes are
prepared in media with high dielectric permittivity. For
example, previously known [Eu(NO;),(dicyclohexyl-18-
crown-6),|,|Eu(NO;);] was obtained in ethanol [12],
while [LaCl;(18-crown-6)] and [Ln(NO;);(18-crown-
6)] (Ln = Ce, Pr, Nd) were formed in an acetonitrile—
methanol mixture [13—15].

The structure of IV and V was established by X-ray
diffraction. The lanthanum complex IV is composed
as a mononuclear complex, with the triphenylacetate
ligands being located above and below the crown ether
ring and the central lanthanum cation being coordi-
nated by three Ph;CCOO™ ligands in the k?-mode and
by 18-crown-6 in the k°-mode (Fig. 3, Table 3). The
distance from La to one triphenylacetate ligand is
markedly longer than the distances to the other two
ligands, while the La—O (18-crown-6) distances are in
the 2.596(2)—2.781(2) A range (Table 3). The struc-
ture of complex IV is similar to that of [La(NO;)5(18-

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 46

crown-6)] [16]; however, in the latter complex, the

Ln—O(NO;) distances are equal and the Ln—O(18-
crown-6) distances are in the 2.662—2.780 A range. It
is clear that these differences are attributable to repul-
sion of the phenyl groups of the triphenylacetate and
macrocyclic ligands.

Complex V is a contact ion pair (Fig. 4). The
[Nd(Ph,CCOO),]~ anionic moiety has C, symmetry
and is shaped like a highly flattened tetrahedron (the
dihedral angle is 36°) with the vertices being occupied
by k?-coordinated Ph;CCOO~ ligands. In the cen-
trosymmetric moiety of V, the Nd cation is coordi-
nated by two K?>-Ph;CCOO™ ligands and by 18-crown-6.
The Nd—O(carboxylate ligand) distances (Table 3) are
comparable with those found for [Nd(Ph;CCOO);-
(THF);] [6].

It was interest to compare the 18-crown-6 confor-
mations in IV and V. For example, in complex V, the
conformation of 18-crown-6 is close to that observed
in the [Nd(NO;),(18-crown-6)];"[Nd(NO,;)¢]*" nit-

No. 5 2020
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Fig. 2. General view of complex III. Only one position of
the CH3N H;r. cation is shown. The hydrogen atoms and
the carbon atoms of phenyl groups are omitted.

rate complex [14] and considerably differs from that
observed in IV. The crown ether oxygen atoms in V
form a nearly planar six-member ring, being deviated
from the plane by not more than 0.05 A. In IV, the
arrangement of crown ether oxygen atoms resembles a
bowl conformation. Apparently, distortion of the 18-
crown-6 structure is caused by higher steric strain
present in IV in comparison with V as a result of loca-
tion of two triphenylacetate ligands on the same side of
the macrocycle.

Previously, lanthanide nitrate adducts with
18-crown-6 were prepared, namely, [Ln(NO;);(18-
crown-6)] [15, 171 (M : L=1:1) and [Ln(NO»),(18-

crown—6)]§[Ln(NO3)6]3‘ (Ln=1La, Nd) [14, 17] (M :
L =4 : 3). In the case of lanthanum, only the former
complex is produced, while in the case of neodymium,
a mixture of two complexes is formed, in which the
former complex can be converted to the latter one on
heating.

Presumably, 1 : 1 adduct with the 12-coordinate
neodymium cation, analogous to lanthanum complex
1V, is unstable because of steric congestion; therefore,

Table 3. Selected parameters of structures IVand V

315

Fig. 3. Structure of complex IV. The hydrogen atoms and
the carbon atoms of phenyl groups are omitted.

a less strained structure of complex V with 10- and
8-coordinate neodymium cations is implemented.

Thus, in this study, we prepared the triphenylace-
tate lanthanum and neodymium complexes with 6-
and 18-membered saturated heterocyclic ligands. The
obtained compounds of La(IIT) and Nd(III) (whose
ionic radii differ by not more than 4%) containing the
same set of ligands have fundamentally different struc-
tures.
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Parameter IV (La)

Va (Nd(1))* Vb (Nd(2))*

Ln—O
(k2-Ph;CCOO)
Ln—O (18-crown-6)
Ln-Ln

C.N.(Ln*") 12

2.596(2)—2.781(2)

2.6783(2)—2.873(2)

2.43(1)—2.46(1) 2.34(1)—2.47(1)

2.598(6)—2.693(6) 2.51(1)—2.80(1)
7.789

10 8

* Va and Vb correspond to the cationic and anionic parts of complex V, respectively.
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Fig. 4. (a) Cationic and (b) anionic moieties of the crystal of V. The disorder is not shown.
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