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INTRODUCTION

Coordination compounds of rare�earth metals with
ligands of the class of cyclic spirobisureas remain almost
unstudied to date. One of these ligands is 4,4,10,10�tet�
ramethyl�1,3,7,9�tetraazospiro[5.5]undecane�2,8�dio�
ne, or spirocarbone (C11H20N4O2, SC).

This ligand as a urea precursor has a series of valu�
able biological properties: a low toxicity level, LD50 =
3000 mg/kg of the weight of white mice [1], membra�
notropism [2], and the ability to penetrate through and
to be accumulated in mice and human cytoplasm of
leucosis L1210 and CEM�T4 cell lines, respectively

H H

HN
N

NH
N

O O

[3]. This ligand also favors an increase in the amount
of protein and a decrease in starchiness in oats grains
[4]. The efficiency of application of spirocarbone as a
stimulator of callus formation in Forsythia europaea
and root formation in Philadelphus coronaries [5] was
proved, and the efficiency of using spirocarbon as a
stimulator of growth and development in sheep breed�
ing was shown [6]. Therefore, the synthesis and study
of coordination compounds of this ligand as a hard
Lewis base will clarify the chemistry of the interaction
of Sk with rare�earth metal atoms in more detail.

The purpose of this work is to synthesize coordina�
tion compounds of Sm(III), Eu(III), Gd(III),
Tb(III), and Dy(III) nitrates, being hard Lewis acids,
with spirocarbone and water molecules, namely,
[Sm(NO3)3(SC)(H2O)]2 (I), [Eu(NO3)3(SC)(H2O)]2
(II), [Gd(NO3)2(SC)(H2O)3)]2(NO3)2 (III),
[Tb(NO3)3(SC)(H2O)]2 (IV), and
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[Dy(NO3)3(SC)(H2O)]2 (V), and to determine their
structures.

EXPERIMENTAL

Synthesis of I. The reagents were Sm(NO3)3 ⋅ 6H2O
(reagent grade), SC obtained according to a described
procedure [7], and acetone (special purity grade). A
weighed sample of samarium nitrate (1.72 g,
3.8 mmol) was dissolved in acetone (20 mL), spirocar�
bon (0.82 g, 3.1 mmol) was introduced, and the mix�
ture was magnetically stirred for 5–10 min. The
obtained solution was filtered and left to stand in a
closed vessel for several days to form crystals. Isolated
pale orange crystals were filtered off, washed with ace�
tone, and dried in air. The yield was ~62% (based on
the ligand).

Synthesis of II. The reagents were Eu(NO3)3 ⋅

6H2O (reagent grade), SC obtained using a described
procedure [7], and acetone (special purity grade). A
weighed sample of europium nitrate (3.17 g,
7.1 mmol) was dissolved in acetone (20 mL), and spi�
rocarbon (1.8 g, 7 mmol) was added. The reaction
mixture was magnetically stirred for 5–10 min. The
obtained solution was filtered and left to stand in an
open vessel for several days to form crystals. Isolated
pale yellow crystals were filtered off, washed with ace�
tone, and dried in air. The yield was ~87% (based on
the ligand).

Synthesis of III. The reagents were Gd(NO3)3 ⋅

6H2O (reagent grade), SC obtained according to a
described procedure [7], and acetone (special purity
grade). A weighed sample of gadolinium nitrate
(2.21 g, 4.9 mmol) was dissolved in acetone (20 mL),
and then spirocarbon (1.10 g, 4.3 mmol) was added.

The reaction mixture was magnetically stirred for 5–
10 min. The obtained solution was filtered and left to
stand in an open vessel for several days to form crystals.
Isolated white crystals were filtered off, washed with
acetone, and dried in air. The yield was ~79% (based
on the ligand).

Synthesis of IV. The reagents were Tb(NO3)3 ⋅

5H2O (reagent grade), SC obtained according to a
described procedure [7], and acetone (special purity
grade). A weighed sample of terbium nitrate (3.04 g,
6.9 mmol) was dissolved in acetone (20 mL), and then
spirocarbon (1.45 g, 5.6 mmol) was added. The reac�
tion mixture was magnetically stirred for 5–10 min.
The obtained solution was filtered and left to stand in
an open vessel for several days to form crystals. Iso�
lated pale pinkish crystals were filtered off, washed
with acetone, and dried in air. The yield was ~98%
(based on the ligand).

Synthesis of V. The reagents were Dy(NO3)3 ⋅ 5H2O
(reagent grade), SC obtained according to a described
procedure [7], and acetone (special purity grade). A
weighed sample of dysprosium nitrate (2.37 g,
5.4 mmol) was dissolved in acetone (20 mL), and then
spirocarbon (1.06 g, 4.1 mmol) was added. The reac�
tion mixture was magnetically stirred for 5–10 min.
The obtained solution was filtered and left to stand in
an open vessel for several days to form crystals. Iso�
lated pale greenish crystals were filtered off, washed
with acetone, and dried in air. The yield was ~64%
(based on the ligand).

The elemental analysis results for complexes I–V
are presented in Table 1. Analyses to C, H, and N in
complexes I–V were performed on an EA�3000 ele�
mental analyzer (EuroVector, Italy).

Table 1. Elemental analysis results for complexes I–V

Compound (empirical formula)

Content (found/calculated), %

C H N

I (C22H44N14O24Sm2) 22.19/22.22 3.71/3.73 16.48/16.49

II (C22H44N14O24Eu2) 22.11/22.16 3.67/3.72 16.41/16.44

III (C22H52N14O28Gd2) 20.52/20.72 4.09/4.11 15.36/15.38

IV (C22H44N14O24Tb2) 21.89/21.90 3.66/3.68 16.24/16.25

V (C22H44N14O24Dy2) 21.59/21.77 3.58/3.65 16.13/16.16
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The IR spectra of SC and synthesized binuclear
complexes I–V were recorded on a Spectrum ONE
FT�IR spectrometer (PerkinElmer) in a range of 400–
4000 cm–1 (KBr pellets).

X�ray diffraction analysis. An experimental mate�
rial for crystals I–V was obtained on an Xcalibur�3
automated four�circle diffractometer (MoK

α
 radia�

tion, λ = 0.71073 Å) at 293(2) K. The structures were
solved by a direct method using the SHELX�97 pro�
gram package [8]. Positions of hydrogen atoms were
calculated geometrically and refined by the riding
model with Uiso = nUequiv of the bearing atom (n = 1.5
for water and methyl groups, n = 1.2 for other hydro�
gen atoms). The structures were refined by full�matrix
least squares in the anisotropic approximation for
non�hydrogen atoms for F2.

The main experimental characteristics and unit cell
parameters are given in Table 2.

The coordinates of atoms and other parameters of
structures I–V were deposited with the Cambridge
Crystallographic Data Centre (nos. 924470 (I),
924469 (II), 924472 (III), 924473 (IV), and 924474
(V); deposit@ccdc.cam.ac.uk or http://www.ccdc.
cam.ac.uk).

RESULTS AND DICUSSION

The IR spectra of compounds I–V and spirocar�
bone are presented in Table 3. All synthesized com�
pounds are characterized by the shift of the band cor�
responding to the ν(C=O) stretching vibrations
(amide I) by 7–12 cm–1 to the far range because of the
coordination of SC molecules and the shift of the
bands corresponding to the νs(N–H) and νas(N–H)
and vibrations to the short range, which is typical of
the amino groups at coordinated carbonyl [9]. The IR
spectra of complexes I–V contain the νs+as(HOH)
absorption bands of water and a set of absorption
bands of the coordinated Sk ligand. The free nitrate
anion, being planar and related to the D3h point group,
has four different ground vibrational frequencies: from
symmetrical stretching vibrations νs(NO) ≈ 1050–
1060 cm–1, unsymmetrical doubly degenerate stretch�
ing vibrations νе(NO) ≈ 1350–1400 cm–1, and two fre�
quencies of bending vibrations δ(NO3) ≈ 810–840 and
~710–730 cm–1. Only three frequencies are usually
active in the IR spectrum: νе(NO) and two δ(NO3)
[10]. For the coordination of the nitrate ion, its sym�
metry can decrease to Cs and C2v. As a result, six
intense lines appear in the IR spectrum [11]: the full
symmetrical vibration at 970–1040 cm–1, stretching
antisymmetrical vibration split into two intense lines
at 1550–1410 and 1290–1250 cm–1, nonplanar vibra�
tion at 830–800 cm–1, and planar bending vibration
appeared as two bands at 780–700 and ~680 cm–1

[10]. The IR spectrum of compound III contains
bands at 1386 and 1056 cm–1. This asserts that some

nitrate anions are not coordinated and are localized in
the external sphere of the complex. These bands are
absent from the spectra of compounds I, II, IV, and V
and, hence, in these compounds the nitrate anions are
coordinated according to the bidentate�chelating
mode and are localized in the internal sphere of the
complexes.

In centrosymmetric complexes I, II, IV, and V, the
lanthanide atoms are coordinated by two O(1) and
O(2) atoms of two spirocarbone molecules bound by
the symmetry procedure (1 – x, –y, 1 – z), three
bidentate nitrate anions, and one water molecule. The
coordination numbers of the metal atoms are 9, and
the coordination polyhedra are significantly distorted
three�capped trigonal prisms, whose bases include the
O(1), O(2), O(12) and O(3), O(7), O(9) atoms. For
compound I, the dihedral angle between the bases of
the prism is 18°, that between the mean planes of the
side faces is 55°–71°, and the Sm...Sm 9.44 Å distance
is 9.44 Å. The six�membered heterocycles of com�
pound I are in the half�chair conformation with the
deviation of the C(3) and C(9) atoms from the planes
of other atoms of the cycle by –0.544(16) and
⎯0.507(16) Å, respectively. The shortened intramolec�
ular contacts H(3b)...H(10a) 2.24 and H(5a)...H(9a)
2.29 Å (doubled van der Waals radius is 2.32 Å [12])
appear in this conformation (Table 4, Fig. 1). For
complex II, the dihedral angle between the bases of the
prism is 17°, that between the mean planes of the side
faces is 55°–71°, and the Eu...Eu 9.42 Å distance is
9.42 Å. The six�membered heterocycles in complex II
exist in the half�chair conformation with the deviation
of the C(3) and C(9) atoms from the planes of other
atoms of the cycle by –0.513(4) and –0.510(4) Å,
respectively. The shortened intramolecular contacts
are H(3b)...H(10a) 2.22 and H(5a)...H(9a) 2.17 Å
(Table 5, Fig. 1). For complex IV, the dihedral angle
between the bases of the prism is 16°, that between the
mean planes of the side faces is 55°–70°, and the
Tb...Tb distance is 9.36 Å. The six�membered hetero�
cycles in compound IV are in the half�chair conforma�
tion with the deviation of the C(3) and C(9) atoms
from the planes of other atoms of the cycle by
⎯0.510(8) and –0.507(9) Å, respectively. The short�
ened intramolecular contacts are H(3b)...H(10a) 2.18
and H(5a)...H(9a) 2.20 Å (Table 6, Fig. 1). For com�
plex V, the dihedral angle between the bases of the
prism is 16°, that between the mean planes of the side
faces is 55°–70°, and the Dy...Dy distance is 9.36 Å
The six�membered heterocycles in complex V are in
the half�chair conformation with the deviation of the
C(3) and C(9) atoms from the planes of other atoms of
the cycle by –0.49(2) and –0.52(2) Å, respectively.
The shortened intramolecular contacts are
H(3b)...H(10a) 2.03 and H(5a)...H(9a) 2.16 Å
(Table 7, Fig. 1).
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Table 2. Main crystallographic experimental data for structures I–V

Parameter Values

Empirical formula C22H44N14O24Sm2 C22H44N14O24Eu2 C22H52N14O28Gd2 C22H44N14O24Tb2 C22H44N14O24Dy2

Molecular weight 1189.41 1192.63 1275.28 1206.55 1213.71

Crystal system Monoclinic Monoclinic Monoclinic Monoclinic Monoclinic

Space group P21/c P21/c P21/n P21/c P21/c

Cell parameters:

a, Å 6.5018(7) 6.48805(16) 6.4705(7) 6.4688(3) 6.4519(8)

b, Å 23.265(2) 23.2586(4) 15.6158(17) 23.2498(10) 23.255(2)

c, Å 13.9162(16) 13.8726(2) 21.737(2) 13.8122(5) 13.7905(15)

β, deg 98.976(11) 98.8220(19) 94.697(10) 98.583(4) 98.481(11)

V, Å 3 2079.2(4) 2068.65(7) 2189.0(4) 2054.08(16) 2046.5(4)

Z 2 2 2 2 2

ρcalcd, g/cm3 1.90 1.92 1.94 1.951 1.970

μ(MoK
α
), mm–1 2.90 3.107 3.11 3.518 3.727

F(000) 1180 1184 1268 1192 1196

Crystal size, mm 0.04 × 0.06 × 0.24 0.03 × 0.05 × 0.31 0.03 × 0.05 × 0.20 0.03 × 0.04 × 0.19 0.15 × 0.22 × 0.35

θ Range, deg 2.96–5.00 2.97–32.53 3.11–28.45 2.98–29.00 3.02–25.00

2θmax, deg 50.00 65.06 56.90 58.00 50.00

Reflection index ranges –7 ≤ h ≤ 7, –9 ≤ h ≤ 9, –8 ≤ h ≤ 8, –8 ≤ h ≤ 8, –7 ≤ h ≤ 7,

–27 ≤ k ≤ 15, –34 ≤ k ≤ 34, –20 ≤ k ≤ 20, –31 ≤ k ≤ 29, –27 ≤ k ≤ 27,

–12 ≤ l ≤ 16 –20 ≤ l ≤ 20 –27 ≤ l ≤ 28 –18 ≤ l ≤ 18 –15 ≤ l ≤ 16

Number of measured re�
flections 6800 44024 27758 19305 15517

Number of independent 
reflections (Rint) 3672 (0.0943) 7072 (0.0629) 5052 (0.2168) 4865 (0.0847) 3587 (0.1273)

Number of reflections 
with I > 2σ(I) 2010 5044 2581 3040 2273

Number of refined vari�
ables 284 285 302 285 285

R factor (I > 2σ(I)) R1 = 0.0656,
wR2 = 0.1227

R1 = 0.0330,
wR2 = 0.0505

R1 = 0.0657,
wR2 = 0.0704

R1 = 0.0462,
wR2 = 0.0588

R1 = 0.0660,
wR2 = 0.1309

R factor for all reflections R1 = 0.1456,
wR2 = 0.1467

R1 = 0.0654,
wR2 = 0.0568

R1 = 0.1722,
wR2 = 0.0921

R1 = 0.1033,
wR2 = 0.0706

R1 = 0.1204,
wR2 = 0.1491

Goodness�of�fit for F2 0.952 0.975 0.969 0.998 1.066

Δρmax and Δρmin, e Å –3 1.446 and –0.807 1.044 and –0.580 2.096 and –1.327 0.951 and –1.060 1.617 and –1.287
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Fig. 1. Structures of compounds I, II, IV, and V.

Complexes I, II, IV, and V include intermolecular
hydrogen bonds N(1)–H(1)...O(4). The complexes
and coordinated nitrate anions are bound into layers
parallel to the (0 1 0) plane by multiple intermolecular
hydrogen bonds (Table 8, Fig. 2).

The crystals of compound III are isostructural to
the earlier studied neodymium [13] and yttrium [14]
crystals. The complex exists in the partial position in
the inversion center. The gadolinium ion is coordi�
nated by two oxygen atoms of two spirocarbone mole�
cules bound by the symmetry procedure (–x, –y + 1,
–z + 1), two bidentate nitrate anions, and three water

molecules. One of the nitro groups of the compound
exists in the external coordination sphere of the metal.
The coordination number of gadolinium is 9, and the
coordination polyhedron is a significantly distorted
three�capped trigonal prism, whose base is formed by
the O(1), O(2), O(7) and O(4), O(5), O(9) atoms. The
dihedral angle between the bases of the prism is 22.8°,
that between the mean planes of the side faces is 53°–
72°, and the Gd...Gd distance is 9.17 Å.

Two six�memebered cycles of spirocarbone III
have different conformations. The cycle containing
the N(1) atom exists in the half�chair conformation
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Table 4. Bond lengths and bond angles in structure I*

Bond d, Å Bond d, Å Bond d, Å

Sm(1)–O(1) 2.283(8) O(2)–Sm(1)1 2.274(9) O(11)–N(7) 1.249(13)

Sm(1)–O(2)1 2.274(9) O(2)–C(7) 1.271(15) N(1)–C(1) 1.344(16)

Sm(1)–O(3) 2.479(9) O(3)–N(5) 1.254(13) N(1)–C(2) 1.473(16)

Sm(1)–O(4) 2.524(9) O(4)–N(5) 1.267(13) N(2)–C(1) 1.314(15)

Sm(1)–O(6) 2.563(9) O(5)–N(5) 1.237(13) N(2)–C(4) 1.471(14)

Sm(1)–O(7) 2.526(8) O(6)–N(6) 1.240(13) N(3)–C(2) 1.406(14)

Sm(1)–O(9) 2.532(10) O(7)–N(6) 1.280(13) N(3)–C(7) 1.370(15)

Sm(1)–O(10) 2.535(8) O(8)–N(6) 1.212(12) N(4)–C(7) 1.334(16)

Sm(1)–O(12) 2.416(7) O(9)–N(7) 1.243(14) N(4)–C(8) 1.432(15)

O(1)–C(1) 1.259(14) O(10)–N(7) 1.279(12)

Angle ω, deg Angle ω, deg Angle ω, deg

O(1)Sm(1)O(3) 125.6(3) O(7)Sm(1)O(10) 109.7(3) O(8)N(6)O(6) 122.7(12)

O(1)Sm(1)O(4) 75.2(3) O(9)Sm(1)O(6) 73.4(3) O(8)N(6)O(7) 118.1(13)

O(1)Sm(1)O(6) 71.7(3) O(9)Sm(1)O(10) 50.8(3) O(9)N(7)O(10) 119.9(12)

O(1)Sm(1)O(7) 102.1(3) O(10)Sm(1)O(6) 123.2(3) O(9)N(7)O(11) 121.3(13)

O(1)Sm(1)O(9) 138.5(3) O(12)Sm(1)O(3) 149.2(3) O(11)N(7)O(10) 118.8(12)

O(1)Sm(1)O(10) 146.6(3) O(12)Sm(1)O(4) 148.1(3) O(1)C(1)N(1) 106.1(11)

O(1)Sm(1)O(12) 76.2(3) O(12)Sm(1)O(6) 83.7(3) O(1)C(1)N(2) 109.0(12)

O(2)iSm(1)O(1) 81.5(3) O(12)Sm(1)O(7) 128.7(3) N(2)C(1)N(1) 105.7(10)

O(2)iSm(1)O(3) 78.7(3) O(12)Sm(1)O(9) 78.3(3) N(1)C(2)C(3) 103.3(11)

O(2)iSm(1)O(4) 77.7(3) O(12)Sm(1)O(10) 76.3(3) N(1)C(2)C(9) 108.1(12)

O(2)iSm(1)O(6) 152.6(3) C(1)O(1)Sm(1) 153.0(9) N(3)C(2)N(1) 107.3(10)

O(2)iSm(1)O(7) 146.8(3) C(7)O(2)Sm(1)i 156.6(9) N(3)C(2)C(3) 108.3(11)

O(2)iSm(1)O(9) 127.8(3) N(5)O(3)Sm(1) 96.4(8) N(3)C(2)C(9) 109.0(11)

O(2)iSm(1)O(10) 77.3(3) N(5)O(4)Sm(1) 93.9(7) N(2)C(4)C(3) 120.1(14)

O(2)iSm(1)O(12) 84.4(3) N(6)O(6)Sm(1) 97.2(8) N(2)C(4)C(5) 122.4(13)

O(3)Sm(1)O(4) 51.2(3) N(6)O(7)Sm(1) 97.9(7) N(2)C(4)C(6) 117.4(14)

O(3)Sm(1)O(6) 121.7(3) N(7)O(9)Sm(1) 127.4(11) O(2)C(7)N(3) 108.2(11)

O(3)Sm(1)O(7) 72.4(3) N(7)O(10)Sm(1) 127.7(12) O(2)C(7)N(4) 108.6(12)

O(3)Sm(1)O(9) 91.9(3) C(1)N(1)C(2) 125.7(12) N(4)C(7)N(3) 105.9(12)

O(3)Sm(1)O(10) 75.0(3) C(1)N(2)C(4) 118.2(12) N(4)C(8)C(9) 114.8(12)

O(4)Sm(1)O(6) 100.3(3) C(7)N(3)C(2) 120.3(13) N(4)C(8)C(10) 109.6(12)

O(4)Sm(1)O(7) 71.6(3) C(7)N(4)C(8) 121.5(13) N(4)C(8)C(11) 109.4(12)

O(4)Sm(1)O(9) 133.3(3) O(3)N(5)O(4) 115.1(11)

O(4)Sm(1)O(10) 123.9(3) O(5)N(5)O(3) 124.5(12)

O(7)Sm(1)O(6) 49.4(3) O(5)N(5)O(4) 120.3(12)

O(7)Sm(1)O(9) 70.1(3) O(6)N(6)O(7) 119.2(12)

* Symmetry procedure: i 1 – x, 1 – y, 1 – z.
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Table 5. Bond lengths and bond angles in structure II*

Bond d, Å Bond d, Å Bond d, Å

Eu(1)–O(1) 2.2911(19) O(2)–Eu(1)i 2.2641(19) O(11)–N(7) 1.234(3)

Eu(1)–O(2)i 2.2641(19) O(2)–C(7) 1.264(3) N(1)–C(1) 1.333(3)

Eu(1)–O(3) 2.476(2) O(3)–N(5) 1.266(3) N(1)–C(2) 1.462(3)

Eu(1)–O(4) 2.525(2) O(4)–N(5) 1.266(3) N(2)–C(1) 1.315(3)

Eu(1)–O(6) 2.562(2) O(5)–N(5) 1.217(3) N(2)–C(4) 1.466(3)

Eu(1)–O(7) 2.510(2) O(6)–N(6) 1.232(3) N(3)–C(2) 1.451(3)

Eu(1)–O(9) 2.515(2) O(7)–N(6) 1.267(3) N(3)–C(7) 1.333(3)

Eu(1)–O(10) 2.525(2) O(8)–N(6) 1.225(3) N(4)–C(7) 1.316(3)

Eu(1)–O(12) 2.419(2) O(9)–N(7) 1.258(3) N(4)–C(8) 1.464(4)

O(1)–C(1) 1.261(3) O(10)–N(7) 1.245(3)

Angle ω, deg Angle ω, deg Angle ω, deg

O(1)Eu(1)O(3) 126.28(7) O(9)Eu(1)O(6) 74.34(8) O(1)C(1)N(2) 120.2(3)

O(1)Eu(1)O(4) 76.10(7) O(9)Eu(1)O(10) 50.17(7) N(2)C(1)N(1) 119.6(2)

O(1)Eu(1)O(6) 71.08(8) O(10)Eu(1)O(4) 123.62(7) N(1)C(2)C(3) 107.1(2)

O(1)Eu(1)O(7) 101.70(8) O(10)Eu(1)O(6) 123.37(8) N(1)C(2)C(9) 107.0(2)

O(1)Eu(1)O(9) 138.62(8) O(12)Eu(1)O(3) 149.28(7) N(3)C(2)N(1) 107.5(2)

O(1)Eu(1)O(10) 146.29(7) C(7)O(2)Eu(1)1 156.9(2) N(3)C(2)C(3) 106.5(2)

O(1)Eu(1)O(12) 75.63(7) N(5)O(3)Eu(1) 97.23(17) N(3)C(2)C(9) 107.6(2)

O(2)1Eu(1)O(1) 81.88(8) N(5)O(4)Eu(1) 94.86(16) N(2)C(4)C(3) 107.5(2)

O(2)1Eu(1)O(3) 78.51(8) N(6)O(6)Eu(1) 96.24(17) O(12)Eu(1)O(4) 148.38(7)

O(2)1Eu(1)O(4) 77.49(7) N(6)O(7)Eu(1) 97.85(16) O(12)Eu(1)O(6) 83.20(7)

O(2)1Eu(1)O(6) 152.38(8) N(7)O(9)Eu(1) 96.37(16) O(12)Eu(1)O(7) 128.34(7)

O(2)1Eu(1)O(7) 146.74(7) N(7)O(10)Eu(1) 96.24(16) O(12)Eu(1)O(9) 78.41(8)

O(2)1Eu(1)O(9) 127.11(7) C(1)N(1)C(2) 126.9(2) O(12)Eu(1)O(10) 76.35(7)

O(2)1Eu(1)O(10) 77.25(7) C(1)N(2)C(4) 126.2(2) C(1)O(1)Eu(1) 151.76(19)

O(2)1Eu(1)O(12) 84.78(7) C(7)N(3)C(2) 126.5(3) N(2)C(4)C(5) 109.1(2)

O(3)Eu(1)O(4) 51.03(7) C(7)N(4)C(8) 125.7(2) N(2)C(4)C(6) 108.0(2)

O(3)Eu(1)O(6) 122.13(8) O(3)N(5)O(4) 116.7(2) O(2)C(7)N(3) 118.4(3)

O(3)Eu(1)O(7) 72.83(7) O(5)N(5)O(3) 121.5(3) O(2)C(7)N(4) 121.4(3)

O(3)Eu(1)O(9) 91.34(8) O(5)N(5)O(4) 121.8(3) N(4)C(7)N(3) 120.3(3)

O(3)Eu(1)O(10) 74.92(7) O(6)N(6)O(7) 116.0(2) N(4)C(8)C(9) 107.3(2)

O(4)Eu(1)O(6) 100.70(7) O(8)N(6)O(6) 123.0(3) N(4)C(8)C(10) 109.6(3)

O(7)Eu(1)O(4) 71.52(7) O(8)N(6)O(7) 121.0(3) N(4)C(8)C(11) 107.1(3)

O(7)Eu(1)O(6) 49.38(7) O(10)N(7)O(9) 117.2(2)

O(7)Eu(1)O(9) 70.78(8) O(11)N(7)O(9) 120.9(3)

O(7)Eu(1)O(10) 110.30(7) O(11)N(7)O(10) 121.9(3)

O(9)Eu(1)O(4) 133.04(8) O(1)C(1)N(1) 120.1(3)

* Symmetry procedure: i 1 – x, 1 – y, 1 – z.
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Table 6. Bond lengths and bond angles in structure IV*

Bond d, Å Bond d, Å Bond d, Å

Tb(1)–O(1) 2.267(4) O(2)–Tb(1)i 2.240(4) O(11)–N(7) 1.234(5)

Tb(1)–O(2)i 2.240(4) O(2)–C(7) 1.248(7) N(1)–C(1) 1.334(6)

Tb(1)–O(3) 2.442(4) O(3)–N(5) 1.259(5) N(1)–C(2) 1.455(6)

Tb(1)–O(4) 2.498(4) O(4)–N(5) 1.262(6) N(2)–C(1) 1.305(7)

Tb(1)–O(6) 2.531(4) O(5)–N(5) 1.215(5) N(2)–C(4) 1.457(6)

Tb(1)–O(7) 2.477(4) O(6)–N(6) 1.239(6) N(3)–C(2) 1.454(7)

Tb(1)–O(9) 2.480(4) O(7)–N(6) 1.253(6) N(3)–C(7) 1.329(6)

Tb(1)–O(10) 2.505(4) O(8)–N(6) 1.224(6) N(4)–C(7) 1.328(6)

Tb(1)–O(12) 2.384(3) O(9)–N(7) 1.250(6) N(4)–C(8) 1.457(7)

O(1)–C(1) 1.262(6) O(10)–N(7) 1.251(6)

Angle ω, deg Angle ω, deg Angle ω, deg

O(1)Tb(1)O(3) 127.13(13) O(9)Tb(1)O(4) 132.49(15) O(8)N(6)O(6) 122.4(6)

O(1)Tb(1)O(4) 76.47(13) O(9)Tb(1)O(6) 73.83(15) O(8)N(6)O(7) 121.9(6)

O(1)Tb(1)O(6) 71.01(15) O(9)Tb(1)O(10) 50.72(14) O(9)N(7)O(10) 117.2(5)

O(1)Tb(1)O(7) 101.17(15) O(10)Tb(1)O(6) 123.18(14) O(11)N(7)O(9) 121.3(5)

O(1)Tb(1)O(9) 138.57(15) O(12)Tb(1)O(3) 149.47(14) O(11)N(7)O(10) 121.5(5)

O(1)Tb(1)O(10) 146.10(15) O(12)Tb(1)O(4) 148.60(13) O(1)C(1)N(1) 120.0(6)

O(1)Tb(1)O(12) 75.40(14) O(12)Tb(1)O(6) 82.07(14) O(1)C(1)N(2) 121.1(5)

O(2)1Tb(1)O(1) 81.95(15) O(12)Tb(1)O(7) 128.06(14) N(2)C(1)N(1) 118.9(5)

O(2)1Tb(1)O(3) 79.08(15) O(12)Tb(1)O(9) 78.72(15) N(1)C(2)C(3) 106.9(4)

O(2)1Tb(1)O(4) 77.28(14) O(12)Tb(1)O(10) 76.60(13) N(1)C(2)C(9) 107.7(5)

O(2)1Tb(1)O(6) 152.24(16) C(1)O(1)Tb(1) 151.6(4) N(3)C(2)N(1) 107.7(5)

O(2)1Tb(1)O(7) 146.51(14) C(7)O(2)Tb(1)1 156.2(4) N(3)C(2)C(3) 106.5(5)

O(2)1Tb(1)O(9) 127.49(15) N(5)O(3)Tb(1) 97.4(3) N(3)C(2)C(9) 107.4(5)

O(2)1Tb(1)O(10) 77.03(14) N(5)O(4)Tb(1) 94.7(3) N(2)C(4)C(3) 107.0(5)

O(2)1Tb(1)O(12) 85.22(14) N(6)O(6)Tb(1) 95.9(4) N(2)C(4)C(5) 109.4(5)

O(3)Tb(1)O(4) 51.37(13) N(6)O(7)Tb(1) 98.1(4) N(2)C(4)C(6) 108.0(5)

O(3)Tb(1)O(6) 122.34(15) N(7)O(9)Tb(1) 96.6(3) O(2)C(7)N(3) 119.8(6)

O(3)Tb(1)O(7) 72.54(14) N(7)O(10)Tb(1) 95.4(3) O(2)C(7)N(4) 121.2(5)

O(3)Tb(1)O(9) 90.27(15) C(1)N(1)C(2) 127.2(5) N(4)C(7)N(3) 119.0(6)

O(3)Tb(1)O(10) 74.46(13) C(1)N(2)C(4) 127.3(5) N(4)C(8)C(9) 107.6(5)

O(4)Tb(1)O(6) 101.65(14) C(7)N(3)C(2) 127.6(5) N(4)C(8)C(10) 110.1(6)

O(4)Tb(1)O(10) 123.21(14) C(7)N(4)C(8) 125.9(5) N(4)C(8)C(11) 107.5(5)

O(7)Tb(1)O(4) 71.25(13) O(3)N(5)O(4) 116.4(5)

O(7)Tb(1)O(6) 49.81(14) O(5)N(5)O(3) 122.0(6)

O(7)Tb(1)O(9) 70.83(14) O(5)N(5)O(4) 121.7(5)

O(7)Tb(1)O(10) 111.07(14) O(6)N(6)O(7) 115.7(5)

* Symmetry procedure: i 1 – x, 1 – y, 1 – z.
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Table 7. Bond lengths and bond angles in structure V*

Bond d, Å Bond d, Å Bond d, Å

Dy(1)–O(1) 2.261(8) O(2)–Dy(1)1 2.214(8) O(11)–N(7) 1.218(12)

Dy(1)–O(2)1 2.214(8) O(2)–C(7) 1.267(13) N(1)–C(1) 1.359(15)

Dy(1)–O(3) 2.432(9) O(3)–N(5) 1.283(13) N(1)–C(2) 1.457(15)

Dy(1)–O(4) 2.513(9) O(4)–N(5) 1.302(13) N(2)–C(1) 1.279(15)

Dy(1)–O(6) 2.537(9) O(5)–N(5) 1.199(13) N(2)–C(4) 1.464(15)

Dy(1)–O(7) 2.471(9) O(6)–N(6) 1.198(13) N(3)–C(2) 1.442(14)

Dy(1)–O(9) 2.488(9) O(7)–N(6) 1.274(13) N(3)–C(7) 1.365(15)

Dy(1)–O(10) 2.488(8) O(8)–N(6) 1.233(13) N(4)–C(7) 1.309(15)

Dy(1)–O(12) 2.375(9) O(9)–N(7) 1.268(13) N(4)–C(8) 1.468(15)

O(1)–C(1) 1.274(13) O(10)–N(7) 1.251(12)

Angle ω, deg Angle ω, deg Angle ω, deg

O(1)Dy(1)O(3) 128.4(3) O(9)Dy(1)O(6) 73.4(3) O(6)N(6)O(8) 123.1(12)

O(1)Dy(1)O(4) 76.5(3) O(10)Dy(1)O(4) 123.6(3) O(8)N(6)O(7) 119.9(12)

O(1)Dy(1)O(6) 70.6(3) O(10)Dy(1)O(6) 123.2(3) O(10)N(7)O(9) 117.1(10)

O(1)Dy(1)O(7) 100.9(3) O(10)Dy(1)O(9) 51.2(3) O(11)N(7)O(9) 122.4(11)

O(1)Dy(1)O(9) 137.9(3) O(12)Dy(1)O(3) 148.8(3) O(11)N(7)O(10) 120.5(11)

O(1)Dy(1)O(10) 146.2(3) O(12)Dy(1)O(4) 147.9(3) O(1)C(1)N(1) 119.3(11)

O(1)Dy(1)O(12) 74.8(3) O(12)Dy(1)O(6) 82.4(3) O(1)C(1)N(2) 120.9(11)

O(2)1Dy(1)O(1) 82.0(3) O(12)Dy(1)O(7) 128.5(3) N(2)C(1)N(1) 119.8(11)

O(2)1Dy(1)O(3) 79.0(3) O(12)Dy(1)O(9) 79.6(4) N(1)C(2)C(3) 110.0(10)

O(2)1Dy(1)O(4) 76.9(3) O(12)Dy(1)O(10) 76.9(3) N(1)C(2)C(9) 105.9(10)

O(2)1Dy(1)O(6) 152.0(3) C(1)O(1)Dy(1) 150.4(8) N(3)C(2)N(1) 106.6(9)

O(2)1Dy(1)O(7) 146.0(3) C(7)O(2)Dy(1)1 155.2(9) N(3)C(2)C(3) 109.5(10)

O(2)1Dy(1)O(9) 128.6(3) N(5)O(3)Dy(1) 97.8(7) N(3)C(2)C(9) 105.1(10)

O(2)1Dy(1)O(10) 77.6(3) N(5)O(4)Dy(1) 93.4(7) N(2)C(4)C(3) 107.7(10)

O(2)1Dy(1)O(12) 85.2(3) N(6)O(6)Dy(1) 95.6(7) N(2)C(4)C(5) 108.2(12)

O(3)Dy(1)O(4) 52.6(3) N(6)O(7)Dy(1) 96.8(7) N(2)C(4)C(6) 108.6(11)

O(3)Dy(1)O(6) 122.5(3) N(7)O(9)Dy(1) 95.6(7) O(2)C(7)N(3) 117.9(12)

O(3)Dy(1)O(7) 72.7(3) N(7)O(10)Dy(1) 96.1(7) O(2)C(7)N(4) 124.2(12)

O(3)Dy(1)O(9) 89.4(4) C(1)N(1)C(2) 124.8(10) N(4)C(7)N(3) 117.9(12)

O(3)Dy(1)O(10) 73.6(3) C(1)N(2)C(4) 127.8(11) N(4)C(8)C(9) 106.7(11)

O(4)Dy(1)O(6) 101.3(3) C(7)N(3)C(2) 127.9(11) N(4)C(8)C(10) 108.7(12)

O(7)Dy(1)O(4) 71.1(3) C(7)N(4)C(8) 127.5(11) N(4)C(8)C(11) 107.8(11)

O(7)Dy(1)O(6) 49.8(3) O(3)N(5)O(4) 116.0(10)

O(7)Dy(1)O(9) 70.3(3) O(5)N(5)O(3) 123.0(11)

O(7)Dy(1)O(10) 111.1(3) O(5)N(5)O(4) 120.9(11)

O(9)Dy(1)O(4) 132.3(4) O(6)N(6)O(7) 117.0(11)

* Symmetry procedure: i 1 – x, 1 – y, 1 – z.
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Table 8. Geometric parameters of hydrogen bonds in structures I, II, IV, and V

D–H...A Symmetry procedure H...A Angle 
D–H...A, deg

I 

N(1)–H(1)...O(4) 2.49 132

O(12)–H(12a)...O(11) 1 – x, 1 – y, 2 – z 1.87 171

O(12)–H(12b)...O(7) 1 + x, y, z 1.96 174

N(2)–H(2)...O(8) 1 + x, y, z 2.38 151

N(3)–H(3)...O(5) 1 + x, y, z 2.23 164

N(4)–H(4)...O(11) x, y, –1 + z 2.23 173

II 

N(1)–H(1)...O(4) 2.47 136

O(12)–H(12a)...O(11) 1 – x, 1 – y, 2 – z 1.96 171

O(12)–H(12b)...O(7) 1 + x, y, z 2.02 171

N(2)–H(2)...O(8) 1 + x, y, z 2.34 154

N(3)–H(3)...O(5) 1 + x, y, z 2.21 163

N(4)–H(4)...O(11) x, y, –1 + z 2.21 172

IV 

N(1)–H(1)...O(4) 2.45 136

O(12)–H(12a)...O(11) 1 – x, 1 – y, 2 – z 1.94 178

O(12)–H(12b)...O(7) 1 + x, y, z 2.03 170

N(2)–H(2)...O(8) 1 + x, y, z 2.38 154

N(3)–H(3)...O(5) 1 + x, y, z 2.23 162

N(4)–H(4)...O(11) x, y, –1 + z 2.21 173

V 

N(1)–H(1)...O(4) 2.42 136

O(12)–H(12a)...O(11) 1 – x, 1 – y, 2 – z 2.02 148

O(12)–H(12b)...O(7) 1 + x, y, z 2.05 154

N(2)–H(2)...O(8) 1 + x, y, z 2.37 154

N(3)–H(3)...O(5) 1 + x, y, z 2.21 164

N(4)–H(4)...O(11) x, y, –1 + z 2.26 171
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Table 9. Bond lengths and bond angles in structure III*

Bond d, Å Bond d, Å Bond d, Å

Gd(1)–O(1) 2.266(6) O(1)–C(1) 1.279(10) O(14)–N(7) 1.254(9)

Gd(1)–O(2)1 2.329(6) O(2)–Gd(1)1 2.329(6) N(1)–C(1) 1.322(11)

Gd(1)–O(3) 2.378(5) O(2)–C(7) 1.277(10) N(1)–C(4) 1.467(10)

Gd(1)–O(4) 2.479(6) O(6)–N(5) 1.260(8) N(2)–C(1) 1.351(10)

Gd(1)–O(5) 2.382(5) O(7)–N(5) 1.254(9) N(2)–C(2) 1.455(9)

Gd(1)–O(6) 2.463(6) O(8)–N(5) 1.208(9) N(3)–C(7) 1.328(10)

Gd(1)–O(7) 2.606(6) O(9)–N(6) 1.257(8) N(3)–C(9) 1.471(9)

Gd(1)–O(9) 2.600(6) O(10)–N(6) 1.265(8) N(4)–C(2) 1.466(10)

Gd(1)–O(10) 2.503(6) O(11)–N(6) 1.241(8) N(4)–C(7) 1.334(9)

Gd(1)–N(5) 2.972(8) O(12)–N(7) 1.238(8)

Gd(1)–N(6) 2.968(7) O(13)–N(7) 1.241(9)

Angle ω, deg Angle ω, deg Angle ω, deg

O(1)Gd(1)O(2)1 96.6(2) O(5)Gd(1)O(6) 84.34(19) O(7)N(5)Gd(1) 61.0(4)

O(1)Gd(1)O(3) 80.0(2) O(5)Gd(1)O(7) 132.5(2) O(7)N(5)O(6) 115.3(8)

O(1)Gd(1)O(4) 79.5(2) O(5)Gd(1)O(9) 65.72(19) O(8)N(5)Gd(1) 174.5(7)

O(1)Gd(1)O(5) 153.2(2) O(5)Gd(1)O(10) 115.6(2) O(8)N(5)O(6) 121.7(9)

O(1)Gd(1)O(6) 121.9(2) O(5)Gd(1)N(5) 108.2(2) O(8)N(5)O(7) 123.0(9)

O(1)Gd(1)O(7) 72.7(2) O(5)Gd(1)N(6) 90.7(2) O(9)N(6)Gd(1) 60.9(4)

O(1)Gd(1)O(9) 124.6(2) O(6)Gd(1)O(4) 140.11(19) O(9)N(6)O(10) 117.3(7)

O(1)Gd(1)O(10) 78.6(2) O(6)Gd(1)O(7) 49.42(18) O(10)N(6)Gd(1) 56.5(4)

O(1)Gd(1)N(5) 97.6(2) O(6)Gd(1)O(9) 70.52(19) O(11)N(6)Gd(1) 176.1(6)

O(1)Gd(1)N(6) 102.1(2) O(6)Gd(1)O(10) 77.2(2) O(11)N(6)O(9) 121.9(8)

O(2)1Gd(1)O(3) 73.39(19) O(6)Gd(1)N(5) 24.58(18) O(11)N(6)O(10) 120.8(8)

O(2)1Gd(1)O(4) 143.86(19) O(6)Gd(1)N(6) 71.35(19) O(12)N(7)O(13) 118.6(9)

O(2)1Gd(1)O(5) 86.3(2) O(7)Gd(1)N(5) 24.88(18) O(12)N(7)O(14) 119.9(8)

O(2)1Gd(1)O(6) 71.95(19) O(7)Gd(1)N(6) 84.6(2) O(13)N(7)O(14) 121.5(8)

O(2)1Gd(1)O(7) 71.14(19) O(9)Gd(1)O(7) 101.50(19) O(1)C(1)N(1) 121.0(9)

O(2)1Gd(1)O(9) 134.7(2) O(9)Gd(1)N(5) 86.4(2) O(1)C(1)N(2) 119.1(9)

O(2)1Gd(1)O(10) 140.06(19) O(9)Gd(1)N(6) 24.97(18) N(1)C(1)N(2) 119.9(9)

O(2)1Gd(1)N(5) 68.6(2) O(10)Gd(1)O(7) 69.60(19) N(2)C(2)N(4) 107.4(7)

O(2)1Gd(1)N(6) 143.30(19) O(10)Gd(1)O(9) 49.87(18) N(2)C(2)C(3) 107.7(7)

O(3)Gd(1)O(4) 70.54(18) O(10)Gd(1)N(5) 72.8(2) N(2)C(2)C(8) 108.3(7)

O(3)Gd(1)O(5) 75.38(18) O(10)Gd(1)N(6) 24.92(18) N(4)C(2)C(3) 115.3(7)

O(3)Gd(1)O(6) 140.7(2) N(6)Gd(1)N(5) 77.8(2) N(4)C(2)C(8) 106.5(7)

O(3)Gd(1)O(7) 131.67(19) C(1)O(1)Gd(1) 157.8(6) N(1)C(4)C(3) 108.4(7)

O(3)Gd(1)O(9) 126.81(17) C(7)O(2)Gd(1)i 146.5(6) N(1)C(4)C(5) 110.0(7)

O(3)Gd(1)O(10) 142.0(2) N(5)O(6)Gd(1) 101.0(5) N(1)C(4)C(6) 107.5(7)

O(3)Gd(1)N(5) 141.4(2) N(5)O(7)Gd(1) 94.1(5) O(2)C(7)N(3) 121.2(8)

O(3)Gd(1)N(6) 140.71(19) N(6)O(9)Gd(1) 94.1(5) O(2)C(7)N(4) 119.5(8)

O(4)Gd(1)O(7) 138.3(2) N(6)O(10)Gd(1) 98.6(5) N(3)C(7)N(4) 119.3(9)

O(4)Gd(1)O(9) 69.73(19) C(1)N(1)C(4) 126.7(8) N(3)C(9)C(8) 106.6(6)

O(4)Gd(1)O(10) 74.91(19) C(1)N(2)C(2) 123.6(8) N(3)C(9)C(10) 108.6(7)

O(4)Gd(1)N(5) 147.4(2) C(7)N(3)C(9) 126.1(7) N(3)C(9)C(11) 107.3(7)

O(4)Gd(1)N(6) 71.32(18) C(7)N(4)C(2) 125.5(7)

O(5)Gd(1)O(4) 82.5(2) O(6)N(5)Gd(1) 54.4(4)

* Symmetry procedure: i –x, 1 – y, 1 – z.
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Fig. 2. General view of structures I, II, IV, and V along the [010] direction.
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Fig. 3. Structure of compound III.
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with the N–C(=O)–N–C(Me)2 planar fragment,
and the C(2) and C(3) atoms deviate from this plane
by –0.211(15) and 0.378(16) Å, respectively. The cycle
containing the N(3) atom exists in the sofa conforma�
tion with the deviation of the C(8) atom from the
mean plane of other atoms of the cycle by
⎯0.556(13) Å. The dihedral angle between the mean
planes of the cycle is 87.4(2)°. This conformation of
the cycle includes shortened intramolecular H…H
contacts involving the hydrogen atoms of the axial

methyl groups Н(4)...H(5e) 2.29 and Н(3с)...Н(10а)
2.07 Å (Table 9, Fig. 3).

x

y

z0

Fig. 4. General view of structure III along the [110] direc�
tion.
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Fig. 5. Plots of the (a) unit cell volume (V = f(Z)),
(b) Ln←O(2)=C bond length (r = f(Z)), and (c) Ln...Ln
distance (r = f(Z)) on the number of lanthanide in com�
plexes I–V.
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The intramolecular hydrogen bond N(2)–
H(2)...O(7) (H...O 2.28 is formed inside the complex.
The complexes and uncoordinated nitrate anions
are bound into layers parallel to the (1 1 0) plane by mul�
tiple intermolecular hydrogen bonds N(1)–H(1)O(11)i

(i –1 + x, y, z) (H...O 2.29 Å, angle N–H...O 164°),
N(3)–H(3)...O(12)ii (ii –x, 1 – y, 1 – z) (H...O 2.14 Å,
angle N–H...O 157°), N(4)–H(4)...O(8)i (H...O
2.42 Å, N–H...O 139°), O(3)–H(3a)...O(6)i (H...O
1.94 Å, O–H...O 169°), O(3)–H(3b)...O(14)iii

(iii
⎯x, 2 – y, 1 – z) (H...O 2.87 Å, O–H...O 166°),

O(4)–H(4a)...O(13)iii (H⋅⋅⋅O 2.05 Å, O–H...O 162°),
O(4)–H(4b)...O(11)i (H⋅⋅⋅O 2.15 Å, O–H⋅⋅⋅O 176°),
O(5)–H(5a)...O(12 (H…O 1.89 Å, O–H...O 180°),
O(5)–H(5b)...O(14)iv (iv 1 – x, 2 – y, 1 – z) (H...O
2.08 Å, O–H...O 158°) (Fig. 4).

For the synthesized compounds, the nonmono�
tonic changes in the unit cell volume, distance
between the lanthanide atoms Ln...Ln, and bond
lengths between the Ln atoms and carbonyl oxygen of
spirocarbone are worth of mentioning (Fig. 5).

The observed violation of the monotonic character
for the gadolinium atom is a consequence of the sec�
ondary periodicity named the tetrad effect [15]. The
reasons for this effect are considered to be the nonuni�
form rate of deepening of the 4f orbitals in the series of
lanthanides leading to the “gadolinium break,” the
spin�orbital interaction dividing the whole series of
lanthanides into four segments, and an additional sta�
bilization by the crystalline field, which is maximum at
the beginning and at the end of two subgroups of the
lanthanide family.
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