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INTRODUCTION

Ditopic N�heterocycles are actively used in
supramolecular chemistry for the fabrication of asso�
ciates with promising functional properties. Most
popular are pyrazine (Pz) and its derivatives and also
diverse 4,4'�bipyridine (4,4'�Bipy) derivatives. The
major array of accumulated data concerns compounds
of transition elements. In recent years, the attention
has switched to the design of associates with triply
charged cations such as In3+, Y3+. For example, in the
polymeric structure [In2Cl6(Pz)3], one Pz molecule
combines mer�InCl3 fragments into chains, while
another Pz molecule links chains to form ribbons [1].
In the metal�organic layered polymer InF3(4,4'�Bipy),
the 4,4'�Bipy molecules are bridging [2]. However, for
yttrium, in addition to the bridging coordination of
4,4'�Bipy [3], formation of the associate
[Y2(HСa)6(4,4'�Bipy)2(H2O)2] ⋅ 2(4,4'�Bipy) was
established (H2Сa is 2�hydroxycinnamic acid), one
4,4'�Bipy molecule in the associate being coordinated
in the monodentate fashion and the other being a sol�
vate molecule [4]. Unfortunately, in the case of ditopic
4,7�phenanthroline (4,7�Phen), structural data are
only available for singly and doubly charged cations
(CCDC, version 5.34, 2013 [5]) but in this case, too,
variable bonding of 4,7�Phen can be followed, in par�
ticular, bridging and monodentate coordination and
the outer�sphere association. The halide and nitrate
salts of M2+ = Co, Cd, Zn, and Ni with 4,7�Phen form
coordination polymers with the bidentate bridging
position of ditopic 4,7�Phen, although analogous
Cu2+ salts predominantly form complexes with mono�
dentate coordination of 4,7�Phen [6].

This paper reports a study of the reaction of ditopic
4,7�Phen with yttrium aqua thiocyanate in ethanol
solutions, which was used to isolate and structurally
identify the outer�sphere associates of Y(III) thiocy�
anate complexes with ditopic N�heterocycles.

EXPERIMENTAL

The following commercial chemicals were used:
[Y(H2O)5(NCS)3] ⋅ H2O (high�purity grade) (rare
metal plant, Novosibirsk), 4,7�phenanthroline (Ald�
rich), EtOH, and Et2O. An aqueous solution of
HNCS was prepared by the reaction of a solution of
Ba(NCS)2 · 3H2O (Vekton, reagent grade) with an
equimolar amount of a H2SO4 solution (Fixanal).

All operations were carried out in air. Elemental
analysis was done by standard procedures on an
EA1108 Carlo Erba CHN�analyzer at the Center for
Collective Use at the Kurnakov Institute of General
and Inorganic Chemistry. The IR spectra were mea�
sured in the same Center for Collective Use on a
Nexus Nicolet FT IR spectrometer in the range of
550–4000 cm–1. The ATR spectra were measured
using a Nicolet attachment (Pike Technologies). Pow�
der X�ray diffraction analysis was performed on a
STOE STADI P diffractometer (CuK

α1 radiation,
Ge monochromator), Center for Collective Use at the
Lomonosov Moscow State University.

Single crystal X�ray diffraction. Experimental data
were collected on a Bruker SMART APEX II diffrac�
tometer [7] (Center for Collective Use at the Kurna�
kov Institute of General and Inorganic Chemistry).
The absorption corrections were applied semiempiri�
cally by the SADABS program [8]. The structures were
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solved by combination of the direct methods and Fou�
rier syntheses. Some hydrogen atoms were located and
the other were calculated from geometric consider�
ations. Structures Ia, II–VII were refined by the full�
matrix anisotropic least�squares method with inclu�
sion of hydrogen atoms. The crystals of I were of poor
quality and degraded at 183 K within several hours.
The structure of I was refined without any constraints
on the geometric parameters of the molecule; there�
fore, despite high Rhkl, we have no doubts in the cor�
rectness of the proposed model. All calculations were
performed using SHELXS�97 and SHELXL�97 soft�
ware [9].

Selected structural data are presented in the table.
Experimental data for compounds I–VII are depos�
ited with the Cambridge Crystallographic Data Centre
(nos. 963931–963938, respectively; deposit@ccdc.
cam.ac.uk or http://www.ccdc.cam.ac.uk/
data_request/cif).

Synthesis 1: Y(H2O)7(NCS)](NCS)2 ⋅ 5(4,7�Phen) ⋅
5(H2O) (I). A solution of yttrium thiocyanate (0.348 g,
0.94 mmol) in 20 mL of EtOH was filtered into a solu�
tion of 4,7�Phen (0.173 g, 0.96 mmol) in 20 mL of
EtOH. The bright yellow solution was concentrated at
room temperature. The crystals were separated on a
glass filter, washed with ether, and dried in a vacuum
desiccator over silica gel. Yield 0.20 g (15% in relation
to Y).

Synthesis 2: [Y(H2O)5(NCS)3] ⋅ 2(4,7�Phen) ⋅

2(H2O) (II) + {H(4,7�
Phen)}2[Y(H2O)7(NCS)](NCS)4 ⋅  2(4,7�Phen) ⋅

5(H2O) (III). A solution of yttrium thiocyanate
(0.363 g, 0.98 mmol) in 20 mL of EtOH was filtered
into a solution of 4,7�Phen (0.351 g, 1.95 mmol) in
20 mL of EtOH, and an aqueous solution of HNCS
(2.5 mL, 1 mmol) was added. The dark pink solution
was concentrated at room temperature. The crystals
were separated on a glass filter, washed with ether, and
dried in a vacuum desiccator over silica gel. Yield
0.34 g.

RESULTS AND DISCUSSION

The reaction of 4,7�Phen with the molecular com�
plex [Y(H2O)5(NCS)3] ⋅ H2O in ethanol solutions

For C63H64N13O13S3Y (M = 1380.36)

anal. calcd., %: C, 54.81; H, 4.67; N, 13.19; S, 6.97. 

Found, %: C, 54.14; H, 4.51; N, 13.25; S, 6.49.

For C48H58N13O12S5Y (M = 1258.29) 

anal. calcd., %: C, 45.82; H, 4.64; N, 14.47; S, 12.74. 

Found, %: C, 48.12; H, 3.76; N, 14.33; S, 12.45. 

For C27H30N7O7S3Y (M = 749.67) 

anal. calcd., %: C, 43.26; H, 4.03; N, 13.079; S, 12.83. 

results in the thiocyanate ions being displaced by water
molecules to give the cationic complex
[Y(H2O)7(NCS)]2+. The anionic ligands migrate from
the coordination sphere of the molecular complex to
the outer sphere of the cationic complex and, together
with the nitrogen base, form associate I. The yield of I
increases from 15 to 40% as the 4,7�Phen : Y ratio
increases from 1 to 2. In addition to the main bulk of
poor�quality crystals of I, the reaction products con�
tain a well�formed impurity crystals of
[Y(H2O)7(NCS)](NCS)2 ⋅ 5(4,7�Phen) ⋅ 6(H2O) (Ia)
with a composition differing by one water molecule.
According to powder X�ray diffraction, the solid phase
from synthesis 1 consists of compounds I (95%) and Ia
(1–2%). As the 4,7�Phen : Y ratio was increased, a
minor amount of associate based on molecular com�
plex II was formed. To suppress the aquation of the
molecular complex, synthesis 2 in the presence of
HNCS was carried out. Indeed, according to powder
X�ray diffraction data, the amount of molecular form II
in the products of synthesis 2 increased but still it was less
than half. The major product was associate III based on
the cationic complex [Y(H2O)7(NCS)]2+ with proto�
nated and free 4,7�Phen. No associates with coordi�
nated 4,7�Phen were detected upon these syntheses.

Examination of the IR spectra of compounds I–III
(comparison with the spectrum of the starting molec�
ular yttrium thiocyanate) showed that most informa�
tive is the characteristic ν(CN) band of the NCS
group. In the polyhedron of [Y(H2O)5(NCS)3] ⋅ H2O,
the coordination number of yttrium is 8. The N�coor�
dinated thiocyanate groups are responsible for two
clear�cut absorption bands at 2103 and 2085 cm–1 with
~1 : 2 intensity ratio, which reflects their non�equiva�
lent positions in the structure [10]. Compound I (the
metal coordination number is 8) also accounts for two
ν(CN) bands at 2066 and 2036 cm–1 with intensity
ratio of ~2 : 1; hence, they are attributable to the pres�
ence of two outer�sphere anions and one coordinated
anion in structure I, the frequencies being closer to the
frequency for the salt KNCS (2053 cm–1). The IR
spectrum of the mixture II + III shows four ν(CN)
bands at 2094, 2076, 2056, and 2042 cm–1, which were
quite consistent with the presence of molecular and
cationic yttrium thiocyanate complexes and outer�
sphere NCS anions.

The obtained experimental data confirm that the
fused N�heterocycle induces replacement of thiocy�
anate ions by water molecules, the metal coordination
number remaining unchanged. The introduction of
the anionic ligand in the form of HNCS somewhat
suppresses this process and gives associate II based on
the molecular complex but the associate III based on
the cationic complex is still formed predominantly.

A similar situation, i.e., the expulsion of the
anionic ligand from the yttrium coordination sphere
under the action of the ditopic N�heterocycle, occurs
also in the reaction of YCl3 ⋅ 6H2O with 4,4'�Bipy. For
example, in the hydrothermal synthesis in the pres�
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ence of HCl (170°C, 100 h), the compound
[H2(4,4'�Bipy)][Y(H2O)8]Cl5 ⋅ H2O (IV) was
obtained, while the solvothermal synthesis (ethanol–
water, 70°C, 75 h) yielded {[H(4,4'�
Bipy)}[Y(H2O)8]Cl4 ⋅ H2O (V) . These associates were
formed from the cationic aqua complex, protonated
diimine, a water molecule, and chloride ions, which
completely migrated to the outer sphere (no coordi�
nated 4,4'�Bipy molecules were present).

The reaction of yttrium thiocyanate with ditopic Pz
in ethanol follows a somewhat different route. For Pz :
Y ≈ 3, the associate [Y(H2O)5(NCS)3] ⋅ 1.5Pz ⋅ H2O
(VI) based on the initial molecular yttrium complex
was identified in the solid phase. By using a solution
containing HNCS, the salt {HPz2}2[Y(H2O)4(NCS)4]2 ⋅
Pz (VII) was obtained. Thus, the monocyclic ditopic
Pz, unlike 4,7�Phen with fused rings, does not induce
aquation of the molecular yttrium complex. In the
presence of Pz, the associate with the anionic yttrium
complex may be formed but, as in case of 4,7�Phen,
the ditopic heterocycle is not coordinated to yttrium.

Structures I and Ia are formed by the complexes
[Y(H2O)7(NCS)]2+ (Fig. 1a), thiocyanate ions, and
4,7�Phen and H2O solvate molecules. The yttrium
polyhedron is a square antiprism. The crystal struc�
tures of I and Ia are similar (Fig. 2a and 2b);
an extended system of hydrogen bonds combines
the structural units to a framework. The matrix
(1 0 0/1 –2 0/0 0 –1) transforms the triclinic unit cell
of I into the C�centered unit cell with the parameters

O(1)
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O(3)
O(2)

S(1) C(1) N(1) Y(1)
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Fig. 1. Structure of the complex in (a) Ia, (b) II, and
(c) VII.
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Fig. 2. Projection of structures (a) I and (b) Ia along z axis.
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a = 13.22 Å, b = 28.59 Å, c = 17.55 Å; α = 86.9°, β =
103.6°, γ = 87.3°, which do not differ much from the
parameters of the monoclinic phase of Ia (table). The
4,7�Phen molecules form stacks (Fig. 3), one unit cell
containing five crystalographically independent mole�
cules. The distance between the neighboring 4,7�Phen
molecules is ∼3.5 Å (the parameter c is 17.55(2) Å and
17.5387(5) Å in I and Ia, 3.5 × 5 = 17.5).

The molecular complex [Y(H2O)5(NCS)3]
(Fig. 1b) in compound II has crystallographic symme�
try m. As in structures I and Ia, 4,7�Phen in II also
form stacks (Figs. 3b, 3e) with a pitch of 3.4 Å.

The structure of III contains complexes
[Y(H2O)7(NCS)]2+ (in both I and Ia), monoproto�
nated 4,7�Phen, a thiocyanate ion, and 4,7�Phen and

H2O molecules. The protonation site of 4,7�Phen is
unambiguously determined by the formation of
N⎯H…N(NCS) hydrogen bonds (N…N 2.73 and
2.75 Å). All four crystallographically independent
Hx(4,7�Phen) units are stacked; H(4,7�Phen) and
4,7�Phen alternate (Fig. 3c, 3f). The protonated ring
of H(4,7�Phen) deviates from the stacks and is not
involved in stacking.

In structure IV, the diprotonated H2(4,4'�Bipy)
cations are not involved in stacking, whereas the
H(4,4'�Bipy) cations in structure V form stacks with
non�equivalent binding of diimines. In the pair of cat�
ions related by inversion center A (Fig. 4), the shortest
C…C distance is 3.41 Å; for those related by inversion
center B, this distance is 3.54 Å.

(a) (b) (c)

(d)

(e)

(f)

Fig. 3. Two projections of Phen stacks in structures (a, d) Ia, (b, e) II, and (c, f) III.



406

RUSSIAN JOURNAL OF COORDINATION CHEMISTRY  Vol. 40  No. 6  2014

PETROSYANTS, ILYUKHIN

The molecular complex [Y(H2O)5(NCS)3] in VI
occupies a general position; its structure is similar to
that found for II. The shortest contact between the N
and C atoms of the neighboring Pz solvate molecules
in V is longer than 3.56 Å.

The anionic complex [Y(H2O)4(NCS)4]
– in struc�

ture VII is located on a 2 axis, the HPz cation occurs
in a general position; the Pz solvate molecule has crys�
tallographic symmetry 222. The acid hydrogen atom is
disordered over two sites between the N(4) atoms
related by 2 axis (Fig. 5) (N(4)…N(4A) 2.708 Å). The
shortest non�valence contacts in the {HPz2}2 · Pz frag�
ment are: N(5)…N(4) 3.216, C(7)…C(4B) 3.406,
C(7)…C(5) 3.434 Å.

Thus, associates I–III with cationic or molecular
yttrium complexes are formed in ethanol solutions
under the action of ditopic 4,7�Phen; the metal coor�
dination number in the associates is 8. The 4,7�Phen
molecules and cations in associates I–III form stacks
with a pitch of 3.4–3.5 Å.
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Fig. 4. Structure of the H(4,4'�Bipy) stacks in V.
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Fig. 5. Fragment of structure VII.


