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Abstract—The reactions of functionalized lithium CF3-β-diketonate (LiL) with trivalent rare-earth
metal salts in methanol afford homobinuclear and heterobi(tri)nuclear complexes depending on the nature
of the transition metal and anion (chlorides, nitrates, and acetates). In the cases of lanthanum(III) and
cerium(III), homoleptic complexes [(LnL3)2] are isolated (CIF files CCDC nos. 2031097 (Ia)
and 2031102 (Ib)). The reaction of LiL with praseodymium(III) nitrate gives the new trimetallic structure
[(LiPrL3)(LiL)(NO3)(H2O)2] (CIF file CCDC no. 2031103 (II)), and the replacement of nitrate by chloride
gives [(PrL3)(LiL)(H2O)] (CIF file CCDC no. 2031104 (IIIa)). Regardless of the nature of the anion of the
salt in the series from neodymium(III) to ytterbium(III) and yttrium(III), Ln–Li β-diketonates
[(LnL3)(LiL)(solv)] (solv is H2O and MeOH) are formed, and their structures are characterized by X-ray
structure analysis (CIF files CCDC nos. 2031099 (IIIb), 2031100 (IIIc), 2031098 (IVa), 2031096 (IVc),
2031094 (IVf), 2031101 (IVg), and 2031095 (IVh)). The equilibrium of the diketonate isomeric forms in a
solution of deuterated dimethyl sulfoxide is studied by 19F NMR spectroscopy, and the qualitative composi-
tion of the polynuclear complexes is determined by mass spectrometry.
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INTRODUCTION

β-Diketones represent a unique platform for the
synthesis of metal-organic frameworks [1–4]. The
formation of coordination compounds based on them
with the majority of elements of the periodic table pro-
vides a possibility to produce new promising materials
with a broad range of physicochemical properties,
such as luminescence, [5–11], magnetic [12–16], and
catalytic [17] properties. The synthesis of both mono-
and polynuclear homo(hetero)metallic β-diketonates
is a basic stage for further manufacturing oxide mate-
rials with a specified stoichiometric ratio of elements
[18–24].

We have previously developed an approach to the
synthesis of functionalized trif luorine-containing
lithium diketonate (LiL), and on the basis of this
approach we synthesized the heterobimetallic binu-
clear complexes [(LnL3)(LiL)(MeOH)] and
[(LnL3)(LiL)(H2O)] (Ln = Eu, Tb, and Dy) [25],
[LiLnL4(H2O)](CH3CN) (Ln = Eu and Tb) [26],
M[TbL4] (M = Na, K, and Cs) [27], and
(CuL2)(Pb(Hfa)2) [28], including those with promis-
ing (mechano)luminescence and magnetic properties.

The methoxy groups in the α-position to the dicar-
bonyl fragment extends the coordination abilities of
the diketonate anion for the synthesis of the bimetallic
complexes, which was demonstrated by the coordina-
tion modes (A and В). The structure of the used β-
diketonate anion L (Scheme 1a) and its coordination
abilities (Scheme 1b) are presented below.

Scheme 1.
Under the action of strong Lewis acids, lithium

diketonate LiL forms the furan derivative [29], which
is a convenient building block for the synthesis of var-
ious heterocyclic systems, including bioactive com-
pounds [30–34].

In this work, we studied the possibilities of func-
tionalized lithium β-diketonate LiL in the synthesis of
homo(hetero)metallic complexes, depending on the
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nature of the rare-earth metal (REM) ion and inor-
ganic anion.

EXPERIMENTAL

All procedures related to the synthesis of new com-
plexes were carried out in air using commercial
reagents (LaCl3·6H2O, La(NO3)3·6H2O,
CeCl3·6H2O, PrCl3·6H2O, Pr(NO3)3·6H2O,
NdCl3·6H2O, SmCl3·6H2O, Gd(NO3)3·6H2O,
HoCl3·6H2O, Ho(OAc)3·6H2O, ErCl3·6H2O, and
YbCl3·6H2O (purity of all salts not lower than 99.9%)
and methanol (99%, Alfa Aesar). Trif luoromethyl-
containing lithium β-diketonate LiL was synthesized
using a described procedure [30]. Diketonates
[(LnL3)(LiL)(MeOH)] (IVb, IVd, and IVe) were syn-
thesized according to a published procedure [25].

The IR spectra of the compounds were recorded on
a PerkinElmer Spectrum One FT-IR spectrometer in
a range of 400–4000 cm–1 using a diffuse reflectance
accessory (DRA) for solids. Elemental analyses were
carried out on a PerkinElmer PE 2400 Series II auto-
mated analyzer. 19F NMR spectra (376 MHz) were
detected on a Bruker DRX-500 spectrometer
(500 MHz) using C6F6 as an internal standard (δF =
‒162.9 ppm relative to CFCl3).

The mass spectra of the complexes were recorded
for solutions in methanol in the regime of positive ions
in a mass range of 50–2800 Da on a MaXis Impact
HD high-resolution quadrupole time-of-flight mass
spectrometer (Bruker Daltonics) with the mounted
standard source of electrospray ionization with syringe
injection at a f low rate of 180 μL/h by the Tune_pos_-
standard modified method. The mass scale was exter-
nally calibrated by a G1969-85000 standard mixture
(Agilent Technologies). The data were collected and
processed using the Bruker, version 1.7 and Compass
DataAnalysis, version 4.2 program packages (Bruker).
The calculated mass of the ion was presented on the
basis of precise masses of the most abundant isotopes
of the atoms of the ion, whereas the expected mass was
obtained on the basis of the simulation mass spectrum
from the instrumental resolution using the software of
the mass spectrometer used.

Synthesis of complexes I–IV (general procedure).
Lanthanide salt (0.5 mmol) was added to lithium
β-diketonate LiL (2 mmol) in methanol (15 mL). The
resulting suspension was heated to boiling and kept
until a transparent solution was formed, after which
the solution was cooled to room temperature and
passed through the Celite® 545 layer. The slow evap-
oration of the solvent resulted in the formation of crys-
tals of complex IV. In the cases of compounds I–III,
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
the crystals were obtained by recrystallization from
ethanol.

The yield was 220 mg (53%). Colorless crystals.

IR (DRA), ν, cm–1: 3000, 2951, 2843 ν(C–H), 1682,
1632 ν(C=O), 1451, 1437 νas(CH3), 1246–1139
ν(C‒F). 19F NMR ((CD3)2SO), δ, ppm: 88.1. ESI-
MS: found 1647.1456 for C48H60O24F18LiLa2

([La2LiL6]+), calculated 1647.1469, expected
1647.1470.

The yield was 178 mg (43%). Yellow crystals.

IR (DRA), ν, cm–1: 3001, 2949, 2844 ν(C–H), 1680,
1633 ν(C=O), 1453, 1436 νas(CH3), 1238–1142
ν(C‒F). 19F NMR ((CD3)2SO), δ, ppm: 89.5.

ESI-MS: found 1649.1454 for C48H60O24F18LiCe2

([Ce2LiL6]+), calculated 1649.1450, expected
1659.1451.

The yield was 464 mg (80%). Colorless crystals.

IR (DRA), ν, cm–1: 3585–3493 ν(O–H), 2994–2845
ν(C–H), 1639 ν(C=O), 1488–1428 νas(CH3), 1249–
1140 ν(C–F). 19F NMR ((CD3)2SO), δ, ppm: 87.7,
91.9 (in a ratio of 1 : 1.3). ESI-MS: found 1063.1507
for C32H40O16F12Li2Pr ([PrLi2L4]+), calculated
1063.1516, expected 1063.1517.

The yield was 356 mg (66%). Blue crystals.

IR (DRA), ν, cm–1: 3580–3496 ν(O–H), 2993–2844
ν(C–H), 1636 ν(C=O), 1486–1424 νas(CH3), 1244–
1139 ν(C–F). 19F NMR ((CD3)2SO), δ, ppm: 88.0,
90.5, 91.6 (in a ratio of 1 : 0.4 : 5.8). ESI-MS: found

For C48H60O24F18La2 (Ia)
Anal. calcd., % С, 35.14 H, 3.69
Found, % С, 34.91 H, 3.55

For C48H60F18O24Ce2 (Ib)
Anal. calcd., % С, 35.09 H, 3.68
Found, % С, 34.78 H, 3.45

For C32H44NO21F12Li2Pr (II)
Anal. calcd., % С, 33.09 H, 3.82 N, 1.21
Found, % С, 33.91 H, 3.65 N, 1.05

For C32H42F12LiO17Pr (IIIa)
Anal. calcd., % С, 35.77 H, 3.94
Found, % С, 35.62 H, 3.77
  Vol. 47  No. 4  2021



282 KUDYAKOVA et al.
1063.1502 for C32H40O16F12Li2Pr ([PrLiL4]+), calcu-
lated 1063.1516, expected 1063.1517.

The yield was 210 mg (39%). Blue crystals.
IR (DRA), ν, cm–1: 3585–3494 ν(O–H), 2989–2846
ν(C–H), 1636 ν(C=O), 1481–1422 νas(CH3), 1242–
1140 ν(C–F). 19F NMR ((CD3)2SO), δ, ppm: 87.8,
89.9, 90.5 (in a ratio of 1 : 0.25 : 3). ESI-MS: found
1064.1503 for C32H42O17F12Li2Nd ([NdLi2L4]+), cal-
culated 1064.1517, expected 1064.1519.

The yield was 256 mg (50%). Colorless crystals.
IR (DRA), ν, cm–1: 3587–3496 ν(O–H), 2993–2848
ν(C–H), 1637 ν(C=O), 1483–1419 νas(CH3), 1240–
1137 ν(C–F). 19F NMR ((CD3)2SO), δ, ppm: 87.8,
87.9 (in a ratio of 1 : 0.23). ESI-MS: found 1011.1498
for C32H40O16F12Li2Y ([YLi2L4]+), calculated
1011.1498, expected 1011.1499.

IR (DRA), ν, cm–1: 3539–3489 ν(O–H), 3002–2840
ν(C–H), 1632 ν(C=O), 1463–1436 νas(CH3), 1189–
1143 ν(C–F). 19F NMR ((CD3)2SO), δ, ppm: 87.7,
88.1 (in a ratio of 1 : 2.9). ESI-MS: found 1074.1636
for C32H40O16F12Li2Sm ([SmLi2L4]+), calculated
1074.1637, expected 1074.1639.

IR (DRA), ν, cm–1: 3694, 3395 ν(O–H), 2949, 2841
ν(C–H), 1634 ν(C=O), 1519, 1473, 1435 νas(CH3),
1187, 1139 ν(C–F). 19F NMR ((CD3)2SO), δ, ppm:
84.2, 84.9, 87.8 (in a ratio of 7 : 1 : 3). ESI-MS: found
1075.1646 for C32H40O16F12Li2Eu ([EuLi2L4]+), calcu-
lated 1075.1652, expected 1076.1656.

For C32H42O17F12LiNd (IIIb)
Anal. calcd., % С, 35.66 H, 3.93
Found, % С, 35.44 H, 3.75

For C32H42F12LiO17Y (IIIc)
Anal. calcd., % С, 37.59 H, 4.14
Found, % С, 37.32 H, 3.98

For C32H42O17F12LiSm (IVa)
Anal. calcd., % С, 36.10 H, 4.04
Found, % С, 35.84 H, 3.87

For C33H44O17F12LiEu (IVb)
Anal. calcd., % С, 36.05 H, 4.03
Found, % С, 35.64 H, 3.83

For C32H42O17F12LiGd (IVc)
Anal. calcd., % С, 35.87 H, 4.01
Found, % С, 35.81 H, 3.88
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The yield was 312 mg (57%). Colorless crystals.

IR (DRA), ν, cm–1: 3695 ν(O–H), 2997–2841 ν(C–
H), 1635 ν(C=O), 1475–1436 νas(CH3), 1188–1136
ν(C–F). 19F NMR ((CD3)2SO; δ, ppm: 75.9–86.3,
87.7 (in a ratio of 1.3 : 1). ESI-MS: found 1080.1694
for C32H40O16F12Li2Gd ([GdLi2L4]+), calculated
1080.1680, expected 1080.1690.

IR (DRA), ν, cm–1: 3695, 3387 ν(O–H), 2950, 2841
ν(C–H), 1635 ν(C=O), 1519, 1476 s, 1437 νas(CH3),
1188, 1141 ν(C–F). 19F NMR ((CD3)2SO), δ, ppm:
87.8, 111.5, 117.7 (in a ratio of 3 : 1 : 9). ESI-MS: found
1081.1685 for C32H40O16F12Li2Tb ([TbLi2L4]+), calcu-
lated 1081.1693, expected 1081.1694.

IR (DRA), ν, cm–1: 3695, 3383 ν(O–H), 2949, 2841
ν(C–H), 1635 ν(C=O), 1518, 1476 s, 1435 νas(CH3),
1186, 1139 ν(C–F). 19F NMR ((CD3)2SO), δ, ppm:
87.7, 106.1, 120.2 (in a ratio of 2 : 1 : 6). ESI-MS:
found 1086.1736 for C32H40O16F12Li2Dy ([DyLi2L4]+),
calculated 1086.1731, expected 1086.1741.

The yield was 410 mg (74%). Colorless crystals.

IR (DRA), ν, cm–1: 3695 ν(O–H), 2996–2841 ν(C–
H), 1634 ν(C=O), 1477–1436 νas(CH3), 1185–1137
ν(C–F). 19F NMR ((CD3)2SO), δ, ppm: 87.7, 96.2,
102.1 (in a ratio of 1 : 0.5 : 2.1). ESI-MS: found
1087.1735 for C32H40O16F12Li2Ho [HoLi2L4]+, calcu-
lated 1087.1743, expected 1087.1744.

The yield was 423 mg (76%). Colorless crystals.

IR (DRA), ν, cm–1: 3692 ν(O–H), 2995–2840 ν(C–
H), 1635 ν(C=O), 1474–1435 νas(CH3), 1183–1138
ν(C–F). 19F NMR ((CD3)2SO), δ, ppm: 71.5, 72.6,
87.7 (in a ratio of 1 : 0.3 : 0.4). ESI-MS: found

For C33H44O17F12LiTb (IVd)
Anal. calcd., % С, 36.63 H, 3.79
Found, % С, 35.82 H, 4.01

For C33H44O17F12LiDy (IVe)
Anal. calcd., % С, 35.49 H, 3.84
Found, % С, 35.70 H, 4.00

For C32H42O17F12LiHo (IVf)
Anal. calcd., % С, 35.63 H, 3.99
Found, % С, 35.44 H, 3.79

For C32H42O17F12LiEr (IVg)
Anal. calcd., % С, 35.55 H, 3.98
Found, % С, 35.39 H, 3.81
OORDINATION CHEMISTRY  Vol. 47  No. 4  2021
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1088.1704 for C32H40O16F12Li2Er ([ErLi2L4]+), calcu-
lated 1088.1742, expected 1088.1745.

The yield was 413 mg (74%). Colorless crystals.
IR (DRA), ν, cm–1: 3636 ν(O–H), 2997–2841 ν(C–
H), 1639 ν(C=O), 1479–1437 νas(CH3), 1202–1133
ν(C–F). 19F NMR ((CD3)2SO), δ, ppm: 78.6, 81.1,
87.8 (in a ratio of 1 : 0.3 : 0.5). ESI-MS: found
1096.1824 for C32H40O16F12Li2Yb ([YbLi2L4]+), calcu-
lated 1096.1828, expected 1096.1835.

X-ray structure analysis (XSA). The crystallo-
graphic data for single crystals of complexes I–IV were
obtained on an Xcalibur 3 automated four-circle dif-
fractometer with a CCD detector using a standard pro-
cedure (МоKα radiation, graphite monochromator,
ω scan mode with an increment of 1° at Т = 295(2) K).
An empirical absorption correction was applied. The
structures were determined by direct statistical meth-
ods and refined by full-matrix least squares for F 2 in
the anisotropic approximation for all non-hydrogen
atoms. Hydrogen atoms were placed in the geometri-
cally calculated positions and refined by the riding
model. All calculations were performed in the Olex

program shell [35] using the SHELX program package
[36]. The shape of the coordination polyhedra [LnOx]
was calculated using the SHAPE program [37, 38].
The crystallographic data and structure refinement
parameters and details for compounds I–IV are pre-
sented in Table 1.

The coordinates of atoms and other structural
parameters for compounds I–IV were deposited with
the Cambridge Crystallographic Data Centre (CIF
files CCDC nos. 2031097 (Ia), 2031102 (Ib), 2031103
(II), 2031104 (IIIa), 2031099 (IIIb), 2031100 (IIIc),
2031098 (IVa), 2031096 (IVc), 2031094 (IVf), 2031101
(IVg), and 2031095 (IVh); deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk/data_request/cif).

RESULTS AND DISCUSSION
When using REM in the reactions with lithium CF3-

β-diketonate LiL, various heterometallic structures were
synthesized, depending on the metal ion nature and, in
some cases, on the anion nature (Table 2). The homolep-
tic complexes [(LnL3)2] are formed (Ia and Ib,
Scheme 2) in the reactions of lanthanum(III) and
cerium(III) chlorides and nitrates with LiL. Two types of
diketonates were isolated in the reactions of LiL with pra-
seodymium(III) salts, [(LiPrL3)(LiL)(NO3)(H2O)2] (II)
and [(PrL3)(LiL)(H2O)] (IIIa), depending on the nature
of the anion used (Scheme 2).

Scheme 2.

The reactions of trivalent metal salts (chlorides,
nitrates, or acetates) in the series from neodym-
ium(III) to ytterbium(III) were found to result in the
formation of the structures [(PrL3)(LiL)(solv)] (IIIb,
IVa, IVc, and IVf–IVh) (Ln = Nd, Sm, Hd, Ho, Er,
and Yb) (Scheme 2) similar to the earlier described
bimetallic diketonates Ln–Li (IVb, IVd, and IVe)
(Ln = Tb(III), Eu(III), and Dy(III)) [24]. The major-
ity of the lanthanides used form heteronuclear com-
plexes IVa–IVh with the МеОН molecule as a coli-
gand, and only complex IIIb with the Nd(III) ion,
whose radius is commensurable with that of the
Pr(III) ion, contains the water molecule. Among
REM, yttrium(III) chloride gives the [(YL3)-

(LiL)(H2O)] complex (IIIc) similarly to the main
series of lanthanides from praseodymium to ytter-
bium.

In all synthesized complexes with the REM ions,
Ln(III) forms the tris(diketonate) fragment. The fur-
ther saturation of coordination possibilities of the
metal ion depends on its radius.

In the cases of complexes Ia and Ib (lantha-
num(III) and cerium(III)) characterized by the largest
ion radii among trivalent REM ions, two tris(diketo-
nate) fragments form neutral binuclear structures Ia
and Ib without additional coligands (Fig. 1a). Accord-
ing to the XSA data, the oxygen atoms of the methoxy

For C32H42O17F12LiYb (IVh)
Anal. calcd., % С, 35.57 H, 3.96
Found, % С, 35.41 H, 3.78

[(LnL3)(LiL)(MeOH)]

LnX3·6H2 O + LiL
[(LnL3)(LiL)(H2O)]

[(LiPrL3)(LiL)(NO3)(H2O)2]

[(LnL3)2]

MeOH

Ln = La (a), Ce (b)

X = NO3

Ln = Sm (a), Eu (b), Gd (c), Tb (d), Dy (e)
        Ho (f), Er (g), Yb (h)

Ln = Pr (a), Nd (b), Y (c)

Ia, Ib

II

IIIa−c

IVa−h

Ln = Pr

X = Cl−, NO3

X = Cl−

X = Cl−, NO3, AcO−

−

−

−
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Fig. 1. (a) Molecular structures of complexes Ia (Ln = La) and Ib (Ln = Ce) (hydrogen atoms are omitted), (b) organization of
the bimetallic framework involving two diketonate anions with bridging oxygen atoms, and (c) two diketonates not involved in
the additional coordination. 

(а)

(b) (c)

Ln
O
F
C

substituent and carbonyl group adjacent to the acetal
fragment of the ligand (coordination mode B,
Scheme 1b) act as bridging heteroatoms between two
Ln(III) ions (Fig. 1b). In each tris(diketonate) frag-
ment, one of the ligand molecules forms the six-mem-
bered metallocycle via mode A (Fig. 1c). Unlike the
binuclear [Ln(dpm)3]2 complexes synthesized from
dipivaloylmethane with heptacoordinated lanthanide
ions [21, 39, 40], in compounds Ia and Ib the coordi-
nation environment of 4f-metal ions includes ten oxy-
gen atoms of the ligands. Two polyhedra [LnO10] have
the common face of four bridging oxygen atoms of
diketonates and are described most precisely by the
clinocrown geometry (Table 2, Fig. 2a). The intramo-
lecular Ln…Ln distance is 3.8066(4) and 3.7853(4) Å
for complexes Ia and Ib, respectively. For comparison,
the analogous La…La parameter for the [La(dpm)3]2
complex is 4.1028(5) Å [34]. Thus, the involvement of
additional coordination oxygen atoms of the methoxy
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
groups of the ligand decreases the distance between
the lanthanide atoms. The range of Ln…O bond
lengths in the tris(diketonate) fragment is 2.4214–
2.8001 Å, which is comparable with the values
detected for the bonds of lanthanide with the bridging
oxygen atoms ranging from 2.5607 to 2.7293 Å. In the
crystal packings of compounds Ia and Ib, the bimetal-
lic frameworks of the molecules are oriented along the
а axis (Fig. 3).

According to the XRD data, complex II has a more
complicated structure. The trimetallic structure of
compound II containing the decacoordinated praseo-
dymium(III) ion and two lithium atoms is formed due
to the coordination of four diketonate anions (Fig. 4a).
One of the ligands of the tris(diketonate) fragment is
involved in the chelation of the lithium atom of the
initial LiL molecule (Fig. 4b). The coordination envi-
ronment of the praseodymium ion in compound II is
saturated due to the nitrate anion, three diketonate
  Vol. 47  No. 4  2021



288 KUDYAKOVA et al.

Fig. 2. Geometries of (a) coordination polyhedra LnOx (х = 8, 10) and LiO5 in homoleptic complexes Ia and Ib, (b) trimetallic
diketonate II, and (c) binuclear compounds IIIa–IIIc and IVa–IVh. 

(а) (b)

(c)

Fig. 3. Molecular packings of complexes Ia and Ib along the c axis (hydrogen atoms are omitted).

b

a

anions (coordination mode A, Fig. 4c), one methoxy
group, and the bridging oxygen atom of the dicarbonyl
fragment LiL (coordination mode B, Fig. 4b). The
unusual structure of complex II includes the second
RUSSIAN JOURNAL OF C
lithium ion, whose coordination also occurs due to
four oxygen atoms of two diketonate molecules
(methoxy groups and oxygen of the diketonate frag-
ment, coordination mode B) (Fig. 4c). The distance
OORDINATION CHEMISTRY  Vol. 47  No. 4  2021
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Fig. 4. (a) Molecular structure of complex II (hydrogen atoms are omitted), (b) organization of the binuclear Pr–Li fragment
involving the ligands from the tris(diketonate) fragment, and (c) organization of the binuclear Pr–Li fragment involving the
ligand from the tris(diketonate) fragment and LiL. 

(а)

(b) (c)

N
Li
Pr

O

F
C

between the praseodymium(III) atom and lithium
atom of LiL is 3.5704(137) Å (Fig. 4b), and the higher
value (3.6388(173) Å) is achieved for the second pair
Pr(III)–Li(I) (Fig. 4c). Two lithium ions in
complex II are additionally coordinated by the water
molecules. The geometry of the coordination polyhe-
dron around the praseodymium(III) ion resembles
those found for complexes Ia and Ib and corresponds
to the clinocrown (Table 2, Fig. 2b). In the crystal
packing of compound II, the trimetallic frameworks of
the molecules are oriented along the с axis (Fig. 5).

According to the XRD data, the binuclear hetero-
metallic complexes [(LnL3)(LiL)(solv)] (IIIa–IIIc
and IVa–IVh) are neutral β-diketonates and crystal-
lize in the space groups P21/c and Pn of the mono-
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
clinic system, respectively (Table 1, Fig. 6). Ethanol
turned out to be the most appropriate solvent for the
compounds based on praseodymium(III), neodym-
ium(III), and yttrium(III). In the series from Sm(III)
to Yb(III), the successful growth of crystals of com-
pounds IVa–IVh was observed in the case of metha-
nol. In complexes IIIa–IIIc and IVa–IVh, the Ln(III)
atom is octacoordinated due to the oxygen atoms of
three diketonate anions (coordination mode A) and
also due to the methoxy group and bridging oxygen
atom of lithium diketonate (coordination mode B)
(similarly to Fig. 4b). The lithium atom builds up its
coordination environment to [LiO5] due to the oxygen
atoms of two diketonates (coordination modes А
and B) and solvent molecules. The water molecule
  Vol. 47  No. 4  2021



290 KUDYAKOVA et al.

Fig. 5. Crystal packing of complex II along the с axis (hydrogen atoms are omitted).

b

a

Pr
Li
N
O
C
F

acts as a coligand at the lithium atom in compounds
IIIa–IIIc, whereas methanol is the coligand in the
cases of compounds IVa–IVh.

Complexes IIIa–IIIc and IVa–IVh are character-
ized by similar geometries of the [LnO8] polyhedron
corresponding to a trigonal dodecahedron (Table 2,
Fig. 2c). However, these two types of complexes differ
by the arrangement of the diketonate anions forming
the coordination environment [LnO8]. In the cases of
products IIIa–IIIc, the oxygen atoms (O(5), O(10),
and O(15)) of the dicarbonyl fragment adjacent to the
trif luoromethyl substituent of the ligands occupy the
vertices of two adjacent edges of [LnO8] (Fig. 7a).
Unlike this, in compounds IVa–IVh the similar oxy-
gen atoms (O(4), O(8), and O(13)) occupy one of the
polyhedron faces, and three ligand molecules of the
Ln(III) tris(diketonate) fragment exist in the cis posi-
tion relative to each other (Fig. 7b). The arrangement
of the different in nature substituents in the dicarbonyl
fragment of the ligand around the lanthanide ion
affects the crystalline field of the metal and results in
changes in the physicochemical properties of the com-
plexes. This is also confirmed by the lifetime of after-

flow for [(LnL3)(LiL)(MeOH)] exceeding those of
the corresponding [(LnL3)(LiL)(H2O)] complexes
(Eu(III), Tb(III), and Dy(III) [25].

Compounds IIIa–IIIc and IVa–IVh have different
crystal packings (Fig. 8). The water molecules in com-
plexes IIIa–IIIc participate in the formation of inter-
molecular hydrogen bonds, which resulted in
approaching the [LiO5] polyhedra of the molecules
and in the formation of zigzag chains along the b axis
(Fig. 8). In complexes IIIa–IIIc, the intermolecular
Ln…Ln distance is shorter than those in complexes
IVa–IVh (Table 2).

It has previously been shown that the study of lan-
thanide diketonates by 19F NMR spectroscopy gives
an important information about the compositions and
structures of the complexes in the solution [23, 41–
43]. The equilibrium involving three types of metal-
containing diketonates according to Scheme 3
(Eq. (1)) has previously been assumed for Ln(III)
sodium tetrakis(diketonates) [23, 41, 42]. Another
possibility is the coexistence of two isomeric forms of
tetrakis(diketonate) in the solution [43].

Scheme 3.

It is found that the spectra of homoleptic binuclear
diketonates Ia and Ib containing only lanthanide ions
exhibit broadened singlet signals of the CF3 group in

the range δF = 88–89 ppm, which can be assigned to
the bound Ln(III) tris(diketonate) fragments. The
chemical shifts of the f luorine atoms for these com-

Na[Ln(diketonate)4]
Deuterated solvent

[(LnL3)(LiL)]
DMSO-d6

(1)

IIIa, IIIb, IVb, IVd−h
(2)

Na(diketonate) + Ln(diketonate)3

Li[LnL4]
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Fig. 6. Molecular structures of complexes (a) IIIa–IIIс and (b) IVa–IVh (hydrogen atoms are omitted). 
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F
C
Li

Ln

O
F

C
Li
pounds undergo the downfield shift relative to the
value of the initial LiL equal to δF = 87.7 ppm [30].

All 19F NMR spectra of compounds II–IV exhibit
the lithium diketonate fragment (LiL) at δF ≈
87.7 ppm, which is broadened, unlike the spectrum of
the LiL salt, indicating that the coordination of the
lithium diketonate molecule with the lanthanide frag-
ment is retained in the solution. The distinction in
complexes II–IV is in the set of signals corresponding
to the CF3 groups of the diketonate residues coordi-
nated to Ln(III). Remarkably, the 19F NMR spectra of
bi- and trimetallic Pr(III) diketonates II and IIIa dif-
fer by the sets of signals from fluorine atoms and values
of chemical shifts. The [PrL3] fragment is detected at
δF ≈ 91.9 ppm in the case of compound II, whereas
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
compound IIIа exhibits two signals at δF = 90.5 and
91.6 ppm, which can be assigned to the tris and tetrakis
forms [PrL3] and [PrL4], respectively, existing in the
solution. Similarly to complex II, one signal of the
CF3 groups corresponding to the tris forms [LnL3] is
observed in the spectra of compounds IIIс, IVa, and
IVc, whereas diketonates [(LnL3)(LiL)(solv)] (IIIa,
IIIb, IVb, and IVd–IVh) contain the tris form [LnL3]
and tetrakis form [LnL4]. The f luorine atoms of the
CF3 groups of diketonates IIIa–IIIc and IVa–IVc
bound to the ions from Pr(III) to Gd(III), including
yttrium(III), resonate in a higher field at δF ≈ 84–
91 ppm compared to the signals of the group of the
Tb(III)–Ho(III) complexes (IVd–IVg), which are
detected in a lower field and lie in the range δF ≈ 96–
  Vol. 47  No. 4  2021
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Fig. 7. Arrangement of the ligands in the tris(diketonate) fragment of complexes (a) III and (b) IV. 

(а) (b)
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O(13)

O
F

C

120 ppm. Note that the f luorine atoms of complex IVc
corresponding to the CF3 group of the ligand coordi-
nated to the gadolinium(III) ion give a broadened sig-
nal of several ppm. Based on the data obtained, we
may conclude that two forms of the majority of lith-
ium–lanthanide complexes III and IV are equilibrated
(Scheme 3, Eq. (2)).

The mass spectra of all complexes are complicated
and presented by several ion sequences as cations,
where lithium β-diketonate (C8H10F3LiO4) plays an
important role along with usual protonated ammo-
nium, sodium and potassium forms. Lithium β-diket-
onate is present in the mass spectra of all compounds
by intrinsic sequences of cations in the range of low
masses [nM + Cat]+ (n = 1–4) of which the lithium
ion (+241.0846 Da) is most intensive and observed in
the whole mass spectrum as a difference in masses
between different peaks of 234.069 Da. Two types of
sequences of the observed ions can be distinguished in

the mass spectra, [LnL4]+ and  which are
additionally accompanied by the ions corresponding
to the loss or addition of the ligand and the necessary
change in the number of protons, for example,
[LnL3]+, [(LnL3)2 + L]+, and [(LaL3)2 – L]+. The ions
obtained as a result of the loss of the methanol mole-
cules should also be mentioned. The presence of the
NO3 species or water and methanol molecules in com-
plexes II–IV does not affect the overall view of the
mass spectra recorded for solutions in methanol.

For compounds I, the signals of the second type

 are weak or absent. The mass spectra of com-
pounds II–IV are qualitatively resembling, and the
ions of the second type can be both intensive and

3 2[LnL ] ,+

3 2[LnL ]+
RUSSIAN JOURNAL OF C
moderately pronounced. Two types of the complexes
were obtained for praseodymium: compounds II and
IIIa. The mass spectrum of compound IIIa (with a
lower stoichiometric amount of lithium) contains
much more intensive peaks but includes all intensive
peaks of the mass spectrum of compound II.

It should be mentioned that the full resolution of
peaks in the required range is not achieved for a series
of compounds because of the insufficient resolution
ability of the mass spectrometer used (to 40000). This
is due to the fact that a series of polyisotope elements,
for example, gadolinium or ytterbium, exhibits a wide
distribution over masses of isotopes and because of a
large amount of lithium in the sample. As a result, the
mass spectrometer detects the signal superposition of
impositions of several heteroisotope ions differed in
mass from the monoisotope ion by 0.1–1.0 mDa,
depending on the metal atom, rather than individual
monoisotope ions. Therefore, the experimentally
obtained values of ion masses (Fig. 9a) were compared
not with the masses of the monoisotope ions but with
the calculated values obtained by the simulation cal-
culations at a specified instrumental resolution
(Fig. 9b).

To conclude, the reactions of functionalized lith-
ium CF3-β-diketonate with trivalent REM salts in
methanol were shown to afford homo- and heteronu-
clear lanthanide β-diketonates depending in the metal
ion radius. The homoleptic complexes [LnL3] (Ia and
Ib) containing two transition metal ions were isolated
for lanthanum and cerium. In the case of praseodym-
ium, two types of complexes II and IIIa were isolated,
which is determined by the nature of the anion of the
salt. In complexes Ia, Ib, and II, the lanthanide ions
OORDINATION CHEMISTRY  Vol. 47  No. 4  2021
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Fig. 8. Crystal packings of complexes (a) III and (b) IV along the с axis (hydrogen atoms are omitted). 
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Li
are decacoordinated, whereas those for the bihetero-
nuclear complexes [(LnL3)(LiL)(solv)] (IIIa–IIIc
and IVa–IVh) are octacoordinated. The XRD data
show that the acetal group in the ligand structure
determines the coordination of the ligand with lithium
ions and REM and favors the formation of discrete
structures of the bi(tri)metallic complexes.
RUSSIAN JOURNAL OF COORDINATION CHEMISTRY
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Fig. 9. (a) Experimental mass spectrum of complex IVh (resolution R ≈ 17000) and (b) simulation of the mass spectrum of com-
pound IVh with the calculated (resolution R ≈ 17000) and expected (R ≈ 100000) masses of the molecular ion. 
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