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Pentanuclear pivalate cluster with a { Co(III),Ce(IV)3} core

EcATERINA BELEAEV @, DANIEL BRUX @, PAUL KOGERLER &), AND SVETLANA G. BAcA

Abstract. The reaction of cobalt(Il) pivalate and cerium(III) chloride with triethanolamine
in acetonitrile led to the formation of a new pentanuclear cluster with the formula
[CoyCe30;(piv);(Htea),(tea)]-2.5CH3CN-H, O (1) (where Hstea = triethanolamine, Hpiv
= pivalic acid). A single crystal X-ray diffraction analysis revealed that 1 consists of a
heterometallic pentanuclear assembly with a mixed-valent {Co,Ces} metal core com-
posed of two Co(III) and three Ce(IV) ions. The metal atoms in 1 are connected by wu3-O
and u4-O oxo-bridges surrounded by seven pivalate groups. In addition, two partially
deprotonated Htea?~ and one fully deprotonated tea>~ ligands unite the metal atoms. The
outer coordination sphere includes one water and two and a half acetonitrile molecules.
The influence of the various types of intermolecular interactions between clusters and
solvent molecules on the crystal packing in this system was evaluated using Hirshfeld
surface analysis and 2D fingerprint plots.

Keywords: cobalt, cerium, triethanolamine ligand, coordination cluster, X-ray measure-

ments, Hirshfeld surface analysis

Clusterul pentanuclear de pivalat cu un nucleu { Co(II),Ce(IV)3}

Rezumat. Reactia pivalatului de cobalt(Il) si a clorurii de ceriu(Ill) cu trietanola-
mind 1n acetonitril a condus la formarea unui nou cluster pentanuclear cu formula
[C02Ce30x(piv);(Htea), (tea)]-2.5CH3CN-H, 0 (1) (unde: Hjtea = trietanolamind, Hpiv
= acid pivalic). Un studiu de difractie cu raze X pe monocristal a ardtat ca 1 constd intr-o
ansamblare pentanucleard heterometalicd cu un miez metalic {Co,Ces }, compus din doi
ioni de Co(IIl) si trei ioni de Ce(IV). Atomii metalici din 1 sunt conectati prin punti oxo
13-0 si 114-0 inconjurate de sapte grupiri pivalat. In plus, doi liganzi Htea?~ partial
deprotonati si unul tea®~ complet deprotonat unesc atomii metalici. Sfera de coordinare
exterioard include o moleculd de apa si doud molecule si jumadtate de acetonitril. Influenta
diferitelor tipuri de interactiuni intermoleculare dintre clustere si moleculele de solvent
asupra Impachetdrii cristalelor in acest sistem a fost evaluata folosind analiza suprafetei
Hirshfeld si grafice de amprenta 2D.

Cuvinte-cheie: cobalt, ceriu, ligand de trietanolamina, cluster de coordinare, masurétori

cu raze X, analiza suprafatei Hirshfeld
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1. INTRODUCTION

Polynuclear heterometallic Ce-3d coordination compounds continue to attract consid-
erable attention due to their potential use as electrocatalysts for oxygen and hydrogen
evolution reactions [1], [2]. These compounds also find applications in a variety of other
catalytic and industrial processes, including CO; reduction reactions and the conversion
of CO; into biodegradable and biocompatible polycarbonate materials [3]. Ce-3d hybrid
systems are also receiving attention due to their potential for designing and fabricating
single-molecule magnets (SMMs) [4], [S]. However, mixed Ce-Co coordination com-
pounds are rare, and only a few have been characterized in recent years [6], [7], [8],
all of which having polymeric metal-organic framework (MOF) structures. For Ce-Co
coordination compounds with discrete structures, a search of the Cambridge Structural
Database [9] revealed 13 entries containing Ce(III) ions and featuring dinuclear {CoCe}
[10]-[13], trinuclear {Co,Ce} [14]-[18], tetranuclear {Co3Ce} [19], [20], and the biggest
pentanuclear {Co3Ce;} [21] cores. It should be note, that the combination of Ce(IV) and
Co(II) or Co(III) ions is uncommon and only one heterometallic pentanuclear cluster with
Ce(IV) ions having {Co}//CelV} core, [Coi!' CelY 02(L)(Me3CCO,)s(bdea)s ] (where L
= bicine), has been reported [22].

In continuation of our research on the preparation of homometallic Co(ILIII) and het-
erometallic Co(ILII)-4f coordination clusters [23]-[26] we report here the synthesis of a
new pentanuclear heterometallic compound with the formula [Coél I Cengg (piv)7(Htea),
(tea)]-2.5CH3CN-H,O (1) (where Hstea = triethanolamine, Hpiv = pivalic acid). The
structure of 1 was determined by a single-crystal X-ray diffraction analysis. Furthermore,
Hirshfeld surface analysis [27]-[29] was performed to qualitatively and quantitatively in-
vestigate the contributions of different types of intermolecular contacts to the crystalline

packing.

2. RESULTS AND DISCUSSION

The pentanuclear cluster [Co,Ce3O;(piv)7(Htea), (tea)]-2.5CH3CN-H,O (1) was syn-
thesized using a one-step self-assembly method, starting from cobalt(Il) pivalate and
cerium(IIl) chloride heptahydrate precursors. The reaction of a mixture of the above-
mentioned salts with triethanolamine in acetonitrile solution under reflux conditions
yielded cluster 1. A single crystal X-ray diffraction analysis revealed that compound 1
crystallizes in the triclinic P-1 space group with the following unit cell parameters: a
=13.928(3) A, b = 17.153(3) A, ¢ = 18.071(4) A, @ = 95.85(3)°, B = 109.59(3)°, y =
95.98(3)°, and V = 4002.1(16) A3 (Table 1). Compound 1 consists of a heterometallic

19



PENTANUCLEAR PIVALATE CLUSTER WITH A {Co(Ill),Ce(IV)3;} CORE

pentanuclear cluster with a mixed-valent {Coél ! Cegv} core and solvent water and ace-
tonitrile molecules (Figure 1). The formation of the mixed-valent core {Co}'/CelV} is
driven by the in situ oxidation of Co(II) to Co(IlI) and Ce(III) to Ce(IV). This oxidation is
facilitated by the basic environment provided by the triethanolamine ligand and the pres-
ence of atmospheric oxygen. The cluster core in 1 is organized around a central trinuclear
{Ces(u3-0)(us-0)} unit. In this arrangement, the ©3-O (O1) and u4-O (02) oxo-bridges
facilitate the coordination of two Co(III) centers to the cerium(IV) framework (Figure 1b).
Further, four pivalate moieties and two Htea?~ ligands additionally link Co(III) centers
with the {Ce30,} triangle. The metal centers within the {Ce30,} triangle motif are
further stabilized by a bridging O atom from a piv~ group and two O atoms from fully
deprotonated tea’~ ligand with Cel- - - Ce2, Ce2-- - Ce3, and Cel- - - Ce3 separations of
3.670(1), 3.810(1) and 3.732(1) A, respectively. The remaining pivalates in a chelating
manner satisfied the coordination sphere of Ce atoms. The Co—Ce distances vary between
3.218(1) and 5.811(2) A, specifically 3.218(1), 3.235(1), 3.306(2), 3.337(1), 3.889(1),
and 5.811(2) A, whereas the Co- - - Co separation is 5.472(2) A.

(a) (b)

Figure 1. Structure of 1 with a partial labeling scheme (a) and the {Co,Ces}
metal core (b). Hydrogen atoms and solvate molecules are omitted

for clarity

In 1, the Col and Co2 centers display an octahedral NOs coordination environment
defined by an oxo oxygen atom (u3-O atom for Col and p4-O atom for Co2), two oxygen
atoms from two bridging piv~, and two oxygen and nitrogen donor atoms from the
Htea’~ ligand. The Co-O bond distances are in the range 1.862(3)-1.930(3) A, and the
Co-N bond distances are 1.987(3) and 1.997(3) A. Continuous shape measures (CShM)
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calculated using the SHAPE program [30], [31] yield deviation values of 0.398 and 0.501
for the octahedral geometry (OC-6), confirming a slight distortion for Col and Co2,
respectively (Table 3). The Cel center exhibits a nine-coordinate Og environment with
a muffin geometry (MFF-9, CShM value 1.814), while the Ce2 center features an eight-
coordinate Og environment (Figure 1), best described as a biaugmented trigonal prism
geometry (BTPR-8, CShM value 3.167) (Table 3).

The coordination sphere of Cel is composed of w3-O and p4-O oxo ligands, two oxygen
atoms from a chelating pivalate, three oxygen atoms from three bridging carboxylates,
and two oxygen atoms from two Htea?~ ligands. In contrast, for Ce2, the u3-O atom does
not participate in coordination, resulting in an Og environment. The Cel/Ce2-O bond
distances range from 2.230(3) to 2.844(3) A (Table 2). The Ce3 atom adopts a spherical
capped square antiprism NOg coordination environment (CSAPR-9, CShM value 1.819),
formed by a u4-oxo ligand, two oxygen atoms from chelating piv™, one oxygen atom from
a bridging pivalate, three oxygen and one nitrogen atoms from tea’~, and oxygen atom
from Htea?~. The Ce3-0 bond distances are in the range 2.241(3)-2.540(3) A and Ce-N
bond distance is 2.665(4) A (Table 2).

Table 1. Crystal data and details of structural determinations for 1

Formula CeoH112Ce3C02N5 50006
M, g/mol~! 1864.76
Crystal system Triclinic
Space group P-1
alA 13.928(3)
bIA 17.153(3)
c/A 18.071(4)
al® 95.85(3)
BI° 109.59(3)
v/° 95.98(3)
VIA3 4002.1(16)
Z 2
Final R, wR> (%) 0.0295, 0.0809
R indices Ry, wR; (all data) (%) 0.0373, 0.0873
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Table 2. Interatomic distances (A) for 1

Ce(1)-O(1)  2.190(3) Ce(2)-O(24) 2.314(3) | Ce(3)-N(2) 2.665(4)

Ce(1)-O(2) 2.318(3) Ce(2)-0(4) 2.372(3) | Ce(3)-Co(2) 3.3066(17)

Ce(1)-O(17) 2.341(3) Ce(2)-0(8) 2.461(3) | Co(1)-O(17) 1.864(3)

Ce(1)-0(20) 2.367(3) | Ce(2)-O(7)  2.493(3) | Co(1)-O(18) 1.880(3)

Ce(1)-O(11) 2.372(3) Ce(2)-Co(1) 3.2181(9) | Co(1)-O(1)  1.885(3)

Ce(1)-0(6) 2.416(3) Ce(2)-Co(2) 3.3371(9) | Co(1)-O(5) 1.913(3)

Ce(1)-O(10) 2.422(4) Ce(2)-Ce(1) 3.6701(9) | Co(1)-O(3) 1.930(3)

Ce(1)-0(9) 2.513(3) | Ce(3)-0(22) 2.241(3) | Co(1)-N(1)  1.987(3)

Ce(1)-O(13) 2.845(3) Ce(3)-0(20) 2.311(3) | Co(2)-O(24) 1.885(3)

Ce(1)-Co(1) 3.2349(11) | Ce(3)-O(23) 2.322(3) | Co(2)-O(23) 1.891(3)

Ce(1)-Ce(3) 3.731909) | Ce(3)-O(21) 2.339(3) | Co(2)-O(2) 1.911(3)

Ce(2)-O(1)  2.230(3) Ce(3)-O(2) 2.425(3) | Co(2)-O(12) 1.917(3)

Ce(2)-0(21) 2.274(3) Ce(3)-0(15) 2.479(3) | Co(2)-O(14) 1.922(3)

Ce(2)-0(2) 2.284(3) Ce(3)-0(16) 2.485(3) | Co(2)-N(3) 1.997(3)

Ce(2)-0(18) 2.301(3) | Ce(3)-0(13) 2.540(3)

The Hirshfeld molecular surfaces for the neutral [Co,CesO,(piv);(Htea),(tea)] clus-
ter in 1 was generated at high resolution, with the three-dimensional surface mapped
over duorm Using a fixed color scale from —0.6969 to +1.5695 [27] (Figure 2a). Two-
dimensional (2D) fingerprint plots [28], [29] were utilized to quantify the contributions of
all intermolecular contacts (Figure 2b). Analysis reveals that H- - - H interactions are pre-
dominant, accounting for 82.9% of the Hirshfeld surface and reflecting their dominance
in the crystal packing. In addition, O---H/H---O and N---H/H- - - N interactions, asso-
ciated with hydrogen bonding, contribute 6.4% and 7.7%, respectively. These contacts
appear as characteristic sharp spikes in the fingerprint plots, arising from the presence
of carboxylate groups and hydroxyl functionalities associated with the triethanolamine

ligand and solvate molecules.
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Table 3. Continuous shape measures (CShM) of the coordination geometries

of metal centers in 1 using SHAPE v2.0 [30]*

JPPY-6 TPR-6 0C-6 PPY-6 HP-6
ML6 Johnson pentagonal pyramid | Trigonal prism | Octahedron | Pentagonal pyramid | Hexagon
J2 (Csy) (D3n) (On) (Csy) (Do)
Col 30.645 13.823 0.398 26.537 32.002
Co2 29.006 13.476 0.501 25.062 31.960
MLS Ce2 ML9 Cel Ce3
Elongated trigonal .
ETBPY-8 . . 22477 | MFF-9 Muffin (Cy) 1.814 | 2.152
bipyramid (D3p)
Triakis
TT-8 11.036 HH-9 Hula-hoop (C3,) 7.693 | 10.495
tetrahedron (7y)
Snub disphenoid Tridiminished
JSD-8 4323 | JTDIC-9 | 13.058 | 12.207
(J84) (D2y) icosahedron (J63) (Cs,)
Bi ted Tri d tri 1
BTPR-8 laugmente 3.167 | TCTPR-9 ficappedtngonal | 5 650 | 1.894
trigonal prism (Cy) prism (D3y,)
Johnson - Biaugmented Tricapped trigonal
JBTPR-8 . . 3.851 | JTCTPR-9 . 3.306 | 2.037
trigonal prism (J50) (C2y) prism (J51) (D3p)
Johnson - Elongated c d
squars
JETBPY-8 | triangular bipyramid | 26415 | CSAPR-9 apped square 1.890 | 1.819
antiprism (Cyy,)
J14) (D3p)
Johnson -
o Capped sq.
JGBF-8 Gyrobifastigium 8.495 | JCSAPR-9 o 3.184 | 2.228
antiprism (Cyy,)
(126) (D24)
Triangular
TDD-8 3.557 CCU-9 Capped cube (Csy,) 8.544 | 7.309
dodecahedron (D»)
. Capped cube
Square antiprism
SAPR-8 (Da) 5.093 | JCCU-9 (Elongated square 8.907 | 7.972
4d pyramid, J8) (Csy)
Triangular
CU-8 Cube (Op) 10.210 |  JTC-9 14.439 | 13.291
cupola (J3) (Csy)
Hexagonal Heptagonal
HBPY-8 . . 10.617 | HBPY-9 . . 16.673 | 17.446
bipyramid (Dgp,) bipyramid (C7,)
Hept: 1 Oct 1
HPY-8 cplagona 21.855| OPY-9 clagona 20.509 | 22.501
pyramid (C7,) pyramid (Cs,)
OP-8 Octagon (Dsp) 29.995 EP-9 Enneagon (Dop,) 32.122 | 31.811

* A value of zero corresponds to an exact match of the corresponding center to the ideal geometry.
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Figure 2. View of the Hirshfeld surface for the [Co,Ce30,(piv);(Htea),(tea)]

cluster decorated with different properties (a) and 2D fingerprint plots
(d. vs. d;) for all and individual contacts in crystal packing of 1 (b)
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3. CONCLUSION

In summary, the novel pentanuclear heterometallic cluster [Co,Ce3O,(piv);(Htea),(tea)]:
2.5CH3CN-H,O (1) was successfully synthesized and characterized. Structural anal-
ysis revealed a unique {Co(IlI),Ce(IV)30,} core architecture, in which cobalt(III) and
cerium(IV) ions are linked by oxo groups, pivalate bridges and deprotonated triethanolamine
ligands. Additionally, Hirshfeld surface analysis provided valuable quantitative insights
into the intermolecular interactions, thereby validating the structural stability and packing
of the assembly. These results provide further insight into the structural chemistry of
Co-4f clusters and highlight the role of carboxylate and polyalcohol ligands in governing
their supramolecular assembly.
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