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1D rare earth thiolate amide coordination polymers can be
obtained by an activator-controlled in situ ligand synthesis in
reactions of molten 2-mercaptobenzimidazole with lantha-
nide metals. Catalytic amounts of mercury activate the met-
als and induce a C-S bond cleavage that in situ forms 2,2'-
bibenzimidazole. The latter then reacts as a linker ligand to
give 1[Lny(Mbim),(Bbim)], Mbim~ = C;HsSN, , Bbim?,
C1uN,Hg?". In addition cinnabar is formed. Stoichiometric
amounts of mercury cause the complete transformation of 2-

mercaptobenzimidazole to 2,2'-bibenzimidazole. Instead of
thiolate coordination polymers the reaction then yields sul-
fur-free monomeric bibenzimidazolate complexes (BimH,)*-
[Ln(BbimH),]", (BimH,)* = C;HgN,", BbimH™ = C4,N4Hg".
Thus the amount of Hg also controls the dimensionality of
the products by defining the reaction path.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Coordination polymers of different dimensionality are in
the focus of interest as they exhibit various properties rel-
evant for materials science such as catalysis, conductivity,
luminescence, magnetism, and porosity.l'! Chemical consti-
tution as well as hierarchy and structure of the solid mate-
rial mainly determine its properties. Therefore a rational
synthesis planning in form of crystal engineering attracts a
lot of attention.l”) Rare earth chemistry places some new
emphasis as it introduces a large bandwidth of coordination
modes and numbers (between 3 and 16) with regard to the
relatively low oxidation states.’] This renders a large variety
of different linkage types and topologies accessible for coor-
dination polymers, that mainly consist of oxygen-containing
ligands because of the high oxophilicity of the rare earth
elements.”! We invented a solvent free synthesis strategy for
coordination polymers as an alternate option to solvent
treatments. Self consuming ligand melts of suitable amines
can oxidize lanthanide metals to give corresponding
amides.™! It is essential for the formation of coordination
polymers that the ligands are sterically less demanding to
avoid small molecular complexes.l”! Especially multi-N aro-
matic heterocycles give Ln—N coordination polymers and
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first Ln-N MOFs.[>7 In order to introduce further func-
tional groups we have now transferred our expertise in
amine melts to mercapto amine melts to elaborate the sol-
vent free syntheses for thiolate coordination polymers and
to enrich the chemistry of rare earth thiolates.!®!

Results and Discussion

The reaction of lanthanide metals with melts of 2-mer-
captobenzimidazole (MbimH) at temperatures above
300 °C results in the formation of one-dimensional thiolate
amide coordination polymers of the formula L[Ln,(Mbim),-
(Bbim)], Mbim~ = C;HsSN,, Bbim?>, C4N,Hg>. The
products contain mono-anionic 2-mercaptobenzimidazolate
and di-anionic bibenzimidazolate ligands (see Schemes 1
and 2) and could be isolated as single-crystalline material
for Ln = Ho (1) and YD (2). The bibenzimidazolate ligand
derives from an in situ ligand synthesis by C-S bond cleav-
age and subsequent recombination as well as redox reaction
with the metals (see Figure 1).[°) MbimH is also reduced by
the rare earth metals with formation of H, and Ln' ions.
The C-S bond cleavage is promoted by the amount of mer-
cury that is added as an activator for the rare earth metals.
Hg is quantitatively transformed to a-HgS (cinnabar, 4, see
Figure 2), which is formed as dark red crystals in the cooler
parts of the reaction ampoule.'”7 We believe that the high
affinity of mercury to sulfur together with the Ln/Hg amal-
gam formation is responsible for this double activator prop-
erty. Formation of Hg-Mbim complexes!!'®!!®! or hetero-
metallic Ln/Hg thiolate complexes!' ') was not observed.
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Scheme 1. 2-Mercapto-1 H-benzimidazole, 1H-benzimidazole, 2,2'-
bibenzimidazole.

To the best of our knowledge this is the first example of
an activator-controlled in situ ligand synthesis by C—S bond
cleavage in the field of coordination polymers; C—S bond
cleavage leads to oxygen-free products. This kind of bond
cleavage was only rarely used for the synthesis of coordina-
tion polymers before.l'?l For none of the two ligands were
rare earth compounds previously described.[!3]

We also proved that the in-situ-formed ligand 2,2'-bi-
benzimidazole cannot successfully be utilized in a melt syn-
thesis itself as it decomposes around its melting point (395-
400 °C). Syntheses of comparable transition metal com-
plexes show that the solubility enforces strongly coordinat-
ing and mainly oxygen-containing solvents.!'3] Considering
the oxo philicity of the lanthanides this would lead to un-
wanted solvent co-coordination and hence is not useful for
our purpose. The in situ synthesis prevents both problems.

H in situ
(Lo =
N

+Ln
+ Hg activator

r—~

+0-HgS + H
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In addition, 1 and 2 can also not be obtained from 1H-
benzimidazole as the in situ synthesis cannot take place in
the absence of a C-S bond. 1H-Benzimidazole is instead
transformed into a new high-temperature B-form 5 of the
molecule.'

For existence and formation of the coordination poly-
mers 1 and 2 the presence of both sorts of ligands (Mbim™
und Bbim?") is essential as completion of the in situ synthe-
ses of 2,2'-bibenzimidazole by larger amounts of mercury
does not lead to coordination polymers anymore. Homolep-
tic monomeric ate complexes of the formula (BimH,)*-
[Ln(BbimH),]  are formed instead [single crystalline: Ln =
La (3)].1! The rare earth cations are surrounded by four
mono-anionic 1,4-chelating bibenzimidazolate ligands
(BbimH") to give a square antiprismatic coordination of ni-
trogen atoms (see Figure 3).['% Constitution and structure
of 3 correspond to other 1,4-chelating ligands in amides of
the lanthanides like 2,2’-pyridylbenzimidazolates.[°®<!7] In
contrast to the coordination polymers L[Ln,(Mbim),-
(Bbim)] (1, 2) double deprotonation and back-side coordi-
nation of BbimH  are missing in 3. For the first time S-
coordination of 2-mercaptobenzimidazolate to rare earth
ions is observed in L[Ln,(Mbim),(Bbim)] (1, 2).['1 The Ln
ions are coordinated by a distorted pentagonal bipyramid
of S and N atoms with short Ln—-N and longer Ln-S dis-
tances (Table 1). The bipyramids are linked via p,-coordi-
nating S atoms.!®! The di-anionic character of the Bbim?>"
ligands essentially adds to the polymeric character enabling
front and backside coordination through all N atoms.
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Scheme 2. Reaction paths of the in situ syntheses. The activator Hg controls if thiolate containing coordination polymers or homoleptic
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Figure 1. The chain structure of L[Ln,(Mbim),(Bbim)] (1,2) shown
for Yb in 2. Coordination polyedra of S and N atoms are depicted,
H atoms omitted for clarity.
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Figure 2. EDX analysis of 4 (C sputtered).
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Figure 3. Structure and coordination polyedron of the monomeric
homoleptic anion [La(BbimH),]” in 3. La exhibits a square anti-
prismatic coordination of N atoms.

Table 1. Selected interatomic distances/pm between atoms of
L[Ln,(Mbim),(Bbim)], Ho (1), Yb (2) and (BimH,)*[La(BbimH),]"
(3). Deviations are given in brackets.

1 Distances 2 Distances 3 Dis-
tances

Ho-N5 236.1(5) Yb-N5S = 232.3(6) La-N1 258.9(7)

Ho-N1 237.3(5) Yb-N1  233.8(6) La-N5  260.7(7)

Ho-N3 238.1(4) Yb-N3  236.1(5) La-N8 261.3(6)

Ho-N6i! 238.7(5) Yb-N6& 236.4(6) La-N4  268.0(6)

Ho-S1 278.6(1) Yb-S1 2717.7(2)

Ho-S2 289.0(1) Yb-S2  288.0(2)

Ho-S2M! 283.3(2) Yb-S2T 280.8(2)

[a] Symmetry operation: 1 —x, 1 =y, —z. [b] 2 - x, 1 —y, —z.

Conclusions

In this work we present the successful transformation of
our solvent-free synthesis strategy to thiolate coordination
polymers of the rare earth elements. The synthesis is ac-
companied by an activator-controlled in situ ligand synthe-
sis of 2,2'-bibenzimidazole that is essential for the forma-
tion of the coordination polymers which are S-linked and
O-free. Large amounts of the activator mercury lead the
reaction path away from strand-like thiolates to homoleptic
bibenzimidazolate complexes. The in situ synthesis can thus
be controlled by the amount of mercury (see Scheme 2) and
used for crystal engineering. It can thus be of interest for
other multifunctional thioles, too.

Experimental Section

L|Lny(Mbim)4(Bbim)] 1 (Ln = Ho), 2 (Ln = Yb), and a-HgS (cinna-
bar, 4): 2-Mercaptobenzimidazole (MBimH, C;H¢N,S; 1 mmol,
150 mg, ACROS 98%), the lanthanide metals (ChemPur 99.9 %,
0.33 mmol, Ho: 54 mg, Yb: 57 mg), and Hg (0.05 mmol, 10 mg)
were sealed in a Duran glass ampoule under vacuum and heated
to 305 °C in 29 h. After annealing for 336 h it was cooled to 290 °C
in 150 h, in another 200 h to 250 °C and in 44 h to room tempera-
ture. Colourless/yellow platelet crystals of 1/2 result. In cooler parts
of the ampoules deep red crystals of 4 are observed. Analysis
(EDX) 1: Cy;H 4HONGS, (579.4): caled. Ho 28.47, S 11.07; found
Ho 27.0, S 11.8. Analysis (EDX) 2: C5H4NgS,YDb (587.5): caled.
Yb 29.45, S 10.92; found Yb 28.5, S 11.7. Elemental analysis
(EDX) for 4: Hg;S, (233.7): caled. Hg 86.21, S 13.78; found Hg
84.4, S 14.2.
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(BimH,)*[La(BbimH)4]~ (3) and a-HgS (cinnabar, 4): 2-Mercapto-
benzimidazole (MBimH, C;HgN,S; 1.5 mmol, 225 mg, ACROS
98%), La metal (0.5 mmol, 69 mg, ChemPur 99.9%), and Hg
(2 mmol, 401 mg, Riedel-de Haén 100%) were sealed in a Duran
glass ampoule under vacuum and heated to 305 °C in 29 h. After
annealing for 336 h it was cooled to 290 °C in 150 h, in another
200 h to 250 °C and in 26 h to room temperature. Surrounded by
dark S- and C-containing decomposition products (by EDX analy-
ses) colourless platelet crystals of 3 are formed. In cooler parts of
the ampoules deep red crystals of 4 are observed. Elemental analy-
sis for 3: Cg3Hy3LaN g (1191.1): caled. C 63.52, H 3.61, N 21.16,
La 11.76; found C 64.0, H 4.4, N 20.6, La (EDX) 10.7.

p-1H-Benzimidazole (5): o-1H-Benzimidazole (BimH, C;HgN,;
2 mmol, 335 mg, Aldrich 98%), various lanthanide metals (investi-
gated La—Yb except Pm) (0.5 mmol, ChemPur 99.9%), and Hg
(0.1 mmol, 20 mg) were sealed in a Duran glass ampoule under
vacuum and heated to 300 °C in 100 h. Subsequently the reaction
was cooled in 168 to 300 h to 90 °C and in 12 h to room tempera-
ture. For Ln = La, Ce, Nd, Pr, Sm, Tb and Yb large amounts of
colourless crystals of 5 were obtained; yield 210-244 mg (62-73%);
elemental analysis (reaction on Tb metal): C;H¢N, (118.1): calcd.
C 71.19, H 5.08, N 23.71; found C 71.1, H 5.3, N 23.6.

Supporting Information (see also the footnote on the first page of
this article): Additional information on the crystallographic, struc-
tural and experimental details for 1-5 can be downloaded as Sup-
porting Information including four figures.
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1>2ac(1), refined parameters 271. Ry = 0.0368 for 3101 with
1>20(1), wR, = 0.0855 for all 5435 independent reflections;
remaining electron density: +1.10/~1.57¢ (pm  10°).
CoiHiuNgS,Yb, M = 587.5 gmol™) (2): crystal dimensions
0.1X0.1X0.05mm triclinic, space group Pl (No.2), a =
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fractometer STOE IPDS 11, Q-scan with AQ = 2.0° and ¢ = 0,
90°, radiation Mo-K,, wave length 4 = 0.71073 A, 16364 mea-
sured reflections, 5513 independent reflections, 2717 reflections
with I>2c(/), refined parameters 271. R; = 0.0385 for 2717
with 1>2ac(1), wR, = 0.0650 for all 5513 independent reflec-
tions; remaining electron density: +1.74/-2.49 ¢ (pm 10°).
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