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Bright yellow crystals of 1[Eu(Pz),(Pz-H),] were obtained by the reaction of europium metal
with a melt of pyrazole. According to single crystal X-ray analysis the compound exhibits a one-
dimensional chain structure including both unsubstituted pyrazolate anions as well as unsubstituted
neutral pyrazole molecules as ligands. The latter are isoelectronic with the cyclopentadiengll anion and
link two adjacent Europium(ll) centers in an nt-o-bridging as well as Cp analogous 1°-z-binding
mode, whilst the pyrazolate anions are N-n-coordinating terminal ligands. In addition to the crystal
structure, MIR, FarIR, Raman and UV/vis spectroscopic data are presented.

Key words: Lanthanides, Pyrazole, Crystal Structure, Europium

Introduction

Aside from cyclopentadienyl (Cp) and complexes
with oxygen donor atoms [1-3], amides form another
pillar of the coordination chemistry of the rare earth el-
ements [4]. The oxophilic character of the rare earth el-
ements complicates both the synthesis of complete ni-
trogen coordination spheres as well as the formation of
homoleptic complexes of the rare earth elements with
nitrogen donors [5]. The main reason can be found
in omnipresent coordinating solvent molecules used in
the classic solvent synthesis routes. It can be shown,
however, that solid state chemistry approaches towards
this chemistry including melt and solvothermal synthe-
ses in the absence of any solvent offer a useful route
towards homoleptic amides of the rare earth elements
[6], especially if the crystallisation of the products can
be accomplished under reaction conditions [7-10] ac-
cording to eq. (1):

Ln+X(Ry-NH) — Ln(N-Rz)X-i-gHz 1)

Without decomposition of the ligand, the rare earth el-
ements are oxidised by the amines releasing hydrogen.

# Pz-H = Pyrazole, C3H3NNH; Pz = Pyrazolate, CgH3N, ;
Cp = Cyclopentadienyl anion, CsHg

These solvent free methods of synthesis furthermore
offer the possibility to react even the smallest stable
N-heterocycles such as pyrrole and pyrazole (Pz-H).
And though substituted pyrazoles, mainly bis-tButyl-
pyrazoles [11,12] or borato-pyrazoles [13,14], have
been successfully employed in obtaining homoleptic
amides, neither unsubstituted pyrazolates nor unsubsti-
tuted pyrazole-N-donor complexes of the rare earth el-
ements can be found in the literature. Here we present
L[Eu(Pz),(Pz-H),], the first unsubstituted pyrazolate
and the first unsubstituted Cp analogous pyrazole com-
plex of the rare earth elements.

Results and Discussion
Synthesis

Due to the high reactivity of the rare earth elements,
the title compound can be synthesised from europium
metal and excess pyrazole in a solvent-free melt reac-
tion in evacuated sealed glass ampoules at 185 °C ac-
cording to eq. (2). Except for the excess of pyrazole the
reaction gives a single product. To enhance the reactiv-
ity europium was dissolved in liquid ammonia prior to
the reaction. Evaporation of the ammonia gave finely
dispersed metal.

Eu+4Pz-H —L [Eu(Pz)2(Pz-H)2]+Ha  (2)
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Fig 1. The polymerlc chain structure of L[Eu(Pz),(Pz-H),].
The thermal ellipsoids represent 50% of the probability
levels. Pz-H molecules coordinate Eu n° and n! Ilnklng
the building units whilst pyrazolate ligands only show nt-
coordination. Symmetry operation: I: X+ 1,y, z

Fig 2. The trigonal antiprismatic coordination sphere of
Eu'l in L[Eu(Pz)2(Pz-H),]. Each Eu is surrounded by four
Pz-H and two Pz ligands giving Eu(Pz),(Pz- H)4/2 n°-n-
interactions to Pz-H molecules are depicted by shaded pyra-
zole rings. Eu is drawn as a large light ball, N atoms as
smaller dark balls, C atoms as smaller light balls and H atoms
as small white balls. Symmetry operation: I: x+1, y, z, centl:
N5, N6, C7-9, cent2: N7, N8, C10-12.

Crystal structure

1[Eu(P2)2(Pz-H),] (Pz-H = pyrazole, C3H3NNH;

= pyrazolate anion, C3H3N,™) exhibits a one-
dimensional chain structure of Eu(Pz)2(Pz-H)4 > units
(see Fig. 1). The coordination sphere of Eu can be
described as a trigonal antiprism of a big triangle
of one N atom of a Pz-H molecule and two n°-
coordinating Pz-H rings as well as a smaller triangle
of three N atoms belonging to two Pz anions and one

Table 1. Crystallographic data for L [Eu(Pz)»(Pz-H),]. Devi-
ations are given in brackets.

Formula C12H14NgEU

Cell constants, (a,b,c)(pm) a=471.0(2);
b= 797.8(4);
c=992.1(5);

(.8, 9)C) o = 97.23(4);

B =103.79(4);
y=90.21(4)

V (10% pmd) 359.0(3)

z 1

T (K) 170

deatca. (g-cm=2) 1.953

X-ray radiation Mo-Kg, A =71.07 pm

Diffractometer STOE IPDS 11

Crystal system, space group triclinic, P1

Flack parameter [27] 0.05(10)

Data range 5.14 < 26 <54.30,
A0 =2° ¢=0/90°
—6<h<s5;
—10<k<9;
—-12<1<12

No. of measured reflections (all) 4858

No. unique reflections; Ry (all) 2733; 0.083

No. of parameters 190

Ratio reflections / parameters 14

Absorption coefficient p (cm™1) 43.7

Ri? for nreflections with F, > 46 (R,); n Ry = 0.042; 2732

for all reflections R =0.042

WR2D (all) WR, = 0.106

Remaining elec. density +1.3/—1.9 e/pm-1¢°

EZEi = Z[|Fo| — [Fell/ZlIRo[]; ® WRe = (EW(FZ — F2)2/Zw(F,'))/2

N atom of a Pz-H ring (see Fig. 2). Counting each
Pz-H ring in its Cp analogous binding mode as a six
electron donor system, Eu has a coordination num-
ber of ten. The pyrazolate ligands each show only
one o-bond with the electron pair in the sp? hybrid
orbital. Contrary to this the bulk of the known 'Bu-
pyrazolates exhibit 172-binding of both neighbouring N
atoms on the metal centres, independent of the oxida-
tion state of the rare earth element [6, 11, 12, 15]. Only
the small Er'"" in [Er(!Bu,Pz)3] shows an n'-binding
mode for a pyrazolate ligand [11]. The Cp analo-
gous binding mode of the neutral pyrazole molecules
in L[Eu(Pz),(Pz-H),] has not yet been observed for
rare earth compounds. It thus resembles the Cp com-
plex [Cp2YDb(Me,Pz),] [16], though the Cp rings in
this compound cannot connect the monomeric units to
chains because of the lack of linking nitrogen atoms
in Cp rings. The Eu-N distances in 1[Eu(Pz),(Pz-H),]
range from 265 pm for Pz amides to 273-310 pm
for pyrazole-N donor bonds and N atoms participating
in the n°-coordination, respectively, corresponding to
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Table 2. Selected distances (pm) and angles (°) be-
tween atoms of L[Eu(Pz),(Pz-H),]. Deviations are given in
brackets.

Distances Angles
Eu-N7" 265(2) Eu-cent2 276 N1-Eu-N5' 80.9(6)
Eu-N1  269.0(9) Eu-C9  284.4(9) N1-Eu-N7 98.8(6)
Eu-N3  272.8(9) Eu-C10 296(1) N3-Eu-N8 77.8(3)
Eu-N5' 277(2) Eu-C11 297.6(8) N3-Eu-N5 77.8(6)
Eu-N8  287.5(8) Eu-C12 307.3(9) N6-Eu-N8 86.6(3)
Eu-N7  291(2) N1-N2 132(1) N6-Eu-N7 79.5(5)
Eu-N5 296(1) N3-N4 133(2) centl-Eu-cent2 110.2
Eu-N6  310(1) N5-N6 132(3) centl-Eu-N7' 159.3
Eu-centl 275 N7-N8  134(2) cent2-Eu-N5'  160.9

I: Symmetry operation: x+ 1,y, z centl: N5, N6, C7-9; cent2: N7,

N8, C10-12.
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Fig 3. The crystal structure of L[Eu(Pz),(Pz-H),].The view
along [100] suits the chain direction. All chains run into the
same direction giving an acentric structure with a small tri-
clinic unit cell. Eu atoms are drawn as large light balls, N
atoms as smaller dark balls, C atoms as smaller light balls
and H atoms as small white balls.

other divalent Eu-N complexes like 1[Eu(C12HgN),]
with Eu''-N in the range of 253-268 pm [9]. For
Eu''-N the distances had to be significantly shorter
like in the homoleptic pyridylbenzimidazolate [Ln(N 3
C12Hg)2(N3C12Ho)2][LN(N3C12Hg)4](N3C12Hg)2  [8]
with 244-246 pm for Eu"'-N amide distances and
259-267 pm for Eu'"'-N amine distances. The Eu-1°-
(Pz-H) distances of the m-interaction also match with
the divalent state of Eu in the homoleptic carbazolate
L [Eu(C12HgN),] and its n®-rz-interactions with an av-
erage of 301 pm [9] (see Table 2 for selected atom dis-
tances of L[Eu(Pz),(Pz-H),]). Therefore Pz and Pz-H
ligands can be clearly distinguished in the title com-
pound. As all strands run into the same direction, the
structure of L[Eu(Pz)»(Pz-H),] is acentric (see Fig. 3).

The borato pyrazolates of the rare earth elements are
not suitable for comparison as one of their nitrogen
atoms is engaged in the N-B bonds [13,14,17] and
therefore cannot participate in Ln-N coordination.

Soectroscopic investigations

In order to confirm the results of the single crys-
tal X-ray diffraction analysis 1[Eu(Pz),(Pz-H),] was
also investigated by MIR, FarIR, Raman and UV/vis
spectroscopy. The FarlR and Raman spectra show
the significant Eu-N stretching modes (FarlR: 220,
196, 168 cm~1; Raman: 196, 165, 135 cm~1), and
which cannot be observed in the ligand spectra. Whilst
the FarIR bands of the title compound show distinct
shifts due to the different coordination modes, the Ra-
man bands exhibit only a slight shift in comparison
to Eu''-N vibrations in L[Eu(C12HgN),] (FarIR: 170,
157, 109 cm~!; Raman: 203, 178, 152 cm~1) [9] and
are thereby in the region of known Ln-N vibrations
[7,8,10,11,19]. In comparison to the vibration bands
of the free ligand several bands in the MIR and Ra-
man spectra show identical positions (IR: 3122, 2979,
2859, 1398, 1359, 1313, 1150, 936, 922, 884, 758, 615,
74 cm~1) whereas others show a hypsochromic shift
(IR: 2928, 1567, 1524, 1481, 1266, 1202, 1052, 1038,
855, 681, 118, 100 cm 1) reflecting the coordination
of both pyrazole and pyrazolate ligands to the Eu cen-
ters. The region of 1100-1400 cm ! shows a variety
of bands known for aromatic N-heterocycles [20]. The
band pattern above 3100 cm—! can be assigned to N-
H and C-H stretch modes [21]. It is almost identical
to Pz-H and confirms that L [Eu(Pz),(Pz-H),] contains
unreacted pyrazole molecules.

Further evidence for the divalent state of Eu is
given by electron absorption spectroscopy. The absorp-
tion spectrum of L [Eu(Pz),(Pz-H)»] shows none of the
characteristic f-f transitions of trivalent Eu but a re-
gion without bands resembling the Diecke diagram
of Gd"" and thus Eu'' [22]. The absorption band be-
tween 300 and 400 nm can be identified as f-d tran-
sitions of Eu'' [23] as well as ligand-metal charge
transfer processes. However, it overlaps with the ab-
sorption of the ligands around 400 nm and thus can
only be assigned by comparison of the ligand and
product spectra. The product spectrum shows a shift
to red compared to the ligand pyrazole due to ligand
metal interactions responsible for the yellow to or-
ange colour of the compound. For comparison, both
the free pyrazole ligand as well as the Eu'"' compound
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Fig 4. The UVlvis spectra of L[Eu(Pz),(Pz-H),] (i),
its oxidation and decomposition product in EtOH (ii),
(NHg4)3EuUClg (iii) and pyrazole (iv) in the range of 250 -
800 nm. The inserted graphic shows a f-f transition for Eu'!',
which cannot be observed for L [Eu(Pz)2(Pz-H),].

(NHg4)3EuClg were investigated regarding their absorp-
tion properties. Moreover, L[Eu(Pz)»(Pz-H),] was fur-
ther oxidised with EtOH and an absorption spectrum
of the product collected. Both (NH4)3EuUCIg and the
decomposition product in EtOH show a f-f transition
at 395 nm, characteristic for Eu'!', which cannot be ob-
served for L[Eu(Pz),(Pz-H),] and Eu' in general (see
Fig. 4).

Conclusions

The solid state chemistry reaction route of the
high temperature oxidation of rare earth elements
with amines proved a suitable pathway for obtaining
L [Eu(Pz)2(Pz-H),] and therefore both the first unsub-
stituted pyrazolate as well as unsubstituted Cp analo-
gous pyrazole complex of the rare earth elements in
one. In the absence of any solvent no competition with
solvent molecules can occur, a necessary requirement
for the formation of compounds like L[Eu(Pz),(Pz-
H),]. In order to saturate the coordination sphere
around the large Eu" ions [18], unreacted pyrazole
from the melt is acquired instead. Whilst the melt re-
action can be successfully used to react and crystallise
products from unsubstituted pyrazole, previous solvent
approaches made a substitution of the Pz ligand neces-
sary to allow a certain solubility in solvents both for
recrystallisation and reaction [6, 11, 12, 15]. Unsubsti-
tuted L[Eu(Pz),(Pz-H),] shows a new binding mode

of the rare earth elements, especially of pyrazole as an
n®-coordinating ring system, the free electron pair in
a sp2-N orbital furthermore linking the building units
to chains. This is in good accordance with the 1-N lig-
and carbazole (C12HgNH), which also saturates the co-
ordination spheres of Yb, Eu and Sm with additional
w-interactions and hence also forms one-dimensional
structures [9,24]. In combination with the results of
single crystal X-ray diffraction analysis electron ab-
sorption spectroscopy proves the divalent character of
europium.

Experimental Section

Eu metal was treated with hexane to cleanse it of pack-
ing oil (ChemPur). Pyrazole (ACROS) was used as deliv-
ered. Because of the air and moisture sensitivity of both Eu
and the product all treatments were carried out using stan-
dard Schlenk, glove box and vacuum line techniques. The Eu
metal was dissolved in liquid ammonia prior to the reaction.
Evaporation of ammonia gave finely dispersed metal. The
IR spectra were recorded using a BRUKER FTIR-1S66V-
S spectrometer, the Raman spectra using a BRUKER FRA
106-S spectrometer. The absorption spectroscopy was car-
ried out on a VARIAN Carey 05E spectrometer.

L[Eu(P2)2(Pz-H)2]

Eu (1 mmol = 152 mg) und pyrazole (C3H3NNH, Pz-H,
6 mmol = 408 mg) were sealed in an evacuated glass am-
poule and heated in 13 h to 185 °C. The reaction tempera-
ture was held for two weeks. The reaction mixture was then
cooled down to 50 °C in 395 h and to room temperature in
10 h. The reaction product was a yellow to orange crystalline
material containing no unreacted europium metal. In order
to obtain the pure product the excess Pz-H was sublimed to
the other side of the ampoule in a temperature gradient from
80 °C to room temperature in 3 h to give transparent yellow
to orange crystals of L [Eu(Pz)»(Pz-H),].

UVVis: Amax = 250, 330 nm. — MIR (KBr): v = 3148,
3122, 2979, 2928, 2859, 1567, 1524, 1481, 1438, 1398,
1359, 1313, 1266, 1239, 1223, 1202, 1151, 1131, 1052,
1038, 936, 922, 884, 872, 855, 758, 681, 628, 615 cm . —
FarIlR (PE): v = 584, 359, 220, 195, 168, 130, 118, 100,
74 cm~1.— Raman: ¥ = 3143, 3121, 3093, 1480, 1469, 1401,
1358, 1264, 1222, 1141, 1125, 1051, 1023, 1015, 918, 902,
196, 165, 135, 110, 74 cm~ 1. — C1oH14NgEuU (422.27): calcd.
C 34.2, H 3.3, N 26.5; found C 33.8, H 3.5, N 26.2.

Pyrazole

UVNis: Amax = 250 nm. — MIR (KBr): ¥ = 3155, 3124,
3052, 2974, 2919, 2858, 2809, 1642, 1558, 1514, 1468,
1397, 1358, 1310, 1257, 1150, 1137, 1056, 1033, 937, 920,
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883, 878, 839, 758, 653, 618 cm L. — FarlR (PE): ¥ = 420,
353, 136, 123, 110, 106, 94, 72 cm™ 1.

Prior to the data collection five crystals of L [Eu(Pz),(Pz-
H),] were investigated concerning their quality on a STOE
IPDS-I1 diffractometer. A crystal of (0.3 x 0.3 x 0.2) mm?3
was selected for single crystal X-ray diffraction analysis and
the data collection was carried out at 170 K. The structure
model was obtained with direct methods [25] and all non-
hydrogen atoms were refined anisotropically by the least
square method [26]. L[Eu(Pz),(Pz-H),] crystallises in the
triclinic crystal system in the space group P1. Table 1 con-
tains the crystallographic data, Table 2 selected interatomic
distances and angles between atoms of L[Eu(Pz),(Pz-H)-].

Further information about the single crystal X-ray analysis
was deposited at the Cambridge Crystallographic Data Cen-
tre, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
+44 1223336033 or e-mail: deposit@ccdc.cam.ac.uk) and
may be requested by citing the deposition number CCDC-
228083, the names of the authors and the literature citation.
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