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Thorium(IV) 5,5'-bitetrazolate hydrate C4H;5N;5013Th has
been prepared and structurally analysed by single crystal
XRD. The compound crystallises in the triclinic space group
P1 with the cell constants a = 1058.2(2), b = 1081.6(2), ¢ =
1136.7(2) pm, a = 73.46(2), f = 83.98(2), y = 66.01(2)°. The
observed structure is similar to the salt-like structures of the
corresponding Th'™ and Er' systems with respect to the non-
coordinating behaviour of the 5,5'-bitetrazolate dianions.
The Th'V cations form discrete hydroxo-bridged binuclear
thorium-aqua complexes with Th-Th distances of 399(7) pm.

Comparison with structural data of known hydrolysis prod-
ucts of the hydrated Th'V cation, and density functional cal-
culations on gas phase molecular clusters, employing relativ-
istic large-core pseudopotentials and large valence-only
(7s7p5d2f1g)/[6s5p4d2f1g] basis sets for Th!V, confirm the
identification of the cation in C4;H;sN;60.3Th as [(n-OH),-
Thy(H20)14]%*.

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

Introduction

In his Nobel lecture in 1922, Niels Bohr predicted a
series of 5f elements, although he did not specify the ele-
ment from which the series would start. Later on, Seaborg
discovered that the 5f series starts from actinium and is the
“second rare-earth series”.''! Concepts emphasising the
similarity of actinides to d-clements were suggested by Za-
chariasen!® and Haissinsky.®) Choppin’s 1995 review!*! be-
gan with the statement that the concept advanced by Sea-
borg, regarding the close chemical similarity between tri-
valent lanthanides and actinides, is frequently presented as
the main success of the periodic system and finished with a
conclusion as to the exact likeness in thermodynamic prop-
erties of the 4/ and 5f elements. The primal difference be-
tween lanthanides and actinides is the existence of stable
high oxidation states of the lighter actinides. In contrast,
high lanthanide oxidation states, e.g. LnY or LnV, are spo-
iled by the strongly localised nature of the 4f (as compared
to the 5f) orbitals, which is a consequence of both the ab-
sence of orthogonality constraints with respect to inner
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shells of the same angular symmetry, and to a smaller im-
pact of relativistic effects.’] Till this day the discussion is
vivid whether Th'V has to be considered as an actinide ele-
ment or as a large member of the group IV elements, with
recent contributions on the chemistry of the complexes
[(Cp*),M(Me),] (M = Zr, Hf, Th),l on quantum chemical
calculations on the Cp derivatives [(Cp),M(Me),] (M = Zr,
Th, U),!"! or on spectroscopic similarities and differences.®!
Recently, our group reported on the 5,5'-bitetrazole co-
ordination chemistry of a number of trivalent 4/ element
ions.’] Generally, the 5,5'-bitetrazolate dianion BT>110-12]
and related tetrazolyl systems are interesting candidates for
rich coordination chemistry: For example, BT?>" contains
eight N atoms, being able to act as mono-, bi-, tri- or tetra-
dentate ligand (cf. Scheme 1), and might therefore give rise
to mononuclear, binuclear, or oligonuclear complexes (co-
ordination polymers), as well as the formation of one-, two-,
or three-dimensional networks in the solid state.
Particularly, BT?" has been found to employ both n? and
pwn'm! coordination modi in [Ln,(BT);]-14H,0 for La'!
and Ce, and n? coordination in [Ln(BT)(H,O0),],[BT]:
xH,O for Nd™, Sm'!, and Eu'™, whereas no direct BT—
Lo interaction has been observed in the salt-like Tb'™! and
Er'" systems [Ln(H,0)]5[BT]5*H,O.°! This has been attrib-
uted to the decrease of Ln! ionic radii, and the increase of
Ln"" Lewis acid hardness across the series, which effectively
favours the H,O with respect to the BT? ligands in the
competition for the Ln'! ions inner coordination shell as
one goes from La'! to Er'".[l Considering the overall simi-
larity of the trivalent lanthanide ions and their solution
chemistry, it is apparent that the actual BT?>" coordination
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Scheme 1. Feasible coordination modes of BT?". A: chelate n?; B:
chelate bridging p,n*n% C: monodentate bridging p.n':n! and D:
mono- and bidentate bridging.

mode, at least in aqueous solution systems, is easy to modu-
late by comparably slight variations among the metal ions
considered. Therefore, and from the primal analogies
among lanthanides and actinides, i.e. the 4/ and 5f metals,
the BT? coordination behaviour in similar actinide systems
is of general interest.

Recent studies by Soderholm et al. have shown that Th'Y
coordinates to hard donor ligands as H,O, Cl" and nitrate
(n?-0,0) in binuclear hydroxy-bridged complexes,!'?! from
aqueous solution, in contrast to the softer Br-, which is not
coordinated in [Th(H,0);(]Br,.l'"

Here we report on the preparation and the crystal struc-
ture of the new Th'Y BT compound [(u-OH),Th,(OH.,),4]-
[BT]4- 10H,O, obtained from Th'V nitrate hydrate and so-
dium 5,5 -bitetrazolate, together with the quantum chemi-
cal investigation of some of its structural aspects. We thus
extend the range of metal ions considered so farl®! at its
“small and hard” side, while providing data on the first bi-
tetrazolate containing compound of a tetravalent metal ion.

Results and Discussion

Preparation and X-ray Diffraction Study

From a mixture of Th'Y nitrate hydrate and sodium 5,5'-
bitetrazolate dissolved in water we obtained colourless crys-
tals which were submitted to an X-ray diffraction study.
Further characterisation was not attempted. The crystal
structure was solved in the triclinic space group Pl and was
refined with the results summarised in Table 3.

Single-Crystal Structure

The crystal structure (Figure 1) of the Th'Y BT com-
pound reveals discrete binuclear Th,O,4 moieties within a
one-dimensional network of m-stacked BT?> anions, and a
number of intercalated H,O molecules. The Th,O;¢ unit is
formed from two edge-sharing ThOg polyhedra (Figure 2).
The shortest Th—O distances of 238(3) and 235(5) pm create
a Th,0, parallelogram with O-Th-O and Th-O-Th angles
of 65.3(2)° and 114.7(3)°, respectively; the Th-Th distance
is 399(7) pm. These data compare well with a number of
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dimeric Th'V hydrolysis products!!* (Table 1) and suggest
the identification of the Th,O;4 moiety as [(u-OH),Th,-
(OH,),4]°*. However, the crystal structure had to be refined
without localising the protons. The difficulty to locate low-
scattering atoms like protons near heavier atoms is well-
known.I'>! It is nevertheless justified to presume hydrogen
compounds.!

bridges, as found in the corresponding Ln™!

Figure 1. Packing of the Th!VBT, hydrate. View along the b-axis.

Figure 2. Structure of the [(u-OH),Th,(H,0)4]°* cation and hy-
drogen bridges to the anions in the second coordination sphere;
ellipsoids presented at 50% probability.

Generally, the finding of discrete Th,O;¢ moieties with
absent Th!V-BT contacts is in line with the recent observa-
tion of the coordination behaviour of BT? in the analogue
Tb™ and Er'" systems:!'?! Tb™ Er'"!| and Th!'V have — in
a ninefold-coordinated scenario — comparable ionic radii of
109, 106, and 109 pm,['%! respectively, and must be regarded
as strong and hard Lewis acids, thus favouring H,O over
BT? coordination. However, the Th'V system differs in its
binuclear Th,O;s motif from the mononuclear [Ln-
(H,O)o]** units in the Tb'"! and Er'!! systems.[’! From the
higher positive charge on Th'V it appears natural that, in
going beyond the Ln"" series, one finds a salt-like Th"V-BT
2473
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Table 1. Bond lengths [pm] compared to other dimeric hydroxo-aqua-thorium complexes.

[(u-OH),Thy(H,0),4]¢*1]

[(n-OH), Th,Cly(H,0) 1] 1)

[(1-OH),Thy(NO3)4(H,0)s]* 1!

Th-Ol 235(5)
Th-Ol' 238(3)
Th-02 248(2)
Th-03 253(4)
Th-04 250(1)
Th-05 248(3)
Th-06 248(2)
Th-07 252(2)
Th-O8 257(4)

235.1(4) 233.3(3)
236.0(4) 236.9(3)
249.7(5) 248.2(3)
249.4(5) 254.4(3)
249.8(5) 248.5(3)
252.3(4) 252.1(3)
255.4(4)

250.0(5)

[a] This work. [b] From ref.13l

compound differing qualitatively in the metal-aquo unit
due to its higher Bronstedt acidity — whereas the BT?~ di-
anion’s coordination behaviour is as found in the Tb'" and
Er'! systems.

Calculations

To clarify the nature of the Th,O;s subsystem present
in the experimental X-ray crystal structure of
C4HyN16013Th,  Crsymmetric  [(u-OH,), Tho(OH,) )%
and [(u-OH),Thy(OH,)4]®* initial molecular structures
were constructed by naively adding H atoms to the experi-
mental Th,O,¢ coordinates, and optimised within C; sym-
metry constraints.

The [(u-OH,),Th,(OH,)4]¥*" system optimises to two
strongly repelling [Th(OH,);]** fragments and two sepa-
rated H,O molecules. Relaxing the C; constraints, departing
from the same initial structure leads to one [Th(OH,),]**,
one H,O0, and one [Th(OH,);OH-OH;]** fragment similar
to the [Th(OH,);]** fragment. Fixing the Th-Th distance
to the experimental value and optimising all other structure
parameters within C; constraints leads to a [(u-OH,),Th,-
(OH,)»]** system with a central Th,(p-O), distorted octa-
hedral feature, but a large residual gradient norm of 0.12
a.u. Whereas non-central Th-OH, distances compare well
with experimental data, Th-p-OH, distances dni_ o1,
dthi-01as dthi_07, and dyps o7 miss their experimental coun-
terparts by 42, 39, 21, and 109 pm, respectively (Table 2),

i.e. by much more than can be expected from the [Th(n!-
C505),(0OH,);] benchmark calculations (see Supporting In-
formation). The situation is similar for 0o tni_o1a and
Oth1_01-Th2,» Missing their experimental counterparts by
22.4 and 22.4°, respectively. Allowing dry, 1y, to relax, a sub-
sequent structure optimisation of the [(u1-OH,)4Th,-
(OH,);,]®* system leads to two [Th(OH,);]** fragments and
two separated H,O molecules again.

In contrast, the [(u-OH),Th,(OH,)4]°" system optimises,
both with and without C,; constraints, to a cluster structure
(Figure 3) that is found to agree reasonably with experimen-
tal structure data (Table2). In [(u-OH),Thy(OH,);4]%",
drniTh2 = 427.9 pm overestimates the experimental Th-Th
distance of 399.3 pm by 28.6 pm. Accordingly, calculated
Th—p-OH distances dyn_o1 and dtn_o1a come out too
large by 10 and 7pm as compared to 235*5 and
238 =3 pm, respectively. The angular parameters of the
central [Thy(u-OH),] unit, i.e. Oo1-th1-01a and Ohi_o1-Th2,
are reasonably close to their experimental counterparts. The
H atoms of the u-OH groups are found to point out of the
[Thy(u-OH),] plane by Ot th2-o1-ain = 168.15° in a C-
symmetric fashion; do; 1 = 97.1 pm. Generally, aqua li-
gand O-H distances range from 97.2 to 97.8 pm, averaging
at 97.6 pm. Gas-phase [(u-OH),Th,(OH,),4]°* bonding en-
ergies are 1769 kJmol ™! with respect to dissociation to inde-
pendent [Th(OH,);OH]** fragments, or 8496 kJmol! with
respect to total decomposition to independent Th** ions,
OH,, and OH fragments.

Table 2. Calculated bond lenghts [pm] and angles [°] compared to experimentally obtained values.

[(1-OH,), Thy(H,0) %" [ [(1-OH),Thy(H,0),4]°* Experimental

drhi_o1 276.2 245.1 235(5)
drni_or 276.6 245.1 238(3)
drhi-on 250.7 252.2 248(2)

Thi1-03 252.0 254.6 253(4)
drhi_os 251.8 250.3 250(1)
drhi o5 252.4 255.1 248(3)
drni_o6 244.8 263.0 248(3)
drni_o7 273.1 256.1 252(2)
drni_os 255.8 259.9 257(4)
drhi Th2 399.3lal 427.9 399(1)
drnz o8 298.4 465.9 441(1)
0o1-Thi-o1’ 87.7 58.37 65(1)
O1h1_01-Th2 92.3 121.63 115(1)
Othi-Tho-O1-H11 123.4, 115.9 167.82 -

[a] For fixed dyp, tn = 399.3 pm as discussed in the text.
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Figure 3. Calculated structure of the [(u-OH),Th,(H,0)4]* cat-
ion.

Concluding, the aquo-bridged [(u-OH,),Tho(OH,) 43" is
not stable with respect to decomposition for gas-phase con-
ditions, whereas the hydroxido-briged [(u-OH),Th,-
(OH,),4]%" is at the TPSSh DFT level of theory. If the Th—
Th distance is fixed in the aquo-bridged system, its central
unit’s Th—p-O distances differ significantly from the Th—yu-
O distances of the hydroxido-bridged system’s central unit.
These, in turn, compare reasonably with experimental
structure data. Therefore, within our molecular cluster
model, which clearly is limited to qualitative considerations
only, we feel safe to conclude that our calculations support
the identification of the Th,O;¢ subsystem in
C4H,6N,0,5Th with the formula [(u-OH),Th,(OH,)4]°*.

Conclusions

The first bitetrazolate coordination compound of Th'Y
has been prepared and structurally characterised by means
of XRD and, in terms of some of it’s structural aspects,
by quantum chemical first-principle calculations.
C4H,¢N40,5Th reveals a salt-like triclinic P1 structure that
does not involve any metal-BT contacts. This is in line with
the general trend recently observed for the BT> coordina-
tion behaviour in the analog Ln'"! systems.”) In contrast to
these, from comparison with structural data of dimeric
Th'V hydrolysis products!!3] and DFT calculations on sim-
ple gas-phase cluster models, C4;H>4N;50,3Th is found to
be best described as formed from discrete binuclear [(u-OH)
,Th,y(H,0),4]®" moieties within a one-dimensional network
of n-stacked BT?" dianions. This complements our recent
investigation of the analog rare-earth-BT systems in that,
if one goes through and beyond the Ln'! series of cations,
for a complete picture one needs to consider qualitative
changes in the coordination behaviour of both BT?>~ and
the metal cation, including hydrolysis of the metal-aqua
moieties.

Experimental Section

General Remarks: Radioactive material, even though natural
thorium shows only alpha decay, should be handled with extreme
care. Therefore all manipulations with thorium salts were per-
formed in a glovebox. Due to the explosive nature of nitrogen-rich
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materials, safety equipment like leather gloves, face-shield and ear
protection are strongly recommended. All NMR spectra were re-
corded from concentrated (approximately 6 M) solutions in D,O at
ambient temperature on a Bruker Avance 400 MHz spectrometer;
data are given in ppm. Elemental analyses were performed using a
HEKAtech Euro EA 3000 analyser. High resolution negative ESI-
MS spectra were measured on a Finnigan 900 S spectrometer
equipped with a double focusing sector analyser and a quadrupole
ion trap at flow rates of approximatly 1-5 uL/min (1 X 10~°> mol/L
in H,O/MeOH). Infrared spectra were recorded with a Nicolet SPC
FT-IR spectrophotometer using KBr pellets.

X-ray Crystallographic Study: Single crystals could be obtained
from aqueous solutions by slow evaporation in air. A suitable crys-
tal was fixed in a glass capillary and transferred onto the dif-
fractometer (Table 3). The crystal was measured on a STOE IPDS
diffractometer using graphite monochromated Mo-K,, radiation (1
= 71.073 pm). All calculations were performed using SIR92!!7! and
SHELXL-97.1'8 All non-hydrogen atoms were refined anisotropi-
cally. The numerical absorption correction (X-RED V1.22; Stoe &
Cie, 2001) was performed after optimizing the crystal shape using
X-SHAPE V1.06 (Stoe & Cie, 1999).1'1

Table 3. Crystallographic data.[®

Empirical formula
Formula weight [gmol™!]
Colour, habit

C4Hy6N;6013Th
738.4
colourless, prism

Temperature [K] 293(2)

Crystal size [mm] 0.2X0.1x0.1

Crystal system triclinic

Space group Pl

a [pm] 1058.2(2)

b [pm] 1081.6(2)

¢ [pm] 1136.7(2)

a [°] 73.46(2)

B[] 83.98(2)

M| 66.01(2)

V [107° pm?] 1139.4(4)

VA 2

Density (caled.) [gem ™) 2.152

Absorption coefficient [mm '] 6.635

F(000) 712

Theta range [°] 3.19 to 28.08

Index range -13<h<13
-l4<k< 14
-14<i<14

Reflections collected 9861

Independent reflections 5044

Observed reflections (26) 4662

R (int.) 0.0786

Data / restraints / parameters 4662 /0 / 285

Goodness-of-fit F? 1.126

Rl, lVRz [I> 46(1)]

0.0581, 0.1619

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Ry, wR, (all data) 0.0628, 0.1726
Largest difference peak / hole [e/pm°] 3.8 /4.5

[a] Ry = X ||Fo| = |FlVZ |Fol, Ry = [Zw(Fol — [FP)Zw(Fol).

CCDC-692361 contains the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Computational Details

All calculations were carried out using the TURBOMOLE v. 5.10
system of programs®? on an Intel® 2.4 GHz Quad-Core work-
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station cluster. Generally, the atomic Th'Y subunits of rare gas-like
[Rn]7s°5f%d° configurations have been modeled within the relativ-
istic large-core pseudopotential (PP) approximation:®'! In a some-
what simplified picture, Th'Y atomic orbitals with main quantum
numbers n =5 are replaced by potential functions fitted to accurate
scalar-relativistic Wood—Boring all-electron reference data; the va-
lidity of this approach has recently been established.?? For Th!V a
PP-compatible (5s6p4d2f1g)/[4s4p3d2flg] Gaussian basis set with
additional diffuse two s, one p, and one d functions?!l has been
used. For H, C, and O the standard TZVP basis sets of Schifer et
al.?’ have been applied. Energy and molecular structure optimisa-
tions have been carried out on a Density Functional Theory (DFT)
level with the TPSSh®* exchance-correlation functional. TPSSh is
a hybrid-type meta-GGA DF,?’! employing both exact exchange
and kinetic energy densities, that has been found to perform suc-
cessfully for both standard training sets and a collection of 4th
period transition-metal systems.[>’) As outlined in the Supporting
Information, benchmark calculations on the experimentally known
thorium(IV) croconate crystal structure [Th(n'-CsOs),(OH,),]i?7]
showed TPSSh to perform as good as, if not better than other
GGA and hybrid-type DFs, and very similar to ab initio MP2 cal-
culation schemes. As DFT exchange-correlation energy integra-
tions are done numerically on element-specific grids in TURBO-
MOLE, and no thorium grid is implemented in v. 5.10, the lantha-
num dynamic m3 grid was used. Total energies were converged be-
low 107 a.u. Molecular structures, where converged, have been op-
timised to Cartesian gradient norms below 103 a.u.

Synthesis of Sodium 5,5'-Bitetrazolate: Manganese 5,5’-bitetrazol-
atel (40 g, 0.21 mol) and sodium carbonate (22.2 g, 0.21 mol) was
suspended in water (500 mL) and heated at reflux for several hours.
Manganese carbonate was filtered off and the water evaporated to
obtain a slightly green solid. After several recrystallisations from
water the solid became colourless and was dried in vacuo at 100 °C.
Yield: 25.2 g (66%). '*C NMR (100 MHz, D,0, TMS): § = 154.3
(s) ppm. MS (negative ESI): m/z (%): 137.17 (100) [C,HNg], 159.14
(10) [NaC,Ng]. IR (KBr): v = 1631, 1458, 1345, 1327, 1307, 1182,
1148, 1072, 1048, 1016, 734, 586 (br) cm™!. C,)NgNa, (182.05):
caled. C 13.19, H 0.0, N 61.55; found C 12.94, H 0.0, N 59.21.

Synthesis of Thorium(IV) 5,5 -Bitetrazolate Hydrate: Th!Vnitrate
hydrate (0.5 g, ca. 1 mmol) was dissolved in hot water (10 mL) and
a solution of sodium 5,5'-bitetrazolate (0.6 g, 4 mmol) was added
dropwise. After 24 h colourless crystals could be observed which
were analysed by X-ray diffraction.

Supporting Information (see also the footnote on the first page of
this article): [Th(n'-Cs0s)>(OH,);] coordinates, interatomic dis-
tances and angles, and total energies calculated at HF, SVWN,
BP86, BLYP, B3LYP, PBEO, TPSSh, and MP2 levels of theory; and
[(1-OH2)4Thy(OHy) 1]¥,  [(1-OH), Tho(OH2)14]*,  [Th(OH,)7*,
[Th(OH,)¢OH-OH;]**, [Th(OH,);OHJ**, H,O, OH", and Th'V co-
ordinates and total energies calculated at the TPSSh level of theory.
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