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Abstract

The trinuclear [Zns(Hdmpz),(dmpz)4(NCS),] complex (Hdmpz: 3,5-dimethylpyrazole) has been synthesized by the reaction of tetraam-
minezinc(II) chloride with 3,5-dimethyl-1-thiocarboxamidepyrazole. The ammonia evolving gradually from [Zn(NH3)4]Cl, ensured a
mild gradually increasing basic pH during the synthesis which caused a cleavage of the 1-N-substituent. Moreover, the changing pH con-
trolled the pyrazolate anion—neutral ligand equilibrium, and in this way the formation of the precipitate complex. The structure of the
complex was investigated by X-ray diffraction and quantum chemical computations. The complex was characterized in detail by FT-IR-
spectroscopy and thermal analysis. The bonding interactions between Zn>" and the ligands were analysed on the basis of the computed

data.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Single crystals are demanded in various fields of chemical
research and industry. In spite of the available routine tech-
niques [1,2], however, single crystals of transition metal
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complexes are often difficult to prepare. In the presented
work we used a method convenient for the synthesis of tran-
sition metal complexes with anionic ligands. The main point
of the method is that the metal ion is initially in the form of
an ammonia complex, [M(NH;),]"". The evaluation of
NHj; during the ligand exchange (Eq. (1)) leads to a gradual
variation of pH, which controls the anion—neutral ligand
equilibrium and through it the rate of complex formation.

[M(NH;) "" +#HL « [ML,] +nNH; + (x —n)NH;  or (la)
[M(NH3) "" +mHL + (n — m)A~
— ML, A+ mNH} + (x —m)NH; (1b)

The method is known in analytical chemistry as precip-
itation from homogeneous solution [3] and is used to
obtain complexes in crystalline form for gravimetric analy-
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sis. Advantage of the method is that the crystal formation
is determined by self-controlling the rate of the chemical
reaction, as the rate increases rapidly when the evolved
NH; makes the solution more basic. The small number
of the initial crystal nuclei favours the formation of a few
well-defined single crystals.

We applied the above procedure to the reaction of
ZnCl, with 3,5-dimethyl-1-thiocarboxamidepyrazole. Pyra-
zole derivatives can easily form anions by elimination of
the pyrrole NH or any acidic hydrogen of substituents (if
present). Moreover, 1-N substituents tend also to split off
under basic conditions [4-6]. Pyrazoles establish usually
strong monodentate or chelate complexes with transition
metals, which complexes have numerous practical and the-
oretical applications [4,5,7].

In the title reaction we obtained single crystals of the tri-
nuclear [Zn;(Hdmpz),(dmpz)4(NCS),] complex (Hdmpz =
3,5-dimethylpyrazole). The complex is characterized by
X-ray diffraction, FT-IR spectroscopy and thermal analy-
sis. We report furthermore an analysis of the metal-ligand
interactions by quantum chemical computations.

2. Experimental and computational details
2.1. Synthesis of the complex

The synthesis was performed using a metal-to-ligand
molar ratio of 1:2. The solutions were prepared by dis-
solving 0.07 g (0.5 mmol) of zinc(II) chloride in 2 cm? cc.
NH; (resulting in the formation of [Zn(NH;),") with
addition of 5cm® EtOH and dissolving 0.15 g (1 mmol)
of 3,5-dimethyl-1-thiocarboxamidepyrazole (3,5-dimethyl-
1H-pyrazole-1-carbothioamide, dmpzCSNH,) in 5cm?
EtOH. The two solutions were mixed at room tempera-
ture. The complex formation started almost immediately
after the mixing and the precipitate consisted mainly of
single crystals. After 3 h the white precipitate was vac-
uum filtered, washed with cold EtOH and air dried.
When the crystals were left to stand for more than 3 h
in the solution, we observed their dissolution due proba-
bly to the change of pH (evaporation of NHj3 from the
solution). Additional experiments in various solvents
(EtOH, MeOH, Me,CO) but without ammonia failed
to give any precipitate.

Yield: 0.05 g (~40%). Elemental analysis data, Calc.: C,
43.42; H, 5.01; N, 22.16. Found: C, 43.5; H, 4.8; N, 22.1%.
Molar conductivity in DMF, iy = 44.0 S cm? mol .

2.2. Elemental analysis
(C, H, N) was performed by standard methods.
2.3. X-ray structure determination
A single crystal of the complex with approximate dimen-

sions of 0.10 x 0.10 x 0.12 mm? was selected for data collec-
tion. The data were collected on a Bruker AXS SMART

diffractometer with an APEX CCD detector, equipped
with a Bede Microsource® X-ray generator, using Mo Ka
radiation. A full sphere of data was collected with a frame
width of 0.3° and a counting time of 40 s per frame. A mul-
tiscan absorption correction [8] was applied to the raw data
and the resulting R;,, was 7.1%. Frames were integrated
using the program saiNT [9] The crystal structure was
solved by direct methods using the sirR92 software [10]
and refined using the Oxford Crystals suite [11]. The posi-
tions and anisotropic atomic displacement parameters of
all non-hydrogen atoms were refined; hydrogen atoms were
located from difference Fourier maps and refined isotropi-
cally using restraints. Molecular graphics were created
using the program ortep [12].

2.4. FT-IR spectroscopy

The FT-IR spectra were recorded at room temperature
using KBr pellets in the range of 4000-450 cm ™! on a Per-
kin—Elmer System 2000 FT-IR spectrometer equipped with
an MCT detector using a co-addition of 16 scans. The far-
IR (650-50 cm™') measurements were carried out with
polyethylene pellets and DTGS detector using 128 scans.

The spectra were recorded with a resolution of 4 cm™".

2.5. Conductivity measurements

Molar conductivity of freshly prepared 10~ mol/dm?
solutions in DMF was measured at room temperature
using a digital conductivity meter Jenway 4010.

2.6. Thermal analysis

Thermal analysis was performed using a DuPont 1090
TA system with sample masses of about 5 mg and were per-
formed in both argon and air atmospheres at a heating rate
of 10 K/min. In the thermogravimetric measurements plat-
inum crucible was employed, while the DSC curves were
recorded up to 600 K using an open aluminium pan sample
holder with an empty aluminium pan as reference. The
EGD measurement was accomplished on a DuPont 916
TEA (Thermal Evolution Analyser) instrument in a flow-
ing nitrogen atmosphere and a heating rate of 8 K min~!
to 600 K.

2.7. DFT computations

The quantum chemical computations were carried out
with the Gaussian 03 program package [13] using the
Becke3-Lee—Yang—Parr (B3-LYP) [14,15] exchange-corre-
lation functional. The relativistic effective core potential
and its [21/11/41] valence basis set of Hay and Wadt [16]
was used for Zn, extended with a single set of f type
polarisation functions (¢ = 3.031) [17]. The 6-31G™" basis
set was applied for H, C, N and S. The minimum character
of the optimised structures was verified by frequency calcu-
lations. The dissociation energies were evaluated from the
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computed absolute energies after corrections for zero-point
vibrational energy (ZPE) and basis set superposition error
(BSSE), the latter estimated by the counterpoise method
[18].

3. Results and discussion

3.1. Formation and general properties of [Znz( Hdmpz ) ,-
(dmpz) (NCS);]

In our previous studies of transition metal complexes
with pyrazole-based ligands we observed often the elimina-
tion of the 1-N-substituent resulting in the formation of 1-
H-pyrazoles [4-6]. Sometimes the elimination took place
only in a portion of the ligand molecules and in the reac-
tion mixed complexes with both 1-H-pyrazole and 1-N-
substituted pyrazole ligands in the complex were obtained
[5,19-21].

The 1-N thiocarboxamide substituent in 3,5-dimethyl-1-
thiocarboxamidepyrazole (dmpzCSNH;), the thiocarboxa-
mide group, is particularly labile. Though dmpzCSNH, is
stable at room temperature for months, it decomposes at
somewhat higher temperatures to 3,5-dimethylpyrazole
(Hdmpz) and HNCS. A similar decomposition can occur
in basic (e.g. NHj) solution as presented in Scheme 1.
The formed 3,5-dimethylpyrazolate anion (dmpz) is a
bidentate ligand with the two nitrogens as possible donors.

3[Zn(NH;),]*" + 6dmpzCSNH,
= [Zny(Hdmpz),(dmpz) ,(NCS),] + 10NH;

The title reaction resulted in the trinuclear
[Zn3(Hdmpz),(dmpz)4(NCS),] complex according to Eq.
(2). Its molecular structure determined by X-ray diffraction
is shown in Fig. 1. The complex has a compact
[Zns(dmpz),F+ core stabilized by strong ionic and donor—
acceptor Zn—N interactions. The core includes four depro-
tonated bidentately coordinated dmpz ligands arranged in a
tetrahedral coordination around the middle Zn**. The tet-
rahedral coordination of each terminal Zn*" ion is estab-
lished by an ionic bond with an NCS™ (fulfilling the
neutrality requirement) and a donor—acceptor bond with
the pyridine nitrogen of a Hdmp:z ligand. The presence of
Hdmp:z is the consequence of the mild basic pH of the
NHj; solution. Identified by its smell, part of the evolved
NH; evaporated from the solution.

The formation of the [Zns(Hdmpz)y(dmpz)4(NCS),]
complex can partly be interpreted upon the HSAB princi-
ple [22-24] in accordance with our earlier experience with
similar systems [4,7,21]. It explains, why the chloride ions
(hard bases) of ZnCl, are replaced by the isothiocyanate
ions (medium hard at the N side) on the medium hard acid
Zn**. A coordination of NCS™ through the sulphur atom
is less favoured because of its soft base character. Steric
effects, which could lead to deviations from the HSAB
principle, seem to be less important in the title complex.

There are several examples how changes in the pH and
counter-ions of Zn*" can influence the product of complex
formation with pyrazole-type ligands. Masciocchi et al.
obtained a polymeric [Zn(pz),]. complex from ZnCl, and
pyrazole (Hpz) in aqueous NHj3 solution [25]. Because of

+ 4NCS™ + 2NH; (2) the excess NHj; the precipitate complex was obtained in
CH,
/) ®
H;C AN + NHg
’ N
CH; |
C
/ \N NH; s7 i
H,C P —_—
) N
| CH,
/C
s7 nm, / \

N + NHP +scN®
/ 4

H_;C Ve

Scheme 1.
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Fig. 1. Structure and atom numbering of the [Zn3(Hdmpz)(dmpz)4(NCS),] unit from the X-ray diffraction analysis (i =—x + 1/2, —y + 1/2, z).

microcrystalline form. The binuclear [Zny(Hdmpz),-
(dmpz),] complex has been synthesized by Ehlert et al.
heating zinc metal with excess of Hdmpz in concentrated
acetonic solution under O, [26]. While no basis was intro-
duced into the reaction mixture, the red-ox processes could
generate mild basic conditions for a partial deprotonation
of Hdmpz. In our recent study the reaction of Zn(OAc),
(OAc = acetate) with 4-acetyl-3-amino-5-methylpyrazole
(HL') in a neutral MeOH-DMF solution gave single crys-
tals of the binuclear complex [Zn,(HL")»(L")>(OAc),] [27].
In the latter case, the acetate ion is a Bronsted base and in
this way it is able to deprotonate the ligand. Note that nei-
ther of the above mentioned reactions was carried out in a
self-controlled manner.

Among the general properties of the [Zns;(Hdmpz),-
(dmpz)4(NCS),] complex we should mention its rather
low solubility in water and alcohols, referring also to its
polynuclear structure. The molar conductivity in DMF
(44.0 S cm® mol™!) may suggest a partial exchange of an
NCS™ ion with a solvent molecule [28].

3.2. Crystal and molecular structure

The crystallographic details are given in Table 1, while
selected bond lengths and angles are listed in Table 2.

The crystal structure of [Zns(Hdmpz),(dmpz)4(INCS),] is
built up of discrete trinuclear units (cf. Fig. 1). The central
zinc atom, Zn2, which is located on a twofold axis, is
bridged to the symmetry-related Znl atoms by dmpz mole-
cules in exo-bidentate mode. The coordination sphere of
the terminal Znl atoms is completed by a monodentately
coordinated Hdmpz ligand and an isothiocyanate anion.
Both symmetrically unique Zn atoms are coordinated in
a distorted tetrahedral fashion with angles ranging from
102.3(1)° to 111.9(1)°. The ligand-bridged Zn---Zn non-
bonding distance is 3.602(06) A. The different coordination

Table 1
Crystallographic details for the [Zns( Hdmpz),(dmpz)4(NCS),] complex

C3HyaN 1455703

Chemical formula

Molecular weight (amu) 885.09
Crystal system orthorombic
Space group Pcen
a(A) 18.064(2)
b (A) 12.9962(15)
¢ (A) 17.140(2)
o (°) 90

B(°) 90

7C) 90

v (A%) 4023.9(8)
VA 4

T (K) 120

deatc (gfem™) 1.461
p(mm~") 1.920
Total number of reflections 51343
Number of unique reflections 5870
Number of observed reflections (/> 20) 3470
Number of parameters refined 319

Rint () 7.1

R (%) forI>2 a0 4.37

WR (%) 10.85

modes of the ligands are reflected in their geometrical
parameters. The largest difference is observed in the N-N
distances, which are longer in the bridging dmpz (1.383(4)
and 1.386(4) A) compared to that of the terminal Hdmpz
ligands (1.361(4) A). The same pattern of difference was
previously observed in the crystal structure of [Zn,(HL"),-
(L")2(0Ac),] [27].

Since the rings of the pyrazolyl ligands are aromatic, it
would be interesting to see how the different modes of coor-
dination influence the overall aromatic character of the
pyrazole ring. We evaluated the aromaticity index based
on the Harmonic Oscillator Model of Aromaticity
(HOMA) [29] and found that the terminal Hdmpz ligands
express slightly larger aromatic character (0.924) as com-
pared to the bridging dmpz ones (0.845).
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Table 2
Selected bond lengths (A) and angles (°) in [Zns(Hdmpz),(dmpz)4(NCS), [

Bond lengths

Bond angles

X-ray Computed® X-ray Computed®
Zn2-N24 1.992(3) 2.078 N24-7Zn2-N22 109.5(1) 108.6
Zn2-N22 1.989(3) 2.088 N24-7Zn2-N24' 111.9(2) 109.1
Znl1-N23 1.972(3) 2.043 N24-Zn2-N22' 109.8(1) 110.9
Znl-N25 1.974(3) 2.035 N22-Zn2-N22' 106.1(2) 108.8
Znl-N21 1.975(3) 2.050 N23-Zn1-N25 110.2(1) 116.1
Zn1-N20 2.034(3) 2.161 N23-Znl1-N21 111.9(1) 111.6
S26-C18 1.627(4) 1.613 N25-Zn1-N21 111.4(1) 115.3
N23-N24 1.383(4) 1.375 N23-Znl1-N20 110.1(1) 110.0
N23-Cl14 1.353(4) 1.352 N25-Zn1-N20 102.3(1) 91.4
N24-C16 1.343(4) 1.351 N21-Zn1-N20 110.6(1) 110.7
N25-C18 1.152(5) 1.195 Zn1-N23-N24 123.7(2) 124.0
N21-N22 1.386(4) 1.375 Zn1-N23-Cl4 128.6(2) 127.6
N21-C9 1.343(4) 1.351 N24-N23-C14 107.7(3) 108.4
N19-N20 1.361(4) 1.356 N23-N24-Zn2 124.4(2) 124.8
N20-C6 1.335(4) 1.341 N23-N24-C16 108.0(3) 108.1
N19-C4 1.341(5) 1.351 Zn2-N24-Cl16 127.6(2) 126.2
N22-Cl11 1.338(4) 1.350 Zn1-N25-C18 163.0(3) 157.6
C15-Cl6 1.394(5) 1.398 Zn1-N21-N22 121.8(2) 124.0
Cl14-Cl15 1.383(5) 1.395 Zn1-N21-C9 130.0(2) 127.4
Cl6-Cl17 1.502(6) 1.500 N22-N21-C9 108.1(3) 108.5
Cl11-C12 1.502(5) 1.500 Zn1-N20-C6 131.6(2) 140.2
C10-Cl11 1.397(5) 1.397 N19-N20-C6 105.8(3) 106.1
C8-C9 1.495(5) 1.500 N20-N19-C4 111.7(3) 112.3
C9-C10 1.377(6) 1.396 N21-N22-Zn2 126.0(2) 125.0
C13-Cl4 1.500(5) 1.500 N21-N22-Cl11 107.7(3) 108.0
# For the numbering of atoms see Fig. 1. Symmetry code: i = —x +1/2, —y +1/2, z.

® Computed at the B3LYP/6-31G** level using a relativistic effective core potential for Zn.

Distances of the central Zn2 atom from the bridging
dmp:z nitrogens (1.989(3)/1.992(3) A) are somewhat longer
than the related distances of the terminal Znl atoms
(1.975(3)/1.972(3) A). The terminal Hdmpz molecules
coordinate through the pyridine nitrogen atom to Znl
at a distance of 2.034(3) A. The dihedral angle between
the mean planes of two symmetrically unique bridging
dmpz ligands is 18.1°. The Znl-N21-N22-Zn2-N24-
N23 six-membered metallocycle possesses a boat confor-
mation with Znl and Zn2 out of the N21-N22-N23-
N24 mean plane (maximum deviation of the nitrogens
from the reference plane is 0.02 A) by 0.24 and 0.16 A,
respectively. The Zn-N(NCS) bond length (1.974(3) A)
is similar to that observed in the crystal structure of
bis( Hdmpz)-bis(isothiocyanato)-zinc(IT) (1.934(3) A) [30],
but longer than the Zn—-N(NCS) distance found in (tris-
(3-t-butylpyrazolyl)hydroborato)-isothiocyanato-zinc(1I)
(1.893(4) A) [31]. The difference may partly be ascribed to
N-H---S intermolecular hydrogen bonding interactions
missing from the latter complex. Such intermolecular
hydrogen bonds are responsible for the self-assembly of
the trinuclear [Zns(Hdmpz),(dmpz)4(NCS),;] units in the
crystal, running in chain along the b-axis of the unit cell
(cf. Fig. 2. N19-H34...826% H.--S=2.6, N-H.-.S=
155;i=0.5—x, 0.5 — y, z). Note that the intramolecular
N-H---N distance of 2.8 A indicates a very weak inter-
action between the Hdmpz and NSC™ ligands in the
complex.

The computations reproduced the trinuclear molecular
structure of the [Znz(Hdmpz),(dmpz)4(NCS),] complex,
supporting that it is not merely the result of solid-phase
effects. The stability of this structure is further supported
by the large computed dissociation energies (vide infra).
There are, however, some significant differences between
the geometrical parameters of the crystal and computed
structure, which can be attributed partly to the single-mol-
ecule model of the computations in contrast to the found
four-molecule unit cells in the crystal, to the neglect of
other intermolecular interactions by the computations
and to the approximations involved in the used theoretical
level.

Thus, the computations underestimated the Zn—N inter-
actions resulting in characteristically longer Zn-Npy dis-
tances (2.05-2.09 A vs. 1.97-1.99 A in the crystal for the
inner dmpz, while 2.16 A vs. 2.03 A for the terminal Hdmp:z
units). The intramolecular N-H---N(NCS) hydrogen
bonding interaction is considerably overestimated by the
computations predicting a H- - -N distance of 2.1 A in con-
trast to the 2.8 A in the crystal. Regarding the NCS™
ligand, its Zn—N distance is overestimated by 0.06 A, the
N=C bond by 0.04 A. On the other hand, the C=S dis-
tance differs only by 0.015 A (underestimated by the com-
putations). A better agreement has been achieved for the
bond distances in the dmpz and Hdmp:z ligands: most of
them agree within 0.01 A. Similarly, the X-ray and com-
puted bond angles agree generally within 1° for the dmp:z
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Fig. 2. A part of the crystal structure of [Zn;(Hdmpz)(dmpz)4(INCS),] showing the association of molecules into a chain running along the b-axis. H atoms

not involved in hydrogen bonds have been omitted for clarity.

and Hdmpz ligands, whereas can deviate up to 11° for the
bond angles including the Zn*" ions. The largest deviations
are observed in the case of the terminal Hdmpz and NCS™
ligands being the most flexible parts of the complex, hence
more sensitive on the crystal packing effects.

3.3. FT-IR spectra

The assignment of the IR spectra (Fig. 3, Table 3) was
based on the computed wavenumbers and IR intensities
at the BBLYP/6-31G™ level, visualizing the normal modes
by the Molden3.8 program [32]. From the expected 279
fundamentals of the complex 52 bands could be distin-
guished in our spectra as a result of extensive overlap
between close-lying fundamentals, where the numerous
weak bands are hidden by neighbouring stronger ones.

' My

L L o S R I N
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3. FT-IR spectrum of solid [Znz(Hdmpz),(dmpz),(NCS),].

The computations and comparison with the literature
IR data of transition metal complexes with pyrazole deriv-
atives [7,33,34] facilitated a reliable assignment of the pres-
ent IR spectra given in Table 3. We found an unexpectedly
good agreement between the computed and experimental
frequencies for several bands in the 1616-1200 cm ™' range
as a probable result of fortunate cancellation of errors of
our computational model (harmonic approximation, sin-
gle-molecule model, approximations of the theoretical
level). The only noteworthy contradiction between the
measurements and computation is the strong band at
945 cm™!, which has no analogue in this region of the com-
puted spectrum. The possibility of an impurity in such a
large amount could be excluded by elemental analysis
and by the (reproduced) IR spectrum of samples from
repeated syntheses. Literature spectra of 3,5-dimethylpy-
razole [34] and complexes with related pyrazole derivatives
[7,33] did not show a strong band in this region implying
that it may belong to the NCS™ ligand. However, the
C=S stretching mode of NCS™ coordinated to a transition
metal by N appears between 690 and 840 cm ™! [35-37], in
good agreement with our computed value of 877 cm ™' for
the title complex. The 945 cm ™ '-band may be assigned to a
methyl rocking mode red-shifted and gained considerable
intensity in the four-molecule unit cell with respect to the
normal mode of the single molecule modelled by our com-
putations. A Fermi resonance effect may also contribute to
the differences between the observed band and the com-
puted data, but the other band of the Fermi pair cannot
unambiguously be identified in this crowded region of the
spectrum.

The vibrations of the pyrazole ring and the methyl
substituents correlate well with literature data [33,38].
The measured frequency of the pyrazole CH stretching
(3144 cm™") supports clearly the aromaticity of the dmpz
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Table 3
Characteristic bands® in the FT-IR spectra of [Zni(Hdmpz),-
(dmpz)4(NCS),]
Experimental ~Calculated®
Frequency IR intensity Assignment®
3347 s 3500 578 vN-H
3215s 3500 407 vN-H
3144 w 3265 13 vCpy—H
2979 m 3111 31 v,sCH3
2973 sh 3105 53 vasCH3
2919 m 3045 274 vsCHj3
2080 vs 2110 2863 yNCS(N=C)
1616 m 1619 84 vPy, 6Cp,—H, SN-H,
1572 vs 1575 249 vPy, 6Cp,—H
1526 m 1546 50 vPy, ,sCHj3
1493 vs 1517 102 vPy, §,sCH3, fN-H
1475 sh 1508 12 0.sCH3
1463 m 1496 68 0.sCH3
1416 s, br 1468 350 vPy, 6,sCHj3
1380 m 1449 50 vPy, 6,CH;, fN-H
1367 sh 1424 21 0sCHj3
1346 vs 1374 293 vPy
1328 s 1316 119 vPy, PN-H
1252 m 1220 163 vPy(N-N)
1194 s 1184 128 vPy(N-N)
1133 m 1105 16 pPy, 5,sCH;
1051 s 1053 265 vPy, Py
1038 sh 1046 44 vPy, Py
989 m 1003 35 0asCHjz(rock)
945 s 1001 12 02sCHj(rock)
879 w 877 12 yNCS(C=S)
805 sh 820 76 yC-Hpy
785 s 799 68 yC—Hpy
750 s 764 44 vC-CHs;, fPy
743 sh 754 11 vC-CHj;, Py
671 w 673 1 Py
636 m 619 11 7Py, yN-H
595w 596 5 Py
481 m 509 26 ONCS
422 w 447 15 pC—CH;
400 m 427 35 SC—CH;
363 w 348 75 yC—CH3s, Py
329s 332 101 SC-CH;, yC-CH;
291 s 286 49 ﬂC*CH:;, VZH*NNCS
283 sh 270 101 VZ]’I*NNcs, ﬂC7CH3
251 sh 237 43 BC—-CH3, vZn|—Npy, vZn,—Np,
248 m 231 85 vZny—Npy, fC-CH3;, vZn—Npy
234 m 215 34 vZny—Npy, vZn;—Np,
224 sh 205 46 vZn—Npy, fC-CHj3
198 sh 196 15 yZn-Py (butterfly)
191 m 188 66 yC-CH;
154 m 154 14 PZn—Nncs, fZn—Np,
137w 148 14 BZn—Np,
114 w 118 10 tCH;
89 w 99 0.3 tCH; or lattice
70 w 63 0.4 yNpy—Zn or lattice
5Tw 58 0.5 yNpy—Zn or lattice

2 In cm~!. The abbreviations for the band intensities vs, s, m, w, sh mean
very strong, strong, medium, week and shoulder, respectively.

® Computed at the B3LYP/-31G™ level using a relativistic effective
core potential for Zn. The computed IR intensities of the close
lying fundamentals representing identical vibrations were added
together.

¢ The abbreviations v, , 6, y, T, s, as, Py mean stretch, in-plane bend,
deformation, out-of-plane bend, torsion, symmetric, asymmetric, pyrazole
ring vibrations, respectively.

rings. The Zn—Np, stretching modes appear between 220
and 250 cm ™!, somewhat lower than the respective modes
of pyridine complexes (280-300 cm™') [39]. Most Zn-N
stretching vibrations are mixed with the C—CHj in-plane
bending of the methyl groups. The in-plane Zn—-N bend-
ing modes of the complex appear around 150 cm ™', while
the out-of-plane Zn-N bendings below 100cm™' (cf.
Table 3). We could identify the metal-ligand Zn—Nycs
stretching vibrations around 290cm™'. Note that
although we could reasonably correlate three bands
below 100cm~! with computed fundamentals, these
bands could also alternatively be assigned to lattice
vibrations.

3.4. Bonding properties

The title complex shows very interesting bonding prop-
erties. The general chemical intuition would suggest four
single (ionic) bonds with the deprotonated nitrogens of
the four dmpz ligands, four weaker donor—acceptor interac-
tions with the other (pyridine-type) nitrogens of these dmpz
ligands and two donor-acceptor interactions with the
pyridine-type nitrogens of the terminal Hdmpz ligands.
Analysis of the Zn—N distances, atomic charges and hyper-
conjugation effects shows, however, that the bonding situ-
ation is more complex. First of all, the Zn-Np, distances
are not so much different: they vary within 0.04 A in the
computed while within 0.02 A in the solid-phase structure
for the inner [Znsdmpz,F* moiety. This indicates that
instead of the supposed strong ionic and weaker donor—
acceptor Zn—N interactions, all the Zn—N bonds in the
inner moiety are of similar strength. On the other hand,
the Zn-N interactions with the terminal Hdmpz ligands
are, as expected, much weaker (cf. these longer Zn—N dis-
tances in Table 2).

We computed the energies of various dissociation reac-
tions of the complex into smaller fragments as given in
Table 4. They justify the strong ionic bond between Zn>"
and the NCS™ ions (547.8 kJ/mol) [40] as well as the
expected weak donor—acceptor interaction between Zn>"
and the terminal Hdmp:z ligands (104.2 kJ/mol). From the
data of Table 4 the average bonding energy for a Zn-N
bond within the [Znsdmpz4*" moiety can be evaluated as
430.6 kJ/mol.

The most important characteristics of the natural atomic
charges (Table 5) are the values of the zinc ions close to +2

Table 4

Computed dissociation energies” of [Zns(Hdmpz)y(dmpz)4(NCS),]
Dissociation products AE
(Zns(Hdmpz),(dmpz) P+ + 2NCS™ 1095.7
[Zn3(dmpz)4(NCS),] + 2Hdmpz 208.5

3Zn** +2NCS™ + 2Hdmpz + 4dmpz~ 4749.0

% Computed at the B3LYP/-31G™ level using a relativistic effective core
potential for Zn. The data (kJ/mol) refer to 0 K and are corrected for zero-
point vibrational energy and basis set superposition error.
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Table 5

Selected results® of the natural bond orbital analysis of
[Zn3(Hdmpz)y(dmpz)s(NCS);]

Property

qZn2 +1.61
qZnl +1.60
gN20 —0.50
gN19 —0.34
gN23 —0.59
gN24 —0.55
gN21 —0.58
gN22 —0.56
gN25 —0.99
qC18 +0.22
4826 —0.11
E? LP(N24) — s(Zn2) 193.4
E? LP(N23) — s(Znl) 250.9
E® LP(N25) — s(Znl) 216.0
E® LP(N20) — s(Znl) 159.3
E?d(Zn2) — n*(N24-C16) 6.2
EPd(Zn2) — n*(N24-N23) 4.6
E?d(Znl) — n*(N24-N23) 53
EPd(Znl) — n*(N23-C14) 7.9
E?d(Znl) — n*(N25-C18) 15.4
E?d(Znl) — n*(N20-N19) 33
EPd(Znl) — n*(N20-C6) 3.6

# Natural charges (¢,e) and main second-order perturbation energies
(E® donor — acceptor, kJ/mol). Computed at the B3LYP/6-31G** level
using a relativistic effective core potential for Zn. For the numbering of
atoms see Fig. 1.

(+1.60 and +1.61e) and the strong negative character of
the pyridine-type nitrogens of the dmpz (between —0.55
and —0.59¢) and Hdmpz (—0.50e) ligands. The slightly less
negative character of the Hdmpz nitrogen means somewhat
weaker electrostatic attractions between this ligand and
Zn*" than that with dmp:.

The natural charges of the dmpz nitrogens support again
that the Zn—N interactions cannot be separated into a Zn—
N (ionic) single bond and a donor-acceptor interaction.
Their minor differences — parallel with the similar Zn-N
bond distances — refer to similar bonding properties of
the two nitrogens of a dmpz with Zn. The large magnitude
of the above atomic charges implies a dominant electro-
static attraction between Zn”>" and the nitrogens over the
donor-acceptor interactions. Summing up the atomic
charges within the NCS™ and dmpz ligands, we obtained
that a Zn>" ion receives ca. 0.1 electron donation from each
NCS™, while less than 0.2 electron from each dmpz. This
explains that the charge of the zinc ion is only slightly
below +2.

The ratio of donation-backdonation within the metal—
ligand interactions can be evaluated by analysis of the
charge transfer interactions (second-order perturbation
energies from the Natural Bond Orbital analysis [41], cf.
Table 5). They revealed a moderate (200-250 kJ/mol)
charge transfer from dmpz to Zn>" while only a marginal
(a few kJ/mol) one from Zn>" to the dmpz ligands. The
charge transfer interactions with the less strongly bound
Hdmp:z ligands are obviously weaker.

3.5. Thermal analysis

The thermal decomposition of the compound was stud-
ied in air and argon gas carriers with a heating rate of
10 K/min. The decomposition is continuous in the whole
temperature range with three well-defined steps indicated
by the DTG peaks at around 350, 550 and 650 K in both
air and argon (see Fig. 4). Above 700 K the decomposition
in argon continues with a constant, somewhat slower speed
and is not complete up to 1000 K. In air one more step is
observed in the temperature range of 700-870 K. Above
870 K uncontrollable processes with a slight increase of
the mass — presumably a partial oxidation — can be
observed. This phenomenon was earlier observed at the
decomposition of sulphur containing compounds [4,21,42].

The thermal stability of the complex is rather low and its
decomposition starts at 350 K with a clearly distinguish-
able step. We considered the possibility of desolvation or
evolution of ammonia, which take also place at such low
temperatures. However, the EGD curve supported the evo-
lution of an organic fragment (see Fig. 5). The mass loss of
ca. 3.5% corresponds to the departure of two CH, frag-
ments (Calc., 3.16%), most likely from the terminal Hdmpz
molecules. The loss of a CH, radical during an intramolec-
ular rearrangement in S5-methyl pyrazole derivatives has
been found previously in coupled TG-MS measurements
accompanied with an exothermic process [43]. In some
cases 5-methyl pyrazole complexes decomposed giving rel-
atively stable intermediates. The composition and structure
of these isolated intermediates was determined by elemen-
tal analysis and IR spectroscopy [6,43,44], respectively,
supporting the departure of a CH, fragment. In the case
of the [Zniy(Hdmpz)>(dmpz)4(NCS),] complex probably
the lower flexibility of the trinuclear core prevents the for-
mation of a stable intermediate.

In the temperature range of 395-555 K (argon) and 395—
605 K (air) the mass loss amounts to 33% and 31%, respec-
tively. It corresponds most probably to a leave of the
remaining parts of the terminal Hdmpz molecules, which
is in agreement with the lower dissociation energies com-
puted for the terminal ligands. Parallel with the departure
of the Hdmp:z ligands, a demethylation of the other pyra-
zole moieties of the complex and/or the loss of NCS groups
may be supposed. The following relatively sharp step at
about 700 K represents an additional mass loss of about
28 4+ 2%, while above this temperature a slow decomposi-
tion takes places in both atmospheres. The decomposition
product above 870 K may correspond to the zinc-nitride
core of the complex (mass found 37%, Calc., 34.82%),
which can be pretty stable to slow down the decomposition
in both atmospheres, but not stable enough to be isolated
for a detailed analysis.

The thermal decomposition of the compound in both
atmospheres and in the whole measured temperature range
is endothermic. The endothermic peak in the DSC curve
with an onset temperature of 350 K, i.e. at the beginning
of the decomposition (Fig. 4) is not sharp enough to be
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Fig. 4. Thermal decomposition curves of [Zns(Hdmpz),(dmpz)4(NCS),].

attributed to the melting of the compound. However, we
have visually observed a melting at around this tempera-
ture accompanying the decomposition of the complex.

4. Conclusions

The self-controlled pH during the reaction of tetraam-
minezinc(Il) chloride with 3,5-dimethyl-1-thiocarboxami-
depyrazole facilitated the synthesis of good quality single
crystals of the trinuclear [Zns;(Hdmpz),(dmpz)4(NCS),]
complex. Due to the slow initial reaction rate only a few
crystal nuclei were formed at the beginning of the reaction,
which increased gradually with the increasing pH as NH;
deliberated from the reacting [Zn(NHj3)4]Cl,. Even this
mild pH supported the cleavage of the thiocarboxamide
group from 3,5-dimethyl-1-thiocarboxamidepyrazole. The
other consequence of the mild pH is the presence of the
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dmpz—Hdmpz equilibrium resulting in a mixed complex.
The replacement of chloride by thiocyanate ions around
Zn*" during the reaction could be explained upon the dif-
ferent basic character of the ions using the HSAB principle.

The structural properties of the complex were elucidated
by X-ray diffraction and quantum chemical computations.
Both reflect strong Zn—N ionic and donor—acceptor bonds
within the [Zns(dmpz),F+ core. We determined the vibra-
tional and thermal characteristics of the complex.
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