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Abstract

Two novel isostructural coordination compounds of manganese(Il) (1) and iron(Il) (2) with common formu-
lae [M"(NCS)z(nia)z(OHz)z] have been prepared from water solution of appropriate metal salt, nicotinami-
de and KSCN. Their crystal structures were determined by means of X-ray diffraction on single crystals.
The mononuclear title compounds crystallize in a triclinic P-1 space group with six monodentate octahe-
drally arranged ligands around the metal centre. The coordination molecules are self-assembled with an ex-
tended network of hydrogen bonds into a three-dimensional structure. Additionally, 1 and 2 were characte-
rized with infrared spectroscopy, magnetic measurements and thermal analysis.

Keywords: crystal structure; coordination chemistry; thiocyanate; nicotinamide; manganese(Il); iron(II).

1. Introduction

The biological importance of transition metal ions
such as manganese and iron cannot be denied:'” manga-
nese(Il) ions act as cofactors in a variety of enzymes with
a spectra of functions while the main roles of iron-contai-
ning species are electrons and oxygen transfer. Nicotina-
mide and thiocyanate also play an important role in bioc-
hemical processes. For example, in metabolism of thioc-
yanate several short-lived intermediates with antibacterial
activity are formed and thus, significantly lowered levels
of thiocyanate in the human body are damaging to the hu-
man host defense system.** On the other hand, nicotina-
mide is an amide of nicotinic acid (niacin, vitamin B;) and
is a precursor to nicotinamide adenine dinucleotide
phosphate (NADP), which is crucial for ATP synthesis, re-
dox reactions and ADP-ribose transfer reactions.’ In addi-
tion, manganese and iron coordination compounds have
received significant attention also in the field of enzyme-
mimicking compounds.® All aforementioned facts are
driving force for research in coordination chemistry re-
sembling biological systems.

Nicotinamide and its analogues (isonicotinamide,
picolinamide) possess three potential coordinating sites:
endocyclic nitrogen atom and amide nitrogen and oxygen

atom. Usually, the coordination takes place via ring N
atom in a monodentate manner, though bridging also via
amide O atom may follow as well. Similarly, the thiocya-
nate anion is typically bound monodentately, mostly via
its N-end, following by additional bridging via its remai-
ning S-end; the monodentate coordination via its S-end is
the least common.'” Combining both ligands, a variety of
extended frameworks interconnected by hydrogen and/or
coordination bonds leading to interesting physical proper-
ties, e.g. magnetism or catalytic activity, can be formed."!
The Cambridge Structural Database contains only four
structures of coordination compounds exclusively with
thiocyanate and nicotinamide ligands at the same time:'°
with zinc(II) ([Zn(NCS),(nia),], refcode KITGAW),"?
copper(ID) ([Cu(u,-SCN)(nia),],, refcode UFAXII)," cad-
mium(II) ([Cd(p,-SCN),(nia), ], -nH,0, refcode QIFMAT)"
and mercury(Il) ([Hg(u,-SCN)(NCS)(nia)],, refcode
KITFUP)."? Three additional crystal structures containing
coordinated water are also known: with copper(Il)
([Cu(NCS),(nia),(OH,)], refcode GISJAU)", cobalt(Il)
([Co(NCS),(nia),(OH,),], refcode TCNICO)'*'” and nic-
kel(Il) ([Ni(NCS),(nia),(OH,),], refcode CIVRAC),'®"
the latter two being isostructural with the title complexes.
In this paper, we report on preparation, crystal structure,
spectroscopic, magnetic and thermal properties of two
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mononuclear coordination complexes with common for-
mulae [M"(NCS),(nia),(OH,),] (M = Mn, Fe).

2. Experimental

2. 1. Reagents and Physical Measurements
All reagents and chemicals were purchased from
commercial sources and used without further purification.
CHN elemental analyses were performed with a Perkin-
Elmer 2400 CHN Elemental Analyzer. The infrared spec-
tra were measured on solid samples using a Perkin-Elmer
Spectrum 100 series FT-IR spectrometer equipped with an
ATR sampling accessory. Magnetic susceptibility of the
substance was determined at room temperature by the
Evans method using powdered samples and a Sherwood
Scientific MSB-1 balance with HgCo(NCS), as a cali-
brant. Diamagnetic corrections were estimated from Pas-
cal’s constants and the effective magnetic moments were
calculated using the equation: p; = 2.828(xMT)". Si-
multaneous thermogravimetric/dynamic scanning calori-
metry (TG/DSC) measurements were performed on a
Mettler Toledo TGA/DSCI instrument under dynamic
flow of air or argon, respectively. The flow rate of the gas
was 100 mL min~'. Around 5 mg of the sample was put in-
to 150 uL platinum crucible and heated in a temperature
range from 25 to 800 °C with a heating rate of 10 C min™'.

Table 1. Crystal data, data collection and structure refinement.

Empty crucible served as a reference. Blank curve was
subtracted. Evolved gases were detected using a Balzers
ThermoStar mass spectrometer. Evolved gases were intro-
duced into mass spectrometer via 75 cm long heated ca-
pillary.

2. 2. Synthesis

[Mn(NCS),(nia),(OH,),] (1). To the mixture of MnCl,
-4H,0 (792 mg, 4.0 mmol), KSCN (777 mg, 8.0 mmol)
and nicotinamide (977 mg, 8.0 mmol), 5 mL of distilled
water was added. The reaction mixture was heated under
reflux at 60 °C until the clear solution was obtained. The
reaction flask was sealed and stored in a refrigerator at ~ 8
°C. After several days, colourless crystals suitable for
X-ray structural analysis were obtained. Yield: 433 mg
(24%). Anal. Calcd. for C,;H, MnN.O,S,: C, 37.25%; H,
3.57%; N, 18.62%. Found: C, 37.50%; H, 3.31%; N,
18.43%. p.= 6.06 BM. v__: 3400-3000 (O-H, N-H),
2096 (CN from SCN), 1668 (C=0), 1386 (CN from nia)
cm™.

[Fe(NCS),(nia),(OH,),] (2). To the mixture of FeSO, -
7H,0 (83.4 mg, 0.30 mmol), KSCN (116.6 mg, 1.20
mmol) and nicotinamide (73.3 mg, 0.60 mmol), 4 mL of
distilled water was added. The reaction mixtures was stir-
red and slightly heated until all the solid reactants dissol-

Crystal data 1 2

Formula CH,MnNO,S, CH,(FeN,O,S,
M, 451.39 452.30

Cell setting, space group Triclinic, P-1 Triclinic, P-1
a(A) 7.5470(5) 7.5299(6)

b(A) 8.2535(5) 8.1847(7)

c(A) 9.1503(7) 9.0367(5)

o (®) 73.196(6) 73.000(6)

B(©® 69.039(6) 69.536(6)

Y(®) 65.917(6) 66.518(8)

V(A% 479.02(6) 470.92(7)

Z 1 1

D, (Mg m™) 1.565 1.595

u (mm™) 0.940 1.056

F(000) 231 232

Data collection

T (K) 150(2) 150(2)

No. of measured, independent 4273, 2490, 2199 4111, 2432, 2055
and observed reflections

R 0.0186 0.0221

int

Refinement
Refinement method
R (on F

o) WR(on F ), S
No. of contributing reflections
No. of parameters/restraints)
Apmax’ Apmin (e;\%)

full-matrix least-squares
refinement on F2
0.0290, 0.0674, 1.076

full-matrix least-squares
refinement on F2
0.0330, 0.0699, 1.051

2490 2432
140/0 140/0
0.435,-0.320 0.448,-0.310
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ved. The Erlenmeyer flask was then cooled down in a re-
frigerator and after 15 minutes, the yellowish crystals sui-
table for X-ray structural analysis were obtained. Yield:
37 mg (27%). Anal. Calcd. for C,,H FeN.O,S,: C,
37.17%; H, 3.56%; N, 18.58%. Found: C, 37.30%; H,
3.24%; N, 18.34%. p.. = 5.63 BM. v_ : 3400-3000
(O-H), 2101 (CN from SCN), 1663 (C=0), 1385 (CN
from nia) cm™'.

2. 3. Crystallography

For X-ray structure determination single crystals of
both compounds were surrounded by silicon grease, moun-
ted on the tip of glass fibres and transferred to the goniome-
ter head in the stream of liquid nitrogen. Data were collec-
ted on a SuperNova diffractometer equipped with Atlas de-
tector using CrysAlis software and monochromated Mo Ko
radiation (0.71073 A) at 150 K. The initial structural mo-
del containing coordination molecule was obtained via di-
rect methods using the SIR97 structure solution program.?!
A full-matrix least-squares refinement on F> magnitudes
with anisotropic displacement parameters for all non-
hydrogen atoms using SHELXL2013 was employed.” All
H atoms were initially located in difference Fourier maps
and were further treated as riding on their parent atoms with
C(aromatic)-H distance of 0.95 A. The positions of water
hydrogens as well as amide ones were obtained from a dif-

ference Fourier map and refined freely in iron complex
while the N-H and O-H distances in manganese compound
were restrained to 0.87(2) and 0.85(2) A, respectively. De-
tails on crystal data, data collection and structure refine-
ment are given in Table 1. Figures depicting the structures
were prepared with ORTEP3 and Mercury.>>**

3. Results and Discussion

Both title compounds have been prepared by dissol-
ving appropriate metal salt, KSCN and nicotinamide in
water. If necessary the starting mixtures were heated mild-
ly and after the clear solutions were obtained they were
kept in a refrigerator at ~8 °C until the crystals formed.
The single crystals suitable for X-ray structural analysis
were first tested by means of infrared spectroscopy. In IR
spectra of both title compounds there is a broad band be-
tween 3400-3000 cm™' representing O—H and N—H stretc-
hing involved in extended hydrogen bond network. Consi-
dering stretching frequencies of N—C bond in a thiocyana-
te ion which appears at 2096 cm™ in 1 and 2101 cm™ in 2,
the N-end coordination of thiocyanate anion is also confir-
med. The characteristic vibrations of nicotinamide bonds

are in agreement with the theoretical study of Bakiler and
coworkers, showing the usual coordination mode of nico-
tinamide via its endocyclic nitrogen atom.?

Figure 1. An ORTEP representation of coordination molecules in 1 with labels for atoms in asymmetric unit. Thermal ellipsoids are drawn at 30%
probability level. Hydrogen atoms are represented as small spheres of arbitrary radii.
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X-ray structural analysis has shown that both title
coordination compounds are mononuclear (Fig. 1) with
six-coordinated central metal ion in a shape of distorted
octahedron. All three different ligands are bound in a mo-
nodentate mode: nicotinamide via endocyclic nitrogen
and thiocyanate expectedly via its hard base N-end to both
metals considered as hard acids according to Pearson
principle.?® The equatorial sites are occuppied by two
oxygens from water (distance M—O1 2.1775(12) A in 1
and 2.1015(14) A in 2) and by two nitrogens from NCS~
ligand (M-N1 distance of 2.1891(13) A in 1 and
2.1398(17) A in 2). The bulkier and sterically more de-
manding nicotinamide ligand complements the first coor-
dination sphere at axial positions (M—N2 distance of
2.2941(13) A in 1 and 2.2225(14) A in 2). As observed,
the bond distances in 2 are shorter than in 1 due to the
smaller ionic radius of Fe** ion in comparison with Mn**
(corresponding ionic radii for high-spin octahedral arran-
gements for Mn @ and Fe d° are 0.83 and 0.78 A, respec-
tively).?” The pairs of equal ligands are trans to each other
and due to symmetry restrictions (metal ion is located on
an inversion centre) the angles trans ligand-M-trans li-
gand are constrained to 180°. The geometry of NCS™ li-
gand deviates only slightly from linearity, with the N-C-S
angle of 178.11(14)° in 1 and 178.25(17)° in 2, respecti-
vely. However, it is not bound in a completely linear fas-
hion as the C—-N-M angles are 156.42(13)° in 1 and
157.97(15)° in 2, respectively. Several other bond distan-
ces and angles are collected in Table 2. The pyridine ring
of nia ligand is almost planar with maximum deviation
from the meanplane of — 0.011(2) A for C4 (the values for
1 and 2 are the same) while the amide group is slightly out
of pyridine-ring plane (torsion angles C6/C5/C7/N3 are
32.2(2)°in 1 and 31.9(3)° in 2).

The coordination molecules are linked by extensive
network of hydrogen bonds of O-H---O, O-H---S and
N-H---S types forming a supramolecular structure (Fig. 2,
Table 3). Hydrogen bonds donated by water oxygen link
each coordination molecules with four adjacent and thus,

Table 2. Selected bond distances (A) and angles (°) for complexes
1 and 2.

1 2

M-02 2.1775(12) 2.1015(14)
M-N1 2.1891(13) 2.1398(17)
M-N2 2.2941(13) 2.2225(14)
N1-C1 1.159(2) 1.152(3)
C1-S1 1.6447(16) 1.651(2)
C7-01 1.2353(18) 1.234(2)
C7-N3 1.329(2) 1.329(2)
02-M-N1 90.65(5) 91.19(6)
02-M-N2 91.17(5) 90.76(5)
N1-M-N2 87.05(5) 88.08(6)
N1-C1-S1 178.11(14) 178.25(17)
C1-N1-M 156.42(13) 157.97(15)

layers stacking in ac plane/normal to (010) direction with
thickness around ~8 A are formed. Two additional
N-H---S short contacts are present forming R 42(8) rings as
usual in related compounds:?® the shorter stabilizes the
aforementioned two-dimensional layers while the longer
connects two neighboring layers into a three-dimensional
structure. Thus, the sulphur atom of thiocyanate ligand is
involved in a trifurcated hydrogen bonding motif. Weak
n—n stacking is also observed between parallel pyridine
rings of adjacent molecules with centroid-centroid distan-
ce of 3.8175(9) A.

As already mentioned in the Introduction, several
transition metal complexes with nia, SCN™ and in some
cases also water have been structurally characterized till
now.'?""? Surprisingly, their preparation is simple and si-
milar for all of them. On the other hand, their structures
differ significantly: from mononuclear [Zn(NCS)Z(nia)z],12
([Cu(NCS),(nia),(OH,)],"* ([Co(NCS),(nia),(OH,),],'*""
[Ni(NCS)z(nia)z(OHz)z]'8’19 to polymeric ([Cu(u,-SCN)
(nia)z]n,13 ([Cd(pz-SCN)Z(nia)z]n-nHZO'4 and [Hg(u,-SCN)
(NCS)(nia)]n.'2 In all cases, extensive hydrogen bonding
is present. For mononuclear complexes the hydrogen

Figure 2. Hydrogen bond network/packing diagram in 1 leading to formation of layers (left) that get connected via N3—-H3A---S1 hydrogen bond

(right).

Pockaj et al.: [MII(NCS),(nia),(OH,),]: Preparation,

345



346

Acta Chim. Slov. 2017, 64, 342-348

Table 3. Hydrogen bond geometry in 1 and 2.

D-H-A D-H (A) H-A (A) DA (A) <D-H-A (°)
1

02-H2A--01' 0.84(3) 1.85(3) 2.6858(17) 170(2)
02-H2B---S1" 0.81(3) 2.43(3) 3.2125(13) 163(2)
N3-H3B---S1" 0.83(2) 2.67(2) 3.4229(15) 151.0(18)
N3-H3A---S1 0.88(2) 2.66(2) 3.4383(15) 147.9(16)
2

02-H2A--01' 0.816(15) 1.866(16) 2.6713(18) 169(2)
02-H2B---S1" 0.825(16) 2.397(17) 3.2002(14) 164(2)
N3-H3B---S1" 0.848(15) 2.635(17) 3.4186(16) 154(2)
N3-H3A--S1 0.872(15) 2.656(17) 3.4365(17) 149.6(18)

Symmetry codes: (i) x, y, z + 1; (ii) =x, =y + 1, —z + 1; (ii)) x, y— 1, z.

bond scheme seems to be less uniform (N-H---O and

(nia),

]n,13

chains are formed, while in polymeric complex

N-H---S, usually not forming any ring motifs) but it al-
ways leads to 3D self-assembly of isolated coordination
molecules. In polymeric complexes with four-coordinated
metal, i.e. [Hg(u,-SCN)(NCS)(nia)],"* and ([Cu(u,-SCN)

[Cd(p2-SCN)Z(nia)z]n-nHzO14 with six-coordinated Cd(II)
layers are present. Chains or layers are further hydrogen
bonded — in this case N-H:--O hydrogen bonds are highly
prevalent — resulting again in a formation of 3D structures.
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Figure 3. TG and DSC curves of a) Mn complex (1) and b) Fe-complex (2), and ¢) TG-MS curve of Mn complex (1) under air atmosphere. Note
that in Fig. b two different scales on a DSC curve are presented, due to reducing the enthalpy signal under air atmosphere the first and the second
DSC signals are not clearly seen.
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In all cases D---A distances are comparable to those in the
title compounds.

Thermal decomposition of both prepared complexes
under air and argon atmosphere are shown in Figure 3. In
the first step of thermal decomposition (70-110 °C for 1
and 85-130 °C for 2) dehydration took place; evolution of
water molecules is evident from a MS curve of Mn com-
pound (see Figure 3c). Due to very similar molecular
mass of both complexes, a theoretical mass loss for the
dehydration process is the same for both complexes, 8.0
%, and that completely corresponds to the experimental
value. At temperatures higher than 200 °C both complexes
decompose further through several successive steps. Ther-
mal decomposition of 1 is similar under air and argon at-
mosphere: from 200 to 270 °C sample lost 27 % and from
270 to 400 °C another 33.3 % under air and 37.5 % under
argon atmosphere; overlapped reactions were endother-
mic. On MS curve evolution of CO, (m/z = 44) was obser-
ved at the beginning of the described decomposition reac-
tions, followed by a multitude of other signals: water (m/z
=18), SO, (in/z = 64), CN™ (m/z = 26); also m/z = 104, the
signal most close to molecular peak of nicotinamide (m/z
= 122). The high number of observed signals (22 altoget-
her) indicates the complexity of the thermal decomposi-
tion of the described complex. After 300 °C the route of
thermal decomposition became different; under air at-
mosphere there are two distinct steps between 400 and
800 °C, the first being exothermic while under argon at-
mosphere there is a continuous mass loss up to 800 °C.
The total mass loss under air atmosphere is 80.4 % mea-
ning that Mn complex most probably decomposed to Mn-
O, (theoretical mass loss 80.7 %) and 81.5 % under argon
atmosphere. Theoretical mass loss for decomposition to
Mn,O, is 82.5 %, which most probably means that under
argon atmosphere a final residue is a mixture of MnO, and
Mn,0,.

The course of thermal decomposition of both Fe and
Mn complex is very similar under argon atmosphere. The
observed mass loss in a whole temperature range from 25
to 800 °C correspond to Fe,O, (measured value 81.4%,
theoretical 82.3%). Under air atmosphere thermal decom-
position from 270 °C onward differ much with regard to
thermal decomposition under argon; the rate of decompo-
sition became slower, but at 450 °C a sharp exothermic
step with a mass loss of around 35 % took place, leading
to the same residue as obtained in argon atmosphere.

4. Conclusions

Two novel, isostructural compounds, namely
[Mn"(NCS),(nia),(OH,),] (1) and [Fe"(NCS),(nia),
(OH,),] (2) have been isolated. Their crystal structures re-
veal trans octahedral slightly elongated MN,O,N, chro-
mophores. Despite shorter M—O coordination bonds the
water molecules are removed first at an elevated tempera-

ture, as expected. All three ligands enable H-bonds, thus
building a 3D structure of mononuclear building blocks.
Due to a lack of any coordination bridging weak magnetic
interactions within solids among the metal centers are ex-
pected. On the other hand, strong intermolecular ability
via H-bonding, especially in water, for the title mangane-
se(IT) and iron(IT) compounds is noticed. Thermal decom-
position of both complexes is similar losing water in first
step of mass loss while in the remaining steps other li-
gands decompose yielding Fe,O, or a mixture of MnO,
and Mn,O,, respectively.

5. Supplementary Information

CCDC 1498589 (1) and 1498590 (2) contain the
supplementary crystallographic data. These data can be
obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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1z vodne raztopine, ki je vsebovala nikotinamid, KSCN in ustrezno sol kovine(II), smo pripravili dve novi, izostruktur-
ni, koordinacijski spojini mangana(ll), 1, in Zeleza(Il), 2, s splosno formulo [MH(NCS)z(nia)z(OH2) ,]. Na osnovi difrak-
cije na monokristalu smo dolo¢ili kristalni strukturi obeh spojin, ki kristalizirata v triklinski prostorski skupini P-1.
Spojini sta enojedrni, centralni atom pa je v obeh koordiniran oktaedri¢no s Sestimi ligandi. Koordinacijske molekule so
povezane v tridimenzionalno strukturo s pomocjo vodikovih vezi. Spojini 1 in 2 smo okarakterizirali tudi z infrardeco

spektroskopijo, magnetnimi meritvami in termi¢no analizo.

Pockaj etal.: [MII(NCS),(nia),(OH,),]: Preparation,



