Solvent dependent nuclearity of manganese complexes with a
polydentate hydrazone-based ligand and thiocyanate anions
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The reaction of Mn(Il) chloride with the 2-benzoylpyridyl-(2-picolyl)-hydrazone ligand (HL) and thio-
cyanate anions in different solvent systems affords mono- [Mn(HL),(SCN),] (1), di- [Mny(HL)>(SCN)4]
(2) and a tetra-nuclear complex [Mny(L)4(SCN)4]-2(CH3CN) (3) with concomitant different coordination
modes of the ligands. Remarkably, the nuclearity of the complexes only depends on the solvent used,
ethanol for 1, n-propanol for 2 and acetonitrile for 3. The complexes have been characterized by elemen-
tal analysis, IR spectroscopy technique and the molecular structures determined by single crystal X-ray
analysis. In 1 and 2 the ligands are present in its neutral form, while they are deprotonated in 3, but more
significantly in all structures a different denticity of ligands was detected: in complex 1 one molecule is
tridentate coordinated though the N,N,O donor set, the other bidentate through N,O; in 2 the ligands are
N,N,O-tridentate; finally in 3 each ligand, acting as N,N,O,N-tetradentate species, bridges two metals to
form a tetranuclear assembly. The crystal structures have been described using the Hirshfeld surface
analysis. Finally, we have studied the ability of the thiocyanato ligand to participate in H-bonding and

C—H/m interactions by means of DFT calculations (B3LYP/6-31+G"*).

1. Introduction

In the past decades the design and synthesis of coordination
polymers and metal-organic frameworks (MOFs) have attracted a
wide interest by researchers. Polydentate Schiff base ligands allow
synthesis of coordination compounds which are widely investi-
gated not only for their interesting structure and stereochemistry,
but also for their tunable coordination fashions under different
experimental conditions, and for the formation of polynuclear
derivatives [1] In this field hydrazone compounds bearing pyridine
rings that increase the denticity of the ligands have been often
used. The coordination versatility of these molecules provides the
possibility to form different complexes with various transition
metals, such as mononuclear [2], polynuclear ones [3], and also
copper ‘chain’ complexes [4], of intriguing structure and property.
Thus the ligand flexibility combined with its donor rich nature
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leads to a condition such that, in addition to conformational varia-
tions, different structural motifs can be achieved (Scheme 1).

However, the influence of solvent in the formation of metal
complexes and coordination polymers is still relatively poorly
understood and systematic studies on this subject is matter of
interest to scientists [5]. This approach is attractive because bridg-
ing ligands can potentially be arranged around the metal centers in
diverse ways, and therefore, can result in a variety of complex
structures. Moreover, if the arrangement of a ligand in the coordi-
nation could be changed by the variation of synthesis conditions
such as the solvent system, different coordination polymer species
could be selectively afforded from the same components. In many
previous examples, solvent molecules were found to produce a
dramatic effect on the extended structure of the network by acting
as a coordination ligand or a template for the assembly [6].

In this respect the multidentate Schiff base ligand 2-phenylpyr-
idine piconyl hydrazone (HL) represents potential for its different
hapticity also modulated by deprotonation of amide NH group
being able to form coordination polymers with the adoption of dif-
ferent conformations. By using this ligand and SCN anions, in the
present work we report three novel Mn(Il) complexes, namely a
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Scheme 1. Structure of the 1-(phenyl(pyridin-2-yl)methylene)pyridine-2-carbo-
hydrazide) ligand used in this work.

mono- [Mn(HL),(SCN),] (1), a di- [Mn,(HL)(SCN)4] (2) and a tetra-
nuclear complex [Mn4(L)4(SCN)4]-2(CH3CN) (3), obtained by using
different solvent systems in the synthetic strategy (Scheme 2). By
using DFT calculations (B3LYP/6-31G™*) and Hirshfeld surface anal-
ysis, we have also studied the interesting supramolecular assem-
blies found in the solid state of compounds 1-3. We have
focused our attention to the ability of the thiocyanato ligand to
participate in “unconventional” C—H/m interactions and to influ-
ence the crystal packing of 1-3. Recently, the ability of N/S ends
of the pseudohalide ligand to establish H-bonding interactions
has been used to explain the ambidentate behaviour of the
thiocyanato ligand [7]. Furthermore, its ability to participate in other
interactions like “unconventional” C—H/m interactions involving the
m-system of the pseudohalide ligand has been also used to explain
the stability of the N-bonded and S-bonded compounds [8].

2. Experimental
2.1. Materials and general methods

All the reagents were purchased commercially and used as
received without further purification. The Schiff base was prepared
following the reported method as described elsewhere [9] and
used without further purification. The FT-IR spectra (4000-
400 cm™~! region) were recorded from KBr pellets with a Bruker
Tensor 27 spectrometer. Microanalyses were performed using a
Heraeus CHN-O-Rapid analyzer.

2.1.1. Synthesis of [Mn(HL)>(SCN),] (1)

MnCl,-4H,0 (0.10 g, 0.50 mmol), KSCN (0.097 g, 1.0 mmol) and
(0.302 g, 1.0 mmol), were placed in the main arm of a branched
tube. Ethanol was carefully added to fill the arms. The tube was
sealed and immersed in an oil bath at 60 °C while the branched
arm was kept at ambient temperature. After 5 days, crystals of 1
isolated in the cooler arm were filtered off, washed with acetone
and ether, and dried in air. Yield was 78%; found: C, 58.28%; H,
3.78%; N, 18.13%; calcd. For C3gH,gN;00,S,Mn: C, 58.83%; H,

Organic
Ligand

3.64%; N, 18.06%. IR (selected bands): v=CH b (oop): 700 (s) and
724 (m); CH b: 1306 (m); CCst: 1418 (m); C=N st: 1595 (m); S—CN
st: 2060 (s); CH st: 3045 (w), NH st and OH st: 3390 (w) cm™".

2.1.2. Synthesis of [Mny(HL)>(SCN)4] (2) and [Mn4(L)4(SCN)4]-2
(CH5CN) (3)

Compounds 2 and 3 were prepared using n-C3H,OH and CH3;CN
as solvent, respectively, using the same starting materials and pro-
cedure as for the compound 1. For 2: yield, 60%; found: C, 51.08%;
H, 2.58%; N, 17.90%; calcd. for C40H25N120,S4Mny,: C, 50.74%; H,
2.98%; N, 17.75%. FT-IR (selected bands): v=CH b (oop): 698 (s)
and 735 (m); CH b: 1281 (m); CCst: 1474 (m); C=N st: 1590
(m); S—CN st: 2049 (s); CH st: 3050 (w), NH st and OH st: 3370
(w) cm~!. For 3: yield 86%. Found: C, 55.39%; H, 3.48%; N,
17.78%. Calculated for CggHs5gN2,04S4Mny: C, 55.24%; H, 3.36%; N,
17.72%. FT-IR (selected bands): v=CH b (oop): 698 (s) and 748
(m); CC st: 1363 (m) and 1466 (m); C=N st: 1520 (m), 1596 (m);
S—CN st: 2056 (s); CH st: 3059 (w).

2.2. X-ray crystallography

Single crystals of 1-3 suitable for X-ray analyses were selected
and used for crystallographic data collection on a Bruker AXS
SMART APEX CCD diffractometer using Mo-Koa radiation
(A=0.71073 A) in the w-scan mode, at room temperature for 1
and 2 and at 110(2) K for 3. The detector frames were integrated
by using the SAINT program [10] and data were corrected for
absorption with SADABS program [11]. All the structures were
solved by direct methods and refined by full matrix least-squares
procedures using the SHELXTL [12]. All non-hydrogen atoms were
refined with anisotropic displacement parameters whereas hydro-
gen atoms were placed at calculated positions with isotropic U val-
ues 1.2 times that of the atom to which they are bonded. In
compound 1 the phenyl ring C7/C12 and the N(10)CS anion were
found disordered over two positions, each at half occupancy. In
2, one lattice acetonitrile molecule was found disordered over
three positions (assigned occupancies of 0.15, 0.35, and 0.50, based
on the difference Fourier map peaks). Materials for publication
were prepared using WinGX [13], Cameron [14]| and Diamond 3.1
[15] programs. Crystallographic data and details of refinements
are given in Table 1.

2.3. Hirshfeld Surface analysis

Hirshfeld Surface (HS) analysis has become a very valuable
computational method in description of crystal structures [16-
20]. HS has been generated using Crystal Explorer 3.1 software
[21]. Crystal structures have been imported as CIF files. Fingerprint
plots have been generated using the same program.

MnCl,.4H,0 + KSCN

C,H:OH
[Mn(HL),(SCN),]
(1)
1-C;H,0H
> [Mn,(HL),(SCN),|
2)
CH,CN

[Mn,L,(SCN),].2CH;CN
3)

Scheme 2. Synthesis of complexes 1-3.



Table 1
Crystallographic data and details of refinements for complexes 1-3.

1 2 3.2(CH3CN)
Empirical formula CsgHsMnN;90,S; C40H28MnoN1202S4 CgoHssMngN2204S4

M 775.76 889.48 1739.48

Crystal system Monoclinic Monoclinic Monoclinic

Space group P24/c P24/c P2:/n

a/A 19.3190(4) 9.3272(3) 15.882(3)

b/A 10.4760(7) 15.5037(5) 27.950(4)

c/A 18.4680(10) 14.8996(7) 18.098(4)

B/° 100.113(1) 97.325(1) 100.910(9)

V/A3 3679.6(3) 2136.99(14) 7888(2)

4 4 2 4

Dcalc/g cm ™3 1.400 1.472 1.465

w/mm-! 0.522 0.837 0.797

F(000) 1596 964 3552

Theta range/° 2.22-25.16 2.20-28.26 1.57-25.44

Total data 18,580 9060 39,730

Unique data 6503 4919 14,346

Rint 0.1944 0.0762 0.1796

Reflections 2454 2145 5151
I>20(I)

Parameters 536 274 1032

Goodness-of-fit 0.913 0.996 0.943

R1 [a] 0.0647 0.0435 0.0769

WR; (I>20(I))[a] 0.1165 0.0672 0.1332

Residuals/e A—3 0.360, —0.366 0.308, —0.415 0.793, —0.709

[a] R1 = =|Fo| — |Ec||/Z|Fo|, wR2 = [Zw(Fo? — Fc?)?/=w (Fo?)2]".

2.4. Computational methods

The energies of all complexes included in this study were com-
puted at the B3LYP/6-31+G** level of theory using the crystallo-
graphic geometries within the program G09 [22]. The interaction
energies were computed by calculating the difference between
the energies of isolated monomers and their assembly. The Bader’s
theory of “atoms-in-molecules” [23] has been used to characterize
the interactions at the same level of theory by means of the AIMAII
program [24].

3. Results and discussion
3.1. Synthesis and spectroscopic results

One-pot synthesis of a 1:1 M ratio of Mn(II) salts and HL in the
adequate solvent afforded the mono-, di- and polynuclear man-
ganese(Il) compounds 1-3 in good yields. Their synthetic route is
summarized in Scheme 2.

The new complexes are characterized by microanalytical (C, H
and N), spectroscopic and other physicochemical techniques. The
microanalytical data are in good conformity with the formulations
of 1-3. The v,s(N=C=S) and v(C—S) stretches of S-coordinated
thiocyanate appear as strong bands respectively at 2111 and
765 cm~ . Additionally, a band belonging to the deformation fre-
quency 3(NCS) is found at 452 cm™~'. All other organic ligand vibra-
tions are observed in the range 1600-600 cm ™.

3.2. Crystal structures of 1-3

An Ortep view of complex [Mn(HL),(SCN);] (1) is shown in
Fig. 1 and relevant bond lengths and angles are listed in Table 2.
The structural analysis of the complex shows the two neutral
hydrazone ligands coordinated to Mn(II) in a different coordination
mode, namely acting as chelating N,0 through the 2-pyridine-
ketone fragment and tridentate N,N,O by using the carbonyl oxy-
gen, the imine and pyridine nitrogen atoms with formation of
one and two fused five-membered chelate rings, respectively. Thus
the metal exhibits a pentagonal-bipyramidal coordination geome-
try, where the equatorial plane is built by the 02,N8 and 01,N1,N2

Fig. 1. ORTEP drawing (ellipsoids at 40% probability level) of complex 1.
(Thiocyanate N10 and phenyl ring C7-12 are disordered over two positions, only
one group is depicted.)

Table 2

Coordination bond distances (A) and angles (°) of complex 1.
Mn—N(1) 2.398(4) Mn—0(2) 2.231(4)
Mn—N(2) 2.328(5) Mn—N(9) 2.140(5)
Mn—O0(1) 2.382(4) Mn—N(10) 2.100(19)
Mn—N(8) 2.419(5) Mn—N(10b) 2.19(2)
N(1)—Mn—N(2) 67.14(16) 0O(1)—Mn—N(8) 77.38(15)
N(1)-Mn—0(1) 134.48(16) 0(1)-Mn—0(2) 146.91(15)
N(1)—Mn—N(8) 148.05(16) 0(1)—Mn—N(9) 86.97(18)
N(1)-Mn—0(2) 78.60(15) 0(1)—Mn—N(10) 87(4)
N(1)—Mn—N(9) 88.34(17) N(8)—Mn—0(2) 69.62(15)
N(1)—Mn—N(10) 92(2) N(8)—Mn—N(9) 97.28(17)
N(2)—Mn—0(1) 67.36(15) N(8)—Mn—N(10) 87(2)
N(2)—Mn—N(8) 144.44(16) 0(2)—Mn—N(9) 94.75(18)
N(2)—Mn—0(2) 145.72(16) 0(2)—Mn—N(10) 93(4)
N(2)—Mn—N(9) 85.63(18) N(9)—Mn—N(10) 172(4)
N(2)—Mn—N(10) 87(3)

" N(10b) represents the coordinated atom of the disordered NCS ligand (bond
angles pertaining to this atom not shown).

donors of the HL ligands, while the axial positions are occupied by
the linearly coordinated NCS anions bound through the nitrogen
donor. The Mn—O0 and Mn—N bond lengths involving the hydrazine
ligands fall in the range 2.231(4)-2.419(5) A, close similar to those
measured in the complex with the heptacoordinated 2,6-diacetyl-
pyridine bis(hydrazone) ligand [25], but significantly longer than
those detected in the [Mn(L1),] [26] where L1 ligands, N,N,0
meridionally coordinated, differs from HL for an uncoordinated
pyridine replacing the phenyl group.

On the other hand the equatorial coordination distance values
are significantly longer than those of the axial Mn-NCS bond
lengths of 2.140(5) and 2.100(19) A. With exception of the phenyl
ring, the tricoordinated ligand has almost coplanar atoms within
+0.2 A, while in the other ligand the pyridine forms a dihedral
angle of 20.8° with the pyridin-2-carbohydrazide moiety. In both
ligands intramolecular H bonds that reinforce the overall structure
occur between the NH fragments and uncoordinated py nitrogen
atoms [N---N distance of 2.649(7) and 2.587(6) A, N—H. - -N angle
of 103 and 137°, respectively]

The crystal packing does not show significant n-r interactions
as it would be expected and the most relevant one being that
between the disordered phenyl (see experimental section) C7b/
C12b with N4 py of a symmetry related complex (distance between
ring centroids of 3.947(5)A. The complex [Mn(L2)x(Ns).] [27],
where L2 = N'-((pyridin-2-yl)methylene)benzohydrazide, Ns=
azide, reported a few years ago shows a similar structure indicating
that the presence of pseudohalide anions leads for steric hindrance
to a different coordination mode of the two hydrazone ligands in
case of mononuclear complex. Finally, the pseudohalide also acts
as H-bond acceptor that is further described below in the DFT
study (Fig. 2).



In complex 2 a pair of adjacent [Mn(HL)(SCN)] units is linked by
two bridging p1-(1,1)-NCS ligands, resulting in a dinuclear complex
unit located about a crystallographic inversion center. Each Mn
atom is coordinated by one O and two N atoms of the tridentate
ligand and three thiocyanate anions, forming a distorted MnNsO
octahedron. The Mn—N and Mn—O coordination distances (Table 3)
involving the tridentate ligand moiety are ca. 0.1 A shorter than
those measured in 1. The bridging NCS anions exhibit unsymmet-
rical coordination showing significantly different Mn—N6 dis-
tances, of 2.159(3) and 2.441(3) A, with a Mn—N6—Mn1’ angle of
100.16(10)°. Data of Table 3 evidence the distortions of bond
angles from ideal values due to the requirement to form the chelat-
ing N1—Mn—N2 and N2—Mn—01 angles of 70.38(9) and 71.12(8)°,
respectively. The intermetallic Mn—Mn distance in the complex is
of 3.532 A. The molecular conformation is stabilized by intramolec-
ular N3—H---N4 hydrogen bonds (N---N=2.644(4)A, NHN
angle = 105(2)°). In the crystal, the shorter m-m stacking interac-
tion (centroid-centroid distance =3.9680(18)A) occurs between
C7/C12 phenyl rings of symmetry related complexes. The complex
has a structure similar to that of [Cd>(HL),Cl4] [28], where the chlo-
rides replace the thiocyanate anions.

The crystal structure of 3 is shown in Fig. 3, while a selection of
bond lengths and angles relevant to the coordination spheres are
given in Table 4. The asymmetric unit consists of a tetranuclear
Mn(II) complex with metals connected by four deprotonated L
ligands. The Mn(II) ions exhibit different coordination environ-
ments. In fact the Mn2 and Mn4 are coordinated by two oxygen
and four nitrogen atoms from two different L ligands, while Mn1
and Mn3 ions are coordinated by two oxygen and two nitrogen
atoms from two L ligands completing their coordination sphere
by two NCS ligands. The complex structure exhibits a pseudo two-
fold symmetry with axis passing in the center of the almost copla-
nar (£0.03 A) Mn, entity. This architecture is realized by four
distorted MnN4O, octahedral units built by four N,N,O,N tetraden-
tate ligands where each oxygen atom bridges two metal ions with
Mn—O distances in the range 2.141(6)-2.237(6) A and Mn—O—Mn
angles in between 126.7(3)-127.6(3)°. The Mn—N(py) bond
lengths (range 2.236(6)-2.318(7)A) are longer than the Mn—N
(imine) bond values (2.185(7)-2.214(7) A), and the Mn—NCS are
the shortest, 2.129(8)-2.145(7) A.

The metal rhomboid arrangement has edges (Mn—Mn
distances) in the range 3.841-3.940 A and angles of ca 73° and
107° at Mn1/3 and Mn2/4, respectively. The recently reported
complex [Mn4(L3)4(N3)4] [29], where ligand L3 differs from L for
a methyl replacing the phenyl group, has a comparable configura-
tional arrangement. In the same paper a structural isomer of
complex 3 has been described having a SCN anion bound at each

Fig. 2. ORTEP drawing (ellipsoids at 40% probability level) of the centrosymmetric
complex 2 with labelling scheme of the crystallographic independent unit.

Table 3

Coordination bond distances (A) and angles (°) of complex 2.
Mn—N(1) 2.272(3) Mn—N(6) 2.159(3)
Mn—N(2) 2.226(2) Mn—0(1) 2.253(2)
Mn—N(5) 2.104(3) Mn—N(6') 2.441(3)
N(1)~Mn—N(2) 70.38(9) N(5)—Mn—0(1) 87.41(10)
N(1)—Mn—N(5) 107.75(10) N(6)—Mn—0(1) 120.84(9)
N(1)—Mn—N(6) 93.91(10) N(1)-Mn—N(6) 85.74(9)
N(1)-Mn—0(1) 140.47(8) N(2)-Mn—N(6') 85.78(8)
N(2)—Mn—N(5) 100.04(10) N(5)—Mn—N(6') 166.42(10)
N(2)—Mn—N(6) 159.51(10) N(6)—Mn—N(6') 79.84(10)
N(2)~Mn—0(1) 71.12(8) 0(1)~Mn—N(6') 82.86(8)
N(5)—Mn—N(6) 97.23(10)

Primed atoms at —x + 1, -y, —z.

Fig. 3. ORTEP drawing (ellipsoids at 50% probability level) of complex 3 (labels of C
atoms not shown for clarity).

metal resulting in a S4 symmetry. Fig. 4 reports a scheme of the
structure the two isomers showing the different arrangement of
ligands that in each case leave four vacant sites at metals occupied
by the SCN anions. The crystal packing of complex 3 shows voids in
the solid state occupied by solvent molecules (Fig. 5). It is worth of
note that the formation of tetranuclear complexes represents a
common feature with these kind of ligands as represented by the
examples reported with Mn and Cu ions where the metals com-
plete their coordination sphere with aqua ligands or coordinating
anions (CF3S03 or azide) [3].

3.3. Hirshfeld Surface analysis

Hirshfeld Surface of compound 1 mapped with d,,,, function is
covered profusely with red areas of different sizes (Fig. 6). A large
part of them - ten - corresponds to five short H.--H contacts.
(H17---H9, H10- - -H20, H12- - -H9, H12- - -H8, H16- - -H12B). This, as
well as a big percentage of Hirshfeld Surface contributing to
H---H contacts (32.5%; based on decomposed fingerprint plot,
Fig. 7) indicates van der Waals and possibly C—H- - -t interactions.
Presence and significance of the latter is also visible in shape of
eight red spots (two big and six smaller ones) corresponding to
four C—H...-C contacts (C21—H21..-C38, (34—H34...C28,
C18—H18.--C38, C30—H30---C19). H---C contacts contribute to
29.9% of the surface (Fig. 7b). Importance of van der Waals and



Table 4
Coordination bond distances (A) and angles (°) of complex 3.

Mn(1)—N(4) 2.236(6) Mn(3)—N(12) 2.260(7)
Mn(1)—N( ) 2.240(7) Mn(3) N(16) 2.271(7)
Mn(1)—N(17) 2.145(7) Mn(3)—N(1 ) 2.143(7)
Mn(1)—N(18) 2.129(8) Mn(3)—N(20 2.145(8)
Mn(])—O(l) 2.214(6) Mn(3)—0(3 ) 2.208(6)
Mn(1)—0(2) 2.237(6) Mn(3)—0(4) 2.235(6)
Mn(2)—N(5) 2.318(7) Mn(4)—N(1) 2.262(8)
Mn(2)—N(9) 2.313(7) Mn(4)—N(13) 2.277(7)
Mn(2)—N(6) 2.185(7) Mn(4)—N(2) 2.214(7)
Mn(2)—N(10) 2.203(7) Mn(4)—N(14) 2.204(7)
Mn(2)—0(2) 2.154(5) Mn(4)—0(1) 2.141(6)
Mn(2)—0(4) 2.153(5) Mn(4)—0(3) 2.183(6)
(18)—Mn(1)—N(17) 101.7(3) N(19)-Mn(3)—-N(20)  103.1(3)
N(18)—Mn(1)—0(1) 94.3(2) N(19)—Mn(3)—0(3) 153.1(2)
N(17)—Mn(1)—0(1) 160.7(2) N(20)—-Mn(3)—0(3) 95.9(2)
N(18)—Mn(1)—N(4) 96.6(3) N(19)—Mn(3)—0(4) 89.4(3)
N(17)—Mn(1)—N(4) 93.7(2) N(20)—Mn(3)—0(4) 158.3(3)
0(1)—Mn(1)—N(4) 73.5(2) 0(3)—Mn(3)—0(4) 79.1(2)
N(18)—Mn(1)—0(2) 163.1(3) N(19-Mn(3)-N(12)  87.6(3)
N(17)—-Mn(1)—0(2) 88.8(2) N(20)—Mn(3)—N(12) 90.2(3)
0(1)—Mn(1)—0(2) 78.5(2) 0(3)—-Mn(3)—N(12) 111.4(2)
N(4)—Mn(1)—0(2) 95.9(2) 0(4)—Mn(3)—N(12) 72.3(2)
N(18)—Mn(1)—N(8) 94.0(3) N(19-Mn(3)-N(16)  87.6(3)
N(17)—Mn(1)—N(8) 88.5(2) N(20)-Mn(3)-N(16)  92.2(3)
0(1)—Mn(1)—N(8) 101.2(2) 0(3)—Mn(3)—N(16) 72.6(2)
N(4)—Mn(1)—N(8) 168.5(3) 0(4)—Mn(3)—N(16) 106.2(2)
0(2)—Mn(1)—N(8) 72.9(2) N(12)—Mn(3)—N(16) 175.0(2)
0(4)—Mn(2)—0(2) 103.79(19)  O(1)—Mn(4)—0(3) 108.9(2)
0(4)—Mn(2)—N(6) 123.2(2) 0(1)—Mn(4)—N(14) 119.3(2)
0O(2)—Mn(2)—N(6) 71.3(2) ( —Mn(4)—N(14) 71.0(2)
0(4)—Mn(2)—N(10) 71.8(2) 0(1)—Mn(4)—N(2) 71.2(2)
0(2)—Mn(2)—N(10) 125.7(2) (3)—Mn(4)—N(2) 106.3(2)
N(6)—Mn(2)—N(10) 156.7(2) N(14)—Mn(4)—N(2) 169.5(3)
0(4)—Mn(2)—N(9) 142.6(2) 0(1)~Mn(4)—N(1) 140.1(3)
0(2)—Mn(2)—N(9) 96.0(2) 0(3)—Mn(4)—N(1) 93.1(2)
N(6)—Mn(2)—N(9) 93.0(2) N(14)—Mn(4)—N(1) 99.0(3)
N(10)—Mn(2)—N(9) 70.8(2) N(2)—Mn(4)—N(1) 70.8(3)
0(4)—Mn(2)—N(5) 98.1(2) 0(1)—~Mn(4)—N(13) 90.7(2)
0(2)—Mn(2)—N(5) 142.5(2) 0(3)—Mn(4)—N(13) 141.8(3)
N(6)—Mn(2)—N(5) 71.3(3) N(14)-Mn(4)-N(13)  70.8(3)
N(10)—Mn(2)—N(5) 89.9(3) N(2)—Mn(4)—N(13) 111.1(3)
N(9)—Mn(2)—N(5) 84.0(2) N(1)—Mn(4)—N(13) 91.7(3)
,NCS SCN\ NCS
Mng — (Mng~anCs Mngy —— (Mn3
A A
) 5 s )
SCN"M”1 - Mn2 Mn1 - an
seN” “NCS

SCN
A B

Fig. 4. Scheme of the different isomers observed for [Mn4(L)4(SCN)4]: (A) this work;
(B) from Ref. [29] (The arrow head indicates the 2-pyridine-ketone N,0-chelating
moiety, the plain and dashed arrows are above and below the Mn, plane,
respectively).

stacking interactions is further highlighted by lack of strong con-
ventional hydrogen bonds. All contacts involving electronegative
atoms (N, S) are of weak C — H.---X type (C28—H28.--N6,
C4—H4- - -N4, C19—H19---N9, C8B—HSB- - -S2 and
C11B—H11B---S1), which are manifested by eight red areas on
the surface. When the surface is mapped with shape index function
‘bow-tie’ patterns are visible (Fig. 6). They correspond to 7-- -7
stacking interactions.

On the Hirshfeld Surface of 2 mapped with d,,,, function one
can notice sixteen red areas. Due to symmetry of the molecule they
correspond to four individual weak interactions. Three of them are

Fig. 5. View of crystal packing down axis a of complex 3. Big spheres indicate the
disordered acetonitrile lattice molecules.

C—H-: - -C interactions. One of those is consistent with a C—H---&
interaction (C8—HS8- - -C17; big red areas), while the other two are
formed between two different pyridyl rings of one complex mole-
cule and one of the thiocyanate ions of the adjacent molecule
(C16—H16---C19, C2—H2- - -C19). One last short contact is formed
between a hydrogen and a nitrogen atom, corresponding to a
C—H- - -N weak interaction (C11—H11---N5). Like in compound 1
most of the surface comprises H---H and H---C contacts (23.1%
and 25.4% respectively), which underlines the importance of van
der Waals forces and C—H- - -& interactions. Stacking interactions
between aromatic rings also play a major role and can be easily
localized when the surface is mapped with shape index function
(Fig. 8). Analysis of decomposed fingerprint plots (Fig. 7) indicates
that H---S contacts make up a huge part of the surface (25.8%),
however no close contacts of this type are present.

Hirshfeld surface of compound 3 is dotted with a large amount
of red areas (Fig. 9). One big red dot stands out particularly. It cor-
responds to a short H- - -C contact between the coordination mole-
cule and a disordered solvent molecule (C20—H20.--C84).
Additionally, there are a total of fourteen red areas indicative of
numerous other C---H contacts. Two bigger ones correspond to
two interactions between one of the aromatic ring of the complex
molecule and a disordered lattice solvent molecule
(C56—H56- - -C84 and C55—H55- - -C84). Smaller red spots are pre-
sent due to existence of several other C—H- - -C interactions. These
occur either between pyridyl rings of one complex compound and
thiocyanate ions of the other (C52—H52...C74, C53—H53.-.C73,
C16—H16.--C76 and C64—H64---C73) or between pyridyl rings
and lattice acetonitrile molecules (C80—H80C.--C48 and
C47—HA47- - .C77). Moreover, there are a large number of red spots
- eleven - corresponding to six C—H---S interactions
(C39—H39---S1, (C34—H34...S4, C4—H4---S1, C78—H78--.54,
C22—H22--.S3 and C52—H52.--S2). Since most of nitrogen atoms
of the complex molecule are involved in coordination bonds and
are positioned away from the HS, the only H---N contacts that
are short enough to be shown on the surface are those involving
lattice solvent molecules (C20—H20.--N23, C65—H65---N21 and
C3—H3---N21). Lastly there is one small red spot which corre-
sponds to a short H---H contact (H12---H44). When the surface is
mapped with shape index function ‘bow-tie’ patterns can be seen
(Fig. 8). These are consistent with presence of - - -7 stacking inter-
actions. Like in the previous compounds H---H (37.3%), H---C



Fig. 6. Left: Hirshfeld surface of 1 mapped with dp.m function. Right Hirshfeld surface of 1 mapped with shape index function. Arrows indicate ‘bow-tie’ patterns.
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Fig. 7. Decomposed fingerprint plots of 1-3; 1: a) H---H; b) H---C; ¢) H---N; d) H- -

(26.4%) and H- - -S (19.2%) contacts make up most of the Hirshfeld
surface (see Fig 7). Decomposed fingerprint plots show significant
asymmetry due to the fact that some of the interactions involve
solvent molecules situated outside of the surface.

S.2:a)H---H;b)H---C;c)H---S;d)C---C.3:a) H---C; b)H---H; ¢) H---N; d) H- - -S.

3.4. DFT calculations

The theoretical study is devoted to analyse some ‘“unconven-
tional” noncovalent interactions that participate in the crystal



Fig. 8. Left: Hirshfeld surface of 2 mapped with d,, function. Weak C — H---X (X = C, N) marked as dashed lines. Right: Hirshfeld surface of 2 mapped with shape index

function. Arrows indicate ‘bow-tie’ patterns.

Fig. 9. Left: Hirshfeld surface of 3 mapped with d,,,rm function. Right: Hirshfeld surface of 3 mapped with shape index function. Arrows indicate ‘bow-tie’ patterns.

packing of compounds 1-3, in particular the C—H. - -7t interactions.
The importance of the C—H- - -i interaction in the solid state where
the m-system is an aromatic ring has been studied in depth by
Nishio [30]. However, studies on C—H- - -1t interactions where the
m-system belongs to a coordinated pseudohalide ligands are scar-
cely found in the literature.

As a first approximation to rationalize the unconventional
C—H- - -1 -interactions involving the NCS— ligand observed in the
solid state of compounds 1-3 (vide infra), we have computed the
Molecular Electrostatic Potential (MEP) surface of 1 as exemplify-
ing compound, which is shown in Fig. 10. As expected, in both
complexes the most positive regions (blue surface) correspond to
the aromatic H atoms of HL. The most negative region (red surface)
corresponds to the pseudohalide ligands (N and S atoms). Interest-
ingly, the NCS ligand is a better H-bond acceptor via the m-system
(=55 and —49 kcal/mol at the negative belts of the S and N atoms)
than via the c-system (—33 kcal/mol at the extension of the NCS
c-bonds).

In Fig. 11a we show a partial view of the crystal packing of
compound 1 to highlight the crucial role of several C—H-:--&
interactions. Basically, self-assembled dimers are formed by a com-
bination of C—H---m(NCS) and other long range dispersion. Each
dimer further interacts with the adjacent ones by means of con-
ventional C—H. - -m(arene) interactions. We have examined first
the interaction energy of the self-assembled dimer where two
symmetry related C—H- - -m(NCS) interactions are established (see
Fig. 11b) in addition of other long range van der Waals interactions.
This combination of noncovalent forces explains the large interac-
tion energy computed for this dimer (AE; = —20.1 kcal/mol) and
agrees with the excellent H-bond acceptor ability of the pseudo-
halide ligand anticipated in the MEP analysis (see Fig. 9). In an
effort to evaluate the contribution of the C—H- - -m(NCS) interac-
tions, we have computed an additional theoretical model where
the pyridine rings have been eliminated (replaced by H atoms,
see small arrows in Fig. 11c). The interaction energy of this

kcal/mol

-60 0

Fig. 10. MEP surface of compound 1. Energies at selected points of the surface are
given in kcal/mol.

hypothetical dimer (Fig. 11c) is AE; = —8.9 kcal/mol that can be
attributed to the contribution of the additional long range
van der Waals interactions and the difference (AE;-AE,=
—11.2 kcal/mol) is a rough estimation of both symmetrically equiv-
alent C—H---m interactions. This energetic study confirms the
importance of these interactions in the formation of the dimer.
Furthermore, we have used the Bader’s theory of “atoms in
molecules” (AIM) to characterize the noncovalent bonds described
above for complex 1 as a model system. The AIM analysis has been
used to characterize a variety of interactions, included those stud-
ied herein [31]. A bond critical point (CP) and a bond path connect-
ing two atoms is an unambiguous evidence of interaction [23]. The
AIM distribution of critical points and bond paths computed for the
self-assembled dimer of compound 1 is shown in Fig. 11c. For the
sake of clarity, only those CPs and bond paths that connect the H
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AE1 =-20.1 kcal/mol

0.0051
AIM analysis

Fig. 11. (a) Detail of the crystal packing of 1, H-atoms omitted for clarity. (b,c) Theoretical models used to evaluate the n-=, H-bonding, Ip-n and C—H- - -m interactions.
Distances in A. (d) Distribution of bond and ring critical points (red and yellow spheres, respectively) and bond paths is represented for the dimer of compound 1. The values
of p(r) at the bond CPs are given in a.u. (values in italics). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

9,
0.0050

AIM analysis

AIM analysis

Fig. 12. (a, c) X-ray fragments of 2 and 3, several H-atoms omitted for clarity. Distances in A. (b, d) Distribution of bond and ring critical points (red and yellow spheres,
respectively) and bond paths is represented for the dimer of compounds 2 and 3. The values of p(r) at the bond CPs are given in a.u. (values in italics). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

atoms of pyridine to the NCS ligands are shown. The distribution
reveals that each C—H. - -it interaction is characterized by two bond
CPs (red spheres) and bond paths connecting the N and S atoms of
the pseudohalide with two H atoms of pyridine (see Fig. 11c). The
interaction is further characterized by a ring CP (yellow sphere) as
a consequence of the formation of a supramolecular ring.

Finally, in Fig. 12 we represent two fragments of the X-ray solid
state structures of compounds 2 and 3 where C—H. - -nt(NCS) inter-
actions are highlighted to further demonstrate the ability of the
n-system of the Mn—N=C=S moiety to participate in H-bonds. In
compound 2 an infinite 1D chain is formed in the solid state stabi-
lized, among others, by these interactions (see Fig. 12a). We have



characterized them using the AIM analysis of critical points that
reveals the appearance of two bond CPs (red spheres) and bond
paths connecting the N and C atoms of the pseudohalide with
two H atoms of a phenyl ring of the ligand (see Fig. 12b). The inter-
action is further characterized by a ring CP (yellow sphere) as a
consequence of the formation of a supramolecular ring. In Fig. 12¢
we represent a dimer observed in the solid state of compound 3
where C—H- - -t(NCS) contacts in addition to other long range disper-
sion interactions are established. The AIM analysis also shows two
bond CPs (red spheres) and bond paths connecting the N and C atoms
of the pseudohalide with two H atoms of a pyridine moiety of the
ligand (see Fig. 12d). The interaction is further characterized by a ring
CP (yellow sphere). The values of charge density at the bond CPs are
also indicated in Fig. 12b,c that are comparable to those previously
observed in the dimer of compound 1 (see Fig. 11d) and confirm
the existence of the unconventional C—H. - -7 interaction.

4. Concluding remarks

In the present study we have synthesized and X-ray character-
ized three Mn(Il) derivatives with 2-benzoylpyridyl-(2-picolyl)-
hydrazone ligand (HL) and SCN anions having different nuclearity.
The complexes have been obtained by using in the synthesis differ-
ent solvent medium that is crucial to get the different manganese
derivatives. A different coordination mode of the ligand is observed
in each complex, showing significant versatility due to the diverse
donor sites. We have described the importance of unconventional
C—H. - -m(NCS) interactions in the solid state of all compounds.
The energetic feature of this interaction has been studied by means
of DFT calculations in compound 1 and characterized using the
Bader’s theory of atoms in molecules in all compounds. Finally,
the interactions have been also described using Hirshfeld surface
analysis that further confirms the importance of the C—H.- .
(NCS) interactions.
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