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Abstract

An ionic cobalt(IlI/ll) complex, [Co"(L).]J[Co"(NCS)s(H,0)], where H,L = 2-((3-
aminopropylimino)methyl)-6-methoxyphenol, has been synthesized and characterized by several
analytical techniques, including single crystal X-ray diffraction analysis. The energetic features
of the solid state non-covalent interactions involved in the titled ionic coordination complex have
been studied by means of DFT computations, which indicate that a combination of strong

CHjs---m and H-bonding interactions is the main reason behind the stabilization of this complex.
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1. Introduction

Various di-/tri-/poly-nuclear transition metal complexes have attracted interest from
inorganic chemists owing to the diversity of their structural features and potential applications in
the field of condensed physics and material chemistry [1-4]. Another inherent potential of these
complexes is their efficacy in modelling the multi-metal active sites of biomolecules [5-7].
Dinuclear cobalt complexes may function as mimics of active biosites, such as in methionine
amino peptidase [8,9], and can show DNA cleavage activity [10]. Alternatively, Schiff base
ligands themselves have been widely used in coordination chemistry due to their facile
syntheses, easily tunable steric and electronic properties, and their applications in different
branches of science [11-15]. Transition metal complexes of Schiff base ligands are important
stereochemical models in main group and transition metal coordination chemistry [11-16]. These
complexes have wide applications, including bioinorganic chemistry, material science and
magnetism, bio-relevant catalytic activities, separation and encapsulation, hydrometallurgy,

metal clusters, transport and activation of small molecules etc [16-24].

Herein, we report a new ionic cobalt(l11/11) complex, [Co"'(L),][Co"(NCS)3(H,0)], derived
from a mono-condensed Schiff base and thiocyanate co-ligands. Single crystal X-ray
crystallography analysis confirms that the complex is an ionic cobalt(l11/11) complex with one
tetracoordinated cobalt(I1) centre. To find out the reason behind such a unique structure in the
solid state, complete DFT calculations have been performed, which confirmed that a
combination of CH3--m and hydrogen bonding interactions plays a vital role in the stabilization

of the titled ionic complex.

2. Material and methods



2.1. Starting materials and solvents

The starting materials and solvents used in this work were purchased from Sigma-
Aldrich, India (how Merck, India) and were of reagent grade. They were used as received,
without any further purification. The entire syntheses and manipulations were carried out under

aerobic conditions.
2.2. Preparation of [Co"'(L),][Co"(NCS)3(H20)]

0.10 mL (~1 mmol) of 1,3-diaminopropane was mixed with 304 mg (~2 mmol) of 3-
methoxysalicylaldehyde in 25 mL of a 2:1 (v/v) methanol-acetonitrile mixture. The resulting
mixture was refluxed for c.a. 1.5 h and allowed to cool. A methanol solution (10 ml) of cobalt(l1)
acetate tetrahydrate (500 mg, ~2 mmol) was then directly added to this yellow coloured solution
of the Schiff base ligand, followed by the addition of a methanol solution (10 mL) of sodium
thiocyanate (162 mg, ~2 mmol) with constant stirring. The stirring was continued for an
additional 1.5 h and then the reaction mixture was filtered into a beaker. The filtrate was allowed
to stand overnight until X-ray quality single crystals were viewed at the bottom of the beaker.
The crystals were dried in a desiccator containing anhydrous CaCl, and then characterized by

single crystal X-ray diffraction, elemental analysis and spectroscopic methods.

Yield: 685 mg (~54%); based on cobalt(lll). Anal. Calc. for C4gHgsC03N1101,S3 (FW =
1260.10): C, 45.75; H, 5.12; N, 12.23%. Found: C, 45.9; H, 5.0; N, 12.3%. FT-IR (KBr, cm™):
3245-3214 (on.+), 2930-2910 (ve.), 2064 (uncs), 1624 (ve=n), 1439 (ve=c). UV-Vis Amax (NM),
[emax (AM® mol™ cm™)] (DMF): 540 (4.32 x 10?), 396 (6.04 x 10%), 273 (7.24 x 10%). Crystal data
and refinement details: Crystal System = Triclinic, Temperature (K) = 150(2), Deac (g/cm®) =

1.360, Space group = P1, a (A) = 11.3567(7), b (A) = 11.7058(8), ¢ (A) = 13.3789(8), a. (°) =



66.228(6), B (°) = 89.455(5), y (°) = 72.416(6), p (mm™) = 0.963, F(000) = 654, Total
Reflections = 7473, Unique Reflections = 5314, Observed data[l > 2 o(I)] = 4819, No of
parameters = 416, R(int) = 0.026, R1, wR2(all data) = 0.1146, 0.2892, R1, wR2([I > 2 o(])] =

0.1081, 0.2861, Residual Electron Density (e A®) = 0.765, -0.701.
2.3. Details of instrumentation

Single crystal X-ray diffraction was performed using an Oxford Diffraction X Calibur
diffractometer equipped with graphite-monochromated molybdenum K, radiation (A = 0.71073
A). Additional instrumentation details have been given in the Supplementary Information

section.
2.4. Hirshfeld surface analysis

Crystal Explorer [25] was used to calculate the Hirshfeld surfaces [26,27] and associated
2D fingerprint plots [28-30] of the complex. Further details can be found in the Supplementary

Information section.
2.5. Theoretical methods

The energies of the complexes included in this study were computed at the B3LYP-
D/def2-SVP level of theory using the crystallographic coordinates. For the calculations we have
used the GAUSSIAN-09 program [31]. The same level of theory was used for the molecular
electrostatic potential (MEP) surface calculations. We have also used Grimme’s dispersion [32]
correction since it is adequate for the evaluation of non-covalent interactions. The basis set
superposition error for the calculation of interaction energies has been corrected using the

counterpoise method [33]. The NCI plot [34] isosurfaces have been used to characterize non-



covalent interactions. They correspond to both favorable and unfavorable interactions, as
differentiated by the sign of the second density Hessian Eigen value and defined by the
isosurface color. The color scheme is a red-yellow-green-blue scale, with red for p*e (repulsive)
and blue for p ¢ (attractive). The Gaussian-09 B3LYP-D/def2-SVP wavefunction has been used

to generate the NCI plot.
3. Results and discussion

3.1. Synthesis of the complex

In present work, a new ionic cobalt(l11/11) complex was synthesized. The formation of
this complex can be rationalized in light of the one pot synthesis method. The Schiff base ligand
was synthesized using a previously reported synthetic route [35-38]. The Schiff base ligand
(HL), on reaction with cobalt(ll) acetate tetrahydrate and sodium thiocyanate, resulted in an ionic
complex, [Co"(L)2][Co"(NCS)3s(H20)]. It is obvious that initially a tetradentate Schiff base was
formed, which partially hydrolyzed under the reaction conditions to produce a tridentate Schiff
base ligand (HL). As the solvents were not dried, a lot of water may be present in the methanol.
This increased concentration of water might be responsible for initiating the hydrolysis. The

synthetic route to the complex is shown in Scheme 1.
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Scheme 1: Synthetic route to the complex.
3.2 Crystal structure description of the complex

Single crystal X-ray structure determination reveals that the synthesized complex consist
of a discrete dinuclear unit, [Co"(L),][Co"(NCS)s(H,0)]. The complex crystallizes in the

triclinic system with the P 1 space group. A perspective view of the ionic coordination complex

along with the metal centre coordinated atom numbering scheme is illustrated in Figure 1.
Relevant bond angles are summarized in Table 1. The titled complex consists of one cationic
complex part, [Co"'(L),]", and one anionic complex part, [Co"(NCS)s(H-0)] . In the cationic
part of the complex, there are two independent mononuclear subunits (A and B) with equivalent
geometries. Subunit B has a very similar molecular structure; the structural details and relevant

figures are provided in the Supplementary Information (Figure S1).



In subunit A of the cationic part, the cobalt(l11) centre, Co(1), exhibits a slightly distorted
octahedral coordination geometry, with two imine nitrogen atoms, N(19A) and N(19A)? two
amine nitrogen atoms, N(23A) and N(23A)% and two phenoxo oxygen atoms, O(11A) and
O(11A)% from two deprotonated Schiff base ligands (L_) to complete its octahedral geometry.
The saturated six membered chelate rings, Co(1)-N(19A)-C(20A)-C(21A)-C(22A)-N(23A) and
Co(1)-N(19A)%-C(20A)*-C(21A)%-C(22A)%-N(23A)%, present chair conformations with puckering
parameters [39,40] Q = 0.647(8) A, 6 = 11.3(7)°, ¢ = 27(4)° and Q = 0.647(8) A, 6 = 168.7(7)°,
¢ = 207(4)°, respectively (Symmetry transformation; * = -x,-y,-z). The Co(ll1)-Nimine distances
are shorter than the Co(l11)-Namine Ones, due to the different hybridization of the nitrogen atoms.
This is a common phenomenon observed in many other cobalt(lll) Schiff base complexes

[35,37].

In the anionic complex part, the cobalt(ll) ion exhibits a slightly distorted tetrahedral
coordination sphere, in which the cobalt(ll) ion is coordinated by three thiocyanate nitrogen
atoms, N(1), N(2) and N(3), and a water oxygen atom, O(1W). Although tetra-coordinated
cobalt(Il) ions are not routinely noticed, in many previously published papers the presence of
tetra-coordinated cobalt(lI1) complexes are observed [41-45]. The bond angles (given in Table 1)
highly deviate from a perfect tetrahedral geometry (~109.5°), which confirms the distorted
tetrahedral geometry around the central cobalt(ll) ion. The N-C-S angles in the terminal
thiocyanate coligands are 180(3) for N(1)-C(1)-S(1), 172(2) for N(2)-C(2)-S(2) and 179(3) for

N(3)-C(3)-S(3), which indicate more or less linear arrangements.
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Figure 1: Molecular structure of the titled complex with a selective atom numbering scheme.
Only the major component of the disorder has been shown. Hydrogen atoms have been omitted
for clarity. Bond lengths in A: Co(1)-O(11A) = 1.907(6), Co(1)-N(19A) = 1.931(7), Co(1)-
N(23A) = 1.979(8), Co(1)-O(11A)% = 1.907(6), Co(1)-N(19A)% = 1.931(7), Co(1)-N(23A)* =
1.979(8), Co(3)-N(3) = 1.95(2), Co(3)-N(1) = 1.94(2), Co(3)-N(2) = 2.07(2), Co(3)-O(1W) =

2.03(2) (Symmetry transformation; = -x,-y,-2).
3.3 Theoretical calculations

The theoretical study is devoted to analyse the energy associated with the combination of
CHs---m and hydrogen bonding interactions observed in the solid state of the titled complex and

to characterize them using MEP and NCI plot computational tools.

"(L),]" complex cation that is depicted in

First, we computed the MEP surface of the [Co
Figure 2. The most negative MEP value is located between the oxygen atoms of the Schiff base
ligands (-50 kcal/mol). The most positive value is located at the hydrogen atoms of the

methoxide group (+20 kcal/mol), that is unexpectedly more positive that the values of the MEP



at the hydrogen atoms of the coordinated amino group. Finally, the MEP value over the aromatic

ring is significantly negative, thus well suited for interacting with electron deficient regions.

+17

Figure 2: MEP surface (isodensity = 0.001 a.u.) of the cationic part of the synthesized complex,
[Co"™(L),]*. The values at selected points of the surface are indicated. Negative and positive

values are highlighted in red and blue colours, respectively.

In Figure 3(a) we show a partial view of the X-ray structure of the titled complex, where
the [Co"'(L),]" cationic moieties form an infinite 1D tape in the solid state. Moreover, the tapes
are sandwiched by the [CO“(NCS)g(HzO)]_ anionic counterparts. We have first analyzed one
dimer of [Co"(L),]* extracted from the infinite 1D chain {Figure 3(b)}. It can be observed that
its formation is governed by a combination of bifurcated hydrogen bonds between the N-H group
and the oxygen atoms of the ligand, and quite short CHs-- & interactions. The formation of the
latter interactions agrees well with the MEP surface analysis, since the most positive MEP value
is located at the methyl group. Moreover, the MEP over the aromatic ring is large and negative,

likely due to the anionic nature of the ligand. As a consequence, the dimerization energy is large



(AE; = —41.0 kcal/mol) due to the formation of two bifurcated hydrogen bonds and the
electrostatically enhanced CHs- - m interactions. In this dimer, there are two N-H groups {double
arrow in Figure 3(b)} that converge to the same spatial region and thus are adequate to interact
with the electron rich thiocyanate ligand of the [CO“(NCS)g(HzO)]_ anionic counterpart. We have
also evaluated the interaction energy of the complex between the [Co'"'(L),]* dimer and

[Co"(NCS)s(H20)] , which is also very large, AE, = —20.3 kcal/mol.

AE1 =—-41.0 kcal/mol

a
y

=

AE2 =-20.3 kcal/mol

Figure 3: (a) Partial view of the X-ray structure of the titled complex. Hydrogen atoms are
omitted for clarity. (b) Theoretical model used to evaluate the non-covalent interactions
(distances are indicated in A). Only the relevant hydrogen atoms are shown. (c) Theoretical

model used to evaluate the interaction of the dimer with the [Co"(NCS)s(H20)] anionic moiety.

We have also computed the “non-covalent Interaction plot” (NCI plot) index in order to

characterize the non-covalent interactions in the dimer of the titled complex. The NCI plot is a



visualization index that can identify and characterize non-covalent interactions easily and
efficiently since it clearly shows which molecular regions interact. The colour code for the
isosurfaces is the red-yellow-green-blue scale, with red being repulsive and blue being
attractive. Yellow and green surfaces correspond to weakly repulsive and weakly attractive
interactions, respectively. The representation for the dimer of the titled complex is shown in
Figure 4. The presence of green isosurfaces located between the -CHs; groups and the aromatic
rings is observed, thus confirming the CHs-- - interactions. The NCI plot shows the existence of
several smaller isosurfaces that characterize the bifurcated N-H---O hydrogen bonds and also
reveals the existence of ancillary C-H---O interactions that also contribute to the stabilization of
the assembly. Finally, this analysis also reveals the existence of long range van der Waals

interactions due to the approximation of the bulk of both molecules.

NClplot

Figure 4: NCI surface of the assembly in the synthesized complex. The gradient cut-off is s =
0.35 au, and the color scale is —0.04 <p< 0.04 au. Only intermolecular interactions are depicted

for clarity.



3.4. Hirshfeld surface analysis

The solid state crystal structure of any complex can be determined by an amalgamation of
a number of important intermolecular and intramolecular interactions, and therefore all these
interactions should be considered. Hirshfeld surface analysis helps us to visualize and investigate
these important supramolecular interactions. Visualization and investigation of these major
interactions using the Hirshfeld surface based technique symbolizes a vital progress in enabling
supramolecular chemists and crystal engineers to gain insight into crystal packing. The Hirshfeld
surfaces of the titled complex were mapped over none, di, de, dnorm, Shape index and curvedness
(Figure 5). The surfaces are shown as transparent so that the molecular moieties around which
the Hirshfeld surfaces are calculated could be easily picturize. The predominant interactions in
the complex are H---H, C---H/H---C, O---H/H---O, N--*H/H-*N and S---H/H---S. Bright red spots on
the dnorm surface (Figure 5) indicate that these interactions are predominant. Additionally, 2D
fingerprint plots (Figure 6) exemplify the various inter-molecular interaction patterns associated
with the complex and their relative contributions are given on the percentage scale. In the 2D
fingerprint plots, the inter-molecular interactions become visible as distinct spikes.
Complementary regions are visible in the two dimensional fingerprint plots where one molecule
acts as a donor (de>d;) and the other as an acceptor (de<d;). The fingerprint plots can also be
decomposed to highlight preferred atom pair close contacts. This decomposition enables the
separation of contributions from different interaction types, which overlap in the full fingerprint

[46].
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Figure 5: Hirshfeld surfaces of the synthesized complex mapped over none, di, de, drnorm, Shape

index and curvedness.
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Figure 6: Two dimensional fingerprint plots of the complex: Full and resolved into H---H, C---H
/H---C,O:--H/H---O, N---H/H---N and S---H / H---S contacts showing the percentages of

contacts contributing to the total Hirshfeld surface area of the complex. Surfaces in the right



hand columns highlight the relevant surface patches associated with the specific contacts in the

total Hirshfeld surface area of the complex.
3.5. IR and electronic spectroscopy

The IR and electronic spectra of the synthesized complex are in good agreement with its crystal
structure. Some of the exceptionally informative infrared and electronic absorption peaks which
assist in the structural characterization of the complex are gathered in the Experimental section.
Moderately strong bands in the range 3245-3214 cm™ (due to N-H stretching) confirm the
presence of a free amine group in the titled complex [47-49]. The band corresponding to the
azomethine (C=N) group is distinct and occurs at 1624 cm™ [35,37,50]. The lowering of the
positions of these bands indicates their coordination with the metal centres. The appearance of a
strong band at 2064 cm™ indicates the presence of an N-coordinated thiocyanate group in the
complex [35,37]. The bands in the range 2930-29100 cm™ due to alkyl C-H stretching vibrations
are noted [35,37]. The IR spectrum of the synthesized complex is given in Figure S2

(Supplementary Information).

The UV-Vis absorption spectrum of the complex in DMF shows a low energy absorption band at
540 nm, attributable to a transition in the visible region of a low-spin cobalt(lll) ion in an
octahedral geometry, obscuring the transitions of the divalent metal ion [47,51]. Bands arising
from d-d transitions of the cobalt(ll) ion are Laporte forbidden and are assumed to be too weak
to be visible. In addition to these low-energy d-d transition bands, an absorption band at 396 nm
was observed in the electronic spectrum of the complex, which may be assigned as a ligand-to-
metal charge transfer transition [51,52]. Moreover, a high energy absorption band at 273 nm was

observed in the electronic spectrum of the complex, which may be recognized as intra-ligand =-



w*/n-n* transitions [51,52]. The electronic spectrum of the synthesized complex is given in

Figure S3 (Supplementary Information).
4. Concluding remarks

In conclusion, we have discussed the synthetic stratagem and structural characterization
of a new ionic cobalt(I11/11) complex. The structure of the complex was confirmed by the single
crystal X-ray diffraction technique. The complex exhibits a combination of strong CHs---n and
H-bonding interactions in the solid state that have been rationalized using MEP surface analysis.
The energies associated with the interactions have been computed using DFT calculations and

further corroborated with the NCI plot index computational tool.
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Appendix A. Supplementary data

CCDC 1970250 contains the supplementary crystallographic data of the titled complex.

These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html,

or from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK;

fax: (+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk.
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Table 1: Selected bond angles (°) of the synthesized complex.

O(11A)-Co(1)-N(19A) 91.1(3)
O(11A)-Co(1)-N(23A) 87.6(3)
O(11A)-Co(1)-O(11A)* (180)

O(11A)-Co(1)-N(19A)* 88.9(3)
O(11A)-Co(1)-N(23A)° 92.4(3)
N(19A)-Co(1)-N(23A) 85.9(3)
O(11A)*-Co(1)-N(19A) 88.9(3)
N(19A)-Co(1)-N(19A)? (180)

N(19A)-Co(1)-N(23A)* 94.1(3)
O(11A)*-Co(1)-N(23A) 92.4(3)




N(19A)*-Co(1)-N(23A) 94.1(3)
N(23A)-Co(1)-N(23A)* (180)
O(11A)-Co(1)-N(19A)* 91.1(3)
O(11A)-Co(1)-N(23A)* 87.6(3)
N(19A)*-Co(1)-N(23A)° 85.9(3)
N(2)-Co(3)-N(3) 105.0(9)
O(1W)-Co(3)-N(3) 110.0(9)
O(1W)-Co(3)-N(1) 107.0(10)
O(1W)-Co(3)-N(2) 109.9(9)
N(1)-Co(3)-N(2) 117.1(8)
N(1)-Co(3)-N(3) 107.8(10)

Symmetry transformation; ® = -x,-y,-z.
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An ionic cobalt(I11/11) complex has been synthesized and characterized by several analytical

techniques. To understand the main reason behind the stabilization of this ionic cobalt(111/11)



complex, DFT calculations have been performed in detail. DFT calculations indicate that a
combination of strong CHs- - and H-bonding interactions play a crucial role in the stabilization

of this complex.
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