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A new dinuclear complex of manganese(Il), [Mn(L)(i; s-dca)(CH;0H)], (1), with dicyanamide
anion and (E)-3-hydroxy-N'-(pyridin-2-ylmethylene)-2-naphthohydrazide (HL) was synthesized. The
complex was characterized by elemental analyzes, spectroscopic methods, X-ray diffraction, and
magnetic susceptibility studies. Two manganese ions in the complex were connected by two bridg-
ing dicyanamide ligands in a symmetric end-to-end (i, s-dca) fashion. The presence of intramolecu-
lar hydrogen bonding in the mononegative naphthohydrazone (L") affects keto-enol tautomerism
and the ligand coordinates to manganese(Il) in the keto-form. Magnetic measurements showed an
antiferromagnetic interaction between adjacent manganese ions in the dimer.

Keywords: Hydrazone ligands; Dinuclear complex; X-ray crystal structure; Manganese complex;
Dicyanamide bridge

1. Introduction

Design and synthesis of transition metal complexes with dicyanamide (dca) have attracted
great attention and this has gradually become one of the most active fields in inorganic and
coordination chemistry [1]. Due to the presence of three potential donor centers and
remarkably versatile coordination modes, dca is an attractive bridging ligand for the
synthesis of di- and multinuclear complexes [2]. The versatility of dicyanamide as a bridg-
ing ligand has been illustrated by its six structurally characterized coordination modes [3].
As a bridging ligand, the dca anion can bind metal ions in p,—1,5-dca [4], p,—1,3-dca [5],
pus—1,1,5-dca [6], u3—1,3,5-dca [7], py—1,1,3,5-dca [8], and ps—1,1,3,5,5-dca [9] coordination
modes, among which the p,—1,5-dca is the most common. Dicyanamide is also an impor-
tant magnetic coupler [3]. Several studies done on magnetic behavior of dicyanamide com-
plexes indicate it can mediate weak interactions between paramagnetic metal centers [10],
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nonetheless, a few multidimensional dicyanamide-bridged compounds exhibit long-range
magnetic ordering through spin-canted antiferromagnets or ferromagnets [3, 11]. It is now
obvious that the change in the coordination geometry around the metal center has quite sig-
nificant effect on the magnetic nature [12]. There are several reports which illustrate that
geometry and magnetic properties of complexes depend on the nature of the co-ligand [13].
Therefore, it may be noted that utilization of a new organic ligand may result in new types
of topologies and interactions in metal-dicyanamide complexes. In this way, the chemistry
of aroylhydrazones, R-CO-NH-N = CR'R” (R, R’, and R"” = H, alkyl, and aryl), has
attracted increasing interest due to their chelating ability and their applications in coordina-
tion chemistry [14], analytical chemistry [15], bioinorganic chemistry [16], and use in the
treatment of several diseases [17]. Hydrazone ligands create environment similar to biologi-
cal systems usually by coordination through oxygen and nitrogen [18]. Their metal com-
plexes have also found applications in various chemical processes, such as catalysis [19]
and magnetic materials [20]. Some dinuclear complexes containing hydrazone ligands show
exchange coupling like those found in binuclear metalloproteins [21].

To the best of our knowledge and according to the reported structures in CCDC database,
the crystal structures of metal complexes containing mixed ligands of hydrazone Schiff base
and dicyanamide are rare and only three examples of this kind of complexes have been
reported [22]; all of them are copper(II) complexes. Continuing our studies on the prepara-
tion of transition metal complexes with hydrazone-based ligands [21, 23] and considering
that the organic ligand may affect the magnetic and physical properties of dicyanamide-
based complexes, we have been interested in employing mixed hydrazone/dicyanamide
ligands to prepare new manganese complexes. In thisarticle, we describe the synthesis,
structure, and magnetic behavior of the first dinuclear Mn(II) complex using mixed hydra-
zone and dicyanamide ligands.

2. Experimental

2.1. Materials and instrumentations

All the starting chemicals were commercially available reagents and used without purifica-
tion. The ligand (E)-3-hydroxy-N'-(pyridin-2-ylmethylene)-2-naphthohydrazide (HL) was
synthesized and characterized according to the reported procedure [24]. IR spectra were
recorded as KBr disks with a Bruker FT-IR spectrophotometer. UV—vis spectra of solution
were recorded on a thermo spectronic, Helios Alpha spectrometer. 'H and '*C NMR spectra
of ligand in DMSO-dg solution were recorded on a Bruker 250 MHz spectrometer and
chemical shifts are indicated in ppm relative to tetramethylsilane. Magnetic experiments
were made on polycrystalline samples using a SQUID magnetometer MPMS XL-5 manu-
factured by Quantum Design. The temperature dependence of the magnetization in the
range 2 and 300 K was recorded using a constant magnetic field of 0.10 T. The experimen-
tal data have been corrected for the magnetization of the sample holder (gelatine) and for
atomic diamagnetism as calculated from the known Pascal’s constants.

2.2. Synthesis of [Mn(L)(u;,s-dca)(CH;O0OH)], (1)

[Mn(L)(w, s-dca)(CH;0H)], (1) was synthesized according to reported procedure [25]. The
naphthohydrazone ligand, HL (0.305 g, 1.0 mmol), was dissolved in methanol (30 mL)
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followed by the addition of MnCl,-4H,0 (0.22 g, 1.1 mmol), and sodium dicyanamide
(0.18 g, 2 mmol); the resulting solution was gently refluxed for 6 h. After cooling, the solid
was filtered off, washed with cooled methanol, and dried at 60 °C. To isolate single crystals
of 1, the above-mentioned substrates were placed in the main arm of a branched tube. Sol-
vent was carefully added to fill the arms, the tube was sealed and the reagents-containing
arm was immersed in an oil bath at 60 °C while the other arm was kept at ambient tempera-
ture. After four days, crystals were deposited in the cooler arm, which were filtered off,
washed with methanol, and air dried. Yield: 85% (0.388 g). Anal. Caled for
CpoH3sMnoN1,0g (MW =914.71): C, 55.15; H, 3.97; N, 18.38; Mn, 12.01. Found: C,
55.11; H, 4.00; N, 18.41; Mn, 12.09%. FT-IR (KBr, cm™"): 3400 (w, br), 2941 (w), 2844
(w), 2308 (s), 2235 (s), 2186 (vs), 1632 (s), 1595 (s), 1574 (m), 1531 (vs), 1469 (s),
1456 (s), 1449 (s), 1378 (s), 1364 (vs), 1328 (s), 1307 (m), 1240 (m), 1221 (m), 1160 (m),
1148 (m), 1046 (m), 1024 (s), 911 (m), 868 (m), 779 (s), 747 (s), 739 (s), 677 (m), 633
(m), 525 (m), 512 (m), 479 (s), 409 (s). UV—vis spectrum in CH;0H [Anax, (6, M™' cm™),
c=2.5x107°]: 220 (78 200), 360 nm (33 800).

2.3. X-ray crystallography

X-ray diffraction data for 1 was collected at 291 K by the w-scan technique on a KUMA
KM4CCD k-geometry diffractometer equipped with a Sapphire CCD detector using graph-
ite-monochromated Mo Ka radiation (A=0.71073 A) at room temperature. Data integration
and numerical absorption corrections were carried out with the CrysAlis program [26]. The
structure was solved by direct methods by using SHELXS-97 [27]. All the non-hydrogen

Table 1. Crystallographic data of 1.

Formula C42H36MH2N 1 206

Formula weight 914.71

Crystal system Monoclinic

Space group P2;/n

a(A) 7.7144(7)

b(A) 17.226(2)

c(A) 16.0274(17)

£ () 103.818(11)

v (A% 2068.2(4)

Z 2

Dy (g cm™) 1.469

F(@0O00) 940

u (mm™") 0.675

Crystal shape (color) Block (Red)

Crystal size (mm) 0.20x0.20 x0.10

0 Range (°) 1.8-36.4

h/k/l range -9—9
-20—20
-18— 19

Reflections

Collected 27175

Unique (Rine) 3627 (0.030)

With 7> 20(1) 3068

R(F) [I>20(])] R, =0.0288, wR, = 0.0746

WR(F?) [all data] 0.0723

Goodness of fit 1.02

Aprmax/ Bpmin (€ A_3) 0.25/-0.30
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atoms were refined anisotropically by full-matrix least-squares based on F> using SHELXL-
97 [27], and the complete set of reflections. The function Y w(|F,|> — |F,*)* was minimized,
with w™ ' =[6*(F,)*+(0.039P)*+0.6113P], where P=(F,>+2F.>)/3. The hydroxy H-atom
was refined freely. All the remaining hydrogens were placed in calculated positions and
were refined as “riding” on their parent [Cgpo—H =0.93 A, UoH) = 1.2Uq(Cgp2) and Cgpz—
H=0.96A, Ug,H)= 1.5Ucq(Cep3)]. Methyl groups were refined as idealized disordered
over two sites rotated by 60° from one another. The final geometrical calculations were
mainly performed within PLATON [28]. Crystallographic data are listed in table 1.

3. Results and discussion

3.1. Syntheses and spectroscopy

The reaction of 3-hydroxy-2-naphthoic acid hydrazide with 2-acetylpyridine in methanol
gave the desired dissymmetric Schiff base (HL) in excellent yield and purity. The complex
[Mn(L)(w s-dca)(CH;0H)], (1) of this ligand was prepared in high yield from the reaction
of HL/MnCl,-4H,0/NaN(CN), with molar ratios 1.0:1.1:2.0 in a branched tube and using
methanol as solvent. Two tautomeric structures of the keto and enol forms are expected for
HL. The infrared spectrum of HL (figure S1) displays the characteristic bands at 3262, 1646,
and 1599 cm™', assigned, respectively, to o(N-H), o(C=0), and o(N=C) of the amide of the
free Schiff base. The presence of v(OH) as a weak band at 3449 cm™' suggests this group is
involved in hydrogen bonding. The N-H band disappears in IR spectra of 1 (figure S2),
suggesting the elimination of the amide hydrogen upon coordination to manganese. This is
supported by the 13 cm ™" shift of v(C=0) to lower frequencies. Amide deprotonation without
enolization is in contrast with reported studies of aroylhydrazone complexes [19, 21, 23, 29]
but is in good agreement with our previous observation in copper(Il) complexes using the
same ligand [24]. Further studies with single crystal X-ray studies also confirmed the coordi-
nation of L™ as =N-N—C(=0)- like that observed in the copper(Il) complexes. Absorptions
at 1595 cm™!' can be assigned to the imine C=N stretch of the coordinated hydrazone [30].
IR spectra of 1 show the characteristic stretches of dicyanamide. The solid state of 1 depicts
a very strong band at 2186 cm ™' and two medium to strong bands at 2235 and 2308 cm '
which were attributed to the vgym(CN), Dasym(CN), and vgym + vasym (CN) modes, respectively.
The shift to higher wavenumbers of dca peaks in 1 when compared to those of the free
dicyanamide (2181, 2229 and 2287 cm™ ') is consistent with coordination of dca in the
complex. The v,4ym(C-N) stretching frequency and the vgym(C-N) stretch occur at 1364 and
911 ecm™', respectively. The observed IR bands are in agreement with literature data for
coordinated dca [31]. A very broad absorption at 3400 cm™' (O—H stretch) in the infrared
spectrum of 1 is due to the naphtholic O—H and the presence of coordinated methanol, both
involved in hydrogen bonding.

Electronic spectra of 1 (light red) and HL (colorless) in MeOH solution are shown in
figure S3. The hydrazone has strong bands at 230 and 311 nm. Based on their extinction
coefficients they are assigned to intraligand #— 7~ and n— 7 transitions. Shifts of the
bands in complex relative to HL indicate coordination of ligand to Mn(II). For 1, the higher
energy band at 360 nm is due to coordinated L™, O(c) — Mn(Il) charge transfer transition.
The other higher energy intense transition at 220 nm is due to intraligand 7 — 7" and charge
transfer transitions.
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3.2. X-ray structure of [Mn(L)(u, s-dca)(CH;0H)] (1)

The molecular structure of [Mn(L)(y; s-dca)(CH;0H)], (1) has been determined by X-ray
crystallography. A plot of the dimeric unit with atom numbering scheme is shown in figure 1
and selected bond lengths and angles are collected in the figure caption. The structural
analysis reveals that the crystals of 1 are built of neutral binuclear units containing double
pto—1,5-N(CN), bridging groups. The manganese in 1 is six-coordinate, as cis-[Mn(O)
(ONN)(N),], with oxygen (O1) and two nitrogens (N1 and N2) provided by the Schiff base,
O3 from the methanol and two nitrogens (N4 and N6) from two end-to-end bridging
po—1,5-dca ligands. The overall geometry around manganese(Il) in 1 is best described as
slightly distorted octahedral. The aroylhydrazone Schiff base ligand forms a basal plane
(equatorial plane) together with nitrogen from one dicyanamide. One axial position is
occupied by nitrogen from the second dicyanamide bridge and methanol is coordinated to
the remaining axial position. Two manganese(Il) cations and two bridging dicyanamide
groups create a 12-membered Mn—(NCNCN),~Mn centrosymmetric dimeric ring. In this
dimeric unit the Mn---Mn distance is 7.4683(9) A, close to other reported Mn(II) complexes
of u; s-dicyanamide bridges [32]. The Mn—-O and Mn-N distances are close to those found
in other Mn(Il) complexes with hydrazone-based N,O-donors [29]. The dicyanamide
bridges show approximately symmetric N=C-N-C=N distances (av. CEN=1.131 A and av.
C-N=1.287A) and the C20-N5-C21T*"% %2 == angle is 122.20(18)°, typical for
dicyanamide ligand [33].

The hydrazone is monoanionic and hydrogen of N-H has been eliminated during com-
plexation but the ligand has coordinated in its keto form which can be verified from C8=01
(1.257(2) A) and C8-N3 (1.336(2) A) bond lengths. For aroylhydrazones in the enol form
the bond lengths of C-O and C=N are 1.29-1.31 and 1.29-1.32 A, respectively. These val-
ues for aroylhydrazones in the keto form are 1.24-1.28 and 1.32-1.35 A, respectively [24].
Comparison of these values indicates in 1 the C=O and C-N bond distances are in agree-
ment with L™ in the keto form. This complex shows a strong internal hydrogen bond of the
O-H:*N type for coordinated L (table 2). The intramolecular hydrogen bond reinforces
deprotonation of N—H of amide and then stabilizes it in the keto form. Appearance of
v(C=0) supports the presence of coordinated L™ in keto form [34]. This finding is in agree-
ment with our observation in copper(Il) complexes using the same ligand [24]. The inter-
molecular O—H:--O hydrogen bonds, involving the naphtholic oxygen as an acceptor, link
the molecules into a 1-D polymeric chain running along the c¢ axis (table 2, figure 2).

3.3. Magnetic studies

The temperature dependence of yT per manganese dimer for 1 is shown in figure 3. The
room temperature value of 9.16 cm®>K mol™" (8.56 B) fits well with the expected value of
8.75 cm® K mol™" for two uncoupled high spin manganese(Il), S=5/2, ions. On cooling,
this value remains approximately constant to 80 K and then decreases to a minimum of

Table 2. Hydrogen-bond geometry (A, °).

D H-A DH H-A DA D-H-A
02-H20-N3. 0.92(3) 1.613) 2.4688(18) 155(3)
03-H30---02’ 0.79(2) 1.90(2) 2.6730(19) 169(2)

Note: Symmetry code: i=—x+2, —y+2, —z.
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Figure 1. Molecular structure of 1 together with atom numbering scheme. Displacement ellipsoids are drawn at
the 30% probability level. Intermolecular hydrogen bonds are shown as dashed lines. Selected interatomic bond
distances (A) and angles (°): Mn1-O1 2.1642(12), Mn1-03 2.2378(14), Mn1-N1 2.2910(16), Mn1-N2 2.1914
(13), Mn1-N4 2.1422(17), Mn1-N6 2.2073(17), O1-C8 1.257(2), N3-C8 1.336(2), N4-C20 1.132(2), N5-C20
1.280(2), N5-C21' 1.294(2), N6-C21 1.130(2), O1-Mn1-0O3 88.63(5), O1-Mnl-N1 142.71(5), O1-Mn1-N2
72.31(5), O1-Mnl-N4 116.87(7), O1-Mnl-N6 93.78(6), O3-MnI-NI1 88.48(5), O3-Mnl-N2 86.14(5),
03-Mnl-N4 85.53(6), O3-Mnl-N6 173.43(6), N1-Mn1-N2 70.40(5), N1-Mnl-N4 99.94(7), N1-Mn1-N6
93.27(6), N2-Mnl-N4 167.41(6), N2-Mnl-N6 100.41(6), N4-Mnl-N6 87.93(6), N5'-C21-N6 173.7(2),
where i=—x+2, —y+2, —z+1.

Figure 2. The 1-D polymeric chain linking molecules of 1 via hydrogen bonds (dashed lines) and running along
the ¢ axis.
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Figure 3. Temperature dependence of ¥T for 1. The solid lines represent fits using equation and parameters
described in the text.

2.33em’Kmol™" (4.31 B) at 2 K. This behavior is compatible with an antiferromagnetic
coupling exchange between manganese(Il) ions that form the dimers observed in the
crystal structure. Accordingly, the experimental data were fitted to the Heisenberg dimer
model for two interacting S=5/2 ions. The spin Hamiltonian used was H=-2 J-5-S,.
The best fit was obtained for g=2.047(3) and J=-0.347(5)cm”' with R*=0.991. The
fit indicates a small intradimer antiferromagnetic coupling as expected from the crystal
structure and considers negligible any other exchange interaction between adjacent
dimers.

4. Conclusion

A new dinuclear complex of manganese(Il), [Mn(L)(; s-dca)(CH;0H)], (1), with dicyan-
amide and (E)-3-hydroxy-N'-(pyridin-2-ylmethylene)-2-naphthohydrazide (HL) was synthe-
sized and characterized. X-ray analysis indicated two metal centers in the complex were
connected by two bridging dicyanamides in a symmetric end-to-end (u,; s-dca) fashion. The
presence of intramolecular O—H::*N hydrogen bonding in the mononegative naphthohydraz-
one ligand (L") affects keto-enol tautomerism and ligand coordinates to the metal ion in the
keto-form. Magnetic measurements showed a small intradimer antiferromagnetic coupling
between adjacent manganese ions.
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