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Two new coordination complexes {[(L)Cuy(p-L)(NOj)-
(CH30H)0.3(H20)0.7]-NO3}[Cu(L)(NO3)(CH;0H)] (1) and
[Mn;(p-L)2(H,0)(11-N3)o(CH30H)] (2) derived from (E)-N'-(2-
hydroxy-3-methoxybenzylidene)acetohydrazide [LH] have
been synthesized. The new potentially tetradentate ONOO
donor hydrazone ligand [LH] has shown considerable metal
ion selective phenoxo bridging in 1 and 2. It has coordinated
copper(ll) ions in its tridentate as well as in tetradentate fash-
ion whereas for manganese(lI) ions it solely showed its tetra-
dentate character. In 1 the two adjacent pentacoordinate
copper(ll) centers are connected by a rare single phenoxo
linkage of the hydrazone ligand whereas 2 is a doubly phen-

oxo-bridged heptacoordinated manganese(ll) dinuclear spe-
cies. The 3D supramolecular networks of 1 and 2 have re-
sulted from extensive H-bonding interactions in the respec-
tive complexes. Structural variations observed for 1 and 2
have been described by performing single-crystal X-ray
analysis. The ligand and the complexes are characterized by
elemental analyses, IR, UV/Vis and 'H NMR spectroscopy.
Cryomagnetic investigations, DFT studies and EPR analysis,
of 1 and 2 have also been studied in detail.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

Introduction

Supramolecular architectures of the coordination com-
plexes through hydrazone ligand-based hydrogen-bonding
interactions are very rare and not yet explored.['l Earlier
many authors and our research group reported several co-
ordination complexes derived by aroylhydrazones for their
pharmacological activity and magnetic properties® but
such complexes were devoid of any hydrogen-bonding inter-
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actions that could generate supramolecular architectures
with intriguing structures.’! Recently Chattopadhyay and
his group have shown how the supramolecular architecture
of manganese(Il) aroyl hydrazone complexes can be con-
trolled by slight modification of the substituents attached to
the ligand framework.’! The self-assembly of multimetallic
assemblies held together by intermolecular forces (hydrogen
bonds, van der Waals forces etc.) is greatly dependent on
the metal ions.*! Metal ions can read the information coded
in the organic ligands according to their coordination algo-
rithmB! and thereby give rise to metal-organic ligand com-
plex species that are simultaneously assembled via comple-
mentary interligand hydrogen bonding forming supra-
molecular multimetallic assemblies. Metal-organic frame-
works containing channels or pores with various sizes and
shapes have attracted much attention because of their po-
tential applications in catalysis, separation and gas sorption
and storage.l>8] The interactions of hydrogen bonds play
vital roles for molecular recognition in a wide variety of
biological systems and have also been applied in the synthe-
sis of molecular magnetic materials.”! In order to generate
hydrogen-bonding interactions in hydrazone metal com-
plexes we synthesized a new NNO donor hydrazone ligand
derived from an aliphatic hydrazide (acetic hydrazide) and
reported two new coordination complexes with copper(II)
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and cobalt(I11); in both the complexes the H-bonding inter-
actions generated 1D chain and 2D grid-like polymeric
structures.!'%)

To further explore the coordination behavior of the hy-
drazone ligand derived from acetic hydrazide with different
metal ions, we synthesized a new tetradentate ONOO donor
hydrazone ligand [LH] as the 1:1 condensation product of
acetic hydrazide and vanillin (the procedure of synthesis of
LH and the two different coordination modes are shown in
Scheme 1) and have reported two new complexes 1 and 2.
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Scheme 1. (a) Synthesis of LH, (b) two different coordination
modes of the potentially tetradentate ONOO donor hydrazone
ligand.

Although the new hydrazone ligand [LH] has shown
metal ion-selective coordination behavior with copper(I)
and manganese(II) ions, the ligand-based N-H and C-H
hydrogen-bonding interactions with NOs~, N3, coordi-
nated and uncoordinated solvent molecules have led to the
formation of two new intriguing metal-organic frameworks
containing channels and zig-zag layer structures in the re-
spective complexes. Earlier in 2003 we reported the first sin-
¢gly phenoxo-bridged copper(Il) dinuclear complexes!' ! de-
rived from an amino-containing NNOO donor Schiff base
ligand and in this paper we report another new singly phen-
oxo-bridged pentacoordinate copper(I) complex (1) de-
rived from an ONOO donor hydrazone ligand. Unlike the
earlier complexes!!!l the asymmetric unit of 1 comprises of
a singly phenoxo-bridged copper(II) dinuclear cationic unit
associated with a copper(Il) neutral mononuclear unit.

Contrary to 1, 2 is a doubly phenoxo-bridged heptacoor-
dinated manganese(Il) dinuclear species resulting from the
metal ion selective coordination of the ONOO donor hydra-
zone ligand [LH]. Another contrasting aspect which distin-
guishes the manganese(I) complex from the copper(Il)
complex is that 2 contains two terminally coordinating
azido ligands. The authors have deliberately used sodium
azide during the synthesis of 2 as unlike the five-coordi-
nated copper(IT) complex (1), the manganese(Il) complex
generally prefers a higher coordination number (six or
seven) and in the absence of azido ligands the authors are
2916
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unable to obtain single crystals of 2 with LH. Earlier Blon-
din and Aukauloo reported several doubly phenoxo-
bridged hexacoordinate manganese(II) dinuclear species de-
rived from a pentadentate NNNNO donor Schiff base li-
gand!'?l but heptacoordinated doubly phenoxo-bridged
manganese(Il) dinuclear complexes derived from a tetra-
dentate ONOO donor hydrazone ligand still remain unex-
plored. From a literature survey we found that in 2007 an
analogous ONOO donor aroylhydrazone: N’-(2-hydroxy-3-
methoxybenzylidene)benzohydrazide [L'H] (obtained by
1:1 condensation of benzhydrazide and vanillin) was used
to synthesize a mononuclear manganese(II) complex but
the single crystal structure is not yet known.!'3! As an exten-
sion of the work we have used L'H to synthesize a novel
tetra(ps-phenoxo)-bridged copper(I) complex containing a
Cuy0, cubane core.l'Y By replacing the phenyl moiety in
L’H with a methyl moiety we have obtained the new tetra-
dentate hydrazone ligand [LH]. It is interesting to note that
the two analogous ONOO donor hydrazone ligands [L'H
and LH] have shown significant variation in their coordina-
tion behavior with copper(IT) ions, as a consequence of
which two entirely different copper(Il) coordination com-
plexes of different nuclearity have resulted.

The new hydrazone ligand [LH] and its complexes 1 and
2 have been characterized from elemental analyses, IR, UV/
Vis and 'H NMR spectroscopy. Single crystal X-ray diffrac-
tion study of 1 and 2 confirms the selective coordination
behavior of LH with copper(IT) and manganese(II) ions and
also help us to identify the different H-bonding interactions
responsible for generating 3D supramolecular architectures
in the respective complexes. Cryomagnetic investigations
and DFT studies of 1 and 2 have been studied in order
to explain the observed magnetic coupling operating in the
complexes. The authors have performed detailed EPR
analyses for 1 and 2 both in solid state and in different
solvent systems (CHCls/toluene, DMF, or CH;CN) in order
to show how the complex evolves from solid-state to solu-
tion and how it is highly dependent on the solvent used.

Results and Discussion

Synthesis of the New Hydrazone Ligand [LH]

Our group is the first to report (E)-N'-(2-hydroxy-3-
methoxybenzylidene)acetohydrazide [LH] derived from an
aliphatic hydrazide. The tetradentate ONOO donor hydra-
zone ligand was prepared by the 1:1 condensation of acetic-
hydrazide with vanillin (synthesis of LH is depicted in
Scheme 1). In 2008 we reported two new metal hydrazone
complexes derived from (E)-N'-[(pyridin-2-yl)methylene]
acetohydrazide ligand!'%! and to further explore the coordi-
nation chemistry of metal hydrazone complexes derived
from an aliphatic hydrazide we synthesized the ligand [LH].
The ligand was isolated in virtually quantitative yield and
satisfactorily characterized by elemental analysis and IR,
mass and '"H NMR spectroscopy.
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Crystal Structure Descriptions

{I(L)Cuy(p-L)(NO3)(CH30H) 3(H20)0.7]'NO3} [ Cu(L)-
(NO3)(CH;0H)] (1)

The asymmetric unit of 1 contains two distinct cop-
per(IT) units (Figure 1), a dinuclear cationic unit [(L)Cu,(p-
L)(NO3)(CH;0H), 3(H,0)4,]* (L = 2-acetylhydrazono-
methyl-5-methoxyphenolato), whose charge is counterbal-
anced by a nitrate anion, and a mononuclear neutral unit
[Cu(L)(NO3)(CH;0H)].

Figure 1. Asymmetric unit of 1 containing a dinuclear copper(Il)
cationic unit and a neutral copper(Il) mononuclear unit.

The structural aspects of the dinuclear cationic unit of 1
has been compared to that of the earlier reported singly
phenoxo-bridged dinuclear copper(Il) complexes [Cu,(L),-
(SCN)(H,0)J(ClO4) (A), [Cux(L)(N3)(H>0)](ClO4) (B),
and [Cu,(L),(NCO)(H,0)](ClOy4) (€).' 1t should be noted
that compounds B and C are isostructural to that of A and
all three complexes contain geometrically different square-
pyramidal copper(IT) centers, with NNNOO and NNOOO
donor sets. Unlike A, B, and C the copper(II) centers (Cul
and Cu2) residing in the dinuclear cationic unit of 1 (Fig-
ure 2), display a geometrically equivalent distorted square-
pyramidal geometry with NOOOO donor sets. The 02, O3,
N1 donor atoms of a deprotonated ligand [L] fulfill three
basal positions around Cul, while the remaining basal and
apical sites are completed by the O5 and O4 atoms of the
second [L] ligand. Atom OS5 acts as a bridge between the
metal centers (Cul and Cu2), also occupying a basal posi-
tion around Cu2. The coordination around Cu2 is com-
pleted by the O6, N3 atoms of the second ligand and the
010 atom of a nitrate anion at the base, and by the O19
oxygen atom of a statistically distributed water/methanol
molecule at the apex. In 1 the singly phenoxo-bridged
Cul--Cu2 separation is 3.20 A which is shorter than the
Cu-+Cu separation found in A, B, and C [3.291(2) A].
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Moreover, the Cul-O5-Cu2 angle in 1 is 109.96(15)° which
is close to that of the similar singly phenoxo-bridged com-
plexes!!! [in A, B, and C the Cul-O5-Cu2 angles are
111.5(1), 109.3(2), and 109.6(1)°, respectively]. The basal
CuO;N cores in the dinuclear cationic unit are nearly or-
thogonal, the dihedral angle they form being 80.15(12)°.

Figure 2. The singly phenoxo-briged copper(Il) dinuclear cationic
unit of 1.

In the neutral complex molecule (Figure 3), coordination
around the Cu3 metal is similar to that observed for the
Cu2 atom, with the keto O, imine N, phenoxo O, atoms of
a hydrazone ligand [L]~ and one oxygen atom of a nitrate
anion occupying the basal positions of a distorted square-
pyramid, and with the oxygen atom of a methanol molecule
at the apex. The Cu-N (mean value 1.92 A) and Cu-O
bond lengths involving the oxygen atoms at the basal planes
(mean value 1.95 A) fall in a rather narrow range (Table 1).
Of the three independent monoanionic [L]™ ligands proton-
ated at N2, N4, and N6 respectively, one displays a tetra-
dentate coordination mode (containing N4) whereas the
other two (containing N2, N6) display a tridentate coordi-
nation mode. The protonation at N2, N4, and N6 of the
three independent monoanionic [L]™ ligands suggests that
the ligand has not undergone enolization and has coordi-
nated the copper(Il) centers in its keto form.

The tridentate coordination mode of [L]™ results in the
formation of five- and six-membered metallacycles. The
negative charge is localized at the oxygen atoms of the six-
membered chelating rings, as indicated by the double-bond
character of the C8-03, C18-0O6 bond lengths (mean value
1.25 A), which are remarkably shorter than the C—O bonds
(C1-02, C11-05, C21-08; mean value 1.32 A) involving
the oxygen atoms of the five-membered rings. As a conse-
quence, the values of the N1-C7, N3-C17, and N5-C27
bonds (mean value 1.28 A) within the five-membered che-
lating rings are consistent with a significant double-bond
character. All five- and six-membered chelating rings are
roughly planar [maximum displacement 0.128(3) A for
2917
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Figure 3. The neutral copper(II) mononuclear unit of 1.

Table 1. Selected bond lengths [A] and bond angles [°] for 1.

Bond lengths Bond lengths

Cul-02 1.916(4) Cu2-019 2.246(4)
Cul-03 1.980(4) Cu2-N3 1.929(4)
Cul-0O4 2.313(4) Cu3-08 1.907(3)
Cul-05 1.983(3) Cu3-09 1.995(4)
Cul-N1 1.927(4) Cu3-013 1.955(4)
Cu2-05 1.935(3) Cu3-021 2.450(5)
Cu2-06 1.952(4) Cu3-N5 1.914(4)
Cu2-010 1.972(3) - -

Bond angles Bond angles

02-Cul-03  173.95(14) C31-019-Cu2  113.3(13)
02-Cul-0O5  93.45(14) C7-N1-Cul 128.6(4)
02-Cul-04  95.35(15) N2-N1-Cul 111.3(3)
02-Cul-N1  92.56(16) 06-Cu2-019 94.61(16)
03-Cul-04  88.47(15) 06-Cu2-N3 81.40(17)
03-Cul-05  92.10(14) 010-Cu2-019  93.09(16)
03-Cul-N1  81.56(16) 010-Cu2-N3 169.19(18)
04-Cul-N1 115.41(15) 019-Cu2-N3 97.67(16)
05-Cul-04  74.07(13) 08-Cu3-09 171.75(15)
0O5-Cul-Nl1 168.23(15) 08-Cu3-013 93.58(17)
05-Cu2-06  169.99(15) 08-Cu3-021 100.78(16)
C12-04-Cul 110.3(3) 0O8-Cu3-N5 92.17(17)
C20-04-Cul 126.4(4) 09-Cu3-013 93.48(16)
Cl11-05-Cu2 125.9(3) 09-Cu3-021 84.70(16)
Cl1-05-Cul  122.2(3) 09-Cu3-N5 80.72(16)
Cu2-05-Cul  109.96(15) 013-Cu3-021  79.55(19)
C18-06-Cu2 113.0(3) 0O13-Cu3-N5 174.17(19)
C21-08-Cu3  127.0(3) 021-Cu3-N5 100.3(2)
C28-09-Cu3 112.1(3) C1-02-Cul 126.7(3)
N7-010-Cu2 113.7(3) C8-03-Cul 112.0(3)
N8-O13-Cu3 111.0(4) C17-N3-Cu2 129.2(4)
05-Cu2-010 88.85(14) N4-N3-Cu2 111.0(3)
05-Cu2-019 93.37(15) C27-N5-Cu3 129.6(4)
O5-Cu2-N3  91.56(16) N6-N5-Cu3 111.9(3)
06-Cu2-010 96.74(16) - -

atom O5] and, within each ligand, are slightly folded about
the Cu—N bonds, the dihedral angles formed by the least-
square planes through them being 3.01(13), 4.83(9), and
3.30(9)° for the hydrazone ligands coordinated to Cul, Cu2,
and Cu3, respectively. The crystal structure is stabilized by
an extended three-dimensional network of C-H--O, N-
H--O, O-H--O intra- and intermolecular hydrogen-bond-
ing interactions (Table 2, Figure 4).
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Table 2. Hydrogen bond parameters of 1.

D-H~A dD-H)[A] dH~A)[A] dD+A)[A] £ (DHAY
019-H19D+03 0.93 2.14 3.016(4) 1575
019-H19E-~020 0.93 1.86 2.774(10) 165.5
020-H20D+08 0.96 1.94 2.897(10) 1738
N6-H6N+O1 0.86 237 2.785(6) 1104
N6-H6N-02 0.86 2.00 2.855(7) 176.5
C25-H25+012 0.93 235 3.206(9) 1527
C27-H27+012 0.93 251 3.336(10) 1483
019-H19D~O017 0.93 257 2.955(7) 1053
C9-H9A+020! 0.96 255 3.349(9) 141.0
020-H20E-~O15" 0.93 215 3.077(8) 1739
021-H21--09i 0.87 2.02 2.890(7) 172.9
C29-H29C--013i 0.96 252 3.328(9) 1422
N2-H2N--O8" 0.86 201 2.845(7) 1643
N2-H2N-O13" 0.86 251 3.031(5) 119.5
N4-H4N-016 0.86 231 3.092(8) 152.1
N4-H4N-O17¢ 0.86 2.18 2.968(8) 1529
C17-H17-017Y 0.93 245 3.254(6) 1452
C19-HI9A~016" 0.96 231 3.194(12) 1533
C30-H30A+010" 0.96 2.58 3.494(10) 159.7
C4-H4-O11 0.93 249 3.214(9) 135.1
C24-H24--020vi 0.93 2.53 3.447(11) 168.1

[a] Symmetry transformations used to generate equivalent atoms:
O1l-x,1-p1l-zl-x-pyl-z(0i)l-x,—y-z@{iv)
x,1+yzvx,-1+yzMv2-x,1-y -z Vi)2-x,-p1-z

013iii

Figure 4. View of the asymmetric unit of 1 showing the intermo-
lecular hydrogen-bonding interactions (dashed lines) between the
dinuclear cation and the neutral mononuclear complex molecule.
Hydrogen atoms not involved in hydrogen bonding, the free nitrate
anion and water molecules, and the minor components of disorder
are omitted for clarity. Symmetry codes: (iii) 1 — x, -y, —z; (iv) x, 1
+yz W)X, -1+yzv)2-x,1-y —=

A packing diagram showing the hydrogen-bonding inter-
actions as dashed lines is presented in Figure 5 (a,b). In the
asymmetric unit, the dinuclear cationic and the mononu-
clear neutral complexes are linked by intermolecular hydro-
gen bonds, where the N6-H6N---O1 and N6-H6N--O2 in-
teractions (involving the protonated hydrazone nitrogen
atom of the neutral complex molecule) constitute a pair of
bifurcated donor bonds generating a ring of graph set
R%,(5),15:161 and the C25-H25-+-012 and C27-H27--012
interactions (involving one oxygen atom of the nitrate
group coordinated to atom Cu2) together form a pair of
bifurcated acceptor bonds defining a ring of graph set
R'5(6).

Eur. J. Inorg. Chem. 2009, 2915-2928



Potentially Tetradentate ONOO Donor Hydrazone Ligand

Eur|IC

Figure 5. (a) Packing diagram of 1 showing the channels parallel
to the a-axis formed by the three-dimensional hydrogen-bonded
(dashed lines) framework of dinuclear cations and mononuclear
complex molecules. Free nitrate anions and water solvent molecules
hosted in the channels are omitted. Hydrogen atoms not involved
in hydrogen bonds and the minor component of disorder are also
omitted for clarity. (b) Packing diagram of 1 showing the nitrate
anions and water solvent molecules hosted inside the channels. Hy-
drogen bonds involving nitrate anions and water molecules are
shown as dashed lines. Hydrogen atoms not involved in hydrogen
bonding and the minor components of disorder are omitted for
clarity.

Adjacent asymmetric units are assembled into a three-
dimensional network by C—H-+-O (C29-H29C---O13#, C30—
H30A--010%, C4-H4--011%) and O-H--O (021-H21--
091 hydrogen bonds, and by the N2-H2N--O8" and N2—
H2N-+013" interactions constituting a pair of bifurcated
donor bonds generating a ring of graph set R',(4) (Figure 4;
symmetry codes given in the figure caption). In this ar-
rangement, narrow channels running parallel to the a-axis
are present (Figure 5, a), which accommodate the free ni-
trate anions and the disordered water molecules of crystalli-
zation (Figure 5, b). Atom O20 of the water molecule acts
as both a hydrogen-bond donor to nitrate groups (020
H20D-+018, 020-H20E--015%; hereafter see Table 2 re-
porting the hydrogen-bonding interactions for symmetry
codes) and as an acceptor to form O-H:-O (O19-
H19E--020) and C-H--O interactions (C9-H9A---020,
C24-H24--0201). The O16 and O17 oxygen atoms of the
nitrate anion are engaged as acceptors in a bifurcated hy-

Eur. J. Inorg. Chem. 2009, 2915-2928
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drogen bond involving the protonated hydrazone nitrogen
atom of the dinuclear cationic complex (N4-H4N--O16",
N4-H4N-+017") forming a ring of graph set R?(4), and
are further involved in an O-H---O hydrogen interaction
with the oxygen atom of the water molecule coordinated
to Cu2 (019-H19D-+-017') and C-H---O interactions (C17-
H17---017", C19-H19A---016Y).

[Mny(p-L)>(H,0)(11-N3)2(CH;0H)] (2)

The noncentrosymmetric dinuclear unit of 2 is shown in
Figure 6 and the selected bond lengths and angles are listed
in Table 3. The asymmetric unit of 2 comprises of two non-
equivalent seven-coordinated manganese(Il) centers resid-
ing in nonidentical coordination spheres. The singly depro-
tonated tetradentate ONOO donor hydrazone ligand [L]~
coordinates the two manganese centers via its ONOO do-
nor sets (keto O, imine N, phenoxo O, and methoxy O),
indicating that the ligand has not undergone enolization
and coordinates the metal centers in keto form. Of the three
oxygen atoms of [L] only the phenoxo oxygen bridges the
adjacent manganese(Il) centers, while the keto and the
methoxy oxygen coordinate Mnl and Mn2 terminally. Un-
like 1 in 2 the metal centers are “connected” via doubly
phenoxo-bridges of the two units of [L] (Figure 6) thereby
generating a Mn,O, core with a Mn--Mn distance of
3.490(1) A, which is comparable to the earlier reported di-
nuclear phenolato-bridged manganese(II) complexes.['”]
The Mn-O bond lengths in Mn,0O, core ranges from
2.172(3) A to 2.222(3) A. The average Mn-O-Mn bridge
angle is slightly greater than that of the dinuclear phe-
nolato-bridged octahedral manganese(Il) complexes de-
rived from phenol containing ligand with NNNNO donor
sets: 104.54° vs. 103.7°.1'2°1 In 2 each manganese(II) center
is surrounded by seven atoms: one (imine) nitrogen atom
belonging to one [L] ligand; one N3 ligand; five oxygen
atoms [one (keto) oxygen atom, two (bridging phenoxo)
oxygen atoms belonging to two [L], one (methoxy) oxygen
atom belonging to the other unit of [L] coordinated to the
adjacent manganese center and one from the solvent mole-
cule (MeOH in case of Mnl and H,O for Mn2)].

The coordination of the methanol and the water mole-
cule to the respective metal centers is responsible for the
noncentrosymmetric character of 2. The Mn-N bond
lengths are in the range 2.310(4)-2.312(4) A (given in
Table 3) which is in good agreement with the Mn™-N bond
lengths where the nitrogen atom belongs to a phenolate-
conjugated imine function.['??] Both the manganese(II) cen-
ters are located in a regular bipyramid environment with a
pentagonal base occupied by one nitrogen atom and four
oxygen atoms of two units of [L] (angles listed in Table 3).
The latter is built from connecting oxygen atoms of the two
ligands. The upper and lower states of the bipyramid come
from terminally coordinated N5~ ligands and coordinated
solvent molecules. The noncentrosymmetric seven-coordi-
nated manganese(I) dinuclear species are further con-
nected to their adjacent units through H-bonding to gener-
2919
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Figure 6. The noncentrosymmetric dinuclear asymmetric unit of 2.

Table 3. Selected bond lengths [A] and bond angles [°] for 2.
Bond lengths

Bond lengths

Mnl-02 2.457 (4) Mn2-N11 2.310 (4)
Mnl-09 2.220 (4) Mn2-015 2.332 (4)
Mn1-029 2.172 (3) Mn2-022 2.365 (4)
Mnl-N31 2.312 (4) Mn2-029 2.222 (3)
Mnl-035 2.317 (3) Mn2-N41 2.175 (5)
Mnl-N51 2.236 (4) Mn2-071 2.215 (4)
Mnl-061 2.180 (4) Mnl--Mn2 3.490 (1)
Mn2-09 2211 (4) - -

Bond angles [°] Bond angles [°]
02-Mn1-09 67.6 (1) 09-Mn2-N11 78.8 (2)
02-Mnl1-029  141.2 (1) 09-Mn2-0O15 147.2 (1)
09-Mnl1-029 759 (1) N11-Mn2-0O15 68.6 (2)
02-Mn1-N31 140.3 (1) 09-Mn2-022 142.2 (1)
09-Mn1-N31 151.9 (1) N11-Mn2-022 139.0 (2)
029-Mnl1-N31 77.6 (1) 015-Mn2-022 70.4 (1)
02-Mnl-035 709 (1) 09-Mn2-029 75.1 (1)
09-Mnl1-035  136.8 (1) N11-Mn2-029 148.6 (1)
029-Mnl1-035 147.2 (1) 015-Mn2-029 136.8 (1)
N31-Mn1-035 69.7 (1) 022-Mn2-029 69.1 (1)
02-Mnl-N51  94.5 (1) 09-Mn2-N41 94.0 (2)
09-Mnl1-N51  86.2 (1) N11-Mn2-N41 98.7 (2)
029-Mnl1-N51  95.6 (1) 0O15-Mn2-N41 87.7 (2)
N31-Mnl-N51 87.3 (2) 022-Mn2-N41 81.1 (2)
035-Mnl-N51  85.8 (1) 029-Mn2-N41 100.1 (2)
02-Mnl1-061  83.4 (1) 09-Mn2-071 100.1 (2)
09-Mn1-061 100.7 (2) N11-Mn2-071 83.9(2)
029-Mnl1-061 91.2 (1) 015-Mn2-071 80.3 (2)
N31-Mnl-061 89.0 (2) 022-Mn2-071 87.8 (2)
035-Mnl1-061 85.6 (2) 029-Mn2-071 83.9 (1)
N51-Mnl-061 171.3 (2) N41-Mn2-071 165.8 (2)

ate supramolecular architecture. The hydrogen-bond pa-
rameters are listed in Table 4. The conformation of the
complex molecule is stabilized by intramolecular O-H-*N
(O71-H24+:-N53) hydrogen-bonding interactions (Fig-
ure 7).

In the crystal structure, complex molecules are linked
into chains running parallel to the a-axis (Figure 8, a)
through two intermolecular O—H--N hydrogen bonds in-
volving terminal nitrogen atoms of the azide groups (N43,
N53) and the oxygen atoms of the methanol (O61) and
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Table 4. Hydrogen bond parameters of 2.

D-H~A dD-H)[A] dH~A)[A] dD-A)[A] £ (DHAY
061-H6-N53 0.83 1.95 2752 163
O71-H8-N43 0.82 197 2785 171
N32-H9-N51 0.85 2,05 2873 161
O71-H24-N53 081 217 2976 176

Figure 7. View of the asymmetric unit of 2 showing the intra- and
intermolecular hydrogen-bonding interactions.

water (O71) molecules coordinated to Mnl and Mn2,
respectively. The chains are further connected into zig-zag
layers parallel to the ac plane by N-H--N hydrogen-bond-
ing interactions involving the N12 and N32 hydrazone ni-

s
e

C d S—u
(b)

Figure 8. (a) Packing diagram of 2 showing the intermolecular N—
H-+N and O-H-+N hydrogen bonds (dashed lines) linking complex
molecules into chains running parallel to the «-axis. Hydrogen
atoms not involved in hydrogen-bonding interactions are omitted
for clarity. (b) Packing diagram of 2 viewed along the a-axis show-
ing the zig-zag layer formation through N-H--N hydrogen-bond-
ing interactions. Hydrogen atoms not involved in hydrogen-bond-
ing interactions are omitted for clarity.
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trogen atoms as H-donors and the N43 and N51 azide ni-
trogen atoms as acceptors, respectively (Figure 8, b). Unlike
1 no cavities or channels are present in the crystal lattice of
2.

Spectroscopic Studies

IR Spectra: The IR spectra of 1 and 2 (Figure S1 and
Figure S2) were analyzed in comparison with that of the
free ligand [LH] (Figure S3) in the region 4000-400 cm™'.
In the IR spectrum of the hydrazone ligand, an imine
stretching band was obtained at 1609 cm™! but for the com-
plexes the characteristic imine band was observed at a lower
stretching frequency (1582 cm™! for 1 and 1577 cm™! for 2)
than that of the free ligand [LH]. The shift of these bands
upon complexation towards lower wave numbers indicates
the coordination of the imine nitrogen to the metal cen-
ter.l17-18] The ligand also shows a strong carbonyl (C=0)
stretching signal at 1681 cm! and a N-H stretching signal
at 3187 cm'. Unlike other earlier reported metal hydrazone
complexes, both of these bands were retained in the metal
complexes but were shifted towards lower frequencies
(1627, 3096 cm ™! for 1 and 1636, 3120 cm™! for 2), indicat-
ing that the hydrazone ligand has not undergone enoliz-
ation and has coordinated the metal centers in keto form.
The phenolic C-O stretching was observed in the spectra
of the complexes at 1240 and 1277 cm™' for 1 and at 1244
and 1285 cm™! for 2.'8 The coordination of the methoxy
oxygen of [L] in 1 and 2 is substantiated by the »(C-O)
bands appearing at 1010 cm™' and 1015cm™', respec-
tively.l'”) The IR spectra of 1 and 2 clearly support the coor-
dination of the tetradentate ONOO donor hydrazone ligand
[L] to the respective metal centers [copper(IT) and manga-
nese(II)] via its carbonyl oxygen, imine nitrogen, phenolato
oxygen, and methoxy oxygen atoms. Unlike 1, in the spec-
trum of 2 a single nonbifurcated strong sharp band at
2069 cm ! was observed which can be assigned to vn=y Of
the coordinated azide group and unlike 2, the spectrum of
1 contains a very strong band at 1384 cm™ [v,gm(NO3)],
and a medium band at 1240 cm ! [vgy,(NO;)] which sup-
ports the presence of a coordinated nitrate ion in the com-
plex. In the spectra of 1 and 2 a broad band at 3422 cm™!
and 3400 cm™! was observed which indicates the presence
of water molecules in the crystal structures of the com-
plexes. The ligand coordination to the respective metal cen-
ters is substantiated by vy N bands appearing at 424 cm™!
for 1 and 407 cm ™! for 2, where M = copper(Il) for 1 and
M = manganese(1I) for 2.']

Electronic Spectra: UV/Vis spectra of the hydrazone li-
gand [LH] and its complexes were recorded at 300 K using
solid samples (diffuse-reflectance technique). The electronic
spectra of the free ligand [LH] is associated with two intrali-
gand charge transfer (CT) bands at 286 and 226 nm (Figure
S4) but for 1 and 2 three different CT bands at 368, 307,
230 and 300, 235, 205 nm are observed (Figure S5 and Fig-
ure S6). In 1 and 2 the bands obtained at 307, 230 nm and
235, 205 nm are assigned to L—L charge-transfer transi-
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tions; as the spectrum of the free ligand lacks a CT band
in the region 300-400 nm it can be concluded that in 1 and
2 the CT bands obtained at 368 and 300 nm are associated
with the L—-M charge-transfer transitions. In comparison
to the spectrum of the free ligand for 1, a much weaker
and less well-defined broad asymmetric band is observed at
680 nm which is assigned to the d—d transitions for a cop-
per(Il) complex with square-pyramidal geometry (Figure
S5).2% For 2 no d—d transition bands were detected as such
d-d transitions for a d°> manganese(II) system are of very
low intensity, and hence not detectable.

'H NMR Spectra: 'H NMR spectroscopy has been used
to extract information regarding the formation of the ligand
LH and its coordination mode with the metal ions in 1 and
2. It is generally seen that 'H NMR spectra of the coordina-
tion complexes containing paramagnetic metal ions are
broadened to some extent but for 1 and 2 fairly sharp and
well-resolved spectra were obtained which may have arisen
due to sufficiently short electronic relaxation time,[?12-210.21¢]
Unlike the spectrum of LH the chemical shifts of the hyper-
fine-shifted signals of 1 and 2 appeared within a short range
+2 to +15 ppm. For both complexes the signals due to the
protons closer to the respective metal centers experience
stronger paramagnetic effects and consequently they are the
most downfield shifted. The spectra of 1 and 2 are almost
superimposable but differ significantly from that of the free
ligand [LH]. For 1 and 2 (containing copper(II) and manga-
nese(II) centers) slight broadening in the 'H NMR spectra
was observed but in order to compare the spectra of 1 and

OCH(5)
(4)HO H(6)
(o]
)J\ A

(1)HC N H(7)

H@)  H®)

(a)
H1
H7""§|H8 H‘4 H5|H3

LH 1o

Hydroxyl MethylHs

i in CH30H
Complex-1 H in CH30H Parks /H1

H2

Hydroxyl MethylHs

H in CHzOH in }3”30'"/H1

Complex-2

Figure 9. (a) NMR proton numbering scheme of LH. (b) Simulated
'"H NMR spectra of the hydrazone ligand [LH] and the complexes
1,2.
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Table 5. Simulated '"H NMR spectroscopic data for the ligand LH and for complexes 1 and 2.

Hydrazone o [ppm]

ligand/complex

LH 2.0 (3H,s, H1), 3.8 (1 H, s, H3), 3.86 (3 H, s, H5), 5.26 (1 H, s, H4), 6.35 (1 H, d, HS), 6.41 (1 H, d, H6), 6.80 (1
H, t, H7), 10.91 (1 H, s, H2)

1 2.02 (3 H, s, H1), 2.6 (2 H, s, H,0), 3.4 (3 H, d, methyl Hs in CH;0H), 3.82 (1 H, s, H3), 3.89 (3 H, s, HS), 4.5 (1
H, g, hydroxy H in CH;0H), 6.39 (1 H, d, H8), 6.45 (1 H, d, H6), 6.86 (1 H, t, H7), 10.97 (1 H, s, H2)

2 2.01 (3 H, s, H1), 2.62 (2 H, s, H,0), 3.41 (3 H, d, methyl Hs in CH;0H), 3.8 (1 H, s, H3), 3.88 (3 H, s, HS), 4.51

(1 H, q, hydroxy H in CH;0H), 6.38 (1 H, d, H8), 6.43 (1 H, d, H6), 6.85 (1 H, t, H7), 10.95 (1 H, s, H2)

2 with the free ligand [LH] we have simulated the spectra
of the complexes. The NMR proton numbering scheme of
LH along with the simulated '"H NMR spectra of the ligand
and the complexes are represented in Figure 9 (a,b) and the
simulated 'H NMR spectroscopic data are summarized in
Table 5. In the NMR spectra of the free ligand LH the
broad signal at 5-8 ppm was not observed indicating the
absence of free —-NH, functionality supporting the forma-
tion of the hydrazone ligand.?'¥ In the spectrum of the
free ligand a broad peak that appeared at 6 = 10.91 ppm
represented NH-proton resonance (H2) and this band was
observed also in the spectra of complexes 1 and 2. The
broad band at 6 = 10.91 ppm in LH was obtained at § =
10.97 ppm in 1 and 10.95 ppm in 2 suggesting that the NH-
proton (H2) did not participate in the keto—enol tauto-
merization and that the hydrazone ligand coordinated the
metal ions in keto form.

Moreover, the signal for the enolic proton at 11-16 ppm
in each of LH, 1, and 2 was absent, supporting the fact that
the hydrazone ligand did not undergo keto—-enol tautomeri-
zation. The singlet due to the proton H(3) attached to the
imino group showed a downfield shift (6 =0.02 ppm) com-
pared to its position in the free ligand reflecting coordina-
tion of the ligand through the imine nitrogen. The signal
due to the phenolic hydrogen (H4) of the free ligand (0
=5.26 ppm) was absent in the spectra of 1 and 2 indicating
the coordination of the deprotonated phenolic oxygen to
the metal center. The methoxy protons of the free hydra-
zone ligand are shifted 0.03-0.05 ppm downfield in the
complexes which signifies that the methoxy oxygen partici-
pated in the coordination to the metal center. The aromatic
hydrogens of LH showed significant shifts [0.04 ppm (HS),
0.04 ppm (H6), and 0.06 ppm (H9)] indicating the involve-
ment of the phenolato oxygen in ligation with the metal
center. In contrast to the spectrum of LH three additional
peaks are obtained in the complexes. The doublet at 3.4
3.41 ppm and the quartet at 4.5-4.51 ppm are attributed to
the methyl and hydroxy protons of a coordinated methanol
molecule in 1 and 2, respectively. Another singlet at 2.6
2.62 ppm is obtained for 1 and 2 which is attributed to the
coordinated water molecule in the respective complexes.

Cryomagnetic Susceptibility Studies

The molar magnetic susceptibility y,, as well as the prod-
uct of molar magnetic susceptibility by temperature y, T
have been plotted as a function of temperature 7 for 1 and
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are shown in Figure 10. y,, continuously increases when
the temperature decreases. The y,7 value is about
1.17 cm?K mol™! at high temperature, in good agreement
with the value of three uncoupled spins 1/2. y,,T continu-
ously decreases with a decrease of the temperature, a sign
of the existence of an antiferromagnetic coupling inside the
copper(Il) dinuclear unit. At low temperature, y,,7 is about
0.44 cm?* K mol !, a value expected for a single spin 1/2. As
complex 1 is a mixture of a mononuclear and a dinuclear
copper(Il) complex, the y,,7 curve has been fitted with a
modified Bleaney and Bowers law to take into account both
moieties and using the phenomenological Hamiltonian H
= —JS§ Sg for the dinuclear moiety. Two Landé factors have
been assumed for the copper of the mononuclear (gy;) and
dinuclear (gp) moieties, respectively; see Equation (1).

Np? 2g}, i 3g2
M

XMT: —
3ky | 1+exp(=T/k,T)/3 4 (1

0.12

0.10

-1

-1

0.08

3

% / €M™ mol

0.06

T/ cm® K mol

0.04

0.02

—

T T T T 0.00
0 50 100 150 200 250 300

T/K

Figure 10. The plot of y,, as well as y,,/7 of 1 as a function of
temperature.

The best fit was obtained with the following parameters:
J=-842cm™!, gp = 2.10 and gy = 2.16. The values of gp
and gy are in agreement with those derived by EPR spectra
(mean gp, value of 2.13 and gy value of 2.16). For the dinu-
clear unit, the antiferromagnetic interaction occurs through
the oxygen atom of the singly phenoxo-bridged hydrazone
ligand. Several articles have been devoted to the relation
between the Cu—O—-Cu angle and the J parameter from the
experimental®? and theoretical®®! point of view. The ex-
trapolation of a linear relationship between J and the Cu—
O-Cu angle, deduced from experimental data obtained
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from Schiff base derivatives, suggests that ferromagnetic ex-
change should be found below the nonrealistic angle of 77°.
More precisely, J is expected to decrease linearly with the
Cu-O-Cu angle. Indeed, with a Cu-O-Cu angle of 110°
the metal ions are coupled antiferromagnetically.

The molar susceptibility, y,, of a powder sample of 2 was
measured in the range 300-2 K in an applied magnetic field
of 1 T. The experimental data are displayed in Figure 11 as
the product y,,T vs. temperature, 7. The solid line in Fig-
ure 11 represents the simulation. At 300 K the y,,7 value
is 9.12 cm®* K mol™!, which is only slightly higher than the
theoretical “spin-only” value of 8.75 cm?Kmol™! for two
independent manganese(II) centers with S = 5/2 each. With
decreasing temperature a decrease in the magnetic moment
is observed, leading to a value of 1.31 cm?*Kmol ™' at 2 K,
indicating antiferromagnetic exchange interaction between
the two high-spin manganese(Il) ions; also this measure-
ment is confirmed by EPR data. The best fit using the Hei-
senberg spin Hamiltonian in the form H = —JS,-Sg for an
isotropic exchange coupling, with S, = Sg = 5/2, is ob-
tained with g = 2.06 and J = —1.12 cm'. These values are
in agreement with those reported in the literature for com-
plexes where two manganese(Il) ions are bridged by two
phenolates.[12:24-27]

10

% Tlemu k mol™
Xu/emu k mol*!

0 .
0 50

T T T T
100 150 200 250 300
T/IK

Figure 11. The plot of y,, as well as y,,/7 of 2 as a function of
temperature.

DFT Calculations

In order to obtain some insight into the magnetic inter-
action, DFT calculations were carried out on both cop-
per(Il) and manganese(Il) complexes (1 and 2). The calcu-
lated J values are —63.4 and —2.6 cm™! for copper(Il) and
manganese(Il) dinuclear species, respectively, and are in
reasonable agreement with the experimental values (-84.2
and —1.12 cm™', respectively).

The magnetic orbitals for copper(Il) in the dinuclear cat-
ionic unit are represented in Figure 12. Under the name of
magnetic orbitals, we refer to the natural orbitals having an
occupation number very close to 1. The two magnetic orbit-
als have a contribution on the two metal atoms. More pre-
cisely, this contribution is of the d,» > type, with the x- and
y-axes being directed toward the four short metal-ligand
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bonds. These orbitals are also delocalized on the surround-
ing ligands. The interaction between the metal and the li-
gand is antibonding in nature, as expected from simple mo-
lecular orbital theory arguments. The fact that the two or-
bitals have a contribution on both metal centers means that
there is a nonzero overlap between the so-called natural
magnetic orbitals.?®! Following the so-called Kahn’s model,
such an overlap is expected to give rise to an antiferromag-
netic interaction, as observed experimentally.

Figure 12. Magnetic orbitals for the high spin state of the dinuclear
copper compound.

Concerning the manganese(I1) dinuclear compound, five
unpaired electrons are bared by each metal atom, so that
the global interaction may be seen as the sum of 25 interac-
tions. Some of these will be ferromagnetic in nature, some
will be antiferromagnetic, so that in the end the small inter-
action observed may be explained by the compensation be-
tween the ferromagnetic and antiferromagnetic terms.

EPR Spectra

The X-band EPR spectrum of the polycrystalline solid
complex 1 at 5K is characterized by two g values (g =
2.278 and g, = 2.101) in the order gy > g, > g. (Figure 13,
a). This situation is indicative of a S = 1/2 system with an
axial symmetry and a d. » ground state.?°°2%3% Other
weak absorptions are observable at lower and higher values
of the magnetic field.

The spectra recorded at liquid nitrogen temperature
(ca. 120 K) or at room temperature become more compli-
cated: other resonances appear and four g values (indicated
with I, II, III, and IV in Figure 13, b) can be measured.
They can be interpreted as the sum of the spectra belonging
to weakly interacting copper(Il) ions (see cryomagnetic
studies). The experimental spectrum at 120 K can be satis-
factorily simulated by adding three separated signals be-
longing to each of the three different copper(Il) ions: the
first with g, = 2.305, g, = 2.090, g. = 2.033, the second
with g, = 2.260, g, = 2.090, g. = 2.025, and the third with
g = 2.280, g, = 2.100. The simulation suggests that there
are two copper(II) centers characterized by a rhombic sym-
metry and three g values (g, > g, > g. = g.), and another
with an axial symmetry and g, > g, > g,.[20>2%3%

Therefore, from the comparison of the results obtained
at 5 and 120 K, the axial temperature-independent spec-
trum can be attributed to the mononuclear Cu3 center with
2923
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Figure 13. X-band EPR spectra of the polycrystalline solid com-
plex 1: (a) and (b) experimental spectra recorded at 5 and 120 K;
(c) simulated spectrum. The simulated spectrum was obtained by
adding three different spectra with the following g values: g, =
2.305, gy = 2.090 and g, = 2.033; g, = 2.260, g, = 2.090 and g, =
2.025; g = 2.280 and g, = 2.100. With an asterisk are indicated
the resonances belonging to the Cul and Cu2 centers at 5 K, with
L, I, III, and IV the four measurable g values at 120 K and with
the dotted lines the positions of the eight transitions due to the
three metal ions.

a regular square-pyramidal environment, whereas the two
rhombic spectra can be attributed to the Cul and Cu2 ions
which form the dinuclear arrangement and show a distorted
square-pyramidal geometry. Owing to the antiferromag-
netic interaction between Cul and Cu2, at 5K the S =1
spin state scarcely contributes to the spectral signal and
only the weak resonances centered around 2850 and 3320
Gauss (indicated by an asterisk in Figure 13, a) are observ-
able; at higher temperatures both the S = 0 and 1 states are
populated and the EPR spectrum appears as the sum of the
signals belonging to the different Cul, Cu2, and Cu3 metal
centers.

X-band anisotropic EPR spectra of complex 1 were also
recorded after dissolution in the mixture CHCls/toluene
(60:40, v/v; under similar conditions to the NMR studies),
or in DMF or CH;CN. Whereas in CHCls/toluene 1 is
poorly soluble and the spectrum is similar to that of polycrys-
talline powder, suggesting that the structure is retained, in
DMF or CH;CN the spectra are axial and characteristic of
species with S = 1/2 (Figure 14). The comparison of the
spectral intensity of such mononuclear complexes with that
of aquaion [Cu(H,O)¢]** in a solution containing an iden-
tical concentration of the metal ion allows for determining
that the dinuclear structure is transformed almost quantita-
tively into the mononuclear complexes and that its amount
in DMF or CH;CN solution is lower than 5%.

The measured values in DMF (Figure 14, a) are g =
2286 and A4 = 175.1x10*cm!, compatible with a
CuONOO coordination:B!! each copper(Il) ion is coordi-
nated by one tridentate ligand (O ppenolic> Nimines Oketo) and
one nitrate ion. The distortion degree of such a four-coordi-
nate copper(II) complex from a square-planar geometry can
be measured by the g|/4 ratio, which increases with increas-
ing the value of the tetrahedral distortion:*? the observed
ratio for 1 in DMF (131) suggests a significant distortion
2924
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Figure 14. X-band EPR spectra recorded at 120 K with the solid
complex 1 dissolved in: a) DMF and b) CH;CN. The arrows indi-
cate the resonances of a second mononuclear copper(Il) species.

with respect to a structure with a high level of planarity,
such as the bis-chelated species formed by 2-(aminomethyl)-
pyridine (112).33 In CH;CN (Figure 14, b), besides the res-
onances of a species similar to that detected in DMF (g =
2.280 and A4 = 181.8 X 10 *cm '), there are those of an-
other mononuclear complex with higher g and lower 4
values (indicated by the arrows in Figure 14, b): g = 2.354
and A = 174.1 X 10* cm™". These values are border-line for
a CuN;0 coordination,*!l and can be better explained by
postulating a tetra-coordinated structure CuN,O, in which
one solvent molecule has replaced one NO5™ ion.

As known, the magnetic spin levels of manganese(II) can
be described by the spin Hamiltonian; see Equation (2).[34

H = gfHS + 1/2D[S,>-1/3S(S+1)] - E[S> — 8,2 — AS-T — gnpnHI
2

The X-band EPR spectra recorded at 120 K with the
polycrystalline solid complex 2 and when this is dissolved

in the mixture CHCls/toluene (60:40, v/v) or in MeOH are
shown in Figure 15.

V-
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Figure 15. X-band EPR spectra recorded at 120 K of complex 2:
(a) polycrystalline powder; (b) solid dissolved in CHCls/toluene
(60:40, v/v) and (c) solid dissolved in MeOH.

The high linewidth precludes a precise analysis of the
spectrum at 120 K (Figure 15, a), but the spectral pattern
closely resembles that displayed by other weakly exchange-
coupled manganese(IT) dinuclear species formed by a Schiff
base ligand like salmp = 2-[bis(salicyldeneamino)methyl]-
phenolate(3—)P3>3¢1 and 2-OH(5-NO-sal)pn = 5-nitro-1,3-
bis(salicyldeneamino)-2-propanol(3-),*7! where two phen-
olate groups bridge two manganese(II) ions.

A method based on the examination of the variation of
the experimental spectra as a function of temperature, in
order to assign the transitions between the relevant spin
states and the spin parameters, has been recently devel-
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oped.P® The X-band EPR spectra recorded between 0 and
8000 Gauss in the temperature range 5-25 K are shown in
Figure 16. All spectra exhibit features extending from 0 to
6000 Gauss; as the temperature is increased, both the whole
spectrum and the transitions around g = 2 gain intensity.
This behavior is strongly indicative of dinuclear manga-
nese(Il) species.'>?4391 The spectra significantly change
from 5 to 15K and less above 15 K. Because of the low
value of the exchange coupling constant (J = —1.12cm™})
and the small gap between S spin levels at zero field, the S
= 1-3 states, even at liquid helium temperature, are signifi-
cantly populated and the spectrum recorded at 5 K origi-
nates from the participation of, at least, three states. With
the temperature, increases also the contribution of S = 4
and S = 5 spin states; in particular, the appearance of the
intense transitions detected in the g = 2 region from 5 to
25K should confirm that the experimental signal is the
superimposition of the spectra belonging to the S = 1-5
states. Similar behavior was observed for other weakly anti-
ferromagnetically coupled dinuclear manganese complexes
with a low J value.'’®! The complexity of the spectral
pattern precludes a precise determination of the D param-
eter and the resolution of the S = 1-5 temperature-indepen-
dent spectra.
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Figure 16. X-band EPR spectra recorded as a function of tempera-
ture for complex 2: a) SK; b) 10K; ¢) 15K; d) 20 K and e) 25 K.

The EPR spectrum of 2 dissolved in CHCls/toluene
(60:40, v/v) closely resembles that recorded in the solid
state, confirming the NMR results which suggest that in a
noncoordinating solvent the dinuclear arrangement is pre-
served (Figure 15, b). In MeOH, instead, the spectrum is
typical of mononuclear manganese(Il) species with weak
zero-field splitting (Figure 15, ¢).[*1 The spectrum is char-
acterized by a strong signal centered at 3280 G with a value
of g = 2.05; sixfold well-resolved hyperfine splitting of cen-
tral transitions (M, = —1/2 — 1/2) is observable, owing to
the hyperfine interaction between the electron and nuclear
spin (I = 5/2) which splits all of the energy levels associated
to each M, value into six sublevels.*!l In order to under-
stand if these features are due to a mono- or a dinuclear
species a further spectrum has been recorded at 5 K: the
similarity of the spectral pattern with that observed at
120 K induces us to think that the dinuclear structure is
almost completely destroyed in MeOH, similarly to what
happens for 1 in DMF and CH5;CN. The hyperfine coupling
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constant 4 of 93.2 Gauss is consistent with a six-coordinate
manganese(Il) species with oxygen or nitrogen donors.[*!]
This spectral pattern suggests that the dinuclear structure
dissociates in a coordinating solvent giving rise to the mo-
nonuclear unit.

Conclusions

In this paper we have explored the coordination behavior
of a potentially tetradentate ONOO donor hydrazone li-
gand with two different metal ions. It is interesting to con-
clude that the ligand [LH] has shown a considerable
amount of selectivity in its coordination behavior with two
different metal ions [copper(Il), manganese(II)]. It is ob-
served, for copper(Il) ions preferring square-pyramidal ge-
ometry, that the hydrazone ligand has coordinated the
metal centers in tridentate as well as in tetradentate fashion
to generate an asymmetric unit comprising of an unusual
singly phenoxo-bridged dinuclear cationic unit associated
with a neutral unit. For seven-coordinated manganese(II)
ions residing in a pentagonal-bipyramidal environment the
ligand coordinates via its tetradentate mode and generates
a doubly phenoxo-bridged manganese(II) dinuclear species.
The extensive ligand-based hydrogen-bonding interactions
in the respective complexes have resulted in the two new
intriguing 3D supramolecular architectures. The cryomag-
netic investigations on 1 and 2 suggest that both complexes
are antiferromagnetically coupled and the J values (-
63.4cm! and 2.6 cm™!) obtained from DFT calculations
are in reasonable agreement with the experimental results.
EPR spectra of 1 and 2 recorded after dissolution in a mix-
ture of CHCls/toluene, or in DMF or CH;CN help us to
conclude that the dinuclear structures of the respective
complex are retained in a noncoordinating solvent (CHCls/
toluene) whereas in coordinating solvents (DMF, CH;CN,
or MeOH) both the complexes degrade to produce mono-
nuclear species.

Experimental Section

Instrumentation: The Fourier Transform Infrared spectra of the hy-
drazone ligand [LH] and the complexes were recorded with a Per-
kin—-Elmer Spectrum RX I FT-IR system in the range 4000—
400 cm™! with solid KBr disc. Ligand field spectra were obtained
from 800 to 200 nm at 300 K with a Perkin—Elmer A-40 UV/Vis-
spectrometer by using the diffuse-reflectance technique, with Nujol
mulls. C,H,N microanalyses were carried out with a Perkin—-Elmer
2400 II elemental analyzer. '"H NMR spectra of the ligand and
the complexes were recorded with a Bruker 300 MHz FT-NMR
spectrometer using trimethylsilane as an internal standard in
CDCl;. Mass spectra of the ligand [LH] were recorded with a Qtof
Micro YA mass spectrophotometer. The variable-temperature mag-
netic susceptibility measurement for 1 was carried out with a Quan-
tum Design MPMS-5S SQUID magnetometer under an applied
magnetic field of 5000 Oe. Diamagnetic corrections were estimated
from Pascal tables and magnetic data were corrected for diamag-
netic contributions of the sample holder. The temperature depen-
dence of the molar magnetic susceptibility, y,,, was measured on
a polycrystalline sample in the temperature range 4-300 K. The
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experimental points are drawn in black squares and the calculated
curves are marked by a solid line (see Figures 10, 11). All the data
analyses have been placed on the y,,7 plots. Magnetic susceptibility
data for polycrystalline sample 2 were collected in the temperature
range 2-290 K in an applied magnetic field of 1 T with a SQUID
magnetometer. Experimental susceptibility data were corrected for
the underlying diamagnetism using Pascal’s constants and for the
temperature-independent paramagnetism contributions. EPR spec-
tra of 1 and 2 were recorded for the polycrystalline powders or for
the solids dissolved in a mixture of CHCls/toluene (60:40, v/v), or
in DMF, CH;CN, or MeOH with an X-band (9.35 GHz) Bruker
EMX spectrometer at room temperature, 120 K, or in the range 5—
25 K. The addition of toluene to CHCIl; was necessary to ensure a
good glass formation. For low-temperature studies (5-25 K), an
Oxford Instrument continuous-flow liquid helium cryostat and a
temperature-control system were used. The spectra were simulated
with the computer program Bruker WinEPR SimFonia.[*?!

Chemicals: All chemicals and solvents used for the syntheses were
of analytical grade. Acethydrazide, vanillin, copper nitrate tri-
hydrate, manganese nitrate tetrahydrate, and sodium azide were
purchased from Aldrich Chemical Co. and were used without fur-
ther purification.

Synthesis of the Hydrazone Ligand [LH]: The ligand LH was pre-
pared by the condensation of acethydrazide (0.74 g, 10 mmol) with
vanillin (1.525 g, 10 mmol) in the presence of glacial acetic acid
(0.6 mL, 10 mmol) in methanol medium (200 mL). On refluxing
the methanolic solution for 5h a pale yellow coloration was ob-
served. The color indicated the formation of the hydrazone ligand
LH. The solvent was removed under reduced pressure and the resi-
due was purified by recrystallization. Pale yellow crystals, yield
0.181 g (87%). CjoH2N,0; (208.21): caled. C 57.63, H 5.76, N
13.45; found C 57.68, H 5.78, N 13.49. Mass spectrum (EI): m/e
231 [CoH[5N,;NaO;]*. IR (KBr): ¥ = v(C=N) 1609 cm!, v(C=0)
1681 cm™!, v(N-H) 3187 cm™'. 'H NMR: 6 = 2.0 (s, 3 H, H1), 3.8
(s, H3, 1 H), 3.86 (s, H5, 3 H), 5.26 (s, H4, 1 H), 6.35 (d, H8, 1
H), 6.41 (d, 1 H, H6), 6.80 (t, H7, 1 H), 10.91 (s, 1 H, H2) ppm.

Syntheses of the Complexes

{I(L)Cuy(p-L)(NO3)(CH30H).3(H,0)0.7]'NO3}[Cu(L)(NO3)-
(CH30H)] (1): The pale yellow, solid hydrazone ligand (0.416 g,
2 mmol) was weighted accurately and was stirred in methanol
(10 mL) to give a pale yellow solution. It was then added slowly to
a stirring solution of methanolic copper nitrate trihydrate (15 mL)
(0.723 g, 3 mmol) to give a light green solution. The light green
solution was then refluxed at 60 °C for 1 h which produced a darker
shade. Acetonitrile (10 mL) was added to the dark green solution
and further stirred for 2 h at 35 °C. The resulting solution was fil-
tered and the filtrate was kept at 20 °C yielding dark green plate-
shaped crystals suitable for X-ray diffraction after three weeks.
Crystals were isolated by filtration and were air-dried; yield 0.622 g
(86%). Cs13H41Cu3NgOyg 7 (1065.15): caled. C 35.26, H 3.85, N
11.83; found C 35.28, H 3.89, N 11.87. IR (KBr): ¥ = v(C=N)
1582 em™, V(C=O)carbonyt 1627 cm™!, V(C—O)ypenotic 1240 and
1277ecm ™!, V(C-O)methoxy  1010em™',  v(N-H) 3096 cm!,
Vasym(NO3) 1384 cm™!, vy, (NO3) 1240 cm!, v(O-H) 3422 cm!,
v(Cu-N) 424 cm 1.

[Mn,(p-L),(H,0)(r1-N3),(CH30H)] (2): The pale yellow solution
of the hydrazone was obtained by stirring solid LH (0.208 g,
1 mmol) in methanol (15 mL). It was then slowly added to a meth-
anolic solution of manganese nitrate tetrahydrate (15 mL) (0.251 g,
1 mmol) and was stirred for 20 min which resulted in an orange
coloration. After dropwise addition of an aqueous solution of so-
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dium azide (5mL) (0.065 g, 1 mmol) the orange solution took a
darker shade. It was then further stirred for 2 h at 35 °C in anaero-
bic conditions to produce a dark red solution. The resulting solu-
tion was filtered and the filtrate was kept at 18 °C yielding yellow
plate-shaped crystals suitable for X-ray diffraction after two weeks.
Crystals were isolated by filtration and were air-dried; yield 0.206 g
(82%). C5HosMn,N(Og (658.4): caled. C 38.27, H 4.25, N 21.26;
found C 38.29, H 4.29, N 21.29. IR (KBr): ¥ = v(C=N) 1577 cm !,
V(C=0)carbonyi 1636 cm™!, v(C-O) phenotic 1244 and 1285 cm™!, v(C-
O)methoxy 1015 cm !, v(N-H) 3120 cm !, v(N=N) 2069 cm ', v(O-
H) 3400 cm™!, v(Mn-N) 407 cm ™.

Crystal Structure Determination: The intensity data of 1 were col-
lected with a Bruker SMART 1000 CCD, using the w-scan tech-
nique. Data collection and data reduction were performed with the
SMART and SAINT programs.3l Empirical absorption correc-
tions were carried out using the SADABS program.®4 The struc-
tures were solved by direct methods by using the SHELXS-97 pro-
gram.[* All non-hydrogen atoms were refined anisotropically by
full-matrix least-squares based on F? using the SHELXL-97 pro-
gram.[*] All non-hydrogen atoms were refined with anisotropic dis-
placement parameters. The H atoms were generated geometrically
and were included in the refinement in the riding model approxi-
mation. The apical position of the square-pyramidal coordination
around Cu2 was found to be statistically occupied by the oxygen
atom belonging to a water molecule and to a methanol molecule
with occupancies of 0.7 and 0.3, respectively. A second water mole-
cule, the presence of which was not compatible with the methanol
molecule, was therefore refined with an occupancy of 0.7. During
the refinement, the displacement parameters of the atoms of the
methanol and water molecules were restrained to be approximately
isotropic. Single-crystal X-ray studies of 2 were carried out using
a Nonius KappaCCD and related analysis software.[*! No absorp-
tion correction was applied to the data sets of all the samples. The
structure was solved by direct methods using the SIR97 program(*”}
combined to Fourier difference syntheses and refined against F
using reflections with [//c(1) > 3] with the CRYSTALS program. 8]
All atomic displacement parameters for non-hydrogen atoms were
refined with anisotropic terms. The hydrogen atoms were theoretic-
ally located on the basis of the conformation of the supporting
atom and then refined to find their real position keeping some con-
straints belonging to the supported atoms. Selected crystallo-
graphic data, experimental conditions, and some important fea-
tures of the structural refinements of the complexes are summa-
rized in Table 6.

CCDC-664106 (for 1), and -664107 (for 2) contain the supplemen-
tary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif.

DFT Methodology: The calculated coupling constant J is deduced
from two separate DFT computations carried out for the highest
spin state and for the broken symmetry state. The hybrid B3LY P’
functional has been used as implemented in Gaussian98.°% The
basis used in all calculations is the triple-{ basis-set proposed by
Abhlrichs et al.b" for transition metals and the double-{ basis set
proposed by the same authors for the other atoms.’? The obtained
J values are deduced from the energy difference Eys — Eps =
-J(28,S, + S,) where Eyg and Epg are the energies of high spin
and broken symmetry states, respectively, S; and S, being the spin
of the two metals involved (S; = S, = 1/2 for the copper(ll) dinu-
clear species, S| = S, = 5/2 for the manganese(II) dinuclear species).
We assume that the energy of the broken symmetry state is a good
approximation of low-spin state energy, following Ruiz et al.>?!
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Table 6. Crystal data and structure refinement for 1 and 2.

1

2

Empirical formula

C313H41Cu3NogOy7 CoiHpgMn, Ny Og

Formula weight 1065.15 658.4
Temperature kK] 302 150
Wavelength [A] 0.71073 0.71073
Crystal system triclinic monoclinic
Space group P1 (no. 2) P2,/n
a [é] 11.495(4) 8.3409 (2)
b [A] 12.662(5) 11.8465 (2)
¢ [A] 16.562(6) 28.0454 (6)
a[°] 69.223(4) 90
AN 75.613(5) 97.638 (1)
7 [°] ) 70.495(4) 90
Volume [A3] 2101.2(13) 2746.6 (1)
D, [gem 3] 1.684 1.592
Abs. coefficient [mm™']  1.597 0.984
F(000) 1089 1352
Crystal size [mm] 0.06x0.07x0.26  0.10x0.12x0.14
0 range for data collec- 1.8, 25.8° 1.5, 27.9°
tion
Reflections collected 20411 35371
Independent reflections 7987 3074

[R(int) = 0.069] [R(int) = 0.130]
Data/restraints/param- 7987, 83, 584 307, 0, 370
eters
Goodness-of-fit on F2 0.906 1.13
R1, wR2B [[ > 26(1)] 0.051, 0.106 0.050, 0.058
RI, wR2 (all data) 0.146, 0.130 0.107, 0.116

[a] Ry = Zl|Fo| — [FIZIFol: wRy = [Zw(Fo? — FEPZw(F?)]".

Supporting Information (see also the footnote on the first page of
this article): IR spectra of the new hydrazone ligand [LH] and its
complexes 1 and 2 and UV/Vis spectra (diffuse-reflectance tech-
nique) of LH, 1, and 2.
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