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ABSTRACT: The work in this report describes the syntheses, electro-
spray ionization mass spectromtery, structures, and experimental and
density functional theoretical (DFT) magnetic properties of four
tetrametallic stars of composition [M"(Cu"L);](ClO,), (1, M = Mn; 2,
M = Nj; 3, M = Cu; 4, M = Zn) derived from a single-compartment
Schiff base ligand, N,N’-bis(salicylidene)-1,4-butanediamine (H,L),
which is the [2 + 1] condensation product of salicylaldehyde and
1,4-diaminobutane. The central metal ion (Mn, Ni, Cu", or Zn")
is linked with two u,-phenoxo bridges of each of the three [Cu"L]
moieties, and thus the central metal ion is encapsulated in between
three [Cu'L] units. The title compounds are rare or sole examples of
stars having these metal-ion combinations. In the cases of 1, 3, and 4, the four metal ions form a centered isosceles triangle, while
the four metal ions in 2 form a centered equilateral triangle. Both the variable-temperature magnetic susceptibility and variable-
field magnetization (at 2—10 K) of 1—3 have been measured and simulated contemporaneously. While the Mn"Cu"; compound
1 exhibits ferromagnetic interaction with J = 1.02 cm™, the Ni"Cu"y compound 2 and Cu"Cu"; compound 3 exhibit anti-
ferromagnetic interaction with J = —3.53 and —35.5 cm ™, respectively. Variable-temperature magnetic susceptibility data of the
Zn"Cu"y compound 4 indicate very weak antiferromagnetic interaction of —1.4 cm™’, as expected. On the basis of known
correlations, the magnetic properties of 1—3 are unusual; it seems that ferromagnetic interaction in 1 and weak/moderate
antiferromagnetic interaction in 2 and 3 are possibly related to the distorted coordination environment of the peripheral
copper(Il) centers (intermediate between square-planar and tetrahedral). DFT calculations have been done to elucidate the
magnetic properties. The DFT-computed ] values are quantitatively (for 1) or qualitatively (for 2 and 3) matched well with the
experimental values. Spin densities and magnetic orbitals (natural bond orbitals) correspond well with the trend of observed/
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computed magnetic exchange interactions.

B INTRODUCTION

Much development has been done in molecular magnetism
over the decades starting from the 1950s."'* It has been an
interdisciplinary topic covering contributions from synthetic
chemistry, materials science, and theoretical chemistry.'~** The
intimate relationship of spin coupling has been understood
from orbital models.” Utilization of density functional theory
(DFT) in the modeling of magnetic phenomena has enriched
the area tremendously.”'>'* Eventually, several experimen-
tal”*™'* and theoretical®'*'* magnetostructural correlations
have been determined so that it is possible in several cases to
predict or guess possible magnetic properties of new systems in
terms of structural parameters and vice versa. However, in spite
of the huge stock of reports of the magnetic properties of
a variety of systems, studies of the magnetic properties of
new types of exchange-coupled systems still deserve attention
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because of the possibility of the development of some
unprecedented aspects.

Numerous metal compounds have been reported from
the single-compartment (e.g, salicylaldehyde—diamine) or
double-compartment (e.g, 3-methoxy/ethoxysalicylaldehyde—
diamine) acyclic Schiff base ligands, obtained from the
condensation of salicylaldehyde or 3-methoxy/ethoxysalicyl-
aldehyde with diamines.">~"* Metal complexes from such ligands
were first reported in the 1960s'® but are still being reported
with interesting structures and properties.'>'”~"? Two ways for
changing such ligands are (i) changing the substituent in the
aldehyde component and (ii) changing the diamine compo-
nent. It is worth mentioning that thousands of compounds
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from this general class of ligands are known where the number
of carbon atoms between the two imine nitrogen atoms is two
or three.”™' On the other hand, metal complexes derived
from such general ligands where there are four carbon atoms
(i, the diamine component is 1,4-diaminobutane) are only a
few.'¥!822021 Therefore, with the expectation of getting
interesting structures and accompanied properties, we have
been motivated to explore the structures and properties of
metal complexes derived from the above-mentioned types of
ligands containing four carbon atoms between the two imine
nitrogen atoms. Already, we have reported some compounds
derived from N,N’-bis(salicylidene)-1,4-butanediamine (H,L;
Chart 1)."® Those compounds include one Cd"Cu"; star,

Chart 1. Chemical Structure of the Ligand H,L
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which is the best heterometallic star so far (in terms of the
bond distances involving the central metal ion; all six cdi-
phenoxo bond distances are equal). Therefore, we have been
motivated to check the possibility of stabilization of such
M"Cu'"; stars, where M" = late 3d metal ions. Because hetero-
metallic stars are rare'>'®*'**~422 and because M"Cu,; stars
(where M" = late 3d metal ions) are, in general, unprecedented,
it would be interesting only in terms of the composition and
structure. If such stars are stabilized, those would be interesting
because it is nice for people to see the designed formation but
not the accidental/unpredicted formation of the clusters. More-
over, the magnetic properties of such new types of systems
would unveil some new aspects. With these aims, we proceeded
and isolated four stars of composition [M"(Cu"L);](ClO,),
(1, M = Mn; 2, M = Ni; 3, M = Cu; 4, M = Zn). Herein, we
report the syntheses, electrospray ionization mass spectromtery
(ESI-MS), structures, and experimental and DFT magnetic
properties of these compounds.

B EXPERIMENTAL SECTION

Caution! Perchlorate complexes of metal ions with organic ligands are
potentially explosive. Only a small amount of material should be prepared,
and it should be handled with care.

Materials and Physical Measurements. All reagents and solvents
were purchased from commercial sources and used as received.
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The mononuclear compound [Cu'L] was synthesized by the reported
procedure.'®* Elemental (C, H, and N) analyses were performed on a
PerkinElmer 2400 II analyzer. IR spectra were recorded in the region
400—4000 cm™' on a Bruker-Optics Alpha-T spectrophotometer
with samples as KBr disks. Electronic spectra were obtained by using
a Shimadzu UV-3600 spectrophotometer. The ESI-MS spectra were
recorded on a Micromass Qtof YA 263 mass spectrometer. Magnetic
measurements were carried out with a Quantum Design MPMS XL-7
SQUID magnetometer.

Syntheses of [(Cu"L);M"](CIO,), (1, M = Mn; 2, M = Ni; 3, M =
Cu; 4, M = Zn). These four compounds were prepared following a
general procedure as follows: An acetonitrile solution (S mL) of the
corresponding M(ClO,),-6H,0 (0.1 mmol) was dropwise added to a
stirred suspension of [CuL] (0.108 g 0.3 mmol) in acetonitrile
(1S mL). After stirring for 30 min, the mixture was filtered and the
filtrate (green for 1, 2, and 4; reddish brown for 3) was kept at room
temperature for slow evaporation. After a few days, green crystalline
compounds containing diffraction-quality crystals that deposited were
collected by filtration, washed with cold acetonitrile, and dried in
vacuo.

Data for 1. Yield: 0.093 g (70%). Anal. Caled for CgHg N
0,,CLCu;Mn: C, 48.86; H, 4.10; N, 6.33. Found: C, 48.57; H,
3.94; N, 6.50. Selected Fourier transform infrared (FT-IR) data on
KBr (cm™): (C=N), 1629vs; v(ClO,), 1095vs and 623w.

Data for 2. Yield: 0.107 g (80%). Anal. Calcd for CgyHg,NgO, 4
CLCu;Ni: C, 48.72; H, 4.09; N, 6.31. Found: C, 48.67; H, 4.21; N,
6.45. Selected FT-IR data on KBr (cm™): v(C=N), 1626vs; v(ClO,),
1094vs and 622w.

Data for 3. Yield: 0.098 g (73%). Anal. Calcd for CgHg,NgOy-
CLCu,: C, 48.54; H, 4.07; N, 6.29. Found: C, 48.42; H, 3.98; N, 6.41.
Selected FT-IR data on KBr (cm™): v(C=N), 1622vs; v(ClO,),
1094vs and 622w.

Data for 4. Yield: 0.096 g (72%). Anal. Calcd for CgHg,NgO4-
CLCu,Zn: C, 48.48; H, 4.07; N, 6.28. Found: C, 48.62; H, 4.15; N,
6.09. Selected FT-IR data on KBr (cm™): v(C=N), 1625vs; v(ClO,),
1094vs and 623w.

Structure Determination of 1—4. The crystallographic data for
1—4 are summarized in Table 1. X-ray diffraction data were collected
on a Bruker-APEX II CCD diffractometer at 296 K using graphite-
monochromated Mo Ka radiation (1 = 0.71073 A). Because the
crystals of all of the compounds 1—4 lose their crystalline nature as a
result of removal of solvent molecules immediately after isolation, data
of 1—4 were collected upon mounting of a crystal dipped in its mother
liquor in a capillary. The data were processed using the packages
SAINT>* All data were corrected for Lorentz-polarization effects.
Multiscan absorption corrections were made for all of the cases using
the program SADABS.**® Structures were solved by direct and Fourier
methods and refined by full-matrix least squares based on F* using
SHELXTL* and SHELXL-97"** packages.

During development of the structures, it was found that the
following atoms were disordered over two positions: one carbon atom
of the diamine moiety in each of 1 (C10) and 4 (C9); one perchlorate
oxygen atom in each of 2 (O3) and 4 (04); three perchlorate oxygen
atoms (04, OS, and O7) in 1; four perchlorate oxygen atoms (O4,
05, 06, and O7) in 3. The disorder was modeled by refining these
two positions freely for each case and setting the sum of their
occupancies to be equal to 1, and the final occupancy parameters were
set as follows: 0.60/0.40 for CI0A/C10B in 1 and O4A/O4B in 4;
0.50/0.50 for C9A/C9B in 4; 0.80/0.20 for O4A/O4B in 1; 0.65/0.35
for O7A/O7B in 1; 0.70/0.30 for OSA/OSB in 1, O3A/03B in 2, and
04A/04B, OSA/OS5B, O6A/06B, and O7A/O7B in 3.

All hydrogen atoms were inserted at their geometrically calculated
positions with isotropic thermal parameters and refined. All of the
non-hydrogen atoms were refined anisotropically, while all of the
hydrogen atoms were refined isotropically.

It was not possible to properly assign the solvent acetonitrile mole-
cules in the structures of 1, 3, and 4, and therefore these solvent
molecules were eliminated by using the SQUEEZE facility of PLATON
to improve the refinement.”*® The electron counts per unit cell for the
eliminated solvent molecules are 244, 160, and 168 for 1, 3, and 4,
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Table 1. Crystallographic Data for 1—4

1 (Mn"Cu";)

2 (Ni'cu'y)

3 (Cu"cu'y)

4 (Zn"Cu")

empirical formula CsHyN¢O,,Cl,Cu;Mn CsHyyN¢O,,Cl,Cu;Ni C;s,Hs,NgO,CL,Cuy Cs4H;,N4O,CL,Cu;Zn

fw 1327.49 1331.26 1336.09 1337.92

cryst syst monoclinic trigonal monoclinic monoclinic

space group I2/a P3cl I2/a I2/a

a (A) 26.4413(17) 14.547(7) 26.103(5) 26.137(2)

b (A) 15.5908(9) 14.547(7) 15.193(2) 15.4273(11)

¢ (A) 15.0859(9) 15.129(8) 15.384(3) 15.3494(11)

a (deg) 90.00 90.00 90.00 90.00

B (deg) 101.907(2) 90.00 100.822(5) 101.890(2)

¥ (deg) 90.00 120.00 90.00 90.00

vV (A%) 6085.2(6) 2773(2) 5992.5(18) 6056.5(8)

z 4 2 4 4

T (K) 296(2) 296(2) 296(2) 296(2)

20 3.04—53.10 3.24-51.98 3.12—52.80 3.08—53.98

u (mm™) 1.390 1.637 1.556 1.584

Peitca (g em™) 1.449 1.595 1.481 1.467

F(000) 2712 1362 2728 2732

abs corrn multiscan multiscan multiscan multiscan

index ranges -33<h<33 -17<h<17 -32<h<32 -32<h<32
-17<k<18 -16<k<17 -17<k<18 -18<k<19
-18<1<18 -18<1<L17 -19<1<18 -19<1<L19

reflns collected 36756 18128 35120 35841

indep reflns (R,
RI9/wR2Y [I > 26(I)] 0.0609/0.1638
R17/wR2? (for all F2) 0.0862/0.1779

“R1 = YIIF,| — IFJ/YIF,. "wR2 = [Yw(F,} — F2)*/ Y w(F,2)*]"2

6217 (0.0613)

1816 (0.0391)
0.0437/0.1215
0.0662/0.1437

6069 (0.0433)
0.0445/0.1362
0.0610/0.1453

6482 (0.0589)
0.0505/0.1483
0.0854/0.1624

respectively, indicating the presence of approximately 11 solvated
acetonitrile molecules per unit cell in 1, 7 or 8 solvated acetonitrile
molecules per unit cell in 3, and 8 solvated acetonitrile molecules per
unit cell in 4. Because the Z value for 1, 3, and 4 is 4, the numbers of
solvated acetonitrile molecules per tetrametallic cluster in 1 and 3/4
are approximately three and two, respectively. However, as already
mentioned, crystals of all of the compounds lose solvent molecules.
In fact, elemental analyses and FT-IR spectra are well matched with
a composition without any solvent molecule. Therefore, in the for-
mulas of all of the compounds, solvent acetonitrile molecules are not
considered.

The final refinement converged at the R1 [I > 20(I)] values of
0.0609, 0.0437, 0.0445, and 0.050S for 1—4, respectively.

Computational Details. Quantum chemical calculations were
carried out with the TURBOMOLE program package, version 6.5 and
a local development version thereof.”* We employed DFT with the
PBEO exchange-correlation functional®® using the multipole-acceler-
ated resolution-of-the-identity (RI) approach.26 A def2-TZVPP basis
set”” for the MCu;O4 core (M = Mn, Ni, Cu) and a def2-SVP basis
set for the remaining atoms were used, together with appropriate
fitting basis sets for the RL>® Grimme’s D3 correction was employed
to account for dispersion interactions.”” At this level of theory, we
performed unconstrained structure optimizations for the high-spin
state of each of the three M"Cu'"y star compounds 1-3 (only the
isolated cations were considered). The def2-TZVPP basis set turned
out to be important to reproducing Cu—O distances close to the
experiment.

Magnetic couplings were extracted from broken-symmetry calcu-
lations for selected spin configurations.>® We monitored the spin-
expectation values, which do not deviate by more than 0.5% from the
theoretical values for the corresponding true mixed-spin state.

UHF natural orbitals (NOs) were obtained from calculations
with flipped spin on the central ion. These were turned into natural
localized orbitals (NLOs) by applying a Pipek—Mezey-like localization
procedure® to the predominantly singly occupied NOs. Orbitals were
visualized using MacMolPlt v7.4.3.>*
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B RESULTS AND DISCUSSION

Syntheses. The star compounds [(Cu"L);M"](ClO,),
(1, M=Mn; 2, M =Ni; 3, M = Cu; 4 M = Zn) were
smoothly synthesized in reasonable yields upon reaction of the
mononuclear copper(I) compound [Cu'L] with the appro-
priate metal perchlorate in a 3:1 stoichiometric ratio. It is inter-
esting to mention that the same star compounds are produced
if the stoichiometric ratio of the reactants is changed from 3:1
to 2:1, indicating that this ligand system has the potential to
stabilize M"'Cu'"; star compounds rather than dinuclear Cu"M"
or trinuclear Cu"M"Cu" compounds when the second metal
ion (M") is Mn", Ni", Cu", or Zn". We initiated the present
work upon observing stabilization of a [CdCu;]*" star com-
pound'® derived from the same ligand system with the aim of
exploring whether similar stars are isolated with bivalent 3d
metal ions as the second metal ion. All in all, although it seems
that H,L is different from the closely similar ligands (where two
imine nitrogen atoms are separated by two or three carbon
atoms)"® in terms of stabilization of the series of stars, it is not
possible at this stage to explain the reason for such a difference
or the peculiarity of H,L.

Description of the Structures of 1—4. The structures of
the four compounds [(Cu"L);M"](ClO,), (1, M = Mn; 2,
M = Nj; 3, M = Cu; 4, M = Zn) are shown in Figures 1—4,
respectively. Each structure contains a [(Cu"L);M"]*" cation
and two perchlorate anions, where the former is a metal-
centered triangle or star in which the central metal ion is M"
and the three peripheral metal ions, i. e, the metal ions at the
apexes of the triangle are three copper(II) ions. The central
metal ion is linked with two y,-phenoxo bridges of each of the
three [Cu"L] moieties and thus the central metal ion is
hexacoordinated by six bridging phenoxo oxygen atoms and is
encapsulated in between three [Cu''L] moieties. On the other
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Figure 1. Crystal structure of [Mn"(Cu"L),](ClO,), (1). Hydrogen
atoms and perchlorate anions are omitted for clarity. Symmetry code: A,
1S—x%y1—-z

Figure 3. Crystal structure of [Cu"(Cu"L);](ClO,), (3). Hydrogen
atoms and perchlorate anions are omitted for clarity. Symmetry code: A,
0S5 —xy2—z

Figure 2. Crystal structure of [Ni(CuL);](ClO,), (2). Hydrogen
atoms and perchlorate anions are omitted for clarity. Symmetry codes: A,
9%05—-2zB,—x+y,—x2C —y,x—y2z D,—x,—x+y,05 -z E,
x—y 05—z

hand, the peripheral copper(II) ion occupies N(imine),O-
(phenoxo), compartment and is tetracoordinated by two imine
nitrogen atoms and two bridging phenoxo oxygen atoms.
Half of the cluster in compounds 1, 3, and 4 is symmetry-
related to the other half because of the presence of a crystallo-
graphic 2-fold axis passing through Mnl—Cu2, Cu3—Cu2,
and Znl1—Cu2, respectively. On the other hand, compound 2
possesses trigonal symmetry. As a result, three M"—phenoxo
bonds in 1, 3, and 4 are symmetry-related to other three, while
all six M"—phenoxo bonds in 2 are equivalent. As expressed by
the presence of a 2-fold axis in 1, 3, and 4 and trigonal
symmetry in 2, all four metal ions in the clusters lie in a plane.
In the case of 1, 3, and 4, the four metal ions form a centered
isosceles triangle with the following parameter values: the
apical angle (Cul---Cu2---CulA) is 64.69° (1), 71.92° (3), and
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Figure 4. Crystal structure of [Zn"(Cu"L);](ClO,), (4). Hydrogen
atoms and perchlorate anions are omitted for clarity. Symmetry code: A,
0S5 —xy1-z

65.66° (4); the basal angle (Cu2--Cul--CulA) is 57.66° (1),
54.04° (3), and 57.17° (4); the basal edge length (Cul---CulA)
is 5.705 A (1), 5.935 A (3), and 5.623 A (4); the side edge
length (Cul--Cu2) is 5.331 A (1), 5.053 A (3), and 5.186 A
(4). On the other hand, the four metal ions in 2 form a
centered equilateral triangle with edge length 5.274 A.

Selected bond lengths and angles around the metal centers in
1—4 are listed in Table 2. The geometry of the central metal
ion in each structure is distorted-octahedral. In comparison to
the ideal values, the cis angles are more deviated than the trans
angles: cis angle ranges are 73.15—106.58° (1), 76.63—100.92°
(2), 71.97—114.58° (3), and 74.57—105.90° (4); trans angle
ranges are 171.70—179.65° (1), 176.84° (2), 166.13—171.32°
(3), and 172.09—179.39° (4). As usual, regarding the bond
distances involving hexacoordinated Cu", the axial bond dis-
tances involving Cu3 in 3 are much longer (Cu3—02/02A =
2431 A) than the bond distances (1.972—2.022 A) in the basal
plane. The three types of central metal-phenoxo bond
distances in 1 and 4 are 2.174/2.177/2.228 A (Mn"—0O in 1)
and 2.095/2.103/2.172 A (Zn"—0 in 4), respectively, while the
Ni"-O bond distance in 2 is 2.086 A.
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Table 2. Selected Bond Lengths (A) and Bond Angles (deg) for 1—4

1 (Mn"Cu";) 2 (Ni"Cu'y)
Cul-N1 1.919(4) Cul—-N1 1.929(4)
Cul-N2 1.913(5) Cul-01 1.912(3)
Cul-01 1.919(3) Nil-01 2.086(2)
Cul-02A 1.925(3) Nil--Cul 3.045
Cu2—-03 1.916(2)
Cu2—-N3 1.923(3)
Mn1-01 2.177(3)
Mnl-02 2.228(3)
Mn1-03 2.174(3)
Mnl--Cul 3.168
Mnl---Cu2 3.126
N1-Cul-02A 143.45(16) N1A—Cul-O1 146.43(14)
N2—Cul-01 148.72(15) N1-Cul-01 96.17(13)
N3—Cu2—-03A 145.38(13) N1-Cul-NI1A 100.6(2)
N1-Cul-N2 99.9(2) 01-Cul-0Ol1A 85.13(14)
N2—Cul-02A 96.68(17) O1-Nil-01D 176.84(13)
01-Cul-02A 86.15(11) 01-Nil-O1E 81.59(14)
01-Cul-N1 95.90(17) 01-Nil-01A 76.63(13)
N3—-Cu2—-03 96.17(12) O1-Nil-01C 100.92(9)
03-Cu2—-03A 86.58(15)
N3—Cu2—-N3A 100.6(2)
02—-Mnl-02A 179.65(15)
01-Mn1-03 171.70(10)
02—Mnl1-01 106.58(11)
02—-Mnl-03A 99.07(10)
02—Mn1-03 81.21(10)
01-Mnl-02A 73.15(10)
O1A-Mnl1-02A 106.57(11)
03A-Mnl1-02 99.07(10)
01-Mnl-0O1A 84.20(15)
03A—Mn1-03 74.35(13)
03A-Mnl1-01 101.12(10)
Mnl1-01-Cul 101.12(12) Nil—01—Cul 99.12(11)
Mn1-02A—Cul 99.17(12)
Mn1-03—Cu2 99.53(11)

3 (Cu"Cu'y) 4 (Zn"Cu",)
Cul-N1 1.930(3) Cul-N1 1.938(4)
Cul-N2 1.943(3) Cul-N2 1.931(4)
Cul-01 1.944(2) Cul-O1A 1.909(2)
Cul-02 1.894(2) Cul-02 1.915(3)
Cu2—-03 1.914(2) Cu2—-03 1.916(2)
Cu2—N3 1.923(3) Cu2—-N3 1.925(3)
Cu3-01 1.972(2) Zn1-01 2.172(3)
Cu3—02 2.431(2) Zn1-02 2.095(2)
Cu3-03 2.022(2) Zn1-03 2.103(2)
Cu3--Cul 3.169 Zn1---Cul 3.099
Cu3--Cu2 2978 Znl--Cu2 3.054
N2—Cul-01 150.55(12) N1-Cul-02 149.29(14)
N1-Cul-02 142.63(12) N2—Cul—-O1A 142.37(14)
N3-Cu2-03 145.80(12) N3—Cu2-03A 145.68(13)
N1-Cul—-N2 100.70(14) NI1-Cul-N2 100.52(18)
N2—Cul-02 96.87(12) N2—Cul-02 95.98(15)
02—-Cul-01 85.80(10) 02—-Cul-0O1A 85.08(11)
01-Cul-N1 94.37(12) O1A—Cul-N1 96.98(15)
N3A—-Cu2—-03 96.48(11) N3—-Cu2—-03 96.49(11)
03—Cu2—03A 84.39(13) 03—Cu2—03A 85.73(13)
N3—Cu2—N3A 101.26(17) N3—Cu2—N3A 100.34(18)
02—Cu3—02A 171.32(12) 01-Zn1-01A 179.39(13)
Ol1- Cu3—-03A 166.13(9) 02-Zn1-03A 172.09(9)
01-Cu3-02 71.97(9) 01A-Zn1-02 74.57(10)
01-Cu3—02A 114.58(9) O1A—Zn1-03A 97.92(9)
01-Cu3-03 96.68(9) 02-Zn1-01 105.90(10)
01-Cu3—01A 90.47(13) 02A-Zn1-01 74.57(10)
02A—Cu3—-01A 71.97(8) 03-Zn1-01 97.91(9)
03A-Cu3—-01A 96.68(9) 03A-Zn1-01 81.60(9)
02-Cu3-03 79.03(9) 02-Zn1-02A 85.17(14)
03—Cu3-03A 78.95(12) 03-Zn1-03A 76.63(12)
03A—Cu3—02 94.22(9) 03-Znl-02 99.49(9)
Cu3—01-Cul 108.05(10) Znl1—01A—Cul 98.60(11)
Cu3—02—Cul 93.41(10) Zn1-02—Cul 101.15(12)
Cu3—03—Cu2 98.33(9) Zn1—03—Cu2 98.82(9)

The geometry of the peripheral copper(II) centers in the
N,O, compartment in 1—4 is highly distorted. If we consider
the geometry as square planar, the range of cis angles in these
environments is ca. 85—100° in all of 1—4 (Table 2), and the
displacements (dc,) of the metal ion from the least-squares
N, O, basal plane lie in the range 0.000—0.055 A, and so both of
these parameters do not indicate much distortion. However,
significant distortion is evidenced from the trans angles, which
are smaller than the ideal value of 180° by ca. 29—38°, and also
from the average deviation (dy,q ca. 0.55 A) of the constituent
nitrogen and oxygen atoms from the least-squares N,O, plane.
To quantify and evaluate the distortion from the ideal square-
planar or ideal tetrahedral coordination, shape analysis has
been done with the routine SHAPE.>> The geometry of the
copper(Il) ions in 1 corresponds to 52.3%/51.3% to a square-
planar coordination and to 47.7%/48.7% to a tetrahedral
coordination, respectively, lying closely in the middle of both
coordination modes following the ideal path between a square-
planar and tetrahedral coordination. From this, it is evident
that the copper(Il) ions have an intermediate coordination
environment between an ideal square-planar and ideal tetra-
hedral coordination. The geometry of the peripheral copper(II)
centers in other complexes is also similarly distorted, with
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values corresponding to 52.8% (47.2%) for 2, 52.9%/52.0%
(47.1%/48.0%) for 3, 51.8%/51.7% (48.2%/48.3%) for 4 to an
ideal square-planar (tetrahedral) coordination.

Three types of Cu—O(phenoxo)—Mn bridge angles in 1
are not very different (Cul—O1—Mnl = 101.12°, Cul—02A—
Mnl = 99.17°, and Cu2—03—Mnl = 99.53°), as are the three
types of Cu—O—Zn angles in 4 (Cul—O1A—Znl = 98.60°,
Cul—02—Znl = 101.15° and Cu2—03—Znl = 98.82°). One
type of Cu—O—Ni phenoxo bridge angle in 2 is 99.12°. On the
other hand, three types of Cu—O—Cu phenoxo bridge angles
in 3 are significantly different (Cul—O1-Cu3 = 108.05°,
Cul—02—Cu3 = 93.41° and Cu2—03—Cu3 = 98.33°). The
distance between the central and peripheral metal ions in 1—4
lies in the range 2.978—3.169 A (Table 2).

It is relevant to mention the structural importance of com-
pounds 1—4. Previously, several star-shaped molecules have
been reported where the three central---peripheral metal ion
pairs are bridged by two monatomic alkoxo/hydroxo/phenoxo/
oxo/carboxylate/methoxide bridges.15’183’1%_‘1’22’34 Most of
those are homometallic tetranuclear systems such as Fe'',,
Mnl, Cr™,, Co™, Co", Co"Co,, etc.'®** On the other
hand, star-shaped heterometallic complexes are just a few and
include the following metal-ion combinations: Mn"Co™,,
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Figure 5. Positive-mode ESI-MS spectrum of 1 in acetonitrile showing the observed and simulated isotopic distribution patterns.

Table 3. Composition, Formula, Formula Weight, m/z Values, and Intensity of the Positive Ions Identified in Positive-Mode

ESI-MS Spectra of 1-4

m/z, intensity (I, %), and line-to-line separation (A;)

composition,

formula of ions 1
[Cu"L-H*]* (1), C,4H,(N,0,Cu 358, 100, 1.0
[MIL-H*]* (II), C;3H;,N,0,M 350, 20, 1.0
[Na'L-2H']* (100), C,sH,(N,0,Na
[Cu"LNa'l* (IV), C,4H,4N,0,CuNa 380, 12, 1.0
[Mn"L'Na']* (V),¥ C;sH,,N,0,MnNa 376, 18, 1.0
[(Cu"L),-H*]* (VI), C3H;,N,0,Cu, 715, 40, 1.0
[(Cu"L),Na']* (VII), C3sH;6N,0,Cu,Na 737, 90, 1.0
[(Cu"L),M"]* (VIII), C34H;(N,0,Cu,M 385.5, 30, 0.5
[(Cu"L),M"(C1O,)]* (IX), C36H;6N,05CICu,M 870, 6, 1.0
[MY(Cu"L);]** (X), C54HsyNsO4CusM 565, 35, 0.5
[Na'(Cu"L);]* (XI), C5,HsyN;O4Cu;Na 1096, 6, 1.0

2 3 4
358, 30, 1.0 358, 100, 1.0 358, 100, 1.0
353, 100, 1.0

319, 25, 1.0

380, 20, 1.0 380, 62, 1.0
715, 10, 1.0 715, 15, 1.0 715, 25, 1.0
737, 25, 1.0 737, 60, 1.0 737, 55, 1.0
388, 92, 0.5
873, 6, 1.0
566.5, 6, 0.5

1096, 5, 1.0 1096, 6, 1.0

“m/z values quoted in this table are for the major peak in the isotope pattern. “[L*]> is the saturated diamine analogue of [L].

Znl'Col, Ni'Colll,, CollCr,, Crl'Felll, Cd'Cull, Na'Cull,
and Mn""Cu', '>'8>1%07422 The Mn"'Cu'; compound 1 is the
second such star,'”® while the Ni'Cu®, (2), Cu"Cu"; (3), and
Zn"Cu"y (4) are the sole examples of such star-shaped mole-
cules. Again, compounds 1—4 are among only a few examples
of star-shaped systems derived from Schiff base ligands.lsa"l%’C

In most of the heterometallic star-shaped systems except one
Cd"Cu"y complex,'®* the difference in the central metal—O
bond distances is rather high. It is relevant to mention at
this point the central metal—phenoxo bond distances in the
previously reported few examples of star-shaped complexes
derived from Schiff base ligands. The metal—O distances in
those complexes vary widely between 2.116 and 2.324 A in the
only Mn""Cu"; complex, between 2.242 and 2.819 A in the only
Na'Cu"y complex, and between 2.212 and 2.410 A in one of the
two Cd"Cu'y complexes.wb_d Because the crystal system/space
group of 2 is trigonal/P3cl, it is a highly symmetric mole-
cule, and therefore all six Ni"—O(phenoxo) bond distances are
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equal at 2.086 A. In heterometallic stars, such equality of all six
bond distances takes place only in the Cd"'Cu""y compound derived
from the same ligand, H,L."** Compound 2 is therefore only the
second example of the two best star systems. The Mn'Cu'l
compound 1 is also a better star than its only amalogue;19b the
ranges of Mn"—O bond distances in two are 2.177—2.228 and
2.116—2.324 A, respectively. The Zn"—O bond distances also lie in
a narrower range, 2.095—2.172 A. On the other hand, because of
the usual Jahn—Teller distortion, the range of Cu"—O bond
distances in the Cu"Cu'ly star is rather wide, 1.972—2.431 A.
ESI-MS and UV-Vis Studies. The positive-mode ESI-MS
spectra of acetonitrile solutions of compounds 1—4 were recorded.
The observed and simulated spectra of 1—4 are shown in
Figures S and S1—S3 in the Supporting Information (SI),
respectively, while the formula/formula weight, m/z, intensity,
and line-to-line separation of the species that correspond to
all of the observed peaks of all four compounds are listed in
Tables 3 (without drawing) and S1 in the SI (with drawing).
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The isotropic distributions of the observed and simulated peaks
are matched well. A total of 11 types of species (I-XI) are
observed in the spectra of 1—4. Three among the 11 species
are mononuclear: (i) [Cu"L-H*]* (I; for all four complexes);
(i) [M"LH*]* [II; for 1 (M = Mn) and 2 (M = Ni) only];
(iii) [Na'L-2H*]* (IIT; only for 3). Three among the 11 species
are possibly dinuclear: (i) [Cu"LNa']* (IV; for 1, 3, and 4);
(i) [Mn"L'Na']* (V; for 1 only; [LF]*” is the saturated di-
amine analogue of [L]*7); (iii) [(Cu"L),-H']* (VI; for all four
complexes). Three among the 11 species are possibly trinuclear: (i)
[(Cu"L),Na']* (VII; for all four complexes); (i) [(Cu"L),M"]**
[VIII; for 1 (M = Mn) and 2 (M = Ni)]; (iii)
[(Cu"L),MY(ClO,)]" [IX; for 1 (M = Mn) and 2 (M = Ni)].
Two among the 11 species are possibly tetranuclear star systems:
(i) IM"(Cu"L),]** [X; for 1 (M = Mn) and 2 (M = Ni)]; (ii)
[Na'(Cu'L);]* (XI; for 1, 3, and 4). The salient features are as
follows: (i) the mononuclear Cu" species [Cu'L-H']* (1),
dinuclear Cu", species [(Cu"L),H']* (VI), and trinuclear
Cu'Na'Cu" species [(Cu'L),Na']* (VII) appear in the spectra
of all four compounds; (i) the spectra of the Mn"Cu"; com-
pound 1 and Ni"Cu'’y compound 2 are similar to each other, and
both are different from those of the Cu"Cu'y compound 3 and
Zn"Cu"y compound 4 in terms of the appearance of the follow-
ing species in the case of the former but not in the case of the
latter—the mononuclear [M"L-H*]* (I; M = Mn, Ni), tri-
nuclear Cu"M"Cu" species [(Cu"L),M"]** (VIII) and
[(Cu"L),M"(ClO,)]" (IX), and the tetranuclear star species
[M"(Cu"L);]** (X); (iii) a tetranuclear star species [Na'(Cu'L),]*
(XI) and a dinuclear Cu"Na' species [Cu"LNa']* (IV) appear in
the spectra of the Mn"Cu'y compound 1, Cu"Cu"; compound 3,
and Zn"Cu"y compound 4 but not in the Ni"Cu'y compound 2;
(iv) a mononuclear Na' species [Na'L-2H*]* (III) appears in the
spectrum of only the Cu"Cu"; compound 3; (v) a saturated
diamine analogue is observed only in the spectrum of the Mn"'Cu'!;
compound 1, and the corresponding species is [Mn"L'Na']" (V).
Clearly, the original star dication of composition [M"(Cu"L),]*" is
observed in two cases (M = Mn, Ni) but not in two other cases
(M = Cu, Zn); ie, [Mn"(Cu"L),]*"/[Ni"(Cu"L),]*" is stable but
[Cu(CuL),])**/[Zn"(Cu"L),]*" is not stable in the time scale
of positive-mode ESI-MS spectra. It is worth mentioning in this
context that the appearance of the ions, original or others, and
hence the fragmentation pattern in ESI-MS are a property of an
individual compound.

UV—vis spectra of the acetonitrile solutions of the
mononuclear compound [CuL] and compounds 1—4 were
recorded. The spectra are shown in Figures S4 and S5 in the SI,
while the absorption positions and extinction coefficients are
listed in Table S2 in the SI. A band for each of the [Cu''L]
(647 nm, 234 M! cm™!), Mn'Cu", compound 1 (611 nm,
302 M~ em™), Ni'!Cu"; compound 2 (628 nm, 337 M~ cm™),
and Zn"Cu" compound 4 (609 nm, 313 M™" cm™), as well as a
shoulder for the Cu"Cu"; compound 3 (630 nm, 478 M~ cm™),
can be assigned to the d—d transition of the copper(Il) centers.
All five compounds exhibit a strongly intense band, with the band
maximum and extinction coefficient lying in the ranges 352—
374 nm and 10066—28748 M™' cm™', respectively, which
probably correspond to the superposition of the internal ligand
transition and phenoxo — metal ion charge-transfer transition.
A shoulder around 300 nm with an extinction coefficient in
the range 7685—23012 M~ cm™ is observed in the spectra of
[Cu"L], 2, and 3 but not in those of 1 and 4. This last absorption
arises because of the internal ligand transition. The characteristic
transitions for six-coordinated nickel(II) in 2 are not observed/
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identified. The higher-energy transitions are probably merged
with the d—d absorption of copper(Il) and internal ligand trans-
itions, while the possible near-IR transition of low intensity could
not be observed because of low solubility.

Magnetic Properties of 1—4. Variable-temperature
(2—300 K) magnetic properties of complexes 1—4 are shown
in Figures 6—8 and S6 in the SI, respectively. For the
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Figure 6. Fittings of y,/T/xy versus T of 1 between 2 and 300 K. The
experimental data are shown as black symbols, and the red lines
correspond to the theoretical values, listed in the inset, where ]| and J,
are respectively central---peripheral (Mn™--Cu") and peripheral--
peripheral (Cu'--Cu™) exchange integrals.
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Figure 7. Fittings of y,/T/xy versus T of 2 between 2 and 300 K. The
experimental data are shown as black symbols, and the red lines
correspond to the theoretical values, listed in the inset, where J; and ],
are respectively central--peripheral (Ni'---Cu") and peripheral---
peripheral (Cu"---Cu") exchange integrals.

Mn"Cu"; compound 1, the yyT value at room temperature is
5.46 cm® K mol™!, which is very close to the expected value of
5.50 cm® K mol™" for four uncoupled spins with S; = 3/, and
S, =83 =S8, ="'/, Upon lowering of the temperature to 6 K,
a smooth increase of the yyT value to 7.00 cm® K mol™!
is observed. Further cooling leads to a decrease of the yT pro-
duct, reaching a value of 5.60 cm® K mol™" at 2 K. The profile
indicates ferromagnetic interaction. The yy T value of the Ni"'Cu"!;
compound 2 at room temperature is 2.39 cm® K mol ™, which is
slightly higher than the expected value of 2.12 cm® K mol™" for
four uncoupled spins with $; = 1 and S, = S; = S, = '/,. Upon
lowering of the temperature to 2 K, a smooth decrease of the y\ T
value to 0.37 cm® K mol™ is observed, indicating antiferromag-
netic interaction between the nickel(IT) and copper(Il) ions. For
the Cu"Cu"; compound 3 at room temperature, a yT value of
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Figure 8. Fittings of y,/T/xy versus T of 3 between 2 and 300 K. The
experimental data are shown as black symbols, and the red lines
correspond to the theoretical values, listed in the inset, where ], and J,
are respectively central---peripheral (Cu™--Cu") and peripheral--
peripheral (Cu'--Cu") exchange integrals.

142 em® K mol™ is observed, which is slightly lower than the
expected value of 1.50 cm® K mol™" for four uncoupled spins with
S, =8,=8;=35,="/,. Upon lowering of the temperature to 40 K,
the yyT value decreases to 0.88 cm® K mol™". Further cooling
leads first to an increase to 0.99 cm® K mol ™" at 10 K and then to
a rapid decrease, reaching a value of 0.81 cm® K mol ™ at 2 K. The
steady decrease of yyT upon lowering of the temperature from
300 to 40 K is indicative of antiferromagnetic interaction. The
variable-temperature susceptibility data of the Zn"Cu"}; compound
4 (Figure S6 in the SI) shows the y,T values remaining practically
unchanged at ca. 128 cm® K mol™ in the temperature range
300—40 K. Below 40 K, a decrease of y\T is observed to
0.025 cm® K mol ™ at 2 K. The profile indicates very weak anti-
ferromagnetic interaction between the copper(Il) centers, of intra-
or intermolecular nature.

In compounds 1—3, dominant magnetic exchange take place
between the central metal ion with each of the three peripheral
copper(I) ions through bis(y,-phenoxo) bridges, while the
interaction between the peripheral copper(II) ions should be
small. According to established magnetostructural correlations
in different types of diphenoxo/alkoxo/dihydroxo bridged sys-
tems, the metal—O—metal bridge angle (a) is the most crucial
parameter to govern the nature and magnitude of magnetic
exchange interactions.*”*'**'"'>13% The metal—O—metal—O
torsion angles (7) and out-of-plane shift (¢) of the phenyl
groups should also have some definite roles in the magnetic
properties of diphenoxo-bridged systems.'** In the Mn"Cu'l;
compound 1, averages of these parameters for Cul/CulA--
Mnl and Cu2---Mnl pairs are respectively 100.15 and 99.53°
(a), 4.62 and 0.00° (7), and 21.67 and 20.13° (¢). Because
these three parameters are not very different for the two types
of routes, it is logical to consider the same magnetic exchange
integral for all three spin pairs. On the other hand, the situation
is different for the Cu''Cu"; compound 3. Average values of @, 7
and ¢ are not much different for the Cul/CulA--Cu3 (a =
100.73°, 7 = 6.41°, and ¢ = 19.98°) and Cu2--Cu3 (a = 98.33°,
7=0.00° and ¢ = 18.66°) pairs. However, one phenoxo bridge
(02) is axial—equatorial and the second (O1) is equatorial—
equatorial for the Cul/CulA--Cu3 pair, while both the
phenoxo bridges (O3 and O3A) are equatorial—equatorial for
the Cu2:---Cu3 pair. Thus, while the axial—equatorial route
(02) with phenoxo bridge angle 93.41° should mediate
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ferromagnetic exchange, the equatorial—equatorial route (O1)
with phenoxo bridge angle 108.05° should mediate strong
antiferromagnetic exchange. On the other hand, for the second
pair (Cu2---Cu3), both equatorial routes (O3 and O3A) with
phenoxo bridge angle 98.33° should mediate moderate
antiferromagnetic exchange.

For 1 and 3, an exchange interaction model with two
different central---peripheral coupling constants was taken into
account. However, no significant differences can be observed.
Consequently, to minimize the number of parameters avoiding
overparametrization, only one coupling constant between the
central metal and the peripheral copper(Il) ions was taken into
account. This is in accordance with the very similar bridging
mode in 1, while in 3, the different routes over O2 mediating
ferromagnetic exchange, O1 mediating strong antiferromag-
netic exchange, and O3 mediating moderate antiferromagnetic
exchange are balancing each other, resulting in comparable
strength of the coupling constants. Because of trigonal sym-
metry in the Ni''Cu"; compound 2, the three central---peripheral
exchange integrals in this compound are clearly the same. Thus,
for all three complexes, a similar model Hamiltonian (eq 1
according to Chart 2) was used, where three central---peripheral

Chart 2. Model of Magnetic Exchange in 1-3

M = Mn™, NiT, Cu!
Cu=Cull

[M™...Cu™; M = Mn (1), Ni (2), and Cu (3)] interactions are the
same (J;) and also the three peripheral---peripheral (Cu™--Cu")
interactions are the same (J,). Additionally, the single-ion zero-
field effect (Dy;) of the Ni'" ion for 2, temperature-independent
paramagnetism (TIP) for compounds 2 and 3, and a para-
magnetic impurity (PI) for compound 1 were taken into account
in the simulation of magnetic susceptibility data.

H = —2J,(S:S, + §:S; + §'S,) — 2],(8,°S5 + S,°S,

+838,) + g BS'B + g,f(S,'B + SyB + S;B) (1)

Simulations of magnetic data were carried out with the PHI
program, which allows for a simultaneous susceptibility/
magnetization fit>> As shown in Figures 6—8 and S6 in the
SI for the susceptibility data and in Figures 9 and S7 and S8 in
the SI for the magnetization data (2—10 K), contempora-
neously good-quality fittings are obtained with the following
converging parameters: J; = 1.02(1) em™, J, = —0.30(3) cm ™,
gcu = 2.02, gy = 1.98, and PI (S = °/,) = 2% for 1 (Mn"Cu',);
Ji = =3.53(9) em™, J, = +0.1(2) cm™, gc, = 2.00, gy =
2.24(4), Dy; = 11.82 cm™, and TIP = 100 X 107¢ cm® mol™
for 2 (Ni"Cu'}); J; = —35.5(10) ecm™, J, = +0.6(3) cm™,
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Figure 9. Low-temperature magnetization of 1 obtained at the
indicated applied direct-current fields. The symbols are the experi-
mental data, while the solid lines represent the calculated curves, with
the parameters listed in the inset of Figure 6.

gcu = 200, and TIP = 320 X 107¢ cm® mol ™ for 3 (Cu"Cu');
J, = —1.4(3) em™ and gc, = 2.16(1) for 4 (Zn"Cu'";). From
the simulations, information regarding the lowest-lying spin
states is as follows: for the Mn"Cu"; compound 1, the ground
state is S = 4 from which the first excited state (S = 3, 2-fold
degenerate) is separated only by 4.2 cm™; for the Ni'Cu'l
compound 2, the ground state is S = 0.5 from which the first
excited state (S = 1.5) is separated only by 7.3 cm™'; for the
Cu"Cu"y compound 3, the ground state is S = 1 from which the
first excited state (S = 0, 2-fold degenerate) is separated by
37.5 cm™.

Including compound 1, there are 19 compounds where
copper(II) and manganese(II) centers are bridged by solely
the bis(i,-phenoxo) moiety. 51?3637 These compounds
(I-XVII and 1) along with the values of magnetic and
possible governing parameters are listed in Table 4. Those
types of compounds are dinuclear; dimer-of-dinuclear; tetra-
nuclear; cocrystal of one dinuclear Cu™n" and two mono-
nuclear Cu"; and polymeric where dinuclear Cu™n" units
are bridged by inorganic or organic bridging ligands such as
tetracyanometalate(II), pyrazoledicarboxylate, oxalate, and
benzene-1,3,5-tricarboxylate. However, it has been possible to
determine the exchange integral in the Cu'bis(u,-phenoxo)-
Mn" moiety in all of those compounds. It is quite impossible to
find any correlation of the J values with the Cu"—phenoxo,
Mn"—phenoxo, and Cu"---Mn" distances. For these com-
pounds, in general, the interaction is more antiferromagnetic,
with J values ranging between —24.45 and —36.8 cm™' for
larger phenoxo bridge angles (105.25—107.11°% compounds
I-V), while the interaction is less antiferromagnetic, with
J values ranging between —6.35 and —20.25 cm™" for smaller
phenoxo bridge angles (95.7—103.75°; compounds VI—XII
and XIV—XVII). However, the J versus @ relationship is not
linear; i.e., the correlation is not straightforward (Figure S9 in
the SI). Both 7 and ¢ values in I-IX are smaller, while either or
both of these values are greater for other compounds. However,
their effects are also not straightforward (Figures S10 and S11
in the SI).

Interestingly, compound 1 in the present investigation is
the sole example of a diphenoxo-bridged Cu"Mn" system
exhibiting ferromagnetic interaction (J = 1.02 cm™"). Moreover,
to the best of our knowledge, this is the sole example of
showing ferromagnetic interaction between copper(Il) and
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manganese(II) where metal ions are bridged by only one or
more oxo bridge (phenoxo/hydroxo/alkoxo) or by a hetero-
bridging moiety having oxo bridge(s) and some other bridges.
As already mentioned, there is only one more Mn"Cu"; star
(compound XVIIT'® in Table 4), and therefore it is more
relevant to compare 1 with XVIIL. Two of the three ] values in
XVIII are the same, —20.25 cm™), for a = 99.50/99.93°, ¢ =
29.88/35.65° and 7 = 20.54/15.69°. In comparison, the a
values (99.53/100.15°) in 1 are very close to those in XVIII
and both the ¢ (20.13/21.67°) and 7 (0.00/4.62°) values in 1
are smaller or significantly smaller than those in XVIIL Clearly,
in comparison to two ] values of —20.25 cm™" in XVIII, the
J values in 1 should be more antiferromagnetic. Not only that,
in comparison to the third ] = —6.35 cm™" in XVIII for a =
96.85° @ = 26.48° and 7 = 18.09°, the ferromagnetic inter-
action in 1 is more unusual.

It is therefore relevant to rationalize the origin of such un-
usual interaction in 1. It is also clear that the parameter values
around the manganese(II) environment cannot shed light on
such unusual behavior. Therefore, we have looked into the
coordination environment of three peripheral copper(1l) ions.
It has already been discussed that the environment of the
peripheral copper(Il) center in 1—3 is highly distorted and
intermediate between square-planar and tetrahedral geometry,
where the ranges of weight of the square-planar and tetrahedral
geometry are 51.3—52.9% and 47.1—48.7%, respectively. On
the other hand, the environment of copper(II) in the previously
published compounds I-XVIII (Table 4) is either distorted
square planar, distorted square pyramidal, or distorted octahedral,
but the extent of distortion is small. For the tetracoordinated
copper(I) in some of the systems among I—-XVIII, a direct
comparison in terms of the weight of the square-planar and tetra-
hedral geometry is possible from shape analysis with the routine
SHAPE.* In those cases, the weight of the square-planar geo-
metry lies in the range 81.6—92.1%, clearly indicating that
environments are slightly distorted square planar. In the case of
the pentacoordinated copper(Il) ions, the values of the 7 param-
eter were estimated to quantify distortion from the ideal
polyhedral; a value of O is tantamount to the ideal square-
pyramidal coordination and a value of 1 the trigonal-bipyramidal
geometry, respectively.*® The values of the 7 parameter of penta-
coordinated copper(II) in the systems among I-XVIII range
from 0 to 0.18, which are very close to the ideal values for the
square-pyramidal coordination geometry. Again, an idea about
the extent of distortion can be obtained from a comparison of
some structural parameters in the basal plane. A comparison of
some structural parameters of the peripheral copper(Il) environ-
ment (Table 4) reveals that compound 1 is an odd member in
terms of significantly smaller transoid angles (143.45—148.72° in 1;
158.78—178.67° in all others) and dy /o values (0.544 and 0.554 A
in 1; 0.000—0.186 A in all others), reflecting unusually significant
distortion of the coordination environment of the peripheral
copper(Il) ion in 1. Hence, it seems that unusually large dis-
tortion of the coordination environment of copper(Il) is the
reason for the unusual ferromagnetic behavior between
copper(II) and manganese(II) in 1.

Magnetic and some relevant structural parameters of all of
the structurally characterized compounds in which the copper-
(II) and nickel(Il) centers are bridged by solely the bis-
(1,-phenoxo) moiety are listed in Tables 5 and S4 in the SL>**
In spite of having different types of nuclearity or in spite of
the presence of other metal ions in some cases, the magnetic
exchange integral between copper(II) and nickel(II) through the
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° % bis(u,-phenoxo) route has been determined in all of these com-
g ] = plexes. Similar to the Cu"Mn" cases, the roles of the phenoxo
_§ AA23323333383 = bond and metal---metal distances are unclear in the Cu"Nil
= " systems also. In the previous 10 compounds, the range of the
3 2:\ § phenoxo bridge angle is 93.17—101.88° and the range of the
é e vegugongann J values is between —11.8 and —130 cm™L Although fluctuations
O O — —_ N O N h D
9 3523533333284 are there in some cases and no straightforward correlation can be
'i - obtained (Figure S12 in the SI), interaction becomes generally
) —~ g more antiferromagnetic as the phenoxo bridge angle increases.
< > .
%‘ F oo« ; © o T o o o On the other hand, the roles of 7 and ¢ are not clear (Figures S13
;,3; “Eggﬁggggggé and S14 in the SI).
o 2, Interestingly, compound 2 in the present investigation exhibits
_é)b @ E the smallest antiferromagnetic interaction (J = —3.53 cm™)
E = 0 :: between copper(II) and nickel(IT) through the bis(¢,-phenoxo)
© | = 4 E pathway, although the interaction should have been much more
< B g 3 o antiferromagetic in terms of the phenoxo bridge angle (99.12°).
= g g l{ & The situation is similar for 1 and 2: antiferromagnetic interaction
= 3 Léo § E § lz 2 S} E 5 § E 8 decreases for both, and in the case of 1, this decrease is more
f, =1 3 “T’ "—f 'T\ \TD LT 'T\ El 'T\ ‘T\ LT b= prominent, giving rise to ferromagnetic interaction. The reason is
Z 'é ::, LA R o also probably the same for the two compounds, ie., huge
b THEEREREECR® 5 distortion of the peripheral copper(II) geometry: the weight of
g ug the square-planar geometry is 52.8% in 2, while it is 89.6—93.9%,
= < or the values of the 7 parameter are 0.01—0.274 in the previous
g ~ = . 10 systems;>>*® the trans angle in 2 is 146.43°, while they are
& < i = 159.83—178.92° in the others; dy o in 2 is 0.533 A, while it is
o s S = 0.002—0.169 A in the others (Table 5).
&0 v S
& g o e e e o °5 As already mentioned, it is rather complicated to rationalize
§ —2,:0 'é;\ g § § § ; § ST'\' g § § = the extent of the magnetic exchange integral in the Cu''Cu',
" Y S A N Ay N A A T compound 3 in light of the established magnetostructural
g ¥ é g é \E g, E g) g 5 § Z & correlations. However, because the phenoxo bridge angles in
2 E the equatorial—equatorial routes are 108.05 and 98.33° the
N s interaction in this compound also should have been stronger
< g than —35.5 cm™". The reason for reduced antiferromagnetic
o 5 . . &
B ZLSBB 3 E interaction here also is most probably the enormous distor-
4 S I S I N - tion of the peripheral copper(Il) environment (trans angles,
g £ 35353888288 3 142.63—150.55°% dy,0, 0.53 A).
g © & The magnetic data for the Zn"Cu"y compound 4 were very
-
& g satisfactorily simulated considering an intramolecular inter-
- N 3 - action of the copper(II) ions via the diamagnetic zinc ion with
3 3 - . o
E P R o o bS8 wD S & J = —1.4 cm™". This value is significantly larger than the one
oo} vy —~
é C 22820225 5.; reported elsewhere for the interaction of manganese ions via
& g the diamagnetic ions Cd**, Y*, Lu*, and Sr’* ranging from
‘é @ E —0.002 to —0.005 cm ™" but is much smaller than the —17.5 cm™"
> 3 = 2 reported for the interaction between copper(Il) ions mediated
E) OF | (oo g by zinc(Il) ions in the tetrahedral coordination geometry.*'
o 3 g \g g é? 5 E § % § E E 8 However, for compound 4, the observed copper(I) exchange
g A = interaction of —1.4 cm™ is very close to the estimated —1.6 cm™"
_‘g e by Kahn and co-workers for an oxamido-bridged trinuclear
o~ 2 5 I M~ 1 42
= o % w9 ® o ° CuZn Cu" complex.
Ic] —~ L T s =T SN = B T B B SR . . . .
=~ ETTTITRSRRETT Y 3 Theoretical Studies. DFT calculations have been carried
50 = out for the dicationic parts of the three stars Mn Cu ,
& o5 t for the dicat parts of the three stars Mn"Cu"; (1
= % %= N g & Ni"Cu" (2), and Cu"Cu"; (3). Unconstrained geometry opti-
P L . . . .
2 2 %, ”5 = :2 :; :2 :2 :2 :2 :2 = :':f mizations were carried out for all three compounds, starting
£ g5 5 :5 N N g from either an isosceles or equilateral arrangement of the
5 PRUSO0O00OOOUUZJ peripheral copper(Il) centers. Only for compound 2 was a
e h stable equilateral isomer found. This isomer was computed to
5 o o > 2 = 1. . . . .
2 8§ 2@ S s Soh g < O be 2 kJ mol™" higher in energy than the isosceles isomer, which,
] 2 = E % E % 5 %, X 2 % 2 given the limits of accuracy of the present approach, does not
éo S SG2SKERESA = exclude that this isomer is yet the more stable one in the
B\ experiment. The experimental and DFT-computed struc-
. o 9_4 *
- % =y LR Ly xE H 2 tural parameters are compared in Table S$ in the SI, revealing
=g g 5 Ei 5 5 a é E é é é o B that calculations reproduce the experimental structures
< 15} [ I . .
== 2 < satisfactorily.
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Table 6. Comparative DFT-Computed and Experimental Values of Magnetic Parameters along with Delocalization of Magnetic

Orbitals of 1—3 (J Values in cm™)

Mn"Cu'; (1) Ni"Cu' (2) Cu''Cu'; (3)
DFT (isosceles) expt DFT (isosceles) DFT (equilateral) expt DFT (isosceles) expt
J
J(M--Cul)® 2.6 1.02 23 5.0 -3.53 32 -355
J(M-+CulA)® 2.6 1.02 23 5.0 -3.53 -32 -35.5
J(M--Cu2)® 1.0 1.02 -10.7 5.0 -353 —34.1 -35.5
J(Cu--Cu) —038 -03 —14 -12 0.1 -18 0.6
J(Cu-Cu) —0.6 -0.3 —0.7 -12 0.1 -33 0.6
Delocalization”
NLO-1 8 13 13 25
NLO-2 8 13 13
NLO-3 2
NLO-4 2
NLO-S 2
“For the Ni''Cuy (2) compound, CulA and Cu2 are CulB and CulC, respectively. For the Cu"Cu'y (3) compound, M is Cu3. “Percent

delocalization of magnetic orbitals (NLOs) of the central ion.

Two different M---Cu interactions and two different peripheral
Cu--Cu interactions were considered for the isosceles cases in
compounds 1—3, whereas one type of the each of the M:-Cu
and Cu---Cu interactions were considered for the equilateral case
in compound 2. The computed J values are listed in Tables 6 and
SS in the SL For all three compounds, the calculated peripheral
Cu---Cu J values are very small, lying in the overall range from
—0.6 to —3.3 cm™". For compound 1, all three computed Mn---Cu
interactions are weakly ferromagnetic: J(M---Cul)/J(M--CulA) =
2.6 cm™ and J(M-+Cu2) = 1.0 cm™". Thus, the DFT-computed
exchange integrals are matched well with the experimental ] values
(J(M--Cul)/J(M--CulA)/J(M--Cu2) = 1.02 cm™") in this case.
For the isosceles Ni"Cu';;, two computed ] values are weakly
ferromagnetic, 2.3/2.3 cm™!, while the third is weakly
antiferromagnetic, —10.7 cm™". On the other hand, the computed
J values for the equilateral NiHCuH3 are ferromagnetic, 5.0/5.0/
5.0 cm™". Thus, although the experimental ] values are weakly
antiferromagnetic, —3.53/—3.53/—3.53 cm™’, and the computed
J values are either weakly ferromagnetic or weakly antiferromag-
netic and weakly ferromagnetic, the qualitative matching is nice
because both the experimental and computed results show reduced
antiferromagnetic interaction in comparison to what one can expect
from the established correlations such as Ni—phenoxo—Cu bridge
angles. For the Cu""Cu"; compound 3, the computed J(Cu3--Cul)/
J(Cu3---CulA) values, —3.2 cm™, are much less antiferromag-
netic than the computed J(Cu3--Cu2) value, —34.1 cm™. As
already discussed, such a difference in the two types of path-
ways is not unexpected. However, experimental data could
not be simulated with even a slight difference in the J values
(experimental J=-35.5/-35.5/-35.5 cm™). Here again, both
the experimental and computed results show reduced anti-
ferromagnetic interaction in comparison to what one can expect
from the established correlations such as Cu—phenoxo—Cu
bridge angles.

Magnetic orbitals (NLOs) of the central ion in 1-3 are
shown in Figure 10, and their percentage delocalization are
listed in Tables 6 and SS in the SI. The order of the extent of
delocalization of the magnetic orbitals is Mn' in 1 (8, 8, 2, 2,
and 2% for the five NLOs) < Ni"in 2 (13 and 13% for the two
NLOs for both the isosceles and equilateral cases) < Cu" in 3
(25% for the single NLO). Small values (2—25%) of deloca-
lization of magnetic orbitals clearly indicate that the title
compounds should be weakly antiferromagnetic or ferromag-
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Figure 10. NLOs of (a) the Mn"Cu"; compound 1, (b) the Ni"'Cu",,
compound 2, and (c) the Cu"Cu"; compound 3.

netic, which actually occurred. Again, the order of delocaliza-
tion indicates that the order of antiferromagentic interaction
should be 3 > 2 > 1, which actually occurred, as is evidenced
from both the experimental and DFT-computed ] values; in the
case of 1, the interaction becomes ferromagnetic.

Spin densities of the high spin states of 1 (most ferro-
magnetic here) and 3 (most antiferromagnetic here) are shown
in Figure 11. The spin density at the center is much more
isotropic in 1 than in 3, supporting ferromagnetic interaction in
the former but antiferromagnetic in the latter.

dx.doi.org/10.1021/ic501900d | Inorg. Chem. 2015, 54, 117—131
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Mn"Cu"; Compound 1

Cu"Cu"; Compound 3

Figure 11. Spin density of the Mn"Cu" compound 1 and Cu"Cu"; compound 3.

Some test calculations show that other hybrid functionals like
B3LYP give similar results, while GGAs like PBE give too much
antiferromagnetic results, in accordance with the literature.®

B CONCLUSIONS

A M"Cu", star (M = Cd) has been previously reported by us from
the single-compartment Schiff base ligand N,N'-bis(salicylidene)-
1,4-butanediamine.® Four more M"Cu'; stars [M = Mn (1), Ni
(2), Cu (3), Zn (4)] are described in this report. Such a series of
stars from the same ligand system is unprecedented. Clearly, N,N'-
bis(salicylidene)-1,4-butanediamine is a potential ligand to stabilize
tetrametallic M"Cu'"; stars. It may also be mentioned that compound
1 is only the second example of a Mn"'Cu""; star, while compounds
2—4 are the sole examples of a Ni"Cu";/Cu"Cu";/Zn"Cu";
star. Although there are many homo- and heterometallic
compounds derived from single/double-compartmental ligands,
only a few (<10 including 1—4) are star compounds.

The Cu'Cu'; (3) and Ni'Cu'y (2) compounds exhibit
antiferromagnetic interaction with J values respectively of —35.5
and —3.53 cm™', while the interaction between copper(II) and
manganese(II) in the Mn"Cu"; (1) compound is ferromagnetic
with J = 1.02 cm ™. On the basis of the usual governing param-
eters such as the phenoxo bridge angle, metal—-O—metal—O
torsion angle, and out-of-plane shift of the phenyl groups, the
interaction in all of 1—3 should have been more antiferromagnetic.
Because the structural parameters around the manganese(Il) or
nickel(II) coordination environment cannot shed light on the mag-
netic properties, it seems that the large distortion in the environ-
ment of peripheral copper(Il) is the origin of unusually reduced
antiferromagnetic (in 2) or ferromagnetic (in 1) interaction. The
reason for the reduced antiferromagnetic interaction in the Cu"Cu'l;
(3) compound is therefore probably the same.

DFT-computed ] values are matched well either quantita-
tively (for 1) or qualitatively (for 2 and 3) with the experi-
mental values. Spin densities correspond well with the ferro-
magnetic interaction in 1 and antiferromagnetic interaction in 3.
DFT-computed magnetic orbitals (NBOs) clearly indicate that
interactions in 1—3 should be either ferromagnetic or reduced
antiferromagnetic, which is actually observed experimentally.

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic data of 1—4 in CIF format, Tables S1—S5, and
Figures S1—S14. This material is available free of charge via the
Internet at http://pubs.acs.org.
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