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ABSTRACT: The p,-hydroxo- and alkoxo-bridged tetranu-
clear copper(Il) complexes, [Cu,(u,-OH)(dmae),][Ag-
(NO,),] (1), [Cuy(s-OH)(dmae),[Na(NO,),] (2),
[Cu,(p4-OH)(dmae),][K(NO;),] (3), and hexanuclear al-
koxo-bridged “bicapped cubane” copper(II) complex
[Cug(ae)s(ClO,),](ClO,),MeOH (8) (dmae = N,N-dime-
thylaminoethanolato and ae = 2-aminoethanolato) were
synthesized via self-assembly from chelating amino alcohols
and copper(Il), silver (1), sodium (2), and potassium (3)
nitrates or copper(II) perchlorate (8). The complexes are
characterized by elemental analyses, single-crystal X-ray
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diffraction, and variable temperature magnetic measurements. The crystal structures of complexes 1—3 consist of almost
planar tetranuclear [Cu,(u4-OH)(dmae),]*" units, in which Cu(II) ions are also weakly bonded to nitrate anions. The adjacent
tetranuclear units of 1—3 are connected by ionic interactions between nitrate anions and sodium, potassium, or silver cations
resulting in the formation of 1D polymers. The crystal structure of 8 consists of hexanuclear [Cug(ae)s]*" “bicapped cubane”
units, in which the capping Cu(II) ions are weakly bonded to perchlorate anions. The adjacent hexanuclear units of 8 are
connected by hydrogen bonds resulting in the formation of 3D hydrogen bonded networks. Also the results from the synthetic
studies leading to the formation of new copper(II) and silver(I) complexes (4—7) using Hae, 3-aminopropanol (Hap), and N,N-
dimethylaminopropanol (Hdmap) in similar reactions, which gave tetra- and hexanuclear complexes, are presented. Experimental
magnetic studies showed that complexes 1 and 2 exhibit dominant antiferromagnetic coupling leading to an S = 0 ground state,
whereas 8 exhibits a large dominant antiferromagnetic interaction between the capping copper atoms and the copper atoms of
the top and bottom faces of the cubane unit that define two isosceles triangles. This interaction leads to an S = 1/2 ground state
for each triangle. The weak ferromagnetic interaction between these doublet states through the cubane unit leads to a triplet S =
1 ground state for 8. The values of the magnetic exchange coupling constant were the following: J = +1.8 (1) and +2.9 cm™ (2)
between adjacent copper atoms; ] = —29.2 (1) and —32.2 cm™" (2) between opposite copper atoms; J = —297.6 cm™" and 2]’ =
+0.07 cm™" (8). Magnetic coupling constants calculated for 2 and 8 by DFT methods are in general of the same nature and

magnitude as the experimental ones.

B INTRODUCTION

The coordination chemistry of polynuclear copper(II)
complexes has received much attention in the past decades
due to their interesting architectures and potential applications
in the fields of coordination polymers,' magnetochemistry,”
bioinorganic chemistry,” and catalysis.* The inexpensive and
commercially available multidentate amino alcohols have been
broadly used for the preparation of polynuclear copper(Il)
complexes through a self-assembly process, since the hydroxyl
groups of amino alcohols can be easily deprotonated in the
presence of copper(II) salts and the resulting alkoxo groups act
as a bridge leading to the formation of dimeric,® dinuclear,’
trinuclear,” tetranuclear,® hexanuclear,” octanuclear,'® and
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nonanuclear'' copper(Il) clusters, coordination polymers, and
supramolecular frameworks.

Furthermore, alkoxo-bridged polynuclear copper(Il) com-
plexes act as model systems allowing a better understanding of
the magnetic interactions between the metal centers, since the
single unpaired electron on each copper(Il) ion forms a
relatively simple magnetic exchange system. The magnetic
behavior of hydroxo- and alkoxo-bridged polynuclear copper-
(1) complexes is well-known from experimental'” and
theoretical studies.'> Hatfield, Hodgson, and co-workers'?®
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Figure 1. Schematic synthetic routes for 1—8, including the stoichiometric ratios of the starting materials (Cu/M/Hae for 1-3, M = Ag, Na, or K;

Cu/M/Hae for 4—6, M = Ag; Cu/Hdmap for 7; Cu/Hae/N(Et); for 8). Haa =

amino alcohol, Hae = aminoethanol, Hdmae =

dimethylaminoethanol, and Hdmap = diaminopropanol. “Side product; the main product is [Cu(ae)(Hae)],(NO;),.

established that the primary geometric factor determining the
magnitude of the exchange coupling for dinuclear complexes
was the Cu—O—Cu bridging angle (). The larger the 0 angle,
the stronger the antiferromagnetic coupling between the
copper(Il) ions. Theoretical studies of dinuclear, trinuclear,
and tetranuclear complexes by Ruiz et al.'*™ showed that,
although the 0 angle is the single most important parameter,
other geometric factors such as the planarity of the
coordination sphere around the copper(Il) ions and the out-
of-plane shift of the carbon atom of the bridging alkoxo group
(H atom for hydroxo complexes) also played a significant role
in determining the sign and magnitude of the exchange
coupling.

The most common structural types for tetranuclear copper-
() complexes are cubane-like Cu,O, core and Cu,(p,-O)
tetrahedron,'* and a few examples of tetranuclear Cu,(u,-OH)
core have also been reported.”” The cubane-like Cu,O, core is
the most common among tetranuclear alkoxo-bridged copper-
(II) amino alcohol complexes, whereas only a few structures
with a Cu,(s,-O) tetrahedron have been reported.™"° In these
complexes, the central y,-oxygen atom is surrounded by four
copper atoms forming a distorted tetrahedral environment
around the y,-oxygen atom. In the hexanuclear heterobimetallic
Cu—Cd®™° and Cu—Zn® complexes the metal centers are
further connected by bridging amino alcohols and acetates,
whereas in the tetranuclear copper complex,81 the copper
centers are clustered through bridges between amino alcohols
and p3-B-OH groups (converted from [BF,]” in alkalic
medium). To the best of our knowledge, structures of planar
tetranuclear alkoxo-bridged copper(II) complexes with Cu,(p4-
OH) cores have not been reported.

Within this framework and to enrich the structural diversity
of copper(Il) complexes with amino alcohols and as an
extension to our previous studies'” ™ of dinuclear and
trinuclear alkoxo-bridged copper(Il) complexes, the syntheses,
crystal structures, and magnetic properties (experimental for 1
and both experimental and theoretical for 2) for three new
planar tetranuclear p,-hydroxo- and alkoxo-bridged [Cu,(u,-
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OH)(dmae),][Ag(NO,),] (1), [Cu,(u,-OH)(dmae),][Na-
(NO3),] (2), and [Cuy(us-OH)(dmae),][K(NO3),] (3)
(dmae = N,N-dimethylaminoethanolato) cores in copper(Il)
complexes are presented. Complexes 1—3 represent rare
tetranuclear copper compounds with a Cu,(u,-OH) core, the
first examples with a small amino alcohol as a ligand. This
structure type has been reported only on a few occasions for
the complexes with Robson-type macrocyclic'®*" and 2-
. 15¢ 1. . . 15d
aminoglucose ~° ligands and in carbonato-copper(Il) anion.

In addition, syntheses similar to those that produced 1-3
were also carried out using 2-aminoethanol (Hae), 3-amino-
propanol (Hap), and N,N-dimethylaminopropanol (Hdmap) in
order to test whether they would act as similar complex forming
agents as Hdmae. The schematic diagram of the productive
syntheses is depicted in Figure 1. As the results of these
syntheses, two new copper(Il) amino alcohol complexes, one
heterometallic Cu(II)/Ag(I) amino alcohol complex and one
silver(I) oxazino-oxazine complex (4—7) were obtained,
[Cu(Hae),(NO;),] (4), [Ag,Cu,(ae),(Hae),(NO;),] (5),
[Agy.03Cuqy¢7(C¢H{,N,0,)NO;] complex (6), and
[Cuy(dmap),(NO;),] (7), and their crystal structures are
reported.

Also, the role of the anion was tested using copper(Il)
perchlorate instead of copper(Il) nitrate and Hae. This system
produces a new “bicapped cubane”-like hexanuclear alkoxo-
bridged copper(I) complex [Cug(ae)s(ClO,),](ClO,),MeOH
(8). The synthesis, crystal structure, and magnetic properties
(both experimental and theoretical) for 8 are also presented.
Complex 8 is the third example of a hexanuclear copper(1l)
cluster with a “bicapped cubane” core, the first one having been
derived from 2-amino-2-methylpropanol® and the second
recently from a Schiff base ligand.'® Finally, the magnetic
properties (experimental and theoretical) of complexes 1, 2,
and 8 are presented and discussed.

B EXPERIMENTAL SECTION

Materials. All chemicals and solvents were purchased from
commercial sources and were used without further purification.
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Caution! Although we have experienced no difficulties, perchlorate salts
of metal complexes with organic ligands are potentially explosive and
should be handled with care even in small quantities.

Syntheses. Synthesis of [Cu,(u,~OH)(dmae)J[Ag(NO3),] (1).
Cu(NO;),-3H,0 (193 mg, 0.80 mmol) dissolved in methanol (4
mL) in a test tube and AgNO; (34.0 mg, 0.20 mmol) dissolved in
methanol (2 mL) were mixed. To the formed solution, Hdmae (193
uL, 1.92 mmol) in methanol (4 mL) was added. The solution was
allowed to stand in the dark at room temperature. Slow evaporation of
the resulting green solution for a week led to the formation of blue
crystals suitable for X-ray crystallography. Crystals were filtered and
washed with ethanol and diethyl ether and dried in air. Yield 148 mg
(75%). FTIR (KBr, cm™): 3421(m), 1383(s), 1302(s), 1063(s),
1016(m), 951(m), 900(m), 786(m), 651(w), 522(w), 464(w). Anal.
caled for C ¢H, CuNgAg O,: C, 19.61; H, 4.22; N, 11.44. Found: C,
19.71; H, 4.18; N, 11.61%.

Synthesis of [Cu,(u,-OH)(dmae) JINa(NO;),] (2). Cu(NO;),-3H,0
(193 mg, 0.80 mmol) dissolved in methanol (4 mL) in a test tube and
NaNO; (17.0 mg, 0.20 mmol) dissolved in methanol (1 mL) were
mixed. To the formed solution, Hdmae (193 uL, 1.92 mmol) in
methanol (4 mL) was added. The resulting green solution was allowed
to stand at room temperature. Slow evaporation of the solvent for a
week led to the formation of blue crystals suitable for X-ray
crystallography. Crystals were filtered and washed with ethanol and
diethyl ether and dried in air. Yield 115 mg (64%). FTIR (KBr, cm™!):
3424(m), 1384(s), 1324(s), 1066(s), 1017(m), 953(m), 900(m),
786(m), 651(w), 523(w), 467(w). Anal. calcd for
Cy6H, Cu,NgNa,O,: C, 21.48; H, 4.62; N, 12.52. Found: C, 21.54;
H, 4.62; N, 12.71%.

Synthesis of [Cu,(us-OH)(dmae)JIK(NO3),] (3). Cu(NO;),-3H,0
(193 mg, 0.80 mmol) dissolved in methanol (4 mL) in a test tube and
KNO; (20.3 mg, 0.20 mmol) dissolved in methanol—water (4:1, 2
mL) were mixed. To the formed solution, Hdmae (193 uL, 1.92
mmol) in methanol (4 mL) was added. Slow evaporation of the
resulting dark green solution for a week led to the formation of blue
crystals suitable for X-ray crystallography but also formation of
colorless KNO; crystals, which were separated mechanically for
analyses. The obtained crystals were filtered and washed with ethanol
and diethyl ether and dried in air. Anal. caled for C,¢H,; Cu,NgK 0,5
C, 21.10; H, 4.54; N, 12.30. Found: C, 21.18; H, 5.03; N, 11.90%.

Synthesis of 4—6. These compounds were isolated as a minor
components described in Scheme 1 and the discussion part.

Scheme 1. Magnetic Exchange Pathways in Complexes 1 and
2

Synthesis of [Cuy(dmap),(NOs),] (7). Cu(NO;),-3H,0 (145 mg,
0.60 mmol) was dissolved in ethanol (3 mL), and to this solution,
Hdmap (142 uL, 1.2 mmol) in ethanol (3 mL) was added in test tube.
A light green precipitate was formed after addition of Hdmap. The
resulting light green solution was allowed to stand at room
temperature overnight, whereupon well-formed blue crystals suitable
for X-ray crystallography were obtained along with a light green
precipitate. The light green precipitate and the blue crystals were
separated by pipetting the solvent along with the precipitate from the
top of the blue crystals. The crystals were filtered and washed with
ethanol and diethyl ether and dried in air. Yield 52 mg (19%). Similar
yield was obtained if triethylammine was used as a base. Anal. calcd for

C1oH,,Cu,N,O4: C, 26.37; H, 5.31; N, 12.30. Found: C, 26.33; H,
5.23; N, 12.31%.

Synthesis of [Cug(ae)s(ClO,),](CIO,),-MeOH (8). Cu(ClO,),-6H,0
(222 mg, 0.60 mmol) was dissolved in methanol (3 mL) in a test tube.
On top of this solution, Hae (72.0 uL, 1.20 mmol) and N(Et), (183
uL, 1.32 mmol) in methanol (3 mL) were carefully added to avoid the
mixing of the two layers. The solution was allowed to stand at room
temperature overnight, whereupon well-formed blue crystals suitable
for X-ray crystallography were obtained from the dark blue solution.
The crystals were filtered and washed with ethanol and diethyl ether
and dried in air. Yield 123 mg (95%). FTIR (KBr, cm™"): 3348(vs),
3294(vs), 3233(vs), 3149(vs), 1612(s), 1586(s), 1482(w), 1455(m),
1382(m), 1353(w), 1299(m), 1264(sh), 1088(vs, br), 906(m), 889(s),
879(s), 705(m), 658(m), 624(vs), 587(s), 517(s), 444(m). Anal. calcd
for C;,H,,CL,CugN;O,s: C, 15.81; H, 4.06; N, 8.68. Found: C, 15.50;
H, 3.98; N, 8.83%.

Physical Measurements. IR spectra on powdered samples were
recorded with a ThermoNicolet IR200FTIR using KBr pellets.
Elemental analyses were performed using a VarioEl III elemental
analyzer. Magnetization and variable temperature (2—300 K) magnetic
susceptibility measurements on polycrystalline samples were carried
out with a Quantum Design SQUID MPMS XL-S device operating at
different magnetic fields. The experimental susceptibilities were
corrected for the diamagnetism of the constituent atoms by using
Pascal’s tables.

X-ray Data Collection and Structure Refinement. Crystallo-
graphic data were collected at 123 K for 1—8 with a Nonius-Kappa
CCD area-detector diffractometer using graphite monochromatized
Mo Ka radiation (4 = 0.71073 A). The data were collected by ¢ and @
rotation scans and processed with the DENZO-SMN 10.97.638
software package.'” Empirical absorption corrections were performed
with the SADABS program.'® The structures were solved by direct
methods using the SUPERFLIP program,19 and full-matrix, least-
squares refinements on F* were performed using the SHELXL-97
program®® with the WinGX graphical user interface.”’ Thermal
ellipsoid plots were obtained by using the DIAMOND program.”>
The partial packing diagrams were drawn with the MERCURY
program.”® All non-hydrogen atoms for complexes 1—8 were refined
anisotropically. The y,-OH hydrogen atom in the structures of 2 and
3, the OH hydrogen atom of the methanol molecule in the structure of
8, and the OH hydrogen atoms of Hae molecules in the structures of 4
and § were located from the difference Fourier map and were refined
isotropically with fixed distances, while other hydrogen atoms were
constrained to ride on their parent atoms. In 8, one carbon atom of the
aminoethanolato anion had disorder over two sites (C6A and C6B),
and one perchlorate anion had rotational disorder over two sites
(0214, 022A, 023A, 024A and 021B, 022B, 023B, 024B) with
relative occupancies refined to 0.59 and 0.41. Restraints were applied
to the geometrical and displacement parameters of the disordered
perchlorate anion. The crystal data for 1—3 and 8 and 4—7, along with
other experimental details are summarized in Table 1 and Table SI,
Supporting Information, respectively.

Computational Details. All theoretical calculations were carried
out at the DFT level of theory using the hybrid B3LYP exchange—
correlation functional,*™>® as implemented in the Gaussian 03
program.”’ A quadratic convergence method was employed in the
SCE process.”® The triple-¢ quality basis set proposed by Ahlrichs and
co-workers has been used for all atoms.” Calculations were performed
on the complexes built from the experimental geometries The
electronic configurations used as starting points were created using the
Jaguar 7.6 software.>® The approach used to determine the exchange
coupling constants for polynuclear complexes has been described in
detail elsewhere.®'

B RESULTS AND DISCUSSION

Syntheses. We have earlier reported reactions of Cu(II)
ions with Hae and Hapuf’k_rrl and obtained dinuclear and
trinuclear Cu(II) complexes. In order to prepare heterometallic
Cu(II) amino alcohol complexes, the synthetic part reports the
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Table 1. Summary of Crystallographic Data for 1—3 and 8

complex 1

chemical formula C,¢H,Ag CuNgO,,
formula mass 979.60
crystal system tetragonal
a, A 13.0938(6)
b A 13.0938(6)
¢ A 9.4657(3)
a, deg 90

P, deg 90

7, deg 90

unit cell volume, A3 1622.87(12)
temp, K 123(2)
space group P4,/n

no. of formula units per unit cell, Z 2

radiation type Mo Ka
absorp coeff, y, mm™ 3.253

no. of reflns measured 9956

no. of indep reflns 1593

Riye 0.0406
final R, values (I > 20(I))" 0.0520
final wR(F?) values (I > 26(I))® 0.0953
final R, values (all data) 0.0684
final wR(F?) values (all data) 0.1026
GOF on F* 1101

2 3 8
Ci6H41CuyNgNa, O, C16H41 Cu KNGOy C,7H,ClCugNg Oy
894.72 910.83 1291.71
tetragonal tetragonal triclinic
13.1240(5) 13.1330(4) 10.8965(4)
13.1240(5) 13.1330(4) 12.1168(3)
9.4257(2) 9.6551(2) 17.4238(7)
90 90 92.718(2)
90 90 107.133(2)
90 90 97.842(2)
1623.48(9) 1665.27(8) 2168.48(13)
123(2) 123(2) 123(2)
P4,/n P4,/n PT

2 2 2

Mo Ka Mo Ka Mo Ka
2.68 2.725 3.227
16294 12284 17730
1593 1626 7587
0.0409 0.0397 0.036
0.0522 0.0509 0.0544
0.0989 0.1152 0.117
0.0611 0.0600 0.0658
0.1034 0.1209 0.1222
1.043 1.049 1.077

“R, = YIIF,| — IEl/YIF. bwR, = {3[w(F2 — EDY/ Y [w(F )]} and w = 1/[6*(F,2) + (aP)? + bP)], where P = (2E2 + E,?)/3.

survey of reactions of Cu(NO;),-3H,0 with N,N-dimethyla-
minoethanol (Hdmae), 2-aminoethanol (Hae), 3-aminopropa-
nol (Hap), and N,N-dimethylaminopropanol (Hdmap) and of
Cu(ClO,),-6H,0 with Hae in the presence or absence of
MNO; [M = Ag(I), Na(I), or K(I)]. The synthetic routes to
the new complexes are presented in Figure 1.

In the synthesis of 1—3, the stoichiometry of the reactants
was varied by using stock solutions containing from 0.02 to 0.2
mmol of Cu(I), Ag(I), Na(I), and K(I) nitrates and from 0.04
to 048 mmol of Hdmae in 1 mL. For K(I) nitrate stock
solutions, a methanol—water 4:1 mixture was used to improve
the solubility of KNO;.

Blue crystals, with some colorless silver and sodium nitrate
crystals, were obtained in methanol with copper to silver to
Hdmae ratios of 2:1:1.6, 2:1:2.4, and 2:1:4.8 and with copper to
sodium to Hdmae ratios of 1:1:2.4, 1:1.2:2.4, and 3.3:1:8. The
blue crystals were analyzed by X-ray diffraction and structures
of tetranuclear Cu(II) complexes [Cu,(u,-OH)(dmae),][Ag-
(NO;),] (1) and [Cuy(us-OH)(dmae),][Na(NO;),] (2)
(Figures 2 and 3) were obtained. The reaction’s stoichiometry
is presented in eq 1:

4Cu(NO,), + MNO; + H,0 + 9Hdmae
— [Cu,(,-OH)(dmae), ][M(NO,), ](s) + 5[H,dmae]

(1)

During the synthesis of 1 and 2 sodium and silver nitrate
crystals were formed with the main product in several cases.
This could be avoided if the syntheses were performed in
methanol with copper to M(I) to Hdmae ratios of 4:1:9.6. This
is a nearly stoichiometric ratio of the reactants.

[Cu,(p4-OH)(dmae),][K(NO,;),] (3) was also synthesized
in a reaction similar to 1 and 2, but we were not able to prepare
3 without KNO; crystals, although a correct copper to
potassium ratio (4:1) and a methanol—water 4:1 mixture as

NO,

11099

solvent for KNO; were used. The methanol—water mixture was
used to improve the solubility of potassium nitrate. However,
increasing water concentration in the methanol led to the
formation of a white precipitate without 3. Since 3 could not be
prepared without KNOj crystals, 3 was separated mechanically
for the analyses. Due to the small amount of the material,
magnetic measurements were not performed for 3.

The p4-hydroxo- and alkoxo-bridged tetranuclear [Cu,(py
OH)(dmae),]*" cations are easily formed from copper(II)
nitrate and amino alcohols after the deprotonation of the OH
groups of the amino alcohol ligands and a water molecule in the
excess of amino alcohol acting as a base. In the presence of
Ag(I), Na(I), and K(I) nitrate ions, [M(NO;),]*>" anions form
at least in the solid state with a distorted dodecahedral
coordination sphere.

Since we were successful with N,N-dimethylaminoethanol in
the preparation of these tetranuclear complexes, we studied
whether 2-aminoethanol, 3-aminopropanol, and N,N-dimethy-
laminopropanol could form similar tetranuclear Cu(II)
complexes or other polynuclear Cu(II) complexes. In these
studies, the stoichiometry of the reactants was also varied by
using stock solutions containing in 1 mL of solvent (methanol,
ethanol, or acetonitrile) from 0.04 to 0.48 mmol of Hae and
Hdmap and from 0.02 to 0.2 mmol of Hae and Hdmap with
0.022 to 0.22 mmol of triethylamine (used as an extra base).
For Hap only, a stock solution containing 0.48 mmol of Hap in
1 mL of methanol was used. In addition to the methanol stock
solutions used in the synthesis of 1-3, stock solutions
containing in 1 mL of solvent (ethanol or acetonitrile) from
0.02 to 0.2 mmol of Cu(II) and Ag(I) nitrates were also used.

The tests using Hae as a chelating agent lead to formation of
three new complexes. A known dimeric Cu(Il) compound
[Cu(ae)(Hae)],(NO;),> was obtained (AETCUA in CSD)
when amounts of materials (Cu(NO;),-3H,0, MNO; (M =
Na, K, or Ag) ,and Hae) equivalent to those in the syntheses of
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1—-3 were used in methanol. The same dimeric complex was
also the main product when the copper to silver to Hae ratio
was 1:1:4.8, 1:2:9.6, or 2:1:4.8 and the reaction was performed
in methanol, ethanol, or acetonitrile. A few crystals of a new
mononuclear [Cu(Hae),(NO;),] complex (4, Figure S,
Supporting Information) along with the main product,
[Cu(ae)(Hae)],(NO;),, were obtained when the copper to
silver to Hae ratio was 2:1:4.8 and the reaction was performed
in acetonitrile. A few crystals of a new tetranuclear
heterometallic [Ag,Cu,(ae),(Hae),(NO;),] complex (5, Fig-
ure 4) with [Cu(ae)(Hae)],(NO;), were obtained in the
synthesis where the copper to silver to Hae ratio was 2:1:4.8
and the reaction was performed in methanol. When the copper
to silver to Hae ratios were 1:1:4 and 1:1:4.8 and ethanol was
used as solvent, a few faintly red shaded crystals of a new
silver(I)/copper(I) oxazino-oxazine [Agy.63Cug07(CeH N, 0,)-
NO,] complex (6, Figure S) were obtained along with the main
product [Cu(ae)(Hae)],(NO;),. When the copper to silver to
Hae ratio was 1:2:4.8 or 1:1:2.4 and triethylamine was used as
base, and the reaction was performed in methanol, the
previously reported'>™ trinuclear copper(II) [Cus(ae),(NO;),]
complex was obtained as the sole product, while [Cu(ae)-
(Hae)],(NOj;), was obtained when the reaction was performed
in ethanol or acetonitrile. No tetranuclear Cu(II) units were
obtained with Hae although the reactions were performed in a
way similar to those for 1—3 in presence of copper(Il) nitrate
and M(NOj), but compounds [Cu(ae)(Hae)],(NO;), and 4—
6 were formed instead.

A known dinuclear copper(II) [Cu,(ap),(NO;),]"*** com-
plex was obtained when amounts of materials (Cu(II) nitrate,
MNO; (M = Na, K, or Ag), and Hap) equivalent to those in
the syntheses of 1—3 were used in methanol. This dinuclear
copper(Il) complex was the sole product whenever silver,
sodium, or potassium nitrate was used in the synthesis.

A new polymeric dinuclear copper(II) [Cu,(dmap),(NO;),]
complex (7, Figure 6) was obtained when amounts of materials
(Cu(NO;),-3H,0, MNO; (M = Na or Ag), and Hdmap)
equivalent to those in the syntheses of 1 and 2 were used in
methanol. The synthesis of the new dinuclear copper(II)
complex 7 was further studied with copper nitrate using only
Hdmap or Hdmap with triethylamine as a base. The dinuclear
complex 7 was obtained with both methods using methanol or
ethanol as solvent. The new complex 7 was not formed when
acetonitrile was used as solvent. Although none of the tested
three amino alcohols formed similar copper(I) nitrate
complexes as Hdmae did, three new copper(I) complexes
and one silver(I) complex were obtained in the syntheses
performed.

To obtain some insight into the role of the anion, we
performed some tests with Hae in which we used copper(1I)
perchlorate instead of copper(Il) nitrate as a copper source.
When the amounts of copper(II) perchlorate and ae™ (ae™ from
Hae with N(Et);) were varied from 1:1 to 1:3 in methanol, the
hexanuclear “bicapped cubane” complex [Cug(ae)s(ClO,),]-
(ClO,),-MeOH (8) (Figures 7 and 8) was always formed in a
good yield.

This work reveals that the amino alcohols with slightly
different molecular structures can form copper(Il) complexes
with a large structural diversity from mononuclear copper(II)
units to several different polynuclear units. A labile copper(II)
ion quickly reacts with the ligands. Thus the thermodynamic
control dominates the formation of the complexes. Crystal
packing forces are important in a formation of these complexes.

11100

Different complexes can be achieved by variation of the
stoichiometry of copper(1l) ions, amino alcohols, and other
metal ions. The solvents and anions used may play an
important role in the formation of certain complexes.
Description of the Structures. The crystal structures of
complexes 1—3 consist of almost planar tetranuclear [Cu,(p,-
OH)(dmae),]** units, in which the Cu(II) ions are also weakly
bonded to the nitrate anions. The adjacent tetranuclear units in
1-3 are connected by ionic interactions through nitrate anions
of anionic silver, sodium, or potassium complexes resulting in
the formation of 1D polymeric pillars. The crystal structure of 8
consists of hexanuclear [Cug(ae)g]*" “bicapped cubane” units,
in which the capping Cu(Il) ions are weakly bonded to
perchlorate anions. The adjacent hexanuclear units of 8 are
connected by hydrogen bonds resulting in the formation of 3D
hydrogen bonded networks. The corresponding tetranuclear
and hexanuclear units, the tetranuclear and hexanuclear cores,
and the atom numbering schemes for 2 and 8 are shown in
Figures 2 and 3 and 7 and 8, respectively. Selected bond and

Figure 2. The tetranuclear cation [Cu,(yy-OH)(dmae),]*" and
[Na(NO,),]*" anion connected by the bridging nitrates in 2 showing
the atomic labeling scheme with thermal ellipsoids drawn at the 30%
probability level. The hydrogen atoms are omitted for clarity.
Symmetry codes: (i) —x + 3/2, y, —z + 1/2; (ii) —x + 3/2, —y +
3/2, z; (ii) x, —y + 3/2, —z + 1/2.

Figure 3. The tetranuclear y,-OH bridged core of 2 with the
coordination environment of the copper(II) centers drawn at the 30%
probability level. Symmetry codes as in Figure 2

dx.doi.org/10.1021/ic401325b | Inorg. Chem. 2013, 52, 11096—11109



Inorganic Chemistry

hydrogen bond parameters for 1—3 are presented in Table 2
and Table S2, Supporting Information, and for 8 in Table 3 and

Table 2. Selected Bond Lengths (A) and Angles (deg) for 1—
3“

1 2 3
Cul--Cul’ 29472(12)  2.9485(12)  2.9621(11)
Cul--Cul® 4.152(2) 4.149(2) 4.1757(15)
Cul-01 1.910(5) 1.915(5) 1.917(5)
Cul-O1 1.909(5) 1.913(5) 1.912(5)
Cul-02 2.131(3) 2.133(3) 2.147 (3)
Cul-02' 2.0873(15)  2.0847(13)  2.1043(15)
Cul-03 2.418(8) 2.401(9) 2.363(7)
Cul--05 2.647(9) 2.710(9) 2.640(7)
Cul-N1 2.002(6) 2.010(6) 2.017(6)
M-03" 2.694(9) 2.678(9) 2.879(8)
M-04° 2.672(6) 2.583(5) 2.888(6)
Cul--Ol, plane 0.131 0.146 0.118
02+ Ol, plane 0.350 0.351 0.381
Cul—-01—Cul® (9) 101.0(2) 100.7(3) 101.4(3)
Cul—02—Cul'l (9) 88.64(10) 88.69(8) 88.34(9)
Cul—-02'-Cul® (9) 168.0(7) 168.7(6) 165.7(6)
Cul (8)° 0227 0.189 0243
02-01-Cl1 ()¢ 33.9(7) 32.1 (7) 33.0 (6)
Cul—01-02—Cul (y)¢ 12.1(5) 12.1(4) 13.1(4)
Cul—-01-02'-Cul'® (y)* 12.1(5) 12.3(4) 13.0(4)
01-01'-01%-01% 0.0(4) 0.1(4) 0.1(3)
Cul—Cul' (w) 20.8(2) 19.1(2) 22.6(2)
Cul—Cul™ (0) 214 (2) 19.6(2) 232 (2)
Cul—Cul® (0) (02) 18.29(13) 15.63(10) 20.06(13)

Cul—Cul® () (02) 38.2(2) 35.50(13) 41.45(15)
“Symmetry codes: (i) —x + 3/2, y, —z + 1/2; (i) —x + 3/2, =y + 3/2,
z (iii) %, —y + 3/2, —z + 1/2. °M for 1, Agl; for 2, Nal; for 3, K1.
“The distortion of the coordination geometry for five-coordinated
complexes is § = (@ — )/60 (a and f are the larger trans X—Cu—X
angles, 0 is 1 for a trigonal-bipyramidal geometry and 0 for a square
pyramid).>® 9z is the substituents angle from the bridging O---O line.
°y is the dihedral angle of the bridging O—Cu—O planes. ‘o is the
dihedral angle between the coordination planes of Cu(II) ions.

Table S3, Supporting Information. The additional structures of
complexes 4—7 are presented in Figure S1, Supporting
Information, and Figures 4—6, respectively, and are briefly
discussed. The bond and hydrogen bond parameters for 4—7
are presented in Tables S4—S10, Supporting Information.
[Cuy(u,-OH)(dmae) J[Na(NOs),] (2). The tetranuclear com-
plexes 1—3 crystallize in the tetragonal space group P4,/n.
Complexes 1—3 are isostructural with only small differences in
the equivalent bond lengths and angles (Table 2). Therefore
the structure of 2 is discussed here and compared with
structures of 1 and 3 only where notable differences occur. The
asymmetric unit of 2 consists of one [Cu(dmae)]* unit, one
nitrate anion, and one-fourth of both a hydroxide anion and a
sodium cation. The tetranuclear copper(II) core of 2 consists of
four [Cu(dmae)]* units connected by the O2 oxygen atom of
the central y,-OH anion. The four copper atoms are not
coplanar; the adjacent copper atoms are 0.146 A above and
below the square plane formed by alkoxo oxygen atoms, O1.
The copper atoms have distorted (4 + 1) square pyramidal
coordination spheres (see § parameters in Table 2). Each of the
four copper(I) atoms is coordinated by two alkoxide oxygen
atoms forming an additional p,-O bridge between adjacent
copper atoms, with Cu—O distances of 1.915(5) and 1.913(5)

A, a central hydroxide oxygen atom with Cu—O distances of
2.133(3) and 2.0847(13) A, and one amine nitrogen atom with
a Cu—N distance of 2.010(6) A in the equatorial plane. The
axial coordination site is occupied by an oxygen atom of the
nitrate anion with a Cu—O distance of 2.401(9) A. The central
H#4-OH anion lies on a crystallographic S, axis, is disordered
over two sites due symmetry, and is 0.351 A above and below
the plane by alkoxo O1 atoms (center of the cavity). The
disorder of the central O2 atom is further displaced in the
elongation of its thermal ellipsoids in the direction of the S,
axis. The hydrogen atom of the central y,-OH anion in
complexes 2 and 3 could be refined but not that for 1, and thus
its position in 1 was calculated.

The Cul—O—Cul™ bridging angles (6) around O1 and 02
are 100.7(3)° and 88.69(8)°, respectively. The bridging Cul (u-
0),Cul” fragment is slightly folded with Cul—01—02—Cul®
and Cul—01-02'—Cul™ angles (y) of 12.1(4)° and 12.3(4)°.
The 7 angle (the substituent angle with respect to the bridging
0--+0 line), as defined by Ruiz et al."”* is 32.1(7)° for 02'~
O1-Cl. The relatively small average of 8 angles, large 7 angle,
and slight folding of the Cul(u-O),Cul™ bridging fragment, as
found in our previous studies for trinuclear linear alkoxo-
bridged copper(IT) complexes,'>™ results in the shortening of
the Cu--Cu separation leading to a Cul--Cul' distance of
2.9485(12) A. The sodium cation in the structure of 2 has a
dodecahedral coordination environment and is surrounded by
eight nitrate oxygen atoms with Na—O distances of 2.678(9)
and 2.583(9) A. These M—O (M = Ag, Na, or K) distances in
the structures of 1—3 become longer as the ionic radii of the
metal cation increase, leading also to the elongation of the c-axis
of the unit cell The adjacent tetranuclear [Cu,(u,-OH)-
(dmae),]** cations of 1—3 are connected by O3 and 04
oxygen atoms of the nitrate anion to [M(NO3)4]3_ anions
(Ag(I) in 1, Na(I) in 2, and K(I) in 3) resulting in the
formation of pillar-like 1D polymer chains along the (001)
plane (Figure S2, Supporting Information).

Complexes 4—7. The structure of 4 is presented in Figure
S1, Supporting Information, with selected bond parameters in
Table S4, Supporting Information. The chelating neutral Hae
ligands adopt the trans-arrangement, and Cu(II) has an
elongated octahedral coordination sphere. The axial coordina-
tion sites of the copper atom are occupied by the oxygen atoms
of the nitrate anions. The adjacent mononuclear [Cu-
(Hae),(NO;),] units are connected by hydrogen bonds
(Table SS, Supporting Information). This is the first example
of a mononuclear Cu(1l) complex with neutral amino alcohols
and small nitrate anions.

The structure of tetranuclear heterometallic Cu(II)/Ag(I)
complex § is presented in Figure 4 with selected bond
parameters in in Table S6. The distorted square pyramidal
coordination sphere of the copper(Il) ions consists of two
alkoxide oxygen atoms and two amine nitrogen atoms in a
plane and an axial coordination site is occupied by an oxygen
atom of the neutral Hae, which also forms a bridge to the Ag(I)
ion. The silver atoms are also connected to the Cu(u-O),Cu-
core by alkoxide oxygen atoms, which act as y;—O bridging
ligands. The coordination sphere of the Ag(I) is completed by
the oxygen atoms of the monodentate and the bidentate nitrate
anion. The adjacent tetranuclear [Ag,Cu,(ae),(Hae),(NO;),]
units are connected to each other by hydrogen bonds (Table
S7).

The silver(I) oxazino-oxazine [Ag(C¢H;,N,0,)NO;] com-
plex 6 (Figure S and Table S8, Supporting Information)
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Table 3. Selected Bond Lengths (A) and Angles (deg) for 8

Cul-01 1.982(4)
Cul-02 1.999(5)
Cul-04 2.209(5)
Cul-05 1.897(5)
Cul—-N1 2.002(6)
Cu3—02 2.117(5)
Cu3—-03 1.960(5)
Cu3—04 2.139(5)
Cu3—06 1.930(5)
Cu3—-N3 1.982(7)
CuS-05 1.935(5)
Cu5—06 1.961(5)
CuS—-NS 2.018(6)
CuS—-N6 1.996(6)
CuS-+09 2.798(6)
Cul--Cu2 2.9940(10)
Cul--Cu3 3.1057(11)
Cul-Cu4 3.1001(11)
Cul--Cu$ 3.4878(10)
Cu3--Cu$ 3.5543(10)
Cul-01-Cu2 (9) 97.0(2)
Cul—-02—Cu2 (6) 98.1(2)
Cul-02—Cu3 (0) 97.9(2)
Cul—04—Cu3 (9) 91.2(2)
Cul-01-Cu4 (0) 101.1(2)
Cul—04—Cu4 (9) 96.2(2)
Cul—-05—Cus (0) 131.1(3)
Cu3—06—Cus (0) 132.0(3)
Cul (8)* 0.337

Cu3 (5) 0.520

Cus (8) 0.037
02--01-Cl1 (z)® 35.7(4)
04--03-CS (1) 41.6(5)
Cul-01-02—-Cu2 (y)* 16.0(3)
Cul—02-04—Cu3 (y) 15.0(2)
Cul—01-04—Cu4 (y) 6.1(3)

Cu2—-01 2.015(5)
Cu2—02 1.966(4)
Cu2-03 2.215(5)
Cu2—07 1.899(5)
Cu2—N2 2.021(7)
Cu4-01 2.033(5)
Cu4—03 2.198(5)
Cu4—04 1.949(4)
Cu4—08 1.916(5)
Cu4—N4 1.993(6)
Cu6-07 1.944(5)
Cu6—08 1.939(5)
Cu6-N7 1.991(6)
Cu6—N8 2.012(6)
Cu6---013 2.619(5)
Cu2---Cu3 3.1617(11)
Cu2--Cu4 3.1324(11)
Cu3--Cu4 3.0770(11)
Cu2--Cub 3.4173(10)
Cu4---Cub 3.4676(10)
Cu2—02—Cu3 (6) 101.5(2)
Cu2—03—Cu3 (0) 98.3(2)
Cu2—01-Cu4 (6) 101.4(2)
Cu2—03—Cu4 (6) 90.4(2)
Cu3—03—Cu4 (0) 95.3(2)
Cu3—04—Cu4 (6) 97.5(2)
Cu2—07—Cu6 (9) 125.6(3)
Cu4—08—Cu6 (0) 128.2(3)
Cu2 (8) 0.284

Cu4 (6) 0.343

Cu6 (5) 0.028
01-+-02—-C3 (1) 35.8(4)
03--04—C7 (1) 44.0(4)
Cu2—02-03—Cu3 () 4.0(3)
Cu2—01-03—Cu4 (y) 13.9(2)
Cu3—03—04—Cu4 () 5.1(3)

“The distortion of the coordination geometry for five-coordinated complexes is § = (@ — f§)/60 (a and 3 are the larger trans X—Cu—X angles, § is 1

for a trigonal-bipyramidal geometry and 0 for a square pyramid).>® b

the bridging O—Cu—O planes.

7 is the substituents angle from the bridging O---O line. “ is the dihedral angle of

consists of one silver(I) ion, one oxazino-oxazine molecule, and
one nitrate anion. An oxygen atom of the nitrate anion and two
nitrogen atoms of the adjacent oxazino-oxazine ligands are
coordinated to one silver(I) ion forming 1D polymeric chains,
which are further connected to each other through hydrogen
bonds (Table S9, Supporting Information). This intriguing
oxazino-oxazine ligand is formed by a condensation reaction of
the three aminoethanol molecules by releasing one water and
one ammonia molecule with unknown mechanism in the
presence of Cu(II) and Ag(I) ions. Tests using only silver(I) or
copper(Il) ions were not successful. The refinement also
suggested that there is a small amount (7%) of Cu(I) cations in
the crystal.

The centrosymmetric dinuclear complex 7 consists of the
dinuclear [Cu,(dmap),]** units and two nitrate anions (Figure
6 and Table S10, Supporting Information). The coordination
sphere of copper(Il) ions consists of two alkoxide oxygen
atoms, one amine nitrogen atom, and one oxygen atom from
the nitrate anion. The fifth coordination site of copper atoms is
occupied by an oxygen atom of the nitrate anion from the
adjacent dinuclear unit at 2.732(2) A. This nitrate oxygen atom

acts as a bridge between adjacent dinuclear units leading to the
formation of 1D polymeric chains.
[Cug(ae)g(ClO,),](CIO,),»MeOH (8). The hexanuclear “bicap-
ped cubane” complex 8 crystallizes in the triclinic space group
PI. The asymmetric unit of 8 (Figure 7) consists of one
[Cug(ae)s]* unit, four perchlorate anions and one methanol
molecule. The hexanuclear copper(II) core is presented in
Figure 8, showing the top and bottom faces of the cubane
Cu,ae, subcore capped by two copper atoms, CuS and Cué.
The two capping copper atoms are joined via alkoxo oxygen
bridges to the two copper atoms on the top and bottom faces of
the cubane Cuyae, subcore. The copper atoms Cul, Cu2, and
Cu4 of the cubane subcore have distorted (4 + 1) square
pyramidal coordination spheres, whereas the copper atom Cu3
of the cubane subcore has a (4 + 1) coordination sphere
intermediate between square pyramidal and trigonal bipyr-
amidal coordination (see § parameters in Table 3). The
capping copper atoms, CuS and Cu6, have (4 + 1) square
pyramidal coordination spheres (see § parameters in Table 3).
The Cu--Cu distances within the cubane subcore are between
2.9940(10) and 3.1617(11) A, and for the capping and cubane
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Figure 4. The structure of § showing the atomic labeling scheme with
thermal ellipsoids drawn at the 30% probability level. Symmetry code:
(i) —x + 1/2, =y + 1/2, —z.
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Figure S. The structure of 6 showing the atomic labeling scheme with
thermal ellipsoids drawn at the 30% probability level. Symmetry code:
(i) % =y +1/2,z = 1/2.

Figure 6. The structure of 7 showing the atomic labeling scheme, with
thermal ellipsoids drawn at the 30% probability level. Symmetry code:
(i) —x+ 1, -y, -z

copper atoms, the Cu---Cu distances are between 3.4173(10)
and 3.5543(10) A. All four copper(II) atoms of the cubane
subcore are coordinated by four alkoxide oxygen atoms forming
u3-O bridges between adjacent copper atoms, with Cu—O

bonds between 1.897(5) and 2.215(5) A, and one amine
nitrogen atom, with Cu—N bonds between 1.982(7) and
2.021(7) A. The two capping copper(II) atoms are coordinated
by two alkoxide oxygen atoms forming y,-O bridges between
adjacent copper atoms with Cu—O bond between 1.935(5) and
1.961(5) A, and two amine nitrogen atoms with Cu—N bonds
between 1.991(6) and 2.018(6) A in the equatorial plane. The
axial coordination sites of the two capping copper Cu5 and Cu6
atoms are occupied by oxygen atoms of perchlorate anions with
a Cu5—09 and Cu6—013 distances of 2.798(6) and 2.619(5)
A, respectively. The Cu—O—Cu bridging angles (6) of the
cubane core are between 90.4(2)° and 101.5(2)°, the two
smallest angles being in the top and bottom faces of the cubane
core. The O bridging angles between the capping and cubane
copper atoms are substantially larger, between 125.6(3)° and
132.0(3)°. The bridging Cu(u-O),Cu fragments are slightly
folded with Cu—O—O—Cu angles (y) from 4.0(3)° to
16.0(3)°. The 7 angles are between 35.7(4)° and 44.0(4)°.
The adjacent hexanuclear [Cug(ae)y(ClO,),](ClO,),-MeOH
units are connected by hydrogen bonds (Table S3, Supporting
Information) involving the NH hydrogen atoms, hydrogen and
oxygen atoms of the methanol molecule, and perchlorate
oxygen atoms, resulting in the formation of a 3D hydrogen
bonded network (Figure S3, Supporting Information).

Magnetic Properties. A magnetostructural study of 1 and
2 is of interest since, as far as we know, only a few y,-(OH)
bridged tetranuclear copper(II) complexes have been reported
in the literature,"> and the magnetic properties of only one of
them were studied."* The temperature dependence of yy and
T (ru is the molar magnetic susceptibility per Cu, unit) for 1
and 2 in the range 300—2 K and at an applied field of 1000 Oe
is shown in Figure 9.

The yyT value at room temperature (1.64 cm® mol'K) is
close to that expected for four uncoupled Cu** ions (S = 1/2)
with ¢ = 2.0 (1.50 cm® mol™" K). The yyT decreases with
decreasing temperature, first slightly until ~100 K and then
sharply to reach a value close to zero at 2 K. This behavior
suggests the existence of a moderate global antiferromagnetic
interaction in both compounds. The presence of a maximum in
the yy versus T plots (at 24 K for 1 and 30 K for 2) supports
the global antiferromagnetic interaction in these compounds
leading to an S = 0 singlet ground state. Complex 2 shows an
increase in the y,; versus T below 6 K, which is due to the
presence of a small amount of paramagnetic impurity. Due to
the S, structure of 1 and 2, the magnetic susceptibility data
were fitted to a spin Hamiltonian where the first term (J)
accounts for the equivalent magnetic pathways through the
sides of the almost square planar Cu,O, moiety, and the second
term (J') takes into account the magnetic pathways trough the
two diagonals (Scheme 1), according to the following equation:

H = —J(ScuScu + ScwScws + ScwsScus + ScuScus) = J

(ScarScus + ScuzScus)

The Hamiltonian was numerically diagonalized using the
MAGPACK program ® In order to avoid overparametrization,
an average g value was assumed for the whole pentanuclear
unit. A parameter (p) was included to account for the
paramagnetic impurity. The best fit parameters were J = +1.8
em™!, J' = =292 cm™, g = 2.10, and p = 0.026% for 1 (R = 2.1
X 10)and J=+29 cm™,J' = =322 cm™}, g=2.10, and p =
0% for 2 (R = 3.1 X 107°). Poorer but similar quality fits were
obtained for small negative ] values.
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Figure 7. The hexanuclear unit of 8 showing the atomic labeling scheme with thermal ellipsoids drawn at the 30% probability level. The methanol
molecule, hydrogen atoms, minor-occupancy carbon site (C6B) of the disordered aminoethanolate anion, and oxygen sites (O21B, 022B, 023B and

024B) of the disordered perchlorate anion are omitted for clarity.
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Figure 8. The hexanuclear core of 8 with thermal ellipsoids drawn at
the 30% probability level.
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Figure 9. Temperature dependence of the yy; and y\T for complexes
1 and 2. Solid lines represent the best fit with the Hamiltonians
discussed below.

Both experimental'” and theoretical® studies have shown
that the major factor controlling the magnetic exchange
interaction in hydroxo- and alkoxo-bridged polynuclear copper-
(II) complexes is the value of the Cu—O—Cu angle (0) and an
almost linear variation of ]| with € has been established for
dinuclear complexes, the crossing point between antiferromag-
netic and ferromagnetic interactions being located at ~98°."
DFT calculations carried out on dihydroxo- and dialkoxo-
bridged model structures containing a planar Cu,(u-O,)
skeleton predicted antiferromagnetic interactions for Cu—O—

Cu angles (6) larger than 92° when the 7 angle (out-of-plane
displacement of the methyl carbon atom from the Cu,O,
plane) was zero. Dihydroxo and dialkoxo complexes exhibited
antiferromagnetic interactions for the whole range of the Cu—
O—Cu angle (#) when the 7 angles were smaller than 40°.'>¢
Moreover, a correlation was established between 6 and 7,
showing that small values of € are associated with the largest
values of 7. Therefore, the AF coupling is favored when 6
increases and 7 diminishes. Besides these two angles, other
structural factors, such as the dihedral angle of the O—Cu—O
bridging planes (), the deviation of the copper(Il)
coordination geometry from square-pyramidal or square-planar
(8), and the dihedral angle between the coordination planes of
the Cu(Il) atoms (®), can also affect the magnitude of the
magnetic exchange interaction.'> The increase of 7, 0, and @ is
expected to reduce the value of the antiferromagnetic exchange
interaction. Our recent experimental and theoretical study for
bis(u-alkoxo-bridged) linear trinuclear complexes'>™ and DFT
calculations on planar bis(u-dihydroxo-bridged) trinuclear
complexes'®” showed very similar trends to those found for
dinuclear dihydroxo- and dialkoxo-bridged complexes.

Complexes 1 and 2 are isostructural with only small
differences in the equivalent bond lengths and angles, and
therefore the J and ]’ values obtained are similar for 1 and 2. In
principle, a weak ferro- or antiferromagnetic interaction would
be expected between adjacent copper(Il) atoms along the side,
as the two bridges connecting these atoms, of the hydroxo/
alkoxo type and with Cul—OH—Cu2 and Cu—O—Cu angles
(0) of 88.64(10)° and 101.0(2)° for 1 and 88.69(8)° and
100.7(3)° for 2, may counterbalance their effects (F interaction
for the former bridge and AF for the latter). Nevertheless, the
fact that the dmae™ ligand can increase the 7 values (above 30°)
and the Cu(u-O,)Cu bridging fragment is slightly folded with y
values of 12.1(4)—12.3(4)°, favors the ferromagnetic inter-
actions along the side of the almost square-planar Cu,O,
fragment, which is in good agreement with the experimental
results.

From the magnetostructural point of view, polynuclear
copper complexes with a single hydroxo-bridge are still rare.
For the simple dicopper complexes, antiferromagnetic exchange
couplings have been observed in all cases with the
antiferromagnetic exchange coupling increasing with the Cu—
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O—Cu angle.*”*® Indeed, the & overlap of the magnetic orbitals

of the copper atoms and the p orbital of the hydroxo-bridge
increases with the Cu—O—Cu angles closer to 180°. In the view
of this, an antiferromagnetic exchange interaction would be
expected for the interaction between copper(Il) atoms along
the diagonal, which is in accordance with the experimental
results. It is noteworthy that the ]’ parameter is lower than
those usually found for other monohydroxo-bridged copper
complexes with similar Cul—OH—Cu3 angles (168.0(7)° for 1
and 168.7(6)° for 2), which could be because (i) the CuO,N
coordination polyhedron exhibits a distorted geometry from
square-pyramidal toward trigonal-bipyramidal with an Addi-
son’s parameter of ~0.2 (this parameter is 0 for the former and
1 for the latter). For this distorted geometry, the overlap
between the magnetic orbitals (an admixture of d,2_> and d?)
decreases compared with the case of the square pyramidal
geometry where the magnetic orbital is d,>_, and therefore the
AF magnetic exchange interaction decreases and (ii) the long
Cu-+-Cu separations of 4.152(2) and 4.149(2) A for 1 and 2,
respectively, also decrease the overlap between the magnetic
orbitals.

In order to support the sign and magnitude of the J and J'
exchange coupling parameters observed for 1 and 2, we have
performed DFT calculations on the structure of 2 as found in
the solid state and for one of the disordered configurations. The
calculated values of the exchange coupling could not be
obtained for 1 because of the presence of the silver(I) cation.
The calculated ] values for 2 are given in the following Scheme
2.

Scheme 2. Calculated J Values for the Broken-Symmetry
Model Structure of 2
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As can be observed, the sign and relative magnitude of these
interactions are in a reasonably good accord with the
experimental results. It should be noted that this type of
DFT calculation correctly predicts the sign of the magnetic
interactions but discrepancies usually exist between the
magnitude of the experimental and calculated values. This
fact may be due to the inherent limitations of the method and
to the flexibility of the structure that allows some structural
changes when the sample is cooled. To additionally support the
sign of the side and diagonal interactions, we have carried out
DEFT calculations for dinuclear model compounds of the side
and diagonal interactions (Figure S4, Supporting Information);
the results confirm that the edge interactions are ferromagnetic,
whereas the diagonal interactions are antiferromagnetic.

The magnetic properties of 8 in the form y\ T versus T (yy, is
the molar magnetic susceptibility per Cuq unit), measured in
the 300—2 K range and in an applied field of 1000 Oe, are
shown in Figure 10. The value of yT at room temperature,
1.32 em® mol ™" K, is significantly smaller than that expected for

0 50 100 150 200 250 300
TIK

Figure 10. Fitting of the magnetic data of 8 to a model composed of
two interacting isosceles triangles and the observed field dependence
of the magnetization (inset).

six magnetically isolated copper(Il) atoms, 2.25 cm® mol™" K
(with S = 1/2 and g = 2), thus indicating a global dominant
strong antiferromagnetic coupling between the copper(II) ions.
Upon lowering the temperature, yyT further decreases to reach
a quasi-plateau at 75 K with a value of ~0.8 cm® mol™" K, which
matches that expected for two S = 1/2 doublets. Below 10 K,
T increases sharply to reach a value of 0.91 cm® mol™ K at 2
K. The field dependence of the magnetization is given in the
inset of Figure 11. The magnetization value at the maximum
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Figure 11. Simulated yT vs. T curves with the above Hamiltonian.

applied field (1.9u5) is close to the saturation value expected
for an S = 1 ground state (2.0py with g = 2). The M versus H
curve is above the theoretical Brillouin function for two isolated
S =1/2 states but below the Brillouin curve expected for an § =
1 state.

This compound contains a very complicated “bicapped
cubane” CugOyg core (Scheme 3). Complexes with this structure
are limited to two examples, which were magnetostructurally
studied.”*'® Interestingly, these compounds exhibit dominant
antiferromagnetic interactions leading to an S = 0 ground state.
This is an important difference with compound 8, which also
exhibits a dominant antiferromagnetic interaction but with an S
= 1 ground state.

A close inspection of the structure of 8 reveals the following
magnetostructural features: (i) Although there are eight
different magnetic pathways, we are going to assume for the
sake of simplicity that some of them are equal. (ii) There exist
large Cu—O—Cu angles with an average value of 129.2° (Table
4) involving the capping Cu$ and Cu6 atoms and the cubane
copper atoms Cul and Cu3 and Cu2 and Cu4 with short Cu—
O distances in the range 1.897—1.962 A. These structural
parameters favor a strong antiferromagnetic interaction
between the copper(II) atoms. These magnetic pathways are
assumed to be described by the same exchange coupling
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Scheme 3. Perspective View of the Bicapped Cubane Cu,Oq
Core of 8 and the Coupling Constants for the Different
Magnetic Exchange Pathways®

Jiu=Ju=J;
Jiz=Jd3s=J;

“Solid lines and dotted lines represent short distances (Cu—equatorial
distances) and long distances (Cu—apical distances), respectively.

Table 4. Structural Parameters and Experimentally Obtained
J Values for 1, 2, and 8

1 2 8
Cu--Cu 2.9472(12)"  2.9485(12)%  3.0952°
4.152(2)° 4.149(2)* 3.48187
Cu—O—Cu 0 (deg) 101.0(2) 100.7(3) 95.2°
98.1
129.28
Cul-OH-Cu2 6 (deg) 88.64(10) 88.69(8)
Cul—OH—Cu3 6 (deg) 168.0(7) 168.7(6)
Cu2—OH-Cu4 6 (deg) 153.9(7) 153.1(5)
Cu 8" 0.227 0.189 0.371°
0.033
0--0-C 7* (deg) 33.9(7) 32.1(7) 39.3
Cu—O0—0—Cu (average) 7™ 12.1 12.2 10.0
(deg)
Jexp (cm™) +1.8 +2.9 —297.6"
Jep (cm™) -29.2 -322

“The distance between adjacent copper atoms. “The distance between
opposite copper atoms. “The average Cu--Cu distance within the
cubane Cu,O, core. “The average Cu-Cu distance between the
capping copper and the cubane copper atoms. “The average 6 angle of
top and bottom faces of the cubane Cu,O, core. FThe average 6 angle
of side faces of the cubane Cu,O, core. £The average 0 angle between
the capping copper and the cubane copper atoms. "The distortion of
the coordination geometry for five-coordinated complexes is 6 = (@ —
$)/60 (a and f are the larger trans X—Cu—X angles, & is 1 for a
trigonal-bipyramidal geometry and O for a square-pyramid).** “The
average § value of the cubane copper atoms. “The average & value of
the capping copper atoms. Kz is the substituents angle from the
bridging O---O line. "The average 7 value of the cubane copper atoms.
"y is the dihedral angle of the bridging O—Cu—O planes. "Average
interactions involving the capping copper atoms and the copper atoms
of the top and bottom faces of the cubane.

constant, J. (iii) The Cu—O—Cu angles involving the copper
atoms on the top and bottom faces of the cubane, Cul and Cu3
and Cu2 and Cu4, respectively, present average values of 94.6°
and 95.9°; therefore, a ferromagnetic interaction is expected
between the copper(Il) atoms. In both cases, one of the Cu—
O—Cu pathways involves two apical positions on the distorted
square-planar coordination sphere of the copper atoms, where
the density of the unpaired electron is very small (the unpaired
electron is located in the d,>_ orbital, which lies in the basal
plane and is directed to the ligand atoms coordinated to the
copper atoms), and therefore they will not be operative in
transmitting the exchange interaction (dotted lines in Scheme

3). For each pair of copper atoms (Cul and Cu3 and Cu2 and
Cu4), only one magnetic pathway is operative, thus reducing
the magnitude of the magnetic exchange interaction. We
assume that these moderate ferromagnetic pathways are
equivalent and are described by J;. (iv) The faces involving
the copper atoms Cul and Cu4, as well as Cu2 and Cu3, have
average 0 angles of 98.7° and 99.9° and one Cu-apical
interaction in each magnetic pathway; therefore, weak
antiferromagnetic couplings would be expected. However, the
large 7 angles, ~40° and ~50°, respectively, would lead to a
weak ferromagnetic interaction. (v) The magnetic pathways
involving Cul and Cu2 and Cu3 and Cu4 have average values
of 97.6° and 96.4° and therefore weak ferromagnetic
interactions are expected for them (in the latter case, there
are two Cu—apical interactions reducing the magnitude of the
interaction). The exchange couplings through these two
magnetic pathways are considered equal and are described by
Js

To check whether these qualitative conclusions are valid, we
have simulated the magnetic properties of a system with a
Cu4Oyq core similar to that of 8 for different values of the [, J,,
and J; magnetic exchange coupling and for a fixed ] value of
—310 cm™" (Figure 11) by using the following Hamiltonian:

H = —J(ScuScus + ScuzScus + ScuaScus T ScusScas)
- JI(SCuISCu3 + SCuZSCu4) + JZ(SCulsCu4 + SCuZSCu3)

+ ]3(SCulsCu2 + SCu3SCu4)

The following conclusions can be drawn from the
simulations: (i) The high temperature data can be well
reproduced with ] = =310 cm™". The rest of the parameters
do not significantly affect the shape of the curve in this
temperature region. (ii) The plateau below 75 K and the
further increase at a very low temperature are only observed
when J, and J; are small and positive (typically both <1 cm™).
If both are positive and large or one is negative and small and
the other one positive and large, a wide minimum is observed
below 75 K. (iii) The value of J; does not significantly influence
the shape of the curve with either negative or positive values.
(iv) If J, and J; are both negative or being both of the same
magnitude either ], or J; are negative, a decrease at a very low
temperature (below 10 K) is observed. The same curves are
obtained for pairs of opposite values of ], and J;. The data can
be well reproduced with J = =310 cm™, ], = J; = 0.4 cm™, and
J; values between —10 and 40 cm™" with g = 2.07 (almost the
same R values of 1.5 X 107 are obtained in all simulations).

Because the antiferromagnetic exchange interactions between
the capping atoms Cu$ and Cu6 and the copper atoms on the
top and bottom faces of the central cubane unit, Cul and Cu3
and Cu2 and Cu4, are very large, the spins of each pair of these
latter atoms should be parallel (ferromagnetic interaction),
giving rise to an S = 1/2 ground state for the capping isosceles
triangles. Therefore from the magnetic viewpoint, the CugOg
core can be treated in a simpler manner as two isosceles
triangles that interact ferromagnetically to account for the
increase in yT below 10 K. Taking this into account, we have
fitted the magnetic data to the following simplified Hamil-
tonian:
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H = —J, (ScuiScus + ScusScus) = Jia (ScurScus)
- ]B(SCuZSCué + SCu4SCu6) - ]1B(SCuZSCu4) — Z]/<Sz>
S

z

where J, and J take into account the large antiferromagnetic
interactions between the capping atoms and the copper atoms
at the top and bottom faces of the cubane (the two large
antiferromagnetic interactions inside the isosceles triangle have
been considered equal to avoid overparametrization), J;, and
Jis describe the interactions between the latter copper atoms,
and the last term accounts for the interactions between the
isosceles triangles by using the molecular-field approximation.
The magnetic data were fitted to the theoretical equation
derived from the above Hamiltonian. Fits of a similar quality
affording very close ], and J values were obtained for J;, and
Jip between zero and +40 cm™'. The J;, and J;3 do not
significantly affect the fitting because their effect is only to move
the energy of the excited doublet state inside the isosceles
triangles. The best fit was obtained for J, = —335(7) and Ji =
—266(S) em™', g =2.070(1) and 2zJ’ = 0.04(1) cm™" with J;, =
Jiz = O (see Figure 11). When ], and Ji are considered equal,
the best fitting with J, = J; = J leads to ] = —297.6(9) cm™, g =
2.072(1), and zJ' = 0.07 cm™..

In order to support the sign and magnitude of the magnetic
exchange interaction inside the CusOj unit, we have carried out
DFT calculations with the results given in Figure SS,
Supporting Information.

The values for the interactions between the capping atoms
and the copper atoms on the top and bottom faces of the
cubane unit, as well as the interactions involving the atoms in
these faces, agree well with those extracted from the simulation.
However, the remaining interactions inside the cubane are
negative and are not acceptable in view of the simulation study.
At this moment, we cannot explain this unexpected result; we
are undertaking new calculations using other programs and
basis sets to try to resolve this discrepancy.

B CONCLUSIONS

We have been able to obtain new examples of y,-hydroxo- and
alkoxo-bridged tetranuclear copper(Il) complexes [Cu,(y,-
OH)(dmae),][M(NO;),] (M' = Ag (1), Na (2), and K (3);
dmae = N,N-dimethylaminoethanol) and the hexanuclear
alkoxo-bridged “bicapped cubane” copper(II) complex
[Cuy(ae)s(ClO,),](ClO,),MeOH (8) (ae = 2-aminoethanol)
via self-assembly of the corresponding aminoethanol ligand and
copper(I) salt. Complexes 1—3 represent rare tetranuclear
copper complexes with a y,-hydroxo bridged core, the first
examples with a small amino alcohol as a ligand, whereas
complex 8 is only the third example of a hexanuclear copper(1I)
complex with a “bicapped cubane” core. Furthermore, synthetic
studies using other amino alcohol ligands revealed that a wide
structural diversity of copper(II) complexes (from mono-
nuclear to nonanuclear ones) can be obtained by varying the
stoichiometry of copper(II) ion, amino alcohol, and other metal
ions, as well as the nature of anions and solvents in the
synthetic reaction.

Experimental magnetic studies showed that complexes 1 and
2 exhibit dominant antiferromagnetic coupling. The values of
the magnetic exchange coupling constant were as follows: J =
+1.8 (1) and +2.9 cm™" (2) between adjacent copper atoms; J’

= —29.2 (1) and —32.2 cm™ (2) between opposite copper
atoms.

Complex 8 exhibits a large dominant antiferromagnetic
interaction between the capping copper atoms and the copper
atoms of the top and bottom faces of the cubane unit that
define two isosceles triangles. This interaction leads to an S =1/
2 ground state for each triangle. The ferromagnetic interaction
between these doublet states through the cubane unit leads to a
triplet S = 1 ground state for 8. Interestingly, in the other two
examples reported in the literature as having a CusOy core, the
magnetic interactions between the copper(II) atoms lead to an
S = 0 ground state. The quantitative analysis of the data with a
simple model of two interacting isosceles triangles led to ] =
—297.6 cm™" (interaction between the capping copper atoms
and the copper atoms of the top and bottom faces of the
cubane) and a ferromagnetic interaction between the triangles
through the molecular field approximation with zJ' = 0.07 cm™".
The magnetic coupling constants calculated for 2 and 8 by
DFT methods are in general of the same nature and magnitude
as the experimental ones.

B ASSOCIATED CONTENT

© Supporting Information

X-ray crystallographic data for all complexes in CIF format
(CCDC 940671—940678), summary of the crystallographic
data and selected geometrical parameters for 4—7, main
hydrogen bond parameters for 1-3 and 8, the figure for the
structure of 4, partial crystal packing diagrams of 2 and 8, and
DFT calculated ] values for 2 and 8. This material is available
free of charge via the Internet at http://pubs.acs.org.
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