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Reaction of a series of dodecadentate ligands (HsL), 1,4,8,11-tetrakis(salicylideneaminoethyl)-1,4,8,11-tetraaza-
cyclotetradecane and its substituted derivatives, with copper(I) salts afforded dinuclear copper(Il) complexes, [Cu,L],
which were characterized by IR and UV-vis—NIR spectroscopy, and temperature dependence of magnetic susceptibilities
(4.5-300K). Single-crystal X-ray crystallography of these complexes revealed that each copper(Il) ion is bound by the
chelating of the two Schiff-base pendant arms outside the central tetraazacyclotetradecane ring forming a distorted square
plane with an intramolecular Cu—Cu distance of 8.692(2)-8.949(2) A. In accordance with the crystal structures, the
magnetic interaction between the two copper(Il) atoms is very weak. In the case of 1,4,8,11-tetrakis(3-methoxysalicyl-
ideneaminoethyl)-1,4,8,11-tetraazacyclotetradecane (Hstmsaec), a hexanuclear complex with a crystallographic inversion
center, [Cug(O,CCHj)g(tmsaec)], was isolated. In the asymmetric unit, one copper atom is bonded to one pendant arm and
two copper atoms are bound to another pendant arm with the methoxy group of the Schiff-base moiety with the Cu—Cu
distance of 3.096(1) A, giving a novel system containing monodentate, bidentate, and bridging acetate ions in the same
molecule. Magnetic susceptibility data shows that a weak antiferromagnetic interaction is operating between the closest
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two copper atoms.

Chemistry of macrocyclic polyamine ligands with pendant
arms has attracted much interest over the past two decades,
because of their specific structures and chemical properties,
high ability as molecular recognition ability of anions or
cations, and applications from radiopharmaceutical chemistry
to waste-water treatment.!?> Habitually, these macrocyclic
polyamine ligands bind one metal ion at the center of
the macrocyclic cavity forming 1:1 molar ratio complexes.
Among macrocyclic ligands with pendant arms, an octadentate
ligand, 1,4,8,11-tetrakis(2-aminoethyl)-1,4,8,11-tetraazacyclo-
tetradecane (abbreviated as taec), is unique, forming exclu-
sively dinuclear metal species without any metal ion in the
macrocyclic ring> This could be ascribed to the high
coordination ability of the pendant amino groups compared
with the donation of the tertiary amine nitrogen atoms of the
1,4,8,11-tetraazacyclotetradecane (cyclam) moiety. A related
tetratosylated taec derivative, 1,4,8,11-tetrakis(2-p-toluenesul-
fonamidoethyl)-1,4,8,11-tetraazacyclotetradecane  (Hytstaec),
which was expected to bind one metal ion in the macrocyclic
ring because of the poor donating property of the tosylated
amino groups, also binds two metal ions outside the macro-
cyclic ring, giving a dinuclear metal species.* Recently, we
designed new cyclam-based Schiff-base ligands by function-
alization of 1,4,8,11-tetraazacyclotetradecane with four sali-
cylideneaminoethyl groups as pendant arms (Chart 1) in
order to obtain manganese species which were difficult to
get by the taec and Hytstaec ligands.> These potential dodeca-
dentate  ligands, 1,4,8,11-tetrakis(salicylideneaminoethyl)-
cyclam (Hytsaec) and its substituent derivatives, do not bind
one metal ion within the macrocyclic ring, but form dinuclear

manganese(ITT) complexes by reaction with Mn" ion. The two
Mn ions are coordinated by two pairs of the pendant Schiff-
base groups outside the macrocyclic ring moiety, resulting in a
long Mn--Mn separation of 9.676(4)—10.096(2) A. Formation of
manganese(IIl) species may be understandable by the presence
of tetradentate N,O, donor atoms of the Schiff-base groups in
these ligands, because many manganese(II) complexes can be
prepared from reactions of manganese(Il) salts and Schiff-base
ligands containing N and O donor atoms.® In these com-
plexes, the manganese(III) atoms are invoked by a Jahn-Teller
distortion. The present ligand systems are expected to be used
for other metal ions such as copper(Il), because copper(Il) is
also invoked by a Jahn-Teller distortion in octahedral geometry
and prefers five- or four-coordinate geometries. In this context,
we explored copper(Il) complexes with these dodecadentate
Schiff-base ligands and obtained dinuclear copper(Il) com-
plexes. We also synthesized disubstituted derivatives of the
Schiff-base ligands (Chart 1), tetrakis(3,5-dibromosalicylidene-
aminoethyl)cyclam (Hjtdbsaec) and tetrakis(3,5-dichlorosali-
cylideneaminoethyl)cyclam (Hgtdcsaec), and prepared their
dinuclear copper(Il) complexes. Surprisingly, using a similar
synthetic procedure, we isolated a hexanuclear copper(Il)
complex in the case of 1,4,8,11-tetrakis(3-methoxysalicylidene-
aminoethyl)-1,4,8,11-tetraazacyclotetradecane (Hstmsaec). We
report here, the synthesis and structural and magnetic character-
ization of these copper(Il) complexes with the cyclam-based
dodecadentate Schiff-base ligands.

Experimental

Synthesis. Unless otherwise specified, all reagents were
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Chart 1. (a) Hytsaec (R', R? = H), Hutbsaec (R! = H, R? = Br), Hytcsaec (R! = H, R? = Cl), Hytdbsaec (R!, R? = Br), Hutdcsaec

(R!, R? = CI), and Hytmsaec (R! = OCHj3, R? = H). (b) Hytnaec.

purchased commercially and used without further purification.

Macrocyclic Ligands. The dodecadentate ligands, tetrakis-
(salicylideneaminoethyl)cyclam analogs, Hytbsaec, Hytcsaec, and
Hjatnaec, were synthesized by the condensation reaction between
taec and the corresponding salicylaldehyde derivatives according
to the previously reported procedure.’

Tetrakis(3,5-dibromosalicylideneaminoethyl)cyclam
(Htdbsaec). To a stirred solution of taec (107 mg, 0.24 mmol) in
methanol (10mL) was added a methanol solution (5mL) of 3,5-
dibromosalicylaldehyde (271 mg, 0.97 mmol). The resulting yel-
low precipitate was filtered off and washed with methanol. Yield:
292 mg (86%). Anal. Found: C, 39.08; H, 3.53; N, 7.94%. Calcd
for C4Hs,BrgNgOy: C, 38.90; H, 3.69; N, 7.89%. IR(KBr): v(ArH)
3056, v,(CH,) 2947, v(CH,) 2795, W(C=N) 1646 cm™". UV-vis:
Amax (/M em™!, measured in CHCl3) 286 (16100), 336 (12000),
432nm (11600). Diffused reflectance spectrum: Ap,, 228, 282,
342, 408, 445 nm.

Tetrakis(3,5-dichlorosalicylideneaminoethyl)cyclam
(Htdcsaec). This ligand was obtained as yellow precipitate by
the reaction of taec (80 mg, 0.22 mmol) and 3,5-dichlorosalicyl-
aldehyde (165 mg, 0.86 mmol) in methanol using the same method
as that of Hytdbsaec. Yield: 153 mg (77%). Anal. Found: C, 52.08;
H, 4.63; N, 10.53%. Calcd for C4sHs,CIgNgO4: C, 51.90; H,
4.92; N, 10.53%. IR(KBr): v(ArH) 3050, v,5(CH;) 2960, vs(CH;)
2808, V(C=N) 1650 cm™". UV-vis: dpay (6/M~'cm™', measured
in CHCl;) 283 (14400), 335 (12400), 432nm (9170). Diffused
reflectance spectrum: Ay, 227, 281, 341, 403, 443 nm.

[Cu,(tsaec)]-0.5H,0 (1-0.5H,0). Taec (30mg, 0.08 mmol)
was dissolved in methanol (4mL) at room temperature. To this
solution was added a methanol solution (2 mL) of salicylaldehyde
(40 mg, 0.33 mmol), 6 mL of chloroform, and copper(Il) acetyl-
acetonate (42mg, 0.16 mmol), and the mixture was stirred for
10 min, and then filtered. On to the resulting green solution was
layered methanol (6 mL), and the mixture was then allowed to
stand at room temperature to give green crystals. Yield: 46 mg
(52%). Anal. Found: C, 60.17; H, 6.26; N, 12.00%. Calcd for
C46Hs6CuyNgOy4-0.5H,0: C, 59.98; H, 6.24; N, 12.16%. IR(KBr):
V(ATH) 3052, v,i(CH,) 2941, v(CH,) 2797, v (C=N) 1636cm™".
Diffuse reflectance spectrum: Ap.y 227, 279, 304, 378, 470sh, 643,
845shnm.

[Cuy(tbsaec)]-H,O (2-H,0). Hgtbsaec (48 mg, 0.043 mmol)
was dissolved in chloroform (30 mL). To this solution was added
an acetonitrile solution (60mL) of copper(ll) acetate (16 mg,
0.088 mmol). The mixture was allowed to stand at room temper-

ature to give green crystals. Yield: 42 mg (78%). Anal. Found: C,
4408, H, 408, N, 9.27%. Calcd for C46H52BI4CU2N804'H201 C,
44.35; H, 4.37; N, 8.99%. IR(KBr): v,s(CH;) 2920, vy(CH,) 2795,
V(C=N) 1629 cm~!. Diffuse reflectance spectrum: A, 306, 390,
660 nm.

[Cuy(tdbsaec)]-CHCI; (3:CHCl3). Hgytdbsaec (54 mg, 0.038
mmol) was dissolved in chloroform (45 mL). To this solution was
added an acetonitrile solution (45 mL) of copper(Il) acetate (15 mg,
0.083 mmol). The mixture was allowed to stand at room temper-
ature to give green crystals. Yield: 44 mg (71%). Anal. Found: C,
3400, H, 283, N, 6.75%. Calcd for C46H48BI’8CUZN804'CHC13:
C, 33.95; H, 2.97; N, 6.74%. IR(KBr): V(ArH) 3063, v,s(CH)
2940, vy(CH,) 2810, v(C=N) 1632cm~!. Diffuse reflectance
spectrum: Apax 224, 298, 387, 470sh, 656, 790sh nm.

[Cu,(tcsaec)]-0.5CH;CN-H,0 (4-0.5CH3;CN-H,0). Hytcsaec
(47mg, 0.051 mmol) was dissolved in CHCI; (30mL). To this
solution was added an CH3;CN solution (60mL) of copper(Il)
acetate (19 mg, 0.105 mmol). The mixture was allowed to stand at
room temperature to give green crystals. Yield: 48 mg (86%).
Anal. Found: C, 51.99; H, 4.83; N, 10.96%. Calcd for C4sHs,-
Cl4Cu,;Ng04-0.5CH;CN-H,0: C, 51.87; H, 5.14; N, 10.94%.
IR(KBr): v(ArH) 3008, v,(CHy) 2924, v(CH;) 2796, v(C=N)
1629 cm™!. Diffuse reflectance spectrum: A, 303, 388, 661 nm.

[Cu,(tdesaec)]-CHCl3-3H,0 (5-CHCI3-3H,0). The com-
plex was prepared in the same way as 3.CHCl;, except that
Hytdcsaec was used instead of Hytdbsaec. Yield: 48 mg (70%).
Anal. Found: C, 41.58; H, 3.90; N, 8.46%. Calcd for C4sH45Clg-
Cup;NgO4-CHCI3-3H,0: C, 41.48; H, 4.07; N, 8.23%. IR(KBr):
V(ATH) 3073, v,5(CH,) 2941, v(CH,) 2810, v(C=N) 1633 cm".
Diffuse reflectance spectrum: A, 230, 295, 383, 642 nm.

[Cu,(tnaec)]-:2CHCl;3-H,O  (6-2CHCl;3-H,0). Hatnaec
(45mg, 0.045mmol) was dissolved in CHCI; (30mL). To this
solution was added an CH3;CN solution (30mL) of copper(Il)
acetate (17 mg, 0.094 mmol). The mixture was allowed to stand
at room temperature to give green crystals. Yield: 47 mg (75%).
Anal. Found: C, 56.08; H, 4.66; N, 8.48%. Calcd for CgHes-
CuyNgO,4-2CHCI3-H,0: C, 56.15; H, 5.01; N, 8.19%. IR(KBr):
V(ATH) 3061, v,i(CH,) 2968, v(CH,) 2802, v(C=N) 1619 cm".
Diffuse reflectance spectrum: Apax 226, 315, 401, 647 nm.

[Cug(O,CCHj;)g(tmsaec)]-3H,0 (7-3H,0). Taec (51 mg,
0.137 mmol) was dissolved in CH3CN (20mL) at 60 °C. To this
solution was added 3-methoxysalicylaldehyde (83 mg, 0.55 mmol),
copper(Il) acetate (99 mg, 0.55 mmol), and the mixture was heated
at 60 °C for 10 min, and then filtered. The resulting green solution



Table 1. Crystal Data and Data Collection Details

[Cuy(tsaec)]-2CHCIl; [Cus(tbsaec)]-CHCl;  [Cuy(tdbsaec)]- [Cuy(tcsaec)]-CHCl;  [Cup(tdesaec)]- [Cuy(tnaec)]-2CH3CN  [Cug(O,CCHj)g(tmsaec)] -
(1.2CHCl3) (2-CHCl,) 2/3CHCIl;3-8/3H,0 (4-CHCI,) 2/3CHCl3-8/3H,0 (6-2CH;CN) 2CH;CN-11H,0
(3-2/3CHCl;3-8/3H,0) (5-2/3CHCl;3-8/3H,0) (7-2CH3CN-11H,0)
Formula CygHsgClsCuNgOy  Cy7Hs3BryClzCupNgOy  Cy66Hs54BrsCliCusNgOg 65 Ca7Hs3Cl;CuNgOy  Cap.66Hs54ClioCunNgOg 66 CosHroCuaNgO4 C70Hi16CugN 19035
FW 1150.80 1346.04 1670.91 1169.20 1315.23 1194.40 2038.97
Temperature/K 293 123 293 293 293 293 123
Crystal system Triclinic Triclinic Trigonal Triclinic Trigonal Monoclinic Monoclinic
Space group P1 P1 R3 P1 R3 P2,/c P2y/n
a/A 10.772(13) 13.517(3) 27.058(15) 13.511(2) 26.756(5) 17.159(5) 13.059(3)
b/A 13.900(16) 14.984(3) 15.020(3) 11.911(3) 23.657(5)
c/A 18.73(2) 15.119(3) 21.463(17) 15.097(3) 21.191(5) 16.011(5) 14.440(3)
o/° 88.06(2) 64.041(4) 114.827(3)
B/° 74.54(3) 65.343(3) 114.785(3) 115.440(5) 102.488(4)
y/° 70.17(3) 89.644(4) 90.437(3)
/A3 2538(5) 2443.1(9) 13609(16) 2461.0(7) 13138(5) 2955.1(13) 4355.7(15)
VA 2 2 9 2 9 2 2
Dearea/gcm™ 1.51 1.83 1.84 1.58 1.50 1.34 1.56
D,,/gem™ 1.52 1.80 1.81 1.56 1.51 1.33 1.54
Crystal size/mm? 0.45 x 0.43 x 0.18  0.42 x 0.23 x 0.10 0.18 x 0.12 x 0.08 0.47 x 0.43 x 0.38  0.27 x 0.25 x 0.10 0.43 x 0.38 x 0.30 0.35 x 0.13 x 0.08
(Mo Kar)/mm™! 1.206 4.359 6.128 1.298 1.239 0.778 1.529
0 range/° 1.56-29.07 1.55-28.45 1.29-28.27 1.53-28.37 1.52-28.58 2.16-28.55 1.68-28.59
No. of reflections 16386 14967 28129 15118 27578 17858 26423
No. of unique reflections 11669 10650 7167 10775 6936 6843 10102

R1[I > 20(D)], wR2
[all data]®
Goodness-of-fit on F2

0.0525, 0.1265

0.738

0.0631, 0.2003

1.086

0.0564, 0.1856

0.798

0.0617, 0.2032

0.990

0.0792, 0.2607

0.860

0.0401, 0.0779

0.821

0.0879, 0.2297

1.013

a) Rl = Z||Fo| — |Foll/Z|F,|, wR2 = [Sw(Fy’ — F&)/Zw(F3)]' 2.
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was allowed to stand at room temperature to give green crystals.
Yield: 105mg (43%). Anal. Found: C, 43.80; H, 5.41; N, 5.91%.
Calcd for C66H88CU6N8024'3H201 C, 4373, H, 523, N, 6.18%.
IR(KBr): v(OH) 3423 br, v,s(CH;) 2966, v{(CH;) 2839, v(C=N)
1635, v,5(CO,) 1620, V,(CO,) 1569, v,4(CO,) 1540sh, v(CO,)
1439, v(COy) 1416, vy(COy) 1390shcm™'. UV-vis: Apax
(¢/M~'em™', measured in DMSO) 384 (15800), 670nm (793).
Diffuse reflectance spectrum: An.c 239, 283, 381, 480sh, 696,
900sh nm.

Measurements. Elemental analyses of carbon, hydrogen, and
nitrogen were conducted using a Thermo Finnigan FLASH EA
1112 series CHNO-S Analyzer. Infrared spectra were measured
with a JASCO MFT-2000 FT-IR Spectrometer in the 4000—
600cm™! region. The electronic spectra were measured with a
Shimadzu UV-vis—NIR Recording Spectrophotometer Model
UV-3100. The temperature dependence of the magnetic suscepti-
bilities was measured with a Quantum Design MPMS-5S SQUID
susceptometer operating at a magnetic field of 0.5T over a
temperature range of 4.5-300 K. The susceptibilities were correct-
ed for the diamagnetism of constituent atoms using Pascal’s
constants.” The effective magnetic moments were calculated from
the equation fL . = 2.828/ X, T, where X, is the atomic magnetic
susceptibility.

X-ray Crystal Structure Analyses. A preliminary examina-
tion was made and data were collected on a Bruker CCD X-ray
diffractometer (SMART APEX) using graphite-monochromated
Mo Ke radiation. Crystal data and details concerning data
collection are given in Table 1. The structures were solved by
direct methods, and refined by full-matrix least-squares methods.
The hydrogen atoms except those bound to the water oxygen atoms
were inserted at their calculated positions and fixed there. All of
the calculations were carried out on a Pentium IV Windows 2000
computer utilizing the SHELXTL software package.® Crystallo-
graphic data have been deposited with Cambridge Crystallographic
Data Centre: Deposit number CCDC-743870-743876. Copies of
the data can be obtained free of charge via http://www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallo-
graphic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, U.K.;
Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Results and Discussion

Dinuclear Copper(II) Complexes with the Dodecaden-
tate Ligands, [Cuy(L)] (L = tsaec*”, tbsaec*~, tdbsaec*",
tesaec?™, tdesaec*™, and tnaec*™).  The synthesis of the
dinuclear copper(Il) complexes was achieved by the reaction of
the dodecadentate Schiff-base ligands (H4L) and copper(II) salt
in a 1:2 molar ratio in chloroform-acetonitrile solution in good
yields. In the case of Hytsaec, we used a template reaction in
methanol to prepare the copper(Il) complex because of the
difficulty in isolating the Schiff-base ligand by the reaction of
taec and salicylaldehyde. Elemental analyses confirmed a
stoichiometry of [Cuy(L)] with solvent molecules. Contrary to
the case for the manganese(Ill) complexes,” the complexes
are neutral without any counter anion such as acetate ion.
The complexes show a strong IR band at around 1630cm™!
attributable to V(C=N) stretching vibration. This band is
shifted to a lower frequency (ca. 10 cm™") compared with those
of the Schiff-base ligands as expected from coordination of the
imino-nitrogen to the copper atom. Single crystals suitable for
X-ray diffraction study were obtained from a diffusion method
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Figure 1.
2CHClI; (1-2CHCIl3) showing the 50% probability thermal
ellipsoids and atom numbering scheme. Hydrogen atoms
and solvent molecules are omitted for clarity.

ORTEP drawing of the structure of [Cu,(tsaec)]-

similar to the condition for the synthesis of the copper(Il)
complexes. The crystal structures were determined by X-ray
crystal structure analysis for [Cuy(tsaec)]-2CHCl; (1-2CHCl3),
[Cuy(tbsaec)]-CHCI; (2-CHCIl3), [Cuy(tdbsaec)]-2/3CHCI;-
8/3H,0 (3-2/3CHCI3-8/3H,0), [Cuy(tesaec)]- CHCl;
(4-CHCl3), [Cuy(tdcsaec)]-2/3CHCl;3+8/3H,0 (5-2/3CHCl;-
8/3H,0), [Cuy(tnaec)]-2CH;CN (6-2CH;CN). An ORTEP
drawing of the crystal structure of 1.2CHCI; is shown in
Figure 1 together with the atomic numbering scheme. Selected
bond distances and angles are listed in Table 2. There are two
crystallographically independent dinuclear complexes in the
crystal. Both of the complex molecules possess a crystallo-
graphic inversion center and are similar to each other. In each
dinuclear molecule, two copper atoms are bound by two pairs
of the Schiff-base pendant arms below and above the cyclam
ring moiety of tsaec*~ ligand. The Cu--Cu distances within the
dinuclear molecules are 8.833(8) [Cul--Cul’] and 8.756(9) A
[Cu2--Cu2""]. Each copper atom is coordinated by two imino-
nitrogen atoms (N3 and N4 for Cul, N7 and N8 for Cu2) and
two phenolic-oxygen atoms (O1 and O2 for Cul, O3 and O4
for Cu2) of the Schiff-base pendant arms in a square-planar
arrangement. However, the planes defined by O1-N3-02-N4
and O3-N7-04-N8 deviate from the strict planar configuration
within £0.46 A, and the Cul and Cu2 atoms are 0.13 and 0.10
A below these mean planes, respectively. The Cu—O (1.863(3)—
1.888(4) A) and Cu-N distances (1.919(4)-1.937(4) A) fall in
the range of the values reported for square-planar copper(Il)
complexes of tetradentate N,O, Schiff-base ligands.® The
cyclam ring moiety of tsaec*~ adopts the trans-IV configu-
ration!® similar to the dinuclear manganese complexes with
this type of dodecadentate Schiff-base ligands.’ This config-
uration can be also found in the dinuclear palladium complex
of tstaec*™ with bulky functional groups.* The closest inter-
molecular Cu-~Cu distance is 7.367(9)A of Cul-Cu2
(x, y+ 1, z), being shorter than the intramolecular Cu--Cu
distances. The crystal contains chloroform molecules which
form closest contacts with the phenolic-oxygen atoms of the
Schiff-base ligands [O1--C47 (CHCl3) 3.133(6) A and 03--C48
(CHCI3) 3.110(6) A].



368

Bull. Chem. Soc. Jpn. Vol. 83, No. 4 (2010)

Di- and Hexa-Nuclear Copper(ll) Complexes

Table 2. Selected Bond Distances/A and Angles/° with Their Estimated Standard Deviations in Parentheses

[Cus(tsaec)]-2CHCL; (1-2CHCl5)

Cul-O1 1.888(4) Cu2-03 1.875(4)
Cul-02 1.870(4) Cu2-04 1.863(3)
Cul-N3 1.920(4) Cu2-N7 1.937(4)
Cul-N4 1.919(4) Cu2-N8 1.935(3)
01-Cul-02 143.7(1) 03-Cu2-04 145.8(1)
01-Cul-N3 94.7(2) 03-Cu2-N7 94.6(1)
01-Cul-N4 92.3(1) 03-Cu2-N8 93.3(1)
02-Cul-N3 92.4(1) 04-Cu2-N7 90.9(1)
02-Cul-N4 92.6(1) 04-Cu2-N8 93.1(2)
N3-Cul-N4 160.5(1) N7-Cu2-N8 159.6(1)

[Cus(tbsaec)]-CHCl; (2-CHCly)

Cul-01 1.926(4) Cu2-03 1.923(5)
Cul-02 1.915(4) Cu2-04 1.956(5)
Cul-N3 1.957(5) Cu2-N7 1.959(5)
Cul-N4 1.943(5) Cu2-N8 1.975(6)
01-Cul-02 145.2(2) 03-Cu2-04 156.7(2)
01-Cul-N3 93.9(2) 03-Cu2-N7 93.4(2)
01-Cul-N4 93.9(2) 03-Cu2-N8 90.2(2)
02-Cul-N3 90.4(2) 04-Cu2-N7 91.5(2)
02-Cul-N4 92.0(2) 04-Cu2-N8 89.1(2)
N3-Cul-N4 162.5(2) N7-Cu2-N8 169.3(2)

[Cuy(tdbsaec)]-2/3CHCIl;3-8/3H,0 (3-2/3CHCl;-8/3H,0)

Cul-O1 1.899(6) Cul-N3 1.960(8)
Cul-02 1.925(6) Cul-N4 1.941(8)
01-Cul-02 153.7(3) 02-Cul-N3 93.1(3)
01-Cul-N3 92.8(3) 02-Cul-N4 88.5(3)
01-Cul-N4 90.1(3) N3-Cul-N4 170.0(3)

[Cuy(tcsaec)]-CHCI; (4-CHCI3)

Cul-O1 1.906(3) Cu2-03 1.953(3)
Cul-02 1.924(3) Cu2-04 1.926(3)
Cul-N3 1.951(3) Cu2-N7 1.972(4)
Cul-N4 1.957(3) Cu2-N8 1.966(3)
01-Cul-02 144.2(1) 03-Cu2-04 155.8(1)
01-Cul-N3 92.1(1) 03-Cu2-N7 88.4(2)
01-Cul-N4 90.9(1) 03-Cu2-N8 91.7(1)
02-Cul-N3 95.1(1) 04-Cu2-N7 90.9(1)
02-Cul-N4 93.3(1) 04-Cu2-N8 93.5(1)
N3-Cul-N4 161.1(1) N7-Cu2-N8 168.9(1)

[Cu(tdesaec)]-2/3CHCl3-8/3H,0 (5-2/3CHCl;-8/3H,0)

Cul-Ol 1.924(5) Cul-N3 1.940(6)
Cul-02 1.887(5) Cul-N4 1.964(6)
01-Cul-02 153.4(2) 02-Cul-N3 91.9(2)
O1-Cul-N3 87.8(2) 02-Cul-N4 92.5(2)
01-Cul-N4 92.6(2) N3-Cul-N4 169.3(3)

[Cuy(tnaec)]-2CH;CN (6-2CH;CN)

Cul-O1 1.905(2) Cul-N3 1.936(2)
Cul-02 1.920(2) Cul-N4 1.947(2)
01-Cul-02 151.60(7) 02-Cul-N3 91.80(7)
01-Cul-N3 92.73(7) 02-Cul-N4 90.06(7)
01-Cul-N4 92.92(7) N3-Cul-N4 164.52(7)

Continued on next page.



S. Wada et al.

Continued.

Bull. Chem. Soc. Jpn. Vol. 83, No. 4 (2010) 369

[Cug(O,CCHs)g(tmsaec)] - 2CH;CN- 1 1H,0 (7-2CH;CN- 11H,0)

Cul-Ol 1.925(5) Cu2-01
Cul-05 1.996(5) Cu2-02
Cul-07 2.194(4) Cu2-06
Cul-NI1 2.059(6) Cu2-08
Cul-N3 1.936(5) Cu2-09
Cul-01-Cu2 105.1(2)

01-Cul-05 89.6(2) 01-Cu2-02
01-Cul-07 89.3(2) 01-Cu2-06
05-Cul-07 101.9(2) 01-Cu2-08
01-Cul-N1 176.9(2) 01-Cu2-09
01-Cul-N3 91.5(2) 02-Cu2-06
N1-Cul-05 92.2(2) 02-Cu2-08
NI1-Cul-07 92.8(2) 02-Cu2-09
N1-Cul-N3 85.5(2) 06-Cu2-08
N3-Cul-05 142.6(2) 06-Cu2-09
N3-Cul-07 115.5(2) 08-Cu2-09

Br1

C11  C12

Figure 2. ORTEP drawing of the structure of [Cu,-
(tbsaec)]-CHCI;3 (2-CHCIl3) showing the 50% probability
thermal ellipsoids and atom numbering scheme. Hydrogen
atoms and solvent molecules are omitted for clarity.

ORTEP drawings of the molecular structures of 2.CHCl;
and 3.2/3CHCl;-8/3H,0, views of the molecular packing
in the crystals of 4.CHCIl; and 5-2/3CHCl3-8/3H,0, and
ORTEP drawing of the molecular structure of 6-2CH3;CN are
shown in Figures 2, 3, 4, 5, and 6, respectively. The molecular
structures of these complexes are similar to that of 1.2CHClI;,
namely, the coordination geometry around the copper atom is a
distorted square plane with two phenolic-oxygen atoms and
two imino-nitrogen atoms of the two Schiff-base pendant arms.
Considering the mean plane determined by the basal N,O,
atoms (with maximum deviations of +0.45, +0.32, +0.47,
4+0.32, and +0.37A for 2.CHCl;, 3-2/3CHCl3-8/3H,0,
4.CHCl;, 5-2/3CHCIl;3-8/3H,0, and 6-2CH;CN, respective-
ly), the Cu atom is displaced only slightly (less than 0.15 A)
from this plane. The Cu—O and Cu-N distances are 1.887(5)—
1.956(5) and 1.936(2)-1.975(6) A, respectively. The intra-

1.973(4) Cu3-03 1.898(5)
2.343(5) Cu3-0l11 2.429(9)
1.945(5) Cu3-012 2.008(7)
1.936(5) Cu3-N2 2.097(6)
1.928(7) Cu3-N4 1.930(7)
73.12) 03-Cu3-N2 166.9(2)
88.4(2) 03-Cu3-N4 93.9(3)
92.5(2) N2-Cu3-N4 84.3(3)
159.7(3)
101.7(2)
97.8(2)
86.8(3)
159.8(2)
93.1(2)
93.02)
$Br4
Cc22
Br1 c23_ M 021

" 1 i |

Figure 3. ORTEP drawing of the structure of [Cup-
(tdbsaec)]-2/3CHC15-8/3H,0  (3-2/3CHCl;3-8/3H,0)
showing the 30% probability thermal ellipsoids and atom
numbering scheme. Hydrogen atoms and solvent mole-
cules are omitted for clarity.

molecular Cu--Cu’ distances are 8.692(2) and 8.949(2) A for
2.CHCls, 8.789(7) A for 3-2/3CHCl;-8/3H,0, 8.734(1) and
8.905(2) A for 4-CHCls, 8.752(3) A for 5-2/3CHCl3-8/3H,0,
and 8.813(2) A for 6.2CH;CN, respectively. It is noteworthy
that the crystal packing modes are totally different between the
monosubstituted and disubstituted derivatives as shown in
Figures 4 and 5. In the formers (2-CHCIl; and 4.CHCI3), the
crystals contain chloroform molecules, forming closer inter-
molecular contact with the aromatic carbon atoms of the Schiff-
base ligands. On the other hand, in the latter crystals (3.
2/3CHCl;-8/3H,0 and 5-2/3CHCl3-8/3H,0), a small cavity
is formed by the crystallographic symmetry of the trigonal
system, where chloroform as well as water molecules are
housed. In the crystal of 6-2CH;CN, the closest intermolecular
contact exists between the carbon atoms of the naphthyl groups
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Figure 4. Crystal packing diagram of [Cuy(tcsaec)]-CHCl;
(4-CHCI3). Hydrogen atoms are omitted for clarity.
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Figure 5. Crystal packing diagram of [Cuy(tdcsaec)]-
2/3CHCI;3-8/3H,0 (5-2/3CHCI5-8/3H,0). Hydrogen
atoms and water molecules are omitted for clarity.

with the C16--C22 (1 —x, y+ 1/2, 1/2 —z) distance being
3.559(3) A in the face to edge mode.

Hexanuclear Copper(II) Complex with Acetate as the
Additional Ligands, [Cug(O,CCHj3)g(tmsaec)]. When
copper(Il) acetate was treated with the Schiff-base ligand,
Hjtmsaec, by a template reaction a hexanuclear copper(Il) com-
plex with acetate, [Cug(O,CCH3)g(tmsaec)]-3H,0 (7-3H,0),
was isolated as dark green crystals. Single crystals suitable
for X-ray diffraction study were obtained as [Cug(O,CCHj3)s-
(tmsaec)]-2CH3CN- 11H,0 (7-2CH3CN-11H,0). The crystal
structure of this complex was determined by X-ray crystal
structure analysis. The ORTEP drawing of the molecular
structure of 7-2CH3;CN-11H,0O is shown in Figure 7. The
molecule has a crystallographic inversion center at the center of
the macrocyclic ring. In the asymmetric unit, a half of the
hexanuclear molecule, two copper atoms (Cul and Cu2) are
bound by one Schiff-base pendant arm with two bridging
acetate ions and one copper atom (Cu3) is coordinated by
another Schiff-base pendant arm with one acetate ion. The

Di- and Hexa-Nuclear Copper(ll) Complexes

Figure 6. ORTEP drawing of the structure of [Cu,(tnaec)]-
2CH3CN (6-2CH3;CN) showing the 35% probability
thermal ellipsoids and atom numbering scheme. Hydrogen
atoms and solvent molecules are omitted for clarity.

C30'
c31

010

Figure 7. ORTEP drawing of the structure of [Cug(O,-
CCH3)s(tmsaec)]-2CH3CN-11H,0  (7-2CH3CN-11H,0)
showing the 35% probability thermal ellipsoids and atom
numbering scheme. Hydrogen atoms and solvent mole-
cules are omitted for clarity.

three copper(Il) sites are different. The coordination geometry
around the Cul is trigonal bipyramidal, with the copper atom
being surrounded by the imino-nitrogen atom (N3) of the
Schiff-base arm [Cul-N3 1.936(5) A], two oxygen atoms of the
bridging acetato groups (05 and O7) [Cul-05 1.996(5)A,
Cul-07 2.194(4)A] in the equatorial positions. The axial
positions of the trigonal bipyramid are occupied by the
bridging phenoxo-oxygen atom (O1) and the amino-nitrogen
atom (N1) of the macrocyclic ring moiety with an O1-Cul-N1
angle of 176.9(2)°. The angles around the copper(Il) atom in
the basal plane vary from 101.9(2) to 142.6(2)°, indicating a
distorted trigonal bipyramidal geometry. Such a distortion can
be quantitatively characterized using the parameter 7 as defined
by Addison et al. (7 = 1 for a regular trigonal bipyramid and 0
for a square-based pyramid).!! The calculated value T = 0.57
indicates that the polyhedron around the Cul atom is closer to a
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Figure 8. Infrared spectra of [Cus(O,CCHj)g(tmsaec)] (7).

The asterisks indicate the v,s(CO;) and v4(CO;) bands.

trigonal-bipyramidal geometry. The coordination sphere around
Cu2 atom is square pyramidal with T = 0.002, consisting of the
bridging phenoxo-oxygen atom (O1) of the Schiff-base arm
(Cu2-01 1.973(4) A) and two bridging acetato-oxygen atoms
(06 and 08) [Cu2-06 1.945(5)A, Cu2-08 1.936(5)A], a
monodentate acetato-oxygen atom (09) [Cu2-09 1.928(7) Al
in the equatorial plane and the methoxy-oxygen atom of the
Schiff-base arm (02) [Cu2-02 2.343(5)A] in the apical
position. The Cu3 coordination sphere is rather irregular; it
can be described as a distorted square pyramid with the long
axial contact to the oxygen atom (O11) of the acetato group
[Cu3-O11 2.429(9) A]. The three copper atoms are located at
the corners of a distorted isosceles triangle with Cul-Cu2
3.096(1) A, Cul-Cu3 5.302(1)A, and Cu2—Cu3 6.286(2) A.
It is noteworthy that three kinds of coordination modes of
acetate ions can be found in the same molecule: monodentate,
bidentate, and bridging. This is in harmony with the observed
Vs(CO,) and vy(CO;) bands in the IR spectrum. In the IR
spectra of the complex, three strong bands of the vibrations
of carboxylato groups can be found at 1620, 1569, and 1540
cm~! which can be attributable to antisymmetric Vy(CO,7)
stretching bands and another three strong peaks appear at
1439, 1416, and 1390cm™' which can be assigned to sym-
metric Vs(CO,7) stretching bands (Figure 8). The A values
of 1,(CO,7) — 1(COy7), 1620 — 1390 =230cm ™!, 1569 —
1416 = 153cm™!, and 1540 — 1439 =101 cm™', are in the
ranges of those of the monodentate-, bridging-, and bidentate-
acetato complexes, repectively.!> Although there are many
types of coordination modes of acetate ion in the literatures,'®
this is a novel example which one molecule has different types
of coordination to a metal center.'* Another interesting point of
this complex is the two different coordination geometries of the
phenoxo-bridged dinuclear moiety: the trigonal-bipyramidal
copper (Cul) and the square-pyramidal copper (Cu2) are triply
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Figure 9. Diffuse reflectance spectra of [Cuy(tsaec)] (1)
(upper) and [Cug(O,CCHj3)g(tmsaec)] (7) (lower).

bridged by the phenoxo-oxygen and two syn—syn acetato
groups. The cyclam ring moiety takes the trans III form
contrary to the cases of 1-6, dinuclear manganese(IIl)
complexes of this type of Schiff-base ligands,? and dinuclear
palladium(IT) complex with the tosylated ligand, (tstaec*™),* in
which the macrocyclic ring takes the trans IV form. The trans
III form can be found in dinuclear metal complexes with taec.’
In these complexes, the nitrogen atoms of the cyclam ring
moiety participate in coordination to metal centers. In 7, all of
the cyclam nitrogen atoms do coordinate to the Cu atoms. As
a whole, the tmsaec*~ ligand binds six copper atoms by the
use of four Schiff-base pendant arms below and above the
cyclam ring moiety. In the crystal, the closest intermolecular
Cu--Cu separation is 6.472(2)10\ between Cul--Cu2 (x + 1/2,
—y—1/2,z+1/2).

Electronic Spectra of Complexes 1-7. The UV-visible
spectra of the present complexes were measured by diffuse
reflectance spectra, because most of them are insoluble in water
and organic solvents. The diffuse reflectance spectra of 1 and
7 are shown in Figure 9 as representative examples. The
complexes show three strong bands (226-239, 279-315, and
341401 nm) in the UV region, a shoulder at 470 nm, and a
broad band at 642—-660 nm with shoulder at 790-845 nm in the
visible region. The intense UV region bands can be assigned to
the transitions of the ligand itself including a 7—7™* transition
of imino (RHC=N-) group in origin, because the Schiff-base
ligands have similar bands in the UV region.'” The intense
341401 nm band or the shoulder around 470nm may be
assigned by analogy to other copper(Il) complexes as a LMCT
band from the phenoxo-oxygen to the Cu'! d orbital.'® The
visible region bands of 1-6 are almost identical and can be
associated with d—d transitions, confirming the similar coordi-
nation environments of the copper(Il) atoms. This spectral
feature is consistent with square-planar copper(Il) ion sur-
rounded by N,O, donor atoms.!” In the case of the hexanuclear
complex, 7, the diffuse reflectance spectra shows six bands
at 239, 283, 381, 480sh, 696, and 900sh nm. Compared with
those of the dinuclear complexes, the d—d bands are broader
and shifted to a little lower frequency region reflecting the
coexistence of square-pyramidal and trigonal-bipyramidal
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Figure 10. Temperature dependence of magnetic suscepti-
bility (@) and inverse magnetic susceptibility (O) of
[Cuy(tnaec)] (6). Solid line for magnetic susceptibility
was drawn with the parameters g=2.1 (fixed),
J=04cm™! foreq I.

geometries.!” In DMSO solution, the complex shows two
absorptions at 384 and 670nm with molar extinction coef-
ficients of 2630 and 132M~!em~!/Cu, respectively, showing
the latter band should be d—d transitions.

Magnetic Properties of Complexes 1-7. The temperature
dependence of the magnetic susceptibilities of 1-7 was
measured on powdered samples in the temperature range of
4.5-300K. The magnetic data of 6 are shown in Figure 10
in the form of xa and 1/xa vs. T plots as a representative
example. The temperature dependence of magnetic data show
Curie-Weiss behavior, x4 = C/(T — 6), with a Weiss constant
(@=-1.5K for 1, —1.4K for 2, —3.9K for 3, —0.7K for 4,
—2.5K for 5, and —5.5K for 6), suggesting a weak anti-
ferromagnetic interaction between the copper(Il) ions for the
complexes. The magnetic moments of 1-6 at 300K are in the
range of 1.73-1.97 ug (per Cu™ unit), which is close to the
spin-only value (1.73 pg) of Cu™ (S = 1/2) ion. The magnetic
moments remain essentially constant upon lowering the
temperature to 4.5K [the magnetic moments at 4.5K are
1.69-1.81 g (per Cu" unit) for 1-6], suggesting almost no
magnetic interaction between copper(Il) ions. Taking account
of the dinuclear structures for these complexes, the magnetic
data were analyzed with the Bleaney—Bowers equation based
on the Heisenberg model (H = —2JS,-S» (S) = 8, = 1/2)):!8

Xa = [Ng* g’ /KT1[3 + exp(=2J /kT)I ™! + Na. (1)

where J is an exchange integral for the two copper(Il) ions and
the other symbols have their usual meanings.

The best-fitting parameters were obtained by fixing g and No
at 2.1 and 60 x 10~°cm’mol~!, respectively: J = —1.4cm™!
for 1, J=—0.8cm™" for 2, J=—1.2cm™' for 3, J=—0.7
cm~! for 4, J=—09cm™! for 5, and J= 0.4cm™! for 6. The
obtained J values are very small, showing that the magnetic
interaction between the two copper(Il) ions can be negligibly
weak. This can be understandable, because the two copper(Il)
ions are well separated by the saturated macrocyclic ring with
the long Cu--Cu distance, having no pathway to interact with
each other.

The magnetic data of 7 are shown in Figure 11. At 300K,
the magnetic moment of 7 is 4.84 (g (per Cu''s unit), being
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Figure 11. Temperature dependence of magnetic suscepti-

bility (@) and magnetic moment (O) of [Cug(O,CCHj3)s-
(tmsaec)] (7). Solid lines were drawn with the parameters
g1=216,J=—1.7cm™!, go =221, and 0 = 0.49K for
eq 2.

higher than the spin-only value (4.24 1) which is expected for
six noninteracting copper(Il) ions for 7. The magnetic moment
slightly increases as the temperature is decreased from 300 to
40K to reach the maximum value of 5.00 ;tg. Below 40K, the
magnetic moment decreases to reach a value of 4.35up at
4.5K. The decrease in the magnetic moment could be mainly
regarded as the contribution of antiferromagnetic interactions
between copper(Il) centers. The magnetic data of 7 were
analyzed with the magnetic susceptibility equation based on a
model consisting of two dinuclear copper(Il) centers and two
mononuclear copper(Il) centers estimating the interaction
between the dinuclear unit and mononuclear unit by introduc-
ing the Weiss constant, 6

v = (ANg 2 1 /kT)[3 + exp(—2J /kT)] ™!
+ Ng,* g’ /[2k(T — 0)] + 6Nt 2)

where J is the exchange integral for the two closest copper(Il)
atoms, 6 is the Weiss temperature to account for the weak
interaction between the mononuclear and dinuclear units and/
or the intermolecular interaction, and the other symbols have
the usual meanings. The best fitting parameters were obtained
by fixing N at 60 x 10~®cm3>mol~"'. The obtained values
are g =2.16, J=—1.7cm™!, gy =221, and 8 =049K. If
we assume g = g> = 2.1 in eq 2, we obtain the parameters
J=32cm™! and 6 = —7.7K. The latter parameters show that
a ferromagnetic interaction is operating between the closest
copper atoms. However, the J value is too large as the coupling
within the p-phenoxo-di-{t-acetato dinuclear unit and the —0
value is also too large for the long Cu--Cu separations except
the Cul--Cu2. Therefore the former parameters are more
realistic. Thus we can consider that weak antiferromagnetic
interaction is operating between the closest two copper(Il)
atoms with the pt-phenoxo-di-jt-acetato bridges. A small 6
value suggests that the interaction between the mononuclear
and dinuclear units and/or the intermolecular interactions
are very weak. In 7, the Cul atom has a distorted trigonal-
bipyramidal environment and the Cu2 atom is in a square-
pyramidal geometry and thus magnetic orbitals of the Cul and
Cu2 atoms will be mainly d» and d,2_, respectively.'”” The
bridging phenoxo-oxygen O1 atom is in an apical position for



S. Wada et al.

the Cul atom and equatorial position to the Cu2 atom. Thus, it
has bonding interactions with the d» and d,>_> orbitals of the
Cul and Cu2 atoms, respectively. The Cul-O1-Cu2 angle is
105.2(2)°, which is preferable for antiferromagnetic interac-
tion,2°22 although the interaction is weak. For the two acetato
bridges, the magnetic orbital is oriented along the equatorial
direction of the square pyramid of the Cu2 atom toward the
bridging acetato orbitals and the other carboxylato-oxygen
orbitals are bonded to the equatorial sites of the trigonal-
bipyramidal Cul which have no magnetic orbital. Thus, the
unpaired electron of the Cu2 atom does not seem to be able to
interact with that of the Cul atom through the acetato bridges.
However, the distortion to the square-pyramidal geometry of
the Cul atom may lessen the antiferromagnetic contribution to
exchange through the phenoxo-bridge and allow the interaction
through the bridging acetato groups, resulting in an overall
weak interaction.

Conclusion

The Schiff-base ligands based on the cyclam, 1,4,8,11-
tetrakis(salicylideneaminoethyl)-1,4,8,11-tetraazacyclotetradec-
ane (Hatsaec) and its substituent derivatives, bind two
copper(Il) ions with the four Schiff-base pendant arms outside
the cyclam ring, giving a series of dinuclear copper(Il) com-
plexes with a long Cu--Cu distance of 8.692(2)-8.949(2) A. On
the other hand, the methoxy-substituent derivative, 1,4,8,11-
tetrakis(3-methoxysalicylideneaminoethyl)-1,4,8,11-tetraaza-
cyclotetradecane, binds six copper(Il) ions with the four
pendant arms by virtue of the donor property of the methoxy-
oxygen atoms, giving a novel system containing three kinds of
coordination modes of acetate ions (monodentate, bidentate,
and bridging) in the same molecule. This is in contrast with the
cases for the manganese systems,’ reflecting the combination of
the present cyclam-based Schiff-base ligands and metal ions.

This present work was partially supported by Grants-in-Aid
for Scientific Research No. 19550074 from the Ministry of
Education, Culture, Sports, Science and Technology.
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