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Synopsis. Dinuclear copper(II) complexes, [Cuz(nR)-
X32] (ClOy4)2 (X=N37, NCS™, and OAc™) have been syn-
thesized and characterized, where nR=N,N,N', N -tetrakis-
[(1- methyl- 2- benzimidazolyl)methyl]- 1, 3- diaminopropane
(3Me), N,N,N',N'-tetrakis[(1-ethyl-2-benzimidazolyl)meth-
yl]-1,3-diaminopropane (3Et), N,N,N',N'-tetrakis[(1-meth-
yl-2-benzimidazolyl)methyl]-1,4-diaminobutane (4Me), and
N,N,N',N'-tetrakis|(1-ethyl-2-benzimidazolyl)methyl]-1,4-di-
aminobutane (4Et). Although a weak antiferromagnetic in-
teractions were found for [Cuz(3Me)(NCS)2](ClO4)2-3H20
(coupling constant J=-2.1 cm™', H=-2JS;-S2) and
[Cu2(3Me)(0Ac)2](ClO4)2-H20 (J=-2.0 Cm_l), no ex-
change interaction has been observed to 4.2 K for
[Cu2(3Me)(N3)2](ClO4)2-H20.  The Electrochemistry of
these complexes in N, N-dimethylformamide showed two
electron reductions at +210——30 mV vs. Ag-AgCl (Cu**-
Cu®T—=Cut-Cu™).

The histidine imidazole group is one of the most im-
portant binding sites for many copper-containing pro-
teins. For example, the copper ions in hemocyanin and
ascorbate oxidase are coordinated to two or three his-
tidyl-imidazole moieties. A large number of dinuclear
copper(I) and copper(II) complexes with chelating li-
gands containing imidazole groups have been reported
so far as models for these copper proteins.!—® Among
others, the sexadentate benzimidazole-containing li-
gands (L), such as N,N,N',N'-tetrakis[(2-benzimidazo-
lyl)methyl]-1,2-diaminoethane, give dinuclear copper-
(IT1) complexes having the general formula Cus(L)-
(anion)y.2® Some dinuclear copper(I) complexes of the
ligands (L) react semireversively with oxygen in solu-
tion to give copper(II)-peroxide species.?

In this study we synthesized a series of copper(II)
complexes 1—12 (structural formula I in Chart 1)
containing N,N,N',N'-tetrakis[(1- methyl-2- benzimida-
zolyl)methyl]- 1, 3- diaminopropane (3Me), N,N,N' ,N'-
tetrakis[(1- ethyl- 2- benzimidazolyl)methyl]- 1, 3- diami-
nopropane (3Et), N,N,N',N'- tetrakis[(1- methyl- 2-
benzimidazolyl)methyl]- 1,4- diaminobutane (4Me), or
N,N,N',N'-tetrakis[(1-ethyl-2-benzimidazolyl)methyl]-1,
4-diaminobutane (4Et) and two exogenous bridging li-
gands. The magnetic, infrared and visible absorption
spectral, and electrochemical properties of these copper-
(IT) complexes are described and compared with those
of the dinuclear copper(Il) mixed ligand complexes

R R 2+
N N
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R-N"°N N”Z “N-R
n=1,2
R=Me,Et

X =Nj3,NCS", OAc”
Chart 1. Structural formula I.

composed of N,N,N',N-tetrakis[(1-methyl-2-benzimi-
dazolyl)methyl]- 2- hydroxy- 1, 3- diaminopropane (HL-
Me) or N,N,N',N'-tetrakis[(1-ethyl-2-benzimidazolyl)-
methyl]-2-hydroxy-1,3-diaminopropane (HL-Et) and a
small ligand, such as azide ion.*®

Experimental

Synthesis of Ligands. N,N,N,N'- Tetrakis-
[(2-benzimidazolyl)methyl]-1,3-diaminopropane and
N,N,N',N'- Tetrakis[(2- benzimidazolyl)methyl]- 1, 4-
diaminobutane. These compounds were prepared
from 1,2-diaminobenzene and 1,3-diaminopropanetetraace-
tic acid or 1,4-diaminobutanetetraacetic acid by the reported
procedure.®

N,N,N',N'-Tetrakis[(1- methyl- 2- benzimidazolyl)-
methyl]-1,3-diaminopropane (3Me) and N,N,N',N'-
Tetrakis[(1-methyl-2-benzimidazolyl)methyl]-1,4-di-
aminobutane (4Me). Ten mmoles of N,N,N,N-
tetrakis[(2- benzimidazolyl)methyl]- 1, 3- diaminopropane or
N,N,N',N-tetrakis[(2- benzimidazolyl)methyl]- 1,4- diamino-
butane were suspended in dry tetrahydrofuran (150 cm®)
under an argon atmosphere. To this solution was added
sodium (0.92 g, 40 mmol) and stirred for about 3 h at 60
°C. Methyl iodide (9.9 g, 70 mmol) was added, and the
reaction mixture was left stirring for 1 d at 40 °C. After
removal of the solvent to dryness under reduced pressure,
the resulting powder was washed with water. Recrystalliza-
tion from methanol containing charcoal gave 3Me and 4Me.
Yield 76% for 3Me and 89% for 4Me.

3Me: 'HNMR (100 MHz, CDCl3) §=1.3—1.7 (2H, m),
2.60 (4H, t), 3.20 (12H, s), 3.78 (8H, s), 7.0—7.6 (16H,
m). Found: C, 71.32; H, 6.49; N, 21.37%. Calcd for
C39H42N10'0.5H2O! C, 7099, H, 657, N, 2123%
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4Me: Found: C, 67.41; H, 6.77; N, 19.99%. Calcd for
C40H44N10'2.5H201 C, 6763, H, 696, N, 1993%

N,N,N',N'- Tetrakis[(1- ethyl- 2- benzimidazolyl)-
methyl]-1,3-diaminopropane (3Et) and N,N,N',N'-
Tetrakis[(1- ethyl- 2- benzimidazolyl)methyl]- 1, 4- di-
aminobutane (4Et). These compounds were also syn-
thesized using the same method as that for 3Me and 4Me
using ethyl iodide. Yield 90% for 3Et and 81% for 4Et.

3Et: '"HNMR (100 MHz, CDCl3) §=1.04 (12H, t), 1.64
(2H, m), 2.66 (4H, t), 3.6—4.0 (8H, q and 8H, s), 7.0—7.7
(16H, m). Found: C, 72.12; H, 7.25; N, 19.49%. Calcd for
Ca3Hs50N10-0.56H20: C, 72.12; H, 7.19; N, 19.57%.

4Et: '"HNMR (200 MHz, CDCl3-CD30D) §=0.80 (12H,
t), 1.15—1.35 (4H, m), 2.28—2.49 (4H, m), 3.5—3.7 (8H, q
and 8H, s), 7.0—7.5 (16H, m). Found: C, 71.34; H, 7.40;
N, 1917% Calcd for C44H52N10'H201 C, 71.50; H, 738, N,
18.96%.

Preparation of Copper(II) Complexes. [Cu2(3-
Me)(Ns)2](Cl04)2-H20 (1).  To a methanol solution
(30 cm®) of 3Me (0.651 g, 1.0 mmol) were successively added
each methanol solution (5 cm®) of copper(II) perchlorate
hexahydrate (0.741 g, 2.0 mmol) and sodium azide (0.130 g,
2.0 mmol). After it had been stirred at room temperature
for 1 d, green-brown products were collected by filtration
and washed with methanol. This was recrystallized from
acetone. Found: C, 43.83; H, 4.00; N, 20.17%. Calcd for
[Cug(ngHuNm)(Ng)g](ClO4)2°H2O: C, 43.41; H, 4.12; N,
20.78%.

[Cuz(3Et)(N3)2](Cl04)2:2H20 (2), [Cuz(4Me)-
(N3)2](Cl04)2:2H20 (3), and [Cuz(4-Et)(Ns)2]-
(Cl04)2-3H,0 (4). These complexes were also prepared
in the same way as that for [Cuz(3Me)(N3)2](ClO4)2-H20
(1).

2: Found: C, 44.84; H, 4.46; N, 19.44%. Calcd for
[Cu:g(C43H50N1o)(N3)2](CIO4)2°2H20: C, 44.78; H, 4.72; N,
19.43%.

3: Found: C, 43.40; H, 4.14; N, 20.34%. Calcd for
[CUQ(C40H44N10)(N3)2](ClO4)2'2H202 C, 43.24; H, 4.36; N,
20.18%.

4: Found: C, 44.32; H, 4.59; N,18.73%. Calcd for
[Cllz(C44H52N10)(N3)2](CIO4)2°3H2OZ C, 4459, H7 4.94; N,
18.91%.

[Cuz(3Me)(NCS)2](Cl04)2:3H20 (5), [Cuz(3Et)-
(NCS)Q](CIO4)2°2.5H20 (6), [CU2(4-Me)(NCS)2]-
(0104)2H20 (7), and [Cu2(4Et)(NCS)2](ClO4)2-
2H,0 (8). These were prepared in the same method
to the corresponding complex with N3~ using sodium thio-
cyanate (0.161 g, 2.0 mmol).

5: Found: C, 43.39; H, 4.27; N, 14.01%. Calcd for
[Cl_l2(039H42N10)(NCS)Q](CIO4)2'3H20: C, 42.93; H, 4.23;
N, 14.66%.

6: Found: C, 45.18; H, 4.48; N, 14.22%. Calcd
fOI‘ [CUQ(C43H50N10)(NCS)Q](CIO4)2'2.5H201 C, 4525, H,
4.65; N, 14.08%.

7: C, 45.59; H, 4.08; N, 15.40%. Calcd for
[Cug(C40H44N10)(NCS)2](0104)2~H20: C, 45.56; H, 4.01;
N, 15.19%.

8 C, 45.98; H, 4.57; N, 13.80%. Calcd for
[CHQ(C44H52N10)(NCS)z](ClO4)2'2H2OI C, 46.07; H, 4.72;
N, 14.02%.

[Cuz(3Me)(OACc)2](ClO4)2-H20 (9), [Cuz(3Et)-
(0AC)2](C]O4)2°2H20 (10), [Cu2(4Me)(OAc)2]-
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(0104)2 (11), and [CU2(4Et)(OAC)2](CIO4)2 (12).
These complexes were also prepared in the same way as com-
plex 1 using sodium acetate trihydrate (0.272 g, 2.0 mmol).

9: Found: C, 46.47; H, 4.34; N, 12.68%. Calcd for
[CUQ(039H42N10)(CH3COO)2](CIO4)2'H20: C, 46.40; H,
4.54; N, 12.59%.

10: Found: C, 47.10; H, 4.88; N, 11.62%. Calcd for
[Cllz(C43H50N10)(CH3000)2](ClO4)2°2H20: C, 47.55; H,
5.10; N, 11.80%.

11: Found: C, 47.38; H, 4.52; N, 12.61%. Calcd for
[Cuz(Ca0HaaN10) (CH3COO0)2])(Cl04)2: C, 47.65; H, 4.55;
N, 12.63%.

12: Found: C, 49.13; H, 4.96; N, 11.91%. Calcd for
[Cuz(C44H52N10)(CH3COO)2](C]O4)2: C, 49.48; H, 5.03;
N, 12.02%.

Measurements. Magnetic susceptibilities at room
temperature, infrared absorption spectra, and conductivity
measurements were carried out as described in a previous
paper.” 'HNMR spectra were recorded with Varian VXR-
200 and JNM-MH-100 instruments in CDCl3z. Variable-tem-
perature (4.2—270 K) magnetic susceptibilities were mea-
sured by a high-sensitivity Faraday balance with supercon-
ducting magnet (Oxford Instruments, Inc.). The tempera-
ture was measured by a platinum thermometer and by a car-
bon resistance thermometer, which were calibrated against
a magnetic thermometer with the use of a paramagnetic
complex, [Cr(NHj3)s]Cls.®) Visible absorption spectra were
recorded on a Hitachi U-3410 spectrophotometer.

Results and Discussion

We prepared a series of copper(II) complexes 1—12
containing a dinucleating ligand with imidazole nitro-
gens and two exogenous bridging ligands. These com-
plexes gave the characteristic IR bands due to the
different bridging anions [v,s(N3~) 2100—2050 cm™!,
ven(NCS™) 2120—2080 cm ™!, v,,(CO0~) 1585—1580
cm ™! and v5(COO™) 1400—1390 cm~}]. These data in-
dicate that two azide ions bridge in a p-1,1-fashion for
complexes 1-—4% and also two acetato ions in 9—12
link between two copper(II) ions as Cu—~O-C-O—-Cu.!?

The magnetic moments at room temperature and the
absorption spectral data for 1—12 are summarized in
Table 1. The magnetic moments of these complexes
are close to those for mononuclear Cu(II) complexes or
dinuclear copper(II) complexes without any intermetal-
lic interaction. In order to obtain detailed information
on the magnetic properties of these complexes, the mag-
netic susceptibilities of 1, 5, and 9 were measured over
the temperature range 4.2—270 K. There is no evi-
dence for an exchange coupling between the two copper-
(1) ions of 1 from the temperature-dependence of the
magnetic susceptibility (x.) and moments (ueg) for 1.
The magnetism of this complex and similar complexes
2—4 are quite different from that (diamagnetism) of
[Cuz(L-Et)(N3)](BF4), bridged by an azido and an alk-
oxo, where HL-Et represents N,N,N', N'-tetrakis[(1-eth-
yl-2-benzimidazolyl)methyl]-2-hydroxy-1,3-diaminopro-
pane.® Figure 1 gives the temperature-dependence of
the magnetic susceptibility for the complex 5 bridged
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Table 1. Physical Properties of the Complexes
Complex /J'effa) Amax (E/Cu)b)
BM nm
1 [Cu2(3Me)(N3)2](ClO4)2-H20 1.93 663 (303), 400 (2600)
2  [Cu2(3Et)(N3)2](ClO4)2+2H20 1.87 660 (247), 397 (1780)
3 [Cuz(4Me)(N3)2](ClO4)2-2H20 1.91 665 (277), 402 (2260)
4  [Cuz(4Et)(N3)2](ClO4)2-3H20 1.94 660 (290), 399 (2290)
5  [Cu2(3Me)(NCS)2](Cl04)2-3H20 1.87 672 (148), 371 ( 708)
6  [Cuz(3Et)(NCS)2](ClO4)2:2.5H20 1.88 673 (163), 372 ( 820)
7 [CUQ(4M6)(NCS)2](0104)2'H20 1.92 671 (138), 374 ( 804)
8  [Cuz(4Et)(NCS)2](ClO4)2+2H20 1.86 668 (159), 374 ( 840)
9  [Cu2(3Me)(0OAc)2](ClO4)2-H20 1.94 660 (116)
10 [Cu2(3Et)(OAc)2](ClO4)2-2H20 1.97 660 (121)
11 [Cu2(4Me)(OAc)2](ClO4)2 1.90 663 (118)
12 [Cu2(4Et)(OAc)2](ClO4)2 1.87 662 (117)
a) Room temperature. b) DMF solutions.
s 60000 4 4 !
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Fig. 1. Temperature dependence of the magnetic sus-

ceptibility of 5. The open circles indicate observed
susceptibility. The solid line shows the theoretical
susceptibility calculated by the modified Bleaney—
Bowers equation.!V)

by thiocyanate. Simulation of the data using the fol-
lowing modified Bleaney—Bowers Equation 1!V gives a
weak antiferromagnetic exchange interaction, in agree-
ment with the slight decrease of ps/Cu in the range of
about 260 to 50 K (1.87 BM at 256 K and 1.78 BM at
50 K).

_ Ng2,82 1
XA= T%T 3+ exp(—2J/kT)
232

+%-p + Na (1)

where, g, J, Na, and p are, respectively, the g factor,
the exchange integral, T.I.P., and the percentage of im-
pure species. The magnetic behavior of the acetato-
bridged complex 9 is similar to that of 5. The mag-
netic parameters are estimated ¢=2.09, Na=60x10"°
cgsemumol !, 2/=-4.2 cm~!, and p=0.01 for 5 and
g=2.17, Na=60x10"% cgsemumol~! and 2J=-4.0
cm™! for 9 from the best fit of the xa values to the
Bleaney—Bowers equation.!V Although the antiferro-
magnetic coupling constants (J) of the other thiocya-
nato- and acetato-complexes 6, 7, 8, 10, 11, and 12
have not been determined, it is supposed that the anti-
ferromagnetic interactions similar to 5 and 9 are present

(1-p)

500 -300 -100 100 300

E/mV vs. Ag/AgCi

Fig. 2. Cyclic voltammogram of 9 in DMF at the scan
rate of 100 mVs™?.

in these complexes from a comparison of the room-tem-
perature magnetic moments (Table 1) of 5—12. The
d-d absorption bands of all twelve complexes show al-
most symmetric absorptions with their maxima located
near 665 nm. Furthermore, all of the azido complexes
display an intense band at about 400 nm (Table 1).
These bands are assigned to azido to copper(Il) CT
transitions.!?!® The CT bands are also observed for
the thiocyanato complexes near 370 nm (Table 1).13:1%)
Further, these Ayax values of the d—d absorption bands
and the CT-bands in DMF solutions for 1, 5, and 9
are similar to those obtained from the electronic spec-
tra of solid states. The molar conductances (A values)
of 1, 5, and 9 in DMF solutions are 146, 155, and
150 Scm? mol~!, respectively, showing that these com-
plexes are 1:2 electrolytes in DMF solutions.'® These
results suggest that the structures in the solid states of
1, 5, and 9 are maintained in solutions. Probably, com-
plexes 1—12 are considered to have the dimeric struc-
ture in which the geometries around the two copper(1I)
ions are square-pyramidal, as elucidated for [Cua(2ME)-
(NO3)3]NO3°4H20.2’16)
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Table 2. CV Data for the Complexes®
Complex Epc® Epa? E1 /5
No. mV mV mV
3 0 +100 +50
4 +10 +120 +65
7 +80 +200 +140
8 +90 +210 +150
9 -170 -30 —100
10 -210 +10 —100
11 -190 +200 +5
12 —190 +180 -5

a) DMF solutions. b) Scan rate: 100 mV s 1.

Figure 2 gives the cyclic voltammogram of compound
9 as an example for complexes 3, 4, 7—12. The cyclic
voltammograms of these complexes are very similar to
that of 9. The number of electrons involved in these
redox processes of two compounds 4 and 7 were found
to be 2 by constant-potential electrolyses in DMF. The
same type two-electron processes (Cu?T—Cu?*—Cut-
Cu™) occur also in other complexes (3 and 8—12) from
the comparison of the steady state voltammetry for
these complexes with 4 and 7. These electrochemical
behaviors differ from that of [Cug(L-Et)(N3)](ClO4)a,
in which a quasi-reversible one-electron process is found
(Cu?*t—Cu?t —Cu?*t—Cu™).” The anodic and cathodic
peak potentials and half-wave potentials (£ /2) in cyclic
voltammetry are given in Table 2. The F)/, values in-
crease in the order OAc™ <N3~ <NCS~. On the other
hand, the E; /, values of the acetato-bridged complexes
were observed at a higher potential in 11 and 12 than
in 9 and 10. Therefore, it is estimated that the length
of methylene-chain in these compounds influences the
stability of copper(Il) complexes. The E,/, values of
the complexes 3, 4, 7, 8, 11, and 12 with 4Me or
4Et are also seen in fairly positive potentials (Table 2).
These facts may be correlated to the geometry around
the copper(II) ions within the complexes. The determi-
nation of molecular structures will be necessary in order
to discuss the structure—electrochemistry relationship in
more detail.
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