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Abstract

Binuclear copper(Il) and copper(I) complexes and
mononuclear copper(Il) complexes of a series of N-
alkyl substituted derivatives of the tetradentate ligand
3,6-bis(2-benzimidazolylthio)pyridazine (BITP) are
reported. The complex [Cu,(EtBITPYOH)Cl;]-DMF
(I) contains a triply bridged binuclear centre with a
diazine (N—N), a hydroxide and a chloride bridge.
The two trigonal-bipyramidal copper(Il) centres are
separated by 3.017 A with a Cu—O(H)—Cu bridge
angle of 104.7° and are antiferromagnetically coupled
(—2J =260 cm™'). Cyclic voltammetric studies on
several binuclear copper(Il) complexes show quasi-
reversible or essentially non-reversible redox waves
at positive potentials (0.41-0.46 V versus SCE)
associated with two electron reduction.

Complex II forms green crystals with ¢ = 8.9198-
(5), b=13.5738(8), ¢ =13.7178(7) A, a=105.318-
(5)°, B=105.255(5)°, ¥ =99.461(5)°, P1, Z=2,R¢=
0.028.

Introduction

Binucleating, tetradentate (N,), diazine ligands
involving  pyridazine  produce  predominantly
hydroxo-bridged dicopper(II) complexes in which the
copper(Il) centres are antiferromagnetically coupled
[1-8] (Fig. 1). Although variable temperature
magnetic studies do not appear to have been carried
out on hydroxo-bridged complexes of DPPN [5—8],
the large hydroxide bridge angles (122—128°) ob-
served for these d,2_,2 ground state systems would
suggest the presence of very strong antiferromagnetic
exchange between the copper(Il) centres [9-—12].

*This paper assigned NRCC Contribution No, 27821.
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Fig. 1. Binucleating pyridazine and phthalazine ligands.

Binuclear hydroxo-bridged copper(Il) complexes of
the related pyrazolylpyridazine ligands PPD, PPDMe
(Fig. 1) have generally smaller hydroxide bridge
angles (116—120°) [2, 3] but exhibit very strong
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Fig. 2. Structural representation of [Cu,(PPD)(OH)Br3-
(H,0)]-0.6H,0 with hydrogen atoms and water omitted
(40% ellipsoids).

antiferromagnetic exchange between the square-
pyramidal copper(Il) centres ([Cu,(PPDYOH)Cl;-
(H,0)]-0.8H,0, —27=898 13 cm™'; [Cu,(PPD)-
(OH)Br,(H,0)]+0.6H,0 (Fig. 2), —2/=1304%72
cm';  [Cuy(PPDMe)(OHXNO3),(H,0),]NO3-H,0,
-2J=770+3 cm ' [3, 13]). The five-membered
chelate rings generated by this class of ligands,
including the pyridylpyridazine DPPN, of necessity
create larger hydroxide bridge angles than those
observed with pyridylaminophthalazine ligands
(PAPR, Fig. 1) involving six-membered chelate rings
(Cu—O(H)—Cu = 100—116°) [9, 11, 12] and as a con-
sequence antiferromagnetic coupling between the
copper(Il) centres is smaller (—2J< 600 cm™?) for
these systems. The ligand PTP (Fig. 1), which involves
an exocyclic sulfur bridge between the peripheral
pyridine and the pyridazine moiety, has been shown
to form a binuclear copper(II) derivative involving
two chloro-bridges (-2/ =131 cm™!') [14] and also
hydroxo-bridged derivatives [4].

In the present study we have examined the copper
coordination chemistry of a series of related sulfur
bridged ligands (RBITP, Fig. 1) involving N-alkyl
substituted benzimidazole groups. Both binuclear
copper(I) and copper(I) derivatives have been
produced and in all cases so far studied the binuclear
copper(Il) complexes appear to be hydroxo-bridged.
An X-ray study on the complex [Cu,(EtBITPYOH)-
Cl3]-DMF (II) reveals a triply bridged binuclear
structure involving hydroxo- and chloro-bridges in
addition to the diazine bridge. The five-coordinate
copper(Il) centres have stereochemistries that can
best be described as distorted trigonal-bipyramidal.
This feature distinguishes this system from other
analogous five-coordinate derivatives where the five-
coordination most closely approached that of a
square-pyramid. A variable temperature magnetic
study on II indicates modest antiferromagnetic
exchange between the copper(Il) centres (—2J=
260 cm™ ).

Experimental

Magnetic susceptibilities were obtained at room
temperature by the Faraday Method using a Cahn
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Model 7600 Faraday Magnetic Susceptibility System
coupled to a Cahn gram electrobalance. Variable
temperature magnetic susceptibility data were ob-
tained (compound II) in the range 5—300 K using an
Oxford Instruments Superconducting Faraday
Susceptometer with a Sartorius 4432 microbalance.
A main solenoid field of 1.5 Tesla and a gradient field
of 10 Tm~* were employed.

The electrochemical measurements were per-
formed at room temperature in dimethylformamide
(DMF) (spectroscopic grade dried over molecular
sieves) under O,-free conditions using a BAS CV27
Voltammograph and a Houston Omnigraph 2000 X-Y
recorder. A three electrode system was used (cyclic
voltammetry) in which the working electrode was
either glassy carbon or platinum, the counter
electrode platinum, with a standard calomel (SCE)
electrode as reference. For coulometry measurements
a three electrode system was employed consisting of
a platinum mesh flag working electrode, a platinum
mesh counter electrode and a silver rod as reference
electrode. The supporting electrolyte was tetraethyl-
ammonium perchlorate (TEAP) (0.1 M) and all solu-
tions were 1073~10"* in complex. Infrared spectra
were obtained with a Perkin-Elmer 283 and UV—Vis
spectra with a Cary 17. NMR spectra were run as
solutions in CDCl; using a Bruker WP80 spectrometer
(SiMe, internal standard) and mass spectra were
obtained using a V.G. Micromass 7070 HS spectrom-
eter with a direct insertion probe. C, H and N
analyses were carried out by Canadian Microanalyti-
cal Service, Vancouver. Copper analyses were deter-
mined by atomic absorption with a Varian Techtron
AA-5, after digestion of the samples in concentrated
HNO;.

Synthesis of Ligands and Copper Complexes

3, 6-bis{ N-isopropyl-2-benzimidazolylthio )-

pyridazine (iPrBITP)

BITP [4] (7.5 g, 20 mmol), K,CO; (14 g, 0.10
mol), isopropylbromide (7.4 g, 60 mmol) and aceto-
nitrile (120 ml) were refluxed together with stirring
for 24 h. The brownish slurry was filtered hot and the
precipitate washed with hot acetonitrile (50 ml) and
the filtrate cooled in ice. A cream coloured product
formed which was filtered, washed with petroleum
ether and dried under vacuum. More product was
obtained on reducing the volume of the filtrate (yield
35%, melting point (m.p.) 185—189 °C). Anal. Calc.
for CaaHyNgS,: C, 62.6; H, 5.22; N, 18.3. Found:
C,62.5;H, 5.20; N, 18.5%.

The other ligands, involving methyl (yield 15%,
m.p. 217-222 °C), ethyl (yield 30%, m.p. 204—207
C) and n-butyl (yield 45%, m.p. 186—189 C) sub-
stituents were prepared in a similar manner. Satis-
factory elemental analyses were obtained for all
compounds. The following NMR and mass spectral
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data were obtained for the ligands. Mass spectrum,
major mass peaks (mj/e (relative intensity)); MeBITP
404(13) P, 241(29), 161(100), 144(9), 131(21), 129-
(14), 119(30). Et(BITP) 432(4) P, 255(100), 227-
(13), 177(24), 150(16), 144(5), 119(9). iPrBITP
460(4) P, 269(100), 227(58), 192(40), 150(63),
119(10). BuBITP 488(9) P, 431(3), 283(100), 253-
(4), 227(44), 205(35), 173(35), 150(25), 119(20),
90(9). Nuclear magnetic resonance data (ppm);
MeBITP(CDCl3) 7.72(m, 4H), 7.32(s, 2H), 7.28(m,
4H), 3.72(s, 6H). EtBITP(CDCl;) 7.70(m, 4H), 7.35-
(s, 2H), 7.27(m, 4H), 4.33(q, 4H), 1.37(t, 6H).
iPrBITP(CDCl;) 7.63(m, 4H), 7.29(s, 2H), 7.20(m,
4H), 5.1(m, 2H), 1.57(d, 12H). BuBITP(CDCl;) 7.68-
(m, 4H), 7.35(s, 2H), 7.25(m, 4H), 4.25(m, 4H),
1.75(m, 4H), 1.28(m, 4H), 0.9(m, 6H). Each ligand is
characterized by exhibiting two low field multiplets
associated with the alpha and beta benzimidazole,
aromatic protons, a single resonance associated with
the pyridazine protons and typical aliphatic proton
resonances at higher fields.

[Cuy (EtBITP)OH)Cl3] - DMF (II)

EtBITP (0.5 g, 1.2 mmol) was dissolved with
warming in DMF (50 ml) and mixed with a solution
of CuCl,-2H,0 (0.50 g, 2.9 mmol) in water (10 ml).
The resulting green solution was warmed and allowed
to stand for several days during which time green
crystals deposited. The product was filtered, washed
with ethanol and finally with ether and dried in
vacuo. Compound MI was prepared in a similar
manner.

Compounds I, IV, VI, VII, IX, X, XI were pre-
pared similarly by dissolving the metal salt in water
and the ligand in methanol.

[Cu{ BuBITP)],(ClO4 )+ 0.2H,0 (XII)

BuBITP (0.50 g; 1.0 mmol) was dissolved in
degassed dichloromethane (50 ml). [Cu(CH;CN),]-
ClO,4 (0.33 g; 2.0 mmol) was added under nitrogen
and the mixture stirred for 20 min at room tempera-
ture. The orange solution was filtered to remove
excess cuprous perchlorate and degassed methanol
(50 ml) added to the filtrate. An orange crystalline
solid formed which was filtered, washed with
methanol and petroleum ether and dried in vacuo.
Complexes V and VII were prepared similarly.

Analytical data for the copper complexes are given
in Table 1.

Crystallographic Data Collection and Refinement of
the Structure of [ Cu(EtBITP){OH)Cl3] - DMF (1)
Crystals of II are green in colour. The diffraction
intensities of an approximately 0.30 X0.15X0.12
mm crystal were collected with graphite mono-
chromatized Mo Ka radiation using the omega scan
technique to 26,., =45 on a Nonius CAD4 dif-
fractometer. Of a total of 4193 measured reflections

TABLE 1. Analytical and Other Data

Calc. (%)

Found (%)

Colour

Compound

18.9

12.5
13.0

2.66 12.6 19.0 35.7 2.83
3.73 13.0 39.7 3.71

35.8
39.8

dark green

green

Cuz(MeBITP)(OH)Cl3] -H,0
Cu,(EtBITPY(OH)Cl3] - DMF

14.3

11.0

3.04
3.45
3.80
3.61
3.05
4.14

11.0 14.0 33.8

3.19
3.36
3.29
3.44
2.99
3.78
3.39
4.05
4.52
4.29

33.9

green

Cu,(EtBITP)(OH)B13] -DMF
Cu(EtBITP)(NO3),]-H,0

9.96

17.6

41.4

9.36

17.6

41.6

dark green

13.3 41.8 13.3

42.0
39

red—-brown

Cu(EtBITP) ] 2(C104)2 '4H20

17.6

11.7

.8 11.6 17.0 40.0

bright green

Cua(iPtBITP)(OH)Cl3]-0.5H,0

14.9

9.85
13.7

338

14.0

9.86
13.6

338

green
red

Cu,(iPrBITP)(OH)Br3] -0.5H,0

45.1

45.0

Cu(iPrBITP)]5(C104)2CH3CN-2H,0

Cu,(BuBITP)(OH)Br3]

9.64 14.6

15.9

3.33
4.41

14.5 35.8

9.62
16.0

35.7

lime green
turquoise

turquoise

orange

44.4

44.4

Cu(BuBITP)(NO3),]+1.5H,0

4.85
9.73

12.8

4.88
4.32

47.6

4.87
8.97

129

47.6

Cu(BuBITP),(H,0)](Cl04)4-3H,0
Cu(BuBITP) |5(Cl04)2+0.2H,0

12.9

47.8

12.8

47.7
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4116 were unique and 3410 were considered signifi-
cant with I e > 2.50 (Ie). Lorentz and polarization
factors were applied but no correction was made for
absorption. The cell parameters were obtained by the
least-squares refinement of the setting angles of 78
reflections with 20 in the range 40°—45° (A\(Mo
Ka,) = 0.70930 A).

The structure was solved by direct methods using
MULTAN [15] and refined by full matrix least-
squares methods to final residuals of R¢= 0.028 and
R,, =0.018 for the significant data (0.037 and 0.018
for all data) with weights based on counting statistics.
The hydrogen atoms were located from difference
maps with the positional parameters refined and the
thermal parameters fixed at the calculated value. All
calculations were performed with the NRCVAX
system of programs [16] and scattering factors were
taken from ref. 17. Crystal data are given in Table I
and final atomic positional parameters and equivalent
isotropic temperature factors are listed in Table II.
See also ‘Supplementary Material’.

TABLE II. Crystal Data

Compound [Cuy(EtBITPYOH)Cl3]-DMF
Formula C25H28N702$2C13CU2
Formula weight 755.85

Crystal system triclinic

Space group Pi

a (A) 8.9198(5)

b (A) 13.5738(8)

c(8) 13.7178(7)

a(®) 105.318(5)

B (°) 105.255(5)

¥ () 99.461(5)

V(&%) 1495.83

V4 2

p(calc) (g cm™3) 1.679

Crystal size (mm) 0.30 X 0.15 x0.12
Crystal colour green

Radiation (&) Mo Kej (0.70930)
g (mm™1) 1.87

20 scan range (°) 45

Data collected 4193

Unique data 4116

With [ > 2.50(1) 3410

L.S. parameters 455

Data parameters 69

R¢ (significant data) 0.028

R, (significant data) 0.018

Temperature for data
collection (°C)
Diffractometer

22

Nonius

Results and Discussion

Diazine ligands, in particular pyridazines and
phthalazines, are capable of binding two metal
centres in close proximity by virtue of the juxtaposi-

L. K. Thompson et al.

tion of the two adjacent nitrogen donor centres in the
diazine ring. Metal-metal separations have been ob-
served in the range 3.00-3.21 A for binuclear,
hydroxo-bridged, copper(II) complexes of a series of
pyridylaminophthalazine ligands (PAPR, Fig. 1)
which form six-membered chelate rings [2, 9, 10—
12] and in the range 3.34—3.45 A for binuclear,
hydroxo-bridged, copper(Il) complexes of tetra-
dentate pyridazine and phthalazine ligands (DPPN,
PPD, PPDME, MIP; Fig. 1), which form five-membered
chelate rings [1-3, 5-8, 10]. The distinct difference
in copper—copper separations generated by these two
groups of ligands can be attributed to the geometrical
requirements of the various chelate rings at the
binuclear centre (Fig. 3). Ligands like MIP, involving
five-membered chelate rings, would, of necessity,
generate expanded binuclear centres. These trends
in binuclear centre dimensions are reflected also in
the magnitude of the hydroxide bridge angle.

hlﬂe Me
|
N \N )N [N N |
6 N—N 6 7N\ / \j
(O ;N—cﬁ G- O NS N-N 5 N
Cu Cu

PAPR MiP

Fig. 3. Comparison of binuclear centres of diazine ligands
forming six- and five-membered chelate rings.

Almost all of the complexes involving hydroxide
bridges, so far characterized structurally, have five-
coordinate copper(II) centres for which the most ap-
propriate structural description would be square-
pyramidal. The complex [Cu,(EtBITP)}OH)Cl;]-
DMF has a binuclear hydroxo-bridged copper(Il)
structure involving distorted five-coordinate copper-
(I) centres but for the first time the copper stereo-
chemistry approximates a trigonal-bipyramid more
closely than a square-pyramid.

Description of the Structure

The structure of [Cu,(EtBITP)(OH)Cls]-DMF (II)
is shown in Fig. 4. Final atomic positional parameters
are given in Table III and selected bond lengths and
bond angles in Table IV. The two copper(II) centres
are bound in a triple bridged arrangement involving
a chloro-bridge, a hydroxo-bridge and a pyridazine
diazine bridge. The angle at the hydroxo-bridge is
104.65° while that at chlorine is 72.50° with a
copper—copper separation of 3.017 A. The bridging
copper—chlorine bonds are fairly long (Cu(1)-—CI(3)
2.564 A; Cu(2)-CI(3) 2.538 A) while the terminal
copper—chlorine bonds are much shorter (Cu(1)—
CI(1) 2.258 A; Cu(2)—CI(2) 2.261 A). A comparable
situation was observed for the complex [Cu,-
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TABLE III. Atomic Positional Parameters (e.s.d.s) for [Cu,(EtBITP)(OH)Cl3]-DMF ()

Atom x y z Bigo
Cul 0.28039(5) 0.78229(3) 0.95991(3) 2.484(26)
Cu2 0.14836(5) 0.91304(3) 0.82744(3) 2.534(25)
Ccl1 0.31559(12) 0.78681(7) 1.13033(7) 3.54(6)
CI2 0.03068(11) 1.04736(7) 0.86516(8) 3.30(6)
C13 0.02488(11) 0.72078(7) 0.79746(7) 3.24(5)
S1 0.65618(11) 0.74098(7) 0.95817(8) 3.08(5)
S2 0.38460(11) 1.00958(8) 0.69022(8) 3.32(6)
o1 0.2309(3) 0.91505(19) 0.97160(19) 2.68(14)
02 0.3628(5) 0.70411(28) 0.61122(30) 9.50(28)
N1 0.3411(3) 0.64752(20) 0.92185(20) 2.04(16)
N2 0.0895(3) 0.89538(21) 0.67324(21) 2.30(17)
N3 0.4913(3) 0.53564(21) 0.88678(21) 2.10(16)
N4 0.1172(3) 0.90944(21) 0.51961(23) 2.37(16)
NS5 0.4379(3) 0.83640(19) 0.87900(20) 2.01(16)
N6 0.3784(3) 0.89529(20) 0.82018(20) 1.95(15)
N7 0.2309(4) 0.53482(30) 0.57261(28) 4.24(23)
C1 0.2473(4) 0.54493(26) 0.89337(25) 2.00(19)
C2 0.0904(4) 0.50944(30) 0.88924(29) 2.65(22)
Cc3 0.0325(5) 0.40253(32) 0.86442(31) 3.18(23)
C4 0.1284(5) 0.33332(29) 0.84527(31) 3.21(24)
C5 0.2838(5) 0.36635(28) 0.84740(28) 2.65(23)
Ccé6 0.3421(4) 0.47490(26) 0.87289(25) 2.05(20)
Cc7 0.4839(4) 0.63802(26) 0.91721(26) 2.06(19)
Cc8 0.5825(4) 0.82229(24) 0.88546(25) 1.94(18)
Cc9 0.6843(4) 0.87406(28) 0.84344(29) 2.24(19)
Cl10 0.6250(4) 0.93322(27) 0.78477(28) 2.23(20)
Cl11 0.4668(4) 0.93801(2%) 0.77160(25) 1.99(19)
Cl12 0.1887(4) 0.92957(26) 0.62602(28) 2.38020)
C13 -0.0419(4) 0.85881(26) 0.49728(29) 2.2921)
Cl4 —-0.1720(5) 0.82556(29) 0.40386(29) 2.88(23)
C15 —0.3184(5) 0.78319(31) 0.41093(33) 3.36(23)
Cl6 —0.3344(5) 0.77128(30) 0.50526(35) 3.22(24)
C17 -0.2054(5) 0.80252(30) 0.59716(31) 2.80(22)
Cl18 —-0.0582(4) 0.84862(26) 0.59273(28) 2.24(20)
C19 0.6255(5) 0.49581(30) 0.86439(32) 2.86(23)
C20 0.6281(6) 0.48948(40) 0.75349(39) 4.32(30)
C21 0.1934(5) 0.92240(33) 0.44040(33) 3.38(25)
C22 0.2506(6) 0.82774(44) 0.39690(42) 5.39(3%)
C23 0.2797(6) 0.63678(46) 0.63089(39) 5.99(35)
C24 0.1345(6) 0.45726(45) 0.60101(43) 5.72(35)
C25 0.2744(8) 0.49806(47) 0.47811(49) 6.96(44)
HO 0.167(4) 0.9179(28) 0.9993(29) 3.5(0)
H2 0.026(4) 0.5555(24) 0.9029(24) 3.5(0)
H3 -0.070(4) 0.3770(25) 0.8678(25) 3.9(0)
H4 0.087(4) 0.2679(24) 0.8278(26) 3.6(0)
HS 0.355(4) 0.3203(23) 0.8349(24) 3.3(0)
H9 0.783(4) 0.8653(23) 0.8576(24) 2.9(0)
H10 0.681(4) 0.9638(23) 0.7484(23) 3.0(0)
H14 -0.162(4) 0.8348(24) 0.3396(24) 3.6(0)
H15 —0.409(4) 0.7633(24) 0.3492(25) 3.8(0)
H16 -0.434(4) 0.7434(25) 0.5075(26) 4.0(0)
H17 —-0.215(4) 0.7924(25) 0.6574(25) 3.8(0)
HI19A 0.613(4) 0.4290(24) 0.8738(25) 3.6(0)
H19B 0.715(4) 0.5409(25) 0.9127(25) 3.6(0)
H20A 0.524(4) 0.4503(29) 0.7048(29) 6.1(0)
H20B 0.638(5) 0.5571(28) 0.7455(31) 6.1(0)
H20C 0.708(4) 0.4616(30) 0.7395(31) 6.1(0)
H21A 0.280(4) 0.9828(25) 0.4746(26) 4.3(0)

(continued)
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TABLE III. {continued)

Atom x y z Biso

H21B 0.114(4) 0.9333(25) 0.3812(26) 4.3(0)
H22A 0.165(5) 0.7619(31) 0.3709(33) 7.5(0)
H22B 0.305(5) 0.8390(31) 0.3437(31) 7.5(0)
H22C 0.320(5) 0.8157(35) 0.4492(32) 7.5(0)
H23 0.240(5) 0.6453(31) 0.6949(30) 7.0(0)
H24A 0.036(5) 0.4177(30) 0.5412(31) 7.3(0)
H24B 0.089(5) 0.4971(31) 0.6604(31) 7.3(0)
H24C 0.198(5) 0.4180(32) 0.6288(33) 7.3(0)
H25A 0.315(5) 0.5549(33) 0.4538(35) 8.6(0)
H25B 0.178(5) 0.4579(35) 0.4199(35) 8.6(0)
H25C 0.350(5) 0.4588(35) 0.4947(38) 8.6(0)

TABLE IV. Selected Bond Distances (&) and Angles (°) (e.s.d.s) for [Cu,(EtBITP)(OH)Cl3] DMF (II)

Cu(1)—Cu(2) 3.017(1) N4)-C(13) 1.386(5)
Cu(1)~CI(1) 2.2582(10) N(4)-C(21) 1.458(5)
Cu(1)--CI(3) 2.5643(10) N(5)—N(6) 1.352(4)
Cu(1)-0(1) 1.9009(24) N(5)-C(8) 1.318(4)
Cu(1)-N(1) 1.970(3) N(6)—C(11) 1.316(4)
Cu(1)-N(5 2.158(3) C(8)—C(%) 1.389(5)
Cu(2)-C1(2) 2.2607(10) C(9)-C(10) 1.352(5)
Cu(2)-Ci(3) 2.5382(10) Cc(10)-C(11) 1.390(5)
Cu(2)-0(1) 1.9111(2%) C(13)-C(14) 1.390(5)
Cu(2)-N(2) 1.978(3) C(13)-C(18) 1.394(5)
Cu(2)—N(6) 2.130(3) C(14)-C(5) 1.377(6)
S(1)-C(7) 1.748(3) C(15)-C(16) 1.386(6)
S(1)-C(8) 1.766(3) C(16)-C(17) 1.374(6)
S(2)-C(11) 1.762(3) C(17)-C(18) 1.382(5)
S(2)-C(12) 1.752(4) C(19)-C(20) 1.507(6)
N(1)-C(1) 1.396(4) Cc(21)-C22) 1.496(7)
N(D)-C(7) 1.318(4) C(1)—C(2) 1.384(5)
N(2)-C(12) 1.320(4) C(1)-C(6) 1.395(5)
N(2)-C(18) 1.395(4) C(2)-C(3) 1.374(5)
N(3)—C(6) 1.382(4) C(3)-C4 1.391¢6)
N3)-C(7) 1.359(4) C(4)~C(5) 1.375(6)
N(3)-C(19) 1.462(5) C(5)—-C(6) 1.394(5)
N(4)-C(12) 1.362(4)

Cl(1)-Cu(1)-CI(3) 130.65(4) Cl(2)—-Cu(2)—N(2) 94.17(8)
Ci(1)-Cu(1)-0(1) 98.02(8) C1(2)-Cu(2)-N(6) 137.10(8)
C1(1)—-Cu(1)-N(1) 92.90(8) CI(3)—Cu(2)-0(1) 82.37(8)
CI(1)-Cu(1)-N(S5) 133.73(8) C1(3)~-Cu(2)-N(2) 93.99(8)
C1(3)—Cu(1)-0(1) 81.84(8) CI(3)-Cu(2)-N(6) 96.96(7)
CI(3)-Cu(1)-N(1) 93.88(8) O(1)-Cu(2)-N(2) 169.83(10)
C1(3)-Cu(1)-N(5) 95.48(7) O(1)—-Cu(2)-N(6) 84.28(10)
O(1)-Cu(1)-N(D) 168.45(10) N(2)-Cu(2)—N(6) 86.76(11)
0(1)—Cu(1)-N(5) 83.40(10) Cu(1)-CL(3)-Cu(2) 72.50(3)
N(1)—Cu(1)~N(5) 86.36(10) C(7)-S(1)-C(8) 100.25(15)
C1(2)-Cu(2)-C1(3) 125.65(4) C(11)-S(2)-C(12) 100.84(16)
C1(2)-Cu(2)-0Q) 95.66(7) Cu(1)-0(1)-Cu(2) 104.65(11)
(PAP6Me)(OH)Cl5]-3H,0 (Fig. 5) [2]. The copper— copper—nitrogen (diazine) bond lengths (Cu(1)—N(5)
oxygen bridge bond lengths fall within the range 2.158 A; Cu(2)-N(6) 2.130 A) are the longest ob-
1.85-2.04 A established for other related, hydroxo- served so far, implying a somewhat weaker inter-

bridged dicopper(Il) complexes [1-3, 9—12]. The action to the diazine centre.



Binuclear Cu(ll) Complexes

Fig. 4. Structural representation of [Cu,(EtBITP)(OH)Cl3]-
DMF (II) with hydrogen atoms and DMF omitted (40%
ellipsoids).

Fig. 5. Structural representation of [Cu,(PAP6Me)(OH)Cl;3] -
3H,0 with hydrogen atoms and water omitted (40%
ellipsoids).

The stereochemistry at each copper centre can
best be described as a distorted trigonal-bipyramid.
The axial ligands (N(1), O(1), N(2)) form an almost
linear arrangement about the copper centres with
angles N(1)—Cu(1)-0(1) and N(2)—Cu(2)-0(1) of
168.5° and 169.8° respectively. The largest equatorial
angles are 133.7° and 137.1° (N(5)—Cu(1)—CI(1) and
N(6)—Cu(2)-Cl(2) respectively), and are much
smaller than comparable angles in related compounds,
e.g. [Cu(PAP6Me)OH)Cl5]-3H,0 (149.4°, 158.4°)
[2], [Cuz(PAPXOH)Cl3}-1.5H,0 (156.8°, 161.4°)
[18] and [Cuy(PAPYOHX10;);]:-4H,0 (153.4°
154.0°) [9], which have been assigned distorted
square-pyramidal geometries. Further support for this
assignment comes from the very long copper—diazine
nitrogen bond lengths, which would be associated
with the minor orbital components of the d,» orbital.
The ligand has a marked molecular fold, typical of
hydroxo-bridged species of this sort, in order to
accommodate the two five-coordinate metal centres.
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Such a fold is a result of the formation of six-
membered chelate rings. For those complexes
involving five-membered chelate rings the ligands
adopt almost planar conformations (Fig. 2). The flat
benzimidazole groups are mutually inclined by 91.4°
and benzimidazoles B and C are inclined at angles of
47.2 and 49.9° respectively to the mean plane of the
pyridazine ring (A) (Fig. 4).

Spectroscopy, Magnetism and Electrochemistry

The green, binuclear, hydroxo-bridged complexes
are characterized in the infrared by absorptions in the
range 3500-3620 cm™! associated with hydroxide,
O—H stretch. Other key infrared bands, together with
their assignments, are listed in Table V. The visible
absorption spectra of the binuclear copper(Il) deriva-
tives generally include a main band in the range
1380014800 cm™!, with a low energy shoulder.
Spectral features of this sort have, in the past, been
associated with five-coordinate copper(Il). Typically,
for a square-pyramidal copper(Il) system, tliree
features would be expected in the visible, while for
a trigonal-bipyramidal system two should be ob-
served, although, since distorted intermediate struc-
tures invariably prevail, such a distinction may not be
possible [19]. In most cases complete resolution of
the spectra of square-pyramidal systems is not
possible at room temperature but at low temperature
three transitions can be observed in some cases, e.g.
for derivatives of the sort [Cu,(PAP)(RCOO);],
which are assumed to have square-pyramidal stereo-
chemistries [19]. The related complexes [Cu,(PAP)-
(OH)X3]-1.5H,0 (X=Cl, Br), [Cu,(PAP)(OH)-
(103)3]+4H,0, which have distorted, intermediate
five-coordinate structures, which are considered to be
closer to a square-pyramid than a trigonal-bipyramid,
exhibit broad, single absorptions in their solid state,
mull transmittance spectra in the range 15700—
16000 cm™ ! with little resolution of this feature at
low temperature [9, 18, 19]. Five-coordinate trigonal-
bipyramidal copper(II) systems with similar ligands
and chromophores would be expected to exhibit
visible absorptions at significantly lower energies
[19]. All of the binuclear, hydroxo-bridged com-
lexes described in this study have visible absorptions
below 15000 cm ! involving two resolved com-
ponents at room temperature. These derivatives are
therefore assumed to have five-coordinate structures
similar to II, which has a distorted five-coordinate
triply bridged structure in which the distortion is
considered to lie closer to a trigonal-bipyramid.

The other copper(II) derivatives are mononuclear
and appear to involve bidentate, rather than tetra-
dentate ligands. The complex [Cu(BuBITP),(H,0)]-
(Cl04),-3H,0 (XI) exhibits higher energy visible
absorption involving two well-resolved components.
This compound is considered to be a five-coordinate
derivative involving two in plane bidentate ligands
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TABLE V. Infrared and Electronic Spectra and Magnetism

L. K. Thompson et al.

Infrared (cm™1)

UV—Vis (cm™ )

Hesf (BM) (RT)

I [Cuy(MeBITP)(OH)Cl3] -H,0 3580(0OH), 3480(H,0) 14800, 11500(sh) 1.40

I [Cu,(EtBITP)(OH)C1;] - DMF 3520(0H), 1660(DMF) 12050(191)2 1.38

I [Cu,(EtBITP)(OH)Br3]-DMF 3500(0H), 1650(DMF), 259, 243 14300, 12500(sh) 1.34
(Cu—Br)

v [Cu(EtBITPY(NO3),]-H,0 3420(H,0), 1745,1734,1718,1700 14900, 11500(sh) 1.84
(NO3)

v JCu(EtBITP)]5(Cl04),-4H,0 3600(H450), 1090(C104) DIAM

VI [Cuy(iPsBITP)Y(OH)Cl3]-0.5H,0 3620(0OH), 295, 275(Cu—-Cb 13800, 11900(sh) 1.68

VI  [Cu,(iPtBITP)(OH)Br3]-0.5H,0 3620(0OH), 240, 220(Cu~Br) 14300, 11800(sh) 1.45

VIII  [Cu(iP1BITP)],(Cl04),-CH3CN-2H,0 3500(H,0), 1090(C104) DIAM

IX [Cu,(BuBITPYOH)Br3] 3590(0OH), 236, 220(Cu~Br) 14700, 11600(sh) 1.44

X [Cu(BuBITP)NO3);]+1.5H,0 1734, 1720(sh) 16100, 11800(sh) 1.84
1712(sh), 1700(NO3)

XI [Cu(BuBITP),(H,0)](Cl04),-3H,0 3400(H,0), 1140, 1090(sh) 15900, 11400 2.02
1070(Cl0y4)

XII  [Cu(BuBITP)]5(Cl04),-0.2H,0 1085(C10y) DIAM

agolution in DMF, otherwise mull transmittance.

and an axial water similar to the square-pyramidal
complex [Cu(PTP),(H,0)](Cl0,),-3H,0 which has
been structurally characterized [4, 14]. The two
nitrate complexes (IV, X) involve just one ligand per
copper, clearly indicating nitrate coordination. The
complexity of the nitrate combination band (v; + v4)
region in the infrared makes an assignment of the role
of the nitrate groups difficult. However the presence
of both monodentate and bidentate nitrates in each
case is not unreasonable [20]. A square-pyramidal
structure involving bidentate ligand and both mono-
and bidentate nitrate is therefore assigned to these
complexes. The ‘normal’ magnetic moments for these
compounds are consistent with the assignment of
these species as mononuclear copper(Il) derivatives.

The diamagnetic copper(I) derivatives (V, VIII,
XI) are red or orange in colour with no visible
absorption in the range associated with copper(Il)
species. Perchlorate absorptions in the infrared are
assocjated with ionic perchlorate groups and struc-
turally all three derivatives are considered to be
similar to the complex [Cu,(PTP),](Cl0,),, which
has been shown from X-ray crystallographic studies,
to be a dimeric binuclear copper(I) complex involving
two four-coordinate distorted tetrahedral copper(I)
centres sandwiched between two tetradentate ligands
[14].

Room temperature magnetic moments for the
binuclear, hydroxo-bridged species lie in the range
Megr=1.34—1.68 BM indicating antiferromagnetic
exchange between the copper(ll) centres. The lower
values associated with the bromo-derivatives for the
pairs of compounds II, IlII and VI, VII suggests that
a bridging bromine atom is likely to be present in

these compounds. It is well established that for struc-
turally similar halogen bridged dicopper(Il) species
antiferromagnetic exchange is stronger for bromo-
bridged compounds [21]. The larger difference in
the case of the ligand iPrBITP may indicate a
structural anomaly involving differences in the
hydroxide bridge angle, since the hydroxide bridge
will undoubtedly dominate the exchange situation.

A variable temperature magnetic study was carried
out on [Cu,(EtBITP)(OH)Cl3]-DMF in the range
5--300 K. The results are summarized in Fig, 6. The
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Fig. 6. Magnetic susceptibility data for [Cu,(EtBITP)(OH)-
Cl3]-DMF (II). The solid line was calculated from eqn. (1)
with £=2.01 £0.01, -27=260%*1 cm™' and Na =60 X
1078 cgs units (cm3 mol™1)/Cu and assuming 0.4% para-
magnetic impurity (p = 0.004).
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best fit line was calculated from the Van Vleck equa-
tion [22] for exchange-coupled pairs of copper(Il)

ions (egn. (1))
_ NB2g2
3kT

M 2g2
+ [
4kT

XM [1+ 5 {exp(-2J/kT)} (1 - p)

]p+Na 0))

In this expression 2J (in the spin Hamiltonian ¥ =
2J§,+§,) is the singlet—triplet splitting or exchange
integral and other symbols have their usual meaning.
p represents the fraction of a possible magnetically
dilute impurity. The temperature independent
paramagnetism, Nea, was taken as 120 X107 cgs
units/mol. The parameters giving the best fit were
obtained by using a non-linear regression analysis
with p as a floating parameter. The exchange integral
for I (—2J = 260 cm™ ') indicates moderate exchange
between the copper(Il) centres. Comparable exchange
would therefore be expected for compounds I, III,
VII and IX.

The copper stereochemistry in II is considered to
be approximately trigonal-bipyramidal, which wouid
involve a d,» copper ion ground state. The major
lobes of the magnetic orbital would therefore point
towards the bridging oxygen atom and so equatorial
magnetic interactions to the pyridazine bridge would
be considered to be relatively smali. In previous
examples of square-pyramidal hydroxo-bridged
copper(1l) complexes of tetradentate phthalazine and
pyridazine ligands  significant copper—diazine
nitrogen magnetic interactions occur via in plane
d,2_y2 orbital overlap [1, 3, 9-12, 19]. Also for
related, square-pyramidal phthalazine complexes
involving in plane magnetic interactions to both
hydroxide and diazine bridge groups, an almost linear
relationship was found to exist between hydroxide
bridge angle and exchange [9—12]. The relationship
—2J=24.27¢— 2274 cm™! was found for six com-
plexes with ¢(Cu—O(H)—Cu bridge angle) in the

TABLE VI. Electrochemical Data
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range 100—126°. A general comparison of square-
pyramidal, hydroxide bridged complexes of phthala-
zine and pyridazine ligands, involving d,2_,» diazine
magnetic interactions, also reveals that significantly
larger exchange integrals occur for pyridazine systems
[3]. With this in mind it is of interest to note that
compound II unexpectedly conforms to the above
linear relationship, based on bridge angle (for ¢ =
104.7° —2J 10 = 267 cm™1). This suggests that while
in the previous examples a significant, but approxi-
mately constant, contribution to total exchange arises
from the phthalazine bridge, for II the pyridazine
contribution must be smaller than that expected for a
d,2_,2 system, thus supporting the assignment of a
trigonal-bipyramidal stereochemistry.

Electrochemical studies have been carried out on a
number of the binuclear complexes and the results
are reported in Table VI. Cyclic voltammetry in DMF
using a glassy carbon electrode gave single redox
waves for each compound with E,,, in the range
0.41-0.46 V (versus SCE). Figure 7 shows cyclic
voltammograms at varying scan rates for [Cu,-
(EtBITPYOH)Cl;]-DMF in DMF. AE], varies slightly
as a function of scan rate (100 mV at 25 mV s™! to
120 mV at 200 mV s~ ') indicating a quasi-reversible
redox process. ldentical cyclic voltammograms are
obtained by scanning in a positive voltage direction
(Fig. 7a) and by scanning in a negative voltage direc-
tion (Fig. 7b) confirming the unique nature of the
redox process. No other electrochemical feature is
observed for this complex in the range 0.8 to —1.2 V
(Fig. 8). The ligands also do not display any electro-
chemical activity in this voltage range. For the other
compounds similar electrochemistry is observed, but,
with the exception of I, AE] is generally much larger
and varies significantly as a function of scan rate
indicating non-reversible redox processes. The single
redox wave is associated with two electron reduction
in DMF in each case and this is supported by
coulometric measurements.

Somewhat reduced coulomb counts are observed
for these complexes on reduction in DMF at +0.1 V,

Eypn AE}

(V (vs. SCE)) (mV)2
I [Cuz (MeBITPYOH)Cl3] -H,0 0.45® 1209
|| [Cug(EtBITP)OH)Cl3] -DMF 0.43P 1209
m [Cuy(EtBITP)(OH)Br3) - DMF 0.41P 260"
V1 [Cu,(iPrBITP)(OH)Cl3]-0.5H,0 0.43P 150"
vil [Cu, iPrBITP)(OH)Br3] -0.5H,0 0.46P 180™
X [Cuz(BuBITP)(OH)Br3] 0.42¢ 2600

0.42P 240n

apeak to peak separation at scan rate of 200 mV s1, bGlassy carbon/DMF/TEAP/SCE. €Platinum/DMF/TEAP/SCE.

A Quasi-reversible. R Non-reversible.
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(c)

(b)
’ {a}

Vvs. SCE

Fig. 7. (a) Cyclic voltammograms for [Cu,(EtBITP)(OH)-
Cl3]-DMF in DMF (1 X 1073 M, 0.1 M TEAP, G.C., SCE).
Scan rate 25200 mV s ! at positive scan from 0.0-0.8 V.
(b) Negative scan from 0.8—0.0 V. (¢) Ferrocene/ferrocinium
couple.

(b)

V vs. S.CEE.
Fig. 8. (a) Cyclic voltammogram for [Cuy(EtBITP)(OH)Cl3] -
DMF (II) in DMF (1 x1073 M, 0.1 M TEAP, G.C., SCE)
scanned at 200 mV s™! from 0.8 to —1.4 V. (b) Same as
Fig. 7b.

indicating that a spontaneous redox process has oc-
curred in these solvents. This phenomenon has been
observed with other binuclear copper(1l) complexes
with high redox potentials, both in DMF and aceto-
nitrile [4, 12]. If, however, the DMF solutions of the
binuclear copper(Il) complexes are first fully
oxidized at +0.8 V and then reduced at +0.1 V the
coulomb counts are very close two electron equiva-

L. K. Thompson et al.

ARBITRARY ABSORBANCE

500 B0 1000 1200
nm

Fig. 9. Visible absorption spectrum (DMF) for {Cu,(EtBITP)-

(OH)Cl3]-DMF (II) after electrochemical oxidation at

+0.8 V.

lents. The same observation can be made by exam-
ining the visible absorption spectrum of systems of
this sort in DMF. For example a DMF solution of
[Cuy(EtBITPXOH)Cl;|-DMF  (II) (1 X107 M),
made by stirring the solid/solvent mixture overnight,
gave a visible absorption at 12050 cm ™' with molar
absorbance of 124 1 mol™! ¢m™!. If this solution is
oxidized at +0.8 V, fully reduced at +0.1 V (two
electron equivalents of charge required) and then
fully oxidized at +0.8 V, the same absorption
maximum is observed (Fig. 9) but the extinction
coefficient is increased (£ = 191 | mol™! cm™?).

Supplementary Material

Anisotropic thermal parameters and a listing of
structure factors for all compounds are available from
the authors on request.
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