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Structural, electrochemical, and EPR studies of binuclear copper(II) complexes of bis(pentadentate) ligands, obtained
by attaching 2-pyridylmethyl arms to the four secondary nitrogens of bis(tacn) macrocycles linked by ethyl (tmpdtne,
[Cu2(tmpdtne)](ClO4)4‚2H2O 2), propyl (tmpdtnp, [Cu2(tmpdtnp)](ClO4)4 3), butyl (tmpdtnb, [Cu2(tmpdtnb)](ClO4)4

4), m-xylyl (tmpdtnm-X, [Cu2(tmpdtnm-X)](ClO4)4‚2DMSO‚2H2O,5), and 2-propanol (tmpdtnp-OH, [Cu2(tmpdtnp-
OH)](ClO4)4‚2H2O, 6) bridges, are reported, together with further analysis of the mononuclear complex, [Cu-
(dmptacn)](ClO4)2 1, dmptacn) 1,4-bis(2-pyridylmethyl)-1,4,7-triazacyclononane. Single-crystal X-ray diffraction
studies established the molecular structure of3 and the tetrakis(DMF) solvate of4. Complex3 crystallizes in the
monoclinic space groupP21/c (No. 14) witha ) 13.867(3),b ) 13.548(6),c ) 28.055(4) Å,â ) 102.63(1)°, V
) 5143(2) Å3, andZ ) 4. Refinement gaveR) 0.085 andRw ) 0.089 for 3696 observed reflections.4 crystallizes
in the triclinic space groupPh (No. 2) with a ) 11.775(4),b ) 12.718(3),c ) 13.201(3) Å,R ) 61.25(2),â )
75.99(3),γ ) 77.66(3)°, V ) 1673(1) Å3, andZ ) 1. Refinement gaveR ) 0.072 andRw ) 0.065 for 3876
observed reflections. In4, the pentadentate compartments are oriented in an anti configuration, while in3,
constraints introduced by the propane bridging group result in a syn configuration. Both complexes exhibit distorted
square pyramidal (SP) geometries about the Cu(II) centers with Cu-N(apical)≈ 2.25 Å and Cu-N(equatorial)
≈ 2.0 Å. Molecular mechanics calculations have been carried out on these types of complexes for the first time
in order to predict the solution structures of5 and 6. The calculations revealed that the SP geometry is also
preferred by these complexes and that there is little energy difference between the syn and anti configurations.
Cyclic, square-wave, and steady-state voltammetric studies on1-6 indicate that, on the time scale of the
measurements,1 undergoes a one-electron reduction to the Cu(I) state while2-6 undergo an overall two-electron
reduction to the binuclear Cu(I) complexes. For2-4, a shift in reduction potential to more negative values with
increasing Cu‚‚‚Cu separation reflects the stabilization of the Cu(II) state while the two partially resolved reduction
processes for6 suggest that the alcohol group in the ligand backbone promotes a small level of interaction between
copper centers.

Introduction

In a recent publication,1 we detailed the development of a
series of bis(pentadentate) ligands obtained through the addition
of 2-pyridylmethyl pendant arms to bis(tacn) ligands linked by
ethyl (dtne),2 propyl (dtnp),2 and butyl (dtnb)3 bridging groups
(Chart 1). Bis(pentadentate) ligands of this type are rare,
although ligands with alcohol4 and acetate5 pendant arms have
been reported (Chart 2). For the pyridyl series (tmpdtne etc.),
the coordination properties of the ligands were examined through

the study of the copper(II) complexes but only the structure of
the tmpdtne complex (Chart 1,2) was reported, owing to
difficulties in obtaining crystals suitable for crystallography.
Interestingly, in the structures of the Cu(II) complexes of such
bis(pentadenate) ligands, the preferred orientation of the pen-
tadenate compartments is anti rather than syn, with the exception
of a Cu(II) complex of the dtne ligand bearing alcohol pendant
arms.4 In this particular case, the pendant arms stabilize the
syn conformation through H-bonding following deprotonation
of two of the pendant groups. In this paper, we report the X-ray
structures of the copper(II) complexes of the tmpdtnp and
tmpdtnb ligands (Chart 1,3 and4) together with an examination
of the ability of molecular mechanics combined with the
simulation of ESR spectra to predict the solution structures of
these complexes. The series of bis(pentadentate) ligands has
been extended to include the 2-propanol (tmpdtnp-OH) and the
m-xylyl (tmpdtnm-X) linked ligands by functionalization of the
corresponding bis(tacn) macrocycles, viz., (dtnp-OH)6 and
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(dtnm-X).7,8 These have been used to prepare Cu(II) complexes
(Chart 1,5, and6), and in the absence of crystallographic data,
force field calculations9 coupled with comparisons of predicted
and observed ESR spectra10,11 are used to establish the most
likely structure of these complexes. The systematic variation
in the length and type of spacer in this series of complexes
indicated that the complexes could have interesting electro-
chemical properties which could vary according to Cu‚‚‚Cu
separation and the type of spacer group. Consequently, a
detailed investigation of the electrochemistry of these complexes
and the mononuclear complex of dmptacn (Chart 1,1) was
undertaken using cyclic voltammetry and square-wave volta-
mmetry at a conventional Pt macrodisc electrode, near steady-

state voltammetry at a Pt microdisk electrode, and bulk
electrolysis at a Pt basket electrode.

Experimental Section

Materials and Reagents. Reagent or AR grade materials were used
throughout the study. The ligands 1,2-bis(1,4,7-triazacyclonon-1-yl)-
ethane (dtne),2 1,3-bis(1,4,7-triazacyclonon-1-yl)propane (dtnp),2 1,4-
bis(1,4,7-triazacyclonon-1-yl)butane (dtnb),3 1,3-bis(1,4,7-triazacyclonon-
1-ylmethyl)benzene hexahydrobromide (dtnm-X‚6HBr‚1.5H2O),7,8 1,2-
bis[N, N′-bis(2-pyridylmethyl)-1,4,7-triazacyclonon-1-yl]ethane (tmpdtne),1

1,3-bis[N,N′-bis(2-pyridylmethyl)-1,4,7-triazacyclonon-1-yl]propane (tmp-
dtnp),1 1,4-bis[N,N′-bis(2-pyridylmethyl)-1,4,7-triazacyclonon-1-yl]bu-
tane (tmpdtnb),1 and 1,4-bis(2-pyridylmethyl)-1,4,7-triazacyclononane
(dmptacn)12 were all prepared by published methods. The synthesis
of 1,3-bis(1,4,7-triazacyclonon-1-yl)-2-hydroxypropane‚6HBr was as
detailed by Sessler et al.6 with the exception that acid hydrolysis was
carried out with concentrated sulfuric acid for 2 days at 90°C rather
than reductive detosylation with 2% Na amalgam. The yields achieved
by the modified method were typically 80%. The Cu(II) complexes
of dmptacn, [Cu(dmptacn)](ClO4)2 (1),13 tmpdtne, [Cu2(tmpdtne)]-
(ClO4)4‚2H2O (2),1 tmpdtnp, [Cu2(tmpdtnp)](ClO4)4 (3),1 and tmpdtnb,
[Cu2(tmpdtnb)](ClO4)4 (4),1 were prepared as described in our previous
studies. Long, thin, blue-purple pleochroic crystals of3 were grown
by slow evaporation of a CH3CN/H2O mixture, while small, square,
blue crystals of tetrakis(DMF) solvate of4 were grown from a mixture
of DMF/CH3CN/H2O. These proved suitable for single-crystal X-ray
crystallography.

Caution! Although no problems were encountered in this work,
transition metal perchlorates are potentially explosiVe. They should
be prepared in small quantities and handled with care.

Physical Measurements.1H and13C NMR spectra were recorded
on a Bruker AC200 spectrometer with sodium 3-trimethylsilylpropionate
as internal calibrant. Infrared spectra were measured on a Perkin-Elmer
1600 FTIR spectrometer as KBr pellets or Nujol mulls. Electronic
spectra were recorded on either a Cary 3 or a Cary 5G spectropho-
tometer. Electron microprobe analyses were made with a Jeol JSM-1
scanning electron microscope through an NEC X-ray detector and pulse
processing system connected to a Packard multichannel analyzer.
Microanalyses were performed by Chemical and Micro-Analytical
Services (CMAS) Melbourne, Australia. Copper determinations were
carried out by EDTA titration with fast sulfon black F indicator.14

Perchlorate content was determined gravimetrically as Ph4AsClO4. EPR
spectra were measured on a Bruker ECS 106 spectrometer as frozen
(99 K) DMF solutions using a concentration of 0.5 mM. Conductivity
measurements were made using a Crison 522 conductimeter with Pt
black electrodes. Standard KCl (0.020 M) with a conductivity of 2.77
mS cm-1 was used as a calibrant. Room-temperature magnetic
moments were determined by the Faraday method. Diamagnetic
corrections were made using Pascal’s constants. Low-temperature
magnetic susceptibility measurements were carried out on a Quantum
Design MPMS SQUID magnetometer as described previously.12

Electrospray ionization mass spectra were recorded on either a
Micromass Platform QMS with an electrospray source or a Bruker
BioApex 47e FTMS with a 4-7 T superconducting magnet and an
Analytica electrospray source.

Cyclic, square-wave, and steady-state voltammograms were recorded
on a Cypress CS 1090 system. All measurements were made in dry,
nitrogen-degassed acetonitrile solutions (∼0.5 mM) with tetrabutylam-
monium perchlorate (0.1 M) as the supporting electrolyte. A platinum
macrodisk working electrode (r ) 0.8 mm), a platinum auxiliary
electrode, and a Ag/Ag+ (10 mM AgNO3) reference electrode were
used to measure cyclic and square-wave voltammograms. Near steady-
state voltammograms were measured in an aluminum Faraday cage
using a platinum microelectrode (r ) 5 µm), a platinum auxiliary
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electrode, and a Ag/Ag+ (10 mM AgNO3) reference electrode using a
scan rate of 10 mVs-1. Potentials are reported relative to the ferrocene/
ferrocinium (Fc/Fc

+) couple, which was used as an internal standard.
Computer simulations of the CV data were performed using the DigiSim
2.1 software program.15 The redox potentials (E1/2 values) were
determined from the cyclic voltammograms as the midpoint between
the oxidation (Ep

ox) and reduction (Ep
red) potentials,E1/2 ) 1/2(Ep

ox +
Ep

red). Bulk electrolysis experiments were undertaken with a BAS100
electrochemical analyzer at a Pt basket electrode, using the same
reference electrode as for voltammetry and a large Pt gauze auxiliary
electrode separated from the test solution by a salt bridge.

Syntheses. 1,3-Bis(N,N′-bis(2-pyridylmethyl)-1,4,7-triazacyclonon-
1-ylmethyl)benzene (tmpdtnm-X) and 1,3-Bis[N,N′-bis(2-pyridyl-
methyl)-1,4,7-triazacyclonon-1-yl]-2-propanol (tmpdtnp-OH). The
method outlined previously for the preparation of tmpdtne1 was
employed using either dtnm-X‚6HBr (6.0 g, 7.1 mmol) or dtnp-OH‚
6HBr (6.0 g, 7.5 mmol) as starting materials and reacting them with 4
equiv of picolyl chloride hydrochloride. The products were formed as
red oils in ca. 95% yield on adjustment of the pH to 14. Due to their
hygroscopic nature, only small quantities of the HBr salts could be
isolated. These were used in the spectroscopic analysis of the ligands.

NMR Spectra (D2O, ppm): tmpdtn m-X‚xHBr . 1H NMR 2.77 (s,
8H, PyCH2NCH2CH2NCH2Py); 3.18 (m, 8H, PyCH2NCH2CH2N-
bridge); 3.58 (m, 8H, PyCH2NCH2CH2N-bridge); 4.27 (s, 8H,CH2-
Py); 4.73 (s, 4H, CH2 in bridge); 7.82 (m, 4H, ArCH in bridge); 7.92
(d, 4H, Ar CH); 8.03 (t, 4H, ArCH); 8.61 (t, 4H, ArCH); 8.75 (d, 4H,
Ar CH). 13C NMR 46.80, 49.12, 51.36 (CH2 on tacn ring), 55.46 (CH2

attached to pyridyl), 58.40 (CH2 onm-xylyl backbone), 131.94, 132.75,
134.23 (CH on m-xylyl backbone), 131.90 (C on m-xylyl backbone),
126.36, 127.32, 141.57, 147.25 (CH on pyridyl ring), 151.52 (C on
pyridyl ring).

tmpdtnp-OH ‚xHBr: 1H NMR 2.77 (m, 4H,CH2CH-OH); 3.27
(m, 8H, PyCH2NCH2CH2N-bridge); 3.58 (m, 8H, PyCH2NCH2CH2N-
bridge), 3.76 (s, 8H, PyCH2NCH2CH2NCH2Py); 3.88 (m, 1H, CH2CH-
OH); 4.44 (m, 8H,CH2-Py); 8.03 (t, 4H, ArCH); 8.17 (d, 4H, Ar
CH); 8.63 (m, 4H, ArCH); 8.77 (d, 4H, ArCH). 13C NMR 52.12 (br,
CH2 on tacn ring), 55.72 (CH2 attached to pyridyl), 57.62 (CH2 on
2-propanol backbone), 61.42 (CH(OH) on 2-propanol backbone),
126.35, 127.53, 141.58, 147.16 (CH on pyridyl ring), 151.77 (C on
pyridyl ring).

[Cu2(tmpdtnm-X)](ClO 4)4‚2DMSO‚2H2O (5). The method used
previously to prepare complex21 was followed. tmpdtnm-X (0.53 g,
0.74 mmol) was dissolved in ethanol (20 mL) and excess Cu(NO3)2‚
3H2O (0.37 g, 1.54 mmol) added, producing a light blue precipitate.
The addition of distilled H2O (10 mL) to this suspension with gentle
warming resulted in a dark blue solution. Addition of excess NaClO4

(1 g) to this solution produced a light blue solid which was collected
and washed with cold H2O (yield: 0.36 g, 39%). A dark blue crystalline
product was obtained by recrystallization from a DMSO/H2O mixture.

Characterization. Anal. Calcd for [Cu2(C44H56N10)](ClO4)4‚
2DMSO‚2H2O: C 40.0, H 4.7, N 11.7, ClO4- 31.9, Cu 10.2. Found:
C 39.9, H 4.6, N 11.9, ClO4- 32.0, Cu 10.3. Electron microprobe:
Cl/Cu ratio 2:1. UV-visible spectrum (CH3CN): λmax, nm (εmax, M-1)
597 (412), 936 (121). Infrared spectrum (KBr, cm-1): 3427s, 2924w,
1613s, 1487m, 1448m, 1384w, 1315w, 1089vs, 1029w, 803w, 769w,
668w, 626s, 418w. Magnetic moment:µeff (292 K) ) 1.89 µB per
Cu(II), variable temperature susceptibility showed no evidence of
magnetic coupling.

[Cu2(tmpdtnp-OH)](ClO 4)4 (6). The method used to prepare
complex5 was followed except that tmpdtnp-OH (2.50 g, 3.69 mmol)
and Cu(NO3)2‚3H2O (1.87 g, 7.75 mmol) were used (yield: 1.55 g,
35%). Recrystallization from a CH3CN/H2O mixture gave a dark-blue
crystalline product.

Characterization. Anal. Calcd for [Cu2(C39H53N10OH)](ClO4)4:
C 38.9, H 4.5, N 11.6, ClO4- 33.1, Cu 10.6. Found: C 38.7, H 4.4,
N 11.5, ClO4

- 33.2, Cu 10.3. Electron microprobe: Cl/Cu ratio 2:1.
ESM spectrum{[LM 2](ClO4)3}+ 1103.1, {[LM 2](ClO4)2}2+ 502.2,
{[(L-H)M2](ClO4)}2+ 452.2. UV-visible spectrum (CH3CN): λmax,
nm (εmax, M-1) 615 (304), 1017 (83). Infrared Spectrum (Nujol, cm-1):

3440s, 1613s, 1573w, 1488m, 1462m, 1377s, 1316w, 1087vs, 971m,
827w, 802w, 769m, 726w, 623s. Magnetic moment:µeff (292 K) )
1.78 µB per Cu(II), variable temperature susceptibility showed no
evidence of magnetic coupling.

Crystallography. Intensity data for a purple prismatic crystal of3
and a blue prismatic crystal of4 were measured on a Rigaku AFC6S
diffractometer fitted with either graphite-monochromated Cu KR (3)
or Mo KR (4) radiation. Cell constants were obtained from a least-
squares refinement using the setting angles of 25 reflections (41.4<
2θ < 57.1° for 3), (22.0< 2θ < 28.8° for 4). The data were collected
using theω-2θ scan technique. The 2θmax was 120.1 for3 and 50.1
for 4 with hkl values ranging from, respectively, 0 to 16,-15 to 0,
and-32 to 32 for3; and 0 to 14,-15 to 15, and-16 to 16 for4. The
intensities of three representative reflections were measured after every
150 reflections. A linear correction factor was applied in the case of
3 to account for an increase in the intensity of the standards by 4.9%
over the collection period. The data were corrected for Lorentz and
polarization effects16 and an empirical absorption correction applied
case.17

The structure of3 and 4 were solved by heavy-atom Patterson18a

and direct18b methods, respectively, and expanded using Fourier
techniques in the DIRDIF94 program.19 In 4, a molecule of DMF was
refined over two positions. All non-hydrogen atoms were refined with
anisotropic thermal parameters in each case, except for the perchlorate
oxygen atoms in3 which were refined isotropically. Hydrogen atoms
were included in calculated positions and were not refined. The
maximum and minimum peaks on the final difference Fourier map
corresponded to 1.07 and-0.49 e Å-3 for 3 and to 1.45 and-0.94 e
Å-3 for 4. Crystal parameters and details of the data collection and
refinement of the structures are summarized in Table 1, selected bond
lengths and angles in Table 2, and views of the complexes in Figures
1 and 2.

Molecular Mechanics Calculations. Calculations were performed
with MOMEC, an empirical force field calculation program which is
especially suitable to model coordination complexes containing transi-
tion metal ions,9-11,20using published force fields.9-11 Prior to carrying
out strain-energy minimizations on complexes5 and6, it became clear
that new MOMEC force field parameters needed to be derived to ensure
that the best representation of each solution structure was obtained.
This was achieved by carrying out calculations on complexes2-4,
since X-ray structural information is available for assessing the
agreement between the experimental and predicted structures. A new
nitrogen atom type (NTP) was defined to account for the axial
elongation, and concomitant changes were made to other force field
parameters, viz., bond stretch parameters for CT-NTP (kr ) 6.000
mdyn Å-1, r0 ) 1.490 Å) and CU2P-NTP ((kr ) 0.100 mdyn Å-1, r0

) 2.150 Å), torsion parameters for **-CT-NTP-** ( kφ ) 0.0010
mdyn rad-1, m ) 3, φïff (rad) 0.000) and angle parameters for CA-
CT-NTP, CT-CT-NTP, and CT-NTP-CT (kθ ) 0.450 mdyn rad-1,
θ0 (rad) ) 1.911). Calculated structural parameters for2-4 are
compared with those from the crystallography in Table 2 which also
lists the parameters for5 and6.

EPR Simulations. The spin-Hamiltonian parameters, the Cu(II)‚‚‚
Cu(II) separations, and the relative orientations of the two chromophores
in the binuclear Cu(II) complexes1-4 were determined by simulation
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of the∆Ms ) 1 resonances with the computer program DISSIM.21 The
structural parameters depend on the relative orientation of the two N5

chromophores defined by the three angles:ê is the angle between the
z axis of theg tensor of one of the copper(II) centers and the Cu-Cu
vector,τ is the angle between the z axes of the twog tensors, andη is
the angle between thex axis of one of theg tensors and the projection
of the Cu-Cu vector in the correspondingx,y plane;r is the Cu‚‚‚Cu
distance. To determine which minimized structure best represented
the cations of5 and6 in solution, the experimentally derived frozen
solution EPR spectra of each complex were compared to the simulated
spectra generated by the DISSIM program from the values ofê, τ, η,
and r obtained from the minimized structures and the appropriateA
andg values. EPR data are summarized in Table 3.

Results and Discussion

Synthesis and Characterization of Ligands and Copper-
(II) Complexes. The m-xylyl and 2-propanol bridged bis-
(pentadentate) ligands, tmpdtnm-X and tmpdtnp-OH, were
formed by reaction of the corresponding bis(tacn) macrocycles
with picolyl chloride at pH 10-11 for 2-3 days. Adjustment
of the pH to∼14 gave red-brown oils of the bis(pentadentate)
ligands. The HBr salts of the ligands proved difficult to isolate
due to their extremely hygroscopic nature, but sufficient
quantities were obtained for the measurement of NMR spectra.
In particular, theJ-modulated 13C NMR spectral data of
tmpdtnm-X‚xHBr and tmpdtnp-OH‚xHBr reported in the Ex-
perimental Section confirm the formation of the two ligands.
The spectra differ only in the signals due to them-xylyl and
2-propanol backbones.

Reaction of tmpdtnm-X and tmpdtnp-OH free ligands with
an excess of Cu(NO3)2‚3H2O in EtOH produced light blue solids
which on dissolution in water and addition of sodium perchlorate
precipitated the perchlorate salts in yields of 35-41%. The
low yields probably result from use of unpurified ligand directly
in complex synthesis. Recrystallization of the tmpdtnm-X

complex from a DMSO/H2O mixture yielded5, [Cu2(tmpdtnm-
X)](ClO4)4‚2DMSO‚2H2O, and the tmpdtnp-OH complex from
a CH3CN/H2O mixture gave6, [Cu2(tmpdtnp-OH)](ClO4)4. The
IR spectra of the two complexes show three bands due to the
pyridine ring skeletal vibrations (CdN and CdC) in the 1400-
1620 cm-1 region confirming the presence of the ligand and
bands at 1090 and 625 cm-1 due to the perchlorate counterions.
A characteristic sharp OH stretch is clearly evident at 3440 cm-1

when the IR spectrum of the tmpdtnp-OH complex is run in
Nujol.

Both the room temperature moments and variable temperature
magnetic susceptibility measurements confirmed the absence
of magnetic interaction between the two Cu(II) centers. This
lack of M‚‚‚M interaction reflects the large Cu‚‚‚Cu separations,
g7.5 Å (see later).

UV-visible spectral data for5, 6, and the previously reported
complexes of dmptacn, tmpdtne, tmpdtnp, and tmpdtnb,1-4,
are shown in Table 3. The solution and mull spectra of [Cu2-
(tmpdtnm-X)]4+ are similar to that for complexes2-4 showing
a strong band at 597 nm that is due to a dxz, dyz f dx2-y2

transition1,13 and a weak, broad band at 936 nm corresponding
to a dxy f dx2-y2 transition. For these types of complexes, this
is consistent with close to square pyramidal (SP) copper(II)
geometry. The UV-visible data, and ES mass spectral data
on 6, further indicate that no dissociation of the complexes
occurs in acetonitrile solution and we find no evidence for the
formation of mononuclear sandwich complexes such as those
observed for bis(tacn) macrocycles.8,22 This is not surprising
since the addition of chelating pyridyl groups would be expected
to significantly stabilize the binuclear complexes relative to the
mononuclear sandwich complexes. The shift in these bands to
615 and 1017 nm for the solution spectrum of [Cu2(tmpdtnp-
OH)]4+ is suggestive of greater distortion from ideal SP toward
trigonal bipyramidal (TBP), as was observed for the mono-
nuclear dmptacn complex.

EPR spectral parameters for complexes1-6, recorded as
frozen DMF solutions at 99 K, are summarized in Table 3 along
with those for related complexes. In each case, the parameters,
in particularg| > g⊥, are indicative of tetragonally distorted
Cu(II) geometries with d1x2-y2 ground state, including SP
geometry. The significant variation in spectra for complexes
2-4 with the length of the alkyl chain, specifically the values
of g| andA|, has previously been attributed to the existence of
weak dipole-dipole coupling in the complexes of the ethane
and propane bridged ligands (2 and3) which is absent in4 since
the Cu‚‚‚Cu distance is longer.1 Notably, the complex of the
2-propanol bridged ligand,6, exhibits weak dipole-dipole
coupling, as might be anticipated from the length of the alkyl
chain. This is not the case for the complex of them-xylyl
bridged ligand,5, where a longer Cu‚‚‚Cu distance is predicted
by molecular modeling (10.4 Å for5 versus 8.36 Å for6, vide
infra). The observed variation in dipolar coupling with Cu‚‚‚
Cu distance is not unexpected since∆Hdip is dependent on 1/r3.21

Crystal Structures. The dinuclear cation in4, [Cu2-
(tmpdtnb)](ClO4)4‚4DMF, is centrosymmetric and features two
pentadentate compartments linked via a butane bridge connect-
ing the N(1) atoms (Figure 1) while in3, [Cu2(tmpdtnp)](ClO4)4,
these are linked by a propane bridge also through N(1) (Figure
2).

A significant difference in the structure of3 compared to
that of4 and the previously reported structure of [Cu2(tmpdtne)]-
(ClO4)4 (2) is that the two pentadentate compartments of the

(21) Smith, T. D.; Pilbrow, J. R.Coord. Chem. ReV. 1974, 13, 173.
(22) Zhang, X.; Hsieh, W.; Margulis, T. N.; Zompa, L. J.Inorg. Chem.

1995, 34, 2883.

Table 1. Crystallographic Data for [Cu2(tmpdtnp)](ClO4)4 (3) and
[Cu2(tmpdtnb)](ClO4)4‚4DMF (4)

chemical formula C39H54Cl4Cu2N10O16 C52H56Cl4Cu2N14O20

fw, g mol-1 1187.82 1466.00
crystal dimensions

(mm)
0.36× 0.18× 0.16 0.36× 0.16× 0.12

space group P21/c (No. 14) P1h (No. 2)
a, Å 13.867(3) 11.775 (4)
b, Å 13.548(6) 12.738(3)
c, Å 28.055(4) 13.201(3)
R, deg 61.25(2)
â, deg 102.63(1) 75.99(3)
γ, deg 77.66(3)
V, Å3 5143(2) 1673(1)
Z 4 1
T, °C -60(1) 23(1)
λ, Å 1.54178 (Cu KR) 0.7107 (Mo KR)
Dc, g cm-3 1.534 1.455
F(000) 2448 752.0
µ, cm-1 35.82 (CuKR) 8.74 (Mo KR)
transmission factor range 0.8808-1.0000 0.9737-1.000
No. of data measured 8416 6250
No. of unique data 8038 5937
No. of observed data

(I g 3σ(I))
3696 3876

No. of parameters
refined

638 424

Ra 0.085 0.072
Rw

b 0.089 0.065
gof c 2.40 3.66

a R(F) ) ∑(|Fo| - |Fc|)/∑|Fo|. b Rw ) [∑w(|Fo| - |Fc|)2
/∑w|Fo|2]1/2,

w ) [σ2(Fo)]-1. c gof ) ([∑w(|Fo| - |Fc|)2
/(Nobervns- Nparams)]1/2).

3708 Inorganic Chemistry, Vol. 37, No. 15, 1998 Brudenell et al.



propane bridged complex are oriented toward one another in a
syn rather than an anti configuration. Although this may appear
electrostatically unfavorable, modeling calculations (see below)

indicate little difference in the electrostatic energy term for the
two configurations so that the generation of this closed structure
is probably governed predominantly by the bridge itself which
prefers to orient the CH2 groups in a “zigzag” fashion. This
type of geometry was also observed for the corresponding
propane bridged bis(tacn) complex, [Cu2(dtnp)Cl4]‚2H2O, where
the two Cl- ligands attached to each Cu(II) center were
approximately syn to one another.22 Despite the syn configu-
ration of the tmpdtnp complex, the intramolecular Cu‚‚‚Cu
separation of 8.09 Å in this complex is 0.61 Å longer than that
observed in the tmpdtne complex due to the extra carbon atom
in the bridge. Notably this distance is significantly shorter than
the Cu‚‚‚Cu distance of 8.6 Å reported for [Cu2(dtnp)Cl4]‚
2H2O.22

The anti orientation of the ligand compartments in4, which
is similar to that in2, is also observed for the corresponding
butane bridged bis(tacn) complex, [Cu2(dtnb)Cl4], where the two
Cl- ligands attached to each Cu(II) center were approximately
anti to one another.22 As a result of the extra CH2 in the bridge,
the intramolecular Cu‚‚‚Cu separation of 8.68 Å in4 is 0.59 Å
longer than that in the propane bridged complex,3. The Cu‚‚‚
Cu distance is also longer than that for [Cu2(dtnb)Cl4] by ca.
0.4 Å.22

Each slightly different pentadentate compartment of the ligand
in 3 defines a distorted SP geometry about each copper center
with the N(1) and N(1′) in the apical position. The Cu-N(1)
and Cu′-N(1′) distances (2.18(1) and 2.20(1) Å, respectively)
are longer than the Cu-N distances within the equatorial plane
formed by two pyridyl and two tacn nitrogens. These distances
match those found in2. In the corresponding [Cu2(dtnp)Cl4]‚
2H2O complex,22 the Cu-N(1) distance of 2.251(4) Å is 0.071
Å longer than that in3. The 2-pyridylmethyl pendant arms
appear to prevent the apical bond from lengthening to the extent
shown in [Cu2(dtnp)Cl4]‚2H2O. In the centrosymmetric com-
plex,4, the Cu-N(1) distance (2.242(5) Å) is appreciably longer
than the other Cu-N distances and is also longer than the apical
bond in2 and3.

In 3, the two five-membered rings involving the pyridine arms
are puckered, viz., Cu/N3/C7/C8 and Cu/N2/C13/C14 torsion

Table 2. Selected Bond Distances (Å) and Angles (deg) for [Cu2(tmpdtnp)](ClO4)4 (3) and [Cu2(tmpdtnb)](ClO4)4‚4DMF (4) and Calculated
Parameters for3, 4, [Cu2(tmpdtnm-X)](ClO4)4 (5), and[Cu2(tmpdtnp-OH)](ClO4)4 (6)

2a 2b 3a 3b 4a 4b 5b 6b

Cu-N(1) 2.205(4) 2.21 2.18(1) 2.25 2.242(5) 2.25 2.20 2.22
Cu-N(2) 1.993(4) 2.02 2.02(1) 2.00 2.039(5) 2.00 2.02 2.03
Cu-N(3) 2.009(4) 2.03 2.03(1) 2.04 2.016(5) 2.02 2.03 2.02
Cu-N(4) 1.978(4) 2.01 2.00(1) 2.01 1.992(5) 2.00 2.01 2.00
Cu-N(5) 2.001(4) 2.00 1.96(1) 2.00 2.014(5) 1.99 2.00 2.01
Cu′-N(1′) 2.20(1) 2.25 2.20 2.22
Cu′-N(2′) 2.03(1) 2.04 2.02 2.03
Cu′-N(3′) 1.97(1) 2.00 2.03 2.01
Cu′-N(4′) 1.98(1) 2.00 2.02 2.00
Cu′-N(5′) 1.99(1) 2.01 2.00 2.02
Cu‚‚‚Cu′ 7.481 7.47 8.087 8.49 8.68 8.41 10.40 8.36

N(1)-Cu-N(2) 83.8(2) 85.4 84.2(5) 87.3 85.6(2) 87.5 85.1 83.9
N(1)-Cu-N(4) 101.3(2) 118.2 102.5(5) 98.5 95.3(2) 95.0 96.4 120.1
N(2)-Cu-N(3) 85.3(2) 85.4 85.1(6) 85.4 84.9(2) 85.9 85.6 85.4
N(2)-Cu-N(5) 81.1(2) 82.6 160.9(6) 151.3 151.7(2) 148.2 151.7 167.9
N(3)-Cu-N(5) 160.2(2) 167.8 82.1(5) 83.1 83.7(2) 83.9 83.1 82.7
N(1)-Cu-N(3) 85.4(2) 83.9 83.5(4) 83.6 84.0(2) 85.0 84.0 85.3
N(1)-Cu-N(5) 106.7(2) 97.6 108.2(4) 117.3 118.8(2) 121.7 119.2 96.9
N(2)-Cu-N(4) 167.0(2) 151.6 83.6(5) 82.9 83.2(2) 83.3 82.8 83.2
N(3)-Cu-N(4) 83.2(2) 83.2 166.5(5) 168.1 168.1(2) 169.2 168.3 151.6
N(4)-Cu-N(5) 108.3(2) 106.5 106.9(5) 106.1 106.8(2) 105.1 106.6 106.5
Energy, kJ mol-1 202 201 202 211 211

a From X-ray crystal structure.b From molecular mechanics calculations.

Figure 1. Molecular structure and atomic labeling scheme for [Cu2-
(tmpdtnp)](ClO4)4 (3). (Thermal ellipsoids are drawn at 20% prob-
ability.)

Figure 2. Molecular structure and atomic labeling scheme for [Cu2-
(tmpdtnb)](ClO4)4‚4DMF (4). (thermal ellipsoids are drawn at 20%
probability.)
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angles are 39(1)° and -40(1)°, respectively as previously
observed for1. The degree of distortion of the Cu(II) geometry
from SP toward TBP for3 (9%) is similar to that found for2
(11%) and less than that for1 (32%). Complex4 shows a
similar degree of distortion from SP (27%) to1. The basal
plane of the distorted SP geometry observed in4 is defined by
the atoms N(2), N(3), N(4), and N(5). The Cu atom lies 0.26
Å out of this plane toward the N(1) atom. This distortion is
greater than that observed in2 where the Cu atom is situated
0.19 Å above the basal plane but less than that seen in1 where
the Cu atom lies 0.32 Å above the plane. Unlike in the case of
1 and 3, the two five-membered rings involving the pyridine
rings are close to planar in4 (as in2), viz., the Cu/N(4)/C(8)/
C(7) and Cu/N(5)/C(14)/C(13) torsion angles are 6.8(7) and
-2.9(6)°, respectively.

Molecular Modeling Calculations. Despite numerous at-
tempts, single crystals of [Cu2(tmpdtnm-X)](ClO4)4 (5) and [Cu2-
(tmpdtnp-OH)](ClO4)4 (6) suitable for X-ray crystallography
could not be obtained. Hence, molecular mechanics was utilized
in conjunction with EPR simulation to predict the preferred
solution structures of these complexes.9-11

Structural parameters obtained from molecular mechanics
calculations of complexes2-4 compare well with X-ray
structural data for these complexes (Table 2). In each case,
there is a good match in the coordination environment about
each copper center with differences in Cu-N distances ofe0.04
Å and in N-Cu-N angles ofe4°. In general, the agreement
was at the lower end of these limits. We note, however, that
in the case of complex2, the deviation in one of the calculated
trans angles was higher (17°); in the case of complex3, one
apical bond was 0.07 Å longer in the calculated structure and
the calculated N(2)-Cu-N(5) angle was 10° smaller than the
observed. The calculated Cu‚‚‚Cu distance in2 is in excellent
agreement with that observed in the crystal structure. Some
interesting differences were observed for complexes3 and 4.
The calculated Cu‚‚‚Cu distance for3 of 8.49 Å is 0.40 Å longer
than that obtained from crystallography, while in the case of4,
the calculated value of 8.41 Å is 0.27 Å shorter than in the
X-ray structure. These differences could be due to distortions
of the optimum solution phase structures by crystal packing
effects. Notably, the calculated Cu‚‚‚Cu distance for4 is in
good agreement with that observed in [Cu2(dtnb)Cl4] (8.3 Å).22

Electrostatic interactions between the Cu(II) centers have been
modeled for these complexes to see if there was a significant
difference for the syn and anti configurations. Such differences
were small (e2kJ mol-1) for complexes3-6 where the Cu‚‚‚
Cu separations areg∼8.0 Å. For2, however, the electrostatic

interaction energy is∼10 kJ mol-1 greater for the syn when
compared with the anti configuration due to a much shorter
Cu‚‚‚Cu distance (viz.,∼ 6.2 Å for syn and 7.5 Å for anti).

Calculations on complexes5 and 6 were undertaken on a
range of different conformers (15-20) for each complex.
Following these MOMEC calculations, a number of conformers
could be discounted as possible solution structures for complexes
5 and 6 because the total strain energies were comparatively
high in relation to the other conformers. However, it became
evident that, for each complex, groups of conformers with anti
and syn configurations were most stable and had very similar
total strain energy, a finding which indicates that complexes
with either configuration can be formed by such ligands. For
the Cu(II) complexes of dtne bearing four alcohol pendant arms,
the anti configuration is preferred when the alcohol groups are
coordinated to the metal center.4 Partial deprotonation, however,
leads to stabilization of the syn configuration through a reduction
in electrostatic repulsion and H-bonding between pairs of
protonated and deprotonated alcohol groups.4 Thus, for octa-
hedral metal centers, stabilization of the syn configuration could
be envisaged through the introduction of exogenous and/or
endogenous bridging groups. The ability to “lock in” a
particular conformation is akin to the conformational changes
that can occur when a substrate attaches to, for example, a
polynuclear biosite.

The calculated structural parameters (ê, τ, η, andr) obtained
from the minimized structures for5 and 6 were used in the
simulation of the EPR spectra. TheA andg values were varied
until the best fit was achieved. The plots shown in Figure 3
depict the experimental and simulated EPR spectra of the syn
and anti configurations of [Cu2(tmpdtnm-X)](ClO4)4 (5) together
with the structural parameters. The spectrum simulated on the
basis of the structural parameters for the anti configuration of
5 better matches the experimental signal intensity than that
simulated using parameters for the syn configuration. However,
since the mimimized strain energy for the two configurations
are very similar, viz., the anti configuration with the lowest strain
energy is only ca. 3.5 kJ mol-1 more stable than the corre-
sponding syn configuration, it is likely that both of these
configurations are present in solution and that this is reflected
in the observed EPR spectrum. A similar conclusion is reached
for the syn and anti configurations of6 where the strain energies
for the syn and anti configurations are essentially identical.

In comparing the structures of5 and 6 with those of1-4,
we focus on the lowest energy conformations of5 and6. The
predicted solution structures of5 and6 (Figure 4, parts a and
b) show that the two pentadentate compartments define a

Table 3. EPR and UV-Visible Spectral Data for 1-6 Recorded at the X-band Frequency

EPR spectra

complex g|
a g⊥

a A|
a A⊥

a solvent
UV-Visible spectra

λmax, nm (εmax)

1 [Cu(dmptacn)](ClO4)2
b,c 2.23 2.049 180 10 CH3CN 612 (210); 969 (62); 613(176)b

Nujol mull 619 br; 600b

2 [Cu2(tmpdtne)](ClO4)4‚2H2Oc 2.28 2.052 126 26 CH3CN 598 (398), 924 (118)
Nujol mull 602 br

3 [Cu2(tmpdtnp)](ClO4)4
c 2.30 2.055 120 37 CH3CN 602 (436), 944 (108)

Nujol mull 602 br
4 [Cu2(tmpdtnb)](ClO4)4

c 2.22 2.057 196 10 CH3CN 600 (420), 948 (110)
Nujol mull 596 br

5 [Cu2(tmpdtnm-X)](ClO4)4
d 2.21 2.062 185 10 CH3CN 597 (412), 936 (121)

Nujol mull 600 br

6 [Cu2(tmpdtnp-OH)](ClO4)4
d 2.31 2.070 120 37 CH3CN 615 (304), 1017 (83)

Nujol mull 600 br

a Recorded at the X-band frequency,A values are× 10-4 cm-1. b Reference 13.c Reference 1.d This work.
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distorted SP geometry about each Cu(II) center. In5, the Cu‚‚‚
Cu separation in the anti form is quite large (10.40 Å), as might
be expected from the orientation of the aromatic bridge, while
in 6, this separation is 8.36 Å. The latter is 0.27 Å longer than
that found in3 which also has a three-carbon chain linking the

ligand compartments. A widening of the angle between the
three bridging carbon atoms [C(19)-C(20)-C(19′)] to 111°
compared to 105° in 3 contributes to this. As found for
complexes1-4, the apical Cu-N(1) bond (2.20 Å in5 and
2.22 Å in6) is elongated compared to the other Cu-N distances.
The puckered nature of the two five-membered rings involving
the pyridine arms in1 and3 is also evident in5 and6 (for 5,
the Cu-N(3)-C(13)-C(14) and Cu-N(2)-C(7)-C(8) torsion
angles are 34.2 and 38.3°, respectively, while for6, the Cu-
N(3)-C(7)-C(8) and Cu-N(2)-C(13)-C(14) torsion angles
are 37.9 and 31.5°, respectively. Significant distortion of the
geometry from SP toward TBP is found in5 (28%) and6 (30%)
which is comparable to that in4 and1.

Electrochemical Behavior of Complexes 1-6. The redox
behavior of the Cu(II) complexes,1-6, in acetonitrile has been
studied using cyclic voltammetry, square-wave voltammetry,
steady-state voltammetry and bulk electrolysis. The voltam-
metric data are summarized in Table 4. Cyclic voltammograms
for 1, 2, and6 (scan rate) 100 mV s-1) are displayed in Figure
5, with ferrocene as an internal standard.

In the case of1, a small degree of chemical irreversibility is
observed in the cyclic voltammogram at low scan rates which
is evidenced by the slightly different wave shape and ratio of
ipox/ipred relative to that of ferrocene (Figure 5) which is known
to be reversibly oxidized. However, since theE1/2 value (-0.81
V vs Fc/Fc

+) calculated from the average of the oxidation and
reduction peak potentials is almost consistent over the scan rate
range 10 to 1000 mV s-1, we believe it to be a good
approximation of the formal (reversible) potentialEf° for the
one-electron process (eq 1).

Further supporting this are theE1/2 (Ep) values, measured via
square-wave and steady-state techniques, which are also-0.81
V vs Fc/Fc

+ (Table 4).
The binuclear complexes,2-4, (see CV trace for2 in Figure

5) all exhibit chemically reversible waves withE1/2 values of
-0.71 V, -0.72 V, and-0.74 V, respectively, as determined
by all three techniques (Table 4). The reversibility is highlighted
by theipox/ipred ratios for1-4 which are all close to unity over
the scan rate range of 20-1000 mV s-1. Although the∆Ep

values for2-4, 56-66 mV, suggest that a one-electron process
is taking place, the height of the waves, i.e., theipox and ipred

values, for2-4 (av 5.86-6.57µA) are almost double those of
the mononuclear complex1 (3.21-3.69µA) which unambigu-
ously corresponds to a one-electron reduction of Cu(II) to Cu-
(I). However, care must be exercised in attempting to relate
peak heights to n, the number of electrons passed, since
according to the Randles-Sevcik theory23 for a reversible process
in linear sweep voltammetry,Ip is dependent onD1/2, whereD
is the diffusion coefficient, and also onn3/2. Since the binuclear
complexes have considerably larger molecular weights, they are
likely to diffuse more slowly than the monomeric complex,1.
Consequently, additional information in the form of square-
wave and steady-state voltammetric data was used to confirm
that the binuclear complexes,2-4, undergo a two-electron
process at the same (or very similar) potentials.

From the parameters obtained for the three electrochemical
techniques, it is possible to verify thatn ) 2 for 2-4 because
the dependence of peak currents onn andD differ, viz., Ip ∝
D1/2 andn3/2 for cyclic voltammetry,23 Ip ∝ D1/2 andn for square-

(23) Bard, A. J.; Faulkner, L. R.Electrochemical Methods; John Wiley &
Sons: Canada, 1980.

Figure 3. Experimental and simulated spectra of the syn and anti
configurations of5.

a

b

Figure 4. Molecular structures of the (a) anti configuration of5 (b)
and the syn configuration of6.

Cu(II) + e- h Cu(I) (1)
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wave voltammetry24 and Ip ∝ D and n for steady-state
voltammetry.25 Assuming thatn ) 1 for complex1 andn ) 2
for complexes2-4, D was calculated to give the values in Table

4. As anticipated, the diffusion coefficient for1 is found to be
considerably higher than that of the other complexes (ca. double
on average). In this circumstance, ifn were 1.0 and not 2.0 for
the binuclear complexes2-4, then the peak current values under
cyclic or square-wave voltammetric conditions would be smaller
than for1 wheren is known to be 1.0. The fact that the peak

(24) Osteryoung, J.; O’dea, J. J.Electroanal. Chem.1986, 14, 209.
(25) Bond, A. M.; Oldham, K. B.; Zoski, C. G.Anal. Chim. Acta1989,

216, 177.

Table 4. Cyclic, Square-Wave and Near Steady-State Voltammetric Data Measured for Complexes1-6 in Acetonitrile (0.1 M ButNClO4)a

cyclicb square-wavec near steady-stated

Ε1/2

(V)
∆E

(mV)
Ep

ox

(V)
Ep

red

(V)
ipox

(µA)
ipred

(µA)
ipoxip

red
Ep

(V)
W1/2

f

(V)
Ip

(µA)
E1/2

(V)
E1/4-E3/4

i

(mV)
Id

(nA)
106D

(cm2 s-1)

Fc 0.00 58 +0.03 -0.03 4.39 4.48 1.0 0.00 0.10 11.1 0.00 58 2.07 23
1 -0.81 70 -0.84 -0.77 3.21 3.69 0.85 -0.81 0.11 8.7 -0.81 61 1.24 13.3
2 -0.71 56 -0.74 -0.68 6.31 6.91 0.90 -0.71 0.08 18.3 -0.71 52 1.62 7.30
3 -0.72 58 -0.74 -0.69 5.47 6.23 0.90 -0.72 0.09 13.2 -0.72 52 1.52 6.74
4 -0.74 66 -0.77 -0.71 5.81 6.56 0.90 -0.74 0.10 12.6 -0.74 52 1.64 7.51
5 -0.73 92 -0.78 -0.68 4.26 5.43 0.80 -0.73 0.09 12.6 -0.73 56 1.14 5.66j

6 -0.80e 122e -0.86e -0.74e 3.48e 4.22e 0.90e -0.75g
0.21h 5.8shg -0.80 91 1.67 8.12j

-0.82g 7.0g

a Potentials are quoted with respect to theFc/Fc
+ couple used as an internal reference. The concentrations of the complexes used were in the

range 0.5-0.55 mM, but the current data in the table are normalized to 0.5 mM to facilitate comparison of values.b Cyclic voltammetric data were
measured at a scan rate of 100 mV s-1. c Square-wave voltammetric data were measured with a period of 30 ms.d Steady-state voltammetric data
were measured on a 5-µm radius Pt microdisk electrode.e Average of partially resolved processes (see text).f Width at half peak height.g Data
reported for individual processes.h Data reported for combined processes.i E1/4 andE3/4 are the potentials at1/4 and 3/4 of the total wave height,
respectively.j Average of unresolved processes.

Figure 5. (a) Cyclic voltammograms of complexes1, 2, and6 and (b) square-wave voltammograms of complexes4 and6 obtained at a platinum
disk electrode (r ) 0.08 cm) in acetonitrile (0.1 M Bu4NClO4) at 20°C.
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currents for2-4 are higher than1 in cyclic voltammetry is a
consequence of the power indices of then andD terms. Thus,
in cyclic voltammetry, the peak current ratio for2-4 (I2-4)
versus that for compound1 (I1) for a given set of conditions is
as predicted ifn ) 1 for 1 andn ) 2 for 2-4 (ie., I2-4/I1 )
(n2-4/n1)3/2(D2-4/D1)1/2 ) (2/1)3/2(1/2)1/2 ) 2). Analogous
considerations apply for square-wave techniques sinceI2-4/I1

) (n2-4/n1)(D2-4/D1)1/2 ) (2/1)(1/2)1/2 ) 1.4. This latter
prediction is closely met for compounds3 and4, but for 2 the
experimentally found ratio is larger than predicted. The
sensitivity of peak currents in square-wave voltammetry to
kinetic nuances could give rise to such a discrepancy. The
situations with regard to compounds5 and6 are special. For
5, significant chemical irreversibility is observed (ipox/ipred )
0.80) so that the normal theoretical treatment does not apply,
while for 6, the very much smaller current is attributable to
two partially resolved processes presumably each withn ) 1.
The values of peak currents observed for the cyclic and square-
wave techniques reflect this.

Voltammograms for compounds2-4 can be simulated under
the assumption that two unresolved reversible processes are
present withn ) 1 andEf° separatede20 mV, a result expected
for two weakly or noninteracting copper centers. The voltam-
mogram for6 can be simulated assuming a small degree of
communication occurs between the two copper centers giving
rise to aEf° separation of about 80 mV. Some interaction
between the OH group in the 2-propanol bridge and one Cu(II)
center could make its reduction more difficult. A number of
approaches were used to simulate the voltammetry for com-
pound5, but a unique solution was not found. This is because
while the ∆Ep value under cyclic voltammetry conditions is
larger than expected for a two-electron reduction at the same
potential, the shape of the reverse oxidation process and the
peak current data for the reduction and oxidation components
implies the presence of a small degree of irreversibility. In
contrast, the shapes of the square-wave and steady-state
responses are much like that for compounds2-4. A plausible
interpretation is that this compound does not exhibit a purely
EE mechanism23 in which theEf° value for the second process
is assumed to be slightly more negative thanEf° for the first
process because a chemical step occurs on the voltammetric
time scale after the transfer of either the first or second electron.
Unfortunately, under conditions of bulk electrolysis, the Cu(I)-
Cu(I) complexes are unstable so that the necessary characteriza-
tion of the reduced forms of the compounds could not be
achieved.

In summary, the voltammetric data suggest that the reduction
of 2-5 involves two very closely spaced unresolved one-
electron processes represented by

The fact that the reduction of1 occurs at anE1/2 potential,
-0.81 V, than the more negative binuclear complexes2-5
(-0.71 V to-0.74 V) indicates that, relative to the Cu(II) state,
the reduced Cu(I)Cu(I) forms of the binuclear complexes are
more stable than the mononuclear analogue. The data indicate
that the effect is dependent on the Cu‚‚‚Cu separation which in
these systems varies with the length of the alkyl chain linking
the two ligand compartments and may thus be reflecting
electrostatic effects in the Cu(II) state. In keeping with this
proposal, the complex of the tmpdtne ligand,2, is easiest to
reduce since the Cu‚‚‚Cu separation is shortest and hence
repulsion between the positively charged Cu(II) centers is
greatest.

Conclusion

X-ray structural data and molecular modeling studies have
revealed interesting variations in the preferred configuration of
Cu(II) complexes of a series of bis(pentadentate) ligands with
the type and length of the spacer linking the pentadentate ligand
compartments. Electrochemical studies also showed that the
reduction potentials vary systematically with Cu‚‚‚Cu separation.
That is, reduction becomes more difficult as the separation
increases due to stabilization of the Cu(II) state. The chemical
reversibility of the voltammetric processes, even though some
structural rearrangement may occur in the Cu(I) state, suggests
that an electrochemical examination of the potentially significant
dioxygen chemistry of the Cu(I) complexes could be warranted.
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