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A single crystal X-ray analysis of [Ni2L1](ClO4)2 · MeCN · 1/ thiocyanate ions, forming [Ni2L1(NCS)2] 4 and [Ni2L2(NCS)2]
5 respectively, whereas 3 does not. Single crystal X-ray4 H2O, 1a [formed directly from a mixture of nickel(II)

template ions, 2,6-diformyl-4-methyl-thiophenolate, and 1,4- analyses of complexes 4 · 2 MeCN and 5 · MeCN show that
adjacent square-planar and octahedral nickel(II) ions result.diaminobutane] reveals that the nickel(II) ions are in square-

planar N2S2 environments and that the four “bowed” Two one-electron oxidations and two one-electron reductions
are a feature of the electrochemistry of 1–3 in MeCN:dinickel macrocycles in the asymmetric unit pack around a

single central perchlorate template ion encapsulating it to curiously, the potentials for the oxidation processes are
almost invariant whereas those for the reduction processesform “star” clusters of stoichiometry {[Ni2L1]4(ClO4)}7+.

These “stars” stack together, via π–π-stacking interactions, vary as anticipated. EPR spectroscopy shows that the first
one-electron reduction process and the first one-electronto form two-dimensional sheets, which are separated from

one another by layers of the remaining perchlorate anions oxidation process are metal centred. Spectroelectrochemical
studies and redox titrations indicate that a purplish-colouredand solvent molecules. Reduction, by NaBH4, of the four

imine bonds in [Ni2L2](ClO4)2 2a (analogous to 1a but formed complex is produced by one-electron oxidation of 2 (λ = 870
nm, ε = 1320 L mol cm–1). The synthesis of a phenolatefrom 1,3-diaminopropane not 1,4-diaminobutane) or

[Ni2L2](CF3SO3)2 2b to amine bonds produces the analogue, [Ni2L9(MeCN)4](ClO4)2 (6), of the thiophenolate
complex 2a is also detailed. Complex 6 undergoes two one-corresponding tetra-amine complex, [Ni2L3](ClO4)2 3. These

complexes are shown to contain diamagnetic nickel(II) ions electron oxidations in MeCN, but, in contrast to the
thiophenolate complexes 1–3, these occur at much higherby a combination of magnetic, NMR and UV/Vis

spectroscopic results. The 1H NMR spectra of 1–3 run in potentials. Only a single one-electron reduction process is
observed and this occurs at a more negative potential than[D3]MeNO2 and in [D3]MeCN are consistent with increasing

axial binding ability in the order: 3 , 2 , 1. Thiocyanate ion for any of 1–3.
binding studies reveal that 1 and 2 are able to coordinate two

ing an understanding of the nature of the redox productsIntroduction
of polynuclear thiolate complexes is a considerable and fas-
cinating challenge.[629]There is intense interest in modelling nickel thiolate met-

Robson and co-workers investigated the coordinationalloprotein active sites including the [Ni,Fe] hydrogenases
chemistry of some acyclic ligands prepared from the thiol-mixed metal active site which is responsible for catalysing
ate-precursor (S)-(2,6-diformyl-4-methylphenyl)dimethylthe reversible oxidation of dihydrogen, H2 5 2 H1 1
thiocarbamate.[10213] We,[14219] and others[20224] have sub-2 e2.[124] Many dinickel thiolate-bridged complexes have
sequently prepared a range of Schiff-base macrocycles frombeen reported although the number which have been fully
this thiolate-precursor: most of these macrocycles can becharacterised (ie. structure and physical properties includ-
templated by nickel(II) ions thus giving direct access to theing redox chemistry) is still relatively small. [5] As a result of
complexes of interest. By using macrocyclic ligands thethese biologically-inspired studies much is being learnt
many problems typically encountered when working withabout fundamental thiolate coordination chemistry. Gain-
transition metal thiolates are minimised and the resulting
thiolate coordination chemistry can be explored in a rela-

[a] Department of Chemistry, University of Otago, tively controlled way.[25] The investigation of the dinickel(II)
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and X 5 ClO4
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[b] School of Chemistry, University of Sydney, j 5 122 and X 5 CF3SO3
2 for complexes 1b and 2b

Sydney, NSW 2006, Australia respectively) and [Ni2Lj(NCS)2] 4 and 5 (j 5 1 for complex[c] Department of Chemistry, University of Victoria,
Victoria, B.C., Canada 4 and j 5 2 for complex 5), shown in Figure 1, is presented.
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equivalents of NaSCN to a red acetonitrile solution of 3
whereas an excess of NaSCN caused the solution to turn
green and deposit, over time, a green oily solid. The IR
spectrum of this impure complex indicated that the nickel
ions had been removed from the ligand and formed a sim-
ple salt. This was not pursued further. We found the direct
preparation of the previously reported[21] phenolate com-
plex, [Ni2L9(MeCN)4](ClO4)2 6, non-trivial. Therefore the
dichloride analogue[27] was prepared and reacted with silver
perchlorate[28] to give a green powder which was then
recrystallised from MeCN by vapour diffusion of diethyl
ether to give 6.

In the case of the tetra-imine macrocyclic complexes 1a,
1b, 2b, and 6 IR spectroscopy showed imine formation
(1615, 1614, 1623, 1639 cm21, respectively) and that no un-
changed carbonyl or primary amine functional groups were
present. The IR spectrum of the perchlorate complex 1a did
not show bands consistent with the very small amount of
lattice water present (1/4 H2O per macrocyclic complex)
whereas for the triflate complex 1b the IR spectrum was
consistent with the presence of lattice water[29] (bands were
observed at 3526, 3462, and 1623 cm21) and this was sub-
sequently confirmed by microanalysis (one H2O per macro-
cyclic complex). In contrast, the triflate complex 2b did not
have these IR bands and microanalysis gave no evidence for
the presence of any waters of crystallisation. The IR spectra
of 4 and 5 are consistent with retention of the imine macro-
cycle (1628 and 1621 cm21 respectively), loss of the per-
chlorate anions and gain of thiocyanate anions (2081 and
2075 cm21, respectively). The brown powder formed as the
major by-product in the low yielding reaction to form 5 has
a shoulder at ca. 1652 cm21 in the IR spectrum indicating
that it is a ring-opened complex. This presumably results
from imine hydrolysis relieving the strain of encircling a,
larger, high spin nickel(II) ion.

Satisfactory elemental analyses were obtained for all of
the new complexes, [Ni2L1](ClO4)2 · MeCN · 1/4 H2O 1a,
[Ni2L1](CF3SO3)2 · H2O 1b, [Ni2L2](CF3SO3)2 2b,

Figure 1. Macrocyclic dinickel(II) complexes 126
[Ni2L1(NCS)2] 4, [Ni2L2(NCS)2] 5, and [Ni2L9(-
MeCN)4](ClO4)2 6. The red complexes 123 were found to

Results and Discussion be diamagnetic (µ 5 0.0 BM in all cases) which is consistent
with a square planar nickel(II) formulation. The red-blackSynthesis
complex 4 has a magnetic moment of 2.8 BM per complex
which is consistent with the presence of a single high-spinThe red complexes [Ni2L1](ClO4)2 · MeCN · 1/4 H2O, 1a,

[Ni2L1](CF3SO3)2 · H2O, 1b, and [Ni2L2](CF3SO3)2, 2b, nickel(II) ion per complex.
were prepared in acceptable yields. The sodium borohydride
reduction of the tetra-imine analogue 2b, to produce the
red tetra-amine complex [Ni2L3](ClO4)2 3, in excellent yield Crystal Structures
(80%), was carried out according to the method described
by Curtis. [26] The ability of this complex to resist pro- The structures of 2a and 3 have been reported pre-

viously. [16] [19] Red crystals of 1a suitable for X-ray crystaltonation during the acidic workup is remarkable and indi-
cates that there is no remaining nucleophilicity associated structure analysis were grown from acetonitrile solutions by

vapour diffusion of diethyl ether. The structure determi-with the bridging thiolate suphur atoms. The red-black
complexes [Ni2L1(NCS)2] 4 and [Ni2L2(NCS)2] 5 were pre- nation reveals that the asymmetric unit contains four di-

nickel(II) dithiolate macrocycles which, despite lackingpared by the addition of a solution of 2.2 equivalents of
NaSCN to acetonitrile solutions of 1 and 2, respectively. crystallographic symmetry, are reasonably similar to each

other and form a “star” which is templated on a perchlorateComplex 4 is obtained in excellent yield (83%) in marked
contrast to 5 (19%). No change occurred on addition of 2.2 ion (Figure 2, Tables 1 and 2). Each nickel atom is square
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planar, as predicted, and is located within 0.05 Å of the
mean plane through the N2S2 donors provided by the re-
spective macrocycle. Bonds between these donors and the
nickel atoms are typical for square planar nickel(II). [16] [30]

In each macrocycle one of the two nickel atoms interacts
very weakly with the central perchlorate ion (Figure 2,
Ni···O 3.3423.36 Å). The mean planes of the two N2S2 do-
nor sets within each macrocycle intersect at angles of 137.6°
[for Ni(7), Ni(8)] to 140.0° [for Ni(5), Ni(6)]. In addition,
each of the macrocycles is bent such that the two aromatic
rings are inclined almost at right angles (84.2297.0°) to
each other. The tetrahedrally-distorted bridging-thiolate
sulfur donors (Ni2S2Ni 92.3293.6, Ni2S2C
97.42108.4°) facilitate this folding of the macrocycles and
in doing so reveal their geometrical flexibility.[31233]

Figure 3. Space-filling diagram of part of a sheet of π2π-stacked
[Ni2L1]21 cations of 1a [hydrogen atoms, anions, and solvent mole-
cules omitted for clarity, with the exception of the central perchlo-
rate ion, Cl(1)]

distortion away from square planar (15.4218.9°), whereas
an almost planar (slightly folded) arrangement is found in
2a (2.326.1°). [16] A series of related mononickel acyclic
complexes has been studied and a wide variation in proper-
ties was found depending on the degree of distortion.[30] To
probe the significance of this distortion binding studies
were undertaken and led to the formation and characteris-
ation of 4.

Red-black crystals of 4 · 2 MeCN suitable for X-ray crys-
tal structure analysis were grown from the acetonitrile reac-
tion solutions on standing. The structure determination
(Figure 4, Tables 1 and 2) reveals that the thiocyanate

Figure 2. Perspective view of the four [Ni2L1]21 cations and one anions are indeed coordinated to nickel(II). Interestingly
of the perchlorate ions, Cl(1), in the asymmetric unit of 1a (hydro- both thiocyanate ions bind to one nickel atom, Ni(2), givinggen atoms, solvent molecules, and remaining perchlorate ions omit-

it a distorted octahedral geometry overall [Ni(2) is 0.010(2)ted for clarity)
Å out of the N(macro)2S2 plane] whilst the remaining nickel
atom, Ni(1), remains square planar [Ni(1) is 0.036(2) Å outThe folding is optimal for the formation of a large num-

ber of favourable π2π interactions both between phenyl of the N2S2 plane]. Bond lengths to Ni(1) are in the usual
range observed for square planar nickel(II) complexes andrings within the asymmetric unit [Figure 2, pairs of π-

stacked aromatic rings intersect at 7.8(7)210.2(7)° and are the corresponding bond lengths involving Ni(2) are ca. 0.2
Å longer as is typical of octahedral (high spin) nickel(II)3.17(3)23.65(1) Å apart] and between symmetry generated

units [Figure 3, pairs of parallel, π-stacked aromatic rings complexes.[16,35,36]

Complex 4 is folded in the same way as complex 1a: theare 3.4323.53 Å apart]. Both edge-on (“T”) and offset face-
to-face π2π interactions[34] are observed and these result two N(macro)2S2 planes intersect at 140.2(1)° and the two

phenyl ring planes at 86.7(1)° in 4 compared to averages ofin the formation of sheets of dinickel macrocyclic cations,
between which lie layers of counter ions and solvent mol- 138.8(2)° and 85.3(4)°, respectively, for 1a. Slightly larger

S···S [2.7922.83 in 1a vs. 2.979(2) Å in 4] and Ni···Ni separ-ecules [with the exception of perchlorate Cl(1) which is at
the centre of the four macrocycles in the asymmetric unit ations [3.1223.14 in 1a vs. 3.2935(8) Å in 4] are observed in

4. The three-dimensional packing arrangements of 1a and 4(Figure 2)].
Differences in the coordination environment of the are different as a result of the differences in anion template

effects. Rather than the anion templating the packing to-square planar nickel(II) ions in L122 compared to those in
L222 are revealed by an examination of the dihedral angles gether of the macrocyclic complexes, as is the case with the

perchlorate ion in 1a, the thiocyanate ions block the forma-between the respective NiN2 and NiS2 planes: the longer
alkyl chain in 1a has caused some buckling and tetrahedral tion of all but one set of π2π interactions.
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Figure 4. Perspective view of [Ni2L1(NCS)2] 4 (hydrogen atoms and Figure 5. Perspective view of [Ni2L2(NCS)2] 5 (hydrogen atoms and
solvent molecules omitted for clarity) solvent molecule omitted for clarity)

Of these one of the most closely related examples is A1, aThe successful formation of 4 prompted us to test
dinickel(II) complex derived from a “three-quarter” aminewhether or not the analogous reaction could be carried out
thiolate ligand (Figure 6). [39] In this complex both of thewith the less tetrahedrally distorted, macrocyclic complex
thiocyanate ions coordinated to the nickel ion which wasof the smaller ring L222, [Ni2L2](ClO4)2 2b. Red-black crys-
bound to the secondary, as opposed to the primary, aminetals of 5 · MeCN suitable for X-ray analysis were obtained,
groups due to the slightly weaker field strength exerted byin low yield, from the reaction of 2b with 2.2 equivalents of
them. However, in complexes 4 and 5 the differing nickel(II)NaSCN in MeCN. A similar overall structure to that of 4
geometries have resulted despite the provision of potentiallyis revealed by the structure determination: one nickel atom
identical metal ion binding sites and this situation is muchremains square planar [Ni(1) is 0.003(1) Å out of the N2S2
less common. We have observed this situation before forplane] whilst the other is distorted octahedral [Ni(2) is
the macrocyclic thiolate complex A2 (Figure 6), where the0.026(1) Å out of the N(macro)2S2 plane] and coordinated
macrocycle provided potentially identical N(imine)N(ami-to both thiocyanate ions (Figure 5, Tables 1 and 2). The
ne)SO donor sites, [14] [18] but the isolation of complexes 4bond lengths to Ni(1) and Ni(2) are similar to those found
and 5 is an important extension of the series of dinickelin 4 and reflect the respective low spin and high spin con-
thiolate complexes produced to date[11,14,16,18221,25,39243] as,figurations of these atoms. The smaller ring size of L222 is
until recently, it was thought that the N(imine)2S2 systemsstill sufficient to accommodate the high-spin nickel(II) ion.
exclusively formed square planar complexes.However, there is sufficient ring strain induced by the

change in spin state to promote Schiff-base hydrolysis (by
traces of moisture) and ring opening, as the major product
of the reaction with NaSCN is shown by IR spectroscopy Table 1. Selected bond lengths (Å) in [Ni2L1](ClO4)2(MeCN) · 1/4
to be a ring opened product (see above). H2O 1a, [Ni2L1(NCS)2] 4, and [Ni2L2(NCS)2] 5

Comparison of the structure of the perchlorate derivative
Bond lengths 1a 4 52a with the thiocyanate derivative 5 leads to similar trends

to those obtained from the comparison of the correspond-
Ni(1)2N(1) 1.929(10) 1.944(3) 1.924(2)ing L122 analogues 1a and 4. Complex 5 is folded with the Ni(1)2N(2) 1.928(10) 1.926(3) 1.935(2)

N(macro)2S2 planes intersecting at 142.21(6)° and the two Ni(1)2S(1) 2.157(4) 2.1732(12) 2.2009(10)
Ni(1)2S(2) 2.152(3) 2.1987(12) 2.1836(10)phenyl ring planes, almost at right angles to one another,
Ni(2)2N(3) 1.920(10) 2.073(3) 2.037(2)intersecting at 91.17(9)° [av. 146.4(2) and 102.4(4)° respec- Ni(2)2N(4) 1.939(9) 2.078(3) 2.024(2)
Ni(2)2S(1) 2.147(3) 2.3849(13) 2.3738(10)tively in 2a]. Slightly larger S···S [av. 2.839(5) in 2a vs.
Ni(2)2S(2) 2.167(3) 2.4080(12) 2.3608(11)3.011(1) Å in 5] and Ni···Ni separations [av. 3.146(2) in 2a
Ni(2)···O(11) 3.340(9) 2 2

vs. 3.244(1) Å in 5] are observed in 5. Again the coordinated Ni(2)2N(50) 2 2.071(4) 2.096(3)
Ni(2)2N(60) 2 2.065(4) 2.112(3)thiocyanate ions block all but one set of π-π interactions.
Ni(1)···Ni(2) 3.115(2) 3.2935(8) 3.2437(11)Complexes with adjacent square planar and octahedral S(1)···S(2) 2.828(4) 2.979(2) 3.0112(12)

nickel(II) ions have been reported previously.[14,18,35,37239]
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Table 2. Selected bond angles (°) in [Ni2L1](ClO4)2(MeCN) · 1/4 NMR Studies
H2O 1a, [Ni2L1(NCS)2] 4, and [Ni2L2(NCS)2] 5

In the non-coordinating solvent [D3]MeNO2 123 all gave
Bond angles 1a 4 5 easily assigned diamagnetic 1H- and 13C-NMR spectra. In

coordinating solvents such as [D3]MeCN and [D7]DMF
N(1)2Ni(1)2N(2) 96.6(4) 94.97(14) 94.44(10) complexes 123 have some tendency to coordinate solventN(1)2Ni(1)2S(2) 165.5(4) 167.23(11) 176.11(8)

molecules in the otherwise vacant axial sites leading toN(1)2Ni(1)2S(1) 88.8(3) 94.28(10) 89.36(7)
S(2)2Ni(1)2N(2) 95.0(3) 86.80(11) 89.44(7) traces of paramagnetic species in solution. The 1H-NMR
S(2)2Ni(1)2S(1) 82.04(13) 85.90(4) 86.75(3) spectrum obtained at elevated temperatures for 2 inN(2)2Ni(1)2S(1) 165.3(3) 167.88(11) 176.16(7)

[D3]MeCN could be assigned but that obtained for 1 wasN(3)2Ni(2)2N(4) 97.1(4) 106.46(13) 99.08(9)
N(3)2Ni(2)2S(2) 89.0(3) 87.71(9) 90.84(7) too broad over the temperature range studied (253 to
N(4)2Ni(2)2S(2) 165.4(3) 165.51(10) 170.03(7)

333 K). In contrast, 3, the amine analogue of 2, gave aN(3)2Ni(2)2S(1) 165.6(3) 164.30(9) 169.66(7)
N(4)2Ni(2)2S(1) 94.4(3) 89.12(10) 91.07(7) reasonably sharp 1H-NMR spectrum at ambient tempera-
S(2)2Ni(2)2S(1) 81.91(13) 76.85(4) 78.99(3) ture showing that this complex remains close to diamag-N(60)2Ni(2)2N(50) 2 177.75(15) 175.80(9)

netic even in acetonitrile solution. The amine proton signalN(60)2Ni(2)2N(3) 2 90.81(13) 89.54(10)
N(50)2Ni(2)2N(3) 2 88.03(13) 86.30(9) for complex 3 has now been correctly identified[19] via a
N(60)2Ni(2)2N(4) 2 88.58(13) 92.61(10) NH/ND exchange experiment: a few drops of a [D3]MeOD/N(50)2Ni(2)2N(4) 2 89.91(13) 88.54(9)

D2O (95:5) mixture was added to a solution of 3 inN(60)2Ni(2)2S(1) 2 91.51(11) 91.99(7)
N(50)2Ni(2)2S(1) 2 90.13(10) 92.02(7) [D3]MeNO2 which caused the signal at 3.58 ppm to disap-
N(60)2Ni(2)2S(2) 2 88.15(10) 88.48(7)

pear over a period of days. In [D7]DMF no 1H-NMR spec-N(50)2Ni(2)2S(2) 2 93.73(10) 91.08(7)
Ni(1)2S(1)2Ni(2) 92.73(13) 92.41(4) 90.23(4) trum was obtained for complexes 1 and 2 whilst complex 3
C(1)2S(1)2Ni(1) 97.7(4) 109.32(14) 102.77(10) gave a very broad spectrum. Consistent with this, an axialC(1)2S(1)2Ni(2) 107.3(4) 102.39(15) 98.68(10)

interaction with a DMF molecule was observed in the crys-C(14/13)2S(2)2Ni(1) 105.7(4) 98.25(14) 104.23(10)
C(14/13)2S(2)2Ni(2) 97.4(4) 100.40(14) 101.20(10) tal structure of the hexafluorophosphate salt of 2. [20]

Ni(1)2S(2)2Ni(2) 92.32(13) 91.16(4) 91.00(3) The NMR data, in both [D3]MeNO2 (123) and
[D3]MeCN (2, 3), indicate that the macrocycles remain in-
tact in these solvents.

Cyclic Voltammetry Studies

Of particular interest in this series of compounds are the
effects of (a) increasing the size of the macrocyclic cavity,
L122 vs. L222, (b) changing the nature of the nitrogen do-
nors, from imine groups in 2 to amine groups in 3, [19] and
(c) changing from thiophenolate donors in 2 to phenolate
donors in 6. Representative cyclic voltammograms for com-
pounds 123 and 6 in MeCN are presented in Figure 7 and
the potentials of the four well-separated (> 0.2 V) one-elec-
tron redox processes for 123 are provided in Table 3. The
three well-separated (> 0.2 V) one-electron redox processes
for 6 occur at 21.40I, 11.05QR, and 11.26I V (referenced
to 0.01  AgNO3/Ag and recorded at 200 mV s21). The
redox processes are considered to be predominantly metal
centred (vide infra) and the following discussion is made in
light of this assignment.

Intriguingly the [Ni2Lj]21/31 and [Ni2Lj]31/41 potentials
(j 5 123) show relatively small shifts upon quite large
changes in the ligation of the nickel centres. The peak separ-
ation, ∆E, for the first process in all three systems was com-
parable to that of ferrocene indicating that this is a revers-
ible process in each case, a conclusion that is further sup-
ported by analysis of the ratio of peak currents and scan
rate dependence. [44]Like the [Ni2Lj]21/31 process the posi-
tion of the [Ni2Lj]31/41 process shifts very little from j 5 1
to j 5 3. However in each case the peak separation for this
second process is larger than that observed for the first pro-
cess, and the ratio of the peak currents differs significantly

Figure 6. Dinickel(II) thiolate complexes A12A6 from unity, indicating that the [Ni2Lj]31/41 couple is a
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In contrast, the peak positions for the [Ni2Lj]21/1 and

[Ni2Lj]1/0 processes (j 5 123) are very sensitive to the
changes in the macrocyclic ligand. The [Ni2Lj]21/1 pro-
cesses are reversible for all three complexes 123. The
[Ni2Lj]21/1 process occurs at 21.01 V for [Ni2L2]21 while
the complex with the larger macrocyclic cavity, [Ni2L1]21,
is easier to reduce, by 90 mV, and the complex of the tetra-
amine macrocycle, [Ni2L3]21, is harder to reduce, by 170
mV. Only a single one-electron irreversible reduction pro-
cess is observed for the phenolate analogue, complex 6, and
it occurs at a significantly more negative potential, as is
expected[45] (although not always observed)[11] due to the
presence of the harder phenolate donors. In only one of
the three systems was the [Ni2Lj]1/0 process truly reversible,
namely the [Ni2L2]1/0 couple. The [Ni2L1]1/0 process is
irreversible whilst the [Ni2L3]1/0 process is quasi-reversible.
These [Ni2Lj]1/0 processes shift in the same direction as the
shifts observed for the [Ni2Lj]21/1 processes. The [Ni2L2]1/0

and [Ni2L1]1/0 processes occur at a similar potentials
(21.46 and 21.45 V, respectively) whereas the [Ni2L3]1/0

process is 370 mV more negative {ie. [Ni2L3]1 is harder to
reduce}. No second reduction process was observed for 6.

Overall the [Ni2Lj]21/1 and [Ni2Lj]1/0 potentials for the
Figure 7. Cyclic voltammograms of complexes (listed from top to complexes of the tetra-imine-containing ligands L122 andbottom) 1b, 2b, 3, A4, and 6 in MeCN (200 mV s21, 0.1 
NEt4ClO4, platinum electrode, vs. 0.01 AgNO3/Ag) L222, 1 and 2, are significantly less negative than those for

the complex of the tetra-amine-containing ligand L322, 3.
The imine-containing ligands stabilise the reduced metal

Table 3. Potentials (E1/2, V) and E (V) for the dinickel complexes centre(s) more effectively than the amine-containing ligand
[Ni2Lj]21, (j 5 123,9). All data were referenced to 0.01  AgNO3/ (which has no imine π* orbital). [49] [50] It had been hopedAg and recorded at 200 mV s21. In all cases the Fc/Fc1 couple,

that conversion of the hydrolytically unstable imine bondsadded as an internal reference, occurred at 10.13 V with ∆E 5
0.07 V to relatively stable amine bonds would make the reductive

electrochemistry more reversible as decomposition via, for
Complex [Ni2Lj]0/1 [Ni2Lj]1/21 [Ni2Lj]21/31 [Ni2Lj]31/41

instance, water attack of the adjacent imine bond would no
longer be possible. However these redox processes are actu-

1b[a] 21.45 (0.16)I 20.92 (0.07)R 10.64 (0.06)R 11.05 (0.08)QR

ally less reversible than those of the tetra-imine analogue 2.2b[a] 21.46 (0.07)R 21.01 (0.06)R 10.63 (0.08 )R 11.07 (0.08 )QR

3[a] 21.86 (0.10)QR 21.18 (0.08)R 10.69 (0.08)R 11.10 (0.08)QR A study of a large number of mono nickel(II) tetra-aza
1b[b] 21.49 (0.09)QR 20.95 (0.09)R 10.50I 2 macrocycles has shown that there is a correlation between2b[b] 21.49 (0.07)R 21.03 (0.07)R 10.40 (0.08)R 10.82 (0.10)I

the size of the macrocycle cavity and the potentials, with3[b] 21.86 (0.09)QR 21.21 (0.08)QR 10.41 (0.11)QR 10.61I

2b[c] 21.42I 21.10I 2 2 the larger cavities stabilising the nickel(I) oxidation state. [49]

6[a] 2 21.40I 11.05 (0.10)QR 11.26I

This has been interpreted as indicating that the d9 nickel(I)
ion is larger than the d8 nickel(II) ion and is therefore better[a] Solvent 5 MeCN, [b] solvent 5 DMF, [c] solvent 5 MeNO2,

R

accommodated by a larger ring, resulting in a less negativereversible, QR quasireversible, I irreversible (hence in this case Epc
or Epa is quoted not E1/2); these assignments were made on the potential for the Ni21/1 process. [49] [51] Our results are con-
basis of peak separation ∆E (cf. ferrocene), analysis of the ratio of

sistent with this correlation.peak currents and scan rate dependence of E1/2. [44] Electron counts
(in MeCN): 1b [Ni2L1]21 R [Ni2L1]1 0.87 e-equivalent; 2b As the NMR studies (above) indicated that some solvent
[Ni2L2]21 R [Ni2L2]31 0.95 e-equivalent and [Ni2L2]31 R coordination is occurring in MeCN and DMF solutions but[Ni2L2]41 0.88 e-equivalent; 3 [Ni2L3]21 R [Ni2L3]31 0.98 e-equ-

not in MeNO2, cyclic voltammograms were also run inivalent.
DMF and MeNO2. The results for 2 are shown in Figure 8
and Table 3. In DMF and MeCN, the [Ni2L2]21/1 and
[Ni2L2]1/0 processes are relatively insensitive to the changequasi-reversible process in all three cases. [44] Thiolate do-

nors are known to stabilise high metal ion oxidation in solvent indicating that the formally NiIINiI and NiI2

species coordinate solvent molecules only weakly, if at all.states [45] so the fact that the two one-electron oxidation pro-
cesses observed for the phenolate analogue, complex 6, oc- However, in DMF, the [Ni2L2]31/41 process is a substantial

230 mV less positive {[Ni2L2]31 is easier to oxidise in DMFcur at much more positive potentials is consistent with ex-
pectations.[46248] Changes to the ligand, either by increasing than in MeCN}. This shift is to be expected as the NiIII ion

will be stabilised by axial coordination of solvent mol-the macrocyclic cavity size or by changing from imines to
amines, usually has a much larger effect on the potentials ecules, [11] [51] and DMF has a greater tendency to bind axi-

ally than MeCN.[48] The results obtained in the non-coordi-than is the case here. [49] [50]
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oxidation processes are relatively insensitive to the changes
made to the ligand but are sensitive to changes in solvent
(MeCN vs. DMF vs. MeNO2). As we believe the oxidation
processes, [Ni2Lj]21/31 and [Ni2Lj]31/41, are primarily me-
tal centered (vide infra) it seems likely that the relatively
invariant value of the potentials for j 5 123 for a particular
solvent is largely due to the consistent supply of an axial
donor (either N of MeCN or O of DMF). In contrast the
[Ni2Lj]21/1 and [Ni2Lj]1/0 processes, which are also believed
to be primarily metal centred, are significantly influenced
by changes to the ligand but are relatively insensitive to
changes in solvent (MeCN vs. DMF). As expected, a
change in the nitrogen donors from imines to amines made
the potentials more negative, while increasing the size of the
macrocyclic cavity made the potentials slightly less negative.

Figure 8. Solvent dependence of cyclic voltammograms of 2b: com- The formally nickel(I) centres are expected to be square
parison of cyclic voltammograms obtained in MeCN (top), DMF planar hence the lack of solvent dependence.(middle), and MeNO2 (bottom) (200 mV s21, 0.1  NEt4ClO4, pla-
tinum electrode, vs. 0.01 AgNO3/Ag)

EPR Spectranating solvent, MeNO2 (Figure 8, Table 3), are consistent
with this explanation. No oxidation processes are observed
for 2 within the MeNO2 solvent window: two reduction
processes are observed but they are irreversible so a mean-
ingful comparison of the potentials is not possible. These
observations are consistent with the processes being largely
metal centred.

The results of this solvent dependence study are also con-
sistent with those obtained for an acyclic dinickel thio-
phenolate complex A3 (Figure 6): [11] the reduction pro-
cesses varied only slightly with solvent (CH2Cl2, acetone,
THF, PrCN, and DMF) indicating that there was little or
no solvent coordination to the nickel(I) centres whereas the
first oxidation process was less positive in DMF than in the
other solvents investigated [ie. CH2Cl2 (where the processes
became reversible), acetone, and THF], which was attri-
buted to solvent coordination to the nickel(III) centres.

As expected, the cyclic voltammetry results for complex
2b in MeCN are consistent within experimental error with
those reported for the perchlorate salt 2a [16,52] and for the
hexafluorophosphate salt of 2. [22] To date no electrochemi-
cal properties have been reported for the other Schiff base
macrocyclic di- and tetra-nickel(II) complexes derived from
the 2,6-diformylthiophenolate head unit. [23] [24] The cyclic
voltammogram we obtained in MeCN for the dark orange
dinickel(II) aliphatic-thiolate macrocyclic complex A4 (Fig-
ure 6) is shown for comparison in Figure 7. [25] The rela-
tively electron-rich aliphatic-thiolate donors stabilise NiIII

and destabilise NiI relative to the aromatic-thiolate donors
in Lj22, j 5 123. Changing the ligation around the nicke-
l(II) ions from two separate tridentate ligands, complex A5,
to one “three-quarter” hexadentate ligand, complex A6
(Figure 6), results in improved reversibility of the two one-
electron, metal centred, reductions in DMF.[39] As ex-
pected, on completely encircling the nickel ions with a hexa-
dentate macrocyclic ligand, as in complexes 123, the re-

Figure 9. EPR spectra of 1024 mol L21 chemically generatedversibility improves still further.
[Ni2L2]31 (top, 10 mW, 9.142 GHz), electrochemically generatedIn summary, in these three macrocyclic dinickel(II) thiol- [Ni2L2]31 (middle, 0.816 mW, 9.284 GHz), and [Ni2L3]1 (bottom,
0.766 mW, 9.284 GHz), in MeCN at 77 Kate systems, [Ni2Lj]21 where j 5 123, the two one-electron
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Due to the instability of the majority of the redox prod- The instability of the majority of the redox products on

a time scale of minutes limited the UV/Vis studies to theucts on a time scale of minutes (cf. the cyclic voltammetry
time scale) EPR spectroscopic studies were limited to the oxidation products (both electrochemically and chemically

generated) of complex 2 and the one-electron reductionoxidation products (both electrochemically and chemically
generated) of complexes 2 and 3, and the reduction prod- product (electrochemically generated) of complex 1.

Complex 1b was electrochemically reduced in MeCN atucts (electrochemically generated) of complexes 1 and 3.
The EPR spectrum of the purple solution obtained by 21.10 V vs. 0.01  AgNO3/Ag (87% of one-electron equiva-

lent) resulting in an orange solution: the 510 nm band di-one electron electrochemical oxidation of 2b at 1.0 V vs Ag
wire is shown in Figure 9. The spectrum is characteristic of minishes in absorbance and an isobestic point is observed

at 495 nm (Figure 10). This mixed valent complex,the presence of an axial NiIII centre, with guu 5 2.04 and
g> 5 2.22, indicating the presence of a mixed valent NiII- [Ni2L1]1, is reasonably stable at ambient temperature under

argon but attempts to further reduce it by one electronNiIII centre. [51] Similar EPR behaviour was observed for the
purple, electrochemically generated [Ni2L3]31 species. were unsuccessful.

Chemical oxidation of an MeCN solution of 2a with
aqueous CoIII in 1  HClO4 yielded a purple solution which
again gave an EPR spectrum typical of an axial NiIII centre,
with guu 5 2.04 and g> 5 2.17. The guu feature shows hyper-
fine splitting associated with two axially coordinated
MeCN solvent molecules.

The reduction products of complex 2 were not stable en-
ough to be studied by EPR, however, those of complexes 1
and 3 were investigated (Figure 9). The orange-brown one-
electron reduction products of 1 and 3 showed very similar
EPR behaviour consistent with a metal-centred reduction
to a d9 NiI centre (guu 5 2.11, g> 5 2.00). [51]

These results are consistent with both the first one-elec-
tron oxidations and reductions being largely metal based
with little delocalisation onto the ligand. Importantly there Figure 10. Electrochemical one electron reduction of 1b in MeCN

followed by UV/Vis spectroscopyis no evidence for the presence of organic radicals. The nat-
ure of the formally NiI2 and NiIII

2 species could not be es-
tablished due to the low stability of these products.

Controlled potential electrolysis of 2b in MeCN at 10.90
V vs. 0.01  AgNO3/Ag removes one-electron (97%) giving
a purplish-coloured solution: a new band develops at ap-Electronic Spectra
proximately 870 nm (isobestic point at ca. 390 nm). This
mixed valent complex, [Ni2L2]31, is reasonably stable atIn MeNO2, MeCN, and DMF the red dinickel(II) com-

plexes 123 all have an absorption band in the range ambient temperature under argon. When a second electron
is removed from this sample, by holding the potential at4902520 nm (ε 5 90021800 L mol21 cm21) which is as-

signed as a ligand-to-metal charge transfer (LMCT) tran- 11.40 V vs. 0.01  AgNO3/Ag, a dark green solution re-
sults, and the 870 nm band bleaches out. Nickel(III) com-sition, Sπ R Ni.[5] [39] This band occurs at slightly higher

energy in the case of the amine complex 3 (490 nm) than in plexes are typically green in colour. [53] Removal of the se-
cond electron to form [Ni2L2]41 is nontrivial due to the lowthe imine analogue 2 (510 nm) leading to the former being

somewhat more red in colour than the latter. In DMF, in stability of this fully oxidised species.
Complex 2a was also chemically oxidised by titratingaddition to the 4902520 nm band, some further low inten-

sity bands/shoulders are observed at longer wavelengths with CAN [ammonium cerium(IV) nitrate]. The titration
with the first equivalent of CAN (Figure 11) resulted in awhich are presumably due to axial solvent coordination to

least one of the two nickel atoms. [39] Only in the case of new absorption band at 870 nm. When the titration was
continued with the second equivalent of CAN (Figure 11)complexes 1 and 3 can distinct bands be clearly identified:

the lowest energy band, 3A2g R 3T2g, occurs at 990 nm a dark green solution resulted. During this second stage of
the titration the feature at 870 nm decreased in absorbance,(80 L mol21 cm21) for 3 and at 860 nm (25 L mol21 cm21)

for 1. This corresponds to a smaller ∆O for 3 (10,101 cm21) as did all of the other bands. Due to the instability of this
fully oxidised species it is not possible to determine whetherthan for 1 (11,630 cm21), consistent with the NMR finding

that 3 is less able to bind solvent molecules axially than 1. the 870 nm band (11,494 cm21, ε 5 1,320 L mol cm21)
observed for the mixed valent [Ni2L1]31 complex is due toIn all cases further bands are observed at higher energy,

below 380 nm, due to intraligand transitions. Over a period a ligand to nickel(III) charge transfer transition or to a
Class II intervalence charge transfer transition (the band-of weeks both the MeNO2 and DMF solutions of 123

slowly decolorise whereas the acetonitrile solutions remain width at half height is approximately 5400 cm21 which is
greater than the calculated value of 5153 cm21). [54]red.
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the literature procedures. Isopropanol (IPA) was stored over CaO,
then decanted and distilled. HPLC grade MeCN and DMF were
distilled from CaH2 (DMF in vacuo) immediately before use. Reac-
tions were carried out using Schlenk techniques.

CAUTION: Perchlorate salts are potentially explosive and should
therefore be handled with appropriate care.

[Ni2L1](ClO4)2 · MeCN · 1/4 H2O (1a): (S)-(2,6-Diformyl-4-meth-
ylphenyl)dimethylthiocarbamate (0.251 g, 1.00 mmol) in IPA (80
cm3) was brought to reflux. NaOH (0.040 g, 1.00 mmol) was added,
the resulting orange solution refluxed for 5 hours, then
Ni(ClO4)2 · 6 H2O (0.365 g, 1.00 mmol) in IPA (20 cm3) and 1,4-
diaminobutane (0.088 g, 1.00 mmol) in IPA (20 cm3) were added.
After 4 hours the mixture was filtered hot to obtain 1a as an im-
pure red-brown solid. Repeated fractional recrystallisation from
MeCN by vapour diffusion of diethyl ether gave
[Ni2L1](ClO4)2(MeCN) · 1/4 H2O 1a as large red crystals suitable
for X-ray structural analysis. The sample was washed with H2O to
give analytically pure 1a (0.170 g, 42%). (Found: C 40.6, H 4.2, N
9.0, S 8.0, Cl 8.6. C28H33.5Cl2N5Ni2O8.25S2 requires C 40.8, H 4.1,
N 8.5, S 7.8, Cl 8.6%); λmax/nm (MeCN) (ε/L mol21 cm21) 510 (1
800); ν̃/cm21 (KBr disk, inter alia) 1624, 1090, 623; Λm(MeCN) 5Figure 11. Titration of a 2.7 mL aliquot of a 6.34 3 1024 mol L21

268 mol21 cm2 Ω21 (c.f. 2202300 mol21 cm2 Ω21 for a 2:1 electro-MeCN solution of 2a, firstly with one (top) and then with a second
(bottom) equivalent of CAN (0.0785 mol L21, aliquots of 2 µL lyte in MeCN);[55] FAB mass spectrum m/z 578 [Ni2L1]1.
per scan)

[Ni2L1](CF3SO3)2 · H2O (1b): The reaction was performed as for
[Ni2L1](ClO4)2 but nickel(II) trifluoromethansulfonate hexahydrate
(0.465 g, 1.00 mmol) was used instead of nickel(II) perchlorateConclusion
hexahydrate. In contrast to [Ni2L1](ClO4)2 the reaction solution
became clear red-brown on addition of the amine and after twoThe nickel coordination chemistry of L122 and L222 has
hours at reflux the solution was reduced in volume in vacuo to ca.produced a range of attractive and interesting products, in-
30 cm3. From this solution red single crystals ofcluding rare examples of adjacent N2S2 and N4S2 nickel(II)
[Ni2L1](CF3SO3)2 · H2O were grown by vapour diffusion of diethyl

ions despite the provision of potentially equivalent binding ether (0.171 g, 38%). (Found C 37.7, H 4.0, N 6.1, S 13.9.
sites. The aim of increasing the degree of tetrahedral distor- C28H32F6N4Ni2O7S4 requires C 37.5, H 3.6, N 6.3, S 14.3%); ν̃/
tion over that found in the macrocycle L222 by increasing cm21 (KBr disk, inter alia) 3526, 3462, 1623, 1614, 1257, 1026, 636;
the macrocycle cavity size, despite the strong preference of δH (500 MHz, CD3NO2, 298 K): 8.03 (4 H, s), 7.60 (4 H, s), 3.97,
the nickel ions to be square planar in this donor environ- 3.65 (4 H, t; 4 H, d), 2.39 (6 H, s), 3.45, 2.25 (4 H, d; 4 H,q) δC

(125 MHz, CD3NO2, 298 K): 169.4, 141.8, 140.5, 136.2, 121.7,ment, has been achieved with L122. This increased tetra-
61.7, 27.5, 20.9; λmax/nm (MeCN) (ε/L mol21 cm21) 510 (1800),hedral distortion confers a greater tendency for dinickel(II)
(MeNO2) 515 (1410), (DMF) 520 (900), 860 (25); Λm(MeCN) 5complexes of L122 to bind molecules axially. The ability to
280 mol21 cm2 Ω21 (c.f. 2202300 mol21 cm2 Ω21 for a 2:1 electro-manipulate and control the environments of the nickel(II)
lyte in MeCN);[55] FAB mass spectrum m/z 578 [Ni2L1]1; µ 5 0.0ions in this way is important with respect to developing
BM.

model complexes suitable for binding/reactivity studies, and
[Ni2L2](ClO4)2 (2a): A slight modification of the synthesis reportedis facilitated by the wide range of geometries which the
previously: [16] (S)-(2,6-Diformyl-4-methylphenyl)dimethylthiocar-bridging thiolate donors can adopt.
bamate (0.251 g, 1.00 mmol) in IPA (80 cm3) was brought to reflux.
NaOH (0.040 g, 1.00 mmol) was added, the resulting orange solu-
tion refluxed for 5 hours. Nickel(II) perchlorate hexahydrateExperimental Section (0.365 g, 1.00 mmol) in IPA (20 cm3) was then added. To the dark
red-brown mixture was added 1,3-diaminopropane (0.074 g,Measurements were carried out as previously described, [16] with the

exception of most of the NMR spectra which, where noted, were 1.00 mmol) in IPA (20 cm3). The mixture was refluxed for five
hours and then filtered whilst hot. The resulting red-brown solidobtained on a Varian 500 MHz spectrometer. Magnetic moments

were obtained on a Johnson Matthey Alfa Products Mk1 magnetic was repeatedly recrystallised from MeCN by vapour diffusion of
diethyl ether to remove the brown impurity yielding [Ni2L2](ClO4)2susceptibility balance. Electrochemical experiments were performed

using a PAR 273A potentiostat/galvinostat in a 3-electrode cell (de- as large red single crystals (0.161 g, 43%). (Found: C 38.4, H 3.7,
N 7.4, S 8.0, Cl 9.8. C24H26Cl2N4Ni2O8S2 requires C 38.4, H 3.5,sign by Dr. E. Bothe and Prof. K. Wieghardt, MPI für Strahlench-

emie) using Pt working and counter electrodes and a Ag/AgNO3 N 7.5, S 8.5, Cl 9.4%); ν̃/cm21 (KBr disk, inter alia) 1615, 1084,
622; δH (300 MHz, CD3CN, 343 K) reference external TMS: 9.48reference electrode. tert-Butyl ammonium perchlorate (recrystal-

lised twice from H2O and dried in vacuo at room temperature) (4 H, s), 7.54 (4 H, s), (ca. 4.50, ca 4.31) (4 H, t, br; 4 H, t, br),
2.46 (6 H, s), (2.24, 1.64) (2 H, d; 2 H, s). λmax/nm (MeCN) (ε/Lwas used as the supporting electrolyte. All solutions were degassed

thoroughly with argon and an argon atmosphere was maintained mol21 cm21) 510 (1600), Λm(MeCN) 5 265 mol21 cm2 Ω21 (c.f.
2202300 mol21 cm2 Ω21 for a 2:1 electrolyte in MeCN);[55] FABduring the experiments. (S)-(2,6-Diformyl-4-methylphenyl)dime-

thylthiocarbamate[16] and [Ni2L9Cl2] [27] were prepared according to mass spectrum m/z 550 [Ni2L2]1.
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[Ni2L2](CF3SO3)2 (2b): The reaction was performed as for [Ni2L2]- solution was added AgClO4 (0.072 g, 0.35 mmol) and the resulting

off-white precipitate filtered off. [28] Overnight a dark green crystal-(ClO4)2 but nickel(II) trifluoromethansulfonate hexahydrate
(0.465 g, 1.00 mmol) was used instead of nickel(II) perchlorate line solid formed in the filtrate. This was collected and recrystallised

from MeCN by vapour diffusion of diethyl ether to give 6 as largehexahydrate. In contrast to [Ni2L2](ClO4)2 the reaction solution
became clear red-brown on addition of the amine. After two hours dark green blocks (0.115 g, 76%). (Found: C 43.3, H 4.6, N 12.5,

C32H38Cl2N8Ni2O10 requires C 43.5, H 4.3, N 12.7%); ν̃/cm21 (KBrat reflux the solution was reduced in volume in vacuo to ca. 5
cm3, 10 cm3 of MeCN added and red crystals of [Ni2L2](CF3SO3)2 disk, inter alia) 1639, 1083, 625; λmax/nm (MeCN) (ε/L21 mol21

cm21) 375 (12800); Λm(DMF) 5 180 mol21 cm2 Ω21 (c.f. 1302170obtained by vapour diffusion of diethyl ether (0.14 g, 33%).
(Found: C 36.4, H 3.5, N 6.3, S 14.8. C26H26F6N4Ni2O6S4 requires Ω21 mol21 cm21 for a 2:1 electrolyte in DMF);[55] FAB mass spec-

trum m/z 617 [Ni2(L9)(ClO4)]1; 518 [Ni2L9]1.C 36.7, H 3.1, N 6.6, S 15.1%); ν̃/cm21 (KBr disk, inter alia) 1615,
1259, 1026, 637; δH (500 MHz, CD3NO2, 298 K): 7.93 (4 H, s), 7.56

X-ray Crystallography: Data were collected, on 1a at 153 K with a(4 H, s), 4.38, 3.80 (4 H, t,; 4 H, d), 2.37 (6 H, s), 2.30, 1.60 (2 H,
Siemens P4 four circle diffractometer and on 5 and 6 at 158 K withd; 2 H,q) δC (125 MHz, CD3NO2, 298 K): 167.9, 141.6, 140.1,
a Bruker SMART diffractometer, using graphite-monochromated135.9, 123.0, 63.1, 29.3, 20.8. λmax/nm (MeCN) (ε/L mol21 cm21)
Mo-Kα radiation (λ 5 0.71013 Å). The data were corrected for510 (1500), (MeNO2) 510 (1480), (DMF) 510 (1040); Λm(MeCN) 5
Lorentz and polarisation effects and empirical absorption correc-265 mol21 cm2 Ω21 (c.f. 2202300 mol21 cm2 Ω21 for a 2:1 electro-
tions were applied. Hydrogen atoms were inserted at calculated po-lyte in MeCN);[55] FAB mass spectrum m/z 550 [Ni2L2]1; µ 5 0.0
sitions and rode on the atoms to which they are attached (includingBM.
isotropic thermal parameters which were equal to 1.2 times the

[Ni2L3](ClO4)2 (3): To an ice-cold, fine particulate suspension of
equivalent isotropic displacement parameter for the attached non-

[Ni2L2](CF3SO3)2 2b (0.13 g, 0.18 mmol) in methanol (40 cm3), was
hydrogen atom).

added NaBH4 (0.030 g, 0.77 mmol) in water (2 cm3). The reaction
mixture was allowed to warm to room temperature, stirred for one Crystal data for 1a (C28H33.5Cl2N5Ni2O8.25S2): Mr 5 412.3, red
hour and then refluxed for a further two hours. Then 5% HClO4(aq) block, 0.50 3 0.50 3 0.40 mm, triclinic, space group P-1, a 5
(20 cm3) was added and the mixture refluxed for one hour before 18.174(4), b 5 18.997(9), c 5 23.121(8) Å, α 5 70.56(3), β 5
being filtered whilst hot to remove [Ni2L3](ClO4)2 as a red powder. 69.58(3), γ 5 77.78(2)°, V 5 7013(4) Å3, Z 5 8, µ 5 1.40 mm21,
Further crops were obtained by slow evaporation of the reaction ρcalc 5 1.562 g cm23. A total of 18709 reflections were collected in
filtrate (0.106 g, 80%). (Found C 37.5, H 4.8, N 7.2, S 8.7, Cl 9.3. the range 4 < 2θ < 45°, and the 18013 independent reflections were
C24H34Cl2N4Ni2O8S2 (3) requires C 38.0, H 4.5, N 7.4, S 8.5, Cl used in the structural analysis after a semi-empirical absorption
9.3%); ν̃/cm21 (KBr disk, inter alia) 3220, 1603, 1096, 622; δH correction had been applied (Tmin 5 0.41, Tmax 5 0.50). The struc-
(500 MHz, CD3NO2, 298 K) 7.20 (4 H, s), 3.68 (4 H, d), 3.59 (4 H, ture, four independent macrocyclic complexes in the asymmetric
d), 3.58 (4 H, s), 2.92 (4 H, td), 2.51 (4 H, dt), 2.25 (6 H, s), 2.02 unit, was solved by direct methods (SHELXS-86)[56] [57] and refined
(2 H, m), 1.85 (2 H, m); δC (125 MHz, CD3NO2, 298 K) 140.3, against all F2 data (SHELXL-93)[58] to R1 5 0.083 [for 10954 F >
135.6, 134.2, 121.7, 56.2, 50.4, 27.1, 21.1; λmax/nm (MeCN) (ε/L 4σ(F); wR2 5 0.239 and GOF 5 1.04 for all 18013 F2; 1370 param-
mol21 cm21) 490 (1500), (MeNO2) 490 (1430), (DMF) 490 (900), eters; all Ni, S/N/alkyl-C atoms of the macrocycles, O/N/Cl of the
990 (80); Λm(MeCN) 5 280 mol21 cm2 Ω21 (c.f. 2202300 mol21

full occupancy solvents and perchlorates, Cl(8) and Cl(9) of the
cm2 Ω21 for a 2:1 electrolyte in MeCN);[55] FAB mass spectrum m/ partial occupancy perchlorates, anisotropic; 2 (of 8) perchlorates
z 558 [Ni2L3]1; µ 5 0.0 BM. and 2 (of 4) acetonitriles disordered; 11.77/21.11 eÅ23].
[Ni2L1(NCS)2] (4): Complex 1b (0.040 g, 0.046 mmol) was dis-

Crystal data for 4 · 2 MeCN (C32H36N8Ni2S4): Mr 5 778.4, red-solved in MeCN (2 cm3) to give a deep red solution. To this was
black rectangular plate, 0.80 3 0.20 3 0.03 mm, triclinic, spaceadded, in a dropwise fashion, a colorless solution of sodium thio-
group P-1, a 5 10.134(2), b 5 11.273(2), c 5 16.112(4) Å, α 5cyanate (0.0085 g, 0.103 mmol) in MeCN (3 cm3). Over time the
83.957(3), β 5 82.082(3), γ 5 73.049(3)°, V 5 1739.7(6) Å3, Z 5solution became colorless and red-black crystals of 4 developed.
2, µ 5 1.36 mm21, ρcalc 5 1.486 g cm23. A total of 11118 reflec-These were filtered off and dried under vacuum (0.027 g, 83%).
tions were collected in the range 5 < 2θ < 53°, and the 6468 inde-(Found: C 48.2, H 4.5, N 12.4, S 18.1. C28H30N6Ni2S4 (4) requires
pendent reflections were used in the structural analysis after a semi-C 48.3, H 4.3, N 12.1, S 18.4%); ν̃/cm21 (KBr disk, inter alia) 2081,
empirical absorption correction had been applied (Tmin 5 0.43,1628; λmax/nm (MeCN) (ε/L mol21 cm21) 340 (2960); Λm(freshly
Tmax 5 1.00). The structure was solved by direct methodsprepared solution in DMF) 5 50 mol21 cm2 Ω21 (c.f. 65290 Ω21

(SHELXS-97)[56] [57] and refined against all F2 data (SHELXL-mol21 cm21 for a 1:1 electrolyte in DMF);[55] FAB mass spectrum
97)[58] to R1 5 0.0446 [for 4250 F > 4σ(F); wR2 5 0.1220 andm/z 636 [Ni2(L1)(SCN)]1; 578 [Ni2(L1)]1; µ 5 2.8 BM.
GOF 5 0.92 for all 6468 F2; 419 parameters; all non-hydrogen

[Ni2L2(NCS)2] (5): A colourless MeCN solution (4 cm3) of sodium
atoms anisotropic; 10.79/20.61 eÅ23].

thiocyanate (0.0128 g, 0.154 mmol) was layered on top of a deep
red MeCN solution (1 cm3) of 2b (0.060 g, 0.071 mmol). On stand- Crystal data for 5 · MeCN (C28H29N7Ni2S4): Mr 5 709.2, red-black
ing, red-black crystals of 5 formed, along with a brown precipitate, rectangular plate, 0.60 3 0.30 3 0.03 mm, monoclinic, space group
leaving a light yellow solution. The crystals were physically sepa- P21/c, a 5 12.466(5), b 5 14.267(5), c 5 17.226(6) Å, β 5
rated from the powder, washed with MeCN and dried in vacuo 93.792(5)°, V 5 3056.9(19) Å3, Z 5 4, µ 5 1.54 mm21, ρcalc 5
(0.009 g, 19%). (Found: C 47.2, H 3.6, N 13.0, S 19.7. 1.541 g cm23. A total of 32103 reflections were collected in the
C26H26N6Ni2S4 (5) requires C 46.8, H 3.9, N 12.6, S 19.2%); ν̃/ range 5 < 2θ < 53°, and the 6244 independent reflections were
cm21 (KBr disk, inter alia) 2075, 1621; λmax/nm (MeCN) (ε/L used in the structural analysis after a semi-empirical absorption
mol21 cm21) 335 (2820); Λm(DMF) 5 70 Ω21 mol21 cm21 (c.f. correction had been applied (Tmin 5 0.76, Tmax 5 1.00). The struc-
65290 Ω21 mol21 cm21 for a 1:1 electrolyte in DMF);[55] FAB ture was solved by direct methods (SHELXS-97)[56] [57] and refined
mass spectrum m/z 550 [Ni2L2]1. against all F2 data (SHELXL-97)[58] to R1 5 0.0328 [for 3601 F >

4σ(F); wR2 5 0.0612 and GOF 5 0.79 for all 6244 F2; 373 param-[Ni2L9(MeCN)4](ClO4)2 (6): [Ni2L9Cl2] (0.120 g, 0.17 mmol) was
dissolved in a 1:1 mixture of MeCN:water (10 cm3). To this green eters; all non-hydrogen atoms anisotropic; 10.51/20.49 eÅ23].
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