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The substitution reactions of the co-ordinated acetonitrile molecule in [NiL(MeCN)][BF4]2 1 (L = 2,5,8-trithia-
[9](2,9)-1,10-phenanthrolinophane) with different anionic and neutral ligands L9 [Cl2, Br2, I2, CN2, SCN2, H2O,
pyridine (py), aniline (an), 1,3-dimethyl-4-imidazoline-2-thione (etu) or 1,3-dimethyl-4-imidazoline-2-selone (eseu)]
have been studied by using electronic spectroscopy. While the reaction with all the anionic ligands is quantitative, for
the neutral ones an equilibrium takes place; the corresponding equilibrium constants have been determined in MeCN
at 25 8C. The complex cations [NiL(L9)](2 2 n)1 (n = 0 for neutral and 1 for anionic ligands) have also been isolated in
the solid state, mainly as BF4

2 salts and the compounds [NiL(H2O)][ClO4]2?H2O, [NiL(Cl)]Cl?H2O, [NiL(SCN)]-
BF4?MeNO2, [NiL(eseu)][BF4]2 and [NiL(py)][BF4]2 have been characterized by X-ray diffraction studies. In these
complexes a distorted octahedral geometry is achieved at the NiII with five sites occupied by the macrocyclic ligand
L and the sixth by the appropriate ligand L9. The electrochemistry of all the prepared compounds has been studied
by cyclic voltammetry. In particular the reductive cyclic voltammetry of 1 in acetonitrile shows a quasi-reversible
one-electron reduction wave near 1E₂

₁ = 21.0 V vs. Fc/Fc1. Electrochemical reduction by controlled-potential
electrolysis at this potential in the presence of the axial ligand PMe3 and investigation of the reduced product by
ESR spectroscopy confirm the reduction process to be metal based and to correspond to the formation of the [NiIL]1

species.

Introduction
The chemical and structural features of macrocyclic metal
complexes can be tuned by incorporating different soft and
hard donor atoms in the chelating ring, thereby promoting the
stabilization of both low and high oxidation states of the metal
centre, as well as forcing metal ions to adopt an atypical co-
ordination geometry. In this context, thia 1 and mixed aza–thia 2

crown ethers have been the subject of intense interest in the last
few years, particularly as their complexes are useful model
compounds for biological systems.3

Furthermore, the presence in the macrocyclic framework of
rigid heterocyclic molecules such as pyridine (py), 2,29-bipyrid-
ine (bipy) and 1,10-phenanthroline (phen), which carry hard
N-donor atoms and are excellent π acceptors, has been shown
to both stabilize low-valent metal complexes and to have a
marked influence on the co-ordination geometry.4–6 Interest in
the co-ordination chemistry of substituted derivatives of bipy
and phen is based mainly on the catalytic, redox and photo-
redox properties of some of their metal complexes 7 as well as

† Supplementary data available: isosbestic points in the titration of 1
with L9. For direct electronic access see http://www.rsc.org/suppdata/dt/
1999/1085/, otherwise available from BLDSC (No. SUP 57496, 3 pp.) or
the RSC Library. See Instructions for Authors, 1999, Issue 1 (http://
www.rsc.org/dalton).

on their use as building blocks for supramolecular devices.8 In
this context, we have recently reported the synthesis of new
mixed aza–thioether crowns incorporating the 1,10-phen-
anthroline sub-unit and their co-ordinating properties towards
NiII, PdII, PtII and RhIII.9,10a In particular, the pentadentate
ligand 2,5,8-trithia[9](2,9)-1,10-phenanthrolinophane (L) has
been shown to have chelating properties dependent upon the
conformational constraints imposed by the phenanthroline unit
on the S-donor thioether linker of the ring. For example, the
locked [4 1 1] co-ordination sphere that L can impose on PdII

and PtII, as well as the nature of its donor atom set, seems to be
responsible for the stabilization of the corresponding low-
valent complexes of PdI and PtI.10a In the case of NiII the crystal
structures of the complexes [NiL(MeCN)][BF4]2 1, [NiL(Cl)]-
BF4?dmf 2 and [NiL(I)]I3 3 have been reported previously.9 In
these a distorted octahedral geometry is achieved at the metal
with five sites occupied by the macrocyclic ligand and the sixth
by MeCN, Cl2 or I2, respectively. The MeCN molecule in 1 can
readily be substituted and this offers a good route to prepare
different pseudo-octahedral nickel() complexes in which the
metal centre always remains encapsulated within the co-
ordinating cavity imposed by L.

We report herein a study on the substitution reactions of the
co-ordinated acetonitrile molecule in complex 1 with different
anionic and neutral L9 ligands [Cl2, Br2, I2, CN2, SCN2, H2O,
pyridine, aniline (an), 1,3-dimethyl-4-imidazoline-2-thione (etu)
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and 1,3-dimethyl-4-imidazoline-2-selone (eseu)] using elec-
tronic spectroscopy. The electrochemical properties of the
complexes obtained and the crystal structures of [NiL(H2O)]-
[ClO4]2?H2O 4, [NiL(Cl)]Cl?H2O 5, [NiL(SCN)]BF4?MeNO2 6,
[NiL(eseu)][BF4]2 7 and [NiL(py)][BF4]2 8 are also described.

Results and discussion
The strategy adopted in the synthesis of L and the preparation
and structural characterization of the complex [NiL(MeCN)]-
[BF4]2 1, has been reported previously.9 In 1, L acts as an N2S3-
donor encapsulating the metal centre within a cavity having a
square-based pyramidal stereochemistry. The MeCN molecule,
which completes the octahedral co-ordination sphere, can be
replaced by other ligands to give new pseudo-octahedral com-
plexes of type [NiL(L9)](2 2 n)1. In this way we prepared [NiL(Cl)]-
BF4 2 9 and [NiL(I)]I3 3,9 and have now synthesized 6–12,
of which [NiL(SCN)]BF4?MeNO2 6, [NiL(eseu)][BF4]2 7 and
[NiL(py)][BF4]2 8 have also been characterized by crystal struc-
ture determinations. Compounds [NiL(H2O)][ClO4]2?H2O 4
and [NiL(Cl)]Cl?H2O 5 have been obtained directly by treating
free L with the appropriate nickel() salt (see Experimental
section). Figs. 1–3 show the co-ordination sphere around the
NiII and some crystal packing features for the compounds 4, 5
and 7 respectively and Table 1 summarizes selected bond
lengths and angles for all five structurally characterized com-

Fig. 1 View of [NiL(H2O)][ClO4]2?H2O 4 with the numbering scheme
adopted. Displacement ellipsoids are drawn at 30% probability.
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plexes (the same numbering scheme has been adopted for all the
reported structures, see Fig. 1). The nickel() ion is bound to
the pentadentate macrocycle L via two N-donors of the phen
unit, Ni–N ranging from 2.005(12) to 2.041(2) Å, and three
thioether S-donors of the thioether linker, Ni–S 2.385(4)–
2.481(2) Å (trans to phen) and 2.403(5)–2.4445(10) Å (trans to
L9). The octahedral co-ordination sphere is completed by the
neutral or the anionic ligand L9 which has replaced the
acetonitrile molecule in the starting complex 1. No significant
differences are observed in the conformation adopted by L
upon complexation, or in the way it co-ordinates to the metal
centre on changing either the counter anion or the nature of the
ligand L9 which completes the octahedral co-ordination around
NiII. In fact for 2 9 and 5 (Fig. 2), which contain the same
[NiL(Cl)]1 complex cation but different counter anions, the
bond distances between the metal and the donor atoms of L
show variations of the same order of magnitude observed in the
other reported complexes (see Table 1), suggesting that solid
state effects and the nature of the counter ions are as important
as the nature of L9 in determining their values. In compound 4
(Fig. 1) the two perchlorate anions form hydrogen bonds with
two molecules of water [H(1C) ? ? ? O(3) 2.08, H(1D) ? ? ? O(2)
1.96, H(2D) ? ? ? O(10) 2.23 Å, O(1)–H(1C) ? ? ? O(3) 168(8),
O(1)–H(1D) ? ? ? O(2) 154(8), O(2)–H(2D) ? ? ? O(10) 134(10)8] in
an abba arrangement (a = ClO4

2, b = H2O) with one of the
water molecules being co-ordinated to the metal of a [NiL]21

unit [Ni–O(1) 2.089(6) Å, S(3)–Ni–O(1) 172.5(2)8] (Fig. 1). It
is interesting that in complex 5 (Fig. 2) the water molecule
also bridges the co-ordinated chloride Cl(1) [Ni–Cl(1)
2.3693(10) Å, S(3)–Ni–Cl(1) 169.47(3)8] and the Cl2 counter
ion, Cl(2), through two hydrogen bonds [Cl(1) ? ? ? H(1C)
2.83, H(1D) ? ? ? Cl(2) 2.33 Å, Cl(1) ? ? ? H(1C)–O 152(2),
O–H(1D) ? ? ? Cl(2) 170(3)8]; furthermore, hydrogen bonds

Fig. 2 View of hydrogen-bonded dimeric units in [NiL(Cl)]Cl?H2O 5
with the numbering scheme adopted. Displacement ellipsoids are drawn
at 30% probability (i 3 2 x, 1 2 y, 1 2 z). Only one component of the
disordered S-linker of the macrocycle is shown.

Fig. 3 Dimeric unit of complex cations in [NiL(eseu)][BF4]2 7 with
numbering scheme adopted showing a cubane-like arrangement in the
Ni2Se2S4 core framework (i 2x, 1 2 y, 1 2 z). Displacement ellipsoids
are drawn at 50% probability, hydrogen atoms have been omitted for
clarity.
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Table 1 Selected bond lengths (Å) and angles (8) for [NiL(H2O)][ClO4]2?H2O 4, [NiL(Cl)]Cl?H2O 5, [NiL(SCN)]BF4 6, [NiL(eseu)][BF4]2 7 and
[NiL(py)][BF4]2 8

a

Ni–N(1)
Ni–N(2)
Ni–S(1)
Ni–S(2)
Ni–S(3)
Ni–X

S(1)–Ni–N(1)
S(1)–Ni–N(2)
S(1)–Ni–X
S(1)–Ni–S(2)
S(2)–Ni–N(1)
S(2)–Ni–N(2)
S(2)–Ni–S(3)
S(3)–Ni–S(1)
S(3)–Ni–N(1)
S(3)–Ni–N(2)
S(3)–Ni–X
N(1)–Ni–N(2)
N(1)–Ni–X
N(2)–Ni–X
S(2)–Ni–X

4

2.019(7)
2.022(7)
2.439(3)
2.462(3)
2.404(3)
2.089(6)

81.8(2)
162.6(2)
87.8(2)

115.89(9)
162.1(2)
81.5(2)
86.05(8)
88.00(9)
91.9(2)
92.9(2)

172.5(2)
80.8(3)
93.7(3)
93.0(3)
90.2(2)

5

2.033(2)
2.041(2)
2.4545(11)
2.4761(11)
2.4445(10)
2.3693(10)

81.49(6)
161.93(7)
88.53(3)

116.64(3)
161.74(5)
81.10(7)
85.43(3)
85.20(7)
94.49(7)
93.25(7)

169.47(3)
80.68(8)
92.94(7)
95.31(7)
89.85(3)

6

2.037(3)
2.037(3)
2.4456(10)
2.4701(10)
2.4212(10)
2.012(3)

81.42(8)
161.69(8)
91.19(9)

118.02(4)
158.94(8)
80.28(8)
85.51(3)
87.33(3)
87.56(7)
94.13(8)

170.73(9)
80.41(11)

101.28(11)
90.15(11)
87.12(8)

7

2.020(6)
2.023(5)
2.428(2)
2.481(2)
2.440(2)
2.5927(12)

81.6(2)
162.7(2)
89.16(5)

115.72(7)
162.3(2)
81.1(2)
85.78(6)
85.30(6)
92.4(2)
92.19(14)

172.43(6)
81.4(2)
91.86(14)
94.62(14)
92.00(5)

8

2.007(12)
2.005(12)
2.417(5)
2.385(4)
2.403(5)
2.057(12)

82.7(4)
160.5(4)
89.4(4)

114.6(2)
162.6(3)
83.5(4)
85.9(2)
87.0(2)
93.2(3)
87.1(3)

172.9(4)
79.1(5)
92.4(5)
98.2(5)
90.0(3)

a X = O (H2O), Cl, N (SCN), Se (eseu) and N (py) for complexes 4, 5, 6, 7 and 8 respectively; the same numbering scheme has been adopted for all the
five complexes (see Fig. 1).

between the unco-ordinated Cl2 ions and the H(1A) and H(1B)
hydrogens of two CH2 groups next to the phenanthroline
moieties [H(1B) ? ? ? Cl(2) 2.68, H(1A) ? ? ? Cl(2i) 2.66 Å, i 3 2 x,
1 2 y, 1 2 z] generate dimeric units of the complex cation
(Fig. 2). In complex 6 the SCN2 ion binds the NiII through its
nitrogen atom [Ni–N(3) 2.012(3) Å, Ni–N(3)–C(19) 157.3(3),
S(3)–Ni–N(3) 170.73(9)8] instead of through the softer sulfur
donor (Table 1). In complex 7 the co-ordinated imidazoline
ring [Ni–Se 2.5927(12) Å, Ni–Se–C(1L) 103.80(2), S(3)–Ni–Se
172.43(6)8] is almost parallel to the phenanthroline moiety of
the macrocycle with an interannular interaction between the
imidazoline ring and the phenanthroline moiety of 3.636(6) Å
(Fig. 3). The complex cations interact in a pairwise fashion and
the structure is determined by secondary interactions between
the selenium atom of one complex cation and the two sulfur
atoms in the basal co-ordination plane from the other
[Se ? ? ? S(1i) 3.485(2) and Se ? ? ? S(2i) 3.512(2) Å, i 2x, 1 2 y,
1 2 z]. The S ? ? ? S interactions between the two co-ordinated L
molecules [3.505(2) Å] and very weak Se ? ? ? H contacts (3.053
Å) contribute to the association of the two complex cations,
imposing a cubane-like arrangement on the Ni2Se2S4 core
framework (Fig. 3). Finally, the structure of [NiL(py)][BF4]2 8
also confirms six co-ordination at NiII with L adopting
a square-based pyramidal geometry at the metal and the pyr-
idine molecule axially co-ordinated to complete a distorted
octahedral co-ordination sphere [Ni–N(3) 2.057(12) Å, S(3)–
Ni–N(3) 172.9(4)8] (Table 1). The reaction of [NiL(MeCN)]-
[BF4]2 1 with the ligands Br2, CN2, aniline or etu affords
microcrystalline products after crystallization from MeCN–
Et2O (see Experimental section); analytical data, IR and FAB
mass spectroscopy suggest the formulation [NiL(L9)]BF4 (9,10)
and [NiL(L9)][BF4]2 (11,12) for all of these but unfortunately no
single crystal suitable for X-ray diffraction studies has been
obtained.

The substitution reactions of the co-ordinated acetonitrile
molecule in complex 1 has been followed by UV-visible spectro-
photometric titrations, carried out in MeCN solution, using
anionic and neutral ligands L9 [Cl2, Br2, I2, CN2, SCN2, H2O,
pyridine, aniline, 1,3-dimethyl-4-imidazoline-2-thione or 1,3-
dimethyl-4-imidazoline-2-selone]. The presence of at least one
isosbestic point (see Fig. 4) indicates that only two absorbing
species are involved in the reaction, according to equilibrium
(1) where (2 2 n) equals 1 or 2 depending on the charge (21

[NiL(MeCN)]21 1 L9n2 [NiL(L9)](2 2 n)1 1 MeCN (1)

or 0) of the titrant ligand L9. The presence of only two species
involved in the equilibrium has also been confirmed by a factor
analysis 11 of the electronic spectra recorded after each addition
of L9. In all the titrations with the anionic ligands the initial
spectrum changes with increasing amounts of L9 added until
the 1 :1 [L9] : [1] molar ratio is reached. On addition of an excess
of L9 the spectrum does not change further, indicating that the
substitution reaction is quantitative. The dashed line in Fig. 4
has been recorded for the 1 :1 [Cl2] : [1] molar ratio and corre-
sponds to the spectrum of a pure sample of [NiL(Cl)]1 at the
same concentration. Analogous behaviour has been observed
for all the other anionic ligands. The quantitative nature of
these titrations‡ is also confirmed by the plots of the absorb-

Fig. 4 The UV-visible spectra of mixtures of [NiL(MeCN)][BF4]2 1
and Et4NCl, showing four isosbestic points at 476, 554, 685 and 910
nm. [1] = 1.56 × 1022 mol dm23 and [Et4NCl] = 0, 1.56 × 1023,
3.12 × 1023, 4.68 × 1023, 6.24 × 1023, 7.80 × 1023, 9.36 × 1023,
1.25 × 1022 and 1.56 × 1022 mol dm23 for (a), (b), (c), (d), (e), (f), (g),
(h) and (i) respectively. For clarity only the first and the last of these
spectra have been labelled.

‡ Reactions of complex 1 with anionic ligands may have an equilibrium
nature but the corresponding equilibrium constants should be very
high; consequently, their spectrophotometric determination cannot give
reliable values.
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ance values versus the [L9] : [1] molar ratios, which always show
two straight lines crossing at the [L9] : [1] value of 1 :1 [Fig. 5(a)
for the case of Cl2]. In the titrations with the neutral ligands
(H2O, py, an, etu or eseu) the spectra continue to exhibit
changes even when the [L9] : [1] molar ratio exceeds 1 :1 [see Fig.
5(b) for the case of L9 = eseu]. In these cases, from the distribu-
tion curves, it has been possible to make a preliminary estimate
of the equilibrium constants of reaction (1) for all five neutral
ligands and the values obtained have been deposited as SUP
57496. However, in order to obtain more reliable Keq values,
especially for the cases in which the spectral features of the two
absorbing species 1 and [NiL(L9)]21 are very similar (L9 = py,
etu or H2O), we have also calculated them by using a non-linear
least-squares program 12 on the same set of spectra from which
the distribution curves were computed. The obtained Keq values
(Table 2) show that the best donor is pyridine, followed by water,
whereas eseu is a better donor than its sulfur analogue etu.

The redox properties of complex 1, monitored by cyclic
voltammetry in MeCN solution (0.1 mol dm23 Bun

4NBF4)
have been previously described.9 A quasi-reversible reduction at
1E₂

₁ = 20.98 V vs. ferrocene–ferrocenium, assigned to a metal-
based NiII–NiI couple, and a second broad irreversible process
at 2Epc = 21.91 V , presumably due to the NiI–Ni0 couple, were
observed. Coulometric measurements in MeCN under argon at
controlled potential show the first reduction to be a one-
electron process with formation of a brown precipitate. This
precipitate, obtained by electrolytic process on the first reduc-
tion peak carried out at room temperature and at 220 8C,
was diamagnetic and ESR silent at 77 K and gave satisfac-
tory elemental analysis for [NiL]BF4. This might indicate the
formation of a binuclear complex having a NiI–NiI bond, as
reported for some nickel() complexes with tetraazamacrocyclic
ligands.13 The cyclic voltammetry of 1 has also been recorded in
MeCN under an atmosphere of carbon monoxide (Fig. 6) with
the aim of isolating the paramagnetic nickel() complex before

Fig. 5 Plots of the absorbance values versus the [L9] : [1] molar ratios at
different wavelengths for the titrations of [NiL(MeCN)][BF4]2 1 with
Et4NCl (a) and eseu (b).

Table 2 Equilibrium constants (dm3 mol21; MeCN; T = 25 8C) for
the substitution reaction of MeCN in [NiL(MeCN)][BF4]2 1 with the
neutral ligands (L9). Standard deviations in parentheses

L9

H2O
etu
eseu
py
an

Keq
a

70(5)
16(1)
39(2)

306(16)
9(2)

s b

0.31–0.77
0.14–0.64
0.30–0.85
0.62–0.98
0.09–0.73

Keq
c

139(29)
32(3)
32(3)

123(30)
13(0.3)

a Calculated from a non-linear least-squares method.12 b Saturation
fraction defined as the ratio between the concentration of the com-
plex formed and the analytical concentration of 1. c Calculated from
distribution curves.

it can dimerize. The shift of the second reduction process from
ca. 21.5 (vs. Ag–AgCl) to ca. 21.0 V indicates an interaction of
the species from this reduction process with CO, but again no
ESR signal has been detected at 77 K from the brown precipi-
tate obtained after coulometry at the first reduction potential.
The same results were obtained by carrying out the cyclic
voltammetry and the reductive controlled-potential electrolysis
upon the first reduction process under the same condition as
before but in the presence of P(OMe)3 and under argon. The
cyclic voltammogram for complex 1 was then measured under
argon in MeCN in the presence of PMe3 and a very small shift
was observed for the primary reduction wave to more negative
potential. After reductive controlled-potential electrolysis at
room temperature on the first reduction peak a pale green solu-
tion was obtained which showed an isotropic ESR spectrum as
a frozen glass (77 K) with a giso value of 2.12 assigned to the
[NiIL(PMe3)]

1 species. This clearly indicates that the first reduc-
tion wave in the cyclic voltammogram of 1 is metal based and
corresponds to the initial formation of the [NiIL]1 species
rather than to the formation of a nickel() ligand radical
species [NiII(L~2)]1.14 The cyclic voltammetry (CV) measure-
ments (Table 3) on all the complexes obtained from 1 by substi-
tuting the MeCN molecule with anionic ligands have been
carried out in dmf solutions for solubility reasons. The first
reduction wave is completely irreversible for L9 = Cl2, Br2, I2,
CN2 or SCN2; the substantial variation of the 1Epc value on
changing the nature of the anionic ligand L9 (Table 3) is
further evidence of the reduction process being metal based
(i.e. NiII → NiI). Cyclic voltammetry was also carried out
in dmf in the case of [NiL(L9)]21 complexes obtained with
neutral ligands and it shows the first reduction process to be

Fig. 6 Cyclic voltammograms in MeCN of complex 1 in an atmo-
sphere of argon (thin line) and CO (thick line). Scan rate 100 mV s21,
supporting electrolyte 0.1 mol dm23 Bun

4NBF4.

Table 3 Reduction peaks versus Fc/Fc1 obtained by cyclic voltam-
metry in dmf solution for all the nickel() complexes synthesized
(supporting electrolyte 0.1 mol dm23 Bun

4NBF4, scan rate 100 mV s21)

Complex

1 [NiL(MeCN)][BF4]2
b

2 [NiL(Cl)]BF4
d

9 [NiL(Br)]BF4

3 [NiL(I)]I3

10 [NiL(CN)]BF4

6 [NiL(SCN)]BF4

7 [NiL(eseu)][BF4]2
b

12 [NiL(etu)][BF4]2
b

8 [NiL(py)][BF4]2
b

11 [NiL(an)][BF4]2
b

1Epc/V

21.23 c

21.42
21.35
21.18
21.36
21.48
21.15 c

21.12 c

21.14 c

21.11 c

2Epc
a/V

21.96
21.95
21.95
21.99
21.98
22.03
21.94
21.92
21.92
21.92

a The second reduction process is irreversible for all complexes. b As
shown by electronic spectroscopy, this complex undergoes a partial
substitution of the co-ordinated L9 with a solvent molecule in dmf.
c The reduction process is quasi-reversible and becomes reversible
[ip(anodic) = ip(cathodic), ∆E = 0.056 mV] at low potential scan speed;
∆E ranges from 0.14 to 0.20 V at 100 mV s21. d The reduction peaks of
[NiLCl]Cl?H2O 5 are the same as those of 2.
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quasi-reversible and to have a narrow range of variability for
1Epc between 21.11 and 21.23 V (vs. Fc/Fc1; Table 3). This is
probably due to the presence of the equilibrium (1) which
occurs in MeCN as well as in dmf solution as shown by spec-
trophotometric measurements. A second irreversible reduction
process is present for all the studied complexes (Table 3).

In conclusion, the present study clearly confirms the ability
of L to encapsulate NiII, blocking five of the co-ordination sites
around the metal, leaving the sixth free to be occupied by vari-
ous other ligands. This represents an ideal case for studying
thermodynamically competitive substitution reactions at the
metal, whereas from a synthetic point of view it offers the pos-
sibility of using the [NiL]21 cation as a building block for the
design of more complex systems, for example multi-centred
compounds with multidentate ligands.

Experimental
All melting points are uncorrected. Microanalytical data were
obtained on a Fisons EA 1108 CHNS-O instrument operating
at 1000 8C. The IR spectra (4000–400 cm21) were recorded as
KBr pellets using a Perkin-Elmer 983 spectrophotometer and a
7500 Data Station.

The UV-visible measurements were carried out in MeCN
solution by using a Varian Cary 5 UV-Vis-NIR spectro-
photometer equipped with a temperature controller accessory
and connected to an IBM PS/2 computer. The spectra of sev-
eral solutions were recorded in the range 450–1250 nm at 25 8C,
keeping the concentration of complex 1 constant and varying
that of L9 up to a [L9] : [1] molar ratio of ca. 1.2 :1 for anionic
(beyond this limit a solid starts precipitating) and ca. 15 :1 for
neutral ligands L9. The spectra recorded for each ligand L9 were
analysed using the program SPECFIT 11 to determine the num-
ber of species present in solution. In all cases the presence of
only two species was confirmed. Subsequently, the spectra were
deconvoluted into their constituent Gaussian peaks.15 From the
heights of these peaks, the molar absorption coefficients for the
two species in equilibrium were evaluated and the distribution
curves computed.15 In the case of the reactions with the neutral
ligands, the same set of spectra were also used to calculate the
Keq values by a program based on a non-linear least-squares
method.12 This program assumes that the best values of Keq

and ε are those which minimize the sum of the function
χ2 = Σ(Ac 2 As)

2/(N 2 2), where Ac and As are the calculated and
experimental absorbances and N is the number of data points.
The optimization of Keq values was carried out using four dif-
ferent wavelengths. In the Preparation section (see below), the
UV-visible spectra reported for complexes 4, 7, 8, 11 and 12 are
those recorded at the end of the spectrophotometric titration of
1 with the appropriate neutral ligand; for 5, 6, 9 and 10 they
refer to MeCN solutions of 1 and the appropriate anionic
ligand in 1 :1 molar ratio.

Cyclic voltammetry was performed using a conventional
three-electrode cell, with a platinum double-bead electrode and
Ag–AgCl reference electrode. All measurements were taken
under an argon atmosphere in a 0.1 mol dm23 solution of
Bun

4NBF4 in dmf or MeCN, which were freshly distilled from
MgSO4 and CaH2 respectively, prior to use. Scan rates ranged
from 50 to 400 mV s21. Data were recorded on a computer
controlled Model 273 EG & G (Princeton Applied Research)
potentiostat galvanostat using Model 270 electrochemical
analysis software. The ESR spectra were recorded by using a
Bruker ER-200D spectrometer.

The isosbestic points in the spectrophotometric titration of
complex 1 with L9, and the Keq values estimated from the distri-
bution curves have been deposited as SUP 57496.

Preparations

The macrocyclic ligand L and the complexes 1–3 were syn-
thesized according to the procedure previously reported.9

[NiL(H2O)][ClO4]2?H2O 4. A solution of Ni(ClO4)2?6H2O
(128 mg, 0.35 mmol) in MeCN (1.5 cm3) was added to a solu-
tion of L (128 mg, 0.35 mmol) in CH2Cl2 (1.5 cm3). The violet
microcrystalline solid which formed was filtered off and
recrystallized from methanol (130 mg, 58% yield), mp 141 8C
with decomposition [Found (Calc. for C18H22Cl2N2NiO10S3): C,
32.8 (33.2); H, 3.6 (3.4); N, 4.1 (4.3); S, 15.7 (14.8)%]. Electronic
spectrum in MeCN: 553 (30), 873 (60) and 967 nm (55 dm3

mol21 cm21); 10Dq = 11460 cm21. IR (KBr pellet), ν̃/cm21:
3407m, 3059w, 2964w, 2921w, 1621m, 1590m, 1576m, 1499m,
1415m, 1391m, 1275w, 1088s, 923w, 885m, 853m, 733m, 636m,
625s and 542w.

[NiL(Cl)]Cl?H2O 5. A solution of NiCl2?6H2O (88 mg, 0.35
mmol) in CH2Cl2 (1.5 cm3) was added to a solution of L (128
mg, 0.35 mmol) in CH2Cl2 (1.5 cm3). A pale green microcrystal-
line solid was formed, which was filtered off and recrystallized
from n-butanol (154 mg, 88% yield), mp 241 8C with decom-
position [Found (Calc. for C18H20Cl2N2NiOS3): C, 42.5 (42.7);
H, 4.1 (4.0); N, 5.1 (5.5); S, 18.4 (19.0)%]. Electronic spectrum
in MeCN: 560 (41), 579 (shoulder) (40), 912 (46) and 1011 nm
(35 dm3 mol21 cm21); 10Dq = 10960 cm21. IR (KBr pellet),
ν̃/cm21: 3383s, 3079w, 2967w, 1621m, 1589m, 1486m, 1419m,
1386m, 1179w, 923w, 887m, 859m, 723w and 537w.

[NiL(SCN)]BF4?MeNO2 6. Addition of Bun
4NSCN (14.3

mg, 0.047 mmol) to a solution of complex 1 (30 mg, 0.047
mmol) in MeCN followed by crystallization from MeNO2–Et2O
afforded purple blocky crystals of 6 (16.5 mg, 62% yield), mp
240 8C with decomposition [Found (Calc. for C20H21BF4-
N4NiO2S4): C, 38.2 (38.5); H, 3.4 (3.4); N, 8.9 (9.0); S, 20.5
(20.6)%]. FAB mass spectrum (3-nitrobenzyl alcohol matrix):
m/z 474, 416; calc. for [58NiL(SCN)]1 and [58NiL]1 m/z 474 and
416 respectively. Electronic spectrum in MeCN: 552 (53), 889
(67) and 975 nm (53 dm3 mol21 cm21); 10 Dq = 11250 cm21. IR
(KBr pellet), ν̃/cm21: 3080w, 2910w, 2077s, 1590m, 1574m,
1485m, 1429m, 1395m, 1372m, 1061s, 886m, 855m and 522w.

[NiL(eseu)][BF4]2 7. 1,3-Dimethyl-4-imidazoline-2-selone
(0.28 g, 1.58 mmol) was added to a solution of complex 1 (50
mg, 0.079 mmol) in MeCN. Crystallization from MeCN–Et2O
afforded dark red blocky crystals of 7 (40 mg, 67% yield), mp
255 8C with decomposition [Found (Calc. for C23H26B2F8-
N4NiS3Se): C, 36.1 (35.9); H, 3.6 (3.4); N, 7.4 (7.3); S, 12.4
(12.5)%]. FAB mass spectrum (3-nitrobenzyl alcohol matrix):
m/z 416; calc. for [58NiL]1 m/z 416. Electronic spectrum in
MeCN: 890 (59) and 1058 nm (shoulder) (19 dm3 mol21 cm21);
10 Dq = 11240 cm21. IR (KBr pellet), ν̃/cm21: 3190w, 3170w,
3109w, 2925w, 1590w, 1572w, 1485m, 1422m, 1383m, 1238w,
1060s, 884m, 857m, 740w, 722w, 534w and 522w.

[NiL(py)][BF4]2 8. Pyridine (2.6 cm3 of 0.6 mol dm23 solution
in MeCN, 1.58 mmol) was added to a solution of complex 1 (50
mg, 0.079 mmol) in MeCN. Crystallization from MeCN–Et2O
afforded purple columnar crystals of 8 (38 mg, 72% yield), mp
241 8C with decomposition [Found (Calc. for C23H23B2F8-
N3NiS3): C, 41.4 (41.2); H, 3.6 (3.5); N, 6.3 (6.3); S, 14.4
(14.4)%]. FAB mass spectrum (3-nitrobenzyl alcohol matrix):
m/z 416; calc. for [58NiL]1 m/z 416. Electronic spectrum in
MeCN: 538 (55), 873 (65) and 979 nm (shoulder) (36 dm3 mol21

cm21); 10 Dq = 11460 cm21. IR (KBr pellet), ν̃/cm21: 3077w,
2985w, 2956w, 2921w, 1606m, 1588m, 1488m, 1445m, 1439m,
1422m, 1290w, 1049s, 895m, 863m, 796m, 727m, 638w, 521m
and 432w.

[NiL(Br)]BF4 9. Addition of Bun
4NBr (25.5 mg, 0.079 mmol)

to a solution of complex 1 (50 mg, 0.079 mmol) in MeCN,
followed by crystallization from MeCN–Et2O, afforded green
microcrystals of 9 (30 mg, 65% yield), mp 235 8C with decom-
position [Found (Calc. for C18H18BBrF4N2NiS3): C, 37.1
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(37.0); H, 3.2 (3.1); N, 4.9 (4.8); S, 16.4 (16.5)%]. FAB mass
spectrum (3-nitrobenzyl alcohol matrix): m/z 497, 416; calc. for
[58NiL(Br)]1 and [58NiL]1 m/z 496 and 416 respectively. Elec-
tronic spectrum in MeCN: 564 (48), 922 (48) and 1025 nm (33
dm3 mol21 cm21); 10 Dq = 10850 cm21. IR (KBr pellet), ν̃/cm21:
3080w, 2976w, 2886w, 1590m, 1574m, 1500m, 1486m, 1392m,
1373m, 1061s, 935m, 886m, 852s, 726m, 685m, 542m and 521m.

[NiL(CN)]BF4 10. Addition of Bun
4NCN (12.8 mg, 0.047

mmol) to a solution of complex 1 (30 mg, 0.047 mmol) in
MeCN, followed by crystallization from MeCN–Et2O, afforded
pink microcrystals of 10 (15 mg, 60% yield), mp 230 8C with
decomposition [Found (Calc. for C19H18BF4N3NiS3): C, 43.0
(43.1); H, 3.3 (3.4); N, 7.8 (7.9); S, 18.2 (18.1)%]. FAB mass
spectrum (3-nitrobenzyl alcohol matrix): m/z 442, 416; calc. for
[58NiL(CN)]1 and [58NiL]1 m/z 442 and 416 respectively. Elec-
tronic spectrum in MeCN: 529 (44), 872 (45) and 975 nm
(shoulder) (30 dm3 mol21 cm21); 10 Dq = 11470 cm21. IR (KBr
pellet), ν̃/cm21: 3070w, 2917w, 2143m, 1620m, 1486m, 1432m,
1422m, 1057s, 939m, 886m, 522w and 428w.

[NiL(an)][BF4]2 11. Aniline (2.6 cm3 of solution 0.6 mol dm23

in MeCN, 1.58 mmol) was added to a solution of complex 1 (50
mg, 0.079 mmol) in MeCN. Crystallization from MeCN–Et2O
afforded dark pink microcrystals of 11 (30 mg, 56% yield), mp
238–239 8C with decomposition [Found (Calc. for C24H25B2-
F8N3NiS3): C, 42.3 (42.2); H, 3.5 (3.4); N, 6.3 (6.2); S, 13.9
(14.1)%]. FAB mass spectrum (3-nitrobenzyl alcohol matrix):
m/z 433, 416; calc. for [58NiL(NH)3]

1 and [58NiL]1 m/z 433 and
416 respectively. Electronic spectrum in MeCN: 542 (46), 877
(61) and 997 nm (shoulder) (33 dm3 mol21 cm21); 10 Dq = 11400
cm21. IR (KBr pellet), ν̃/cm21: 3319m, 3278m, 3180w, 3075w,
3039w, 2987w, 2928w, 1593s, 1491s, 1415m, 1396m, 1261w,
1047s, 886m, 856m, 802m, 763m, 701m and 522m.

[NiL(etu)][BF4]2 12. 1,3-Dimethyl-4-imidazoline-2-thione
(etu) (0.2 g, 1.58 mmol) was added to a solution of complex 1
(50 mg, 0.079 mmol) in MeCN. Crystallization from MeCN–
Et2O afforded dark green microcrystals of 12 (30 mg, 53%
yield), mp 242–243 8C with decomposition [Found (Calc. for
C23H26B2F8N4NiS4): C, 38.6 (38.4); H, 3.8 (3.9); N, 7.8 (7.8); S,
17.8 (17.8)%]. FAB mass spectrum (3-nitrobenzyl alcohol mat-
rix): m/z 416; calc. for [58NiL]1 m/z 416. Electronic spectrum in
MeCN: 547 (62), 879 (61) and 1054 nm (shoulder) (23 dm3

mol21 cm21); 10 Dq = 11380 cm21. IR (KBr pellet), ν̃/cm21:
3175w, 3145w, 3121w, 2937w, 2334w, 1591m, 1572m, 1484m,
1431m, 1422m, 1390m, 1240m, 1057s, 884m, 858m, 750w, 733w,
723w, 675w, 535w and 521m.

Crystallography

Crystal data for all five structure determinations appear in
Table 4. Only special features of the analyses are noted here.

[NiL(H2O)][ClO4]2?H2O 4 and [NiL(Cl)]Cl?H2O 5. Single-
crystal data collections were performed using ω–2θ scans. Both
datasets were corrected for Lorentz-polarization effects, and for
absorption by means of ψ scans (transmission factor ranges
were 0.909–1.00 for 4 and 0.842–1.00 for 5). The structures were
solved by direct methods using SHELXS 86 16 and full-matrix
least-squares refinements on F 2 were performed using SHELXL
93.17 Non-hydrogen atoms of 4 were refined with anisotropic
displacement parameters and hydrogen atoms were introduced
at geometrically calculated positions and thereafter allowed to
ride on their parent atoms. The structure of 5 shows disorder of
the carbon atoms C(16) and C(17), each component of which
is approximately half occupied. Partially occupied hydro-
gen atoms were not included, but other hydrogen atoms were
treated as for 4 and non-hydrogen atoms were refined with
anisotropic displacement parameters.

[NiL(SCN)]BF4?MeNO2 6. The crystal was cooled to 150 K
using an Oxford Cryosystem open flow cryostat 18 and data were
acquired using area detector scans.19 The structure was solved
by a combination of direct and Fourier methods using
SHELXS 96 16 and full-matrix least-squares refinements on F 2

were performed using SHELXL 96.17 All non-H atoms were
refined anisotropically and H atoms were placed in calculated
positions and thereafter allowed to ride on their parent atoms.

[NiL(eseu)][BF4]2 7. The crystal was cooled to 150 K using an
Oxford Cryosystem open-flow nitrogen cryostat.18 Data were
acquired as ω scans. The structure was solved by direct methods
using SHELXS 97 16 and full-matrix least-squares refinements
on F 2 were performed using SHELXL 97.17 All non-H atoms
were refined anisotropically and H atoms were placed geo-
metrically and thereafter allowed to ride on their parent atoms.
Disorder in the BF4

2 anions was identified and modelled. For
one anion two independent orientations could be identified.
Similarity restraints 17 were applied to B–F and F ? ? ? F dis-
tances. The F atoms of the major (0.76) component were
refined anisotropically, those of the minor (0.24) isotropically.
In the second anion it was only possible to identify two
components for one F atom: these were refined as above and
the final occupancies were 0.84 and 0.16 for major and minor
components, respectively.

[NiL(py)][BF4]2 8. The crystal was cooled to 220 K using an
Oxford Cryosystem open-flow nitrogen cryostat 18 and data
were acquired as ω–θ scans using on-line profile fitting.20

Numerical corrections (transmission factor ranges were 0.764–
0.839) for the effects of absorption were applied and the
structure was solved by direct methods 16 and refined 17 with
anisotropic displacement parameters for all fully occupied non-
H atoms. Pseudo-orthorhombic twinning was detected and
successfully included in the model using the twin law (100/
0–10/00–1): twin components were found to occur in the ratio
0.78 :0.22. The largest features in the final ∆F synthesis lie
within 1.1 Å of the Ni atom.

CCDC reference number 186/1338.
See http://www.rsc.org/suppdata/dt/1999/1085/ for crystallo-

graphic files in .cif format.
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