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Stepwise Complexation of Ni(ll) and Cu(ll) lons by 6,8-C-spirobi(cyclam) (cyclam =
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In aqueous HCIQ the cation [H(L1)]*" where L is 6,8-C-spirobi(cyclam) (cyclan¥ 1,4,8,11-tetraazacyclotet-
radecane), complexes &uand NF* ions in a stepwise fashion to form [MgH;)](ClO4)4 (M = Cu?™ and NF)
from which [CuNi(L1)](ClO4)4 has been prepared selectively. The preparation and the structure 6 {iJu
(ClOg4)4 (empirical formula, GoH44NsCu,Cl4sO16, Space group, triclinicPl; a = 8.1815(6) Ab = 12.6098(9) A,

¢ = 16.6565(12) Ao = 80.3890(10), 8 = 76.5840(10), y = 87.1750(10), V = 1647.9(2) B, andzZ = 2; of
the 9531 total reflections collected, 6779 reflections with 20(1) on least-squares refinement provided fiRal

= 0.0657 and W, = 0.1424) are also reported. The cyclic voltammograms (1.0 M NaCl, 0.1 MPielectrodes;
all E12 vs NHE) of [M(HoL1)]*" (M = Cw?*" and NF*) ions show single waves for the &Cu'" couple €12 =
0.79 V, irreversible) and the NiNi"" couple € = 0.56 V, reversible), respectively. In GBN (0.1 M Et-
NCIOy), the [Cu(L1)]*t ion shows a reversible wave for the 'CuCu'/Cu'—-Cu" couple {E;, = 1.120 V) and
an irreversible wave for the Cu-Cu''/Cu'" —Cu'" couple €E1, = 1.430 V). Similarly, a reversible wave for the
Cu'—Ni"/Cu" —Ni"" couple {Ei, = 0.750 V) and an irreversible wave for the''Ni Cu'/Ni"" —Cu"" couple
(%E1, = 1.20 V) are observed in the case of the f@il'(L1)]4* ion. The [Cu(L1)]** ion (go = 2.120,g, = 2.256
and 2.196 A, = 150 G, andD; = 75 G) and the mixed valent species [Bli'" (L1)]5* (for Cu?t, go = 2.060,q;

= 2.219, andA, = 100 G; for NP* in sulfate mediagn = 2.204 andg, = 1.967) and [CUCU" (L1)]°* (g« =
1.982, Oy = 2.155,9,, = 2.386,A,y = 80 G, andA,, = 120 G) show dipolatdipolar interaction. In the mixed-
valent ions, due to strong electrostatic repulsion from either the Ni(lll) or Cu(lll) ions, significantly srgller
(or A;) values are observed for the €uion compared to 200 G in the mononuclear ions. Also, the'[{G
(L1)]** in aqueous HCI@and the [Ni(L1)]4* ion in CHNO, show a tendency to reduce perchlorate very slowly.

Introduction Chart 1

Homo-binuclear macrocyclic complexes prepared from bis- (\2/7
macrocycles of the typed L3, and Ly (Chart 1) have been N N Hm . H(\ .
studied extensively.Generally, these ligands lack metal ion C >C/ \)H N N N N
selectivity, and hence, preparation of hetero-binuclear complexes [ j
is rather laborious.Open chain ligands that show site specific L I
metal ion selectivity are known, and both homo- and hetero- ! v K)
binuclear complexes of such ligands have been investigated for L3
magnetic interactionsOnly recently, macrocyclic analogues A /—\ H
of these ligands have been prepared, and selective formationC >—< > m )
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2,2 -dipyridyl® units built into their structure. Ru(HCu(ll)

Inorganic Chemistry, Vol. 38, No. 22, 199%079

the formation and isolation of [M(kL1)]*" (M = CU&" and

complexes of the latter systems show promise as photoantennadli2™) and their usefulness in the selective synthesis of [CuNi-

and in photo-electron-transfer processes.

Binuclear macrocyclic complexes are potentially good can-

didates for catalyst® For example, cofacial porphyrins have
been used for the electrocatalytic reduction of oxytfeand

[Nia(L2)]** cation has been shown to be good for the electro-

catalytic reduction of water to hydrogémRecently, a binuclear
Ni(ll) complex of a bis(cyclam) derivative has been shown to
enhance the photocatalytic reduction of carbon dio¥dgarlier

(L)I(CIO4)a. Also, the syntheses, UWis and EPR spectros-
copy, and redox behavior of [GL1)]*", [CuNi(Ly)]*", [Cu'-
Ni'"(Ly)]>", and [CUCU"(L1)]>" ions and the X-ray structure
of [Cuy(L1)](ClOy4)4 are presented.

Experimental Section

Caution: Perchlorate salts are potentially explosiwhen heated
or dried on a filter paper. Only small quantities of such materials should

studies of binuclear complexes focused on intramolecular pe prepared. Extreme care should be taken toid contact with
electron-transfer processes and intervalence charge-transfecombustible organic matter and heat

spectra of mixed-valent speci¥sin recent years, this focus
has shifted to small molecule activatférand application in
molecular magnetism and electroniésThe hetero-binuclear

Synthesis.The ligands L'® and L,*¢ were prepared as described in
the literature. The tetrahydroperchlorate salts of the ligands were
precipitated by dropwise addition of 70% HGI@® a solution of the

two different stable oxidation states, and such reversible bistable

states are potentially useful for constructing molecular devfces.
Fabbrizzi et al. first reported the effects of electrostatic

repulsion on the redox behavior of [CUNKI(CIO4)4.13 In a

subsequent study, Mochizuki etZ@lreported the isolation of

minimum amount of hot water.

[Cu(H2L1)](CIO 4)4. To a solution of 1.50 g (1.9 mmol) of [#4]-
(ClOy4)4 dissolved in 250 mL of water, 2 mL of 70% HCj@as added
and maintained at 5060 °C in a water bath under stirring. To this
clear solution, 0.704 g (1.9 mmol) of Cu(GJ@6H,0 in 25 mL of
water was added. This mixture was stirred at°€) and the excess

[Ni(L 2)]2* by column chromatography and the selective prepa- acid was neutralized over a periofiaoh to afinal pH of 7.0-7.5 by

ration of CU—Ni", Cu'-C0d', and NI'-Cd' complexes of L.

dropwise addition of a saturated solution of NaHC®his solution

Earlier, we reported the structure and redox behavior of the was concentrated to half its original volume and cooled in an ice bath.

trans|Il isomer of [Nix(L1)](ClO4)4.2* In this paper we describe

(3) (a) Castellato, U.; Vigato, P. A.; Vidali, MCoord. Chem. Re 1977,
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R.; Romerosa, Alnorg. Chem.1994 33, 3914. (c) Birkelback. F.;
Winter, M.; Florke, U.; Haupt, H. J.; Butzlaff, C.; Lengenm M.; Bill,
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K.; Okawa, H.; Arataka, Y.; Kida, Snorg. Chim. Actal991, 180.
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Schroder, M.J. Chem. Soc., Chem. Commut993 1662. (d)
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Bosnich, B.Inorg. Chem.1997, 36, 2230 and references therein. (e)
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Communl1993 1662. (g) Yonemura, M.; Matsumura, Y.; Furutachi,
H.; Ohba, M.; Okawa, H.; Fenton, D. Ehorg. Chem1997, 36, 2711.

(h) Kurutachi, H.; Okawa, Hnorg. Chem1997, 36, 3911. (i) Fraser,
C.; Johnson, L.; Rheingold, A. L.; Haggerty, B. S.; Williams, G. K.;
Whelan, J.; Bosnich, Blnorg. Chem 1992 31, 1835. (j) Bosnich,
B.; Inorg. Chem 1999 38, 2554.
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363. (b) Sato, M.; Akabori, S.; Katada, M.; Motoyama, |.; Sano, H.
Chem. Lett1987 1847. (c) Beer, P. D.; Nation, J. E.; McWhinnie, S.
L.; Harman, M. E.; Hursthouse, M. B.; Ogden, M. |.; White, A. H.
Chem. Soc., Dalton Tran$991, 2485. (d) Czech, B.; Czech, A.; Kang,
S. |; Bartsch, R. AChem. Lett1984 37. (e) Rawle, S. C.; Moore,
P.; Alcock, N. W.J. Chem. Soc., Chem. Commuad®92 684.
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Chichester, 1991.
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Kobayashi, N.; Herman, L.; Nevin, W. A.; Janda, P, Leznoff, C.; Lever,
A. B. P. Inorg. Chem.199Q 29, 3415 and references therein. (c)
Astruc, D.Acc. Chem. Resl986 19, 377. (d) Durand, R. R., Jr,;
Benscosme, C. S.; Collmann, J. P.; Anson, FJCAm. Chem. Soc.
1983 105 2710.

(9) Collin, J.-P.; Jovaiti, A.; Sauvage, J.4Rorg. Chem1988 27, 1986.

(10) Richardson, D. E.; Taube, i€oord. Chem. Re 1984 60, 107.

(11) Wagner, R. W.; Brown, P. A.; Johnson, T. E.; Lindsey, J.&£hem.
Soc., Chem. Commuh991, 1463 and references therein.

(12) (a) Lehn, J.-MSupramolecular Chemistrf)/CH: Weinheim, 1995.
(b) De Santis, G.; Fabbrizzi, L.; Licchelli, M.; Sardone, N.; Velders,
A. H. Chem. Eur. J1996 2, 1243.
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The crystalline pale pink precipitate which formed was collected,
washed successively with GBEN and E£O, and dried under vacuum.
This solid was recrystallized from a 1:1 v/v mixture of ¢EN and
water to yield pale pink crystals of [Cugth)](ClO,)a. Yield: 1.21 g
(75%). Anal. Calcd for @&H4sNsCuClO;s6 (found): C, 26.91 (26.60);
H, 5.47 (5.33); N, 13.21 (13.00); Cu, 7.49 (7.41). MS:* Kalcd for
C10H46NgCuCkO1s, 748.5 (fOUnd 7482), Kt calcd for GoHasNg-
CuClIQy, 273.7 (found 273.7).

[Ni(H 2L 1)](ClIO4)a. To a solution of 0.392 g (0.5 mmol) of j#H4]-
(CIOy4)4 in 100 ML of water was added 2 mL of 70% HCIOThis
mixture was stirred and warmed in a water bath at68 °C to form
a clear solution. A solution of 0.220 g (0.6 mmol) of Ni(G)}6H,0
in 25 mL of water was added, and the solution was slowly neutralized
over a period 4 h to afinal pH of 7—7.5 with saturated NaHCD
solution and stirred overnight.The resulting solution was concentrated
to half its original volume and again just made acidic with 20% HCIO
Bright orange crystalline solids that formed on standing were filtered
off under suction and dried. The product was ground to a fine powder,
digested with CHCN at 60°C, filtered under suction, and air-dried.
Yield: 0.245 g (58%). Anal. Calcd for 8H46Cl4NgNiO46 (found): C,
27.07 (27.63); H, 5.50 (5.67); N, 13.29 (13.43). MS:* Malcd for
C19H46N8NiCI3012, 743.6 (found 7436), [M— H(C|O4)2]+, calcd 643.8
(found 643.8).

[Cuz(L1)](CIO4)s. To 0.1 g (0.26 mmol) of L dissolved in 25 mL
of EtOH was added an aqueous solution of 0.193 g (0.52 mmol) of
Cu(CIlOy)46H,0, and the solution was refluxed for about 40 min
(instead of L, an equivalent amount of [H1](ClOa4)4 or [Cu(H.L4)]-
(ClO4)4 and 1 mol of Cu(ll) can be used with an aqueous solution of
a base such as NaHGOr Na,C0Os). The resulting dark purple solution
was concentrated to 15 mL and saturated with NaCTbe complex
that precipitated was separated by centrifugation and redissolved in 10
mL of boiling water. Dark purple crystals of [G{L1)](ClIO4)4 obtained
upon slow cooling were filtered, washed with EtOH, and dried under
vacuum. Yield: 0.2 g (83%). Anal. Calcd for1814NsCw.ClsO16

(15) McAuley, A.; Beveridge, K.; Subramanian, S.; Whitcombe, T G&n.
J. Chem.1989 67, 1657.

(16) When the pH was increased beyond 9 and the solution allowed to
react overnight, a base-catalyzed inversion at the nitrogen centers
occurs with the formation of diastereomers of the mononuclear Ni(ll)
species. This mixture of species is highly soluble in water and red-
brown in color and is not precipitated upon acidification by HgIO
unlike the purdrans-l diastereomer which is only sparingly soluble
and orange in color. A similar observation has been observed with
the bis-Ni(ll) species also. The characteristics of these diastereomers
are under further investigation.
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(found): C, 25.09 (25.06); H, 4.88 (4.86); N, 12.32 (12.00). MSt M
calcd for GoHa4NgCwCl3015, 809.0 (fOUnd 809)

Replacing the perchlorate salts with either GuGt [Ha(L1)]Cls
resulted in the formation of a dark blue chloro-bridged cationic polymer.
The crystal structure of this polymef[Cuy(L1)Cl]n(ClO4)3n} -EtOH,
has been reported earlier.

[CuNi(L 1)](CIO 4)4. Method 1. To a solution of 0.154 g (0.4 mmol)
of L1 in 75 mL of 0.1 M HCl was added 0.095 g (0.4 mmol) of NiCl
6H,0 in 10 mL of water under stirring. To this mixture was added 2
mL of 1 M N&CO; and the temperature maintained at €D for 30
min. To the resulting bright yellow solution was added 0.068 g (0.4
mmol) of CuC}-2H,0 in 10 mL of water and the mixture maintained
under stirring at 60C for a further period of 1 h. The pH of this solution
was adjusted to 7.0 by dropwise additidrildVl Na,CO; and maintained
at 60 °C for a further period of 30 min. This mixture of complexes

was diluted to 200 mL with water and separated on a Sephadex CM

C-25 cation exchange column (75 ct4 cm diameter). Elution with

0.34 M NaCl provided three distinct well-separated bands. These three
bands were collected separately and concentrated, and the complexegrl
were extracted from NaCl by successive washing with MeOH. These
methanolic extracts were concentrated to dryness, dissolved in a

minimum amount of water, and saturated with NagIOhe perchlorate
salts which precipitated were filtered and recrystallized from a 1:3-CH
CN/H,O mixture. The first violet band was found to be [Qu)]-
(ClO4)4, and the final yellow band was analyzed to bey[Ni)](ClOs)a.

The middle pink band was identified to be the hetero-binuclear complex

[NiCu(L1)](ClO4)4. Yield: 0.15 g (41%).
Method 2. To a solution of 1.0 g (1.18 mmol) of [Cu@H1)](ClO4)4

in 100 mL of water was added 0.43 g (1.18 mmol) of Ni(QU6H,0

in 10 mL of water, and the mixture was stirred in a hot water bath at

McAuley et al.
Table 1. Crystallographic Data for [GiL1)](ClIO4)4
empirical formula GoH4sN4CCl4016
formula weight 901.44 _
space group triclinicP1

a=8.1815(6) A,a = 80.3890(10)
b=12.6098(9) A = 76.5840(10)
c=16.6565(12) Ay = 87.1750(10)
vol =1647.9Q2) R, z=2

cell params

6 range (deg) 1.2728.0
total no. of reflections 9531
nol of data/restraint/params  6778/0/442

final Rindices | > 20(1)]2

Rindices (all data)

largest diff peak and hole
(eA™)

ARy = J||Fol — IFcl/XIFol and wRy = {Y[W(F> — F?)?/
Y [w(F2)T} 2.

otentials were not applied. However, the cell resistance measured using
e HeadStart program was used to compensate for internal resistance

R; = 0.0657, WR, = 0.1420
R; =0.1424, wWR, = 0.1720
1.088 and-0.753

during nonaqueous measurements. The reversibility of cyclic voltam-

mograms was confirmed as described elsewffeFae accuracy of the
measured potentials was withia5 mV. Linear scan voltammetric

experiments were performed on a Metrohm Polarecord 626 instrument.

Coulometric experiments were performed using a Princeton Applied
Research potentiostat model 173 and model 172 digital coulometer.

All electrochemical experiments were performed at29.3 °C.

Single crystals suitable for X-ray crystallography were obtained by

slowly cooling a saturated aqueous solution of JCu)](ClO4)4. A dark

purple single crystal of dimensions 0.20 0.15 x 0.15 mm was
mounted on a glass fiber, and the diffraction data were collected over

60°C for 1 h. The acid liberated was neutralized by dropwise addition the index range-10 < h < 10, —11 < k < 16,16 < | < 21 using

of saturated N#&O; solution until the final pH was 7:58.0. The

a graphite-monochromated X-ray of wavelength 0.710 73 A at 183(2)

solution was filtered, concentrated to 50 mL, and saturated with NaCIO K on a Siemens SMART/CCD diffractometer equipped with an LTIl

The light salmon pink precipitate formed was collected by centrifugation
and recrystallized from a solution of 1:1 @EN/H,O. Yield: 0.96 g
(90%). Anal. Calcd for @H4sNgNiCuClsOs6 (found): C, 25.23 (25.21);

H, 4.90 (4.90); N, 12.39 (12.34); Ni, 6.49 (6.25); Cu, 7.02 (7.02). MS:
M™ calcd for GoHa4NsCuNiCLO2, 802 (obsd 802). The chloro complex

was also analyzed by mass spectrometry. The following peaks were

observed: M calcd for GoH4NgNiCuCls, 610 (obsd 610.0 (45), 612
(100), 614 (45).

low-temperature device. Diffraction data were corrected for absorption
using the SADABS program. The absorption coefficient was 1.702
mm~t. SHELXTL?' was used for the structure solution, and refinement

was based of¥2. All the non-hydrogen atoms were refined anisotro-

pically. Hydrogen atoms were fixed in calculated positions and refined
isotropically on the basis of corresponding C-atotdéH) = 1.2Ue

(C)]. Pertinent crystallographic information is given in Table 1.
Fractional coordinates and anisotropic displacement parameters have

Reagent-quality materials (Aldrich Chemical Co.) were used as pgep deposited as Supporting Information.

received. Nonaqueous solvents and electrolytes were purified by

standard method$§ Tetran-butylammonium perchlorat@{BusNCIO,)

purchased from GFS Chemicals, Ohio, was used as received. Mi-
croanalyses were performed by Canadian Microanalytical Services Ltd.,

Delta, British Columbia, Canada. UWis spectra were recorded on

Results and Discussion
Synthetic Aspects. Fabbrizzi et aP? have reported the

stepwise complexation of Cu(ll) ion by bis(5,7-dioxocyclam).

either a Perkin-Elmer Lambda 4B or a Cary 17 dual beam spectro- A similar observation has also been made in this laboratory in
photometer. EPR spectra were recorded in an X-band Varian ES-6 the case of 6,6spirobi(dioxocyclam¥2 This led us to investigate
spectrometer, at 77 K in solvents as indicated in the text. Diphenyl the complexation properties of JL1)](ClO4)4. In a recent

picryl hydrazide (DPPHg = 2.0037) was used as an external standard.

investigation of the [Ni(L1)]*" cation, electrostatic repulsion

Mass spectra were obtained on a Kratos Concept model 2H masspetyeen the Ni(ll) centers was found to be the dominant force
spectrometer by the FAB or electrospray technique. In all cases, the ¢, y)jing electron transfer and coordination geometry chatges.

theoretical isotopic distributions of relevant peaks were found to agree Similar factors were expected to influence complexation of metal
with the experimental spectrum. A three-electrode cell configuration : P P

was used in electrochemical experiments. Platinum beads were usedOns by [Hi(Ly)]*", and a_StepW'se CQmP'eX form_atlon (egs 1
as working electrodes. Redox potentials in aqueous media were@nd 2) was expected. This was confirmed experimentally with
measured against a saturated calomel electrode (SCE) (0.244 V vsthe isolation of [Cu(HL1)](ClO4)4 as the predominant product.
NHE). An Ag/Ag™ reference electrodewas used for measurements  Further, the insolubility of this species in aqueous ethanolic
in nonaqueous media, and the Fc/Rmuple was used either as an  medium enhanced its isolation in 780% yield. Unlike [Cuy-
external or an internal standard. Cyclic voltammetric experiments were
performed using a Princeton Applied Research galvanostat/potentiostat(20) (a) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Funda-
model 273 instrument interfaced to an IBM PC. The “HeadStart” mentals and Applicationslohn Wiley and Sons: New York, 1987,

program was used to collect data. Corrections for liquid junction pp 215-219. (b) Geiger, W. EProgress in Inorganic Chemistry
Lippard, S. J., Ed.; John Wiley and Sons: New York, 1985; Vol. 33,

pp 275-352.

(21) Sheldrick, G. M. SHELXTL, Structure determination program, version
5.03, Siemens Analytical X-ray Instruments, Inc., Madison, WI, 1996.

(22) Fabbrizzi, L.; Forlini, F.; Perotti, A.; Seghi, Bnorg. Chem.1984
23, 807.

(23) McAuley, A.; Subramanian, S.; Zaworotko, Z. 203rd ACS National
Meeting, San Francisco, 1992, Abstract No. INORG 152.

(17) McAuley, A.; Subramanian. S.; Zaworotko, MJJChem. Soc., Chem.
Commun1992 1321.

(18) Sawyer, D. T.; Roberts, J. L., Experimental Electrochemistry for
ChemistsJohn Wiley and Sons: New York, 1979.

(19) Gagne, R. R.; Koval, C. A.; Smith, T. J. Am. Chem. Sod 979
107, 4571.
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HAL)I" +M* = [MH L™ +2H (D)

[M(H,L)I* + M2T— [M,(L)I* +2H"  (2)
(L1)](ClO4)4, [Cu(HL1)](ClO4)4 is highly insoluble in CHCN.

This difference in solubility provides a very convenient and
effective method for separating the mononuclear species from
traces of binuclear species. Also, a distinct difference in their
EPR spectra aids in identifying these two species very easily
(see discussions in the EPR section). Attempts to prepare [Ni-

(H2L1)](ClOg4)4 under identical conditions resulted in a mixture
of [Hal1](ClO4)4, [Ni(H2L1)](ClO4)a, and [Ni(L1)](ClO4)4 due
to the sluggish complexation behavior of [Ni®l)e]2" ion. To

avoid problems of separating this mixture, a slight excess of Figure 1. ORTEP (30% thermal ellipsoid) diagram of [€L;)](ClO4)a.

Ni(ll) and a longer reaction time were used. This yielded a
mixture of [Ni(HaoL1)](ClO4)4 and [Ni(L1)](ClO4)4, which was
easily separated like their Cu(ll) analogue, by digesting with
CH3CN in which [Nix(L1)](ClO4)4 alone is soluble.

This difference in the complexation behavior of Ni(ll) and
Cu(ll) ions reflects the rates of substitution ob® in the
corresponding aqua specfé$Cu(H,0)e]2" is much more labile
than [Ni(OH)e]2", and hence complexation of Cu(ll) ion is
much faster than that of Ni(ll) ion. Also, [CuN" exerts a much
stronger electrostatic repulsion than a [N ion. In [Ni-
(HzL1)]*", the Ni(ll) ion can coordinate two axial ligands
(solvents or anions), which can significantly diminish the

intramolecular electrostatic repulsion required for the selective

formation of [Ni(HzL1)]**. This was found to be the case when
[H4L1](ClOy4)4 was replaced by [k.1]Cl4 and M(CIQy), by
MCl,. An earlier report from this laboratory that described the
preparation of a chloro-bridged polymer of [€u;)]*" dem-
onstrated this point’ Thus, the properties of counterions are a
critical factor in the selective formation of mononuclear spe-
cies?®

Table 2. Important Bond Lengths (A) and Angles (deg) for
[Cux(L))(CIO4)4

bond lengths bond angles
Cu(1)-N(12)  2.012(6)  N(12rCu(1)-N(13) 93.8(2)
Cu(1)-N(13) 2.015(5) N(12)Cu(1)-N(11) 86.5(2)
Cu(1-N(11)  2.022(5)  N(13)yCu(1)-N(11) 178.7(2)
Cu(1)-N(14) 2.022(5) N(12)Cu(1)-N(14) 178.9(2)
Cu(2)-N(23) 2.014(5) N(13) Cu(1)-N(14) 87.0(2)
Cu(2)-N(21) 2.021(5) N(11)Cu(1)-N(14) 92.6(2)
Cu(2)-N(22) 2.020(5) N(23) Cu(2)-N(21) 178.2(2)
Cu(2)-N(24) 2.036(5) N(23)Cu(2)-N(22) 94.8(2)
N(21)—-Cu(2)-N(22) 86.3(2)
N(23)—Cu(2)-N(24) 86.4(2)
N(21)-Cu(2)-N(24) 92.4(2)
N(22)—Cu(2)—-N(24) 178.0(2)

Structure of [Cu (L 1)](ClO 4)4. The ORTEP diagram of this
complex is shown in Figure 1. Selective bond distances and
angles are provided in Table 2. In each cyclam ring, the Cu(ll)
ion and the four nitrogens are coplanar with an averageXCu
distance of 2.020 A, similar to that observed in [Cu(ll)(cyclam)]-

Comparison of the two methods described for the preparation (C104)2*® and its derivatives! The cyclam rings adopt tteans

of [CuNi(L1)](ClOy)4 clearly demonstrates the importance of
steric and electrostatic factors. Method 1 is similar to that
described by Fabbrizzi et al. for the preparation of [CuNi-
(L2)]**.2e1n this method, a mixture of [N{L1)]4*, [Ni(H 2L 1)]4*,

and [HiL1)]*t is formed, which upon subsequent complexation
with Cu(ll) ions leads to the formation of a mixture of [Ni
(L)1, [Cux(L)]*t, and [CuNi(Ly)]** cations. However, when
Cu(ll) is reacted with [H(L1)]** first, particularly in perchlorate
medium, [Cu(HL1)]*" is formed predominantly and can either
be isolated or further reacted with Ni(ll) to form pure [CuNi-
(L)](ClOg4)4. Reaction of Cu(ll) with pure [Ni(kL1)]*" also
provides [CuNi(L)](ClO4)4 exclusively. However, method 2 is
preferable since the yields and purity of isolated [Ci(H]-
(ClOy)4 are superior to those of [Ni@H1)](ClO4)4. The prepara-
tion of the mononuclear species of the ligang teported by
MochizukiZ? requires column chromatography for its isolation,
an observation which has been confirmed in this laboratory. In
the case of [L1]*", though the formation of [Ni(kL1)]*" is

not as exclusive as that of [Cufkh)]*", the separation of the

1l configuration2® A Cu—Cu distance of 6.588 A observed in
this cation is slightly longer than the 6.4 A reported for the
related open chain analogue, pabm)](NGy), (tabm =
tetrakis(4-amino-2-azabutyl)methad®jverage N-Cu—N angles

of 86.6° and 93.4 observed in this complex for the five- and
six-membered chelate rings, respectively, are similar to those
found in the chloro-bridged polym¥€rand in [Ni(L1)](ClO4)4.%°
ThetransN—Cu—N angles are close to 180The two planes
containing the Cublchromophore are oriented at an angle of
85.2. It is interesting to note that [ML1)](C104)4,3° [Ha(L1)]-
(Cl0O4)4,3 [Ni(H2L1)](ClO4)4,2t and the [Cu(L1)](ClO4)4 de-
scribed here are all isostructural. In all these systems, the
perchlorate ions occupy a position approximately 3.5 A above
and below the plane containing the four nitrogens, indicating
weak electrostatic interaction. In the ligand cationl[}**, the
macrocyclic rings adopt a conformation that is virtually
unchanged in the complex cations. Thus, in thel[f{** cation,

the ligand is preorganized such that complexation of metal ions
occurs with little or no change in its structural parameters.

mononuclear ions from the binuclear species is easily achieved UV —Vis Spectroscopy.The UV—vis spectroscopic data for

by their solubility differences in CECN. The isolation of the
mononuclear species described here provides an efficient rout
to hetero-binuclear complexes of the typei[Wh(L1)](ClO4)4
where My = Cu(ll) or Ni(ll) and M, is any other transition
metal ion.

(24) Metal lons in SolutionBurgess, J., Ed.; Ellis Horwood: Sussex, U.K.,
1978; p 316.

(25) Busse, S.; Elias, H.; Fischer, J.; Poggemann, M.; Wannowius, K. J.
Inorg. Chem 1998 3999.

the complexes are presented in Table 3. The mononuclear

e(26) Tasker, P. A.; Sklar, LJ. Cryst. Mol. Struct1975 5, 329.

(27) Helps, I. M.; Parker, D.; Chapman, J.; FergusonJGChem. Soc.,
Chem. Commuril988 1094.

(28) Bosnich, B.; Poon, C. K.; Tobe, M. Ilnorg. Chem.1965 4, 1102.

(29) Gahan, L. R.; Hart, K. E.; Kennard, C. H.; Kingston, M. A.; Smith,
G.; Mak, T. C. W.Inorg. Chim. Actal986 116 5.

(30) McAuley, A.; Subramanian, S.; Whitcombe, T. /. Chem. Soc.,
Chem. Commuril987 539.

(31) McAuley, A.; Subramanian, S. Unpublished results. Unit cell data
available in the Supporting Information.
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Table 3. UV—Vis Spectroscopic Data for Complexes of L (L1)]Cl4, owing to steric demands, both metal centers could not
complex solvent  Ama(nM) € (M~tcm) ad0|Pt _?lix-co‘%rqmate geometry_sim_ultane_odélm_the case of
[Ni"(HoL)1(CIO2)s H,0 465 =7 [CUNi (Ll)]. ion, a compromise is easny achleyed Wlth the
[CU' (HoL )](CIO)a H,0 520 59 Cu(ll) adopting a five-coordinate and the Ni(ll) a six-coordinate
[CU'CU'(L)](CIOL)s  H20 498 138 geometry. Thus, the steric demands are met fully, and also the
CHZCN 497 190 electrostatic repulsion between the metal centers is reduced to
CH3NO, 487 120 a significant extent.
[Cu'CU"(L)](CIO4)s Eg:agzmgng 45188 %28 Formation of Mixed-Valent Species Spectroscopic data for
[CU'Ni"(L1)](CIOWa H203 2 494 120 the mixed-valent species are also presented in Table 3. Spec-
CH,CN 495 96 trophotometric titration of [CUNi'(L1)]** ion consumed exactly
CH:sNO; 470 130 1 equiv of the oxidant ([Co(ED)s]*" in 1.0 M HCIOy),
[CU'NI"(L1)](CIOs)s 1.0 M H;SOy 272 1x 10 indicating quantitative formation of [GNi"'(L1)]>" ion. This
g%g i 10 conversion occurred with an isobestic point at 239 nm (see
X

Figure 1 in the Supporting Information). This species can be
complexes [M(H2L1)]X4 (M = Ni or Cu and X= ClO,") are prepareql in nonagqueous media _using N@_Efthe oxidizing
insoluble in nonagueous solvents. 1@ they showed the ~ @gent since the Cu(ll) center is not oxidized under these
expected features. THgyfor the mononuclear species showed condltl_ons. Also, the large difference in the_s_uc_cesswe redox
a bathochromic shift compared to the binuclear species. This isPotentials of the metal centers and their stability in nonaqueous
due to higher concentrations of pseudooctahedral species;-[NiX meﬂla. ﬁlsee bglow) perrr:llts Te prgfaratlon of mixed-valent ions
(H,L1)]2* (X = solvent or anion). Such species are stabilized [CU'Ni"'(L1)]>" and [Cd'Cu (Lnl)] E’f electrolysis. For ex-

by the presence of ammonium centers in the mononuclear@MPple, the mixed-valent [C€U (Lll)]  Species was prepared
species, which are absent in the binuclear complexes. Also, axial?y électrolysis of a solution of [G€u'(L1)]*" in anhydrous
ligation in these species dramatically reduces electrostatic (CHs)2NCHO (sluggish in CHCN; 0.1 Mn-BuNCIOs) at 1.5
repulsion. The perchlorate salts of the binuclear complexes beingV VS @ Ag wire with Pt as working electrode. Unlike, the drastic
soluble both in protic and aprotic solvents, their U¥s spectra  change from salmon pink to dark green that was observed for
were recorded in bD, CHNO;, and CHCN. Though they the oxidation of [C8Ni"(L1)]** to [CU'Ni" (L1)]**, no distinct
showed characteristic featurkés?these were not significantly ~ color (ﬁhanuge was observed for the conversion of @l (Ly]*"
different. However, their molar adsorptivitiesyalues, differed to [Cu (.:Ul .(Ll)] ion. Also, since there is no.dlrect electronic
significantly, depending upon the coordinating ability of the delocalization between the metal centers, intervalence bands
solvent. For example, in the poorly coordinatingdHand CH- were not observed in these mixed-valent ions.

NO,, the molar absorptivities for [G(L1)]** and [CUNi'- Electrochemistry. The solubility characteristics of the mono-
(L)]*" are practically identical. However, in the strongly nuclear species permitted electrochemical studies in aqueous
coordinating CHCN, thee-value for the [Cy(L1)]*" ion is much chloride (1.0 M NaCl anld 1.“0 M HCI) medium only. An
larger than for the [CUNi"(L1)]** ion. This trend is in accord  irreversible wave for the C'AC_lﬁl couple €= 790 mV) and
with the coordination geometry changes expected for these ions 2 reversible wave for the NiNi'' couple €2 = 569 mV; AE,

In general, for a Cu(ll) ion the-values increase when the = 63 mV) were observed for the [C(HoL1)]*" and [NI'-
coordination geometry changes from square planar 7M1 (HoL1)]*" cations, respectively. Neither of these cations exhibited
cm™1) to octahedral or square pyramidal (9010 M-lcm~1),32 a proton dependence, suggesting there was no significant
and for a Ni(Il) ion, a decrease in thevalue (75-90 M~ cmr? dissociation of the secondary ammonium ions of the unoccupied
for the square planar geometry te-85 M~ cm? for the macrocyclic ring. _
octahedral geometry) is normally expected. The redox behavior of [G(L1)](CIO4)4 and [CuNi(Ly)]-

The temperature and anion dependencies of the-uy  (ClOs)s was studied in CECN (in 0.1 M E&NCIO,). Differential
spectra of the binuclear complexes were also studied. In bothPUlse polarography showed two waves corresponding to the
H,O (0.1 M NaClQ) and CHCN (0.1 M ENCIO,), no successive oxidation of the metal ions for these complexes.
temperature-dependent changes were observed in the spectrurH”d‘i identical conditions, the cyclic vol'ltammcl)gralm of ith
of [Cux(L1)]*". However, a chloride-dependent bathochromic (L1)]** showed a reversible wave for the CtCu'/Cu' ~Cuf
shift was noticed due to the formation of the chloro-bridged Ccouple {Ei = 1.120 V,AE, =60 mV over the 16500 mV/s
polymerl” In the case of the [CINi"(L1)]** ion, only a very range) and an irreversible wave for the'cCu!"/Cu' —Cu"
small temperature dependence was observed in an aqueou§ouple Evz = 1.430 V from differential pulse polarography).
medium (0.1 M NaClG). These changes, due to the square Similarly, a reversible wave for CuNi'/Cu'—Ni"l (*Ey, =
planar-octahedral equilibrium in Ni(ll) complexes, are usually 0-75 V, AE, = 60 mV, 10-500 mV/s range) couple and an
significant as observed in the case of Mi)]** in CHsCN irreversible wave for Cu—Ni"'/Cu" —Ni" (°Ey, = 1.20 V from
(0.1 M E4NCIOy).14 However, in this case, these changes were differential pli'fe polarography) were also observed in the case
too small to derive any reliable thermodynamic data. A similar ©f [CUNi(L1)]*" cation. _ _
situation in CHCN for the related open chain complex ion fNi A comparison of the electrochemical behavior of these
(tabm)F* has been reported by us previou&lyThis rather ~ complexes, with those of [G(L2)]*" and [CuNi(Ly)]**, clearly
unusual behavior in [N{tabm)J** was ascribed to a synergistic demonstrates that the influencing factor in these complexes is
interaction between the axial and the equatorial ligands. €lectrostatic repulsioff. Unlike the complexes of 4which are
However, in the case of [N (L1)]** ion, this is likely due freely soluble in aqueous acidic perchlorate medium, the
to the specific geometry demands of the metal ions being complexes of k. are only sparingly (see below) soluble in this

in CHsCN (0.1 M EtNCIQO,). Due to the low dielectric constant

(32) Hathaway, B. J.; Billing, D. ECoord. Chem. Re 197Q 5, 143.
(33) McAuley, A.; Beveridge, K.; Subramanian, S.; Whitcombe, T.JV. (34) Fabbrizzi, L.; Montagna, L.; Kaden, T. A.; Siegfried,lhorg. Chem.
Chem. Soc., Dalton Tran§991, 1821. 1986 25, 2671.
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Table 4. EPR Spectroscopic Parameters for the Complexes of L dpph
complex cation oo o Ai(G) Dy (G) +
[Cu"(HoL )]t 2.043 2.179 200 |
[Cu'Cu'(Ly)]4*
Cul 2.120 2.256 150 75
Cu2 2.120 2.196

[CU'CU'(L)]®* 198260 21166, 80 (A,
2.3860,) 120 A.)
[Ni" Clo(HoL)]5*

a 2.169 2.026 30

b 22350 2.120 )

2.073 ()

[Cu'Ni"(Ly)]*

cu' 2.080 2.200 200
[Cu"Ni" (Ly)]5*

cu' 2.060 2.219 100

Nt e 2.204 1.967

cul d 2.077 2.149 95

Nt d 2.346 () 1.967 30

2.226 ()

a.bThese two species are present together, depending upon how the
Ni(ll) was prepared. See the text and ref 1T sulfate medium.
[Co(OHy)e]®" was used as oxidart.In chloride medium. Slow axial
ligation occurs, and hyperfine due to chloride was observed.

of this medium, the effect of electrostatic repulsive forces is
also magnified. This is clearly noticeable, when the redox
potentiald® of [Ni(cyclam)Z+3+ (Ey, for Ni'" = 0.6 V) and
[Cu(cyclam)f3*+ (Ey, for Cu™ = 0.968 V) couples are
compared with those of the hetero-binuclear ions'Nili(L1)]4*

and [CUNi"(Ly)]*". Under identical conditions, the M
couplé4 in [CU'Ni"(Ly)]*" is not shifted relative to [Ni-
(cyclam)pt. However, the same couple in [ti'(Ly)]4*
experiences an anodic shift of 150 mV. Similarly, the'tu
couplé? in [Cu'Ni"(L,)]4* is more anodic by only 30 mV
compared to that of [Cu(cycland)], whereas the same couple
in [CU'Ni"(L1)]*" exhibited an anodic shift of 230 mV. Among
the [CU'Ni"(Ly)]*" and [CUNi"(L,)]*" ions, the successive
redox potentials for Ni"" (*E,,) and CU™ (?Ey,) are separated
(°Evz — 'E1) by 398 mV for [NFCU(Lp))*" and by 450 mV o cop chanira at 77 K- (a) [EHALDI(CIONs, (b) [CU-

for [Cu"Ni"(L1)]**. This clearly reflects the electrostatic repul-  ~5% yiclo cu'Cu (Lo d (d) [CANi (L)1(ClO
sion which is related directly to intermetal ion distances in these ((a)(aﬂ]é (b)‘%’ (E%([)H,(C@z(,\.g]ﬁ.o (41)?'1; n(Cg i)n[ anh;,d(mﬂ]s( (q;?;

complexes. Compared to an intermetal ion distance of ap- NCHO), and (d) i 1 M HCIOy).
proximately 8.3 A in the complexes of the type of ligandtc.d:36
in the complexes of {, such distances are shorter (approximately of [Cu'(cyclam)f+.3537However, a dramatic change is observed
6.4-6.6 A, depending upon the coordination geomet?.  when the neighboring metal ion is &y CU3*, or Ni*. This is
While [Cuy(L2)]*" does not appear to show any reversible redox clearly seen in Figure 2, where EPR spectra of [}dill (L1)]4*,
activity in CHCN,** [Cux(L1)]** does show two waves sepa- [Cul'Cu'(L1)]4t, [Cu" Cu'(L1)]5", and [CUHNi" (L1)]5" ions are
rated by 310 mV. The irreversibility of the second wave is compared. In all these cases, there is no evidence for direct
anticipated, since the formation of two adjacent square-planar spin—spin interaction between the ions since the structure of
Cu(lll) centers (8 would dramatically increase electrostatic the ligand precludes such pathways. For the[Quf (L1)]4*
repulsion. ion, two sets ofy, features corresponding to the twoons
EPR SpectroscopyThe EPR spectroscopic parameters for are observed. In this cation, though the two Cu(ll) centers have
the complexes of Lare presented in Table 4. For the purpose structurally identical environments, the Cuplanes are oriented

4
g, of Cu(l)
t g, of Nilll)

of comparison, EPR spectra of [BDU' (L2)](ClO4)4, [CU'Ni"'- approximately orthogonal (about 850 each other and further

(L2)](ClO4)s, and [CUNI" (L2)](ClO4)4 were also studied (avail- tilted toward each other due to the chair conformation adopted
able as Supporting Information). EPR spectra of thé"Gan by the six-membered rings on the quaternary carbon. This
in [Cu(HoL)]*", [Ni"Cu'(Ly)]*H, [Cu'(L2)]*H, and [Ni'Cu''- generates a local anisotropy that differentiates these two Cu(ll)

(L2)]*t are practically indistinguishable and comparable to that centers. As has been shown in similar c&8é8the nature of
the interaction in this type of cation is purely dipolar in origin.

(35) (a) Fabbrizzi, LComments Inorg. Chen985 4 (1), 33. (b) Martin, The b.arycent.e.rs of these two ,Cu(”) signals are S?Iparatﬁd by a
L.Y.; Sperati, C. R.; Busch, D. H. Am. Chem. S0d977, 99, 2968 zero field splitting Dy) of 75 G in the case of [CYCuU'(L1)]
ggg references therein. (c) Busch, D. Atc. Chem. Redl97§ 11, and by 90 G in the case of [EGU'(L2)]*" ion. While the nature

(36) (a) Spreer, L. O.: Allen, C. B.: MacQueen, D. B.: Otvos, J. W.: Calvin of the interaction is very similar, the relative orientation of GUN

M. J. Am. Chem. S0d994,116, 2187. (b) Mountford, H. S.; Spreer,
L. O.; Calvin, M.; Brewer, K. J.; Richter, M.; Scott, Baorg. Chem. (37) Addison, A. W.; Sinn, Elnorg. Chem.1983 22, 1225.
1992 31, 718. (38) Smith, T. D.; Pilbrow, J. RCoord. Chem. Re 1974 13, 173.
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planes and the distances between thé*Gans are distinctly Ni(ltl) erpph
different, and this is clearly reflected in their EPR spectra. When

one of the C&" centers in [CICU'"(L)]*" is oxidized to C&",

a dramatic change in the spectrum is observed (see Figure 2c).
Owing to the presence of a square planar Cu(lll) ion, th& Cu
experiences significant electrostatic effect and anisotropy. As
a result, thegy, gyy, andg,, features are fully discernible. An

Az, value of only 120 G was observed compared to 15} (
observed in [CUCU'(L1)]*". Theg,y features also show hyper-
fine interactions with am\,, = 80 G.

In the [CU'Ni"(L1)]*" ions, the N#* ion is diamagnetic and
hence did not influence the €uspectrum. However, when the
Ni2" ion is oxidized to Ni", a dramatic decrease in thgvalue,
of 100 G, for the C&' ion in [Ni"'Cu'(L1)]5" was observed,
compared to 200 G in the parent ion. Thé*Nieatures of this
cation were influenced by the nature of the solvent and b
counterions as observed in the case of the bis-Ni(lll) cation
[Ni'""Ni"(L4)]6*.24 Also, these features were found to change
slowly with time due to slow axial ligation. Soon after formation
(in sulfate media) the Ni(lll) features showed characteristics
typical of rhombic symmetry, but no hyperfine splitting from \’\W\_‘_\’_‘\ .
axial ligands was observed. However, when allowed to stand
in the presence of chloride ion or oxidized in the presence of Figure 3. (a) Appearance of a Ni(lll) feature in [ENi"(Ly)]*" in
chloride, the gradual appearance of an axially symmetrical Ni- aqueous acidic perchlorate medium. (b) Slow appearance of a Ni(lll)
(1) species was observed with a hyperfine splitting pattern feature in [NI'Ni"(L1)]*" in CHsNO.. (c) Baseline for (b).
indicative of chloride substitution.

Spontaneous Reduction of PerchlorateThe perchlorate ~ Process was reportédin both these systems, the presence of
salts of [M'M"(L))]4" (M = Cw* or Ni2*) are quite stable in one or more §§condary ammonium centers famhtgted through
the solid state. However, in solution, [CUNil** slowly strogg ion pairing the_ positioning of a perchloratf_e ion close to
reduces perchlorate ions. In general, the complex cations of L & Ni*" ion (see line diagrams) so that the reduction process is

Ni(II)-Nill)

show a strong tendency to form ion pairs with perchlorate. This €nhanced.

is evident from their low solubility in aqueous perchlorate

medium (for example, even ax 10~ M solution in 0.1 M Chart 2

NaClOy tends to precipitate within hours). Though very weak, Q
a definite axial interaction through one of the oxygens of ,.0\02..0 k
perchlorate ions with the metal centers is observed in the solid- e L 2

state structure of [Cy(L1)](ClO4)4 described here. A similar Hs\+ _|

observation has also been made in the structure ofL[Ni-
(ClOg)4% and also in other complexes of.B! Under favorable
conditions (in acidic aqueous perchlorate medium), the hetero- .
binuclear cation [CINi'"(L1)]*" shows evidence for the spon- <
taneous formation of a Ni(lll) center (see Figure 3a). The slow
and gradual appearance of the Ni(lll) species also broadened
the C#*™ EPR features with the eventual formation of the fully
oxidized species (Figure 3d). Control experiments ruled out
oxygen playing any major role in this oxidation process. Even
under an inert atmosphere, the slow formation of a Ni(lll)
species continued to occur in acidic perchlorate media, particu-
larly in the presence of chloride or any coordinating anion.

Reduction of perchlorate ions is relatively difficult even by
strong reducing agents such as Na/Hg. Kinetic studies have
shown that C¥" and \#" ions can reduce perchlorate ions
relatively easily?® Fabbrizzi et af® in their studies of [NI-
(HLs)]®" (Ls = N-(2-aminoethyl)-1,4,8,11-tetraazacyclotetrade-
cane) have identified structural features and conditions that
promote reduction of perchlorate ions. In a subsequent study,
we also showed that similar structural features if'[NiLg)] "
enhanced reduction of perchlorate ions and the crystal structure
of a trans-dichloronickel(lll) complex obtained from such a

[NiCu(L1)(C104)13+

The binuclear complexes of;lhave structural features that

(39) (a) King, W. R., Jr.: Garner, C. S. Phys. Chem1954 58, 29. (b) resemble those of [N(HLg)]*" and [NF(HoLg)]*". In the
Duke, E" R.: Quinney, P. RI. A.m..Cheym.. S0d954 76, 3800. (c) [M1My(L1)]™ type of cation, one of the metal ions can play

Kallen, T. W.; Earley, J. Elnorg. Chem.1971, 10, 1149.
(40) Pallavicini, S.; Perotti, A.; Poggi, A.; Seghi, B.; Fabbrizzi, JLAm. (41) McAuley, A.; Subramanian, Snorg. Chem.1991 30, 371 and
Chem. Soc1987, 109, 5139. references therein.
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the role of the ammonium centers as in'[#Ls)]3* and [Ni'- mixed-valent [N¥Ni"'(L,)]5" cation has been shown to be
(HzLe)]*™ and bind a perchlorate ion. Compared t&Nion, unstablet* However, a solution of [CiL1)](ClO4)4 in CHz-

Cu2t exhibits more ionic character and is also a stronger oxidant. NO, was observed to be quite stable over the same period of
Thus, the C&" ion in [CU'Ni"(L)]*" essentially plays the role  time. These observations further confirm not only the structural
of binding a perchlorate ion and holding it in proximity to a parameters essential for the binding of perchlorate but also the
Ni2* ion which acts as the reducing agent. The product of need for a reducing metal ion such as*Nfor the above-
reduction in many cases is a chloride ion. However, during the described process. A strong binding site near a reducing center
formation of [Ni"(HLs)]*" ion, the liberation of chlorine gas  is more favorable than two identical binding sites.

has been reporteéd,and in the case of [N{H2L¢)]4", chlorine

dioxide was detected as an intermediate, with chloride as the Summary

final product. In this regard, perchlorate reduction in the case . L . .
produ egard, perchlorate reductio Electrostatic repulsion in [HL1)]** favors isolation of the

of [Ni(HzL1)]*" ion might be expected. However, such an . T v
activity has not been observed to date. One of the reasons isgw|<2)r19npcleatr SPeECIes EMTZLQ(JX“ M = N'Ra:'d Cfu, )l;:t i
the exceptionally low solubility of the complex, particularly in 4) in a stepwise complexation process. Rates of substitution

i 1l 2+ i i
highly acidic perchlorate media. In the presence of other anions of H0 in [M .(.HZO)] and counterions are a_llso_ an important
such as chloride, the solubility of this ion is enhanced. However, factor. The utility of these mononuclear species in the selective

they stabilize pseudooctahedral structures (see discussion orgormatlon of hetero-plnuclear SPecies Is .demonstrated W.'th the
UV —vis) which diminish their reducing power, and also, weakly preparation of [C.UN'(I*)].(Clo“)“' Also, using el_ectrochem|cal
coordinating perchlorate could not compete for access to the and spectroscopic studies, the effects of varying the nature and

Ni(ll) ion. As a result, the already slow reduction process may oxidation state of metal ions have been demonstrated.

be either prevented or dramatically slowed. _ Acknowledgment. We thank NSERC, Canada, and the
In a weakly coordinating solvent such as £;, particu-  yniversity of Victoria for financial support.

larly, perchlorate ion is bound more strongly than in any polar

solvents. The development of a faint EPR signal is also observed Supporting Information Available: Table giving unit cell data,

when a solution of [Ni(L1)](CIO4)4 in CH3NO; is stored over  figures showing spectrophotometric titration of [@l'"(L1)]*" with

a very long period (6 months) (see Figure 3b). This observation [CO(OH:)e]*" and ESR spectra of complexes of, land one X-ray

suggests that even the bis-Ni(ll) ion can facilitate in the crystallographlc file, in CIF forrnat. This material is available free of

reduction of perchlorate. The EPR signal described above isCharge via the Intemet at http://pubs.acs.org.

tentatively assigned to the [NINi''(L,)]®" species since the  1C9904844



