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and phlorin formation that slows down or does not occur a t  low 
temperatures. A broad absorbance band appears around 820 nm 
during the second reduction of (T(p-Et,N)PP)Ni while weak 
bands emerge at  520 and 620 nm (see Figure lob). This type 
of spectrum corresponds to a phlorin a n i ~ n . ] ~ . ~ ~  

The spectral changes in Figure 1Oc were obtained when the 
applied potential was set a t  0.9 V. Both the changes in the Soret 
band region and the strong absorptions at wavelengths above 750 
nm suggest a delocalization of charge over two of the four di- 
ethylamino groups. The final oxidation product of (T(p-Et,N)- 
PP)Ni is not ESR active, and the UV-visible spectrum is similar 
to that obtained after the two-electron oxidation of the same 
compound in CH2C1,., 

Spectra recorded during the second oxidation of (T(p-Et2N)- 
PP)Ni are shown in Figure 10d and indicate a decreased band 
at  507 nm and an increased absorption band at 446 nm. The 
absorption bands at  wavelengths greater than 750 nm decrease 
in intensity as all four diethylamino groups are oxidized. A 
catalytic oxidation of D M F  also occurs at room temperature (see 
cyclic voltammogram at  24 OC in Figure 8) and results in gen- 
eration of a porphyrin species with a Soret band at 446 nm and 
no broad bands between 750 and 950 nm. 

Effect of the Porphyrin Macrocycle Basicity on Reversible 
Reduction Potentials. Substituent effect on porphyrin redox re- 
actions have often been expressed by plots of E l j 2  vs. u where u 
is a measure of the electron-donating or electron-withdrawing 
substituent on the porphyrin ring? The El for reduction of 
free-base porphyrins to their radical anions in b M F  solutions has 
been also used as a measure of porphyrin ring electron basicity" 
and is utilized in this present study for evaluating substituent 
effects. 

Figure 11 shows the relationship between El/, for the first and 
second reduction of the nickel porphyrins vs El,, for reduction 
of the corresponding free base porphyrins in DMF. [T(p- 
Et,N)PP]H, and (TPP)Ni are insoluble in DMF, and values of 
E I j 2  were measured in PhCN or in a mixture of benzene and 
DMF, respectively. The exact conditions and a list of half-wave 
potentials are given in Table 11. 

Half-wave potentials for the first reduction of a given nickel(I1) 
porphyrin at  the 'R ring system are generally more negative by 
100-200 mV than E,,, for reduction of the corresponding free 
base porphyrin.28 However, E l / ,  for the first reduction of 
(TpyP)Ni (-0.45 V) is 410 mV less negative than E I l 2  for the 

(38) Felton, R. H. In The Porphyrins; Dolphin, D., Ed.; Academic: New 
York, 1978; Vol. 5, p 53 

first reduction of (TpyP)Hz (-0.86 V). The first reduction of 
(TpyP)Ni is also less negative than Ell* for the first reduction 
of positively charged [(TMpyP)NiI4+. A positive charge is not 
present in (TpyP)Ni, but E I j 2  values are similar to those for 
reduction of the easily reduced nickel(I1) tri- and tetracyano- 
substituted tetraphenylporphyrins in DMF.39 For example, the 
E l / ,  of -0.45 V is approximately midway between potentials for 
reduction of (TPP(CN),)Ni ( E l j 2  = -0.330 V)39 and (TPP(C- 
N)&Ni ( E l j 2  = -0.530 V)39 in the same solvent system. On the 
basis of this comparison, one might predict that (TpyP)Hz would 
also be reduced at an E l j 2  midway between values for reduction 
of (TPP(CN),)H, (E1/, = -0.120 V)40 and (TPP(CN)JH, ( E l j 2  
= -0.330 V),O or at about -0.22 V. The actual EI12 value is -0.86 
V. This latter value of El,, for reduction of the free base complex 
is not unexpected, and the difference between the predicted and 
experimentally observed reduction potentials are thus actually 
associated with (TpyP)Ni rather than with (TpyP)H2. This is 
evident from the data in Figure 11, which show deviations of 520 
mV and 390 mV from linear plots involving the first and second 
reductions of (P)Ni and (P)Hz, respectively. 

In summary, it is important to emphasize the unexpected 
demetalation of (TpyP)Ni after a two-electron reduction at the 
porphyrin 'R ring system. The metal ion size and geometry of the 
complex are not consistent with a demetalation. On the other 
hand, the unexpected facile reduction of the macrocyclic porphyrin 
ring is probably related to this demetalation, which leads to the 
ultimate formation of Ni(0) and a free base porphyrin in solution. 
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A synthesis of the title ligand ((-)-(R)-Me-9-aneN3) is reported together with preparations of the nickel(I1) and nickel(II1) 
complexes. There is retention of an NiN, chromophore in both oxidation states. The nickel(I1) species is very stable in aqueous 
media with a slow acid-catalyzed hydrolysis (kH = 1.8 X IO4 M-' s-l at 30 "C). The nickel(II1) ion shows only slight decomposition 
at pH 3 and is indefinitely stable in acetonitrile. Rate constants for a series of outer-sphere electron-transfer reactions have been 
determined (with Co(phen)32+ and I- reducing Ni(II1) and with Ni(~yclam)~+, Ni(9-aneN3)?+, N?"(oxime), and Co3+(aq) oxidizing 
Ni(I1)). Use of a Marcus cross-correlation leads to a self-exchange rate for the NiL2+/2+ couple of (1.2 f 0.5) X lo4 M-' s-' 
( I  = 1.0 M). The data are of interest in that there is retention of the octahedral symmetry at the metal center. Possible correlations 
of rates of electron exchange with bond extension in the inner coordination sphere are discussed. 

Introduction 
F~~~ being in a relatively rare oxidation state a decade ago, 

nickel(II1) has become much more prominent as an accessible 
not only in polyaza macrocyclic complexes but also in 

several oligopeptide  specie^^^^^ and biological systems, principally 
those involving methanogenic bacteria."-I3 In the latter, there 

(1 )  Gore, E. S.; Busch, D. H. Inorg. Chem. 1973, 12, 1 .  
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is thought to be redox activity associated with the metal center. 
Analysis of electron-transfer reactions in simpler systems is 
complicated in many instances, especially those involving tetraaza 
macrocyclic complexes, owing to the possible change in geometry 
between the generally square-planar NiN42+ systems and the 
pseudooctahedral nickel(II1) centers. This problem has been 
addressed recently in the preparation of nickel oxime complex- 
esl 4-1 6 that incorporate an NiN6 chromophore in the nickel(II), 
-(III), and -(IV) statessJ7 and in the preparation of tris(bi- 
pyridyl) and other di- and tervalent diimine complexes that 
retain octahedral geometry. Recently weZ1 and others22 have 
reported the preparation of bis( 1,4,7-triazacyclononane)nickel(III) 
perchlorate (see Scheme I), the first example of a saturated N6 
donor set that is relatively stable in aqueous media. The crystal 
structure of this species has been reported.23 

In this paper, we have extended these studies with new syntheses 
of the rue- and (-)-(R)-2-methyl- 1,4,7-triazacyclononane ligands 
and of the nickel(I1) and nickel(II1) complexes. We wish to extend 
investigations into the barriers associated with electron transfer, 
especially by studying whether the methyl groups in the nickel(II1) 
bis complex may pose a structural impediment in the self-exchange 
reaction: 

(1) NiIIL 2+ + *NiIIIL23+ & NiIIIL 3+ + +Ni11L22+ 
kb 
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Figure 1. ESR frozen-solution (77 K) spectra, relatve to DPPH standard, 
of Ni"'((-)-(R)-Me-9-aneN3)?+ in (a) deionized water, (b) 0.1 M LiN- 
03, and (c) 3.0 M H N 0 3  (with 2.5X expansion). 

Relatively few methods are available for determining directly 
the rate of electron and the presence of an asymmetric 
center in one of the reactants may be of use25,26 to provide the 
rate from optical rotation experiments. Unfortunately, reaction 
1 is too rapid for use of this technique with the apparatus available 
to us. However, using cross-correlation reactions involving out- 
er-sphere reagents, we have determined a value for the self-ex- 
change parameters in the NiL22+/3+ couple. 
Experimental Section 

The ligand (-)-(R)-2-methyl-l,4,7-triazacyclononane ((R)-Me-9- 
aneN,) was prepared first as described in the l i t e ra t~re .~ '  However, 
better yields were obtained in a two-stage deprotonation of the tosylated 
propanediamine and cyclization to yield the tosylated macrocycle. 

The free ligand (-)-(R)-diaminopropane was prepared (99.4% optical 
purity) by using the method of Dwyer and co-workers.28 This was then 
N-tosylated and 0.1 mol (38.2 g) reacted in dimethylformamide with 0.1 
mol of N a H  (60% suspension in mineral oil) to yield the monosodium 
salt. After effervescence, the temperature was raised first to 70 OC and 
then to 110 "C, at which time 0.1 mol (56.7 g) of the tritosylate of 
ethanolamine was added dropwise with stirring. The solution was left 
for 1 h at  this temperature. On cooling to 70 OC, a second 0.1 mol of 
sodium hydride was added and the temperature raised to 110 OC and 
maintained at this level for 4 h. On reduction in volume to 200 mL and 
addition to ice-cold water, the cyclic tritosylate precipitated. This could 
be recrystallized from methanol (34.4 g, 50% yield): mp 198 O C ;  mass 
spectrum m/e 605. 

Detosylation (17.2 g) was carried out in concentrated sulfuric acid at 
155 OC for 30 min, and then the solution was allowed to cool to room 
temperature. The mixture was dropped onto 300 mL of ice-cold ethanol 
(stirring) followed by addition of 1 L of diethyl ether. Filtration and 
removal of the organic layer and subsequent addition of concentrated 
HC1 (75 mL) yielded the ligand trihydrochloride (4.3 g, 59%). Neu- 

(24) McAuley, A.; Macartney, D. H.; Oswald, T. J .  Chem. SOC., Chem. 
Commun. 1982, 274. 

(25) Dwyer, F. P.; Gyarfas, E. C. Nature (London) 1950, 166, 481. 
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B.; Weiss, J. Inorg. Chem. 1986, 25, 2400. 
(27) Mason, S .  F.; Peacock, R. D. Inorg. Chim. Acta 1976, 19, 75. 
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tralization with base and continuous extraction into CHCI, provided the 
free ligand as a yellow oil: mass spectrum m / e  143; I3C N M R  19.71 

A similar procedure using 1,2-~ropanediamine gave the racemic lig- 
and. 

[Ni"((-)-(R)-Me-9-aneN,),1(C104)2. A 1 .Ol-g (4-mmol) sample of 
the ligand hydrochloride was dissolved in 12 mL of 1 M NaOH (0.012 
mol), and the solution was warmed on a steam bath. Nickel(I1) acetate 
(0.498 g, 2 mmol) was dissolved in 15 mL of methanol, and the mixture 
was added to the solution of the free ligand. The mixture was adjusted 
to pH 10.5 and warmed. It turned pink and was allowed to stand for 30 
min. The pH was reduced to -5 by using 1 M HC104 and on cooling 
(0 "C), purple crystals of the complex were obtained. A second crop was 
provided by adding saturated sodium perchlorate. In some preparations, 
prior to crystallization, the purple pH 5 solution was passed down a 
Sephadex G25 column. In this way two minor pink bands and any traces 
of free NiZt were removed. One trace band was eluted with water and 
the other with 0.45 M NaNO, following elution of the major product 
with nitrate (0.35 M). Anal. Calcd (found) for NiC14H34N608: C, 30.9 
(30.8); H,  6.25 (6.17); N,  15.45 (15.17); Ni, 10.80 (10.60). 

The nickel(I1) complex may be oxidized readily to nickel(II1) by using 
aquacobalt(II1) in acidic media or NOt in aprotic (CH3CN) solvents. 

A convenient synthesis of the nickel(II1) complex was achieved by 
oxidation with 3.50 M HNO,. To [Ni((R)-Me-9-aneN3)2](C104)2 (400 
mg) was added 0.5 mL of 3.50 M nitric acid. After a few seconds the 
solution turned from purple to a deep yellow-green color, and within 
minutes precipitation of the brownish green Ni(II1) species commenced. 
When the solution was allowed to stand overnight a t  0 "C, the yield of 
the nitrate salt was essentially quantitative. 

Cyclic voltammograms were obtained by using a Princeton Applied 
Research Model 273 with Pt electrodes. Over the range 0.1-1.1 V in 1.0 
M H N 0 3  or 0.9 M LiNO,/O.I M HNO, solutions, a single wave was 
observed at  0.94 V (vs N H E )  that showed near reversibility (70" 
peak-peak separation). This is very close to that noted for the corre- 
sponding (9-a11eN,)~ complex (0.95 V).22 The nickel(II1) species is quite 
stable in aqueous solutions below pH 3 and indefinitely stable in aceto- 
nitrile. 

Electron spin resonance spectra of the nickel(II1) species were mea- 
sured in frozen (77 K) matrices by using a Varian E6 spectrometer. g 
values were measured by using DPPH (g = 2.0037) as an internal 
standard. Solutions prepared with the nickel(II1) complex showed qua- 
si-axial symmetry with evidence for hyperfine splitting of the gll feature 
due to the axially coordinated nitrogen donors (Figure 1). 

Of interest is the effect of ionic strength on the ESR spectrum, which 
may be related to outer-sphere ion pairing with anions. From the solid 
Ni(I1I) complex (nitrate salt) was prepared a solution in deionized water 
that was frozen immediately. This showed an isotropic spectrum (g,, = 
2.0949) a t  77 K (Figure la ) .  On addition of LiNO, to yield a NO3- 
concentration of 0.1 M, departure was observed toward a pseudoaxial 
spectrum. Addition of further nitrate (as HNO,) provided evidence at  
1.5 and 3 M concentrations (Figure IC) of the complete separation of the 
g, and gl features to give an axial spectrum with hyperfine interactions 
observed in the parallel signal. The intermediate (0.1 M) spectrum may 
be interpreted as deriving from an equilibrium mixture of the isotropic 
and axial spectra associated with the free cation and the ion-paired 
species. Outer-sphere association causes an asymmetry that produces the 
separation of the g values. This finding is important in considering the 
reduction by iodide ion where a preequilibrium is postulated prior to the 
electron transfer. 

UV-visible spectra of NiI1L?'show the following features [A, nm ( 6 ,  

L mol-' cm-I)]: 310 (74.8), 500 (5.0), 798 (11.3). 
For the nickel(II1) complex the corresponding values are as follows: 

274 ( 7 . 3  X lo3), 315 (7.86 X lo3), 795 (112). 
The stopped-flow and data acqu on systems have been described 

p r e v i ~ u s l y . ~ ~  Absorbance data were collected and processed by an IBM 
PC microcomputer interfaced to the spectrophotometer via a Techmar 
Inc. PC-Mate Lab Master Module. Nickel(II1) complexes were prepared 
in situ by oxidation of the corresponding nickel(I1) ions using a stoi- 
chiometric deficiency of Co3+(aq). Ionic strength was maintained con- 
stant at 1.0 M by using mixtures of either HC1O4/LiCIO4 or HNO,! 
LiN03 depending on solubility of the complex. Reactions were moni- 
tored over the range 360-600 nm. Experiments were carried out using 
pseudo-first-order conditions (1  0-fold excess of reductant), and rate 
constants were derived from least-squares plots that were linear for more 
than 3 half-lives. Where free energy changes are quite small (U - 0.1 
V), some reversibility is observed. In these circumstances, e.g. in con- 
ditions of excess of [Ni11cyclam2t] and [Ni(Me-9-aneN3)?'], both the 

(Me), 51.70 (Cz), 50.96 (e,), 46.08 (CJ, 46.99 (C.5, Cg), 44.28 ppm (Cg). 
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forward and reverse steps of (2) may be treated as pseudo-first-order. 

Ni(Me-9-aneN3)?+ + Ni(cyclam)(H20)22t 
Ni(Me-9-aneN3)2+ + Ni(cyclam)(H20)2t (2) 

Results 
For all redox reactions studied, the stoichiometry (to +2%) may 

be represented by a one-electron transfer. No hydrogen ion 
dependences were observed over the range 0.02-1.0 M H', as 
expected from the lack of any protonation equilibria exhibited 
by the reactants. 

(a) Hydrolysis of the Nickel(I1) Complexes. The stability of 
the Ni1I(Me9-aneN3);+ complex was investigated in acidic media. 
Kinetic studies were made over the range 0.2-0.9 M. The de- 
composition is unusually slow for an octahedral nickel(I1) species, 
confirming the thermodynamic stabilization imparted on coor- 
dination of the two facial N3 donor ligands and the establishment 
of the various chelate rings. Rate studies were carried out ( I  = 
1 .O M) in acidic perchlorate media. The results are presented 
in the supplementary material (Table Is), where it may be seen 
that a linear dependence is observed with respect to proton con- 
centration. The observed rate law may be expressed in the form 

(29) Ellis, K. J.; McAuley, A. J .  Chem. SOC., Dalton Trans. 1973, 1533. 

rate = k,[Ni(II)] [H+] (3) 

with kH = (1.81 f a.09) X M-I s-l at  30 O C .  Thus, in 1.0 
M H+, the half-life of the nickel(I1) complex is 70 min. This may 
be contrasted30 with 10 s for the corresponding Ni(en)?+ ion under 
comparable conditions. In acidic media any reactions in the 
stopped-flow time scale show negligible decomposition of the 
nickel(I1) during the course of the experiment. From the rate 
law it may be inferred that protonation at  one of the coordinated 
secondary amines perturbs the facial configuration of the ligand, 
leading to relatively easy access of other hydrogen ions to complete 
the ligand dissociation. 

(b) Oxidation of NiLz3+ by Aquacobalt(II1). Addition of 
Co3+(aq) to a nickel(I1) solution gives rise to an immediate intense 
green coloration associated with the nickel(II1) ion. Spectro- 
photometric titration showed a strict 1:l stoichiometry with an 
isosbestic point at 224 nm. Kinetic measurements were carried 
out at X = 340-360 nm, where the absorbance is attributable solely 
to the nickel(II1). The results are summarized in Table Ia. The 
rate is strongly hydrogen ion dependent. Pseudo-first-order ex- 
periments are consistent with the rate law 

d[Ni(III)] /dt = k,[Ni(II)] [Co(III)] (4) 

Since there are no proton-related dependences associated with the 
reductant, the mechanism may be expressed as (L = Me-9-aneN3) 

Kh = [CoOH2+] [H+]/[Co3'] 

NiLz2+ + Co3+(aq) - NiLz3+ + Co2+ ( 5 )  

(6) 

k5 

NiLz2+ + CoOHz+ -% NiLz3+ + Co(I1) 

The overall second-order rate constant may thus be written in the 
form 

( 7 )  

and plots of kz against [H+]-' are linear, leading to k5 = 638 f 
28 M-I s-I and k& = 251 f 7 s-l (R2 = 0.992). In the range 
[H+] = 0.01-1.0 M, with Kh << [H+] and Kh = 2 X M,31 
k6 = (1.25 * 0.15) X 10,. The rates are broadly similar to those 
for the reaction of the Ni11(9-aneN3)z2+ ion ( k ,  = 430 M-I s-!, 
k6 = 1.35 X 10, M-I s-l), reflecting almost identical Eo values. 
The rate constant for the hydroxo pathway, k6. lies in the range 
105-106 M-' s-l derived previously for reactions of this type. 

(c) Oxidation of NiLz2+ by NiIv(oxime). The oxime dianion 
3,14-dimethyl-4,7,10,13-tetraazahexadeca-3,13-diene-2,15-dione 

k2 = k5 + k6Kh/[H+] 

(30) Melson, G.; Wilkins, R. G. J .  Chem. SOC. 1963, 2662. 
(31) Davies, G.; Warnqvist, B. Coord. Chem. Rev. 1970, 5, 349. 
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Table I. Kinetic Data for Reactions of NiL2)+12+ 
(a) Hydrogen Ion Dependence of the Rate of Oxidation of NiL22+ by Co(II1) 

X = 342 nm, [Ni(II)] = 4 X lo4 M, [Co(III)] = 2.5 X M, I = 1.5 M 
0.10 0.20 0.25 0.30 0.35 0.40 

0.45 0.50 0.60 0.75 0.80 1 .oo 
k 2 / W  s-' 3144 f 35 1866 16 1728 f 19 1476 & 8 1382 f 10 1246 f 10 

k2/M-' s-I 1232 f 8 1090 -+ 10 1082 f 9 942 f 16 936 f 18 776 f 20 

(b) Reaction of NiL?+ with Ni'"(oxime) 
[H'] = 0.5 M, Z = 1.0 M (C104-), T = 25 OC, X = 500 nm, [Ni(IV)J = 1.9 X 1O-j M 

104[Ni(II)]/M 4.01 8.0 16.01 
1 O2koM/s 1.33 3.20 6.24 

mean k8 = 40.4 f 2.2 M-' s-l 

[H+l / M  

[H+I/M 

(c) Reaction of Ni"'L2' with Co(phen)32+ 
[H'] = 0.5 M, Z = 1.0 M (NO<), T = 25 "C, X = 360 nm, [Ni"'L2)+] = 1.9 X lod M 

1 Os [Co(II)] / M  4.0 6.0 8.0 
kOb5dlS 12.4 19.0 25.9 

mean k9 = (3.2 f 0.1) X lo5 M-l s-l 
(d) Reaction of Iodide with NiI1*L2' 

X = 340 nm, [Ni(III)] = 2 X M, I = 1.0 M (C104-), T = 25 OC 

14.0 
44.9 

1 04[ I-] / M 
k2/M-'s-I 

1 04[ I-] / M 
k2/M-l s-l 

[H'] = 0.02 M 
5 25 100 
210 214 226 mean 213 f 6 

[H+] = 0.2 M 
5 25 100 
212 206 217 mean 212 f 4 

kl = 213 f 5 M-Is-I 

dioximate(2-) (oxime) has been shown14J5 to coordinate to nickel 
ions with deprotonation of the oxime groups in the Ni(1V) state. 
Previous studies have shown that there is no hydrogen ion de- 
pendence on reduction to Ni'"(Hoxime) and that the latter species 
is a strong oxidant that reacts rapidly with a second mole of 
reductant to give, on protonation, the stable Ni"(H,oxime) com- 
plex. Spectrophotometric titration of Ni"(Me-9-aneN3)2+ with 
NiIv(oxime) showed 2.05 mol of reductant required/mol of Ni- 
(IV). Kinetics studies were made at  [H+] = 0.5 M under con- 
ditions of excess reductant. The data presented in Table Ib are 
consistent with the rate law 

rate = ka[Ni11L22+] [Ni(IV)] (8) 
with ka evaluated as 40.4 f 2.2 M-' s-l. 

(d) Reduction of Ni1I1LZ3+ with C ~ ( p h e n ) ~ ~ + .  Kinetic studies 
were carried out in nitrate media to increase solubility of the 
reductant, which was present in excess. Spectrophotometric data 
are consistent with (f2%) the one-electron transfer 

Ni"'L?+ + C ~ ( p h e n ) ~ ~ +  2 NiI1Lz2+ + C ~ ( p h e n ) ~ ~ +  (9) 

There was no observed dependence on [H+], and studies were 
made at  various Co(I1) concentrations in 0.5 M HN03.  The data 
(Table IC) conform to first-order behavior in both reagents. The 
overall second-order rate constant, k9 = (3.2 f 0.05) X lo5 M-' 
s-l, is consistent with an outer-sphere electron transfer. 

(e) Oxidation of Iodide by Ni1I1L?+. There is a ready oxidation 
of I- to 13- by the nickel(II1) complex: 

ki 
2NiL33+ + 21- - 2NiL;' + I2 (I- - 13-) (10) 

Kinetic studies were carried out a t  a variety of hydrogen ion 
concentrations with no observed rate changes. Rate data at 0.02 
and 0.2 M HC104 are presented in Table Id. The dependence 
on reductant up to 500-fold excess [I-] is strictly first order. The 
second-order rate constant k, = 214 f 5 M-' s-l. 

(f) Reaction of Ni((-)-(R)-Me-9-aneN3)22+ with Ni(9- 
aneN3)23+. Although the AE value for the reaction is 0.005 V, 
there is still an observable change on mixing of the reagents, 
enabling rate data to be derived for both the forward and reverse 
processes. As indicated earlier, for an equilibrium of this type 

NiLZ3+ + NiL'22+ NiLZ2+ + NiL'23+ (1 1) 
kb  

in conditions of excess of [NiL'2]2+ and [NiL?+], the equilibrium 

may be treated as two pseudo-first-order reactions. The observed 
first-order rate constant, kobsd, may be expressed in the form 

At constant [NiLZ2+], plots of kokd against [NiL'22+] should be 
linear. Intercepts of lines of mmmon slope (kf) should be a linear 
function of [NiLZ2+] to yield kb. Experimental data are provided 
in supplementary material Table 11s. It may be seen from Figure 
2 that such is the case, with (eq 11) kf = (3.15 f 0.04) X lo3 
M-l s-' and kb = (2.31 f 0.14) X lo3 M-' s-'. The ratio of the 
rate constants (K = 1.36) is in excellent agreement with the 
equilibrium constant (K = 1.22) derived from electrochemical 
data. 

(g) Reaction of Ni((-)-(R)-Me-9-aneN3)2+ with Ni(~yclam)~+. 
In view of the similarities in Eo values, (AE = 0.037 V), the 
reactions were investigated as outlined above for the equilibrium 
situation. The data presented in supplementary Table IIs(b) are 
consistent with kf = (7.8 f 0.2) X lo3 and kb = (1.60 f 0.41) 
X lo3 M-1 s-', leading to an equilibrium constant K = 4.9. This 
value is in reasonable agreement with the K = 3.2 calculated from 
electrochemical measurements. 
Discussion 

The nickel(II1) species formed in either aqueous or nonaqueous 
medium has an ESR spectrum characteristic of a low-spin d7 ion. 
The g values (gIl = 2.031; g, = 2.1 14; 9.5 GHz) are typical for 
such an ion, and there is evidence for hyperfine interaction in- 
volving the axially coordinated nitrogen donors. ( A  = 18.3 G). 
In this regard, the ESR spectrum is nearly ~ i m i l a & ~  to those 
for the Ni(9-aneN3)?+ ion (g,, = 2.02; g, = 2.14; All = 23.7 G) 
and for the N i ( b ~ y ) , ~ +  ion, which also show NiNs co~rdinat ion '~ 
(gll = 2.02,; g, = 2.13,). In aqueous media, the nickel(II1) 
complexes showed considerable stability with little decomposition 
at  pH 3, over a 24-h period. Although the UV-visible spectrum 
is dominated by a strong charge-transfer band at A,, = 3 10 nm, 
there is evidence of a weak d-d absorption at  550 nm and of a 
further feature a t  800 nm (e = 112 M-' cm-I). 

The lack of any [H+] dependence in the reactions with Co- 
 hen),^' and I- is consistent with the absence of protonation 
equilibria for Ni(III/II), and substitution inertness of the octa- 
hedral NiN63t/2+ configuration requires an outer-sphere electron 
transfer. The Marcus t h e ~ r y ~ ~ , ~ ~  may be used to estimate the 

kobd = kf[NiL'22+] kb[NiL2'+] (12) 

(32) Marcus, R. A. Annu. Rev. Phys. Chem. 1964,15, 155; J .  Phys. Chem. 
1963, 67, 8 5 3 .  
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Table 11. Marcus Parameters" for the Redox Reactions of NiL?+ at 25 OC with Eo(NHE) = 0.940 V for NiL2+/2+ 
no. reactant Eo/V kll/M-l s-I K12 In W12kllfl2) K,/M-I s-' 

2 Ni(oxime)2+ 0.65'~~ 6 X 1.22 x 10" -1.41 40.4 
3 co3+ 1 .86e 10-12f 3.9 x 1015 3.51 6.4 X lo2 
4 I- 1.408 2 x l O 8 h  1.61 X lo-' 2.6 1 30' 

6 Ni(9-ane)?+ ' 0.947' 6 X 0.74 8.39 2.31 X lo3 

1 Co(phen)32+ 0.37b 8b 4.51 x 109 21.15 3.2 x 105 

5 Ni(9-ar1e)~~+ 0.947) 6 X lo3' 1.4 9.00 3.1s x 103 

7 Ni(cyc1am) 3+ 0.97m 2 x 103m 3.9 8.95 7.8 x 103 
8 Ni(cyclam)2+ 0.97" 2 x 103" 0.26 6.25 1.60 x 103 

"See text; k, = second-order rate constant for reaction. bBaker, B. R.; Basolo, F.; Neumann, H. M. J. Phys. Chem. 1959, 63, 371. cMacartney, 
D. H.; McAuley, A. Can. J. Chem. 1983,61, 103. "Reference 16. eReference 31. fEndicott, J. F.; Durham, B.; Kumar, K. Inorg. Chem. 1982, 21, 
2437. gAdedinsewo, C .  0.; Adegite, A. Inorg. Chem. 1979, 18, 3579. hFairbank, M. G.;  McAuley, A. Inorg. Chem. 1987, 26, 2844. 'Value quoted 
assumes KO ion-pairing constant = 7 M. ,Reference 22. kReference 21. 'Reverse reaction of (13). "Reference 24. 

1 2 3 4 5 6  
I I 4 I , 

1 2 3 4 5 6 7 8  I O ~ E ~ L ; ~  M 

Figure 2. Kinetic data for the reaction of Ni((-)-(R)-Me-9-aneN3);+ 
(NiL?') with Ni(9-aneN3)2+ (NiL',)+) ([H'] = 0.15 M, I = 1.0 M). 
Reversibility is observed in conformity with eq 13. A-D are plots for 2 
X lo4, 4 X lo4, 6 X lo4, and 8 X lo4 M [NiL;']; slopes = kf = (3.15 
i 0.4) X lo3 M-I s-l. E is a plot of intercepts from A-D versus [NiL'2]2+ 
(right-hand abscissa and upper ordinate); slope kb = (2.3 * 0.4) X lo' 
M-' s-l. 

self-exchange rate for the complex. The second-order rate con- 
stant, k,, for the reactions is related to the individual exchange 
constants kl l  and kZ2 and to the overall equilibrium constant, KI2, 
by eq 13. The work terms w12 and wI1 represent the work required 

to bring the reactants and the products, respectively, to the sep- 
aration distance; the sum of the ionic radii, wl, and w22, relate 
to the exchange process. The terms have been described in recent 
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Figure 3. Plot of In k, - In WI2 against In (KI2k22fl2) for the Marcus 
cross-correlation (intercept = 0.5 In k l l ) .  Reactions are identified by 
number according to Table 11. Point 4 (reduction of iodide) is plotted 
by using preequilibrium constant KO = 7 M. 

papers from this laboratory.21 Since, for most systems under 
consideration, reactants and products are of the same charge, work 
terms are generally small. Equation 13 may be rewritten as 

In k, - In WI2 = 0.5 In (KI2k2Zfl2) + 0.5 In k , ,  (16) 

and a plot of In k, - In W12 against In (Kl2klLfi2) should be linear 
with slope 0.5 and intercept 0.5 In k l l .  With the data in Table 
11, the plot (Figure 3) may be obtained. The least-squares slope 
is 0.38 f 0.2, and the self-exchange rate of (1.2 f 0.5) X lo4 M-' 
s-l is obtained. Of interest is the fact that data from both oxidation 
and reduction reactions are indistinguishable on the line. The value 
for the slope is somewhat lower than that expected from the 
Marcus treatment. This has been encountered previously in similar 

In the case of the iodide reaction, a preequilibrium 
constant, KO = 7 M-', for the formation of the (NiLZ3+,I-) ion 
pair has been used to obtain the rate constant k ,  in the expression 

For redox couples involving transition-metal ions, the wide 
variation in rates of self-exchange has been interpreted, in part, 
in terms of the reorganization of the inner coordination shells of 
the reactants. In the case of the Ni(II/III) reactions, there is a 
transfer of a do* electron between the (d8) high-spin Ni11L2+ and 
the (d') low-spin Ni"1L23+. Attempts have been made recently 
to describe redox reactivity in terms of M-N bond length 
~ h a n g e s , ~ ~ . ~ ~  but few data are available for the Ni(II/III) systems 
where structural information may be compared with kinetic pa- 
rameters. In the case23 of Ni(9-aneN,)23+, the species exhibits 

k2 = k,Ko. 

(33)  Macartney, D. H.; Sutin, N.  Inorg. Chem. 1983, 22,  3530. 
(34) Brunschwig, B.; Creutz, C.; Macartney, D. H.; Sham, T. K.; Sutin, N. 

Faraday Discuss. Chem. SOC. 1982, 74,  1 13. 
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Jahn-Teller distortion with the axial bonds 0.139 A longer than 
the equatorial. Also, the axial bonds are 0.01 A longer than than 
those of the Ni(9-aneN3)?*+, whereas the equatorial bonds are 
0.129 A shorter in the Ni(II1) species. The self-exchange rate 
constant for the bis(nonane) system (6 X lo3 M-' s-') is similar 
to that found in this study. For the trans-Ni(cyclam)Clz+/o ex- 
change (k = 3.4 X lo4 M-' s-1)35 the corresponding changes are 
Ad(Ni-C1) = 0.04 A and Ad(Ni-N) = 0.088 A. If the electron 
is removed from the dAy2 orbital, then contraction in the equatorial 
plane will be a factor, and the smaller changes in the dichloro 
complex may contribute to a more rapid exchange. Clearly, more 
data are required for a full analysis of these d8/d7 reactions. 
However, methyls, which should hinder ligand rearrangement and 
perturb the cavity about the metal ion through H-H repulsions, 
make only slight differences in self-exchange rates. The imposition 
of greater structural rearrangement, possibly through the use of 
pendant-arm macro cycle^,^^ may be required to provide the sort 

(35) McAuley, A,; Olubuyide, 0.; Spencer, L.; West, P. R. Inorg. Chem. 
1984, 23, 2594. 

(36) Van der Menve, M. J.; Boeyens, J. C. A.; Hancock, R. D. Inorg. Chem. 
1983, 22, 3489. 

of bond length difference discrimination and, hence, rate variations 
observed in other systems.26 Studies are under way to investigate 
these aspects. 
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Crown Thioether Chemistry: Homoleptic Hexakis( thioether) Complexes of Nickel(I1) 
Stephen R. Cooper,* Simon C. Rawle, JudithAnn R. Hartman, Eric J. Hintsa, and Gary A. Admans 
Received July 16, I987 

The Ni(I1) complexes of 1,4,7,10,13,16-hexathiacyclooctadecane (1 8S6, hexathia-18-crown-6), 2,5,8-trithianonane, 1,5,9-trithi- 
acyclododecane (1 2S3, trithia-l2-crown-3), and 1,5,9,13,17,21-hexathiacyclotetracosane (2496, hexathia-24-crown-6) have been 
synthesized and characterized by single-crystal X-ray diffraction and electronic spectroscopy. Each of these complexes contains 
a high-spin [Ni(thi~ether)~]~+ cation with octahedral microsymmetry. Comparison of these complexes shows that within a conserved 
coordination sphere the different ring sizes (1) change the Ni-S distances by up to 0.05 A, (2) affect the ligand field splitting 
by up to lo%, and (3) greatly influence the stability of the resulting complexes. Crystallographic data: [Ni(l8S6)](pi~rate)~, 
CUH28N6014S6Nir monoclinic, space group C2/c (No. IS), a = 21.079 (6) A, b = 8.685 (2) A, c = 18.399 (5) A, 6 = 93.63 ( 2 ) O ,  

Z = 4; [Ni(12S3)2](BF4)2, C1gH3.&F&Ni, orthorhombic, space group Pbca (No. 61), a = 19.369 (9) A, b = 12.500 (5) A, c 
= 11.862 (2) A, Z = 4; Ni(24S6)](BF4),, C18H36B2FBS6Ni, monoclinic, space group C2/c (No. 15), a = 13.744 (5) A, b = 17.021 
(5) A, c = 13.801 (5) 1 , 6 = 113.25 (3)O, Z = 4. 

Introduction 
The electronic consequences of thioether coordination has been 

a recurring theme in research on the blue copper proteins. Such 
consequences are best assessed in the context of a homoleptic 
thioether coordination sphere. Until recently, however, few 
homoleptic thioether complexes were known; simple dialkyl 
thioethers often do not bind strongly enough to yield isolable 
tetrakis- or hexakis(thioether) complexes.' 

Crown thioethers provide a general solution to this problem. 
Recent synthetic improvementszq3 have made readily available a 
range of ligands (Figure 1)4  capable of enforcing hexakis(thi0- 
ether) coordination. Accordingly, their use has recently yielded 
the first examples of hexakis(thioether) complexes of a number 
of transition metal ions.5 

Recent work has also shown that in many cases crown thioether 
coordination confers unusual electronic structures on a transi- 
tion-metal ion.5 For example, [Rh(9S3)2]3+ undergoes reduction 
to the Rh(1) complex by way of a rare example of a monomeric 
Rh(I1) 

Such unusual behavior inevitably raises the question of whether 
it arises from the hexakis(thioether) coordination sphere or from 

*To whom correspondence should be addressed at the Inorganic Chemistry 
Laboratory, University of Oxford. 
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a specific effect of the crown ligand. It also raises another question: 
to what extent can molecular and electronic structure be tuned 
by geometric deformation of a conserved homoleptic coordination 
sphere? Ultimately this type of tuning may play a critical role 
in control of reactivity or specificity of catalytic action. 

Several factors make Ni(I1) an ideal choice for investigation 
of these issues. Historically Ni(I1) has played a prominent role 
in the development of coordination chemistry. This is particularly 
true in the case of macrocyclic thioethers, first studied in the 
seminal work of Rosen and B ~ s c h * * ~  and of Black and McLean.lo*ll 

(1) Murray, S. G.; Hartley, F. R. Chem. Rev. 1981, 81, 365-414. 
(2) Wolf, R. E., Jr.; Hartman, J. R.; Ochrymowycz, L. A,; Cooper, S. R.; 

Inorg. Synth. in press. 
(3) Blower. P. J.: Coouer. S. R. Inora. Chem. 1987. 26, 2009. 
(4) Abbreviations used: 9S3, 1,4,7-tr~hiacyclononane (trithia-9-crown-3); 

12S4, 1,4,7,10-tetrathiacyclododecane (tetrathia- 12-crown-4); 14S4, 
1,4,8,11-tetrathiacyclotetradecane (tetrathia-14-crown-4); 15S5, 
1,4,7,10,13-pentathiacyclopentadecane (pentathia- 15-crown-5); 18S6, 
1,4,7,10,13,16-hexathiacyclooctadecane (hexathia- 18-crown-6); 2436, 
1,5,9,13,17,21-hexathiacyclotetracosane (hexathia-24-crown-6); ttn, 
2,5,8-trithianonane; pic, picrate. 

(51 CooDer. S. R. Arc. Chem. Res.. in Dress. 
(6j Raw'le,'S. C.; Yagbasan, R.; Prout,'K.; Cooper, S. R.; J .  Am. Chem. 

Soc. 1987, 109, 6181. 
(7) Rawle, S. C.; Yagbasan, R.; Cooper, S. R., manuscript in preparation. 
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