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range, from -174 ppm for cadmium nitrate to 13.7 ppm for the 
cadmium Tutton salt. It is interesting that the intermediate 
elements show the largest shift dispersion of 224 ppm (-154 to 
+70 ppm). Finally, in all tensors studied, the deshielded elements 
reflect dominant shielding contributions either from Cd-HO, 
bonds (solid marks) or from short Cd-0 bonds (cross-hatched). 
The concomitant long-bondshielding correlations are also evident. 

Con c I u s i o n 
The tensor-molecular reference frame orientation has been 

determined for six distinct lI3Cd shielding tensors. The tensor 
orientations corresponding to the cadmium calcium tetraacetate 
and cadmium maleate crystals were unambiguously determined 
by N M R  and crystallographic data. A simple method for as- 
signing symmetry-related tensors to the appropriate lattice sites 
was introduced and employed in the analysis of the cadmium 
acetate, formate, and diammonium disulfate crystals. Three tensor 
element-structure correlations have been clearly demonstrated. 
First, the least shielded tensor element is aligned nearly perpen- 
dicular to the plane containing water oxygens. Second, if the 
coordination sphere is devoid of water oxygens, then the deshielded 
element is oriented to maximize the short-bond oxygen shielding 
contribution. Third, the shielded tensor element is directed nearly 
perpendicular to the longest cadmium-oxygen bond. With sin- 
gle-crystal NMR data for nine distinct tensors in seven different 
crystals these orientational features appear to be general. 

To final comments are required. First, all tensor configurations 
have been found to comply with the cadmium site symmetry. 
Hence, the potential for significant intermolecular shielding 
contributions must be noted. The single-crystal data reported here 
will provide the opportunity to evaluate the magnitude of the 
intermolecular shielding contributions to the 'I3Cd nucleus. 
Second, as mentioned above, a motivation for this work is an 
understanding of the characteristic shielding of the resonances 
corresponding to Cd-substituted pa rva lb~min ,~  troponin C,, 

~almodulin,~ insulin,6 and concanavalin A.' The nitrate, suflate, 
and acetate crystals have shielding tensor elements in the biological 
range of -85 to -130 ppm (Figure 10). In each case the shielded 
elements reflect major contributions from long Cd-0 bonds. 
Further, the only isotropic shift in this region corresponds to the 
8-coordinate cadmium nitrate. Clearly, one would not expect 
nitrate ligands to be involved in the Cd-coordination sphere of 
substituted metalloproteins. However, these data do suggest the 
following. The isolated closed-shell Cd(I1) ion is the most shielded 
species possible. Any perturbation of this configuration via bond 
formation results in a deshileding of the cadmium nucleus. Hence 
poor ligands, Le., nitrate and sulfate, and long Cd-0 bonds indicate 
weak bonding interactions and are readily understood to be a 
shielding influence. With this in mind, the nitrate shift may be 
a reflection of ligand type as much as the higher coordination 
number. Similarly, the inability to produce model compounds 
with 13Cd chemical shifts in the biolobical region may reflect a 
preoccupation with coordination number at the expense of ligand 
type. Consequently, we are currently pursuing compounds with 
carbonyl and hydroxide oxygens as ligands. 
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Abstract: Substituted and unsubstituted macrocyclic dioxo pentaamines, 1,4,7,10,13-pentaazacyclohexadecane- 14,16-dione, 
form stable 1: 1 square-pyramidal complexes with Ni(I1) and Cu(II), which possess two deprotonated amide donors in equatorial 
positions. The high-spin Ni(I1) complexes show a very low Ni(I1,III) redox potential of +0.24 V vs. SCE and are easily oxidized 
chemically or electrochemically to Ni(II1) complexes. Moreover, the Ni(I1) complexes react with molecular oxygen to form 
1: 1 Ni(II)-0, adducts in aqueous solution, as established by a combination of polarographic, spectrophotometric, and manometric 
methods. Comparative studies with relevant pentadentate macrocyclic polyamine complexes revealed that the two deprotonated 
amide groups and the fifth amine donor incorporated in the 16-membered macrocyclic frame are essential for the formation 
of the Ni(II)-02 adducts. The oxygen uptake reaction is first order in [O,] and in [NiH-,L]O in aqueous solutions, and the 
second-order rate constant is 1.7 X 10, S-' M-' at 35 O C .  The attack of O2 at the sixth coordinate site is competitively inhibited 
by imidazole. The 0, complexation constant KO* is determined to be 1.9 X lo4 M-' at 35 "C by potentiometric titration. 
Novel features of the Ni(II)-02 adducts are discussed. 

The dioxo tetraamines depicted in Figure 1 posess the novel 
ligand properties of both saturated macrocyclic tetraamines (N4) 
and oligopeptides.26 They can accommodate certain metal ions 

Cu2+, Ni2+, Co2+, and Pd2+, within the macrocyclic N, cavities 
with simultaneous dissociation of the two amide protons (like 
tripeptides) to afford 1 : 1 complexes generally designated as 
[M"H-,LIo. Peptide complex features of the coordinated imide 
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electrochemical or chemical oxidation." A detailed study as- 
tonished us in that the initial air-oxidized species were 1:l Ni- 
(11)-02 adducts. Previously molecular oxygen was shown to react 
with Cu(II)I2 and Ni(I1) peptide c~mplexes '~  to give Cu(II1) and 
Ni(II1) species as intermediates leading to the oxidation of the 
ligating peptides. There is a vast accumulation of reports on the 
formation of 0, adducts with Fe(II), Co(II), Cu(I), Mn(II), Pt(O), 
Ir(O), or Ni(0) c ~ m p l e x e s , ' ~ - ' ~  but this is the first discovery of 
O2 adducts with Ni(I1). Even more surprisingly, the oxygen 
molecule bound to nickel(I1) is apparently activated so as to 
oxygenate aromatic substrates to phenol products." These findings 
prompted us to conduct thorough characterizations of Ni(I1) 
complexes of macrocyclic pentaamines in order to spotlight the 
features of the Ni(I1)-7 system that make the observed 1: l  0, 
complexation and 0, activation. For the present report, we have 
synthesized a broad family of macrocyclic pentaamines and the 
relevant homologues and investigated various properties of their 
Ni(I1) complexes. We  also present a full account of the unique 
oxygenation of Ni(I1)-7. 
Experimental Section 

Instruments used in the present study were as follows: Hitachi R-40 
(90 MHz) IH NMR spectrometer, JEOL JMS-OlSG-2 mass spectrom- 
eter, JEOL JES-FE1X ESR spectrometer, Shimazu UV-ZOOS UV-vis- 
ible spectrophotometer, Shimazu GC-4CM gas chromatograph, Shimazu 
GCMS-7000 GC-mass spectrometer, and a Kyotodenshi AT-1 17 auto- 
matic titrator. Polarographic measurements were made with a manually 
operated apparatus described previou~ly. '~*~~ 

Materials. Dioxo tetraamines 1 and 3, tetraamines 4, 6, 18, and 20, 
and pentaamine 16 were prepared as before.6b21 The purities of all thee 
macrocyclic ligands were checked by thin-layer chromatography and gas 
chromatography.22 All of the new ligands were correctly analyzed for 
C, H, and N. 

1,4,8,1 l-Tetraaza-13-( l-aminobutyl)cyclotetradecane-12,14-dione (2). 
4-Bromobutyronitrile was treated with dimethyl malonate to prepare 
dimethyl (l-cyan~propyl)malonate.~~ The cyano group was reduced by 
N ~ B H , - C O C ~ ~ , ~ ~  and the resulting dimethyl (1-aminobuty1)malonate was 
protected by carbobenzyloxy chloride (CBZ). The product was refluxed 
with equimolar 2,3,2-TET (1,4,8,1l-tetraazaundecane) in dry methanol 
to get 1,4,8,1 1-tetraaza-13-( 1-(carbobenzy1oxyamino)butyl)cyclo- 
tetradecane-12,14-dione. The CBZ group was removed by HBr-CH3C- 
OOH (48% aqueous HBr/Ch,COOH = l / l ) .  The resulting 3HBr salt 
of 2 was converted to free base by Amberlite IRA-400: mp 197-198 "C; 
M+ peak 299 ( M ,  = 299.41); 'H NMR (CDC1,-CD,OD/MeaSi) 6 

_- 
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Figure 1. Macrocyclic polyamines used in the present investigation. 

anions reinforce the coplanarity imposed by macrocyclic N, 
confinement. 

The square-planar peptide complexes containing imide anions 
stabilize trivalent states of Cu7 and Ni8 and so do the doubly 
deprotonated macrocyclic dioxo tetraamine comple~es .~  A special 
advantage with the latter macrocyclic system is kinetic stabilization 
of the M(II1) complexes. The former M(II1) complexes decom- 
pose almost instantaneously. However, the redox potentials Eo 
for M"'," couples with macrocyclic dioxo N4 complexes were not 
so low as to permit the generation of M(II1) states by air oxi- 
dation.* 

In our continuing efforts to devise simple macrocyclic ligands 
that produce proper ligand fields and steric environments so as 
to produce certain essential functions that occur in natural 
metal-containing  enzyme^,^^^^ we have been modifying these 
prototype ligand structures in various ways. In a recent com- 
munication" we reported the synthesis of 1,4,7,10,13-pentaaza- 
cyclohexadecane- 14,16-dione (7, abbreviated as dioxo[ 161 aneN5) 
and some properties of its Ni(I1)-O2 complexes. This compound 
has a fifth N donor within the macrocyclic frame (for its structure 
and those of all the following ligands, see Figure 1). The Ni(I1) 
complex of dioxo pentaamine 7 showed an unexpectedly low Eo 
value of 0.24 V vs. SCE, while its Cu(I1) complex exhibited an 
Eo value of 0.68 V, which is comparable to those for dioxo tet- 
raamines such as 1. The Ni(I1) complex in aqueous solution turns 
brown on exposure to air in a similar fashion to the cases with 

(7) Bossu, F. P.; Chellapa, K. L.; Margerum, D. W. J .  Am. Chem. SOC. 
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(10) Kimura, E.; Yatsunami, A.; Watanabe, A.; Machida, R.; Koike, T.; 

Fujioka, H.; Kuramoto, Y.; Sumomogi, M.; Kunimitsu, K.; Yamashita, A. 
Biochim. Biophys. Acta 1983, 745, 37. 

(1 1) Kimura, E.; Sakonaka, A.; Machida, R.; Kodama, M. J .  Am. Chem. 
SOC. 1982, 104, 4255. 

1.20'1.90 (8 H, CCH2C), 2.60-3.00 (10 H, NCHJ, 3:00-3.80 (5 H, 
CONCH, and COCH,CO). 

1,4,8,1i -Tetraam- 1 j- ( 1 -aminobutyl)cy clotetradecane (5). Dimethyl 
(1-cyanopropy1)rnalonate was refluxed with eqiumolar 2,3,2-TET in dry 
methanol to prepare I ,4,8,1l-tetraaza- 134 1-aminopropyl)cyclo- 
tetradecane-12,14-dione, which was reduced with BH,.THF (borane- 
tetrahydrofuran complx) to obtain 5, which was purified as the 5HBr salt 
after recrystallization from C2H50H-H20: mp 240 'C dec; Mf peak 
271 ( M ,  = 271.47); 'H NMR (D20/Me4Si) 6 1.48-1.75 (6 H, 
CH2CH2CH*), 2.15-2.40 (2 H, CCH,C), 2.96-3.25 (2 H, CH,N), 
3.25-6.63 (16 H, CH2N). 

1,4,7,10,13-Pentaazacyclohexadecane-14,16-dione (7) and Its Deriva- 
tives 8-12. The methanol solution of alkylated dimethyl malonate was 
refluxed with equimolar tetren (tetraethylenepentaamine) in methanol 
for 3 weeks. The products were separated by silica gel column chro- 
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Macrocyclic Dioxo Pentaamines 

matography and purified by recrystallization from CH3CN. Melting 
p i n t s  of 7-12 are 179, 181, 203, 202, 218, and 207 "C, respectively. 'H 
N M R  and mass spectra (M') of these compounds support their struc- 
tures. 

1,4,7,10,13-Pentaazacyclohexadecan- 14-one (13). The dry methanol 
solution of methyl acrylate (1 g in 10 mL of CH,OH) was droped into 
a 30-mL methanol solution of tetren (1.5 g) at room temperature with 
stirring. The mixture was allowed to stir for 5 h a t  room temperature 
and then refluxed for 12 h. The product was separated by silica gel 
column chromatography and purified by recrystallization (from benzene). 
A 800-mg sample (yield 42%) of pure 13 was obtained: mp 143-145 OC; 
M+ peak 243 ( M ,  = 243.35); 'H N M R  (CDCI3/Me,Si) 6 1.70 (s, 4 H ,  

CONCH2), 8.10 (br s, 1 H,  CONH).  
3,6,10,13,19-Pentaazabicycl0[13.3. llnonadeca- 1,15,17-triene-7,9-dione 

(15). Dimethyl pyridine-2,6-dicarboxylate was reduced to the corre- 
sponding alcohol by NaBH, in methanol. The resulting 2,6-bis(hy- 
droxymethy1)pyridine was converted to 2,6-bis(chloromethyl)pyridine 
with thionyl chloride in dry benzene, which was treated with ethylene- 
diamine in ethanol solution. This product, 2,6-bis( 1,4-diazapentyl)- 
pyridine was purified by distillation (bp 170 O C  (3 mmHg)). The 200- 
mL methanol solution containing 1.2 g (5.4 mmol) of 2,6-bis(1,4-diaza- 
penty1)pyridine and 800 mg (6 mmol) of dimethyl malonate was refluxed 
for 7 days. Upon evaporation white crystals precipitated from the solu- 
tion. The crude product was purified by recrystallization (from benz- 
ene-CH,OH). A 1 .O-g sample (yield 64%) of pure 15 was obtained: mp 
228 O C  dec; M+ peak 291 ( M ,  = 291.36); IH N M R  (CDCI3- 
CD,OD/Me,Si) 6 2.72-2.90 (4 H ,  CONCH,),  3.20 (s, 2 H,  
COCH2CO), 3.35-3.55 (8 H, NCH2), 7.1 (d, 2 H,  pyridine), 7.55 (t, 1 
H,  pyridine). 

1,4,10,13-Tetraaza-7-thiocyclobexadecane-l4,16-dione (17). The 
methanol solution (200 mL) of 2,2'-thiodiglycolic acid dimethyl ester (2 
g, 1 1.2 mmol) and ethylenediamine (1.68 g, 28 mmol) was refluxed for 
6 days. The products were separated by silica gel chromatography to 
isolate 780 mg (yield 30%) of 1,4,10,13-tetraaza-7-thiotridecane-5,9- 
dione, which was reduced with BH,-THF to 1,4,10,13-tetraaza-7-thio- 
decane (220 mg) and purified by distillation (bp 180-200 OC (1 
mmHg)). The linear thiotetraamine (220 mg, 1.08 mmol) was refluxed 
with 132 mg (1.00 mrnol) of dimethyl malonate in 80 mL of methanol 
for 7 days, and the desired product 17 (100 mg, yield 36%) was separated 
by silica gel chromatography, followed by recrystallization (from benz- 
ene): mp 130-131 OC; M' peak 274 ( M ,  = 274.39); IH N M R  
(CDCI,-CD,OD/Me,Si) 6 2.68-2.84 (12 H ,  NCH2 and CH2SCH2), 
3.35-3.55 (6 H, CONCH2 and COCH2CO). 

1,4,10,13-Tetraazacyclobexadecane-14,16-dione (19). (N-Acetyl- 
N'-tosy1ethylenediamine)sodium salt (3.3 g, 12 mmol) was dissolved in 
80 mL of dimethylformamide (DMF) to which 1.4 g (6 mmol) of 1,5- 
dibromopentane in 20 mL of DMF was added dropwise. The reaction 
mixture was heated at  80-90 "C for 24 h. After the solvent was evap- 
orated, 100 mL of chloroform was added to the residue to precipitate 
NaBr, and the filtrate was evaporated to dryness under reduced pressure. 
The residue was refluxed in 100 mL of HBr-CHSCOOH (48% aqueous 
HBr (50 mL) + CH,COOH (50 mL)) for 3 days. The acids were 
evaporated, and 50 mL of water was added to the residue. After the 
mixture was washed with 50 mL of chloroform, the water layer was 
concentrated until a white precipitate appeared. The precipitate was 
recrystallized from C2H50H-H20  to obtain 1.2 g (yield 19%) of pure 
1,4,10,13-tetraazatridecane 4HBr salt, which was made free by Am- 
berlite IRA-400. The methanol solution of the free base was refluxed 
for 7 days with equimolar dimethyl malonate. The product (500 mg) was 
separated by silica gel chromatography and recrystallized from CH,CN: 
mp 132 OC; M+ peak 256 ( M ,  = 256.34); 'H N M R  (CDCI,-CD,OD/ 
Me4Si) 6 1.38-1.60 (6 H ,  CH2CH2CH2), 2.58-2.85 (8 H ,  NCH2), 
3.30-3.50 (6 H,  COCH2C0 and CONCH2). 

Potentiometric Measurements. The stock solution of nickel(I1) was 
prepared from analytical grade NiC12 and standardized by titration with 
ethylenediaminetetraacetic acid (EDTA) by the method of Schwarzen- 
b a ~ h . ~ ~  The 1:l complex formation constants KNIH.,L for Ni2+ + L + 
NiH_,L + iH+ (1) and the oxygenation constant KO, for N X 2 L  t O2 
+ NiH-2L-02 (8) were determined by potentiometric titrations. Ligands 
in the presence of HC104 (1.0 X lo-, M)  were titrated with standard 
sodium hydroxide solution (0.1 N)  in the presence of equimolar nickel- 
(11), and the -log uH (= pH) values were recorded 20 min after each 
increment of base. The titrations were performed under argon (passed 
through 1 N NaOH) for determination of KNIK,L and in air for KO,. All 
of the solutions were adusted to an ionic strength (I) of 0.2 M by addition 
of NaCIO, and maintained at  15, 25, or 35 "C. The solubility of O2 in 

NH),  2.40 (t, 2 H,  CHZCON), 2.80 (s, 16 H ,  NCHJ,  3.45 (q, 2 H,  
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(25) Schwarzenbach, G. 'Complexometric Titrations"; Interscience New 
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Figure 2. Potentiometric titration equilibrium curves of 7.3HCI0, (1 0-3 
M) in the presence of absence or equimolar Ni" in argon and air at- 
mosphere. 
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Figure 3. Cyclic voltammogram of [NiH_,L]O (L = 7, 2 X M) in 
aqueous solution at a glassy carbon electrode: Eo = t 0 . 2 4  V vs. SCE, 
AE = k 3  mV at pH 9.5 (nonbuffer), I = 0.5 M (Na2S04), and scan rate 
= 2 mV/s. 

water was taken from the literature? 3.1, 2.6, and 2.2 X IO-, M at 15, 
25, and 35 OC, respectively. Every titration was repeated more than three 
times. The titration curves for (dioxo[16]aneN5)Ni" are shown in Figure 
2, and all the KN,H-2L values are summarized in Table I. The values of 
-log [H'] were estimated from the pH reading: -log [H'] = pH - 0.13. 

Kinetic Measurements for O2 Uptake. 0, uptake rate was measured 
with a stopped-flow apparatus by observing an increase in absorbance at 
320 nm at I = 0.2 M and 35 O C .  The complex [NiH_2Li7]0 was prepared 
in N 2  by mixing Ni(I1) (5 X lo-, M-4 X M) with 7 (5-7% in  
excess) in borate buffer and allowing the mixture to equilibrate for 1 h. 
The concentration of [NiH-2L7]o used was always in large excess over 
that of 0 2 ,  and excellent pseudo-first-order kinetics were observed over 
50% of the reaction. Typical rate data are shown in Table 11. 

Measurements of Magnetic Susceptibility. The magnetic suscepti- 
bilities of the Ni(I1) complexes and the 0, adducts were measured by 
Evans' method.27 A 2% solution of tert-butyl alcohol in borate buffer 
(pH 9.4) was used as a reference. A 20 mM solution of a metal complex 
or an O2 adduct in the same borate buffer was placed in an N M R  tube 
(5-mm diameter). A capillary tube (2.5-mm diameter) in which the 
reference solution was loaded was immersed into the center of the N M R  
tube. Then, the 'H N M R  was measured at 35 OC, and the difference 
in chemical shift (for the methyl group of tert-butyl alcohol) caused by 
paramagnetic substances was read. The difference in chemical shifts (13 
and 5.5 Hz correspond to 2.8 (S = 1) and 1.7 (S = rug, respectively) 
was determined by means of three measurements. Then, the magnetic 
susceptibilities were calculated according to Evans' equation." The 
standard solution of aqueous Ni(I1) exhibits 2.83 pB in the measurement. 
The results in terms of magnetic moment (zk0.05 re )  are summarized in 
Table I. 

Determination of E o  Values. Cyclic voltammetry was used to deter- 
mine electrode potentials of Ni(I1,III) couples for Ni(I1) macrocyclic 
complexes.s Figure 3 shows a typical current-voltage response obtained 

(26) 'Chemical Handbook of Japan (Kagaku-binran)", Chemical Society 

(27) Evans, D. F. J .  Chem. SOC. 1959, 2003. 
of Japan; Maruzen: Tokoyo, Japan, 1973; p 571. 
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Table I. Various Properties of Macrocyclic Polyamines and Their Ni(I1) Complexes 
Ni(I1) magnetic Ni"*"' redox 

mixed protonation const' complex complexation consto susceptibility* potential: V 
ligand 1% K, formula" KN~H-2L? k i f ,  PB vs. SCE 

1 9.34, 5.42 [NiH_,L] (7.1 f 1.0) X 10" diamag +0.81 
2 10.17, 9.46, 5.75 [NiH_,L]O (7.1 f 1.0) X diamag irrev 
3 9.49, 5.80, 4.98 [NiH-,L]O (1.2 f 0.2) x 10" diamag +0.86 
4 11.23, 10.30, 1.5, -0.8 [NiLI2+ 1.88 +0.50 
5 11.30, 10.94, 10.26, <2, <2 [NiLI2+ 1.99 +0.49 
6 11.30, 10.10, 5.12, <2, <2 [NiLI2+ 1.4, +0.50 
7 9.01, 8.69, <2 [NiH_,L] (2.6 f 0.4) X 2.8, +0.24 
8 9.20, 8.07, <2 [NiH-,L] (4.7 f 0.7) X 2.8, +0.24 
9 9.17, 8.00, <2 [NiH_,L]O (1.0 f 0.2) x 10-10 2.8, +0.24 

10 9.23, 7.91, <2 [ N W 2 L l 0  (2.4 f 0.4) x lo-" 2.8, +0.24 
11 9.11, 7.82, <2  [NiH-,L]O (1.6 f 0.2) X lo-" unmeasureabled +0.25 
12 10.28, 8.75, 4.91 [NiH- L (1.3 f 0.1) X lo-@ 2.8, +0.24 
13 9.68, 8.65, 5.71, <2 [NiH_:dy+ (4.1 1 0 . 6 )  X 2.8, +0.46 
14 10.42, 9.27, 7.06, <2, <2 [NiLI2+ 2.8, +0.66 
15 9.34, 7.51 [ NiH-2L]o (1.9 f 0.3) X 2.8, +0.62 
16 9.27, 8.35, 5.68, <2 [NiLI2+ 2.8, +0.53 
17 8.28, 7.35, <2 [NiH-,L] (2.6 f 0.4) X diamag +0.41 
18 9.33, 8.55, 4.49, -3.2 [NiLI2+ 2.8, +0.77 
19 10.42, 8.65 [NiH-,L]O (1.2 & 0.2) x lo-" diamag irrev 
20 9.93, 9.40, 5.54, -3 [NiLI2+ 2.8, irrev 
21 8.10, 4.61, -2.4 [NiH_,L]O (2.2 f 0.2) x 10-14 1 .os irrev 

"At I = 0.2 M (NaC10,) and 35 OC. Determined potentiometrically. bMeasured in borate (0.05 M, pH 9.4) buffers (Ni" complex concentration 
10-20 mM) by Evans' method at 35 OC. 'Determined by cyclic voltammetry at I = 0.5 M (Na,SO,), 25 OC and pH regions where Ni(I1) is 
completely complexed. eValue for KNIH-,L (= 
[NiH_,L] [H'] / [Nil [L]). 

"The ligand is not soluble enough in water for the measurement of magnetic susceptibility. 

Table 11. Typical Kinetic Data for the Reaction of [NiH-,L7l0 with 
O2 at 35 OC and I = 0.2 M To Give an Oxygen Adduct 

mM mM pH mM 
4.00 0.115 9.07 0 1.70 
2.00 0.115 9.07 0 1.65 
1 .oo 0.115 9.07 0 1.74 
0.50 0.115 9.07 0 1.81 
1 .oo 0.058 9.07 0 1.62 
1 .oo 0.029 9.07 0 1.69 
1 .oo 0.115 8.57 0 1.78 
1 .oo 0.115 9.07 0 1.74 
1 .oo 0.115 9.54 0 1.69 
1 .oo 0.1 15 10.04 0 1.71 
1 .oo 0.115 10.00 0 1.70 
1 .oo 0.115 10.00 32.9 1.41 
1 .oo 0.115 10.00 64.8 1.19 

[imidazole], 10-2k,b,d, 
M-, s-l 

[NiH-2L710, P 2 1 ,  

for the nickel(II)-7 complex M) in Na2S04 (0.5 M) solution at pH 
9.6, 25 OC, and a scan rate of 100 mV/s. The initial solution contains 
only the divalent complex that generates the oxidation wave, while the 
oxidized trivalent complex formed in the anodic scan generates the re- 
duction wave. This current-voltage response curve typifies almost all the 
nickel(I1) complexes in this study. The separation of anodic and cathodic 
peaks, AE, was 70-90 mV, and peak height ratios were near unity. Slight 
variations ( 1 3  mV) of peak potential separation with different scan rates 
(from 20 to 300 mV/s) were observed. Furthermore, both peak heights 
were proportional to the square root of the scan rate. These features are 
indicative of quasi-reversible (one-electron) electrochemical behavior, and 
therefore the midpoint between two peaks should be a reasonable esti- 
mate of E o  for the Ni(I1,III) couples. In every case the midpoint was 
independent (within 3 mV) of the solution pH (8.0-10.5) and the con- 
centrations of the complexes (5 X lo-' to 4 X M), the uncomplexing 
ligands (5 X IO-, to 5 X M), and the borate buffer (0.01-0.1 M). 
The electrode potentials Eo were obtained from an average of three 
measurements and have a reproducibility of f 3  mV, which are listed in 
Table I. 
ESR Study. The ESR spectra of the O2 adduct and 0,-free Ni(II1) 

complex were carefully measured. A 1 mM solution of the Ni(I1) com- 
plex was prepared by mixing benzyldioxo[l6]aneN, (10) (in slight ex- 
cess) and Ni(I1) ion in aqueous solution (pH 9.5) under deaerated con- 
ditions. The 0, adduct was obtained by air bubbling through the solution 
for 3 h. The 0,-free Ni(II1) complex was prepared by anodic oxidation 
or (NH,),S2O8 oxidation of the Ni(I1) complex. The O2 adduct or the 
Ni(II1) complex solution was transferred to an ESR sample tube and 
immediately frozen in liquid nitrogen (77 K). X-Band ESR spectra were 
recorded (Figure 2 in ref 11) with the following: 100-kHz magnetic field 
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b) 02Adduct  
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UV-visible suectra of benzvldioxol16laneN,. 10-Ni" mea- 
sured at 25 OC and pH'9.4: (a) (NH;)2S208'ox~dized iO-Ni", (b) O2 
adduct of lO-Ni", (c) deoxygenated species of IO-Ni", and (d) the 
starting IO-Ni". 

modulation; microwave power, 1 mW; modulation, 5 G; field, 3100 f 
1000 G; sensitivity, X 500; response time, 0.3 s; recording speed, 4 
min/360 mm. The g values were determined by taking the fourth signal 
of Mn(I1) (g = 1.981) as standard, and the magnetic fields were calcu- 
lated by the splitting of Mn(I1) in MgO ( A H  = 86.9 G). 

Results 
Potentiometric Measurements of the Complex Formation 

Constants KN,H-,L and the Oxygenation Constants KO,. Poten- 
tiometric titration curves of protonated dioxo ligands in the 
presence of equimolar Ni(I1) or Cu(I1) under argon exhibited the 
equilibrium positions to be at  a lower pH than in their absence. 
The end point breaks all occurred at  a = 5 except for 1, 17, and 
19, where they occurred at a = 4, indicating that all of the dioxo 
ligands form doubly deprotonated complexes [MH-2L]o. With 
monooxo ligand 13 and oxo-free ligands 4-6, 14, 16, 18, and 20, 
[NiHiL]+ and [NiLI2+ are formed, respectively. The equilibrium 
constants KNIK2L were determined as follows. Complex formation 
(1) is competitive with ligand protonation (2) in the buffer region 
of the titration curve (Figure 2). The relationship of K N , H . ~ L  to 

Ni2+ + L NiH-,L + 2H 

[NiH-2L] ["I2 
[Ni2+] [L] 

(1) KNiH.2L = 
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[ HiL'+] 

[ Hl-l L('-I)+] [ H+] 
K, = 

Ki is given by eq 3 as shown previously2.6 for dioxo tetraamines. 

i = 4 for dioxo tetraamine2s6 and i = 5 for dioxo pentaamine 

(4) 
(cYH)L = 1 + Ki[H+] + KjK2[H+I2 + ... + KlKz Ki[H+]' 

P = i + ( i  - l)Ki[H+] + + K1K2 Ki-,[H+]'-' (5) 

C = total ligand concentration 

C = [NiH_,L] + [L] + [HL'] + ..- + [HiLi+] 

C = total concentration of Na+ (from NaOH) and [H+] 

(6) 

C = aCL + [H+] (7) 
Plots of the numerator vs. denominator of the right-hand side of 
eq 3 show linear lines passing through the origin for all the dioxo 
pentaamines. The constants KNiK2L are obtained from the gradient 
and summarized in Table I. We also obtained a KcuH-:~ value 
of 9.3 X 

The titration curves of 7 and 8 with Ni(I1) measured in air 
evidently differ from those measured in an argon atmosphere (see 
Figure 2), suggesting an interaction of the Ni(I1) complexes of 
7 and 8 with 0,. The oxygenation constants KO, defined by eq 
8 were calculated by the graphic method previously described.6 

Ni"H-,L + 0, + Ni"H-,L-02 

M for Cu(I1)-7. 

[Ni"H-,L-O,] 

[Ni"H-,L] [O,] KO: = 

The results are Ko2 = 1.9 X lo4 M-' for 7 and KO, = 8.3 X lo3 
M-' for 8 at 35 "C. In the case of S12,  the O2 uptake rates were 
too slow to permit determination of their oxygenation constants 
by the potentiometric method. The complexes of 1-6 and 13-21 
had no interaction with 0,. 

The oxygenation constants KO, with 7 were determined at  35, 
25, and 15 O C  (1.9 X lo4, 1.2 X lo4, and 0.72 X lo4 M-', re- 
spectively), and thermodynamic parameters AH (+8.5 kcal/mol) 
and AS (+47 eu) were obtained from van't Hoff plots. 

O2 Uptake Stoichiometry. The stoichiometry of 0, uptake (by 
Ni(I1)-7) was determined by polarographic measurement. The 
air-saturated control solution ([O,] = 2.7 X M) showed a 
polarographic wave height of 1 1.7 cm for the O2 reduction. Mixing 
O2 (2.03 X M) with Ni"H-,L (1.68 X lo4 M) lowered the 
0, reduction wave height eventually to 1.40 cm (= 3.2 X 
M). Hence, the Ni"H-,L to a consumed 0, ratio is 1:1.02. The 
1 : 1 0, uptake was further confirmed as follows: When the reaction 
of 0, (2.7 X lo4 M) and Ni"H_,L (2.5 X lo4 M) at  pH 9.0 and 
25 O C  was quenched after a few minutes, the [O,] consumed was 
1.08 X 
M, as calculated from an absorbance of 0.242 at 310 nm (complete 
aeration gave an absorbance of 0.550). 

Reversible 0, Uptake. The solution of Ni"H_,L complex (L 
= 9 or 10, 2 X lo-, M in borate buffer at pH 9.4) was prepared 
by mixing a ligand (5-10% excess) and an equimolar Ni(I1) ion 
under argon. After immediate measurement of the UV-visible 
spectrum (Figure 4d), the solution was exposd to air for 3 h at 
room temperature, during which time the Ni(I1) complex was 
oxygenated and the solution turned from purple to dark yellow. 
After measurement of the UV spectrum of the 0, adduct (Figure 
4b), the solution was kept at 35 O C  and placed under a reduced 
pressure of 15-20 mmHg with an aspirator, whereupon deoxy- 
genation of the 0, adduct occurred and was accompanied by a 
change in solution color back to purple. The UV-visible spectrum 
of the resulting solution (Figure 4c) was almost the same as that 

M and the [Ni"H-,L-O,] formed was 1.09 X 

in Figure 4d. When the solution was exposed to air, oxygenation 
occurred again. This manipulation could be repeated several times. 
The deoxygenation was not observed with 7 or 8. For 11 and 12, 
the oxygenation appeared to be too slow to be followed. 

Kinetics of 0, Adduct Formation. The 0, uptake rate was first 
order in both [Ni"H2Ll0 and [O,]. The values of the second-order 
rate constant k were independent of pH. 

d[O, adduct] /dt = k[NiH-2L] [O,] (9) 
The addition of imidazole diminishes the 0, uptake rate by an 

amount that is proportional to its concentration, implying com- 
petition between imidazole and 0, for the sixth coordinate site 
of Ni(II), as expressed by eq 10 and 11. The observed rate should 

Ni"H-,L + imidazole e Ni"H-,L-(imidazole) (10) 
Kmd 

k 
Ni"H_,L + 0, - Ni"H_,L-02 ( 1  1) 

be defined by eq 12, from which relation 13 is derived. The plots 
of kobsd-I against [imidazole] is linear. The equilibrium constant 
Klmid in eq 10 was determined from the gradient/intercept to be 

rate = k,b,d[NiH_2L] [o,]  
6.67. 

[NiH-,L] 
[NiH-,L] + [NiH-2L-(imidazole)] rate = k INiH-2Ll to21 

Magnetic Susceptibilities. The peEf values for compounds 7-16 
weer all 2.8 pB ( S  = l) ,  which is consistent with a high-spin Ni(I1) 
state, as is the pink color of the solutions and the typical visible 
absorption spectra. On the other hand, yellow Ni(I1) complexes 
of macrocyclic dioxo tetraamines 1-3, 17, and 19 all proved to 
be diamagnetic. The oxo-free tetraamines 4, 5 ,  and 6 with or 
without side-arm donors exhibited intermediate values, indicating 
the existence of an equilibrium between the high-spin and the 
low-spin state. The Evans measurement firmly established peff 
= 2.83 pB (S = 1) for the O2 adduct Ni"H-,L-O2 and 1.71 pB 
(S = l/,) for the Ni(II1) complex Niii'H-,L generated by (N- 
H4)2S204 oxidation. The same techniques also found pefF of 1.7 
pB for Cu(I1)-7 and -0 for Cu(III)-7. 
ESR Spectra. An ESR spectrum of the Ni(II1) complex of 10 

is shown in our previous communication." The gvalues are 2.1 5 
(gl) and 2.02 (g,,), indicating that the oxidation involves primarily 
nickel ion. If ligand oxidation had occurred, one would expect 
the values close to the spin-only value of 2.002.,* The observed 
large orbital contribution to the paramagnetism suggests that the 
unpaired electron is located priniarily on the metal ion, consistent 
with the formation of the trivaient rickel state. 

The g values (gi > gv) suggest a tetragonally distorted octa- 
hedral geometry for the low-spin d' Ni(II1) c o m p l e ~ e s . ~ ~ * ~ ~  It 
is evident that one nitrogen donor atom ( I  = 1) coordinates to 
an axial position, since three lines of hyperfine splitting (22 G) 
occur in the g,, region.31 

Discussion 
Variation of Ni(I1) Complexation Properties with Structural 

Parameters. The overall complexing behavior of the macrocyclic 
polyamine ligands is a composite function of the number and type 
of donor atoms, macrocyclic ring size, and charge type as well 
as the number and position of carbonyl substituents. With a broad 
family of macrocyclic ligands available, the observed Ni( 11) 
complex geometries can be meaningfully related to Ni(I1,III) redox 
potentials of these complexes. 

The 14-membered tetraamines can contain Ni(I1) in the center 
of the macrocyclic hole in a square-planar coordinate geometry. 

(28) Barefield, E. K.; Mocella, M. T. J .  Am.  Chem. Sor. 1975, 97, 4238. 
(29) Levecchio, F. V.; Gore, E. S.; Busch, D. H. J .  Am. Chem. Soc. 1974, 

( 3 0 )  Gore, E. S.; Busch, D. H. Inorg. Chem. 1973, 12, 1. 
(31) Lappin, A. G.; Murray, C .  K.; Margerum, D. W. Inorg. Chem. 1978, 

96, 3109. 

17, 1630 
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The rigid macrocyclic structure and especially the high ligand field 
of the deprotonated amide donors contribute to the stabilization 
of low-spin Ni(I1) with dioxo ligand 1. The 14-membered tet- 
raamine 4, without the two imide anions, gives a mixture of 
low-spin and high-spin Ni(I1) complexes, as evidenced by the 
intermediate values of geff (see Table I). Earlier spectroscopic 
 measurement^^^ showed the Ni(I1)-4 complex to be in low-spin 

Kimura, Machida, and Kodama 

duction of either high-spin or low-spin Ni(I1) with dioxo penta- 
amines. Those having the fifth donor on a side arm (2, 3) yield 
low-spin Ni(I1) complexes, due to the strong tetragonal distortion 
effect of the macrocyclic dioxo X,. In fact, these auxiliary fifth 
N donors do not assist in stabilizing the Ni(I1) complexes, as shown 
by the KNiH-zL  values. On the other hand, when incorporated 
within the 16-membered macrocyclic frame 7, the fifth N donor 
is constrained to an axial coordinate position by the macrocyclic 
structure. The axial amine of 7 and the axial pyridine N of 15 

nu- 

,P ,z r 

(71%) and high-spin (29%) equilibrium in aqueous solution at  
25 OC. The strong coplanar effect of the dioxo group is also 
manifested by the fact that the low-spin state is retained even in 
the presence of a potential axial N donor on a side arm; see 2 and 
3. 

The 16-membered dioxo pentaamine 7 having a larger cavity 
and five N donors would encircle the Ni(I1) ion only in a 
square-pyramidal configuration with the two imide anion donors 
finding no place to stay other than the basal positions due to the 
steric requirement. The pink Ni(II)-7 displays three d-d ab- 
sorption bands with the low extinction coefficients (t  1-10) 
characteristic of octahedral high-spin species (see Figure 4d), 
which is supported by the peff value of 2.8 pB. If the two imide 
donors are in different positions as in 21, the regular square-py- 
ramidal geometry could hardly be attained and the result is a 
mixture of high- and low-spin complexes (see Table I). The 
monooxo[16]aneN5 (13) and oxo-free [16]aneN5 (14) offer similar 
square-pyramidal NS ligand environments to high-spin Ni(I1) ions. 
The attachment of alkyl and aromatic substituents to 7 would not 
cause fundamental changes in the N5  complex geometry, except 
for certain steric crowding effects, as indicated by generally smaller 
KN,H-zL values for 8-11. However, the pyridyl substituent in 12, 

U U U Y 

on the contrary, increases the complex stability by about a factor 
of 10. This fact, along with the failure of the Ni(I1)-12 complex 
to react with O2 (see the following discussion), suggests the co- 
ordination of the pyridyl N a t  the sixth position. It is of some 
significance that the Ni(I1) complexes of the N, ligands 7 and 
14 are less stable than the corresponding N 4  homologues 1 and 
4, respectively, despite the fact that the former group offers one 
more donor atom than the latter. Evidently the better accom- 
modation of the N, cavity to low-spin Ni(I1) is of greater im- 
portance than the higher N, donor effect on high-spin Ni(I1) so 
far as complex stability is concerned. Copper(I1) also forms more 
stable complexes with the N, ligands than with the N5  ligand^.^^,^^ 

The location of the fifth N donor atom within and appendant 
to the macrocyclic frame is a critical factor governing the pro- 

(32) Anichni, A.; Fabbrizzi, L.; Paoletti, p.; Clay, R. M. Inorg. Chim. Acta 

(33) Kodama, M.; Kimura, E. J .  Chem. Soc., Dalton Trans. 1978, 1081. 
(34) The Cu(1I) complex of dioxo[16]aneN5 is less stable (KCuH.2L = 9.3 

1977, 24, L21. 

X than that of dioxocyclam (1.0 X 10'). 

d- 15 N'n-'6 N i:E 
High spin High spin Low spin 

N ,P 18 NIP12 N ?- 29 N?- dioxo 2 3 2-let 
High spin Low spin Hiqh spin Low spin 

exert appreciable ligand field effect to raise the dzz orbital energy 
and yield the high-spin Ni(I1) complexes, while the weaker u donor 
of sulfur in 17 yields a low-spin Ni(I1) complex. The axial co- 
ordination of the pyridine of 15 involves considerable strain, as 
a molecular model indicates. Thus, with the dioxo-free homologue 
16, the pyridine will stay at a basal position. Significant difference 
in visible absorptions, X,,, = 600 nm (c  20) for 15 and 570 
(shoulder) and 630 nm (t 12) for 16, supports this notion. When 
these donor atoms are substituted by carbon atom of 19, the 
enclosed Ni(I1) is low spin. Note that dioxo 2,3,2-tetraamine (= 
(CH2)5 bridge less 19) yields a low-spin Ni(I1) c o m p l e ~ . ~  The 
strong ligand field effects of the imide anions are also demonstrated 
by the conversion of low-spin to high-spin Ni(I1) upon removal 
of the dioxo functions; 17 vs. 18 and 19 vs. 20. 

Square-Pyramidal NS Coordinate Environments for Stability of 
Ni(III). The most remarkable discovery with the dioxo polyamine 
series is the dramatic drop of Eo values when the fifth donor atom 
is incorporated into the macrocyclic rings, from 0.8 1 V with 1 
to 0.24 V with 7, to 0.62 V with 15, or to 0.41 V with 17. This 
is a very distinctive feature, since in other ligand systems such 
as peptides (e.g., 0.71 V of Gly-Gly-His vs. 0.70 V of Gly-Gly- 
His-Gly)* and macrocylic tetraamines (e.g., 0.81 V of 1 vs. 0.86 
V of 3) Eo values are nearly insensitive to the additional axial 
coordination. Moreover, the Eo value of +0.24 V (vs. SCE) with 
7 is exceptionally low among the reported Ni(I1,III) redox values 
of the relevant  polyamine^^.^^^^^ and oligopeptides in aqueous 
s o l ~ t i o n s . ~ ~ * ~ ' ~  Also, the fact that the Ni(I1,III) potential (+0.24 
V) is much smaller than the corresponding Cu(11,III) potential 
(+0.68 V)" with the same ligand has no precedent in the liter- 
ature. The opposite trend is generally true with peptides7s8 and 
macrocyclic t e t r a a m i n e ~ . ~ . ~ ~  These facts, altogether, well illustrate 
how the square-pyramidal N, coordinate environments formed 
by 7 are extremely effective for the d8 Ni(I1) - d7 Ni(II1) 
transition. 

Effect of Imide Anion Donors. The deprotonated peptide ni- 
trogen is higher in the spectrochemical series and is a stronger 
u donor than amine.3s This is also true of the high-spin Ni- 
(11)-macrocyclic pentaamine series, as qualitatively evidenced by 
the gradual shift of the d-d transition band (3A2, - 3T18) of 510 
(doubly deprotonated 7), 520 (singly deprotonated 13), and 527 
nm (14, all t 10 M-I cm-I). The stronger electron donor properties 
of the imide donors would be expected to help stabilize the higher 

~ ~~ 

(35) Fabbrizzi, L. J .  Chem. Soc., Chem. Commun. 1979, 1063. 
(36) Zeigerson, E.; Ginzburg, G.; Schwartz, N.; Luz, Z.; Meyerstein, D. 

(37)  Kimura, E.; Koike, T.; Machida, R.; Nagai, R : Kodama, M. Inorg. 

(38) Billo, E. Inorg. Nucl Chem. Lert. 1974, IO, 613. 

J .  Chem. SOC., Chem. Commun. 1979, 241. 

Chem., in press. 
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It is interesting to note that in DMF, the Ni(I1,III) potentials are 
extremely low, e.g., +0.02 V vs. SCE for Ni-10 with 0.1 M 
Bu4NfC10,-. 

Nickel(II1)-Dioxo[ 16]aneN5 Complexes. A dark brown de- 
veloped as the pink solution of Ni(II)-7 with an initial unbuffered 
pH of 10.1 was oxidized electrochemically on a Pt wire at +OS0 
V vs. SCE at room temperature. The oxidation was continued 
for 40 min to a final pH of 7.1. The oxidation product showed 
a UV-visible spectrum (Arnx 300 nm ( t  6900 M-' cm-I), see Figure 
4a) similar to Ni(II1) peptide complexes (e.g., 340 nm (e 4500) 
with Gly-Gly-Gly),8 which constitutes evidence for Ni(II1) com- 
plex formation. The ESR spectrum is consistent with the 
square-pyramidal N 5  coordination of low-spin d7 Ni(II1) a t  pH 
7. The Ni(II1) species is stable at pH less than 7 and remains 
for 4-5 h at  room temperature, but it decomposes immediately 
at pH 10, as judged from the visible and ESR spectral changes. 
The Ni(II1) species oxidizes KI, Fe(II), and ascorbic acid. 

Interaction of 0, with Ni(I1)-Dioxo[ 16]aneN5 Complexes. In 
view of the extremely low oxidation potential, we made an attempt 
to air oxidize Ni(I1)-dioxo[ 16]aneN5 complexes in aqueous so- 
lution. An intense brown color developed as in the electrochemical 
oxidation. (See the spectral change from d to b in Figure 4.) A 
further elaborate study established that the air oxidation products 
are the 1:l (Ni"'H_,L)-O, adducts. The supporting evidence for 
the novel 1:l Ni(III)-02 complexes is as follows: (1) the Ni11H_2L 
complex (where L = 7) takes up an equimolar amount of O2 in 
pH 9.5 borate buffer at 25 "C and I = 0.2 M (see Results); ( 2 )  
the freshly oxygenated products show the intense band (assignable 
to CT from Ni to 0,) at A,,, 310 nm (t 2200) for L = 7 and 290 
nm (6 4700) for 10 and possess oxidizing abilities such as oxidation 
of I- and ascorbic acid similar to the electrochemically prepared 
Ni(II1) species; (3) after several hours of exposure of Ni(11)-7 
to air in an unbuffered pH 9.8 aqueous solution at 25 "C, 0.5 mM 
Ni"'H-,L-02 species (determined by the absorbance at 290 nm) 
was obtained [Its solution after deaeration with N, (to purge all 
of the free, uncomplexed O2 in the solution) exhibited a new 
polarographic wave at E,l2 = +0.17 V vs. SCE, which is ascribable 
to the reduction of the Ni-bound O,]; (4) the electrochemical 
reduction of NiH_,L-O2 at potentials below its El l ,  value proceeds 
to a quantitative recovery of the starting pink Ni"H-,L, as de- 
termined spectrometrically; (5) when the above deaerated 0.5 mM 
Ni11rH-2L-02 solution is acidified to pH 3.0 by a few drops of 
acetic acid in an N2 atmosphere, its wave height at E,,, = +0.17 
V diminishes from 12 to 4.5 cm, indicating 63% [= (12 - 4.5)/12] 
decomposition of the oxygenated species. This wave decrease 
matches the emergence of a new wave (7.5 cm high) a t  -0.1 V 
vs. SCE, which is assigned to the reduction of free O,, as separately 
confirmed [These polarographic observations are consistent with 
the spectrophotometric evidence of the diminished absorbance at 
290 nm from 2.35 to 0.88 [(2.35-0.88)/2.35 = 63% decompo- 
sition]]; (6) the electrochemically generated Ni111H-2L complexes 
do not release free 0, at  all when acidified with acetic acid; (7) 
the pH titration curve of Ni(II)-7 in aerobic conditions fits the 
eq 8 derived for the formation of 1:l O2 adducts. For the 1:l 0, 
adduct, we propose structure I where O2 occupies the sixth co- 
ordinate site.40 

H 
/-N- 

H 

H H 

Square-pyramidal Ng 

LON Spin d8 C u m  d9 cu(IIj l k s  favorable 

(Pen 1 1  7 E M ) - (Mi = 01  

oxidation state of Ni, and this was found to be the case. Ni"H-,L 
with 7 exhibits the lowest value (0.24 V), Ni"H-,L with 13 (0.46 
V) is intermediate, and Ni"L with 14 is the highest a t  0.66 V. 
Each deprotonated amide group thus contributes to stabilization 
by 0.2 V in Eo values in macrocyclic pentaamine complexes. Such 
additivity is rare in linear peptide complexes of low-spin Ni(I1). 

The effect of imide donors on E" is also observed in the sul- 
fur-containing homologues, where the dioxo derivative 17 shows 
a lower E" value of 0.41 V than the oxo-free 18 (0.77 V).  

Effect of Axial Donors in the Macrocyclic Frame. The axial 
N donor atoms generally help to stabilize Ni(II1). The relative 
ease of oxidation of Ni(I1) to Ni(II1) with amine 7 (E" = 0.24 
V) and thio ether 17 (0.41 V) may reflect the relative electron 
donor properties of N and S. The same order is seen for dioxo-free 
polyamines: amine 14 (0.66 V) vs. sulfur 16 (0.77 V). The greater 
E" value of 0.62 V with pyridyl derivative 15 than those with 
amine 7 and sulfur 17 may be attributed to the negative effects 
of x back-bonding. The constrictive ring strain caused by the 
pyridyl bridging may work favorably for Ni(111)-16, accounting 
for the lower E" value (0.53 V) than that for 14. 

It is of interest to note that the potential axial donors attached 
to the side arm in 2 and 3 do not stabilize the Ni(II1) state like 
those incorporated in macrocycles. The strong square-planar 
constriction by the macrocyclic N 4  would cause tetragonal dis- 
tortion so as to reduce the axial donor effects even on Ni(II1). 
Our previous Ni(II1) ESR spectral measurement indicated no axial 
bonding with 3.37 

After all these structural factors were taken into consideration, 
we have concluded that dioxo[16]aneN5 (7) is the most appropriate 
ligand skeleton for stabilization of Ni(II1). Thus, we were led 
to modify the basic structure of 7 and synthesize 8-12. All of 
these complexes displayed almost the same E" value of 0.24 V, 
indicating that the substituents have no major effect on the ox- 
idation of Ni(II), as exhibited by the parent compound 7. 

Effect of Temperature and Solvation on Eo Value. Temperature 
has a minor influence on the E" value of Ni(II)-7 (0.245, 0.247, 
and 0.249 V at 15,25, and 35 "C, respectively, with 0.1 M Na2S04 
and pH 10.3). The value of (dEo/d7') = +0.18 is less than for 
Ni tetrapeptide complexes (+0.46 for t e t r ag ly~ ine ) ,~~  supporting 
the notion that less solvation is needed for Ni(I1,III)-N5 coordinate 
7 (eq 14) than for Ni(lI,III)-N4 coordinate tetrapeptide (eq 15).39 

Ni"H-,L(H,O) z Ni"'H_,L(H,O) + e- (14) 

Ni"H-,L + 2 H 2 0  s Ni"'H_,L(H,O), + e- (15) 

The dE"/dT value for Ni(I1,III)-macrocyclic N 4  (4) was 0.58 
under the same conditions. The effect of solvation was further 
examined by measuring the E" values as a function of solvent 
composition. As anticipated, increasing the 2-propanol content 
of the solvent, which lowers its solvating ability, increased the E" 
values for the oxidation of Ni-7, 0.260 (2-propanol content O%), 
0.265 (27%), 0.270 (45%), and 0.272 V (75%) at 0.1 M NaCIO,, 
25 "C, and pH 10.2. This upward trend is in contrast to the 
downward trend observed for Cu(IIJI1)-1: 0.693 (O%),  0.685 
(22.5%), 0.678 (45%), and 0.672 V (75%). The latter process 
(d9 -, d8) should accompany desolvation (eq 16), and hence the 

C U " H - ~ L ( H ~ O ) ~  c CU"'H-~L + 2 H 2 0  + e- (16) 

decrease in the water content works favorably for this process. 

(39) Youngblood, M. P.; Margerum, D. W. Inorg. Chem. 1980,19, 3068. 

in H20 " 

pink brown 

It is of interest to note that the reactivity of Ni(I1)-7-12 toward 
0, greatly varies with R substituents, although they show the same 
Ni(I1,III) redox potentials. The release of 0, from the 0, adduct 

0 2  adducts,l 

(40) Determination of the O2 stretching frequency is certainly needed. 
However, IR and Raman spectroscopic measurements of the Ni"-7-02 adduct 
have not been successful so far. 
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under reduced pressure does not occur for unsubstituted 7 and 
methyl-substituted 8, while it occurs for ethyl-substituted 9 or 
benzyl-substituted 10. This suggests that steric effects are re- 
sponsible for the shift of the 0, uptake equilibrium. The complex 
Ni(I1)-11, having a bulkier naphthylmethyl substituent, shows 
no reaction with oxygen even after a few days of exposure. A 
similar inertness of Ni(I1)-12 to O2 is attributed to the occupancy 
of the sixth coordinate site by the pyridyl N. 

The reaction of Ni"H-,L (where L = 7) with O2 in aqueous 
solution follows second-order kinetics: rate = k[Ni1iH-2L] [O,] 
where k = 1.7 X M-I s-l a t  35 OC. A similar rate law holds 

"C) and Fe(I1)-16 ( k  = 1.4 X lo2 M-Is-l at 25 OC and pH 8.0).*l 
All these reactions involve the same process of replacement of 
coordinate water by 02. The site for O2 coordination was shown 
to be competitively occupied by imidazole. Molecular oxygen was 
previously shown to react with Ni(I1) tetrapeptide complexes (e.g., 
with tetraglycine E o  = 0.54 V vs. SCE) in aqueous s ~ l u t i o n . ' ~  
However, it is an autocatalytic process in which small amounts 
of the initially formed Ni(II1) species catalyze the peptide oxi- 
dation. The 0, uptake kinetics are expressed in a more complex 
form. 

Properties of the Ni(III)-02 Adducts. The magnetic suscep- 
tibility of 2.83 pB of the starting, pink Ni(II)-10 complex remains 
unchanged upon oxygenation to the brown 1:l 0, adduct, while 
it becomes 1.7 1 pB upon electrochemical or chemical oxidation 
to the brown Ni(III)-lO complex. The paramagnetic properties 
of the 1:l O2  adduct with two unpaired electrons (S = 1 )  may 
be interpreted in terms of weak interaction of Ni(II1) with the 
superoxide ion 0,- where the spin coupling is weak.'"' The localized 
Ni(II1) character is well demonstrated by the fact that the UV 
spectra of the Ni(III)-02 adducts are similar to those of the 
electrochemically generated Ni(II1) complexes. The fresh O2 
adduct of Ni(I1)-10 exhibits an ESR spectrum very similar to 
the one obtained for Ni(II1) species (Figure 2 in ref 1 l) ,  although 
the intensity of the former is weaker about by a factor of 
A objection may be iaised that the ESR spectrum of the 0, adduct 
is more like that of an autoxidized Ni(II1) contaminant. However, 
we observed that this ESR signal almost completely disappears 
upon deoxygenation in vacuo. Upon reoxygenation we obtained 
almost the same spectrum as the first one. For further evidence 
of the Ni(III)-02 adducts, the ESR spectrum of the oxygenated 
species with 10 prepared in I7O2 was measured, which exhibits 
(ill-defined) three new lines (J = 8.4 G) in the g,, region where 
there is another set of three strong lines of the superhyperfine 
splitting (due to l4N-Ni(I1I) coupling, J = 22 G). Although the 
detailed discussion awaits a more elaborate ESR study, this new 
splitting may be interpreted to be the result of a weak interaction 
of Ni(II1) with the nuclear spin of I7O2 ( I  = 5 / 2 ) .  The Ni(II1) 
spectrum of the 1602 ( I  = 0) adduct does not show such splitting. 

Novel Features of the Ni(II)-02 Complexes. Since Ni(I1) has 
never been considered to be a likely candidate for O2 uptake, the 
manner in which O2 is bound to the Ni(I1)-dioxo[16]aneN5 
complexes is a matter of great interest. The situation could be 
compared with Fe(I1)- and Co(I1)-macrocyclic polyamine sys- 
t e m ~ . ~ , ~ , ~ ~ , ~ ~ , ~ ~  Addition of O2 to these metal complexes is con- 
sidered to involve a formal oxidation of the metal center with a 
concomitant reduction of the coordinated 0,. Thus, the coor- 
dinated dioxygen can be viewed as more or less resembling a 
coordinated superoxide anion, 02-. In comparing the oxygenation 
of Ni(II), Fe(II), and Co(I1) systems, the direct oxidation of 
M(I1)-macrocyclic polyamines by 0, (eq 17 and 18) may be first 

(17) 
MIi-macrocyclic polyamine - M"'-macrocyclic polyamine 

(18) 
postulated. It has been established that all of these M(I1) com- 
plexes form 0, adducts in aqueous s o l ~ t i o n s . ~ . ~ , ~ ~ , ~ ~ , ~ ~  If we write 

for oxygen uptake of C0(11)-14~' (k = 2.2 X lo5 M-l s -I  a t 25 

0, + e- - 0; Eo = -0.33 V vs. "EJ3 

(41) Kodama, M . ;  Kimura, E. Inorg. Chem. 1980, 19, 1871. 
(42) Kodama, M.;  Kimura, E. J .  Chem. SOC., Dalfon Trans. 1980, 327. 
(43) Wood, P. M. FEBS Lett. 1974, 44, 22.  

Kimura, Machida, and Kodama 

an isolated equilibrium (eq 19) using the half-reaction in eq 17 
to oxidize Ni"-7 ( E O  = +0.49 V vs. NHE) ,  we obtain 

NiII-7 + 0, F= Ni'II-7 + 0; 

Eo = -0.82 V 

= 10-14 [Ni1I1-7] [O,-] 

[Ni"-7] [ 0 2 ]  
Kq = 

In other words, 02, as an uncomplexed species, is thermody- 
namically incapable of oxidizing Nil1 to Nili1 to any practical 
extent. The energetics ought to be greatly improved on O2 co- 
ordination to Ni. By comparison, such an electron-transfer process 
is more feasible for Fe(I1) and Co(I1). The Eo values for oxidation 
of Fe(I1) to Fe(II1) and of Co(I1) to Co(II1) are less negative 
than for the oxidation of Ni(I1) shown in eq 19. Under the same 
conditions as were maintained for the oxidation of Ni(I1) we found 
Eo values (vs. NHE) for eq 18 as follows: -0.02 V for Fe(II)-16?' 
-0.05 V for Co(II)-14, and -0.06 V for Co(11)-1. These values 
were determined polarographically. This fact implies that oxy- 
genation of Co(I1) and Fe(I1) complexes could be described more 
as an oxidative addition type interaction and also that further 
electron transfer to distinct M(II1) and 02- species is more likely 
for Co and Fe than for Ni. 

Since an electron-transfer reaction is least likely, the question 
arises how the ionic type of bonding M"'.-O< can be adopted with 
Ni. Although the ionic bond strength is unknown, the polar 
solvation effects of water would undoubtedly provide a driving 
force for the reaction of the neutral [NiiiH_,L]O species with 
neutral 0, to yield the dipolar [NiiiiH-2L]+.-021 products. In 
Co(I1)-Schiff bases complexes, 0, affinity appreciably increases 
in polar solvents,44 which is ascribed to the stabilization of the 
polar Co(II1)-0; species in more polar solvents. We have found 
anomalous higher O2 affinity at higher temperature with Ni(lI), 
which implies a positive contribution to the entropy change upon 
oxygen binding to the Ni(I1) complexes in aqueous solvents. This 
unusual behavior may lend a support to the above argument 
concerning the dipolar structure of the oxygenated product in 
aqueous solutions. The novel chemical reactivity of the Ni-bound 
O2 that can attack benzene to yield phenol'' may also be accounted 
for by the dipolar structure. 

The fact that the Ni(II)-dioxo[16]aneN5 with the sixth co- 
ordinate site being occupied, as in Ni(11)-12, is unreactive with 
02, despite the identical Eo value of 0.24 V, suggests an inner- 
sphere electron-transfer process for the formation of Ni(III).-02-. 
The prior Ni-02 bond formation would be facilitated by the 
interaction of high-spin Ni(I1) with the triplet ground-state 0,. 
This situation bears a resemblance to biological heme 0, uptake 
where high-spin Fe(I1) interacts with triplet 02,45 although the 
resulting Fe-0, adducts are diamagnetic. The importance of the 
high-spin state of Ni(1I) for O2 uptake may also be illustrated 
by the fact that dianionic macrocyclic tetraamine complexes with 
low-spin Ni(I1) were not reported to be subject to oxygenation 
despite possessing much lower (or even negative) Eo values than 
our +0.24 V for Ni(l1,III) couples.46 

Conclusions 
16-Membered macrocyclic dioxo pentaamines are unique lig- 

ands that enable high-spin Ni(1I) to interact with molecular 
oxygen to yield 1:l O2 adducts. The essential features of the (dioxo 
pentaamine)nickel (11) complexes are the inclusion of an axial 
N donor within the macrocyclic frame and the generation of two 
imide anions upon interaction with high-spin Ni(I1). The effect 
of this complexation is to lower the Ni(I1,III) redox potential to 
+0.24 V vs. SCE, the lowest value ever reported for high-spin 
Ni(I1) Ni(II1) couples. This E" value is just suitable, neither 
too high nor too low, for stabilization of Ni"-02 bonding in 

(44) Carter, M .  J.; Rillema, P. P.; Basolo, F. J .  Am. Chem. SOC. 1974, 96, 

(45) Bolton, W.; Perutz, M .  F. Nature (London) 1970, 228, 551  and 726. 
(46) Pillsburg, D. G.; Busch, D. H. J .  Am. Chem. SOC. 1976, 98, 7836. 
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aqueous solution that is better represented by Ni"*--02- dipolar 
formalism. The interaction of high-spin Ni(I1) with triplet 0, 
resembles the biological O2 uptake system of heme-containing 
high-spin Fe(II), although the resulting 1:l O2 adducts are 
paramagnetic (S = 1) with N i  and diamagnetic with heme. 
Attaching an ethyl or benzyl substituent to the macrocycle ring 
enhances the reversibility of the O2 adduct formation. That 
metal-bound superoxide is a reactive oxygen species is a hypothesis 
of long   tan ding.^' The present Ni"-; serves as an appropriate 
example, since the Ni-bound O2 is activated to the degree that 
it can attack benzene to yield phenol.48 We  believe a new 0, 

(47) Michelson, A. M.; McCord, J. M.; Fridovich, I .  "Superoxide and 
Superoxide Dismutases"; Academic Press: London, 1977; p 77. 

(48) We have recently proved that the phenol oxygen is entirely and di- 
rectly derived from 02: Kimura, E.; Machida, R. J .  Chem. Soc., Chem. 
Commun. 1984, 499. 

chemistry will evolve out of the macrocyclic polyamine complexes 
of high-spin Ni(I1). 
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Abstract: The intramolecular acetylene insertion reactions of C1L,PdCO2(CH2),C=CCH3 ( la ,  L = Ph3P, n = 2; lb ,  L = 
p-tol,P, n = 2; 2,  L = Ph3P, n = 3) and the intramolecular olefin insertion reaction of CIL2PdC02CH2CH2CH=CH2 (3, L 
= Ph3P) have been investigated. The acetylene insertion reactions give stable vinyl complexes 5a, 5b, and 6; the olefin insertion 
reaction gives an unsaturated lactone by @hydrogen elimination from the initially formed insertion product. Kinetic and 31P 
NMR studies show that, as predicted by Thorn and Hoffmann, the reactions proceed by a four-coordinate mechanism, with 
the triple or double bond displacing a phosphine ligand in a rapidly maintained equilibrium prior to insertion. the triple bond 
in 2, with the longer carbon chain, is more easily coordinated than that in l a  but inserts less rapidly after coordination. 

The insertion of carbon-carbon multiple bonds into metal- 
carbon bonds has traditionally been assumed to be a key step in 
many important reactions in homogeneous catalysis. For example, 
the catalytic trimerization1s2 and (in some cases) the carboalk- 
oxylation3 of acetylenes are believed to involve the insertion of 
triple bonds into metal-carbon u bonds; the catalytic a r y l a t i ~ n , ~  
oligomerization,' and (again, in some cases) carboalk~xylation~ 
of olefins have been said to involve the insertion of double bonds 
into metal-carbon u bonds. In view of the importance of these 
catalytic reactions and of the fact that alternative mechanisms 
not involving insertion have recently been put forward for some 
of them (e.g., for ethylene and propylene polymerization6), con- 
siderable effort has been devoted to the search for stoichiometric 
systems in which such insertions can be directly observed and 
investigated. Watson has reportedSa the formation of an isobutyl 

(1) Maitlis, P. M. Acr. Chem. Res. 1976, 9, 93. 
(2) Vollhardt, K. P. C. Acc. Chem. Res. 1977, 10, I .  
(3) Mullen, A. In "New Syntheses with Carbon Monoxide"; Falbe, J., Ed.; 

Springer-Verlag: New York, 1980; Chapter 3 and references therein. 
(4) Heck, R. F. Acr. Chem. Res. 1979, 12, 146 and references therein. 
( 5 )  (a) Watson, P. L.; J .  Am. Chem. SOC. 1982, 104, 337. Watson, P. L.; 

Roe, D. C. J .  Am. Chem. SOC. 1982, 104, 6471 and references therein. (b) 
Soto, J.; Steigerwald, M. L.; Grubbs, R. H.  J .  Am. Chem. SOC. 1982, 104, 
4479 and references therein. 

(6) (a) Ivin, R. J.; Rooney, J. J.; Stewart, C. D.; Green, M. L. H.; Mahtab, 
R. J .  Chem. SOC., Chem. Commun. 1978,604. (b) Turner, H. W.; Schrock, 
R. R.; Fellmann, J. D.; Holmes, S. J. J .  Am. Chem. SOC. 1983,105,4942 and 
references therein. 
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complex from the insertion of propylene into the Lu-CH, bond 
of (CSMe5),LuCH3; Stone,7 Alt? and Bergman and co-workers+" 
have reported the formation of vinyl complexes from the insertion 
of ~ n a c t i v a t e d ' ~ ~ ' ~  acetylenes into metal-carbon u bonds. 

Many of the catalytic reactions cited above involve planar 
complexes of d8 metals such as Pd(I1) and Pt(I1). Although the 
direct observation (uncomplicated by subsequent reactions) of the 
insertion of a free olefin or unactivated acetylene into a Pd-C or 
Pt-C bond has not been r e p ~ r t e d , ' ~  the insertion of olefins and 
acetylenes into Pd-H and Pt-H bonds have been extensively 
~ t u d i e d . ~ ' , ' ~  Thorn and Hoffmann have carried out a detailed 

(7) Davidson, J. L.; Green, M.; Nyathi, J. 2.; Scott, C.; Stone, F. G. A.; 
Welch, A. J.; Woodward, P. J .  Chem. SOC., Chem. Commun. 1976, 714. 

(8) Alt, H. G. J .  Organomet. Chem. 1977, 127, 349. Alt, H. G.; 
Schwarzle, J. A. Ibid. 1978, 155, C65. Ah, H. G. Z .  Naturforsch., E:  Anorg. 
Chem. Org. Chem. 1977, 328, 1139. 

(9) Tremont, S. J.: Bergman, R. G. J .  Organomet. Chem. 1977, 140, C12. 
(10) Huggins, J. M.; Bergman, R. G. J .  Am. Chem. SOC. 1981,103, 3002. 
(11) Watson, P. L.; Bergman, R. G. J .  Am. Chem. SOC. 1979, 101, 2055. 
(12) As has been pointed out previously,I0 considerably more examples are 

known where the acetylene is activated by aryl, fluoro, carboalkoxy, or other 
electron-withdrawing substituents. Some of these examples are listed in ref 
13. 

(13) (a) Clark, H. C.; Jablonski, C. R.; von Werner, K. J .  Organomet. 
Chem. 1974,82, C51. (b) Clark, H. C.: Puddephatt, R. J. Inorg. Chem. 1970, 
9,  2670. (c) Clark, H. C.; von Werner, K. J .  Orgunomet. Chem. 1975, 101, 
347. (d) Davies, B. W.; Payne, N. C. J .  Organomet. Chem. 1975, 102, 245. 

(14) Examples involving Ni-C bonds are reported in ref 9 and I O .  
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