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amine Ligand 1,4,7,1 O-Tetra-azacyclododecane-2,6-dione 

By M utsuo Kodarna, Department of Chemistry, College of General Education, Hirosaki University, Bunkyo, 
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A novel example of square-planar N, co-ordination of a 12-membered macrocycle has been found with the 
title compound, L5. Rigid planarity caused by the dissociation of two protons from the amide groups at pH ca. 8 
stabilizes the 1 : 1 complex [M(H-,L)], with M = Cu2+ and Ni2+, asshown by pH-metric titrations. The conceivable 
bond strain around Cuz+ is manifested in the visible spectrum exhibiting an unusual blue shift and also in the 
cumulative formation constant KCuH-2L (= [Cu(H-,L)] [H+]2/[Cu2+] [L]} which is much smaller than the reported 
values for the square-planar complexes of 13-1 5-membered homologous macrocycles, L6-L8, or glycylglycyl- 
glycine, L l l .  The advantages of the planar ligand field and the small cavity size are reflected in the ready attainment 
of a dS Cu3+ complex as demonstrated by the extremely low electrode potential €* measured using cyclic voltam- 
metry. The 
KNiH-oL value is comparable to that for Lll. The yellow visible spectrum is indicative of low-spin square-planar 
complex geometry. 

In contrast, Ni2f with a smaller cation size seems to fit more easily in the 12-membered cavity. 

T H E  feasibility of square-planar co-ordination for the 
quadridentate 12-membered macrocycle 1,4,7,10-tetra- 
azacyclododecane, L1, had been inferred,l although its 
existence had long remained unverified. Very recently, 
Fabbrizzi reported that the blue coloured (high-spin) 
aqueous solution of octahedral cis-[NiL1I2 + is partially 
convertible into a yellow coloured low-spin planar species 
under special conditions. Normally, however, i t  is more 
than 99% in the high-spin form.3 The copper complex 
of L1 is reported to adopt a square-pyramidal ~ t r u c t u r e . ~  

Herein we describe a new 12-membered tetra-amine 
ligand containing two amide groups, L5, designed to 
enforce a square-planar configuration on interaction with 
divalent metal ions. The molecular structure mimics 
tripeptides such as glycylglycylglycine, Lll (refs. 4 
and 5 ) ,  and is an extension of the 13-15-membered 
dioxotetra-amine series, L6-L8.6-8 These potential 
quadridentate macrocycles were all shown to form square- 
planar N, (including two imide nitrogens) complexes 
[M(H-,L)] with M2+ (=Cu2+ and Co2+) as a result of 
double deprotonation of the amides. The present 
potentiometric measurements on L 5  with Cu2 and Ni2 
have also demonstrated the dissociation of the two 
protons from the two amide groups to form the \M(H_,L) 1 
complex. 
is strongly indicated spectrophotometrically. A parallcl 
study of the complexes of L6-L9 with Xi2+ has lent 
support to the assignment of planar co-ordination in 
[Ni(H-,L)] complexes. As an illustration of the small 
cavity size and the rigid planarity of L5, we have ex- 
amined, by cyclic voltammetry, the electrode potentials 
E* needed to attain uncommon trivalent oxidation states 
of Cu and Ni encircled by the doubly deprotonated L5. 

Square-planar complex geometry with Ni2 

EXPERIMENTAL 

The 12-memberecl macrocycle L5 was first syntliesized by 
Tabushi ef aZ.9 as an intermediate to TAX. The procedure 
involves reaction of 1 ,Ei-diarnino-ZJ-aza~entane with rliethvl 

iminodiacetate in refluxing ethanol for 72 h, followed by 
chromatographic purification on silica gel [eluant, CHC1,- 
MeOH (2 : I)]. The compound (hygroscopic) was re- 
crystallized carefully from ethanol, i n . ~ .  160 "C (lit.,9 163- 
165 "C). The proton n.ni.r. spectrum agreed with that of 
the reference.9 Mixed protonation constants Ki deter- 
mined potentiometrically were 7.60  f7.40) and 4.40 (4.20) a t  

I a 

t 
2 L - L  

0 2 4 

a 
FIGURE 1 Potentiometric titration equilibrium curves of 

L6*2HC10, ( 2  x lW3 mol dm 3, ( a )  on its own, (b )  with Ni2+, 
and (c) with Cu2+ ([Ni2-I] = [Cu2+] == 2 x mol dm-3) 

I 0.2 mol and 25 "C l.35 "C). Other dioxotetra amines 
were prepared as The salts Cu[NO,], and NiCI, 
were analytical grade chemica.1~ and their solutions were 
standardized by titration with ethylenediaminetetra- 
acetate (edta) by the method of Scliwarzenbach.lo Poten- 
tiometric titrations (Figure 1) were performed in the same 
way as those for the C L I ~ ~ - L ~ - - L ~  mixtures (equimolar con- 
centrations of L*2HC10, and metal ions).6 I n  the case of 

I .~ .-- J -  XiZi-L5-L9 each titration point required 10-15 min to 
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L',x=H, 

L ~ , X = O  

1,4,7,10 - Tet ra-azacyc lododecane 

1,4,7,10 - Tet ra-azacyclododecane -2,6-dione 

3 L ,x=tl ,  

L ~ , X = O  

1,4,8,11 - Tetra-azacyclotetradecane 

1,4,8,? l-Tet ra-azacyc lotetradecane-l2,14 -dione 

L4 ,X = H, 
1,4,8,12-Tetra-azacyclopentadecane 

1,4,8,12- Tetra-azacyclopentadecane -9, ll-dione 
L 8 , X = O  

A H  
"N N 

Yo O Y  

'N N I 
H, Hz 

L'O 
1,8 - Diamino -3,6 -d iazaoctane - 2,7-dione 

L2, X = H2 
1,4,7,10 - Tetra-azacyclotridecane 

L6 J x=o 
1,4,7,10 -Te t ra-azac yclotr idecane - 11,13 -dione 

O q 0  i: ,I 
Hz "2 

L9 
1,s - D iamino - 3,7- diazanonane - 4,6 -dione 

L" 
Glyc ylglyc y lgl ycine 

L12 
Gtycylglyc ylg IycylgIycine 

http://dx.doi.org/10.1039/DT9810000694


696 J.C.S. Dalton 
reach equilibrium at 35 "C (at 25 "C the equilibrating time is 
much longer). Cylic voltammetry was performed a t  25 "C 
for both the copper and nickel systems with a three-electrode 
system consisting of a glassy carbon working electrode, a 
platinum-wire auxiliary electrode, and a saturated calomel 
reference electrode (s.c.e.) . Voltammograms were generated 
using a solid-state potentiostat and a potential scanner 
constructed in this laboratory, following the design of 
Itabashi and Oiltawa,ll and recorded on a Rika Denki 
RW-11 X-Y recorder. A working electrode was con- 
structed from a 3-mm glassy carbon rod (Grade GC-20, 
Tokai Electrode Company). The visible spectra were 
obtained with a Hitachi 200- 10 spectrophotometer. 

Determination of E9 Values.-Electrochemical analyses by 
voltammetry were used to determine the electrode poten- 
tials, E*, of a series of metal(11)-macrocycle complexes in a 
similar fashion to those applied on pepticle complexes of 
Cu2+ l2 and Ni2+.13 Figure 2 shows a typical current- 
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FIGURE 2 Cyclic voltammogram of [Cu(H_,L)Io rnol dm-3) 

where L = L6 in aqueous solution a t  a glassy carbon electrode. 
E* = 0.42 V vs. s.c.e., pH = 9.6, I = 0.5mol dm-3 (Na,[SO,]) 

voltage response obtained in Na,[SO,] (0.5 rnol dm-3) solu- 
tion a t  25 "C and a scan rate of 100 mV s-l for the copper(I1)- 
L6 complex rnol dm-3) (pH = 9.6).  The initial solu- 
tion contains only the divalent complex which generates the 
oxidation wave, while the oxidized trivalent complex formed 
i n  the anodic scan generates the reduction wave. This 
current-voltage response curve is representative of all the 
copper(I1) and nickel(I1) complexes studied (see Table). 
The electrode potentials were obtained from an average of 
three measurements and have a reproducibility of &3  mV. 
All the E* values are given in terms of standard electrode 
potentials (V) us. s.c.e. 

The separation of anodic and cathodic peaks, AE, was 
70-90 mV in all but a few cases and peak height ratios 
were near unity. Slight variations ( f 3  mV) of peak 
potential separation with different scan rates (from 20 to 
300 mV 0) were also observed. Furthermore, both peak 
heights were proportional to the square root of scan rate, 
V*. These features are indicative of quasi-reversible (one- 

electron) electrochemical behaviour, and therefore the mid- 
point between two peaks should be a reasonable estimate of 
the electrode potential corresponding to the polarographic 
half-wave potential, Et.14 In all cases the midpoint 
between the two peak potentials was found to be indepen- 
dent of the solution pH:  with Ni2+ and L5 (pH 9.5-10.5), 
L6 (7.7-lO.O), L7 (7.0-10.5), Ls (8.5-11.0); with Cu2+ 
and L5 (9.3-10.2), L6 (6.2-lo), I,' (5.8-10.5), L8 (7.7- 
10.5), L9 (9.3-10.5). The midpoint was also independent 
of the concentrations of complexes (5 x 10-l-4 x 
mol dm-3) and uncomplexed ligands (5 x 10-2--5 x 
rnol d r ~ l - ~ ) .  

RESULTS 

Cojq5er(Ir)-L6 Systewz.-pH-Metric fifrations. The pH 
titration curve under an atmosphere of nitrogen a t  25 "C 
showed complexation to occur above a = 1 and two breaks, 
one (very slight) a t  a = 3 and the other a t  a = 4, where a 
represents the number of moles of Na[OH] added per mole 
of ligand (as the 2HC10, salt) present in solution. The 
complexstion equilibria in equations (1) and (2) were pre- 
sumed. 

Cu2+ + L [Cu(H_,L)]+ + H+, 
KC"II-,L = [ Cu(H-1L) +I [H+l /[CU2+1 [LI (1) 

[Cu(H-,L)I+ e [Cu(H-,L)I + H+ 
K-2H = ~ c u ~ H - z L ~ ~ ~ H ~ ~ / ~ c u ~ H - ~ L ~ ~ ~  (2) 

The Kc~,H-,L value was determined in an analogous way 
to that described for L6-L* complexation (M2+ + L +  
[M(H-,L)] + 2H+, K C ~ ~ - , L L ) . ~  Briefly, taking into account 
the existence of [Cu(OH)]' {KoH = [Cu(OH)+]/rCu2+]- 
[OH-] = 106J),153* the conditional constant K for (1) is 

= KMH-,L/(aH)L(l + KOHIOH-]) 
= CMH-,L+I [H+l/[M2+lap[LlF (3) 

expressed as in equation (3). t Appropriate combination of 
the terms (4)-(8) (for their definition and derivation, see ref. 
6) and substitution into (3) leads to equation (9) a t  cL = GM. 

a = acL + [H+] = 2[L] + [HL'] + 3[M(H-,L)+] + 
[M(OH)+I (4) 

p = 2 + [H+IK, (5) 

(%)L = [LlP/[Ll = 1 + [H+IKl + [H+I2Klh'2 (6) 

R = ~<OH[OH-]/(~ f KOH[OH-]) (7) 

[.ll"]aI, = [M"] + [M(OH)+] (8) 
KMH-IL - - 

1 -t KoH[OIl--] 

(9) 
( (aH)L(a - RGL) - P ~ T ~ L H ( ~  - R)(XH)L - P113[H+I 

(3CL - CC)2(adL 

For the titration data a t  1 < a < 3 (where ca. 5 < pH < 
ca. 7) ,  the plots of the numerator vs. denominator of the 
right-hand side of equation (9) were linear and passed 
through the origin. The KMIIH-,L value was calculated from 
the gradient. 

For the titration region 3 < a < 4 (where ca. 7 < pH < 
cc = UGL + [H'] z U G ~ ;  (10) 

ca. 8), substitution of equations (10)-(12) into equation (2) 
yields equation ( 1 3 ) .  Plots of ( a  - 3)/(4 - a )  against 

* The value cited is corrected for 1 0 . 2  mol dm-3. 
t [M2+],, = Apparent concentration of M2+. 
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[H+]-' (hydrogen-ion concentrations were read directly from 
pH) were linear and passed through the origin. 

"I(H-,L)] = (a  - 3)GL 

c.L = [fiWLlL)+l + [M(H_,L)l 

K-2H = { ( a  - 3)/(4 - a)>[H+I 

(11) 

(12) 

(13) 

Visible spectra. The absorption spectra of Cu2+-L5 
solutions are shown in Figure 3. Before addition of base, 
little complex formation takes place (curve 1). As the 
concentration of  base added is increased, the band maximum 
shifts to shorter wavelengths and increases in intensity 
(curves 2-4). Curve 4 (A,,,,. 650 nm) is almost entirely 

600 700 800 
0 '  

500 
Wavelength I n m  

FIGURE 3 Visible absorption spectra of copper(11)-1~ solutions. 
All solutions are 4 x mol dmW3 in Cu2+ and in L5, and 0.2 
mol dm-3 in Na[C10,]. The solution pH values arc (1) 4.1, 
(2) 5.3, (3) 6.0, (4) 6.5, (5) 6.9, (6) 7.4, (7) 7.9, (8) 8.5. (9) 9.3, 
(10) 11.6, and (11) 12.5 

(95%) due to the species [Cu(H-,L)]+ [the remaining 5o/b clue 
to Cu2+(aq.) based on the equilibrium constants determined 
potentiometrically] . Curves 4-9 give an isosbestic point 
(at  612 nm) which confirms the potentiometric finding that 
only two species, [Cu(H-,L)]+ and [Cu(H-,L)], are present in 
the region from a = 3 to  4. At pH 9.5 (curve 9), 98% of 
the copper is calculated to be present as [Cu(H-,L)]. 

The spectra (see absorptions a t  ca. 650 nm) a t  9.5 < pH < 
1 1.6 suggest an acid-base equilibrium yielding a hydroxo- 
complex, equation (14). The equilibrium constant Kolr 

[Cu(H_,L)j + OH- =+ [Cu(H-,L)(OH)]-, Icon (14) 

(4.5 x lo3) was obtained using the limiting absorbances a t  
660 nm for [Cu(H-,L)] (0.76) and [Cu(H-,IJ)(OH)]- (0 .55 ) ,  
both a t  4 x lW3 mol dn1r3. At pH 11.6, tlie [Cu(H-,L)- 
(OH)]- species constitutes 05% of all the copper species. 

N i c k e l (  rr)-~)ioxotetra-anzine System.-The titration curve 
for Id6 (see Figure 1) a t  cJJ = chi and 35 "C indicated inter- 
action with Ni2+ above a = 1 .  The equilibria (15) and (16) 
explain tlie mode of L5 complexation with Ni2'. 

Ni2+ + L =+= [NiLlZt, ICsir, = [NiL2']/[Ni2+][L] (15) 

Ni2+ + L [Ni(H_,I,)] + 2H+, 
KIV~H-,L = [Ni(H_,L)I[H+]2/[Ni2'][L] (16) 

The titration data a t  1 < a < 2 (cn. 4.5 < pH < ca. 7.6) 
fit equation (1  7) which is immediately derived from 

equation (9) by placing R = 0 (justifiable in view of KO= = 
104J dm3 mo1-l) l 2  and treating L as a diacid base instead 
of the triacid base. 

At 2 < a < 3.6 (7.5 < pH < 8 . 5 ) ,  the data are in accord 
with equation (18),  which is immediately borne out by 
treating L as a tetra-acid base instead of the triacid base 
of equation (9) .  A linear relation was found between the 
numerator and denominator of the right-hand side. 

KN~H-2L - - 
1 + Ko€t[OH-I 

{ ( a H ) L ( a  - RcL) - pHcL>((4 - R)(mH)L - pH>[H'lz (18) 
( ~ C L  - N ) ~ ( ~ H ) L  

For the L6 (complexation occurs a t  pH 6.1-7), L7 (pH 
6-6.3), La (pH 7.3-7.6), and Lg (pH 7.8-8) systems, all 
the titration data for complexation obeyed equation (18) to 
establish equilibrium (16).  All the results are summarized 
in the Table, along with previously reported relevant values. 

The absorption 
spectra are shown in Figure 4. As the concentration of base 
is increased, the bands due to Ni2+(aq.) (395 and 690 nm, 
curve 1) shift slightly toward shorter wavelengths, 380 and 
650 nm, with a slight increase in intensity. At pH 6.7, 
3096 of the nickel species should exist as [NiLI2+ according 
to the potentiometric interpretation. The spectra thus 
indicate the [NiLI2+ complex to be octahedral. As the 
concentration of base is further increased beyond a = 2, 
2.e. 7.5 < pH < 10, curves 3-8, a new band a t  465 nm 

Visible spectra of the Ni2+-L5 system. 

1 

0 .4  
13 

Q u'J t 

3 50 4 00 4 50 500 
Wavelength I nm 

FIGURE 4 iZbsorption spectra of nickcl(11)-1~ solutions. All 
solutions are 5 x in01 dm-l in NiZi and Id6, and 0.2 mol 
d n ~ - ~  in NaLClO,]. 'The solution pH \dues are (1) 4.0, (2) 6.0, 
( 5 )  7.6, (4) 7.0, (5) 8.1, (6) 8.4, (7)  8.7,and (8) 9.0, 9.5, and 10.3 

increases in intensity along with the band a t  380 nrn. A t  
pH 7 . 9 ,  curve 4, [NiI,]2F (50°/,) anti  [Ni(H-,I,)] (5006) are 
coe\istent. A t  pH :\ 8 !), curvc 8, [Ni(H-21,)j is the sole 
nickel species. For the spectra above pH 9 l v e  assign the 
absorption maxinium a t  465 nni to tlie low-spin, square- 
planar complex and the one a t  380 nm to the high-spin, 
octahedral complex. 

For the nickel coinplcses of the dioso-free ligands 
L1-L4, i t  is well known that the blue-to-yellow equilibrium 
(l!)) esists and that i t  is shifted to the right by increasing 

[NiL,(OH,),]2' + [Nil,J2' + 2H,O, K (19) 
blue yellow 

high-spin low-spin 

ionic strength and t e m p e r a t ~ r e . ~ . ~ $  l6, l7 JZ'ith the L6 
system, likewise, increasing temperature and/or Na[ClO,] 
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concentration resulted in an increase in the intensity of the The yellow absorption bands at  4 1 0 4 6 5  nm (see 
band a t  465 nm, with a simultaneous decrease in the intensity 
Of the band at  380 nm. The limiting spectrum for the yellow 

Table) for all the dioxotetra-amines indicate more or less 
coplanar arrangement of the four nitrogen donors. 

species was obtained at  50 "C and I 8 mol dm-3, where the Similar absorption band ranges have been reported for band a t  380 nm disappeared and the temperature increase the low-spin square-planar complexes of macrocyclic did not cause any further increase in the intensity of the 
band at 465 nm. The equilibrium constant for the L5 dioxo-free tetra-amines: L1 430 nm,2 IP 444 nm,16 
complex was investigated at  I 0.2 mol dm-3 Over the tern- isomeric L3 463 nm,19 or L4 466 nm*2'* The energy of 
perature range 2.5-50 OC. The obtained log K values 
were 0.24 (2.4), 0.44 (10.0), 0.74 (25.0), 1.10 (41.0), and 1.41 
(50.4 "C). Thus, one may conclude that the L5 complex 

the band in this region has been used as a measure of the 
Ni-N interactions in the square-planar L1-L4 corn- 
plexes. Among the complexes of the dioxo-ligands, 

Properties of metal-macrocycle complexes a t  I 0.2 mol dm-3 and 25 "C (Cu2+) or 35 "C (Niz+) unless otherwise noted 

Metal ion 
Copper(n) 

Nickel (11) 

Ligand 

L6 (pH 9.60) 
L6 (pH 9.50) 
L7 (pH 9.80) 
L8 (DH 9.00) 
Lg (PH 9.30) 
L10 f 
Lll (pH 7.7) * 
L12 (pH 9.5) I)  

L6 (pH 9.50) 
L6 (pH 9.50) 
L7 (pH 8.30) 
L8 (pH 8.80) 
L9 

L'O f 
LL1 (pH 9.6) f 
L12 (pH 9.6)j  

KM.R-,L a 
/mol dm-3 

6.8 f 0.5 x lo-', 

1.0 x 106 

8.4 x 

6.3 x 10-3c 

3.2 x 10-5" 

10-6.3 
10-8.6 

1.1 0.1 x 10-13 
9.0 f 0.9 x 10-7 

1.2 f 0.1 x 10-9 
9.9 f 1.0 x 10-18 

7.0 f 0.8 x 

10-10.7 
10-12.8 

E* 
hma,./nmb c,V vs. 

(e/dm3 mol-l cm-l) s.c.e. 

ca. 620 (150) 
520 (100) 6 
505 (ca. 100) e 

520 (100) 
515 (100) 6 

518 

515 
555 (100) 

465 
412 
460 
460 
460 

414 
430 
412 

0.42, 
0.56, 
0.64, 
0.69, 
0.70, 
0.77 g 

0.67 
0.38 

: 100) 0.62, 

'100) 0.80, 
;loo) 0.62, 
:80) Irreversible 

Wave 

1110) 0.90, 

0.60 
0.54 k 

A d  

ImV 

90 
90 
80 

100 
75 

78 
85 

100 
80 
80 

100 

81 
98 

- 100.1 
KO!LE,L - 
Triply deprotonated species 

KN~L = 6.6 x lo3 dm3 mol-l 

K N ~ L  = 106-38 dm3 mol-l 
K N ~ L  = los-' dm3 mol-l 
Triply deprotonated species 

a Cumulative formation constants (with confidence limits) of doubly deprotonated metal@) complexes. See equation (16). 
Determined by cyclic voltam- 

The pH values of ML solutions used in the electrochemical study are 
Peak potential separation indicating reversibility of the electrode reaction (A = 59.5 mV for a one-electron 

9 P. Stevens, J. M. Waldeck, J. Strohl, and R. Nakon, 
i Ref. 12. Corrected from 

b Visible absorption maximum of the doubly (or triply) deprotonated metal(r1) complex. 
metry a t  100 mV s-l with a glassy carbon electrode at  25 "C. 
given with the ligands. 
couple which is completely reversible electrochemically). 
J .  Am. Chem. Soc., 1978, 100, 3632. 
V vs. n.h.e. J M. K. Kim and A. E. Martell, J .  Am. Chem. SOC., 1967, 89, 5138, 

c f 3  mV. 

Ref. 6. f Ref. 18. 
A M. K. Kim and A. E. Martell, J .  Am.  Chem. Soc., 1966, 88, 914. 

Ref. 13. 

[Ni(H-,L)J is 85% in the square-planar form and 15% in 
the octahedral form a t  25 "C. 

For other macrocyclic dioxo-systems Ls-L8, only the 
41 0-460 nm absorption occurs. The temperature increase 
caused a slight increase in the band intensity. Accordingly, 
we determined the equilibrium constants K of equation ( 1  9). 
The molar absorptivities of the planar complexes needed for 
the calculation were taken from the limiting spectra a t  
50 "C and I 8 mol dm-3. The log K values are 1 . 7  (Le), 1.6 
(L7), and 2.5 (L8) a t  25 "C and I 0.2 mol dmP3 (Na[CIO,]). 

DISCUSSION 

Nickel@)-Dioxotetra-amine Com@lexation.-The pH- 
metric titration results show the formation of a doubly 
deprotonated [Ni(H-,L)] complex with the 12-mem- 
bered ligand L5, as with the rest of the dioxotetra- 
amines, L6-L9. The stability of the L5 complex is 
assessed by the formation constant K N i H - , L  which is 
close to those for the open-chain homologues L9 and Lll, 
but is much smaller than those for the larger macro- 
cycles L6--L8. This latter result may reflect the steric 
hindrance due to the unfolded (by double deprotonation) 
L6 ligand accommodating Ni2+ within the smallest ring 
cavity. 

Ls--L1O, the longest-wavelength band (465 nm) was 
found for the L5 complex which may reflect the weakest 
Ni-N bond interactions, a fact supporting the anticipated 
steric constraint in the planar L5 complex. 

In aqueous solutions of the dioxo-free macrocycles, the 
direction of equilibrium (19) varies with ring size; 3 
ratios of high-spin to low-spin forms at  25 "C are 99 : 1 
(Ll), 13:87 (L2), 29:71 (L3), and 99: 1 (L4). Com- 
plexes of L1 and L4 are more than 99% in the blue 
form, while L2 and L3 exist predominantly as the yellow 
form. As demonstrated by the equilibrium constants 
of equations (19) for L5-La, the greater stability of the 
yellow form is due to the strong coplanarity resulting 
from incorporation of the two carbonyls. Especially 
remarkable are the complexes of the 12-membered Ls 

* The imide anion N-donors and the amine N-donors are 
postulated to have similar co-ordinative interactions and hence 
similar absorption characteristics. Supporting evidence in the 
literaturc includes an e.s.r. study of copper(I1)-peptide complexes l8 
and a visible spectral study of copper(I1)- and nickel(r1)-peptide 
and homologous Ll0 complexes l9 (cf. entries for Ll0 and L12 in 
Table). In our study, the absorption maximum (450 nm) for the 
deprotonated Lg complex [Ni(H,L)] is nearly the same as that 
(445 nm) for the dioxo-free (low-spin) 1,9-diamino-3,7-diazanonane 
complex [NiL]a+.a 
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and the 15-membered L8 ligands, where the spin states 
are reversed. The high-spin species with L1 was con- 
sidered as mixture of cis and trans octahedral forms.2 It 
is unlikely that a minor (15%) component of the high- 
spin L5 complex is in a cis geometry (due to the doubly 
deprotonated structure) and we consider a trans octa- 
hedral form which has two co-ordinated water molecules 
a t  the axial positions. The trans octahedral arrangement 
would certainly be responsible for the blue bands in the 
L6-LS complexes. Thermodynamic parameters for the 
blue-to-yellow conversion (19) with L5-La were cal- 
culated by plots of In K against T-l. Interestingly, they 
are somewhat in a common range: AH 8.7 (L5), 9.3 (L6), 
7.4 (L7), and 7.1 kcal mol-l * (La), and A S  33 (L5), 39 
(L6), 32 (L7), and 35 cal K-l mol-l (La). The blue-to- 
yellow conversion is completely endothermic but this 
enthalpic disadvantage is more than compensated for by 
the entropy term. The entropy gain is due to the 
release of the co-ordinated water molecules. Our values 
for L7 may be compared with those for the dioxo-free L3: 
AH 5.4 kcal mol-l and A S  20 cal K-l mol-l I6 The greater 
entropy value with L7 may indicate more complete 
liberation of the co-ordinated water molecules, which 
lends support to the theory that the dioxo-system has a 
stronger tendency to square-planar co-ordination. 

Of the dioxo-free macrocycles L1-L4, the 12-mem- 
bered L1 forms the most exothermic bonds with low-spin 
Ni2+.2 The two imide anions decrease 'the cavity of the 
12-membered N, ligand thus making the 13-membered 
ring the size for the best fit. This notion is supported 
by the value of A,,,, for the L6 complex which is the 
shortest of all those of the L5-La complexes. However, 
adoption of a coplanar configuration to establish the 
strongest local interactions with Xi may require some 
strain of the ring conformation. Moreover, although the 
14-membered ring encounters the least resistance to 
coplanarity, the coplanar N, cavity fits less well to thc 
low-spin Ni2+ ion. Overall, the total balance puts L6 
just behind L7 as regards their K N f H ~ s ~ J  values. A 
similar argument was made for the interactions of L2 
and L3 with low-spin Ni2+.3 

Bossu and Margerum13 recently found that Ni3+, 
which is an uncommon oxidation state in aqueous 
solution, is stabilized by co-ordination with deprotonated 
peptide nitrogen atoms (such as in Lll or L12). We have 
discovered a similar stabilization of Ni3+ by the dioxo- 
macrocyclic N, system in aqueous solutions containing 
Na,[SO,]. The electrochemical oxidation potentials Ee 
determined hy cyclic voltammetry are listed in the 
Table. Very recently,20 a stable Ni"+-L3 complex was 
reported, also electrochemically generated in acidic 
solutions in the presence of Na,[SO,]. We have re- 
peated the experiment using our apparatus to obtain 
an E* value o f  0.51 V (us. s.c.e.) a t  pH 2.9, 25 "C, and I 
0.5 mol dm (Na2[S04]). Our Ni3+-dioxo-X4 species 
give rise to the distinct visible spectra of the trivalent 
oxidation state [e.g. 320-330 nm (L5) or 310 nm (L')], 
like the peptides [327 nm (L12)] l3 or the L3 system (295 

Throughout this paper: 1 cal = 4.184 J. 

and 370 nm).20 A thorough investigation of their 
chemistry is being conducted. 

Apparently the ring size of the macrocycles affects the 
electrode potentials. The strength of the Ni2+-N in- 
plane interactions which explains the order of the Ee 
values in the peptide complexes 1 2 9 1 3  does not seem 
applicable to the present system. A fuller elucidation 
must await further studies, but our observation of the 
lowest Ee value for L5 is worthy of note. Conceivably 
the reduction of the cation size (from d* Ni2+ to d7 N'3+ 1 )  

may be most beneficial to the smallest planar macrocycle. 
Copper(~~)-L~ Complexation.-Copper( 11) also forms 

the [Cu(H_,L)] complex with L5 at  pH > 7. An extra- 
ordinary internal strain is presumed from the value of 
KCuHbZL which is far smaller than for any other homo- 
l o p e s  in the Table. From the comparative values with 
other macrocycles the 12-membered ring strain is more 
pronounced in the copper(I1) complex than in the 
nickel(I1) complex. This is due to the longer Cu-N bond 
distances; i.e. the bigger Cu2+ ion is much more difficult 
to accommodate in the small cavity. The M-N distances 
in the saturated macrocyclic N, complexes lie in the 
range 2.03-2.10 A for Cu2+ which is longer than 1.86- 
1.92 for low-spin Ni2+.3 The M-N bond lengths in the 
triply deprotonated peptide L12 complexes (four-N- 
co-ordinate) are also longer for Cu2+ (average 1.93 A) 
than for Ni2+ (1.85 A).495 The structure of the com- 
plexes is described as an extremely flattened tetrahedron 
for Cu2+, while i t  is truly square planar for Ni2+. With 
L1, Cu2+ adopts a square pyramid in which the con- 
formation of L1 is identical with that predicted for free 
L1,3 and the internal strain is manifested in the d-d 
absorption at  600 nm.21 A similar complex geometry 
could be visualized for the doubly deprotonated L5, as 
judged from the similar d-d absorption. The relatively 
high absorption coefficient for the L5 complex also 
indicates the effect of the local strain. 

A significant increase in stability was predicted with 
the L5 system on changing the metal ion from ds Cu2+ to 
da Cu3+, due to the size contraction (to fit the hole) and 
the stronger preference for square-planar co-ordination 
by the d8 system (similar to low-spin Ni2f, but slightly 
smaller due to the higher charge). As anticipated, 
we found the smallest E* value (0.42 V ZJS. s.c.e.) 
of all the dioxo-coniplexes investigated for CuIJ-L5. 
This value is in the range for the reported peptide com- 
plexes (ca. 0.4 V) .12 The CuI*T-dioxomacrocyclic N, 
complexes show characteristic yellow-to-brown visible 
absorptions at  ca. 360 nm. Similar bands were reported 
for the complexes of the peptides Lll or L12.12 In pre- 
liminary studies we observed that while the CuIII- 
peptide complexes and the Cu1IJ-L9 complex are 
unstable (no sooner generated electrochemically than 
decomposed), the macrocyclic L5-La complexes with 
CuIlI are in general more stable. Thus, our system may 
be suitable for studying copper(II1) chemistry. Further- 
more our study suggests that  suitable choice of the ring 
size of dioxo-macrocycles can provide another model for 
biochemical oxidations. Recently,22 i t  was proposed 
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that the monocopper enzyme, galactose oxidase, involves 
the copper(II1) state in the oxidation of alcohols to 
aldehyde. We are currently investigating the model bio- 
chemical oxidations. 

We thank Professor T. Fujisawa, Ilr. T. Ogata, and Mr. 
K. Oikawa of Yamagata University for their help and sug- 
gestions regarding the construction of the potentiostat and 
potential scanner (used in the cyclic voltammetry). 
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