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Effects of Cyclization and Ring Size on Complex Formation Between 
Penta-amine Ligands and Copper(ii) 
By Mutsuo Kodama, Department of Chemistry, College of General Education, Hirosaki University, Bunkyo, Hiro- 

Eiichi Kimura," Institute of Pharmaceutical Sciences, Hiroshima University School of Medicine, Kasumi, 

Equilibria and kinetics of complex formation between CUTI and the macrocyclic penta-amines 1.4.7.1 0.1 3-penta- 
azacyclopentadecane ( L1), 1,4,7,10,13-penta-azacyclohexadecane ( L2), and 1.4.7.1 1,14-penta-azacyclohepta- 
decane ( L3) have been investigated. Thermodynamic functions for formation of the 1 : 1 complex have been de- 
termined polarographically : for L1, L2, and L3, respectively, log KCrlL 28.3, 27.1, and 23.8, - A H  32.9, 32.7, and 
27.2 kcal mol-l, and A S  22, 14, and 18 cal K - l  mo l - l  (at / 0.2 mol dm-3 and 25 "C). The large stabilityenhance- 
ments caused by the cyclization of penta-amines are due to a favourable enthalpy factor, in contrast to  the entropy- 
favoured macrocyclic effects of tetra-amines. Kinetic studies have established the rate laws  for the complex forma- 
tion in acetate buffer as  d[CuL]/dt = k2,[Cu(0,CMe)+] [H,L2+] + kSH[Cu(o2CMe)+] [H3L3+], and in unbuffered 
acid solution as d[CuL]/dt = k2H'[CU2+] [H,L2+] + k3H' [Cu2+] [H3L3+]. (The macrocyclic complexes formed are 
a mixture of [CuLI2+ and [Cu(HL)I3+ depending on the acidity.) The rate constant k,,' for the diprotonated ligand 
species increases from 1 O5 to  1 O7 dm3 mol- l  s -l as the macrocyclic ring opens, approaching the value found for 
3.6.9-triazaundecane-1 ,I 1 -diamine (L4). The rate constant k3,' for the triprotonated species increases similarly 
from zero to 1 O 2  dm3 mol-1 s -l, although falling below the corresponding value for L4. The presence of acetate 
anions as a buffer significantly accelerates the reactions involving proton-congested species. The implications for 
substitution reactions of protonated macrocyclic ligands are discussed. 

saki, Japan 

Hiroshima, Japan 

As a continuation of our investigation into the cycliz- 
ation effects of polyamine ligands on complex form- 
ation l-* we now present a study of the behaviour of 
cyclic penta-amines towards copper(I1) ion. The ligands 
investigated, 1,4,7,10,13-pent a-azacyclopent adecane 
(Ll), 1,4,7,10,13-penta-azacycloliexadecane (L2), and 
1,4,7,11,14-penta-azacycloheptadecane (L3), comprise 
15- to 17-membered ring macrocycles in which the size of 
the N, hole cavity and the conformational flexibility are 
gradually increased. The behaviour of the larger 
macrocycles was expected to be intermediate between 
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that of a typical linear ligand 3,6,9-triazaundecane-l, 11- 
diamine (L4) and the least flexible macrocycle L1. The 
study should provide more information on the effects of 
penta-amine cyclization on complex formation with 
CUII. 

EXPERIMENTAL 
The macrocyclic penta-amines Id1, L2, and L3 were 

synthesized from suitable linear tetra-amine tetrakis- 
(toluene-p-sulphonates) and NN-bis( 2-brom oethyl) toluene-p- 
sulphonamide by methods used 9910 in the preparation of a 
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related series of cyclic polyamine ligands: L1*5HC1 (re- 
crystallized from an aqueous solution of 6N HC1 and dried 
in vacuo at 50-60 "C) (Found: N, 17 .1 .  Calc. for Cl0- 
H2,N,.5HC1: N, 17.6% ; m/e 215) ; L2*5HBr (recrystal- 
lized from acetic acid and dried in vacuo a t  50-60 "C) 
(Found: N, 10.8. Calc. for CllH2,N,*5HBr: N, 11.0%; 
m/e 229); and L3*5HBr (recrystallized from MeC0,H and 
dried in vucuo a t  50-60 "C) (Found: N, 10.1. Calc. for 
CI2H2,N,*5HBr: N, 10.7% ; m/e 243). The preparation of 

where the 1 : 1 [CuLI2+ complex (as polarographically 
established) has an absorption maximum. The apparent 
formation rate constants, Kf, were determined from gradients 
of linear second-order plots of log[(a - x)/(b - x)] against 
time, where a and b are, respectively, the initial concen- 
trations of L and CuT1, and x is the decrease in concentration 
of a reactant in a given time (Figure 1). The dissociation 
rates were neglected since the apparent equilibrium constant 
r] = KCl~T,/(6H)T,P~~e~~,]  under the experimental conditions is 

L' L2 L3 

other reagents and solutions was described previously.2~ 496 

The mixed ionization constants were determined by a pH- 
titration method, as for t e t r a - a m i n e ~ , ~ . ~  a t  15, 25, and 35 "C 
(Table 1) .  

TABLE I 
Mixed ionization constants * of macrocyclic penta-amine 

ligands a t  I 0.20 mol d n ~ - ~  and several temperatures 

%and eC/"c PK*l pKa2 pKa3 PKa4 pKa5 
L1 15 11.07 9.81 6.22 

25 10.85 9.65 6.00 1.74 1.16 
35 10.72 9.45 5.81 

L2 15 10.86 9.71 7.50 
25 10.64 9.49 7.28 1.71 1.45 
35 10.42 9.27 7.06 

L3 15 10.55 9.85 7.58 
25 10.32 9.62 7.36 4.10 2.38 
35 10.10 9.38 7.13 

* K,, refers to the mixed ionization constant of [HiLIi+. 

0 . ~ 1  
35.5" c B 

1 

t l m s  

FIGURE 1 Second-order plots for the reaction of CuII with L1. 
[MeCO,-] = 0.10 [Cu], = 5.00 x 

mol dmP3, pH = 3.81, and I = 0.20 mol dmP3 
[Ll],, = 0.35 x lo", 

The polarographic techniques for the equilibrium studies 
were as used p r e v i o ~ s l y . ~ ~ ~ * ~  The kinetics of [CuLI2+ 
complex formation in acetate buffers were studied by a 
stopped-flow method, using a Union Giken RA-401 
stopped-flow spectrophotometer. The formation of the 
complex was followed at 585 (Ll), 560 (L2), and 583 nm (L3), 

calculated to be greater than 1013 (Ll), 10l2 (L2), and 108 
dm3 mol-l (L3) and addition of the [CuLI2+ complex had no 
effect on the gradients of the second-order plots. The 
kinetics at lower pH (1.8-2.5, unbuffered) were determined 
polarographically by the initial-gradient method as described 
earlier.49 7 

RESULTS 
Equilibrium Study.-The copper complexes of L1, L2, and 

L3 in valinate buffer solutions (8.5 < pH < 10) gave a well 
defined diffusion-controlled single wave at the dropping 
mercury electrode (d.m.e.). The polarographic behaviour 
of the complexes was unaffected by the vsline concentration 
(0.05-0.2 mol indicating little formation of mixed- 
ligand complexes in this range. Plots of log [i/(id - i)] 
against d.c. potential, E ,  were linear for all the complexes 
and gave reciprocal gradients of -30 to -32 mV, which 
correspond to a reversible two-electron reduction a t  the 
d.m.e. The half-wave potential of the complexes, (Eh)CuL, 
shifted with changes in the ligand concentration and pH 
according to equation (1)  (see Table 2) where [LIP = 

concentration of uncomplexed L, protonated and unproto- 
nated, [L] = concentration of unprotonated L, (a&, is 
given by equation (a ) ,  and log [(id)Cu/(itl)Cul;] = log of the 
ratio of the diffusion-current constant for Cu2+ and CuL2' 

(determined experimentally as 0.07 for L1, L2, and L3). 
From relation (1)  we obtained the complex stability con- 
stants, KcuL, for L1-L3 a t  15, 25, and 35 "C. The thermo- 
dynamic parameters were estimated from the linear relation 
between log KcuL and T1. In  the case of L3, a small 
decrease in pH (ca. 0.03) was seen after the polarographic 
measurement (this is not the case with the other ligands). 
Using this final pH reading, slightly different KCuL values 
were obtained a t  15 and 35 "C. All the resulting data are 
summarized and comparecl with other polyamine complexes 
in Table 3. 
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Effects of 

1 03 [Lip 
mol ~ I r n - ~  

L = L1 
1.80 
3.60 
5.40 
3.60 
3.60 
1.80 
1.80 
1.80 
1.80 
1.80 

L = L2 
1.0 
2.0 
4.0 
8.0 

10.0 
8.0 
8.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

1.9 
3.8 
5.7 
9.5 

15.2 
5.7 
5.7 
5.7 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 
3.8 

L3 

L1 

1.56 
1.56 
1.56 
1.56 
1.56 

L3 

2.14 
2.14 
2.14 
2.14 

J.C.S. Dalton 
TABLE 2 

cyclic penta-amine complexes of CuT1 a t  I 0.2 rnol dm-3 and 25 "C 
ligand, copper, and valine (or acetate) concentrations and pH on the half-wave potentials of macro- 

103[CUII] 
mol dmv3 

0.144 
0.144 
0.144 
0.072 
0.288 
0.144 
0.144 
0.144 
0.144 
0.144 

0.10 
0.10 
0.10 
0.10 
0.10 
0.30 
0.60 
0.10 
0.10 
0.10 
0.10 
0.10 
0.10 

0.20 
0.20 
0.20 
0.20 
0.20 
0.10 
0.30 
0.50 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 

0.12 
0.12 
0.12 
0.12 
0.12 

0.20 
0.20 
0.20 
0.20 

[Valine] 
mol d 1 r 3  

0.05 
0.05 
0.05 
0.05 
0.05 
0.10 
0.20 
0.05 
0.05 
0.05 

0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.20 
0.05 
0.10 
0.05 
0.05 
0.05 
0.05 

0.06 
0.06 
0.06 
0.06 
0.06 
0.06 
0.06 
0.06 
0.03 
0.12 
0.20 
0.06 
0.06 
0.06 
0.06 
0.06 

[MeC02-] 
0.10 
0.10 
0.10 
0.10 
0.10 

[MeCO,-] 
0.20 
0.20 
0.20 
0.20 

PH 

8.52 
8.52 
8.52 
8.52 
8.52 
8.52 
8.52 
9.06 
9.51 
9.96 

9.52 
9.52 
9.52 
9.52 
9.52 
9.52 
9.52 
9.52 
9.52 
8.38 
8.90 
9.52 

20.11 

9.00 
9.00 
9.00 
9.00 
9.00 
9.00 
9.00 
9.00 
9.00 
9.00 
9.00 
8.40 
8.68 
9.00 
9.56 

10.01 

4.21 
4.46 
4.57 
4.90 
5.38 

4.60 
4.25 
4.02 
3.86 

E, 
V veysus s.c.e. 

- 0.623, 
-- 0.632, 
-- 0.6403 
- 0.622, 
- 0.622, 
- 0.623, 
- 0.622, 
- 0.648, 
-- 0.678, 
- 0.7010 

- 0.640, 
-- 0.649, 
-- 0.656, 
- 0.667, 
-0.671, 
- 0.668, 
- 0.667, 
- 0.650, 
- 0.6495 
- 0.590, 
- 0.6179 
- 0.6491 
- 0.670, 

-- 0.5329 
- 0.541, 
- 0.551, 
-- 0.5539 
- 0.559, 
- 0.551, 
-0.5512 
- 0.550, 
- 0.542, 
- 0.541, 
- 0.542, 
- 0.494, 
- 0.525, 
-0.5419 
- 0.574, 
-- 0.5933 

-- 0.329, 
-- 0.344, 
-0.351, 
-0.3762 
-0.417, 

-0.1992 
-0.179, 
- 0.149, 
-0.135, 

AEtlrnV 

calc. * 
0 

- 8.9 
- 17.8 

- 26.0 
-- 58.4 
- 82.5 

0 
8.9 

17.8 
26.7 
29.6 

59.2 
30.3 
0 

- 20.4 

8.9 
0 

- 8.9 
-- 11.8 
- 17.8 

30.5 
0 

- 16.7 
- 45.0 
- 61.0 

101.6 
79.4 
69.7 
40.9 
0 

0 
35.0 
58.7 
75.7 

obs . 

0 
- 9., 
- 17., 

- 25.6 

- 78.0 
- 55., 

0 

16., 
27., 
31., 

9.0 

59., 
31., 
0 

-21.5 

9., 

- 9., 
- 12., 

0 

- 17.6 

31., 
0 

- 16.1 
- 48.2 
- 67.5 

87., 

6 5 ,  
40., 
0 

73., 

0 

50., 
64., 

20., 

* Using equation (1) (in valine buffer) or (3) (in acetate buffer). 

In  acetate buffers the copper complexes of L1 and L3 gave 
reversible polarograms, while that of L2 gave an irreversible 
polarogram; i.e. plots of log [i/(id - i)] against E afforded 
a reciprocal gradient of -50 mV. The polarograms of 
the complexes of L1 and L3 were unaffected by the acetate 
concentration (0.03-0.2 mol dm-3), indicating no mixed- 
ligand complex with acetate ion. The variation of (Ei)CuL 
with changes in ligand concentration and pH conforms to 
equation (3) (see Table 2), where KacLIHL refers to the 

ionization [Cu(HL)I3+ [CuL]2+ + H+. This indicates 
that the electrode reaction mechanism is as in equation 
(4).11912 For the complex of L1, the plots in Figure 2 give 

[CUL]2+ 1 

[Cu (HL)]3+ [HLI + 

11 (4) {I + 2e- + Hg==Cu(Hg) + 
log KCuL =z 28.3 (from intercept) and KaCuHL = 4.6 x 
10-5 mol dm-3 (from intercept/gradient). Similar plots for 

11 M. Kodama and Y. Tominaga, Bull. Chem. SOC. Japan,  
19'69, 42, 394. 

l2 M. Kodama and Y. Tominaga, Bull. Chem. SOC. Japan, 
1969, 42, 724. 
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- , the L3 complex give log KcuL = 23.9 and KacuH~ = d 

2.0 x niol dmP3. The agreement between the KCuL E 

? 
Comparison of stability constants, enthalpies, and entropies 

0 

0 

E TABLE 3 
+ 

of copper(1r)-polyamine complex formation at I 0.2 
mol dm-3 and 25 "C 

- A H  A S  
L Ligand log KCUL kcal mol-l cal K-l mol-1 

L2 27.1 f 0.2 32.7 & 0.3 14 f 2 
L3 a 23.8 f 0.2 27.2 0.3 18 f 2 

L4 22.8 25.0 20.5 
L5 a 24.8 18.3 51.4 

L1 a 28.3 f 0.2 32.9 f 0.3 22 f 2 

(23.8 f 0.2) a (28.8 f 0.3)  (12 f 2) 
+ 

L6 LI 20.2 21.6 19.5 -ip 
a 0  

0 1  9 

Q: 

- a This work. Uncertainties are the standard deviations. 
1 1 1 

1 2 3 1 cal = 4.184 J. a pH change accounted for (see text). .- 

1,4,7,1O-Tetra-azacyclododecane. L. Sacconi, P. Paoletti, co 

dm-3. L6 = 3,6-Diazaoctane-1,8-diamine. $2 

Ref. 14, I = 0.1 mol dm-3. Refs. 1 and 2. L5 = E 0  
hl 
I 1O5[H*Ilrnol drK3 and M. Ciampolini, J .  Chem. SOC.,  1961, 5115. I = 0.1 mol 

FIGURE 2 Dztermination of Kc,,L and K a c u ~ ~  for L1. Plot of 
equation (3) at K C ~ I I I  = 0.12 10-3, ~ ~ 1 1 ~  = 1-56 10-3, 
[MeCO,-] = 0.10 mol dm-3, T = 0.20 mol dm-3, and 25 "C 

values derived under alkaline and acidic conditions is 
thus excellent. The K r l c u ~ ~ ,  value for] the- complex L2 is 

TABLE 4 
Experimental rate data for copper(I1)-macrocyclic penta-amine complex formation at 1 0 . 2 0  mol dm-3 and 25 "C 

/dm3 mol--l s--l 1 o3 PI 103[CU] 0 [MeCO,-] 10-'kt kiPMeco 2 

mol dm-3 mol dm-3 mol dm-3 dm3 molt1 s-l KC,~(O,CM,)[M~CO,-] 
L =r L1 (pH 4.11) 

8.35 
8.35 
8.35 
12.53 
8.35 
8.35 

4.0 
4.0 
5.0 
5.0 
8.0 

10.0 
4.0 
4.0 
4.0 

4.0 
4.0 
6.0 
8.0 
8.0 
4.0 
4.0 
4.0 

L = L2 (pH 4.11) 

L = L3 (pH 4.05) 

7.50 
5.00 
2.50 
5.00 
5.00 
5.00 

2.0 
3.0 
2.0 
3.0 
4.0 
5.0 
3.0 
3.0 
3.0 

2.0 
3.0 
3.0 
3.0 
4.0 
3.0 
3.0 
3.0 

0.10 
0.10 
0.10 
0.10 
0.05 
0.20 

0.05 
0.05 
0.05 
0.05 
0.05 
0.05 
0.025 
0.075 
0.10 

0.05 
0.05 
0.05 
0.05 
0.05 
0.025 
0.075 
0.10 

predicted to be >1O-5 mol dm-3, although the irreversible 
polarograms prevented an exact determination. 

Kinetic Study.-The reaction of Cur1 with L was second 
order in the presence of acetate buffers. The polyamine L 
is rapidly protonated in the pH region investigated (cu. 
3.5 < pH < cu. 4.5) to [HL]+, [H2LI2+, [H3LI3+, etc., and 
the CuII is present as Cuz+(aq), [Cu(O,CMe)]+, and [Cu- 
(02CMe),] in a rapid eq~ilibrium.1~ The fact that  a t  a 
given pH, the observed rate constant, K f ,  is proportional 
t o  K C ~ ( O , ~ ~ ~ > [ O , C M ~ - ] / P ~ ~ ~ C O ,  (see Table 4) indicates that  
[Cu(O,CMe)]+ is the reactive species of CuII. Expressions 
(5) and (6) are applicable. Assuming that the protonated 

140 
140 
130 
140 
120 
150 

5.2 
5.3 
5.3 
5.3 
5.3 
5.3 
4.3 
5.5 
5.7 

39 
39 
39 
38 
39 
32 
40 
41 

1.6 x 104 

1.6 x 104 
1.6 x 104 

7.7 x 102 

7.7 x 102 
7.7 x 102 
7.8 x lo2 

5.6 x 103 

5.8 x 103 

5.6 x 103 
5.6 x lo3 

PMeCO, = [Cu2+]F/[CU2+(aq)I = 1 + KCu(O,CMe)[MeCO,-] + 
( 5) KCu(O,C&k) KGu(O &Me), [MeCO2-] 

[CU2+]F 
W2+(aq)+1 + [Cu(O,CMe)+I + [Cu(O,CMe),l (6) 

forms of L react with [Cu(O,CMe)]+, it can be easily shown 
that the rate law is as in (7) where KiH is the rate constanl 

Rate = kf[Cu2+IF[LlF 

k2~[H2L2+]  [Cu(O,CMe)+] + K3=[H3L3+] [Cu (O,CMe)+], etc. 
= Kla[HL+][Cu(02CMe)'] + 

- - Kcu( 0 ,cMe)[MeCO,-l X 
PMeCO, ( a H )  L 
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J.C.S. Dalton 108 

for the i th protonated species. Hence, by examining the 
variation of K f  with pH at a given [MeCO,-] i t  is possible to 
assess the contributions of the various protonated forms of 
the ligand to the rate. Plots of k f ( ~ t ~ ) ~ , / [ H + ]  against [H+] 
for L1 were linear passing through the origin (Figure 3, 
inclusive of a constant p term), indicating that the di- 
protonated form is the reactive species of L1. Plots of 
kf(~H)L/[H+]2 against [H+] for Id2 (Figure 4) and L3 were 
linear with finite intercepts, indicating the participation of 
di- and tri-protonated ligand species. The resolved rate 
constants were thus determined graphically. 

The reactions in acid solutions (1.8 < pH < 2.5 ,  un- 
buffered) were similarly treated and were found to follow 
the common rate equation (8). The rate constants for the 

c 

VI 

N 5 
0 0.5 10  1 5  2 0  

104[H+l/mol dme3 

against 1O4[H-+] for reaction of Cu2+ with L1 in acetate buffer. 
[Cu2+], = 5.0 x lo”, [Ll], = 8.35 x [MeCO,-] = 0.10 
mol ~ l m - ~ ,  and 1 0 . 2  mol dmP3 

FIGURE 3 Plot of 1 0 ~ 2 2 k ~ ( ~ ~ ) ~ P ~ , ~ ~ p ( [ H + ] [ M e C 0 2 - ] ~ ~ u ( ~ , ~ ~ e ) ) - 1  

c 

m 

(3 

-0 
E 

10 - 

I 1 

0 1 2 3 
1O4[H+Ilmol drK3 

F I G U R E  4 Plot Of 10-6kf(tLH)~PMe~02( [H+] 2[MeC02-]I(Cu(OpCMe))-1- 
KalKa2 against 104[H+] for reaction of Cu2f with L2 in acetate 
buffer. [Cu2+], = 4.0 x [L2Jo = 3.0 x lop3, :MeCO,-)= 
0.05 mol dm-3, and I 0.2 mol dn1-3 

reaction of Cu2+(aq)  with [H,L]2+ (kZR’) and [H,LI3+ 
(k,H’) were estimated graphically. Typical plots for L3 are 
shown in Figure 5. 

’The activation parameters for the reactions in acetate 

buffers were estimated from Arrhenius plots. All the 
results are summarized in Table 5. 

0 : 0 2.5 5.0 

1O3[H41 /mol dmq3 

FIGURE 5 Plot of 10-27kf(~H)L/[H+]2 against lO3[H+J for the 
[Cu2+J, = 0.2 x lop3, 

mol dmP3, and 1 0.2 mol dm-3 
reaction of L3 in  unbuffered solution. 
[Ls],, = 0.346 x 

TABLE 5 

Summary of rate constants and associated activation 
parameters for copper( 11)-macrocyclic penta-amine 
complex formation at 1 0 . 2  mol dm-3 and 25 “C 

Rate constant AH$ A S  
dm3 mol-1 s-1 kcal mol-1 cal K-l mol-1 

L = L1 
13 f 1 k 2 H  (1.4 $: 0.2) x lo6 13.0 f 0.3 

k 2 H ‘  = (9.7 & 0.2) x 10‘ 
L = L2 

7 - 1 - 1  k2H (2.4 & 0.2) x lo6 10.9 & 0.3 
k 3 H  = (5.6 -& 0.2) x lo2 9.4 & 0.3 -14 & 1 
k2H: (3.1 0.2) x 10‘ 
kSH = ca. 1 * 

L = L3 
5 4 1  k 2 ~  = (4.9 & 0.2) X lo6 

ksH = (8.7 i 0.2) x 103 7.3 f 0.3 -15 & 1 
k 2 ~ ’  = (8.6 & 0.2)  x lo6 

10.0 & 0.3 

k 3 H ’  = (8.1 & 0.2) x 10 
* Cannot be measured accurately. 

DISCUSSION 
Equilibrium Study.-A glance a t  the pK, values of 

L1-L3 (Table 1) and of L4 [9.68, 9.10, 8.08, 4.72, and 
2.98; l4 10.36, 9.65, 8.50, 4.70, and 2.40 (ref, 15)] 
immediately shows the effects of ligand cyclization. 
Considering L1 as a typical example of the niacrocycles, 
the first nitrogen atom is rendered more basic, while the 
last three nitrogens become less basic. The first trend 
is due to favourable hydrogen bonding stabilizing the 
conjugate acid in the cavity surrounded by nitrogen lone 
pairs. The latter trend is due to the close proximity 
of the N+H groups to each other thus destabilizing the 
conjugate acid. Similar trends in the nitrogen basicities 
occur in macrocyclic tetra-4y6 and tri-amines.16 These 
cyclization effects diminish with ring expansion to those 
of 16 and 17 members. Thus, the pK, values of L3 
are closest to those of Id4. I t  was expected that, among 
the macrocyclic penta-amines, L1 would behave least and 
L3 most like L4 towards metal ions. 

*? P. Paolettiand A. Vacca, J .  Chem. Soc., 1964, 5051. 
l5 D. B. Moss, C. Lin, and D. B. Korabacher, J .  Amer. Chem. 

l6 R .  Yang and L. J.  Zornpa, Inorg. Chem., 1976, 15, 1499. 
SOC., 1973, 95, 5179. 
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The macrocyclic penta-amines co-ordinate to Cull, 
most likely with four nitrogen atoms in the quadratic 
equatorial plane and one nitrogen at  an axial position, to 
form stable 1 : 1 complexes in valinate buffers. How- 
ever, one of the nitrogen atoms (e.g. the axial N) will be 
bound less tightly, favouring protonation in acetate 
buffers. Protonation of the complexes containing tetra- 
and tri-amine macrocycles does not occur, except for a 
15-membered tetra-amine having a large ring cavity.6 
Amongst complexes of macrocyclic and linear penta- 
amines, there is no significant difference between the 
first pKaCuHL value (4.3 for L1 and 4.7 for L3 as against 
5.2 for L4),14 but a characteristic of the macrocyclic 
complexes is the absence of additional protonation under 
the same buffered conditions (cf. the second pK, of 3.8 
for L4) .f4 

Of the penta-amine macrocycles, L1 forms the most 
stable complex with Cull, followed by L2 and L3. The 
entropy term for complex formation neither varies 
significantly with the ring size nor contributes much to 
the stability of each complex, which is in contrast to the 
corresponding macrocyclic tetra-amine ~ e r i e s . ~ ~ ~ ~ ~ ~  For 
complexes of macrocyclic tetra-amines, values of 
-AH vary depending on the ring size, and this has been 
rationalized in terms of the matching of the ring cavity 
to the metal ion (i.e. the Cu-N bond strength), as sup- 
ported by a linear correlation with the d-d electronic 
s p e c t r ~ m . ~ y ~ ~ * ~ ~  It is uncertain whether a similar 
argument can be applied to the variation in enthalpy 
values of the penta-amine complexes since the correlation 
with the d-d band is not linear: v(d-d) at 17 100, 
17 800, and 17 100 cm-l for L1, L2, and L3, respectively. 

The complexes of macrocycles L1 and L2 are lo4-lo5 
times more stable than the related (complex of) linear 
L4.14 A comparable stability enhancement by the 
ligand cyclization (‘ macrocyclic effect ’) l9 was observed 
for t e t r a - a m i n e ~ . ~ ? ~  However, the cause of the macro- 
cyclic effect is dramatically different for the penta- 
amines and tetra-amines. For the former, it is the 
enthalpy term, and for the latter it is the entropy term 
(although the contribution of the AH term is not insigni- 
ficant with large rings). At present we cannot specify 
the reason(s) why the AH term plays such an important 
role in the penta-amine macrocyclic effect. I t  is of 
interest that  Id3, having the most similar nitrogen 
basicities among the macrocyclic penta-amines to L4, 
also shows the most similar KCuL and AH values. 

Kinetic S tudy  of the Macrocyclic Complex Fownation.- 
The general rate expressions for macrocyclic penta- 
amine complex formation are rate = ,$,,I Cu(O,CMe)-‘]- 
[H2L2+] + FZ31’L[C~(02CMe)+][H,L3+] (in acetate buffer) 
and k,,’[Cu2+(aq)] [H2L2+] + k31T’[C~2+(aq)] [H31d3+] (in 
unbuffered acid solution). However, rate terms can 
also be formulated in terms of the different reactants, 
e.g. that  involving [Cu(O,CMe)]+ or Cu2+(aq) and [H2L]2+ 

l7 L. Fabbrizzi, P. Paoletti, and A. R. P. Lever, Inorg. Chem., 

l8 A. Anichini, L. Fabbrizzi, and P. Paoletti, J .C.S .  Chem. 
1976, 15, 1502. 

Comm., 1977, 244. 

can also be expressed in terms of LCu(O,CMe)(OH)] or 
[Cu(OH)j+ reacting with [H3LI3+. Since the pK, of 
CuII is ca. 8 (the pK, of [Cu(O,CMe)]+ would be larger}, 
the kinetic contribution of the hydroxo-species appears 
to be significant only at pH values greater than those 
investigated. Although these and some other possible 
combinations are not totally discarded, the following 
discussion is based exclusively on the above formulations. 

A major reactive species of the penta-amine ligands 
is found to be the diprotonated form [H2LI2+ at  1.8 < 
pH < 4.5 where species having greater degrees of 
protonation are more abundant. Some analogies may 
be drawn between the reactions of tetra- and tri-amine 
macrocycles, in which the monoprotonated species is the 
major reactant despite diprotonated species being more 
abundant a t  ca. 2 < pH < ca. 5 . 2 7 4 3 6 7 7  Particularly 
noteworthy in the present kinetic results is the fact that, 
as the ring expands, the contribution of the triprotonated 
reactant becomes increasingly significant, accompanying 
an increase in the rate constant for the diyrotonated 
ligands: the rate constants for the reaction of C ~ ~ ~ ( a q )  
with [H3LI3+ for L1, L2, and L3, respectively, are 0, ca. 1,  
and lO1u9, and those with [H2LI2+ are 105.0, 106.5, and 
106e9 dm3 mol-l s-l. The effects of the ring expansion 
on the kinetics are not so pronounced in the tetra-amine 
system, except for one 15-membered ligand which 
exhibited faster complex formation than 12- to 14- 
membered  analogue^.^? Moreover, a comparison of the 
rate constants with the linear L4 (values for log k2R’, 
k,,’, and k4H’ respectively, are 7.6, 5.2, and 4.1 dm3 
mol-l s-l a t  I 0 . 1  mol dm-3 and 25 “C) 2o suggests that as 
the ring size increases the macrocycle tends to behave 
kinetically more like a linear ligand. 

The reactions of the various protonated forms of Id4 
with CuI1 are generally supposed to occur via a normal 
dissociative mechanism.l57 2o The dissociative mechan- 
ism might govern the reactions of fewer protonated 
species of larger niacrocyclic penta-amines, whose rate 
constants, as a result, are nearly comparable to that for 
L4 species. For the reactions of monoprotonated 
macrocyclic tetra-amines with several bivalent metal 
ions such as Cull, ZnlI, Pbl*, or Cd’l we proposed dis- 
sociative mechanisms based mainly on the close parallel 
of the rate constants for complex formation and those 
for the water-exchange r e a ~ t i o n . ~ ? ” ~  As the ring size 
becomes smaller or the number of protons attached to 
the penta-amine increases, the conformational flexibility 
or the influence of the protons would become more pro- 
nounced, resulting in unusually slow rates or no kinetic 
contribution of these species. An example is the rate- 
determining proton loss from protonated species, 
proposed for the reaction of CuIl with diprotonated 
macrocyclic te t ra-amine~.~? 6, 

The effects of acetate anions gives further mechanistic 
information. For macrocyclic tetra-amines the acetate 
anion {also in the form of [Cu(O,CMe)] + >  has little effect 

l* D. K. Cabbiness and D. W. Margeruni, J .  Amev.  Chem. SOC., 
1969, 91, 6540. 

2o R. E. Shepherd, G. M. Hodgson, and D. W. Margerum, 
Inovg. Chem., 1971, 10, 989. 
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on the reactions of the monoprotonated ligands, sug- anions enhances the rate by factors of 2-3. A similar 
gesting that dissociation of acetate ions is not involved in accelerating effect of [MeCO,]- occurs with diprotonated 
the rate-limiting The same observation may be tetra-amine macro cycle^.^^^ The Lewis base may help 
made for the diprotonated penta-amine species. The to remove H+ from the highly proton-congested reactive 
ligand L1, where k,, is 10 times kBE’, is exceptional. For centre, thus facilitating the metal-amine interaction. 
the reaction of [H3LI3+ species, the presence of acetate [7/521 Received, 25th March, 19771 
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