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Kinetic Studies on the Reactions of Macrocyclic Complexes: Formation of Mono and Binuclear Cu(II) Complexes with a Binucleating Hexaaza Macrocyle in Slightly Acidic Solutions.
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Deposited data

Summary. Reaction of the macrocycle  3,6,9,17,20,23-hexaazatricyclo[23.3.1.1.11,15] triaconta-1(29),11(30),12,14,25(26),27-hexaene (L) with Cu(II) in borate-mannitol buffers at pH close to 5 occurs with two kinetically separated steps that correspond to the formation of mono and binuclear complexes. The rate constants for both steps only differ by a factor of 7 and indicate that both metal ions are co-ordinated without significant interaction between them. However, the pH dependence of the rate constants suggests some kind of interaction of the buffering agent with the highly protonated forms of the macrocycle. Because this interaction is difficult to analyse due to the complex composition of the buffer, the kinetics of reaction has been also studied in the presence of the simpler acetate buffers. Complex formation also occurs in this case with two separate absorbance changes for the entry of both metal ions into the cavity of the macrocycle, and the analysis of the kinetic data is facilitated by a previous equilibrium study on the formation of L-acetate and Cu-L-acetate complexes. The stability constants of the species HxLx+ (x=4,5,6), H3CuLac4+, H2CuLac3+, Cu2Lac3+ and Cu2Lac(OH)2+ have been determined from potentiometric titrations and their values have been used to separate the contributions from the different reaction pathways to the rate constants for complex formation. Although there are several contributions to the rate constant for the formation of mono and binuclear complexes, the analysis of kinetic data indicates that complex formation occurs essentially through reaction between those species that minimise the electrostatic repulsion. The rate constants for the reaction between Cu2+ and H4L4+ (4.0(104 mol dm-3 s-1) and between Cuac2 and H2CuLac3+ (1.2(104 mol dm-3 s-1) are close to each other and also close to that previously reported for the formation of Cu(II) complexes with the tetraprotonated form of linear acyclic polyamines, which suggests that the macrocycle is flexible enough to make rapid any reorganisation step required for complex formation.

Appendix 1. Derivation of eqns. (7) and (8) for the separation of the kobs values into their k2 and k-2  components. 
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At equilibrium the rate of formation of binuclear complexes is the same as the rate of decomposition into mononuclear compounds and eqn. (1A) applies, where the subscript e indicates that these concentrations refer to the total equilibrium concentrations of mono and binuclear complexes and uncomplexed Cu(II).
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Substitution of the total concentrations for the summations of concentrations of every species leads to (2A),

where
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Equation (2A) can be easily converted to (4A), which combined with eqn. (6) leads to eqns. (7) and (8) in the text.

Appendix 2. Derivation of eqn. (9) for the separation of the different contributions to the rate of formation of binuclear complexes.

The observed rate of formation of binuclear complexes (k2[Cu]0[CuL]0) will be sum of the rates corresponding to the different reaction pathways ((ki[Cu]i[CuL]i) and so:
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where kni corresponds to the rate constant for everyone of the different pathways. Possible contributions from reactions of Cuac3- and the other mononuclear complexes have not been included because of the very low concentrations of these species under the conditions of kinetic experiments.


The terms including the concentrations of Cuaci complexes can be expressed as a function of the total concentration of Cu(II) not complexed to L: 
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where DCu is given by eqn. (3A) and the equilibrium constants have been defined in Table 2. The concentrations of the different Cu-L-ac complexes can be also expressed as functions of the total concentration of mononuclear complexes and the equilibrium constants in Table 2:
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where DCuL is also calculated according to eqn. (3A).

Substitution of eqns. (6A) and (7A) in (5A) and reorganisation leads to
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which is of the same form that eqn. (9) in the main text with the following equivalencies:
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Table S1. Observed rate constants for the formation of Cu(II) complexes with MX2DIEN2 in borate-mannitol buffers at 25.0ºC and 1.0 mol dm-3 KNO3. The numbers in parentheses represent the standard deviation in the last significant digit.

a) Cu(II) excess. The experiments were carried out under pseudo-first order conditions using [L]0= 5.0(10-4 mol dm-3 and ligand excess. The values of k1obs and k2obs correspond to the formation of mono and binuclear complexes, respectively.
pH
[Cu]0/mol dm-3
k1obs/s-1
k2obs/s-1
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4.43
0.0093
74(3)
11(1)


0.020
255(12)
30.6(5)


0.031
397(5)
52.6(9)


0.0405
466(8)
72(1)


0.0465
480(8)
81(1)






4.70
0.005
29(2)
3.6(6)


0.010
81(2)
18.8(3)


0.015
194(20)
23.8(8)


0.020
237(9)
30.3(4)


0.025
276(9)
35.5(8)






4.81
0.005
107(3)
17.7(3)


0.010
126(7)
20.5(6)


0.015
214(5)
31.6(4)


0.020
276(6)
41.1(9)


0.025
314(4)
46.6(7)
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b) Ligand excess. The experiments were carried out under pseudo-first order conditions using [Cu]0= 4.0(10-5 mol dm-3 and ligand excess. The values of k1obs correspond to formation of mononuclear complexes.


k1obs/s-1
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pH=4.49
pH=4.70
pH=4.91
pH=5.23
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0.25
3.7(1)
4.8(4)
7.0(3)
13.9(6)

0.35
4.8(3)
6.6(3)
10.4(4)
20.5(9)

0.62
8.3(4)
11.9(6)
18.2(8)
34(2)

0.85
10.5(6)
15.5(6)
25.4(9)
48(3)
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Table S2. Observed rate constants for the formation of Cu(II) complexes with MX2DIEN2 in acetate buffers at 25.0ºC and 1.0 mol dm-3 KNO3. The numbers in parentheses represent the standard deviation in the last significant digit.

a) Ligand excess.a

kobs/s-1







104 [L]0/mol dm-3
pH=3.90
pH=4.16
pH=4.40
pH=4.96







2.0
2.4(2)
3.9(1)
4.3(1)
8.6(1)

4.0
4.6(2)
8.0(1)
9.2(1)
15.3(3)

6.0
7.8(4)
10.9(2)
12.4(3)
21.8(5)

8.0
9.2(3)
13.7(4)
18.1(2)
28.8(4)

10.0
12.1(4)
20.3(8)
23.9(7)
33.5(8)


a The experiments were carried out using [Cu]0=4.0(10-5 mol dm-3,[acetate]0= 0.05 mol dm-3 and ligand excess. The values of kobs correspond to the formation of mononuclear complexes.

b) Cu(II) excess.b

kobs/s-1







102 [Cu]0/mol dm-3
pH=3.66
pH=3.90
pH=4.16
pH=4.40



b1) 0.05 mol dm-3 acetate

1.0
12.6(4)
14.0(2)
13.3(3)
18.2(3)

2.0
16.8(3)
20.8(3)
22.6(3)
32.7(6)

3.0
20.2(5)
28.2(3)
33.5(6)
40.8(8)

4.0
22.6(4)
31.6(8)
45(1)
62(1)

5.0
27.2(6)
39.5(8)
57(1)
72(2)



b2) 0.10 mol dm-3 acetate

1.0
17.8(3)
18.1(5)
19.8(7)
31.3(6)

2.0
19.0(8)
20.7(8)
27.6(6)
42(1)

3.0
21.4(4)
28.8(7)
44.4(9)
74(2)

4.0
23.8(6)
36.8(9)
56(2)
95(2)

5.0
26.0(6)
48(1)
71(3)
108(4)







b These experiments were carried out using [L]0=1.0(10-3 mol dm-3 and Cu(II) excess. Under these conditions, formation of the mononuclear complexes is rapid and the values of kobs correspond to their conversion into the binuclear complexes.

Table S3. Resolved rate constants for the formation (k2) and decomposition (k-2) of binuclear Cu(II) complexes with MX2DIEN2 in acetate buffers at 25.0ºC and 1.0 mol dm-3 KNO3. The values of k2 and k-2 were calculated from the observed rate constants in Table S2 (Cu excess) using the eqns. (7)-(8) in the text.


pH
[ac-]0/

mol dm-3
102 [Cu]0/ mol dm-3
102 [ac-]/

mol dm-3
kobs/s-1
103 k2/mol dm-3 s-1
k-2/s-1

3.66
0.05
1.0
0.52
12.6
0.42
8.36



2.0
0.49
16.8
0.42
8.30



3.0
0.47
20.2
0.41
7.92



4.0
0.44
22.6
0.38
7.33



5.0
0.42
27.2
0.39
7.51

3.90
0.05
1.0
0.82
14.0
0.93
4.66



2.0
0.76
20.8
0.84
4.07



3.0
0.70
28.2
0.81
3.87



4.0
0.65
31.6
0.71
3.32



5.0
0.61
39.5
0.72
3.34

4.16
0.05
1.0
1.26
13.3
1.18
1.48



2.0
1.13
22.6
1.07
1.27



3.0
1.02
33.5
1.08
1.24



4.0
0.92
45.0
1.09
1.21



5.0
0.84
56.9
1.11
1.20

4.40
0.05
1.0
1.76
18.2
1.75
0.67



2.0
1.53
32.7
1.61
0.57



3.0
1.34
40.8
1.34
0.45



4.0
1.18
62.3
1.54
0.49



5.0
1.06
71.9
1.43
0.43

3.66
0.10
1.0
1.06
17.8
0.52
12.63



2.0
1.01
19.0
0.43
10.35



3.0
0.96
21.4
0.40
9.39



4.0
0.92
23.8
0.38
8.70



5.0
0.88
26.0
0.36
8.11

3.90
0.10
1.0
1.67
18.1
1.07
7.36



2.0
1.57
20.7
0.78
5.14



3.0
1.47
28.8
0.79
5.05



4.0
1.39
36.8
0.80
4.93



5.0
1.30
47.8
0.85
5.11

4.16
0.10
1.0
2.60
19.8
1.66
3.25



2.0
2.39
27.6
1.26
2.32



3.0
2.19
44.4
1.40
2.41



4.0
2.01
55.9
1.34
2.18



5.0
1.86
70.6
1.37
2.11

4.40
0.10
1.0
3.68
31.3
2.93
1.99



2.0
3.31
41.8
2.03
1.25



3.0
2.98
74.1
2.42
1.36



4.0
2.68
95.0
2.34
1.20



5.0
2.43
108.4
2.15
1.02
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