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A. INTRODUCTION 

Polynuclear macrocyclic complexes of transition metal ions represent a helpful 
tool in the study of the mechanisms governing metal-metal interactions and substrate 
activation by metal centres [l-7]. The recognition that the accomplishment of several 
biological functions needs polynuclear metal centres [S-18] has given a strong 
impulse to the study of multi-site macrocyclic complexes as model systems [S- 
13,18,19]. 

This review collects significant examples of equilibria in aqueous solution in 
which polynuclear transition metal complexes of macrocyclic ligands are formed and 
analyses the formation of these complexes from the thermodynamic and structural 
points of view. When possible, data for successive complexation steps will be exam- 
ined and discussed. The ligands considered here will be aza-macrocycles, and also 
some macrocycles which behave as aza-ligands, but contain some different donor 
atoms in addition to nitrogen. In the last case, the non-nitrogen donor atoms, due 
to their nature and/or position in the ligand molecule, coordinate poorly to transition 
metal ions. The first time that a ligand is encountered in the text, we shall use the 
IUPAC designation together with a numbered structural formula and, when avail- 
able, the usual simplified notation. 

Three main synthetic strategies to obtain polynuclear macrocyclic complexes 
have been followed: (i) synthesis of macrocycles or macrobicycles able to incorporate 
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several metal ions, (ii) synthesis of bis(macrocycles), and (iii) use of chelating agents 
bridging two complexed macrocyclic units. This review will be organised according 
to this subdivision. 

B. MACROCYCLES AND MACROBICYCLES ABLE TO INCORPORATE SEVERAL METAL IONS 

Both aza-ligands in which the donor atoms form separate subunits within the 
same macrocyclic ring and macrocycles with homogeneous distribution of nitrogen 
donor atoms have been considered to study the coordination equilibria involving 
more than one transition metal ion. A typical example of the former kind of ligand 
is the hexamine (1) bisdien (1,4,7,13,1&l 9-hexaaza-10,22-dioxacyclotetracosane), 

1 

synthesized by Lehn et al. [20,21], in which two diethylentriamine units are separated 
by two five-atom bridges. The ether oxygen atoms of these bridges have a weak 
tendency to coordinate to first-row transition metal ions and, as a matter of fact, 
bisdien behaves as a hexaaza-ligand toward Co2 +, Ni2 +, Cu2 + and Zn2 + [22]. In 
the case of Co2 +, Cu2 + and Zn ’ + binucfear complexed species have been observed. , 

The equilibrium constants for the formation of these species were determined by 
potentiometric measurements [22] and are reported in Table 1. The binuclear com- 
plex CU,(~)~+ is sufficiently stable to form extensively in solution, while in the case 
of Co’+ and Zn2+, the ability of the Iigand to bind a second metal ion is small and 
for Ni2 + only mononuclear complexes have been observed. The formation of bridged 
mono- and dihydroxo species of CUDS+ and monohydroxo species of Zn2(1)4+ 
contributes to further stabilize these binuclear complexes. The ligand is flexible 
enough [22] to allow four to six nitrogen donor atoms to coordinate to a single 
metal ion and then form stable mononuclear complexes. On the other hand, bisdien 
has an insufficient number of nitrogen atoms to fulfil the coordination spheres of 
two metal ions. As a consequence, the ligand presents a small ability to form binuclear 
complexes and a high tendency to use auxiliary ligands to stabilize the binuclear 
species. This situation, in which a primary ligand binds one or more metal ions 
inducing coordination of secondary species (molecules or ions) has been termed 
“cascade” coordination [6]. 

The OH- anion can act as atsecondary ligand both in solution [22], as noted 
above, and in the solid state [23].sThe crystal structure of the [CU,(~)(OH)CIO,]~+ 
cation [23] is reported in Fig. 1. The Cu2 + ions present a distorted square-pyramidal 
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geometry with the basal plane positions occupied by the amine nitrogen atoms and 
the oxygen atom of the ,u-hydroxo ion and the apical position by a weakly bound 
oxygen atom of the bridging ClO; [23]. Other ligands such as ethylendiamine [22], 
acetate [23], imidazole [24], and N; [21] have been used as auxiliary ligands in the 
formation of dicopper(I1) complexes of bisdien. The crystal structure of an imidazole 
derivative of CUDS+ has been reported [24]. In this structure (Fig. 2), both imidaz- 
ole and imidazolate ligands are present. The geometry around the copper atoms is 
best described as distorted trigonal bipyramidal with the apical positions occupied 
by Nl 1 of the bridging imidazolate and N4 of the macrocycle. The crystal structure 
of the binuclear complex Cu,(l)(N,), (Fig. 3) has also been reported [21]. The copper 
atoms are pentacoordinated by N atoms in a distorted square-pyramidal geometry, 
the apical position being occupied by a N; ion. None of the N; anions acts as a 
bridging ligand. The macrocycle adopts a “chair” conformation. 

TABLE 1 

log K, AH’, and TAS’ values for the formation of polynuclear complexes of macrocyclic aza- 
ligands in aqueous solutiona 

1,4,7,10,13,16,19-hex~~~~-lO,22-dioxecyc~otetracos~ne 

bisdicn 

cation reaction LOSK mthod -AH’(kJ/md) TAS”(kJ/mol) 1 ‘C medim rcf 

CO(II) 1 + 2co 

COL + co 

CU(ll) L + 2cu 

CUL + cu 

CU2L + II20 

ClqLOH + HZ0 

?mIl) L + 2zn 

ZIlL + zn 

Zn2L + IQ0 

12.4 pot 
2.7 pot 

27.30 pot 

10.84 pot 
-6.51 pot 

-10.40 wt 
14.86 pot 
4.20 pot 

>-7 pot 

25 0.1 KY03 

25 0.1 KN03 

25 0.1 KNO3 

25 0.1 KNCq 

25 0.1 KNO3 

25 0.1 KY03 

25 0.1 KNO3 

25 0.1 KNO3 

25 0.1 KNO3 

22 

22 

22 

22 

22 

22 

22 

22 

22 

cation reaction lWK method -AH'<kJ/ml) TAS'(kJ/mol) 1 =T mtdiun ref 

CO(II) L + 2co 12.05 pot 25 0.1 KY03 26 

COL + co 3.00 pot 25 0.1 KNO3 28 

Co2L + H20 -7.w pot 25 0.1 KNO3 28 
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TABLE 1 (conrinued) 
Ni(tI) L + 2Ni 14.98 

NiL + Ni 3.73 

Ni2L + Ii20 -5.11 

CU(lI) L + 2cu 24.01 

CUL + cu 8.82 

CU2L + n20 -6.51 

CU2LOH + H20 -9.12 

Zn(lI) L + 2zn 12.69 

ZnL + zn 3.80 

Zll2L + H20 -7.07 

pot 25 0.1 KNO3 28 

pot 25 0.1 KNO3 28 

pot 25 0.1 KN03 28 

pot 25 0.1 KN03 28 

pot 25 0.1 KNO3 28 

pot 25 0.1 KNO3 28 

pot 25 0.1 KNO3 28 

pot 25 0.1 KNO3 28 

pot 25 0.1 KN03 28 

pot 25 0.1 KNO3 28 

cation reaction 1ogK method -AH'(kJ/mI) TAS"(kJ/ml) 1 "C mdim ref 

CU(II1 L + 2cu 23.47 pot 25 0.1 KNO3 29 

CUL + cu 9.68 pot 25 0.1 KNO3 29 

CU2L + H20 -7.26 pot 25 0.1 KNO) 29 

Cu2LOH + II20 -8.40 pot 25 0.1 KN03 29 

1.4.7,10,13,16,-hexaazacyclooctadecane 

I181aneN6 

cation reaction 1ogK nethcd -AV(kJ/mol) TAS'(kJlml) 1 'C mediun ref 

Pd(II) L + 2Pd + 2CI 51.8 pot 25 0.5 NaCl 40,42 

1,4,7,10.13,16,19-heptaarecycloheneicosane 

tZllaneN7 

cation reaction 1ogK method -AH'(kJ/moL) TAV(kJ/mL) T 'C medium ref 

CU(II) L + 2cu 30.49 pot 25 0.15 NaCLO4 41 

CUL + cu 11.01 POt 25 0.15 NaCL04 41 

L + 2Cu + H20 23.75 pot 25 0.15 N&104 41 

CU2L + OH 7.00 pot 25 0.15 NaC104 41 

Pd(II) L+ZPd+ CL.52 pot 25 0.5 Nat1 40,42 
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TABLE 1 (continued) 
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1,4,7,10,13.16,19.22-octemecyclotetracosane 

t24laneNa 

cation reaction LogK method -AH’(kJ/mol) TAS”(kJ/ml) 1 ‘C mdiun ref 

NiIII) L + 2Ni 23.30 pot 
NiL + Ni 9.36 pot 
L + 2Ni + H20 13.19 pot 
Ni2L + OH 3.62 pot 

WII) L + 2cu 35.25 pot 
L + 2Cu + H 38.15 pot 
L + 2Cu + W20 26.25 pot 
CU2L + OH 4.74 pot 

Zll(II) L + 2Zn + H20 12.60 pot 
L + 2zn + 2H20 3.0 pot 
Zrl2LOH + OH 4.1 pot 

Cd(II) L + 2Cd 18.21 pot 
CdL + Cd 3.69 pot 

163.2 cat 

25 0.15 Nat104 39 

25 0.15 NaCl04 39 

25 0.15 NaC104 39 

25 0.15 NaClO4 39 

25 0.15 NaClW, 41 

25 0.15 NaCICq 41 

25 0.15 NaClO4 41 

25 0.15 NaClW, 41 

25 0.15 N&IO4 36 

25 0.15 NaCb, 36 

25 0.15 NaClO4 36 

25 0.15 NaClLQ 37 

25 0.15 NaClW+ 37 

1,4,7,10,13,16,19,22,25-nonmacycloheptacosatw 

I271aneN9 

cation reaction LogK method -AH'(kJ/mol) TAS'(kJ/mol) 1 'C medium ref 

COIlI) L + 2co la.85 

COL + &a 7.0 

L + 2co + 2H 31.32 

L + 2co + H20 9.aa 

Co2L + OH 4.76 

Ni(II) L + 2Ni 26.24 

L + 2Ni + H 31.46 

L + 2Ni + 2H 36.73 

CU(II) L + 2cu 36.03 

L + 2cu + H 40.66 

L + 2Cu + 2H 43.83 

L + 2Cu + 3H 47.10 

L + 2Cu + N20 26.24 

CU2L + OH 3.94 

2reII) L + 2zn 20.55 

L + 2zn + H 26.98 

L + 2i!n + 2H 32.79 
L + 221-r + H20 13.56 

L + 2i!n + 2H20 4.71 

Zll2L + OH 6.7 

Zll2LOH + OH 4.9 

Cd<II) L + 2Cd 20.75 

L + 2Cd + N 26.38 

L + 2Cd + 2H 32.21 

pot 
pot 
pot 
pot 
pot 
pot 
POt 
pot 
pot 
pot 
pot 
POt 

pot 
pot 
pot 
pot 
pot 

179.0 Cal 26.0 

25 0.15 NaCIO4 38 

25 0.15 NaCIO4 38 

25 0.15 NaClO4 38 

25 0.15 NaClIl4 38 

25 0.15 NaCLO4 38 

25 0.15 NaClO4 39 

25 0.15 NaClW, 39 

25 0.15 NaClO4 39 

25 0.15 NaClCJ4 32 

25 0.15 NeCl04 32 

25 0.15 NaC104 32 

25 0.15 N&104 32 

25 0.15 NaClO4 32 

25 0.15 N&l04 32 

25 0.15 NaClO4 35 

25 0.15 NaClU, 35 

25 0.15 N&IO‘ 35 
25 0.15 NaC104 35 

25 0.15 NeCL04 35 

25 0.15 NaCLO4 35 

25 0.15 N&104 35 

25 0.15 NeC104 37 

25 0.15 N&l04 37 

25 0.15 NetlO 37 
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1,4,7,10,13,16,19.22,Z5,28-decaa2ac~clotriacontane 

t301aneNlO 

cation reaction IOSK 

CO(Ill L + 2co 21.05 

L + 2co + 2H 34.67 

L + 2co + 3H 39.79 

L + 2Co + N20 11.94 

CO2L + OH 3.82 

Ni(II) L + 2Ni 30.02 

L + 2Ni + 2H 40.17 

CU(IIl L + 2cu 37.77 

L + 2cu + H 43.36 

L + 2cu + 2H 47.21 

L + 2cu + 3H SO.52 

L + 2.X + IQ0 26.43 

CU2L + OH 2.39 

2n(Il> L + 2zn 22.51 

L + 2zn + 2H 35.22 

L + 2Zn + 3H 40.41 

L + 2Zn + N20 14.16 

L + 2Zn + 2H20 3.19 

2n2L + OH 5.4 

Zn2LOH + OH 2.7 

Cd<II) L + 2Cd 23.21 

L + 2Cd + 2H 35.07 

L + 2Cd + 3H 39.94 

method -AH'(kJ/ml) TAS*(kJ/mol) 1 'C 

pot 
pot 
pot 
pot 
pot 
pot 
pot 
pet 
pot 
pot 
pot 
pot 
pot 
pot 
pot 
pot 
pot 
pot 
pot 
pot 
Pot 

pet 

pot 

190.4 cal 25.1 

25 0.15 NaC104 

25 0.15 N&l04 

25 0.15 NaC104 

25 0.15 NaC104 

25 0.15 NaCL04 

25 0.15 NaC104 

25 0.15 N&l04 

25 0.15 NeC104 

25 0.15 NaClO4 

25 0.15 N&l04 

25 0.15 NaClO4 

25 0.15 N&l04 

25 0.15 NaCL04 

25 0.15 NaCl04 

25 0.15 N&104 

25 0.15 NaC104 

25 0.15 N&l04 

25 0.15 NaClO4 

25 0.15 NaClO4 

25 0.15 NaCLO4 

25 0.15 NaC104 

25 0.15 NaCl04 

25 0.15 NaCl04 

mdiun ref 

38 

38 

38 

30 

38 

39 

39 

33 

33 

33 

33 

33 

33 

35 

35 

35 

35 

35 

35 

35 

37 

37 

37 

H p;qNH 
CN 

HN 
c 3 

N 
1,4,7,10,13,16,19,22,25,28,3l-~caazac~clotritriac~tane 

t331aneNll 

. 
cation reaction 1OSK method -AH'(kJ/ml) TAS'(kJ/mol) 1 'C medium ref 

L + 2co 22.90 pot 25 0.15 NaClO4 

L + 2Co + 2H 35.83 pot 25 0.15 NaCl04 

L + 2Co + 3H 40.91 pot 25 0.15 N&l04 

L + 2Co + H20 12.72 pot 25 0.15 NaClO4 

Co2L + OH 3.55 pot 25 0.15 NaCl04 

Ni(IIl L + 2Ni 31.07 pot 25 0.15 Nat104 

L + 2Ni + H 36.98 pot 25 0.15 NsC104 

L + 2Ni + 2H 40.98 pot 25 0.15 NsClO4 

L + 2Ni + 3N 46.44 pot 25 0.15 NaClC& 

CU(lI) L + 2cu 38.77 pot 25 0.15 Nat104 

L + 2Cu + H 45.28 pot 25 0.15 NaClCU, 

L + 2Cu + 2H 51.18 POt 25 0.15 N&l04 

L + 2Cu + 3N 53.86 pot 25 0.15 NaClO4 

38 

38 

30 

38 

30 

39 

39 

39 

39 

34 

34 

34 

34 
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L + 2cu + H20 27.29 

CU2L + otl 2.25 

L + 3cu 48.03 

cu21 + cu 9.3 

L + 3cu + n20 40.62 

L + 3Cu + 2&O 30.2 

Cu3L * OH 6.32 

ct.@OH + OH 3.31 

ZtXIl1 L + 22n 23.91 

1 + 2zn + 2H 36.66 

1 + 22n + 3H 42.11 

L + 2zn + IIN 15.40 

L + 2zn + 2H20 4.87 

tn21 + OH 5.2 

ZrqLOH + OH 3.2 

Cd(lI> L + 2Cd 23.63 

I. + 2Cd + 2H 36.06 

L + 2Cd + 3H 41.39 

pot 
rxrt 
pot 

25 0.15 NaClCb4 34 

25 0.15 rscm4 34 

25 0.15 NaCLOQ 34 

25 0.15 NaClW, 34 

25 0.15 NaCl04 34 

25 0.15 N&X04 34 

25 0.15 NaClO4 34 

25 0.15 NeCtO4 34 

25 0.15 NaClO4 35 

25 0.15 NaCtW, 35 

25 0.15 NaGlO 35 

25 0.15 NaCl04 35 

25 0.15 NaClO4 35 

25 0.15 N&XC& 35 

25 0.15 NaClCk4 35 

25 0.15 N&l04 37 

25 0.15 wec104 37 

25 0.15 NaCtO.4 37 

cetion reection LogW 

Co(fl) L + 2co + II 31.29 

L + 2cc + 2H 37.62 

L + 2C0 + 3H 43.45 

L + 2Co + 4H 48.76 

L + 2co + H20 13.07 

co21 * OH 3.05 

Nic’Ilf L + 2Ni 32.09 

L + 2Ni + II 30.62 

L + 2Ni + 2H 44.46 

L + 2Ni + 3H 40.95 

L + 2Ni + 4H 53.42 

CU( I I ) L + 2cu 39.25 

L + 2cu + H 47.09 

L + zcu + 2H 53.96 

L + 2Cu + 3H 5&O? 

1 + 2cu + 4H 61.42 

L + 3cu 51.43 

Cu2L + Cu 12.2 

1 + 3cu + H 55.30 

L + 3Cu + Nfl 42.53 

1 + 3Cu + 2H20 31.62 

CVJC + ON 4.‘& 

cu3LoH + OH 2.02 

ZrilII> L + 2zn 26.27 

L + 2Zn + N 32.03 

L + 2zn + 2H 39.16 

L + 22n + 3H 44.81 

L + 2Zn + 4H 49.99 

L + 221-1 + H20 16.09 

Zfl2L + OH 3.5 

25 0.15 NaCW, 38 

25 0.15 NaClO4 38 

25 0.15 NeCl04 38 

25 0.15 NsClO4 38 

25 0.15 NaC104 38 

25 0.15 N&l04 30 

25 0.15 NeCl06. 39 

2s 0.15 N&l04 39 

25 0.15 NaCl~ 39 

25 0.15 NaCtDq 39 

25 0.15 N&l04 39 

25 0.15 N&LO/, 34 

25 0.15 NaClOf, 34 

25 0.15 N&l04 34 

25 0.15 NeCL04 34 

25 0.15 NaClCW, 34 

23 0.15 NsCLO4 34 

2s 0.15 NsClO,$ 34 

25 0.15 NeClO4 34 

2s 0.15 NaCLO4 34 

25 0.15 NaCli34 34 

25 0.15 NaClO$ 34 

23 0.15 MeGlO 34 

25 0.15 NaClO4 36 

25 0.15 NaClO4 36 

25 0.15 NE&X&~ 36 

25 0.15 NaCW, 36 

25 0.15 NaCl@ 36 

25 0.15 NaCl~ 36 

25 0.15 NaCtO,$ 36 

ref 



A. Bencini et al./Coord. Chem Rev. 120 (1992) 51-85 58 

TABLE 1 (continued) 

7,19,30-trioxa-1,4,1O,l3,16,22,27,33-octa~z~bicyclotll.ll.lllpentatriacontane 

bistren 

cation reaction 

CcdII) L + 2co 

COL + co 

CO2L + H20 

CU(II) L + 2cu 

L + 2cu 

L + 2cu 

L + 2cu 

L + 2cu 

L + 2cu 

L + 2cu 

L + 2cu 

L + 2cu 

CUL + cu 

CUL + cu 

CUL + cu 

CUL + cu 

CUL + cu 

CUL + cu 

CUL + cu 

CUL + cu 

CUL + cu 

CU2L + II20 

1ogK method -AHn(kJ/mol) TAV(kJ/d) 1 'C medium ref 

16.80 

5.60 

-7.20 

29.21 

27.32 

29.05 

32.9 

30.2 

31.0 

30.2 

29.4 

28.32 

12.67 

9.96 

12.51 

14.6 

11.5 

13.2 

12.8 

11.2 

10.73 

-4.26 

pot 

pot 
pot 

pot 
pot 

pot 
pot 

pot 
pot 

pot 
pot 

pot 
pot 

pot 
pot 
pot 

25 0.1 KNO3 44 

25 0.1 KNO3 44 

25 0.1 KN03 44 

25 0.1 KY03 44 

25 0.1 KC1 45 

25 0.1 NaClCu, 45 

25 0.025 NeF 46 

25 1.0 NaClO4 46 

25 0.5 N&104+0.5 NaCl 46 

25 1.0 NaCL 46 

25 1.0 NaBr 46 

25 0.1 NaClO4 47 

25 0.1 KNO3 44 

25 0.1 KC1 45 

25 0.1 N&l04 45 

25 0.025 NaF 46 

25 1.0 NaCl04 46 

25 0.5 N&104+0.5 NaCl 46 

25 1.0 NaCl 46 

25 1.0 NaBr 46 

25 0.1 NaC104 47 

25 0.1 KN03 44 

25 0.1 KC1 45 

25 0.1 NaClO/, 45 

25 0.025 NaF 46 

25 1.0 N&l04 46 

25 0.5 NaC104+0.5 NaCl 46 

25 1.0 NaCl 46 

25 1.0 NaBr 46 

25 0.1 NaC104 47 

25 0.1 KNQ 44 

25 0.1 KY03 44 

25 0.1 KN03 44 

25 0.1 KNO3 44 

25 0.1 KN03 44 

25 0.1 KNO3 44 

L + 2Cu + H20 25.07 

L + 2Cu + H20 23.63 

CU2L + II20 -5.3 

CU2L + H* -3.1 

CU2L + H20 -4.4 

Cu2L + H20 -4.5 

CU2L + II20 -2.6 

CU2L + II20 -3.89 

Ni(II) L + 2Ni -18.5 

NiL + Ni -6.8 

Ni2L + H20 d-6.0 

ZWII) L + 22n 18.22 

alL + 2n 6.36 

.?i-l2L + IIN -6.00 
pot 
pot 

1,4,10,13,16,22,27,33-octaazabicyclotll.ll.lllpentatriacontane 

C-bistren 

cation reaction 1ogK nethod -AH'(kJ/mol) TAS'(kJlm1) T 'C medium ref 

CU(lI) L + 2cu 28.76 pot 25 0.1 NeCQ 47 
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TABLE 1 (continued) 

CUL + cu 13.37 pot 25 0.1 NaCl04 47 

Cu2L + H 5.40 pot 25 0.1 N&l04 47 

Cu2L + H20 -7.59 pot 25 0.1 NaCL04 47 

Cu2LOH + H@ -10.81 pot 25 0.1 N&L04 47 

59 

“Only the left side (reactants) of the equilibrium reactions is indicated. Reactions including 
water molecules refer to: mM + IL + nH,O = M,LJOH), + nH. Charges have been omitted. 
Experimental methods for the determination of the equilibrium constants are abbreviated as 
follows: potentiometric (pot). Only direct calorimetric methods (Cal) for the determination of 
AH0 are indicated. 

Fig. 1. Crystal structure of the [C~~(1)(0H)C10,]*+ complexed cation. 

In spite of its weak tendency to bind two Co2+ ions in solution, bisdien in the 
presence of molecular oxygen forms a very stable dibridged (p-peroxo)@-hydroxo) 
dicobalt complex [22] whose proposed structure is shown in Fig. 4. Other bidentate 
ligands such as oxalate [25], mesoxalate [26], catecholate, hydroquinone and TIRON 
(1,2-dihydroxy-3,Sdisulphobenzene) [27] have been employed to bind in turn to the 
dioxygen dicobalt complexes of bisdien. 

More recently, the two polynucleating ligands related to bisdien (2) bisbamp 
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N23 

Fig. 2. Crystal structure of the [Cu2(l)(im)(imH),]3f (imH = imidazole) centrosymmetric 
cation. 

complexed 

Fig. 3. Crystal structure of the centrosymmetric Cu,(l)(N,), complex. 
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Fig. 4. Proposed structure [22] for the (p-peroxo)(p-hydroxo) dibridged dicobalt complex of bisdien (1). 

(3,9,17,23,29,30-hexaaza-6,20-dioxatricyclo[23.3.11 “*‘5]triaconta-1(28),1 1,13,15(30), 
25,26-hexaene [28] and (3) (3,6,9,17,20,23-hexeazatricycloC23.3.1 1”g’5]triaconta- 
1(29),11(30),12,14,25-(26),27-hexaene [29] have been synthesized. Compounds (2) and 

2 3 

(3) can be considered to contain two 2,6_bis(aminomethyl)pyridine (bamp) units 
and two diethylentriamine units, respectively, linked together by two five-atom 
bridges. In (2), these bridges are equal to those of bisdien, while in (3) they include 
a phenyl group. 

The complexation equilibria of (2) toward Co’+, Nizf, Cu’+, Zn2+ [28] and 
of (3) toward Cu2+ [29] have been studied by potentiometric measurements. Both 
ligands form binuclear species with the reported metal ions [28,29]. The equilibrium 
constants for the formation of these species are shown in Table 1. With the exception 
of Ni2+, whose binuclear complex with bisdien was not observed [22], bisbamp form 
binuclear complexes of lower stability than bisdien. This decrease of stability has 
been ascribed to lower basicity of bisbamp with respect to bisdien [28]. A further 
decrease of stability is observed for the dicopper(I1) complex of the ligand (3). 

The binuclear complexes of bisbamp and (3) are characterized by strong hy- 
drolytic tendencies to form mono-. and dihydroxo species. Monohydroxo species are 
also formed by the binuclear complexes of bisbamp with Co’+, Ni2+ and Zn2+ [28]. 
In accordance with the analogous complexes of bisdien [22], it has been suggested 
[28,29] that hydroxide ions are bridging groups coordinated simultaneously to both 
metal ions. 

As observed for CO,(~)~+, the dicobalt(I1) complex of bisbamp also binds 
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molecular oxygen. 0, binding by COAX+ gives the formation of a dibridged (p- 
peroxo)@-hydroxo) complex which forms several hydroxo species [28]. 

The polyazacycloalkanes (4) Cl8 JaneN, (1,4,7, IO,1 3,16-hexa~acycloocta- 
decane), (5) [2 l]aneN, (1,4,7, IO,1 3,16,19-heptaazacyclohenicosane), (6) [24]aneN, 
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5 6 7 
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c NH 
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{1,4,7,10,13,16,19,22-octaazacyclotetracosane), (7) [27]aneN, (1,4,7,~0,13,16,19, 
22,25nonaazacycloheptacosane), (8) [30]aneN,, (1,4,7,10,13,16,19,22,25,28- 
decaazacyclotriacontane), (9) [33]aneN, 1 (1,4,7,10,13,16,19,22,25,28,31- 
undecaa~~yclotrit~a~ontane) and (10) [36]aneN,, (1,4,7,10,13,16,19,22,25,28,3 1,34- 
dodecaazacyclohexatriacontane), belonging to the series [3k]aneN,, have been em- 
ployed to study the equilibria of formation of transition metal complexes in which 
more than one metal ion is coordinated by the same macrocyclic ring [30-421. 
Among these ligands, which present a homogeneous distribution of donor atoms, 
the large macrocycles (S)-(10) were purposely synthesized for polynuclear complex 
formation [30-341. The equilibrium constants obtained by potentiometric titrations 
[30-421 for the polynuclear complexes of [3k]aneNk (k= 6-l 2) macrocycles are 
presented in Table 1. 

The first characteristic to be noted in this series of ligands is the existence for 
each metal ion of only one ligand able to form both mono- and binuclear complexes, 
while the smaller and the larger ligands form only either mononuclear or binuclear 
complexes. These intermediate ligands are [2l]aneN, in the case of Ct.?+ [30-34,421, 
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[24]aneN, for Zn 2+ [35,36], Cd’+ [37] and Ni ” [39] and [27JaneN, for Co2’ 

[38]. In the case of Cu 2+, the two ligands [33]aneN,, and [36]aneN,, are also able 
to form tricopper(II) complexes [34). 

With respect to stepwise complexation, we observe that the tendency to bind 
a second metal ion, presented by the intermediate ligands, is high in the case of Cu2+ 
[31,41], Ni2+ [39] and Zn ‘+ [36], somewhat lower for Co 2 ’ [38] and low for Cd’+ 
[37]. With the exception of Cd’+, the fo~ation of hydroxo species cont~butes to 
further stabilization of the binuclear complexes of these ligands. In the case of Zn’+, 
the species Zn2(6)OH3+ is so stable that the unhydrolyzed complex Zn,(6)4+ is not 
formed in solution. However, this species has been isolated in the solid state as 
[Zn2(6)C12](C104*H20 whose crystal structure has been determined 1361 (Fig. 5). 
The tendency of the binuclear complexes of the ligands (5)-(10) to form hydroxo 
species generally decrease with the increasing number of donor atoms in the macro- 
cycle (Table I). Only in the case of Cd 2 ’ has no hydroxo species been observed [37]. 
In the case of Ni2+, hydroxo binuclear species have also been observed for the 
ligands (7)-(10) but, due to the slowness of their formation, the equilibrium constants 
have not been determined [39]. Bihydroxo complexes ZnzL(OH)i+ (L=(5)-(9)) are 
also formed 1735,351. The formation of mono- and bihydroxo species also contributes 
to the stabilization of the tricopper complexes of [33]aneN,, and [36]aneN,,. The 
abundance of nitrogen atoms in large [3k]aneN, ligands allows the formation of 
polynuclear protonated species. Binuclear protonated complexes are formed in which 
the number of nitrogen atoms available for coordination to the two metal ions is 
lower than that of the smaller ligands able to form the corresponding binuclear 
species. In fact, [2l]aneN, is the smallest [3k]aneN, ligand which forms a Cu2L4+ 
complex, but a smaller number of nitrogen donor atoms (six) coordinated to two 
Cu2 + ions is observed in [Cu,(7)H,]’ +, Similarly, [24]aneN, is the smallest ligand 
forming dinuclear complexes with Ni’+, Zn2+ and Cd2+, but only seven donor 

Fig. 5. Crystal structure of the [Zn,(6)C1,]2+ complexed cation. 
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atoms are coordinated in the diprotonated dinuclear complexes of (7) with these 
metal ions. Further, [27]aneN, is the smallest ligand which forms dicobalt(I1) com- 
plexes, but a smaller number of nitrogen atoms (seven) coordinated to two Co2+ 
ions is presented by [Co,(S)H,] 7 +. This happens at the expense of severe electrostatic 

repulsion between positive charges. 
As observed, not only the total number of donor atoms, but also the dimensions 

of the ligand and the disposition of the available donor atoms in the ligand play an 
important role in determining the ability of a macrocycle to form polynuclear 
complexes. Furthermore, due to the cyclic nature and the closed assembly of nitrogen 
atoms in these ligands, the coordinating ability of a single donor is strongly influenced 
by the state of the others. For example, the breaking of two metal-nitrogen donor 
bonds, induced by protonation of only one nitrogen atom in the binuclear complexes 
of [3k]aneNr, ligands, has been proposed for some equilibria involving Cd’+ [37] 
and Ni2+ ions and observed in the solid state in the compound [Cu,@)HCl,]- 
(C10&*4H20 [33]. The crystal structure of this complex (Fig. 6) shows the copper 
atoms coordinated by four nitrogen atoms of the macrocycle and one Cl- ion in a 
slightly distorted square-pyramidal geometry, Cl- being in the apical position, The 
site of protonation must be on the N(1) or N(1)’ atoms of the macrocycle, but owing 
to the presence of a twofold axis, these nitrogen atoms are crystallographically 
equivalent and therefore the proton is statistically distributed between them [33]. 

Fig. 6. Crystal structure of the [CU,(S)HCI,]~’ complexed cation. The proton is statistically distributed 
between the two crystallographically equivalent Nl and Nl’ atoms. 
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An uncoordinated nitrogen atom is also present in the structure of the dizinc(I1) 
complex [Zn,(8)NCS](C10,J3 (Fig. 7). In this compound, the two zinc ions show 
essentially the same five-coordinate geometry, which can be best described as dis- 
torted trigonal pyramidal. Zn( I) is coordinated by five nitrogen atoms of the macrocy- 
cle, whereas Zn(2) is coordinated by four nitrogen atoms of the macrocycle and the 
nitrogen atom of a thiocyanate anion. Another interesting crystal structure in which 
two metal ions present quite different coordination spheres is presented by the 
dicadmium(I1) complex of the same ligand (8) [37]. As shown in Fig. 8, in the 

L-W@W,12 + complexed cation, both Cd ’ + ions are hexacoordinated. However, 

Fig. 7. Crystal structure of the [Zn,(8)NCS]3f complexed cation. 

Fig. 8. Crystal structure of the [Cd,@)Cl,]*+ complexed cation. 
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Cd(l) is surrounded by four nitrogen atoms of (8) and two Cl- anions in a quite 
distorted 4+ 2 pseudo-octahedral geometry, whereas the environment of Cd(2) is 
even more unusual and could be described as a distorted trigonal prism whose basal 
faces are defined by N(3), N(4)‘, N(5)’ and N(4), N(3)‘, N(5)’ (Fig. 8). The crystal 
structure of the binuclear complex of [30]aneN,, with Ni2+ has also been obtained 

[39]. The compound [Ni,(8)(H,O),](NO ) 3 4 contains the centrosymmetric cation 

[Ni2(8)(H20)2]4+ (Fig. 9) in which the nickel atoms are hexacoordinated by five 
nitrogen atoms of the macrocycle and one water molecule in an octahedral distorted 
environment. 

The stability profile of the binuclear complexes M2L4+ (M = Co’+, Ni2 +, Cu2+, 
Zn2+, Cd2+) of the ligands (L) @-(lo) is shown in Fig. 10 [43]. As can be seen, for 
each metal ion the stability of the M2L4+ species increases with the number of donor 

atoms of the macrocycle according to the increasing number of nitrogen atoms 
involved in the coordination to the metal ions. Furthermore, the enthalpy changes 
for the formation of the dicopper(I1) complexes C~2(6)~+, CUDS+ and CU,(~)~+, 
obtained by means of direct microcalorimetric techniques [30,32,33] (Table l), proved 
that the increasing stability of these complexes with increasing number of nitrogen 
donor atoms is due to a stronger overall metal to ligand donor atom interaction. 
Considering that all the nitrogen donor atoms of [24]aneNs are coordinated in 

Cu2(614+, as observed in the crystal structure of the compound [C~2(6)Cl2](ClO4)2 
[30] (Fig. 1 l), it is likely that all the nitrogen atoms of (7) and (8) are involved in the 
coordination of the two Cu2+ ions. 

Fig. 9. Crystal structure of the [Ni2(8)(H20)J4+ centrosymmetric complexed catloll. 



A. Bencini et d/Cod. Chem. Reo. 120 (1992) 51-85 67 

50.00 

40.00 

3 30.00 

20.00 

lo.00 
0 

I I I I I 

Co( II) Ni(ll) Cu(ll) Zn( II) Cd(I) 6 

metal ion 

* [36]aneN,* 

0 [33]oneN,, 

o [30]aneNx, 

9 [27lo~Ng 

o [24]oneN,, 

+ [Zl]aneb 

Fig. IO. Stability profile of the binuclear complexes of [3k]aneN, (k =7-12) ligands with Co2+, Ni’+, 

Cu’+, Zn*+ and Cd*+ cations. 

Fig. I I. View of the centrosymmetric Cu,(6)CI, unit observed in the crystal structure of the complex 

CCu2(W~,I(C~O4)2. 

For each ligand, the stability of the binuclear species follows the usual order 

Co2+<NiZ~~Cu2+~Zn2+-CdZ+ [Fig. IO]. 

A case of particular interest has been offered by the palladium(H) complexes 

of [18]aneN, and [21]aneN, [40,41]. Both ligands are able to form very stable 

binuclear complexes (Table 1). The equilibrium constant for the formation of the 

species [Pd,(4)Cl,] 2+ is very high (log K = 51.8) and its determination by potentio- 

metric methods was achieved via competition between the azamacrocycle and the 
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chloride ion. In the case of [2l]aneN,, this method allowed only an estimation of 

the stability constant (log K > 52) of the binuclear complex [40]. The crystal structure 

of the binuclear cation [Pd,(4)C1Jz’ is reported in Fig. 12. As shown, the hexaaza- 
macrocycle adopts an S-like conformation in order to allow each Pd2+ ion to bind 
to three nitrogen atoms and complete the required square-planar geometry by a 
chloride anion. 

[Pd2(4)Br2]Br2*4H20, in which the [Pd2(4)Br212+ cation presents essentially 
the same coordination features of [Pd2(4)C12]“, has been reported [41]. The 
[Pd2(4)C1212+ complex, whose structure is likely maintained in solution [40], is quite 
inert toward acid dissociation; some months are required for its complete dissociation 
in2moldm- 3 HCl solution. The binuclear complex of [2l]aneN, is able to coordi- 
nate to a further PdZf ion. On formation of the tripalladium(I1) compound, an amine 
group of [Zl]aneN, deprotonates to bridge two Pd2+ ions. This complex has been 
isolated in the solid state and its crystal structure determined [40,41]. The geometry 
around the three Pd2+ ions is square-planar (Fig. 13), each Pd2+ ions being bound 
by three nitrogen atoms of the macrocycle and one chloride ion. The deprotonated 
amine group and a chloride ion bridge two Pd2+ cations. 

Macrobicyclic ligands containing two binding subunits able to form cryptate 
binuclear complexes are widely known [6]. Among these ligands, few azamacropoly- 
cycles have been employed in the study of the thermodynamic properties of transition 
metal complexes. A significant example of this class of ligand is the macrobicycle 

(11) bistren (7,19,30-trioxa-1,4,lO,l3,16,22,27,33-octaazabicyclo[ 11.11.1 llpentatri- 
acontane) synthesized by Lehn et al. [20]. The coordinating ability of this ligand 

11 

toward Co2+, Ni2+, Cu2+ and Zn2+ has been studied and the stability constants 
for formation of the relevant binuclear species have been potentiometrically deter- 
mined [44] (Table 1). While the ligand forms stable 1 : 1 complexes with these cations, 
the inclusion of a second metal ion within the macrobicyclic ligand occurs with much 
lower binding affinity. The formation of bridged hydroxo species contributes to 
stabilize the binuclear M2(11)4+ (M = Co2+, Ni2+, Cu2+, Zn2+) complexes. In partic- 
ular, the unusually high binding constant for hydroxide bridging in the binuclear 
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Fig. 12. Crystal structure of [Pd2(4)ClJ2’. The complexed cation possesses a 2/m symmetry. 

Fig. 13. Crystal structure of the complexed cation {Pd,[(4)-H)CI,], I’+ The deprotonated nitrogen atom . 
of (4) bridges two Pd*+ ions. 
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Cu2+ cryptate was noted and it was suggested that the hydroxo bridge could be 
stabilized by hydrogen bonding to one or more oxygen atoms of bistren [45,46] 
(Fig. 14). 

The ability of the Cafe+ species to form cascade complexes with halogenide 
ions has been investigated by studying the equilibria of complexation between Cu2+ 
and bistren in various ionic media [45-471. The binding constants of F-, Cl- and 
I- to C~,(ll)~+ have been determined [45-471. 

The dicobalt(I1) complex of bistren binds molecular oxygen forming a (,B- 
peroxo)(p-hydroxo) dibridged species [25,44]. The tendency of C0,(11)~+ to undergo 
oxygenation is markedly lower than that presented by the related ligand bisdien 

c221. 
The macrobicycle (12), C-bistren (1,4,10,13,16,22,27,33-octaazabicyclo[ I 1.11.1 l] 

pentatriacontane, having a structure similar to that of bistren but without the 

12 

bridging ether oxygens, was synthesized [48] as a reference ligand to investigate the 
importance of the oxygen atoms of bistren in stabilizing its hydroxo dicopper(I1) 
complex [47]. C-bistren presents a higher tendency to form dicopper(I1) complexes 
with respect to bistren and, as expected, the resulting binuclear complex shows a 
largely lower ability in hydroxide binding (Table I). Further differences between the 
two parent ligands are the formation of bihydroxo and monoprotonated dicopper(I1) 
complexes by C-bistren. 

Fig. 14. Proposed structure [45,46] for the (p-peroxo)(p-hydroxo) dibridged dicopper(II) complex of 

bistren (11). 
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C. BIS(MACROCYCLES) 

Several bis(tetraazamacrocycles) in which two macrocyclic subunits are linked to- 
gether either through an aliphatic chain joining two nitrogen atoms or by a carbon- 
carbon bond have been synthesized and used to study the formation of binuclear 
complexes with transition metal ions [4&60]. In the case of the ligands (13) [13- 
1 31 bisdioxocyclam (bis( 11 ,13-dioxo- 1,4,7,1 O-tetraazacyclotridecan- 12-yl)) and (14) 
[ 14- 141 bisdioxocyclam (bis(5,7-dioxo- 1,4,8,11 -tetraazacyclotetradecan-6-yl)), 

13 14 

equilibrium constants for the formation of dicopper(I1) species have been reported 
[54,55] (Table 2). [14-141Bisdioxocyclam binds the two Cu2+ ions in two successive 
steps [54], while for [13-l 3]bisdioxocyclam, only simultaneous coordination has 
been observed [55]. The equilibrium constants (Table 2) for the formation of these 
dicopper(I1) complexes are very low when compared with those of other complexes 
with ligands containing an equal or even smaller number of nitrogen atoms (see, for 
example, [24]aneN, and [2l]aneN, in Table 1). This behaviour has been justified 
by assuming that only the amino groups contribute significantly to coordination 
[54,55]. 

An important feature of complexes of these ligands is the release of protons 
from the amido groups. The hypothesized coordination scheme for the binding of 
two Cu2 + by (13) and (14) and successive release of protons is represented in Fig. 15 
[54,55]. The stepwise, two by two, deprotonation of the amido groups of each 
macrocyclic subunit is suggested by the absence of “odd” stoichiometry such as 
[Cu,(L-H)13 + or [Cu,(L-XI)]+ and comparison with related single-ring systems 
[54,55]. Furthermore, deprotonation of both amido groups of a macrocyclic subunit 
should allow the Cu2+ ion to be coordinated better by all four nitrogen atoms of 
this subunit. 
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TABLE 2 

log K values for the formation of binuclear complexes of aza-bis(macrocycles) in aqueous 
solutiona 

bir(11,13-dioxo-1,4,7,10~tetraaracyc~otridec~n-12-y1~ 

t13-13lbisdioxocycla 

cation reaction IogK method 1 'C mediun ref 

CU(I1) L + 2cu = cu21 14.00 pot 25 0.1 NaCl04 55 

L + 2Cu = Cu2(L-ZH) + 2H 3.66 pot 25 0.1 Naclo4 55 

L + 2Cu = CU2(L-4H) + 4H -7.09 pat 25 0.1 NaClo4 55 

Cu2L = Cu2(L-ZH) + 2H -10.34 pot 25 0.1 NaC104 55 

Cu2(L-2H) =CU$L-4H) + 2H -10.75 pot 25 0.1 NaClo4 55 

bir(5,7-dioxo-1,4,8,11-tetraaracyc1otetradecen-6-y1~ 

[14-14lbisdioxocyclam 

cation reaction LOOK methcd 1 'C mediun raf 

CU(I1) L + 2cu = CU2L 17.79 pot 25 0.1 NaCl04 54 

CUL + cu + CU2L 3.25 pot 25 0.1 Naclo4 54 

L + 2Cu = Cu2(L-ZN) + 2H 8.59 pot 25 0.1 NaC104 54 

L + 2Cu = Cu2(L-CN) + 411 -1.34 pot 25 0.1 NaClo, 54 

Cu2L = Cu2(L-2H) + 2H -9.20 pot 25 0.1 Naclo4 54 

Cu2(L-ZH) =C!+(L-bH) + 2H -9.93 pot 25 0.1 NaC104 54 

‘Charges have been omitted. Experimental methods for the determination of the equilibrium 
constants are abbreviated as follows: potentiometric (pot). 

C”2’ 

Fig. 15. Hypothesized [54,55] coordination scheme for the binding of two Cu2+ ions by (13) (n=2) and 
(14) (n = 3) and successive release of protons. 
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D. BRIDGED MACROCYCLIC METAL COMPLEXES 

We have previously discussed (Sect. B) the ability of hydroxide ions in solution 
to bind metal ions in polynuclear macrocyclic complexes to form stable p-hydroxo 
species. In these complexes, the metal ions are coordinated within the same macro- 
cyclic cavity and the formation of hydroxo bridges contributes to the further stabiliza- 
tion of the polynuclear species. 

Hydroxide ions can also link together two macrocyclic complexed units forming 
bridged or dibridged binuclear species [61-661. Thermodynamic data for the 
formation of similar complexes (Table 3) have been obtained for the equilibria 
of CL?+ with the triazamacrocycles (15) [9]aneN3 (1,4,7-triazacyclononane), (16) 
[10]aneN3 (1,4,7-triazacyclodecane), (17) [ 12]aneN, (1,5,9-triazacyclododecane), 

15 16 17 

I CH,COOH 
HN N’ 

16 19 20 

(18) (2,2,4-trimethyl-1,5,9-triazacyclododecane) and (19) (1 -carboxymethyl- 1,4,7-tri- 
azacyclononane), and for Ni2 + with (18) and (20) (2,4,4-trimethyl-1,5,9-triazacyclod- 
odec-1-ene). Ligands (15)-(20) form dibridged dihydroxo complexes [M2L2(OH)2]2 +. 
The stability (Table 3) of the species [CU~L~(OH)~]~+ decreases from [9]aneN, to 
[12]aneN, as the size of the ligand increases. The presence of methyl groups on the 
carbon atoms of the macrocyclic framework (ligand (18)) produces a further decrease 
in stability. In the case of the ligand (19), only the monohydroxo complex 
[CU~(~~)~OH]+ has been observed [64]. This is a consequence of the presence in 
(19) of the coordinating acetate arm which reduces the number of binding sites 
available on the metal ion for OH- binding [64]. The complex cation 
[C&(l!&OH]+ has been isolated in the solid state as a perchlorate salt and its 
crystal structure solved by X-ray analysis [64]. As shown by the structure (Fig. 16), 
each Cu2+ ion is coordinated by the three nitrogen atoms of the macrocycle, one 
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oxygen atom of the carboxylate group and the oxygen atom of the bridging hydroxo 
group in a distorted square-pyramidal arrangement. 

Due to the high number of free coordination sites remaining available in the 
metal complexes of triazamacrocyclic ligands, many bridged polynuclear species have 
been prepared. Their properties and structures have been extensively reviewed 
[65,66]. Because of the nature of the bridging agents, propagation of physico-chemical 
properties between the two metal centres is observed. 

The efficiency of oxalate anion (0x2-) as a bis-bidentate ligand between two 
complexed macrocyclic units, propagating electronic effects has been known for 
many years [67-741. Only in the case of the Ni2+ complexes of ligand (21) cyclam 
(1,4,&l I-tetraazacyclotetradecane) has the formation in solution of the p-oxalato 

TABLE 3 

log K, AH’, and TAS’ values for the formation of bridged macrocyclic complexes of aza- 
ligands in aqueous solutiona 

HN N AH 
1,4,7-triaracyclononane 

[9laneN3 

cation reaction LogK method -AH"(kJ/mol) TAS'(kJ/mol) T '% medium ref 

c.U(ll) ZCuL + 2OH 15.04 pot 25 0.5 KN03 61.62 

1,4,7-triarscyc1odecane 

E10laneN3 

cation reaction IogK method -AH'(kJ/d) TAS'(kJ/moL) T 'C medium ref 

CU(ll) 2CuL + 2OH 14.52 pot 25 0.5 KNO3 61,62 

1,5,9-triaracyclodadecane 

[12laneN3 

cation reaction IogK method -AH(kJ/rd) TAS(kJ/mol) T 'C diun ref 

CU(Il) 2CUL + 20H 13.23 pot 25 0.5 KNOj 61,62 
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TABLE 3 (continued) 

2,2',4-Trimethyl-1,5,9-trieracyclododecane 

l&j t12laneN3 

cation reaction icgti methcd -AN'(kJ/molol) TAS'(kJ/nol~ T 'C Rlediun ref 

Ni(II) NiLOH + NiLOH 2.44 pot 25 0.1 NaNO3 63 

CU(Il) 2CUL + 2OH 12.6 pot 25 0.1 NeNqi 63 

CuLOH + CuLON 2.00 pot 25 0.1 NaNClJ 63 

cation reaction logK method -AN"(kJ/ml) TAS"(kJ/mol) T 'C mediun ref 

Ni(Il) NiLOH + NiLOH 2.78 POt 25 0.1 NaNrrJ 63 

/T7 CH,COOH 
HN N’ 

I-carboxymethyl-1,4,7-triaraeyelononane 

cation reaction tOaK method -AH(kJ/moI) TAS(kJ/tral) 1 ‘C medim ref 

CU(lI) CUL + CULOH 2.42 pot 25 0.5 KN03 64 

HAH 

r,” ;I 1,4,7,10-tetrsazacyclododecane 

HUH 
f121aneN4 

CjTkil 

cation reaction togK method -AHa(kJ/ml) TAS'(kJ/mol) 1 'C mediun ref 

CO(lI) 2Co+ZL+O2+N20 28.4 pot 35 0.2 NaClO4 78 

2CoL+O2+H20 0.8 POt 35 0.2 NaCtO4 78 

2CoL+O2+OH 159.0 cat 84 
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TABLE 3 (continued) 

HOH 

c; ;I 1,4,7,10-tctrsszacyclotridecanc 

HVH 

tl3laneN4 

cation reaction IogK method -AHD(kJ/mol) TAS"(kJ/imlol) 1 'C mediun ref 

CO(ll) ZCc+2L+O2+H20 29.8 pot 35 0.2 N&104 78 

2coL+o2+l2o 1.2 pot 35 0.2 Nat104 78 

1.4.8,11-tctreazacyclotetradecane 

HUH 
t141aneN4 

cyclam 

cation reaction LogK method -AH"(kJ/mol) TAV(kJ/ml) 1 'C mediun ref 

8.1 pot 

27.1 pot 

1.7 pot 
9.8 kin 

8.3 pat/spec/pol 86.1 cal 

16.5 Pot/spec/pol 

23 pot/spec/pol 132.0 cal 

114.1 

25 0.1 KNO3 76 

35 0.2 NaCl04 78 

35 0.2 N&l04 78 

25 0.1 HClo4 79 

-38.7 25 0.1 KND3 82,85 

25 0.1 KNOj 82 

-0 25 0.1 KNO3 82.85 

25 0.1 KNO3 82 

5,7,7,12,14,14-hexathyl-l,4,8,11-tctraazacyclotctredccs_4.11-diene 

cation reaction IogK method -AH'(kJ/ml) TAS"(kJ/ml) 1 'C mediun ref 

CO(lI) 2coL+o2 5.6 PI 25 0.1 KNO3 76 

HAH 

c; ;I 1,4,7,10-t*traa2acyc10tetratkcane 

HUH 

cation reaction IogK method -AH'<kJ/ml) TAS"(kJ/mol) 1 Y mdiun ref 

CO(II) 2Co+2L+02+H20 27.6 pot 35 0.2 NaCl04 81 

2coL+o2+tl2o 4.3 pot 35 0.2 NeC104 81 
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TABLE 3 (continued) 

HnH 

c”, ;r) 1,4,a,12-tetraaracyclopntadefene 

HUH 

[15laneN4 

cation reaction IogK method -AV(kJ/ml~ TAV(kJ/ml) 1 'C medium ref 

CO(II) 2coL+o2 5.2 spc 25 0.1 KNm 83 

2CoL+O~H2O 19.3 w= 112.3 cal -0 25 0.1 KN03 03.15 

2coL+o2 7f9 kin 25 0.1 KN03 79 

HAH 

1,4.7,10-tetraarscyclopentadecsne 

cation reactim LogK method -AN"(kJ/ml) TASD(kJ/mL) T Y mdiun rcf 

CO(lI) 2Co*2L+O2 26.3 pot 35 0.2 NaClW, ai 
2coL+o2 6.6 pot '35 0.2 NaClO4 al 

1,4,7,10,13-pcntaa2acyc1ohexMkcanc 

t161aneN5 

cation reaction LogK method -AH'(kJ/rml) TAS'(kJ/ml) 1 'C mdiun rcf 

CO(ll) 2co+2L+o2 39.77 pot 35 0.2 N&l04 77 

2CoL+O2 7.87 pot 35 0.2 NSC104 T? 

1,4,7,10,13-pentsaracycloheptadccem 

H H 
Cl7laneN5 

0 
cation reaction 1ogK method -AlP(kJ/mol) TA!P(kJ/molK,I) 1 'C mtdiun raf 

CO(II) 2Co+2L+o2 39.9 pot 35 0.2 N&l04 01 

2coL+o2 9.1 pot 35 0.2 NaCtO4 ai 
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TABLE 3 (continued) 

1,4,7,10,13-pentaaracyclooctadecane 

H H 
0 

t18lancN5 

cation reaction IogK method -AH'(kJ/mol) TAS'(kJ/mol) T 'C medium ref 

CO(l1) zcc+2L+o2 30.4 pot 35 0.2 NaCtO4 81 

2coL+o2 7.4 pot 35 0.2 NaClCq 81 

cation reaction 1ogK method -AH'(kJ/moO TAS'(kJ/mol) T 'C mdim ref 

Fe<111 2Fe+ZL+O2 29.5 pot 35 0.2 N&l04 80 

2FeL+O2 7.9 pot 35 0.2 N&l04 80 

CO(lI) 2co+2L+o2 37.5 pot 35 0.2 NaClO4 80 

2coL+o2 9.6 pot 35 0.2 N&LO4 80 

“Only the left side (reactants) of the equilibrium reactions is indicated. Reactions including 
water molecules refer to: mM + 1L + nH,O = M,LI(OH), + nH; or to: mM + IL + O2 + nH,O = 
M,L,O,(OH), + nH. Charges have been omitted. Experimental methods for the determination 
of the equilibrium constants are abbreviated as follows: potentiometric (pot), spectrophoto- 
metric (spec), polarographic (pol), kinetic (kin). Only direct calorimetric methods (Cal) for the 
determination of AH0 are indicated. 

bridged species [Ni2(21)20x] 2+ been observed and the relevant stability constant 
determined [72] (Table 4). [Ni(21)12’ is present in solution as a mixture of planar, 
trans-diaquo octahedral and cis-diaquo octahedral species, whose percentages 
vary with temperature and ionic strength. Among these forms, only the cis-diaquo 

21 

complex is “well-disposed” to undergo chelation by the oxalate anion, while the 
other two species require a rearrangement of the ligand from planar to folded 
disposition. As a consequence, the binding constant (Table 4) for oxalate bridging 
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Fig. 16. Crystal structure of the p-hydroxo complexed cation [Cu,(l9),0H]+. 

TABLE 4 

log K values for the formation of oxalato-bridged complexes of [Ni(cyclam)]2t” 

HnH 

c; NNJ 1,4,8,11~tetrasracyc~otetrsdeca~ 

HUH 
cyclam 

rescticwr MY method 1 *c mediun ref 

2Ci~-fNi(ZlXH20)23~+ + 0x2- 7.8 spat 25 0.1 KNO3 72 

2trans-INi(21)(H20)212+ + 0x2- 5.5 SW 25 0.1 KNQ 72 

ZSquste-INi(21)12+ + wz2- 4.7 spec 25 0.1 KNOJ 72 

' [Ni(cyclam)12 ’ in 0.1 mol dme3 KN03 aqueous solution at 25°C is present as a mixture of 
cis-[Ni(21)(H20)2]Z+ (69%), trans-[Ni(21)(Hz0)2]2* (29%) and square-[Ni(21)J2’ (2%). 
bOnly the left side (reactants} of the equilibrium reactions is indicated. Ex~~men~aI methods 
for the determination of the equilibrium constants are abbreviated as follows: spectrophotomet- 
ric (spec). 

two c~s-[Ni(21)(H,0)zJz+ is a full 2 log units higher than that for two trans- 

[Ni(21)(H,0)J2+ and 3 log units higher than that for two square-[Ni(21)12+. 
The crystal structure of the ~i2(21)20x]2’ complex: obtained by X-ray analysis 

[72], is presented in Fig. 17. Both Ni2 ’ are coordinated by the four nitrogen atoms 

of cyclam and two oxygen atoms of the bridging oxalate anion, in a distorted 
octahedral environment. 
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Another ligand able to link together two macrocyclic complexed units contain- 
ing transition metal ions is molecular oxygen. Many transition metal complexes have 
attracted a great deal of interest for O,-uptake due to their similarity to biological 
O2 carriers and to their potential application in oxygen storage and activation [75]. 
Some thermodynamic data about dioxygen binding macrocyclic complexes are avail- 
able [76-851. Most deal with equilibrium constant determination, while a few also 
report the enthalpy contribution, obtained by direct microcalorimetry, for the forma- 
tion the complexes [82-851. Almost all of the complexes investigated contain Co*+ 
[76-861; in one case [80] thermodynamic data for O2 bridging two Fe*+ macrocyclic 
complexes have been reported. 

In an earlier work [76], McLendon and Mason reported the equilibrium 
constant (log K=8.1; Table 3) for O2 binding by the Co*+ complex of cyclam (21) 
to form the monobridged species ,~-0~-[Co(21)H,O]~, obtained at 25°C by polar- 
ographic methods. In the same paper, the stabilization of the oxygen adduct by trans 
axial ligands, such as pyridine, imidazole, NH,, CN-, as well as the reduction in 
oxygen affinity observed on modification of the equatorial ligand, substituting (21) 
by (22) (5,7,7,12,14,14-hexamethyl- 1,4,8,11 -tetraazacyclotetradeca-4,11 -diene), were 
analyzed. Later, Kodama and Kimura reported [78] a significantly smaller value 

H 
H,C ct ILt- 

C”3 
3 

22 

(log K = 1.7), obtained by potentiometry at 35°C for oxygen binding by 
[Co(21)H,O] . *+ Another value of the equilibrium constant (log K =9.8) for the same 
reaction at 25°C was presented by Wong et al. [79] as a result of kinetic studies. Finally, 
Cabani et al. [82,85] obtained log K = 8.3 by potentiometric, spectrophotometric and 
polarographic methods at 25°C. In this accurate work, these authors also observed the 
formation of mono- and bihydroxo species of the p-0, adduct and determined the 
relevant equilibrium constants (Table 3). Furthermore, they obtained calorimetrically 
the enthalpy changes (Table 3) for O2 binding by [Co(21)]*’ and [Co(21)0H]+. The 
results clearly show that these processes are promoted by a great enthalpic contribution. 

Other tetraazamacrocycles, such as (23) cyclen (1,4,7,10-tetraazacyclododecane), 
(24) (1,4,7,10-tetraazacyclotridecane), (25) (1,4,7,10-tetraazacyclotetradecane), (26) 
(1,4,8,12-tetraazacyclopentadecane) and (27) (1,4,7,10-tetraazacyclopentadecane) have 
been employed for oxygen binding [78,79,81,83-851. The Co*+ complex of cyclen, 
which does not maintain the obligatory trans geometry, binds molecular oxygen and 
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Fig. 17. Crystal structure of the centrosymmetric p-oxalato complexed cation [Ni,(Zl),ox]‘+. 

HnH HnH 

c;;, q/1 

HWH HWH 
23 24 

HC>H HUH w 

25 26 2-l 

undergoes a simultaneous olation reaction forming (p-peroxo)(yhydroxo) dibridged 
species [78,84]. Similar behaviour has also been reported for the Co2+ complex of 
(25) [81]. The synergy exercised by O2 and OH- in bridging two [Co(23)12+ 
complexed units is reflected by the large enthalpy change (159.0 kJ mol - ‘) measured 
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for this process [84]. This is 42 kJ mol-’ higher (Table 3) than that found for the 
reaction of [Co(26)12’ with O2 and OH- to form the p-peroxo hydroxo mono- 

bridged complex [83,85], and 27 kJ mol-’ higher than that observed in the formation 
of the p-peroxo bishydroxo monobridged [Co2(21)02(OH)2]2+ complex [82,85]. 

The other tetraazacycloalkanes considered, (24), (26) and (27), form only mono- 
bridged I*-peroxo dicobalt complexes [78,81,83,85], which, in the case of (24) and 
(26), give rise to the formation of axially mono-olated species [78,83,85]. 

The pentaazamacrocycles (28) (1,4,7,10,13-pentaazacyclohexadecane), (29) 
(1,4,7,10,13-pentaazacycloheptadecane), (30) (1,4,7,10,13-pentaazacyclooctadecane) 
and (31) (3,6,9,12,18-pentaazabicyclo [12.3.1] octadeca- 1(18), 14,16-triene form 

28 29 

30 31 

cobalt(I1) complexes which bind molecular oxygen giving rise to the formation of 
bridged p-peroxo dinuclear complexes [77,80,81]. Given the number of nitrogen 
donor atoms in these macrocycles, no free binding sites are available for further 
coordination to the metal ions in the LCo-O,-CoL species and, indeed, only these 
species have been observed. With few exceptions, the stability constants for O2 
uptake by pentaazamacrocycles are generally higher (Table 3) than those found for 
the analogous tetraaza ligands. This has been ascribed [Sl] to the stabilizing effect 
of axial coordination of the fifth nitrogen atom, as already observed [76] for the 
binding of trans axial ligands to the oxygenated cobalt(I1) complex of cyclam. 

The ligand (31), which contains a pyridine group in its cyclic framework, offers 
a rare example of thermodynamically and kinetically resolved equilibria of O2 
binding by an Fe2 + complex of a non-porphyrin ligand in aqueous solution [SO]. 
In this case, LFe-O,-FeL is the unique species being observed. [Fe(31)12’ shows 
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a lower tendency to bind molecular oxygen than the related complex [Co(31)12’ 
(Table 3). Further equilibria involving O2 uptake by some cyclam and oxo-cyclams 

derivatives were presented in ref. 81. 
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