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A. INTRODUCTION

Polynuclear macrocyclic complexes of transition metal ions represent a helpful
too! in the study of the mechanisms governing metal-metal interactions and substrate
activation by metal centres [ [-7]. The recognition that the accomplishment of several
biological functions needs polynuciear metal cenires [8-18] has given a strong
impulse to the study of multi-site macrocyclic complexes as model systems [8-
13,18,19].

This review collects significant examples of equilibria in agueous 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
TUPAC 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, (i1} 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 macrocycies with homogeneous disiribution 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 (1,4,7,13,16,19-hexaaza-10,22-dioxacycloteiracosane),

H/\ 0/\;‘1
% .,
st

1

synthesized by Lehn et al. [20,21], in which two diethylentriamine units are separated
by two five-atom bridges. The ether oxvgen atoms of these bridges have a weak
tendency to coordinate to first-row traasition metal ions and, as a matter of fact,
bisdien behaves as a hexaaza-ligand toward Co?", Ni?*, Cu?* and Zn?* [22]. In
the case of Co?*, Cu?* and Zn?*, binuclear 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,(1)** is sufficiently stable to form extensively in solution, while in the case
of Co** and Zn?*, the ability of the figand to bind a second metal ion is small and
for Ni?* only mononuclear complexes have been observed. The formation of bridged
mono- and dihydroxo species of Cu,{l)** and monohydroxo species of Zn,(1)**
contributes to further stabilize these binuclear complexes. The ligand is flexible
enough [22] to allow four to six nitrogen donor atoms o 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 metai ions
inducing coordination of secondary species {(molecules or ions) has been termed
“cascade” coordination [6].

The OH™ anion can act as afsecondary ligand both in solution [22], as noted
above, and in the solid state [23].'The crystal structure of the [Cu,(1{OH)CIO,1**
cation [23] is reported in Fig. 1. The Cu?* 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 p-hydroxo ion and the apical position by a weakly bound
oxygen atom of the bridging C10, [23]. Other ligands such as ethylendiamine [22],
acetate { 23], imidazole [24), and N3 [21] have been used as auxiliary ligands in the
formation of dicopper{li} complexes of bisdien. The crystal structure of an imidazole
derivative of Cu,{1)** has been reporied [24]. In this structure (Fig. 2), both imidaz-
ole and imidazolate ligands are present. The geomeiry around the copper atoms is
best described as distorted trigonal bipyramidal with the apical positions cccupied
by N1l of the bridging imidazolate and N4 of the macrocycle. The crystal structure
of the binuclear complex Cu;(1){N), (Fig. 3} has also been reported [21]. The copper
atoms are pentacoordinated by N atoms in a distoried square-pyramidal geometry,
the apical position being occupied by a N5 ion. None of the N anions acts as a
bridging ligand. The macrocycle adopts a “chair” conformation.

TABLE |

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

"

H
<\ 1,4,7,10, 13,16, 19-hexanza-10,22- dioxacyc| otetr acosane
N .
N bigdien
Q./.:" ¥
ka\/
cation  reaction Logk method -ARSCkJ/mol)  TASCCRISmol) [ [LHT ref
Co(ii) L + 2Co 2.4 pat 25 0.1 KO3 22
Lal + Co 2.7 pot 25 0.1 KNey 22
Culily L + 2Cu 2r.3n pot 25 0.9 wHes 22
Cul + Cu 10.8% pot 25 0.1 KNCx 22
Cugl + Hz0 -6.51 pot 5 0.1 KNo3 22
Cuglon + K32 -10,49 pot b 0.1 XNO3 22
ngiiy L+ 2In 14.86 pot 25 0.1 KNC3 22
Inl. + In &, 20 pot 25 0.1 KNGT 22
2npl + K20 »-7 pat 25 0.1 KNC3 22
w5 S L
L] o L
O 3.9,1?,23,29,30-henaza=6,Ze-diouatricycloiﬁ.l.1.1"-'5] triaconts-
L]
O hy 1¢28),11,13, 5307, 25, 24- hexasne
- o - bisbemp
AV A N
cation realction Llogk method -aN°{kd/moly TAS*(kJ/mel) T medium raf
Cal{ll) L+ 2Co 12.05 pat 25 0.1 xR0 o8
coL + Lo 3.00 pot 25 0.1 KnO3 28

CoaL + Hao -7.90 pot 25 G.1 KnOg 28
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TABLE 1 (continued)

Nigily L + 2Ni 14,98 pat a5 9.1 KWty 28
NiL + Ni 3.3 pot 25 9.1 KNog 28
Wizl + H2O =591 pot 2% 6.1 KNO3 28
cufll) L + 20u 24.01 pot 25 2.1 KK03 28
CuL + Cu 8.82 pot 25 9.1 KO3 28
Cuzl + K20 -6.51 pot 25 6.1 KNO3 28
CuplOH + H2  -9.12 pot 23 .1 KRo3 28
In(ll) L+ 2n 12,69 pot 23 0.% KNOZ 28
2nL + 2n 3.20 pot 25 9.1 ENDI 28
Ingl + H20 -7.a7 pot 25 0.1 KND3 28

H
(\N/ﬁ
HH HN

3,6,9.17,20,23-hexanzatricyclaf23.3.1. 117 ¥ eriaconta-

1029),13¢30), 92, 14, 25¢ 263, 27 -hexaene

NH

k/::\j

cation reaction Logk method SAHT RS maly  TAS"{kJ/mol) TC me<dium ref
Cu(li} L+ 2Cu 23.47 pot 25 0.3 KNO3 2%
Cul + £u 9.68 pot 25 0.1 KNO3 29
Cupl + Hzo -7.26 pot 25 0.7 KNO3 2
CuglOH + HpO  -B.40 pot 5 0.1 KNO3 2%
HF}QH
&N ;)H 1,4,7,10,13,16,-h yolooetad
<__N N_> [18) aneky
H/H
cation resction logx method -AHT(kJ/mol)  TASTiRL/maly T % medium ref
PACll) Lo+ 2Pd+ 201 518 pot 25 4.5 Hatt 40,42

Cl-lr\hl/j H

1,4,7,10,13, 16, 19-heptoazacycloheneicosane
[Z21] aneny
H\../H
cation reaction fog method -AKRLRM Mol TASTCks/mol) i medium ref
Cufft) L+ 20w 30.4% pot 25 0.15 Nacloy (3]
cul + Cu 11.61 pot 25 0.95 WaCllog (1)
L+ 20u + H2¢ 23.75 pot 25 0,15 wNaclog 41
Cupl + OH 7.60 pot 25 0.1%  NaCkOy 4%

Pd{SIY L o+ 2Pd + €L 352 pot 25 9.5 Natt 40, 42
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TABLE 1 (continued)

35

N
v Ny

1,4,7,1G,13,16,19,22-octanszacyc lotetracosane

H(,N ) H £24] aneNg
H\/H
cation reaction Logk method -ART kS mot ) TaS%tkJ/mol) T °C medium ref
NiEIl) L+ 2d3 23.30 pot 25 0.15 NaClOg »
NiL + Ni .36 pat 25 015 Natloy »
Lo+ 2R8 + H20 13.1% pot 25 .15 Naclog 9
NigL + CH 3.82 pot 25 0.15 watloy 39
Cu{ll) L + 2Cu 35.25 pot 143.2 cal 25 2.15 waCloy 41
L+20u+H 38,15 pot 25 9.15 NaCloy 13!
L + 20u + K20 26.25 pot 23 9.15 Netity 41
Cugl + OH 4.74 pot 25 .15 NaCloy 13!
nfil) L + 2Zn + H2D 12.80 pot 5 0,15 MaCioy 36
L+ 220+ 2H0 3.0 pot & 0.15 MaClog 36
ZnZLOH + O8 4.1 pot 25 0.15 MaCloy 36
Edgiiy L + 2Cd 18.21 pot 25 0.15 HaClQy 7
cdL + Cd 3.69 pot 25 .15 WaClty, k14
HH
(Y
H N NH
C j 1,4,7,10,15,16,1%,22,25-nonanzacyc L cheptacosane
HN NH (271 aneNy
Gt
L
cation reaction Logk wethod -AHT ke /moly  TAS*{kd/mol) T med ref
Co(iiy L + gto 18.85 pot 25 G.15 NaCiog 35
oL + Co 7.0 pot P33 0.15 Natigyg 38
L+«2o+ 28 31,32 pot 25 9.15 NaCidy, 38
L+ 2Co + g0 9.88 pot 5 0.15 NaCkoy is
Copl + OH 4. 76 pot 25 8.15 Hatlly 38
Ni{i{) L + 2N§ 6. 24 pot 25 8.15 NaClog 3¢
L+ 2Ni + H 348 pot 25 G.95 NaClog ki
L+ 2Ni+20 3673 pot 25 0.15 NaClog 39
cufil) L + 2Cu 36.03 pot 179.0 cal 26.9 25 0.15 NaCloy Lrs
L+ 2Cu+ @ 40.66 pot 25 0.15 KaClog 32
L+ 28u + 2R 43,82 pot 25 .15 NaCroy 32
L+ 2Cu+ 30 47.90 pot 25 .15 NaCtoy, 32
L+ 20u + HpO 26.24 pot 25 0.15 WaCloy, 32
Cual + o 3.9 =4 25 0.15 HaClog 3z
Zniii) L+ ZIn 20.5% pot 25 0.15 Nacloy, 35
L+2In+H 2598 pot 25 0.15 NaCity 35
L+ 2Zn+ 20 32.79 pot 2% 9.15 Wallgs 35
L+ 2Zn + H20 13,56 pat 25 0.15 Matloy 35
L+ 2Zn + 2820 4.71 pot 25 0.15 NaCiny 35
Znal + OH 6.7 pot 25 .95 NaClOy 35
ZNILOH + O 4.9 pot 5 0.195 NaClOs 35
Cdiily L + 2cd 8.75 pot 25 G.15 #aclog 37
L+2ed+ W 26.38 pot 25 0.15 NaCicy 7
L+28d+ 24 32.21 pot 25 0.15 KaCloyg k14
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TABLE | (continued}

H H
Hﬁ\“’zg

N N'H $,.4,7,10,15,16,19,22, 25, 28-decaszacyc lotriacontane
N N_} 30)aneNig
W n o P
H\_/
cation  reaction Logk methed AN {k$moly  Tastikl/mol) T medium ref
Cofill L+ ZEn 21.85 pot 25 0.95 NaCiey, 38
L+ 280+ 24 34.67 pot 25 0.15 NaCi0y 38
L+2Co+ 34 379 pot 25 0.15 Haclog 33
L+ 2Co+ W20 11.94 pot 25 0.%5 NaClQg 38
Copl + O 3.82 pot 25 0.15 Haclog I8
HiCEE) Lo« 20 39.62 pot 25 0.15 Naplog k54
L+ 2N + 20 4017 pot Fil 9.15 NaClog iy
Culll) ¢t + 2Cu 37.77 pot 190.4 cal 5.9 25 0.15 necloy 33
L+ 2Cu+H 43.36 pot 25 9.15 wacicy 33
L+ 2Cu+ 20 47.20 pat 25 0.15 NaCloy 33
L+ 20u+ 34 50.52 pot 25 G.15 HaCiQy 33
L + 2Cu + K20 26.43 pot 25 9.15 Karloy 33
Cupl + OH 2.39 pot 25 6.35 Nalloy 33
Indily L + 2Mn 22.51 pot 25 0.15 NaClOy 315
L+2In+ 20 3522 pot 25 0.15 NaClgg 35
L+ 2In+ 30 49.4) pot 25 G.15 NaCtoy 35
L+ 22n + Hp0 14.16 pot 25 .15 Naclog 35
L+ 22n + 2430 3.19 pot 25 8.15 waClog 35
IngL + OH 5.6 pot 25 G.15 NaCTlQg 35
Zr2L0H + CH 2.7 pot 25 0.15 Naticy 15
cd{l¥) L+ 2Cd 23.: pot 25 0.15 Nacloy 37
L+2Cd+2d 35,07 pot 25 0.15 NaCloy 37
L+ 2Cd+ 30 3I9.9% pot 25 0.15 Natlog ar
AN
N NN
% o
1,4, 7.10,13,16,19,22,25, 28,31 -undecanzacyclotritriacontane
HN NH
<_— ) [33] ane(y
H N NH
L
cation  reaction Logk method -AHCkd/mel)y  TaS“{kdsmal) T°C medium ref
L + 2Co 22.%9 pat 25 9.15 NaElQy 8
L+ 20o+ 28 35.83 pot 25 0.15 waCiQy 318
L+ 2o+ 30 &% pat 25 0.15 watloy I8
L + 2Co + K20 12.72 pot 25 G.15 Nalloy k1
€oal + Q4 3.55 pot 5 G.15 NaCllg 38
Ni(EEY L + 2Ni 31.07 pot 25 9,15 NaClO4 39
L+ 2N+ H 36.98 pot 25 0.15 Nelly kg
L+ 281+ 26 40.98 pot 25 0.15 MaCloy, 3¢
Lo+ 20+ 30 A6 44 pot 25 a.15 naclog 39
CutlE) L o+ 20w 38.77 pot 25 9.15 Natllg T
L+ 20+ H 45.28 pot 25 (.15 HaCegy 34
L+ 20u+ 2k 5118 pot 25 0.15 NaCloy 34
L+ 2Cu+38 G538 pot 25 .95 NaCugg H
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TABLE 1 ({continued)

57

L+ 200« KD 27.29 pat 25 0.15 WaCiDs 34
Cuzt + OH 2.25 pat 25 0.15 waClly 34
Lo+ 3w 45,03 pot 25 0.15 NaClQyg 34
Cugl + Cu 2.3 pot 25 0.15 WallQy L1
L+ 3Cu + BaD 49.62 pot 25 0.15 NaCLoy 34
L+ 300+ 2Hp0 3D.2 pot 25 Q.15 Waltoy 34
Cuzl + OH 6.32 pot 25 0.15 NaClty 34
CuTLON + ON 3.3 pat 25 0.15 NaClG4 34

w11y L+ 2In 23.91 pot 25 £.15 KaClog 35
L+ 22n+ 2K 3&.64 pot 25 0.15 NaCity, 3s
L+ 22n+ 30 42.17 pot 25 0.15 NaCiQy 35
L+ 2Zn + a0 15.40 pot 25 0.15 NaClgy 35
Lo+ 22n + 2K20 4.87 pot 25 0.95 NaCioy 35
Znpl + OH 5.2 pot 25 0,15 KaC 1G4 35
ZngLtK + 04 3.2 pot 25 0.15 NaciQy 35

Caily L + 20d 23.43 pot 25 0.15 %aCiOg 37
L+ 20d+ 28 35.06 pot 25 0,15 naCloy, v
L+2ede38 4139 pot 5 0.15 NaClQy 3t
H/M\H

Hr\NmN/\]H
N N—}
C .
HN NH 1,4,7,10,13,16,19, 22,25, 28,31, 54 -dodecaszacycl chexatriacont ane
{381aneyz
HN N N NH‘>
L’H\.JH\)

cation reaction Logk method -8H (kJsmol)  Tase(kJimoll T medium ref

Codil) L+ 2o+ H 31.29 pot 25 .15 NaCiCs 38
L+ 200+ 21 37.62 pot 25 0.15 Natloy 38
L+ 2Co + 30 43,45 pot 25 0.15 NeliD4 38
L+ 2Co s 4876 pot 5 G35 NaCLOg 15
L + 2Go + K0 13.B7 pot 25 0.15 NaCiGi 38
Copt + O 3.05 pot 25 .15 NaCiog 1=

Hi(ll} L + 2Ni 32.09 pot 25 0.15% HaClog kil
L+ 2Ni +H 38.62 pot 25 0. 45 NatLO, 39
Lok 2N+ BR 4SS pot 25 0.15 ¥ating 39
L+ 2Ni +3H 48.95 pot 25 0.15 MaCLog 39
Lo+ 20i + 4H  53.42 pot 25 .15 NaCioy i

cufll) L + 2Cu 39.25 pot 25 G.15 MaCloy 34
L+ 20U+ H 47.09 pot 25 0,15 Hatloy 34
L+ 200+ 20 53.9 pot 25 0.15 NaClos 34
L+ 2tu+ 30 S5B8.07 pot 25 .15 Waclgy 34
L+ 2Cu + 40 B61.42 pot 25 0.15 RaCidy 34
L + 3Cu 5t.43 pot 25 0. 15 Wattos k4
CuzL + Cu 12.2 pot 25 0.15 NaCloy 34
L+ 3Cu+ K 55.38 pot 5 0.5 KaCloy 3
L+ 3Eu + HaO 42.53 pot 25 ©.15 NaCiDy 34
L + 3Cu » 2HZD 31.62 pot 25 0.15 MatLo, 34
Cusl + OH 4,83 pot b 0.15 NaCLOs 3
CusLOH + OH 2.82 pot 25 0.15 NaCiQy 34

in(ild L+ 2In 26.27 pot 2% 0.5 RaCloy 3
E+22n+k 32.83 pot 25 0.15 HaCi0y 34
L+2Wn+ed 3916 pot 25 0.15 NaCidyg 36
L+ 2In+ 35 44.8% pot 25 8.15 HatlGg 36
LeZInw 40 49.99 pot 25 0.15 Watlos 34
L+ 22ne Ko 1609 pat i 0.15 NaCloy 3%
Inzl + OH 3.5 pot F+] 0.15 NaCioy ¥
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TABLE | (continued)
!;‘ /\‘,/"‘\-\::/>

(\ N“:;} 7,19,30-trioxs-1,4,90,13,36,22,27,33-octaazabicyclo(11. 11, 1ipentatriacontane

%:::/”m bistran

cation reaction lagk method -AHTCk)fmol)  TAS (kJ/mol) T°C medium ref

Cofliy L + 2Co 16.80 pot 5 Q.1 KkOZ L3
Col + Co 5.60 pat 25 0.9 KNO3 &6
Cozl + M0 -7.20 pot P 0.1 KNG 44

Cutll) L + 20w 20.21 pot 25 0.1 KNO3 44
L + 2Cu 27.32 pot 25 2.1 K&t 45
L+ 2Cu 29.05 pot 25 0.1 MallGy, 45
L+ 2Cu 32.% pot 25 6.025 WaF [
L+ 26u 0.2 pot 25 1.9 NaglQy &b
L+ 200 3.0 pot 25 0.5 NaClO4+0.5 NaCl &5
Lo+ 2Cu 5.2 peat 25 1.0 Nl &5
Lo+ 20u 29.4 pot 25 1.0 MaBr 46
L+ 2Cu 28.32 pet 25 Q.1 NaCteyg Y4
Tl + Cu 12.67 pot 25 0.1 KHO3 4
CuL + Cu Q.98 pot 25 Q.1 KCL 45
Cul + Cu 2.5 pot 25 0.1 NaClog 45
Cul. + Cu 1.6 pat 25 3.025 Nar &5
Lul + Ly i1.5 pot 25 1.9 NaCloy 46
Cub + Cu 13.2 pot 25 0.5 waclog+0.5 ¥aCl 46
cul + Eu 12.8 pot i 1.0 Nacl 46
Cul + Cu 11.2 pat 25 1.0 KaBr 44
CuL + Cu 16.73 pot 25 0.1 NaCiog &7
Cugl + K0 4,26 pot i 6.1 KNO3 4
L + 2Cu + %20 25.07 pot 25 3.1 KCl 45
Lo+ 20U+ H2D 23.63 pot 25 B.1 Neclog 45
tual + H0 -5.3 pot 25 0.025 WaF &6
Cugl + H20 3.4 pot 25 1.0 RaCloy 46
€ual + HpQ b b pot 25 0.5 MaCl04+0.5 NaCl &&
Cupl * Hz0 4.5 pot 25 1.6 Ratl 4“6
Cupl + 20 2.8 pot 25 1.0 WaBr 7
Cupl + H20 -3.8% pot 25 0.1 Watlioy 47

NitIl) L+ 2Wi ~18.5 pot 25 3.7 KNO3 G
NiL + Ni ~6.8 pot 5 0.1 KNO3 “h
NigL + K20 6.0 pot F 0.1 KNOZ 111

FLIS8p] L+ 22n 18,22 pat 25 0.1 KNGOz L&
ZnL + In 6.34 pot 25 9.1 KHog &b
2rol + K0 -6.00 pot 25 9.1 KNO3 44

";W;‘/}
o NM_: 1,4,10,13,156,22, 27, 33-octaarabicyclolit . 11, {1] pentatriacontane
!
Qrﬁ‘wv"u\} .
€-bistren
cation  reaction Logk method -ARC (k) /mol)  Tast(kdimol ) 1% medium ref

Cullly L+ 20u 28.74 pot 25 0.1 NaCloy &7
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TABLE 1 {continued}

Cul + Cu 13.37 pat 25 8.1 NaCloy 47
Cugl + H 5.40 pat 25 ©.1 NaCldy LY
Cugl + K0 -7.5¢ pot b3 0.9 NeCtay 47
CuzlOH + 20 -10.8 pat S 0.9 NaCloy 47

*Only the left side (reactants) of the eguilibrinm reactions is indicated. Reactions including
water molecules refer to: mM +IL +nH,0=M_L(OH),+nH. Charges have been omitted.
Experimental methods for the determination of the equiiibrium constants are abbreviated as
follows: potentiometric {pot). Only direct calorimetric methods (cal) for the determination of
AH?® are indicated,

Fig. 1. Crystal structure of the [Cu,{1){OH)CI0,)** complexed cation.

In spite of its weak tendency to bind two Co?* ions in solution, bisdien in the
presence of molecular oxygen forms a very stable dibridged {u-peroxo)(u-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-3,5-disulphcbenzene) [27] have been emploved 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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Fig. 2, Crystal structure of the [Cu,(l¥imiiimH),1*" (imH=imidazole) centrosymmetric complexed
cation.

Fig. 3. Crystal structure of the centresymmetric Cu,{1}(N;), complex.
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TS gl S

o \
Q,Hu 9

Fig. 4. Proposed structure [22] for the (p-peroxo}u-hydroxoj dibridged dicobalt complex of bisdien {1).

(3,9,17,23,29,30-hexaaza-6,20-dioxatricyclo[ 23.3.111**]triaconta-1(28), 11,13,15(30),
25,26-hexaene [28] and (3) (3,6,9,17.20,23-hexeazatricyciof23.3.11* !5 ]triaconta-
1{29),11{30),12,14,25-(26),27-hexaene [29] have been synthesized. Compounds (2) and

Q ?’}—6> ©€N H Hﬂp
"u\“_/o\-_/n“ k/ :\)
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 pheny! group.

The complexation equilibria of {2) toward Co?*, Ni’*, Cu?*, Zn?™* [28] and
of {3) toward Cu?* [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 Ni?*, 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 [281. A further
decrease of stability is observed for the dicopper(Il) 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®*, Ni?* and Zn?* [28].
In accordance with the anaiogous complexes of bisdien [22], it has been suggested
[28,29] that hydroxide ions are bridging groups coordinated simultaneously to both
metal tons.

As observed for Co,{1)**, the dicobalt(l) complex of bisbamp also binds
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molecular oxygen. O, binding by Co,{3)*" gives the formation of a dibridged (u-
peroxo}{p-hydroxo) complex which forms several hydroxo species [28].

The polyazacycloalkanes (4) [18JaneN, (1,4,7,10,13,16-hexaazacycloocta-
decane), {3} [21]JaneN, (1,4,7,10,13,i6,19-heptaazacycichenicosane), (6) [24janeNg

A HI’\;"‘!H

T iy el A

T vt "N Nf’} H(N,N NﬁH HE,N NSH
H\_/H H\/H H\/H H\/H
4 5 6 7

H
N NSy N N »
N NH HN NG AN NG
h NF? <|'-i“ NFP ('HN N N N?I)
N
L/HU L/HN\_/H\) 4 i
8 9 10

(1,4,7,10,13,16,19,22-octaazacyclotetracosane), (7) [27]aneN, (1,4,7,10,13,16,19,
22,25.nonaazacycioheptacosane), (8} [30]JaneN,; (1,4,7,10,13,16,19,22,25,28-
decaazacyclotriacontanej, 9 [33]aneN,, £1,4,7,10,13,16,19,22,25,28,31-
undecaazacyclotritriacontane) and (10} [36]aneN,, (1,4,7,10,13,16,19,22,25,28,31,34-
dodecaazacycichexatriacontane), belonging to the series [3kjaneN;, 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 [30-42].
Among these ligands, which present a homogeneous distribution of donor atoms,
the large macrocycles (5)~(18) were purposely synthesized for polynuclear complex
formation {30-34]. The equilibrium constants obtained by potentiometric titrations
[30-427 for the polynuclear complexes of [3kJaneN, (k=6-12} 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 binuctear complexes,
while the smaller and the larger ligands form only either monenuclear or binuclear
complexes. These intermediate ligands are [21janeN, in the case of Cu? ™ [30-34,42],
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[24JaneNg for Zn®* [35,36], Cd2* [37] and Ni®* {39] and [27]aneN, for Co®*
[38]. In the case of Cu?™, the two ligands [33]aneNy, and [36JaneN,, are also able
to form tricopper(Il) 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 Cu?”
[31,41], Ni** [39] and Zn>* [36], somewhat lower for Co** {38] and low for Cd?™
[37]. With the exception of Cd**, the formation of hydroxo species contributes to
further stabilization of the binuclear complexes of these ligands. In the case of Zn*”,
the species Zn,(6)OH>* is so stable that the unhydrolyzed complex Zn,(6)** is not
formed in solution. However, this species has been isolated in the solid state as
£Zn,(6)C1,){C10, -H,0O whose crystal struacture has been determined [36] (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 (Tabie 1). Onty in the case of Cd** has no hydroxo species been observed [37].
In the case of Ni**, hydroxo binuclear species have also been observed for the
ligands {7}--{16) but, due to the slowness of their formation, the equilibrium constants
have not been determined [39]. Bihvdroxo complexes Zn, LIOH)Z2™ (L=(5)-(9)) are
also formed [35,35]. 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 [3kJaneN, ligands aliows 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 abie to form the corresponding binuclear
species. In fact, [21]JaneN, is the smallest {3k]JaneN, ligand which forms a Cu,L*"
complex, but a smaller number of nitrogen donor atoms (six) coordinated to two
Cu®" ions is observed in {Cu,(7}H;17 . Similarly, [24JaneN, is the smallest ligand
forming dinuclear complexes with Ni*, Zn?* and Cd?*, but only seven donor

Fig. 5. Crystal structure of the [Za,{6)CI;]*" complexed cation.
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atoms are coordinated in the diprotonated dinuclear compiexes of {7) with these
metal ions, Further, [27]aneN, is the smallest ligand which forms dicobalt(II) com-
plexes, but a smaller number of nitrogen atoms (seven) coordinated to two Co?*
ions is presented by (Co,(8)H,]17*. 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 polynuciear
complexes. Furthermere, due to the cychic nature and the closed assembly of nitrogen
atoms in these ligands, the coordinating ability of a single donor is strongly influenced
by the staie of the others. For example, the breaking of two metal-nitrogen donor
bonds, induced by protonation of only one nitrogen atom in the binuclear cotnplexes
of [3k]aneN, ligands, has been proposed for some equilibria involving Cd** [37]
and Ni** ions and observed in the solid state in the compound [Cu,(8)HCI,]-
(C104),*4H,0 [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 geometsy, Ci~ 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,{8)HCI,]** compiexed cation. The proton is statistically distributed
between the two crystallographicaily equivalent N1 and NI’ atoms.
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An uncoordinated nitrogen atom is also present in the structure of the dizin({Il)
complex [Zn,B)INCSJ(CIO,); (Fig. 7). In this compound, the two zinc ions show
essentially the same five-coordinate geometry, which can be best described as dis-
toried trigonal pyramidal. Zn(1) 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 crystat structure in which
two metal ions present quite different coordination spheres is presented by the
dicadmium(fl) complex of the same ligand (8) [37]. As shown in Fig. 8, in the
[Cd,(8)Ci,]*>* complexed cation, both Cd** ions are hexacoordinated. However,

Fig. 8. Crystal structure of the [Cd,i8)C1,]*" complexed cation.
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Cd(1) 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 onusual and could be described as a distorted trigonal prism whose basal
faces are defined by N(3), N{4¥, N{5V and N{4), N(3)¥, N(5) (Fig. 8). The crystal
structure of the binuclear complex of [30]aneN,, with Ni** has also been obtained
[39]. The compound [Ni,(8}H,0),J(NO,), contains the centrosymmetric cation
[Ni,(8)(H,0),]** (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 M;L** (M =Co?* Ni**, Cu?",
Zn?* Cd**) of the ligands (L) (5)-{1®) is shown in Fig. 10 [43]. As can be seen, for
each metal ion the stability of the M,L** 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(II) complexes Cu,(6)**, Cuy{7)** and Cu,(8)*7,
obtained by means of direct microcalorimetric techniques [ 30,32,33] (Table 1), 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]JaneNg are coordinated in
Cu,(6)**, as observed in the crystal structure of the compound [Cu,{6)Cl, {ClO,),
[30] {Fig. 11}, it is likely that all the nitrogen atoms of {7) and (8) are involved in the
coordination of the two Cu?” ions.

Fig. 9. Crystal structure of the [Ni,(81(H,0),]** centrosymmetric complexed cation,
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Fig. 10. Stability profile of the binuclear complexes of [3k jancN, (k=7-12) ligands with Co?™, Ni?”,
Cu?", Zn?* and Cd*~ cations.

Fig. 11. View of the centrosymmetric Cu,(6)C1, unit observed in the crystal structure of the complex
[Cuxl6)C1, TGO ),

For each ligand, the stability of the binuclear species follows the usual order
Co?* < Ni?* < Cu?*>Zn** ~Cd?* [Fig. 10].
' A case of particular interest has been offered by the palladium(ll) complexes
of [18]aneNg and [21]JaneN, [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)Ci,1%* 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 [217aneN,, this method allowed only an estimation of
the stability constant (log K > 52) of the binuclear complex [401. The crystal structure
of the binuclear cation [Pd,(4)C1,]*" is reported in Fig, 12, As shown, the hexaaza-
macrocycle adopts an S-like conformation in order te allow each Pd?” ion to bind
to three nitrogen atoms and complete the required square-planar geometry by a
chloride anion.

[Pd,{4)Br,]Br, 4H,0, in which the [Pd,(4)Br,1?* cation presents essentially
the same coordination features of [Pd,(4)Ci,]**, has been reported [41]. The
[Pd,(4)C1,1°* complex, whose structure is likely maintained in solution [40], is quite
inert toward acid disseciation; some months are required for its complete dissociation
in 2 mol dm ™2 HCl solution. The binuclear complex of [21]aneN, is able to coordi-
nate to a further Pd?* ion. On formation of the tripalladium(IT) compound, an amine
group of [21]aneN, deprotonates to bridge two Pd?" ions. This complex has been
isolated in the solid state and its crystal structure determined [40,41]. The geometry
around the three Pd?* ions is square-planar (Fig. 13), each Pd?* ions being bound
by three nitrogen atoms of the macrocycle and one chloride ion. The deprotonated
amine group and a chloride ion bridge two Pd?* 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 macrobicycie
(I1) bistren (7,19,38-trioxa-1,4,10,13,16,22.27,33-octaazabicyclo[11.11.11 ] pentatri-
acontane) synthesized by Lehn et al. [20]. The coordinating ability of this ligand

A 0/\H

s
(\.} NH‘M/\.?
Q/:'.k’\ g‘/fnu\)

1

toward Co?*, Ni’*, Cu®" and Zn?* 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 | : | complexes with these cations,
the inclusion of 2 second metal ion within the macrobicyclic ligand occurs with much
lower binding affinity. The formation of bridged hydroxo species contributes to
stabilize the binuclear M,{(11)** (M =Co?*,Ni?*, Cu?*, Zn?*} complexes. In partic-
ular, the unusually high binding constant for hvdroxide bridging in the binuclear
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Fig. 13. Crystal structure of the complexed cation {Pd,[{(4}-H)}1,112*. Tke deprotonated nitrogen atom
of {4) bridges two Pd?" ions.
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Cu®"* 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 Cu,(11)*"* species to form cascade complexes with halogenide
ions has been investigated by studying the equilibria of complexation between Cu?*
and bistren in vanious ionic media [45-47]. The binding constants of ¥, C1™ and
I~ to Cu,(11)** have been determined [45-47].

The dicobal(ll) complex of bistren binds molecular oxygen forming a (-
peroxo)(p-hydroxo) dibridged species [25,44], The tendency of Co,{11)** to undergo
oxygenation is markedly lower than that presented by the related ligand bisdien
£22].

The macrobicycle (12), C-bistren {1,4,10,13,16,22,27 33-0ctaazabicyclof 11.11.11]
pentatriacontane, having a structure similar to that of bistren but without the

tn\/\/\/’ﬁ
H WVH
12

bridging ether oxygens, was synthesized [48] as a reference ligand to investigate the
importance of the oxygen atoms of bistren in siabilizing its hydroxo dicoppen(Il)
complex [47]. C-bistren presents a higher tendency to form dicopper(Il) complexes
with respect to bistren and, as expected, the resuliing binuclear complex shows a
largely lower ability in hydroxide binding (Tabie 1). Further differences between the
two parent ligands are the forination of bihydroxo and monoprotonated dicopper{Il)
compiexes by C-bistren.

Fig. 14. Proposed structure [4346] for the {y-peroxo)ip-hydroxo) dibridged dicopper{Il) complex of
bistren {11).
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C. BiS{MACRGCYCLES)

Several bis(tetraazamacrocycles) in which two macrocyclic subunits are linked to-
gether either through an aliphatic chain joining two nitrogen aioms or by a carbon—
carbon bond have been synthesized and used to study the formation of binuclear
complexes with transition metal ions [49—60]. In the case of the ligands (13 [13-
i 31bisdioxocyclam  (bis{11,13-dioxo-1,4,7,10-tetraazacyclotridecan-12-ylj) and (14)
[14-14]bisdioxocyclam (bis(5,7-dioxc-1,4,8,11-tetraazacyclotetradecan-6-yl)),

0 0
(HN/—\NH / \u/ \u VARY 72\ VARY

N N
CANATIEN ) / T BN M \ ; / W\
13 14

equilibrium constants for the formation of dicopper{ll} species have been reported
[54,55] (Tabie 2), [14-14]Bisdioxocyclam binds the two Cu’?* ions in two successive
steps [54], while for [13-13]bisdioxocyclam, only simultancous coordination has
been observed [55]. The equilibrium constanis {Table 2) for the formation of these
dicopper{ll} 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]JaneNg and [21]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 Cu?* by (13) and (14} and successive reiease of protoas is represented in Fig. 15
[54,55]. The stepwise, two by two, deprotonation of the amido groups of each
macrecyclic subunit is suggested by the absence of “odd” stoichiometry such as
[Cu(L—H)]?** or [Cu,{L-3H)]* and comparison with related single-ring systems
[54,535]. Furthermore, deprotonation of both amido groups of a macrocyclic subunit
should allow the Cu®* 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
solution®

LTANAY 7 W LYY . .
bis(11,13-dioxo-1,4,7,10-tetraazacyclotridecan-12-yl )
L] (13- 13]bisdioxecys lam

N SN

cation reaction Logk method T°C med ium ref
Culli L+ 20u= Cugt 14.08 ot 25 a1 Naclo, 55
L+ 8Cu = Sup(L-2H) + 2H 3.66 pot 25 0.1 H&CIO“ 55
L+ 2Cu = Cup(l-4H) + 4H -7.09 pot 25 0.1 Naclo, 55
Cugt = Cupll-2H) + 20 -10.34 pot 25 C.1 HaCloy, 55
Cug(l-24) =Bun(l-4K} + 24 -10.73 pot 25 0.1 Ratlo, 55

o
n/ N J wl Np

) bis{s, T-dioko-1,4,8, 11-tetrantacyclotetradecan-6-yl}
e H W [14-143bisdioxccyelam

u""\o o/ N

cation reaction Logi method [ medium ref
Cufil) L + 20u = Cusl 17.79 pat 25 9.1 ket le, 54
Cul + Cu ¢ Eugl 3.25 pot 25 0.1 Nacloy, 56
L+ 200 = Cupti-2H) + 28 8.59 pot & 0.1 aTigy 54
Lo+ 200 & CuglL-4H) + &N -1.34 pat 25 0.1 Hatle, 54
Supl = Cug{l-2H} + 24 -9.20 pot 25 0.1 Wallo, S4
Cup{l-2H) *CupL-4H4) + 2K -9.93 pot 25 0.1 Naclo, 54

*Charges have been omiited. Experimental methods for the determination of the equilibrium
consiants are abbreviated as {ollows: potentiometric {pot).
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Fig. 15, Hypothesized [54,55] coordination scheme for the binding of two Cu®* ions by (13) (n=2} and
{14) (n=3) and successive release of protons.
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0. BRIDGED MACROQCYCLIC METAL COMPLEXES

We have previously discussed {Sect. B) the ability of hydroxide ions in sofution
to bind metal ions in polynuclear macrocyclic complexes to form stable g-hydroxo
species. In these complexes, the metal ions are coordinated within the same macro-
cyclie 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 [61-66]. Thermodynamic data for the
formation of similar complexes (Table 3) have been obtained for the equilibria
of Cu?* with the triazamacrocycles (15) [9]aneN, (1,4,7-triazacyclononane), (16)
[10]JaneN, (1,4,7-triazacyclodecane), (17 [12]aneN; (1,59-triazacyclododecanej,

HnH HmH ﬁH

N N 5
Ch2 o N
15 16 17
CH
H HsC 3
e s N CNJ
CH, H
18 i) 20

{18) (2,2,4-trimethyl-1,5.9-triazacyclodedecane) and {19) (1-carboxymethyl-1.4,7-tri-
azacyclononane), and for Ni** with (18} and (20) (2,4,4-trimethyi-1,5,9-triazacyclod-
odec-1-gne). Ligands (15)-(20) form dibridged dihydroxo compiexes [M,L,{CH),1%".
The stability (Table 3) of the species [Cu,L,(OH),]°* decreases from [9]aneN; to
[12JaneN; 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 monohydioxo complex
[Cu,(19),0H]* 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
[Cu.(19),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 Cu®* jon 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 {rec 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 {0x?~) as a bis-bidentate ligand between two
complexed macrocyclic units, propagating electronic effects has been known for
many years [67-74]. Only in the case of the Ni** complexes of ligand (21) cyclam
(1,4,8,11-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 aquecus soluiion®

N N |
( N : 1,4,7-triazacyclononane
H [%laneny
cation reaction Logk method -aH*kdimol)  Tas®{kJ/mol) i mediun ref
Cu(ii) 2Cul + 204 15.04 pat 25 0.5 KNO3 61,82
<, N > 1,4, 7-triszecyclodecans
H fi0)aneiz
cation reacfion Logk method -AHT{RSmaly  TAS®(kJ/mal} 7 °C medium ref
Cufii}  2CuL « 20H 14.52 pot 25 6.5 KHO3 61,62

E12] aneNs

Ol
C Nb 1,5,9-triazecyclododecane
H

cation reection togk method ~akRckd/mol)  TasSikdsmol} ¥ °C medium ref

Cu(tl)  2Cul + 20H 13,23 pot s 0.5 Knag 61,62
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TABLE 3 (continued)

75

NN
H H 2,27, 4-Trimethyl-1,5,9- tr iazecyc | ododecsne
)\*CH‘& Mez 2] aneNy
HyC
CHy
cation resction Logk method -aRT(idsmal)  TASC(RJsmal } T med L ref
RiCIlI)  NiLDH + HiLOH  2.46 pot 25 0.1 a3 83
€ulil)  20uL + 20M 2.8 pot 25 2.1 NaNO3 &3
CulOH + CuiDH 2,08 pot 25 0.1 MaNO3 63
e, s
\[/\}_I CHg
N NH 2,4, 4-trimethyl-1,5,9-triakacyclododec-1-ere
O
H
cation reaction Logk method -AHMCRJ/MOL)  TAS®{RJ/mol} T g medium ref
Mi{ll) RilQH + NiLOH 2.78 pot 25 9.1 HaNos &3
q/™ , CH,COOH
N N
<" N _) 1-carboxymethyl-1,4, 7-triazacye lononane
H
cation resction Logk method -aHtkd/maly  Tas{kd/mol} T°C medium ref
Cu{il) Cul + CulCH 2.42 pot 25 0.5 KNC3 &b
HY 'H
I:N N
NN 1,4,7,10-tetraazacyc Lododecane
H \ (H [12]anels
cyclen
cation raaction Logk method -aH{kdfmal)  Tas®(kdfmol) reC medium ref
€o(li) Zrov2L+0p+K20 28.4 pot 15 G.2 HaClog 78
2CoL+0+H20 4.8 pot 35 0.2 NaCloy 78
86

2Col +02+0H 1590 cat
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TABLE 3 ({continued)

HPNH

1,4,7 16 tetranzacyclotridecans

[131aneN;
Hy s H
cation  remstion Logk method AR (kS /mol)  TAS®(kJSmol} T medium ref
Coflf) 2Cov2L+0p+Hz0 29.8 pot 35 0.2 NaCloy, T8
2CoL+02+K20 1.2 pot 35 0.2 Natlgy 78
A H
NN
N N 1,4,8,11-tetranzncyclotetradecane
14] aned,
HU H £l4]aned;
cyciam
cation  reaction iogk method =AY Ry/mal} TAST(kd/mol) T=e meditam raf
Cofll) 2Col+D2 81 pol 25 0.1 KNC3 74
2Co+2L+02 271 pot 35 G.2 NaClOy, 78
2CoL+02 1.7 pot 35 0.2 Naclog 78
2Cal+02 ¢.8 kin 25 G.7 HELOy atd
2Col+02 8.3 pot/specspol  B6.1 cal -38.7 25 0.1 KNGS 82,85
2CoL+0z2+0H 16.5 pot/spec/pol Fil G.Y KHOY az
2Col+0p+20H 23 pot/spacspol  132.0 cal "B 25 §.1 «Wos 82,85
2CalOB+0z 114.1 25 0.1 XNC3 82

CHy cH
HaC m 3
i
CH

HaC iy 3

5.7, 7,12, %  Va-hexamethyt -1,4,8,11- tetraazacyclotetradeca-4 , 11 -diene

cation reaction

Co{ll) 2CoL+02

logk method SARTTk)/mal)  TAS®({kJ/mol) T°C medivm ref

5.6 pot 25 0.1 KNO3 7%

H/ ‘H
NN
N N j 1,4,7,10-tetragzacycl oretradecane
H(_) H
cation reactiocn Logk method -AH%CkJfaol)  TAS*(kJfmol) [ mediun ref
Ca{ll)  2CoedL+0p+HRD 27.6 pot 35 0.2 NaClDy 81
2COLHOavHPD 4.3 pot 35 8.2 Natlly a1
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TABLE 3 (continued)

77

nam

N N
1,4,8,12-tetraazacyclopantadecane
N N
H H E15) aneNy
catioh reaction Lagk method -aHethyfmoty  TAS°(KJsmol} T1°€ madium ref
Co{ily 2Cole02 5.2 spec 25 9.1 KNC3 a3
2CoL+02+K20 19.3 spec 112.3 cal 0 25 0.1 ko3 83,85
2CoL+0p e kin 25 0.1 KKB3 m
Hf VY H
Chnd
N N 1,4,7,10-tetraazacyciopentadecane
i
cation reaction 14 method ~AH"(kd/maly TAS(kdfmal) kB medium raf
Co{ll)  2Co+2ielz 26.3 pot 5 8.2 Natley 81
2Caled; 6.5 pot ‘35 0.2 NaCiQy a
H
H N N H
<— _) 1,4,7,16, 13-pentanzacyciohenadecant
N N £161aneNs
HI_H
cation reaction logk method ~AH"{kd/mal}  TAS"(kd/mol) ¥ec mec um ref
Cofily  2Ce2L+02 0.77 pot 35 0.2 NaCloy [£4
2CoL+gp V.87 pot 35 0.2 NaClQg T
4
N
H N NH
C _) 1,4,%,10,13-pentaazacyc | cheptadecane
N N €177 anetis
H< ) H
cation reaction Logk method -AHP¢kJfmol)  TaAS°(kJ/mol) b it mediun raf
Cofll}  2Cov2L+dp 9.9 pot 35 G.2 WeCity 3
35 0.2 KaCily, £

2oL+ 9.1 pot
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TABLE 3 (continued)

Hy  nl
(_ N N _} 1.4,7,90, 13 -pentanzacyclooctadecans
HQH [18)anens
cation reaction Logk mathod -aR%(kd/mal)  TASgksimol) i madium ref
Cofily 2Co*2L+0z 30.4 pot 35 .2 Netify 81
2Col+0p 7.4 pot 35 0.2 NaCldy, i1
HQ)H
N N) 3,8,9,12,18-pentaazabicyclaf12.3, 1octadeca- 1{18)14, 16- triane
N N
Hy/H
cation reaction Lagk metiod -AR*{kd/moly  TAS®(kd/mol) T medium ref
Fe(ll) 2Fer2L+Dp 29.5 pat 35 0.2 Hafily, 80
2Fel+02 7.9 pot 35 0.2 Haclog 840
Calii} 2C0+2L+0p 37.5 pot 35 0.2 daCloy B0
ZEol+0z ¢4 pot iz 0.2 NaCloy aa

*Only the left side {reactants) of the equilibrium reactions is indicated. Reactions including
water motecules refer to: mM + 1L +nH,0=M,L(OH),+1H; or io: mM + L+ O, + nH,0 =
M, L,0,(OH), +nH. Charges have been omiited. 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 AH® are indicated.

bridged species [Ni,(21),0x]*>" been observed and the relevant stability constant
determined [72] {Table 4). [N¥21)]** 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

ot
N N

2

complex is “well-disposed” to undergo chelation by the oxalate anion, while the
other two species require a rearrangement of the ligand {rom 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 g-hydroxo complexed cation [Cu,(19),0H]".

TABLE 4
log K values for the formation of oxalato-bridged complexes of [ Nifeyciam)3?*®

N N
N N j 1,4,8,11-tetraszacyclotetradecane
H UH cyciam
reaction Logk method T L medium raf
2eis- INTE21)CH0)21 8% + oxd” 7.8 spec P 0.1 KKO3 72
2trans- INH2EICH20212* ¢ ox®- 5.8 spec Fi3 0.7 xHo3 72
Zsquare- [Ni¢21212% + ox2* 5.7 spec 5 0.1 KHO3 72

*[Nifcyclam}]** in 0.1 mol dm™* KNQ, aqueous solution at 25°C is present as a mixiure of
cis-[Ni21H 011" (69%), trans-INi(21){H,0},)2* (29%) and square-[Ni{21312* (2%).
®Only the left side (reactants) of the equilibeium reactions is indicated. Experimental methods
for the determination of the equilibrium constants are abbreviated as follows: spectrophotomet-
ric {spec}.

two cis-[Ni{21)(H,0),}** is a fuil 2 log units higher than that for two frans-
[Ni21}{H,0},** and 3 log units higher than that for two square-[Ni(21)1?*.

The crystal structure of the [Ni,(21),0x]%* complex, obtained by X-ray analysis
[72], is presented in Fig, 17. Both Ni** 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
attracied a great deal of interest for O,-uptake due to their similarity to biological
(3, carriers and to their potential application in oxygen sitorage and activation [75].
Some thermodynamic data about dioxygen binding macrocyclic complexes are avaii-
able [76-85]. 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—-85]. Almost all of the compiexes investigated contain Co?*
[76-86]; in one case [80] thermodynamic data for O, bridging two Fe?* macrocyclic
complexes have been reporied.

In an earlier work [76], McLendon and Mason reported the equikibrium
constant (log K=8.1; Table 3) for O, binding by the Co** complex of cyclam (21)
to form the moenocbridged species u-CG,-[Co(21)H,0],, obtained at 25°C by polas-
ographic methods. In the same paper, the stabilization of the oxygen adduect 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-4,1 1-diene), were
analyzed. Later, Kodama and Kimura reported [78) a significantly smaller value

CHy

HoC MCH,,

22

{log K=17), obtained by potentiometry at 35°C, for oxygen binding by
[Co(21)H,07**. Another value of the equilibrium constant (log K =9.8) for the same
reaciion at 25°C was presented by Wong ef al. [79] as a result of kinetic studies. Finaily,
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 meno- and bihydroxo species of the 3O, adduct and determined the
relevant equilibrivmn constants (Table 3). Furthermore, they obtained calorimetrically
the enthalpy changes (Table 3) for O, binding by [Co(21)]?* and [Co(21)OH]*. 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),
i24) (1,4,7,10-tetraazacyclotridecane), (28) {(1,4,7,10-tetraazacyclotetradecane), (26)
{1,4.8,12-tetraazacyclopeniadecane) and {27) (1.4,7,10-tetraazacyclopentadecane) have
been employed for oxygen binding [78,79,81,83-85). 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 (20),0x]**.

v
EN NJ CN Nj
H\_/H Hy /s H

23 24

H HFNH
NN

J CN N C NN J

HoOROR O

25 26 27

undergoes a simultaneous olation reaction forming (u-peroxo}{u-hydroxo) dibridged
species [78,84]. Similar behaviour has also been reported for the Co?* complex of
(25) [81). The synergy exercised by O, and OH™ in bridging two [Co(23)]?*
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))?" with O, and OH" to form the u-peroxo hydroxo mono-
bridged complex [83,85], and 27 kJ mol ™! higher than that observed in the formation
of the p-peroxo bishydroxo monobridged [Co,(21)0,{OH};1?* complex [82,85].

The other tetraazacycloalkanes considered, (24, (26) and (27), form only mono-
bridged p-peroxo dicobait complexes [78,81,83,85], which, in the case of (24) and
(26), give rise to the formation of axially monoc-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

I, {:N
N NS
%U;‘) H(_)H

28 29

(\N’W O
C "N " NG
SRR

30 AN

cobali(Il} complexes which bind molecular oxygen giving rise to the formation of
bridged u-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 siability constants for O,
uptake by pentaazamacrocycles are generally higher (Table 3) than those found for
the analogous tetraaza ligands. This has been ascribed [81] to the stabilizing eifect
of axial coordination of the fifth nitrogen atom, as already observed [76] for the
binding of trans axial ligands to the oxygenated cobali{II) complex of cyciam.

The ligand (31}, which contains a pyridine group in its cyclic framework, offers
a rare example of thermodynamically and kinetically reselved equilibria of O,
binding by an Fe?* complex of a non-porphyrin ligand in aqueous solution [80].
In this case, LFe—0O,—FeL is the unique species being observed. [Fe{31)]** shows
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a lower tendency to bind molecular oxygen than the related complex [Co{31)]%*
{Tabie 3). Further equilibria involving O, uptake by some cyclam and oxo-cyclams
derivatives were presented in ref, 81.
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