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A. INTRODUCTION

A large number of macrocyclic ligands have been synthesized and their
metal complexes have been extensively studied. There have been many reviews
[1-13] and books [14-19] published on macrocyclic ligands and their com-
plexes.

The chemistry of synthetic macrocyclic ligands can be divided into two
broad parts, in the first of which are the cyclic polyethers of the ‘crown’ type
[20]. The second category of macrocyclic ligands incorporates ring systems
containing nitrogen donor atoms. Although the synthesis of cyclam (1) has
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been known since 1936 [21], complexes with transition metal ions involving
aza macrocycles were first reported by Curtis in the 1960s [22].

This review is dedicated to the thermodynamics of the equilibria, in aque-
ous solution, between saturated polyaza macrocycles and metal ions or
anions. The macrocycles considered are those with nitrogen donor atoms
and their derivatives, both carbon and nitrogen substituted. Following this
rule, macrocycles (1}—(3) will be considered in this review while (4) and (5)
will not.
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Scheme 1.

Ligands included in this review start from the smallest triazamacrocycle
1,4,7-triazacyclononane (6) up to the large polyazacycloalkane 1,4,7,10,13,16,
19,22,25,28,31,34-dodecaazacyclohexatriacontane (7) containing 12 nitrogen
donor atoms. Azapolycyclic compounds have also been considered provided
they have been used in equilibrium studies.

These macrocyclic ligands are polyprotic bases in aqueous sclution and
the proton will always compete with the metal ion in complex formation.
For this reason, equilibria between ligand and proton {protonation) will be
considered first. Some special topics, such as ‘synthetic methods’, ‘anion
coordination’ and *blue to yellow equilibria’ are treated in separate chapters.

Many aza macrocycles show an enhanced stability of their metal complexes
compared with open-chain ligands, the so-called ‘macrocyclic effect” [23];
although this effect is an experimental fact, a great deal of discussion has
arisen over its thermodynamic origin. For this reason a chapter of this review
has been dedicated to the Macrocyclic Effect.
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Obwviously, when possible, the original paper has been used as a source of
experimental data, including experimental conditions. However, a difficulty
which is encountered in compiling a collection of thermodynamic equilibrium
data is that the data are difficuit to compare because they come from different
sources and are obtained under different experimental conditions.

The nomenclature of macrocyclic ligands is difficult because in macrocycles,
systematic names are cumbersome. Many different shorthand nomenclatures
have been proposed for these ligands but even these can become ambiguous
with substituted ligands. The first time that one ligand is encountered in the
text we shall use the ITUPAC designation and a numbered structural formula.
Furthermore, for simple macrocycles, we will use also the system proposed
by Busch and coworkers [24]. In order to keep our text as comprehensible
as possible, we shall refer to each ligand by its number and in some cases by
using a simplified notation. Figure 1 illustrates the nomenclature system and
notation used in this review, which includes work published to 1989. If we
have unintentionally omitted contributions from some laboratones, we offer
apologies to the researchers concerned and to our readers.

B. SYNTHETIC METHODS

This section deals briefly with the most useful methods for the preparation
of aza macrocycles. Reviews of their preparation have been published [25,26].
Two main types of procedures are used to prepare these compounds: (i)
conventional organic synthesis, developed by Richman and Atkins [27]
following the earlier work of Koyama and Yoshino [287; (i) metal ion-
promoted (template) reactions, developed in the early 1960s [29-32].
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{i) Conventional organic synthesis

This general method involves the condensation of two segments of the
target macrocycle in a polar aprotic solvent, usually dimethylformamide
(DMF), following the synthetic path outlined in Scheme 2.

In the Richman and Atkins procedure [27], one precursor is a salt of a
sulphonamide and the other precursor contains sulphonate esters as leaving
groups. In this procedure no high dilution technigue is required; concentrated
solutions of the reagents give good yields. In this condition the cyclization
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rate is increased and the hydrolysis of the sodium salts by trace moisture is
less important. This method has been the one most often used to prepare
saturated aza macrocycles containing 3-12, nitrogen atoms. Often, more than
one synthetic pathway is possible te produce the same final product. The
choice of one preparative method instead of another depends mainly on the
availability and ease of preparation of the precursors. Different methods for
the tosylation or mesylation of amine diols are used; some authors prefer
methylene chioride as solvent and triethylamine as base, others prefer pyridine
as both solvent and base. The preparation of salts of sulphonamides is carried
out by adding either sodium, sodium hydride or sodium ethoxide to the
solution of sulphonamides in dry solvent. The salts may be easily isolated,
but because they are moisture-sensitive they are usually used immediately.
Fairly drastic conditions are required to remove the protecting tosyl groups
to yield the free macrocycle. The most used detosylation process is acid
hydrolysis, which can be undertaken with concentrated (97%}) sulphuric acid.
This method works very well provided that great care is dedicated to the use
of very pure, dry starting material and to the work-up of the resulting
sulphuric acid solution. However, tosylate acid hydrolysis does not always
give good yields [33]. Reductive cleavage of the tosyl group with HBr/acetic
acid mixture is the other widely employed procedure to remove tosyi groups
[28,34,35]. Other reducing agents, including sedium in liquid ammonia [ 36},
and lithium aluminium hydride [37], have been employed in the reductive
cleavage of the tosyl group. Isolation of the free cyclic amine or amine salts
is usually straightforward. Standard methods, including chromatography,
fractional crystallization and sublimation have been used to purify the amine
or amine salis. A synthetic procedure involving the temporary chemical
modification of the linear precursor has been reported [38]. Recently, much
effort has been devoted to the development of synthetic pathways for the
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preparation of selectively protected macrocycles and the achievement of
versatile intermediates [39-44]. Synthesis of bis-azamacrocyeles [44,45] as
well as azacages [46-49] have been described following the above strategy.
Recently, Tomohiro et al. [50] have reported a convenient method for the
synthesis of tetra-azamacrocycles with 28-44-membered rings.

(ii ) Metal ion-promoted reactions ( ‘template reaction’)

According to the kinetic template effect, the geometric arrangement of
ligands within the coordination sphere of a metal ion provides constraints
that control the kind of product obtained by reactions of coordinated ligands.

Many aza macrocycles in their complexed form have been obtained by
condensation reactions in the presence of a metal ion, mainly Ni(il) and
Cu(ll}, Different roles for the metal ion in a template reaction have been
delineated and termed ‘thermodynamic template effect’” and ‘kinetic templare
effect’ [32]. In the first case, the metal ion complexes and sequesters the
cyclic product from the reaction equilibrinm mixture. In this way the forma-
tion of a macrocycle is promoted as its metal complex. In the second case,
the metal ion influences the steric course of the condensation such that
formation of the cyclic product is facilitated.

The [Nifen);}** compiex reacts with acetone by rapid imine formation,
followed by an aldol-type condensation, to give a f-amino ketone complex,
which cyclizes by further imine formation [34]. Similar reaction could occur
for 1,3-, and 1 4-diamine complexes giving macrocycles with atomicity greater
than 14 [51].

The condensation of Niil) tetra-amine complexes with glyoxal yields
tetraaza macrocycles with different overall atomicity (see Scheme 3). Reduc-
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tion reactions, which convert unsaturated azamacrocycles to saturated
azamacrocycles are usually carried out by using chemical reductants such as
NaBH,, H,/Ni, etc. as well as by electrochemical means. The removal of the
metal ion from the complex to yield the free macrocycle is usually carried
out by treating with alkaline cyanide solution. The cyclic amine is then
isolated by solvent extraction followed by solvent distillation and macrocycle
purification. The synthesis of the metal-free ligand, in which a hydrogen-
bonding network may act as a iemplate, has been published [52].

C. TRIAZACYCLOALKANES

Basicity and metal complex formation constants of triazacycloalkanes have
been reported (see Table 1}. The protonation constants of triazacycloalkanes
have been determined mainly by pH-metric methods [53-63], although some
authors have reported [60,61,63] that the first protonation constants of 1,4,7-
triazacyclononane (6), 1,4,7-iriazacyclodecane (8), 1,5,9-triazacyclododecane
(9 and C-2,2 4-trimethyl-1,5,9-triazacyclododecane (10) are too high to be
determined potentiometrically. The values obtained by these authors
foliowing the 'H NMR shift of the methylene groups as a function of pH
are significantly higher than those obtained in the potentiometric studies. In
the case of (10) a spectrophotometric method has been used to determine the
first protonation constant [63). Nevertheless, a recent determination of the
protonation constants of (6) by 'H NMR spectroscopy [64] is in agreement
with the previous pH-metric results. In the same paper [64], the protonation
constants for the N-methylated ligand 1,4,7-trimethyl-1,4,7-triazacyclononane
{11), obtained by a similar *H NMR method, were also reported.

The effect of ring closure on the basicity of triaza-amines is noted in the
enhancement of the first protonation constant and in the lowering of the
second shown by the cyclic amines with respect to the non-cyclic counterparts.
This effect for proton binding in solution is probably due to an inside
srientation of the lone pairs of the nitrogen atoms, imposed by the cyclic
iructure, in a similar fashion to that presented in the solid state by the

H CHs
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TABLE i
Log K, AH®, and TAS® vaiues for cation-azamacrocycle equilibrium in aqueous sclution

Only the left side (reectants) of the eguilibrium reactions is indiceted, Resctions including water
molecules refer to: md ¢ LL + AH20 = Mpli{O¥), + nH. Charges have besn omitted. Experimentai methods
for the determination of the eguilibrium constants are abhbreviated as follow: potentiometric (pot),
spectrophotometric (spec), polarographic {pol}, nuciear magnetic resonsnce (NMR}, cyclic voltammetric
{cv). Only direct calorimetric methods (cal) for the determimation of AR are indicated.

N 1.4, 7-triaszacyclononane
H (97 anely
cation reaction Logk method -aR*Ckdsmoly  TAS®{kdfmol) T med U ref
K L+ 4 10,58 pot 25 0.1 Koz 59
L+ H 10.42 pot 43.5 cal 6.2 25 0.7 KKO3 56-58
L+H 10.59 pot 25 0.2 Haclgy 53,55
L +H 10.89 pot 15 0.2 NaCloy 53
L +H 16.48 pot 35 0.2 HaCiog 53
L+ H 12.& NMR 25 0.5 KNOZ &0, 6%
L+H 16,47 pot 25 0.1 62
L H 10.4 NMR 25 &b
LH + ¥ 6,86 pot 25 8.1 KND3 59
LH + H &.82 pot 41.4 cal -2.6 25 0.1 KNOZ 56-58
LH + K 6.88 pot 25 0.2 Nallog 53,55
1H + H 7.09 pot 15 0.2 RaCioy 53
LH + ¥ &.64 pot is 0.2 natloy 53
LH+ W 7.2 pat 25 0.5 #¥NOT 40,61
LH + H 6.80 pot 25 4.1 &2
LH + K 6.5 HMR 25 &4
LH2 + M 2.1 pot s 6.1 KNO3 5¢
LH2 + H 2.5 pot 25 2. b2
LHZ + H i HHE 25 64
HR(ii} L + Hn 5.8 pot 25 0.1 &2
Lo+ M, 1.6 pat 25 6.1 &2
CofEl) L+ Co 1.2 pot 25 0.1 ¥KC3 59
L + Co 13.4 pat 25 0.1 &2
L+ CoL 7.8 pot 25 9.1 K03 59
L+ Cob 19.% pot 25 a.1 &2
Nigii} L + Wi 13.6 pot 25 0.3 KNC3 5%
L+ Ni 16.24 pot 25 0.1 KNO3 56
Lo+ Ni 16.24 pot 5 0.1 KNO3 58
L + Ni 12.4 pot 25 0.1 &2
L+ WiL 11.8 pot 5 G.1 KND3 5¢
L+ NiL 4.8 pot 25 0.1 &2
€ullin) L+ Cu 15.1 pot 25 6.1 KNO3 59
L+ Cu 15.8 25 0.1 KHO3 &5
L+ Cu 5.7 spec 25 Q.1 xct &7
L+ Cu 5.5 pot 25 0.1 KNO3 56
L+ Cu 6.2 25 6.2 NeClg, 5%
Lo+ Cu 15.52 pot 9.4 cal w2 25 0.1 KNO3 57,58
L+ Cu 17.50 pot 25 0.5 KKOx 606,561
L+ Cu 15.4 pot 25 0.1 &2
L+ Cul 12.1% pot 25 2.1 KN0z 3
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L + Cul 11.8 pot 25 6.7 KEL &7
L+ cul 14.01 pot 25 8.5 KN03 58,81
L+ Qul 12.0 pot 25 a.1 &2
CulDd + H 7.9 pot 25 G.1 KO3 59
Cul + OH 8.2% pot 25 0.% KHO3 56
L+Cu+0ON 23.77 pot 25 0.1 KNOZ 58
2001 + 20M 15.64 pot é5 0.5 KNO3 68,61
Infily L+ In "7 pet 2% G.1 KNOg 59
L+ 2n 11.62 pot 4%.8 cal 16.5 25 0.1 kN3 5&-58,66
L+ 2n 1.3 pot 3.5 3.0 25 0.2 NaCtdg 53
L+ Zn 1.4 pol 2%.3 5.7 25 0.2 NaCtCy 53
L+ In 1.3 pot 25 2.1 &2
Lo Inl 8.0 pot 25 0.1 KXoz 59
L+ Int 9.2 pot 25 0.1 62
€d(li) L +¢d 9.5 pot 25 0.1 KNG3 59
L+ed $.2 pot 3.8 20.7 25 9.2 KaClOy 53
L+ id .5 pot 25 5.1 62
Lo+ Cdt 8.4 pot 25 2.1 KND3 59
Lo+ Cdt 8.4 pot 25 2.1 &2
Pb(ii} L +Fb 10.8 pot 3.3 2r.3 25 8.2 Baclog 53
L +Pb 10.3 ot 2% @1 &2
L+ PbL 5.1 pot 25 6.1 62
Hgliiy L+ #Hg 12.5 25 6.1 62
L+ Hgl 8.9 25 a.1 &2
CHs
[
N
N N 1.6, 7-trimethyl - 1,4, 7-triszacyeiononane
Hzc/ v/ \CH:J, Me3 (9] aneds
cation reaction bogk method -ART(ka/mol)  TAS®(kdfmol) T °C madium ref
H L+ i 1.7 NMR 25 &4
LH + H 5.1 WhR Fil by
tH2 + H ~0.4 (1] 25 23
al lu
1,4,7-triazacyclodecone
</ N \.> [10] anak3
H
cation reaction Logk method -AH(kd/moly  TAST(kJsmal} i medi um ref
H L+H 11.15% pot 15 G.2 NaCloyg 53
L+H 10,83 pot 25 0.2 Nallog 53
L+H 12.82 pot 25 0.1 KNOD3 58
L+H 12.7 MR 25 0.5 KNO3 &8
L+H 10.55 pot 35 6.2 waCicy, 53
LH + # 5.9% pot 15 0.2 RaCi0y 53
LH + H 6.76 pot 25 6.2 HaCloy 53
LH + K &£.59 pot 25 2.1 KNOZ, 58
LH + K 6.86 pot 25 0.5 KNGS &0
LH + K &.57 pot s 0.2 NaCiQy 53
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Wi{ii} L + Wi 14.58 pot 25 0.1 KNOZ 58
Cugfly L+ Cu 5.5 pot 2% 0.1 KND3 54
L+ Cu 16.14 pot 25 0.% KNOF &0
L+Cy 14.4 pot 62.3 1%9.9 25 0.2 Halloy 53
L ¢ Cu 15.48 pot 25 0.1 KNO3 58
Lo+ CuL 10.26 pot 25 0.5 KNO3 0,81
Cul + 20H 14,52 pot 25 0.5 KHO3 &0,61
L+ 2n 1.2 pat 25 0.7 KNO3 &6
L+ ZIn 11.28 pot 25 1.1 KNO3 EL
L+ 2n 16.3 pat 28.0 30.8 25 0.2 NaClog 53
L+gd 7.8 pot 30.5 14.0 2% 0.2 HaCiQy, 53
L+ Pb 8.8 pot 30.% 9.7 25 0.2 HaClog 53
e
1.4 ,B-triazecycloundecane
<, N \) [i1)aneNT
H
cation reaction Logk method -ART{RI/mol)  Tas®(kJ/mal) T °C med i un ref
L) L+# 11.%4 pot 2% Q.1 KNOZ 58
LH + H 7.61 pot 5 0.1 KNO3 58
LIZ48 Y] L + Ni 12.88 pot 25 .1 KNO3 55
Cudil) L+ Cu th.h pot 25 -1 KHO3 56
L+ Cu 14,44 pot 29 .1 KNOy 58
In (1) L+ In 16,41 pot 2% .1 KND3 S8
L+ 2n 10.4 pot 25 .1 KNO3 23
L+2n+ 0N 16.01 pot 25 .1 KNO3 58
Hy N .
1,5,9-triazacye lodedecane
ﬁ\) [12) aneNs
cation  reaction Logk method -aH{kd/mol}  TASCkJSmal) ¥ med i m ref
H t+H 12.60 pot 25 6.1 KHO3 58
L+ H 1341 HMR 25 G.5 KNO3 &8
LH + H 7.57 pot 25 0.1 Khds 58
LH + H r.97 pat 25 0.5 Knog &0
Lhz + H 2.4% pot 25 0.1 KRO3 58
Nigil} L+ Wi 18.93 =14 25 0.1 ENG3 58
Cufflfy L +cCu i2.6 pot 25 0.1 Kro3 b
L+ Cu 13.16 pot 25 0.5 KNO3 60,61
L+ Cu 1263 pot 25 0.1 KNG %8
L+ Cul 768 pot 25 0.5 KNO3 60,41
L+ Cu~OK 18.27 pet 25 B.1 KNO3 58
ZCul + Z0M i3.23 pot 25 0.5 Knoz 50,61
Znfii) L+ In -1 pot 25 0.1 X403 &5
L+2In B.75 pot 2% 0.1 XNOT 58
L+ In~+ OH 15.04 pot 25 0.1 XM03 13
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qN Ny
: )\/"CH‘,, 2,2¢,4-Trimethyl-1,5,9- triazacyclododecane
H:sc Hez (121 aneNy
CH,
cation reaction Lagk method -ARR kI fmol)  TASP(kSSmol) T °C meditm ref
] L+ R 12.3 spec 25 G.1 WaNOo3 &%
LH + H 7.3 pot 5 0.1 Manay &3
LHz + 2.51 pot 25 0.1 HaNOT &3
Ni(Fi) NiLCH + B v.8 pot 25 0.1 MaNOx &3
NiLOK + NiLeH 2.4 pot/spec 25 0.1 HaNBz &3
Cufily L+ Cu 11.%8 pot 25 B.1 BaNOg &5
CubQn + H 8.48 pot 25 9.1 HaNo3 &3
cuL(oHI2 + H  1.% pot 25 0.1 HaHCz &3
Culoh + Culon 2.0 pot 2% 2.1 KaHoz 63
n{ily L+ 1In 7.68 pot 25 B.71 HalDy &3
2GR « W 9.6 pot 25 9.1 RaN0y 63
H
N
H N(_sq H 1,5, 9-triezacyclotridecans
1133 aneN}
cation  reaction Logk method ANk /moly  TAS®(kJ/wol) T°C mecium ref
H L+ H 9.7 pot 25 0.2 RaCloy, 54
EH + H 8.13 pot 25 0.2 Haflay 54
Lz + H 4.18 pot 25 0.2 HaClDg S
H VK
N N 1.4.7,10- tetraszacyclododecane
C N N j [12) arei;,
H v H cyclen
cation reactien logk method -AHT{kEFmol)  TAS“(R4/mot) T* medijum ref
W [ 10,7 pot 25 6.2 73
L+ H 16.97 pot 25 0.5 KNO3 75
L+§g 10.51 pot 35 6.2 NaCloy tid
LH + o @7 pot 25 G.2 3
LH+ 8 9.87 pot F3] 0.5 KNO3 75
LK + H ¢.49 pot 5 G.2 NaClOg 7
LK2 + B 1.5-2 pot 25 0.2 3
LBz + H <2 pot 45 0.5 KO3 75
Lkz + 8 1.6 pot E] 0.2 Natleg Fid
Loz + H 1.5-2 pot 25 6.2 Fsd
LH3 + ¥ < 2 pot 25 0.2 i)
LWZ + H 0.8 pot 35 0.2 HatiGg Fad
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Cogiiy L + Co 13.5 pat i5 0.2 NaCioy v
NiCI1) L+ Wi 16.4 pot/spec 25 0.1 NaND3 80
L+ Hi 49.8 cal 25 82
Culil) L+ Cu 24.8 pal T6.& [T ] 25 0.2 73,83
L+ Cu 95.0 cal 45.2 a5 84
L+ Cu 23.2% spec 25 0.5 HNO3/RaND3Z 81
Infil) L+ In 16.2 pol 3. S8.4 25 0.2 85
L+ 2Zn &0.7 cal 25 84
2. [SND] L+ Cd 14.3 pat 34.3 &7.4 25 0.2 85
Rgéiiy L ¢ Hg 25.5 pol 98.7 47.0 25 0.2 RaClGy B&
PO(LLY L+ Pb 15.9 pol 27.7 63.6 25 0.2 a5
H AR /CH3
S
N N 1,7-dimethyl-1,4,7,10-tetraazecyclododecane
H3C/ ‘\__/H Mez (12 anely
cation reaction Logk method -AHU(kJ/maly  TASS({kd/moll T medium ref
H L+ H 10.76 pot 25 0.5 KHO3 43
LK + H 9.41 pot 25 0.5 KNOs 43
Culing Ly 17.89 =13 25 0.5 KNO3 43
L+Cu~+H 20.04 pot 25 0.5 KNOZ 43
ar
Ch N3
N N 1,4, 7,10-tetraazacyclatridecans
H\_/ H F13)aneNy,
catien reaction Logk method -au*(kJsmol)  TASTEkJ/mol) T*C medium ref
H L+H 1.1 pot 25 0.2 Natlgy 4
L+ # 11.1% pot 25 0.5 KNC3 >
L+H 11,02 pot 5 0.1 RaND3 81
L+H .90 pot 35 0.2 NaClgyg 79
LH + H 16.1 pot 25 0.2 waCloy T4
LH+ H 1912 pat 25 4.5 KHOG i
LH + H 9.96 pot 2% 0.1 HaNO3 3]
LH+H .91 pot 35 0.2 NaClOy, 79
LH2 + H 1.7 pot 23 0.2 walley T4
LH2 + H <2 pot 25 0.5 ¥ND3 75
LHZ + H 1.96 pat 2% 3.1 HaNdg 81
LH2 + H 1.8 pot 35 0.2 NaCldg e
LH3 + H 1 pat 75 6.2 NaClog, 74
LH3 + W <2 pot 2% d.5 kKO3 LD
LH3 + H 0.9 pot 35 0.2 NaCldy, 79
Lofli} L * Lo 14.3 pat 35 . 2Matlog ™%
NitiIy L ¢ Ni 17.98 pot /spec 25 0.1 kKO3 80
L + Wi 2.5 cal 25 B2
L« i th.s.) 83.7 cal 25 B2
L+ Hi tl.s.) §2.3 cal 25 &2
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CuiEiy L+ Cu 291 pol 122.2 42.0 25 0.2 NaCloy, T4
L+ Ly 24.36 spec 25 0.5 HNOZ/NaNO3 81
In(iiy L +iIn 15.6 pol 32.6 25 0.2 NaCtoy, a5
L+7n 15.7% pot &4.0 cal 25 0.5 KNEZ 3
Cd(ity L +td 17N pot i Q.1 Hak03 81
Hg{lly L + Hg 25.3 pol 103.3 pol 41.% 25 0.2 WsElOy 86
Pb{ii} L + Pb 13.48 pot 25 0.1 RawO3 -1
N
TN ND
NN 1,4,8,11-tetranzacyclotetradecane
H u H [14]anew,
cyclom
cation resction Logk method -aW®(kJ/mol) TAS*{ki/mol) T mexci Lam ref
H L+H 10.76 pot 20 0.1 T
L +H 1.4% pot 25 6.1 28
L+H 11.50 pot 25 0.2 Hatiog 8
L+H 11.83 pot 25 9.5 KNog b
L+H 11.58 pot 51.5 cal 4.6 25 6.5 KNO3 76,77
L+H 11.23 pot k5 0.2 HaClog e, 83
L+H 11.82 pot 15 9.2 KatlQy as
L+ H 1.3 pot 2% 0.1 HaN03 3]
LH + H 10.18 pot 20 o 97
LH + H 19.30 pot 5 0.2 Hatloy 85
EH + H 16.7% pat 25 0.5 KNO3 75
LH + H 10,62 pot 53.4 cat r.2 25 0.5 KNOg 76,77
LH + R 16.38 pot 25 B.2 Nacloy as
LH+ H 16,50 pot 15 G.2 Nablgy a5
LA+ H 10.23 pat 25 6.1 KaNa3 B1
LW+ H 16.30 pot 35 0.2 NaCldy, ™
th + H 16.15 pot 35 .2 NaCloy 85
1Bz + H 3.54 pot 29 6.1 97
LH2 + H 1.62 pot 25 0.2 a5
LHz + H < 2 pot 25 G.5 KHOD3 ™
LHz + 1.61 pot 11.7 cal -2.5 25 6.5 KND3 76,77
LHa + H 1.5 pot ki 0.2 HaCloy, 79
LH2 + R 1.43 pot 25 0.1 RaND3 M
LH3 + H 2.67 ot 20 6.1 97
LHY + H 0.94 pot 25 0.2 a5
LH3 + H <2 pot 25 5.5 Xk03 5
LRy + B 2.41 pot 12.2 cal -18.7 & 8.5 KKO3 76,77
LH3 + K 0.8 pot 35 0.2 NaClo, %
LH3 + § 2.27 pot 13 9.1 NaWDZ 81
€afll) L + Lo 12.7 pot 35 0.2 RaCldy ™
Ni¢Iiy L+ Ni 22.2 spec 12¢.7 -3 &5 0.1 NaOH 8
L + Ni B84.9 cal 41.9 25 -3
L+ Wi {h.s.} 160.8 cal 24.3 2% 88
Lo+ Ni (.5} 78.2 cat 2.3 25 85
L + Ni 20,1 pot/spe; 23 2.5 #dacCl oF
L + Wi 23.5 spec 14 0.1 NaQH B
L+ K3 2.2 spec 40 0.1 WabH 98
Cu(iiy L + Cu 2r.z pol i27.2 25 G.2 5%
L« Cu 24.% apec 25 0.5 HNO3/Nakfzs 81
L+ 0y 135.5 cal 2% B4
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n{ily L+ 2n 15.5 pot 3.8 7.4 25 9.2 Nallly 85
L+ 2n 15.34 pot 1.9 cal 25.6 2% 0.5 KNO3 84,93
Hg{liy L +« My 23.9 pol 137.7 -&.1 25 4.2 NaCldyg B
PL(iI) L+ Pb 19.83 pot 25 G.1 NaND3 81
Cdiiiy L+ ed .23 pat 25 G.1 waxoy -1
HN NH
N N 1,4,7,11-tetraszacyclotetradecane
H \/ H iso-cyclam
cation reaction Logk method -ART(kd/mol)  TAST{kJS/mot) i wedium ref
H L+H $1.29 pot 25 0.5 KNG 7
L+H 11.05 pot 25 0.2 NaClOy Eid
L+H 10.81 pot 15 G.2 NGOG Iid
Lo+ o 10.19 pot 25 6.5 KNO3 75
LW + H 2.98 pot 25 0.2 HaCioy "
LH + H 974 pot 35 6.2 NaCloy e
LH2 + H 4,32 pot 25 0.5 KNOg 75
LH2 + H 1z pot 25 6.2 NaCldy i
LEz + # 1.03 pat 35 0.2 Natloy T
Lz + # <2 pot 25 0.5 KNO3 [
LBz + H 1.0 pot 25 0,2 RaClog s
LH3 + H a.9 pot kY 0.2 WaCiog il
Cafiliy L + Co 10.% pot 35 0. 2NaC Loy ™
WigIly L o« Ri £9.0 cal 25 168
L + Ni {h. s.} 82.4 cal 25 1won
L+ Ni {l. 5.} 504.2 25 109
Cufil) L +Cu 114.3 cal a5 102
/YR
Cy nJ
NN
H(_) H 1,4,7,10-tetraazacyclotetradecane
cation reactiom Logk method -aHtkd/mol)  TaS{kdsrmol) 1 °c medium ref
H L+H 10.94 pot 25 0.5 KRO3 kL3 ]
L+H 10.92 pot 25 0.1 HaNdg 218
LH + ¥ e.75 pot 25 0.5 KNO3, a1
LtH + H 9.40 pot 25 0.1 NaKD3z 214
LHZ + H 4,86 pot 25 0.5 KNO3 101
iz + # 4,62 pat 2% 0.1 NaNC3 216
LH3 + H 2.00 pot b3 8.5 KNOg 101
Wigil) L+ Ni {h.s.) 1480 pat 53.4 cal 3.0 2% 0.5 Xm0 141,87
L+ Hi (L.s.) 14.83 pot 36.4 cal £1: 25 d.5 KNO3 161,87
L + Ni 15.47 pot 25 G.1 HanD3 216
L+ Ni *H 1%.3 pot 25 0.5 KNO3 &7
Cufii) L + £u 22.36 pot B7.5 cai 25 0.5 KNO3 m
L+ Cu=+H 25.44 pot 25 0.5 KNOZ 181
Ir(Ely L+ ZIn 12.992 pot 5 8.1 Nakog 216
Cd¢liy L+ Cd 11.39 pot 25 0.1 Banoy 214
Ph{Ii} L + Pb 11.59 pot 25 0.7 MaNO3 216




3]

HiC (™) , CHs

CanD

HyC 7L CHy

1,4, 8, 11-tetromethyl-1,4,8, 11-tetraazacyclotetradecans

Mey (141 areiy,
™
cetion resction Loge method SAHR kMo TASS Ckd/mol T°C medin ref
H L+k §.70 pot 21.3 cal 34,2 25 0.5 KOy Th, 7T
L+H 9.3 pot 25 0.1 Hawn 106
LH + H .5 pot 43.1 eal 10.% 23 0.5 KNO3 6,77
LW + H B.93 pot 25 0.1 MahOz 108
LHZ + H 3R pot 15.1 cal 2.6 25 0.5 XNOY 76,77
LH2 + K 2.58 pot 25 0.1 HaNG3 106
LUy + W 2. bk pot 2B.¢ cal -13.7 23 0.5 ¥XNO3 74,77
LHz + H 2.25 pot 23 0.1 HaNd3 106
Coffl) L+ Co 7.58 pot 25 0.1 NaNO3 106,107
Col + OH 5.76 pot 25 0.1 MaNO3 106
Col. + OH 5.28 spec 23.8 cal 6.2 25 0.5 196
NidII} L+ Wi 8,55 POt/ apec 25 0.1 NaMC3 107
NiL + OH 3.72 spec 25 0.5 XNO3 108
NiL(h. s.) + OH 3.72 spec 17.5 el 3.7 25 0.5 196
MiLfL. s.) + OK 3. 76 f3.54 29.7 cal -B.3 25 0.5 196
Cutily L+ Cu 18,3 pot 25 0.1 Nakd3 106,107
Zn(11) L+2n 0.35 at 2% 0.1 NanO3 106,107
IrL + OH 5.44 pat 25 0.1 Nakg3 106, 107
cad(1l) L+ Cd 9.0 pot 25 0.1 HalOg 106,107
tdL + OH 5,80 pot ] 0.1 NaNO3 106,107
Hg(Il} L+Hg 20.3 pot 25 0.1 HaN(s 106,107
CHy
et
Ca D
N N
H)\,l H C-meso-5,12-dimethyl-1,4,8,11-tetraazacye Lotet radecane
HaC
cation reaction Logk method -~aH*Ckdrmaly  TAS®*(kd/mol) T °C med i um ref
" L+H 1.4% pat 5 T
NiC1[> L +Ni 23.1 apec 10 0.1 98
L + Ni 2.9 PG IRFS | 10 25 0.1 o8
L+ Wi 21.0 spec 40 0.1 LT
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CH
HZ’C\ - é..
U TR 3
N N j
N N
w C-mese-5,%,7,12,12, 14-hessnethyl-1,4,8, 11 - tatrsazacycLotetradecane
H3c CH tet a
CH3 3
cation reaction Logk method -ARTLR Mol TAST(kJSmol) T°C madium ref
H L+H »{t pot 169
LW+ y 10.5 pot 109
LHz + W 2.2 pot e
LH3 + H <2 pot 109
Culll) L+ Cu {blue) 20 pat 25 6.1 23
Lo+ Qu (red) B pot 2% o 23
Wiii} L + Ni - 20 Spec 25 6.3 28
CH
L~ U3 CHy
HC Y
H H
Ch o
N N
Hw £€-rac-5,5,7,12,12, 14-hexamethyl -1, 4,8, 1% - tetraazacyc lotetradecane
H3C CH3 tet b
CH,
cation resction Logk method ARk mol)  TASCC(kS/mol) 1°e e Lm ref
L] L+H 11.4 pot 109
LH + H 16,7 pot ine
LHZ + H 2.7 pot 109
LW3 + B 2.3 pot 09
RICEEY L+ Ni V8.2 Spec 25 8.1 8
!V H

o
HN NH 1,4.8,12- tetraazacyc|lopent adecane

U [¥530nen,

cation reaction Logk method -AH®(kJ/mol)  TaS*{kJ/mol} T °C mecE i um ref
H L+*HR 1%.2 pot 25 4.2 15
L+H 11.23 pot 25 0.5 KNO3Z 75
L+ H 11.88 pot 45.2 cal 15 25 0.5 XNOZ 76,17
RN 1.1 pat 25 0.2 15
LH + H 10.28 pot 25 0.5 KNOZ 75
g 19.38 pot 54.5 cat 7.8 ) 0.3 KHD3 16,77
LHz + H 4 pot 25 Q.2 115
LH2 + H 5.32 pat 25 0.5 KNO3 Li

LH2 + H 5.28 ot 32.2 cal 6.1 25 0.5 KNO3 7,77
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LHY + H 2 pot 25 0.2 1%
LH3 + H 3.79 pot 25 0.5 XNo3 i)
LtHz + H 3.60 pot 32.3 col 1.7 25 0.5 KNO3 76,77
Ni(ii) ¢ + Wi 18.38 pot 6.9 cal E 25 82,87
L+ Ni +R 22.04 pot 25 3.7 KEO3 74
Culii) L+ Cu 2h .4 pal 1909 28.3 25 0.2 115
L+ Cu 251 pol 5 6.2 115
L+ Ly 23.7 pal 35 0.2 15
CulL + H 5.5 pol 25 0.2 115
L+ Ltu 116.9 cal 25 84
Zniily L+ 2n 15.9 pol .3 1.1 25 0.2 85
L+2Zn 15.35 pot 69.0 col 8.6 25 84,93
Hg(Il} L + Kg 23.7 pol 103.3 3.8 25 9.2 NaClOg B&
HI IH
Cy N
HUH 1,4,8, 11-tetraazacyc lopentadecane
cation reaction Logk method ANt Ckdsmaly  TAST(kJsmal} T " med § U ref
H L+H 11.064 pot 45.4 cal 16.7 25 0.5 KNGT Fi-3
LH+ H 10.47 pot 51.5 eal 8.4 2% 0.5 1803 78
LHz + H 3.98 pot 27.2 cat -4.6 25 6.5 N3 78
LHZ + H 3.4% pot 30.5 cat -10.% 25 0.5 KNC3 78
H/
Cpn
@H 1,4,7,10- teteaazacyc Lopentadecane
cation reaction logk mathod AN (kJ/mol} TAS“{kdsmal) T* medium ref
H L+H 10.33 pot 25 0.5 KMO3 64
L+H 2.83 pot 25 0.7 Naldy 214
LA+ H 9.48 pot 25 0.5 kMDY 104
LA+ H 8.95 pot 25 0.1 NaNOg 216
Ldg + K 5.0 pot 5 0.5 KNO3 104
LH2 + B 5,40 pet 25 0.1 Naho3 216
L3 + R 1.28 pot 25 0.5 KNos 184
LKy + 1.63 pot 25 0.% NaND3 216
Nifit) L+ Ni ¢th.s.) 1.75 pot 47.7 cal 1%.2 25 0.5 KNl 104
L+ Ni (t.a.y 12.67 pat 32.2 cat 36.8 25 9.5 KNO3 164
L+ Ni 11.74 25 0,1 MaNgg 216
L+ Ri+H 8.0 pot 5 0.5 KHOY 164
Cutii} L + Cu 20,490 pot 80.3 cal 35.9 25 0.5 KND3 )
L+ Cu 19.25 pot 25 0.9 HaNO3 216
L+LCu+H 22.35 pot 25 0.5 kN33 164
Iy L +2n 10.70 pot 25 0.1 Mako3 26
Cd(I1} L +Cd 10.13 pot 25 0.1 NaNdg 216
PRLELI} L+ Pb 9.50 pot 25 0.1 NaNO3 216
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1.5,9,13-tetraazacyc L ohexadecans

N [i&)aneNs
H_H
cation reaction Logk method -aHT(kJ/mol)  TAST({RJ/mal} T°C medium ref
H L+H 10.85 pot 42.0 cal 26.1 2% 0.5 KNO3 % 116
LH + H G.80 pat 44 B cal 1.3 25 0.5 KHO3 s, 118
Le2 + H 7.2 pot 430 eal -1.7 25 0.5 kNOZ 75,116
LH3 + H 5.49 pot 44.2 cal -11.7 25 0.5 KO3 75,116
Wifll) L+ Wi 13.23 pot 40.6 cal 3.9 25 4.5 KNC3 a7
£+ Hi +H 18.89 pot 23 3.5 KNz ar
C€ulliy t + €u 20.92 pat 83.7 cal 35.6 25 0.5 KND3 116
L+ EUu+H 23.48 pot 2% 0.5 KNOY 116
Znilly L+ 2Zn 13.6% pot 29.7 cal 44,8 25 0.5 KNC3 93
HN’ Nl H
C N N 1,4,8,13-tetraazacyclohexadecane
H(_) H
cation reaction Logk method -ARSCkdmoly  TAS (kdsmol} ToC med ium ref
H L+H 10.73 pot 46.4 cal .6 25 0.5 KNOZ 78
1H + H 9.85 pot 47.7 cal 4.4 25 0.5 KNGz 78
LHz + H 6.83 pot 42,7 cal -1.2 25 0.5 KNOY 78
LK + H 1.94 ot 33.5 cal -10.9 25 0.5 Kniz 8
C N ND
N N 1,%,9,13-tetrazzacycl chapt adecans
H( >H [17laneNy,
cation reaction Logk method AT (kdfmoty  TAS®(kJ/mol} T°C med ium ref
H L+H 11.20 pot 43.5 cal 20.% 25 0.5 KNoZ 73
L+H 10.23 pot 5 0.2 NaClOg Hr
LK + H 10.13 ot 46.4 coal 1.3 25 0.5 KNOZ 78
LH + H 9.68 pot 25 0.2 Katloy 17
LE2 + H 7.95 pot 4%2.6 cal 1] 25 0.5 KNO3 78
LHz + H .40 pot 25 0.2 Natlds "7
LH3 + B 6.30 pat 45.6 cal 9.6 25 8.5 KNO3 78
LH3 + H 5.1 pat 25 0.2 NaCiyg 117
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H<_>H

NN
Caw

1,5,19, - tetranracyclooc tadecans

H <_>H £98] sneiy,
cation reaction Logk method -4 (k) /mol)  TASTERlfmol) T* medium ref
H L+ H 1115 pot 25 0.5 KNG 182
L+#H 16.34 pot 25 0.2 WaCloy 118
L+H 1,44 pot 29 0.1 Knox 119
LE + H j0.10 pot 25 0.5 Kwc3 182
iH+H 9.97 pot 25 0.2 NaClDy 118
LH + H 0.5 pot 20 8.1 Koz 19
LH2 + H B8.48 =1 25 9.5 Koy 182
LEZ + H 7.80 pot 25 9.2 NaClog 118
Lz + H 7.27 pot 28 0,1 XNO3 119
Ly + H 7.7 pot 25 9.5 Kno3 182
LK3 + K &.70 pot % 4.2 NaClog "e
LE3 + R 4.50 pot 20 0.1 KNS 1w
Agll) 2L Ag 8.9 pot 20 0.1 KNos 19
3L+ 2A9 16.6 pot 20 8.1 KNO3 e
ney
NN
CN N $.5,41,16-tetranzacycloicosane
H<_>H £20) anehy,
cation reaction Logk method -AHTCkd/mol)  TAS*(hkJ/mol) T*C wedium ref
H L+H 11.82 ot 20 0.7 KNC3 119
L+#H 11.465 pot 20 0.1 XNC3 202
LH+ .38 pot 20 0.9 KNO3 19
LE + ¥4 16,60 pot 20 0.1 KNO3 282
LHZ + H 10.63 pot 28 0.1 KNG3 119
LH2 + H 8.3 pot 28 0.1 KNG 202
LH3 + H a.87 pot 20 0.9 KNGS 119
LH3 + K 4.38 pot 20 .9 KNO3 202
Agtl) L+ Ag 5.7 pot 28 0.1 KKo3 19
PR 8.3 pot 20 0.1 Kno3 119
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My
EN Nj 1,4, 7, 10-retrapzabicyclo(8.2.2) tetradecane
LN N
v/ H
cation reaction logk method -AM®(kJfmol )  TAST{RJ/mol) T °C mediun ref
R L+H 10,90 pot 20 0.7 Banox 148
ik + H 10.31 pot 20 2.1 KakO3 140
Lz + H &.50 pot 20 3.1 HaN03 160
LKy + B 3.18 pot 20 0.1 Na¥03 140
Niily L+ Wi 4.3 pot 20 0.1 HanGy 91
Culll} L+ Cu 21.50 pot 20 4.1 neNo3 #i
Infii}y L + In 1G.95 pot 20 .1 KaNG3 LA
Cd¢iiy L+ Cd 16.07 pot 20 0.1 HaKNO3 1
FB{II) L+ Pb .7 pot 20 3.7 Hakgs N
yHe
o Ny
N N 1,4,7,10,13-pentaszacyclopent adecane
<__ N N _) [15] anels
Hy/H
cation reaction Logk method -ARTCkS Mol TAS®EkJsmot) T °C medium ref
® L+H 11.07 pot 15 0.2 HaCigy 142
L+ K 10.85 pot 25 0.2 RaClQy 142
L+H 10,39 pot 25 Q.2 KBr 143
L+H 10.72 pot 35 0.2 HaCloy 142
LH + H .81 pat 15 0.2 Mallog 142
LH + K 9.65 pot 25 0.2 Hacldy 142
LA+ H 9.36 pot o 0.2 Kor 143
LH + # 9.45 pot 35 G.2 Nalioy 142
LKz + H 6.22 =1 is 0.2 Natlog 1462
LHZ + H 6.00 pot 25 0.2 Nallgyg 142
LKz + # &.08 pot 25 D.2 KBr 43
LH2 + H 5.81 pat 35 Q.2 NaCloy 142
LH3 + K 1.7 pot 25 0.2 Hacloy 42
LH, + H 1,16 pot 25 4.2 Nallog 12
Mniil} L + Mn 10.85 pot 25 9.2 KBr 143
Co(ll) L+ Go 6. 76 pot k3 0.2 Natlog 145
Kigily L+ Wi 18.1 35 0.2 Kaclgy 1514
L+ Ni &7 .4 cal 0.5 K§O03 150
Cutlny L+ GCu 25.9 25 0.1 NaoH 146,147
L+ Cu 25.3 pol 137.7 27 23 0.2 RaCloy 142
L+ o 28.0 pot 5 .1 KaNOg 31
In{ii) L+ In 1?9 pet 57.3 51 25 B.2 #aCl0L %3
Cdriiy Lo+ Cd 19.2 pot B4 55 25 Q.2 watloy, 23
L+cd 19.2 pot 25 G.1 Nangz N
PbLEiy L + Pb 7.3 pat 41.8 5& 25 3.2 HaClgy 53
Kg{l1) L + Hg 28.5 pot 136.8 25 25 8.2 NaCioy, 53




H{IH

G W
N N 1,4,7,10, 13-pentaazacyc  chexadecane
H(/N \)H £16] anells.
H
cation reaction Logi method -AHCCkI/moty  TAS*(kasmol) T medium ref
H Led 10.86 pot 15 6.2 NaClOj %2
L+H 1064 pot 25 G.2 Nalldy 1z
L+H 10,42 pot 35 0.2 Natlog 142
el .71 pot 15 0,2 NaClyy, 142
LH + H 949 pot 25 0.2 MaCigy 142
i+ B e.27 pot 35 0.2 Watlog 142
LHZ2 + H 7.50 pot 15 0.2 NaCloy 142
Lz + W 7.8 pot 25 0.2 raCloy, 142
LH2 + 4 7.06 pat 35 0.2 NaCtoy 142
LH3 + ¥ .M pot 25 9.2 Ratlgy 162
LHg + H 1.45 pot 25 D.2 Nacloy 142
Fe(ii} L + Fe 14.57 pot 35 0.2 RaClay, 148
Colii} L + Co 15.95 pot 3% 0.2 HaCloy, 145
L+ Co 15.8% pot 35 Q.2 NaClOy 149
Wi{ily L+ WNi 81 149
L + Ni 06.2 cal 0.5 KHO3 1565
Cuflly L+ Cu 7.1 pel 136.8 17 25 0.2 KaCidy the
Ky L +2ZIn 7. pot 56.5 &6 25 0.2 MaClDy 53
Cdtily L+ Cd 18.1 pot S g &9 25 0.2 RaClQy 53
Hg(li) L + Kp 27.4 pol 143.9 12 25 6.2 NaCloy 53
L+ Hg 27.38 25 0.2 MaCley, 14
en{l1) L + Fb 4.3 pot 43.9 37 25 0.2 Nalldy 53
H/MH

=
=z

(\N N 1,4,7,11, 4-p Leheptad

H H ¥ P
{/N\) D173 80645
H
eation rasction logK wethod -AHTCkd/mol}  TAS"(kJrmol} T medium ref
H L+H 10.55 pot 15 @.2 Natloy ta2
L+H 16.32 pot 2% 4.2 NaCicy 142
L+h 10.10 pot 35 0.2 NaClay w2
LE + H £.85 pot 15 Q.2 wWalloyg %2
LH + H 9.62 pot 25 G.2 NaClOy %2
i+ B 9.38 pot 35 0.2 MaClDy 142
LH2 + H 7.58 pet 15 6.2 NaliGy 2
LWz + M 7.36 pot 25 0.2 NaclOy %2
Lh2 + 4 7.13 pot 35 0.2 NaCigy, 152
LHY + W 4.10 pot 25 0.2 NaClgg 152
LH, + H 2.33 pot 25 0.2 NaCigy 142
Ni(i2) L+ Mi 81.2 cat 9.5 KKeg 150
Cu(ii) L+ Cu 3.8 pal 113.8 22 Fel 0.2 NaClQy 142
Inlil) ¢+ 2n 5.8 pot 53.1 37 25 D.2 MaCley 53
cd(rly L+ ed 5.5 pet 52.7 36 25 0.2 Nalleg 53
Hgfii) L + dg 26.5 poi 1.7 " 25 0.2 NaClog 53
PR(1i} L +PD 1.6 pot 1.4 3w 2% 0.2 NaClQy 53
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(_ _) 1,4,7,10,13-pentaazacycloheptaderane
N N (171 aneNs
H ( > H
cation reaction Logk method 7% medium ref
H L+H 16.50 pot 35 0.2 HaCloy tak
LH + H e.73 pot 35 0.2 Ragloy Tad
LB + H T.er par 35 0.2 HaClQy, T4
LKz + H <2 pot 5 0.2 RaCiGy 144
LB, + B < 2 pot 35 0.2 NaClog 144
€ally L+ Ca 15.4 pot 35 1.2 HaClDy ok
(‘\H/w
H N N H
_) 1,4,7,10,13-pentaazacyc oot tadecane
N N [18) aneNs
"N
cation reaction Logk me thod SART(RS/molY  TAST(kJSmal} i medi um ref
H L+H 1015 pot 15 0.2 NeClOg 164
LH + R 9.52 pot 5 0.2 Retloy ad
1HZ + H 8.55 pot 35 0.2 Natlog 164
Lug + & « 2 pot 5 0.2 HaCloy 144
LHG « H <2 pot 35 Q.2 NaClog 144
Co(li) L + o 1%.5 pat 35 0.2 Ralidy 144
(\H/\,
N
H H
N N
N N ) 1,4,7,10, 13-pentaazacyc |l gnonadecanse
HQH [19] aneNs
cation reaction togk method TG medium ref
H L+H 10.11 pot 35 Q.2 WaCioy 144
iH + H 9.52 pot s 0.2 KaClOg Yadk
LHz + # 3.5 pot 35 0.2 NaCloy 144
LH3 + H 2.5 pot 35 0.2 HaCidy 144
LHG + H < 2 pot 5 6.2 HaCloy 164
Cofii} LK+ Co 7.6 pot 35 0.2 HaLlog 14




39

H NH
(_ N N —) 1,4, 7,10, 13-pentanzabicyclof19.2. 2 heptadecane
T AN
cation reaction logk wethog ~AHRCkSSmol)  TAST(KJ/mol) T°C mediun ref
Cuflly L + Cu 5.1 pot 25 Q.5 NmNOg N
€d(ii) L +Cd 14.7 pat 25 8.1 HaNo3 1
H/\H
LSRN
N NH 1,4,7,10,13, 16, -hexanzucyet oz tsdecsne
<__N N_) £18] aneiy
H\_/H
cation reaction logk method -AH kS fmoly  TAS®(kJsmol) 1% medium ref
] L+H 10.1¢ pot 25 n.2 159
L+ M 10.46 pot 5 0.2 151
L+ K .92 pot 35 6.2 151
LH « K 9.23 pot 25 a.2 151
LH + K 2.51 pot i% 0.2 151
LH + H B.9& pot i Q.2 5
LKz + H 8.73 pot 25 Qq.2 151
LH2 + H ¢.01 pot 15 8.2 151
L2 + H B.45 pot 35 0.2 51
Lug + W 4.09 pot 59 12 25 6.2 151
L¥g + H 4.30 pot 35 ¢.2 51
LKL + H 3.89 pot 13 6.2 151
LHg + H 2 pot 25 0.2 151
LHg + 8 -2 pot 15 6.2 51
LHg + H -2 pot i5 g.2 51
LH5 + H 1 pot 5 9.2 151
LHg + H -1 pet 15 0.2 131
LHS + ¥ ~1 pot 35 0.2 151
K{i} L+X 0.8 pot 25 0.2 151
Laifll) L + La 5.7 pot 25 0.2 151
Se{IlY L + 55 3.2 pot 25 0.2 151
Cafild> L+ Ca 2.5 pot i -15 35 0.2 151
PR(II) L +Ph Ha pat 1] 25 25 0.2 151
Kg{I1} L + Hp 29.1 pal 176 -5 5 0.2 151
cdiily L+ Cd 7.¢ pot 5¢ 42 25 0.2 151
L+ cd 8.2 pot &40 cal 43.1 25 0.15 WaClOg 155
Cu{ll) WL + €u 2.6 pot b F4 25 0.2 15
HaLl + €u 16.1 pot 2% 0.2 159
In{lI) L+ 2n wv.e pok 52 50 25 0.2 151
L+In 18.7 pot 8.6 col 25 G.15 NaChoy 154
L+In+H 22.63 pot 25 915 NallQy 154
MICT1)Y L o+ Wi 9.6 pot 35 9.2 151
WL ¢ Wi 3.9 pot 5 0.2 15%
Co(li) L + Lo 18.% pot a5 0.2 151
HL + €0 n.s pat 3% 9.2 151
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(M
NN
H N N H :é:;‘?,::,1?,21-hexaaza:yclotetracosane
anedg
NN
H_H
catign reaction Logk method =AH*CkI/mol)  Tas®tkJ/mol} TC medium ref
H L+H 10,45 pot 25 Q.1 Me4hCi 152
L+H 18.50 pot 25 0.1 NaTs 164
L+ 3 1G.50 pot 25 G.071 Megxcl 205
LH + H 10.35 pot 25 G.1 MegiCl 152
LH + H 1620 pet 25 0.1 NaTs 164
LM + H 10.20 pot 25 0.01 MegHCL 20%
LH2 + § Q.05 pot 25 0.1 HeghCL 152
LHz + H 9.25 pot 2% 0.1 Hats 164
18z + M g.25 pot 5 .01 MeghCt 205
LM + H 7.90 pot 25 0.1 MegNCE 152
LHT + H §.00 pot 25 0.1 NaTs 164
LHZ + H £.00 pot 25 0.01 megRCl 208
LHg + # 7.1% pot 25 0.1 MegLdc| 152
Ly + H ?.0% pot 25 6.1 Mais 164
LH; + H 7.05 pot 25 Q.01 megucl 205
LEg + H 6,69 pot 25 B.1 MeghCl 152
LHS + H &, 40 pot 25 0.1 MaTg 1564
LAz + H 6. 40 pot 25 0.01 He,NCl 2065
H H
(TN=(CHIs—NTY
HN NH
‘) 1,4,7,17,20,23-bexaszacyci odotr i acontane
LN—(CHZ)Q—N
H H
cation reaction Lagk method -AKE k4 /moly  TAS®(kJ/mol} ) e medi um ref
H L+ M >9.7¢° pot 25 6.1 Megrcl 205
LH + H »5.658 pot 25 0,1 MegHc! 205
LKz + H 9.60 pat 25 0.1 MeghCl 205
LH3 + W ¢.25 pot 25 0.1 MeghCl 205
LMy + H 4.15 pot 25 0.1 MeiHClL 205
LHS + K 3.55 pot Fi) 0.1 MeyRC! 205

Syatues not cetermired since the compound is not soluble in aqueous solution in their unprotonated form,
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H H

C\N—- (CHz)?—»N/)

HN NH

(,N-—(CHZ}7—N\,\!
H H

1,5,9,17,21,25-hexmazacyclodotriacontane

132] shely

cation cenction Logk method -AHTCkJ/mol)  TASTIRM/mot) e+ medium ref

B L+H 10.70 pot b 0.1 Megicl 153,205
L+n 10.85 pot 25 0.1 MeghLl 153
LH+ K ~10.7¢ pot 25 0.5 MegHCL 153,285
LH + M 19.60 pot 25 0.67 HelHCl 153
LH2 + K .85 pot 23 6.1 MaghCl 153,205
LHz + H 9.80 pot 25 0.01 MesNEE 153
LHY + W Q.80 pot 25 0.1 MeiNCL 153,205
LHY + H 9.05 pot F4) 0.7 MegNCL 153
LHg + B 7.90 pot 25 0.1 Meghcl 153,205
LHg + H .40 pat 5 001 MeLNCH 153
LKg + H 7.30 pot 25 9.1 Megnil 153,205
LE5 + H 6.65 pot 2% 0.01 Megkel 153

CN"{Ctho N/j

\J 1.5,9,20,26, 2B-hesaazacyclooctatriscontans

(/N—-(CHzl]o—-N [38] anemg

cetion reaction Logk method -AN* ik Amoly  TAS®CkJ/mal } T°* medium ref

[] L+ »10,259 pot 25 6.7 MegNCL 205
L+H »10.% pot 25 G.1 MeyHCL 153
L+H »10,50% pot 25 0.81 MegheCl 153
LH+H »10.25% pot 25 0.7 MeghCL 2345
LH + H ~10.3 pot 25 3.1 MegRCL 153
LH + H ~10.503 pot 25 0,01 Heghel 153
Lz + H 16,44 pot 25 6.1 WeghCl 153,285
LKz + H 10,15 pot 25 Q.01 MeiNCl 153
LUz + H 9.60 pot 25 6.1 Meghel 153,265
LHg + K 9.45 pot 25 0.01 Heghil 153
LHg ¢ H 7.95 pot 25 0.1 MeyNCL 153,205
LH; + H 7.65 pot 25 0,61 MeyNCL 153
LH5 + H 7.30 pot 25 0.1 Meghel 153,205
LHS + H 6.55 pot 25 ©.09 MeyNCi 153

Syatues tot determined since the compound is not soluble in aquesus solutich in their uwnprotonated form.
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CN

(,N

H

Hr\N

I@%
T

1,4,7,10,13 16, 19-heptaazacyc loheneicosane

(21 aneny
H\A
cation reaction Logk method AR CkdAmol)  TAS®(kJ/mal} T med i um ref
H L+H 9.83 pot 2% 0.5 MaClog 12
L+H ¢.76 =13 25 015 NaClds, 154
LH + # ¥.53 pot 25 0.5 MaClog 1&2
LH + H %.28 pot 25 0,15 HaClgy 154
LHz + H §.84 pot 25 0.5 NaClog 162
Lz + K 8.63 pot 25 0.15 NaCloy iS4
LHZ + H &5.72 pot 25 0.5 #HaCioy 162
LHZ + ¥4 &.42 pat 25 0.15 NatlQy 154
LH, + H 4.04 pot 25 0.5 NaClog 162
LHg + H .7 =14 2% 0.5 MaCl0y 154
LHG + H 2.43 pot 23 0.5 MaCloyg 182
LHg + H 2.1% pot 2% 215 NeClog 154
LHG + ¥ 2.10 pot 5 0.% NaCloy 162
LH; + # 2.0 pot 25 0.5 Naclg, 154
Colll) L+ Co 14,69 pot 25 Q.15 NaClog, 169
L+Co+H 19.94 pot 25 0.15 NaClog, 169
Kitil} L o+ Wi 16.56 pot 25 6.15 NaCloy 170
L +#HNi+H 23.37 pot 25 0.15 Haclog i70
Cudiiy L + Cu 24 .4 pat 25 0.5 NaCldyg, 162
L+ Cu+ 2H L5 pot 25 0.5 NaCldg 162
L+ 2Cu Jo.7 pot 23 0.5 waClog 162
CupL + OH 4.8 pot 25 0.5 MaClog, 142
Zn{I1) L+ In 15.33 pot 25 0.15 HaClly 154
L+2n+H 20.2 pot 25 0.15 NaClog 154
L +2n+ 24 25.19 pot 2% {15 NaCtoy 154
L In+ N0 1.5 pat 25 6.1% RaCloy 154
Ca(isy L+ cd 1310 pot &7.4 cal 36.0 25 G.15 HaClog 15%
L+Cd+H 22.59 pot 25 G.15 naCloy, 155
Hnfiiy L + Mn .7 pot 20.92 cal .3 25 0.15 HaCloy, 171
(.L'*ﬂH
NTY
CN N 5
N 1,6,7,10,13,16,19 22-actaazacyclotetracnsane
(’N N\) 124 anelg
HY /H
cation reaction Logk method -ah®(kJ/moly TAS {kdfmal) T*C meel i uen ref
K L +H 10.01 pot 25 0.5 BaC\0yg 156
L +H .65 pot 25 0,15 Hatloy 154
LH + K ¢.50 pot 25 B.5 Nall0y 1556
LH + K .33 pot 23 0.15 MaClOg 154
LHZ + H 9.0 pot 2% 0.5 HaCloy 156
LHz + H 5.76 pot 25 0.15 NaCioy 154
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LH3 + B B.29 pot 25 0.5 NaClOy 154
LH3 « # 7.87 pot 25 0.15 NaClg, 154
LHg + H 501 pot 25 0.5 NaClQy 156
LHg + B 4.5% pot 25 0.15 WaCkQy, 154
LHs + H n pot 25 2.5 NaClGy 156
LHg + K 3.42 pot 25 G.35 MaClgy, 154
LHg + H 2.08 pot 25 0.5 NaClog, 156
LHg + K &7 pot 25 G.15 KaCloy, 154
LKy + H 1.97 pot 25 0.5 NaCloy, 156
LHy + H 1.95 pot 25 0.15 Nadlog 154
fofii) L+ <o 13.20 pot 25 015 Natigy 169
LeCo+H 21.53 pot 25 06.15 RaClog 159
L+ o 2H 28.93 pot 2% 015 watloy 169
Wigil} L + Ni 13.94 pot 25 Q.15 HaClgy 170
L« Ni +FR 23.03 pot 25 9.15 Haclog 170
L+ Ni +# 24 30.26 pot 25 G.15 NaCloy, 170
L+ 2Hi 23.3% pot 25 3.5 NaClog 170
L+ 2Ni + K20 13,19 pot 25 6.15 KaChgy, 176
€u(il) L + 2Cu 36.63 pot 163.2 cal 45.0 25 0.5 RaClQy 156
L+ 20u+ 20 4202 pot 25 0.5 ®aCloy 156
Lo 2oy v RpD 26,12 pot 25 0.5 NaCloy, 156
Im{II} L+ In 13.49 pot 25 8.15 NaClgy 154
L+eln+H 22.07 pot 25 .15 Kac\Gy 154
L+3In+ 24 27.60 pot 23 .15 NaCloy, 154
L+ In+ K20 2.8 pot 2% .15 NaCloy 154
Lo+ 2Zn+ WO 12.8D pat 25 8.15 Nallog 154
L+ 2In+ 2420 3.0 pot 2% 0.15 Watlo, 154
Cd(ii) L +Cd 14.52 pot 25 G.15 NaCldg 155
L+Cd+ M 21.67 pot 25 9.15 RaCliog 155
CellHl + H 5.86 pot 25 0.95 MeCLoy 155
L + 20d 18.21 pot 25 0.1% Malloy 155
Y]
s ey
CN N
N N 1,5,9,13,17,21,25, 29-octaazacyclodotriacontane
’%JN N (321 aneig
HL
cation  reaction logX method AR kI mol)  TAS*(kJimol) TeC medium ref
H L+ KR 10.65 pot 23 9.1 Mals 164
L+H 19.70 pot 25 0.1 MegkCl 152
IH+H 16.55 pot 25 0.1 NaTs 164
LH + H 1045 pot 25 0.7 MegRCE 152
LK2 » o .70 pot 25 0.1 NaTs 164
Lz + d .65 pot 25 0.1 HeiMEl 152
LHT + N .20 pot 5 6.7 Halg 164
LH3 + o ¢.00 pot 25 0.7 Meghil 152
LH; + § 8.20 pot 25 0.1 Hals 164
LK4 + H 8.05 pot 25 0.1 HegNll 52
LHg + 7.55 pot i 0.1 Nalsg 164
LHg * H 7.50 pot 2% 0.1 NegNEL 152
LHg + H 6.85 pot 25 0.1 wais 164
LHs + H .95 pot 25 0.1 Meghel 152
1K7 + H 6.5B pot 25 0.1 NaTs i
LHy + H 6,45 pot 23 0.1 Meanll 152




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

H(/N N\)H (271 srelp
HY-/H
catign reactien logk method TC medium ref
H L+*H P.5% pot 25 0.15 Ragloy 163
1H + 4 9,460 pot 25 0,15 KaClog 143
LH2 + # a.77 pot 23 0,75 NaCldyg 163
LHZ + K 8.27 pot 25 015 HaCloy, 163
LHg + B 6. 37 pot 25 Q.15 NaClog 1463
LHS + H 4.22 pot 25 B. 15 NaCloyg 143
LHg + H 3.2 pot 25 B.15 MaClgy, 163
LH7 + H 2.3 pot 25 8.15% NaClog 163
LHg + H 1.8 pot 25 0.19 HaClQy 163
Colily L+ Co 11.84 ot 2% G.15 HaClogy, 169
L+Co+H 21.46 pot 2% U_15 Naltoy 169
LeCov20 2891 pot 25 0.15 NaClg, 169
L+ 2o 18.85 pet 25 3,15 RaCloy, 169
L+ 2o 31.32 pot 25 0.15 HaCloy, 169
L + 2o ?.88 pot 25 0.15 NaClog 169
Hi(i1) L+ 26} 24.24 pot 25 0.5 NaCiog 170
L o+ 2Hi 31.46 pot 25 0.15% RaCiy 170
L + 2Ni 36,73 pot 25 0.15 NaClog 179
Cufill L+ 2Cu 36.03 pot 25 9.15 nacloy 1463
L+ ZCu 40.66 pot 2% 0,15 NaClo; 163
L+ 2Cu 43,83 pot 25 0.15 MaCldg 163
L + 2Cu 47.190 pot 25 0.15 raCloy 163
L+ 2fy 26,24 pot 25 0.15 yaCloy 183
Zn(l1) L+ 2In 20.55 pot 2% .15 HaCipy 148
L+ 22n 2698 pot 25 .15 WaC10g 168
L+ 27n 32.79 pot 25 D15 HaCloy 168
L+ 22n 13.58 pot 25 0,15 WaCliy 168
L+ 22n ¢ 2H20 4.7 pot 25 0.15 NaCtog 168
Cd(if) L+ 2Cd 20.75 pot 25 4.15 NaClog 155
L + 2cd 26.38 pot 25 G.15 watloy 155
L + 2td 32.n pot 25 Q.15 MaCtog 15%
H\H
NNy
N ”_QI
H N N
(_N ) 1,4,7,10,13,16,19,22 25, 28-decaatacyclotr facontane
H{/N N\)H [30)aned()
HSH
cation  reaction Logk method T°C medium ref
H L +H 985 pot 25 0,15 Hacloy, 159
LM+ H ¢.4d pot 25 0.15 MaCloy 159
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LH2 + B 8.95 pot 25 0.19 RaclQy 59
LH3 + H B.56 pot 25 0,45 NaClQy 159
LH; + K 7.79 pat 5 0.15 watloy 159
LH5 + A 5.24 pot 25 0.15 wacloy, 15¢
LHs + H 3.84 pot 25 0.15 waCiQ 159
LHZ + H 3.62 pot 25 0.15 Raclig 159
LHg + H Y.e7 pot 25 .15 watlog 59
iHg + H 1.8 pot 5 9.15 MaClog 159
ColTE) L + 2Co 21.85 pot 23 0.15 naCloy 169
L+ 200+ 24 3487 pot 25 G.15 Walidy 159
L+ Zo+3H T pat 25 6.15 walldy 149
L+ 2Co + Hz0 11.64 pot 25 0.15 NaCloy 169
Ni(EE) L+ 2Wi 306,02 pot 25 0.15 WaClgg e
Lo+ 2NE o+ 2R &DYY pot 25 0.15 NaClly 170
Cuffl) L+ 2Cu 37.77 pot 190.4 cal 25.% 25 G.195 NaClgy, 15%
L+ 2Cu+H 43,35 pot 25 3.15 NaClog 159
L+20u+20 &2 21 pot 25 0.15 RaClQy 159
L+ 20o+ 34 50.52 pot 25 0.15 NaClQy, 15¢
Lo+ 20u + H0 26.43 pot 25 0.5 Nelldyg 15%
In{il) L+ 2In 22.51 ot 25 0.15 Watlgy 168
L+2m+24 352 pot 25 0. 15 waClog 168
L+ 220+ 30 4D.4Y pot 25 5.15 Watloy 168
L+ 22n+ H2D 16,14 pot 25 .15 NaClQg, 168
L+ 220+ 2H20 3,19 pot 25 0.15 KaClOyg 158
cddl ) L + 2ed 23.29 =14 235 0.1% watloy 155
L+ 20d+ 24 35.07 pot 25 G.15 NaClog 155
L+ 20d+ 30 39.94 pat 25 Q.15 NaCldy 155
Ry
NNy
c .
HN NH
<—‘N _) 1,4,7,10,13,16,1%, 22,25, 28, 3 -undecaazacyc lotritriacontane
N
HL/N N _jH €331aneN1
H\/H
cation  reaction Lagk method -AH"{k/mol)  TAS*(kJfmol) T°C mediumn ref
H L+H .7 pot 3 0.15 Katloy i6d
LK + K 9.48 pot 25 G.15 NaCloy 160
LKz + H ¢.02 pot 25 0.1% watliog 180
LH3 + 5.64 pot 25 0.15 Natloy, 164
LHg + H a.06 pot 25 Q.15 waCloy, 160
LHG + H .1 pot 25 0.1% HaCloy 140
LEg + H .49 pot 25 6.5 Natloy i)
LK7 + 3.53 pot 25 0.1% MaClgy 148
LHa + 8 2.7% POt 25 8.15 Natlog, 164
LE) + H 2.26 pot 25 3.75 NaClQg 60
LH1G + H 1.7 pot 25 .15 HaClog, 1540
Cofiiy L + 2o 22.98 pot 25 0.15 NaClgy 169
L+ 20o+ 20 3533 pot 25 Q.15 Mallog 169
L+ 2o+ 34 4&0.%1 pot 25 0. 15 NacCloy 169
L+ 2Co + WO 12.72 pot 25 6.15 HaCtoy %9
Nigily L+ 2Hi 31.07 pot 25 5,15 Wallog 170
L+ 2Hi +H 36.98 pot 25 G.15 KaClOg i
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L+ 2Hi + 20  40.98 pat 25 0.95 MalCloy 17G
L+ 2Hi o« 34 Lh.44 pot 25 4,15 NaCloy k]
Cu(ii) L + 20w 38.77 pot 25 .15 HaClog 160
L+ 28w+ K 45.28 pot 25 G.15 KaCi0y 160
L+ 2Cu+ 24 5118 pot 5 0.15 RaClOy 1560
L+ 2Cu+ 38 5I1.85 pot &% 0.15 NaClDy, 156
L+ 20u + H2O 27.29 pot 25 0. 15 KaClOg 140
L o+ 3Cu 4B.03 pot 25 0.15 Nalloy 140
L+ 3Cu + Kpt 40.62 pot 25 015 Nalld, 160
L o+ 3Cu + 2H30 30.2 pot 25 0.15 HaCloy 160
Zn(EE) L+ 22n 231 pot 25 0,75 NaClQs 168
L+ 220+ 2 356.66 pot 25 0.1% Haclog, 168
L+ 2Zn+ 30 4217 pot 25 0,15 NaClg, 168
Lo+ 2Zn + HpO 15.40 pot 25 0.15 NaCloy, 1468
L+ 2In + 2H30 4.87 pat 25 D.15 MaClDy 168
cdgily L+ 2cd 23.63 pot 25 4.1% RaCloy 155
L+ 2Cd+ 20 36.06 pat 25 .15 Mallog 155
L+26d + 34 4139 pot 25 G.15 MaClO; 15%
H\H
H(\N N"IH
N N’)
EN NG _
N N) 1,4,7,18,13,16 1% 22 23 28,31, 34-dodec gazacye | ohexatr i acontanc
HL‘/N N H (361 anekyz
HA/H
cation reaction Logk me thod -AHT(kd/mol)  TAS®(kJfmol) T g medium ref
H L+H b ] pot 25 0,15 HaClDy 160
LH + H 965 pat 25 0.15 NaCloy, 150
LHZ + H 8.88 pot 25 8.15 »aCldy, 160
LHT + H 8.96 pat 5 015 KaClly 168
LH, + H a.12 pot 25 0.15 NaCIQy, 160
LHS + H 7.82 Py 25 0,15 NaCliog 1640
LHg + 8 3568 pot 25 0.15 NaClo, 164
LH7 + H 4,27 pot 25 0.15 NaC LDy, 160
Lég + H 3.58 pot 5 0.15 waCiDy 150
LHg + H 2.62 pot 25 0.15 wacioy, 150
LHI0 + H 2.3 pot 25 9.15 Halloy 140
LH{11 + H 1.0 pot 25 015 #aClo, 168
Cofii}y L + 2Co 24.55 pot 23 .15 NaClog 169
L+ 2Co + H n.ze pot 25 D_15 NaClOg 16¢
L+ 2Co+ 28 37.462 pat 25 B.15 NaClOg 169
L+ 260 « 34 43.45 pat 2% §.15 NaCloy, 169
L+ 2Co + &4H 4B, 76 pot 5 B.15 NaClog 169
L + 2Co + K30 13.87 pot 25 0.15 HaCioy 169
Ni{lli} L + 2Hi 32.09 pot 25 0,15 Hatl0g 178
L+ ZWi + H 38,42 [ 2114 25 0_1% MaCloy 170
Lo+ 207 + 2H L4446 pot 2% 0,15 NaClog 17mn
L+ 2Hi « 38 4B.9S pot 25 0,15 HaCiQ, 170
L+ 2Wi + 44 53.4¢ pot 25 0.15 Nallo, 170
CulIl) L+ gru 39,25 pot 25 G.15 NaClog 1460
L+ 2Cu+n 47.0% pot 25 G.15 NacLDy, 140
L+ 2u+ 2H S3.9 pot 25 075 NaClgy, 150
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L+ 20u+ 30 58.07 pot 25 0.15% NaCldyg 1650
L+ 20u + 40 41,42 pot 25 B.15 MaClog 1680
L+ 3tu 51.43 pot 2% Q.15 NaCloy 149
L+ 3u+H 55.33 pot 25 .15 nalloy 168
L+ 3Cu « H20 42.53 pot 25 0.5 HaClog 14
Lo+ 30w+ 2H20 31.62 pot 25 0.5 NaCldy, 150
In(iiy L + 2Zn 26,27 pot 25 0.5 HaCkdyg 154
L+2In+ H 32.83 pot 25 G.15 HaCloy 154
L+2In+ 24 39,16 pot 25 G.15 NaCloy 154
L+ 22n + 34 4481 pat 25 0,15 NaCkoy, 154
L+ 2In+ 44 49.99 pot 25 9.15 ¥aClly 154
Lo+ 22 + W20 16.89 pat 25 0,45 NaClog 154
CHy
(\'
p.-/»
AVAVAVAY
H 12,17-dimethyl-1,5,9,12,17-pentaazabicyclol7.5. 3 nonadecane
N
}
&M,
cation reaction LogK method -ANT{kJ/moly  TAS*(kJimol) T medium ref
H L+ H >4 pot 25 0.5 KND3 45
LH + H 8.5 pot 25 0.5 KNO3 46
Lz + W <2 pot 25 0.5 KND3 [13)
CHy
i
(\N/w
u/\/\‘#/\/\n
CHy 5,12, 17-trimethyl-1,5,9,12,17-pentaazabicycla(7.5. 5T nonadecane
B
|
TH,y
cation reaction Logi method SARC (k) /mol)  TAS (hd/mol) ) Bt S medium ref
H L+ 11.83 pot S4.4 cal 131 25 Q.15 NaCl 47
LH + H 2.53 pot 42.7 cal 11.7 2% 4,15 NaCl 47
LKz + H 3.43 pot 13.0 cat 6.6 25 0.15 NaCl 47
Ligiy L +Li 3.2 pot 2.1 cal 16.2 25 0.%5 NHaCl 47
Ty
G l
N/w
YAVAVAVAY,
12,17-dimethyl -1,9,12,17- tetraazabicyclo[7. 5. 51 nonadecane
N
|
CH,
cation reaction logk method ARt lkd/mol s TAS®(kJsmall T medium ref
H L+H 12.00 pot 4.0 cal 14.5 25 Q.15 Nall 174
LH + 4 7.86 pot 446.8 cal -0 25 0.1% NaCl 174
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4,10-dimethyl-1,4,7,10, 15 -pentanzabicyclo[S. 5.9 heptadecane

cation reaction Lagk method AR CRkAmol}  TASS(kJ/mol} T meadium ref

H L+ H 12.48 pot 25 0.1% MacCl L9
LH + H 9.05 pot 25 Q.15 Nall a5
LHz + H <1 pot 25 0.1% NaCl L%

Ligi) Lo+t 4.8 pot 25 0.1% Macl 49

Ln ‘) 1,4,10,13,16,22,27,33-octaszabicycto[11. 11, 113 pentatriacontane
WVN\)

H

cation reaction {ogX methad SAHT(RI/mol)  TAS*(kJd/mal} T "¢ medium ref

H L+H 10.35 pot 25 0.1 MaCloy 177
LH + H w.88 ol 25 0.7 Halldg 177
LH2 + R B.87 pot 25 4.1 NaCtey, 177
LH3 + H 8.38 pot 25 6.1 HaCtog 177
tH; + H 8.4 pat 25 9.1 NaCloy Y7
LHs + H 7.72 pot 2% 0.7 HaCiDg 177

Cufli L + €u 15.3¢% pot 25 0.1 Racl{y 177
Cul « H 10.08 pot 2% 0.1 HaCl0y, 177
CulH + H a.70 pot 25 0.7 MallOg v
Eulhz + B 7.62 pot 23 0.1 HaClOy 177
Lo+ 20y 28.76 pot 2% 0.1 NaCloy 177
Cugk + H 5.40 pot 2% 0.7 Naclog 177
Cual + HzO -7.59 pot 25 0.1 NaCloy 177
CupLOH + BpO  -1G.B1 pot 25 0.1 Hatioy 177




rN H H Nj 1,5.9,13,17,21,28,32-oc taszabicyc Lo(11.71. 11) pentatri scontane
E§ WN\-..Q
L R N
H H

cation reaction Logk method -AH%¢ ke /moly  TAS*{ky/mol) T =°C mechi ref

L] L+H 16.90 pot 25 6.1 NBTsG 192
L+H 10.45 pot ¥l 0.1 Heghel %2
LH + H 10.4% pat 25 0.1 MaTsD 192
LK + & 10,34 pot 25 9.1 HegNCL 92
thz + H B.4B pot 3 2.1 $aTs50 192
Lip + B 9.55 pot 25 0.1 MesNCH 192
LK3 + H 8.65 pot 25 9.1 NaTsh 192
LH3 + H 8.50 ot 25 0.1 MeghCl we
Litg + 8 7.60 pat 25 0.1 RaTs0 192
LHy + H 7.45 pot 25 0.1 HeyRTlL 192
LEg + § 6.73 pot 25 4.1 NalsD 192
LHg + H 7.30 pot 25 0.7 Megct 92
LHg + H 4. 95 pot 25 8.1 NaTsg 192
LEs + H 5.40 pot 25 0.7 MeLRCE 192
LHy + H 4.15 pot 25 0.1 Nalso 192
LEy + W 450 pot 25 G.% MesiCl %2
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crystal structure of [H(11)J{C1O,) [65] (Fig. 2). In this compound, the proton
is bound to one nitrogen atom of the tridentate ligand and inieracts with the
other two nitrogen atoms via in-ring hydrogen bonds. Therefore, the first
protonation step of the cyclic triamines is favoured with respect to the linear
triamines. On the other hand, the second protonation destroys this stable
arrangement, producing a diprotonaied form in which iwo positive charges
are constrained to occupy neighbouring nitrogen atoms. The second proton
is, therefore, more strongly bound by the non-cyclic triamines.

The enthalphy changes for the first and the second protonation steps of
(6) have been obtained by calorimetric measurements [57]. The enthalpy
changes for these protonation reactions are very similar in spite of the large
decrease of the stepwise protonation constants (see Table 1). The great loss
in entropy which takes place upon protonation of [H{6}] 7, could be ascribed
to a strong solvation of the [H,(6)]>* species.

The first report on the thermodynamics of formation of triaza macrocyclic
complexes dealing with the smallest ligand [9]aneN, and the metal ions
Co(il), Ni(I1), Cu(Il), Zn(I1), and Cd(1l) was presented by Arishima et al. [59].
Stability constants for 1:1 and 1:2, metal-to-ligand molar ratio, complexes
were reported for all these metal 1ons. When this paper appeared, the macro-
cyclic effect (see Sect. J) had already been observed for tetraazacycloalkanes
[23]. By comparison between the stability constants of the 1:1 complexes of
(6) and those obtained for the analogous species with the non-cyclic triamine
2,2-diammnodiethylamine, it was observed that a similar effect is presented
by the Co{Il), Ni{ll}, Zn(II), and Cd(1I) complexes of the tridentate cyclic
ligand [59]. Only with Cu(Il) does the ligand (6) form a 1:1 complex whose
stability is lower than that observed for the linear triamine. These resuits,
which were later reproduced by other authors [56,66], have been explained
by considering that the small tridentate cyclic {6) is sterically constrained to
occupy three facial sites on the coordination sphere of the metal ion (Fig. 3).
On the other hand, the flexible 2,2'-diaminodiethylamine ligand may exert
meridional coordination, which is, in the case of Cu(Il), the preferred coordi-
nation mode. This different coordination feature can also explain the smaller
enthalpy change, determined by direct calorimetric technique [57], for the

Fig 2. View of the monoprotonated cation [H{11)]  showing the proton binding [65].
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Fig. 3. View of the [Cu{6)]C), complex, showing the coordination polvhedron and the factal disposition
of (6 [217].

reaction of formation of the complex [Cu(6))** (AG®°= —88.6kImoi };
AH?=—3594kImol !; TAS®=292kImol !} with respect to that ob-
tained for [Cu(2,2'-diaminodiethylamine)}]** (AG® = —90.4 kI mol ™ !; AH®=
—753kimol™!; TAS?=15.1 kJ mol™!). On the other hand, complexation
by the pre-oriented cyclic ligand is favoured by the entropic contribution.
Otherwise, a macrocyclic effect is observed for the Cu(1l) complex of {6) if
the non-cyclic counterpart is also sterically constrained to facial coordination
as in the case of 1,2,3-triaminopropane [56]. In most papers dealing with the
Cu(ll} complexes of {6), only 1:1 and 1:2 complexes have been considered
[55,56,57,66,67]. However, other authors have reported that the hydroxo
species [Cu(6)OH] " [58,59] and [Cu,(6),{OH),]** [60,61], respectively, had
to be taken into account to fit the titration curves in their experiments.

Some wide discrepancies are present in values for the equilibrium constants
reported for Cu(ll) complexes. Although the implication of different experi-
mental conditions and methods, as well as the use of different chemical
models in the fitting of experimental data, may have affected the values of
the stability constants, such discrepancies seem to be due mainly to different
ligand protonation constants.

The visible and near infrared spectra of 1:1 copper triazacycloalkane com-
plexes in solution contain two broad bands in the d-d region (15 000-9000
cm ™ 1) [66]. The spectral maxima shift toward higher energy as the dimension
of the ring size increases from (6} to (9). Similar resuits for the Co(lll)
complexes of (6) and (8) were reported. It appears [66] that the decrease in
ligand field strength is due to increasing distortion from the less strained
tetragonal symmetry, likely presented by complexes of the large triazamacro-
cycles [68], to the pseudo-trigonal C;, symmetry of the (6) complex. The
formation constants for the complexes of {6) with several other metal ions
such as Mn(iI), Cd(Il), Pb({II) and Hg(II) have been determined [53,59,62].
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With the exception of the Hg(ll) complex [62], greater stability has been
observed for the complexes of {6) with respect to those of 2,2'-diamino-
diethylamine.

The determination, by calorimetric measurements, of the enthalpy change
relative to the reaction of Cu(IT) and Zn{IT) with {6) has shown that the
stability of [Cu(6)]?* and [Zn(6)]* " is mainly enthalpic in nature [57]. For
Zn(IT), Cd{I1) and Pb(II}, the enthalpic contribution to the formation of their
complexes with (6) has been estimated from the dependence of the stability
constants upon the temperature [53]. In the case of Zn{H}, the results strongly
disagree with those previously obtained by direct calorimetric measuremenis
[57].

A macrocyclic effect has been observed for complexes of all cyclic triamines,
and the stability of their complexes follows the Irving—Williams order. The
stability constants of these complexes decrease as the dimensions of the
macrocyclic ligand increase. Microcalorimetric studies {37] and determina-
tion of the stability constants at different temperature [53] have been carried
out to gain insight into the enthalpic or entropic origin of this trend. The
mierpretations on this point mostly agree with the enthalpic contribution
[53,57,66] although wide discrepancies exist concerning the 1.1 complex of
Zn{11) with (63 [53,57]. In terms of geometrical pre-orientation of the nitrogen
donor atoms (multiple juxtapositional fixedness effect} a decrease of the ligand
ring size produces better overlap of the metal orbitals with the orbitals of
the donor atoms, determining increasing stability.

The interaction of the carbon methylated {(18) with NiII), Cu{il) and Zn(I1)
has been studied [63]. The stability constants for the complexes [Cu{16)]2*
and [Zn{10)]°* are somewhat smaller than those reported for the analo-
gous complexes of (9). On the other hand, the formation reaction at 25°C of
[Ni(10)]1? " is too slow to allow the equilibrium constant to be determined
[63]. The ability of triazamacrocycles to form 1:2 (metal/ligand) complexes
is markedly lower for the larger ligands so that, while (6) forms 1:2 complexes
with all the metal ions studied [53,60,61,62], orly {Cu(L),]** complexes are
reported for (8) and 1,5,8-triazacycloundecane (12} [60,61]. Hydrolysis of the
Cu(il) and Zn(il} complexes with larger triazacyclic ligands has been observed
and the stability constants of the species [Cu(9YOH]*, [Zn(9)OH]" [58],
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[Cu,(9),(OH),1** [60,61], [Cu(10)OH]*, [Za(10XOH)]", [Cu(10XOH},],
[Cu,(10),(0H),)*", [Ni(10),(OH),)** [63], [Zn(12)OH]" [58] and
[Cu,(8),(OH),]** [60,61], have been determined.

It was noted [69] that complexes of triaza macrocycles in which the ligand
is present in a protonated form were not found in solution, and this was
attributed to the favourable conformation of these amines as tridentate
chelating ligands. However, with metal ions such as Pd(I1) and Pi(II) (d®, low
spin) which require square geometry, preventing facial coordination of triaza
macrocyclic amines, bidentate coordination of these ligands has been ob-
served in the solid state [70-72]. By controlling the pH of the solution in
which these complexes are formed, solid compounds containing monoproto-
nated and diprotonated forms of the triazacycloalkane coordinated ligands
have been isolated [70-72). Ti seems likely that similar species are also
present in solution.

D. TETRAAZACYCLOALKANES

Tetraazacycloalkanes are by far the most studied aza macrocycles. The
tetraaza macrocycle 1,4,8,11-tetraazacyclotetradecane (1) (cyclam), the most
famous and studied aza macrocycle, was first synthesized by Van Alphen
[21] by the reaction between 1,3-dibromopropane and 1,3-bis(2’-aminoethyl-
amino}-propane in the presence of alkali. More recently, Stetter and Mayer
[37] synthesized cyclam by a more efficient route.

Basicity and metal complex formation constants for tetraaza macrocycles
are reported in Table 1. In most cases, pH-metric methods have been em-
ployed to determine the equilibrium constants [73-78], although other tech-
niques, including 'H NMR, spectrophotometry and polarography have
occasionally been employed. The basicity behaviour of tetraaza macrocycles
is greatly influenced by the length of the hydrocarbon chains connecting two
adjacent nitrogen atoms. In general the main effect of cyclization on the
basicity behaviour is an increase of base strength in the first two protonation
steps with respect to the open chain polyamines and decrease of basicity in
the last two protonation steps. This trend, which is more conspicuous for the
smallest tetraaza macrocycle 1,4,7,10-tetraazacyclododecane (13), has been
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ascribed to the proximity of the NH, " groups [76,77], resulting in strong
electrostatic repulsions. For (13) only pK, and pK, have been accurately
measured, pK; and pK, being very small and only estimated {73].

The thermodynamics of formation in aqueous solution of many complexes
of {13) with different metal ions, including CofI) [79], Ni(II) [80-82], Cu{il)
[73.83,84], Zn(Il) [85,86], Cd{II) [85], Hg(Il) [86], and Pb(II) [85] has been
reported. Only very stable 1:1 complexes were found. The equilibrium con-
stant for the Co(II}/(13) system has been reported by Kodama and Kimura
[79] who also studied the interaction of molecular oxygen with [Co(13)]**.
In the case of the Ni(Il) complex, a batchwise potentiometric technique, [87]
was used on account of the long time required for chemical equilibrium to
be reached.

The formation enthalpy of both octahedral, blue and yeliow square-
planar complexes [Ni(13)]>* [81] were determined by destruction of the
preformed complex with excess of cyanide in strong alkaline solution as
described in ref. 88. The polarographically determined equilibrium constant
of the [Cu(13)]°* complex was reported by Kodama and Kimura [73,83].
The same authors determined the enthalpy of complex formation
(—76.6 kI mol ™!, see Table 1) by measuring the equilibrium constant at
different temperatures (10-35°C). Later, a more reliable, calorimetrically
determined value (—95.0 kJ mol ~!) was reported by Anichini et al. [84]. The
enthalpy of reaction was correlated with the calculated ideal size of the
aperture in the macrocyclic ligand in a minimum-strain conformation,

Macrocyele {13} is too small (ideal M— N =1.83 A) [89] to accommodate
the metal ion in square coordination. The crystal structure of [Cu(i3)]?",
reported by Clay et al. [90] indicates that the complex contains five-coordi-
nate Cu(ll) in a square-pyramidal environment, the copper atom being 0.5 A
above the plane containing the four nitrogen atoms of the macrocycle (Fig. 4).
The stabilities of [Zn(13)]° ", [Cd(13)31%*, [Hg(13)]**, and [Pb(13)]>* [85,86]
were several orders of magnitude larger than those for corresponding linear
homologues.

Recently, Hancock et al. [91] reported the formation constants of various
metal ions including Ni(IT), Cu(il}, Zn(IT), Cd(i1), and Pb(II} with the structur-
ally reinforced 12-membered macrocyclic ligand 14,7,10-tetraazabi-
cyclo[8.2.2Jtetradecane (14) [92]. The results indicated that this more rigid
macrocycle shows an enhanced selectivity {or metal ions in terms of matching
in size between the metal jon and the macrocyclic cavity.

The partially methylated 12-membered macrocycle 1,7-dimethyl-1,4,7,10-
tetraazacyclododecane (15) shows similar basicity behaviour [43] to the
unmethylated derivative; pD-**C NMR studies [43] indicated that only the
two secondary nitrogens are involved in the first two protonation processes,
The equilibrium constants for the two complexes [Cu(15)}** and



Fig. 4, Crystal structure of the [Cu{l13iNO,]" cation.
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[Cu(15)H]1** were reported [43]. The stability of the [Cu(15)]** complex
(logK = 17.89) was significantly lower than that found for the unmethylated

derivative [Cu(13)]** (logK =24.8) [73].

As expected, increasing the overall macrocyclic atomicity results in a
parallel increase in the basicity: the values of pK, =11.1 and pK;=10.1 for
1,4,7,10-tetraazacyclotridecane (16) (see Table 1) found by Kodama and
Kimura [74] are significantly higher than those found by the same authors
for {(13) [73]. Leugger et al. {75] reported pK values for (16}, determined at

a different ionic strength from those reported in ref. 74. Also, in the case of

[13JaneN, pK; and pK,; were very low and not accurately measured [ 74,75},
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The formation of the complex [Co(16)]°* was studied by potentiometry
[79] and logK =14.3 was among the highest found for tetraaza macrocycles.

The [Ni(16)]°* complex, as other Ni(II) complexes with macrocyclic
ligands, was found to exist in agueous solution as a mixture of the high-spin
{13%} and low-spin (87%])} forms [82]. The enthalpies of formation of each
species were reported [82] and compared with those of other tetraaza macro-
cyclic ligands. More recently, Thom ei al. reported the stability constant of
the [Ni(16)])*" complex determined by a batchwise procedure [80,81]. The
thermodynamics of formation of the [Cu(16)]* " complex was first reported
by Kodama and Kimura [74] (logK =29.1} asing polarography. Later, a
more reliable value (logK =24.36) was reported by Thom et al. [81]. For the
[Zn(16)]** complex, while there is good agreement beiween the stability
constants reported by different authors (logK =156 from ref 85, logK =
15.74 from ref. 93), there is disagreement for the enthalpy of formation. A
vaiue of —32.6 kI mol~! was reported in ref. 85, determined by measuring
the stability constants at three different temperatures between 10 and 35°C,
and a value of —64.0 kJ mol ™! was reported in ref. 93 by calorimeiry.

Equilibrium studies on Cd(I1) [80,81], Hg(Il} [86], and Pb{li) [80,81] have
been reported.

The interpretation of the stepwise protonation constants of 14,8 11-tetra-
azacyclotetradecane [14]aneN, (1} has frequently been discussed. A fully
hydrogen-bonded structure was first proposed by Stetter and Mayer [37].
Later, Bosnich et al. [94] suggested a structure of (1) with two intramolecular
hydrogen bonds, which leaves the electron pairs of two nitrogen atoms easily
accessible for two hydrogen ions, whereas the other two are engaged and
thus scarcely accessible (low basicity). Atiempts to confirm the presence of
strong hydrogen bonds in (1} were unsuccessful [75,95]. Indeed, X-ray struc-
ture analysis of the diperchlorate of (1) suggests only the possibility of two
weak hydrogen bonds [96]. Many authors [75,85,97,98] have reported sets
of values of the stepwise protonation constants of (1): while the agreement is
good for the first two pKs, it is very poor for the last two steps (pK; and
pK,). More recently, a careful study has been reported [76,77], including
both the measurement of the stepwise basiciiy constants and the relative
heats of reaction. The first two protonation steps of (1) were found to be very
exothermic, whereas the last two were much less exothermic with the fourth
step, unexpectedly, more exothermic than the third. This inversion was also
found n the basicity constants [76,77].

In general, it was stated [77] that, in order to rationalize the thermo-
dynamic functions AH® and AS® of protonation of tetraaza macrocycles, two
factors, which are not considered in the open-chain polyamines, have to be
taken into account: (1} the presence of internal hydrogen bonds of the type
N—H N and (ii} conformational! rearrangements of the macrocyclic ring



57

due to the nitrogen inversion: the lone pairs could be directed either towards
the inside or the outside of the ring [77].

The formation of the [Co{1)1** complex, both in oxygenated and non-
oxygenated aqueous solution, has been investigated by Kodama and Kimura
[79]. The thermodynamics of formation of the [Ni(1¥]°* complex was first
reported by Hinz and Margerum [98] in 1974 since when the formation
equilibria of many metal complexes of (1) have been studied and their thermo-
dynamic parameters reported. Much of this interest has arisen from the need
to elucidate the nature of the so called ‘macrocyclic effect’ [23]. Fabbrizzi et
al. [88] determined by calorimetry the enthalpy of formation of both octahe-
dral {blue, high spin) and square-planar (yellow, low spin) forms of the
[Ni{(1)}*" complex. Because the formation of macrocyclic Ni(Il) complexes
18 100 slow to be determined calorimetrically, a procedure involving the
destruction of the macrocyelic complexes with cyanide in strongly alkaline
solutions was developed [88]. Recently, Evers and Hancock [99] reported
the formation constant for the [Ni(1)]** complex measured by an out-of-
cell technique. The value found (logK =20.1) is somewhat lower than the
value of logK =222 reported by Hinz and Margerum [98]. The formation
of [Cu(1)]** was first studied by Kodama and Kimura [55]; later Anichini
et al. [84] reported the enthalpy of formation of the same complex. The same
authors compared the enthalpy of formation of the Cu(il) complex with those
of other tetraaza macrocyclic ligands of different ring size. The resulis, which
were correlated with the calculated ideal size of the aperture in the macrocycle
required to maintain the ligand in a minimum-strain conformation, showed
that the most exothermic enthalpy of reaction was associated with the
[Cu(1)]*>* formation [84]. Analogous comparisons were made with Ni(il)
complexes [82] and Zn(Il) complexes [84,93]. More recently, Thom et al.
have reported the stability constants for the complexes [Cu(1)]**, [Pb(1)]?*
and [Cd(1)]** [81].

Reports on Zn(II) complexes of (1) have been published by different authors
[84,85,93,100]). Kodama and Kimura reporied the thermodynamics of
formation of the [Hg(1)]** complex {86]. Among 14-membered tetraaza
macrocycles we have, beside (1), two other macrocycles 1,4,7,11-tetrazacyclo-
tetradecane (17} and 14,7,10-tetraazacyclotetradecane (18) with the same
overall atomicity but with a different sequence of hydrocarbon chains between
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the nitrogen atoms. The basicity constants of these two macrocycles have
been reported in ref. 75 and 101, respectively.

It was reported [78] that, for macrocycles having the same atomicity, the
overall basicity is influenced by the relative sequence of hydrocarbon chains
between the nitrogen atoms 1n such a way that a less symmetric arrangement
lowers the overall basicity.

As far as metal complexes of the two asymmetric 14-membered macrocycles
(17) and (18} are concerned, various reports have been published in recent
years [100,102,103]. The formation reactions of [Co(17)]**, [Ni{17)}** and
[Cu(17)]?* were reported in refs. 79, 100, and 102 and 103, respectively. For
the last two complexes, where a {5,5,6,6) chelaie ring sequence is achieved,
calorimeiric results showed that the macrocycle {17} incorporated metal ions
{Cu(I1), Ni(IT)} less exothermically than its more symmetric isomer cyclam (1)
{(5,6,5,6) chelate ring sequence). The proposed explanation was the formation
of weaker in-plane M—N interactions.

The mdroduction of a hindered seven-membered chelate ring, achieved
with (18), was found to completely overrule the enthalpic advantage of the
14-membered cavity [101]. Indeed, the complexes [Ni{18)]* * and [Cu{18)]* ",
which contain a (5,5,5,7} chelate ring sequence, were {ound to be remarkably
less exothermic than that of cyclam and (17) which form {5,6,5,6} and (5,5,6,6)
chelate ring sequences, respectively. However, In spite of the low exother-
micity of the [Ni{I8)]> " complex [101], it was more siable than the corre-
sponding open-chain analogous 1,4,7,10-tetraazadecane {trienj {87].

The crystal structure of {Cu(E8)HCl0,), [104] (Fig. 5) shows the copper
atom in a tetragonally distorted octahedral environment where the four
nitrogen atoms are in a planar arrangement and two oxygen atoms of two
perchlorate ions in the apical positions,

Among N-alkyl derivatives of cyclam, the tetramethyi-1,4,8 11-tetramethyl-
1,4,8,11-tetraazacyclotetradecane {3) is most importani. The thermodynamic
protonation functions AG®, AH® and AS® of (3) were determined [76,77].
Except for pK;, all stepwise protonation constants of (3) were lower than for
the corresponding values of (1), in agreement with the fact that, in agueous
solution, tertiary amino groups are less basic than secondary amino groups.

Complexes of (3), first reporied by Barefield and Wagner [105], are interest-
ing because the metal ions are held in a square-pyramidal fashion (Fig. 6)
rather than the octahedral conformation found for other saturaied tetraaza
macrocycles, Formation equilibria with many metal ioms, including Cu(il),
Co(1l), Zn{Il), Cd(11}, and Hg(1I), were studied by Nakani et al. [106] employ-
ing a potentiometric technique. The Ni(II) complex of {3} was studied by an
out-of-cell potentiometric titration [107]. The low value found {logK =8.65)
was discussed 1n terms of the unusual square-pyramidal coordination geome-
try forced on the metal ion by the ligand [108].



Fig. 5, ORTEP view of the [Cu(18)](Cl0y); compiex.
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Fig. 6. Example of a square-pyramidal complex of (3) (R=CH,).
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Among the C-derivatives of 14-membered teiraaza macrocycles, the
C-meso-5,5,7,12,12,14-hexamethyl-1,4,8 11-tetraazacycloietradecane (2} (tet a}
and C-rac-5,5,7,12,12,i4-hexamethyl-1,4,8,11-tetraazacycloteiradecane (19)
(tet b) merit special consideration because of the large amount of work which
has been reported with these ligands [23,90.98,109-114].
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The basicity constants of these two macrocyclic isomers were first deter-
mined by Curtis [109] by pH titrations. The values found: pK, =11, pK, =
10.5, pK3=2.2, pK,<?2 for (tet b} and pK,=11.6, pK,=10.7, pK;=2.7.
pK,=2.3 for (tet @) differ considerably from those found for the non-cyclic
tetra-ammine and the difference was aitributed to intramolecular hydrogen
bonding in the cyclic amine [109].

In the origmal ‘macrocyclic effect” paper, Cabbiness and Margerum [23]
reported the stability constant for the Cu(ll)/(tet @) system. The same
authors also noted that Cw({II) forms two complexes with (tet a}, a blue form
{logK = 20) and a thermodynamically more stable red form {logK =28) into -
which the blue form can be converted at high pH. Clay et al. [90] reported
the crystal structures of both complexes and the calorimetrically determined
enthalpy difference between the two complexes {14.9 kJ mol ~!}. This value,
combined with the free energy difference of 45.7 kJ mol ~ ! found by Cabbiness
and Margerum [23], implied a TAS® value of 30.7 kJ mol ~* for the blue —red
conversion. As stated by Clay et al. [90], this entropy value is difficult to
reconcile with the slight difference between the two complexes in the solid
state, casting doubis on the accuracy of the equilibrium constants.

The stability constant of Ni{II}) with (tet @) and (tet b), using cyanide ion
competition, has been reported by Hinz and Margerum [98]. Because of the
limited solubility of {tet a), the value {logK = 20) for the [ Ni(tet a)]* * complex
is probably not very accurate.

Increasing the overall atomicity also increases the number of macrocyclic
compounds that, having the same atomicity, differ by the relative sequence
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of hydrocarbon chains between nitrogen atoms. For 15-membered tetraaza
macrocycles, protonation behaviour has been studied for 1,4.8,12-tetraaza-
cyclopentadecane (20) [75-77,115], 1,4,8,11-tetraazacyclopentadecane (21)
[78], and 1,4,7,10-tetraazacyclopentadecane (22) [104]. As expected, the over-
all basicity (logf.) increases with increasing molecular size. Among 15-mem-
bered tetraaza macrocycles, the most symmetric (20) shows the highest logf,
value [78].
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The enlargement of the cavity size also influenced the metal complex
stability. In general, complexes with 15-membered macrocycles are less stable
than the corresponding complexes with 14-membered azamacrocycles. This
decrease of stability is due mainly to a less favourabie enthalpic term [82,101].

The Ni(II}/(20) system was characterized by the absence of the low-spin
species. Another significant effect of the macrocyclic ring expansion is a facile
protonation of the complexed ligand, with formation of the monoprotonated
species [Ni(200H]** [82,87).

The Cu(II}/{20) equilibrium system was characterized by two species
[Cu(20))?* and [Cu{20)H]3* [115]. The enthalpy of formation of [Cu(20)]**
was reported in ref. 84; in the same paper the formation enthalpies of a series
of Cu(Il} complexes with teiraaza macrocycles of different ring size were
reported and discussed. The [Zn(20)])* complex was fully characterized from
a thermodynamic point of view by Kodama and Kimura [85] and Micheloni
and Paoletti [93]). The [Hg(20)]*" complex was reported in ref 86. The
thermodynamics of Ni{II) and Cu(Il) complexes with 1,4,7,10-tetraazacyclo-
pentadecane (22) were reported in ref, 104. Among 15-membered tetraaza
macrocycles (22} formed the weakest metal complexes.

For the 16-membered tetraaza macrocycle 1,5,9,13-tetraazacyclohexa-
decane (23}, in which all propylenic chains are present, the stepwise proton-
ation constants closely resemble those observed in open chain tetraamines
[75,116]. The stepwise enthalpies of protonation were all very similar in
contrast with those for smaller tetraaza macrocycles. The stepwise entropic
contributions TAS® decreased regularly as expected when the degree of
protonation increased [116]. The less symmetric 16-membered derivative
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1,4,8,13-tetraazacyclohexadecane (24) showed a smaller logf8, than (23)
[116,117].

The thermodynamics of formation of [Ni(23)]? * complexes were reported
in refs. 87 and 116. The enthalpy of formation of the 1:1 species was discussed
in terms of the unfavourable free-ligand conformation and the presence of a
hindered chelate ring [116]. The monoprotonated species [Ni(23)H]** was
found at equilibrium and iis stability constant determined [87]. Two mono-
nuclear species: [Cu(23)]°* and [Cu(23)H]*" were found to describe the
Cu(il)/(23) system [116]. For the Zn{II)/{23) system only the 1:] species
[Zn(23)]** was observed and the thermodynamic parameters AG®, AH? and
TAS® (see Tabie 1) determined [93]. Tetrahedral coordination of the zinc ion
was suggested to explain the high formation entropy found for the [Zn(23)]?*
complex [93]. In spite of the large macrocyclic cavity, the metal complexes
are more stable than corresponding complexes with non-cyclic analogues.

For 1,59,13-tetraazacycloheptadecane (25) stepwise basicity constants
were first reported by Kimura and Yatsunami [117]. More recently, Bartolini
et al. [78] determined the thermodynamic parameters AG®, AH’, and AS°®
for the protonation of {25). The siepwise protonation enthalpies are very
exothermic and are all very similar [ 78], indicating that, for large macrocyeles,
the mitrogen atoms can act independently of each other toward protons. The
stepwise protonation entropies decrease regularly, as expected, when the
degree of protonation increases [78].

For the 18-membered macrocycle 1.5,10,14-tetraazacyclooctadecane (26}
three different sets of pK values were published (Table 1). The discrepancy in
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the first two pK values in two sets [118,119] is huge and cannot be explained
in terms of the different experimental conditions which were employed.

The Ag(l) complexes of (26) were reported in ref. 119, Suet et al. [119] have
reported the basicity constants {or the cyclic tetraamine 1,6,11,16-tetraaza-
cycloicosane (27) and the equilibrium constants for the Ag{l} complexes:
[Ag(2T)]" and [Ag(27),]1*. These macrocycles (26) and (27) were studied
mainly for anion coordination.

E. BLUE-TO-YELLOW EQUILIBRIA

The equilibrivm between low-spin square planar and high-spin pseudo-
octahedral Ni{II) complexes has been the subject of numerous investigations
[120-126]. Initially, the ligands studied were linear polyamines, such as
1,4,7,10-tetraazedecane {trien} or 1,4.8,11-tefraazaundecane (2,3,2-tet), but
mote recently, attention has been focused on macrocycles and in particular
on several tetraazacycloalkanes.

It was ascertained that the reaction {L-tetraazacycloalkane}

[NiL{H,0),J>* = [NiL]** +2H,0 (1)
blue, high spin vellaw, low spin
pseudo-octahedral square-planar

is endotherinic and the equilibrivm is displaced to the right either by an
increase in temperature or by an increase of the concentration of an inert
salt [122]. The high-spin species is favoured at high pressure even if the
measured AV=— RTdlnK/dp has a small absoclute value [121].

in Table 2 we report some selected thermodynamic parameters relevant to
reaction (1),

In the blue-to-yellow conversion there is a contraction [123] and a conse-
quent strengthening of the in-plane Ni—N bonds. This i1s an exothermic
effect, which is more than compensated for by the endothermic breaking of
the axial Ni—OH, bonds. The first effect is related to the capability of the
ligand to dispose its donor atoms at the corners of the coordination square,
having the lone pairs oriented towards the centre.
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TABLE 2

Thermodynamic parameters at 25 “C and 0.1 NaClO, for reaction {1}

L Ko AH® TAS® AViiem3mol !

{(kimol™ "} {kJ mol !}

{1 2458 230 250 1.2

{18} 1.56¢ 20° 210 50

(22) 3.00¢ 23 26¢ 30
2.14¢ 15¢ 18¢

{28} 0.79¢ 26° 25 34

* Ref. 121.

B Ref. 122,

“ Ref. 124,

2 Ref. 104 25 °C, 0.5 KNO,. (28)=1,4,7,10-t¢traazacycloexadecane.
CAH®=172 kI mol™!, TAS® =17 ¥J mol™ ! [87,101].
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Reaction (1} is entropy controlled and the greatest contribution to TAS®
is due to the increase in the number of free particles. The removal of water
molecules is favoured by the addition of inert salt. For example, [Ni{13)]**
is less than 1% in the yellow form in pure water, 9% in 3 mol dm~* NaClO,
and 19% in 6 mol dm ™~ > NaClO, [127]. The AV value is also due to a partial
compensation of two terms: that due to the contraction of Ni-N bonds and
an expansion because the molar volume of a coordinated molecule of water
is smaller than the molar volume of bulk water [121].

Table 3 reports the enthalpy changes for the blue to yellow conversion
and percentages of each species at equilibrium for tetraazacycloalkanes of
varying size. A spectroscopic investigation in 6 moldm~* NaClO, gave a
AH® value of 7kImol™! and a TAS® value of 7kJ mol ™! for [Ni(13))%~
f130].

In Ni(IT)/tetraazacycloalkane systems, the involvement of configurational
isomers has been postulated. For Ni{ll)/cyclam and its tetra N-derivatives
the five isomers of the planar species are illustrated in Scheme 4 [1317]. The
most stable isomer is the trans III, but other isomers were isolaied in the
solid state.



TABLE 3

Enthalpy changes and percentages of the two species at equilibrium (25 °C} in aqueous solution
{reaction (1}
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AH® High-spin Low-spin Ref,
kimol™H
[127aneN, (13} 99 128
[13JaneN, (16) 31 13 87 129
[14]aneN, (1) 23 25 " 122
[15]aneN, (20) 128
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Billo has shown, by using kinetic measurements that, in the Ni(lI)/cyclam
system at 25°C (I =0.1), the blue form is 29% rrans-diaquo and 2% cis-
diaquo, the equilibrium constant of isomerization frans—=xcis being 0.055
[132]. The remaining 69% is in the yellow form. The structure of the cis
RRRR diaquo complex was recently determined by X-ray diffraction [131(a)).

A value of ca. 1 for the equilibrium constant of the reaction

cis-[ Ni{16)H,0),1* * =«-{Ni(16)]° " +2 H,O
was reporied [131{b)]. A kinetic sfudy of the system

E k2
[Ni(13)3** + 2 H,0 = [Ni(13)H,07?* + H,0 = [Ni(13¥H,0),1**
k- k.2

has shown that the equilibrium k,/k _, is considered to be rate-determinining
in establishing the overall equilibrium [133]. When the ligand contains N-
substituted donors the reaction can stop, in aqueous solution, at the first
siep. A good example is represented by (3) (TMC). In moderately coordinating
solvents such as water, the [Ni(3)]* © complex exists as an equilibrium mixture
involving four-coordinate R,S,R,S-[Ni(3)]°*, low-spin and five-coordinate
R,S,R,S-[Ni(3)solvent)]**, high-spin species.

[Ni(3)H,0]2 *=[Ni(3)1** + H,0

The thermodynamic parameters for the above reaction are; K =0.55, AH®=
173kimol ', TAS®=158%kIimol™! and AV=05cm®mol~ ! [134], or
K=10,AH°=11.0kJ mol ™!, TAS®=11.6 kJ moi ™! [135]. As expected, these
values are lower than those relative to the equilibrium involving two water
molecules for the Ni{If)/cyclam sysiem.

The relative stabilities of three isomers of four-, five- and six-coordinate
[Ni(3)]** solvent ions were determined by strain energy minimisation calcu-
lations [136].

The 14-membered hexaaza macrocycles 1,3,6,8,10,13-hexaazacyclotetrade-
cane (29) (R = —CH,, —C,H,) display with Ni(II) a2 blue-yellow equilibrium
similar to that for cyclam. The relevant thermodynamic parameters are
reported in Table 4 [120].

HFNH
r A
Hy/ H

29
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TABLE 4
Thermodynamic parameters for the blue-to-yellow conversion of the [Ni(29))?* complexes
L K AH® TAS®
25 °C} (kI mol™ Y (kI mol™ )
R=CH, 5.9% 36 40
2.3° ¥7 19
R=C;H; 43 19 22
2.8° 10 13

* 1=0.] (NaCiO),
b Pure water,

Steric effects influencing the blue to yellow equilibria were observed for
Ni(Il) complexes of the series of N-methyl derivatives of cyclam and iso-
cyclam (17). The values reported in Table 5 were determined at 25°C in
0.1 M NaClQ,. While the enthalpic and entropic terms are similar for both
cyclam and iso-cyclam, the N-methylation in both cases reduces the values
of the two terms.

Axial ligations were studied for Ni(II} complexes of (SSR,7RS,12RS,14SR}-
tetramethyl-1,4,8,11-tetraazacyclotetradecane (33), in solution and in the solid
state. The metal complexes have the trans Ill arrangement of the chiral
nitrogen centres, with the four methyl groups equatorial. The equilibrium at
25°C gives a AH® value of 22.1kimol™ ' and TAS®=180k] mol ' C-
methylation does not alter the AH? value but reduces the AS® value as
observed with N-methylation. For isomers with axial methyl groups, the
addition is hindered [138].

The effect of inert salts on the yellow-to-blue equilibrium for the Ni(11}/(3}

TABLE 5

Thermodynamic parameters for the blue-to-yellow conversion for some N-substiteted tetraaza
macrocycles

Ligand % Yellow® K* AH® TAS®
{kJ mol ) {kJ mol 1)

{1} 71.0 2.5 23 25

Gop 782 16 13 16

7y 61.2 1.6 22 23

(31® 50.5 10 18 18

(32)° 65.5 19 15 17

s Ref. 126,

®* Where (30)=1-methyl-1,4,8,11-tctraazacyclotetradecane; (31) = l-methyi-1,4,8,12-tetraaza-
cyclotetzadecane; {32) = 1-methyl-1,5,8,11-tetraazacyclotetradecane,
< Ref. 137.
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system was investigated with different concentrations and different salts. The
order of desolvation efficiency is ClO; » NOj3 >S0Z ™ and with a less sensi-
tive trend Na® > K™ [139].

It was recently reported that the rigid 1,4,7,10-tetraazabicyclo{8.2.2]tetra-
decane (14} forms yellow low-spin Ni{II) complexes [140] in solution and in
the sohd state.

For Ni,L (L =6,6"-bis{1,4,8,11-tetraazacyclotetradecane)), the thermo-
dynamic parameters are AH°=33.5kimol™! and TAS®=37kJ mol ! rela-
tive to the equilibrium

[Ni,L{H,0),1**=[Ni,L]** +4 H,0

These values are approximately twice the value for cyclam, indicating a weak
interaction between the two metal ions [141].

F. PENTAAZACYCLOALKANES

The protonation constants of 1,4,7,10,13-pentaazacyclopentadecane (34),
1,4,7,10,13-pentaazacyclohexadecane (35) and 14,7,11,14-pentaazacyclohep-
tadecane (36) were determined [142,143] at 15, 25 and 35°C, although all five
constants are available only at 25°C. In the case of 1,4,7,10,13-pentaazacyclo-
heptadecane (37), 1,4,7,10,13-pentaazacyclooctadecane (38) and 1,4,7,10,13-
pentaazacyclononadecane (39), the determination of the protonation con-
stants was carried out at 35°C [144]; the fourth and the fifth values for (37)
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and (38), and the fifth value for (39) were estimated to be lower than 100,
For {34)-(36), the protonation constants decrease with increasing temper-
ature, as expected for exothermic reactions. The first two protonation con-
stanis of (34) are grouped and largely separated from the last two, also
grouped, while the third one presents an intermediate value between the two
groups. This behaviour can be explained in terms of increasing electrostatic
repulsion between the positive charges which accumulate on the macrocycles,
as already observed in tetraazacycloalkanes.

The overall basicity of the three pentaaza macrocycles increases as the
sizes of these pentaamines and the charge separation in the protonated forms
increase. The effect of increasing ring size is especially observed on the third
protonation constant of (35} with respect to (34) and on the fourth of (36)
with respect to (35). The differences in the basicity behaviour of these six
pentaamines seem to vanish for the largest terms.

Complexes of pentaazacycloatkanes have not been extensively studied so
far from a thermodynamic point of view, and few papers dealing with the
determination of stability constants [53,142-149], and calorimetric measure-
ments [ 150] have been published. Pentaazacycloalkanes with ring sizes vary-
ing from 15 to 19 terms have been studied; among these, two [17]aneN;
isomers have been reporied. In the case of (371-(39), just the equilibria with
CoflT) have been investigated [ 144, while the remaining three ligands have
been rather more thoroughly considered. Most of thermodynamic data, sta-
bility constants [53,142,144,145,148,149] and enthalpy changes [150], have
been published by the same authors,
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A series of pentaaza macrocyclic ligands has been studied [144,145] only
with Cofll). Along this series, iwo concomitant structural effects occur 1n
determining the stability constant changes, the enlargement of the ligand ring
from {34} to (39) and the fact that this enlargement is produced by an
increasing length of only one aliphatic chain in the macrocyclic framework.
As a result, a lowering of the stability constants is observed from (34), which
disposes all five-membered chelate rings, to (38), in whose complex one eight-
membered chelate ring is formed. A further increase in chelate ring dimension
seems to reduce the pentadentating ability of pentaaza macrocycles since
for (39) only the protonated complex [CoH(39)1°*, in which the ligand
acts as tetradentate, has been observed [144]. With the possible exception
of Ni(Il), (34) forms the most stable complexes with all the metal ions
considered [53,142,145,149,152] and the stability constants reported
decrease progressively with increasing dimension of the macrocycles
({15JaneN, > [16]aneN; > [17]aneNs). The reaction enthalpies of (34)—(36)
with Ni{II} have been measured direcily [150] and a reduction in enthalpy
change has been observed in the order [16]aneN; >[17]aneN, > [15]aneN,,
The reason for this order is not clear, although an attempt to explain it in
terms of the formation and disposition of six-membered chelate rings has
been argued [150]. On the other hand, clarifying information on this point
should be obtained from the stability constants of these complexes. In the
case of (34) [151] and (35) [149] the siability constanis for their NiII)
complexes (logK =18.1 for both) have been reported, but no experimentali
details or errors were presented. Under these circumstances, no great confi-
dence should be given to the results, especially if dealing with very slow
equilibria.

An estimate of the enthalpies of reaction of Cu(il}, Zn(il), Cd(Il), Pb(Il}
and Hg(Il) with the three smallest peniaazacycloalkanes has been obtained
by determining the dependence of the stability constants upon the temper-
ature [53,142]. The results seem to indicate that the stability decrease ob-
served from (34) to {35) is due to the entropic term, while both enthalpic and
entropic ierms contribute to further reduce the stability for the complexes of
[17]aneN..

The equilibria between (34} and Mn(II) have also been siudied [143]. The
stability constant of the complex [Mn(34}]°* is the smallest among those
reported [53,142,144- 1497 for complexes of the same ligand. Data available
[143] are consistent with Mn{II} bound to a distorted or folded ligand and
able to accommodate one additional ligand.

Recently, the structurally reinforced ligand 1,4,7,10,13-pentaazabi-
cyclo[ 11.2.2heptadecane (40) has been studied for coordination to Cu?* and
Cd?* [91]. The equilibrium constants for the formation of these complexes
are lower than those for the analogous complexes of (34).
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G. HEXAAZACYCLOALKANES

The hexaazacycloalkanes represent the intermediate terms between the
‘small’ and the ‘large’ polyazacycloalkanes. The protonation constants for
the 1,4,7,10,13,16-hexaazacyclooctadecane (41), containing only ethylenic
chains, are, as expected, divided into two groups, each containing three values
[151]. In contrast, for 1,5,9,13,17,21-hexaazacyclotetracosane {42) [152] with
propylenic chains, the stepwise protonation counstants decrease smoothly
from the first to the sixth. Similar behaviour is observed for 1,59,17,21,25-
hexaazacycloditriacontane (43) [153]. Basicity constants were also deter-
mined [153] {see Table 1} for the largest hexaaza macrocycle, 1,5,9,20,24,28-
hexaazacyclooctatriacontane [38]aneN (44).

As shown in Table 1, {41) forms complexes in aqueous solution with transi-
tion metals and also with K*, Sr?*, Ca?*, and Ln®* [151]. In particular,
Ca’* has a higher affinity with {41) than with the analogous crown ether
1,4,7,10,13,16-hexaoxacyclooctadecane. The stability of the calcium com-
pound is a balance between a favourable enthalpic contribution and an
opposite entropic contribution. In contrast to Ca?*, Mg?" has no affinity
with {41} [151].

H/\H
(‘N N") (HN e
HCN Nj' H(le NJ

\_/H HUH

41 42
C\N—(CH2)7——N/) (\N—(CHQ),O—N/)
NH HN

C/N——(CHZ)-,—N\) (/N——(CHzl,o-——N\)

a3 44
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Equilibrium studies with the [Co(41)]** complex were reported by
Kodama et al. [1517]. The high stability constant of [Co(41)]?", if compared
with that of the pentaaza macrocyclic [Co(35)]** complex, and the low
protonation consiani of [Co(41)]?* (logK =2.8) [151] were indicative that
the entire N ligand donor set is involved in the formation of the [Co{41)]**
complex. In the [Ni{d1)]°" complex, the macrocycle is fully engaged in
forming an octahedral geometry. The addition of one proton to the complex
to form the monoprotonated species [NiH(41)]** was easier (logK =4.2)
[151] than the corresponding reaction for Cofll}. In the case of the Cuf(llj/
(41) system, only protonated [CuH{41)]** and [CuH,{41)]* © complexes were
found [151]. This behaviour has been ascribed to the sirong Cu-—N planar
coordination. The thermodynamic parameters AG®, AH® and AS°® for the
[Zn(41)]* " complex were determined [154], and are reported in Table 1.
Comparison of these values with those of the corresponding complex
[Zn{35)]** permits one to conclude that only five of the six nitrogen atoms
are involved in the formation of [Zn(41)]**. For the Cd(II) complex, the
thermodynamic functions AG?, AH® and AS° are consistent with the assump-
tion that all six nitrogen atoms of (41} are mvolved in the formation of the
[Cd(41)]** complex [155].

Other hexaazacycloalkanes, 14,7,12,15,18-hexaazacyclodiacosane (45],
1,4,7,13,16,19-hexaazacyclotetracosane (46) and 1,4,7,17,20,23-hexaazacyclo-
ditriacontane (47), were synthesized and used for anion coordination studies.

H H
(TN—(CH, —N T
HN NH

(o N—(CH), —N-/
H H

n=4 as
n=5 a8
n==06 a7

H. LARGE POLYAZACYCLOALKANES

The adjective ‘large’ has been used [156] to describe aza macrocycles
having more than six nitrogen atoms. Figure 7 shows examples of large
polyazacycloalkanes. The possibility of binding more than one metal ion
within the molecular framework, as well as the employment of these com-
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Fig. 7. Examples of large polyazacycloalkanes.

pounds in the development of the so-called ‘anion coordination chemistry’
[152,157,158] (see Sect. K}, has prompted interest in these compounds in the
last few years. The general synthetic route to synthesize these macrocycles
has been modelled on that described by Richman and Atkins [27], cyclizing
the appropriate polyamminic segments (see Scheme 2). Important steps in
this procedure are the elongation of the linear polyammines and the cycliza-
tion reaction [159,160].

The basicity constants for large polyazacycloalkanes are reported in
Table 1. When the hydrocarbon chains connecting two adjacent nitrogen
atoms are two carbon atoms long, the following general statements can be
made [161] concerning their basicity: (i) the overall basicity steadily increases
by 5.9 log units (0.15 NaClQ,, 25°C) for each —CH,CH,NH— unit added
to the macrocyclic ring [161]; (ii) each macrocycle behaves as a relatively
strong base in the first half of its protonation steps and as a weaker base in
the second half. This grouping of the basicity constants is typical of aza
macrocycles and has been ascribed to the electrostatic repulsion among the
positively charged NHj; groups arranged in the cyclic framework
[156,159,160,162,163]. As already stated, the grouping of the stepwise basicity
consianis is much more evident for smalier aza macrocycles [75-77,116],
where the charges that accumulate in the cyclic framework, as the degree of
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protonation increases, experience sironger repulsions than in the case of the
larger macrocycles.

For the 1,59,13,17,21,2529-0ctaazacycloditriacontane {50) macrocycle,
where adjacent nitrogen atoms are connecled by propylenic chains, the
positive charges of the protonated forms are further away than in large macro-
cycles having ethylenic chains between the nitrogen atoms, and influence
each other to a lesser degree. As a result, the grouping phenomenon for (50)
15 much less marked than m the other large macrocycles [164]. Thus the
complete protonation of these macrocycles occurs within a narrower pH
range with respect to the analogous ethylenic chain-containing macrocycles,
For all large macrocycles, as the degree of protonation increases, factors such
as molecular stiffening become important and must be taken into consider-
ation in the interpretation of the last protonation sieps.

The magnitudes of the protonation constants and the cyclic topology allow
large polyaza macrocycles to form many highly protonated, charged, species
in the neutral pH region [164-167].

Another interesting property of large polyazacycloalkanes is the significant
tendency to form polynuclear metal complexes. The logarithms of the forma-
tion constants for Cu(Il) complexes are reported in Table 1. The large macro-
cycles form dinuclear Cu(ll) complexes with the exception of the macrocycle
1.4,7,10,13,16,19-heptaazacyclohenicosane {48), which forms a mononuclear
complex. For the largest macrocycles, 1,4,7,10,13,16,19,22.25 28 3i-undeca-
azacyclotritriacontane (53} and 1,4,7,10,13.16,19,22,25,28.31,34-dodecaaza-
cyclohexatriacontane (7). the trinuclear [Cu,L]*", [Cu,LOHI**, and
[Cu; L(OH),]** species are also formed (see Table 1). All the species are
very stable. In a few cases, the sirong interaction between the Cu(ll) ion
and the donor atoms has been confirmed through determining the enthalpy
of complex formation. These are: —1632kimol™! for [Cu,{49)]*"
[156], —179.1 kJmol™! for [Cu,(513]** [163] and —1904 kI mol ™! for
[Cu,(52)1** [159]. The exothermicity for dinuclear Cu(Ii) complex formation
increases with the size of the macrocycle because the number of donor atoms
involved in coordination to the Cu(ll) ions, as well as the ligand flexibility,
increases [159]. The abundance of donor atoms in the so-called ‘large’
macrocycles allows the formation of many protonated species at each equilib-
rium, as shown in Table 1. For macrocycle (52), the solid, monoprotonated,
dinuclear complex [Cu,(52)HC1, [(C10,);+4H,0 has beer isolated and char-
acterized by X-ray analysis [159]. The ORTEP drawing of the [Cu,(52)H]*~
cation, taken from ref. 159, is reported in Fig. 8. Although Zn(il) rarely forms
dinuclear complexes with synthetic ligands in aqueous media, the large
macrocycles (51)-(53) and (7) were reporied to form stable dinuclear Zn{il)
complexes [159,160,163]. X-ray investigation has shown the presence of
dinuclear Zn{ll) cations in crystals of [Zn,(52)SCNYCIO,), and
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Fig. 8 ORTEP drawing of the binuclear [Cu,i52)H]* " cation.

[Zn,{49)C1,]CICIO, - H,0, [154,168]. In both cases, the zinc atoms are five-
coordinate. Only the smaller macrocycles (48) and (49} form mononuclear
Zn(il) complexes.

The formation of Cd(Il} complexes with large polyazacycloalkanes has
been studied [155] in 0.15 mol dm ™ NaClQ,. Both mononuclear and di-
nuclear complexes have been reported (see Table 1). Results for the [3k]aneN,
{k=3-8} ligands indicaie that the stability of the mononuclear complexes
increases in going from the smallest macrocycle {9]aneN; to the pentadentate
(15]aneN,, then slightly decreases for [18JaneN, (logK = 18.8) and
[21]aneN, (logK=18.10), and finally sharply decreases for [24]aneNg
{logK =14.52). Ligand strain and formation of large, unstable chelate rings
have been invoked to explain this trend [155]. The formation enthalpies
of [Cd{d1)]?* (AH°=—-640kImol !} and [Cd48)]*" (AH®°= —674
kJ mol ™!} have been reported [155). The larger macrocycles of the series (49)
and (51}-(53) form stable dinuciear complexes. Many protonated species are
formed but no hydroxo species were detected. In the case of the dinuclear
complex NafCd,(52)C1,(C10,), a crystal structure was reported [155] (see
Fig. 9), showing both Cd{il} ions six-coordinate aithough with different
environments,

Cofil}, in anaerobic conditions, is complexed by large polyazacycloalkanes
[169] and both mononuclear and dinuclear complexes have been reported.
The macrocycles (48), {49), and (51) only form mononuclear species (see
Table 1), while larger macrocycles, (52}, (83), and (7) form dinuclear species.
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Fig 9. ORTEP drawing of the binuclear [Cdy82)Cl,)* " cation.

The stability constants for the dinuclear species [Co,{L)}** were somewhat
lower than those of the corresponding complexes of Zn(Il}, and the general
trend of stability Co(IT) < Ni(II} < CuIl) > Zn(II) was observed for each large
macrocycle [1697. Recently, a complete solution study of Ni(IT) complexes
with the polyazacycloalkanes of the series [3k]aneN; has been reported
[1701. While [21]aneN, only forms mononuclear species, the macrocycle
[24]aneNg forms both mono- and dinuclear complexes. For larger macro-
cycles, only the dinuclear species are formed.

With Cd{il} [155] and Ni(II) [170], the macrocyclic effect vanishes in
mononuclear complexes as the number of donor atoms and the flexibility of
the cyclic ligand increases. For larger macrocycles [27-337aneN_, 5, only
dinuclear species have been found at equilibrium [170].

The electronic spectra of these Ni(If) complexes were consistent with high-
spin octahedral species; only in the case of [24]JaneNg was a dinuclear
diamagnetic species found. For dinuclear species [Ni,L]*", a steady increase
in the overall stability was observed with the size of macrocycle. Equilibrium
studies on the Mn{i1)/(48) system have been carried out [171] and the
mononuclear complex [Mn(48)]** was characterized both from thermo-
dynamic and structural points of view [171]. The complex is very stable
(logK =9.79), mainly for entropic reasons (AH® = —20.92 k) mol™!; TAS®=
34.3 kI mol ™ '}. The crystal structure of the complex [Mn(48))(ClO,), indi-
cated that the Mn(ll) is heptacoordinated by (48), which disposes its nitrogen
atoms ai the vertices of an irregular polyhedron.

1 AZA CAGES

Aza-polycyclic compounds with cage-like molecular topology were synthe-
sized in 1977 [172]. Most of these compounds have been synthesized by
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template reactions [172] and the metal complex obtained at the end of the
synthetic procedure is so inert that its removal is impossible, even under
drastic conditions. For this reason, equilibrium studies related to these com-
pounds have been almost non-existent. More recently, aza cages were synthe-
sized by non-template procedures and their protonation and complex
formation reaction studied [46,173,174]. It appears that the proton binding
characteristics of these compounds are influenced very much by the molecular
topology.

The cage 12,17-dimethyl-1,5.9,12,17-pentaazabicyclo[7.5.5]nonadecane
(54) was described [46), and its basicity in aqueous solution
(0.5 mol dm ~* KNQ,) investigated by potentiometry and spectroscopic ('H,
*3C NMR) techniques. The cage (54) can take up three protons under the
experimental condition used. It behaves as a very weak base in the third
protonation step (logK; < 2) and as a moderate base in the second proton-
ation step {logK, =8.41). In the first protonation step, (54) behaves as a ‘fast
proton sponge’: the proton cannot be removed even in strong alkaline solu-
tion. 'H NMR experiments indicate intermediate or fast proton exchange
between the NH; protons and the ‘external’ active hydrogens. X-ray crystal
structure analysis carried out with the [H{54)]" cation has further rational-
ized the basicity behaviour of (54) [175].

The methyl derivative of (54), 5,12,17-trimethyi-1,5,9,12,17-pentaaza-
bicyclo[7.5.5]nonadecane (55) has been synthesized [47] and its protona-
tion parameters measured by potentiometry and calorimetry in
0.15 mol dm~* NaCl as ionic medium (see Table 1). High basicity is exhibited
by (55) in the first protonation step (logK =11.82), a moderate basicity in
the second (logK =9.53) and weak basicity in the last step (logK =3.43).
The first two protonation steps are characterized by a very favourable en-
thalpic term, (AH}=-544kImol™!, AHI=—-427kimol™!, AHS=

>
N

AANA,
g
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—13.0 kJ mol %), indicating that the added bydrogen ions interact strongly
with the nitrogen atoms to form the protonated species HL* and H,1.°".
The eniropy contribution is favourable in all steps and was explained by
assuming that the main contribution to the overall stepwise eniropy change
is due to the release of water molecuies from the hydrated proton which is
bound to nitrogen atoms inside the cage cavity (translational eniropy) [47].
In spite of the struciural similarity of (54) and (55), the two cages behave
very differently in the first protonation step, (54) being a ‘fast proton sponge’.
X-ray analysis of the two monoprotonated salts [H(S5)]J(Cl) and | H(54}](Br)
{Fig. 10} has demonsirated that the monoprotonated species [H(S5)]" is
thermodynamically less stable than the analogue [H{54)]" because a weaker
hydrogen bond network stabilizes the former species.

Fig. 10 ORTEP drawing of the monoprotonated species [H{84)]* showing the protonation site.
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1
56

The cage 12,17-dimethyl-1,9,12,17-tetraazabicyclo[7.5.5]nonadecane (56),
where the ‘apical group’ is the non-donor —CH,— group, has been syn-
thesized [174]. Tt behaves as a fairly strong base (logK=12.00;
AH®= —54kJmol™*; TAS®=145kI mol~') in the first protonation step
and as a moderate base in the second (log=7.86; AH°= —448 kI mol ™ ;
TAS®=0) [174]). The results were discussed and interpreted as a clear indica-
tion of the key role played by molecular topology in determining the proton-
binding characteristics of (56) [174].

The cage (35) is abie to encapsulaie Li* in aqueous solution selectively.

Ligqy +(55)ag = [Li(55)] gy (2)

The thermodynamic parameters for the reaction in 0.15 mol dm ™ * NaCl were
determined by potentiometry and microcalorimetry (logK =32, AH®=
—2.1kImol ! AS®=16.2 Jmol™! K™} [47].

Recently, the aza cage 4,10-dimethyl-1,4,7,10,15-pentaazabicyclo[5.5.51-
heptadecane (57), where all ethylenic chains are present, has been synthesized
[49] and its basicity and lithium complex formation constants reporied [49].
In this cage, where with respect to (54) a smaller cavity is present, the Li™ is
very tightly encapsulated, as demonstrated by the high [Li(57)])" compiex
formation constant (logK =4.8) in agueous solution. The X-ray crystal struc-
ture of the [Li55)][ClO,] complex (Fig. 11) showed that the Li* ion is
wholly enciosed in the cage cavity and adopts a five-coordinate geometry
with a short Li-N mean distance of 2.06 A [49]. Quite remarkably, the
lithium encapsulation in these cages was not influenced by the presence of
the Na™ ion, even in high concentration, showing that both (54} and (55)
were able to discriminate fully between lithium and sodium ions [47,49].

The large macrobicyclic cage (58), based on tripodal subunits, has been
synthesized [176], and employed in Cu’* coordination studies [177]. The
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stability constants for both mono- and binuclear Cu*~ complexes of (58)
have been determined [177] {Table 1).

I MACROCYCLIC EFFECT

This term was introduced in 1969 by Cabbiness and Margerum [23] to
indicate the enhanced stability observed for the Cu(Il} complex of the macro-

C36

C35

Fip. 11, Crystal structure of the {LH55)]" cation.
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cyclic tetramine tet a (2), with respect to the analogous complex of the acyclic
tetramine 2,3,2-tet (1,4,8,11-tetraazaundecane). The stability constant of
[Cu(tet a}1*" (logK =28} was determined spectrophotometrically and em-
ployed the protonation constants of the free ligand, obtained by means of a
solvent extraction method. This gave a result about 10* times higher than
the corresponding stability constant (JogK=23.9 [178]) for the complex
[Cu(2,3,2-tet}]**. The same authors pointed out [23] that the cyclic amine
reacts with Cu(1I) more slowly, by a factor of 10>-10%, than the acyclic amine.

Later, Paoletti et al. [179] estimated the enthalpy change for the reaction
of tet a with Cu(II) (AH® = —125 kJ mol ) by assuming a linear relationship
between the absorption maximum in the electronic spectra and the enthalpy
of formation of Cu{ll}-polyamino complexes in aqueous solution [179]. The
entropy change for the same reaction (TAS® =34 kJ mol ™) was then caicu-
lated [179] by considering the value of the stability constant obtained by
Cabbiness and Margerum [23]. The comparison of the thermodynamic
parameters for the formation of [Cu(tet a)]** with those, previously obtained,
for [Cu(2,32-tet)]** (AH®= —116kimol !, TAS®=20.4kJ mol~ !} [180],
led to the conclusion that both enthalpic and entropic terms coniribute to
the macrocyelic effect {179].

In 1974, Hinz and Margerum [181] determined, by means of a temperature
dependence method, the thermodynamic parameters logK =222, AH=
—129.7kImol™! and TAS®=—37kJmol ! for the formation of the
[Ni(1)]?* complex. Comparing these values with corresponding data for
[Ni(2,3,2-tet)]2*, the authors concluded that the macrocyclic effect was due
solely to a favourable enthalpic contribution, the entropy contribution being
negligible. The strong enthalpic contribution was ascribed to lower solvation
of the macrocyclic ligand with respect to the open-chain analogue [98].

A different conclusion about the origin of the macrocyclic effect was drawn
by Kodama and Kimura [83] as a result of a polarographic investigation on
the complex [Cu(13))?*. The thermodynamic parameters obtained for the
formation of this complex (logK =24.8, AH%= —76.6 kI mol ! and TAS®=
64.1 kJ mol ~ ) were compared with those for the formation of the analogous
acyclic tetramine 14,7 10-tetraazadecane complex (logK=20.1, AH®=
—90.2kJ mol™! and TAS®=24.3kJ mol ! [183]). The higher value of the
entropic term observed for the macrocyclic complex was attributed to a
favourable orientation of the donor atoms already existing prior to complex-
ation in the cyclic ligand.

These results disagree with a later determination of the enthalpy of forma-
tion (AH® = —95.0kJ mol™!) of the [Cu(i3)]** complex performed by the
microcalorimetric technique [184]. The entropy change for the same reaction
(TAS®=45.2 kJ mol %), calculated accordingly to the previous logK value
reported by Kodama and Kimura, provided further evidence that both
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enthalpic and entropic terms c¢an contribute favourably to the macrocyclic
effect.

After the early work by Hinz and Margerum [181], the heat of formation
of the Ni(Il) complex of cyclam (1) was calorimetrically determined, following
the demetallation reaction by cyanide ion [88]. As already reported (Sect. E),
this complex is present in solution as an equilibrium mixture of low-spin
square-planar species and high-spin diaquo octahedral species. The heat
of formation referred to this mixture (AH?=—84.9kJ mol ™'} [88) was
45kJmol~! lower than that obtained by Hinz and Margerum [181].
The thermodynamic parameters obtained for boih species are AH®=
— 782kl mol™! and TAS®=493kJmol™', for the low-spin complex,
and AH°=—100.8 kI mol ! and TAS®=243kJmol ', for the high-spin
complex [88]. Comparison with the corresponding values for the
analogous species of [Ni(2,3,2-tet}j?" (AH®= —66.1 kI mol™' and TAS®=
21.7 kI mol ™!, for the low-spin form; AH?= —80.3kJ mol ™! and TAS®=
10.9 kJ mol 1, for the high-spin form) [88] showed that, in this case t00,
both enthalpic and entropic contributions contribute to the macrocyclic effect.

These new results did not invalidate the stimulating proposal of Hinz and
Margerum [181] regarding the role played by ligand solvation. The effects
due to solvation could be avoided by determining the thermodynamic param-
eters for complexation in the gaseous phase. The macrocyclic effect can be
defined by the metathetic reactions;

ML3G,+ L, ap=MLigy+ Laag (3}
in solution, and
ML3 gas) + Liggasy = MLy + Logus: {4)

in the gascous phase, where L2 is the acyclic ligand and L, the cyclic ligand.
The enthalpy change for the reaction in the gaseous phase, AH,,,, can be
calculated, if AH,,,, is known, by means of the equation:

AH{aq) = AH[gas) + {AHhtMLi‘ 7 Athm,g* ;} + {AHthz\ - AHb(Ll}} fS)

where h indicates hydration terms. In the case, for instance, of the Cu(fI) and
Ni{II) complexes of the cyclic ligand (1) and of its acyclic counterpart 2,3,2-
tet, AH,,, values of —19.7kJ mol~!, for Cu(ll), and —20.5kJmol™?, for
high-spin Ni{lI} complexes, can be derived from the thermodynamic data
reported above. The second term in parentheses (—19.2 kJ mol ™) was ob-
tained [i85] by means of the calorimetric determination of the heats of
combustion and the heais of solution of the free ligands (1) and 2,3,2-tet.
These results are In accord with the original hypothesis of Hinz and
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Margerum [181] on the enthalpic nature of the macrocyclic effect, arising
from the different solvation of the two ligands L, and L,. However, the value
of AH,, requires evaluation of the first term in parentheses in egn. (5) and,
unfortunately, until now, no accurate method for its determination has been
developed. A different approach involves calculating AH ., using theoretical
methods. The results obtained by Hancock and McDougall [186] and Reib-
negger and Rode [187] seem to confirm the existence of a favourable enthalpic
contribution.

The macrocyclic effect is an experimental observation, but its correct
quantitative evaluation is an arduous task. Two main problems complicate
this evalunation: (i) experimental difficulties, such as the kinetic inertness of
some macrocyclic complexes, equilibria between different spin states of the
coordinated metal ion, inadequate thermodynamic information in the gaseous
phase; and (ii) the choice of the two ligands; they must give rise to similar
coordination features, to the same spin state of the metal ion, they must
present equally substituted donor atoms (for instance all secondary nitrogens)
and form the same sequence of chelate rings.

As far as the sequence of chelate rings is concerned, the obvious counter-
parts of the macrocyclic ligands [12]aneN,(13) and [16]aneN,(23) are the
tetraamines trien and 3,3,3-tet (1,5,9,13-tetraazatridecane) respectively. In the
case of [15]aneN, (20) there is no evident reason for the choice of 3,3,3-tet
or 3,2,3-tet (1,5,8,12-tetraazadodecane) or 2,3,3-tet {1,4,8,1 1-tetraazaundecane)
as the ‘best acyclic counterpart’.

- Monomethylation of the two primary nitrogens of these acyclic ligands,
which produces sets of donor atoms solely composed of secondary nitrogens,
can lead to significant changes in the thermodynamic parameters which
determine the macrocyclic effect. In the case of the Cu(II) complex of the two
couples of the [12]aneN,/Me,-trien (Me,-irien=2,5,8,11-tetragzadodecane)
and [16]aneN;/Me,-3,3,3-tet (Me,-3,3,3-tet =2,6,10,14-tetraazapentadecane)
ligands, a more favourable enthalpic contribution to the macrocyclic effect
was reported [188,189] than in the analogous sysiems containing the acyclic
tetraamines trien and 3,3 3-tet. On the other hand, the entropic contribution
decreases, still remaining favourable to the macrocyclic effect [188,189].

The macrocyclic effect was also observed for the triazacycloalkane com-
plexes, although the thermodynamic results are sometimes in disagreement
[70].

The macrocyclic effect is lost as the dimensions of the cyclic framework
and the number of nitrogen donor atoms in the macrocyclic ligand increase
[155,170]. Complexes of CA{IT} with the hexaazamacrocycle (41) [135] and
of Ni(Il) with the pentaaza macrocycle (35) [170] show stability constants
very similar to those obtained for analogous complexes of the related acyclic
ligands.
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K. ANION COORDINATION CHEMISTRY

Actually, the main interest in polyazacycloalkanes has been in metal ion
coordination; more recently, it was reported these ligands can also aci effi-
cienily as anion receptors. This arises through the formation, in aqueous
solution, of highly charged polyprotonated species which can interact strongly
with anions via electrostatic forces and hydrogen bonding. Thus, polyaza-
cycloalkanes are very versatile ligands being able to turn their coordinating
action from metal cations to their anionic partners {and vice versa), simply
by changing the solution pH.

In view of the great number of anions, this overview of the thermodynamic
aspects of anion coordination will be organised according to the following
subdivision: (1) simple inorganic anions (ClO,, 105, NO;, SOZ~, CO3~,
PO3 ", etc.); (2) metal complexes (Co{CN)3 =, Fe(CN)E ~, Fe(CN)2 7); (3) nucle-
otide phosphate anions (ATP*~, ADP?~, AMP2"}; (4) carboxylate and poly-
carboxylate anions.

Most reports on the thermodynamics of anion coordination presented here
deal with stability constant determination [118, 152, 153, 157, 165, 167, 177,
190-195, 197-206]. A few [199-201] also present indirect estimations of the
enthalpy contribution to the formation of amion complexes, while just one
paper reports direct microcalorimeiric data [191]. The logarithms of the
stability constants, together with enthalpic and entropic data (when available),
for anion binding are presented in Table 6. Great care must be exercised in
drawing quantiiative correlations between the reported values, since the data
were obtained under rather different conditions and with different experimen-
tal methods. Furthermore, in some cases, the error in stability constant values
and/or the experimental conditions under which they were determined were
not reported. Nevertheless, some general features such as the non-covalent
nature of the binding forces, the size effects and structural complementariness
between anions and receptor ligands can be discussed to characterize the
thermodynamics of this area of coordination chemisiry.

(i} Simple inorganic anions

The interaction of F~ with polyazacycloalkanes has been studied with the
tetraprotonated form of [16]aneN,(23), [18]aneN,{26), and [20]aneN(27)
by Suet and Handel [190]. The stability constants of the relevant anion
complexes increase with macrocycle ring size. This trend was attributed to
the matching between the F~ ionic radius (1.36 A} and the macrocyclic cavity
dimensions (0.7 A for [H,{23)1**, 1.0A for [H,26/1* and 14A for
[H427)]*" using CPK models [190]).
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The stability constant of the anion complex [H4(S8)F,H]*" has been
reported by Motekaitis et al. [177], who proposed inclusive coordination of
the F,H ~ anion into the cavity of the hexacharged macrobicyclic [He(58)]°*
receptor.

Cullinane et al. reported that the tetraprotonated form of [18]aneN, (41)
binds halogenide anions in aqueous solution [199]. The Cl1™ complex is
somewhat more stable than the Br~ complex, while the larger 1™ interacts
weakly. Since the charge density is higher for Cl™ {ionic radius 1.81 A) than
for Br™~ (ionic radius 1.96 A) and I~ (ionic radius 2.16 A), the stability order
observed for the [H,(41)]** complexes of these anions is that expected if
electrostatic interactions predominate.

A reverse order of stability has been observed by Hosseini and Lehn [192]
with the macrobicyclic ligand (59), for which, owing to the greater organiza-
tion of the spherical molecule, size effects are of major importance. It is
generally observed with this ligand that the most stable complexes are formed
by the most highly charged forms of the ligand. Dealing with inclusion
complexes of polyammonium ligands in solution, the equilibria between
stereoisomeric species differing in the infout configuration of the ammonium
groups must be considered. Similar equilibria involve katapinand molecules
in acidic solution (Fig. 12(a)) [207,208]. Inclusion complexes of halogenides
with similar ligands can be stabilized by N—H - X~ hydrogen bonds if the
ligands present ammonium groups in the in configuration (Fig. 12(b)) {209].
On the other hand, the chemical activation observed in Cl~ encapsulation
into katapinands arises from prior ligand rearrangement from the out—out to
the in—in conformations [209]. Of interest are the N-quaternarized ‘cavity
molecules’ (60) and {61) which allow inclusion anion complexes to be studied
independently of the configuration and protonation equilibria at the nitrogen
atoms [204]. These ligands are unable to form hydrogen bonds and present
an out N-configuration [203,204]. Anion/ligand mutual dimensions, ligand
flexibility, electrostatic and hydrophobic interactions have been invoked to
explain the two different stability sequences for halogenide complexes
(Cl™ <1~ <Br ) for (60) and {C1~ <Br~ <I7) for the larger (61) [203,204].

A number of simple inorganic anions (NOj3 , C1O;, 103, SO; ) have been

H H
TONT TSNS |
Ner~1H

59
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TABLE 6
Log K, AH?, and TAS® values for anion—azamacrocycie equilibrium in solution

Only the left side (reactants} of the sguilibrium reactions is indicated. Charges have been omitted.
Experimental methods for the determination of the eguilibrium constants are abbreviated as follow:
potentiometsic (pot), spectrophotometric (spec), potarcgraphic {pal), nuclesr magnetic resonance
(HHR), cyclic voltammetric (cv). Only direct calorimetric methods {(cal) for the determination of AH®
are indicated.

Hr\|H

< N N 1,%,9,13- tatraazacyclchenadecane
N N [16]aneNy
H U H
reaction Lagk method -aMtikdsmal) TASS(RJS/mal}  F °C mediun ref
HGLSY + F” 1.9 pot 20 0.1 KNO3 199
H ( : H
N N
N N 1,5,10, 14- tetranzacyclooctadecans
H : :H (18] areNg,
reaction o9k method -antCkdsmaly  Tas®rkasmoly T °C e i uih ref
[T 2.0 pot 20 0.7 XND3 190
Hat%* o amp- 3.8 pol 25 0.2 Nablog 118
>t + appd- 4,50 pol 25 0.2 HaClog 118
HgL%* o+ ATPS" 6.85 pal 25 0.2 NaCliy 18
H i :H
NN
N N 1,58, 17, 16-tetraazacyc loeicosane
H , : H 202 anedy,
reaction Logk method ANt (R maly TaS(kJdfmoly T °C med tum ref
HetSt » B 2.8 pot 20 9.1 XNO3 199
Hat®t + IFe(CN)SIY" 3.62 pot 4.6 cal 16.1 25 0.15 Nallog 91
H4L4* « fFecewdgrd” 2.5 pot-cv 25 0.15 NaClog ey
Hit% o fCotowygl 3 2.38 pot 16.7 cal 2.9 5 0.15 NaCloy, 91
HeLh* + atpd- 3.81 pot 25 6.45 HaCloy 02
HL?* » warpd- 1.04 pot FY 6.95 Natlog, 202
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H?ﬁﬁ

H

SN

1,4,7,10,13-pent yelopentad

(5] aneNs.
Hy./H
renction Logk method ARtk /el )y TAS*(kifmoly T G med i ref
ust¥ o+ aupd- 3,19 pal Pl 0.2 Katlg 18
K3L3* » app3- 3.9 pot 25 9.2 NaClDy 18
B3L3* & ATPS 4.0 pot 25 0.2 NaClOy 18
W33 + citrared” 1.7 pol 20 0.9 kMDY 157
H{ I H
o D
1,4,7,16, 13-pentanzacyc |l chexader sne
SNON7 710,13 .
(/N\) (1] anels
H
reaction LogK method AR (kd/mol) TAS ({kd/mot) T °C medium ref
KL+ cox?- RS pol 25 97
w33 + HPORZ~ 2.06 pol 5 0.2 NaClay, 118
B3 » At 3.0 pot . 0.2 NalLOy 18
HIL3 - popds 397 pol 25 0.2 NaCloy, 18
HxL3* o aTpé- 3.63 oot %5 0.2 NaClog 18
B33t + citrated” 2.4 pot ) 0.2 NaCloy, 157
K3L3* + succinate?” 2.08 pol 25 0.2 NaCloy, 157
ust3* + matonate?" 1.82 pol 2 0.2 Natlty 157
KL + amiate?” 1.70 pot = 0.2 NaClog 57
H3L3* + mateste?" 1.88 pot i 6.2 NaClly 157
H
e
H H
N NJ 1,4,7,11, 16-pentanzacycloeptadecane
N N [17) aneis
H\sH
reaction Lo method -AHTCka/mol)  TaS®ikdfmol) T °C muedium ref
Bst3* o co3- 4,28 pot 25 197
#3L3 « ampds 2.8 pol 25 0.2 NaCloy 18
w33t + appt 3.00 pot 25 0.2 NaCloyg 18
B33 + atpd- 3.7 pot 25 0.2 MaCtey 118
#3L3* + citrated” 3.00 pol 5 0.2 NaClog 157
K33 + suecinete?” 1.96 pot 33 0.2 NaChay 157
K33 + malonate?” 1,40 pol 25 0.2 NaCtoy 157
B33+ matate?” 1.41 pot 25 0.2 NaClog 157
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H/ \H
N N’)
ﬁ N H 1.4, 7,103, 16-hexaazacyc losctaderane
P18} aneNg
<4N N hexacyclen
H\_/H
reaction logk method -ARSERS/maLy  TaS®(kJimel) T °c medium ref
el 1o .84 pot -20 10 25 0.22 199
L% « gr 1.46 pot % 0.22 199
Mot ®* « so” 2.32 pot 2 15 25 0.22 199
HiL% + Clog” 1.04 pot 10 -5 25 0.22 199,200
LS« o3 2.78 pat -5, 2 25 0.22 200
il + 21037 3.86 pot 4 13 25 0.22 260
L4+ 5042 4.12 pot .23 47 25 0.22 201
H4L%* + 2s042" 6.02 pot .32 56 25 6.22 201
HiL%* + benzene-
sut fonate” 9.50 pot -28 3 25 0.22 200
HeLS* + crzcoze” 0.1 pot -27 32 2 0.22 200
L3t + 5042 1.64 pot -12 2 25 0,22 201
HsL3* + cox? 2.76 pot 2 197
w3t - wpoy3- 1.14 pol EH 9.2 NaClog 118
o33+ appt- 3.25 pol 25 0.2 NaGlog 18
w313t + apptt .45 pol 25 0.2 Naclay 118
HsL3* + ATPA” 5.40 pol 25 0.2 NeClay, 118
H3L3* + citrated” 2.38 pol 25 0.2 NaCloy 157
w33 + succinate?” 1.25 po! 2 0.2 NaCloy 157
#3L3* + malonate?- 1.52 pot 5 6.2 NaClOg 157
H3L3* + molated” 1.18 pol P 0.2 Naclog, 157
U3 + palegted” 1.48 pol b3 0.2 HaClOg 157
H3L3* + vanitlinete” 2.69 pol 25 0.2 Nacloy, 198
Wzt » veratrate” 2.62 pal 3 0.2 HaCloy 198
H3L3* + tropolonete” 2.3 pol 25 6.7 Nacloy 198
#3L3* o saticylate” 2.67 pot 25 0.2 Natlog 198
3t .
p-amincsal icytate” 2.465 pol 25 0.2 NaCloy 198
K33 + a-picolinate”  2.92 pol 25 0.2 KaClog 198
MIH
NN
HN NH
N N J $,5,9.13,17, 21-heraszacyc lotetratosane
HUH [24)aneNg
reaction logx method -aR*tk)/mol)  TAST{RJ/mol) ¥ eC med i um ref
gt » s0.2" 4.0 pot 25 0.1 MeghCL 152,192
H5LPY #8052 1.0 pot i 0.1 MeuNel 192
L5 . 5042° 2.5 pot 25 0.1 MeghC! 192
HELSt o fFecoNdgl4” 6.9 pot 2 0.1 ResNCL 152
LSt + (Fe(CN)sT* 6.4 pot 25 0.1 Kcl 193
LS o freCCNYE1 " 4.2 pot-cv 25 0.1 ket 193
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HaL* » freccmrsrd” 4.3 pot-cv 25 0.1 Meghel 194
Hel® + [CotNIg) " 1.9 pot 25 0.1 Megicl 152
HELY* + amph- 1.7 pot 25 0.1 Meghel 195
HSLS* + AMpH- 2.7 pot 25 0.1 HeghEl 195
Het &% o+ AMPS- 3.4 pot 25 G.1 MeqHCE 152,195
HoL%* & apph- 4.0 pot 25 2.7 Meghcl 195
#5L5* + appt” 4.5 pot 25 9.1 MeyNCL 195
ugl&* » koph- 5.5 pot s 6.9 MesNCl 152,195
HLD* & aTRA” 5.9 pot L 6.1 MegNCH 195
H5L3* « ATP4" 6.8 pot 25 0.1 MegrCL 195
HsL®* + atpés 8.9 pot 25 0.1 MagNCL 152,%5
RELE* + citrated” 4.7 pot 25 0.7 HegRel 152
Hat 8% & ooi2” 18 pot 2 0.1 Meghel 152,205
HELP* « £2042" 3.2 pot 25 0.1 Megcl 205
WaL4* » co0,2" 7.6 pot 25 0.1 MesnCl 205
HgEt5* o malonated” 3.3 pot 25 0.1 Meguet 152,205
H5L3* + matonate? 2.4 pot 25 6.1 Meguel 205
tl.f.L"‘ + malmn:ez' 2.4 pot 25 3.1 MegNCL 205
HELE* + succinate?” 2.4 pot 25 0.1 MeyHCL 152,205
HSLS® ¢ succinated” 2.0 pot 25 0.1 MaghCL 205
HaL%* + succinated” 1.8 pot 25 0.7 MeyHCt 205
HelO* + glutarate?" 2.3 pot 25 0.1 MesNCL 151,205
K5t3* + glutarete?” 2.3 pot 25 0.7 MesNCL 205
HyL%* » glutarate?” 2.2 oot 25 0. MesNC! 205
weLd* + adipated” 2.3 pot PL Q.1 MesNCl 153,205
H5LS* + adipated” 2.3 pot 25 0.1 Megcl 205
WLY » adipated” 2.2 pot 25 9.1 MegNCL 205
Wel%* + pimetate?” 2.0 pot & 6.1 MegHCl 205
Het & ¢ mateate?” 1.7 pot 25 9.1 HayNEL 152,205
H5L3* ¢ maleate?” 2.9 pat 25 0.1 MegHEL 205
215" « maleate?” 2.7 pot 25 0.1 MegHCL 205
HELS* « fumarsted” 2.2 pot 25 0.1 HeghCL 152,205
H5L3* + fumarste?” 1.9 pot 25 .1 HegHCL 205
WL + funarate?” 5.7 pot 3 0.3 MegHCl 205
HGLE* + tartrate?” 2.5 pot 25 0.1 MeguCl 152
LS » squarate?” 3.2 pot 25 0.1 MegHeL 152
Hgl5* + 1,3,5-benzen-
tricarboxylated” 3.5 pot 25 6.1 Meghel 152
CN—(CHZ}Q —N—')
1,4, 7.17,20,23-henaazacyclodotriacontane
LN—(CHZ) —NJ

reaction Logk method -aH°(ky/maly TaST(Ri/mely ¥ TC medium ref
HseSt + succineted” 3.4 pat b 0.1 Meghtl 205
#5L4* + succinate®” 1.2 pot 25 0.1 MeghT! 205
HeLS* + guutarate?” 6.1 pot 25 0.1 MegNel 205
HsL* » glutarated” 5.5 pot 5 0.1 MeghCL 205
HaL%* + gluterste?” 2.9 pot 25 0.1 Meghcl 205
HsL®* + adipate®” &5 pot 2 0.1 KNl 205
HEL3* + adipate?” 3.8 pot 5 0.1 MeghCl 205
HaLd* + adipate?” 1.5 pot 25 0.1 MegHEl 205
H5L3* + pimeloted” 3.1 pot 25 0.7 HegKCl 205
WL + pimelate?” 1.1 pot 5 0.1 MezHEL 205
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H H
(\N-— £CH2>?—Nf>
HN NH

(/ \) 1.5,9,17,21,25-hexaazacys lodot riacontane
H H

resction Togk method -ARTCkS/mol)y  TaBCCkJimaly T O°C medium ref
Het®* + £p042" 3.2 pot 25 0.1 MesNCt 153,205
HsL3* + coog2” 2.5 pot a5 0.1 Weghcl 205
wgL** + cp04e" 1.9 pot 25 8.7 MeglCl 205
Bst8* + matonate?- 3.8 pot L3 0.01 MeghCl 153, 205
H5L5* + malonate?” 2.9 pot 25 0.01 MegHcl 205
HeL%* + malonated” 1.5 pot 25 0.6 Megucl 205
#5L5% + malonsted” 2.7 pot 25 0.1 Meghct 153,205
H5LPY + malonate?” 2.0 pot 25 0.1 MegkCl 205
wiL%* + malonate?” 1.3 pot b 0.1 Mesnc! 205
HeLB* + succinate?” 4.3 pot 25 0.0 Wesncl 153,205
H5t%* ¢ suecinated” 13 pot 25 0.01 MegHet 205
#5L%* + succinate” 2.5 pot 25 0.07 Me4Ncl 265
HEL® ¢ succinate?” 34 pot Pl 0.1 MegkeCl 153, 205
K5L7* + succinate?” 2.8 pot 25 0.1 MesRCL 208
HeL% ¢ succinate?” 2.4 pot b2 0.1 Magel 205
uél,‘" + gtutarstea' £ Y pot 25 0,07 MegNrl 153,205
H5L5Y + gluterate?” 3.4 pot 25 8.01 MegNel 205
HeL%* ¢ glutarated” 2.8 pot = 9.01 MegNCL 205
wgt6* + glutaratez' 3.4 pot 25 0.1 MegRCL 153,205
H5L3* + glutarste®” 2.9 pot 25 6.1 Megerl 265
Bet®* + giutarate?” 2.5 pot 25 0.1 MesNCl 205
HgL®* o agipate?” 3.2 pot 25 0.91 MegNct 153,205
#5L3* + sdipeted” 2.6 pot 25 0.01 Meykel 205
Hit4* + adipate?” 1.7 pot 25 0.01 Meghel 205
#6LS* + adipate?” 2.3 pot 25 0.1 Neghel 153,205
H5L3* ¢ adipate?” 1.9 pat kS 0.1 MesNcl 205
HiL9? + adipated” 1.6 pot 25 6.1 NegRei 205
HeLS* + pimelated” 3.1 pot 25 0.61 MeghCl 153,205
H5L5Y + pimelate?” 2.4 pot 25 0.1 MegNcE 205
WLt « pimetated” 1.6 pot P 0.01 Meghct 208
HeLS* « pimelate?” 2.2 pet 5 0.1 Meghel 153,208
H5L5* & pimelate? 1.8 pot 25 0.1 MegHct 205
HeL® + pimelote?” 1.8 pot i 0.1 Megucl 205
ML + maleste?” .3 pot 3 .01 HegNCt 153,205
H5L3* & maleated" 33 pot L 0,01 MegHCL 205
L% + malente?” 2.3 pot b4 0.01 MeyNcl 205
Het8* + fumarate?” 4.1 pot 25 0,01 Megncl 153,205
H5L¥* + fumarate?” 3.2 pot i 0.01 MesNc! 205
HiL%* + fumarste?” z.5 pot 5 .01 MegMc! 208
HELS* + N-acetyi-L)-
aspartated” 4.1 pot 25 0.01 Meghcl 153,205
H5L3 + W-acetyl-(L)-
aspartal:ez' 3.1 pot 25 .07 MeiNCl 203

Hit ¥ ¢ N-acetyl-(L)-
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aspartated” 2.3 pot Fa 0.01 MegNCl 205
#etS* » W-acetyl-(1)-
glutamate?” 4.4 pot i 0.01 MeghCi 153,265
H5L%% + H-meatyl-(L)-
glutamate?" 3.4 pot 25 .01 Meghcl 205
R4t « M-scetyl-(L)-
glutmtea' 2.3 pot 25 0.07 MeiNClL 205
#etB* + H-scetyl-(L)-
glutanyl-glycineted” 3.4 pot 25 0.0 Meghcl 153,285
HsL8+ + N-acetyl-(L)-
glutamyl -glycinate?” 2.4 pot 25 0.01 Meghrl 205
Haldt ~ N-acatyl-(L)-
glutamyl-glycinsted”  «Z pot 25 0,01 MegHEL 205
H H
(\N—(CHZ)‘O—N/D
HN NH
\) 1,5,9,20,24,28-hexaazacyclooctatriacontane
(/N_[CH-z){OF'_N
H H
reaction logk method -aR%(kJ/mol) TAS*{kdfmat) T °C mediom ref
HeL® » Caty?” 6.3 pot 25 0.% MeghCL 153,205
H5L®* « cang2” 4.7 pot 25 0.1 MeghCl 205
LS « Cong2 2.8 pot 25 0.1 MegNcl 205
#eL5* + malonated” 4.0 pot 25 0.01 NegHCL 153,205
H5L3* + matonatel” 3.0 pat 25 0.91 Beghel 205
W% « metonated” 1.9 pot 25 0.1 MegHEL 205
kL8t o melonated 3.2 pot 25 0.1 MegNCl 153
kgt5* + matonate®” 3.8 pot 25 0.1 Weghcl 205
H5L3* + malonate?” 2.6 pot 25 0.1 Meghel 205
HoL% + malonate?” 2.2 pot 25 0.1 MeghCl 205
kst®* + succinate?” 3.1 pot 25 0.1 Haghel 153,205
B5L5* ¢ succinete?” 2.4 pot 25 0.01 WesHel 205
Ksl%* ¢+ succinate?” 1.2 pot b2 0.01 MegNEL 205
ng,t“ + succinste?” 3.0 pot 25 0.7 MeghCl 153,205
H5L3 + succinate?” 2.3 pot 25 0.1 Meghcl 205
Hgt% + succinate?” 2.2 pot 25 0.1 MegNeL 205
Beté* » glutarate?” 3.3 pot 25 0,91 HegNEL 153,205
E5L3* + glutarate? 2.5 pot 3 0.1 MegNEl 205
Hit4* + glutarate? 1.5 pot 25 0.07 HegNEl 205
Hgt® + glutarste?” 2.9 pat 5 9.1 Meghel 153,205
H5L®* « glutarate?” 2.4 pot 25 0.1 MegHel 205
w4 + glutarate? 2.4 pot 25 0.1 Megicl 205
H#eLS + adipate?” 3.2 pot 25 0.01 MegNcl 153,205
H5L3* + edipated” 2.5 pot 25 0.01 MeghEl 205
#L%* + adipated” 1.4 pot 25 0.0 Heghel 205
#eL5* + adipate?” 2.5 pot 25 0.1 MegHCL 153, 205
K5L3* + adipate?” 2.5 pot 25 0.1 Meghel 205
WLt + adipated” 2.4 pot FH 6.9 MeghC! 205
#eLE* + pimetsted” A pot 25 0.01 Neghel 153,205
#s5L5* + pimetate?” 3.5 pat 5 0.01 MeghCl 205
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Hgl®* + pimelate? 2.7 pot 25 0.01 Meghcl 205
HeLS* + pimetare?” 3.4 pot P 0.1 MegHCL 153,205
HsL3* + pimelate? Z.8 pot 5 0.1 Heghel 205
HL%* + pimelate?” 2.7 pot P 0.1 MegREL 205
Hgt8* « suberatel 6.2 pot b 0.6 MegNcl 153,205
H5L5* » suberate?” 1.4 pot 25 6.0 NeghC! 205
HoL4* + suberate?” 2.6 pot b 9.07 He4He! 205
HoLB® + suberated” 3.4 pot e 0.1 Meghel 153, 205
L2 + suberate?” 1.0 pot 25 0.1 HegNCL 205
WiL%* + suberated” 2.6 pot 2 0.1 Meghcl 205
HeL®* + azelare?” 5.6 pot = 0.81 MegNet 153, 205
#sL3* + azelated" 30 pot ) 0.01 MegNCt 05
HaLt* & arelated” 2.5 pot P 001 MeakCl 205
¥5L8* « azelsted” 3.2 pot 25 0.1 MeyNCL 153,205
H5L3* ¢ azelared” 2.8 pot 25 Q.1 MogNCl 20%
HeLS* « azeloted” 2.5 pot 25 0.1 Mecnel 205
eLS* + sebacatel” 3.5 pot 25 0.0 MesHCL 153,205
Hsls* + sebacate?” 3.4 pot 25 0.01 Heguct 205
Hel®? » sebacated” z.4 pot F53 6.01 HeyNCL 205
HgLS* + sehacared” 3.0 pot b 4.7 Megucl 153,205
HSL®* + sabacate?” 2.9 pot 25 .1 Me NCL 205
Higl4* « sebecate? z.6 pot 25 0.1 Meskci 205
ilal_&" + butyratez' 2.0 pot 25 Q.07 MesnwCl 153
HoL®* + W-acetyl-(L)-
aspartetez' 3.3 pot 25 3,01 MegNelL 193,205
H5L5+ + N-mcetyl-(L)-
aspertat. 2.6 pot 25 0.01 Meghil 205
H5L%* + H-acetyl-(L)-
nspartetez' 2 pot 25 0.01 MeLucl 205
A5LE* + N-scetyl-(L)-
glutomate?” 3.2 pot & 001 MegHCL 153,208
HSL3* 4 §-acetyl-(L)-
glutsmated” 2.6 pot 5 0.1 HeyuEL 205
#gt%* « N-acetyl-(L)-
gtutamate?” <2 pot 25 0.07 Meghcl 205
He.l.é” + N-acetyl-{L}-
gtutamyl-glycinate?” 4.3 pot P 0.01 Heqncl 153,205
HSLS’ + N-acetyl-(L)-
glutamyl—glycimtee' 3.5 pat 25 0.01 MaLNCt 205
HEL** + N-acetyl-(L)-
glutamyt-glycinated” 2.4 pot s 0.01 HegHCL 205

g

CHN N N 1,4,7,10,13,14, 19-heptaszacyc(sheneicosane
N [21] anany
Cu 5‘

H\H

reaction Logk method -AHSCk/moly  Tasetky/mol) T °¢ medium ref
HLY* + [Feconig®” 420 pot 25 0.1 &cl 165
K5Ot fFecCHISIS" 5.42 pot 25 0.1 &Cl 165




HCHNﬁ

CN 1,5,9,13,17,21,25, 2% octeszacyclodi triacantane
N

._{_/ [32)aneNg

reaction togk method -AH"(RS/mot) TaST(kd/mal) T °C med ium ref
wgLd* « sng2- 6.0 pot 5 0.1 MegRCl 152
wat® & cong?t 3.7 pot ) 0.1 Meguel 152
wgtB* + (FeccnIgl®” 8.9 pot 25 0.9 MegHCl 152
ugl® « (retonrgr®” 7.8 pot 25 0.1 Kl 193
waL2* + rFetoMdgid” 5.0 pot-cv 5 8.1 xct 193
ugL8* « rrecenigl 5.8 pot-cv 25 0.1 MegrCL 194
Hatd* + [ootong 6.0 pot 25 0.9 MegHCl 152
ngLB* + amp- 4.1 pot 25 0.3 MegkCL 152
usto* + 2ampd- 5.0 pat 25 0.9 MeghCl 195
HgL8* + Zamp” 5.5 pot 5 0. MegNCL 195
UL + 2amp2- 5.9 pot 25 0.1 MegNCL 195
HaLB* « 2amp2- 7.2 pot P 0.1 Meghcl 152,195
ugLd* + app3- 7.5 pat FLS G.1 MesNCl 152
L5+« 2app3 7.0 pot b 6.1 Meghcl 195
HgL8* » 2app3- a1 pot 25 0.1 MegNCL 195
HzL™* + 2a0p3- 9.1 pot 25 0.1 MegHCt 195
ugLE* + 2npp3- 10,2 pat 25 G.1 MesNCL 152, 195
HgL®* « ATP®" 8.5 pot 25 0.1 KegNCL 152
HSLS* + 2aTP%" 8.0 pot 25 6.1 MesNCL 195
Hgt&* + 2a1pé” ©.9 pot 25 6.1 MesNCl 195
HpLTY & 2aTPYC 1.5 pot 25 0.1 MesNCl w5
HaL®* » zatpt" 12.8 pot P 0.1 MezHCL 152,195
LB+ citrated” 7.4 pot 25 3.1 Keghcl 152
HptE* o succinate?” 3.6 pot 25 0.1 MegHCl 152
g8 + matonate?” 3.9 pat 25 0.1 Heghet 152
ugr 8% « mateate?” 4.t pot 25 0.1 Me4NC! 152
#arB* o fumarate?” 2.9 pat 5 0.1 MegNCH 152
g13* + squarated” 3.6 pot 25 0.1 KegNCl 152
#ae8* ¢ 1,3,5-benzen-
tricarboxylate?” & pat 25 0.1 RegNCL 152
H
ﬁ/\/“\N

r(/ WN\} 1,5,9,13,17,21,28,32-cctoezabicyc Lol . 11. 111 -pentatriacontane

reaction Logr method -AN* kS /moly TASS(kJ/moly T °C medium cef
waLt® + U 2.4 pot 25 0.1 MaTs0 92
(AN 2.1 pot Fa 0.1 Ra¥s0 192
ugt®* + cu- 1.7 pot 25 0.1 HaTsD 192
w5l + cL” 1.5 pot 25 0.1 RaTs0 192
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Hgt® + g 2.9 pot 25 0.1 NaTso 192
W ™ + Br- 2.8 pot 25 0.1 NaTs0 192
wt®* » Br” 2.2 pot 5 0.1 Halso "%z
T TS 1.7 pat 25 0.1 HaTsC 192
L 3.4 pot H 0.1 Hais0 192
Hpt 7+ 1- 3.0 pot 25 0.1 Na¥s0 192
Hgl®* + - 2.4 pot 3] 0.1 HaTsg 192
H5LSt w1 1.9 pot 2 0.1 Halso 192
wgr®* + spg?” 7.4 pot i G.1 Neghel 192
KT 4 5048 5.6 pot 25 9.1 Meghek 192
Hel8* + sgi2" 4.2 pat 25 6.1 MegHCL 192
R5LO* + 5042" 3.2 pot 25 0.1 MegNCL 192
HLYY + 5042 2.7 pot 43 0.1 Heghel 192
a8 » cpo?” 6.5 pot 2 0.1 Heghct 192
WL T & comy e 5.2 pot 25 0.1 MesNCL 192
HeLS* ¢ coos2” 4.5 pot 25 0.1 Meghel 192
wsL3* + capy?2” 3.2 pot 25 0.1 Megiel 192
#at®* » malonated” 4.0 pot ] 0.1 MegNCL 192
w77t + matonate?” 3.1 pot FL 0.1 Meghcl 192
HE 8 & malonate?” 2.8 pot 25 6.1 Megcl 192
KSL5* + malonate?” 2.2 pot 2 0.1 Mezncl 192
H/'\./\\/\n
(Rl
(N H N> t,4,10,13,16,22 27 33-octeazebicyclo(11.11.11) -pentatriacontane
(:HWVN:-I)
N ™ N
H H
reactian Logk method -ARSCkSmal)  TAS®(kifmoly T °C med ium raf
HeLS* ¢ Fon” 5.2 pot = 0.09 NaClog/ 177
9.01 Maf
H
Ay H
(nN
H N N'H 1.4,7,10,13,16, 19,22, 25 -nonaazacyc loheptacosane
HN N’Hj [27] aneNg
CN N
H\H
reaction logx method -AR%(k/moly  Tast{kdsmol} T °C med i um ref
HEL* + [recE3g1%” 4.06 pot 25 0.15 HaCigy 167
HEL3* 4+ [Fe(CHIE) 5.63 pot P 0.15 HaCloy 167
HoLST + [Fe(THIg)® 7.50 pot 25 0.15 4acloy 167
Uzt ™+ precondgld” 9.33 pot 25 0.15 MaClog 167
mL%* « [cotenig 3 z.61 pot 25 8.15 nat 104 167
H5L3* 4+ (Eo(cHIgld 3.00 pot 2 .15 Na€log 15?7
HeLEY + tCo(CHIE1 3" 3.36 pat 25 0.15 NaClog 157
w7 4 fcotondgld” 3.78 pot 25 0.15 NaCioy 167
oL + rroconyg) 4.09 pat o5 .15 ®aC(Dg 167
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HWH
GCon N,
N N
HN Na .
) ¥,4,7,10,13,16,19,22,25,28-dec aazacyctotriacontane
[} N 307 ane¥1n
H\/H
reaction Logk method -ANCCkfmaly TAS(kJfmol}y T °C medium ref
HzL%* o [Fe(CHISIS” 3.69 pot 25 0.15 Haclog 167
st + fretcNdgl & 478 pot 2 B.15 NaclOg 167
HeLE* + [Fe(CHISIY" 6.23 pot 25 .15 HaClgy 167
K 7* o EFe(owdglY” 7.92 pat 25 9.15 NaCloy 167
HEL®* o [Fe(ciigl®” 9.03 pot 25 9.15 HaClog 167
Hot4* » EGo(oM)g)S” z.03 pat 25 .15 HaCloy 167
BsL5* + fCotcNdg) 3 2.10 pot 25 0.15 Naclog 167
helE* + (Cotohrg1d 2.37 pot 25 §.15 WaCloy 67
AT+ fcoconygl3” 3.23 pot 25 .15 Nacloy, 167
Hat®* + reotowg) S 3.66 pot 25 .15 Haclog 167
Hot%* o rcoconygrd” 4.43 pot 25 915 Hacloy 167
Ry
wn N N’L
H
ch N3
H(f N—? 1,4,7,10,13,18,19,22,25,28,3-undecaazacyclotritriacontane
N ] [331aneNyq
Hin N
[ER ]
resction LogK method K (kdimoly TAS{ki/mold T °C mediun ref
HiLld* + [Fecoyq1® 3,61 pot 25 0.15 Nacloy, 167
H5LT* + (Felewdgld” 4.66 pot 25 .15 NaClog 167
Hgrs* » precenygd” 5.72 pot 5 .15 Haclog 167
Ha Tt o tretenygl® 6.93 pot 5 9.15 HaClog 167
HaLd* » rreconin® 8.07 pot 25 .15 Natlog 167
HiL% + [CoftwIgl>” 2.63 pot 25 .15 MaClog 167
H5t®* + eCotendgl 3.08 pot 25 .15 NaClog 167
HgL 8 + ECorTHIg1” 3.52 pot 25 .15 Hacloy 167
H7LT* + feorende) 3 4,05 pot 2 .15 Naclog 167
age® + rcotonigd- 4.55 pot 25 9.15 Macloy 167
K% o ootendgld” 4.87 pat 25 .15 MaCloy 167
Wac 9+ wetong)3 5032 pot ELs 0.15 HaCloy 167
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e
/N
{CHalg 3 ICH,g
cn (CH:ﬁH’l‘_Eg_CHS 1,B,15,22- tetramethyl -1,8, 15, 22-tetrazoniatricyc(o(13. 13.6.68 . 22  tetracontare
3 . &
{CH), \(CHzis
~
ey,
reaction Logk method AR ERMMMOLY  TAST(RJ/mol) T *°C meditm ref
L4 e o1” 1.3 KND3 204
1% v crr 1.7 pot Fe 0.1 Nalso 203
L%+ BT 2.45 kN3 20
(AP P 3.01 pot 25 0.1 HaTsQ 203
L4y 2.2 KF 204
L4 . - 2.7 pot 25 0.1 HaTs0 203
L4 + Hooo™ 1.34 pat s 0.1 N(CPH5I4TSO 203
L% » cHzC00” 1,86 pot = 0.1 NUC2H54TS0 203
L5 « coze” 1.76 pot e 0.1 N{C2HS)4TSO 203
L4 5 Boos” 2.36 pat 25 0.1 Ratso 203
L4+ 4zpoy” 21 pot 25 0.1 KaTsp 203
L%+ wppg?- 2.54 pot 2 0.1 Naiso 203
L%+ p-oaNCersopntT 2010 pot 25 0.1 Naiso 203
L4 + glucose-1-
phosphated” 2.2 pot 25 8.1 KaTsD 203
L4 + glucose-&-
phosphate?” 2.2 pot 25 0.1 NaTso 203
L5+ amptt 1.99 pot 25 0.1 HaTsO 203
L4 o At 2.46 pot = 0.1 Ralso 203
adenindiruclaotide” 2.08 pot 25 0.1 Ha¥sh 20%
L% & p-OZRCaHGO «@.7 pot 2 0.22(Tris-Ts0) 203
L4 + 4-hydrony-3-
ni trobenzoated” 2.32 spec 27 0.25 waF 204
L% + 4-hydroxy-3- TAPS (0.25M pH B.8)
nitrophenylace:atez' 1.7 spec 25 0.1 Naf iyt
L% » 3-¢3-nitro-4-hydraxypheny!)- TAPS (0.25# pH 6.83
tri-2-enonted” 2.7 spec 25 9.1 NaF 206
L% + 5-¢3-nitro-4-hydroxypheny!)- TAPS (G.25M pH 8.8)
penta-2,4,-dienoated”  2.68 spec 235 0.1 Raf 206
L% ¢ 5.¢3-nitro-4-hydroxyphenyl)- TAPS (0.25M p 8.8)
hepta-2,4,6-triencated” 3.02 spec 25 0.1 MaF 206
TAPS (0.25M ph 5.8}
CH
48
AN
(CH, ) \ecs—r,:,
(9/ {CH, @
CH,—N;{CH,}.—\ /NHCH, 1,18,19,28-tetramethyl-1,10,19,28- tetrazoniatricyclof17. 17.8.8'2. 28 gopentacontane
CHyly ¥ ICH,
~p?
E\CH3
reaction togt method AR CkJSmol)  TAST(kdfmel) T °C medium ref
(R T R KF 204

L%« BeT 2.45 XF 204
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L4 . gp” 2.0 spec 2 0.02 (Tris-F"} 203
LY+ - 2.03 pot 26 0.55 NaGlucuronate 263
L& ey 2.4 KF 264
Rl 2.45 spec 26 0,22 (ieig-F ) 203
Lo o 3™ 1.9¢ spec 2 0.22 (Tris-F") 20%
L%« son” 2.9 spec 2 0.22 (Tris-F7) 203
L4« Hpagd- 9.32 spec 2 0.22 (Tris-F"y 203
L%+ nasog? <0.15 spec 2 0.22 (iris-F7) 203
L4 o eghiston” 0.44 spec 26 0.22 Tris-F) 203
L4+ o-CameeCoonz?” 6.9 spec 2 0.22 (Fris-F7) 203
L% & 1-CHz-COp” 1.99 spec 26 0.22 (Trig-F") 203
LA% o apphs 1.04 spec 2 0.22 (Tris-F7) 203
L%« appt- 1,40 spec 2 0.22 (Tris-Fy 203
vé . arpt 1.92 spec 26 0.02 {Fris-€"y 203
'_fw -
p-nitrophenolate” 2.25 spec 26 0.22 {¥ris-F") 203
ti’ﬁ- .
2,4-dinitrophenclate” 2.36 spes 26 §.22 {iriz-F ) 203
l_i’w -
2, 4-dinitrophenctate” 2.48 spec 26 0.02 {Tris-F"y 203
&+
E -
3,5-dijodotyrosine” 1.14 spec 26 0.22 {Tris-F")} 203
.
N-acetyltryptophane” 0.7 spec F] Q.22 {irigs-F") 203
o
N
/ \\
‘;,Hﬂc CH Iy
® iCH e ™\
CHy N (CH /g—cu,
ery Y icHal,
~n’
@y
€H, CH,
b ®
N
/\\
CHYe  TicHp,
e/ hda \g
cn,—n:tcn,).—\ H—CH,
(=T (CHy
» N, L ]
@ CHy

1-¢4-{10,19,28-Trimethyl-1,70, 19, 28- tatrazoniatricyclo- [17.17.8.899: 28 dopantacont yimethyl ) -
benzyl)-8,15,22- triuthyl-1,8,15,22—to!r|:miatrim\o[13.13.6.63'221 tetracontane

reaction Logh nethod -AH*{kSSmoly TAS*(kJ/mol} T *C medium ref
4 & &-hydroxy-3-
nitcobenzoatel 2.85 apec Fa .25 Waf 206
L% + 4-hydroxy-3- TAPS (0.25M pH 8.8
nitrophenylmtatea' 2.51 pec 25 9.1 NaF 206
L% 4 3-¢3-pitro-4-hydroxyphenyl)- TAPS (0.25M pH 8.8}
toi-2-encated” | spec b1 0.1 NaF 206
4 4+ 5-(3-nitro-4 -hydroxyphenyl 3- TAPS (0.25M pA 8.8)
penta-Z,4,-diencated” 372 apec i3 Q.1 Raf 206
oy 5-{3-nitro-4-hydroxypheny!)- TAPS {0.25M pH 8.8}
hepts-2,4,6-trienoste?” &.00 spec 5 0.1 Haf 206

TAPS ¢0.27M pH 8.83)
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Fig. 12, (a) Equilibnia between katapinand stereoisomeric species differing in the in—out configuration of
the ammonium groups, (b) Inciusion complex of chloride, stabilized by hydregen bonds.
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studied at various temperatures for binding to the tetraprotonated and tri-
protonated forms of [18}aneN {41) [199,200,201]. in the case of IOQ; [200]
and SOZ~ [201], both 1:1 and 1:2 [H,(41}]* " anion complexes are formed,
while NO3; and CIO,; form only 1:1 species [199,200]. The association
constants for these complexes were determined at each temperature and the
relevant enthalpy changes estimated from van’t Hoff analysis. The thermo-
dynamic data agree with a general favourable entropic contribution towards
the stability of these complexes, with the enthalpic term being mostly un-
favourable or slightly favourable. These results were interpreted in terms of
solvent ordering by the [H,(41)]** species and water loss from both the
ligand and anion solvation sphere [199-201]. Although the NO; complex
1s more stable than the chloride complex [199], it appears that, in the solid
state, Ci~ forms sironger bonds to [H,(41)]**. X-ray crysiallographic
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analysis of NOj3 and Cl~ salts of [H,(41)]** showed that at least one water
molecule intercedes between [H,(41)]*" and NQOj, while Cl~ interacts
directly with the ammonium sites [199]. These crystallographic features
are apparently connected with the thermodynamic properties of [H,(41)]**
complexes of NOj and Cl™ [201], since a lower solvation of the C1™ anion
leads the complexation reaction to be more endothermic and more entropy
producing than in the case of the NOj ion.

The protonated hexamine ligand [24}aneN, (42) forms weaker C1~ com-
plexes than the analogous [18JaneN4(41) ligand [164]. Comparison of
SO%~ complexes leads to similar conclusions. The presence of propylenic
chains connecting the amino groups in [24]aneNg (42} allows the positive
charges to disperse in a greater volume than in the case of the ethylenic
chained [18]aneN, (41). The choice of propylenic-chained azamacrocycles,
as noted above, facilitates protonation of the ligands [164] but, on the other
hand, produces protonated species of reduced charge density which interact
less with anions than the ethylenic-chained azamacrocycles. This is a generally
observed feature in [4k]JaneN, and [3k]aneN, ligands.

The stability constants for SO~ complexes of the tetra- to octa-protonated
species of the bicyclic ligand (59} have been reported [192]. The stability
constants for the tetra-, penta- and hexa-protonated species are equal, within
experimental error, to the values reported [152] for the analogous species
formed with [24]aneNg (42). The stability of SOZ~ complexes seems to be
unaffected by further extension of the dimensions and charges, since equal
stability constants for [H(42)SO,J*" and [H(53)SO,1°" have also been
found [152]. On the other hand, exhaustive protonation of bicyclic (58)
produce a SOZ~ complex whose stability is much greater than that observed
for the parent ligand [Hg(53))%*.

The equilibrium constants referring to the complexation of CO3~ anion
and [H;(36)1°", [Ha(37)1* ", [H(41)]>* [197] and (60) [203] have been
determined. The two pentaaza ligands show a high affinity for carbonate
binding at neutral pH and have been proposed as possible models for
carbonate physiological receptors [197]. 1:1 complexes with HPOZ ™ are
formed by [H;(36)]**, [H3(41)]** [118] and by the tetrammonium cage-
like compounds (60) and (61) [203]. Phosphate complexes with these proton-
ated macrocycles are stabilized by electrostatic interaction and hydrogen
bond formation. On the other hand, the stability of the inclusion complexes
of the tetracharged (60) and (61) with the hydrophilic HPOZ ™~ can be ascribed
to a different coordinating ability of the two tetrammonium cages, being
mainly electrostatic in (60) and hydrophobic in (61).

The present results with simple inorganic anions show that the molecular
architecture of the anion recepiors produces selectivity criteria which could
define ‘macrocyclic and macropolycyclic effects for anion complexation’.
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(it} Metal complex anions

An earlier observation of ion association in solution between simple quater-
nary ammonium anions and [Fe(CN)¢]*~ was evident from an NMR study
[210]. More recently, the interaction of metal hexacyanide anions
[Fe{CN)]* ™, [Fe{lCN)}’ ., [CofCN)s} ~, [Ru{CN)J°~ with polyproto-
nated aza macrocycles has been studied from thermodynamic
[191,152,193,194,165,167], electrochemical [191,193,194,165,167], photo-
chemical [211-2137 and structural [191,167,166] points of view. The interac-
tion of these polyammonium receptors with the complex anion gives rise {0
second sphere coordinated species, namely complexes of complexes {super-
complexes), which deserve account in the field of supramolecular chemisiry.

The stability constants for [Fe({CN)s]*~, [CofCN)¢]® ~ binding with poly-
ammonium ions of large polyazacycloalkanes of the series [3klaneN,
([21]aneN-(48) [165], [27]aneNy{51), {30]aneN,4(52), [33JaneN,, (53) [167])
and [4k]JaneN, ([24]aneN, {42) and [32]aneN, (50) {152,193, as well as for
the tetraaza macrocycle [20]aneN, (27} [191] have been determined by pH-
metric titration. In the series [3k]aneN, and for [20]aneN, (27), 1:1 complexes
have been observed, in which the ligand is at least tetracharged while only
the stability constants for the 1:1 complexes formed by the two fully proton-
ated [4k]}aneN, ligands have been reported. All the compiexes are very stable.

For the same macrocycle, the stability of the supercomplexed species
increases as the macrocycle becomes more highly protonated {(charged)
[165,167]. Furthermore, the supercomplexes formed with the tetra-anion
[FefCN)s]*~ are always much more stable than the corresponding species
involving the tri-anion [Co{CN)¢]®~ [152,165,167,191,193]. These general
considerations lead to the understanding that the interactions which produce
these supercomplexed species are essentially electrostatic in nature. Indeed,
complexes of [Fe{CN),]°~ show a clear trend, indicating that the species
with equal degrees of protonation are somewhat more stable with smaller
macrocycles where the positive charges are more gathered.

However, in addition to electrostatic forees, size effects and topological
effects, hydrogen bond formation may play an important role in deter-
mining the stability of the supercomplexed species. This is the case for the
[Cof{CN)s]?~ complexes of protonated [33]aneN,, (53) for which a small
increase in stability is observed with respect to [30]aneN,, (52). This has
been ascribed [213], on the basis of the photochemical quantum yield of
CN~ release from these [Co{CN)s]*~ supercomplexes, to the inclusion of
the anion into the macrocyclic cavity of the polyammonium receptor.

A simple scheme (Fig. 13} was proposed to describe both inclusive
(Fig. 13{(a)} and outer (Fig. 13{b}) coordination of the Co(CN);~ ion. CN~
ions which are involved in hydrogen bonds are prevented from photodissocia-
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a b

Fig. 13. Schematic representation of inclusive and outer coordination of [Co{CN)¢]®~ to a large proton-
ated polyazacycloalkane.

tion. Bianchi et al [166,167]) reported a crystal structure for
{[Hg(52)J[Co(CN}sJ3** (Fig. 14) which showed that this supercomplex is of
the outer type in accord with photochemical data [213]. In the complex, the
[Hg(52))®* receptor adopts an elliptical-shaped disposition.

The complexation of [Fe(CN),]*~ by polyammonium ligands affects the
electrochemical properties of this complex anion by stabilizing the more
highly charged forms, i.e. the lower oxidation state of the central metal ion
[165,167,191,193,194]. The value of the redox potential of the couple
[Fe{CN)s]* /[Fe{CN}s]*~ can be modulated by increasing the charge of the
polyammonium receptors [167,193—195] (Fig. 15). The stability constants for
some [Fe(CN)s]*~ supercomplexes have been obtained from the value of the
[Fe(CN)s]® /[Fe{CN}s]*  redox potential and the stability constants deter-
mined for the reduced supercomplexes [191,193,194]. Smalier stability con-
stants are observed for [Fe{CN)s]>~ with respect to [Fe{CN)s]*~ in accord
with a smaller electrostatic interaction with the polyammonium receptors.

In the case of [Hy27)}** [191], the enthalpy of reaction with both
[Fe{CN)s]*~ and [Co{CN),]*~ has been determined by direct microcalorim-
etry by Bianchi et al. [191]. Thermodynamic results show that both complexes
have favourable enthalpic and entropic contributions. The stability of
{[Fe(CN),J[H4(27}]} is mainly entropic in nature while the enthalpic contri-
bution predominates in the formation of {{Co(CN);J[H,{(27)]}". An increas-
ing number of released solvating water molecules from the reacting species
{entropy producing effect) with charge neutralization and heats of desolva-
tion (enthalpy consuming effect} has been proposed to explain the above
behaviour [191].



102

- {P(NDYOO[(ZS)*H]} xerdwooadns, ay) Jo 21mpdnus [eiskid 1 314




103

L={27)aneNg
FeiCNlg
100 0.5
iHAFelCNIg>
%
[HaL FetCN)gl"
iHeLFe(CNIg?’ ’ ) 10-4
® o\ LT -
40.3 —~
2
50 i ¢
)
®10.2
40.1
0
4 6 8 10
pH

Fig. 15. Distribution diagram (-~} for the system H * [(51)/[Fe(CN)s]*~ and E,; {mV} in cyclic voltammo-
gram (@) for the couple [H{SD)]IFe{CN}, 1"~ ** /[H,(51)][Fe{CN),J* ¥ vs. pH.

(iii ) Nucleotidic phosphate anions

In a first report by Dietrich et al. [152], it was shown by pH-metric
measurements that the fully protonated forms of the polyazacycloalkanes
[24]aneNg (42) and [32]aneN, (50) form stable complexes with the nucleotide
anions AMP2~, ADP®>~ and ATP*". 1:1 ligand-to-anion complexes were
observed for both ligands, while 1:2 species are also formed by the larger
octaaza macrocycle. Later, the stability constants were presented [195] for
the formation of analogous complexes with less protonated species of these
two ligands. In the meantime, Kodama and coworkers investigated [118] the
interaction of these anions with a series of tetra-, penta- and hexaaza macro-
cycles by polarographic methods, and determined the stability constants for
the relevant complexes. In all these cases, it was observed that the stability
of the complex of a given ligand increases with the charge of the anion
(AMP2~ ADP3~ ATP*") [118,152,195]. Moreover, for a given anion, the
stability increases with the charge (degree of protonation) of the given ligand
[195]. These trends agree with a predominant electrostatic contribution to
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the interaction between these anions and the polyammonium receptors. How-
ever, size effects can alter the above trends even for nucleotidic phosphate
anion complexes, as in the case of triprotonated (41), which forms ADP*~
and ATP*~ complexes which are more stable than those of the equally
protonated forms of the pentaaza macrocycles [15)aneN; (34), [16]aneN;
(35) and [17]aneN; (36).

A model for the [H;(41)]** complex of ATP*~ in which the nucleotide
adopts a bent conformation in order to allow both phosphate and adenine
sites to interact with the tricharged receptor (Fig. 16) was proposed by
Kimura et al. on the basis of 'H NMR measurements [118]. In the case of
[16]aneN; (35) and [18]aneNg (41), for which binding of both HPOZ™ and
of the equally charged AMP?~ have been reported, more stable compiexes
are formed with the nucleotide anion, although its charge density is lowered
by the presence of the adenosine group.

The binding of AMP?~ and ATP*" by quaternarized cage-like ligands
(60) and (61) was presented in an early paper by Schmidtchen [203]. The
complexes are of reduced stability with respect to the analogous polyaza-
cycloakanes. The disposition of ammonium binding sites, the low charge
density of the receptor as well as the inhibition (by N-quaternarization) of
hydrogen bondings can be invoked to explain this behaviour. The effect of
hydrogen bond formation on nucleotide anion binding has recently been

N N
H \ /S H
Fig. 16. Schematic representation propesed by Kimura et al. [118] for the interaction between ATP*~
and the trichasged receptor [H,(41)]°".
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analyzed [202] by comparing, through potentiomeiric measurements, the
coordinating ability toward ATP*~ of the two tetracharged formula isomers
[H27]*Y and [1,1'4,4,7,7,10,10"-octamethyl-1,4,7,10-tetraazacyclodo-
decane]** (62). (62) presents a closer assembly of positive charges than
[H,(27)]* ", but it is unable to form hydrogen bonds. As a consequence, while
[Hu27)1*" forms a stable complex with ATP*~, no detectable interaction
arises with (62).

HsC__ CH
HiC Ve d 7 CHy
C N N j
HsC /IH\\. CHy
HaC —/CHj

62

An important consequence of ATP?~ binding by polyammonium macro-
cyclic receptors is the acceleration of ATP hydrolysis. This catalytic effect
has been extensively studied by *'P NMR and HPLC methods from a kinetic
point of view. This subject is beyond the purpose of the present review and
consequently it will not be presented here. Readers interested in this part of
suptramolecular catalysis will find exhaustive reports in the literature
{[214,215] and references cited therein).

{iv) Carboxylate and polycarboxylate anions

The equilibrium constants for polycarboxylate anion binding by proton-
ated species of the pentaazacycloalkanes [15]aneN; (34), [16]aneN; (35) and
[17]aneN; (36) have been determined by the polarographic method [157].
The tricarboxylate anion, citrate®, is bound more strongly than any other
dicarboxylate? ~ studied, indicating the fundamental implication of electro-
static forces. Also, in the case of hexaaza [18]aneN, (41} [157] and [24]aneNy
(42) [152,205] and of the octaaza [32]aneNg (50) [152], citrate® ~ forms more
stable complexes than dicarboxylate? ™ anions. Further evidence for the major
role played by electrostatic interactions comes from the increasing stability
observed for complexes of a given polycarboxylate anion with the degree of
protonation of the receptor [205]). However, the binding of monocharged
carboxylate derivatives of catechol anions by protonated (41) gives rise o
complexed species [198] whose stability compares well with that of the
citrate® - complex. Some tetraaza and pentaaza macrocycles were also tested
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for catechol binding [198] but only [18]aneN, {41} was a successiul receptor,
indicating stricter geometrical requirements for catechol recognition.
Selective features in dicarboxylate?~ anion binding are shown by ditopic
polyammonium macrocycles, whose binding sites are located at opposite
poles of the molecules (42)-{44) [153,205]. The most stable complexes are
produced by the best fit between the length of the hydrocarbon chain connect-
ing the two carboxylate groups (m in Fig. 17) and the separation of the
binding sites in the polyammonium ligand (r in Fig. 17). The best fit is
observed [153,205] between (43} (n=7) and glutarate? ~ (m=3), and between
(44) (n=10) and pimelate’~ (m=35), respectively (Fig. 18). The stability con-

H H
(}rf—- (CH,)— N?)

®

HoN20,C —(CH,)a— CO%-NH,

@
r
@ 1 &
(N — (eHp), — )
H2 HZ
Fig. 17. Ditopic pelyammeonium macrocycles whose binding sites are located at opposite poles of the

moleculs. The best fit between the length of the chains connecting the {wo carboxylate groups {m) and
the separation of the binding sites in the ligand produces the maost stabie complexes.

o O

log K { e::;c—{CHz}m-—-C\{::e
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. i
3.0 L ¥ \(L S -
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Fig. 18, Representation of the stabilities {logarithms) of the complexes between (43) and [glutarate]®”
{O} and (44) with [ pimelate ]*~ {A). Taken from ref 153.
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stants reported [153,205] for the binding of the oxalate!™ anion do not
follow the above trend. Their higher values are probably affected by the
presence of 2:1 oxalate? ™ to receptor species [153]. Comparison with respect
to [24]aneNg (43) [152,164] of the binding features of the ditopic ligands
{43) and (44), toward dicarboxylate?~ anions clearly shows a gain in molecu-
lar recognition ability brought about by the separation of the binding sub-
units. Replacement of the dipropylenetriamine binding subunits (43) and (44}
by diethylenetriamine (42) provides a general increase in the stability of the
dicarboxylate? ~ anion complexes [205].

Another ditopic receptor (63) was prepared by connecting (60) with (61}
molecules by means of a p-xylene bridge [206] in an attempt to increase the
host—guest selectivity of the single subunits. The coordinating ability of this
new ligand has been tested toward a series of dicharged anions containing
one carboxylate and one g-nitrophenclate moiety, chained at various separa-
tion lengths (Fig. 19), and compared with results obtained for (61) [206].
Larger stability constants were found for complexes of the ditopic receptor
than for the analogous complexes of (61). The largest gain in stability is

CHy
]
N®
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CH,—N;\{CHQG—\——/N“CHs

(CH,) {CH
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Fig. 19. o-Nitrophenolate moieties with anionic charges at various separation lengths.

observed for the dicharged anion {(d in Fig. 19) which best matches the
receptor hosting requirement [206].
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