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Abstract

Developments in the synthetic and structural aspects of the chemistry of saturated polyaza
rnacrocyclic ligands bearing pendant coordinating groups attached to nitrogen. that have
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occurred sin..~ 19R9. have been reviewed. The review is organised in terms of the types of
reaction that have been used on saturated triazu, tetraaza. pentaaza, and hexaaza macrocyclic
ligands II) attach pendant donor groups to the nitrogen atoms. Where structural studies have
beer, -rtukcn on metal complexes of these ligands the results of these studies arc described.
'l'l IIJ"; I Llsevicr Science S.A.

Ke.J' II '0,.(1.\'.' Macrocycles: Complexes: Pendant donor macrocyclcs: Crystal structures

I. Introduction

The term "pendant donor" macrocyclc, as applied to a macrocyclic ligand that
has had additional donor groups attached to its periphery. appears to have first
been used in the chemical literature in 1980 [I]. The ligand to which it was applied,
tctrakis( 2-cyanoethyl )-1,4,8, l l-tetraazncyclotctrudecanc, was by no means the first
ligand of this type to have been reported; that had occurred some four years earlier
[2J. However. the coining of the term paid formal recognition to this structural
motif as an important one. and one with the potential to influence the future
development of chemistry in a major way.

The past 16 years have proved this to be the case and new pendant donor
macrocyclic ligands are now being produced in large numbers and for a variety of
different chemical applications. These embrace enzyme simulations [3], attachment
to monoclonal antibodies, for the purpose of carrying a radionuclide to a targeted
cell [4,5], lise in magnetic resonance imaging reagents [6], as well as for progressively
more elaborate investigations of their structure/activity relationships. The underlying
reasons for their use remain the same: they provide a collectively non-labile set of
macrocyclic donors, which serve to immobilise a metal ion, along with a set of
possibly more labile donors which can perturb the metal ion at additional coordina­
tion sites, in competition with external substrates, or which can be used as attachment
points for other molecules.

The literature associated with pendant donor macrocycles has been comprehen­
sively reviewed in 1984 [7] and in 1990 [8] and it is now timely to do so again, but
with ever more stringent constraints on the scope of the review which are brought
on by the burgeoning literature. This review will be confined to work which has
entered the literature between 1989 and mid-1996 and will only address saturated
polyaza macrocycles, not containing another hetero-atom within the macrocyclic
ring, to which one or more pendant donors arc attached through the nitrogen atoms
of the ring.

2. Pendant donor triazamacrocyclcs

Functionalising triaza macrocycles with three nitrogen attached pendant donors
affords a means for forming six coordinate complexes in which there are two groups
of facial donors: the macrocyclic nitrogen atoms on the one hand and the pendant
donors on the other. The bifacial arrangement is a consequence of the fact that,
invariably, all three pendant donors project in the same direction. In some cases not
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all three pendant donors coordinate and instances of five coordinate complexes,
particularly with Cu(II), are not unusual. When needed this situation can be
engineered by functionalising the macrocycle at only one or two of the nitrogen
atoms. There are a number of synthetic strategies for doing this. The simplest, which
often works, is to perform the reaction with the amine in excess, and then separate
the mono- and/or di-N-functionalised product from the unconverted amine. Other
widely used methods, which involve a chemical protecting group, include protecting
via orthoamide formation [9], selective tosylation [10), selective carbamation [11]
or selective protonation [12].

A number of triazamacrocycles, of various ring sizes, have been structurally
developed in one of these ways since the last review [8] and these are discussed
below in order of increasing ring size.

2.1. J,4,7-Triazacyclononane (tacn) derivatives

Ligands 1-8 were reviewed in 1990, and the reader is referred to Ref. [8], and the
references cited therein, for details of their synthesis and the coordination chemistry
which had been investigated up to that date. New ligands and advances in the
coordination chemistry of 1-8 are discussed below under a heading that describes
the nature of the pendant donor addition.

n
AN NA

eN.)
R

1 A~H

~ R=CH2COO'

3 A=CH2CH2NH2

4 R=CH2 ~ >
2.1.1. Hydroxyalkylation

2-Hydroxyalkylation of the nitrogen atoms of the ring has generally been carried
out, usually in near quantitative yield, by reacting oxirane (ethylene oxide) or a
substituted oxirane with the macrocycle. The reaction is favoured not only for its
high yield, but also for the fact that no by-products are produced. Any single
substituent present on the epoxide finishes the reaction at the 2-position of the ann
owing to the fact that nucleophilic attack by nitrogen on the epoxide occurs exclu­
sively at the less hindered carbon atom. The hydroxyl group mayor may not
deprotonate depending upon the prevailing pH and the Lewis acidity of the metal
ion to which it is coordinated.

Since the last review the crystal structure of S.HBr has been solved showing that
the ligand is pre-organised for complexation, having all three arms on the same side
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of the macrocyclic plane. The proton attached to nitrogen lies within the macro­
cyclic cavity. hydrogen bonded to two nitrogen atoms and one of the hydroxyl
groups [13]. The crystal structure of the quaternary salt N,N,N',N"~

tetrakis( 2-hydroxyethyl jtacn bromide has also been solved [13], showing the tacn
ring forced into an irregular structure owing to the fact that, unlike a proton, the
2~hydroxyethyl group cannot occupy the macrocyclic cavity. The structure of
[( FeS hH-3](CI04h has been solved [13] and is similar to the structure of the
complex of 9 with Co( III) discussed in the next section.

Me.
H-1-:0H

<r> AS..Me
N N\,'

HOCN.) OH

Y
Me H 9

Using three equivalents of (2S)-2-methyloxirane Peacock and coworkers have
produced N,N'.N"-tris[(2S)-2-hydroxypropyl]~tacn (9) [14]. With divalent metal
ions Ni(II) [15] and Mn(II) [16] monomeric complexes of the neutral ligand have
been crystallised and their structures solved. Both complexes have f{(c~N303 donor
sets. The twist angle is 41° in the Ni(lI) complex', whereas the corresponding angle
is 22.6° in the Mn(H) complex. Cobaltf lll ) [14]~ chromium(IIl) [17], and
manganese{ IV) [16,18] induce deprotonation of 9 and dimeric structures result. In
the case of cobalt(III) both halves of the dimer have the metal ion in the same
oxidation state, one-halfof the dimer has ajl(c-N303(alcohol) donor set (twist angle
48.8°) and the other ajllc~N303(alkoxide) (twist angle 49.8°). The two halves of the
dimer are connected by an asymmetric hydrogen bond between each alcohol and
the aujacent alkoxide. The CrtIII) dimer is similar, and similar also to the structure
of [Cr2S]3 + which has been briefly reported [19], except that the hydrogen bonding
is symmetrical and the twist angle is 45° in each of the near identical half-units. If
the Mn(II) complex of 9 is allowed to oxidise in air at pH 8 the mixed oxidation
state, MnIV/Mn( II), dimer, shown in Fig. I, results. This complex has a structure
superficially similar to the Co(III )/Co( III) dimer, but with greaterasymmetry owing
to the two different oxidation states. Thus, the metal-donor bond lengths are shorter
in the Mn(lV) (alkoxide) half than in the Mn(II) (alcohol) half. The Mn(lV) half
has a twist angle of 49.1 0 compared to 0° for the Mn(II) half making the Mn(H)
half of the dimer the only known case of a metal complex of a pendant arm ligand
based on tacn which has perfect trigonal prismatic geometry. A similar dimer
containing vanadium(lV) and zinc(II) was isolated by addition of 9 to a solution
of VOCI2, which had undergone reduction with zinc amalgam, followed by air
oxidation [20]. The zinc(II) half of the dimer contains the ligand in the alcohol
form and is nearly trigonal prismatic (twist angle 4.5°). The vanadium(lV) alkoxide

IThe convention used in this review is that a twist angle of 00 corresponds to a trigonal prismatic structure,
and a twist angle of 60° corresponds to an octahedral structure. This is in accord with Ref. [8].
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Fig. I. Drawing of the cationic portion of the Mn( IV)/Mn( II) dimer of 9 showing the ncar octahedral
geometry of the Mil (IV) half-unit (left-hand side) and the ncar trigonal prismatic geometry of the Mn (II )
half-unit (right-hand side).

unit has a twist angle of 39.40
• It is believed that all of these dimeric structures

remain intact in non-aqueous solvents. It has been noted that the relative lengths of
the M-N and M-O bonds can be quite different. In cases where the metal ion has
a filled set of 12g orbitals (Zn(H), Co(III), Nit ll l) and no p7t donation from the
filled p orbitals on oxygen is possible, the M-N and M-O distances are essentially
equal. However, when the t2g set is half-full the M-O distance is shorter than the
M--N one by II pm (Mn(H), alcohol donors) or 19 pm (Mn(lV), alkoxide donors)
and when the t2g set is singly occupied (V(lV), alkoxide donors) this difference
increases to 30 pm.

The Mn(lV) structure of 5 has been solved [16] and is almost identical to the
Mn(IV) half of the Mn(H)/Mn(IV) dimer of 9 discussed above.

As a way of reducing the probability of dimer formation occurring when higher
valent metal ions are used Peacock and co-workers have studied the complexation
of N,N',N"-tris[(2R)-2-hydroxy-3-methylbutyl ]-tacn (10) [21], which is prepared in
quantitative yield from the reaction of (2R)-2-isopropyloxirane with the macrocycIe.
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Monomeric complexes with V(lV), er( III), Mn(lV), Ni{ II). Cu(II) and Zn(II)
have been prepared and the structures of the Mn(lV) and Ni(II) complexes have
been solved. The Mn(lV) complex IS of the fully deprotonatcd 10 and the structure
is very similar to the structure of the [Mll1V9]+ half-unit and [MnIV5] ~ complex
cations discussed above. The Mn-O bonds are slightly shorter in [MnIO] + compared
to [Mn9] +, which is attributed to more effective oxygen-metal pn-dz overlap in the
absence of hydrogen bond participation. The Ni(lI) complex contains protonated
10 and the structure is again similar to the corresponding complex of 9 [22].

Schroder and co-workers have reacted the linked iacn ligand (11) with

Me Me

11

Me

X"Ao Me

2,2-dimeth>1 oxirane to produce the potentially .en coordinate ligand (12) [23].
Complexes with Co(II ), Ni (II ), Cut II) and Zn(II) have been isolated and structur­
ally characterised. With the exception of Cu(II), the ligand binds two metal ions,
each of which is approximately octahedral with either a solvent molecule or an
anion complementing the five donorsavailable from the macrocyc1e, thecoordinating
hydroxyl groups remain protonated and the arrangement of the half-units around
the bridging ethano moiety is anti. The Co(II) complex is remarkable for its stability
towards oxidation to the Co(III) species when in air and at neutral pH: by contrast
the Co(II) complex of 9 is easily oxidised by air to the Co(III) species described
above. TheCu(II) complex (Fig. 2) hasa JJ'1larrangement around the ethano bridge
and onehydroxyl group in each half-unit is de-protonated allowing for the formation
of a pair of hydrogen bonds between the half-units. This appears to be a unique
case of a pendant hydroxyalkyl group coordinated to a divalent metal ion undergoing
deprotonation at neutral pH. Each Cu(II) ion is five coordinate with a distorted
square pyramidal stereochemistry.

2,2-Dimethyloxirane has also been used to alkylatc l-formyl-tacn giving ligands
13 and, after base hydrolysis, 14 [24]. The structure of the Cu(II) complex of 13
has been determined in the salt Na[Cu13(CH3CN )](BF4hN0 3, and is shown in
Fig. 3. The Cu(II) is bound to both pendant arm alcohols, two N-donors or 13 and
one CH3CN molecule. In addition, the complex cation shows long-range interaction

o

to the amido-N donor at 2.611 A. The structure of the free ligand 14 has also
been solved.

2.1.2. Mercaptoalkylation
The mercaptoalkyl ligands 15 [25] and 16 [26] have both been reported since

1989. These are the sulfur analogues of 5 and 9 and are made by reacting tacn with
the appropriate thiirane, although it would appear frOITI the limited experimental
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Fig. 2. A view of the cationic portion or the structure of the Cu( II) dimcr of 12, which provides a rare
example or pendant hydroxyl group dcprotonation that has occurred at neutral pH.

EtOH, KOH •

Me

Mey;H \
(tl N~re
( ) ;-.·Me
\.-N--IOH

H

14

data given for 16 that it was made from racemic 2-methylthiiranc, in which case the
ligand described hasprobably been used as a mixture ofdiastereomers. The structures
of the indium (III) [27.28] and gallium(Ill) [25] complexes of triply deprotonated
15 have been reported. The metal ion adopts nearoctahedral geometry lying between

.!llC'·N3 and foe-S, sets of donors, which have a twist angle of 46() for In(Ill), and
49.6(' for Ga( III). Formation constants for 15 with a range of metal ions have been
determined [28]. Ligand 16 has been investigated as a means of forming models for
the iron sulfur centre in the enzyme nitrile hydratase from Brevibacterium, sp.: it is
reported as forming a neutral, monomeric high-spin Fe( III) complex.

2.1.3. Sulfomethylation
Sherry and coworkers have demonstrated that both mono- and

di-sulfomethylation of tacn can be accomplished by reacting the macrocycle with
the sodium salt of formaldehyde bisulfite [12]. The reaction is performed in aqueous
solution, where the pH determines the level of substitution by selectively protonating
one (pH 9.5) or two (pH 4) of the amines, protecting them from substitution.
Compounds 17 and 18 are useful intermediates in the formation of mixed pendant
arm macrocyc1es as the sulfonate groups can be replaced by cyano groups, which
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Fig. 3. Drawing of the cation in Na[CuI3(CH3CN)]( BF.~hN03 showing the long interaction (2.611 (5) A)
between the amide nitrogen atom and the copper ion.

H

15

17 18

can then be hydrolysed yielding pendant carboxymethyl groups. Alternatively the
sulfomethyl groups can be converted directly to phosphinates or phosphonates [12].
The crystal structure of 18 has been solved [29].

2.1.4. Carboxymethylation
Although ligand 2 was first synthesised in 1977 [30] crystal structures of its

complexes are still appearing, thus structures of [A12] [27,31] and [Ga2] [25,32,33]
have recently been reported. Both complexes have structures which arc close to
being octahedral with twist angles of 51 ° and 47.6°, respectively. The structure of
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the seven coordinate neutral complex [In2CI] has also been solved showing it to be
it pentagonal bipyramid with one carboxylic group coordinating without deprotona­
tion [33~34]. Preparation of 2 with 13C enrichment at the carbonyl carbon atoms
has been reported [33].

The optically active analogues of 2. N.N',N"-tris[( 2R)·2~mcthy1carboxymethyl]~
tacn and its cnantiomcr, have been prepared from the reaction of the appropriate
enantiomcr of 2-chloropropanoic acid and the macrocycle in the presence of LiOH
[35.36]. The struct urc or the neutral In(I II) complex (crystallised in the absence of
CI ~) has been solved and found to be a distorted trigonal prism (twist angle 20.8")
involving complexation of the macrocycle alone [35].

New methods for producing the mono-Vfunctionalised or di-N~functionaliscd

analogues of 2. via their tort-butyl esters. have 110W been reported [37), which use
pH control to direct the course of the reaction. Mono-tcarboxymcthyl l-tucn has
also been produced from 17 by converting it to the nil rile and hydrolysing to give
the acid [12] or from tacn orthoamide [9,38]. Coppcr(lI) complexes [39] and
vunadiumt IV ) and (V) complexes [38] of this ligand have been studied showing
that coordination of the dcprotonated pendant arm readily occurs. Bis-tcarboxy­
methyl )-tacn has been produced in 90% yield by reacting the macrocycle with 2.1
equivalents of bromoacetic acid in water at pH 9.5 [40] and its vanadium( IV) and
(V) complexes have also been studied [41].

For the purpose of attaching a radioactive 67Ga or 111111 labelled complex to a
monoclonal antibody. tacn has been mono- and di-N-functionaljscd by reaction with
racemic o-bcnzamido-f-broruohcxnnoate [42]. When done in DMF with K2C03 as
base this affords a mixture of 19 and 20 which C:Hl be separated by cation exchange
HPLC. The unrcacted sites on 19 and 20 were reacted with ethyl bromoacetate in
DMF with K2CO., giving triesters 2J and 22, which were then hydrolysed with 6 M
Hel over48 h and reacted with the maleimide active ester MPHS to give compounds
23 and 24.

Various C-functionalised derivatives of 2 have also been prepared for use in
attaching a complex containing radioactive Ga( III) or In( III) to a monoclonal
antibody [42.43].

2./.5. Carbunioylalkvlation
Ligand 25 was prepared in 63% yield by reacting tacn with three moles of

bromoacetamide in the presence of triethylamine [44]. The structure of the
yttriumt ll l ) complex. [Y25(CF3S03h(H20)](CF3S03)~ has been solved showing
that the metal ion is nine coordinate, having a bound water molecule, two bound
triflate ions and the hexadentate macrocycle. The coordination geometry may be
described as a 3:5: 1arrangement in which the three nitrogens atoms of the macrocycle
comprise the three donors and the water molecule the one [44]. The N,N-dimethyl
analogue (26) has been prepared in e similar way using N.N-dimethylbromoacetam­
ide and the corresponding ligand bearing C3 substituents on each nitrogen atom
(27) by the conjugate addition of N,N-dimethylpropenamide [45].
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28 R=H
29 A =Me
30 A =Et
31 A =Ph

2. !.6. Phosphinomethylation
Pendant methylencphosphuic acids have been the focus of some attention due to

the fact that the P(R)02H moiety provides the opportunity both fer cocrjnation
to a metal ion and for variation of the R group, which OfT"fS the potential to vary
the lipophrlicity of the molecule or to link it with other species such as proteins.
Furthermore, as the coordinating puosphinate generally protonates at lower pH
than a coordinated carboxylate or phosphonate it provides a pathway to neutral
complexes with a greater resistance to acid catalysed metal dissociation than afforded
by pendant carboxylates or phosphonates. Complexes of this type are much sought
after for in vivo applications.

The pendant phosphinates are generally prepared via a Mannich reaction. Thus
28 is synthesised in 25% yield t' rough the reaction of tacn with paraformaldehyde

o R
~/_OH

P OH

(l\Nr-~""R
eNJ 0

o~ I
\p/

HO.....
I
A

and H3P0 2 in aqueous solution at 40°C [46]. Details for the preparation of 29-31
can be found in Ref. [47], Refs. [48,49] and Ref. [50], respectively, A by-product
of the formation of 29 is the mono(methylenemethyIphosphinic acid) [47] which
may firJ<1 applications in the synthesis of mixed pendant arm macrocyc1es. The
preparation of tacn derivatives with a combination of one t-butyl-carboxylate and
two phosphinate esters or various combinations of carboxymethyl and methylene­
(phosphinic acid) pendant donors have also been described [37,51]. The mono-A'­
functionalised ethyl ester '\naloguc of 30 has been produced from 17 by reaction
with ethyl ethylphosphonite [12]. This has been hydrolysed to the mono-phosphinic
acid along with the introduction of two carboxymethyl groups [40]. The di-N­
fuuctionalised analogue of 30 has also Leeu prepared in which the third nitrogen
atom carries a carboxymethyl group [40].

Neutral complexes of 29 with Ga(III) and In(III ) have been isolated and from
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71Ga NMR spectroscopy judged to have at least approximate C3symmetry. Stability
constant measurements indicate that the ligand has a good selectivity for Mg'l+
over Ca2+ [37.52]. The coordination chemistry of 30 has been more exhaustively
explored and crystal structures of the Fe(I II}, Co(ll), CoOI!), NitII), Cui JI J,
Zn( II), Ga( III) and In( III) complexes have been solved [52.53]. All show distorted
octahedral geometry with twist angles in CXCCS~j of 45".

2.1.7. Phosphonomethvlation
Ligand 32 has been prepared using a Mannich reaction in which 'he macrocycle,

formaldehyde, and H3P03 were combined to give ,I, 55% yield 01 the product [54].
o OH

" I_OH
P JH

(l\Nr-~""'OH
\-NJ 0

0,\)
HO-~

0H 32

Although a detailed study has been made of the protonation sequence, complexation
studies have yet to be reported, The preparations of various phosphonate 1110no­
and di-esters are described in Refs. [37,48,49]. Refs. [37,40] describe the synthesis
of tacn with two carboxymethyl arms and one mcthylenephosphonic acid or
methylenetmono- or di-alkyl phosphonate). Tacn with a single methylene phosphonic
acid or phosphonate diethyl ester has also been prepared [12J.

2.1.8. Aminoalkylation
Partial or complete 3-aminopropylation of tacn has been accomplished using

cyanoethylation (Michael addition of acrylonitrile to the macrocycJe) to form 33-35,
followed by reduction of the cyano groups to primary amincs with sodium in ethanol

Rl'<"i
( \ eN
\-N..J

R"

33 R' = R" = H
34 A'= HI A" =CH2CH2CN
3S A'= A"=CH2CH2CN

36 A'::; R" =H
37 R' = H. R" =(;Y2CH2CH2NH2
38 A'=A" =CH.::!":~2CH2NH2

giving 36--38 [55,56]. Selective partial reaction has not yet been accomplished, as
reaction of less than three moles of acrylonitrile gives mixtures of 33-35. From the
reduction of such a mixture, 36-38 have been separated as their nickel (II) complexes
using ion exchange, and liberated by decomplexation with concentrated HCI. In a
later modification of this synthesis, BH3 in THF was used as the reducing agent [57].

Crystal structures of the Co(III) and Ni(II) complexes of 38 have been solved
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[55] which show that the ligand acts as a hexadentatc, forming mononuclear com­
plexes which have slightly distorted octahedral stereochemistry with t -ist angles
dose to 60°. All three six-membered chelate rings arc in the chair configuration in
both complexes. The pentadentate ligand 37 f01f h JS a square pyramidal complex with
Cut II) in which the macrocycle is located on a triangular face and the two pendant
arms complete the square base. Whh Co(I II ) the resulting complex is octahedral
with a chloro group trans to one of the tcrtia-y nitrogen donors [56]. The quadriden­
tate ligand 36 forms an octahedral complex with Ni( II) in the presence of chloride.
The complex is a dimer in which two cis-coordinated chloro groups bridge the half­
units. The macrocyclic ligand is coordinated to the remaining four coordination
sites of each metal ion [56].

Ligand 37 is amenable to ring closure which results in the fusing of a tetraaza
macrocyclic ring to the tacn moiety. This has been done by McAuley and coworkers
in a coppert II) template reaction in methanol, whereby glyoxal condenses with the
primary amincs of the pendant arms [58]. Arter reduction of the intermediate with
sodium borohydridc, followed by demctallation with sodium sulfide, the Cu( II )

GNH
xY"'1

J\N........... /' NH2 glyoxal.
LW,.... Cu.... NH MeOH
~2

[CU41]2+ [CU40)2+

complex of the double macrocycle 41 was isolated. In the course of this work the
imidate complex [Cu39j2 + was crystallised and its structure solved, as was that of
the enaminc complex [CU40]2+. The isolation and structural identification of these
intermediates Lets considerably clarified the mechanistic detail of this type of metal
template reaction.

2.1.9. Heterocycle attachment
A single 2,2'-bipyridyl moiety has been attached to tacn via a methylene group,

giving 42, through the reaction of 6-(chloromethyl )-2.2'-bipyridine with a large
excess of the macrocycle [59]. Compound 42 has been methylated at the two
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secondary amines using a mixture of formaldehyde and formic acid, The Nil ll )
complex of 42 is octahedral with a water molecule, located trans to one of the
macrocycle amincs, complementing the five donor atoms of the ligand. The zinc( II)
structure is a highly distorted trigonal bipyramid in which the macrocycle occupies
one axial and two equatorial sites. In addition, there are two long contacts (> 3 A)
to perchlorate counterions, BC NM R data suggest that the Pd(11) complex also
has a trigonal bipyramidal structure. The kinetics of complex formation between 42
and CoOl), Ni(II), Cu( II) or Zn(JI) in DMSO have been reported (60].

Three mcthylenet/v-methylimidazole] moieties have also been attached to tacn
Me Me
i I
N n N

~ 'H;N N~)
'-N \-NJ N

(y
\ 43
Me

giving ligand 43 [61]. This was achieved in 74% yield by reaction of l-methyl­
2~chloromethylimidazole with the macrocycle in acetonitrile using triethylamine as
the base. The crystal structure of [Ni43f +, which shows it to have near octa­
hedral stereochemistry, has been solved [61]. In a similar way, using
1-( hydroxymcthyl Ipyrazole, three pyrazole groups have been linked to tacn, each
via a methylene group. The lithium complex is six coordinate with a twist angle of
40° [62].

Two tacn macrocycles have been linked by a bridging pyrazole moiety in ligand

(NJ~('NHJ
HN~ ~NH

44

44 [63]. This is done by reacting the macrocycle, with two nitrogen atoms protected
by tritylation, with 3,5~bis(chloromcthyl )pyrazole. The resulting product (75% yield)
is detritylated in 37% HCl giving 44 in 66% yield. Potentiometric titration studies
of copper(II) complexation indicate that both monometallic and bimetallic species
may form. The bimetallic species [Cu2(44_H)]3+ reacts with an azide ion to give the
ternary complex [CU2(44_H)(N3)F+. The crystal structure of this complex, which is
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shown in Fig. 4~ indica tes that cac'i copper ion is square pyramidal with azide and
pyrazolide both bridging between basal coordination sites.

R

OH

46 R =H
47 R = Me

HO
R

A'

OH

45 R = A' =Me

48 R =A' =H

49 R =Bu', A' =H

50 R=H, R' =Bu'

A

R'

HO

2././0. o-Hydnrxy-benzvlution and-picolylation
A number or ligands in this category (45-50) have now been produced. Synthesis

is accomplished either by the Mannich reaction or by nucleophilic substitution 011

A RI

the appropriate benzyl halide. Thus 45 has been synthesised in 26% yield by a
Mannich reaction involving the macrocyclc, formaldehyde and 2,4-dimethylphcnol
[64]. This particular phenol is chosen as the methyl groups restrict reaction to a
single site on each aromatic ring, thereby eliminating the possibility of forming
unwanted linkage isomers. Ligands 46 and 47 are synthesised in 13 and 46% yield
from the Mannich reaction using 3-hydroxypyridine or 3-hydroxy-6~methylpyridinc

[65,66]. On the other hand, 48, 49 [67] and 50 [68] are synthesised in 25, 60
and 55% yield from the macrocycle and 2~( bromomethyl )phenyl acetate,
2-(bromomethyl )-6-tert-butylphenyl acetate and 2~(brol11omethyl )-4-tcrt-butylphe­
nyl acetate, respectively. In each case the triacetate was finally hydrolysed to the
triphcnol using sodium methoxidc in THF. A one-step synthesis of 48 has recently
been reported [65].

N N N

Fig. 4. Structure of the cation [Cu2(44_ I1 ){ N.\)]2+ showing the combination of pyrazolidc and azide
bridging.
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The structure of both 4S and [Ga4SH]CI04 have been solved [64]. The free ligand
shows intramolecular hydrogen bonding between each phenolic proton and the
nitrogen atom to which it is appended. The Ga( III) structure is a slightly distorted
octahedron involving three nitrogen and three phenolate donors. The location of
the acidic hydrogen was not determined. A preliminary report of the structure of
monoprotonated [Fe47] has appeared [66], which shows it to be similar to the
Ga( II]) structure or 45 with one of the pyridine nitrogen atoms (none of which
coordinate) protonatcd. A potentiometric pH study of the formation constant for
[Fe47] reveals thath is higher than that of any synthetic iron(III) chelate previously
reported and that the ligand binds Fe(III) more strongly at physiological pH than
the microbial siderophorc enterobactin [69J. Copper(ll) forms a neutral five coordi­
nate species with 48 in which one phenol remains protonated and docs not coon'
nate, whilst two phenolate donors together with the three nitrogen atoms take up a
square pyramidal arrangement around the metal ion [67]. The mono-V-functionali..
sed analogue of 48 has been produced from tacn orthoamide and its vanadiumt lv )
and (V) complexes investigated [9,38]. Two copper complexes have been formed
with 49. One is green and analyses as [Cu(49-H)]CI04 and has been shown
by preliminary X-ray analysis to consist of a square pyramidal cation .0 which,
besides the three nitrogen atoms, one phenolate and one phenol coordinate, the
third phenol is not coordinated. The second complex is red and analyses as
[Cut49-2H)}NaCI04• Since it is converted into the green form upon protonation, it
is presumed to have two phenolate and three nitrogen donors coordinated to the
copper ion. The structure of the high..spin iron(III ) complex, [Fe49], has been
solved and is found to be pseudo-octahedral [67]. The neutral complexes [Cr50] and
[Fe50] of er( HI) and Fe(III ), respectively, and the Ti(lV) and V(lV) cations
[Ti~OJ+ and [V50]+ have had their structures solved [68,70] and are isostructural
with the usual near octahedral [ac..N303 coordination sphere. Upon acidification
the complexes of the trivalent metal ions protonate at one of the phenolate groups
and the resulting complex dim-. .-"$ by way of two asymmetric O-·H···O hydrogen
bonds. This is seen in the structure of the monoprotonated iron(I1I) complex [68].
In contrast to the alkoxide-alcohol hydrogen bonded dimers discussed in
Section 2.1.1, further protonation to create a third hydrogen bond between the two
halves of the dimer does not appear possible. The basicity of the phenolate groups
in complexes of 50 which involve a trivalent metal ion has been exploited as a way
of forming trimetallic complexes [71]. Thus, when the cobalt(I II ) complex [CoSO]
in acetone solution is treated with M(H20 )6 cations, where M == Ma2+, Fe2 +,
Fe3 + , Co2 + , Ni2+ or Zn2+, complexes of the type shown in Fig. 5 result where the
central metal ion is coordinated by six bridging phenolate groups. If the Cr(lll) or
Fe(III) complex of 50 is used, analogous structures do not result, apparently because
of the lower basicity of the phenolate groups in these complexes, brought on by the
greater extent of the pn-dn donation into the partly filled t2g orbitals of these metal
ions. Instead, a central metal ion is incorporated into a trimetallic assembly of
similar overall configuration, but remains fully hydrated with each coordinated water
molecule hydrogen bonding to a coordinated phenolate. A certain amount of metal
ion selectivity has been observed when the central metal ion is sequestered from
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Fig. 5. Structure of the cation arising from the bridging of two [CO I1l50) molecules by an Fe:!l ion.

mixtures of metal ions; thus from a Zn(1I )jMn(II) mixture Znt ll ) is four times as
likely to be incorporated, whereas from a Zn(II )/Ni (II) mixture there is little
discrimination at all [71 J.

2.1.1/. o-Mercapto-benzylation
Ligand 51 has been prepared in good yield from the reaction of the macrocycle

with 3-bcnzylmercapto-4-bromomethyl-t-butylbcnzcne in toluene with KGB as base
[19,72,73). Debenzylation was accomplished using sodium in liquid ammonia. A
variety of mononuclear complexes of the type [M11I51 J or [MrV51] PF6 have been
isolated. The crystal structures for the Fe(I II ) and Co(III) complexes show that
ihefilc-N3S3 (thiophenolate) donor set iscoordinated in the usual way giving pseudo­
octahedral geometry [19,73]. Reaction of 51 with divalent metal chlorides in a 1:2
ratio affords the homo- and hetero-dinuclear compounds [M151 M2elJ where one
metal is six coordinate (N3M 183) and the other four coordinate (83M2el). The two
polyhedra are linked by three ~lrthiolato bridges. Trinuc1ear complexes with the
formulation [51NaM 1vNa51] (M =Ru, Os) have also been isolated where it has
been shown from X-ray crystallography that the sodium ions are hound within a
trigonal prismatic N3S3 donor set while the central MS6 core is octahedral [72].
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HS SH

n
N N

CNJ Bul

~
Bu'

SH
51

2././2. o-Amino-bcnzykuion
Reaction of tacn with (}-nitrob~nzyl bromide in toluene using KOH as base gives

compound 52 in 98% yield. This can be reduced to 53 using hydrazine hydrate and
a graphite catalyst in 90% yield [74J.

graphite

With divalent metal ion.. ' 53 coordinates without deprotonation of the aniline
moieties [74,75]. The structures of the perchlorate salts of the Zn2 +, Cd2 + and
Hg2 + complexes have been solved and it is seen that in the solid state the ligand
coordinates with the expected filC-N 3N3 arrangement giving near trigonal prismatic
geometry in each case (twist angles are 13.6 r

" 18° and 18" for the Zn(II), Cd(II )
and H!{( II) complexes, respectively), The structures are unusual, however, in that
of the three six-membered chelate rings two have the boat structure whereas the
third adopts the twist-boat conformation giving the complex C) symmetry (Fig. 6).
In solution, NMR studies of the diamagnetic complexes indicate facile boat to twist­
boat (and vice versa) interconversion. Powder diffraction data for the, Mn2+,
Fe2 + and Co2 + complexes (all high spin) show that they are isostructural, The
nickclt II) complex is six coordinate with a distorted octahedral NiN6 polyhedron
(twist angle 50°). In this case all three six-membered chelate rings have the boat
configuration giving the complex C3 symmetry (Fig. 6). The Cu(II) complex is
square pyramidal, with one aniline nitrogen donor dangling, and is similar in
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Fig. 6. Schematic diagram showing the relative disposition of the aromatic rings in theC, and C., structures
that can arise from the coordination of 53.

structure to the Pd( II) complex, although the apical M--Namine bond in the latter
complex is considerably longer than in the former [75].

The Mn(II), Fe( II) and Co(I I) complexes of 53 are oxygen sensitive in solution.
In the case of the latter two ions, exposure of the complex to oxygen in the presence
of a small amount of triethylamine has led to the isolation of neutral high-spin
Fe(lII) or low-spin Co(III) complexes in which each of the aniline moieties has
undergone deprotonation [76]. A Mn(IV) complex of deprotonated S3 has been
formed from air oxidation of an acetonitrile solution of [MnIIS3](CI0

4h, or, starting
with H Mn(III) acetate", by allowing the reaction mixture either to oxidise in air or
to disproportionate. Thestructure of [Mn1v(53_

3u )] BPh4 has been solved and shows
a fac-N 3N3 arrangement of the amines and the anilide donors with the complex in
a distorted octahedral environment. The average Mn-Nanilide distance of 1.. 877 A is
the shortest Mn-N distance in octahedral manganese(lV) complexes observed to
date, indicating that anilides are strong n-donors and that the M-Nnnilide bond has
appreciable double bond character [76].

2. J. J3. Pendant alkene addition
Use has been made of tacn orthoamidc [9] to mono-N~fl.t'1':.:.<.on:·di~e rhe macrocy­

de, using 4-bromo-but-I-ene or allyl bromide, producing 54 or 55, respectively [77].

54 55

With Cu(I) it is thought from infrared data that 54 coordinates via the three
nitrogens and the olefin, probably in a tetrahedral arrangement. In the case of
Cu(II), the crystal structure of [(Cu540H h](BPh4h has been solved in which it is
seen to be a dimer involving two hydroxo-bridges linking Cu(II) ions to which the
ligand is coordinated through the amines alone [77].
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2.2. 1.4,7- Triazucyclodecanc derivat ives

55

Prior to 1989 only the tricarboxymethyl derivative of this macrocyclc had been
synthesised [30].

2.2. J. Hydroxyalkvlation
To investigate the effect of increasing the steric strain in triazumacrocyclcs ligand

56 has been produced, presumably by a similar method to that used for 9~ and the
Me Me Me

• • I Me
H*OH H-1--::0H H\,,'Me H*OH H~

\r\<~i.. Me <n r-\. <n / 'OH

HOCNJ OH HO(N~ OH HO(N:J
Y Y Y

Me H 56 Me H 57 Me H 58

structure of its cobalt ( II) complex, [(C056h( N03hUPF6b" determined [78]. Both
cobalt(II) ions in the dimer have ncar trigonal prismatic geometry (twist angles of
7.5 and] 21

) which is rare for a d7 metal ion. The two halves of the dirner are linked
by two bridging nitrate ions. These adopt an unusual bridging mode in which one
oxygen atom of each is hydrogen bonded to two hydroxyl hydrogen atoms. one
from each half of the dimer, and a second oxygen atom of each nitrate ion is
hydrogen bonded to a single hydroxyl group.

2.3. J.4.7-Triazacycloundecane derivatives

2.3. J. Hydro:...yalkylation
A preliminary account of the crystal structure of the Cot ll ) complex of 57

indicates that it has a structure half way between trigonal prismatic and octahedral
(twist angle 31°) [78].

2.4. 1,4.7-TriazacyclododeCLlIle derivatives

2.4.1. Hydroxyalkykuion
The crystal structure of [Co58][N03h has been solved which shows that the

Co(II) ion is approximately trigonal prismatic [78]. A very large N-Co-N angle
within the eight-membered chelate ring (116.5°) creates an unusual situation where
the OJ set of ligators Is not twisted away from the N3 set in either a right-handed
or left-handed sense.

2.5. J,4,8- Triazacycloundecane derivatives

2.5. J. Carboxymethylation
Ligand 59 has been produced in 39% yield from the reaction of chloroacetic acid

with the macrocycle in the presence of LiOH [33].
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2.6. 1,5,9-Trtazacvclodcdecane derivatives

Whereas tacn is chosen as the platform onto which three pendant donors arc
mounted in an effort to secure highly stable octahedral complexes, 01' the more
unusual trigonal prismatic complexes. 1,5.9-triazacyclododecane has been used as a
platform from which to mount one pendant donor with the expectation of producing
tetrahedral complexes. Thus, more effort has been made with this macrocycle to
protect, and subsequently deprotcct, two of the nitrogen atoms so that a single
pendant arm can be attached with high efficiency

The chemistry associated with ligands 60 and 61 was reviewed in Ref. [8] and no
subsequent work on them appears to have been reported.

~ 60R:=CH2- R
RN NR \NJ-

L~~ 61 R =co-Q
HO OH

2.6.1. Hvdraxyalkylati.m
Ligands 63-65 have been prepared so that theirZn( JI) complexes can be examined

as models for alkaline phosphatase [79]. To achieve clean monofunctionalisation,
the cyclic diamide, 2A-dioxo-I,5,9-triazacyclododecane (62) [80] was reacted with
ethyl bromoacetatc, methyl acrylate or methyl vinyl ketone, respectively. Treatment
of the intermediate with diborane in THF then accomplishes reduction of the amide
moieties as well as the ester or ketone.

Only the coordination chemistry of 6? with Zn( II) has been pursued [79], as the
association of the pendant hydroxyl with the metal ion was found to be weak in 64
and 65, which have longer arms. I H NMR and potentiometric titration data for the
Zn(II) complex of 63 indicate that at basic pH the complex is tetrahedral with the
pendant donor deprotonated (pKn = 7.4). In non-aqueous solvents there isa tendency
for dimerisation of [Zn(63_11)] + to occur and the crystal structure of the dimer is
shown in Fig. 7.

2.6.2. Carboxytnethylation
Complete carboxymethylation of I,5,9-triazacyclododecane to give 66, which had

earlier proved troublesome, has now been accomplished, in 28% yield. by alkylation
of the macrocycle with ethyl bromoacetatc in ethanol, using caesium carbonate as
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0yyo
HN NH

L~~
62

57

63 64 65

Fig. 7. The structure of the dimer of [Zn63_ II )r that can be crystallised from '>"!~'~i'uS ',;hqon at pH 9.

base, and subsequent hydrolysis, in 6 M HCl, of the resulting triester [80). Various
C-functionalised derivatives of 66 have been described.

Carboxymethylation at two nitrogen sites has been achieved by monotosyJating
62 and then carrying out diborane reduction of the product, which produces the
monotosylated triamine, This can be dialkylated with ethyl bromoacetate and then
hydrolysed to the diacid (67). Compound 67 has also been produced from the
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67

I ~5~9~triazacyc1ododccanc analogue or 18 by converting it to the c1initrilc and then
hydrolysing to give the di-acid in 19% overall yield [12].

2.6.3. Carbamoylalkvtatton
1.5~9-Triazacyclododccunc and its monotosylatc, prepared as described in

Section 2.6.2. both undergo reaction with N.N~dimcthylbromoacctalllide in the pres­
encc of caesium carbonate to give (after dctosylation) the pendant tertiary amide
macrocycles 68 and 69 [45~80].

69

2.6.4. Hydroxumalkykuion
The first example of the attachment of a pendant hydroxamic acid to a macrocyclc

is the synthesis of 70, which has been prepared as a model for naturally occurring

siderophores [81]. The ligand is made by reaction of »-benzyl-z-bromo-v-merhyla­
cetohydroxamic acid with the macrocycle in DMF, using NaH as base, followed by
de-benzylation. Potentiometric titration data and spectroscopic investigations sug­
gest that in its Cu( Il ) and Fe(III) complexes the metal ion is coordinated by the
hydroxamate groups and that the macrocycle remains unbound.



59

2.6.5. Phosphinomcthvlation
Ligand 71 has been produced from the I,5,9-triazacyclododecane analogue of 17,

in 73% yield, by reacting it with ethyl ethylphosphonite [12].

2. ,j. 6. Phosphonomctli vlation
The analogue of ligand 32 has been prepared and its acid-base behaviour studied

[54]. The diethyl ester of the mono-v-functionalised mcthylenetphosphonic acid)
has been produced from the 1,5.9-triazacyclododccallc analogue of 17 and diethyl­
phosphite in 31 Yo yield [12].

2.6.7. Aminoalkylation
Mono-z-aminoethylation and mono-Jvaminopropylation have both been accom­

plished using the doubly protected form of the macrocycle (62) [81,83]. This is
either cyanomethylated or cvanoethylated whereupon reduction with diborane gives

72 73 74

72 or 73 directly. [Zn72(CI04)]CI04 has been crystallised and its structure solved
showing that it is trigonal bipyrarnidal with the coordinated perchlorate adopting
ODi? of the axial binding sites [82]. The Ni( II) complex of 73 has been crystallized
as [Ni73(NCShI which has an octahedral structure with two cis-bound isothiocya­
nates [82]. The complexation of the dimethylamine analogue of 73 (74) has also
been studied. This more sterically hindered pendant donor is more reluctant to
coordinate than a primary amine and this facilitates hydration of atmospheric
CO2 and the formation of carbanato complexes, This is seen in the structure of
[{(H74)Ni(NCS )h(C03)]2+ in which the protonated pendant arm is dangling ar.d
two coordination sites on each metal ion arc occupied by a bridging carbonate lR4].
With zinc(II), on the other hand, a tetrahedral complex of 74 has been formed
(average N-Zn-N angle 104.8°) in which all four nitrogen atoms of the ligand are
bound [85J. Ligand 74 is prepared from an ab initio Richman-Atkins synthesis [86 J.
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2.6.8. Sulfonantid« attachment
For the purpose or modelling carbonic anhydrase inhibition by sulfonamidcs, 73

has been monotosyluted, at. the primary amine, by reacting monoprotonated 73 with
tosyl cl.loride giving 75 [ti3 J. Complexation of ~/5 with Zn (II) has been studied and
;t is found that the sulfonamide deprotc.natcs upon coordination at pH < 7. This
intranu.rccular N - binding to Zn( II) completely inhibits Zn-OH bond formation
which is believed to be essential for the normal functioning of carbonic anhydrase.
The structure of the cation in tetrahedral [Zn75_ If]PF() is shown in Fig. 8.

(l M.

C
HN

NJNSl_sP
Ii H \\'0

a 75

;.6.9. Heterocycle attuchment
In a variation of the reaction used to produce 74, the pyrrolidinc heterocycle has

been attached to I,5,9-t riazacyclododecane through the l-position via an ethyl chain
giving 76 [85]. The crystal structure of [Zn76(CI04)]CI0 4 has been solved, showing

/""..

76

Fig. 8. Structure of t:iC cation in [Zn'):;" IlIPF{I showing coordination of the dcprotonutcd sulfonamide.
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the metal ion to be trigonal bipyramidal with the pyrrolidine in an equatorial
position and an axial perchlorate.

A single pendant pyridine has been attached to the macrocyc1c through the

tr 78

2-position with either a methylene or ethylene link giving 77 and 78 [87]. Both are
produced in an ab initio Richman-Atkins synthesis using the appropriate compo­
nents [86]. Thestructure of[Ni77(02NO)]N03 has been solved showing that pseudo­
octahedral stereochemistry is adopted with two cis-positions filled by a bidcntate
nitrute ion and the pyridine moiety coordinated trans to one of the secondary amines,
With Zn(II) 78 forms a tetrahedral complex in the solid state (average N-Zn-N
angle 106.0°), but in acetonitrile solution NMR studies indicate that an equilibrium
probably exists between the tetrahedral structure and one in which a nitrate group
has coordinated to an equatorial site of a trigonal bipyramidal structure [87].

A single pendant 2~2'-bipyridyl moiety has been attached to
L5,9-triazacydododecane giving the analogous ligand to 42 [59]. No details of its
coordination chemistry appear to have been reported.

3. Pendant donor tctraaza macrocycles

Saturated tetraaza macrocycles are known vith ring sizes ranging from 12 atoms
to at least 44 atoms [88]. Of these it is only the pendant donor derivatives of the
12.. and 14..membered rings 1,4,7~10Mtctraazacyclododecane (cyclen) and
I,4,8~ II-tctraazacyclotetradecane (cyclam) that have been the subject of intensive
investigation. Early investigations focussed 011 cyclam as this is the easiest of the
cyclic tetraamines to prepare, but as it became apparent that the introdui.. don of
four pendant arms (which is synthetically the most straightforward elaboration of
the macrocycle) generally leads to complexes having the trtll1s-IH geometry [89], in
which two armr project from one side of the macrocyclic plane and two from the
other, attention tended to switch to cycien which usually generates complexes in
which aU pendant arms project in the same direction (the trans-I conformation [89]).
The significance of this is that the coordinating cap~dji1ity of four pendant donors
is unlikely to be fully utilised if they exist on two sides of the macrocyclic plane
whereas it is quite likely that it can be, at least by metal ions able to adopt a
coordination number >8, when they are grouped on one side. If a single metal ion
is unable to utili-e all of the pendant donors there is a tendency for bimetallic
complexes to form where both metal ions are exocyclir aud unable to derive the
sta bilisaiion associated with location within the macrocyclic annulus,
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3. J. },{ 7, }()- Tetraazacyclododccane (eye/ell) derivatives

Ligands 79~ 80 and their complexes have been discussed earlier [8]. Advances on
this work are discussed below.

HOOC~N~~COOH

HOOCS\.~N2cOOH
79 80

838281

3. J. J. Hydroxyalkylation
Introduction of the hydroxyalkyl group hasgenerally been via the epoxidc opening

reaction, referred to in Section 2. 1.1.
NMR studies have shown that complexes of 79 with the Li( I)~ Na( I)~ K(I)

[90,9]], Cd(II), Hg(II) and Pb(II) [92] are eight coordinate and approximately
square anti-prismatic in methanol solution, which is interesting since earlier work
has shown that, in the solid state. whilst the K(I) complex is eight coordinate the
Na( I) and Lit l ) complexes arc seven and five coordinate, respectively [931. In a
similar way, the Lat Ill) and Eu(lll) complexes of 79 have also been shown to be
eight coordinate in water and methanol [94].

To study the catalytic properties of zinc( II) complexes of macrocycJes with pen­
dant alcohols towards ester hydrolysis, the monofunctioualised cyclen derivative 83
has been formed from 2,6~dioxocycJen (81) [95] via the pendant ethyl acetate (82)

O~~ro O~~ro
HN NH BrCH2COOE..!... HN NH I BH3·THF •

~NJ ~N--J iI 6M HCI
H EtOOC)

[96]. A crystal structure of the zinc( II) complex of 83. as the diperchloratc, shows
that the complex is square pyramidal with the pendant alcohol occupying the apical
site. When crystallised at pH 9.5 in the presence of hexafluorophosphate, however,
a trirneric assembly (Fig. 9) in which three square pyramidal [Zn83]2 + cations are
linked through a single phosphate group results. The counterions are three PF(i
anions, and the Oh(hl'hate apparently arises from partial hydrolysis of these. Each
pendant alcohol is hydrogen bonded to the phosphate.

I,7·Bis(2-hydroxyethyl leyden has been produced in 72% yield by protecting two
1l'ulls-amines as methylcarbamates, reacting with oxirane and then deprotecting by
base hydrolysis [97]. Alternatively, protection can be effected through the formation
of 1,7-ditosyl cyclen or the 1,7..diphcsphoramidatc [98]. No complexes have been
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Fig. I), Drawing of the trimcric assembly of IZnH3f t cations that results when phosphate oxygen donors
occupy the apical sites to the exclusion of l'le pendant hydroxyl groups (hydrogen atoms .~r..: 1101 shown).

reported. The two secondary amincs of L7-bis(2-hydroxyethyl)cyc1cn have been
carboxymcthylated through reaction with bromoacctic acid [98].

Hyd: oxyaikylation leading to the attachment of four 2-hyJroxypropyl arms has
been carried out. initially using racemic 2-mcthyloxirane, which leads to a mixture
of diastcrcomers of 84 [99, 100]. or more recently using (2S)-2-methyJoxirane which

H, ;---\ H

R~CN N)/'~OH
HO R

HO N N OH

Ho'r U "'.{.. H 84 R;Me
A A 85 R=Ph

gives a single enantiomer [100-102]. The solid state structures of the Pb(II' [99],
Eu(HI) (lOO]. and Bi( III) [102] complexes of 84 have been solved and show that
the ligand binds as an octadcntatc to these metal ions with the donor atoms adopting
an approximately square antiprismatic arrangemen: around the centrally positioned
meta! ion. The spiralling of the pendant arms between the plane of the four nitrogen
atoms and the plane of the four oxygen atoms is always seen to be uniformly
clockwise or anticlockwise which influences the chirality of the complex (A or A) in
addition to that imposed by the stereogenic centre in each a~ljl (SSSS if prepared
from (2S)-2-methyloxirane). For complexes which have heen formed using the
optically pure ligand only one of the two possible diastereomers, ASSSS rather than
t1SSSS~ is formed as this' keeps the methyl groups towards the periphery of the
structure.

The related ligand 85 has been formed using SM or R-styrene oxide and the
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88

diperchlorate salt of its Cd( II) complex is known to be square antiprismatic
having either the ASSSS or ~RRRR structure depending on which enantiorncric
form of the ligand is used [103]. The corresponding ligand with a single 2~phcl1yl­

hydroxypropyl arm has also been formed from 81. by reaction with one equivalent
of styrene oxide followed by reduction [3]. The cr)stal structure of the Zn( II )
complex of the deprotonated form of this ligand has been solved showing the
bonding of the pendant alkoxide in a structure which imparts distorted square
pyramidal geometry to the Zn(II) ion.

Reaction of cyclcn with cyclohcxene oxide, even in large excess, resuhs in the
addition of just a single pendant 2~hydroxyc~'clohexyl arm, shown in structure 86

[104]. This reaction may provide a useful way of forming multi-functionalised
polyaza macrocycles.

3./.2. Methoxyethylution
Ligand 87 has been prepared from cycien and 2-chlorocthyl methyl ether in good

yield [105]. The solution chemistry of its metal complexes has -11 .udied and
compared with that of 79 and 84 in Refs. [9], 101, 106].

MeO OM
·~r\/'V. a

eN NJN N
Meo/'...../ U ~OMe

87

3.1.3. Sulfomethylation
Fer use as a precursor to pendant l~'rboxylic and phosphonic acids the

1,7..disulfomethylated derivative (88) has been prepared by reaction of di..protonated

n /CH2S03H

eN Nj
N NH

H03SCH( U

cyclen with the sodium :~alt of formaldehyde bisulfite [12, 107]. No coordination
chemistry has yet been reported, but the crystal structure of the dihydrate of 88 has
been solved [29].
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3./.4. Curbaxymethylation
Ligand 80 (DOTA) still continues to attract considerable attention. The structure

of the Zn(II ) complex has recently been solved which shows that it binds as a cis­
octahedral ligand with two bound carboxylates and two dangling carboxylic groups
[108]. The structure of the sodium complex of the tetra-ten-butyl ester of DOTA
has been determined and the sodium is found to be eight coordinate within an
approximately square antiprisrnatic structure [109]. Lanthanidc(lll) ions form nine
coordinate complexes in which there is a coordinated water molecule in addition to
the macrocyclic ligand.. which binds in a square antiprismatic fashion. The structures
of Na[M (DOTA)( H20)]' 4H20 .. where M = Y [1 10.. 111].. Gd [110,112]. Eu [113]
and Lu [I ]4], have been solved. Solution studies of the lanthanide complexes have
revealed two dynamic processes: one arising from enatiomerisation associated with
a Ato A helicity interchange. similar to that described in Section 3. J.l, simultaneous
with the concerted inversion of the five-membered chelate rings of thecyclododecane
unit. and the other an isomcrisation, corresponding to one or other of these processes
occurring in isolation [114--] ]7J. The sodium salt of high-spin Fc(DOTAr- has also
been structurally characterised in the solid state [I 10J and is a monocapped trigonal
prism with one uncoordinated carboxylate.

For it number of reasons yttrium-90 is an attractive isotope for use in radioirnmu­
notherapy [ I18]. To be used in this way it must be irreversibly bound to a carrier
which c..» he attached to a monoclonal antibody. DOTA has been identified as
probably the most useful carrier for 90y as it complexes rapidly and, after extensive
screening of other polyaminopolycarboxylic acids [33. 118J. appears to offer l' e best
combination of thermodynamic and kinetic stability, This work has led to the
formation of it wide variety of C-substituted derivatives of DOTA [33.42.118-120].

The tri-carboxymethyl analogue of 80 (89) (D03A) has been the focus of some
attention owing to the fact that it offers a means for forming non-ionic water soluble
complexes of high thermodynamic and kinetic stability that are sought for the
various different bio-medical applications, where trivalent cations tend to be
employed. The ligand was first synthesised by Kaden and coworkers []21] and the
synthesis is fully discussed by Tweedle et al, [6], who have solved the X-ray structure
of the diprotonated sulfate salt [109]. The first two protonations of D03A occur at
the secondary nitrogen and at the trans-annular nitrogen. The ligand is pre-organised
for complexation in the trans-i configuration [89]. The indium( III) complex has
been characterised (~~ ructurally and found to have a seven coordinate capped trigonal
prismatic structure L121]. The structure of high-spin [Fe(D03A)]' 3H20 is similar
[110]. [Gd(D03A)] has been crystallised as [Gd(D03A)h ·Na2CO:d 110]. The three
Gdt D03A) units have essentially the same structure as the Fe(III) structure, just
described, but with the eighth and ninth coordination sites for all three Gd(D03A)
units filled by a single carbonate ion: pairwise bidentate combinations of the three
carbonate oxygens join the three D03A units to form a nearly C3 symmetric
arrangement in which the bridging carbonate dianion is completely encapsulated.

Formation of ligand 90 with RRR..stereochemistry has been undertaken [122]
following reports that complexes of the analogous DOTA analogue have greater
stereochemical rigidity than DOTA itself [123]. The synthesis originates from
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R
H-,,J
An

HOOC e: :j
>(U¥COOH

HOOC H A

89 R::: H
90 A =Me

HOOC~n~H
eN NJr OH

N N
HOOC'-./ U V caOH

92 A =CHa
93 A =CH20H
94 A =CH20CHa

HOOC~n/'JeN NJaooc r~ N COOH
VLJ'v'

96

91

HOOC~n~

eN N ll~
N NJ ---::. NO,

Hoae, / U"
'--GaOH

95

97 R=H
98 A::: CH3
99 R =CH2GH 20H

l-formylcyclcn [6]~ but could not be successfully carried out through reaction with
optically active 2~chloropropanoic acid, as used in the s~'n~hcsis of the tacn analogue
[35]. Instead, Lbenzyl-z-ttriflyloxyjpropionate was used as rhe alkylating agent and
deprotection was effected by subsequent hydrogenation in acidified methanol. This
method is also advocated for the formation of the DOTA analogue. The structure
of the Gd( III) complex of 90 has been solved. It is a non ..symmetrical dimer in
which each nine coordinate Gd(lll) half-unit is brought tog... th-r by the carboxylate
of one half-unit which bridges through both the non-coordinating oxygen atom and
the coordinating oxygen atom [122].

The unreacted secondary amine in D03A is available for the introduction of a
further pendant arm and this has been utilised in forming 91-99 [33,6, J24]. The
structures of the Y(lII) and Gd( III) complexes of 92 have been solved and both
arc seen to be nine coordinate involving the square antiprismatically arranged
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mucrocycle and a coordinated water molecule [109]. Stability constants for com..
plexes formed from ligands 89 and 92-96 w;tL :!~kaline earth meta] ions have been
determined [124]. Some C-substituted derivatives of D03A and its tri-ethyl ester
are discussed in Ref. [42]. D03A derivatives have also been prepared by mono-N­
alkylation of the cyclen ring followed by carboxymethylation [125,126].

Another group of D03A derivatives is 100-103 in which a multifunctional arm

o LOH

~)l ..OH
100 R = Ph""-""O T N

,/

101 A =

102 R = ?f
~ ~HO,H H ,OH

...--...... '. ,...' .......... OH
Ph 0 ' N '... ",

···H I HO H OH 'H
.... Me..,-

103 R =

o HO H H OH

X ~', ....X "~~OH

HO ' N":."X. X ..
"'H I HO 'H OH "'H'

,..." Me

has been appended r127]. The structure of the Gd( III) complex of 100 is shown in
Fig. 10. Square antiprismatic coordination around the Gd(III) is completed using
the amide oxygen of the unique arm in addition to the three carboxylates and the

o

fig, 10. The coordination mode of ligand 100 in its Gd( III) aquo-complex.
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104

106 R =H
107 R =Me
108 R=Et

four nitrogen atoms; there is also a capping water molecule located on the pseudo
C4 axis above the oxygen atom plane.

l,7~Bis(carboxYl11ethyl )cyclen (D02A) has been prepared by conversion of 88 to
the dinitrile followed by hydrolysis to the diacid [12]. or by protection of two trans­
secondary amines as bcnzylcarbamatcs whilst the remaining two are reacted with
t-butylbromoncctate. Simultaneous acid hydrolysis of both the carbamate and the
ester then gives the protonated diacid [97]. The structure of the Ni(II) complex of
n02A has been solved [107] and is similar to the structure of the Zn( II) DOTA
complex, described above, minus the uncoordinated carboxylic groups.

1,4-Bis{carboxymethyl )cyclen has not yet been reported, but the dioxo form ( J(4)
and its dimcr ( lOS) have been formed from the reaction of l.z-diaminoethanc with

o n 0
'J-HN NH-f

Hoac ,~ .~~ eOOH
~N N~

eN NJ
HOOC~ '~COOH

/-HN NH~
o '---/ 0 105

the dianhydridc of EDTA l128, 129] in good yield. The crystal structure of 104 has
been reported [130]. The structure of the Cu(II) complex of 104 has been solved
[128] which shows that the metal ion does not sit within the macrocyclic annulus,
but draws upon two amino nitrogens, two carboxylates and one amide oxygen. from
one ring together, with a carboxylate oxygen from an adjacent molecule to form a
six coordinate complex. The structure of the Zn(II) complex is similar [131]. The
structure of the di-Mnt ll ) complex of 105 has also been determined [125]. Again
the metal ions do not sit within the mccrocyclc, but each attains pseudo-seven­
coordination through use of two amino nitrogcns, two amide oxygens, two carb­
oxylate oxygens and a water molecule.

3.1.5. Carbantoylalkylation
1,4,7.10-Tetrakis(carbamoylmethyl lcycien (106, has been prepared from the

reaction of chloroacetamide with cyclcn in the presence of triethylamine [132, 133].
o 0

Et2N~ n ~NEt,

eN NJN N
~'---/'--.

Et2N---\.\. .rNEt2
o 109 0

Crystal structure: of the Zn(II), Hg(I1), Cd(I I), Ca(II), Pb(JI) and Eu(HI)
complexes, as their perchlorate salts, or triflate in the case of Eu(HI) [1311 j. have
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been determined and show a transition from six coordination to eight coordination
(nine in the case of Eu(lIJ). as lt has a bound water molecule) as one crosses this
series, In all cases the ligand takes on the trans-i conformation [89], placing the
nitrogen and amide oxygen donor atoms approximately at the vertices of a square
untiprism, but with the smaller metal ions only two tral1.\'·oxygel1 atoms arc able to
encroach within normal bonding distance of the metal ion leaving the other pair
with markedly greater M-O separations. The analogous tetrakis(dimcthylamide)
(107) and tctrukistdicthylamide) (108) have also been prepared using a similar
procedure [45.136]. A combined NMR and molecular mechanics study indicates
that 108 arranges itself in the usual sq uare antiprismatic manner around
lanthanide{ III) ions [135]. The 2~carbamoylethyl analogue (109) is easily formed
from the Michael addition reaction of acrylamide with cyclen [136], however caution
must be exercised when using the ligand. particularly in aqueous solution at basic
pll, as the retro-Michael addition. resulting in loss of ucrylamidc, is quite facile.
Ligand 109 forms a square antiprismatic complex with La(Ill) which is reported as
being much more labile than the corresponding DOTA complex. a fact which is
attributable to the presence of the six-membered chelate rings [136 l.

To investigate the luminescence behaviour of macrocycles incorporating naphthyl
fluorophores the two ligands 110 and 11 i have been prepared [J 37,138]:

111

7,
~r

H-N N-H

onr--'k-{o

o eN NJ 0
~u,----<

H-N N-H

The former by protecting three 1)1' the amines with the molybdenum tricarbonyl
moiety [139] whilst alkylatinp :». · ~ ·:!-naphthylmcthyl)-2-chloroacetamide and
then, after deprotcction, by ft,:; ,~. ',(lion with three equivalents of 2-chloro~N-

methylacetamide. The latter l., ·,;.,1..,;" •. .action of cyclen with N-(2-naphthylmethyl)­
2·chloroacetamide in DM F in the presence of caesium carbonate.

3. J'.6. Phosphinotnethylation
A family of ligands 112-117, analogous to those formed from tacn, 28-31, has

been produced by using the corresponding reaction with cyc1en [46, 140-142.52.; J43].
The crystal structure of 117.Hel has been solved [144] showing that it has the
trans-i conformation (89) and is pre-disposed for eight-fold coordination of a metal
ion. These ligands have applications both in the development of 90Y(lII) labelled
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112 R ~ H
113 R == Me
114 A::: Et
115 A::: Ph
116 R=n·Bu
117 R ~ CH2Ph

conjugates of tumour localising molecules and of Gd( III) complexes suitable as
paramagnetic contrast agents in magnetic resonance imaging. The Y{ III) complex
of 117 has been characterised by X-ray crystallography and is eight coordinate (no
bound water molecule) with approximately square antiprismatic geometry, as shown
in Fig. 11 [144].

A wide variety of tribasic lipophilic ligands, which lead to neutral fat soluble
complexes with these ions, have been produced and investigated. The strategy for
doing this has been to protect three of the amino groups on cyclen by coordinating
it to molybdenum tricarbonyl [139] and to monoalkylate the unprotected nitrogen
using an N,N..dialkyl- or N-alkyl-bromoacetamide. Removal of the Mo(COh residue
then allows the other three nitrogens to be used for the attachment of pendant
phosphinic acids. In some cases the alkyl substituent on the pendant amide nitrogen

Fig. 11. Structureof the [VI17] - anion showing how aquation at the ninth coordination siteof the Y(III)
ion is obstructed by the ligand superstructure.
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atom has a terminal quaternary ammonium functional grou, 1 '1 m",ullS of produc­
ing cationic complexes with trivalent metal ions [)43~ )45 -147 J. The same strategy
has been employed as a means for attaching ~r1 N~anthryl group for use in lumines­
cence studies [J4R].

3.1.7. Phosphonomethvlation
The tetrakistmcthylenephosphonate) (118) has been prepared in analogous fash­

ion to 32 [54. 149~ 150]. Complexation with alkali and alkaline earth and lanthanide
HO

HO, I~O
P OH

~ !\r-"p-r°H

eN Nj 0
o N N'~

\~-J LJ'
HO/ \ I

OH o:;:::P, 118
I OH

OH

metal ions has been noted, but at the present time no solid state structure determin­
~Hons appear to have been made. The thulium (III), [TmlISfi -, complex anion has
been investigated as an in vivo 23Na NMR shift reagent [15 I] and the ytterbium ( III),
[YbI18]5 -, complex has been suggested as an ?\JMR pH probe [152].

1,7-Bis( phosphonomethyl jcyclen and its di- and mono-ethyl ester precursors have
been prepared by protection of two trans-secondary amines as benzylcarbamates
whilst the remaining two arc reacted with triethyl phosphite and formaldehyde
[97]. By using an appropriate hydrolysis technique the desired level of de-ester­
ification as well as removal of the carbamates can be achieved.
Mono(phosphonomethyl )cyden has been prepared from 88 in a complex reaction:
Compound 88 is first oxidatively hydrolysed by reaction with triodide, which is
apparently accompanied byloss of one of the sulfomethyl groups,giving the monohy..
droxymethylcnc species, which then is reacted with phosphorous acid to give the
product in 24% yield [l 2].

3.1.8. Aminocthylation
Little has been reported about the N-aminoalkyl derivatives of cyclen. Kovacs

and Sherry have described a synthesis for], 7-bis( 2-aminocthyl leyden which origi­
nates from cyclen, protected at the other two amines as the benzylcarbamate, and
tosyl aziridine. Removal of the protecting group and the tosyl groups is effected by
refluxing in tritlic acid for 5 min [97]. 1,4,7,10-Tetrakis( 2-aminoethyl Icyclen has
been prepared in our laboratories from cyclen and tosyl aziridine and is currently
under investigation [I 53].

3.1.9. Heterocycle attachment
Cyclcn carrying four pendant N~methylimidazo]e donors (119) has been synthe­

sised in the same way as 43, but no structures have been reported [61]. Ligands
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11S 120

having t\VO pendant N-methylimidazolc donors in a 1.7-rc1ationship. with or without
the remaining two nitrogen macrocyclc atoms methylated. have also been reported.
The structures of their Ni (II) complexes have been solved and show cis-octahedral
geometry with both heterocycles coordinated in each case [154]. A similar ligand
(120) but with four pendant l-pyrazolylmcthyl donors has also been prepared I rom
cyclen and 1-( hydroxymethyl )pyrazolc in 92% yield []55]. The structure of the
sodium(l) complex has been solved (Fig. 12) showing that the Na(l) ion is eight
coordinate with square antiprismatic geometry. This is believed to be the only
structurally characterised case of an eight coordinate sodium ion bound exclusively
by nitrogen donors. The structure of the Mn( Il ) complex is similar [156]. From
solution studies. Li(l) appears to bind to 120 giving two complexes which have

;~ig. 12. Structure of [NaI20r; the first structurally characterised example of eight coordinate sodium( I)
involving exclusively nitrogen donor atoms.
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121

different coordination numbers. The Ni( II) complex of 120 in the presence of iodide
crystallises as a cis-octahedral species with all pendant groups projecting in tl~? same
direction; two of which coordinate [157]. In the presence of tetraphenylborate the
Ni( II) and Zn( II) complexes undergo solvolysis which leads to the replacement of
the pyrazole group on one of the pendant arms by an cthoxo group. The complexes
are six and seven coordinate. respectively, with the ethoxo group uncoordinated.
The iron( II) complex also shows this tendency in the presence of hexufluorophos­
phatc to a limited extent [157].

3.1.10. o-Hydroxy-picolvlation
The cyclen analogue of ligand 47. which has been designed for Th(IV) complex­

ation. has been prepared using cyclcn and 3-hydroxy-6-methyJpyridinc under
Mannich conditions in 25% yield [158].

3. 2. 1,4,7,1(J.Tetraazacyclotridccanc deri \'(1/ivcs

3.2. J. Carboxvmethvlatlon
Tetrakis(carboxymcthyl )-1.4,7.1 ().·tctraazacydotridccancs 121 and ~ 22. which

have been Cfuncticnaliscd in such a way that they may be attached to a monoclonal

eOOH eOCH

~ n "r--COOH ~ n /-eooH

-(
N N~J r N N

(N N w- -rl NJ
eOOH ( U ''--eaOH 02N ( U LeaaH

coos 122 eOCH

antibody, have been prepared. The rate of incorporation of radioactive yttrium]III)
is higher with 121 than 122, which is bc1ieved to be due to pre-coordination of
Y(III) by the carboxymcthylamino group outside the macrocyclic ring [I59]. No
structural information has been reported.

Ligand 123 has been prepared by the same method as 104~ but with

ah eOOH

(HN N5
HN N\
l'r-l eOOHa

123 124

1,3-propanedimuinc as the amine [160]. Crystal structures of the Caf ll ), Cd( II)
(; 30J Mn( II) [131] and Pb( II) [160] complexes have been solved and in all cases
the metal ion is exocyclic, The CdtII) and Mn( II) complexes both have a distorted
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trigonal prismatic struct urc in which Ilve donor atoms from the ligand (ouc amille
oxygen is uncoordinated) and a wu ter molecule arc bound. The Ca(II ) and Pbl II )
structures are both eight coordinate. While the former is r: distorted square untiprism,
involving five donor atoms from the ligand, two water molecules and a bridging
carboxylate. the latter is closer to being dodecahedral, owing to the f~{~t that both
amide oxygen atoms coordinate and only a single ",~~h;r molecule. In a variation of
this work. ligand 124 has been prcpareu using IJ-diamino-2-hydroxypropanc as the
diaminc [J61]. In the structure of its hydrated I\'1n( II) complex two non-equivalent
.nolccules arc present: One is vrry similar to [f\.1n123( H20)} described above, whereas
within the other both umide oxygen atoms are within the r~l'i'~i coordination sphere
as well as a water molecule giving the molecule a distorted capped ~rjgonal prismatic
structure.

3.2.2. Heterocycle l/(ftU.·/1I11('IJI

A single picolyl group has been attached to II. j 3~d~oXD-

,A.7.J O-C\' '!otetntr~dccallc ll62 J. forming 125. through the reaction of picolyl chlo-

127

N-_
I

126

o~

(

HN NH

HN NJ
}--J
o

125

ride with the parent dioxo macrocyclc [163]. The ligand stabilises thc trivalent
oxidation state of nickel. but dcstabilises the trivalent state of copper.

One (126) or two (127) 8-quinolylr;lcthyl pendants have been attached to
l l.l Ldioxo-IA.7.1 O-cyc1otetratridecanc through the reaction of 8-bro1l1o­
mcthylquinoline with the parent macrocycle [163. 164]. Depending upon the molar
ratio of the reactants the product distribution can be directed to favour one or other
of tlw compounds. which arc separated bychromatography. Structures of the neutral
Cu( II) complexes of both 126 and 127 have been solved. In each case thc Cu( II)
ion is square pyramidal and lies above the macrccyclic plane, binding to two
dcprotonatcd amide nitrogen atoms and the other two nitrogen atoms of the macro­
cycle, in the direction of an apical quinoline nitrogen atom [164].

3.3. J,4,8, J1- Tetraazacyclotetradecane tcyclam) derivatives

Owing to its ease of synthesis. cyclam was the ligand first used to investigate the
possibility of functionalising J:ai) aza macrocycles at the nitrogen atoms [2], and so
a large number of pendant ann macrocyclic derivatives (128--135) and their ccordi-
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128 R=H
129 R=CH2CH20H
130 R = CH2COOH
131 R:=: CH2CH2CONH2
132 R=CH2CH2CN
133 R= (CH2bNH2
134 R= CH2CH2NH2

-F\
135 R = \~.J!

nation chemistry have been described in earlier reviews 17,8] A considerable number
of single pendant arm donors have a]so been reported in Ref. [8]. The crystal
structures of 131 and its diprotonated form have now been reported [l65] and, by
analogy with 32. compound 136 has been synthesised, although there is no detail of
itsstructure or the structure of its complexes available [149]. More extensive develop­
mcnts arc described in the following sections.

3.3./. Hvdroxyalkyknton
In 1984 Hancock and co-workers commented 0(' the enhanced rate of metal ion

uptake by 129, the cyclam derivative bearing four hydroxyethyl arms [166]. This
provided considerable stimulus for it large amount of kinetic and mechanistic work
[167] directed towards cxpu ining this phenomenon and exploring its extent, during
the course of which ligands 137--143 were synthesised [168-171]. The conclusion
from this was that 137-140 show similar elk enhancements to 129. indicating that
extension of the alkyl chain by "-'oe methylene unit is unimportant as is the loss of
one or two of the pendant arms. oroviding that at least two remaining arms are on
adjacent nitrogen atoms. Ligands 141-·143 do not show the eflcct, suggesting thut
the rate enhancement arises because of precoordinauon of the metal inn via two
adjacent nitrogen atoms and the hydroxy groups -vhich arc appended from them.
The crystal structures of 129 [l 72] and 137 [168] have been solved, showing that
they are to some extent pre-or. mised against metal ion complexatiov owing to the
fad that they exist in the p·or,·IV [89] configuration with considerable hydrogen
bonding both between the hyd~\ xyl groups and to the nitrogen atoms to which they
are appended. The synthesis of 137 was accomplished by a high pressure reaction
between oxetane (trimethylene oxide) and cyclam in quar-'tativc yield, the other
ligands were synthesised by the reaction of ethylene oxide or 2-broll1octhanol with
the appropriate macrocycle. Crystal structures of the Ni(II) complexes of 139, 140
[170] and 141 [171] have been solved showing that in all cases both pendant alcohols
coordinate to the Ni(II) ion resulting in octahedral stereochemistry. In the case of
[NiI40](CI04h this results in the ligand adopting the unusual rronv.. 11 geometry with
one of the six-membered chelate rings being forced into a twist-boat conformation.
Complexes of the other two ligands adopt the more common lralls-III geometry
with both six-membered chelate rings in the chair conformation. The NitII) complex
of 14~ has been oxidatively dehydrogenated with nitric acid giving a trt/11.\'·diimine
[173]. Solution studies of the Cd(II) [174], Hg(II) and Ph(II) [175] complexes of
129 show that the trllns·III structure is adopted and tilat the metal ion oscillates
through the macrocyclic annulus between equivalent trigonal prismatic structures.
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137 139

139 140

142 143

3.3.2. Pendant thiocthe» [o, matiou
The Cu( II) complex of 4~7-bis( 3-aminopropyl )-I-thia-4~ 7-diazacydononan('

( 144)~ which is the thiocthcr analogue of ligand 37~ has been cyclised, ll;)d i..! glyoxal.

[CU144I2t

glyoxal
~

[CU145}2t

producing 145 [176]. Demctullation was accomplished with sodium sulfide,
Structures of both the ClI( II) and Ni( II) complexes have been solved and in both
cases the ligand adepts the truns-i conformation. The former is square pyramidal
with the sulfur atom at the apex of the pyramid, whilst the hitter is octahedral with
a coordinated perchlorate group trans to the sulfur donor [176].
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141 R =H

148 R=-o-N02
146

3.3.3. Curboxyalk, Ia1ion
Ligand 130 (tcta) still continues to lltiract attention. Two independent crystallo­

graphic determinations or l-f o1 · tCl il have confirmed earlier suggestions that the first
four protonation sites arc two tJ'llfls-rcJ: t tcd amincs and the two carboxylate groups
which arc appended to the non-protonatcd amines [177.178]. The structure or the
Mg( II ) complex hus been solved showing that the metal ion is cxocyclicly bound
via two trl/Ils-related. rnonodematc carboxylate groups from two different Hy-tcta
molecules, Octahedral coordination is completed by four water molecules [177].
Znt II). on the other h~lIH.J. binds within the fralls-1I1 macrocyclic cavity to the four
nitrogen atoms and two trans-related curboxylatcs, the other two carboxylutes arc
protonatcd and left dangling [108]. A C-functionalised derivative of tcta suitable
for attachment to a monoclonal antibody has also been prepared r120].

The carboxyethyl analogue of 130 ( 146) has recently been prepared in good yield

HOOC~(] GOGH ~
N N/V HoacA I I/"'-COOH

CN N) CN N)
Hooe~ I I~ Hoae N N,

<:> eOOH V V ,~

149 A =H
150 A =Me

from the reaction of acrylic acid with cyclam [179]. Structures of the ligand in the
tetraprotonated, pcntaprotonatcd and octuprotonated forms have been solved and
the protonation sequence studied.

The tristcarboxymcthyl ) analogue of teta (147) has been prepared in the same
way as 89 and the crystal structure of its indinmt III) complex determined (121].
The structure of [In147] is superficially similar to that of [ln89], but is more
symmetrical and compact. This is reflected in the higher lability or [InI47] which
makes it less suitable as a carrier for l111n than [ln89]. Reaction of 147 with P:
nitrobcnzylbromide gives 148.

Two of the three possible bistcarboxymethyl )cyclam ligands have now been
prepared. The I,S·derivalivc (149) is prepared from l.Sditosylcyclam by reaction

(l/,
(N N

j
COOH

Hoac 'N NRVv
with ethylbromoacetate [180.181]. Hydrolysis of the tosyl groups results in simulta­
neous hydrolysis of the esters. This compound readily forms a stable dilactam unless
methylation of the secondary amines, which can be accomplished by reacting with
formic acid and formaldehyde. giving 150, is undertaken [182]. Complexation of
149 or 150 with copper( II) produces an octahedral complex with the ligand in the
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Iralls-Ill conformation and two trans-carboxylate groups positioned on the
Jahn Teller elongated axis f180,182].

The cobalt(I II ) complex of the IA-dcrj\'~ltjvc (152) can be prepared from the

~ ~CI +
0

Qol\ 1+
HN ?/NHJ1 H2O ,NCI/NHJC "--co .. C Co/1 '"NH pH 12 /' ........ NH

HN ~

~151
~o CI

'520 0

acyclic precursor complex 151, by heating it at pH 12 for four days [1 R3 J. The
structure of 152 has been solved showing the ligand in the Ircl11s-IH conformation
with both carboxylatcs bound in a Iralls-relationship.

3.3.4. Aminoalkylation
Following an extensive series of papers concerning the transition metal chemistry

of ligand 134 [8] the complexes with Zn( II), Cd( II) and Hgt ll ) have now been
examined [184]. Like the transition metal ions, Zn( II) only forms bimetallic com­
plexes with neutral 134. Cd( II) and Hg(II) form both bimetallic and mononetallic
species. Crystal structures of [Zn2(OH)134lH and [ediCI )134fH show that each
metal ion is bound in an exocyclic fashion to two of the macrocycle nitrogen atoms
and two pendant arm nitrogen atoms; square pyramidal geometry is completed by
way of a bridging anion. Stability constants for bridging anion binding in the Cu( II )
complexes of 134 have been redetermined [185].

An extension of the chemistry associated with 134 has been to react the tosylatcd
pendant arms with the ditosylate of 1,3-propm1ediol under basic conditions and so

r(ln
~HN N N NH)

\...HN ~ .( NH

UUu
153

generate the triple macrocyc1e 153, after detosylation [186]. Structural detcrmin­
ations of [Cu2(toshI53>j2+ (tos=p-toluencsulfonate) and [Co2(C03)153]2+ show
that the two types of structure that have been observed with complexes of 134 arc
also accessible to complexes of 153. These are shown in Fig. 13 and can loosely be
described as the chair and boat forms.

In a more limited study, 133 has been converted to a tricyclic macrocycle througi.
tosylation of the primary amines and reaction with tritosylated diethanolamine
[187]. No structural information has been reported, but spectroscopic studies suggest
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Fig, 11 The chair (upper) and boat (lower) configurations that can be adopted by ligand 153 upon
complexation. Thc upper structure is of ICll,'tos):153~F~ (tos=p-tolucncsullonatc) and the lower is of
(Co1(CO.d 153f I,

that three metal ions can be bound. Cobultt ll ) and (III) and rhodiumt lll ) com­
plexes of 133 have also been reported [188].

3.3.5 u-Carhoxybenzylation
Ligand 154 is one of a number of monocarboxylic acid derivatives of cyclam

synthesised by Studer and Kaden [189] and reviewed earlier [8]. The crystal struc­
tures of the Cu( II) complexes of 154 in the carboxylate and the carboxylic form
have now been determined [190] and are remarkably similar considering that there
are significant differences in the visible absorption spectra. Each form of the complex
is square pyramidal with the pendant group occupying the apical position.
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q MoJl~ rlHN('l "-
eN Nj N

HN N

j(' ) COOH
Cl

HN NH N NH HN NH

~) 154 M(/~) 155 V 156

3. 3. 6. Heterocycle uttachmcnt
The dicoppcrt I) complex of 135 has been synthesised and found to react with

dioxygcn at low temperature, forming two different peroxo species which ultimately
degrade to bis( pyridinc-z-curboxylmolcoppcn II) [191], The structure of the
dicoppcrt I) species involves two three coordinate coppert I) ions. each bound by
two pyridine nitrogen atoms and one nitrogen atom of the macrocyclc. A single
2-pyridylethyl pendant arm has been attached to IA-dimetlJylcyclam l in 70% yield,
by the reaction of vinyl pyridine with the macrocyclc, giving 155 [192]. With Cut ll )
the ligand appears to bind in either the trans-t or f"'lIIs-lli conformation, without
coordination of the pendant arm.

Ligand 156 is an analogue of 42 and is synthesised by the same procedure [59].
The ligand is unable to bind a single metal ion simultaneously in t.he macrocyclic
cavity and at the pendant arm. Instead the metal ion chooses between the bipyridyl
unit and the macrocycle on the basis of its own kinetic and thermodynamic preference
and the nature of the metallic precursor. Thus Cu(II}~ Nit ll ) and Znt ll ) bind
within the macrocyclic cavity, whereas Fe(11) and Ru( II) bind to three bipyridyl
units from three ligand molecules. Fluorescence quenching of the lRu(bipyhf+ core
in [Ru( bipy),l56]2 + occurs upon coordination or Cu( II) within the maerocyclic
cavity [193].

The cyclam analogue of 127 has been synthesised and found to bind to Cu( II)
via the four nitrogen atoms of the macrocyclc with, in addition. two long
CU-·Nquinolinc interactions of 2.800 and 2.686 A. The quinoline moieties arc in a
fralls-relationship to each other, which forces the six-membered chelate ring to which
they are attached into a skew-boat conformation [194].

3.3. 7. o-Hydroxy-t.icctvlatton
The cyclam analogue of ligand ·17. which has been designed for Th( IV) complex­

ation, has been prepared using cyclam and 3~hydroxy-6~methylpyridine under
Mannich conditions in 5I% yield [158].

3.4. 1,4,7,11-Tetraazacvclotetradecan« tlsocvclani) derivatives. ,

Several mono-V-fuuctionaliscd ligands based on this particular 14-mcmbercd
ring framework (157-~ 160) have been reviewed prcvic.isly [8]. Gilly one tetra..
N-ful1ctionalised ligand appears to have been produced, this being tetraki5(2..amino­
ethyl)isocyclam (161) [195]. As with 134, two metal ions may be bound in an
exocyc1ic fashion and these arc capable of trapping a coordinated anion between
them.
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157 R '" CH2CH2NMs2, R' := H
158 A =CH2CONH2, A' =H
159 R = CH2CH2CONH2, R'=H
160 R'=CH2CONH2, A =H

3. 5. 1,4,8,12-Tcnuazacvclopentadecanc derivat ivcs

Only two pendant donor derivatives of this 15·mcmbcred tetraaza macrocycle
appear to have been made. These arc the tctrakist 2-hydroxycthyJ) derivative (162)

HO~(lA/OH H2N~rlA/NH2

.: J .: :~
HO/'..../ U 'vA01.J H N/'..../ U NH

~ 2 2

162 163

[196] and the tctrakis( 2·aminocthyl ) derivative (163) [195J. No structural informa­
tion is available for the former, but kinetic studies of its rate of decomplexution
show that the Co{ll) and Ni( II) complexes have half-lives of > 24 h in I M
HN03 whilst the Cu(II ) complex is considerably more labile. The latter ligand has
been used to study anion binding between the two metal ions that bind exocyclicly
to a pair of pendant arms and to two of the macrocycle nitrogen atoms. The
structure of [Cu2163]4+ shows two square-planar Cu(II) centres with a separation

e

of 5.048 A. Stability constants for anion binding have been measured [l 85].

3.n, 1,5,9, J3-Tetraazacyclohexadecane derivatives

Two pendant donor macrocycles derived from this 16-membered macrocycle have
been synthesised, These are the tetrakistcarboxymethyl) (164) [J 97] and the

,/'... Il• H~ N~

HOOC~r l/"cOOH ~ r--;»

C
N

NJ CN
N\

N N' N N--I
HOOC,,-/, I I \"'--COOH /'..../ I I~
~ H2N ~ NH2

164 165

tetrakisrz-auiinoethyl) (165) derivatives [195]. Both bind two Cut ll ) ions in exocy­
clic positions using two pendant donors and two macrocycle nitrogen atoms. With
164 each Cu(II) ion becomes five coordinate by binding solvent or an anion in the



position which is remote from the second copper ion, whereas with 16:' all anion is
bound between the two copper ions. Stability constants for anion binding have been
measured [185].

4. Pendant donor pentaaza macrocycles

Little work has been done on pcntuaza rnacrocycles probably due to the fuct that
metal ions of sufficiently large size to till the cavity tend to favour oxygen donors
rather than nitrogen donors. Only the smaller 15~ and lti-mcntbcrcd pentaaza
macrocyclcs have been investigated and of these more work has been directed
towards the smaller sized ring where exclusively five-membered chelate ring forma­
tion can be expected.

4. J. 1,4.7,10, /3-Pcutaa:llCYc!0f/l'fl/lideCllIW dcrivat iVi'S

Only two pcnta-V-substitutcd derivatives have been reported: the
pcntakis( 2-hydroxyelhyl) (16(,) [198] and pcntakistcarboxymcthyl j (167) [199J.

C
OH

OH
n ,r--"\eN Nj OH

~N N-~
Zyl~ OH

166 HOJ

Both are made in the conventional way for these classes of pendant donor macrocy­
cle. No complexes of 166 have been reported, but the stability constants for complex­
atio» of 167 with lanthanide( III) ions have been measured showing that I:I
metal/ligand complexes arc formed. which are of comparable stability to those
formed from corresponding tetraaza ligands [199].

Three different IS-mcmbered macrocyclic diamidcs with pendant carboxymethyl
groups (168-170) have been prepared by starting from the anhydride of EDTA
[200] or dianhydridc of DTPA (diethylentriaminc pentaacctic acid) [201] and
condensing it with diethylenetriamine or ethylenediamine, respectively.
Carboxymethylation of 168 using t-butyl bromoacetate followed by hydrolysis with

16B

HOOC~ n ~COOH

/-N N~

O~N NH a

ZyN~
)

-coc 169

o n 0(HN NH)
~N N~

Hoac ZyN~ eOOH

)
aooc 170
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trifluoroaceric acid gives 169 [200]. Ligand 169 shows extremely good discrimination
for Gd(III) over Zn(II), there being a difference of over six orders of magnitude
in their binding constants. Crystal structures for the Gd( III) [201], Y(III) an'~

La( III) [202] complexes of 170 have been solved. All three compounds arc isostn
ural. In each case two nine coordinate metal ions are sandwiched between two
ligands. Each metal ion is coordinated by one amide oxygen, two carboxylate
oxygcns and two amine nitrogen atoms from one Lgand, an amide oxygen, a
carboxylate oxygen and an amine nitrogen from a second ligand and a water oxygen
atom. TI"~ coordination geometry is that of a distorted tricappcd trigonal prism.

4.2. /.4,7, ltl.l3-Pentaazacvclohexadecane derivatives

n :: 175 HN---.....O,....,.---.....O~NH
HN NH

NH176 HN

Sixteen-membered and larger variations of 170 have been prepared by condensing
DTPA with larger amine's than ethylenediamine giving rise to 171-177. X-ray struc­
tures of the Gd(lJI) complexes of 171 anti 177 are available [201,161] which show
that Gd(llI) forms nine coordinate I: I complexes with these ligands, in which the
metal ion is coordinated by the three amines, the .hrce carboxylates, and the two
amide oxygens of the macrocycle together with a coordinated water molecule.

171 HN~NH

172 HN~NH

173 HN~NH

1~ HN~NH

1n HN~NH
OH

5. Pendant donor hexaaza macrocycles

5./. Derivatives of J,3.6.9./1, l-t-hexaazacyclohexadecane

Lanthanide(lII) complexes of the 6, 14~bisC'~aminoethyl) derivative of this
lo-mcmbered hexaaza macrocycle (178) are synthesised by Janthanide( III) ion
tempJated reactions involving tris(2~aminoethyl )amine (tren) and bistdimethylami­
no)methane [203]. Using La(CF3S0 3h as the source of the template the isolated
La(III) complex is ten coordinate, being coordinated by the eight nitrogcns of the
rnacrocycle and two triflate ions. The corresponding ytterbium (III) complex is nine
coordinate having only a single bound triflate ion. Recently it has been shown that
both pendant amines on 178 can be condensed with salicylaldehyde to form 179
when the metal ion is La(lIJ), but not when it is Gd(III) [204]. This observation
forms the basis for a method of separating La from Gd.
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eOOH
({\~COOH

HOOC eN N--)
\.:::: N N'""eN N) coos

Hooe~U)
eOOH 181

5.2. Derivatives (~r 1.4. 7.JO,/3, 16-1,,'xlIlI::acyc!oo('/1Ic/el'lIl1e

As is the case with pcntaaza macrocyclcs, the only two hcxa-V-substitutcd deriva­
tives of the IS-mcmbcrcd hexaaza macrocyclc 1,4.,7\ 10, J3\ 16-hexaazacyclooctadccane
arc the hcxakist 2-hydn1xycthyl ) (180) [198] and the hcxakis(carboxymethyl ) ( 181 )

r OH

,,{\/-\
C!;N N-) OH

('iC:N N))
.:> u ') OH

HO-.1 180

[199J derivatives. No structural information is available for either of these ligands
or their complexes. but it has been noted that 181 forms complexes with the
lanthanide(III) ions which are more stable than the corresponding DTPA com­
plexes [199].

The 1~7~] 3-t ristrncthancsulfonatel of ).4~7, IO~ 13~] 6-hexaazacyclooctadecane has
been prepared [12] and could presumably be used as a precursor to the corresponding
phosphinic, phosphonic and carboxylic acids, although this has not yet been
reported.

An 18-membered macrocyclic diamide (182) has been synthesised from the reac­
tion of nTPA with diethylcnetriamine [205]. The La( Ill) complex of protonated
(at the secondary amine) 182 crystallises as a dimer, as shown in Fig. 14~ in which
each La( III) ion is eleven coordinate, being chclated by three amines, two amide
oxygen atoms and the three carboxylate oxygens of its own ligand, plus asymmetric
bidentate chelation from one carboxylate moiety of a second ligand and a coordi­
nated water molecule. In the solid state the Eu(III) complex of protonated 182
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Fig. 14. ~trlll'turl' or the [Lat IH211)( H;Plg' dimer showing eleven coordinate Lal III) ions.

H5

crystallises as a tetramcr in which each Eut II! ) ion is nine coordinate and has the
gf, o.nctry of a tricapped trigonal prism. The coordination is via the eight donor
atoms of the principal ligand (the secondary amine is presumed to be protonatcd)
plus a bridging carboxylate from a second ligand. Luminescence lifetime studies and
vapour phase osmometry suggest that in solution the complex is monomeric with
one coordinated water molecule.
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