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Abstract

Developments in the synthetie and structural aspects of the chemistry of saturated polyaza
macrocvelic ligands bearing pendant coordinating groups attached to nitrogen. that have
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occurred sinee 1989, have been reviewed. The review 15 organised in terms of the types of
reaction that have been used on saturated triaza. tetraaza, penlaaza. and bexagza macrocychic
ligands to attach pendant donor groups w the mitrogen atoms. Where structural studies have
been undertaken on metal complexes of these ligands the results of these siudies ace described.
£ 1997 Elsevier Scienee S A

Kevwaorde: Macrocyeles: Complexes: Pendant dosnor macrocyeles: Crystal structures

1. Introduction

The term “pendant donor™ macrocyele, as applied to a4 macrocyelic ligand that
has had additional donor groups attached (o s periphery. appears to have {irst
been used 1n the chentical Iiterature in 1980 [ 1], The ligand w0 which it was applied.
tetrakis{ 2-evanocthyi )- 148 [etruazacyclotetradecane, was by no means the first
gund of this type to have been reported: that had oceurred some four years carlier
[2]. However, the colning of the term paid formal recognition to this structural
motif as an bnportant ene. and one with the potential to influence the future
development of chemistry in a major way,

The past 16 vears have proved this 1o be the case and new pendant donor
macrocyelic ligands are now being produced m large numbers and for o variely of
ditferent chemical applications. These embrace enzyme simulations [ 3. attachment
to monoclonal antibodies. for the purpose of carrving a radionuclide (o o targeted
cell [4. 5], use i magnetic resonance imaging reagents [6 ). as well s for progressively
mare elaborate vestigations of therr structure zetivity relationships. The underlying
reasons for their ase remain the samer they provide a collectively non-labide set of
macrocyclic donors, which serve o iminobifise o metal won. aong with a set of
possibly more labile donors which can perturb the metal ion at additenal coordina-
tion sites. in competition with external substrates. or which can be used as attachment
points lor other molecules.

The literature assoctated with pendant donor macrocyeles has been comprehen-
sively reviewed m 1984 [7] and in 1990 [8] and 1t is now timely 10 do so again, but
with ever more stringent consiraints on the scope of the review which are brought
on by the burpeoning literature. This review will be confined to work which has
entered the hiterature between 1989 and mid-1996 and will only address saturated
pelyaza macrocyeles, not contaiming ancother hetero-atom within the macroevelic
ring, to which one or mare pendant donors are attached through the nitrogen atoms
of the ring.

2. Pendant donor triazamacrocycles

Functionalising trigza macrocycles with three nitrogen attached pendam donors
allords a means for forming six coordinate complexcs in which there are two groups
of facial donors: the macrocyelic nitrogen atoms on the ong hand and the pendant
doners on the other. The bifacu] arrangement is a consequence of the fact that,
invariubly, afl three pendant dorors project in the same direction. In some cases not
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all three pendant donors coordinate and mstances of five coordinate complexes,
particularly with Cuf{ll). 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 @ 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-~-functionalised product from the unconverted amine. Other
widely used methods. which involve a chemical protecting group, include protecting
via orthoamide formation {9]. selective tosylation [1$]. selective carbamation [11]
or selective protonation [12].

A number of triazamacrocyeles. 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 L4.7-Triacacvclononane { een) derivatives

Ligands I 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
coordmation chemistry of 1 8 are discussed below under a heading that describes
the nature of the pendant donor addition.

FAEA
RN NR
)
R
18=H 5 R = CHCH,0H
2 R=CH,CO0 6 R = CHLP(CgHG)o

3 R = CHCHNH, 7 R = CHyCH S0, /—
- 8 R = (CHa)NH —-<\_>
4R= CH?@ 4

211 Hydroxvafkyierion

2-Hydroxyalkylation of the nitrogen moms of the ring has generally been carried
out, usuaily in near quantitative yield. by rcucting oxirane {ethvlene oxide) or a
substituted oxirane with the macrocycle. The reaction is favoured not only for its
high vield. 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 arm
owing to the fuct that nucleophilic attack by nitrogen on the epoxide occurs exelu-
sively at the less hindered carbon atom. The hydroxyl group may or 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 5.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 macrocycelic plane. The proton attached 10 nitrogen lics withi the macro-
cyclie cavity. hydrogen bonded to two nitrogen atoms and one of the hydroxyl
groups  |13]. The crystal structure ol the quaternary  salt N NN N
tetrakis(2-hydroxyethyl ytacn bromide has also been solved [13). showing the tacn
ring forced into an irregular structure owing to the fuct that. unlike a proton, the
2-hydroxyethyl group cannol ocecupy the mucroeyelic cavity. The structure of
[{FesS)H . HCIOL), has been solved [13] and is similar to the structure ol the
complex of 9 with Co(111} discussed in the next section,

Me:

He—— OH

H

.Me

;A
Ry
\TJ

Mel H 3

Using three equivalents of {25)-2-methyioxirane Peacock and coworkers have
produced NN N"-tris[(25)-2-hydroxypropyl-tacn (9} {14]. With divalent metal
lons Nif11) [13] and Mn(II} {16]) monomeric complexes of the neutral ligand have
been erystallised and their structures solved. Both complexes have fae-N, O, donor
sets. The twist angle s 41 in the Ni(1l) complex!, whereuas the corresponding angle
Is 226 in the Mn(Il} complex. Cobalt{IIl) 4], chromium{III} [17]. and
manganese( [V ) [16.18] induce deprotonaiion of 9 and dimeric siructures result. In
the case of cobalt{III} both halves of the dimer have the metal ion in the same
oxidation state. one-half of the dimer has a fue-N;Oz{aleohol y donor set (twist angle
48.8 'y and the other a fuc-N,;Oylalkoxide) {twist angle 49.87). The two halves of the
dimer are connected by an asymmetric hydrogen bond between each alcohol and
the adjacent alkoxide. The Cr{ 111} dimer is similar. and stmilar also to the structure
of [Cr,5)7” which has been brielly reported [19]. except that the hydrogen bonding
s symmetrical and the twist angle 15 45 i each of the near identical hall-uans. 1f
the Mn{Il} compiex of 9 is ullowed o oxidise in air at pH 8§ the mixed oxidation
state. MnlV:Mn(IL). dimer, shown in Fig, [ results. This complex has a structure
superficially simitar to the Co( 1111/ Co{ I11) dimer. but with greater asymmetry owing
to the two different oxidation states. Thus. the metal donor bond lengths are shorter
i the Mn(IV } (alkoxide} half than in the Mnt11) ¢alcohol) hall. The Mn(IV ) half
hus o twist angle of 49.1 compared to § for the Mn{II) half making the Mn(II}
hall of the dimer the only known case of a metal complex of a pendant arm ligand
bused on tacn which has perfect trigonal prismatic geometry. A similar dimer
contalning vanadivnm{ IV ) and zinc{ 11} was isolated by addition of 9 to a solution
of VOCI,. which had undergone reduction with zinc amalgam, followed by air
oxidation {20]. The zine(11) half of the dimer contains the ligand in the alcohol
form and is nearly trigonal prismatic {twist angle 4.5 ). The vanadium( 1V ) alkoxide

"The convention used in this review is that i twist angke of & corresponds o a trigonal prismatic structure,
and a Lwist anghe of 60 corresponds 1o an oetahedral structure. This i< in accord with Rel, [3],
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Frg. |, Drawing of the cationic portion of the Mt 1V ) Moty dimer of 9 showing the near octahedral
geometry of the MacIV ) hali-unit {left-hand side) and the near trigonal prismatic geometry of the Mat L)
hall-unit {right-hand sidey.

unit has a fwist angle of 39.4 | It is believed that all of these dimeric structures
remain intact in non-aqueous solvents. [t has been noted that the relative lengths of
the M N and M O bonds can be guite different. In cases where the metal fon has
a filled set ol 15, orbitals (ZntHj. Co{bll), Ni(I1'y and no pr donation from the
filled p orbitals on oxygen 1s possible, the M N and M O distances are essentially
equal. However. when the ., set is half-full the M O distunce 15 shorfer than the
M N ene by 11 pm (Mn{1]}, alcohol denors} or 19 pm {Mn{ [V}, alkoxide donors)
and when the t,, set is singly occupied {V(IV), alkoxide donorsy this difference
incresses to 30 pm.

~

TN
R
\TI

H
‘\ 10

The Mn{IV) structure of 5 has been solved [16] and s almost identical to the
Mn{ V) half of the Mn{IIMn(IV} dimer of 9 discussed above.

Ax g way of reducing the probability of dimer formation oceurring when higher
valent metal ons are used Peacock and co-workers have studied the complexation
of N A N -ns[{2R)-2-hydroxy-3-methyibutyi]-tacn €10} [21], which is prepured in
quantitative yield from the reaction of (2 R3-2-sopropyloxirane with the macroeycle,
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Menomerie complexes with VIV ) Ceglly, Ma(IV ), N1y, Cu(Ily and Zn(II}
have been prepared and the structures of the Mn{I1V) and Ni(Il} complexes have
been solved. The Mn(I1V ) complex is of the fully deprotonated 10 and the structure
is very similar 16 the structure of the [Mn'¥9]™ half-unit and [Mn"3]" complex
cations discussed above. The Mn - O bonds are slightly shorter in [Malf|” compared
to [Mn%}”. which is attributed to more cifective oxygen metal pa-dn overlap in the
absence of hydrogen bond participation. The Ni{1l) complex contains protonated
I} and the structure 1s again similar to the corresponding complex of 9 122].

Schréder and co-workers have reacted the linked taen ligand (113 with

ME
e L HO -~ 4
‘a'a'aY A Z— /—\/j>

CoCy — <ﬂ,\,m><,w_
S T

11 Me Me  qp

2.2-dimethy! oxirane to produce the potentially ten coordinate ligand (123 [23].
Complexes with Co(11). MitITy. CutI1) and ZndI1) have been isolated and structur-
ally characterised. With the exception of Cu(11), the hgand binds two inctal jons,
cach of which is approximately octabedral with either o solvent molecule or an
anton complementing the five donors avallable from the macrocyele. the cocrdinating
hydroxyl groups remain protonated and the arcangement of the hall-unss around
the bridging ethuno moiety s aafi. The Co(Ily complex is remarkable for ws stahility
towurds oxidation to the Co{ 11 species when in aiwe and at ncutral pH: by contrust
the Ca{lly complex of 915 casily oxidised by air to the Callll} species deseribed
above. The Cutlly complex ( Fig. 2) has a syr arcangement around the ethano bridge
and one hydroxyl group m each half-unit1s de-protonated aliowing for (he formation
of z palr of hydrogen bonds between the half-uniis. This appears 1o be @ unigue
case of a pendant hydroxyalkyl group coordinated Lo a divalent metal ion undergoing
deprotonation at ncutral pH. Each Cu(ll) 1on 15 five coordinate with a distoried
sqquare pyramidal stereochemistry.

2.2-Dimethyloxiranc has also been used to alkylate [-formyl-tacn giving hgands
13 and. after base hydrolysis. 14 {24]. The structure of the Cu(ll} complexs of 13
has been determined in the salt NaJCul3{CHCNJ[¢BIF . N, and is shown in
Fig. 3. The Cut Il 1s bound to both pendant arm adeahols, two A-donors of 13 and
one CHLON molecule, Inaddition. the complex cation shows long-range interaction
to the amido-¥ donor at 2.611 A. The structure of the free hgand 14 has also
been solved.

212 Meveumioathvlation

The mercaptoalkyl ligands 15 [23] and 16 [26] have both been reporied since
[989. These are the sulfur analogues of 5 and 9 and are made by reacting tacn with
the appropriate thiirane, although tt would appear from the limited experimental



12 AP Mudmwright  Coordunition Chomisier Bovicis Jofi o [e97: 33 9t

Frg, 20 A view ol the cationic postion of the structure of the Cod Ty dimer of 120 which provides a rare
example of pendunt invdrexy) group deprotonation that has occerred @ neetral pH.

e o Me e oM
Me""’}/’—,_ Z/
4[\{ _\N Me N N\ M
{ . Me E1OH. KOH Q/ \)"y e
o7 ™ 1 1

data given for 16 that 1t was made from rucemic 2-methyithiirane, in which case the
ligand described has probabily been used as a mixture of diastereomers. The structures
of the mdiumI11) [27.28] and gallium( 111} [25] complexes of triply deprotenated
15 have been reported. The metal ton adopts near octahedral geometry lving between
Jue-Njy and fue-S, sets of donors, which have a twist angle of 46 for In(II), and
496 for Ga( i), Formation constants Tor 15 with a range of meta! ions have been
determined [28]. Ligand 16 has been investigated as o means of forming models for
the ron sulfur centre in the enzyme nitrile hvdratase from Brevibaceeriym, sp.: it is
reported as forming o neutral, monomeric hgh-spin Fe(111) complex.

2130 Sulfonmerhvlation

Sherry  and  coworkers  have  demonstrated  that  both  mono-  and
di-suifomethylation of tacn can be accomplished by reacting the macrocyele with
the sodium sait of Fermaldehyde bisulfite [12]. The reaction 1s performed in aqueous
solution. where the pl determines the kevel ol substitution by selectively protonating
one (pH%.5) or two {(pH 4) of the amines. protecting them from substitution.
Compounds 17 and 18 ure useful wtermediates in the formation of mixed pendant
arm macrocycks i the sulfonate groups can be replaced by cvano groups. which
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Fig. 3. Drawing of the cation in Na[Cul30CH CONHEBE).NO, showing the Jong interaction 1 2.611(5) A}
between the amide nitrogen alom and the copper on.

15 Me H 16
[\ ,CH2SOsR HOSCH,, /| CHp804
HN N N N
< )
N Hiy N
H
17 18

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

2,14, Carboxymerhviation

Although ligand 2 was first synthesised in 1977 {30] crystal structures of iis
complexes are still appearing, thus structures of [A12] [27.31] and [Ga2] 25,32 33}
have recently been reporied. Both complexes have structures which are close te
being octahedral with twist angles of 51 and 47.6 . respectively. The structure of
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the seven coordinate neutral complex [In2CT] has also been solved showig it to be
a pentagonal bipyramid with one carboxylic group coordinating without deprotona-
ton [33.34]. Preparation of 2 with C enrichment at the carbonyl carbon atoms
has been reported 33,

The opirally active analogues of 20 AN N -teis[{ 2R1-2-methyicarboxymethyi §-
ten and s enotiiomer. have been prepared from the reaction of the appropriate
chantiomer ol 2-chloropropanoic aeid and the mucroeyele m the presence of LiGOH
[35.36]. The structure of the newtral IncI1} complex (erysiallised in the absenee of
C1 3 has heen solved and found 1o be o distorted tngonal prism {twist angle 20.8 3
i olving complexation of the macroeycle #lone [35].

New methods Tor producing the mono-¥-functionalised or di- V-{unctionalised
analogues of 20 via thewr terl-butyl esters. have now heen reported [37] which use
pH contrel 1o direet the course of the reaction. Mono-(carboxymethyl l-taen has
also been produced from 17 by converting it to the mitrtle and hydrolysing to mive
the sad [12] or rom Laen orthoamide {9.38]. Copper{ 11 complexes [39] and
vanadinm iV Foond (V) complexes [38] of this ligand have been studied showing
that coordinaton of the deprotenated pendant arm readily occurs. Bis-{carboxy-
imethyl tacn has been produced i 904% vield by reacting the macrocvele with 2.1
equivalents of bromescetic acid i wiier i plT 9.5 [40] and its vanadium{ [V} and
(V) comipleses have also been stadied [41].

For the purpose of attaching a cadivactive ©Ga or M'n labelled complex to
manacional anuboedy. iaen has been monoe- and di-A-Tunctionalised by reaction with
racenmic G-bensamido-2-bromohexanoate [42]. When done in DME with KOO, as
base tns alfords o mixiure of 19 and 20 which can be separated by cation exchange
HPLC, The wnrcacted sites on 19 and 20 were reacted with eithyl bromoacetate in
DMI7with KOO, giving teiesters 21 and 22, which were then hydrolysed with 6 M
HOT over 48 hand reacted with the maleimide active ester MPHS to give compounds
23 and 24,

Various (Hunctivnalised denvatives o 2 have also been prepared {for use in
attuching o complex containing radiwactve Gatlll) or Intil) 10 2 monoclonal
antibody [42.43).

2 LA Carbuamioylafhvlation

Ligand 25 was prepared in 63% vicld by reacting tucn with three moles of
bromaacetanide v the presence of riethylamine [44). The structure of the
sttriumé 1) complex. [ Y25(CF,S0,).¢ HAOCF,SO;). has been solved showing
that the mewal 1on s mne coordinate, having a bound water molecule, two bound
triflate tons and the hexadentate macrocyeie. The coordimation geometry may be
deseribed as a 35| arrangement in which the three nitrogens atoms ol the macrocycle
comprise the three donors and the water molecule the one [44]. The A ¥-dimethyi
analogue (26) has been prepared in a similar way using N N-dimcthyibromoacetam-
ide and the corresponding hgand bearing C, substituents on each nitrogen atom
127) by the comjugate addition of N N-dimcthylpropenamide [45).
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2.1.6. Phosphinomethyiation

Pendant methylenephosphinic acids have been the focus of some sttention due to
the fact that the P{R}O,H moicty provides the opportunity both for coordination
to a metal ton and for variation of the R group. which offers the potential 1o vary
the lipophilicity of the molecule or to link 1t with other species such as proteins.
Furthermore, as the coordinating phosphinate generally protonates at lower pH
than & coordinaied carboxylate or phosphonate it provides a pathway to neuiral
complexes with a greater resistunce 10 acid catalysed metal dissociation than ufforded
by pendant carboxyviates 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 1 25% yield through the reaction of tacn with paraformatdehvde

28 R=H

8]

\\J 29 R = Me

Ho/'i“ 30 R=Et
A 31 R=Ph

and H,PO; in aqueous solution at 40 C [46]. Detalls 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 15 the mono(methylenemethylphosphinic acid) [47] which
may find applications in the synthesis of mixed pendant arm muacrocycles. The
preparation of tacn derivatives with a combination of one t-butyl-carboxylate and
two phosphinate esters or various combinations of carboxymethy] and methvienc-
{phosphinic acid) pendant donors have also been described [37,51]. The mono-N-
funcuionalised cthyl ester analogue of 3 has been produced from 17 by reaction
with ethyl ethylphosphonitc [12]. This has been hydrelysed to the mono-phosphinic
acid along with the introduction of two carboxymethyl groups [40]. The di-N-
functionalised analogue of 30 has also been prepared in which the third nitrogen
atom earries a carboxymethyl group [40].

Neutral compleses of 29 with Ga(111y and In¢I113 have been iselated and from
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'Ga NMR spectroscopy judged to have at least approximate C, symmcetry. Stability
constant measurements indicate that the ligand has a good selectivity for Mg?’
over Ca®™ [37.52]. The coordination chemistry of 30 has been more exhaustively
explored and crystal structures of the Fe(lll), Co¢Ily. CorIl), Ni(ll Cu(Il},
Zn(11y, Gat Iy and In{1I1} complexes have been selved [52,53]. All show distorted
octahedral geometry with twist angles in excess of 45 .

207 Phosphonometinclation
Ligand 32 has been prepared using @ Mannich reaction in which the muacrocycele.
formaldehyde. and H, PO, were combined 1o give a 35% vield of the product [54].

SN "o,.H bH
P on
PR P
\N VT Ron
(, ’
)
o !
\\P o
HO™ | 32
OH

Although a detailed study has been made of the protonation sequence, complexation
studies have vet to be reported. The preparations of various phosphonate mono-
and di-esters are deseribed in Refs, [37.48,49]. Refs. [37.40] describe the synthesis
of tacn with two carboxymethyl arms and one methylenephosphonic acid or
methyvienc{mono- or di-alkyl phosphonate). Tacn with a single methylene phosphonic
acid or phosphonate diethyl ester has also been prepared [12],

208 Aminoalkvlaiion

Partial or complete 3-aminopropylation of tacn has been accomplished using
cvanoethylation { Michael addition of acrylonitrile o the macrocycle to form 33 35,
[oilowed by reduction of the cyano groups to primary amines with sodium in cthanel

i 4
Ay M

BHy.THF AN N
N N NH;
e e

B A=R=H 36 R=R"=H
34 R = H, B = CH,CH,CN 37 R' = H, A" = CHyCH,CH,NH,
35 R' = A" = CHyGH,CN 38 R' = R" = CHCH,CHoNG,

giving 36 38 [55.56]). Sclecuve purtial reaction has not el 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( 11§ complexes
using ion exchange, and liberated by decomplexation with concentrated HCL In a
later modification of this synthesis. BH; in THF was used as the reducing agent [37].

Crystal structures of the Cof{lll) and Ni{IlI'} complexes of 38 have been solved
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[55] which show that the ligand acts as a hexadentate. forming mononuclear com-
plexes which have shightly distorted octabedral stereochemistry with twist angles
close to 60 . All three six-membered chelate rings are 1 the chair configuration m
both complexes. The pentadentate ligand 37 forms a square pyramidal complex with
Cufll} in which the macrocyele is located on a trianguiar face and the two pendant
arms complete the square base. With Co{1li) the resulting complex 18 octahedral
with a chioro group frans 1o one of the tertiary nitrogen donors [56]. The quadriden-
tate ligand 36 forms an octahedral complex with Nit11) in the presence of chloride.
The complex 1s a dimer in which two ¢is-coordinated chioro groups bridge the half-
units. The maerocyelic lgand 15 coordinated to the remaining (our coordination
sites of each metal won | 36].

Ligand 37 is amenable to ming ciosure which results in the lusing of a tctraaza
macrocyclie ring to the tuen moeiety. This has been done by McAuley and coworkers
in a copper{ 1) template reaction 1w methanol. wherehy glyoxal condenses with the
primary amines of the pendant arms [38]. After reduction of the intermediate with
sodium borohydride. followed by demetallation with sodium sulfide, the Cuf{ll)

: OMe
Iij\é ~NHz glyoxal N=—"
U ———
N TTUNH, MeOH NHJ
[Cu37F” (Cuze’t

| NaBH,

1

(>H\‘ (/;NH

N\C /NH] MNaBH, {_\N\\CU/NH]
eIy LN~ T NH
[Cud1i?* {Cudg)?*

complex of the double macrocycle 41 was isolated. In the course of thix work the
imidate complex [Cu39)” " was crystallised and its structure solved. as was that of
the enamine complex [Cud0) ™. The isolation and structural identification of these
intermediates has considerably elarified the mechanistic detail of this type of metal
icmplate reaction.

219 Heteroevde utrachment

A single 2.2%-bipyridy] 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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42

secondary amines using a mixture of tormaldehyde and formic acid. The Ni(Il}
complex ol 42 15 octahedral with 4 water molecule, located runs to one of the
macrocycle amines. complementing the five donor atoms of the ligand. The zine{11)
structure is a highly distorted trigonal bipyramid in which the macrocyele oceupics
one axiul and two equatorial sites. In addition, there are two long contiets (>3 A}
tor per¢hlorate counterions. *C NMR data suggest that the Pd{I1) complex also
hax a trigoual bipvramidal structure. The kmetes of complex formation between 42
and CofITh NifIh) Culll)y or Zn(1 ) in DMSQO have been reported [60].

Three methylenet V-methyvlimidazoley moieties have also been attached to tacn

@E/\ij\@

N
g

N 43

he

giving ligand 43 {61]. This was achicved in 74% vield by reaction of |-methyl-
2-chloromethvhmidazole with the macrocyele in acctonitrile using iricthylamine as
the base. The crystal structure of [Nid3127, which shows it to have near octa-
hedral  stereochemistry, has  been solved §61). In a4 similar way, using
[t hydroxymethyt ypyrazole, three pyrazole groups have been linked 1o tacn. cach
via a methylene group. The lithium complex is six coordinate with a twist angle of
40 [62].

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

HN\) k/NHJ

44

44 {63]. This is done by reacting the macrocyele, with two nitrogen atoms protected
by tritylation. with 3.5-bis{chloromethy! ypyrazole. The resulting product { 75% vield )
i3 detmiylated 1 37% HCT giving 44 in 66% vield. Potentiometric titration studies
of copper{[1} complexation indicate that both monometallic and bimetailic species
may form. The bimetallic species [Cuy{4d 0 reacts with an azide ion to give the
ternary complex [Cuydd 3N . The crystal siructure of this complex. which is
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shown in Fig 4. indicates that each copperon is square pyvramidal with azide and
pyrazolide both bridging between basal coordination sites.

2.0 1L o-Hydroxv-beazyvilation and -picolvlaiion
A number of igunds in this category (45 50} have now been produced. Synthesis
is accomplished cither by the Mannich reacvion or by nucleophilic substitution on

R .
WH WR
HO = OH HO ! =N oH
R

k\ /__\ ™~ / \ -
M M \ N M \ 1

o N 2

I R N A

/N

o OH 45 R=R'=Me OH 46 R=H

48 R=FH =H 47 R =Me

49 K=Bu' R =H
50 R=H. A = Bu'

the appropriate benzy! halide. Thus 45 has been synthesised in 26% yield by a
Mannich rcaction invoiving the macrocyele, formaldehyde and 2.4-dimethylphenol
{64]. This particular phenol is chosen as the methyl groups restrict reaction to a
single site on cach aromatic ring. thereby ehminating the possibility of forming
unwanied linkage isomers. Ligands 46 and 47 are synthesised in 13 and 46% vield
from the Mannich reaction using 3-hydroxypyndine or 3-hydroxy-6-methylpyridine
[65,66). On the other hand. 48, 49 {67] and 50 [68] are synthesised in 23, 60
and 33% yweld from the macrocyele and 2« bromomethyl yphenyl  acctate,
2-¢ bromomethyl }o-tert-butylphenyl acetate and 2-{ bromomethyl )-4-tert-burviphe-
ayl acctate. respectively. I cach case the wiscetate was finally hydrolvsed 1o the
triphenol using sodium mcthoxide m THE. A one-step synthesis of 48 has recently
been reported [65].

Fig. 3 Siructure of the cation [Cu4d 0N showing the combination of pyrosolide and aside
bridming.
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The structure of both 45 and [Ga45H [Cl1O, 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{II1) structure is 4 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
Gu{HI} structure of 45 with one of the pyridine nitrogen atoms {none¢ of which
coordinate} protonated. A potentiometric pH study of the formation constant for
[Fed7] reveals that 1t is higher than that of any synthetic iron¢ 111 } chelate previously
reported and that the ligand binds Fe(1I1} more strongly at physiological pH than
the microbial siderophore enterobactin [69]. Copper{ I} forms a neutral five coordi-
nate species with 48 in which one phenol remains protonated and does not coordi-
nate. whilst two phenolate donors together with the three nitrogen atoms take up a
square pyramidal arrangement around the metal ion [67]. The mono-N-{uncticnali-
scd analogue of 48 has been produced from tacn orthoamide and its vanadium{iV )
and (V) complexes investigated [9.38]. Two copper complexes have been formed
with 49, One 15 green and analyses as [Cu(49_ ]Cl1O, and has been shown
by preliminary X-ray analysis 1o consist of a square pyramidal cation in which,
besides the three nitrogen atoms, one phenolate and one phenol coordinate, the
third phenol is not coordinated. The seccond complex is red and analyses as
[Cu{49 )] NaClO,. Since it is converted into the green form upen protonation, it
is presumed to have two phenolate and three nitrogen donors ceordinated to the
copper ion. The structure of the high-spin iront11l} complex. [Fcd9). has been
solved and is found to be pseudo-octahedral [67]. The neutral complexes [CrS0] and
[FeS0] of Cr{ll} und Fe(lll), respectively, and the Ti(IV) and V(IV} cations
[Ti50] " and [ VSG| " have had their structures solved [68.70] and are isostructurai
with the usual near octahedral fue-N;O, coordination sphere. Upon acidification
the complexes of the trivalent metal ions protonate at one of the phenolate groups
and the resulting complex dimerises by way of two asymmetric O H.--O hvdrogen
bonds. This is seen in the structure of the monoprotonated iron{ 111} complex [68].
In contrast to the alkexide-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{ 111} complex [Co50]
in acetone solution is treated with M({H,0Q), cations, where M=Mn?", Fe'-,
Fe'™, Co* . Ni' ™ or Zn* ", complexes of the type shown in Fig. 5 resuit where the
central metal ion is coordinated by six bridging phenolate groups. If the Crolll) or
Fe¢lll} complex of 50 1s 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 pr dn donation into the partly filled t,, orbitals of these metal
ons. Instead. a central metal ion is incorporated into @ trimetallic assembly of
similar overall configuration, but remains fully hydrated with cach coordinated water
melecule hydrogen bonding to a coordinated phenolate. A certain amount of metal
ton selectivity has been observed when the central metal ion is sequestered {rom
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Fig. 5. Structure of the cation arising from the bridging of two JCe™S0} molecndes by an s on,

mixtures of melal jons; thus from a Zn{ 1D Ma( I maxture Znl 1} is Tour imes as
likely to be incorporated, whereas from a Zn(IIyNi{lD) mixture theie 5 hittle
diserimination at all {71].

240 o-Mercapto-benzyiurion

Ligand 51 has been prepared in good yield from the reaction of the macrocyele
with 3-benzyimercapio-4-broimomethyi-t-butylbenzence m toluene with KOH us base
{19.72,73]. Debenzylation wuas accomplished using sodium in liquid ammonia. A
varicty of mononuglear complexes of the type [M¥81] or [M"™51]PF, have been
isolited. The crystal structures for the Fe(lll) and Coflil'} compiexes show that
the fie-NLyS, {thiophenolate) donor set is coordinated ny the usual way giving pseudo-
octahedral geometry [19.73]. Reaction of SI with divalent metal chlorides oo 1.2
ratio alfords 1the homo- and hetero-dinuclear compounds [M 'STM *Cl| where one
metal is six coordinate { NyM 'S, ) and the other four coordinate ¢ S,;M=Ci). The two
polvhedra are linked by three pe-thiolato bridges, Trinuclear complexes with the
formulation [SINaM™NaSI| (M —Ru. Os) have also been isolated where it has
been shown {from X-ray orystallography that the sodium ions arg bound within g
trigonal prismatic NS, donor set while the central MS,, core s octahedral [72].
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2112 o-Amino-benzyviaiion

Reaction of tacn with e-nitrobenzyl bromide in toluene using KOH as base gives
compound 52 in 98% yield. This can be reduced to 53 using hydrazine hyvdiate and
¢ graphite catalyst m 90% yield [74].

Coy W7 i
N graphite

NO,
2 52

53

With divalent metal tons 53 coordinates without depretonation of the aniline
moietics [74.75]. The structures of the perchlorate salts of the Zn® . °d° and
Hg?" complexes have been sobved and 1t 1s seen that 1w the solid state the ligand
coordinates with the expected fue-NN, arrangement giving ncar trigonal prisnudic
geametry i cavh case {(twist angles are 13.6 0 18 and 18 for the Zodl] Cd(I)
and Hg{I1} complexes. respectively). The structures are vnusual, however, iy that
of the three six-membered chelate rings two have the boat structure wherens (he
third udopts the twist-boat conformation giving the complex €7} synunetey (Fig 6).
[n selunton, NMR studies ol the diamagnetic complexes indicale facile boat 1o twist-
bouat {and vice versa) interconversion. Powder diffraction dwta Tor the. Ma ',
Fe?' and Co’  complexes {all high spin) show that they are sostructural, The
nickel(11) compiex 8 six coordinate with a distorted octahedral NN, polvhedron
(twist angte 50 ). In this case all three six-membered chelate rings have the boat
configuration givmg the complex C, symmetry (Fig. &) The Cuill} complex 1y
sguare pyramidal, with one aniline nitregen donor dangling. and is similar in
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Cy aymmelry

Iig. & Schematic dingram showing the relative disposihion of the aromatic rings i the € and C. structures
that can artse {rom the coordination of 83,

structure to the Pd{II) complex, although the apwal M N, bond in the latter
complex is considerably longer than in the former [73).

The Mn(I1}, Fet11) and Co(1I) complexes of 83 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 tricthylamine has led to the isolation of neutral high-spin
eIl or low-spin Co{lll} complexes in which cach of the aniline moictics has
undergone deprotonation [76]. A Mn(IV) complex of deprotonated 53 has been
formed Trowm air oxidation of an acetonitnie solution 01‘[Mn”53]{CIO4}3, or. starting
with “Mu{ [[1} zcetate™. by allowing the reaction mixture either to oxidise in air or
to disproportionate, The structure of [Mn'* 153 ,,;)]BPh, has been solved and shows
a fae-Na N, arrangement of the amines and the anilide donors with the complex in
a distorted octahedral environment. The average Mn N__.,. distance of 1.877 Als
the shortest Mn N distance in octahedral manganese(1V) complexes observed to
date. indicating that anilides are strong n-donors and that the M- N, bond has
appreciable double bond character [76].

21130 Pendant alkene addition
Use has been made of tucn orthoamide (9] to mono-N-functionalise the macrocy-
cle, using 4-bromo-but-1-ene or allyl bromide, producing 54 or 35, respectively [77].

/A

HN  NH HN  NH
Cns) o
V7
NN 54 55

With Cu(ly it is thought {rom infrared data that 84 coordinates via the three
nitrogens and the olefin, probably in a tetrahedral arrangement. In the case of
Cutlly. the crystal structure of {CuS40H ),{ BPhy), has been solved in which it is
seen to be a dimer involving two hydroxoe-bridges linking Cu(Il) ions 1o which the
ligand is coordinated through the amines alone [77].
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2.2 1 4.7-Triazacyelodecane derivatives

Prior to 1989 only the tncarboxymethyl derivative of this macrocycle had been
svnithesised [30].

228 Hyvdroxvalkyviarion
To investigate the effect of mercasing the steric strain in trigzamacrocyeles ligand
36 has been produced. presumably by a similar method to that wsed Tor 9. and the
fle M

Me : Me
H—y— OH He——OH  H Me He—0H Ty
] ‘-N/\T_,Me Z X Z / \)\OH
' N SN

N B OH N
Code LG ) Ca )
HO HO HO \\/

Me H 56 Ma H 57

i

58

structure of ity cobali(I1} complex. [(Co560),{ NO;1L|IPF L. determined [78]. Both
cobalt{ Iy ions n the dimer have near trigonal prismatic geometry (1wast angles of
7.5 and 12 1 which is rare for o d7 metal ion. The two halves of the dimer ave linked
by two bridging mitrate 1ons. These adopt an unusual bridging mode iy which one
oxygen atom of each is hvdrogen bonded to two hydroxyl hydrogen atoms, one
fram cach half of the dimer. and a second oxvgen atom ol cach nitrate ion s
hvdrogen bonded 1o a single hydroxyl group.

2.3 1 4. 7-Trivcacvclomdecane derivatives

230 Hvdrovvelkviarion

A preliminary account of the crystal structure of the Cotll) complex of 57
indicates that it has a structure half way between trigonal prismatic and octahedral
(twist angle 31 )| 78].

2.4 L4 7-Trivzacvclododecane devivatives

244 Hydroxvalkviation

The crystal structure of [CoS8][NG;), has been solved which shows that the
Co(ID) ion s approximately trigonal prismatic [78]. A very large N Co N angle
within the cight-membered chelate ring (116.5 ) creates an unusuasl situgtion where
the Oy set of higators is not twisted nway from the N, sct in either a right-handed
or lefti-handed ~sense.

2.5 HAR-Trivzacveloundecane derivativey

251 Carboxymethylation
Ligand 59 has been produced in 39% yicld from the reaction of chieroacetic acid
with the macrocyele m the presence of LiOH [33].
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2.6, L3.9-Triazucvolododecane derivatives

Whereas (aen is chosen as the platform onto which three pendant donors are
mounted mn an effort to secure highly stable octuhedral complexes. or the more
unusual trigonal prismatic complexes, 1.59-1riazacyclododecane has been used as a
plattorm from which to mount one pendant donor with the expectation of producing
tetrahedral complexes. Thus, more effort has been made with this macrocyele
protect, and subsequendy deprotect, two of the nitrogen atoms so that a single
pendant arm can be attached with high cfficiency.

The chenustry associated with ligands 60 and 61 was reviewed in Ref [8] and no
subscquent work on then appedrs to have been reported.

N wonond N

RN NR =
N
k/H\j 61 R- CO—

HO OH

240 Hvdroxvalkyviation

Ligands 63 65 have been prepared so that their Zn( 11} complexes can be examined
as models for alkaline phosphatase [79]. To achicve clean monofunctionalisation,
the cychic dianide. 2 4-dioxo-1.5.9-triazacyclododecane (62} {80] was reacted with
ethyl bromoacetate, methyl acrylate or methyl vinyl ketone, respectively. Treatment
of the intermediate with diborune 1n THE then accompiishes reduction of the amide
moieties ws well as the ester or ketone.

Only the coordination chemistry of 63 with Zn(11) hus heen pursued [79]. as the
assuciation of the pendant hydroxyl with the metal ion was found to be weak in 64
and 65, which have longer armmis. "H NMR and potentiometric titration data for the
Zn¢ 1y complex of 63 indicate that at baste pH the complex is tetrahedral with the
pendant donor deprotonaied (pK, =74} In non-agueous solvents there is a tendency
tor dimerisation of |[Zni63 ;)] to oceur and the crystal strocture of the dimer 1s

shown in Fig 7.

262 Carboxvaiethvlation

Compicte carboxymethylution of 1.59-trazacvelododecane to give 66, which had
ecarlicr proved troublesome. has now been accomplished, in 28% yield. by alkvlation
of the macrocyele with ethyl bramoucetate in ethanol, using caesium carbonate as
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Fig. 7. The structure of the dimwer of [Zn63 )7 than can be ervstallised from agueous solution al 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 monotosylating
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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1.5 9-triazacyclododecane analeogue of 18 by converting it 1o the dmnitnle and then
hydrolysing te give the di-ucid in 194 overall vield [12].

2.0.3. Carbumovialiovlation

i.59-Triazacyclodedecane  and ity monolosylate. prepared  as  desenbed  in
Section 2.6.2, both undergo reaction with N N-dmmethylbromoeacetamide in the pres-
ence of cacsium carbonate o give (after detosylation) the pendant tertiary amade
macrocyeles 68 and 69 [43, 8.

MeNOC (\ MesNOC
| ,/\|
\ N7 CONMe, Ki'\, A

rN N N CONMe,
S N e [/ iy \J

/' H
e, NOC . 6o

264, Hydroxamualkyiaiion
The first example ol the attachment of a pendant hydroxamic acid to a macrocyele
ix the synthesis of 70. which has been prepared as a model for naturally occurring

HO
\
N-—Me
/
o—=cC Me
: |
i N
N N/\IC/ ~on
)
M I
I
o=C
\
WN— Me
uo’ 70

siderophores [81]. The ligand is made by reuction of v-benzyl-2-bromo-A-methyla-
cetohydroxamic acid with the mucrocyele in DMF, using NaH as base, followed by
de-benzylation. Potentiometric titration data and spectroscopie investigations sug-
gest that in its Cu(Il) and Fe(1l1) complexes the metal ion is coordinated by ihe
hydroxamate groups and that the macrocycke remains unbound.
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2.6.5. Phosphinomethylation
Ligand 71 has been produced from the 1,5.9-triazacyclododecune analogue of 17,
in 73% vyield. by reacting it with ethyl ethylphosphonite [12].

HN NH
K/N\)
Ox,
107}
Er 71

2.6.6. Phosphonomethiviation

The analogue of tigand 32 has been prepared and its acid base behaviour studied
[54). The diethyl ester of the mono-¥-functionalised methylene( phosphonic acid)
has been produced {rom the 1.59-triazacvclododecane analogue of 17 and diethyl-
phosphite in 31% vield [12].

2.6.7. Aminoalkviation

Mono-2-aminocthylation and mono-3-aminopropylation have both been accom-
plished using the doubly protected form ol the macrocyele (62} {82.83]. This is
either evanomethylated or cyvaneethylated whereupon reductiion with diborane gives

N
Hm\’ﬁ Hm/\ /H!L ll}<\\

" LT e )

H
72 73 74

72 or 73 directly. [Zn72¢C1O,)|CHO, has been crystallised and its structure solved
showing that # s trigonal bipyramidal with the coordinated perchiorate adopting
one of the axial binding sites [82]. The Ni(1I) complex of 73 has been crystallized
as [Ni73({NCS),| which hus an octahedral structure with two ¢is-bound isothioeya-
nates [82]. The complexation of the dimethylumine analogue of 73 (74) has also
been studicd. This more sterically hindered pendant donor s more reluctant o
coordinate than & primary amine and this facihitates hydration of atmospheric
CO), and the formation of carbunato complexes. This is seen in the structure of
[HHTF4INIINCSLCO,)? " in which the protonated pendant arm is dangling and
two coordination sites on cach metal 1on are occupied by a bridging carbonate [84].
With zinc{1l}. on the other hand, a tctruhedral complex of 74 has been formed
{average N-Zn N angle 104.8 } in which all four nitrogen atoms of the ligand are
bound [83]. Ligand 74 15 prepured from an ab itie Richman Atkins synthesis |86].
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2.6.8 Swlfonanide atraclincis

For the purpose of medelling carbenic anhydrase inhibition by sulfonanides, 73
has been monatosylated. at the primary amine. by rezeting monoprotonated 73 with
tosy! chloride giving 75 [83). Complexation of 75 with Zn(11) has heen studied and
it 1% found that the sulfonanude deprotonates upon coordination at pH < 7. This
intramolecular N binding 1o Znr(11y completely inhibits Zn OH bond farmation
which is believed 1o be essential for the normal functioning of carbonic anhyvdrase.
The structure ol the cation in tetrahedral | Zn75 4] PF, s shown m Fig &

e
(\ /\

O 75

2.0.9 Heterocvele attuchmenn

[n a variation of the reaction used to produce 74. the pyrroliding heterocvele has
been attached to L3.9-riazacyclododecnne through the L-position via an ethyl chain
giving 76 [83]. The crvstal structure of [Zn761CI0 | CHO, has been solved, showing

(0
™~ N

HIN N

76

Fig X Structure of the catten in [Zn78 )PV showing coordination of the deprotonated sulfonamide.
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the metal ion to be trigonal bipyramudal with the pyrrolidine in an cquatorial
position and an axial perchiorate.
A single pendunt pyridine has been attuched {o the mucrocycle throngh the

S~ N
LI HN N/\\‘H‘
e, LI

2-position with cither a methylene or ethylene link giving 77 and 78 {87]. Both are
produced in an ab initio Richman Atkins synthesis using the appropriale compo-
nents [86]. The structure of | NIT7(0,NOM}NQO, has been solved showing that pseudo-
octahedral stercochemistry 15 adopted with two cis-positions filled by a bidentate
nitraie ion and the pyridine moiety coordinated srany 10 one of the secondary amines.
With Zn{Il) 78 forms a tetrzhedral complex in the solid state {average N Zn N
angle 106.0 ). but in acctonitnle solution NMR studies indicate that an equilibrium
probably exists between the tetrahedral structure and one in which a nitrate group
hus coordinaled to an cquatorial site of a trigonal bipyramidat structure {871,

A single pendant 2.2%-bipvridyl  moiety  has been  attached  to
1.5.9-triazacyelododecane giving the analogous higand to 42 [59]. No details of its
coordination chemistry appear (o have been reported,

3. Pendant donor tefraaza macrocyeles

Saturated tetragza macrooyeles are known with ring sizes ranging trom 12 atoms
to at least 44 atoms [88]. Of these 1t s only the pendant donor derivatives of the
12- and  ld4-membered rings 147 00-tetraazacyclododecane  {cvclen)  and
1.4 8. 1 -tetraazacvclotetradecune {eyclam) that have been the subject of intensive
investigation. Farly mvestigauons focussed on cyclam as this is the casiest of the
cvelic tetraamines to prepare. butl as it became apparent that the introduction of
four pendant arms {which is synthetically the most straightforward claboration of
the macrocyele) generally leads 1o complexes having the rrens- geometry [R2], in
which two arms project from one side of the macrocyclie plane and two trom the
other. attention tended to switch to eyclen which usually generates complexes m
which all pendant arms project in the same direction (the frans-1 conformation [8§9]).
The significance of this 1s that the coordinating capabitity of four pendant donors
s unlikely 1o be fully otilised o they exist on two sides of the macrocyehe plane
whereas it 15 guite likely that 11 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 1on
is unable to utilise afl of the pendant donors there is a tendency for bimetallic
complexes to form where both metal sons are exocvelic and vnable to derive the
stubilisation associated with location within the macrocyelic annulus,
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31 147 00-Tetraazacvelododecarne { evelen  derivatives

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

HO\/\N/’_\N H/\/OH HoOG/)N/_\N/\COOH
[N I'\l’J IL""‘N M
Ho/\/ \_/ \/\OH HOOC\/ \_/ \/COOH
74 BO

314 Hydroxvalkviation

Introduction of the hydroxyalky] group has generally been via the epoxide opening
reaction, referred to m Secuon 2.1.10.

NMR studies have shown that complexes of 79 with the Lifl}), Na(l). K(I}
[96,91], Cd{1l}), Hetll) and Pb(I1) [92] are cight coordinate and approximmuately
square anti-prismatic in methanol solution. which is inferesting since ecarlier work
has shown that, in the solid state, whilst the K{I) complex is eight coordinate the
Na(l} and Li¢l} complexes are seven and live coordinate. respectively {931 In a
simifar way, the La(IIl} and Eu{IIl} complexcs of 79 have also been shown o be
cight coordinate in water and methanol [94].

To study the catalytic propertics of zine( 1} complexes of macrocyeles with pen-
dant alcohols towards exter hydrolysis. the monofunctionalised cyclen dertvative 83
has been formed from 2.6-dioxocyelen {81} |95] via the pendant ethyl ucctate (82)

H H ™
o%\N/yo O%\N/yo (\H/>
Y Ny _BrCH,CO0E HN N i BHy THF O 4
Q/ \) «/ \) ii 6M HCH Q/ )
N N
g HN\

H
EtQ0C

81 82 OH 83

[96]. A crystal structure of the zinc¢ 1) compiex of 83, as the diperchlorate, 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 trimeric assembly {Fig. 9) in which threc square pyvramidal [Zn83] ' cations are
linked through a single phosphate group results. The counterions are three PF)
anions. and the phosphate apparently arises from partial hydrolysts of these. Each
pendant akeohol is hydrogen bonded 1o the phosphate.

[.7-Bis(2-hydroxyethyl eyelen has been produced in 72% vield by protecting two
rrans-amines as methylearbamates, reacting with oxirane and then deprotecting by
base hydrolysis [97]. Alternatively. protection can be eflected through the formation
of 1.7-ditosyl cyclen or the 1.7-diphosphoramidate [98]. No complexes have been
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Fig. 9 Drawing of the trimene assembly of “Zn83)  cations that results when phosphate oxvgen donors
oceupy Lhe apical sites 1o the exclusion ol the pendant hydroxy 1 groups {hvdrogen atems are not shown}

reported. The two secondary amines of 1.7-bis{2-hvdroxyethyl Jeyclen have been
carboxymethylited through reaction with bromoacetic actd [98].
Hydroxyalkylation leading 1o the attuchment of four 2-hydroxypropyl arms has
been carred out. imtially using racemic 2-methyloxirane, which leads to a mixture
of distercomers of 84 [99.10G). or more recently using (25 )-2-methyloxirane which
H

J
yu\{

85 R =Ph

gives a single enantiomer {100 102], The solid state structures of the Ph(l1l}) {991,
Eu(IIT [100]. and Bi(IIl} [102] complexes of 84 have been solved and show that
the ligand binds as an octadentale to these metal tons with the donor atoms adopting
an approximately square antiprismatic arrangement around the centrally positioned
metal 1on. The spiralling of the pendant arins between the plane of the four nitrogen
atoms and the plane of the four oxygen atoms is always scen to be umiformly
clockwise or anticlockwise which influences the chirality of the complex (A or A)in
addition to that imposed by the stereogenic centre in each arm (SSSS if prepared
from {25)-2-methyloxirane). For compiexes which have been formed using the
opticaily pure higand only onc of the twe possible diastercomers, ASSSS rather than
ASSSS. is formed as this keeps the methyl groups towards the periphery of the
structure.

The related hgand 8% has been formed using S~ or R-styrene oxide and the



6ad K P Wuinwright | Coordineiion Chenristey Reviews 166 ( 1997, 35 Wi

diperehlorate salt of s Cd{Il} complex is known to be square antiprismatic
having cither the ASSSS or ARRRR structure depending on which enantiomeric
form of the ligand is used [103]. The corresponding ligand with a single 2-phenyl-
hydroxypropyl arm has also been formed from 81. by reaction with one equivalent
of styrene oxide followed by reduction {3]. The crystal structure of the Zn(ll)
complex of the deprotonated torm of this hgand has been solved showing the
bonding of the pendant aikexide n a structure which imparts distorted square
pyramidal geometry te the Zn{¢Il) ion.
Reaction of cyclen with eyclohexene oxide. even in large excess, results in the
addition of just a single pendant 2-hydroxyeyclohexy]l arm, shown in structure 86
HO
e P
o
WY NH
86

{104]. This reaction may provide a uvseful way of forming multi-functionalised
polyaza macrocveles.

312 Methoxyvethvlation

Ligand 87 has been prepared from cyelen and 2-chloroethyl methyl ether in good
yield [105]. The solution chemistry of its metal complexes has been studied and
compared with that of 7% and 84 in Refs. 91,101, 106].

Mes
oS AL
] ]
]
k\\ N
A NN
87

3.1.3 Sulfomethviation
For use as a precursor to pendant carboxylic and phosphonic acids the
1.7-disulfomethylated derivative {88} hus been prepared by reaction of di-protonated

[\ ,CHzS0H
Co
N NH
HogscHy \___/

88

cyclen with the sodium salt of formaldehyde bisuliite [12,107]. No coordination
chemistry has et been reported, but the erystal structure of the dihvdrate of 88 has
been solved [29].
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314 Cwhoxymethyiution

Ligand &0 ( DOTA) still continues to attract considerable attention. The structure
of the Zn{I[) complex has recently been solved which shows that 1t binds as a cis-
octahedral ligand with tweo bound carboxylates and two dangling carboxylic groups
[108]. The structure of the sodium complex of the tetra-tert-butyt ester of DOTA
has been determined and the sodium is found toe be eight coordinate within an
approximalely square antiprismatic structure [ 109}, Lanthanide(HI ) ions form ning
coordinate compiexes in which there 1s a coordinated water molecule in addition to
the macrocyclic ligand. which binds n a square antiprismatic fashion. The structures
of Naf M{IDDOTAMH O} 4H,0, where M =Y [110,111], Gd [11&.112], Eu [113]
und Lu [114]. have been solved. Solution studies of the lanthanide complexes have
revealed two dynamic processes: one artsing from enatiomerisation associated with
a A to A helicity interchange, similar to that described in Section 3.1.1, simultancous
with the concerted inversion of the ive-membered chelate rings of the cyclododecane
unit. and the other #n isomerisation. corresponding to one or other of these processes
oceurring i solation {114 117]. The sodium salt of high-spin Fe{DOTA}  has also
been structuraily characterised in the solid state [114] and 1s a monocapped trigonal
prism with one unccordinated carboxylate.

For a number of reasons ytirium-94 is an attractive wotope for use in radivimmu-
notherapy [118]. To be used 1 this way 1t must be rreversibly bound to a carrier
which can be attuched to a monoclonul antibody. DOTA hus been identiticd us
probubly the most uselu! carrier for *Y as it complexes rapidly and. after extensive
screening of other polvaminopolycurboxylic acids [33.118]. appears 1o offer the best
combination of thermodynamic and kinetic stability. This work has led to the
formation of a wide vanety of Cssubstituted dertvatives of DOTA [33.42.118 120].

The tri-carboxymethyl analogue of 80 (89) (DO3A} has been the focus of some
attention owing to the Tact that it offers a means for forming non-ienic water soluble
complexes of high thermodynamic and kinetic stability that are sought for the
various different bio-medical applications. where trivalent cations iend o he
employed. The ligand was first synthesised by Kaden and coworkers [121] and the
synthesis is fully discussed by Tweedle et al. [6]. who have solved the X-ray structure
of the diprotonated suitate sait [109]. The first two protonations of DO3IA occur at
the sccondary nitrogen and at the frans-unnular nitrogen. The ligand 15 pre-organised
for compiexation n the rrans-1 configuration [89]. The indium( 1) complex has
been characterised structurally and Tound to have a seven coordinate capped trigonal
prismatic structure [121]. The structure of high-spin [Fet DO3A))- IH,0 is similar
[T101. 1GA{DOIA)] has been crystallised as [GdEDO3A)Y, - NayCO, [110]. The three
GA(DO3A) units have essentially the same structure as the Fe(I11) structure, just
described, but with the eighih und ninth coordination sites for all three Gd{DO3A)
units filled by a single carbonate 1on: pairwise bidentate combinations of the three
carbonate oxygens join the threc DO3A units to form a nearly C, symmetric
arrangement in which the bridging carbonate dianion is completely encapsulated.

Formution of ligand 90 with RRR-stercochemistry has been undertaken [122
following reports that compiexes of the analogous DOTA analogue have greater
stereochemical nigidity than DOTA sself [123]. The synthesis originates from
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i-formylevelen [6]. but could not be successtully carried out through reaction with
aptieally active 2-chloropropanoic acid, as used in the synthesis of the taen analogue
[35]. Instead. L-beneyi-2-(triflvloxy}propionate was used as the alkylating agent and
deprotection was ctfected by subsequent hyvdrogenation in acidificd methanol. This
methoed is also advocated for the formation of the DOTA znalogue. The siructure
of the GA{IH) complex of 90 has been selved. 1t is a non-svimmetrical dimer in
which each nine coordimate GA(I11 1 hall-unit is brought together by the carboxyvlate
of one half-unit which bridges through both the non-coordinating oxygen stom and
the coordmating oxygen atom [122].

The unreacted sceondary amine in DO3A is available Tor the mireduction of a
further peadant arm and this has been wiilised in forming 91 99 {33,6.124]. The
structures of the Y(111) and Gd(Il1} complexes of 92 have been sobved and both
are scen to be nine coordinste invelving the square antiprismatically acranged
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macrocyele and a coordinated water molecule [109]). Swability constants for com-
plexes formed from ligands 89 and 92 96 with alkaline carth metal ions have been
determined [124]. Some C-substituted derivatives of DO3A and its tri-ethy| ester
are discussed in Ref. {42). DO3A derivatives have also been prepared by mono-N-
atkylation of the cyclen ring followed by carboxymethylation {125, 126).

Another group of DO3A derivatives is 100--103 in which 4 multifunctional arm

oH
I L
OH
T
TR R 0/\!/&3
HOOC N N/ .

r/‘

:' -~ o
N o
HOOC\/ T : \/COOH OH
i1 R= HO s
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has been uppended [127]. The structure of the Gd(I11) complex of 100 is shown in
Fig. 10. Square antiprismatic coordination around the Gd{HI) is completed using
the amide oxygen of the unigue arm in addition to the three carboxylates and the

Fig, ML The conrdimation mode of ligond T0G in s Gedilliy sgue-complex,
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four nitrogen atoms: there is also a capping water molecule located on the pseudo
', axis above the oxygen atom plane.

1.7-Bis{carboxymethyl jeyelen (DO2A Y has been prepured by conversion of 88 1o
the dinitrile followed by hydrolysis to the diacid [12]. or by proteciton of two frany-
secondary amines as benzylcurbamates whalst the remaining two are reacted with
t-butvlbromouacetate. Simultuancous actd hydrolysis ol beth the carbanminie and the
ester then gives the protonated diacid [97). The structure of the Ni(IT) complex of
IXO2A has been solved 187] and » similar to the structure of the Zatlh) DOTA
complex. deseribed above. minus the uncoordinated carboxylic groups.

1.4-Bistcarboxymethyl jevelen has not vet been reported. but the dioxo form ( 104)
and 1ts dimer ¢ 1053 have been formed from (he reaction of 1.2-diaminocthane with

Q

/ ""\
Famn ? f COOM
I: x

O%/N N-‘Hfo

X Nzl
S SN
HOOC COOH

104 o)

HOOC COaH

\/k /\/

195

the dianhydride of EDDTA [128,129]) 1 good yield. The crystal siruciure of 104 has
been reported [130]. The structure of the Cu(H y complex ol 104 has been solved
| 128] which shows that the metal ion docs not sit within the macrocyclic annulus,
but draws upon lwo amino nitrogens. two carboxylates and one amide oxygen, rom
one ring together. with a carboxylate oxygen from an adjacent molecule to forin a
six voordinate complex. The structure of the Zn(l1) complex s similar [131], The
structure of the di-Mn¢I1) complex of 185 has also been deternmined [ 125]. Again
the metal 1ons do not sit within the macroeyele. but each attaing pscudo-seven-
coordination through use of two annino mtrogens, two amide oxygens, two carb-
oxylate oxygens and & water molecule,

LS Carbamovtalivtation
14,7, 10-Tetrakis{earbamoylmethyl yevelen {106} has been prepared (rom  the
reaction of chloroacetamide with cvelen in the presence of triethylanine {132.133).
o

Roh NR, Etzm{ > —nEL,
e \Njﬁ‘% EN’ \
|
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107 R = Me y—/ S \'44 ‘<-“~/ \_ /N }_
E'.EN NE]2

108 # - Et RN NA,
o] 109 o

Crystal structures ol the Zn(H). He{1D), Cd(11y. Ca(Ity. Ph{Il) and Eutlll)
complexes, as therr perchlorate salts, or triflate in the case of Fu(Ill) [134]. have
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been determined and shaw a transinon from six coordination to eight coordination
¢nminc in the case of Eu(IIT), as ot has a bound water molecule) as one crosses this
series. In all cases the hgand akes on the rrens-1 conformation [89]. placing the
pitrogen and amide oxygen donor atoms approximately at the vertices of @ square
antiprisin, bul with the smaller metal jons only 1wo pans-0xygen atoms are able to
encroach within normat bonding distance of the metal ion leaving the other pasr
with markedly greater M- O separations, The analogous tetrakistdimethvlamide)
(173 and tetrakis(diethylanudey (10B) have also been prepared using o similar
procedure [45.136]. A combined NMR and molecular mechames study indicates
that 108 wrranges itselt m the usual square antiprismatic manner  around
lanthanide( LTy tons [135], The 2-carbumoylethyl analogue (109) is casily formed
from the Michael addition reaction of acrylamide with cyelen [136]. however caution
must be exercised when using the hegand. particularly in aqueeus solution at basic
pll as the retro-Michael addition, resulting in toss of acrylanude. 15 guite Facile,
Ligand 109 forms a square antiprismatic complex with La( 11} which is reported as
being much more labile than the corresponding DOTA complex, a Fact which is
attributable 1o the presence of the six-membered chelate rings [136].

To investigate the lumineseence behaviour of macrocyeles mcorperating naphthyi
Huorophores the two ligands 110 and 111 bave been prepared [137.138]:

e i
H—N M—H \//‘
1/_.\\ e <\

o I:N N., O
.
N N o
> I
H—MN N—H

The former by protectmyg three of the amines with the molybdenum tricarbonyl
motety [139] whilst alkylating with N-(2-naphthylmethyt }2-chloroacetamide and
then, after deprotection. by further alkylation with three equivalents of 2-chloro-A-
methylacetamide. The latter by direct reaction of cyclen with - 2-naphthylmethyi -
2-chloroacetamide in DME in the presence of caesiunt carbonate.

206, Phosplinomethylation

A fumily of hgands 112 117, analogous to those formed from luen. 28 31, has
been produced by using the corresponding reaction with cyclen [46, 140 142,52 143}
The crystat structure of T17.HCT has been solved [144] showing that it has the
rrens-1 conformation [89] and is pre-disposed for eight-fold coordination of 4 metal
ion, These ligands have applications both in the development of ™Y (11 lubelled
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conjugates of tumour localising molecules and of GA(I11} complexes suitable as
paramagnetic contrast agents in magnetic resonance imaging. The Y{IIT) complex
of 117 has been characterised by X-ray crystallography and is cight coordinate {no
bound water molecule} with approximately square antiprismatic geometry, as shown
in Fig. 11 [144].

A wide vaniety of inbasic lipophitic Hgands. which lead 1o neutral fat soluble
complexes with these ions, have been produced and investigated. The straegy {or
doing this has been to protect three of the amino groups on cyclen by coordinating
it to molybdenum tricarbony! [139] and to monoalkylate the unprotectied nitrogen
using an N N-dialkyl or A-alkyl-bromoeacctantide. Removal of the Mo(CO}, residue
then allows the other three nitrogens to be used lor the attachment of pendant
phosphinic acids. In some cases the atkyl substituent on the pendant anude nitrogen

Frg. 11 Swruciure of the [Y117]  anion showmg how aquation atthe ninth coordination site of the Y (11T}
on is abstructed by e ligand supersiructaie,
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atom has a terminal quaternary ammonium functional group as a means of produc-
ing cationic complexes with trivalent metal fons (143,145 147]. The same strategy
has been emploved as a means for attaching an N-anthryl group for use in lumines-
cence studies | 148].

L7 Phosphonomethlation
The tetrakis{methylenephosphonate} {118) has been prepared in analogous fash-
ion (0 32 [54. 149.150]. Complexation with alkali and alkaline earth and lanthanide

HO
HO. 120
P Lo
7 OH
k/‘ \ RS
N Nj &)
o Sy e
/P_/ \
HO EH o
0% N on 118
OH

metal ions has been noted. but at the present time no solid state structure defermin-
ations appear to have been made. The thulium( 1113, [ Tm118]° ", complex anion has
been investigated as an in vivo ¥ Na NMR shift reagent [151] and the yterbium (1113,
[YbI18]" . complex hus been suggested as an NMR pH probe [152].

1.7-Bist phosphonomethyl Jevelen and its di- and mono-ethyl ester precursors have
been prepared by protection of two frams-secondary amines ay benzylearbamates
whilst the remaining two are reacted with tricthyl phosphie 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 uchieved.
Mono{ phosphonomethyl yeyclen has been prepared troem 88 in o complex reaction:
Compound 88 is first oxidatively hydrolysed by reaction with triodide, which is
apparently accompanied by loss of one of the sulfomethy! groups. giving the monohy-
droxymethylene speeies. which then ix reacted with phosphorous acid 10 give the
product 1 24% vield [12].

3 LA Aminoethyiation

Littde has been reported about the A-aminoalkyl derivatives of ¢velen. Kovaes
and Sherry huve deseribed a synthesis for 1.7-bis¢ 2-aminoethylicyclen which origi-
nates from cyclen. protected at the other two amines as the benzyicarbamate, and
tosyl aziridine. Removal of the protecting group and the losyl groups s effected by
refluxing in triflic acid for Snun [(97]. 1,47, 10-Tetrakis{ 2-anunocthyl yevelen has
been prepared in our laboratories (rom cyvelen and tosyl aziridine and is currently
undcr mvestigaion | 153

319 Heteroevele attachiment
Cycelen carryving four penduant V-methyvlimidazole donors {119} has been synthe-
sised in the same wayv as 430 but no structures have been reported [61]. Ligands
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having two pendant N-methyhmidazole donors in a 1.7-relationship. with or without
the remaining two nitrogen macrocyeie atoms methylated, have also been reported.
The structures of their Nif IT) complexes have been solved and show ¢iv-octahedrat
geometry with both hetcroeycles coardimnated in each cuse [154]. A sumilar ligand
{120 but with four pendant L-pyrazolylmetiy] donors has also been prepared from
cyclen and |-{hydroxymethybpyrazole m 92% wvield |155]. The structure of the
sodiumi( 1) complex has been solved (Fig 12) showing that the Na{l} fon ix gight
coordinate with square antiprismatic geometry. This s believed 10 be the only
structurally chiractenised cuse of an cight coordinate sodium ion bound exclusively
by nitrogesn donors. The structwre of the Ma¢1l) complex is similar [156]. From
solution studies. Li{]) appears to bind to 12 giving two complexes which have

Frg 12, Structure of [Nad20] "0 iie first struchurally chareterised exampie of eight coordinute sadiomg 1)
involving exclusively nitrogen donor stoms,
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different coordination numbers. The Ni{11) complex of 128 in the presence of iodide
crystallises as a efs-octahedral spectes with all pendant groups projecting in the same
direction; two of which coordinate [157]. In the presence of tetraphenyiborate the
Ni{lly and Znt¢11} complexes undergo solvolysis which leads 1o the replacement of
the pyrazole group on onc of the pendant arms by an ethoxoe group. The complexes
are six and seven coordinate, respectively, with the ethoxo group uncoordinated,
The tron{Il) complex also shows this tendency in the presence of hexafluorophos-
phate to o limmted extent | 1574

3010 o-Hydroxy-picolylation

The eyclen analogue of Tigand 47, which has been designed for ThilV) complex-
atton, has been prepared using eyclen and 3-hydroxy-6-methylpyridine under
Mannich conditions i 256 vield | 13R].

3.2 147 1 Terraazacyvelotridecune derivatives
321, Carboxvinethyvhiion

TetrakistcarboxymethyD- L 4.7 10-tetraazacyclotridecanes 121 and 122, which
have been C-fonctionalised in such a way that they may be attached 10 a4 monoclonal

COOH COOH
//\,/'\ iN N%—_COOH N ’[ B /_COOH
D el —e
GEN/\J « iy N /\|/ N/
COoH r/\_“/\\-—COOH OMN" N 4 \__f\\——COOH
21 COOH 122 COOH

antibody. have been prepared. The rate of incorporation of radivactive yutrwm{111)
is higher with 121 thap 122, which is believed to be due to precoordination of
Y (111} by the carboxymethylumine group outside the macrocyelic ring [159]. No
structural information has been reported.

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

o o}
COOH COOH
%., -
-HN N -HN N
ol o
E VI Vi HN N

s y
é’ \CQOH % \COOH

O
123 124

1.3-propanediamine as the amine [160]. Crystal struetures of the Cadlly Cdell)
[130] Ma(l) [ 131] and Pbil]l} [1683] complexes have been solved and in all cases
the metal ion 1s exacyelic. The Cd(I} and Mn(11} complexes both have a distoried
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trigonal prismatic struciure in which five donor atoms rom the ligand {one amide
oxygen 15 uncoordinated § and o water molecuie are bound. The Ca{ll) and Pb{I1)
structures are both cight coordinate. While the former is a distorted square antiprisni,
involving five donor atoms from the hgand. two water molecules and a bridging
carboxyiate. the [atter 15 closer 1o being dodecahedral. owing to the fact that both
antide oxygen atoms coordinate and only a single water molecule. [n a variation of
this work, ligand 124 has been prepaved using I3-diamino-2-hydroxvpropane as the
diamine [161]. In the stiucture of 1is hydrated MndIT) complex (wo non-cquivalent
mlecules are present: One is very similar to | MnE23{ H,0)] described above, whereas
within the other botl anide oxygen atoms are witlun the first coordination sphere
as well as o water molecule giving the molecule a distorted capped ingonal prismatic
siracinre.

322 Heteroovele witacinent

A single picolyl group has been attached to [ 13-dioxo-
L4.7 10-cvclotetratnidecane | 162, formung 125, through the reaction of preolyl chio-

o o

125 126 127

ride with the purent dioxe macrocyele [163]0 The ligand stabibses the trivalent
oxklation state of mekel. but destabihises the trivalent state of copper.

One (1263 or wo {127} 8-yuinolyhucihyl pendants have been attached to
P 3-dioxo-T 4 7 10-cvclotetratridecane through  the  reaction of  B-hromo-
methylguinoline with the parent macrocyele [163,164]. Depending upon the molar
ratio of the reactunts the product distribution can be directed 10 favour one or other
ol the compounds. which are separated by chromatography. Structures of the neutral
Cu{ 1Dy complexes of both 126 and 127 have been sobved. In cuach case the Cu(ll}y
wn is square pyramidal and lies above the macrocyclic plane, binding to iwo
deprotonuted amide nitrogen atoms and the other two nitrogen atoms of the macro-
eveles in the direcnion of an apical quineline nitrogen atom [164],

y o3

33 L8 T -Terauzaevelotetradecane (evelunt) derivatives

Owing 10 1is case of synthests. evelam was the ligand first used to investigate the
possibility of funcionalising polyaza macrocycles at the nitrogen atoms [2], and so
& large number of pendant arm macrocyelic derivatives {128 -1358) and their coordi-
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nation chemistry have becn described in carlier reviews {7,8]. A considerable number
of single pendant arm donors have also been reported in Refl [R]. The crystal
structures of 131 and its diprotonated form have now been reporied [165] and. by
analogy with 32. compound 136 has been synthesised. although there 15 no detail of
its structure or the structure of its complexes avatlable [ 149]. More extensive develop-
ments are described in the following sections.

331 Hvdroxvalkylation

In 1984 Hancock and co-workers commented on the enhanced rate of metal ion
uptake by 129. the cyclam derivative bearing four hydroxyethyl arms [166]. This
provided considerable stimutus for a large amount of kinetic and mechunistic work
[167] directed sowards explaining this phenomenon and exploring its extent. during
the course of which ligands 137 143 were syathesised [168 171]. The conclusion
from this was that 137 140 show similar rate enhancements to 129, mdicating that
extension of the alkyl chain by one mcthylenc unit 1s unimportant as is the loss of
one or twe of the pendant arms, providing that at least two rematning arms are on
adjacent nitrogen atoms. Ligands 141 143 do not show the effect. suggesting thit
the rate enhancement arises because of precoordination of the metal won via two
adjacent nitrogen atoms and the hydroxy groups which are appended from them,
The crystal structures of 129 [172] and 137 [168] have been solved, showing that
they are to some cxicnt pre-organised against metal ion complexution owing to the
fuct that they exist in the /rans-1V [89] configuration with considerable hydrogen
bonding both between the hydroxyl groups and Lo the nitrogen atoms 1o which they
are appended. The synthesis of 137 was accemplished by a high pressure reaction
between oxetane {trimethylene oxide} and cyclam in guantitanive vieki the other
ligands were synthesised by the reaction of cthylene oxide or 2-bromoecthanol with
the appropriate macrocyele. Crystal structures of the Ni{I]) complexes of 139, 148
{170] and 141 {171 have been solved showing that in all cases both pendant alcoholy
coordinate 1o the Ni{[1) ion resulting in octahedral stereochemistry. In the case of
[ NAT40)ClO, 3, this results in the ligand adoptng the unusual rrgas-11 geometry with
one of the six-membered chelate nings bemg forced into a twist-boat confuormation.
Complexes of the other two ligands adopt the more common frans-111 geometry
with both six-membered chelate rings in the chair conformation. The Ni( 11} complex
of 141 has been oxidatively dehydrogenated with nitric acid giving a frais-diimine
[173]. Soluuon studies of the Cd¢I1) [174]. Heolly and Phe1T} [173] complexes of
129 show that the frans-111 structore s adopled und that the metal on osciilates
through the macrocyclic annuius between cquivalent frigonal prismalic structures.
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3320 Peudant thisether formaiion

The Cufll) complex of 4,7-his( 3-aminopropyl i-1-thin-4. 7-dmzacyclononane
{144). which iy the thioether analogue of ligand 37, has been evelised, usting glyoxal.

(2 (P
AN

1
| ~MNH glyoxal N\“C /NH:I
' — i .
O TR NaBH, N TN
k\...‘_/ \/
[Cutaqf’ {Cut4s)®

producmg 145 [176]. Demetallation was accomplished  with sodium  sulfide.
Structures of both the Cu(IT) und Ni¢11) complexes have been solved and in both
cises the Tigand adopts the trans-1 conformation. The former is square pyranndal
with the sulfur atom at the apex ol the pyramid. whilst the latter is octahedral with
a covrdinated perchiorate group fray 1o the suifur donor [176]



K Hainwright -~ Coorditarion Chesiseer Reviens Fod 0 Jou70 15 Yo

3.3.3 Curboxvatkviation

Ligand 130 {teta) still continues to attract attention. Two independent crystallo-
graphic determinations of H-lete have confirmed eurlier suggestions that the first
four protenation sites are two truny-related amines and the two carboxylate groups
which are appended 1o the non-protonated amines f177.178]. The structure of the
Mg(11} complex has been solved showing that the metal ion 15 exocychicly bound
vig two frans-related. monodentate carboxylate groups [rom two different Hs-teta
niolecules. Qctahedral coordinaiion is completed by Tour water molecules [177].
Zu{ 111, on the other hand, binds within the frans-1TT macrocevelic cavity 1o the four
nitrogen atoms and two trans-related carboxylates. the other twa carboxylates are
protonated and left dangling [108]. A C-functionalised denvative of teta suntable
far attechment 1o i moenoclonal antubody has alse been prepared [120].

The carboxvethy! analogue of 13 {146) has recently been prepared 1w good vield

HOOC COOH K\
NN r]q/\“/ Hooc” N L™ coom

N N

ey ~. ~

i

L - I

N M HCOC, N N

Hooc™ N\ N N . 147 R=H
~ Vs
148 R= —— NO,
146 N/

from the reaction of ucrylic acid with cvclam [179]. Suuctures of the hgand m the
letraprotonaied. penfaprotonated and octaprotonated forms have been solved and
the protonation sequence studied.

The ris(earboxymethyvl) analogue of teta €147F has been prepured in the same
way as 89 and the eryvstal structure of it indwum(I11) complex determined [121].
The structure of [[nk47] is superfictally similar to that of [In89]. but s more
symmetrical and compact. This s rellecied in the higher lability of [1:147] which
mikes it less suitable as a carvier for ''In than [In89). Reaction of 147 with p-
nitrobenzyibromide gives 148,

Two ol the three possible bistcarboxymethyhDieyclam ligands have now been
prepared. The LE-denivative (149) 1s prepared from 1. 8-ditosvlevelam by reaction

N
AN . T COOH

HoOC N NF
N 148 R=H
150 R - Me

with ethylbromouacetate [ 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 sccondary amimes, which can be accomphshed by reacting with
formic acid and formaldehyde, giving 150, is undertaken [182]. Complexation of
149 or 180 with copper(l} produces an octahedral complex with the ligiand i the
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trans-1H conformation and two  traas-carboxylate groups positioned on  the
Fahn-Teller elongated axis [180,182].
The cobalt(I1T} complex of the [.4-derivative (152) can be prepared {from the

151 b Ci 152

acyelic precursor complex 151, by heating 1t at pH 12 for four days [183]. The
structure of 152 has been solved showing the ligand in the frans-111 conformation
with both carboxylaies bound n a rrans-relationship.

334 Aminoalkviation

Fellowing an extensive serics of papers concerning the transition metal chentistry
of ligand 134 {&] the complexes with Zn(11y Cd{11) and Hg{Il} have now been
cxamined [[84]. Like the transitien metal ions. Zn( 1} only forms bimetaliic com-
plexes with neutral 134, Cd([1} and Hg(1l ; form boih bimetallic and monometallic
species. Crystal structures of [ZnfOH 34" and [Cd»4C1)134]% show that cach
metal ion is bound in an exocyclic fushion to two of the macrocycle nitrogen atoms
and two pendunt arm nitrogen atoms: square pyramidal geometry is completed by
way of a bridging ainion. Stability constants for bridging anion binding in the Cu(I1j
complexes of 134 have been redetermined [185].

An extension of the chemistry associated with 134 has been to react the tosylated
pendant arms with the ditosylate of [ 3-propuncdiol under basic conditions and so

GoS g
. /'\/'L_/

153

generate the triple macrocycle 1530 after detosylation [186]. Structural deterntin-
ations of [Cux{tos);153)]" (10 = p-loluenesulfonate) and [Co{CO,)153]*" show
that the two types of structure that have been observed with complexes of 134 are
also accessible to complexes of 183, These are shown in Fig. 13 and can loosely be
described as the chair and boat forms.

[n a more limited study, 133 has been converted to a tricyclic macrocycle through
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 13, The chaw tappery amd boat lowery contigurations ihat can be adopted by Hgand 153 upon
complesation. The upper structare is of [Cu 0tosh 1537 (s potoluencsultonate) and the lower is of
[CodC 033 .

that three mietal ions can be bound. Cobalt(II} and (111) and rhodium{ 111} com-
plexes of 133 have alse been reported [ I88].

235 g-Carbuxrvbenzviation

Ligand 154 15 onc of a aumber of monocarboxylic acid denvatives of cyclam
synthesised by Studer und Kuaden [18%] und reviewed earlier [8]. The crystal sirue-
tures of the Cu({ll} 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 peadant group occupying the apical position.
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336, Hewrocvele atiachment

The dicopper{1} complex of 135 has been synthesised and found to resct with
dioxygen at low temperature, forming two different peroxo species which ultimately
degrade to  bis¢ pynidine-2-carboxylatoycopper(Il} [19i1. The structure of the
dicopper(1) specics involves two three coordinate copper{[} ions. each bound by
two pyndine nitrogen atoms and one nitrogen atom of the macrocycle. A single
2-pyridylethyl pendant irm has been attached to T 4-dimethylevelam, m 704 yield.
by the reaction of vinyl pyridine with the macrocyele. giving 185 [192]. With Cuf )
the ligand appears to bind in etither the pans-1 or frans-1 conformation. without
coordination of the pendant arm.

Ligand 156 1 an analogue of 42 and is synthesised by the same procedure [39].
The ligand 15 unable to bind a single metal fon simuliancously in the macrocyclic
cavity and at the pendant arm. Instead the metal ion chooses between the bipyridyl
unit and the macrocvele on the basts of its own kinetic and thermodynamic prelerence
and the nature of the metallic precursor. Thus CutIly, NIl and Zntli) bind
within the macrocyetic cavity, whereas Fed11) and Ru(I1} bind 1o three hip\ rigdyvl
units from three ligand molecules. Fluorescence quenching of the [Rutbipy),} ' core
in [Rutbipy}.156[7 " occurs upon coordination of Cu(ll) within the macrocychc
cavity [ 193],

The evclam analogue of 127 has been synthesised and found to bind 1o Cu(H
via the four nitrogen atoms of the macrocyele with, n addition. two long
Cu N umotne interactions of 2800 and 2.686 A, The quinoline moictics are in 3
frans-relationship 1o each other. which forces the six-membered chelate ring 1o which
they are attached into a skew-boat conformation [194].

337 e-Iivdroxy-pivolvlation

The cyelam analogne of ligand 47, which has been designed for Th1V 5 complex-
atton. has been prepared using cyclam and 3-hyvdroxy-6-methylpyridine under
Munnich conditions v 51% yicld [158].

3 L4 7 H-Tevrauzaevclotetradecane (isocveluam ; derivatives

Sceveral mono-N-functionalised ligands based on this particular 14-membered
ring framework (157 164) have been reviewed previously [8]. Only one tetra-
N-functionalised lgand appears to have been produced, this being tetrakis{ 2-amino-
cthyljisocyelam (161) [195]. As with 134, two metal jons may be bound in an
exoeyclic fashion and these are capable of trapping a coordinated anion between
them.
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3.5 14812 Tetraazacyclopentadecane derfvatives
Only two pendant donor derivatives of this 15-membered tetrazza macrocycele
appear to have been made. These are the tetrakist 2-hvdroxvethyl ¥ derivative (162)

HO ﬁ Ao RN N I/\l A~

/—-N N— N N

¢

e o
NN Lf\/\m

HO - OH Hol Hz

152 163

[196] and the tetrakis( 2-aminocthyl) dertvative {163) [195]. No structural informa-
tion is avatlable for the former, but kinetic studies of its rate of decomplexation
show that the Co(ll) and Nu{l1l} complexes have half-lives of =>24h in I M
HNG; whilst the Cu{ll} complex is considerably more labile. The latter ligand has
been used 1o study amon binding between the two metal jons that bind exocyclicly
to 4 par of pendant arms and to two of the macrocycle nitrogen astoms. The
structure of [Cu,I63]* 7 shows two square-planar Cu(11) centres with a separation
of 5.048 A. Stability constants for anion binding have been measured [185].

3.6, 1.5.9. 13- Tevraacacyelohexadecane derivarives

Two pendant donor macroeyeles derived from this 16-membered mucrocycle have
been synthesised. These are the tetrakis{carboxymethyl} (164} {197] and the

s Hon o
HOOC/\riJ 13000H 2 \/\N INNH;
HOOC\;N w\/COOH <:N N}
\/) HgNN ‘\J) \/\NH;
164 165

tetrakis(2-aminoethyl } 1 165} derivatives [ 1951, Both bind two Cu(1l} ions in exocy-
clic positions using two pendant donors and twe macrocyele nitrogen atoms. With
164 cach Cu(ll} ion becomes five coordinate by binding solvent or an anion in the
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position which is remate from the second copper ton. whereas with 165 an anion is
bound between the two copper ions. Stability constants for anion hinding have been
measured [183].

4. Pendant donor penfaaza macrocyeles

Little work has been done on pentaaza macrocycles probably due to the fact that
meial ions of suthiciently large size to fill the cavity tend to lavour oxygen donory
rather than arogen donors. Only the smaller 15~ and 16-membered pentaaza
macrocyeles 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.

4.1 4.7 10 13-Pemmtaazacvelopemtadecane derivarives
Only  two  penta-N-substituted  derivatives have  been  reported: the

pentakis{ 2-hyvdroxyethyly (1663 [198] and pentakis{carboxvmethyly (1673 {1991
OH

r COOH
on \N/ N\ N\ kN/_ \ oo
i\ g :) HOOG g :)_\
FK/@\)NOH k/ )N\) COOH
166 HO HOQC 167

Both are made in the conventional way Tor these clusses of pendant donor muacrocy-
cle. No complexes ol 166 have been reported. but the stability constunts {or complex-
ation of 167 with lanthanide{[l]) ions huave been measured showing that 1:1
metaliligand complexes are formed. which are of comparable stabitity to those
formed from corresponding letranza ligands | 199].

Three different 15-membered macrocyelic dianndes with pendant carboxymethyl
groups {168 170} have been prepared by starting from the anhvdnde ol EDTA
[200] or dianhydride of DTPA {dicthylentriamine pentaacetic acid) §201] and
condensing i with  diethylenetriamine  or  ethylenediamine,  respectively.
Cuarboxymethylation of 168 using (-butyl bromoeacetate loilowed by hydrolysis with

HOOC— [~ ,—COOH  HOOC—_ [\ —COOH & NP
IN N‘x IN Nl HM NH@
O N N C 0 o =N N~

N k/J\) w0os” o’ ooon

/
168 HOGC 169 HOOC 170
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trifluoroacetic acid gives 169 [2({]. Ligand 169 shows extremely good discrimination
for Gd(111) over Zn{1l}, there being a difference of over six orders of magnitude
in their binding constants. Crystal structures for the Gd{Ill) [201], Y{III} and
La I1) [202] complexes of 170 have been solved. All three compounds are isostruct-
ural. In each case two ninc coordinate metal 1ons are sandwiched between two
ligands. Each metal ion is coordinated by onc amide oxygen, two carboxylate
oxygens and two amine nitrogen atoms from one ligand, an amide oxygen. a
carboxylate oxygen and an amine nitrogen from a second ligand and a water oxygen
atom. The coordination geometry 1s that of a distorted tricapped trigonal prism,

42§47 10.13-Pentauzacvclohexadecane derivatives

Sixteen-membered and larger variations of 170 have been prepared by condensing
DTPA with larger amines than ethylenediamine giving rise to 171-177. X-ray struc-
tures of the GAd(1I) complexes of 171 and 177 are availabie [201,161] which show
that GJ(I) forms nine coordmate 1:1 complexes with these ligands. in which the
metal jon s coordinated by the three amines, the three carboxylates, und the two
anude oxvgens of the mucrocycle together with a coordinated water molecule.

171 AN gy
172 HNTT e AN

O /\ O 173 HN" ™~ — " NH
XHN NH§ 1784 HN™ e s T N
—N N N s "0 RO P

Hooe” k/NJ cooH AN NH __
) 176 HN/_< >—\NH
HOOC

177 HN/Y\NH

OH

5. Pendant donor hexaaza macrocycles
3L Derivatives of 1.3.6.9 11, 14-heyaazacvolohe xadecane

Lunthanide( 11} complexes of the 6.14-bis{2-aminoethyl) derivative of this
l6-membered hexaaza macrocycle (178} are synthesised by lanthanide¢11I} ion
templated reactions involving tris{ 2-aminoethyl Jamine (tren) and bis(dimethylami-
nojmethane [203]. Using La{CF S0,}, as the source of the template the isolated
La(lll} complex 13 ten coordinate. being coordinated by the eight nitrogens of the
macrocyele and two triflate tons. The corresponding vtterbium{ [I1) 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 salicylaldehvde to form 179
when the metal 1on is Laf{TIl}. bwt not when 1t 1s GA{Il{) [204]. This observation
forms the basis for a method of separating La from Gd.
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5.2 Perivatives of 14,7 10,13 I6-hexaazacreloocradecane

As 15 the cuse with pentaaza macrocycles. the only two hexa-N-substituted derivi-
tives of the H8-membered hexauza macrocyele 1,47, 1000 3, 16-hexauzacyelooctadecane
are the hexakis{ 2-hydroxyethyl } (1803 [ [98] and the hexakisearboxymethyt ) {181}

-0H COOH

OH {\ f”_\. TN @N[_\N{f COOH

=N 8 N NZ-
ol WS (o ) oo

; OH
A nooe—" \_/ )
HO— 180 coon '#1
1991 derivatives. No siructural infornution s available lor cither of these hgands
or their complexes. but it has been noted that 181 forms complexes with the
lanthanide( 1117 ions which are more stable than the corresponding DTPA com-
plexes [199].

The 1.7 13-tristmethanesulfonatey o 1471013 16-hexaazaeyclooctadecane has
been prepared | 12] and could presumably be used as o precursor 1o the corsesponding
phosphinic. phosphonie and carboxylic acids. although this has oot ver heen
reported.

T \H

O3y, HMN N/j\m
T 7

HOOC —/ " )N\J\/ COOH

o

HOOC 182

An [8-membered mocrocvelic diamide {182} has been synthesised from the reace-
tion of IYTPA with dicthylenetriamine [203]. The La{ill) complex of protonated
{at the secondary amme) 182 crystallises as a dimer. as shown in Fig, 14, in which
cach La(IIl) ion is cleven coordinate. being chelated by (hree amines, two amide
oxvgen atoms and the three carboxylate oxygens of 1ts own ligand. plus asvimmetric
bidentate chelution {from one carboxylate moiety of a sceond ligand and a coordi-
nated water molecule. In the solid state the Eu{lll} complex of protonated 182
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Fig. 14 Srructure of the {Lat 1821130 15:A0]1 7 dimer showing cleven coordinate T a¢i 1 ions,

crystallises as o tetramer in which cach Eu{[I]) ion is nine coordinate and has the
geomeiry of a tricapped trigonai prism. The coordination is via the eight donor
atoms of the principal ligand {the seccondary amine 15 presumed (o be protonated)
plus a bridging carboxylate from a second ligand. Luminescence lifetime studies and
vapour phase osmomeiry suggest that in solution the complex 1 monemeric with
one coordmated water molecule.
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