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A. INTRODUCTION 

Metal compkxes are made up of a metal ion, the acceptor, and one or more Iigands 
containing the donor atoms. A ligand may be attached to a metal ion by more than one 
donor atom, thus forming a heterocyclic ring called a chelatel ring. In such a case, the li- 
gand may be termed a chelating agent and the resulting complex a metal chelate. The 
properties of a metal complex are dependent on the nature of the metal ion and also of 
the ligands. The variation in metal ions is considerable; on the other hand, the variation in 
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l&an& is virtually limitless because of the extent of organic chemistry available for the syn- 

thesis of suitable molecules. Many types ofligands are known and the properties of their de- 
rived metal complexes have been investigated. However, as a result of thisinformation, there 

is now a need for the synthesis of new ligands of specific design which could lead to metal 
complexes with special and possibly predictable properties_ 

The design of a ligand must take into account the factors affecting the stability of 
metal complexes and also the geometrical considerations of molecular construction. Some 
figands are, of course, easier to synthesise thanothers and a good design should produce a 
structure which can be synthesised fairly readily. In this context, a number of reaction 
types are especially applicable to Xigand synthesis, although in principle all organic reac- 
tions are avaiiable for use. 

These features of @and design and synthesis will be dealt with in Sects. B, C and D. 
Section E will further illustrate these general features by way of selected examples rang- 
ing mainly from bidentate to sexadentate chelating agents; brief discussions of possible 
higher multidentate chelating agents and chelating agents which form bin&ear metal 

complexes are also included. 
Because of the extent of this area of coordination chemistry the discussion is restricted 

to Iigands cont~g nitrogen, oxygen, sulphur, pho~homs and arsenic donor atoms. 
Aspects of the design and synthesis of ligands which form (T or T carbon-metal bonds 
in their complexes are excluded, as this area is almost as extensive as organic synthesis it- 

self. 
fn this review, emphasis is placed on the nature of the ligands, often at the expense of 

the nature of the metal complexes which they form, It should be pointed out that not 
al1 ligands can be isolated as such and some only exist in their metal complexes. However, 
for the sake of clarity and simplification, structural diagrams of free ligands predominate 
in Sect. E. The structures are often drawn in a way whichemphasises the donor atom sites 
and hints at the type of coord~ation involved in their complexes; such diagrams would 
not necessarily reflect the geometry of the ligand itself. 

B. FACTORS AFFECTING THE STABILITY OF METAL COMPLEXES 

The design of Wgands is usua.8y directed towards the production of srabfe metal corn= 
plexes. This need not always be so, and the specific design and synthesis of “unfavour- 
abfe” ligands, giving rise to complexes of poor stability, presents a virgin area for future 
research, The formation and dissociation of relatively weak metal complexes is relevant 
to the chemistry2 of metal-enzyme systems. 

Since metal ions are Lewis acids the basic strength of a donor atom is relevant? to the 
metal-donor atom bond. However, the donor atom must be considered together with 
the metal ion. Ahrknd et a.L4 divided the acceptor metal ions into two classes depending 
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on whether they form their more stable complexes with (a) the smaller donor-atoms such 

as nitrogen, oxygen and fluorine or (b) the larger ones, including phosphorus, sulphur and 
chlorine. This classification has proved to be very useful, but there is considerable overlap 

between the two classes and some of the most interesting metal ions lie in the borderline 
region. In a ligand containing several different donor atoms, the situation becomes rather 

complicated and a simple classification is not very meaningful. The oxidation state of a 
metal also helps to determine its classification_ 

There is a strong tendency for n-bonding to occur 5 in coordination of a metal atom 

with phosphorus and arsenic donor atoms, but not with thioether sulphur atom&* 7. 

(ii) The chelate effect 

Many quantitative studies8 have confirmed that metal chelate complexes are more 

stable than those of related unidentate ligands. An entropy effect is at least partly9 respon- 
sible for this phenomenon. One of the main reasons for the synthesis of multidentate che- 
lating agents is provided by the increased stability of the derived metal complexes, by 

virtue of the chefate effect. The number of cheIate rings is important and for two similar 

metal chelates, that which contains the greater number of stable chelate rings will gener- 
ally be the more stable. 

Chelate rings play an important part in reducing the lability of metal complexes with 
respect to simple substitution. Although cobalt(II1) ammine,complexes are inert, the cor- 
responding cobalt(I1) and nickel(I1) complexes are labile. Thus, the use of polyamine che- 

lating agents allows the formation of cobalt(H) and nickel(U) complexes with reduced 
lability. 

The formation of new chelate rings is also a major feature of metal template reactions 

(see Sect. D (iv)). 

(iii) Size and shape of chelate rings 

The factors governing the stability of chelate rings are essentially the same as those 

that apply to heterocyclic rings lo, ll. However, different constraints are placed on some 

bond angles and bond lengths by the presence of a metal ion. Five- and six-membered 
chelate rings are by far the most commonI and are in general the most stable. In the case 
of unsaturated five- and six-membered rings in which resonance occursI 14, all the 
atoms in the ring are approximately coplanar. This is illustrated by the partial structures 
shown below, for instance. 

/t 

/ 
-N\/- --T / 

./v 
I L- \ d”\ 
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For fklly unsaturated chelate rings, the angle strain is less for those with six members 
that for those with five. Also, unsaturated six-membered chelate rings are less strainedIS 

than saturated ones. 
In saturated &elate rings, some deviation from coplanarity results in a reduction of 

angle strain. Corey and Baiiar l6 have treated the conformational aspects of chelate rings 
derived from 1,2-di~~~~e and 1,3-~~oproF~e, by relating them to cyclopen- 
tane and CycIohexane respectively. Their conformational analysis led to an accurate pre- 
diction of the shape of the chelate rings in the tris( 1,2-~~~oe~~e) ~ob~t(III) ionIT. 
These chelate rings were found to have the staggered conformation illustrated. 

Similarly, the six-membered chelate ring in a 1,3-diamiuopropane complex would be 

expected to adopt an approbate chair ~onfo~ation as shownl8. 

However, the ring is more sharply folded than cyclohexane, because of the constraints 
imposed by metal--nitrogen bond lengths of -2 a and a nitrogen-Mets-r~trogen bond 
angle of approximately 90”. Thus the interaction between axial substituents is significant- 
ly increased. 

Consequently, some destabilisation of the six-membered chelate ring is observed rela- 

tive to the similar five-membered one. Complexes of 1 5 2-diaminoethane have been 
foundi 2o to be more stable than those of 1, Sdiaminopropane, despite the greater base 

strength of the fatter diamiue. 
Four-membered chelate rings are now fairly common and include complexes of the 

carbonate ior& 22, the dithiocarbamates23~ 24 and 1, 8-naphthyridine25. An increasing 

number of four-membered chelate rings containing two metal atoms24* 26 has been de- 
tected; usually the other atoms in the ring are sulphur or oxygen. 

Medium and large chelate rings 27 have been postdated in a variety of structures. Their 
effect on the stabiiity of a complex depends on the flexibility of the ring and the presence 
or otherwise of other chelate rings. The stability constants of metal Complexes derived28 
from the tetracarboxylic acids I decrease along the series n = 2 > 3 > 4 > 5. 

HC12C-CH, 
\ / 

CHg-CO$ 

/N-lc~-N\C~_Co,H HO,C-04, 

However, large chelate rings are not necessarily detrimental to the stability of metal com- 
plexes, but are usuaUy part of a highty stable mu&dentate chelate structure. For example, 
the cobalt complex vitamin B12 contains 29 a nineteen-membered chekte ring, and the 
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iron !jydroxamates, the mycobactins and ferrioxamines30 also contain large chelate rings. 

C. GEOMETRICAL CONSIDERATIONS OF LIGAND DESIGN 

In addition to the factors affecting the stability of metal complexes, various consider- 
ations of geometry must be borne in mind when designing a multidentate ligand. Various 

stereochemical features influence the shape and flexibility of organic compounds in gen- 

eral. Steric interactions may result in a loss of molecular flexibility through the restric- 

tion of bond rotation. Conformational preferences can also affect the particular shape of 
a molecule. Where these stereochemical features occur in ligands they may influence the 

geometrical arrangement of donor atoms in a derived metal complex or the precise con- 

figuration of such a complex. 

Apart from these normal stereochemical effects of organic molecules, there are in 
metal complexes additional geometrical consequences of the metal ion and of the donor 

atoms, and these are now considered further. 

(i) Geometrical consequences of the metaI ion 

In four-coordinate metal complexes, the distribution of bonds about the metal ion 
is such that the donor atoms lie at the comers of a square or at the apices of a tetrahe- 

dron, with the metal ion at the centre of that square or tetrahedron. Similarly the donor 
atoms surrounding a six-coordinate metal ion are usually situated at the apices of an octa- 
hedron or trigonal prism and those about a five-coordinate metal ion lie at the comers of 

a square pyramid or trlgonal bipyramid. Thus the metal ion exerts a preference for a par- 
ticular kind of environment and some ligands are better able to conform to that environ- 

ment than others. Also, each ligand has its own preference for a particular geometrical 

configuration. Ligand design is important because of the possible conflict between these 
two effects. If the aim is to produce a highly stable metal chelate, then the ligand should 

be designed so as best to suit one of the geometrical preferences of the metal ion. On the 

other hand, if new and unusual properties are being sought in the resulting metal com- 

plex, a strong and rigid ligand may force a metal ion to form a complex of non-ideal 
geometry. 

The size of the metal ion is also important. For instance, the conformational strain in 
five-membered chelate rings is increased with an increase in size of the metal ion. in gen- 

eral, bond lengths and bond angles in chelate rings depend on the size of the metal ion. 

(ii) Geometrical consequences of the donor atoms 

Donor atoms can be present in ligands in a number of different functional groups. The 
most common for nitrogen atoms are primary, secondary and tertiary amino, imino, azo 

or oximino groups. Oxygen atoms can act as donor atoms in carboxylate, phenolate, car- 

bonyl, alkoxide, N-oxide or ether groups; sulphur atoms can act in thiocarboxylate, xan- 
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thate, dithiocarbamate, thiolate or thioether groups and phosphorus and arsenic atoms 
can act in phosphino or arsino groups. Most of the following discussion wiIl centre on the 
use of nitrogen, oxygen and sulphur donor atoms. 

In multidentate chelating agents the bond distribution about the non-terminal donor 
atoms influences the geometry of the ligand in the metal complex and consequently the 
configuration of the metal complex itself. In the case of a tridentate chelating agent co- 
ordinated to a metal ion M two general configurations, Ha and IIb, where X, Y and 2 are 
donor atoms, are possible. 

In configuration IIa there is an equatorial arrangement of donor atoms X, Y and 2 and 
these are coplanar with the metal M, whereas in configuration IIb there is a vicinal arrange- 
ment of X, Y and 2 because X, Y and M are coplanar and Y, Z and M are coplanar and 
these two planss are orthogonal. The nature of the central donor atom Y can influence 
the preference for one or other configuration. If Y is part of an unsaturated group, such 
as an imine, then the distribution of bonds about Y would tend to be coplanar and there- 
fore configuration IIa would be less s*rained than configuration IIb. On the other hand, 
there would be a pyramidal distribution of bonds about a coordinated saturated nitrogen, 

ether oxygen or thioether sulphur atom. 

Because of this there is greater flexibility in the ligand, and complexes with both con- 
figurations IIa and IIb are possible. Where Y is a pyramidal nitrogen atom, both equato- 

rial and vi&al arrangements of the three donor-atoms about the metal ion are relatively 
free of strain. However, where Y is an ether oxygen atom, an equatorial arrangement of 
donor atoms is preferred to a vicinal one. In contrast, a vicinal arrangement of donor 
atoms is preferred when Y is a thioether sulphur atom. These configurational preferences 
are a consequence of the different bond angles about the coordinated oxygen and sul- 
phur atoms. For example, an X-ray crystal structure determination31 of dibromo-[I-(o- 
methoxyphenyi j2,6diazaoctane J -nickel(II) reveals that the oxygen-nickel bond devi- 
ates from the plane of the two carbon-oxygen bonds by approximately 16”, as shown. 

‘\ /’ 
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However, X-ray crystal structure analyses 67, 32 of a number af coordinated thioethers 

show that the sulphur-metal bond normally deviates from the carbon-suIphur-carbon 
plane by an angle as large as 8@, as shown. 

Similar variations in bond angles are apparent from studies of the structures of oxygen- 
bridged33-35 and sulphur-b~dged36 compounds ~eo~orat~g four-membered chelate 
rings of the following type, where Y is oxygen or sulphur, 

B 

\YY\/ 
H”\, /M\ 

I 

The above ~on~~ration~ preferences hold only for the metal complexes of ligands 
which contain ethano bridges between donor atoms and consequently contain five-mem- 
bered chelate rings. Larger saturated chelate rings have greater flexibility which consid- 
erabIy reduces the effects of the bond geometry of a central donor atom, 

This concept has been advanced by Lionslo as an aid in the design of new chelating 
agents. Different donor atoms may be incorporated into structural fragments of similar 
atomic deacons, thereby allowing a variation in ligand types without a change in the 
geometrical arrangement of donor atoms about a metal ion. For example, the acetate 
group III is spatially equivalent to the a-pyridylmethylene fragment IV. 

m IPI 

However, an interchanging of these two fragments would &feet the charge on metal com- 
plexes of the resulting ligands. Clearly, spatially equivalent groups are incorporated in che- 

late rings of the same size, However, most manipulation of such groups has an effect37* 38 
on the rigidity of the iigand. Thus the replacement of an ethano bridge by an o&o-disub- 
stituted benzene ring would result in a chelate ring of reduced flexibility. 
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D. BOND F~~MA~G~ AND LiGAND SYNTHESIS 

The starting materials for the synthesis of hgarrds are ususl.Iy alcohols, amines or thiols. 
Primary amines are commonly prepared by a number of methods. Controlled a&&r- 

tion of ammonia is achieved by the use of potassium phthalimide, as in the Gabriel syn- 
thesis3g. 

ISnxxry amines can also be formed readily by the reducfion40 of amides, nitriles, nitro- 
compounds and oximes. 

The reaction of amides with bromine and sodium hydroxide (the Hofmarm reactior#l 
leads to primary amines with one less carbon atom. 

Br2 
RCONH2 A 

excess 
RNHZ 

NaOH 

Primary amines can also be formed by the related molecular rearrangement of carboxy- 
lit acid derivatives, namely carbonyl azides (Curtiur$! and Schmid@3 rearrangements) and 
hydroxamic acids (Loosened rearrangement). 

A very useful sequence for the conversion of hydroxyl groups to amiuo groups has 
recently been applied45 to the synthesis of amine ligands. The readily available alcohol is 
first converted tu its meth~e~~~ho~ate derivative which is in turn transfurmed to an 
azide by nu~~eop~~ d&placement; the azide is then reduced4& to a primary amhe by 
lithium ~um~um hydride. 

CH,SO,Ct 
ROH A R OSO,CHS 

NaN3 
- RN 3 - RNH 2 

Alkyd or aryl thiols are most conveniently prepared from halides by reaction with so- 
dium hydrosuiphide47 or thiourea and alkaii48_ A synthetically useful modi&ation49 in- 
vokes the reaction of alcohols with thiourea in the presence of hydrobromic acid. 
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(ii) Extension of ligmd c~rdi~~ian by reacrion at donor atoms 

The extension of l&and coordination has been discussed recently by LionsSo. The nest 
general method for the amplification of donor atoms is provided by alkylation. This pro- 
cess is applicable tu amines, tbiols, alcohols, phosphines and arsines and provides ethers, 
thioethers, tertiary amines, phosphines and arsines. It is of most use in the preparations1 
of thioethers. 

RSH 5 
R’X 

RSNa -----+ RSR’ 

The dialkyiation of sodium sulphide similarly lead& to symmetrical thioethers. 

NaZS 

2RX-------_) RSR 

Thiok can thus be converted into a variety of bidentate ligands, by aikylation with bi- 
functional aikyl halides, such as chhxoacetic acid or f , Z-~brorn~~~e. 

CICH0p2H i3rCH2CH2Br 

RSCH2C02H <- RSH B RSCH&H$R 

The aikyiation of amines with chloroacetic acid has found wide applicability in the syn- 
thesis52 of tertiary amine chelating agents, such as those of the ethylenediarnine tetra- 
acetic acid (EDTAj group, e.g. 

Ho~cciip CH,CO$i 

NHZ(CH&NH2 
4 CICH~C02H \ / 

c 

/ 

N-CH$3+-N 

H0&xi2 
\ 

CH&O$ 

A simihu tr~sfo~ation~~s 54 can be effected by reaction of an amine with forrnal- 
dehyde and sodium cyanide. 

RNHZ + HCHO + NaCN 
aqueous 

- RN~CH~~O~~ 
base 

A particularly useful nucleophilic substitution reaction is that of amines and thiols 

with e~ylen~~es5 or e~ylen~s~p~de56. 

RN& * 

c~l=“2 

- RNHCH&H&4l+ 

RSH * 

=q;“” 

- R-S-CH2CH 2-SH 

Aluminium chloride is used 57 as a catalyst in the addition of amines to ethylenimine. 
The addition of arnines to electrophilic alkenes takes place readily and provides a 

variety of opportunities for ligand development. The products of additions8 of amiues 
to acryionitrile can be easily converted ti a number of usefbl ligand types, via. 
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c”,/H2--cN 
RNH2 . CH2=CH-CN - 

I 
I 

J H 

/ I 

hydrolysis reductmn 

C;;(cHKC//” C/H2\CH 

I I I I 

2 

RANH OH RyNH NH2 

A wide variety of /3-aminoketones can be readily prepared by the addition59 of amines to 

OL, &unsaturated ketones. 

. 
RNH2 l R’CH-CH-COR* _ R’\C/H\C/RZ 

I 

R/NH 

The use of diamines in this type of reaction can lead to the synthesis of macrocyclic quad- 
ridentate ligands60-62, e.g. 

\ NH2.HC104 

Similar addition of an 
the synthesis of a ligand. 

RNH2 l HC=C-CHO 

H ,u:!Y 3 3 

amine to formyl acetylene has been used63 as an initial step in 

- HY?fH 
RNH 0 

Thiols also add to electrophilic atkenes64-66 in good yield, e.g. 

RSH . t&.=CH- 
/cH2\c/H 

CHO--------c CH2 

I II 
RS 0 

The base-catalysed addition of phosphines and arsines to vinyl phosphines has been de- 
veloped67a 68 as a general preparative method for polytertiary phosphine and arsine ligands. 

The Man&h reaction provides a further approach to the extension of a sequence of 
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donor atoms. This process is most applicable to. the synthesis of tertiary amines from sec- 
ondary ones and yields a wide variety 6g* 7o of &aminoethyl derivatives. Methylene ketones, 

formaldehyde and secondary amines react719 T2 to form fl-aminoethylketones. 

R$4H . 
I 

HCHO . CH,-C-R’- R2N 
II 

II 

0 

0 

Similarly para-substituted phenols may be used to give products73 which are potential li- 

gands. 
R 

I 

R2NH . HCHO . 
=2N OH 

Other compounds such as pyrroles74 undergo the Mannich reaction and afford useful pro- 
ducts. 

R2NH * CH20 * 0 1 \ 

fl 

The nitroamines formed in the Mannich reaction of nitroalkanes75 can be reduced to 
1,2-d&mines. 

CH2---CH2 CH2-CH2 

I I I I 
R2NH + HCHO + R’CH2NO2 __c R2N NO2 - =2N NH2 

Some Mannich bases undergo ready elimination of an amine and steps need to be taken to 
prevent the occurrence of this reaction. 

The most valuable reaction for the extension of donor atom sequences from primary 
amines is condensation with aldehydes to form imines (or Schiff bases)76; s&cylaldehyde 

and pyridine-Z-aldehyde are most commonly used. 
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Extensions of this reaction to include other related aldehydes50y 77y 78 have not been num- 
erous. In many cases it is preferable to prepare metal complexes directly79 by reaction of 
the amine and aIdehyde in the presence of the metal salt rather than preform the imine. 
Where the carbonyl group is part of a vinylogous amide such as V, its normal electrophilic 
properties are diminished. However, condensation with amines can be achievedao* 81 by 
reaction with an intermediate iminoester such as VI. 

A sequence of such reactions has been recently applied to the synthesis82 of the mac- 
rocyclic ligand VII from the vinylogous amide V by combination with 1,2-diaminoethane. 

XII 

(iii) Exten,ion of ligand coordination by reaction at non-donor atoms 

In principle this presents a wide area of possibilities, but they have not received much 
attention. These possibilities include the formation of @-diketones by acylations3 of methy- 
lene ketones or their enamines84. 

RCOCH3 l R’C02Et 
base 

The formation of a new carbon-carbon bond-often takes place at a carbon atom which 
is activatei by a carbonyl or nitro group; in such cases, carbanion reactivity is important. 

Nitroalkanes are useful synthetic intermediates and undergo addition to carbonyl 
groups. The nitro group can then be reduced to an amino group or modified in other ways. 
Nitro groups are themselves85-87 capable of coordination tQ metal ions. 

The alkylation reactions described in the previous section can be viewed as nucleophilic 
substitution of alkyl halides and in this respect can be thought of as reactions at a non- 
donor atom. Similarly, the preparation of imines from the chelating agent sahcylaldehyde 
involves reaction at a carbon atom adjacent to a donor atom. The addition of water or 
alcohols to coordinated imine.$*~ 89 or ketonesgo-g2 has also been observed and this will 
be discussed later in specific examples. 
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Metal template reactions93-95 are ligand reactions which are dependent on, or can be 
s~~~~~y enhanced by, a Pancho geometry o~enta~o~ imposed by metal coordin- 
ation. One of the driviug forces for such reactions is the achievement of stable metal com- 
plexes, either by the formation of new chelate rings or the modification of existing ones. 

New ~heiate rings can be formed by the aikylation of coordinated sulphurg6-g9 or 
nitrogen atom&@. Busch developed % HH the construction of macrocye~c metal com- . 
plexes through ~~nc~on~ Akylaticm of &s-coordinated sulphur atoms, e.g. 

A new chetate ring can also be formed by the alkylation of a ~oord~ated s~~phur atom 
with chloroacetic acidgg. 

ClCH2C02H 
base 

AlkyIation of coordinated nitrogen atoms can only be achieved if these atoms retain a 
non-bo~~g pair of electrons and are not quate~~ forum salts. Fo~at~on of a 
series of macrocychc metal complexes has been ac~~ved~~ by ee ~~~~on of quad- 
ridentate chelates with 1,2-~bromoe~~e. 

Metal template reactions very often bad to products in w&h new hr&e groups have 
been constructed. Indeed, metal ions can play a crucial role in the formation of hnines 
and certain aspects of metal-ion control in these reactions have been reviewed79 recently, 
Such control is clearly exemplified in the polyme~ation of o-amino-benzaldehyde in the 
prepuce of nickel ions to give predo~~~y the rna~r~~c~c complex ~~I~~2-i~ and 
the ~den~te chelate lWos. 
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NH2 
Ni(NO& 

2 NaX 
CHO 

The construction of new chelate rings by the condensation of arnines with ddehydes has 
led to the preparation of other ~acrocyc~c chelates of the quad~dentateI~-109, quin- 
~ueden~tell~ and sexadentatelll-fX3 types. One exampfeIW* lo7 is shown below, and 
others will be discussed later (see Sect. E). 

Imines can also be derived from ketones, but less readily than from ddehydes. Reac- 
tions of this type have also given rise to the preparation of macrocyclic metal complexes. 
For example, the carbonyl group of the aminoketone X has normal electrophiiic proper- 
ties and condensesl14 with 1, Z-diaminoethane in the presence of metal ions to give me- 

tal complexes XI. 

/NH 0 
I- 

L f tvP 

NH 0 i 
H3C u CH3 

WS 

+ 

X 
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Such a reaction cannot proceed115 with a related vinylogous amide system such as XII, but 

can occur116-118 if a second carbonyl group is provided, as in the compound XI.II~~~. 

H3t 
/” 

H3CYTCH3 

H3C 

FY 9 

CH3 

f- 

NH 0 NH 0 

CH3 

\ NH 0 

CH3 

a-Diimines can be stabilisedllg* 120 as metal complexes by virtue of the formation of 

stable five-membered chelate rings. Consequently, metal template reactions of glyoxal or 
o&ketones with amines afford metal complexes of multidentate chelating agents, such 
as ~121,122, ml23 and ~~124,125_ 

R 
NN 

NH2 
H 

R x ‘N NH H 

U 
2 

XIX 

/3-Mercapto amines normally react with a-diketones to yield bis-thiazolidines, such as 
XVI. However, in the presence of suitable metal ions, stable metal complexesl26 of the 
diimine (e.g. XVII) are produced; the equilibrium between XVI and XVII is influenced by 
the precipitation of the quadridentate metal chelates. Thiskind of metal-induced rearrange- 
ment was originally observed127* 12* in the reaction of o-aminophenol with glyoxal and 

then extended to other examples12g- 130, including those of sulphur analoguesf31-133- 
Although most imine metal complexes are quite stable and can be isolated as the end- 

products of reactions, some special types are sufficiently reactive to yield products of 

further reaction. Coordinated imines are iminium ions and show similar chemical reactivity 
to aldehydes and ketones. Thus, nucleophilic attack at the imine carbon atom is charac- 

teristic for imine hydrolysis134-136 (where water is the nucleophile) or amine exchange137 



234 DStC BLACK, kJ. HARTSHORN 

(where a primary amine is the nucleophile). 
Alcohols can also add as nucleophiles to coordinated imines, For instance, addition of 

the disodium salts of two 1, S-glycols to the macrocyclic complex VIII yields89 the quin- 
quedentate chelates XVIII, where X is either S or NCH,. 

There is apparently a certain amount of strain in the cyclic ligand of the complex VIII, 
despite the ease with which the complex is formed. 

It is also possible for carbanions to act as nucleophiles in reactions with coordinated 
imines. This occurs in the reaction 138 of tris(1, Z-~~~oe~~e) nickel(H) perchlorate 
with acetone to form the macrocyclic nickel complex XIX139. 

XJX 

Isopropylidene imines are intermediates in the reaction, where the bridging process is a 

basecatalysed aldol-type addition, Circumstantial evidence suggests that the nucleophile 
is an acetonyl carbanion which adds to a coordinated imine to yield a coordinated amino- 
ketone. 

H3Cy--%/zy-C~3 

c 

“fLyCP13 

0 
‘. 

0 

‘Nt H* 
‘-, 

/’ 
,bi 

N’ 
c_ Ey*’ 

‘l%e foal macrocyclic product arises from further condensation of this intermediate 
aminoketone with 1,2-diaminoethane, followed by metal coordination. Many exampIes 
of this and related140-143 reactions have been investigated and the subject has been re- 
viewedl# by Curtis. 
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Metal template reactions which result in the formation of new cheiate rings are particu- 

larly useful for the preparation of macrocyclic metal complexes. However, it is also pos- . 

sible that the modification of an existing chelate ring could occur, provided that a more 

stable chelate is produced. 

(Y) Modifiation of existing &e&e rings 

Some aspects of the relationship between‘the size, shape and stability of chelate rings 
have been discussed earlier. Chelate rings, like carbocyclic and other heterocyclic rings 
should be capable of undergoing reactions which involve oxidation, reduction, ringexpan- 
sion or contraction. The initial chelate ring must incorporate the necessary functional 
group or groups to allow such reaction processes to occur. The initial chelate ring must 

also be sufficiently stable to aIlow the initial metal complex to form, but it must not be 
so stable as to be resistant to further reaction. 

Chelate rings can be modified by both oxidation and reduction to produce complexes 
of ligauds which may be difficult to synthesise iu their free, uncoordinated state. Such 
reaction sequences have been developed by Curtis and lead to a range of macrocyclic 
complexes144* 14$. 

_ 

. . 

Au interesting viuylogous amidiue system has been developed146 as part of a quadriden- 
tate chelate by the oxidation of the related tetrahydro compound. 
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Although substituted cu-diimine complexes can be prepared directly, a chdate ring ticor- 

porating the parent oz-diimine is formed r4’ by the oxidation of tris(1 , %iiaminoetharre)- 
rut.henium(ii) tetrachlorozincate by air or iodine. 

A metal template rearrangement is observed in the metal-promoted conversionguz 91 of 
2,2’-pyridif, XX, to metal complexes XXII of 2,2’-pyridilic acid. This is an example of 
the benziiic acid rearrangement148, which is a base-catalysed hydration reaction. Some de- 
tails of the Mets-promoted reaK~gement have been eiucidated. The tridentate chelate 
XXI has been shown to be an intermediate in the rearrangement and the proposed mecha- 
nistic pathway is 

- 

The intermediate tridentate chelates XXI are relatively stable and can be isolated at 
low temperatrues, despite the fact #at they contain seven-membered chefate rings. How- 
ever, each seven-membered cheiate ring is fused to two six-membered ones and the latter 
presumably add to the overall stability of the complex. However, molecuIar rearrange- 
ment leads to the significantly more stable chelate XXII, which contains three fused six- 
membered rings. The exact nature of the rearrangement process is not known, but it is 
reasonable to suppose that a coordinated pyridyl group undergoes migration and that 
figand dissociation is not required for the rearrangement to occur. 
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E. SELECTED EXAMPLES OF LIGAND TYPES 

(i) Biden tote chelatkzg agetz ts 

There is only one fundamental way of arranging two donor atoms in a bidentate che- 
lating agent and this can be ~b~vided into t&two patterns* [2.11 and [2.2]. 

0 

2.1 22 

There is a vast army of bidentate chelating agents, mainly because of their simplicity 
and their ready availability. The metal chelates derived from ligands of pattern [2.1] COR- 
tain only one chelate ring, whilst those derived from ligands of pattern [2.2] contain two, 

A review24 of bidentate chelating agents has dealt with most examples, from the point 

of view of the donor atoms, the functional groups and the properties of their metal com- 
plexes. 

The most spoilt bidentate chelating agents are 1,2~i~oe~~e, 2,2~dipy~dyl 
and 1, 1 O-pbenanthroline. 

Other common bidentate chelates are those of @-diketones, o-amino acids, c&imines 
and imines derived from d&mines, salicylaldehyde or pyridine-Zaldehyde. These frag- 
ments with two donor atoms are repeated in the structures of the higher multidentate 

chelating agents, where they will be dealt with in more detail. The ligands in all these met- 
al complexes are of pattern [2. lf and in all cases the two donor atoms occupy adjacent 
positions in their arrangement around metal ions. 

Ligands of pattern [2.2] are quite rare. However, 1,4-dimethylpiperazine, XXIII, 

forms14g bidentate chelates of palladium(iI), platinum(I1) and iridium(H) in which the 
ligand is presentrso in a boat confo~ation, as shown for the complex XXIV. 

CH3 

1 

I 
CH3 

This type of conformation is already built into the less strained 3, ‘7-diazabicyclo [3:3: l] 
nonanes, such as XXV, which fern@ stable copper(B) complexes. 

* TIE numbering system for Iigand patterns uses arable numerals: the first denotes the number of 
donor atoms present and the second is an identification number. The patterns themselves are topo- 
iogkal tree-d&~arrrs of donor atom arrangements. 
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it has also been reported152 that diketopiperazine, XXVI, can act as a bidentate chelat- 
ing agent by loss of the amide protons and that the ligand displays an “open-book” shape 

in its anionic complexes (e.g. the copper(U) complex XXVII). 

(ii) Didentate chelating agents 

The-donor atoms in tridentate chelating agents can be arranged in linear or branched 
(bifurcated) patterns as shown. 

. - . . * 

31 32 

0 
33 

-0 
34 

Q 
& 
3.5 

Patterns [3.3] and [3.4] are special examples of the linear pattern [3.1], and pattern 
[3.5] is a special example of both the linear pattern [3.1] and the branched pattern [3.2]. 

GoodwinlS3 has discussed multidentate chelating agents which contain three or more 
donor atoms. At that time, only linear tridentate chelating agents of pattern [3.1] were 
known and these were subdivided into “planar” and “non-planar” types. A “planar” type 
is one in which two molecules of the ligand are arranged in equatorial planes at right angles 
to each other, when coordinated to an octahedral metal ion. Thus the complex has the 
pictorial configuration XXVIIIa. On the other hand, a “non-planar” &pe of ligand gives 

rise to a metal complex with configuration XXVlllb. These situations have been described 
earlier with respect to configurations IIa and IIb. 

@ @ 
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It is clear that linear tridentate chelating agents of pattern [3-l] can give rise to either 
configuration, depending on a suitable choice of the central donor atom (see Sect. C(ii)). 
However, f~e-coordinatior& 154-156 _ IS common in metal complexes containing triden- 
tate chelating agents and a number of distorted configurations are observed. Therefore 
it is more meaningful to use the terms “planar” and “vicinal”, as defmed in Sect. C(ii), 
to describe ligands containing three donor atoms. 

2, f%is(oL-pyridyl)pyridine (terpyridine), XXIX, is a symmetrical, planar ligandf57* B8 
which yields complexes of configuration [3-l]. 

This planarity is z consequence of electron delocalization throughout the three pyridine 

rings. A similar l&and is 2,3,5,6-tetrakis (cu-pyridyl) pyrazine, XXX, which acts 0nly~~9 

as a tridentate chelating agent, despite the presence of six basic nitrogen atoms. 

xxx 

The reason for this is that only two of the four pyridine rings can be coplanar with the 

pyrazine ring at any one time. Thus, when a tridentate chelate is formed, the two non- 
coordinated pyridine rings cannot lie in the plane of the pyraiine ring and consequently 

further chelation cannot occur. 
For similar reasons, 3,5,6-tri(oc-pyridyl)1,2, Ctriazine, XXXI, also act@O only as a 

tridentate chelating agent. It has been shown 161, however, that both nitrogen atoms in 
simple pyrazines can act as donor atoms. 

fiN 

On thezption that the stability of terpyridine complexes is a consequence of the 

structural arrangement XXXII 
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a large number of ligands containing this structural fragment has been investigated. The 
design of these ligands is based oil the idea of spatial equivalence of groups (see Sect. C(iii)). 
The simplest variation is provided by the his-imines ~~~111162-165 and bis-hydrazones 

XXXIVr66 derived from pyridine-2,6-dialdehyde and 2,6diacetyIpyridine. 

Most other direct a&agues of the terpyridine structure are simple imines. For exampIe, 
g-(~-py~dy~e~ylene~~o~qu~o~e, XXXV, can be readily prepared167 by conden- 
sation of pyridine-Z-aldehyde and 8-aminoquinoline. 

The dimethyl analogue XXXVI has also been studied168. 

c& &Hj 

The condensation of 2-~orne~y~py~~e with py~~e-2-~dehyde, quinoline-& 
aldehyde and the monoxime of diacetyl has yielded respectively the tridentate chelating 
agents XXXW1162y leg, XXXVII1162 and XXXiX162, viz. 

The structural variations of these ligands from terpyridine are of interest. The presence 

of a methyIene group adds flexibility to the ligand structure and also forces a break in the 
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conjugated system. Also, the l&and XXXVLif forms metal complexes with fused five- 
and six-membered chelate rings, in contrast to the two ffve-membered ones in terpyridine 

metal chelates. The 2-~~1~oe~yl homolo~e XL170 of XXXiX acts as a more flexible 
tridentate chelating agent. 

Nitrogen analogues of the above structures can be obtained171 by replacing 2-amino- 

methylpyridine with 2-pyridylhydrazine. The most important of these ligands is the py- 
ridylhydrazone XL1 of py~~e-2-~d~hyde, which forms similar complexes to those of 
ligand XXXWL 

XL1 

A consideraticm of the design of these ligands, particularly XXXViI, reveals that a 
rigid, planar, fully conjugated ligand containing the structural arrangement XXXiI could 

be achieved by deprotonation to give the delocalised anion XLII, viz. 

XLfl 

This idea has been exploited by Lions and his co-workers172-f14, who showed that 
the highly stable neutral complexes derived from ligands XXXMI and XL1 could be pre- 
pared directly by deprotona~on of ionic complexes. 

The formation of the azines XLIII and XLIV can be readily achievedi75* 176 by reac- 
tion of hydraziue with pyridine-2-aldehyde and the monohydrazone of diacetyl respec- 
tively. 
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XLlV 

The azine XL111 functions as a t~d~ntate chelating agent with a planar, f~y~o~ju~ted 
structure; it is also capable177 of coordinating with two metal ions as a bis-bidentate che- 
late. However, the a&e XLW functions only i76 as a bis-bidentate chelate. 

Oxygen donor atoms can be introduced into the terminal positions of planar tridentate 
chelating agents by the construction of imines derived from a-aminophenol and/or salicyi- 
aldehyde. Tridentate chelates of s~icy~ide~e~~o~-hydroxybe~ene, XLV, have been 
studied by Pfeiffer et a1S178. 

XLV 

A selection of other related imine Iigands, XLVI-XLIX, is shown below; references are 
given in parentheses after the structure numbers, 

ANY dN9TR 
2 

XLVI WQt XLVlf f180,181) 

CH3 CH3 

XLVlllf171) XLlX(182-184) 

The formation of dimeric chelates from these ligands is possible and has been proven, for 
example, in the case of the copper(H) complex of ligand XLIXias* 186_ In this complex 
there is distortion from a square arrangement of donor atoms about the copper atom, be- 
cause of the non-planarity of the ligand, The cause of this non-planarity is a steric inter- 
action between the methyl group attached to the imine bond and the urfho hydrogen 
atom of the benzene ring. 

The preparation and coordination properties of the ligand L, incorporatig an arsenic 
donor atom, have been reported187 recently. 
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Sacconi et al.i88-190 have studied a series of more flexible salicylaldimine ligands LI. The 
presence of the central imine linkage is responsible for the preferred equatorial configura- 
tion XXVIIIa of the derived metal chelates. 

Fully-saturated linear tridentate chelating agents have sufficient flexibility to make 
vicinal attachment to a metal ion possible. However, the central donor atom is responsible 

for any preference towards a vicinal or planar arrangement of the ligand (see Sect. C(ii)). 
1,5-Diamino-3-azapentane (diethylene triamine), LII, should be capablelgl of behav- 

ing as either a planar or vi&al ligand. 

Indeed, the l&and has been found to be planarlg2 in a nickel(I1) complex and vicinall93- 194 

in some molybdenum(VI) complexes. The derived alkylated ligands LIII and LIV are re- 
spectively planar and vicinal in comparable cobalt complexes1g5. 

r”l Pl 
( Cl-&N N(CHd2 (C2H&N NQ-k)2 

Llll LIV 

There is more flexibility in the ligand 1,7-diamino4azaheptane (dipropylenetriamine), 
LV1%* lg7, and as a result, the planar arrangement is preferred1g2 to the vicinal one. 

P-J 
NH2 NH2 

LV 

Many other linear tridentate chelating agents contain central nitrogen donor atoms, 
but their geometrical arrangements are not known. Some further examples LVI-LX are 
shown below, with references in parentheses. 
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‘%N OH 

LVI (19.9) 

Ph2P PPh2 

LlX(2031 LX(204) 

The base 1, S-diamino-3-thiapentane (p, @‘-dlamino-diethylsulphide), LXI, could pos- 
sibly205 coordinate with a metal ion in either a planar or vicinal arrangement, but the 
vlcinal one should be preferred. The same situation should hold for the ligands LXYIIyg 
and LXIIffz3. 

LXI LX11 LXfI# 

The related ligand 3-thiapentane-1, S-dithiol, LXIV, acts as a planar tridentate chelating 
agent36s 206 in some highly strained polymeric nickel(H) and pa.Uadium(II) complexes. 

HS SH 

LXIV 

There should be some relief of strain associated with planar geometry in the ligand LXV2** 
which would form six-membered chelate rings. 

Evidence has been advanced for the planar coordination of the triarsine LXYi2*~~ 208 and 
the vicinal coordination of the ~hosp~es2~~.210 LXViI and LXVIII. 
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(C2H512P PK2H& 
LXVll 

Ph 
I 

PPh2 

LXVIII 

Linear tridentate chelating agents whose donor atoms are arranged in the cyclic pat- 
tern 13.31 could theoretically be planar or vicinal. However, the only krr~wrr~~~~ 211-214 
examples LXIX and LXX215 of ligands of this type are vicinal (see Sect. D(iv))_ 

LXIX LXX 

Tridentate chelating agents which contain a bifurcated arrangement of their donor 

atoms (i.e. pattern [3.2] ) are not common. The triamines LXX@ and LXXI1217 and 

the phosphine LXXII1210 all form tridentate chelates in which the ligands should be 
vi&al. 

WTNWz /?j.u,,, Ph /?jp.., 
‘+2N “JH.z 2 PPh2 

LXX1 LXXII LXXIII 

This hind of coordination has been detected218 in complexes of a variety of substituted 
aminoacids, e.g. LXXIV. 

0 
H r+ OH 

H& IiH2 

LXXIV 

A very good example of a vicinal ligand is provided by czk, c&l, 3, S-triaminocyclo- 
hexane when it coordinates219~ 220 with its three amino groups in axial positions @XXV). 
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HUH tip 
txxv LXXVI 

Tri-Z-pyridylamine, LXXW, aiso a~ts~~~* 222 as a viciual tridentate chelating agent, as 
does tri(N-pyrazolyl)methane, LXXVH223 

As mentioned earlier (see Sect. D(v)), the metal-promoted rearrangement of 2,2’-pyridil 
yield& 9f metal complexes containing the vi&al ligands LXXVIIX and LXXIX. 

t_xxvttt txxtx 

The free ligand LXXLX undergoes spontaneous decarboxylation, but is stabilized by met- 

al coordination. An important aspect of the formation of the metal complex of LXXVIU 
is the mlief of strain by the addition of a nucleophile to a carbonyl group of 2,2’-pyridil, 

to form a tetr~ed~~ carbon atom. A similar phenomenon occurs with metal compiexes 
of di-2-pyridyl ketone2z4* 225 and various nucfeophiles (e.g. ammonia) readily add226 

to the carbonyl group to afford complexes of vichral ligands, e.g. LXXX. 

LXXX 

Ligands with donor atom patterns [3.4] and f3.51 have not been reported. 

The foilowing patterns are possible for the ~r~gerne~t of donor atoms in quadriden- 

tate chelating agents. 
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Except for pattern [4.10] , the cyclic patterns are special cases of the linear pattern [4-l], 
although pattern [4.6] is also an example of the branched pattern [4.2] and patterns 
[4.7], [4.9], [4. lo] and [4-l l] are also examples of the branched pattern [4.3]. 

Most of the known quadridentate chelating agents have the linear arrangement of do- 
nor atoms depicted by pattern [4.1]. However, these linear ligands can be subdivided 
into three stereochemical types, which have been defmed by Goodwinls3 as follows. 

(a) Planar ligands are those which are constrained to coordinate with a metal ion in 
such a way that the donor atoms he in a plane. 

(b) Tetrahedral ligands are constructed so that the donor atoms cannot lie in a plane, 
but may be arranged tetrahedrally about a metal ion. 

(c) Facultative ligands are flexible so that the donor atoms can coordinate from either 
a planar or non-planar arrangement. 

The presence of unsaturation is typical of planar quadridentate chelating agents, and 

this unsaturation is most commonly provided by imine bonds. Whereas planar tridentate 

chelating agents are often formed by the condensation of amines with aldehydes, the cor- 

responding planar quadridentate chelating agents can similarly arise from the condensation 

of two molecules of an aldehyde with a diamine. Some of the best-known examples, 
LXXXt-LXXXVIII, are shown below, with references given in parentheses. 
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LXXX1 (227,228) 

LXXXlll(178.232) 

LXXXV(235) 

LXXXVII (237- 240) 

H3cmfcH3 

LXXX11 (229-231) 

- Hm N/ \N ’ 

( 
uNm - 

LXXXIV(233,234) 

H ,N SH 

H x ‘N SH 

- 

H ‘\ / 

LXXXVIII (241) 

In the case of quadridentate chelates 233 of 1,2-his-(cr-pyridylmethyleneamino)ethane, 

LXXXIV, some distortion of the bond angles in the chelate rings is necessary. ‘Ibis strain 
can be relieved either by hydrolysis or reduction of the imine bonds, or by the alternative 
action2% of the ligand as a bis-bidentate chelating agent. 

Ligands of the type LXXXVI have been discussed earlier (see Sect. D(iv)). 

Ligands of pattern 14.11 can be designed in such a way that they cannot be planar, 
but fit stiainiessly into a tetrahedral arrangement. Lions and co-workers have made use of 
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the phenomenon of restricted rotation in the hindered diphenyl compounds LXXXIX242 
and XC233, which function as non-planar quadridentate chelating agents. 

More flexible ligands of the facultative type can be obtained by variation of the struc- 
tural features of planar ligands. For instance, the extension of the ethano bridges of 
imines such as LXXXI reduces any strain which might arise from a non-planar arrange- 
ment of the llgand in a metal complex. Flexibility can also be introduced easily, by the 
reduction243 of imine bonds, as in the preparation233 of the ligand XC1 from LXXXIV. 

Another general method for the synthesis of facultative ligands is alkylation, particu- 
larly of thiolate anions,_as in the preparation of the &and XCII233* 244. 

XCI XCII 

When facultative quadridentate chelating agents are invoked in coordination with octa- 
hedral metal ions, three configurations (XCIIIa, b and c) are possible. 

XCilla XCIII b XCIlfc 

1,8-Diamino-3, 6-diazaoctane (triethylene tet ram&e), XCIV245* 246, is tfie &It;plest 

facultative ligand with four nitrogen donor atoms and the steric constraints on its com- 

pfexing behaviour have been discussed in comparkonz47 with the more flexible homolo- 
gue I, 9-diamino-3,7-diazanonane, XCV. 

/7NH* 
f”” 

/7NH* 
/-NH 

<NH 

L__YH2 

L-NH 
i/““2 

xciv xcv 
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Some related facultative ligands XCVI-XCIX are shown below with references in 

parentheses. 

$-j Lpi: 
xcvi (248) 

0 XCVll(249) 

XCVIII(250) 

The ligands XCVI and XCVII, while essentially linear, are examples of pattern [4.8]. The 

nickel(I1) complex of the ligand XCVI is five-coordinate and an X-ray crystal structure 
determination shows that the complex has a square-pyramidal configuration in which the 
sixth coordination site is blocked by a central methylene group of the diazacylooctane 

ring, as a consequence of the conformational preference of that ring. In contrast, the 
nickel(I1) complex of the ligand XCVII has a square planar configuration. 

The geometry of metal chelates containing sulphur donor atoms is more predictable 

(see Sect. C(ii)). It is known that 1, 8-diamino-3, 6-dithiaoctane252* 253, C, and related 

ligands=‘4-256, hi h w c contain only et&no bridges, exhibit the non-planar configuration 

XCIIIb in their complexes. 

However, greater flexibility enables the thioether XC11 to behave as a facultative ligand244. 
The most common branched quadridentate chelating agents have the pattern [4.2]. In 

these structures branching occurs at a donor atom and consequently non-planar ligands 
result. In some cases these function as tetrahedral ligands; in other cases they force a dis- 

torted trigonal bipyramidal or octahedrai geometry on their complexes. Some examples, 
CI-CVI, of these “tripod” ligands257 are shown below, with references in parentheses. 

HflrNz H 
‘-W 

2 2 

Cl(258.2591 cllmo) 
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clll(2e1.262) CIV(263) 

A c SKH3f2 
ic H&As 

d%SfC!-f3)2 

CV&?64) CVlI262) 

Branched ligands displaying the patterns [4_3] and [4.4] are rare and their syr&xesis 
requires systematic study. 

Cyclic ligands of pattern [4.s] are very common, but none with patterns [4.6], [4.7], 
[4.9], [4.10] or [4.1 l] is known. 

The oldest classes of cyclic qua~dentate chelating agents are the porphyrins, e.g. CVII, 

and ph~~~~y~es, e.g. CMH, which have been reviewedg4r 2B5 elsewhere. 

CVll CVlll 

The prep~a~o~~6y 2~ of phth~ocy~~e analogues, e.g. CIX and CX, is still art active 

area of research. 

CIX CX 

Porphyrin structures are of interest because of their presence in a n~ber of natural pro- 
ducts and the corrins, e.g. CXI, have received much attention for the same reason, 
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/ &Jd NH N \ ’ 
CXI 

Many corrin metal complexes have now been synthesised by intricate and ingenious 

sequences of organic reactions, in which metal template effects are sometimes important. 

The development of metal template reactions has led to the synthesis of many planar 
macrocyclic quadridentate chelating agents, some of which have been described in Sect. 
Dijv). The nature of these reactions usually encourages the formation of macrocyclic 

ligands with some unsaturation. Some examples (CXII-CXXI) of these are shown below, 
with references in parentheses. 

3 

q--8% 
“? H 

N- 

-N / \ 

i - 

<y- 
1; H 

cxlt(t02-104) 

CXIV(269) 

COCH, 
cxlif cl16.117) 
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‘%= 

U 
CXVIi1(271-274) CXfXf275,276) 

The macrocyclic rings of planar ligands with four nitrogen donor atoms are ideally 

fourteen-, fifteen- or sixteen-membered. Some variation occurs with saturated, flexible 
macrocyclic Iigands, which can be obtained by the reduction of unsaturated ligands, or 
by direct synthesis involving the high dilution technique278_ The tetramine CXXII was pre- 
pared279* 280 in low yield by the high dilution akylation of 1,4,8, 1 l-tetraazaundecane 
with I, 3-~bromopmp~e; a similar process yielded2*l the lower homologue CXXIII. 

(7 
cNH HNl NH HN 

U 
CXXll CXXffI 

The amine CXXII is flexible or facultative in its coordination behaviour282 and complexes 
of both configurations CXXIVa and CXXIVb are formed, although the latter are thermody- 
namically unstable with respect to the former. 

c@ 

M 

@ 

M 

cxxiva CXXlVb 

On the other hand, the ethano bridges of the amine CXXIII make its ring size too small 

for it to act as a pfanar I&and and anIy complexes of configuration CXXMJ have been re- 
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ported283* 2%. The two macrocyclic amines CXXV2gS and CXXVI274 can be prepared 
by reduction of related unsaturated ligands CXVI and C?MII respectively. Their behav- 
iour in the formation of metal complexes is facultative*8‘t-288, analogous to that of 
CXXII. 

H =H3 
c% - =H3 

3 %V 
NH HN 

*i > 

‘L H HN 

NH HN H3= ~ NH HN z> 

44 

H U ‘-‘z‘= CH3 

=‘43 
H 

cxxv CXXVI 

Several similar macrocyclic ligands such as CXXVI1215* 28ga 2go and CXXVII1291 contain 
sulphur donor atoms, which undoubtedly have a major influence on the configuration of 
their complexes. 

<?I <:;I 

U 
CXXVII CXXVill 

(iv) Quinquedenrate chelating agents 

Quinquedentate chelating agents have received relatively little study, in view of their 
wide range of possible structural variation. Lions So has attempted to remedy this situa- 
tion by laying down synthetic guidelines and by suggesting the structural features of num- 
erous potential ligands. 

The donor atoms in quinquedentate chelating agents can be arranged in the following 
patterns; cyclic structures with fewer than three donor atoms in the ring are not consid- 
ered. 

. ; _ t 

53 

e - l 

57 
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Of all these structural patterns, only four are represented among the Iigands known to 
date: these patterns are [%I], [5.2], [5.9] and [S-11]- 

The linear quinquedentate chelating agents (pattern [5-I]) are certainly the most com- 
mon and four possible configurations, CXXIXa-CXXIXd, are available for their coordi- 
nation to octahedral metal ions, viz. 

CXXlXa CXklXb CXXIXC CXXlXd 

The main feature of all these configurations is that the ligand arrapgement of donor 
atoms must be non-planar and must accommodate a twist at one or more donor atoms. If 
only one twist occurs then it must be at the second donor atom of the sequence, as in 
configuration CXXIXa. If two twists occur, these can be either at the second and third 
donor atoms as in configuration CXXIXb or at the second and fourth donor atoms, as in 
configuration CXXIXc. Twist at three donor atoms leads to configuration CXXIXd. In 
the design of linear quinquedentate chelating agents, a careful selection of donor atoms 
can offer a preference for one or other of the above configurations. Wowever, the situa- 
tion is complicated by the occurrence of five-coordinate complexes with ttigonaf-bipyra- 

midal or square-pyramidal configurations2g~ 2g3. 
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The condensation294* 295 of a, o-d&nines with aromatic aldehydes gives quinque- 
dentate chelating agents of the general structure CXXX, where X and Y may be nitrogen, 
oxygen or sulphur donor atoms. 

47 l---k 
LJ Lj 

cxxx 

Ligands such as CXXXI, prepared by Sacconi and Bertini292, form fivecoordinate com- 
plexes with structures intermediate between square-pyr~~d~ and t~gou~-bipy~d~ 
geometry. 

CXXXI 

saar Iigimds293 such as CXXXII, with central sulphur donor atoms also form five-coor- 
dinate metal comp1exes. 

cxxxt I 

Fully-saturated ligands such as CXXXIII and CXXJUV offer more flexibility and generally 
form six-coordinate metal compb3xes2g6-3~. 

CXXXlII CXXXIV 

Becaus of the large bulk of the quinoline ring the metal complexes formed300 by the 
ligand CxxxzV would be Bkely to have the configuration CXXIXc, in which there would 
be no crowding of the sixth coordination position. Such crowding was post~ated3~ for 
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the complexes of the related ligand 1,l I-bis(dimethylamino)3,9-dithia&azaundecane, 
CXXXV, and five-coordination is a possible consequence. 

py 
s S 

KI-Q$ NKH,), 

cxxxv 

Several branched quinquedentate chelating agents with the donor atom pattern [5.2] 
have been investigated. These are all based on the EDTA structure, with one donor atom 
omitted. EDTA itself301-303 acts as a quinquedentate chelating agent in some of its com- 
plexes, and the triacetic acid CXXXV13M functions in a similar way305. 

HO2C-, 

/” / 

Ncco2H 

H02C- 
cxxxv I 

Two similar ligands3%> 307 w hi h c contain five nitrogen donor atoms also form quinque- 
dentate chelates. One of these ligands, the tripyridyl compound CXXXVII forms a nickel- 
(II) complex3o8 with a distorted square-pyramidal configuration. 

cxxxvll 

The other ligand, 4-(2-aminoethyl)1,4,7, l~tetraazddecane, CXXXVII13~, forms an 
octahedral cobalt(II1) complex. 

H NnznNnNH2 2 
\ /NH2 

cxxxvlll 

Ligands with the cyclic donor atom pattern [5.91 would be expected to take up an 
octahedral configuration if possible in their metal complexes. One example of such a lig- 
and is the thioether CXXXIX, whose iron(I1) complex was forrnedl10 by a metal tem- 
plate condensation_ Evidence suggests that the complex has the configuration CXL. 
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CXXXIX 

NO2 

However, the cyclic imine CXLI3og has been shown to act as a planar quinquedentate 
chelating agent in the formation of a seven-coordinate iron(M) complex3ru. 

CXLI 

The ligand present29 in the quinquedentate chelate vitamin Br2 is representative of 
the branched cyclic pattern [5.1 l] . The only synthetic examples are ihose89 such as 
CXLII, which were discussed in Sect. D(iv). 

fv) Sacadentate chelating agents 

There are many possible donor atom patterns available for sexadentate chelating 
agents. Some are shown below, but the list excludes those cyclic structures with fewer 
than four donor atoms in the ring. 
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Many more patterns with three donor atoms in the ring are possible, but no correspond- 
ing compounds are known. Bicyclic patterns are also possible and sexadentate chelating 
agents with the donor atom pattern 16.331 are known._This pattern is a special case of the 

pattern [6.14]. 
The principIes <or the construction of sexadentate chelating agents have been discussed 

by Lion&‘, and are the same as those mentioned earlier for the lower multidentate che- 
lating agents. Many linear ligands of donor atom pattern 16. l] have been studied. Such 
ligands may adopt any of four configurations CXLIIlla-d in the formation of octahedral 
complexes. 

CXLIlla CXLIII b CXLIIIC CXLllld 
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The bis-imine, 1,8-bis-(salicylidenamino)-3,6dithiaoctane, CXLIV2s2, is typical of 
linear sexadentate chelating agents and was the frost known example. 

CXLIV 

This ligand can only form metal complexes 311, 312 of configuration CXLIIIc because each 

set of 0, N and S donor atoms must be coplanar. Many related ligands have since been 
studied and their structures incorporate variation in the donor atoms and the bridges be- 
tween them. The sulphur donor atoms can be replaced by nitrogen313 or oxygen314, the 
o-hydroxyphenyl fragment can be replaced by the cu-pyridyl groupie, 31s and the ethano 

bridges can be replaced by propano or longer bridges37* 311y 312* 316* 3170r by benzene 
rings379 3S_ 

The iron(U) complex123 of the c;u-diimine XV (see Sect. D(iv)) must have the configur- 
ation CXLIIIa in which the four central donor atoms are coplanar. 

The most important sexadentate chelating agent is undoubtedly EDTA (CXLV)318, 

which exhibits the branched pattern [6.6] in the arrangement of its donor atoms. 

CXLV 

Metal chelates of EDTA and related ligands have been studied in great detail and the 

area has been thoroughly reviewed31g. Analogous ligands (CXLVI and CXLVII) with six 
nitrogedao or phosphoru&7 donor atoms have also been studied. 

The donor atoms of the ligand CXLVII1321 are arranged in the branched pattern [6.7], 

in which the branching occurs at non-donor atoms. 
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The pattern [&14] is now a relatively common one for sexadentate chelating agents, 
most of which are derived from tridentate chelating agents with a similar branched pattern 
[3.2] (see Sect. E(ii)). The tris(sahcylidene) derivative CXLIX3r5 of 2-aminomethyEl,3- 

~~oprop~e and the ~s(~-py~dyime~ylene) derivative CL322 of 2-aminomethyl-l , 3- 
diamino-2-methylpropane form sexadentate chelates. Distorted trigonal prismatic coor- 
dination has been established for the nickel(X1) and zinc(I1) complexes of the latter ligand, 
CL. 

CXLIX CL 

However, the nickel(M) complex of the more flexible ligand CL1 is octahedra1323; the 
ligand acts as a sexadentate chelating agent but the lone pair of electrons on the central 
tertiary amino nitrogen atom is directed towards the nickel atom from a distance of 

3.25 A. 

H ,Nq 7 
H 

--.N > N\ c 3 ‘/ “\H 

d N/ 
N- J 
\ / 

CLJ 

A similar donor atom pattern is exhibited by the t~s(s~icy~idene) derivative CLII of 
1,3, 5-triaminocyclohexane324, which was assumed to form octahedral metal complexes. 

The correspo~d~g t~s~y~~e-2-~d~~e) derivative CLTiP324”26 forms a trigonal pris- 
matic zinc(Ii) complex325, but its nickel(I1) complex shows distorted trigonai prismatic 

gzometry327_ 
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l-l 

l-l 

H 4 H AN 
H HN N\ H aCx 'N 

\N 
1, 1, Nb 

CLlll 

The related tris(amino acid) compound CLIVhas recently been sh0wn3~* to act as a sexa- 
dentate chelating agent. 

H 

H 

H d UN 

HO2CC~Ni-i 
Cd 

NH CH$X+H 

t 
CO2H 

CLIV 

During the past few years, various series of macrocyclic sexadentate chelating agents 
have been synthesised and their metal chelates studied. These ligands have the donor 
atom patterns 16.191 and [6.33], which are special cases of the linear and branched pat- 
terns 16.11 and 16.71 respectively. 

The first cyclic ligand with six donor atoms was the bis-irnine CLV32p which yielded 
an iron(II1) complex: however, the geometry of this complex is in doubt and almost cer- 
tainly octahedral six-coordination does not occur. 

Octahedral coordination does occur in the case of nickel(H) and cobal@) com- 
plexes2% 334 331 of & e macrocyclic thioethers CLVI and CLVIL The ligands themselves 
were prepared by alkylation reactions carried out under high dilution conditions. 
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ctv1 CLVII 

Complexes of the ligaud CLVH would be expected 
whereas both configurations CLVIIIa and CLkWib 
the amine CLVI. 

cwllla CLVfll !I 

to have the configuration CLVlHa, 
should be possible for complexes of 

A macrocyclic ether2y1s 331, similar to the amine CLVI but with the two NH groups re- 
placed by 0 atoms, does not form stable metal complexes. If it were to coordinate octa- 

hedr~y with a metal ion, the resulting complex would be expected to have the configura- 
tion CLVIIIb. It may be that this configuration is inherently less stable than the other and 
therefore the compfexes of the amine CLVI could have the configuration CLVlIia. 

A similar macrocyclic d&nine ligand CLIXrrr* 332 with a twen~-membered ring 
would be forced to form metal complexes with the configuration CLVIiIb and it is pro- 
bable that the increased ring size would reduce the strain involved in accommodating 
this arrangement of the ligand about the metal ion. 

CLIX 

Metal complexes of the diimine CLIX and a variety of related ligandsl~~ 113 have been 
prepared by metal template reactions (see Sect. D(k)). 

There is considerable current interest in macrocyclic iolyethers333* 334 such as CLX 
because of their ability to form salts334-336 with alkali metal ions and consequently im- 
prove their solubility337 in solvents like ether and tetrabydrotkan. 
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CLX 

The effects of these ligands are relevant338* 3% to the mechanism of transport of aIkali 

metal ions through cell membranes. Although the polyether CLX does form340 a cobalt- 
(II) complex, it behaves as a bis-tridentate and not a sexadentate chelating agent. 

Sulphur341 and nitrogen 342 analogues of the polyethers have been studied with re- 
spect to their ability to form alkali metal salts. The amine analogues lead with further al- 

kylation to macrobicyclic structures342-3‘t4 such as CLXI, known as “cryptates”. 

CLXI 

Macrobicyclic ligands which are rather similar in structure to the cryptates, but with more 
specific coordination sites, occur in several scxadentate chelates. These ligands, CLXI1345 
and CLXII1346* MT, have the donor atom pattern 16.331 and are derived from the types 

with pattern [6.14] by carrying out metal template reactions on simpler metal complexes. 

CLXil CLXlll 

Rigor&prismatic configurations have been established for the cobalt@) complex348 
of ligand CLXIE and for the nickel(H) complex347 of the ligand CLXIII. Although the 
cobalt@) and zinc(iI) complexes of CLXILI are isomorphous with the nickel(I1) complex, 
the geometry of the iron complex 349 is that of a distorted trigonal prism. The cobalt- 

(III) complex348 of the ligand CLXII has a configuration midway between octahedral and 
trigonal-prismatic. 
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(vi) Higher multidentate chelating agents 

Most systematic studies towards higher multidentate chelating agents have been based 
on amino acids of the EDTA type and have been carried out by Martell and his co- 
workers350-356_ Solution studies indicate that the Iigand CLXiV3s7 acts as an octaden- 
tate chelating agent in the formation of complexes with zirc~nium(IV)~~~ and thorium- 
(IV)354 

HO&z 

Fried and h4artell355proposed that triethylenetetrarninehexaacetic acid, CLXV, acts 
as a decadentate chelating agent in the formation of a thorium(W) complex. 

(vii) chelat~g agents which bind to two metal ions 

This area of coordination chemistry has become very large in recent years and has been 
reviewed in detail by Sinn and Harris 26. Characteristically, four-membered chelate rings 
are formed in such binuclear metal complexes as the copper(I1) complex CLXVI. 

CLXVI 

Most of the ligands which give rise to these binuclear complexes are capable of acting in 
other ways and generally have not been specifically designed to chefate with two metal 
ions. Only those recent examples of specifically designed ligands are relevant to the brief 
discussion here as they clearly demonstrate the value of careful ligand design. 

1,4-Di(Z’-pyridyl)aminophthalazine forms binuclear copper(H) complexes3s8 such 
as CXLVII, which contains five-coordinate copper(I1) atoms in square-pyramidal confi- 
gurations. 
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CXLVII 

The binuclear complexes CLXVII135v, CLXIX360 and CLXX361 
a phenolic dialdehyde by metal template reactions. 

were all derived from 

A different type of design is illustrated by the macrocyclic binuclear copper(H) com- 
plex CLXX1362, which probably contains a copper-copper bond. 
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The macrocyclic octathioether CLXXII has been found363 to encompass two nickel(U) 
ions, but in this case there is no suggestion of a nickel-nickel bond. 

REFERENCES 

1 G.T.Morganand H.D.K. Drew, J. Chem. Sot.. London, 117 (1920) 1456. 
2 

9 

A.E. Dennard and R.J .P. Williams, in R.L. Carlin (Ed.), Transition Metal Chemistry, Vol. II. Dekker. 
New York, 1966, p. 115. 
M. Calvin and K.W. Wilson, J. Amer. C/zem. Sot., 67 (1945) 2003. 
S. Ahrland, J. Chatt and N.R. Davies, Quurf. Rev.. Cizem. Sot , 12 (1958) 265. 
M. Ciampolini, N. Nardi and G-P. Speroni, Coord. C’fzem. Rev., 1 (1966) 222. 
L-P. Haugen and R. Eisenberg. Znorg. C/zenz_, 8 (1969) 1072. 
D.W. Meek and J.A. Ibers, Zzzorg. C!zem., 8 (1969) 1915. 
L.G. SilI& and A.E. Martell, Stability constants of metal-ion complexes, azem. Sot., Spec. fibl. 
No. I?, London, 1964. 
L-E. Orgel, An Introduction to Transition-Metal CIzemistry: Ligand-Field Theory. Wiley, New York, 
1960. 

10 
11 

12 
13 
14 

F. Lions, Rec. Cilem. Progr... 22 (1961) 69. 
R.W. Parry, in J.C. Bailar (Ed.), Chemistry of tire Coordination Compounds, Reinhold, New York. 
1956, p. 220. 
H. Diehl, Chem. Rev.. 21 (1937) 39. 
E. Bayer, Chem. Ber.. 99 (1966) 1689. 
J.P. Colbnan, izz R.L. Carlin (Ed.), Transition Metal Cfzemistry, Vol. ii, Dekker, New York, 1966, 
p_ 2. 

15 D.St.C. Black, Aust. J. Chem.. 20 (1967) 2101. 
16 E.J. Corey and J-C. Bailar,J. Amer. Clzem. Sot. 81 (1959) 2620. 
17 K. Nakatsu, hf. Shire and H. Kuroya, Bull. Ctzem. Sot. Jap.. 30 (1957) 158. 
18 P.G. Beddoe, M.J. Harding, S.F. Mason and B.J. Peart, CFzenz. Commun., (1971) 1283. 
19 H. Irving, R.J.P. Williams, D.J. Ferret and A.E. WiIIlams,J. C7zem. Sot., London, (1954) 3494. 
20 R.D. GiIIard and H.M. Irving, Chem. Rev., 6.5 (1965) 603 
21 A. Werner and Z. ViImos, Z. Anorg. Chem.. 21 (1899) 153. 
22 G.A. Barclay and B.F. Hoskins, J. Chem. Sot., London, (1962) 586. 
23 G. Peyronel, Z. Kristallogr... Kriitallgeometrie. Kristallplzyys. KristalIchem.. 103 (1941) 157. 
24 CM. Harris and S.E. Livingstone, izz F.P. Dwyer and D.P. Mellor (Eds.), C/zeIuting Agents and Meral 

Chelates, Academic Press, New York, 1964, p. 95. 
25 P. Singh, A. Clearfield and I. Bemal, J. Coord. Chem., l(19il) 29. 
26 E. Sinn and C.M. Harris, chord. Chem. Rev., 4 (1969) 391. 
27 T-D. O’Brien, in J-C. Bailar (Ed.), Chemistry of tlze Coordination &mpounds. Reinhold, New York, 

1956, p. 253. 
28 G. Schwarzenbach, Helv. Chizn Acta, 35 (1952) 2344. 



268 D.S&.C. BLACK, A.J. HARTSHORN 

29 R. Bennett, C&em. Rev., 63 (1963) 5?3. 
30 J.B. Bapat, D&C. Black and R.F.C. Brown, Advan. HetercxycL Clrem., 10 (1969) 199. 
31 p.L. O&G and M. Di V&-a, J. Chem Sot. A. (1968) 2078. 
32 D.L. Safes, J. Stokes and P. Woodwasd,J, Chem. See. A, (1968) 1852. 
33 G.A. Barclay and B-F. Hoskins,J. Cl?em See, London, (1965) 1979- 
34 H.L. Schafer, SC Moxmw and H.&l, Smith,J. Gem. P&W., 42 <1965) 504. 

35 R.S. Sager, R.J. WiUiams andW.H. Wa~on,~no~~ Cizem., 6 (1967) 951. 
36 G.A. Bar&y, E.M. McPa_din and NC. Stephenson, f?@xg NucL them. Lerr., 3 (1967) 397. 
37 L,F_ X,mdoy, S.E. Livingstone, T-N. Lockyer and N.C. Siep~e~so~, Aust. J. Ckem., 19 (1966) 

1165. 
38 F.P. Dwyer, N.S. Gi, E-C. Gym&s and F. Lions,& Amec Ckem Sew., 76 (1954) 383. 
39 tM.S. Gibson and R.W. Bradshaw,.Angew. C&em, mt. Ed. ET&_, 7 (1968) 919. 
40 S. Pat&, chemistry of the Amino Group, Interscience, New York, 1968, p. 37. 
41 E.S. WalIis and 3-F. Lane, Org. React., 3 (1946) 267. 
42 E.A.S, Smith, Org. React., 3 (1946) 337. 
43 H. W&f, Org, React,, 3 (1946) 307. 
44 H.L. Yale, C%em Rev., 33 (1943) 209. 
45 E.B. Fleiscber, A.E. Gebala, A. Levey and P.A. Tasker, J, Or& Chem, 36 (197 1) 3042. 
4.6 J.N. Bayer, J. Amer. c=hem. Sot., 73 (19Sl.15865. 
47 N. Kharasch and H.R. WilIiams,J, Amer. Cfzem Sot,, 72 (1950) 1%43. 
48 B.C. Cossar, J.0. Fournier, D.L. Fie1dsandD.D. Rey~o~d~~ Org. Chem., 27 0962) 93. 
49 R. Frank and P.V. Smith,.T. Amer. Cfiem. Sot., 68 (194612103. 
50 F. Lions, Rev. fire A@. Ckem,, 19 (1969) 177. 
51 R.L. Shriner, H.C. Struck and W.J. Jo&on, J. Amer. Cizem. Sot., 52 (1930) 2066. 
52 F.P. Dwyer and FL. Garvan,L dmer, Ckem. Sot, 81<1959,2955. 
$3 R, Smith, XL, Bullock, F-C. Bersworth and A.E. M&e&J, Org. C&err&, 14 (1949) 355- 
54 A.E. ~Martell and F.C. Bersworth,J. Org. C&em, 15 (19SOf 46. 
55 R.C. Eiderfield, Heferocyclie Comp~uffd~, Vol. I, Wirey, New York, 1950, p. 6X. 
56 N.R. Snyder, S.M. Stewart and J-B. ZiegIer,J. Amer. Ckem. Sot, 69 (1947) 2672. 
57 C.H. CoIeman and J.E. CaIIan,.T. Amer. Ckem Sot., 68 (1946) 2006. 
58 H-A. Bruson, Org. Reacr.. 5 (1949) 79. 
59 N.H. Cromwell, Ckem. Rev., 38 (1946) 83. 
60 NF. Curtis and R-W. Hay, Chem Commune. (1966) 524_ 
6 1 K. Hide8 and D. Lloyd, C’tem Cummun., (1970) 929. 
62 K. Fiideg and D. Lfoyd, Ckem. ~~rnrn~~., (X971) 372. 
63 H. HiiIer, P. Dimroth and H. Pfitzner,Jus&s Liebfgsdmz. Ckem., 717 (1968) 137. 
64 E.A. Fehnel and M. Carmack, J, Amer. Ckem, SW., 71(1949) 92. 
65 E. Pierson, M. GieIIa and M. Tish.Ier,J, Amer. Ckem. Sot., 70 (1948) 1450. 
66 R-M. Ross,J. Amer. Ckem Sot., 71 (1949) 3458. 
67 R-3. King and P.N. Kapoor, .i_ Amer. Ckem. Sot., 91(1969) 5191, 
68 R.B. King and P.N. &poor, .& Amers Ckem. Sot,, 93 (1971) 4158. 
69 F.F. BIicke, Org. R_sact I (1942) 303. 
70 B-B. Thompson,J. Phm. Sri., 57 (1968) 315. 
71 A.L. Wilds and C.H. Shunk, Ji Amer, Chem. Sot_, 65 (1943) 459. 
72 E&f. Fry,J. Org. Ckem., 10 (1945) 259. 
73 G-F. Grillot and W-T. GcxmIey,J. Amer. Ckem Sot., 67 (1945) 1968. 
74 W. Hen, K= Dittmer and S.J. Cristol,f. Amer. Ckem. Sot., 69 (1947) 2698, 
75 A-T’- gtomquist and T.H. Shelley, .f. Amer. Ckem. Sot., 70 (2948) 147. 
76 S pat& CkemMwy of ihe ~~~~-~~t~gen Double Bcmd. Interscience, New York, 1970, p. 235, 
77 J. Reihsig and H-W- Krause,X &a&r_ C&em., 31<1F66) 167. 
78 k &kravortY and T.S. Karma.% J. Inorg. Nucf Ckem., 29 (1967) 1691. 
79 L-F. Lindoy, Qtrar;t. Rev.. Ckem. Sot. 25 (1971) 379. 
80 SXL Meachin, Can. J. Ckem., 46 (1968) 1903. 
81 A. Eschenmoser, private commutation. 



LIGAND DESIGN AND SYNTHESIS 269 

82 T.J. Truex and R.H. Holm.J. Amer. Gem. Sot.. 93 (1971) 285. 
83 F.W. Swamer and CR. Hauser,J. Amer. Chem. So-c., 72 (1950) 1352. 
84 J. Szmuszkovicz, Advan. Org. Ckm, 4 f1963) 1. 
85 M. Bonamico, I. Cohamati, C. Ercolani, G. Dessy and D.f,Machii, Chem Common. (1967) 654. 
86 I. Cohamati, C. Ercolani and D.J. Mach&J_ Chem. Sue. A, (1969) 153’7, 1541. 
87 hf. Bonamico and G. Dessy, Chem. Commu~z_.. (1970) 1218. 
88 L.T. Taylor, F.L. Urbach and D.H. Busch,.J. Amer. Chem. Sot., 91 (1969) 1072. 
89 V. Katovic, L.T. Taylor and D.H. Busch,J. Amer. Chem. Sot., 91(1969) 2122. 
90 D.St.C. Black, Chem. Cornmun., (1967) 311. 
91 D.St.C. Black and R.C. Srivastava, Ausf. J. Chem., 22 (1969) 1439. 
92 D.St.C. Black and R.C. Srivastava, Au& J. Chem. 23 (1970) 2067. 
93 D.H. Busch, Rec. C&m. Pros, 25 (1964) 107. 
94 D.St.C. Black and E. Markham, Rev. fire Appt. Chem.. 15 (1965) 109. 
95 L.F. Lindoy and D.H. Busch,f%q. Inorg. React., 6 (1971) 1. 
96 D.H. Busch, J.A. Burke, DC. Jicha, MC. Thompson and M.L. Morris, Advan. Chem. Ser., 37 

(1963) 125. 
97 D.H. Busch, D.C. Jicha, MC. Thompson, J-W. Wrathall and E. Blinn, .I. Amer. Chem. Sot., 86 

(1965) 3642. 
98 MC. Thompson and D.H. Busch,& Amer. C&em Sac.. 86 (196.5) 3651. 
99 N.J. Rose, C.A. Root and D.H. Busch,Inorg. Chem.. 6 (1967) 1431. 

100 E. Uhlemarm and M. Plath, Z. Chem.. 9 (1969) 234. 
101 MS. Elder, G.M. Prinz, P. Thornton and D.H. Busch,fnorg. Chem., 7 (1968) 2426. 
102 G.A. Melson and D.H. Busch, &oc. Chem Sot, London, (1963) 223. 
103 G-A. Melson and D.H. Busch, J. Amer. Chem Sot., 86 (1964) 4834. 
104 E-B. Fieischer and SW. Hawkinson, Inorg. Glen, 7 (1968) 2312. 
10.5 G-A. hfelson and D.H. Busch,J. Amer. Chem. Sot., 87 (1965) 1706. 
106 M. Green and P.A. Tasker, C&em. Commun.. (1968) 518. 
107 M. Green, J. Smith and P-A. Tasker, Inorg. Chim. Acta. 5 (1971) 17. 
108 D.St.C. Black and M.J. Lane, Ausf. J. Chem., 23 (1970) 2039. 
109 D.St.C. Black and P.W. Kortt,Aust. J. Chem.. 25 (1972) 281. 
110 D.St.C. Black and LA. McLean, fnorg. Nzxci. Chem. Lett., 6 (1970) 675. 
11 I L-F. Lindoy and D.H. Busch,J. Amer. Chem Sue_, 91(1969) 4690. 
112 E.B. Ffeischer and P.A. Tasker,fnorg. Afuel. C&em. Lett , 6 (1970) 349. 
113 P.A. Tasker and E.B. Fleischer,J. Amer. Chem. Sot., 92 (1970) 7072. 
114 J.L. Love and H.K.J. Powell, Chem. Commun., (1968) 39. 
115 D.St.C. Black and M.J. Lane, unpublished results. 
116 E.G. JBger and E. Ublig, 2. Chem.. 4 (1964) 437. 
11’7 E.G. J-r, 2. Chem., 8 (1968) 30. 
118 P. BarnfieId,J. Chem Sot. A, (f969) 2021. 
119 P. Krumholz,f. Amet. Chem Sot.. 75 (1953) 2163. 
120 E. Bayer, Angew. C’lrem, 73 (1961) 533. 
121 L-T. Taylor, N.J. Rose and D.H. Busch,Inorg. Chem., 7 (1968) 785. 
122 C. Peliaai, Inorg. NucL Chem Lett_. 6 (1970) 249. 
123 D.StC. Black and LA. McLean,Aust. J. Chem, 24 (1971) 1377. 
124 hf.C. Thompson and D-H. Busch,J. Amer. Chem. Sot., 84 (1962) 1762, 
125 M.C. Thompson and D-H. Busch, J, Amer. Chem. Sot., 86 (i964) 213. 
126 H. Jadamus, Q. Fernando and H. Freiser, fnorg. Chem., 3 (1964) 928. 
127 E. Bayer and G. Schenck, Chem Ber., 93 (1960) 1184. 
128 I. Murase, Buli. Chem. Sot. Jap., 33 (1960) 607. 
129 E. Bayer, Angew. Chem. Int. Ed. EngL. 3 (1964) 325. 
130 G. Manecke and J. Gauger, Chem Ser.. 101(1968) 3326. 
131 E. Bayer,Angew. Cizem, 73 (1961) 659. 
132 H. Jadamus, Q- Fernando and H. Freiser.X Amer_ Chem SCC.. 86 (1964) 3056. 
133 E. Bayer and E. Breitmaier, chern. Ber., lOfC1968) 1579. 



270 D.St.C. BLACK, A.J. HARTSHORN 

134 G.L. Eichhom and J.C. Baiiar,J. Amer. Chem. Sot., 75 (1953) 2905. 
135 G.L. Eichhom and I.M. Trachtenberg,J. Amer. Chem. Sot.. 76 (1954) 5183. 
136 E. Hoyer and J. Anton, 2. Cirem., 7 (1967) 197. 
137 D.F. Martin, Advcm. Chem. Ser., 37 (1963) 192. 

138 N.F. Curt&J. CIIem. Soc.,Londorr, (1960) 4409. 
139 N.F. Curtis and D.A. House, Chem. Ind. (.&+OndOn), 42 (1961) 1708. 

140 1.z. MacDermott and D.H. Busch,.T. Amer. Ckem. Sot., 89 (1967) 5780. 
141 NJ‘. Rose, MS. Elder and D.H. Busch,Inorg. Chem., 6 (1967) 1924. 
142 W. Jehn, 2. Gem.. 7 (1967) 279. 
143 D.E. Goldberg, i C&em SOG A. (1968) 2671. 

144 N.F. Curtis, Chord. CIIem Rev., 3 (1968) 3. 
145 E.K. Barefield and D.H. Busch,Irrorg. C&em., 10 (1971) 108. 
146 E.G. Vassian and R.K. Murmann, Irzorg. C?zem, 6 (1967) 2043. 

147 B.C. Lane, J.E. Lester and F. Basolo, CI2em. Commun, (1971) 1618. 

148 S. Sebnan and3.F. Eastham, Quarr. Rat,, Chem. SW., 14 (1960) 221. 

149 F.G, Mann and H.R. Watson, J. Chem. Sot., London, (1958) 2772. 
150 0. Hassel and B.F. Pedersen, &oc. Clrem. Sot., London, (1959) 394. 
151 J.E. Douglass and T.B. Ratliff, J. Org. Chem., 33 (1968) 355. 

152 A. Nakahara, K. Saks@, K. Suzuki and Y. Nakao, Buff. Sue. C&em. J&x, 38 (1965) 1051, 
153 H.A. Goodwin, in F.P. Dwyer and D.P. Mellor (Eds.), Chelating Agents and &feral Cfrefates, 

Academic, New York, 1964, p. 143. 
154 L. Sacconi, Coo&. Chem Rev., 1 (1966) 192. 
155 S. Yamada, Coord. Chem. Rev., 1 (1966) 415. 

156. E.L. Muetterties and R,A. Schuun, @ml. Rev., C&em. Sue., 20 f1966) 245. 
157 W.W. Brandt, F.P. Dwyer and EC. Gyarfas, Chem. Rev., 54 (1954) 959. 
158 D.E.C. Corbridge and E.G. Cox,J. Chem. Sot., London, (1956) 594. 
159 H.iL Goodwinand F. Lions&Amer_ C;rtem, SQL. 83 11959) 6415, 
160 J.F. Geldard,Inorg. Chem, 4 (1965) 417. 
161 A.B.P. Lever, J. Lewis and R.S.Nyhohn,Nature, 189 (1961) 58. 
162 F. Lions and K.V. Mart&J. Amer. Chem. Sot., 79 (1957) 2733, 
163 J.D. Curry, M.A. Robinson and D.H. Busch,Inorg. Chem.. 6 (1967) 1570. 
164 D.St.C. Black, Au&. .K Chem., 21 (1968) 803. 
165 G.N. La h&u and L. Sacconi, J. Amer. Chem. SOL-., 90 (1968) 7216. 
166 RC. Stoufer and D.H. Busch, J. Amer. Chem. Sot., 78 (1956) 6916, 

167 F.P. Dwyer, N-S. Gilt, E.C. Gyarfas and F. Lions,J. Amer. C&em. Sot.. 75 (1953) 3834. 
168 M.R. Litzow, L.F. Power and A.M. Tait, Aust. J. Chem., 24 (1971) 899. 
169 P. Krumholz,Inorg. C’hem., 4 (1965) 609,612. 
130 E. Uhlig, D. Schneider and H. Hildebrandt, 2. Am-g. Chem.. 346 (19661 173. 
171 F. Lions and K-V. Mart&$. Amer. Chem. Sot., 80 (1958) 3858. 
172 J.F. Gehiard and F. Lions, J. Amer. Gem. Sot., 84 (1962) 2262. 
173 J.F. Ckldard and F. Lions, Inorg. Chem., 2 (1963) 270. 
174 B. Chissvell, 3-F. Geldard, A.T. PhilBp and F. Lions,Inorg. C&em., 3 (1964) 1272. 
17.5 W.J. Stratton and D.H. Busch,J. Amer. Chem. Sot., 80 (1958) 1286. 
176 W-J. Stratton and D.H. Busch,& Amer. Chem Sot. 82 (1960) 4834, 
17’7 W.J. Stratton and D.W. Busch, .L Amer. Cizem Sot., 80 (1958) 3191. 
178 P- Pfeiffer, T. Hesse, J. Pfitzner, W. Scholl and H. Thielert,J. Pnzkt. Chem., 149 (1937) 217. 
179 A-K. Mukherjee and P. Ray,J; Indian Gem. Sot, 32 (1955) 505. 
180 L. Sacconi,~ Amer. Chem. Sot., 76 (1954) 3400. 
181 L. Saccord, 2. Amrg. Chem., 275 (1954) 249. 
182 M. Kishita, Y. Muto and M. Kubo,Ausz. J. Chem, ll(1958) 309. 
183 Y. Muto, J. CJzem. Sot. Jap., 76 (1955) 1407. 
184 Y. Muto, Bull. Chem Sot. Jup., 33 (1960) 1242. 
i8.5 G-A. B-lay, C.M. Emis, B.F. Hoskins and E. Kakot, Prm. C&em Sot., London, (1961) 264. 
186 L. Wolfand E. Jdpr, 2. C&m,, S (1965) 317. 



LIGAND DESIGN AND SYNTHESIS 271 

187 B. ChisweJl and K.W. Lee,Ausr. J. Chem.. 22 (1969) 2315. 
188 L. Sacconi, P. Nannelli and U. Campi@i,Inorg. Chem, 4 (1965) 818. 
189 L. Sacconi, P. Nannelli, N. Nardi and U. Campigli, Inorg Chem. 4 (1965) 943. 
190 ‘L. Sacconi, N. Nardi and F. Zanobini,Inorg. Chem.. 5 (1966) 1872. 
191 F.G. Mann,J. Chem. Sot.. London, (1934) 461. 
192 P. Paoletti, S. Biagini and M. Cannas, Chem. Commun, (1969) 513. 
193 F.A. Cotton and R.C. Elder, Inorg. Chem., (1964) 397. 
194 F.A. Cotton and RM. Wing, Inorg. Chem, 4 (1965) 314. 
195 M. Di Vairaand P.L. OrioB,Inorg. Chem., 8 (1969) 2729. 

196 N.F. Curtis and D.A. House,J. Chem. Sot., London. (1965) 5502. 
197 N.F. Curtis, R.W. Hay and Y.M. Curt&J. Chem. Sot A, (1968) 182. 

198 B. Das Sarma, G.J. Tennenhouse and J.C. Bailar,J. Amer. Chem. Sot.. 90 (1968) 1362. 

199 A.T. Casey, W. Peters and AT. Phillip, Ausf. J. Chem, 23 (1970) 2257. 

200 SM. Nelson and J. Rodgers,Inorg. Chem. 6 (1967) 1390. 
201 S.M. Nelson and J. Rodprs,J. Chem. Sot. A. (1968) 272. 
202 E. Uhlig and B. Borek, 2. Chem, 7 (1967) 110. 
203 R. Morassi and L. Sacconi, J. Amer. Chem. Sot, 92 (1970) 5241. 
204 S.M. Nelson and WSJ. Kelly, Chem ammun., (1968) 436. 
205 F.G. Mann,J. Chem. Sot., London; (1930) 1745. 
206 D.J. Baker, D.C. Goodall and D.S. Moss, Chem. Commun.. (1969) 325. 
207 G.A. Mair, H.M. Powell and D.E. Henn, Ptwc. Chem Sot.. London, (1960) 415. 
208 G.A. Barclay, R.S. Nyhohn and R.V. Par-i&J. Chem. Sot.. London. (1961) 4433. 
209 J. Chatt and H.R. Watson, J. Chem Sot., London, (1961) 4980. 

210 F-A. Hart,.f. Chem Sot.. London, (1960) 3324. 
211 E.B. Fleischer and E. Klem,Inorg. Chem.. 4 (1965) 637. 
212 L.T. Taylor, S.C. Vergez and D.H. Busch,J. Amer. Chent. Sot.. 88 (1966) 3170. 

213 L.T. Taylor and D.H. Busch,Inorg. Chem.. 8 (1969) 1366. 
214 S.C. Cummings and D.H. Busch,J. Amer. Cherk Sot., 92 (1970) 1924. 
215 W. Rosen and D-H. Busch,Inorg. Chem, 9 (1970) 262. 
216 F-G. hIann and WJ. Pope, J. Chem Sot., London, (1926) 2675. 

217 W.J. Kasowskiand J.C. BaiJar,J. Amer. Chem. Sot., 91 (1969) 3212. 
218 KM. Wellman, T.G. Mecca, W. Mungall and C.R. Hare.J. Amer. Chem. Sot.. 90 (1968) 805. 
219 R.A.D. Wentworth and J.J. Felton,J. Amer. Chem. Sot., 90 (1968) 621. 
220 F.L. Urbach, J.E. Sameski, L.J‘ Ti&er and D.H. Busch, Inorg. Chem, 7 (l%8)2169. 
221 W.R McWhinnie, G.C. Rulasingham and J.C. Draper, J. Cirem. Sot. A, (1966) 1199. 

222 G.C. Kulasingham and W.R. McWhitmie,J. Chem Sot. A. (1968) 254. 
223 D.R. Eaton, L. Seville and J.P. Jesson, Can. J. Chem, 49 (1971) 2751. 
224 R.R. Osborne arrd W.R. McWhinnL, J. Chem Sot. A. (1967) 2075. 
225 M.C. Feller and R. Robson, At&. J. Chem. 21 (1968) 2919. 

226 M.C. Feller and R. Robson, Ausf. J. Chem., 23 (1970) 1997. 
227 J.V. Dubsky and A. Sokol, COIL- Czech_ Chem Commun., 3 (1931) 548. 
228 P. Pfeiffer, E. Breith, E. Liibbe and T. Tsumaki, Jusr~s Lfebfgs Ann. Chem, 503 (1933) 84. 

229 K. Ueno and A.E. Martell, L Phyx Chem., 59 (1955) 998. 
230 K. Ueno and A.E. Martell, J. Phys. Chem., 61 (1957) 257. 
231 A.E. Martell, R.L. Belford and M. CaIvin,J. Znorg. Nucf. Chem., 5 (1958) 170. 
232 P. Pfeiffer and H. Ptitzner, J. Prakt. Chem., 145 (1936) 243. 
233 H.A. Goodwin and F. Lions, J. Amer. Chem. Sot, 82 (1960) 5013. 
234 B. Kirson and S. Yariv, BulL Sot. 0&r. Fr., (1965) 149. 
235 E. Hoyer and B. Lorenz, 2. Chem.. 8 (1968) 28. 
236 F. Lalor, M.F. Hawthorne, A.H. Maki, K. Darlington, A. Davison, H.B. Gray, Z. Dori and E.I. 

Stiefel, J. Amer. Chem. Sot.. 89 (1967) 2278. 
237 G. B&r and E. Hess, 2. Anorg. Chem., 268 (1952) 351. 
238 G. B&r, E. Hess and E. Steinkopf, Z. Anorg. Chem., 273 (1953) 325. 
239 G. B&r and E. Schleitzer, Z. Anorg. Chem.. 278 (1955) 136. 



272 D.St.C. BLACK, A.J. HART-SHORN 

240 G. Bans and G. Schleitzer, 2. Anorg. arem.. 280 (1955) 161. 
241 N.A. Bailey, SE. HUB, C.J. Jones and J-A. kfeClever@, them. Commzzn., (1970) 124. 
242 F. Eicms and K-V. Mart&J, Amer. Chem. Sot, 79 (1957) 1273. 
243 J. Beret&r, B.O. West and M.J. @cOMOr, Asst. J. Cfzem, 17 (19641 192. 
244 J.H. Worreli and J.J. Geneva, J, Amer. C’hem Sot, 92 (1970) 5282. ‘ 
245 G.G. Schlessinger, Advan. Cftem. Ser., 62 (1967) 565. 
246 A-H. Westlake and D.F. Martin, J. ino=- NurL C&m., 27 (1965) 1579. 
247 B. Bosnich, R.D. GiBard, E-D. McKenzie and G.A. Webb,J, C&em. Sot. A. (1966) 1331. 
248 D-0. Nielson, M.L. Larsen, R.D. Will&t and J.I. Legg, J, Amer. Chem Sot., 93 (I 97 1) $079. 
249 A-T. Phil&, dust. J. Cftem., 22 (1969) 259. 
250 A.T. Phillip, A.T. Casey andC.R. Thompson,Ausr. J. Chem., 23 (1970)491. 
251 N.A. Bailey, E.D. McKenzie and J-R. Mullins, Chem. Commun., (1970) 1103. 
252 F.P. Dwyer and F. Lions, J. Amer. Chem. Sot, 69 (1947) 2917. 

253 J.H. Worrell and D.H. Busch, Inorg. Chcm., 8 (1969) 1563,X572. 
254 J.H. Wonell, TX. MacDermott and D.H. Busch, Ckem Common,, (1969) 661. 
255 B. Bosnich and A-T. Phillip, f, Chem. Sot. A, (1970) 264. 
256 SE. Livingstone and J.D. Nolan,Aust. J. Cfzem., 23 (1970) 1.553. 

2.57 L. Sacconi and R. Morassi, .L Cfzem. Sec. A, Cl 970) 375. 
258 F.G. Mann and W.J. Pope, &oc. Roy. Sot-, Ser. A, 109 (1925) 444, 
259 F-G. Mann and WJ. Pope, J. Chem. Sot, London, (1926) 482. 
260 P. Dapporto and L. Sacconf, Chem. Commun., (1969) 1091. 

261 T.E.W. HoweE, S.A.J. Pratt and L.&f. Venanzi,& Chem. Sot., London, (1961) 3167, 
262 3-W. Dawson and L-M. Vensnzi,J, Amer. Chem. Sot., 90 (1968) 7229. 

263 B. ChisweB, Aust. J, &em., 20 (1967) 2533. 

264 G.k Barclay and AK. Barnard, J. Chem. Sot., London, (1961) 4269. 
265 F-H. Moser and A.L. Thomas, Phthalocyanine Compounds, Reinhold, New York, 1963: A.B.P. 

Lever,Advan. Inorg. Chem. Radio&em.. 7 (196.5) 27. 

266 P. Barnfield and P.A. Mack,.L Chem. Sot. C, (1968) 1961. 
267 P. Bamfield end D.G. Wilkinson, J. Cfzem. Sot. C, (1968) 2409. 

268 A. Eschenmoser, f&art. Rev., C&em. Sot., 24 (1969) 366. 
269 P. Chave and C.L. Honeyboume, C&m Cbmmun., (1969) 279. 
270 S-C- Cummfn8s and R.E. Sievers,J. Amer. Chem. Sot., 92 (1970) 21.5. 
27X J.L. Karn ad D.H. Busch,fnorg. Chem, 8 (1969) 1149. 
272 KM. Long and D.H. Busch, Inorg. C&em., 9 (1970) 505. 

273 K. Fsrr~ery and D.H. Busch, Cfzem Common.. (1970) 1091. 
274 P.H. MerreB, V.L. Goedken, D.N. Busch and J.A. Stone,J. Amer. Chem. Sot., 92 (1970) 7590. 
275 G.N. Schnauzer, Chem. Ber., 95 (2962) 1438. 
276 D. Thierig and F. Urnland, Angew. Cfzem., 74 (1962) 388. 
277 G-N. Schrauzer, R.K.Y. Ho and R.P. MuriUo, L Amer. Cfzem. Sot., 92 (1970) 3508. 
278 P. Rug@, JustusLiebigsArm. Chem., 392 (1912) 92. 
279 B. Bosnich, C.K. Poon and M.L. Tobe, Inorg. Chem., 4 (1965) 1102. 
280 J. Van Alphen, Rec. Trax Chim. PaysBass. 55 (1936) 835. 
281 H. Better and K.H. Mayer, Chem. Ber_, 94 (1961) 1410. 
282 C-K. Poon and M.L. Tobe,J, Cirem. Sue. A, (1968) 1549. 

283 J.P. CoBman and P.W. Schneider, fnmg Chem, 5 (1966) 1380. 
284 E. OchZai end D.H. Busch, Inorg, Chem. 8 (1969) 1474. 
285 N.F. Cutis, J. Chem. Sot, London, (1964) 2644. 
286 N.F. Curtis and P.O. Whimp,J. Chem. SOC. A, (1966) 1827. 

287 N.F. Curtis and Y.M. Curt& Inorg. Chem.. 4 (1965) 854. 
288 N-F. cUrtis,J, Chem. Sot, London, ($965) 924. 

289 W. Rosen and D.H. Busch, Chem. Commun.. (1969) 148. 
290 W. Rosen and D.H. Busch,J. Amer. C&em. Sot,, 91(1%9) 4694. 
291 D.StC. Black and LA. McLean, Aust. .L C&em., 24 (1971) 1401. 
292 L. Sacconi and I. Bertinf, 3. Amer. Chem. Sot, 88 (1966) 5180. 





274 D.&C. BLACK, A.J. HARTSHORN 

345 D.R. Boston and N.J. Rose,J, Amer. Chem. Sot, PO (1968) 6859. 
346 J.E. Parks, B.E. Wagner and R.H. Hohn,.J. Amer. Chem. Sot., 92 (1970) 3500. 
347 M.R. Churchill and A.H. Reis, Chem. Commun., (1970) 879. 
348 GA. Zakraewski, C.A. Ghilardi and E.C. Lingafelter,.I. Amer. Cfzem. Sot., 93 (1971) 4411. 
349 M.R. Churchill and A.H. Reis, Chem. Cornmum. (1971) 1307. 
350 RX. Bogucki and A.E. MarteLLJ. Amer. Chem. SOIL. 80 (1958) 4170. 
351 B.I. intorre and A-E. Martell, .i. Amer. Chem_ Sot., 82 (1960) 358. 
352 K.S. Rajan, I. Murase and A.E. Martell, J_ Amer. Chem. Sot., 9t (1969) 4408. 
353 A. Yingst and A.E. Martell, 3. Amer. Chem. Sot.. Pl(lP69) 6927. 
354 RJ. Motekaitis and A.E. Martell, J. Amer. Chem. Sot., 92 (1970) 4223. 
355 A.R Fried and A.E. Martdl,.T. Coord. Chem. 11197 ?) 47. 
356 A.R. Fried and A.E. Mar-tell, J. Amer. Chem. Sot, 93 (1971) 4695. 
357 A.E. Frost,IVo&re. 178 (1956) 322. 
358 L.K. Thompson, V.T. Cbacko, J.A. Elvidge, A.B.P. Lever and R.V. Parish, Can. J. Chem., 47 

(1969) 4141. 
359 R Robson, Aust. J. Chem.. 23 (1970) 2217. 
360 H. Okawa and S. Kida, Bull Chem. Sot. Jap., 44 (1971) 1172. 
36 1 N-H. Prlkington and R. Robson, dust. J. Chem, 23 (1970) 2225. 
362 R.W. Stotz and R.C. Stoufer, Chem Commun.. (1970) 1682. 
363 K. Travis and D.H. Busch, Chem Commun., (1970) 1041. 


