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Abstract

The metal ion complexing properties of highly preorganized non-macrocyclic ligands in aqueous solution are discussed and contrasted with
those of less preorganized analogues that have simple ethylene bridges between the donor atoms. High levels of preorganization can be achieved
using cyclohexenyl bridges between ligand donor atoms, use of reinforced bridges such us bispidines, or by use of extended aromatic systems as
bridges, such as those found in 1,10-phenanthroline (1,10-phen). Cyclohexenyl groups increase thermodynamic stability of metal ion complexes,
as indicated by log K; values (formation constants), that increase by between 1 and 5log units compared to less preorganized analogues. The
way in which such bridges alter selectivity in the direction of smaller metal ions is discussed. Rigid bridges such as those provided by bispidine
are discussed in terms of increased log K values, and sharply increased selectivity for smaller metal ions. Ligands derived from 1,10-phen by
placing donor groups at the 2- and 9-positions are discussed, including examples with acetates (PDA), pyridyls (DPP) and phenolates (DPHP). The
five-membered chelate rings of PDA lead to strong selectivity for larger metal ions, including Cd(Il), La(IlI), and Gd(III). Possible uses of PDA
type ligands for Gd(III)-based MRI agents are discussed. The remarkably high stability of complexes of PDA is discussed in terms of the role of
H-bonding with the solvent in stabilizing complexes with metal ions, and the very high level of preorganization of the ligand.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction it is constrained as the free ligand to be in the conformation

required to complex the target metal ion [5]. Selectivity for one

Ligand design is important in biomedical [1], biological [2],
and environmental [3] applications, and in metal ion separations
[4], in which ligand preorganization [5] has been of importance.
Ligands such as crown ethers [6] and cryptands [7] owe the
higher thermodynamic stability of their complexes, and their
sharper metal ion selectivity, to high levels of ligand preorgani-
zation [8-10]. A ligand is more preorganized the more nearly
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metal ion over another is measured as the difference in log K
(the formation constant) between the two metal ions with the
particular ligand.

The cyclic structure of macrocyclic ligands leads to length-
ier syntheses, and considerably greater expense, than for
non-macrocylic analogs. This may have contributed to lesser
commercial use of macrocycles than might have been antici-
pated from their interesting metal ion complexing properties. A
reviewer has also suggested that slow rates of metallation have
been detrimental in many potential applications. Highly preor-
ganized non-macrocyclic ligands might present a way forward
in applications of ligands in metal ion complexation. Perhaps
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Fig. 1. Structures of ligands discussed in the first part of this review.

the earliest example of a high level of preorganization in a non-
macrocyclic poly dentate ligand dates back to CDTA (see Fig. 1
for key to ligand abbreviations in the first part of this paper)
studied by Schwarzenbach et al. [11]. In contrast to EDTA,
the trans-cyclohexylene bridge between the two N-donors of
CDTA constrains the N-donors to be in the gauche confor-
mation required for complexing the metal ion, whereas EDTA
itself should prefer the anti conformation for the ethylene bridge
between the two N-donors. This has the effect that the log K;
values [12] for metal ions with CDTA are several log units
higher than for the corresponding EDTA complexes. CDTA
shows some important indications of high levels of preorganiza-
tion [13], in that (1) there is, as mentioned above, considerable
thermodynamic stabilization of the complexes of CDTA com-
pared to its less preorganized analogue, EDTA; (2) CDTA shows
sharper metal ion selectivity, which, as discussed below, is based
on metal ion size; (3) rates of metallation and demetallation of
CDTA complexes are slower than for EDTA, so that there is a
kinetic effect of the higher levels of preorganization of CDTA.
These are features of preorganization also found in macrocyclic
ligands [6-8], although it should be pointed out that the pop-
ular idea of ‘size-match selectivity’ is an oversimplification of
the factors that control selectivity of macrocycles for metal ions
[8]. By size-match selectivity is meant the idea that macrocycles
have a cavity of fairly fixed dimensions that complexes best with
a metal ion whose radius corresponds with that of the cavity.
The metal ion size-based selectivity of CDTA compared
to EDTA is at first sight a little surprising [13], as discussed
below. It is found that the cyclohexylene bridge of CDTA shifts
selectivity in the direction of smaller metal ions. The metal-ion
size-related change in log K; in passing from EDTA to CDTA
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Fig. 2. Change in logK; (AlogKj;) in passing from EDTA to CDTA, as
a function of metal-ion radius [14] (+*). The line drawn is a least-squares
best-fit relationship, Alog K} = —3.43(r*) + 5.69, with a correlation coefficient
(R)=0.884. In fitting the line, the point for Be(II) was excluded, as discussed in
the text. log K values are from ref. [12].

for divalent and univalent metal ions is shown in Fig. 2. This
is a type of diagram [8] that allows for statistical analysis of
the significance of the correlation between change in log K7 and
the ionic radii [14] of the metal ions. A least-squares best-fit
line has been fitted to the data in Fig. 2, which has a correlation
coefficient (R) of 0.884. In fitting the line, the point for Be(Il)
was excluded. Possibly the coordination number of 4 typically
found [15] for Be(IT) means that it does not follow the log K pat-
terns with the hexadentate EDTA and CDTA ligands expected
from Fig. 2. Alternatively, there is a maximum in the relation-
ship between Alog K and r*, and the position of the point for
Be(Il) is not an aberration. This suggestion is supported by a
similar correlation for trivalent metal ions. These points are not
included in Fig. 2 because they are offset from the points for
the divalent metal ions, but very small trivalent metal ions such
as AlI(IIT) and Co(III) also show smaller increases in log K; in
passing from EDTA to CDTA as compared to larger M(III) ions.

The effect of cyclohexylene bridges is generally to shift
selectivity in the direction of smaller metal ions compared to
analogues with ethylene bridges. For a variety of ligands with
cyclohexylene bridges, ranging from the macrocycle Cy,-18-
ane-N»Oy to the highly preorganized Cy,-Cyen, selectivity is
shifted in the direction of small metal ions. This is illustrated in
Fig. 3 for Cy;-18-ane-N,O4 compared to DHE-18-ane N;O4.
One sees that, as with CDTA and EDTA in Fig. 2, the cyclo-
hexylene bridges in Cy;-18-ane-N,O4 shift selectivity towards
smaller metal ions, as compared to DFtP-18-ane-N,O4.

It was stated above that it might be a little surprising that
the presence of cyclohexenyl bridges shifts selectivity in the
direction of smaller metal ions as compared with analogues
with ethylene bridges. This is because the chelate ring formed
whether there is a cyclohexenyl bridge, or an ethylene bridge,
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Fig. 3. Relationship between Alog K the change in log K in passing from the
BHE-18-ane-N,0y4 to the Cy;-18-ane-N,O4 complexes of metal ions, vs. the
ionic radii [14] of the metal ions. The relationship shows that the cyclohexenyl
bridge of Cy,-18-ane-N,Oy4 shifts selectivity in the direction of smaller metal
ions, compared to the ethylene bridge of DHP-18-ane-N,Oy. log K data from
ref. [12].

is a five-membered chelate ring, and it has been stated [8] that
five-membered chelate rings favor larger metal ions, while six-
membered chelate rings favor smaller metal ions. The geometric
basis for the latter argument is presented in Fig. 4, where the
size of metal ion that fits best [8] in a chelate ring involving
ethylenediamine or 1,3-propanediamine is shown, as well as for
the aromatic ring systems 1,10-phen and DPN (dipyridonaph-
thalene):

M ﬂ HzNQMaNHz
1.65\\\ ~
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5-membered chelate
rings of ethylenediamine
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Fig. 4. Best-fit M—N lengths [8] for metal ions to form a minimum-strain chelate
ring with ethylenediamine and 1,10-phen (five-membered chelate rings) or 1,3-
propanediamine and DPN (dipyridonaphthalene) (six-membered chelate rings).

Fig. 5. Structure of the Cu(Il) complex of Cy,-tn. The atom O(9) is from a
coordinated perchlorate, while O(3) is from a coordinated water molecule. Short
H-H non-bonded separations discussed in the text are indicated. In this structure
the shortest contacts are between H-atoms on the ethylene bridges and H-atoms
on the indicated C(b) atoms of the cyclohexylene bridges.

It should be noted that chelate ring size appears [8] to be
the dominant architectural feature in controlling metal-ion size-
based selectivity. It is usually more important than macrocyclic
ring size for ligands such as tetraazamacrocycles [8], since
macrocycles are able to assume a variety of energetically sim-
ilar conformations that are able to accommodate metal ions of
different sizes. It is thus perhaps surprising that the rigid five-
membered chelate ring involving the cyclohexenyl bridge does
not enhance affinity for large metal ions, but moves ligand selec-
tivity in the direction of smaller metal ions. The answer to this
apparent paradox is that [16] bulky groups such as the cyclohex-
enyl bridge produce steric crowding in the coordinated ligand,
which decreases as the metal ion gets smaller and increases the
curvature of the ligand. This is seen in Fig. 5, where the Cu(II)
complex [17] of Cy-tn is shown. The short H-H contacts, less
than the sum of the van der Waals radii [18] of two non-bonded
H-atoms of 2.40 A are indicated. One can see that as the metal
ion becomes larger, so the curvature of the ligand will decrease,
and the H-H non-bonded contacts indicated will become shorter.

The above steric crowding effects occur with any substituents,
not just cyclohexenyl groups. Thus, placing any C-alkyl sub-
stituents on EDTA, either on the ethylene bridge, or the
methylenes of the acetate groups, will shift selectivity in the
direction of smaller metal ions. Steric crowding effects may even
be important for increase of chelate ring size in passing from
ethylene bridges to trimethylene bridges as indicated in Fig. 4.
The effect of addition of C-alkyl groups to ligands is seen in
Fig. 6, where an isopropyl group is added to the ethylene bridge
of EDTA. It is seen that, just as with CDTA and EDTA, the iso-
propyl group of isopr-EDTA shifts selectivity towards smaller
metal ions as compared with EDTA. This type of result has led to
the suggestion [16] that nearly all purely architectural changes in
complex structure will produce changes in complex stability that
are directly related to metal-ion radius. Where metal ions have
very strong preferences for particular coordination geometries,
such as the linear coordination geometry of Ag(I) and Hg(Il), or
the square planar geometry of Pd(II), this too can be important,
but in an obvious and predictable way. An important aspect of
the relationship between metal-ion size and selectivity is steric
crowding, as with alkyl substitution of chelate rings, as seen in
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Fig. 6. Linear free energy relationship (LFER) showing metal ion
size-related change in selectivity (AlogKj, which here is log K(isopr-
EDTA) —log K(EDTA)) as a function of metal ion radius for isopr-EDTA
relative to EDTA. AlogK is logK for the equilibrium: M(EDTA) +isopr-
EDTA < M(isopr-EDTA) + EDTA. Ionic radii [14] for octahedral metal ions
except for Cu(II) which is the square planar radius.

Figs. 2, 3 and 6. Clearly, the van der Waals repulsions between
substituents on ligands will be dependent on M-L length, and
not respond much to the nature of the M—L bond, i.e. whether the
M-L bond is covalent or ionic. This accounts for the great range
of M-L bonding types obeying the correlation in Figs. 3 and 6,
from very ionically bound metal ions such as Ba(Il), to the more
covalently bound Cu(II). Selectivity effects such as those due
to chelate ring size illustrated in Fig. 2 also appear to be rather
insensitive to M-L bonding type, again because what one is
seeing is dependent largely only on M—L bond length.

A reviewer has suggested that the possibility has been ignored
that the trends in Figs. 2, 3 and 6, and also the effects explained
sterically in Fig. 4, could be explained in terms of induc-
tive effects. The present corresponding author is certainly not
unaware of the importance of inductive effects [19—24], and was
the first to point out the role of inductive effects as N-donors
are changed along the series 1° <2° <3° in producing high lig-
and field (LF) strengths and higher thermodynamic stability
in complexes of tetraazamacrocycles [20] compared to their
open-chain analogues. Particularly important here is the first
observation of the role of N-alkyl substituents along the series
methyl < ethyl <isopropyl < #-butyl in raising log K; for large
metal ions of low coordination number such as Ag(I) [19] or
Pb(II) [22]. What seem best explained as pure inductive effects,
particularly as appear to occur for the linear Ag(I) complexes,
where steric effects would be minimal, along the series methy-
lamine, ethylamine, isopropylamine, and #-butylamine, produce
only small increases [19] in log K . It has already been suggested
that inductive effects may contribute [8,20,24], along with the

accompanying, increased preorganization of the ligand [23,24],
to increases in complex stability seen in Figs. 2, 3 and 6. Induc-
tive effects do not appear to be the major contribution to the
observed metal-ion selectivity patterns evident in Figs. 2, 3, or 6.
This is seen in that where C-alkyl groups are added to ligands
where steric crowding will not occur, no metal-ion size-related
change in selectivity is observed. Thus, for any ligand of high
denticity, replacing ethylene bridges with cyclohexenyl bridges,
or adding C-alkyl substituents to ethylene bridges, will shift
selectivity in the direction of smaller metal ions. The steric
interactions that are important in addition of C-alkyl groups
are those, as seen in Fig. 5 that occur between the alkyl sub-
stituent and adjacent chelate rings. Where there are no adjacent
chelate rings to produce such steric crowding, no shift in selec-
tivity towards smaller metal ions occurs on adding C-alkyl
substituents. Thus, if the complexes of ethylenediamine (en) are
compared with those of trans-1,2-diaminocyclohexane (trans-
DAC), only a small constant increase in log K7 [12] is observed,
which does not relate to metal-ion size. If inductive effects were
dominant, one would expect to see a shift in selectivity towards
small metal ions such as Cu(II) that have more covalent M—-N
bonding, and also one would not expect very small increases
in log K1 as compared to the large changes in log K; seen in
Figs. 2, 3 and 6:

Metal ion

Cu(II) Ni(II) Co(I) Zn(II) Cd(In)
Tonic radius (A) 0.57 0.69 0.72 0.74 0.95
log K (en) 10.49 7.30 5.5 5.69 54
log K (trans-DAC) 11.09 7.80 6.37 6.37 5.80
Increase in log K 0.60 0.50 0.87 0.68 0.40

ITonic radii from ref. [14], log K values from ref. [12].

Similar to the results for en and trans-DAC, other alkyl sub-
stituents on en such as methyl, ethyl, or isopropyl produce only
very small changes in log K [12] with Cu(I), as compared to the
large change in log K seen in Fig. 6. The complex stabilization
on substitution of EDTA with C-alkyl groups is so much larger
than for en itself because in the case of the latter, the difference
in energy between the more stable anti and the less stable gauche
forms is quite small. In the case of EDTA, separation of the neg-
ative charges on the acetate groups is much larger in the anti than
the gauche form, and so the energy differences between these
two forms of the ligand is large. Placement of C-alkyl groups on
EDTA to minimize energy differences between the gauche and
anti forms thus leads to large stabilizations of the complexes. In
contrast, for ligands such as THEEN and THECDA, which have
neutral O-donor groups in place of the acetate groups of EDTA,
the increase in log K on increase of preorganization by addition
of cyclohexenyl bridges is quite small, as seen in Fig. 7.

A different approach to more preorganized non-macrocyclic
ligands has involved reinforcement of the ligand using doubly
bridged chelate rings. This approach is typified, for example, by
ligands based on DACO (diazacyclooctane), such as DACODA
[25-28], BME-DACO [29], or BAE-DACO [28] shown in Fig. 8.
The DACO architecture has also been incorporated into N-donor
macrocyclic ligands [30]. What is found with the DACO type of
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bridge is that these do not produce any stabilization compared
with singly bridged analogs [28], as seen in comparing log K
values for BAE-DAC complexes, which are generally lower than
for the singly bridged analog 2,3,2-tet. This arises because of the
steric problems [28] associated with metal ions coordinating to
double bridges such as that of BME-DACO. Thus, once coor-
dinated to a metal ion, the DACO ring appears to assume two
conformations, either the chair—chair, or the chair—boat confor-
mation. Of the thirty structures reported in the CSD [31] for
BME-DACO and related ligand complexes of low-spin Ni(II),
for example, all but two [32,33] have the chair—boat conforma-
tion. This agrees with PM3 semi-empirical calculations that can
be carried out with a program such as HyperChem [34], which
show that for the low-spin Ni(II) complex of BME-DACO,
the chair—boat conformation is some 4.4 kcal mol~! lower in
energy than the chair—chair conformation. Since the two struc-
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tures where a chair—chair conformer might be present have the
DACO rings disordered [31,32], it seems possible that these
actually have superimposed chair-boat conformations, and that
in fact chair—chair conformations are too high in energy to exist.
Even the chair-boat conformer of the DACO chelate ring is high
in energy, since this involves a high-energy boat conformation
for one part of the DACO moiety, leading to no stabilization
relative to analogues such as 2,3,2-tet.

The high energy of the chair—chair conformation of the
DACO ring in complexes of ligands such as BAE-DACO or
BME-DACO derives from a steric interaction [28] between H-
atoms on the central C-atoms of the trimethylene bridges of
the DACO ring (Fig. 8). One way to overcome such H-H non-
bonded repulsions is to replace the H-H repulsion with covalent
C-C bonds. This leads to bispidine-based bridges instead of
DACO type chelate rings [35-41], as seen in Fig. 9. Bispidine
is an extremely rigid molecule, particularly when a metal ion
of the right size is chelated between the two N-donors. With a
metal ion in position, the bispidine-based chelate ring resem-
bles the diamond-like hydrocarbon adamantane. Complexes of
bispidines have shown interesting catalytic properties [41], and
N-donor macrocycles based on bispidine, first proposed some
time ago [23,24], have been synthesized [42,43]. Interestingly,
metallation of such macrocycles, even with the very labile Cu>*
ion, was so slow [42,43] as to be achieved only with great dif-
ficulty, showing that one can have too much preorganization
if the aim is the sequestration of metal ions in solution. In
line with predictions about the high position of 3° N-donors
in the spectrochemical series when in a stereochemically effi-
cient environment [20,23,24], the ligand field splitting of the
Cu(II) complexes of macrocycles such as macrocycle 1 in Fig. 9
is remarkably high [42,43]. This is in line with the prediction
[8,20] that four 3° N-donors in a sterically efficient setting will
lead to very high LF splitting as compared to analogues with 2°
or 1° N-donors.

NS,
LE(\NJEH]

BME-DACO BAE-DACO

chair-boat conformer

Fig. 8. Ligands based on the DACO ring [25-28], showing (below) the chair—chair and chair-boat conformers of the low-spin Ni(II) complex of BME-DACO
generated by MM calculation [34]. H-atoms omitted for clarity, except for those on the central methylene groups of the trimethylene bridges between the N-donors.



R.D. Hancock et al. / Coordination Chemistry Reviews 251 (2007) 1678—-1689

NH HN

|
X ™
DPTN

bispidine

A
o-”[/\o'\':l\\o

afs

bis-DA DPB

macrocycle 1

1683

bispidine pyridyl
moeity groups
g
N

Cu 1
N [’ ~ short

o H--H
contact
DPB complex
of Cu(ll)

Fig. 9. Bispidine-containing ligands bis-DA [35], DPB [36] and macrocycle 1 [42], and the Cu(II) complex of DPB [36].

There is an early report of the synthesis of bispidine-N,N'-
diacetate (bis-DA, Fig. 9), and of some complexes with a
variety of metal ions [35]. The ligand DPB (Fig. 9) shows the
expected effects of its highly preorganized structure [36]. The
six-membered chelate ring formed by the bispidine moiety com-
plexes well with the small H* and Cu®* ions, and so the pK value,
and log K1(Cu?*) are much higher than for its analog DPTN
(Table 1). For larger metal ions such as Cd(Il), the stabilization
of the DPB relative to the DPTN complex is much smaller, as
would be expected from the fact that DPB forms an extremely
rigid six-membered chelate ring on complex-formation. Since
six-membered chelate rings disfavor larger metal ions [8], one
would expect a small stabilization of the DPB complex for larger
metal ions, as is seen in Table 1. DPB is an interesting ligand,
but suffers from the steric crowding problems associated with
pyridyl groups. With pyridyl donors, H-atoms of the pyridyl ring
frequently interact sterically with each other, and with other
parts of the complex, thus destabilizing the complexes. One
sees for the Cu(II) complex of DPB in Fig. 9, that the ortho
H-atoms of the pyridyl groups prevent planar coordination to
the Cu(Il), which thus has its preferred planar coordination dis-
torted towards tetrahedral. This distortion doubtless destabilizes
the complex somewhat, and elimination of such steric effects
would lead to superior ligands.

The ligand bipy presents a classic example of the steric prob-
lems caused by the H-atoms on pyridyl groups. To achieve planar
coordination of the two pyridyl groups in the cis conformation
so as to produce optimum overlap of the donor orbitals of the
N-donors, and the orbitals of the metal ion, requires that the H-
atoms in the 3-position on each pyridyl group come into short
(~2.02 A) contact. In line with the suggestion above [16] that

Table 1
Formation and protonation constants of DPB [36] and its non-reinforced ana-
logue DPTN[12]*

Lewis acid H* Cu(l) Ni) Znd) CdI) Pb(l)
Tonic radius (A)® - 0.57 0.69 0.74 0.95 1.19
logK;, DPB 13.1 230 15.8 12.0 11.3 nec®
log K|, DPTN 833 1835 14.2 1033 8.48 6.4

2 See Fig. 9 for key to ligand abbreviations.
b Ref. [14].
¢ nec =no evidence for complex.

most effects on metal ion selectivity due to changes in ligand
architecture relate to metal-ion size, it is found that the structures
of complexes of metal ions also tend to vary systematically with
metal-ion size, as would be required from the above suggestion.
Thus, if one examines the structures of bipy complexes found in
the CSD [31], it is found that the variation of the N-M-N angle
of the bipy chelate ring is directly related to the M—N length, as
seen in Fig. 10(a). One might expect that if the N—N bite distance
for bipy complexes was fixed at a value of 2.50 A suggested from
molecular mechanics (MM) calculations [34] on the free ligand,
then there would be, from simple geometric considerations, a
relationship between M—-N length and N-M-N angle as seen in
Fig. 10(a).

The relationship in Fig. 10(a) shows that only with smaller
metal ions with M—N ~ 1.9 A does bipy approach the ideal N-N
bite size of 2.50 A. At longer M—N bond lengths there is distor-
tion of the bipy ligand, with N-N bite distances being opened up
to as much as 2.9 A. The steric situation with bipy is quite com-
plex, since there are other important factors such as distortion of
the M—N-C and N—C—C bond angles at short M—N lengths, that
affect complex stability. Thus, in Fig. 10(b), one sees that the
M-N-C angle in the bipy complexes also varies as a function of
M-N length, but now is much smaller than the ideal value of 120°
with small metal ions. At larger bite sizes the H-H repulsions
at the 3-positions increase, so that bipy resembles ligands with
cyclohexenyl bridges in that there is steric crowding on the out-
side of the coordinated ligand, which is worse for larger metal
ions. A referee has queried how the N-C—C-N torsion angle
might vary with M—N length in bipy complexes. The N-C-C-N
torsion angle shows little systematic variation with M—N length.
The H-H van der waals repulsion between the H-atoms in
the 3- and 3’-positions of bipy is reduced as the N-C-C-N
torsion angle increases. However, this benefit is offset by increas-
ing energy as the N-C—C-N torsion angle increases, due to
diminished delocalization. The trade-off between decreased
H-H repulsion and higher energy as the N-C—C-N torsion
angle increases appears to lead to a range where about 90%
of N-C—C-N torsion angles fall between 0° and 15°. As might
be expected, the few very large N-C—C-N angles appear to be
associated largely with very long M—N bond lengths. The lig-
and 1,10-phen represents a more preorganized version of bipy,
with the H-H repulsions of the H-atoms in the 3-position of
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Fig. 10. (a) Relationship between N-M-N angle and M-N length for the structures of 2585 chelate rings of the bipy ligand found in the CSD [31], with R<0.1.
The structure drawn on the diagram shows the N-N bite distance, which MM calculation [34] suggests is 2.50 A in the planar form of free bipy. The solid line is
the theoretical curve expected for the variation of the N-M-N angle with M—N length if a fixed N-N bite distance of 2.50 A is maintained. Also shown is the steric
interaction occurring between the H-atoms on the 3- and 3’-position of bipy when in the syn form required for coordination to a metal ion. (b) M—N-C angles vs.
M-N bond lengths for bipy complexes for 2585 chelate rings involving the bipy ligand found in the CSD [31]. The best-fit line drawn in has a correlation coefficient
of 0.833. (c) Relationship between N-M-N angle and M—N length for 1330 chelate rings involving 1,10-phenanthroline (1,10-phen) as ligand with R <0.1 found in
the CSD [31]. The solid line is the theoretical line calculated for a fixed N-N bite distance of 2.73 A for 1,10-phen. The N-N bite distance is the average N-N (with
a standard deviation of 0.02 A) in 35 structures containing free 1,10-phen found in the CSD with R<0.1. (d) The relationship between the N-M—N angle (indicated
on the diagram) in EDTA complexes, and the M—N bond length, for the structures of 101 EDTA complexes found in the CSD [31] with R<0.1. The line drawn in
is the theoretical relationship between the N-M—N angle and M—N length for a constant N-N bite distance of 2.88 A. The latter bite distance is the N-N distance in

the MM minimized [34] structure of ethylenediamine ligand in the gauche conformation.

the pyridyl groups replaced with covalent C—C bonds. If one
searches the CSD [31] for structures of complexes containing
the 1,10-phen chelate ring, one finds a very similar relationship
to that found for bipy complexes (Fig. 10(a)) between the M—N
length and the N-M-N angle, as seen in Fig. 10(c). The solid
line is calculated with the N-N bite distance of 2.73 A found

from 35 structures of the free 1,10-phen ligand in the CSD [31].
One finds accordingly that log K values for 1,10-phen ligands
are about 1.4 log units higher than for corresponding bipy com-
plexes [8,14], with removal of the H-H repulsion problem found
with bipy complexes. In Fig. 10(d) is shown the relationship
between the N-M—-N angle and M-N length for complexes of
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EDTA. This is shown simply because the relationship is typical
of those found for the structures of almost all classes of com-
plexes [31]. The widespread occurrence of such relationships
suggests why metal-ion size is so strongly related to changes
in complex stability induced by changes in ligand architecture.
Ligands that are found to obey relationships of the type seen
in Fig. 11(a)—(d) include en, oxalate, 1,2-dimethoxyethane, 1,3-
dimethoxypropane, 1,2-bis(methylthio)ethane, RoP(CH»>),PR>
ligands (n=1 and 2), dipicolinates, acetylacetonate, catcholate,
and terpyridyl complexes. What one sees is that complex struc-
ture varies in a systematic fashion with metal-ion size, as do
changes in log K; with changes in ligand structure.

Highly preorganized ligands such as 1,10-phen present
ideal rigid backbones for developing highly preorganized non-
macrocyclic ligands, once donor groups have been placed at
the 2-position, or 2- and 9-positions. Many ligands of this type
have been synthesized from 1,10-phen by substitution at the
2-, or 2- and 9-positions (Fig. 11). The driving force in the
synthesis of these ligands to date has been largely for the investi-
gation of the photochemical properties of the Ru(II) complexes
[45,60,62,63,65,68], which papers are not further discussed
here.

The ligand PDA best typifies the metal complexing proper-
ties of this type of ligand. One would expect the rigid 1,10-phen
backbone of PDA to lead to enhanced preorganization, man-
ifested as increased thermodynamic stability of complexes of
PDA. In addition, the formation of three rigid five-membered
chelate rings on complex-formation should favor larger metal
ions (Fig. 4), since 1,10-phen does not have problems with steric
crowding from H-atoms on its outer side that pushes selectivity
somewhat towards smaller metal ions for bipy complexes. Mea-
surement of log K| values for PDA presents a unique problem
[69], in that the complexes of virtually all metal ions with PDA
are too stable to break down as the pH is lowered, which com-
petition is the basis of most log K; determinations with amine
ligands. PDA also has poor water solubility (~10~* M), but has
very intense bands in the ultraviolet that allow for monitoring
of complex-formation [70]. The log K| values for PDA were
determined [69] by competition with EDTA, DTP A, and EGTA.

0 O

N VanVan'

‘O N N N O

0’10' ©- l\o

DTPA EGTA

In Fig. 12 is shown the variation of the spectra of 2 x 107> M
PDA as a function of pH in 0.1 M NaC10O4. The set of spectra
in (a) are for the ligand alone, the set in (b) has in addition
2 x 107> M Cu?*, and the set in (c) refers to a 1:1:1 mixture of
2 x 10~5 M of each of PDA, EDTA, and Cu?*. The variation of
absorbance as a function of pH in (a) leads to two protonation
constants. The spectra in (b) for the Cu(II)/PDA complex vary
mainly as a result of dilution, showing no response to pH in the
range covered, except for some changes in the pH range 2-3 that

N
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are attributed to protonation of a non-coordinated carboxylate
group. At high pH, the spectra in Fig. 12(c) are those of free PDA
at that pH, showing that here the Cu(II) is bound by the EDTA.
As the pH is lowered, the high pK, values of EDTA cause the
Cu(Il) to be transferred to the much less basic PDA following
equation:

M(EDTA) + PDA + nH* = M(PDA) + EDTAH,, (1

From a knowledge of the protonation constants and formation
constants for EDTA (or DTPA or EGTA) [12] one can use sets
of spectra as shown in Fig. 12(c) to calculate log K for the metal
ion with PDA. These are shown in Table 2.

PDA does not have a strictly analogous less-preorganized
ligand for comparison, but EDDA (Fig. 1) is the nearest in terms
of similar donor-atoms and chelate ring size. Admittedly, EDDA
is a less than perfect comparison, but it should be borne in mind
that in aqueous solutions saturated amines are stronger bases
than pyridines [12], so that basicity differences between PDA
and EDDA should favor the latter. Thus, any stabilization due to
the rigid backbone of PDA should be, if anything, understated.
In Table 3 the log K values for PDA and EDDA complexes are
compared.

What Table 3 shows is that for the largest metal ions such
as Pb(Il) and Ba(Il) (#*=1.19 and 1.36 A [14]), logK; for
PDA complexes is some 1-21log units higher than for analo-
gous EDDA complexes. For divalent metal ions such as Cd(II)
and Ca(Il) with ionic radii [14] close to 1.00 A, this stabiliza-
tion approaches 4 log units. For small metal ions such as Mg(II),
Zn(Il), and Cu(Il), the EDDA complexes are more stable than
the PDA complexes. This fits perfectly with MM (molecular
mechanics) calculations [71] that show [69] that the best-fit size
of metal ion for coordinating in the binding site of PDA has an
ionic radius of 0.96 A.

The stabilization of the PDA complexes of the trivalent
La(IIT) and Gd(III) ions relative to EDDA is quite remarkable.
These ions have radii of 1.03 and 0.96 A, so they are close to
optimum size for complexing with PDA. However, the level of

(0] (0]
o _@ o
(0]

stabilization is much greater than for similarly sized divalents,
so there must be additional factors operating here. One consider-
ation is that trivalent metal ions appear to form complexes with
pyridyl groups that are rather low in thermodynamic stability
by comparison with saturated N-donors [72]. This is seen in
Fig. 13, where log K for TPEN complexes [14,72,73] of M(II)
and M(II) ions has been plotted against log K1(NH3) for the
same ions. It is seen that two distinct correlations are obtained,
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Table 2

The pHs( values® and protonation and formation constants for a selection of metal ions with PDA [69] (0.1 M NaC10Oy4, 25°C)

R.D. Hancock et al. / Coordination Chemistry Reviews 251 (2007) 1678-1689

Lewis acid Equilibrium® pHso log K1 (PDA)® log K (PDA)corn?
H* H* +L2 SHL™ - 4.75(2)

H*+LH S H,L - 2.53(5)

H*+O0H™ S H,0 - 13.78¢
Mg Mg?* + L2~ = MgL - 3.53(5)f 3.53(5)
Ca? Ca®* +1L2- S Cal 7.17(3) 8.2(1)8, 7.4(1)f 7.3(1)

CaL +H* < CaLIT* 3.2(1) 3.2(1)
Sr2* St%* + L2~ S SiL - 5.61(4)f 5.61(4)
Ba2t Ba®* +L2~ = Bal - 5.43(5)f 5.43(5)
La’* La** +L2” S Lal* 8.52(4), 6.45(3)" 14.4(1)2, 15.1(1)1 13.5(1)
Gd** Gd* +L2~ S GdLY 8.08(9), 7.3(1)P 17.0(1)8, 17.6(1)" 16.1(1)
Zn2t Zn?t + 12~ S ZnL 5.49(4) 11.9(1)2 11.0(1)
Cd?* Cd** +12- sCdL 6.67(2) 13.7(1)8 12.8(1)
Pb%* Pb%* + L2~ S PbL 4.95(2) 12.3(1)2 11.4(1)
Cu?* Cu** +L?*~ < Cul 5.28(4) 13.7(1)2 12.8(1)

2 The pHso is the pH in the equilibrium M(EDTA) + PDA + nH* =M(PDA) + EDTAH,, at which the concentrations of M(EDTA) and M(PDA) are equal.

Y In these equilibria L= PDA.

¢ Where no pHsy is given, these log K values were calculated directly from the competition between the proton and the metal ion for coordination to the ligand.
Where a pHsy is given, log K1 (PDA) was calculated from the pHsp and a literature value [12] for log K1 (EDTK).
d These are corrected, as described in the text, for the fact that the log K1 (EDTA) values used in calculating log K; (PDA) do not include competition from the Na*

ion, which should lower log K (PDA) by about 0.9 log units.
¢ From ref. [12].

f Calculated by using bands in spectrum between 200 and 350 nm to monitor the equilibrium M(PDA) + nH* =M + PDAH,,.
& Calculated from pHso and the reported [12] value for log K (EDTA) as described ion the text.

DPYAP DIPHEN 8-PQ

Fig. 11. Highly preorganized ligands based on pyridyl donor groups mentioned
in this paper. References: PDA [69,74-78], PDAM-PDOX [44], DPP [68], DPHP
[48], PHP [46,47,50], QPHEN [45], DPYAP [57], DIPHEN [62,63,65], 8-PQ
[60]. Other ligands of interest based on 1,10-phenanthroline with a variety of
substituents in the 2 and 9 positions, not directly related to the subject matter of
this review, have also been reported [49,51-59,61,64,66,67].

with log K1 for M(III) ions with the pyridyl-containing TPEN
ligand being displaced to lower log K than for M(II) ions. The
origin of the lower than expected log K1 (TPEN) values for M(IIT)
ions suggested by Fig. 13 may lie in the need for ions to be sta-
bilized by transfer of charge to the solvent by H-bonding. This
would clearly be more important for M(II) than for M(II) ions,
and pyridyl groups are unable to H-bond with the solvent, which
may account for the lower than expected log K1 (TPEN) values
for M(II) ions in Fig. 13. In PDA complexes, the presence of
the carboxylates may act to lower the charge on the M(III) ions,
hence removing the need for strong H-bonding with the solvent
by coordinated pyridyl groups.

The very large stabilization of PDA complexes of M(III) ions
with an ionic radius of about 1.0 A seen in Table 3 suggests that

Table 3
Formation constants (0.1 M NaC10y, 25 °C) for a selection of metal ions with
PDA [69] and with EDDA [12], plus ionic radii of the metal ions®

Metal ion  Tonic radius®  log K{(PDA)®  log K;(EDDA)  AlogK®

Ba2t 1.36 5.4 3.3 2.1
Pb2* 1.19 11.4 10.6 0.8
Sr2* 1.18 5.6 3.6 2.0
Ca* 1.00 7.3 4.0 33
La* 1.03 13.5 7.0 6.5
Gd** 0.93 16.1 8.1 8.0
Ccdx 0.95 12.8 9.1 3.7
Mg+ 0.74 35 4.0 -0.5
Zn* 0.74 11.0 11.1 —0.1
Cu?* 0.57 12.8 16.2 —34

2 Tonic strength=0.1 M at 25 °C.

b Units= A, ref. [14].

¢ Uncertainty in log K ~ 0.1.

d Ref. [12], ionic strength 0.1. EDDA = ethylenediamine-N,N'-diacetate.
¢ Alog K for M(EDDA) + PDA = M(PDA) + EDDA.
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Fig. 12. (a) Spectra of 2 x 107> M PDA in 0.1 M NaC10y as a function of pH. Initial spectrum is at pH 9.15, while final spectrum is at pH 1.91. (b) Spectra of
2 x 107> M PDA with an equimolar amount of Cu(II) as a function of pH. The initial pH is 9.15, and the final pH is 1.91. The spectral changes are due largely to
dilution as acid was added. The changes at lowest pH (‘final absorbance spectrum’) are due to the formation of a Cu(PDAH) complex. (c) Spectra of 2 x 107> M
PDA with equimolar amounts of Cu(II) and EDTA, as a function of pH in the range 9.15 (initial) to 1.91 (final). At the highest pH values the spectra correspond
exactly to those of the free PDA ligand (compare with (a)) at that pH, showing that the Cu(II) is bound by the EDTA. As the pH is lowered, the spectra shift to being
those of the Cu(II) complex at the corresponding pH values (compare with (b)). From the variation of absorption here as a function of pH at five different wavelengths
the log K for Eq. (1) can be calculated, which allows for calculation of log K; (PDA) for Cu(Il) from the known [12] value of log K1 (EDTA) for Cu(II).

this effect might be even larger for M(IV) ions. This is of con-
siderable potential interest with actinide ions such as U(IV) and
Pu(IV), and possibly also the UO»%* ion. Preliminary work with
ThIV) (r* =0.96 A [14]) supports the idea that the stabilization

30
O~
25 -
= N N¥ |
= I W
20 ] TPEN

Bi(IN)

24 In(lll)

log K4(TPEN)

- M(1ll) ions

oy Am(

La(lll}

0 1 2 3 4 5 6
log K1(NH3)

Fig. 13. log K for TPEN complexes [14,72,6] of M(II) and M(III) ions plotted
against log K1 (NH3) [8,12] for the same ions.

effects of PDA relative to EDDA complexes are dependent on
the charge on the metal ion. Thus, competition experiments with
DTP A, Th(IV), and PDA [74] suggest log K1 (PDA) for Th(IV)
of about 24, which would represent a 12 log unit stabilization rel-
ative to the EDDA complex. This result shows that ligands such
as PDA have the potential for achieving remarkable selectivity
for M(IV) ions with an ionic radius close to 0.96 A. One should
note r* for U(IV) (0.89) and Pu(IV) (0.86 A) [14] as indicating
potentially remarkable complexing ability with PDA.

Structures of PDA complexes have been reported [74-78]
with Co(II), Ni(Il), Mg(II), Cr(IIT) and Cu(Il). These show the
consequences of complexation of PDA with these small metal
ions. The Ni(Il) structure in Fig. 14 shows how with the very
small Ni(Il) ion, the PDA is only three-coordinating, with one
carboxylate group left non-coordinated and H-bonded to a water
coordinated to the Ni(I) [75]. Clearly, the problems small metal
ions have with coordinating to PDA account for their compar-
atively low affinity for these ligands. In contrast, the structure
of the PDA complex of the large Ca(Il) ion in Fig. 15 shows
how a metal ion of the appropriate size bonds to all four donor
atoms of PDA in a low strain manner, achieving normal Ca-N
and Ca—O bonds with all four donor atoms.

The metal ion coordinating properties of PDA point the way
to a rich chemistry of complexation of metal ions in solution
by the ligands shown in Fig. 11. The complexes of PDA-based
ligands with Dy(III) have already found considerable use in
biology, with use of modified versions of PDA for docking the



1688 R.D. Hancock et al. / Coordination Chemistry Reviews 251 (2007) 1678-1689

PDA ligand

non-coordinated
carboxylate
H-bonded to water
bound to the Ni(ll)

Fig. 14. Ni(IT) complex of PDA showing how one carboxylate (O(3)) of PDA is
left not coordinated to the Ni(II), but H-bonded to a water molecule (O(6)) coor-
dinated to the Ni(II), which is six-coordinate. Drawing made with Hyperchem
[34] using coordinates from ref. [75].

PDA ligand

coordinated
water
molecule

acetate from
adjacent Ca/PDA
individual

Fig. 15. Structure of the Ca(Il) complex of PDA [69].

Dy(I1II) [79] and Eu(III) [80] complexes in the grooves of DNA.
The Eu(IIT) complex of a sulfophenyl substituted PDA has also
been used [81] as a fluorescence marker for protein labeling.
PDA has also been used in antibody-based assays for the UO,%*
ion [82]. Most of the ligands in Fig. 11 form exclusively five-
membered chelate rings on coordination to metal ions, and from
the rules relating to chelate ring size and metal-ion selectivity
[8], one should expect high selectivity for larger metal ions with
¥t of about 1.0 A. Some of these ligands, namely, QPHEN, PHP,
and DHP in Fig. 11 also will form one or more six-membered
chelate rings, which should move selectivity towards smaller
metal ions with an ionic radius close to 0.6 A. The study of
these ligands should lead to new insights into factors that con-
trol metal-ion recognition by highly preorganized ligands, and
ligands of potential usefulness in a wide range of applications
[1-4].
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