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analogues on the other is made mainly with complexes of copper and lanthanides due to
their applications in medicine. The stability constant values of Cu(Il) complexes are
determined mainly by the basicity of amine groups. The influence of other possible effects,
such as the macrocyclic effect in tetraazacycle in contrast to linear amines or the number of
additional donor atoms in or outside of pendant arms and their basicity, seems to be very
small. The stability constants for Gd(III), in addition to the basicity of amines, are also
influenced by the basicity of the pendants and their number. The values of cyclam derivatives
are lower than those of cyclen and it corresponds to the ring size effect as was found for
zinc(IT) complexes. In contrast to Cu(Il), the Gd(III) stability constants of the phosphonic
acid ligands are also lower than those with H,dota derivatives. A comparison of co-ordina-
tion polyhedra of the carboxylic and phosphonic or phosphinic derivatives shows similar
motifs that are more determined by the macrocyclic effect than by the kind of donor groups
in pendant arms. The differences between the polyhedra observed result from longer C—-P(O)
bond in the phosphorus derivatives than that C—C(O) in the acetate pendants. Consequently,
the lanthanide(III) complexes with phosphorus acid derivatives are more sterically hindered;
oxygen atoms in the O, plane are close to one another and there is insufficient room for
co-ordination of a water molecule, which is crucial in MRI applications. © 2001 Elsevier
Science B.V. All rights reserved.

Keywords: Tetraazacycles; Amino acid analogues; Cyclen and cyclam derivatives; Phosphonic acid;
Phosphinic acid; Solution properties; X-ray structure comparison

1. Introduction

Polyazacycles with co-ordinating pendant arms are superior ligands for transition
metal as well as for lanthanide ions [1,2]. They form thermodynamically very stable
complexes showing high selectivities to metal ions [1-3]. Polydentate ligands, such
as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (H,dota) and 1,4,8,11-te-
traazacyclotetradecane-1,4,8,11-tetraacetic acid (H,teta) (Fig. 1), form thermody-
namically and kinetically stable complexes even with labile metal ions such as the
first row-transition metal divalent ions or trivalent lanthanides [2]. Properties of
such ligands have been investigated when designing magnetic resonance imaging
(MRI) contrast agents [4] based on Gd** and diagnostic/ therapeutic radiopharma-
ceuticals utilising metal radionuclides such as *°Y, *¢’Cu, '""!In, etc. [5]. In
addition, azacyclic sequestering agents for toxic heavy metals such as lead, cad-
mium and mercury were synthesised [6]. In search for other ligands with similar or
better properties than common acetate derivatives, research has also been focused
on synthesis and investigation of azamacrocycles with phosphonic [7] or phosphinic
[8] acids groups on pendant arms. Complexes with the phosphorus ligands exhibit
higher selectivity in complexation and sufficient thermodynamic stability [9].

This paper is focused on a comparison of complexing properties of cyclen and
cyclam derivatives containing acetic acid pendant arms on one hand and their
methylphosphonic or methylphosphinic acid analogues on the other. For illustra-
tion of differences in their properties, the simplest ligands, glycine and its phospho-
rus analogues, and their complexing properties are also included in consideration.



1. Lukes et al. / Coordination Chemistry Reviews 216-217 (2001) 287-312 289

H,NCH,COOH  Hgly (1) R, }11 T
NN R N R
N
I R/ N SN NN
H,N P—R 2
OH
R=OH HyglyP (2 R;=H, Ry=CH,COOH Hjedda  (7) R=CH,COOH Hsdtpa  (13)
R=H HelyP!  (3) Ry=H, R;=CH,PO3H, H,eddP  (8) R=CH,PO3H, HyodtpP  (14)
= pMe (4 R;=H, Ry=CH,PO,H, HyeddP! (9
R=CH,; Hglyl o (] 1=H, R;=CH,POH, Hye ® R /—\ R
R=C(CH3); HglyP"BY (5) R;=R,=CH,COOH  Hjedta  (10) N /
R=C¢H; HglyP™  (6) R;=R,=CH,PO;H,  HgedtP  (11) N N
R;=R,=CH,PO,H,  HedtP! (12)
R
| /N N\
N R \_/ R
N R=CH,COOH Hydota (18)
Ry—N N—R, N N R=CH,CONH, tcme (19)
R=CH,CONHCHs dtma  (20)
N R=CH,PO;H, HgdotP  (21)
| N R=CH,PO,H, HydotP" (22)
Ry R=CH,P(O)(C,H5)OH  HydotPE! (23)
R;=H, R,=CH,COOH H,pc2a (15) R R=CH,P(0)(C¢Hs)OH HydotP™ (24)
R;=R,=CH,COOH  Hjpc3a (16) R=CH,COOH Hybp2a (17) R=CH,P(0)(CH,CgHs)OH H,dotP®" (25)
R, / \ R R, / \ R
N a N /
[N N [N N
ya \ N N
R, \_/ R R \__/ Ry
R;=H, Ry=CH,COOH Hydo3a (26)  Ry=H, Ry=CH,COOH Hydo2a (32)
R;=H, R,=CH(CH,0H)COOH Hido3a-3hm  (27) R;=H, R,=CH,PO3H, Hydo2P (33)
R;=CH,CH(OH)CHj, R,=CH,COOH Hido3a-hp  (28) R;=H, Ry=CH,P(0)(OC,Hs)OH Hydo2Pme  (34)
Ry=CH,CH(OH)CHj, R,=CH(CH,0H)COOH Hjdo3a-3hm-hp (29) R, =CH,CH,0H, Ry=CH,COOH Hydo2a2he  (35)
R,=CH(CgHgO)(C4HgNO;3), R,=CH,COOH  Hjdo3a-ace  (30)  R,=CH,CH(OH)CHs3, R=CH,COOH Hydo2a-2hp  (36)
R,=CH3, Ry=CH,P(0)(C¢Hs)OH H3do3P™-me (31) R,=CH,P(OXC,Hs)OH, R,=CH,COOH  H,do2a-2P®*  (37)
m R;=CH,P(OXOC,Hs)OH, Ry=CH,COOH H,do2a-2Pme (38)
R, /— \ R R R
N\ 4 SN N
N N
Ry R,
~ -
N N
N N
N N
/ \ R/ \R [ j
R U R N N
R SR,
R=CH,COOH Hytrita (39) R=CH,COOH Hgteta  (40)
R=CH,CH,0H thec 1)
R=CH,CH,CH,0H thpc (42) R;=H, Ry=CH,PO;H, Hjte2P  (45)
R=CH,PO;H, HgtetP  (43) R;=CH3, R,=CH,PO3H, Hyte2P-2me (46)

R=CH,P(O)(CgHs)OH HytetP™ (44)

Fig. 1. Formulae of the ligands with their abbreviations and numbers. The numbers are also used for
identification of the ligands in the following figures.
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The comparison will be made mainly with complexes of copper and lanthanides due
to their applications mentioned above.

2. Solution properties

2.1. Comparison of dissociation constants.

Dissociation constants of glycine and its phosphonic acid analogues
NH,CH,PO(OH), (H,glyP) and phosphinic acid NH,CH,PO(R)OH (HglyP®)
where R = H, Me, tert-Bu and Ph are listed in Table 1.

From Table 1, it is evident that the basicity increases in the order aminophos-
phinic < aminocarboxylic < aminophosphonic acids. This trend is well known [12]
and the higher basicity of amine in phoshonic acids is explained by repulsion of the
negative charge (2—) of three oxygen atoms of the phosphonate which predomi-
nates over electron withdrawing. On the other hand, the phosphinates show lower
negative charge (1-), the repulsion being lower than that in the phosphonate
groups and thus the lower basicity observed corresponds with the electron with-
drawing effect of the phosphinate moiety. In addition, basicity of
aminomethylphosphinic acids bearing hydrogen, phenyl, methyl or terz-butyl sub-
stituents increases in that order. This order follows the simple carboxylic acids
series [10] from trimethylacetic to acetic, benzoic and formic acid.

Acid—base properties of cyclen, cyclam and their acetic, methylphosphonic and
methylphosphinic acid derivatives were widely studied and their pK, values are
known. Their comparison is shown in Table 2 and formulae together with abbrevi-
ations used throughout the paper are shown in Fig. 1.

From the comparison, it is evident that the protonation schemes of the com-
pounds are similar. The first two protonations occur in the alkaline region and
reflect protonations of two opposite nitrogen atoms of the ring. On the basis of
protonation of H,dota-HCI [19], H,dotP™4H,0 and (AdNH;),(H,dotP™)-6H,O
(where AdANH, = 1-adamantylamine) [14], H,dotP®™HCI [20], H,teta [21] and
HgdotP [22] in the solid state and comparison of the constants in Table 2, it is
widely accepted that further protonations occur on pendant arms. Except for pK,
of H,dotP™, the other pK, values indicate that the —P(R)O5; group is more
electron-withdrawing than —CO5; and —-PO3~ and this order follows the well-

Table 1
Comparison of the protonation constants of glycine and its phosphorus acid derivatives

Hgly H,glyP HglyP"-Bv HglypMe HglyP™® HglyPH"

Ref. [10] [10] [11] [11] [11] [11]
Log f, pK, 9.57 10.00 8.427 8.403 8.082 8.066
Log f,—logff, pk, 2.36 5.38 1.204 0.89 ~0.4 <0.5
Log f3—log B,  pK; ~0.5
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Table 2
Comparison of the protonation constants of cyclen and cyclam and their derivatives

Cyclen H,dota H,dotP™  H,dotP"  H,dotP®"  HgdotP
Ref. [10] [13] [14] [15] [16] [17]
Log f, pK; 10.6 11.74 11.44 10.41 10.94 13.7
Log,—log B, pK, 9.6 9.76 7.27 6.84 8.24 122
Log f;—log f,  pK; (1.5) 4.68 2.75 1.97 3.71 9.28
Logf,—logfs pK, (0.7) 4.11 1.45 8.09
Log fs—log f,4 pKs 2.37 6.12
Log fs—log s pKs 5.22
Cyclam H,teta H,tetP™® HgtetP
Ref. [10] [18] [14] [17]
Log /8, pK, 11.29 10.52 9.85 134
Log f,—log f3, pkK, 10.19 10.17 9.94 12.8
Log f;—log f, pk; 1.61 4.09 1.85 8.82
Log f,—log fi5 pK, 1.91 3.35 7.75
Log fs—log B4 pK;s 6.25
Log fs—log 5  pKg 5.42

known order observed for the simple aminophosphinic, phosphonic and carboxylic
acids mentioned above. The last dissociation constant pK; of H,dotP™® is unexpect-
edly higher than the values for H,dotP™ and H,dotPF', probably due to steric
hindrance and hydrophobic interactions as was discussed on the basis of NMR
results [14]. By comparison the phosphinic acid derivatives of cyclen, we can also
observe an influence of the substituent on the phosphorus atom. The values of the
other pK, increase in the expected order, H,dotP" < H,dotP™ < H,dotP®, i.e.
from H to phenyl and ethyl substituents.

2.2. Comparison of stability constants of Cu(ll), Zn(Il) and Gd(III) complexes

The complexing ability of glycine and its phosphorus acid analogues toward
Cu(Il) is described by a similar simple chemical model. Their stability constants
(Cu:L = 1:1) increasing in order: aminophosphinic < aminophosphonic & aminocar-
boxylic acid [11,12].

4.41 (HglyP™) < 4.60 (HglyP™°) < 4.97 (HglyP") < 5.37 (HglyP™®")
< 7.95 (H,glyP) < 8.15 (Hgly)

This order, roughly following the overall basicity of the acids, was observed for a
number of metal ions. In the phosphinic acid series, except for HglyP™, this order
follows, as expected, the order found for pK, values. The log K, and log Ky,
values of HglyPH are surprisingly high, this is probably caused by the better
deformability of the —~PO(H)O~ group and, consequently, better ability to form the
chelate ring and/or by a softer character of the group in comparison with
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alkyl/phenyl substituents. The stability constants with lanthanides were found only
for glycine with Ce(IIl), Pr(Ill) and Eu(IIl) systems. The values of log Ky, lie in
the range from 0.5 to 0.7 [10]. Systems with phosphonic/phosphinic acids have not
been investigated; nevertheless, similar or even lower values of log Ky, are
expected.

A number of azacycles bearing acetate or methylphosphonic or phosphinic acid
pendant arms were studied and their stability constants with Cu(Il) were deter-
mined. A plot of stability constant values versus overall basicity, i.e. the sum of
pK, values should be a straight line for similar ligands [23]. Unfortunately, we
could not find any fit for the Cu(Il) dependence. On the other hand, if we used only
the sum of the two basic pK, values corresponding to protonation of nitrogen
atoms of the azacycles, a rough correlation logK,,, versus pK; + pK, was found.
This correlation is plotted in Fig. 2. Stability constants for complexes (molar ratio
1:1) of Cu(Il) with glycine and its phosphorus analogues are also included in the
plot.

The most stable complexes are formed with cyclam and cyclen derivatives
containing methylphosphonic acid arms followed by those with acetic and
methylphosphinic acid arms. This order corresponds with the order observed for
glycine and its phosphorus analogues. From this plot it is also evident that cyclam
and cyclen derivatives together with linear amine derivatives fall into the fit and
thus the effect of azacycle or the size of cavity do not substantially change the
stability of the complexes. In addition, the influence of a number of pendant arms
seems to be also negligible; e.g. the basicity of the two nitrogen atoms of H,dota,
H,teta, Hutrita and Hj;do3a is virtually the same and the stabilities of their
copper(Il) complexes fall into a very narrow range. Only three values, two for
cyclam derivatives, with 3-hydroxypropyl (point 42) and methylene(phenylphos-
phinic) acid (point 44) pendants, and one for phosphonic analogue of Hsdtpa (point
14) show lower values of log K, . The correlation indicates that thermodynamic
stability of Cu(Il) complexes is mainly influenced by basicity of the nitrogens.

We also tested similar correlations for Zn(II) and for Gd(III) and the ligands
characterised both by overall basicity and basicity of the two nitrogen atoms. For
zinc, a better fit was observed when only the sum of pK; + pK, was included in
consideration. The correlation is plotted in Fig. 3.

The plot indicates that, in contrast to the Cu(Il) systems, the values of the
stability constants for cyclam and its derivatives differ from those observed for
cyclen derivatives. This points to an influence of the ring size. In addition, the
values of linear amine derivatives lie on the edge of the considered belt. However,
like in the Cu(II) system, all cyclen derivatives containing acetate or methylphosphi-
nate or methylphosphonate pendant arms fit and thus, the influence of the
coordination ability of the pendant arm is small. The stability constants again
follow the order phosphinic < carboxylic < phosphonic acid as basicity of nitrogen
atoms increases. The values for derivatives of linear amines are close to those for
the cyclen series. The values for phosphonic acid derivatives are higher than those
for the acetic, however, they are too scattered to draw any conclusion.
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Stability constants of gadolinium(III) complexes have been recently reviewed [41].
The coordination number of the Gd(III) ion is 8 or 9 and thus, it is clear that using
only two pK, values corresponding to amines did not lead to any correlation.
Therefore, additional pK, values had to be included in consideration. As overall
basicity the sum of pK, values leading to the fully protonated electrically neutral
form of each ligand is considered [23]. Thus, for H,dota the sum of pK; + pK, +
pK; + pK, was used. Testing values of the overall basicity, we found that the values
from H,dota and H;ydo3a or H,do2a do not fall in the fit. However, if the sum of
four basic pK, values was considered for all ligands a rough correlation with
log Ky, was observed (Fig. 4).

Some systems were studied by several authors and all the values obtained are
included in the plot. In spite of large discrepancies observed in their results, the plot
in Fig. 4 shows that main differences are caused by the number of donor atoms.
Thus, H,dota and its octadentate analogues containing phosphinic acid pendants
(point 23) as well as linear polyaminocarboxylic acids correlate. As was expected,
the octadentate H,teta (point 40) forms weaker complexes than H,dota even
through their basicities are similar. This corresponds to the ring size effect as was
mentioned for zinc(I) complexes. In contrast to both Cu(Il) and Zn(II) ions, the
stability constants of phosphonic acid ligands with Gd(IIT) (points 34, 33, 21) are
lower than those with H,dota derivatives. The points of the ligands containing both
acetic and phosphonic acid pendants (points 37, 38) lie between the main belt of
acetic and phosphinic acid ligands and the points corresponding to the phosphonic
acid ligands. This is probably associated with high basicity of phosphonate groups
and high values of pK; and pKk,.

The correlations indicate that stability constant values of Cu(Il) complexes are
determined mainly by the basicity of amine groups. The influence of other possible
effects, such as the macrocyclic effect in tetraazacycle in contrast to linear amines
or the number of additional donor atoms in or outside of pendant arms and their
basicity, seems very small. Stability constants for Zn(II) are also influenced by the
basicity of the amines and no significant differences were found for linear amines
and cyclen derivatives. However, the values for cyclam are lower, especially for its
phosphinic derivative. This is probably caused by preferential co-ordination
through the phosphinate group, thus only a part of the azacycle participates in the
co-ordination. The higher co-ordination number and hard character of Gd(III)
require including additional pK, values of two pendant groups. As for zinc(Il), no
significant differences were found for linear amines and cyclen derivatives.

3. Structures of the complexes in the solid state
3.1. Structures of simple amino acids
A number of glycine complexes with copper(Il) have been prepared and their

structures were determined. In addition to the compounds in which glycinate is
non-coordinated [42] or co-ordinated only through carboxylic oxygen atoms [43],
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glycinate is mostly bonded through amine and carboxylic group and forms a
chelate. In the complexes with a molar ratio of Cu:Hgly = 1:2, the monodentate
co-ordination of the carboxyl group was found [44]. In complexes with a 1:1 ratio,
the carboxyl group also forms bridges between the copper atoms [45].

Several lanthanide complexes of glycine were also prepared; the results from the
X-ray structure investigation have indicated that the amine group is protonated and
non-coordinated [46]. The carboxyl group forms bridges between the lanthanides,
their co-ordination number usually being 8 and the ratio lanthanide:Hgly = 1:3.
Thus, two molecules of water complete the lanthanide co-ordination sphere; both
the C-O distances in Ln—O(1)-C—-0O(2)-Ln are virtually the same.

The complexes of aminophosphonic acids crystallise very poorly and thus, only
a limited number of the structures have been determined. The anion [Cu(HglyP)],
was isolated from slight acid medium. In the polymeric structure, the formation was
observed of an eight-membered ring through two copper atoms bridged with two
phosphonate groups, the motif well-known from other phosphonates [47]. Amines
remain protonated and non-coordinated. The motif with eight-membered ring
formed by phosphinates with protonated amine groups was observed for complex
[Cu(HglyPM*)(H,0)Cl,] [48]. Co-ordination of an amino group and formation of
the chelate ring was observed for a complex of the same acid [Cu,(glyP™¢),CL,], but
isolated from neutral solution [49]. In addition to the chloro bridges, one phosphi-
nate group links two copper atoms. In [Cu,(glyPM®),](ClO,), [11] amines are
co-ordinated to form the Cu—N-C-P-O chelate ring and phosphinate moieties
also bridge copper atoms yielding polymeric layers. Formation of a chelate ring and
an eight-membered ring was also found in dimer [Cu(glyP™),] [11].

Unfortunately, no structure for complexes of a lanthanide ion with phosphorus
analogues of glycine was found. Nevertheless, a similar motif to that for gly~ is
expected for phosphorus analogues.

From correlation of complexes of both simple amino acids and azacycles with
pendant arms in solution, some relationships in the solid state seem to be evident.
However, their structures are entirely different and the macrocyclic effect and the
size of cavity dominate in formation of the solids.

3.2. Structures of copper(Il) complexes with macrocyclic ligands

Copper(Il) forms H,dota complexes with distorted octahedral arrangement and
with cis orientation of the oxygen donor atoms as is drawn in Fig. 5. Two pendant
arms remain un-coordinated. All nitrogen atoms are co-ordinated, however; Cu(Il)
ion is too large to be placed inside the plane formed by nitrogen atoms [50,51]. The
similar structure motif was found for H;do3a [52]. The structure of the Cu(II)
complex with cyclen itself [53] also points to the same co-ordination mode as for the
tetraazacyclododecane derivatives. The size of cyclam and its derivatives is larger
and thus, Cu(Il) usually lies in the centre of the N, plane and two oxygen donor
atoms are in trans position. The remaining pendant arms are protonated [54] or
bonded to counter-ion such as Ba(Il) [55]. Both the ligands form dinuclear
complexes of different structure [51,54].
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No structures for Cu(Il) complexes with phosphorus analogues H,dota and
H,teta were found. We studied the complexes with Hyte2p and in their structures,
both the co-ordination modes of Cu(Il) placed in the N, plane and Cu(Il)
surrounded by four nitrogen atoms were observed [34]. By reaction of Cu(Il) ion
with the ligand at room temperature, the trigonally bipyramidal complex A forms
as is shown in Fig. 6. Isomerisation takes place on heating of aqueous solution of
A for several hours and B crystallised from the solution and in its structure
trans-octahedral co-ordination sphere was observed.

3.3. Structures of lanthanide(I1l) complexes with macrocyclic ligands

A number of lanthanide complexes with H,dota [56—63] and its phosphinic acid
analogues [20,64,65] were prepared and their structures were determined. The
structural motif, shown in Fig. 7, is the same for both the acetic and phosphinic
acid derivatives. The ligand anions are co-ordinated to the lanthanide ion by four
nitrogen atoms and four oxygen atoms. The nitrogen atoms as well as oxygen
atoms form bases N, and O, which are planar and parallel within experimental
error. The distance between the planes does not depend on the lanthanide, it lies in
the range 2.32-2.37 A for H,dota and 2.60—2.73 A for phosphinic acid derivatives.
The lanthanide lies between the planes, closer to the O, base. The twist angle of the
bases around the local four-fold axis is about 30-40° for H,dota and 24-38° for
phosphinic derivatives, ranging between those in ideal prism (0°) and anti-prism
(45°), a little closer to the latter. Thus, the arrangement should be termed the
square antiprism or twisted square antiprism depending on the sign of the twist
angle. The molecule of water capping the O, base of the antiprism mostly completes
the co-ordination sphere of the lanthanide. The average bond length of lan-
thanide(III) ion and oxygen donor atoms of the ligand is a little longer for
phosphinic acid derivatives than that for acetic derivatives as will be shown below.

Fig. 5. Structure of [Cu(dota)]*~, according to Ref. [50].
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B)

Fig. 6. Structures of two isomers A and B of [Cu(H,te2P)], according to Ref. [34].

A comparison of the co-ordination polyhedra of the acetic and phosphinic acid
derivatives shows that the N, square remains virtually the same with the common
square (3,3,3,3) conformation of the 12-N, ring. The conformation of the tetraaza
rings of the coordination polyhedra is A or A and the difference is not influenced
by the kind of pendant group. The unit cell is often formed by both enantiomeric
arrangements. The phosphorus tetrahedral moiety, after coordination, brings addi-
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Fig. 7. Lanthanide co-ordination sphere showing the lanthanide(Ill) atom between the N, and O, basis
and orientation of the methylphosphinic acid pendant arms with twist angles w.

tional asymmetric sites. Additional isomers due to the phosphorus substituent are
formed, which were described and discussed for a number of complexes [20,64—69]
and are not included in this comparison.

The cyclen derivative containing three acetate pendant arms, Hydo3a, forms a
little different co-ordination sphere with a lanthanide(III) [58,70]. The X-ray
analysis showed that [Gd(do3a)] crystallized as Na,[{Gd(do3a)};(CO;)]-17H,0 [58]
in which each gadolinium atom is co-ordinated to four nitrogen atoms of the
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macrocycle and to the oxygen of each carboxylic arm as in dota complexes.

However, the co-ordination sphere of Gd(III) is completed by co-ordination of two

oxygens of the carbonate ion. Neither water molecule was co-ordinated to the Gd

atom nor formation of the carboxylate bridges was observed. In addition, single
carboxylic bridge formation was observed in the [La(Hdota)La(dota)]” complex

[61].

The phosphinic acid analogue of Hydo3a was synthesized and X-ray analysis of
its seven lanthanide complexes showed that (do3PP"-me)*~ is co-ordinated to a
lanthanide(III) ion by four nitrogen atoms, two oxygen atoms from two monoden-
tate phosphinate groups, and two oxygen atoms from two didentate phosphinate
groups [66]. The nitrogen and oxygen atoms form N, and O, bases which are
planar and parallel within an experimental error. Twist angles of the bases around
the local four-fold axis are in the range 28-33° the values being independent of
ionic radius of the central atom. The Ln(III) ion lies between the co-planar O, and
N, bases (Fig. 8) the distances between the bases being independent of the Ln(III)
radius (2.67(1) A for La and 2.65(1) A for Yb). Thus, a difference between H;do3a
and (H;do3P™—me) complexes results from the well-known better capability of the
phosphinic acid group of didentate co-ordination and formation of the bridges
connecting co-ordination polyhedra.

From the similarity and differences observed in the structures mentioned above
we can draw the following conclusions:

1. The Ln(III) ion lies between the coplanar O, and N, bases the distances between
them being independent of the Ln(II) radius (2.31-2.43 A for acetate and
2.61-2.73 A for methylphosphinate pendants).

2. The twist angle of the bases is not influenced by the Ln(III) radius (30—-38° for
acetate and 24-33° for methylphosphinate pendants).

3. In dependence on the Ln(III) radius, the distance of the lanthanide from the N,
base changes and the dependence is the same for both acetic and phosphinic
acid derivatives (Fig. 9).

Fig. 8. View of [Yb(do3P""—me)],, according to Ref. [66]
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Fig. 9. Plot of the distance of Ln(III)-N, base vs. Ln(III) ionic radius (from Ref. [71]). The filled
symbols — ligands with acetate pendant arms; open symbols — phosphorus acid derivatives. The
symbols of the amides are grey and the cross is used for [Eu(thp)]**. Numbers of the compounds follow

from Table 3.

4. The distance of the lanthanide from the O, base in acetate derivatives is shorter
by about 0.3 A than in phosphinate derivatives. The difference follows from
different values of C—CO; and C-P(R)O; bond distances. In both the series,
the distance of the lanthanide from the O, base depends on the Ln(III) radius
(Fig. 10).
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from Table 3.

5. In view of potential utilisation of the complexes as contrast agents, an important
feature of these structures is the position of the water molecule. Water is mostly
co-ordinated in complexes of acetic acid derivatives; in those of phosphinic acid
derivatives, only for La(III) or Ce(III) central ions.

The changes in the co-ordination of water molecule in the phosphinic acid
derivatives depend on the lanthanide(IIl) radii as follows from the [Ln(do3P™"—
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me)], series [66]. For all the complexes, the direction of the vector Ln—O(H,) is the
same in all the structures studied, and thus the molecule is situated approximately
in the same direction with regard to the O, plane. However, the Ln—O(H,) distance
is strongly dependent on Ln(III) increasing in the order La (2.815 A), Ce (2.854 A),
Nd (3.171 A), Eu (3.745 A), Tb (4.275 A), Er (4.050 A) and Yb (4.448 A). Thus,
this water molecule can be considered as co-ordinated in the La and Ce complexes
and obviously uncoordinated in the complexes of Eu, Tb, Er and Yb. The distance
in [Nd(do3P™ -me)], is a little larger than that of the co-ordinated O atoms. From
this point of view the position of the water molecule seems to be given by the space
between phosphinic pendant arms above the O, base. We found that for the
decision on whether water can or cannot be co-ordinated, a crucial point seems to
be the O-Ln-O angle as shown in Figs. 7 and 11. Table 3 lists the angles for a
number of acetic and phosphinic acid derivatives. If the value of the O-Ln-O
angle is larger than 136°, co-ordination of water molecule is possible; if it is smaller,
the space above the O, plane is too small for the co-ordination. The dependence of
the O—Ln-O angle on the ionic radius is shown in Fig. 12. For carboxylic acid
derivatives, the dependence is not significant (values in the range of about 7°),
outlier 25 corresponds to [Gd(do3a(me);)(H,O)]. On the other hand, for the
phophinic acid derivatives, the angle varies from 125 to 142°.

The crucial value of the angle would also explain the fact that complexes of the
cyclen-based compounds containing two acetate and two phosphinate arms, in
position 1,7 and 4,10, respectively, exhibit low thermodynamic as well as kinetic
stability in aqueous solution [39a]. The oxygen base is not planar, the oxygen donor
atoms of phosphinate should be farther from the lanthanide than the oxygens of the
acetic groups and also the angle O—Ln—O should be lower than that of 136°. Thus,
the geometry of the oxygen base hinders the access of water molecule.

In our consideration, only the cyclen derivatives with the acetic pendants were
included. In addition, their amides [72—78] and ligands with mixed coordination
sphere [38,79,80] were also synthesized and structures of their complexes were
determined. The similar derivative, 1,4,7,10-tetrakis(2-hydroxypropyl)-1,4,7,10-te-
traazacyclododecane (thp), and its complex with europium(IIl) was also investi-

. O —152
\o P A O 125
108 1200&_?
Eu \1 82 Eu 152
106° 1117 109° 1109
268 c 268 C
N 748 N 1.49
[Eu-trP-Ph] [EuDOTA]

Fig. 11. Geometry of pendants arms in [Eu(dota)(H,O)]~ and [Eu(do3P""—me)],.
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Table 3

List of lanthanide(III) complexes with their O-Ln-O and Ln-OH, parameters

305

No. Compound Ref. Angle 2, Distance,
O-Ln-0 (°) Ln-OH, (A)

1 [Yb(do3P""-me)],'6H,0 66 125.1 -

2 [Yb(dotPBm)]!~ 64 126.6 -

3 [Er(do3P*"-me)],-5H,O 66 125.2 -

4 [Y(dotPBm)]'— 64;20 1289 -

5 [Tb(do3PP'-me)],-6H,O 66 126.5 -

6 [Eu(do3PP'-me)],-5H,0-2MeOH 66 128.3 -

7 [Eu(dotPBm)]i— 64 130.8 -

8 [Nd(do3PP"-me)],-7H,O 66 132.9 -

9 [Ce(do3PP"-me)],-5SH,O-MeOH 66 138.6 2.854
10 Li[Ce(dotP")(H,0)]- 10H,0 ® 65 141.4 2.618
11 [La(do3P""-me)],"6H,O 66 139.1 2.815
12 Li[La(dotP*")(H,0)]-10H,O ® 65 142.3 2.638
13 [La(dotPB)(H,0)]' ~ 64 141.8 2.66
14 Na[Lu(dota)(H,0)]-4H,O 60 141.7 2.417
15 Na[Y(dota)(H,0)]-4H,O 59 143.0 2.425
16 Na[Y(dota)(H,0)]-4H,O 58 143.1 2.436
17 [Y(do3a-hp)(H,0)]-4H,0-C;HO ® 38 140.3 2.502
18 Na[Ho(dota)(H,0)]-4H,O 61 142.6 2.443
19 H,;0[Tb(dota(propionyl),)(H,0)]-2H,O 63 144.0 2.427
20 Na[Gd(dota)(H,0)]-4H,O 57 143.6 2.458
21 Na[Gd(dota)(H,0)]-4H,0 58 2.463
22 H,0[Gd(dota(propionyl),)(H,0)]-2H,O 63 144.5 2.431
23 [Gd(do3a-hp)(H,0)]'1.3H,0 ® 38 141.7 2.504
24 [Gd(do3a-trihydroxybutyl)(H,O)]-H,O 80 142.5 243
25 [Gd(do3a—oea)(H,0)]-3H,O0 79 145.1 2.428
26 [Gd(do3a(me),)(H,0)],-4H,0 ® 70 143.0 2.56
27 Na[Eu(dota)(H,0)]-4H,0 62 144.1 2.481
28 Na[Eu(dota)(H,0)]-4H,O 56 143.1 2.483
29 H;O[Eu(dota(propionyl),)(H,0)]-2H,O 63 145.2 2.447
30 Na[La(dota)La(Hdota)]-10H,O © 61 146.7 -d
31 [Yb((R)-tcmc(Me,Ph))(H,0)](CF;S05), 77 141.1 2.440

3H,0

32 [Dy((S)-tcmc(Me,Ph))(H,0)](CF5S05), 75b 143.6 2.418
33 [Gd(dtma)(H,0)](ClO,);NaClO,-3H,0 76 142.3 2.461
34 [Eu(temc)(H,0)](CF;S05);:2MeOH 74 141.3 2.442
35 [Eu((R)-tcme(Me,Ph))(H,0)](CF5S0;), 75 144.8 2.425
36 [Eu((S)-tcmc(Me,Ph))(H,0)](CF;5S05); 75 144.6 2.438
37 [La(temc)(EtOH))(CF5S05), 73 146.8 -

38 [Eu(thp)(H,0)],(CF;S05)2EtOH-H,0 ® 81 137.8 2.507

4 Minimum value from all possibilities.

® Mean values for two independent molecules in unit cell.
¢ Mean values for two different coordination polyhedra in dimeric structure.

4 Co-ordination of carboxyl group from second doEa molecule (Ln-O = 2.547 A).
¢ Co-ordination of EtOH molecule (Ln-O =2.523 A).
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gated [81]. Parameters of these analogous complexes were added to the plots and
are shown in Figs. 9, 10 and 12. The symbols of the amides are grey and the cross
is used for [Eu(thp)]* *. In Fig. 9, we can see that all these points fit and therefore,
the position of the lanthanide towards the N, base is independent on a type of the
pendants. The relationship of the lanthanide distances toward O, bases and
O1-Ln-03 angles for the amide derivatives mostly follows their acetic pattern
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Fig. 12. Plot of the O1-Ln(III)-O3 angle vs. Ln(III) ionic radius (from Ref. [71]). The filled symbols —
ligands with acetate pendant arms; open symbols — phosphorus acid derivatives. The symbols of the
amides are grey and the cross is used for [Eu(thp)]**. Numbers of the compounds follow from Table

3.
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(Figs. 10 and 12). However, the distance of the Ln—Q, base in [Eu(thp)]** differs
and is close to the relationship for the phosphorus derivatives. It is caused by a
longer C—O length in alcohol than in acetate, difference in charge and also by
tetrahedral angle of the O—CH(CH,)-C moiety.

Cyclam derivatives were investigated much less often than those of cyclen; their
structures were determined only for WNa|[Tb(teta)]- 6H,0-0.5NaCl [82a] and
Na[Eu(teta)]-2H,0-4NaCl [82b]. Lanthanides are encapsulated between the O, and
N, bases, similar to the observations in H,dota complexes. However, in contrast to
the H,dota complexes, the bases do not form planes and their structures are
described in terms of a severely distorted dodecahedron. No molecule of water is
co-ordinated to the central ion. Lanthanide(IIl) complexes with phosphorus acid
analogues of H,teta have not been prepared, nevertheless, our orientation experi-
ments showed only a weak interaction between the ion and H,tetP'™.

4. Kinetic properties

The kinetic inertness of these complexes is an important property in view of their
utilisation in medicine. The inertness should be considered as stability to substitu-
tion with additional relevant ions such as Zn(II) or Ca(Il) or as stability to the
reaction of the ion bonded in complex with phosphate, carbonate or metal
transferring proteins [84]. However, the inertness is mostly presented as stability to
acid-assisted hydrolysis. Such reactions were investigated for Cu(Il) complexes with
cyclen [85] and cyclam [86], with Hydo3a [87] and also for H,dotP™ and H,tetP™
[29]. The estimated half-lives showed that the most stable are the complexes with
cyclam and with H;do3a, followed by that of cyclen (45.5 min in 1 M HCI). On the
other hand, [Cu(dotP™)]?~ hydrolyses with half-life 5.46 min whereas
[Cu(tetP™)]>~ with 26.3 s. Unfortunately, we have not found analogous work
dealing with H,dota and H,teta complexes. Nevertheless, their higher stability than
that of phosphinic acid analogues can be safely assumed.

The acid-assisted dissociation was investigated for a number of lanthanides
complexes with H,dota and H,teta and their derivatives [88]. However, the dissoci-
ation of complexes with phosphinic acid analogues was mentioned only in one
paper [89]. The results confirmed that the [Gd(dota)(H,0)] complex is more stable
than those of [Gd(dotP®)]~ where R = Ph, Me or Bn. The half-life of acid-assisted
dissociation at pH 2 for [Gd(dota)]~ is 3929 h and that for [Gd(dotP™®)]~ only 171
h. Such comparisons for both Cu(IT) and Gd(III) systems point to lower stability of
phosphinic derivatives to acid-assisted hydrolysis. However, their stability in neu-
tral solution is high enough for utilisation in medicine. Even though lanthanide
complexes with HgdotP have often been investigated [7,9,40,90,91], no dissociation
kinetics were published.

The kinetic stability is caused, primarily, by convenient steric arrangement of the
ligands that can fully wrap a metal ion and protect it from solvent molecules or
other reagents. A comparison of the structures of lanthanide complexes indicates
that the Ln(II1)-O distance in the phosphinic acid complexes is longer at about 0.3
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A than that in carboxylic derivatives. Thus, the O(P)-Ln bond should be weaker
than the O(C)-Ln and consequently, the bond dissociation followed by transfer of
proton to the nitrogen atom would be easier for both phosphinic and phosphonic
acid derivatives than for acetic derivatives. The assumption, that the kinetic
stability is caused by the steric arrangement, is supported by different decomplexa-
tion properties of isomers. It is evident in the structures found for the Cu(Il)
complex with bis(methylphosphonic acid) derivative of cyclam H,te2P. Its two
isomeric forms A and B are shown in Fig. 6. At room temperature, A is formed and
it changes to B after refluxing in aqueous solution for 12 h. The stability constants
log Ky for both compounds are similar, 25.40 for 1 and 26.5 for 2; in contrast the
stability to acid-assisted hydrolysis is completely different [34]. Complex 1 hydroly-
ses in 5 M HCIO, at 25°C with a half-life of about 19.7 min whereas 2 hydrolyses
under the same conditions with a half-life of about 0.5 year. From the published
results, acetic derivatives seem to be more kinetically stable; above results on Cu(II)
complexes 1 and 2 point that it is not a rule.

5. Conclusions

Replacement of carboxylic group in H,dota and H,teta by phosphonic or
phosphinic acid groups results in some differences in the complexing properties of
such ligands. The basicity is influenced by the pendant group and increases in the
order phosphinic < carboxylic < phosphonic acid. The thermodynamic stability of
the Cu(Il) complexes in solution is controlled mainly by basicity of the amine
groups. Therefore, the phosphonic acid derivatives, especially Hgtetp and H,te2p,
have a high thermodynamic and often kinetic stability in solution. The influence of
additional effects, such as the basicity of acid pendants or size of the macrocyclic
cavity is negligible. As the hard character of the central ion increases, an influence
of the number and kind of pendants and the size of the cavity growths. Cyclen
bearing acetate pendants forms more stable complexes with lanthanides(III) than
methylphosphinic or methylphosphonic acid arms.

In the solid state, both complexes with the phosphorus acid derivatives usually
follow structural motifs similar to their carboxylic patterns. However, the C—P and
P-O bonds are longer than C—C and C-O in the acetic group and this results in
general steric hindrance for the lanthanide(III) complexes with phosphorus acid
derivatives. The co-ordinated oxygen atoms in the O, plane are close to one another
and there is insufficient room for co-ordination of a water molecule, which is
crucial in MRI applications. Due to the properties mentioned above, the phos-
phinic and phosphonic acid derivatives are less convenient for application in MRI.
On the other hand, according to Aime at al. [4e,91-93], the phosphonic acid
derivatives offer faster exchange of the water molecule in the Gd(III) co-ordination
sphere and organise the second hydration sphere better. Both the properties would
help to improve relaxivity of future contrast agents. The phosphorus acid deriva-
tives could be also used for the design of ligands in which the lanthanide(III) ion
has to be protected against direct access of water molecules, as is needed for
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luminescence applications [94]. In addition, it would be possible to anchor the
complexes through an ester group in phosphonic acid derivatives or through
P-alkyl in phosphinic acid derivatives to the biological important molecules such as
sugars, peptides etc. and thus, control their distribution in organisms.
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