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I. Introduction and aim of the work

Ligand design for biomedical applications is steadily gaining importance
for applications ranging from Gd(III) complexes used in MRI to Eu’"
complexes used as luminescent probes. For over two decades, there has been a
continuous interest in the study of lanthanide(IIT) complexes formed with open-
chain and macrocyclic polyamino-polycarboxylate and -polyphosphonate
chelating ligands. The interest in these studies were largely driven by advances
in magnetic resonance imaging (MRI) contrast agents (mostly Gd’" complexes),
nuclear medicine diagnostic agents (complexes of isotopes used in positron
emission tomography and y emitters such as “’Ga’", ""'In’", or '®Yb’"), and
therapeutic radiopharmaceuticals (f emitters such as chelates of *°Y>", *Pm’",
3Sm’”, "*Ho’" or '"Lu*). In sharp contrast to the traditional MRI contrast
agents, a new technique for generating image contrast has recently been
proposed, known as chemical exchange saturation transfer (CEST). The CEST
technique requires substantially slower water exchange and the presence of
exchangeable protons (-NH and —OH or coordinated H,0) in the contrast agent.
Lanthanide complexes are also widely used in the field of optical imaging. The
earliest use of lanthanide ions in imaging arose from the need to provide high
sensitivity probes for use in bioassay. With the use of the fluorescent properties
of Eu’" and Tb>" ions which have much longer luminescence lifetimes than
conventional fluorescent probes, it is possible to determine qualitatively or even
quantitatively antigens and other biologically important compounds.

Depending upon the field or application where the complexes will be
used, the demands for the complexes are different. To meet these requirements
synthesis, equilibrium, structural and kinetics studies of the complexes
involving new ligands are necessary. In the Department of Inorganic and
Analytical Chemistry of the University of Debrecen the research area of the
lanthanide(I1l) complexes with open-chain and macrocyclic polyamino-
polycarboxylate and -polyphosphonate ligands has been studied for a long time.
In consequence of their biological activities, a few aminophosphinate ligands
have been synthesized and studied recently. The coordination properties of the
phosphinate and carboxylate groups have been found to be similar, though the
stability constants of the aminophosphinate complexes are lower than those of
the corresponding aminocarboxylate complexes and the phosphinic acid is more
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acidic than the carboxylic acid. Since the lanthanide(IIl) ions prefer the hard
donor atoms, the phosphinate moiety may be a promising donor group for the
lanthanides.

Multidentate ligands containing in-chain phosphinate groups exhibit
biological activity and strong coordination ability: they act as inhibitors of a
number of bacterial enzymes, and symmetric phosphinic acids have been found
to be powerful inhibitors of Human Immunodeficiency Virus (HIV) protease.
Additionally, some bis-(aminomethyl)-phosphinic acid derivatives have been
shown to have plant growth-regulating properties. It is quite interesting that
only a few studies have been published about the coordination properties of the
bis-(aminomethyl)-phosphinic acid derivatives.

The primary goal of our work was to synthesize bis-(aminomethyl)-
phosphinic acid derivatives with different number of acetates substituents on the
N atoms and to determine the stability of the complexes formed with some
endogenous (Mg, Ca>", Cu®" and Zn™), highly toxic heavy metal (Ni*", Cd*
and Pb*") and Ln(IIl) ions. We were curious about how the coordination
chemical properties of the phosphinic moiety will be influenced by the
increasing number and the position of acetate arms on the amine N atoms. We
were also interested in the changes of the structure and solution speciation of
the complexes brought about by the presence of the phosphinic moiety in the
bis-(aminomethyl)-phosphinic acid ligands in comparison to the diamino-
polycarboxylates.

In order to assess the benefit or the drawback of the presence (or the
absence) of a particular moiety in a ligand from the point of view of the
coordination chemistry it is important to have an appropriate reference ligand.
The 2-hydroxy-1,3-diaminopropane derivatives may act as such a reference for
the phosphitates but it is important to highlight the large difference in the
basicity of these groups. Our literature search indicated that the lanthanide
complexes formed with 1,3-diamino-propane-2-ol-N,N,N’,N -tetraacetate (dpta-
OH) ligand had already been studied previously, but the literature data were
contradictory about the dissociation and/or coordination of the alcoholic OH-
group in these complexes. According to these observations our secondary goal
was to investigate the complexation of Ca®" and Ln(IIl) ions by the
commercially available 1,3-diamino-propane-2-ol-N,N,N’, N -tetraacetate.
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I1. Experimental methods

The pH-potentiometry is the one of the most commonly used
experimental methods for the investigation of the complex formation processes
in aqueous solution. However, it can only be used when the metal ion
coordination has an effect on the protonation equilibrium of the ligand. The aim
of the pH-potentiometric measurements is to determine the composition and the
stability constants of the complexes formed. In this work the pH-potentiometric
titrations were performed in thermostated vessels at 25 + 0.2 °C, with a
Radiometer PHM 93 Reference pH-meter, Radiometer ABU 80 autoburette,
PHG 211 glass and K401 calomel electrodes. 1.0 M Me,;NCI (KCl NaCl or
KNO;) were used to maintain constant ionic strength in the samples. The
titrated samples were stirred and N, (or Ar) gas bubbled through to prevent CO,
entry. For the calibration of the pH meter, KH-phtalate (pH=4.005) and borax
(pH=9.180) buffers were used. For the calculation of [H'] from the measured
pH values, the method proposed by Irving et al. was used. The stability
constants from the experimental data were calculated by PSEQUAD
computational program.

UV-vis spectrophotometric studies were performed for Cu®" (200-800
nm, 1=1.0 cm), Ce’* (210-330 nm, 1=1.0 cm) and Nd** (420-440 nm, 1=5.0 cm)
complexes. The studies were performed with a Cary 1E spectrophotometer in
cells thermostated at 25 °C. The ionic background in the samples was kept
constant (1.0 M KCI). Analysis of the spectra may reveal the structure and the
geometry of the complexes as well as the number and the quality of the
coordinating ligands.

The coordination number of the Gd*" aq. ions is eight, so in aqueous
solution 8 H,O molecules are coordinated to the metal ion. When a ligand
coordinates to the Gd’ jon the number of the coordinated water molecules
decreases and as a result the longitudinal relaxation times of H,O protons (7))
also decreases. Based on this decrease it is possible to evaluate the number of
the H,O molecules that remained coordinated to the Gd** ion and suggest the
number of the donor atoms of the ligand involved in the coordination. The
relaxivity values were calculated from the longitudinal relaxation times of H,O
protons (7;) measured with MS-4 NMR spectrometer (Institute Jozef Stefan,
Ljubljana) at 9 MHz. The temperature of the sample holder was controlled with
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thermostated air stream (25 °C). The longitudinal relaxation times were
measured by the ‘inversion recovery’ method (180°—790°) by using 6-8
different 7 values.

'H-NMR spectroscopy was used to check the purity of the ligands
synthesized in the present work. This method was also used to identify the
protonation steps and to determine the protonation constants using the pD
dependence of the chemical shifts of the NMR active nuclei ('H and *'P).
Furthermore, we used the NMR technique to study and characterize the
structure of Zn>*, La’", Eu’” Y°" and Lu’" complexes in solution. Bruker Avance
360 and Bruker DRX 500 spectrometers equipped with Bruker VT-1000
temperature controller unit were used for the studies. The evaluation of the
spectra was performed by Bruker Winnmr® 1 and 2D software package.

The ESI-TOF MS spectroscopy separates the ions formed during
ionization by mass/charge (m/Z). The method gives information about the
molecular mass of the metal complexes confirming the assumed structures from
other spectroscopic methods. ESI-TOF MS measurements were performed on a
Bruker Daltonics BioTOF II instrument. The aqueous solutions with pH = 7.5
(cLn = cL = 0.25 mM) were introduced directly into the ESI source from by a
syringe pump at a flow rate of 2:10” cm’/min. The temperature of the drying
gas (N,) was maintained at 100°C. The spectra were accumulated and recorded
by a digitizer at a sampling rate of 2 GHz.

The X-ray crystallography is the best method to determine structure (the
geometry of the complex, the number and the quality of the coordinating
ligands, bond angles and length) of the complexes in solid state. However, the
method requires single crystals, which was not possible to obtain in every case.
We have managed to crystallize two of our complexes and two compounds
during the synthetic work in a single crystal form. The structures of these
complexes (K[CuL*]'H’0 and K4[Nd,(L'*-0),(H,0),]-14H,0) and [HsL*]-Cl
were determined by Dr. Attila Bényei (University of Debrecen, Department of
Physical Chemistry). The structure of 6b. compound was solved by Dr. Pavel
Vojtisek (Charles University at Prague). Data were collected at 293+1 K on an
Enraf Nonius MACH 3 diffractometer using monochromated Mo K, radiation
(A=0.71073 A), ®-20 motion. Absorption correction was performed using psi
scans. The structure was solved using a direct method with the SIR-92 software
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and refined on F* by full matrix least square method with the program SHELX-
97.

I11. Structure of the ligands

3
Rl\N/\X/\N/R
2 b
R R’ R’ R* X Ligand
H H H H >P(0)OH HL'
CH,COOH| CH,Ph |CH,COOH| CH,Ph | >P(O)OH HsL'
CH,COOH H CH,COOH H >P(0O)OH H;L*?
CH,COOH | CH,COOH H H >P(0)OH H,L’
CH,COOH | CH,COOH | CH,COOH H >P(0)OH H,L*
CH,COOH | CH,COOH | CH,COOH | CH,COOH | >P(0)OH HsL’
CH,COOH | CH,COOH | CH,COOH | CH,COOH | >CH-OH | H,L"*-OH

HL: bis-(aminomethyl)-phosphinic acid, HsL': (benzyl-{[(benzyl-carboxymethyl-amino)-
methyl]-hydroxy-phosphinoylmethyl} -amino)-acetic acid, Hal%: ({ [(Carboxymethyl-amino)-
methyl]-hydroxy-phosphinoylmethyl}-amino)-acetic acid, HsL3: [(Aminomethyl-hydroxy-
HaL*:
{[(carboxymethyl-amino)-methyl]-hydroxy-phosphinoylmethyl}-amino)-acetic acid, HsL>:

phosphinoylmethyl)-carboxymethyl-amino]-acetic acid, (Carboxymethyl-
({[(Bis-carboxymethyl-amino)-methyl]-hydroxy-phosphinoylmethyl}-carboxymethyl-

HAL"-OH:
carboxymethyl-amino } -acetic

acid).

amino)-acetic  acid, {[3-(Bis-carboxymethyl-amino)-2-hydroxy-propyl]-

acid  (2-hydroxy-1,3-propanediamine-N,N,N',N'-tetraacetic

Synthesis of the symmetric bis(aminomethyl)phosphinic acid derivatives
was achieved by a multi-step reaction starting from N, N-dibenzylamine
the
bis(aminomethyl)phosphinic acid ligands (L* and L*) were synthesized from

according to Scheme 1. while novel asymmetric
carboxymethyl-hydroxyphosphinoylmethyl-amino)-acetic acid as shown in
Scheme 2. The ligand L’ was synthesized according to the procedure suggested
by Varga' and recrystallized twice from hot water. The ligand 2-hydroxy-1,3-
propanediamine-N,N,N',N'-tetraacetic acid was purchased from Sigma-Aldrich

and was used without further purification.

'T. R. Varga, Synt. Comm. 1997, 27, 2899.
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Scheme 1. Synthesis of the symmetric bis-(aminomethyl)-phosphinic acid derivatives.
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Scheme 2. Synthesis of the asymmetric bis-(aminomethyl)-phosphinic acid derivatives.

V. Results

In the present work complexation properties of seven ligands have been
studied with some divalent (Mg*", Ca®", Ni*", Cu®", Zn*", Cd*" and Pb*") and
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Ln(III) ions in solution and in solid state. The studied ligands included six bis-
(aminomethyl)-phosphinic acid derivatives (4 symmetric and 2 asymmetric)
while the 7" ligand incorporated an alcoholic OH group in between the nitrogen
atoms of the propane-1,3-diamine backbone.

1. A new synthetic method has been developed that utilized inexpensive starting
materials and gave reasonable yields of bis-(aminomethyl)-phosphinic acid as
well as derivatives with the phosphinate group in a linker position. In addition,
execution of the Mannich reaction in two consecutive steps afforded hitherto
unknown asymmetric bis-(aminomethyl)-phosphinic acids. Single crystals of
(benzyl-hydroxyphosphinoylmethyl-amino)-acetic acid and the asymetric ligand
(barboxymethyl- {[(carboxymethyl-amino)-methylJhydroxyl-phosphinoyl-
methyl}-amino)-acetic acid ([HsL*]-Cl) were isolated and the solid state
structure of these compounds were determined by X-ray crystallography.

2. The basicities of the nitrogen atoms of the symmetric and asymmetric
diacetate (L', L* and L%, tri- (L") and tetraacetate (L°) derivatives of bis-
(aminomethyl)-phosphinic acid (L") are lower than those of the analogous
diaminopolycarboxylates mainly due to the electron-withdrawing effect of the
phosphinate group. For a given ligand, the basicity of the nitrogen atoms was
found to decrease in the order of primary > secondary > tertiary.

3. The ligand L does not form complexes with Mg>*, Ca*" and Ln(III) ions, and
for the rest of the studied metal ions the ligand behaves similarly to 1,3-
propilenediamine. However, the stabilities of the complexes are generally lower
than those of the complexes formed with propane-1,3-diamine, which is due to
the lower basicity of the N-atoms. The ligand forms ML, MLH, ML,, ML,H
species with the metal ions. In ML and ML, complexes the phosphinate is not
directly involved in the coordination, but the absence of ML; type complexes
for Ni*" or Cd*" suggests that the phosphinate may have some role in the
coordination, i.e. sterically hinders the coordination of 3™ ligand. In the
protonated species MLH and ML,H formed with Cu®'-ions the EPR studies
indicated that the phosphinate moiety may also be involved in the coordination
while the amine nitrogen is being protonated.
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4a. The stability constant of complexes formed between L LA L, LYand L
and the metal ions Mg*", Ca®*, Ni*", Cu®", Zn*", Cd*", and Pb*" increase with an
increasing number of carboxylate groups on the ligands. The complexes formed
with L', L% L°, and L* generally have lower stability constants than those of the
analogous diamino-polycarboxylates indicating that the phosphinate group does
not play an important role in the complexation. The existence of low stability
ML, MLH, MLOH, and ML, type complexes were found in solution. Of the
three diacetate derivatives the asymmetric L’ forms higher stability complexes
with metal ions that prefer octahedral coordination. However, metal ions that
prefer square-planar coordination, like Cu®*, form more stable complexes with
the symmetric ligand L®. The equatorial coordination of L* to Cu®’ in
K[CuL?]*H,O has been confirmed by X-ray crystallography in the solid state.
This complex exists as a polymer with hexagonal channels and the N- and O-
atoms are coordinated in the equatorial plane, while one phosphinate and one
acetate oxygen atom of two neighboring complexes occupy the axial positions.

4b. The coordination properties of the L, L’ and L* ligands with Ln(III) ions
are similar. The stability of the LnLL complexes is comparable to that of the
diamino-polycarboxylates and since these ligands are generally less basic than
the diamino-di- or tri-carboxylates, it is very likely that the phosphinate group is
involved in the coordination. The asymmetric L’ and L* ligands form more
stable LnL, type complexes than the L® suggesting that the imda type
coordination is more favorable for LnL, complex formation. The protonation

constants of the LnL, type complexes are as follows: log KLanH = 8.33 £ 0.28
(L*) and 7.86 + 0.19 (L) and log Ky, = 8.48 £ 0.23 and 7.50 + 0.17 (L.

These values are only slightly lower than the protonation constants of the
amines in the free ligands, which indicates that the primary (L*) and secondary
amino groups of the ligands and L* and L* are not involved in coordination.

5a. The presence of the phosphinate group has a significant effect on the
complexation properties of L°. In spite of the lower basicities of the two
nitrogen atoms of L’, it forms complexes of similar or even higher stability with
the smaller metal ions as the analogous 1,3-diaminopropane-N,N,N’,N’-
tetraacetate. L’ also shows an unusually high selectivity for Zn*" over Pb*",
unlike edta or L". Its stability constants are higher probably because of the
higher charge of the ligand, and there is a strong electrostatic interaction
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between the phosphinate and the metal ion due to the coordination of both imda
groups. Furthermore, L’ shows a strong propensity for the formation of
dinuclear M,L. complexes, which indicates that in the presence of the
phosphinate group the two imda groups behave more independently than in the
case of edta or L". The existence of the dinuclear complexes in equilibrium
were proved by EPR (Cu®"), spectrophotometry (Nd’") and 'H-NMR (Lu’")
spectroscopy. The stability of the dinuclear complexes is reversed, as it was
found to be higher for larger Pb*" ions (log Kpp,r = 6.31 vs. log Kzn,L = 1.61).

The stability of the LnL’> complexes are about 1-3 orders of magnitude higher
than those of the complexes formed with structurally similar L™ ligand.

5b. The stability of the complexes increases with the decrease of the ionic radii
of Ln(III) ions. The difference in the stability constants of LnL’> and LnL"
complexes are higher for the larger lanthanide ions. On the contrary, the
stability of the dinuclear Ln,L’° complexes practically remains constant (log
KinL = 3.34 + 0.24) with a little decrease at the middle of the series. In these

complexes each metal is coordinated by one imda group and since the
phosphinate can only coordinate to one metal ion at a time, there may be an
exchange between the two metal ions. This exchange process is probably the
cause of the significant broadening of the signals observed in the 'H-NMR
spectra of Lu,L°. The structure of LnL’> complexes in solution is more rigid and
asymmetric than it was found for [La(edta)]” and [Lu(edta)]” complexes since
each '"H and “C atoms of the ligand in LaL’ and LuL’ complexes give a
separate signal in the NMR spectra. The 'H resonances of the acetate protons
are AB multiplets, which are due to the long half-life of the Ln < N
coordinative bond on the NMR time scale. In the LaL’> complex two acetate —
CH,— resonances appear as singlets, which is probably due to some exchange
processes.

6. The presence of the alcoholic OH group in the diamino-polycarboxylate
ligand  2-hydroxy-1,3-diaminopropane-N,N,N' N'-tetraacetate ~ significantly
changes its complexation properties in comparison to the analogous Hydpta or
Hyedta. The stability constants of the lanthanide(I1I) complexes formed with the
heptadentate (L'>-OH)" are somewhat lower (2-3 log K units) than those of the
hexadentate L", probably because of the lower basicities of the nitrogen atoms
of (L'>-OH)*. However, the coordination of the two iminodiacetate groups of
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the ligand leads to strong interactions between the alcoholic oxygen and the
Ln’" ion and the alcoholic OH group dissociates at unexpectedly low pH values.
The pH range of the dissociation shifts to more acidic regions (the dissociation
constants of the alcoholic OH group are in the range of 5.71-2.09 (La’*— Lu’"))
with the decrease of the size of the Ln’" ions indicating the electrostatic nature
of the metal-ligand interactions. The coordinated heptadentate (L'>-0)’ moiety,
which contains an alkoxo oxygen, shows a strong propensity to form dinuclear
dimer complex anions, [Lny(L'*-0),]*, both in solution and solid state. In the
dinuclear dimers the ligands are coordinated to both Ln*" with an iminodiacetate
group and the alkoxo oxygens are in bridging positions. The coordination
number of the Ln’" ions is 9 in the complexes of the lighter elements, with a
water molecule in the inner sphere of the Ln(IIl)ion (e.g. the solid K4[Nd,(L'"*-
0),(H,0),]- 14H,0). The geometry of the dimer complexes of the lighter and
heavier lanthanides is slightly different. Based on the literature data, in solid
state there is a symmetry plane in the complexes of the heavier elements while
in the Nd*" dimer the only symmetry element is a center of symmetry. The
probable absence of the water molecule in the inner sphere of the Gd*" complex
is indicated by the unusually low relaxivity value of [Gd,(L'*-0),]"*", which also
shows the formation of dimer species with the heptadentate ligand (L'*-O)”".
This is in a good agreement with the results of luminescence life-time
measurements obtained for [Euy(L'*-0),]* and with the absence of the ternary
complex formation for these complexes. The ESI-TOF MS studies indicated
that the complexes retain their dimeric structure even in quite dilute (0.25 mM)
solutions. Based on 1D and 2D NMR spectroscopic studies, the solution
structure of the complex [Lay(L'*-0),]" is similar to the solid state structure of
the [Ndy(L'*-0),]* complex determined by X-ray diffraction.

V. Potential use of our results

Although this work is primarily basic research, some results of this
project may be valuable in medical or biological applications.

The new synthetic method developed in the present work will likely be
applicable for the preparation of the parent compound bis-(aminomethyl)-
phosphinic acid in a two step procedure does not require work under inert
atmosphere. Bis-(aminomethyl)-phosphinic acid itself can be considered as a
building block for the synthesis of C2 symmetric inhibitors of Human

10
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Immunodeficiency Virus (HIV). Our synthetic approach may also be adapted to
the synthesis of intermediates for preparation of macrocyclic ligands
incorporating aminomethyl-phosphinic acid moiety.

Peptides incorporating the phosphinic moiety have been shown to have
effective enzyme inhibitor properties.” Diamino-polycarboxylate type
phosphinic acid derivatives have been shown to have plant growth-regulating
properties.” The phosphinic acid derivatives synthesized in the recent work are
diamino-polycarboxylate type phosphinic acids and thus might show enzyme
inhibitor and/or plant-growth regulator activity.

The importance of double-stranded DNA cleavage in molecular biology
has led to the development of lanthanide complexes that are capable of
hydrolytically cleaving double-stranded DNA. Dinuclear lanthanide(III)
complexes of 1,3-diamino-2-hydroxopropane-N,N,N,N -tetraacetic acid have
been proposed to cleave DNA, but the formation of dinuclear Ln,(dpta-O)"
complexes solution were not observed/studied earlier. Our study may help to
obtain insights into the mechanism of DNA cleavage by dinuclear Ln,(dpta-O)"
complexes and to prepare and study new dinuclear ((Ln,L’)") complexes for
these purposes.

2 D. I. Miller, S.M. Hammond, D. Anderluzzi, T. D. H. Bugg, J. Chem. Soc. Perkin Trans. 1,
1998, 131.

* ML.A. Dhansay, P.W. Linder, R.G. Torrington, T.A. Modro, J. Phys. Org. Chem., 1990, 3,
248

11
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