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The interaction of aminomethylphosphonic acid (H,amp) with the Zn(i)-cyclen complex and the
formation of ternary complexes was studied by potentiometry and !P NMR titrations. Data evaluation
of each of the methods separately was found to be insufficient. Thus, data obtained from the both
methods were simultaneously treated with the computer program OPIUM. The determined stability constants
indicated only weak (logK ~ 3) coordination of aminomethylphosphonic acid through the phosphonate
group. The chelating coordination mode with the participation of the amine group was not confirmed. In
excess of Zn(i)—cyclen, the formation of dinuclear complexes, in which two Zn(i)—cyclen units are bridged
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by a phosphonate group, was observed and their presence was confirmed by mass spectrometry. Such a
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Introduction

More than 300 enzymes containing Zn(u) in their centers have
been described. To understand the role of Zn(u) as well as other
transition metal ions in mechanistic pathways of the metallo-
enzymes, model complexes have been recently designed,
synthesized and studied. The coordination site of the Zn(u)
ion in the enzymes is formed by side chains of amino acids
such as histidine or aspartate and its geometry results from the
secondary or tertiary structure of the protein. It is very difficult
to prepare such a coordination site artificially and, thus, in the
models the coordination vicinity of the donor atoms is
simplified.’ A number of ligands have been utilized and tested.
Most of them are based on an aza-macrocyclic core’® and
among them, cyclen is commonly used.

Investigation of the Zn(u)-cyclen system has been mostly
focused on the recognition of small organic molecules
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coordination motif is typical for phosphonates in the solid state and also for phosphatases.

occurring in organisms,”® on nucleic acids, which have been
summarized previously,” and also on phosphates.’®'" In our
group, we have studied the interaction of the Zn(u)-cyclen
system with amino acids'® and dipeptides."* The high affinity
of amino acids for the Zn(u)-cyclen system can be explained
by significant non-bonding contributions (hydrophobic and/or
n-n stacking)."> The study of dipeptide interaction indicated
carbonyl-carboxylate chelate binding in the acidic range and
carbonyl-amine chelate or only terminal amino group coordi-
nation in the slightly alkaline range."

This paper continues with our investigation of the Zn(u)-
cyclen interaction with bioactive molecules. Here, we deal with
interaction with a phosphorus analogue of glycine, i.e. amino-
methylphosphonic acid (H,amp).

Natural aminophosphonates have been found in many
different organisms, from prokaryotes to eubacteria and fungi,
mollusks, insects and others.’*™"” They play an important role in
the interaction with many metalloenzymes. Many natural as well
as synthetic aminophosphonates bind strongly in the active
site of enzymes and act as inhibitors of their function.'® The
aminomethylphosphonate binding mode toward metal ions
has been extensively studied and summarized.’*>" Generally,
differences in basicity, charge, the electron-releasing effect and
the size of relevant donor groups between aminophosphonates
and aminocarboxylates result in different complexing properties.
Aminophosphonates offer the possibility of monodentate
coordination of the ligand via the phosphonate group, forming
stable protonated complexes. In the case of chelate formation,
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the thermodynamic stability of complexes of aminophosphonates
is usually higher than that of aminocarboxylates, which is caused,
at least in the first approximation, by the enhanced basicity of
the ligands.

Investigation of metal-phosphonate systems is often hampered
by the formation of insoluble complexes and, thus, also the
aminomethylphosphonate complexing ability towards Zn(u)
has not attracted much attention.>” Protonated [Zn(Hamp)]",
neutral [Zn(amp)] and anionic [Zn(OH)(amp)]~ species were
identified and their coordination modes were proposed.

Here, we report the results of the study of ternary complexes
of the Zn(u)-cyclen system with aminomethylphosphonic acid.
The system was studied by a combination of potentiometry,
(*H, **C, *'P) NMR titration and mass spectrometry.

Experimental
Reagents and solutions

All solutions were prepared using deionized water. Amino-
methylphosphonic acid (H,amp) was synthetized according to
the previously described procedure.”® Cyclen was obtained
from CheMatech (France). Zn(NOj3),-4H,O was purchased from
Lachema. The others chemicals were of analytical purity.

Potentiometric titration

Potentiometric measurements were accomplished using a PHM
220 pH-meter, an ABU 901 autoburette and a GK 2401 B combi-
nation electrode (Radiometer) in a glass vessel (10 ¢cm®) thermo-
statted at 25 &+ 0.1 °C at an ionic strength of 7= 0.1 M (KNOs). An
inert atmosphere was ensured by constant flow of nitrogen gas.
Precision calibration was accomplished using 0.028 M HNO; and
0.192 M KOH in the pH range 1.8-12.0, with the pH-meter yielding
E values. The relation between E and —log[H'] can be described as:

E=E° — S(—log[H"]) + ju[H'] + ju(pKw/[H']),

where E° presents the standard potential of the electrodes and
the contribution of inert ions to the liquid-junction potential.
S corresponds to the Nernstian slope and j,[H'] and j,[OH ] are
the contributions of H" and OH™ ions, respectively, to the
liquid-junction potential. The pK,, value was 13.78.

The protonation constants of the ligands (H,amp or cyclen)
were determined at ¢, = 0.004 M. For the determination of the
stability constants in the binary systems, the metal:ligand molar
ratios were 1:1, 1:2, 1:4 for the Zn(u)-amp system and 1:1 for
the Zn(u)-cyclen system (cz, = 0.004 M). In the ternary system, the
Zn:cyclen:amp ratio was 1:1:1 (¢z, = 0.004 M). Due to slow
complexation kinetics (4 to 5 hours were required to reach equili-
brium), the binary system Zn(u)-cyclen and the ternary system were
studied by the out-of-cell method with an equilibration time a
3 days.>* Three titrations were performed for each system and each
ratio. Typical titration curves are shown in Fig. S4 (ESIY).

H, *3C and *'P NMR characterization

"H, *C and *'P NMR spectra were recorded on a Varian VNMRS
600 MHz spectrometer (resonance frequency for "H = 599.870 MHz,
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BC = 150.836 MHz, and *'P = 242.836 MHz). Samples were
prepared in H,O and measured with a D,O insert containing
0.5% t-BuOH (1.25 ppm) as a reference. H spectra were measured
using a PRESAT pulse sequence. NMR measurements were
accomplished for free H,amp, for the binary system Zn(u)-
amp and for the ternary system Zn(u)-cyclen-amp. The initial
concentration of individual species was 0.05 M for both binary
and ternary systems. Cyclen was used in 10% excess. For the
ternary system, Zn(u) and cyclen solution were mixed and left
for 4 h at RT before Hyamp solution addition. The pH was
adjusted with 0.1 M aq. NaOH and 0.1 M aq. HNO;.

31p NMR titration

The stock solution of the Zn(u)-cyclen complex was prepared by
dissolving cyclen in Zn(NO3), solution. To assure full complexa-
tion, the ligand was used in 10% excess and the solution was
heated at 80 °C overnight. The aliquot part of the stock solution
was mixed with an appropriate amount of Hamp solution to
reach H,amp-Zn(u) ratios of 2:1 to 1:12. The concentration
of Hyamp in each sample was ¢,mp = 20 mM. For each ratio,
several samples were prepared in the pH range 4-10 (adjusted
with 0.1 M aq. NaOH or 0.1 M HNO;). Finally, >'P NMR spectra
were recorded.

Data treatment

The protonation constants and the stability constants of the
complexes in the binary systems (Zn(i)-cyclen and Zn(u)-amp)
were determined from potentiometry data. The stability constants
of the ternary complexes were determined by simultaneous treat-
ment of potentiometry data and data from *'P NMR titration. All
data were processed using the program OPIUM.* The protonation
constants of ligands f110, 210 and ff310 are concentration con-
stants and are defined as B4 = [HL}[H][L], f210 = [H.LJ/[HF[L],
Bs1o = [H3L]/[H]3[L], (PK; = log B110, PKz = 10g fr10-10g B110,
PK; = log B310-10g B210)- The stability constants in binary systems
are defined as fqr = [HpLgM,J/[H]P[L]Y[M]". In the ternary system,
the stability constants are defined as fpqs = [HpL'qL* M)/
[HPL'YL*IM] (L' = cyclen and L? = amp).

Mass spectrometry

Stock solutions of ZnCl,, Hamp and cyclen were mixed to reach
Czn = Ceyelen = 1 MM and ¢amp = 1-10 MM 0r Camp = 1 mM and
Czn = Ceyclen = 1-10 mM. A solution of NMe,OH was added to
reach pH ~ 7 and ESI-MS spectra were measured on a Bruker
Esquire 3000 apparatus in the positive mode.

Synthesis of [Zn(Hamp),]-4H,0

Zinc perchlorate hexahydrate (134 mg, 0.360 mmol) in water
(10 mL) was slowly added into an aqueous solution (10 mL) of
cyclen (62 mg, 0.360 mmol). After standing for 24 hours, an
equimolar amount of Hyamp (40 mg, 0.360 mmol) in water
(10 mL) was added and the solution was kept at room tempera-
ture (pH = 4.5). After five days, very fragile colourless crystals,
suitable for X-ray analysis, were obtained.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Table 1 Crystallographic data of the [Zn(Hamp),l-4H,O complex

[Zn(H,0),(Hamp),]

Empirical formula C,H,,N,0,,P,Zn
M, 356.49

Crystal colour White
Crystal system Orthorhombic
Space group Pca/21
Unit cell dimensions

a(A) 9.9779(4)
b (A) 12.0890(5)
c(A) 10.2249(5)
o (%) 90.00
B 90.00

7 (9) 90.00

Ve (A% 1233.36
Molecules per cell, Z 4

Deate (2 cm™?) 1.920

u (mm™) 2.295

20 max 55°
Measured reflections 10197
Independent reflections 2824

Ry[I > 20(I)] 0.0237
WR, 0.0489
X-ray crystallography

Single-crystal X-ray measurements of the complex [Zn(Hamp),]-
4H,0 was performed on a Nonius Kappa four-circle CCD
diffractometer equipped with a Bruker APEX II detector and using
graphite monochromated MoKao. radiation (A = 0.71073 A). Diffrac-
tion data were processed using the diffractometer software.>®
The structure model was refined by full-matrix least-squares on
F* using SHELXL 97.”” All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included in their ideal
positions and refined isotropically. The structural figures were
drawn using the DIAMOND 3.0 software.”® Crystallographic
data and processing parameters are given in Table 1.

Results and discussion
Speciation and stability constants

To describe the interaction modes of Hyamp with the Zn(u)-
cyclen species, NMR spectra were measured in solutions
equilibrated at different pH values. In the "H NMR spectra of
free Hyamp and those obtained for Zn(u)-amp system, one
doublet signal of CH, group (coupling to *'P with J = 13.2 Hz)
was observed (Fig. S1 in ESIY). Similarly, the >C NMR spectra
show a doublet with J = 141.8 Hz (Fig. S2 in ESI}). In the
*P NMR spectra, one signal of the phosphorus nucleus (coupling
from "H) was noted (Fig. S3 in ESIY).

In the ternary system, the changes in the "H NMR spectra
of cyclen (Fig. 1) are similar to those previously reported."***
The signal of free cyclen disappears at pH 3.5-4 due to Zn(u)
complexation. The two multiplets of the Zn(u)-cyclen complex
remain unchanged over the whole pH range, which indicates
the same coordination mode of cyclen in all species. In the
ternary system, H,amp shows a characteristic pH dependence
of 6y and Jc, however, the differences from free Hyamp and
from the binary Zn(u)-amp system are not significant and, so,

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Fig. 1 pH changes of the *H NMR spectra of the ternary Zn(i)—cyclen—amp
System. Camp = Czn = 0.05 M, Ccycien = 0.06 M, 25 °C.

they do not provide clear hints of the coordination mode
(Fig. 2A and B). Both 'H and "*C NMR spectra show similar
trends as observed in systems with glycine (Gly),"*> in which
analogous species [Zn(cyclen)(HGly)]** and [Zn(cyclen)(Gly)]"
were determined. More information could be obtained from
3'P NMR data (Fig. 2C). The changes observed for free Hyamp
are consistent with previous results.”® The decrease of the Jp at
PH 5-6 indicates intramolecular interaction of the deprotonated
phosphonate group with the protonated amino group. The largest
changes in the *'P NMR shift are caused by deprotonation of the
amino group at pH > 9. The binary system Zn(un)-amp could not
be studied at pH above 7 due to the precipitation of the polymeric
hydroxido species. However, a significant decrease of the Jp
at pH 5-6 could be observed. Comparison with distribution
diagrams (Fig. S6 in ESIt) shows that the change is associated
with deprotonation of the amino group as result of N,O-chelate
coordination of the ligand. So, the decrease of the Jp results
from the formation of a cyclic structure.

In the ternary system, the pH dependence of Jp is different;
Jp remains constant up to pH 8. The increase at higher pH
results from deprotonation of the amino group. The absence
of the Jp drop at pH 5-6 indicates that Hyamp should be
coordinated only through the phosphonate group in the ternary
system. The phosphonate group might be coordinated in a
bidentate mode as suggested by Kimura®® or a monodentate
mode with additional interactions with cyclen amine groups
through hydrogen bonds.

The determination of the stability constants of the ternary
complexes requires detailed and precise characterization of all
subsystems under identical conditions. So, the protonation con-
stants of the ligands (cyclen and Hyamp) as well as the stability
constants in the binary systems (Zn(u}-amp and Zn(u)-cyclen) had
to be redetermined (Tables S1-S4 in ESIt).

The protonation constants of H,amp as well as the stability
constants of the complexes with Zn(u) (Tables S1 and S2 in ESIY)
were found to be close to those previously reported.”**" The com-
plexes in the Zn(u}-amp system are formed in the pH range 4-10.
The distribution diagrams are shown in Fig. S5 and S6 (ESIf).
The dominant species at pH 7-8 is the [Zn(amp)] complex.

New J. Chem., 2017, 41, 7253-7259 | 7255
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Fig. 2 pH dependence of the *H (A), *C (B) and P (C) NMR shifts of
Hoamp. Free Hoamp (black), binary Zn(i)—amp system (blue) and ternary
Zn(n)-cyclen—amp (red) system. Camp = Czn = Ceyclen = 0.05 M, 25 °C.

The protonated complex [Zn(Hamp)]" is present in low abun-
dance (about 10%). The derived value of induced deprotonation
log B111 — log fo11 = 6.03 is significantly lower than the pK value
of free amp due to the high stability of the complex. It indicates
the formation of the N,O-chelate. Above pH ~ 8, the formation
of the hydroxido-species [Zn(amp)(OH)]™ and less abundant
[Zn(amp),]*~ is observed.

Because of the slow formation kinetics of macrocyclic com-
plexes, the “out-of-cell” method was used for potentiometric
titration of the binary system Zn(u)-cyclen. The protonation
constants and stability constants of the complexes (Tables S3 and
S4 in ESIf) are in very good agreement with those previously
reported.>® The distribution diagrams are shown in Fig. S7 and
S8 in the ESLY The dominant species in the pH range 5-7
is non-protonated [Zn(cyclen)]’*. The protonated complex
[Zn(Hcyclen)]*" was identified in low abundance at pH ~ 4.
In the alkaline range, the coordinated water molecule is
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deprotonated forming hydroxido complexes [Zn(cyclen)(OH)]"
and [Zn(cyclen)(OH),].

The ternary system Zn(u)-cyclen-amp was studied by a
combination of potentiometry and *'P NMR. Each of the methods
separately was found to be insufficient. The data obtained from
potentiometry have shown the low stability of the ternary
complexes; and mostly, the formation of the complexes is not
associated with a change in the protonation state of the ligands
(e.g. coordination of the deprotonated phosphonate). *'P NMR
titration is more suitable as it allows utilizing some compo-
nents in a large excess. It leads to a higher abundance of the
ternary complexes and better determination of their stabilities.
However, the studied system contains many species differing
in their protonation states and NMR titration could hardly
distinguish between these species. So, only the combination
of both techniques gave reliable speciation as well as stability
constants of the ternary system. Data were treated with the
program OPIUM?>® that allows simultaneous treatment of data
obtained by various analytical techniques.

Potentiometry was performed using the “out-of-cell” method
with equimolar concentrations of all components. *'P NMR
titration was performed at various pH values 4-10 and at amp : Zn
ratios from 2:1 to 1:12. In each sample, cyclen was used
in 10% molar excess over Zn(u) to assure full complexation.
The results show significant differences between the *'P NMR
spectra of free H,amp and those measured in the presence
of the Zn(u)-cyclen complex (Fig. 3). The stability constants
presented in Table 2 and Table S5 in the ESIf represent the best
model obtained from simultaneous fitting of the potentiometry
and NMR data.

The distribution diagrams (Fig. 4) show that the only ternary
species [Zn(cyclen)(Hamp)]" is formed in significant abundance.
This species is present in the pH range 4-9. Its abundance ranges
from 60% at equimolar concentrations of all components to >90%
at a 5-fold excess of Zn(u) and cyclen. At higher pH, the ternary
complex undergoes deprotonation yielding [Zn(cyclen)(amp)].
However, its abundance does not exceed 20% even at a 5-fold

& [ppm]

7
pH
Fig. 3 Ternary system Zn(i)—cyclen—amp. Dependence of the 3P NMR
chemical shift of H,amp on pH for various amp : Zn ratios (the numbers in
the plot give the ratio for each series; comp = 20 mM, 25 °C). In each
sample, cyclen was used in 20% molar excess over Zn(i). The curves were
constructed using the *'P NMR shifts of individual species calculated
simultaneously with the determination of stability constants.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2017
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Table 2 Protonation and stability constants of the ternary complexes in
the Zn(i)—cyclen—amp system (25 °C)

Equilibrium log K
[Zn(cyclen)]** + Hamp~ — [Zn(cyclen)(Hamp)]" 3.05
[zn(cyclen)]”* + amp®~ — [Zn(cyclen)(amp)] 3.3
[Zn(cyclen)(amp)] + H" — [Zn(cyclen)(Hamp)]" 9.8
[Zn(cyclen)(amp)] + [Zn(cyclen)]** — [{Zn(cyclen)},(amp)]** 3.06
[{zn(cyclen)},(amp)(OH)]" + H™ — [{Zn(cyclen)},(amp)]** 9.4

Hamp

[Zn(cyclen)(Hamp)]

%
3

[Zn(cyclen)(amp)]

[Zn(cyclen){Hamp)]
90 { H.amp

[Zn(cyclen)amp)]
[{Zn(cyclen)},(amp)(OH)]
[{Zn(cyclen)},(amp)]

pH
Fig. 4 Distribution of aminomethylphosphonate in the ternary system
Zn(n-cyclen-amp (A: Camp = Ceyclen = Czn = 4 MM; B! Camp = 4 MM,
Ceyclen = Czn = 12 MM; C: Camp = 4 MM, Cycien = Czn = 20 mM; 1 = 0.1 M, 25 °C).

excess of Zn(u) and cyclen over Hyamp. The low abundance of
the [Zn(cyclen)(amp)] complex is given by the competition of
the hydroxide anion. Water molecules coordinated to the metal
ion in the [Zn(cyclen)]** complex are deprotonated at pH ~ 8.
At higher pH, the coordination of the hydroxide anion dom-
inates over the formation of ternary complexes which leads to an
increasing abundance of free monoprotonated Hamp (Fig. 4A)
and low abundance of the [Zn(cyclen)(amp)] complex.

At an excess of [Zn(cyclen)]** over H,amp, dinuclear
complexes with stoichiometries [{Zn(cyclen)},(amp)]** and
[{Zn(cyclen)},(amp)(OH)]" are formed. However, their abun-
dance is low (<20%) even at a 5-fold excess of the Zn(u)-cyclen
complex over Hyamp (Fig. 4C).
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The formation of the ternary complexes is also evidenced by
the ESI-MS spectra of the Zn(u)-cyclen-amp system (Fig. S9,
ESIT). Under equimolar conditions, the dominant detected
ion is [Zn(cyclen)Cl]" (m/z = 271) and a minor signal of
[Zn(cyclen)(Hamp)]" (m/z = 346) was observed. At a 10-fold
excess of H,amp, the latter signal becomes dominant indicating
an increased abundance of the ternary complex in the system.
At a 10-fold excess of the Zn(u)-cyclen complex, the detected
signal centered at m/z = 581 confirms the formation of the
dinuclear species [{Zn(cyclen)},(amp)].

The speciation is similar to that previously reported in
ternary systems of Zn(u)-cyclen with glycine and alanine except
for the dinuclear species.'” On the other hand, such species in
which an amino acid connects two [Zn(cyclen)]*" units was
observed in the solid-state structure of [{Zn(cyclen)},(picolinic
acid)]".>* The value of the protonation constant of the ternary
complex (log K = 9.8) is close to the first protonation constant of
H,amp (log K = 9.99). So, [Zn(cyclen)(Hamp)]" is protonated on
the amino group. The constants describing the coordination
of non-protonated amp®~ and monoprotonated Hamp ™ to
[Zn(cyclen)]*" are 3.3 and 3.05, respectively. Similar values
indicate negligible role of the amino group in the coordination.
As suggested above, monodentate or bidentate coordination
only through the phosphonate group could be expected in
both species. It would point to the bidentate coordination of
deprotonated phosphonate in both [Zn(cyclen)(Hamp)]" and
[Zn(cyclen)(amp)] species as expected by Kimura®® or to the
oxygen interaction of the O-P group with the NH group of cyclen.

The positive charge localized on the protonated amino
group in [Zn(cyclen)(Hamp)]" does not allow the approach of
the additional [Zn(cyclen)]*" unit. So, the dinuclear species are
formed only after amine deprotonation. The constants describ-
ing the coordination of the first and the second [Zn(cyclen)]**
unit are also similar (3.3 and 3.06, respectively). It is in agree-
ment with the high ability of the phosphonate groups for the
bridging of the metal ions. Deprotonation of the coordinated
water molecule leads to the dinuclear hydroxido species. The
corresponding protonation constant (log K = 9.4) is lower than
that of the amino group in [Zn(cyclen)(Hamp)]'. It shows a
preferential coordination of the hydroxide anion that does
not allow the N,0-bidentate coordination of Hyamp. It might
also indicate that the hydroxide anion also bridges the two
Zn(u) ions. The suggested structures of the ternary species
are shown in Scheme 1, and the structures of amp and the
Zn(u)-cyclen species identified in the studied systems are
shown in Scheme S1 (ESIf).

Similar systems with amino acids Zn(u)-cyclen-Gly or Ala
show stronger coordination (log K = 4.1 and 4.0, respectively).'* It
does not correspond to the basicity of the amino groups of the
ligands and so, it also excludes the participation of the amino
group in metal binding. If we compare the sterical requirements
of phosphonate and carboxylate groups, phosphonate is bulkier
and both, P-C and P-O, bonds are longer. Thus, phosphonate
occupies more space than carboxylate, which could lead to a
preferential square-pyramidal coordination sphere of Zn(u). On
the other hand, the O-P-O angle is smaller than in carboxylates

New J. Chem., 2017, 41, 7253-7259 | 7257


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7nj00254h

Open Access Article. Published on 13 June 2017. Downloaded on 7/18/2025 12:08:39 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

N

Ha(NH3")

HN”

g NH
HN  NH EHN"

[Zn(Hycyclen)(amp)]
+ZnL
HoN HoN
Q, Q,
N, N,
P P
oo oo
Lzn’ “ZnL Lzn . zZnL

“oH”
{Zn(cyclen)}o(amp)* [{Zn(cyclen)}(amp)}OH)*
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and the bidentate coordination of phosphonate and the formation
of an octahedral sphere is also possible.

There are many aminophosphonates and aminophosphi-
nates that are used and studied as enzyme inhibitors in
medicine or agriculture. The results presented here show that
the interaction of aminophosphonates with the Zn(u) centre of
the model complex is rather weak and even weaker interaction
could be expected for aminophosphinates. The described
coordination interaction is insufficient for effective binding of
the inhibitor in the enzyme active site. It indicates that the
binding of aminophosphonates and aminophosphinates in the
enzyme active centre must be dominantly realized through
hydrogen bonds and/or through non-bonding interactions
with amino acid side chains. As the geometry of each enzyme
active site is unique, it implicates a high specificity of the
enzyme-inhibitor interaction for aminophosphonate and
aminophosphinate inhibitors. It also explains, e.g. the low
animal toxicity and the high selectivity of the most utilized
herbicide glyphosate (phosphonomethylglycine).

Zn(u)-amp coordination modes in the solid state

Despite many attempts to prepare crystals of the studied
complexes, only single crystals of [Zn(Hamp),]-4H,O were iso-
lated as the substance with the lowest solubility product. The
solid-state structure is shown in Fig. S10 in the ESI{ and the
principal bond lengths and angles and the list of possible
hydrogen bonds are summarized in Tables S6 and S7 in the
ESI.7 The complex crystallizes in the orthorhombic space group
Pca/2, with four formula units per cell. The central Zn(u) atom
coordination sphere is formed by four oxygen atoms of the
phosphonate part of the aminomethylphosphonate ligand. The
coordination polyhedron around the metal centre can be
described as a tetrahedron with bond lengths of Zn-01 1.915(2),
Zn-03 1.940(2), Zn-04 1.955(2), Zn-0O5 1.933(2) A and bond
angles around 104.9° (Table S6 in ESIt). The typical feature of
the phosphonate coordination way, bridging two metal ions with
two oxygen atoms of the phosphonate group and the formation of
a polymeric network, was also found in this structure. As this
study shows, the formation of the bridged structure is not only the
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result of the crystal packing, but also originates from the Zn(u)-
phosphonate interaction in solution. However, this crystal struc-
ture was determined previously®> and all parameters and bond
lengths of both determinations were found to be very similar.

The resulting structure of the Zn(u)-amp complex is sensitive
to reaction conditions as found for the published structures. The
analogous reaction between ZnCl, and H,amp upon gentle
heating led to a polymeric product in which the coordination
sphere was formed with three oxygen atoms from three phos-
phonates and one chloride anion.*® The formation of the chelate
was observed in the case of derivatives with a substituted amino
group. The hydrothermal reaction of (1-phenylethyl) amino-
methylphosphonic acid with ZnSO,-7H,0 and NaCl in a
1:1:0.5 molar ratio, adjusted to pH = 5.7 at 140 °C, afforded
crystals in which the unit contains two independent Zn(u) ions,
two phosphonate ligands, and one chloride anion. Zn1 possess
the O;N; coordination sphere in which one ligand molecule is
coordinated in the N,O-chelating mode and two ligand mole-
cules are coordinated through one phosphonate oxygen atom.
The coordination sphere around Zn2 is formed by three phos-
phonate oxygen atoms and one chloride anion.**

Conclusion

The interaction of aminomethylphosphonic acid (H,amp) with
the Zn(u)-cyclen complex was studied as a model for enzyme
interactions with phosphonates. The stabilities of the com-
plexes were evaluated by a combination of potentiometry
and multinuclear NMR. Aminomethylphosphonic acid binds
weakly to the Zn(u)-cyclen complex in both monoprotonated
and deprotonated forms. Taking into account both the trends
based on the solid-state structures and thermodynamic con-
stants determined in this study, coordination only through the
phosphonate group is suggested for both mononuclear species
[Zn(cyclen)(Hamp)]" and [Zn(cyclen)(amp)]. In dinuclear
species [{Zn(cyclen)},(amp)]**, the phosphonate group bridges
two [Zn(cyclen)]** units. This coordination way is probably more
favorable than the formation of [Zn(cyclen)(amp)]. The coordina-
tion of the amine group is not expected. However, amine as well
as phosphonate could further stabilize the structure through
hydrogen-bonds with cyclen nitrogen atoms. A similar inter-
action was previously reported in ternary systems with amino
acids.®® The dinuclear species were not described in the solu-
tions of ternary complexes with amino acids'* and dipeptides,
which documents the high bridging ability of the phosphonate
group. The dinuclear species were reported only for ternary
complexes with picolinic and nicotinic acids in the solid
state.”* In the alkaline range, the dinuclear hydroxide complex
[{Zn(cyclen)},(amp)(OH)]" is formed.
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