Russian Chemical Bulletin, International Edition, Vol. 50, No. 4, pp. 697—705, April, 2001 697

Amino-substituted gem-diphosphonic acids: structures of complexes
with divalent metal cations in aqueous solutions
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A comparative study of complexation of acids RyN(CH,),CR"(PO3H,), (R = H or Me;
R’ = OH or H; n =1 or 2) with the Ca2*, Mg2*, Zn2*, and Cu2™ cations in aqueous solutions
was carried out by vibrational (IR and Raman) and electronic spectroscopy using the data of

ESR spectroscopy and conformational analysis (molecular mechanics). The MOPCPE) chelate
ring is formed in all ML and MHL complexes. The involvement of the N atom in coordination

was found only in the Cu?* complexes and is determined by the structure of the ligand. The
relationship between the stability constants and the structures of the complexes in aqueous

solutions is analyzed.
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in aqueous solutions.

In recent years, considerable attention has been given
to the synthesis and investigation of gem-diphosphonic
acids due to their use in medicine! and agricultural
chemistry.2 gem-Diphosphonates form complexes with
different metals owing to their high chelating ability.3-4
These compounds are active with respect to a wide range
of cations because of the geminal arrangement of the
phosphonate groups involved in a single acid unit due to
which they can be readily "adjusted” to ions of different
radii.#5 The introduction of the amino group bound to
the diphosphonic unit of the alkylidene chain of variable
length into the acid molecule (the formation of amino-
substituted gem-diphosphonic acids) influences the do-
nor ability of the phosphonate groups, extends the pH
range of complex formation, changes their solubility,
and opens up possibilities for additional chelation in-
volving the nitrogen atom.3:% Pharmacological assays
demonstrated that the therapeutic activity of the synthe-
sized compounds depends substantially on the structure
of the aminoalkylidene fragment.l? In studies of the
complex-forming ability of amino-substituted gem-di-
phosphonates (AGDP), the question of whether the N
atom is involved in coordination is of great importance.
According to the spectral data,®-8:9 the N atom in MH,,L
complexes is protonated and the metal atom is coordi-
nated only by the O atoms of the phosphonate groups.
In the ML complexes with cations possessing the affinity
for the N atom, the M«N coordination bond can occur,
but it is not necessarily the case,%8 the mode of coordi-
nation being dependent on both the structure of the
ligand and the nature of the cation.

In the potentiometric studiesl® of amino-substituted
gem-diphosphonates R,N(CH,),CR"(PO3;H,), (R = H
or Me; R”" = Hor OH; n = 0, 1, 2, or 3), we have
examined the effect of the structure of the amino-
alkylidene fragment on the formation constants of their
complexes with a series of divalent metal cations.

The present study was aimed at determining the
structures of metal complexes that are formed in aque-
ous solutions of AGDP 1—4, which differ from each
other by the length of the alkylidene chain and/or by the
substituents at the N atom.

PO,H, PO,H,
/ /
H,NCH,COH Me,NCH,CH
PO,H, PO,H,
1 2
PO,H, PO,H,
H,NCH,CH,COH MeNCH,CH,COH
PO,H, PO,H,
3 4

With the aim of revealing the effect of the structure
of the aminoalkylidene fragment on the coordination
environment of the cation, we studied complexation of
ligands 1—4 with the same cation, viz., with Cu2?*. The
influence of the nature of the metal atom on the mode
of coordination of the ligand was examined using com-
pound 4 and the Ca2t, Mg2*, Zn2*, and Cu?* cations.
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Experimental

The synthesis and purification of 2-amino-1-hydroxy-
ethylidenediphosphonic (1), 2-dimethylaminoethylidene-
diphosphonic (2), 3-amino-1-hydroxypropylidenediphosphonic
(3), and 3-dimethylamino-1-hydroxypropylidenediphosphonic
(4) acids have been reported previously.10:11 Commercial
1-hydroxyethylidenediphosphonic acid (HEDP) (5) of reagent
grade purity was purified by reprecipitation with chloroform
from a solution in ethanol. The melting points, neutralization
equivalents, and the IR and NMR spectra are consistent with
the published data.

Twice-distilled water and D,O (the content of the major
isotope was 99.8%, the specific conductivity was 21076 S,
TU 95.7046-73) were used as the solvents. Potassium hydroxide
of reagent grade and metallic potassium (reagent grade; glass
ampules with 100-mg weighed samples, TU 48-03-53-75), and
a solution of DCI in D,0O (the concentration was 32.4%, the
content of the major isomer was 99.6%, TU 95.7046-73) were
used. A carbonate-free aqueous solution of KOH was prepared
by dilution of a saturated solution of KOH. A solutions of KOD
was prepared by dissolution of metallic potassium in D,0O. The
concentrations of the solutions were determined by titration
with adipic acid or potassium biphthalate. The solutions of the
acids under study were prepared by the weight method.

The CaCl,, MgCl, - 6H,0, CuCl,*2H,0, and ZnCl, salts
(chemically pure and analytical grade) were purified and dried
according to known procedures.!2 The concentrations of the
salts in solutions were controlled by chelatometric titration
with EDTA.

Preparation of solutions for spectral studies. A calculated
amount of a solution of KOH (KOD) and that of a solution of a
particular salt in the corresponding solvent were successively
added to a solution of the acid with the required concentration
or a calculated amount of a solution of metal chloride and that
of a solution of HCI or DCI in usual or heavy water, respec-
tively, were successively added to a neutralized solution of a
chelating agent using a microsyringe or a micropipette. The pH
values of the solutions were determined potentiometrically or
with the use of a pH-test-paper set (Aldrich, the measurement
were carried out at intervals of 0.2 unit of pH).

IR spectra of solutions of the chelating agents in H,O (in
the region of 950—1300 ¢cm™!) and D,O (in the regions of
850—1200 and 2700—3100 cm™!) with the concentrations of
0.2—0.5 mol L~! were recorded on a UR-20 spectrophotometer
using Krs-5, BaF,, and CaF, cells with the optical length of
0.025—0.050 mm.

Raman spectra of the solutions of the complexes with the
concentrations used in the IR spectral studies were measured on
a Coderg PHO instrument equipped with a He—Ne laser
(A = 632.8 nm).

Electronic spectra in the visible and UV regions were
recorded on Specord M-40 or Hitachi (solutions of the com-
plexes of acid 4) spectrometers. The spectra in the visible and
UV regions were measured using solutions with the concentra-
tions of 0.3 and 0.001 mol L™!, respectively, in 1- and 0.1-cm
cells, respectively.

ESR spectra of aqueous solutions of the complexes with the
concentration of 0.1 mol L™! were measured at 77 and 293 K
on a Varian F-12 spectrometer equipped with a temperature-
controlled attachment.

Conformational analysis. The energies of the molecular
conformations in the region of the global minimum were calcu-
lated by molecular mechanics (MM) with the use of the MM2
(QCPE 395) and MMP1 (QCPE 318) force fields. The confor-

mational energy of the ligand was calculated on the assumption
that a six-coordinate complex is formed assigning the spatial
structure of the polyhedron with typical distances between the
metal cation and the coordinated atoms of the ligand.!3 The
strain energy of the molecule (AE) was estimated as the differ-
ence between the energy of the conformer adopting the com-
plex-forming conformation and that of the conformer in the
region of the global minimum.

Results and Discussion

According to the results of potentiometric titration, 10
all acids under study are tetrabasic (H4L) in aqueous
solutions and form the ML2~, MHL™, and MH,L com-
plexes with divalent metal cations if the metal to ligand
ratio is 1 : 1. The formation of complexes of more
complicated composition under these conditions was not
considered because the experimental data on the con-
ductivity for N-substituted 1-hydroxypropylidene-
diphosphonic acids!4 are indicative of the preferential
formation of mononuclear complexes with these ligands.
The conductivity measurements in the chelating agent
4—CuCl, system performed under the same conditions
depending on the M : L ratio revealed an analogous
regularity.14 The existence region of the complexes of
the same composition can be determined from distribu-
tions plots of the ionic forms of the complexes versus pH
of the solution (Fig. 1). These plots demonstrate that the
ML2™ and MHL™ complexes prevail in a rather wide pH
range, whereas the MH,L complexes exist as the minor
component. In accordance with this fact, the spectra of
solutions in the presence of two equivalents of KOH
represent superpositions of bands corresponding to dif-
ferent ions. In some cases, precipitates were formed in
this pH range. Hence, in the present study, we con-
sidered the structures of the ML2~ and MHL™ com-
plexes.

12 pH

Fig. 1. Distribution of the ionic forms of the complexes de-
pending on pH of the solution in the 1 : 1 ligand 4—M2" system
according to the published datal® at ¢ = 5+ 1073 mol L™1: Ca2*
(I), CaL?™ (2), CaHL™ (3), CaH,L (4), Cu?* (5), CuL?™ (6),
CuHL™ (7), and CuH,L (8); o is the ratio between the concen-
tration of the particular form and the initial concentration of
the ligand.
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Since no dissociation of the proton of the alcoholic
group was observed in the pH range under study,1? the
possibility of its coordination in complexes with the
divalent metal cations was not considered. The deproto-
nated L4~ anions of acids 1—4 are potentially hepta-
dentate (N + 3 O +3 O’), but the maximum dentation is
not generally realized.3-4:6 Either the N atom and the O
atoms of two phosphonate groups (N + O + O’) or only
the O atoms of the phosphonate groups (O + O’), each
being able to act as a bidentate ligand (2 O), can be
involved in chelation. However, in the latter case the
resulting four-membered ring is energetically unfavor-
able and the phosphonate groups in crystalline com-
plexes are generally chelate-bridging.3 The dentation of
the chelating agent decreases upon protonation of the
donor centers.

Complexes of ligand 4 with the Ca2*, Mg2+, Zn2*,
and Cu?* cations. In the diphosphonate unit of the free
deprotonated L4~ anion, the vibrations of each PO;2~
group obey the local symmetry C;, and are classified
into in-phase and antiphase vibrations with respect to
the plane passing through the central C atom. Conse-
quently, the spectra have bands of antiphase symmetri-
cal (((PO3), = 950 cm ~!), in-phase symmetrical
(v'((PO3); = 998 cm™!), and doubly degenerate
(ve(PO3) = 1090 cm™!) vibrations. It should be noted
that the v.(PO3) and v’((POj3), vibrations are observed
only in the IR spectra, whereas the v’{(PO3), vibration
gives an intense polarized line in the Raman spectra, but
it is almost completely forbidden in the IR spectras
(Table 1).

The regular changes!S indicative of the involvement
of the PO4Z™ groups in coordination are observed in the

spectra of the ML2™ complexes (see Table 1). First, the
frequencies of the in-phase v’((PO3), and antiphase
v’{(PO3), symmetrical vibrations are increased by
10—20 cm~!. Second, the intensities of the correspond-
ing IR bands and the Raman lines are redistributed, viz.,
the in-phase v’((PO3), vibration (~1010 cm™!) whose
intensity is comparable with the intensity of the v"((PO3),
band is observed in the IR spectra of the complexes.
Meanwhile, the antiphase v”(POj3), vibration gives a
noticeable line in the Raman spectra of the CalL?~ and
ZnL2~ complexes (~960 cm™!). The third indication is
the splitting of the band of the doubly degenerate v,(PO3)
vibration in the IR spectra of the CuL2™ (Av = 65 cm™!)
and ZnL?™ (Av = 50 cm™!) complexes. This removal of
degeneration results from the lowering of the symmetry
of the PO3 group due to formation of the directed M«O
bond. However, splitting of the v,(PO3) band in the IR
spectra of the Cal?™ and MgL?~ complexes is not
evidenced and only broadening of this band (in the IR
spectrum of MgL2™) or distortion of its shape (in the IR
spectrum of CaL?™) is observed. It should be noted that
the Raman spectrum of the CaL2~ complex has a weak
band at ~1110 cm™!. Therefore, splitting is at most
20 cm™! if ever occurs. An analogous dependence of
splitting on the nature of the cation has been noted
previously in studies of complex formation of different
phosphonates!6—18 and phosphates,1® and hence, the
degree of splitting of the v.(PO3) band can be considered
as a measure of covalence of the M«O coordina-
tion bond.18

The involvement of the N atom in coordination can
be revealed from a change in the frequencies of vibra-
tions of the CH; and CH, groups bound to the N

Table 1. Data of vibrational spectroscopy (v/cm~!) of the normal CaL2~, MgL2~, ZnL2~, and CuL2~ complexes and of the free L4~

anion of acid 4

Assignment | CalZ™ MgL2™, ZnL2~ Cul?,
IR¢ IR?
IR Raman IR Raman IR Raman
spectrum spectrum spectrum
V'i(PO3), 950 m — 970 m 968 m.dp 970 m 960 m 960 m.dp 960 m
v'(PO3), 1000 v.w 998 s.p 1010 m 1008 s.p 1010 m 1010 m 1012 s.p 1010 sh
ve(PO3) 1090 v.s — 1080 sh, 1110 w 1095 v.s.br 1065 s,¢ 1065 w, 1045 s,¢
1090 s, 1115s ¢ 1112 w 1110 s €
1110 sh
v(CH) 2800, 2800, 2800, 2800, 2800, 2800, 2800, —
2850, 2850, 2850, 2850, 2840, 2840, 2850, 2850,
2880, 2880, 2880, 2875, 2880, 2880, 2880, 2880,
2945, 2940, 2950, 2930, 2930, 2940, 2930,
2960, 2968, 2960, 2968 2960, 2960, 2970, 2970,
2990 — 2985 — 2990 2990 — 2990,
— — — — — — — 3010 sh

Note. Bands (lines) with the maximum intensity in the region of CH vibrations are underlined; bands (lines) characterizing the state

of the N atom are printed in bold type.
¢ The Raman spectra were not recorded.

b Attempts to measure the Raman spectra failed due to an intense color of the solutions.

¢The doublet, the maxima with similar intensities.
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atom.18 The regions of 2700—3100 cm™! in the spectra
of solutions of the CalL2™ and MgL?™ complexes and of
a freshly prepared solution of ZnL2~ are identical with
that of the free L4~ anion, which indicates that the N
atom is not involved in complexation (see Table 1). The
IR spectrum of the CuL?™ complex provides evidence
for the M«N coordination. Thus, the maximum at
2800 cm~! disappears and the intensities of the absorp-
tion bands are redistributed throughout the region of CH
vibrations (see Table 1). As in the studies’ of dissocia-
tion of acid 4, the band at 2800 cm™! appeared to be the
most informative. This band is characteristic of both the
methyl20 (presumably, it belongs2? to an overtone of the
deformation vibrations of CH groups) and methylene?l
bonds in the amino group, but it is absent in the spectra
of coordination compounds of amines with metals2021
as well as in other cases of delocalization of the free
electron pair at the N atom.20

Therefore, it can be concluded that the Cal?,
MgL?~, and ZnL2~ complexes in freshly prepared solu-
tions have structure A, whereas the CuL2™ complex has
structure B (on the assumption that the free M2" cation
is coordinated by six H,O molecules).

\/
o o
~ N —_o>
/NN<PO/M(H20)4 @E/CU(HZO)a
/\ / \
A B

M = Ca2+, Mgz+’ Zn2+

Solutions of the ZnL?™ complexes change with time.
The spectra of the freshly prepared solutions containing

equimolar amounts of acid 4 and ZnCl, and 4 equiv. of
KOH (pH ~9—11) are indicative of the formation of
complex A. Meanwhile, the spectra measured after sev-
eral hours provide evidence for protonation of the nitro-
gen atom,> viz., the band (line) at 2800 cm™! disappears
and the band (line) at 3030 cm™! appears. Then bands of
the protonated phosphonate groups appear.5 After
15—20 h, pH of the solution decreases to ~3—4. Based
on these changes and taking into account the fact that
the zinc cation tends to form hydroxo complexes, we
assumed that the acidity of the solution increases due to
hydrolysis of the complex. Its initial stage is shown in
Scheme 1.

Scheme 1
Vo
/N/‘\/< /Zn(H20)4 —
P—0O
/\
\/
P—0
+ N
— /[l\j/'\/ /Zn(OH)(H20)3
H P—0O
/\

In the MHL™ complexes of all cations under study
with ligand 4, the N atom is protonated, which was
established based on the fact that the regions of CH
vibrations in the spectra of the MHL™ complexes
(Table 2) are identical with that of the free HL3—
anion (¢f. Ref. 5), ie., the cations can be coordi-
nated only by the O atoms of the PO32~ groups (struc-
ture C).

Table 2. Data of vibrational spectroscopy (v/cm™!) of the CaHL~, MgHL~, ZnHL™, and CuHL™ complexes and of the free HL3~

anion of acid 4

Assignment HL3~ CaHL™ MgHL™, ZnHL™ CuHL"™,
IR¢ IR?
IR Raman IR Raman IR Raman
spectrum spectrum spectrum
V'(PO3), 950 m 950 sh 970 m — 970 m 970 sh 970 sh 970 m
v'(PO3), — 982 s.p — 1010 s.p 990 sh 990 m, 995 s.p, 990 w,
1020 sh, 1020 sh 1030 sh,
1060 sh 1050 sh
vo(PO3) 1100 s.br — 1100 s.br 1080 w 1100 v.s 1100 s.br — 1100 s.br
v(CH) 2850, 2820, 2825,
2880, 2880, ¢ 2880, ¢ ¢ ¢
— 2945, 2940, 2940, 2940 sh, 2940,
2970, 2968 2970, 2970 2970, 2970, 2970, 2970,
3030 3030 3030 3030 3030 3030 3030 3030

Note. Bands (lines) with the maximum intensity in the region of CH vibrations are underlined; bands (lines) characterizing the state

of the N atom are printed in bold type.
4 The Raman spectra were not recorded.

b Attempts to measure the Raman spectra failed due to an intense color of the solutions.

¢ Unresolved absorption in the region of 2800—2970 cm™!.
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N\ + <PO\
H—N~~ M(H,0),
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C
M = Ca2+’ M92+, Zn2+’ Cu2+

The positions and intensities of the bands in the
regions of PO vibrations in the spectra of the CaHL™
and MgHL™ complexes are slightly changed compared
to those of the corresponding normal ML2~ complexes
and of the free HL3~ anion, which is consistent with the
ionic type of coordination (see Tables 1 and 2). In the
spectra of the CuHL™ and ZnHL™ complexes, new
bands are observed in the region of 1010—1030 cm™L.
Their relative intensities, including the intensity of the
v'(PO3), band at ~990—995 cm™!, can be redistributed
upon small changes of pH of the solution. The broad
structured v.(PO3) band has no pronounced splitting.
This spectral pattern can be explained by several reasons:
first, by the formation of a hydrogen bond between the
noncoordinated O atoms and the betaine proton result-
ing in violation of the correlation between the degree of
splitting and the strength of the M«O bond;15 second,
by the bidentate coordination of one of the phosphonate
groups (conformational analysis of ligand 5 by the MM
method demonstrated that this coordination can occur);
third, by the conformational inhomogeniety of the MHL™
complexes due to the fact that the O atoms of the ligand
and of the H,O molecules can change places in the
coordination polyhedron. For the Cu?* cation, the latter
fact is most evident because its environment cannot be
strictly octahedral due to the Jahn—Teller effect (see
also the results of studies by ESR spectroscopy). In other
words, solutions contain several forms of the MHL™
complex characterized by similar but not identical spec-
tral parameters.

Therefore, the modes of coordination of ligand 4 in
the normal and monoprotonated complexes with the
Ca?*, MgZ*, Zn2*, and Cu?" cations were established
based on the vibrational spectra. In the CalL2~, MgL?™,
and ZnL2™ complexes, the metal cations are coordinated
by the phosphonate groups (structure A). In the CuL?~
complex, both the phosphonate groups and the N atom
are involved in coordination (structure B). In all MHL™
complexes, the N atom is protonated (structure C) and
intramolecular NH...OP hydrogen bonds can exist.

The structure of the coordination polyhedron in the
Cu?* complexes was established by ESR spectroscopy.
The parameters of the Cul?™ complex (g = 2.23,
g = 2.09% g = 217, Ac, = 54.5-107% cm™l) are
characteristic2? of the tetragonal-pyramidal environment
about the cation with the unpaired electron on the d,2_»
orbital (g” > g,). The N atom is most probably located in

*The g, value was calculated by the formula g = 1/3(g; + 2 g)).

the equatorial plane.22 The degree of covalence of the
coordination bonds is estimated at ~20%. The signal in
the ESR spectrum of the CuHL™ complex is isotropic
(g = 2.18) and is virtually identical to the signal in the
spectrum of the copper aqua complex due, apparently,
to the equilibrium between the conformers of the com-
plex, which differ by the arrangement of the O atoms of
the ligand and the coordinated H,O molecules, and to
the fact that the parameters of the resulting polyhedron
are similar to those of the copper hexaaqua complex.

In the visible region of the absorption spectrum of
the CuL2~ complex, the d—d transition band is observed
at ~720 nm. The spectrum of the CuHL™ complex shows
the absorption maximum at 800 nm along with a weak
band at ~970 nm, which is analogous to the d—d band of
the free hydrated Cu?* ion (820 and 970 nm).

The UV spectrum of a solution of the CuL?™ com-
plex (Fig. 2, curve 4) has two absorption maxima at ~235
and ~270 nm, whereas no absorption bands are present
in this region of the spectrum of the free ligand. Previ-
ously,23 we have observed analogous bands in the spectra
of the copper complexes of aminophosphonic acids
adopting different structures and these bands have been
interpreted as the O«Cu and N«Cu charge-transfer
bands (at ~240 and ~270 nm, respectively). The spec-
trum of the protonated CuHL™ complex has only one
maximum at ~240 nm (see Fig. 2, curve 4’) and it is

1
210 230

1 1 1 1
250 270 300 A/nm
Fig. 2. UV spectra of the CulL?2™ and CuHL™ complexes
(numbers for the latters are primed) with ligands 1—4 and the
CuL2~ complex with ligand 5 (¢ = 0.001 mol L™!, 4 = 0.1 cm);
the numbering of the curves corresponds to the numbering of
the ligands.
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similar to that of the CuL?~ complex with ligand 5 (see
Fig. 2, curve 5) in which the O atoms of the PO5; groups
are involved in coordination. Consequently, the O atoms
of the phosphonate groups and the N atom are involved
in coordination in the CulL?~ complex with ligand 4,
whereas only O atoms are involved in coordination in
the CuHL™ complex.

The data obtained for ligand 4 demonstrated that the
O atoms of the phosphonate groups and the N atom in
the nonprotonated CulL?™ complex form the axially
extended tetragonal polyhedron [CuNOO’'(H,0)s]. In
the protonated CuHL™ complex, the O atoms form the
conformationally labile octahedron [MOO " (H,0)4].

Complexation of ligands 1—3 with the Cu?* cation.
Studies of the complexes of the Cu?* cation with acid 4
demonstrated that the involvement of the N atom in
coordination can be revealed from UV spectra.

The UV spectra of the CuL?™ complexes with acids 1
or 3 containing the unsubstituted amino group have two
maxima identical with those observed in the spectrum of
the normal complex with acid 4 (see Fig. 2, curves I, 3,
and 4, respectively), which is indicative of the formation
of the Cu«O (the maximum at ~230 nm) and Cu«N
bonds (the maximum at ~270 nm). Unlike the above-
mentioned spectra, the spectrum of the CuL2~ complex
with acid 2 has one maximum at ~245 nm and it is
analogous to the spectra of the CulL2?~ complex with
diphosphonate 5 and of the CuHL™ complex with ligand
4 (see Fig. 2, curves 2, 5, and 4, respectively), which is
indicative of the presence of Cu«O coordination and
the absence of Cu«N coordination. The CuHL™ com-
plex with ligand 2 is characterized by an analogous
spectrum (see Fig. 2, curve 2’). The Cu«N charge-
transfer band at 270—280 nm is retained in the spectra
of the monoprotonated CuHL™ complexes with ligands
1 and 3 (see Fig. 2, curves I’ and 3’, respectively). A
decrease in its intensity and (in the case of ligand 3) the
shift of this band to the long-wavelength region occur
near the pH boundary of the existence region of the
CuHL™ complex.

In the IR spectra of the CulL?™ complexes with
ligands 1—3 (Table 3), the v,(PO3) band splits, which is
indicative of the formation of the Cu«O coordination
bond. In the case of ligand 2, splitting is the least
pronounced, the low-frequency component is unresolved,
but a shoulder is observed at ~1130 cm™! (see Table 3).
The latter may appear due to the bidentate coordination
of one of the phosphonate groups, which is more prob-
able in the absence of Cu«N coordination. On the
whole, the IR spectrum of the CuHL™ complex with
acid 2 is similar to that of the nonprotonated complex
with 2 and to the spectrum of the CuHL™ complex with
ligand 4 (the v,(PO3) band is structured, but no pro-
nounced splitting is observed), which is evidence for the
structural similarity of these complexes.

The characteristic spectral feature of the copper com-
plexes with ligands 1 and 3 is the retention of splitting of
the v,(PO3) band in the IR spectra of the CuHL™

Table 3. Absorption bands in the IR spectra (v) and in the
spectra in the visible region (L) of the CuL?~ and CuHL™
complexes with ligands 1—4

Ligand v/em™! A/nm,
V(PO3); v (PO3); ve(PO3) vy(PO;H)  447Pand
1 930 w.sh 1000 m 1060 s 720
950 m 1030 sh 1115 sh
2 960 m 1000 w 1050 sh 730
1100 s
1130 sh
3 960 m 1010 sh 1050 s* 720
1110 s*
4 960 m 1010 sh 1045 s* 720
1110 s*
Complex CuHL™
1 930 w.sh 1020 sh 1065 m 1160 sh 750
960 m 1115 s
2 960 m 1000 sh 1060 sh 750
1100 s
3 960 m 1000 sh 1050 m 1160 sh 750
1110 s
4 970 m 990 w 1050 sh 780
1030 sh 1100 s.br

* The doublet, the maxima with similar intensities.

complexes (see Table 3). Throughout the existence re-
gion of the CulL? —CuHL™ complexes, the relative
intensities of the components of the doublet depend on
pH of the solution. Thus, the intensity of the high-
frequency component (1100 cm™!) increases as the acid-
ity of the solution increases and the spectrum of a
solution of the CuHL™ complex near the pH boundary
of its existence region becomes similar to the spectra of
the CuHL™ complexes with acids 4 and 2 in which the
labile polyhedron is formed only by O atoms. The
retention of the coordination of the N atom in the
CuHL™ complex should lead to the formation of the
POs;H™ group, which is characterized by absorption
bands at ~1160 (v4(PO3)), ~1060 (vs(PO,)), and
920 cm~! (W(P—OH)).5 Actually, the IR spectra of the
CuHL™ complexes with ligands 1 and 3 (see Table 3)
have a shoulder at ~1160 cm™!, but its intensity is very
low, which is inconsistent with the almost unchanged
Cu«N charge-transfer band. Apparently, this inconsis-
tency is attributable to O...HO hydrogen bonding within
the diphosphonate unit, i.e., to proton withdraw from
the "own" O atom due to which the phosphonate groups
become spectrally indistinguishable. Unlike the spectra
of the complexes with ligand 4, the spectra of the
CuL?™ and CuHL™ complexes with ligands 1 and 3 are
complicated (splitting or broadening of bands is ob-
served; for example, a shoulder at 930 cm~! in the
spectrum of Cul2™) due, apparently, to the formation
of the intramolecular O..HO and NH...O hydrogen
bonds.
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The results obtained for ligands 1 and 3 are attribut-
able to the fact that the solutions contain two tautomers
of the CuHL™ complex existing in the equilibrium. One
of these tautomers (D) is analogous to the complex with
ligand 4 (C), i.e., it contains the protonated N atom and
the coordinated phosphonate groups. Another tautomer
(E) is characterized by the protonated phosphonate
groups and by the retention of the coordination of the N
atom. The equilibrium is shifted to tautomer D as the
acidity of the solution increases.

(0]

I/O aq I/o aq

P_O\Cllj/aq — <P_O\H Cl‘J/aq
~ R ~

P_O/ |\aq P—O/ | NH2

| o aq I\O aq

(0] (6]

+ e
H,NH
D E

The existence of the tautomeric equilibrium is con-
firmed by a change in the position of the d—d-transition
band in the region of formation of the Cul?~ and
CuHL™ complexes with ligands 1 and 3 (see Table 3).
Thus, the maximum of the band belonging to the CuL?™
complex (4 equiv. of KOH in solution) is observed at
720 nm, which corresponds to the [CuNOO’(H,0)j;]
chromophore. The spectrum of the solution containing
3 equiv. of KOH shows the maximum at ~750 nm, and
this maximum is gradually shifted to 780 nm, which
corresponds to the [CuOO’(H,0)4] chromophore, as
the acidity of the solution increases. The intermediate
position of the maximum is attributable to superposition
of the bands of these chromophores.

In spite of the fact that the N atom in the CulL?~
complex with ligand 2 is not involved in coordination,
the position of the d—d-transition band in the spectrum
of this complex is similar to the positions of the d—d
band in the spectra of the CuL?2™ complexes with other
ligands. Apparently, the differences between the Cu«<N
and Cu«O bond lengths in the coordination polyhedra
are small. The spectrum of the CuHL™ complex with acid
2 has the maximum of the d—d band at ~750—760 nm
(see Table 3).

Therefore, ligands 1 and 3 containing the unsub-
stituted amino group are coordinated through the N
atom not only in the CuL?~ complex, but also in the
CuHL™ complex, whereas ligand 2 containing the sub-
stituted amino group and the short alkylidene chain is
not coordinated through the N atom even in the CuL?™
complex.

Apparently, the CuHL™ complexes characterized by
the involvement of the N atom in coordination, which
were found in the case of acids 1 and 3, occurred due to
formation of intramolecular hydrogen bonds between the
coordinated NH, and PO; groups (chelate H,M-rings3),
which stabilize the [CuNOO "(H,0);] coordination poly-
hedron. An analogous difference between acids 1 and 3,
on the one hand, and the acids containing the

dimethylamino group, on the other hand, was observed
in the studies of their dissociation. Thus, two species,
viz., species protonated at the N atom and at the O atom
of the phosphonate group, existing in the equilibrium
were detected in the solution at the stage of formation of
the HL3™ jon.5

The fact that the N atom in the CuL?~ complex with
ligand 2 is not involved in coordination may be associ-
ated with steric hindrances.® Hence, we performed theo-
retical conformational analysis of ligands 1—4. Calcula-
tions by the MM method demonstrated that the strain
energies (AE) in the case of the complex-forming con-
formation corresponding to the [CuNOO "(H,0);] coor-
dination polyhedron have close values for ligands 1, 2,
3, and 4 (6.7, 10.4, 6.3, and 9.2 kcal mol~!, respec-
tively). Although ligand 2 in this series is characterized
by the largest value AE (10.4 kcal mol™!), the difference
between these values for ligands 2 and 4 (1.2 kcal mol™!)
gives no grounds to explain the fact that the N atom is
not involved in coordination by steric reasons. There-
fore, the difference in the spatial structure of AGDP is
not, apparently, the only factor determining the possibil-
ity of the involvement of the N atom in coordination.

Stability and structures of the complexes. The rela-
tionship between the stability of the complexes and the
structure of the ligand was analyzed using the complexes
of AGDP with Ca?* and Cu?* as an example. In
Table 4, the stability constants of the complexes with

Table 4. Logarithms of the stability constants (logK) of the
ML?™ and MHL™ complexes of the Ca?" and Cu?" cations with
ligands 1—5 (25 °C; p = 0.1 (0.1 M KCl)) based on the
published data3-10

Acid logK@ AlogK?
ML2- MHL™
M = Ca2*
1 undis.¢ undis.¢ —
2 5.7d 5.69 0.14
3 5.8 5.7 0.1
4 5.7 5.6 0.1
6 6.1 6.0 0.1
5 6.0 3.5 2.5
M = Cu?*
1 14.6° (9.6)¢ 5.0¢
2 12.7% 11.4¢ 1.3¢
3 13.6 (10.9) 2.7
4 13.0 10.8 2.2
6 12.9 11.3 1.6
5 12.5 6.3 6.2

@ The values of logK for ligands 1, 2, and 4—6 310 are rounded
off to the first decimal place; logK given in parentheses are
effective values and describe the equilibrium for a mixture of
the tautomeric forms of the CuHL™ complexes.

b AlogK = logKy — logwur, v = [MHLI/(IM][HLI).

¢ Undissolved.

d Calculated with the inclusion of the empirical correction for
logKppr, wWhich was experimentally determined at a different
ionic strength.
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ligands 1—4 and with the H,N(CH,);C(OH)(PO3H,),
ligand (6) (in the Cu?* complexes with 6, the N atom is
noncoordinated)? are compared with the data for gem-di-
phosphonate 5, which does not contain the N atom. In
all Ca2" complexes with AGDP, the metal cation is
coordinated only by the phosphonate groups and, conse-
quently, the coordination is analogous to that of ligand 5
in the CaL2~ complex (structure A). If this coordination
is realized, the inductive effect of the R,N and Ry,HN*
substituents on the stability of the complex is insignifi-
cant. Thus, the stability constants of the Cal?~ and
CaHL™ complexes with ligands 1—4 and 6
(logK = 5.6—6.1) are close to that of the CaL?~ complex
with gem-diphosphonate 5 (logK = 6.0). The stability
constants approximate the latter one as the alkylidene
chain becomes longer. The CuL?~ complexes with ligands
2 and 69 are structurally similar and show the same
regularities. However, the inductive effect of the R,HN*
substituent in the CuHL™ complexes is somewhat more
substantial than that in the CaHL™ complexes, which is
attributable to a substantial degree of covalence of the
Cu«O bond compared to the purely ionic Ca«O bond
(logKcyy are 11.4 and 11.3 for ligands 2 and 6, respec-
tively; these values are lower than logKc, = 12.5 for
ligand 5). Noteworthy is also stabilization of the com-
plexes through the intramolecular N—H...O—P hydro-
gen bond and the N*—H...O—P bond in the coordi-
nated ligand. This effect depends on the length of the
alkylidene chain. It is more pronounced in copper com-
plexes than in calcium complexes and, what is more
important, is manifested regardless of the involvement of
the N atom in coordination (see, for example, logK for
the CaL2~, CaHL™, and CuL?™ complexes with ligands
3 and 4).

If the N atom is involved in chelation of the cation
in the CuL2~ complexes with AGDP 1, 3, or 4 (struc-
ture B), the stability of the complexes increases com-
pared to the complexes in which only phosphonate
groups are involved in coordination. As expected, the
degree of strengthening depends on the length of the
alkylidene chain. Thus, the stability of the complex
increases by approximately two orders of magnitude (see
logK,;. for ligands 1 and 5) upon closure of the addi-
tional six-membered N-chelate ring, whereas the closure
of the less favorable seven-membered ring leads to an
increase in stability by only 0.5—1 orders of magnitude
(see logKc, for ligands 3, 4, and 5). It should be noted
that an increase in stability of the complex due to the
closure of the seven-membered ring is comparable with
an increase in stability due to the formation of intramo-
lecular hydrogen bonds (0.6 log. un.).

A comparison of the stability constants of the CulL2~
and CuHL™ complexes demonstrated that their differ-
ence (AlogK, see Table 4) cannot be used as a reliable
criterion for the involvement of the N atom in coordina-
tion in nonprotonated complexes as sometimes sug-
gested.% For example, the stability constants correspond-
ing to the CuHL™ complexes with acids 1 and 3 are

effective values and do not characterize the com-
plexes with particular structures, because differ-
ent tautomeric forms of this complex are present in
solution.

Therefore, the stability of the complexes with AGDP
1—4 and 6 in the absence of coordination of the cation
by the N atom is virtually independent of the structure
of the aminoalkylidene fragment, viz., both the inductive
effect of the substituent, which results in a decrease in
stability of the complex, and the influence of the forma-
tion of intramolecular hydrogen bonds in the coordi-
nated ligand, which stabilize the complex, are small. If
the N atom is involved in coordination, the enhance-
ment of stability of the complexes depends primarily on
the length of the alkylidene chain of AGDP, which
determines the size of the additional chelate ring. The
stability of the complex is affected to a lesser degree by
the ability of the substituent at the N atom to form
hydrogen bonds stabilizing the complex.

We thank B. K. Shcherbakov for supplying speci-
mens and for helpful discussion.
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