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To complement our previous pH-potentiometric and spectrophotometric investigations, in the present work O
NMR studies on Mo(vi)—desferrioxamine B (DFB) and Mo(vi)-acetohydroxamic acid (Aha) systems, and "H NMR
on Mo(vi)-Aha, Mo(vi)-benzohydroxamic acid (Bha) and —N-methylacetohydroxamic acid (MeAha) have been
performed. Complete equilibrium models for all the studied systems are presented in this paper. Formation of a
hydrogen bond could be suggested between the hydroxamate-NH of the coordinated primary monohydroxamic acids
and oxo ligands of molybdenum under acidic conditions and, at ca. neutral pH, deprotonation of that NH was
found. This is the first time that this process in a Mo(vi)~hydroxamic acid system has been detected. The hydroximato
chelate formed in this manner is unusually stable, and able to compete with hydrolytic processes up to basic pH,
which results in the surprising fact that the interaction between Mo(vI) and the small primary molecules, Aha and
Bha exists up to much higher pH than between Mo(vi) and the known powerful tris-chelator natural compound,

DFB.

Introduction

The essential role of siderophores in the iron uptake of
microbes is well known."? Recent investigations supported the
role of siderophores also in molybdenum uptake in N,-fixing
bacteria.** It was found that the amount of siderophore
released by these microbes is influenced by the concentration of
molybdate in the growth medium.* In spite of their possible
biological importance, molybdenum-hydroxamate based
siderophore systems have not been studied extensively.>! Very
strong interaction between desferrioxamine B (DFB = H,L")
and Mo(v1) in acidic solution was shown by our previous
pH-potentiometric and UV-VIS investigations.” Equimolar
amount of DFB hinders the formation of polyoxomolybdates
completely and a metal complex [MoO,(H,L)]" is formed in
which DFB is coordinated to a dioxomolybdenum core
(Mo0O,*") via its two hydroxamate chelates while its non-
coordinated hydroxamic plus terminal amino groups are still
protonated. This complex hydrolyses in cooperative processes
above pH 5 and only the molybdate and the free ligand were
found above pH ca.7.5.”

Equilibrium systems involving Mo(v1) and different mono-
hydroxamic acids (hereafter their general abbreviation is HL)
are more complicated than the Mo(vi)-DFB system.®!!
Namely, the bis-chelated complexes, [MoO,L,] formed in the
molybdenum(vi)-monohydroxamic acid systems are somewhat
less stable, and the two hydroxamate chelates are displaced in
consecutive hydrolytic processes which results in the formation
of a mono-chelated type complex in measurable concentration
under slightly acidic and neutral conditions. Many ligands con-
taining three donors form stable octahedral mono-complexes
with an MoO; core,'? but a hydroxamate function contains only
two donors. This means that, at least theoretically, two different
types of mono-chelated hydroxamato complex, [MoO;L-
(H,0)]” and [MoO,L(OH),], can be formed but neither
pH-potentiometry, nor spectrophotometry can differentiate
between them. Consequently, the question as to whether one or
the other, or both of them are formed remained open in our
previous work.” Fortunately, 7O NMR chemical shifts related
to the number and types of oxo ligands in the molecules,'>'*
and perhaps '"H NMR methods might provide an answer to the
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above question and offer new insight into the solution equi-
librium of Mo(vi)-hydroxamate systems.

Now we have complemented our previous pH-potentiometric
and UV-VIS spectrophotometric work, further studying the
interaction between Mo(vi) and hydroxamates. 7O NMR
measurements were performed on the Mo(vi-DFB and
Mo(vi)-Aha systems and "H NMR investigations were made
on the Mo(vi)-Aha, Mo(vi)-Bha and Mo(vi)-MeAha systems.
The formulae of the ligands together with the corresponding
dissociation constants are shown in Scheme 1.
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The molybdenum(vi) stock solution was prepared from Na,-
MoO, (Reanal). Acetohydroxamic acid and benzohydroxamic
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acid were SIGMA products, N-methylacetohydroxamic acid
was prepared by standard procedures from the corresponding
carboxylic esters and hydroxylamine,'* and DFB was produced
by CIBA-GEIGY. The concentration of the metal ion stock
solution was checked gravimetrically via precipitation of the
quinolin-8-olate. The concentration of the ligand stock solu-
tions was determined by pH-metry by the use of Gran’s
method.'® Literature data (log §) for the molybdenum(vr) hydro-
lytic species were used during the calculations: [HMoO,]™ 4.03;
[H,Mo00,] 6.70; [Hg(Mo0O,),]*~ 53.18; [He(Mo0O,),]’~ 58.10;
[H,;(M0O,),]*" 62.11; [H,;(M0O,),]*~ 64.54.7 All the measure-
ments were made at 25 °C and at 0.2 M KCI.

Carbonate-free KOH solutions of known concentrations
(ca. 0.2 M during the pH-metric measurements and ca. 5 M to
adjust the pH during the 7O NMR measurements) were used as
titrant. HCI stock solutions were prepared from 37% HCI
(m/m) (both the acid and base were Merck products) and their
concentrations were determined by pH-metric titrations.

Potentiometric 7O and '"H NMR studies

A Radiometer pHM 84 instrument equipped with Metrohm
combined electrode (type 6.0234.110) and Metrohm 715
Dosimat burette was used to measure the pH and pD values.
The pD values were converted to pH values as usual:

pD = pH meter reading + 0.4.

The electrode system was calibrated according to Irving
et al,' and the pH-metric readings could therefore be con-
verted into hydrogen ion concentration. The water ionization
constant, pK,, is 13.76 £ 0.01 under the conditions employed.
The pH-metric titrations were performed in the pH range
2.0-10.5. The initial volume of the samples was 10.00 cm?.
The PSEQUAD computer program'® was used to fit the
experimental data. Because numerous species are co-present
in a Mo(vi)-containing system but the free metal ion does
not exist in aqueous solution, as usual, MoO,*~ was chosen
as the component M in the calculations. Standard deviations
are always given in parentheses for the stability constants
calculated in the present work.

70 NMR measurements were performed for the Mo(vi)—
Aha and Mo(vi)-DFB systems at 1 : 3 and 1 : 1.2 metal to
ligand ratios, and at ¢jg,nq = 0.15 and 0.03 M, respectively. The
solvent was 90% H,0-10% D,O enriched for ’O. Enrichment
of the molybdate oxygen atoms to 3% was done by addition of
H,"0 (12%, Cambridge Isotope Laboratories) to the samples.
The enrichment included the M=O oxygens, while the oxygens
of the ligands were not involved in the 7O isotope enrichment,
being inert for oxygen exchange. Spectra were registered on
Bruker DRX 500 NMR equipment at 67.8 MHz. Spectral
widths of 1200 ppm (81.4 kHz) were used, and data for the FID
were accumulated in 8k blocks. A 40° pulse angle and 100 ms
relaxation delays were used. The spectra were integrated after
baseline correction by using WINNMR software. Chemical
shifts refer to the signal of tap water, 6 = 0 ppm.

'"H NMR measurements were made on Brucker AM 360
by using D,0 as solvent using DSS (sodium 4,4’-dimethyl-4-
silapentane-1-sulfonate) as standard at the following condi-
tions: Metal to ligand ratio was 1 : 3 in all samples and
the analytical concentrations were as follows: ¢gp, = Cymeana =
ca. 0.015 M, cpp, = 0.15 M. 15-25 spectra were recorded in the
following pD-ranges: ca. 2-11.5 for the Mo(vi)-Aha, ca. 2-8 for
the Mo(vi)-MeAha and ca. 5-11 for the Mo(vi)-Bha systems.

Results and discussion
7O NMR results for the Mo(vi)-DFB system

The pH-potentiometric equilibrium model for the Mo(vi)—
DFB system is very simple.” All titration curves (more than
250 experimental data) could be fitted (fitting parameter was
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4 x 107° cm®) with the model involving the proton complexes of
DFB (Scheme 1), hydroxo species of molybdenum(vi) (see
Experimental section) and the metal complex, [MoO,(H,L)]*
(schematic view of one of the possible bonding modes is shown
by I in Scheme 2).
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The overall constant log 8, obtained for the equilibrium (1) is
53.54.

MoO2 + L3 + 6H' = [MoO,(H,L)]* + 2H,0 (1)

[MoO, (H,L)]*
[MoO,* J[L* J[H' T’

ﬂ[Mooz (HL)]

The corresponding concentration distribution curves are pre-
sented in Fig. 1(a).

According to Fig. 1(a), the metal complex, [MoO,(H,L)]"
existing exclusively below pH 5 decomposes “in a single step”
by pH ca. 7.5. Also, the UV-VIS spectra show the characteristic
band of [MoO,(H,L)]" (A,.. and ¢ values are 290 nm and
ca. 2.9 x 10 M~ cm ™!, respectively) below pH 5 exclusively; the
intensity of this band starts to decrease at pH 5 and disappears
at ca. pH 7.5-8.

Owing to the high basicity of the hydroxamate and amino
groups of DFB, the completely protonated ligand is formed in
the decomposition reaction (2).

[MoO,(H,L)]* + 2H,0 = MoO2 + H,L* + 2H* (2)
In order to obtain further evidence for the equilibrium

model of the Mo(vi)-DFB system, 7O NMR investigation
under the conditions given in the Experimental section have



Table 1 Comparison of number of oxo ligands, chemical shifts of O
signals, Mo-O distances, and expected n-bond orders for the various
molybdenum cores*

MoO,2" cis-MoQOj, cis-MoO,>*

Number of oxo ligands 4 3 2
n-Bond order 0.75 1 L.5
Bond length/pm 176 173 170
Chemical shift/ppm 532 ~700 ~900

“The values are taken from ref. 13.
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Fig. 1 Concentration distribution curves calculated for the Mo(vi)—
DFB system by the use of the pH-metric model” at cppg = 0.003 M,
Cpory = 0.0025 M (a); O NMR model at ¢ppg = 0.003 M, ¢pon =
0.0025 M (b); ?O NMR model at ¢pgp = 0.03 M, ¢y = 0.025 M (c).

been performed. Selected NMR spectra are shown in Fig. 2 and
the intensities of the signals as a function of pH are presented
in the inset in Fig. 2.

As Fig. 2 shows, only one signal at ca. 900 ppm appears
below pH 5. A comparison of this chemical shift with those
given in Table 1 supports unambiguously that the peak belongs
to a MoO,*"core-containing complex.

Substantial broadening of the signal could be attributed to
intramolecular exchange processes between the possible bond-
ing isomers (coordination of different two of the three hydrox-
amates) or between different optical and geometrical isomers.
The inset in Fig. 2 indicates that the dioxomolybdenum-

containing species exists practically at 100% below pH 5. At pH
5.25, however, a new signal at ca. 680 ppm appears, which
strongly suggests the appearance of some species containing a
trioxomolybdenum core (c¢f. Table 1). The intensity of this sig-
nal increases up to ca. pH 7, decreases when the pH is increased
further, and finally disappears by ca. pH 8.5. The characteristic
70 signal of MoO,* starts to develop at 530 ppm at ca. pH 6,
and exclusively exists above pH 8.5. The intermolecular
exchange between the [MoO,(H,L)]" and [MoO,(H;L)] can be
neglected, because any broadening of the signal of the latter
complex can not be observed.

Thus, the NMR results show clearly that a mono-chelated
species containing a trioxomolybdenum core also appears in a
narrow pH-range in the system. By the use of this new model
the pH-metric experimental data were fitted again and the over-
all stability constants (logf) for the complexes [MoO,(H,L)]*
and [MoO;(H;L)] were calculated. They are 53.56(3) and
46.67(6) for the overall processes (1) and (3), respectively (fitting
parameter 3 X 107° cm?®).

MoO/™ + L*” + 5H" =[MoO;(H;L)] + H,O (3)

_ [MoO,(H,L)]
[MoO, JIL" J[H'T

ﬂ|M‘5’O;(H3L)|

Why was the complex [MoO,(H;L)] previously not found by
pH-metry? Most probably, because it was formed in a very
narrow pH-range and in a very low concentration under the
conditions applied. It is important to appreciate that different
analytical concentrations were used for the pH-metric and
NMR methods. In the pH-metric measurements cppp Was var-
ied in the range of 0.001-0.003 M and the metal to ligand ratios
were 1 : 1, 1 : 2 and 1 : 3. O NMR measurements were,
however, performed at much higher analytical concentrations,
ie. cppg = 0.03 M and ¢y, = 0.025 M. The effect of this
concentration difference on the concentration distribution
curves is demonstrated in Fig. 1(b) and (c). The former relates
to the conditions used during the pH-metric measurements, the
latter to the conditions of 7O NMR measurements. Fig. 1(b)
and (c) show that under the condition of 7O NMR measure-
ments the maximum concentration of the species [MoO;(H;L)]
is ca. 50% (which at the same time agrees quite well with the
fraction calculated by the intensities of the signals and shown
in the inset in Fig. 2) but it is less than 10% under the pH-
potentiometric conditions. This should be the reason why the
pH-metric titration curves could be well fitted without involv-
ing [MoO,(H;L)] in the equilibrium model.

7O NMR results for the Mo(vi)-Aha system

According to the pH-metric and spectrophotometric results’

[Mo0O,L,] and [MoO;L] are formed in the Mo(vi)-Aha sys-
tem, and the interaction between the metal ion and the ligand
exists only below pH ca. 8.5. The overall stability constants
(log ) reported for the processes (4) and (5) are 32.46 and 17.16,
respectively.

MoO,> + 2L~ + 4H' =[MoO,L,] + 2H,0  (4)

_ [MoO,L,]
[MoO, J[L'F[H]*

ﬂlMOOszl
MoO,> + L~ + 2H" =[MoO,L]” + H,0  (5)

[MoO,L]

'B|M00_:LI N W

There is no doubt that two hydroxamates coordinate to the
dioxomolybdenum core in the species [MoO,L,], but what is the
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Fig. 2 7O NMR spectra of the Mo(vi)-DFB system at pH values shown on the spectra; inset: pH-dependence of the relative intensities of the

various signals: cppg = 0.03 M, cppoqn = 0.025 M.

bonding mode in the monochelated complex, [MoO;L] ? The
possible two complexes, (II) and (III), could not be differenti-
ated by the methods used in the previous study. One of the main
aims of the present NMR study was to solve this problem.

70 NMR spectra of Mo(vi)-Aha were registered between
pH ca. 2.0-11.7 at metal to ligand ratio 1 : 3 (Fig. 3). The signals
were assigned with the use of the characteristic chemical shifts
shown in Table 1.

Surprisingly, the spectra in Fig. 3 indicate two well-defined
deprotonation processes of the complexes containing MoO,**
and one of the complex containing the MoQOj; core. This means
that three different types of MoO,>*-containing and two
MoO;-containing species are formed in this system. Moreover,
the MoO,*" core is extremely stable and exists up to pH 10—
10.5. If the chemical shift vs. pH curves shown in the inset in
Fig. 3 are fitted by the computer program PSEQUAD, the fol-
lowing dissociation constants (pK) are obtained: pK; = 4.45(1),
pK, = 6.74(1) for the MoO,*"-containing species and pK =
7.73(1) for the MoO;-containing one.

Relative intensities of the O signals were used to quantify
the amount of species involving the different cores (MoO,**,
MoO; and MoO,*"). Fig. 4 shows these values (individual
points) together with the pH-metrically determined concen-
tration distribution curves (solid lines).

The conclusions that can be drawn from the NMR results are
the following:

(i) Only the characteristic signal of MoO,*" appears in Fig. 3
at ca. pH 2 which suggests the exclusive formation of
[Mo0O,L,]. On increasing the pH above 2, the chemical shift of
that signal tends to decrease and the pK, = 4.45 (see above) can
be attributed to the process occurring in this pH-range. On the
other hand, the signal of MoO; can not be observed below ca.
pH 4. These findings indicate the formation of a new MoO,**-
containing complex in this pH range. This is most probably
the species [MoO,L(OH),]” (III) formed in eqn. (6) (the
non-coordinated Aha is in its protonated form).

[MoO,L,] + 2H,0 = [MoO,L(OH),]” + HL + H"  (6)

(ii) The very broad NMR signal of MoOj; oxygens is clearly
observable at ca. 688 ppm at ca. pH 4 (Fig. 3) and at the same
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time the intensity of the signal belonging to the oxo ligands of
MoO,** starts to decrease somewhat. These two findings
strongly suggest the appearance of [MoO;L(H,0)]” (II) in the
equilibrium (7) or (8) or in both of them.

[MoO,L,] + 2H,0 = [MoO,L(H,0)]” + HL + H* (7)
[MoO,L(OH),]” = [MoO,L(H,0)] + H,0  (8)

Interesting changes in the line-width of MoO; signal as a
function of pH show remarkable intramolecular exchange pro-
cesses in [MoO;L(H,0)]". The large broadening of that signal
can not be attributed to a two-site intermolecular exchange
with MoO,>*-containing species, the signal of which is actually
less broadened. The temperature dependence of the spectrum at
pH = 4.81 showed that the MoO, signal became slightly broad-
ened at 273 K, as is a normal behaviour for a 7O signal in a
more viscosic sample. The signal of the MoOj; core, however,
became substantially sharpened. This kind of temperature
dependence of the line-width is typical for a signal being in slow
exchange, because the exchange reaction is slower at lower tem-
perature. The exchange site should be the water, but the effect
on the water signal is hardly visible because of its large popu-
lation. To study this problem in detail, however, is beyond the
scope of this work.

(iii) According to the pH-metric model, the concentration
of [MoO;L(H,0)] starts to decrease and MoO,>” appears at
ca. pH 6, and by pH 9 the latter species exists exclusively (see
continuous lines in Fig. 4). Although the intensity of the 7O
signal of MoO, starts to decrease at ca. pH 5.5 the simple
pH-metric model is not supported by the NMR results.
Namely, the formation of a new MoO;-containing species is
indicated by the shift of the less and less intense O signal
(pK = 7.73). Moreover, the intensity of the signal of MoQO,**
does not decrease, but on the contrary, it starts to increase a
little bit again at ca. pH 6. Parallel with that, the shift of this
signal shows a “second deprotonation process” (corresponding
pK, = 6.74) and the formation of a third type of complex con-
taining MoO,>*. The signal of MoO,>~ becomes observable at
ca. pH 5.7, but exclusively exists only above 10.
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The most likely explanation of these unexpected results is
that the deprotonation of the NH in the coordinated hydrox-
amate (as was previously found in the Cu(m)-Aha complex
at high pH") occurs above pH ca. 6-7, which results in
the formation of the significantly more stable hydroximato
chelate (structures IV, V). The formation of (IV) and (V)
may be responsible for the unexpectedly strong interaction
obtained between Aha and molybdenum under basic con-
dition. The most likely deprotonation processes resulting in
the formation of the hydroximato complexes are shown in
eqns (9)—(11).

[MoO,L(OH),] - = [MoO,(LH_)(OH),}"” + H"  (9)

[MoO,L(H,0)] - = [MoO4(LH_)(H,0) + H* (10)

[MoO;L(H,0)] - = [MoO,(LH_))(OH),* + H" (11)

The formation of the two hydroximato complexes involves
the same pH-effect as the formation of MoO,*” in eqns. (12)
and (13) has. Moreover, their decomposition to free ligand (HL)
and MoO,*>~ does not involve a pH-effect. This should be the
reason why the pH-metry was not able to detect the formation
of these hydroximato species.

[MoO,L(OH),] - =Mo0.2 + HL + H*  (12)

[MoO,L(H,0)] " =Mo0,>” + HL + H*  (13)

If the N-H bond is polarised in the Mo(vi)-Aha hydroxam-
ate complexes, a strong intramolecular hydrogen bond between
the NH proton and an oxo ligand (e.g. stucture VI) might occur
already at acidic conditions. The formation of such an intra-
molecular hydrogen bond can cause some “apparent” decrease
of the MoO,>" core species, which might account, at least in
some part, for the unexpectedly low Mo fraction in the pH
range ca. 2-4. Perhaps, another part of the “missing fraction” is
in MoO;-containing species having a very broad, unobservable
170 signal (see molar fractions in Fig. 4).

By the use of the new equilibrium model and the pK values
relating the deprotonation processes of the various molyb-
denum core-containing complexes, plus the fractions calculated
from the relative intensities of the signals pH above 5, the stabil-
ity constants the complexes and their concentration distribu-
tion curves were calculated (Fig. 5).

Comparison of Figs. 4 and 5 shows that the concentration
distribution curves shown in Fig. 5 fit very well with the Mo
fractions calculated from the NMR spectra (see Fig. 4) except
pH below 4 in which region some part of the intensity of the
7O NMR signal is missing. The possible cause of this “anom-
aly” is explained above by the formation of a hydrogen bond
between the NH proton and an oxo ligand.
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16.41, [MoO;(LH_)I*": 9.39, [MoO,(LH_)(OH),]*": 9.67: cpp, = 0.15
M, Cyton = 0.05 M.

If our assumption regarding the formation of hydroximate
complexes is correct, the same processes can occur with other
primary hydroxamic acids such as Bha but not with secondary
hydroxamic acids (like with DFB, MeAha). Unfortunately, the
selected monohydroxamic acids (Bha, MeAha) and especially
their molybdenum complexes had too low solubility to perform
70 NMR studies with them.

"H NMR results for the Mo(vi)—Aha, Mo(vi)-Bha and Mo(v1)—
MeAha systems

In order to get further support to the equilibrium model of the
Mo(vi)-monohydroxamate interaction, two additional systems,
Mo(vi)-Bha and Mo(vi)-MeAha were studied. A pH-potentio-
metric and spectrophotometric investigations of the latter two
systems were previously made.'! The results obtained were very
similar to those of Mo(vi)-Aha and the stability constants
(logp) determined for the complexes [MoO,L,] and [MoO;L-
(H,0)]” of Bha and MeAha (for eqns. (4) and (5)) are 32.35,
31.90 and 16.89, 16.89, respectively.

'H NMR investigations on the H-Aha, Mo(vi)-Aha,
H-Bha, Mo(vi)-Bha, H-MeAha and Mo(vi)-MeAha systems
were performed. For the ligand spectra the H-Aha and
H-MeAha systems showed simple behavior (not shown). 'H
NMR spectra for the H-Aha system involve practically only
one singlet appearing at 1.915 ppm in the pD-range 2.0-7.6 and
above this pD the deprotonation of the ligand results in the
decrease of the chemical shift down to 1.791 ppm at pD = 11.8.
In the pD-range 2-8 two singlets at 2.09 and 3.20 ppm for the
H-MeAha system appear which belong to the methyl protons
next to the C and N atoms, respectively. Since even in very
dilute solutions, precipitation occurred in the acidic region in
the Mo(vi)-Bha samples, spectra could only be recorded in the
pD-range ca. 5-11. For this reason the ligand spectra were
recorded only in the same pD range.

Some of the spectra recorded for the Mo(vi)-Aha, H-Bha
and Mo(vi)-Bha systems are shown in Fig. 6 and in Fig. 7(a)
and (b), respectively.

It can be seen in Fig. 6 that in addition to the free Aha signal {
another one showing two deprotonation steps exists almost in
the whole studied pD range and disappears only above pD 10.
At pD =2.01 the relative intensity of the two observed signals is
exactly 2 : 1. Because the metal to ligand ratio in the sample was
1 : 3, this finding shows that two thirds of the ligand exists in the
complex and one third of it is free at this pD. Interesting

T The very weak peak appearing at 2.10 ppm in the pD-range 2-8 and
shifting down to 1.97 ppm by pD = 11.77 belongs most probably to an
isomeric form of Aha which does not take part in any complex form-
ation. (The peak appears also in the free ligand spectra.)
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Complex Aha

Fig. 6 'H NMR spectra of the Mo(vi)-Aha system at various pD
values: cap, = 0.15 M, ppoqn = 0.05 M.

changes in the line-width of the signals as a function of pH
refer to various inter- and intra-molecular exchange processes
that occur in the system, e.g broader signals refer to faster
processes in the acidic region, while sharper ones indicate the
formation of more inert species at higher pH. Quantitative
evaluation of the exchange processes, however, can not be made
from the '"H NMR spectra.

A comparison of the '"H NMR results with those obtained
from the 70O NMR spectra allows to draw the following conclu-
sions: (i) the signal that appears at 2.151 ppm at pD = 2 and
shifts down to ca. 1.85 ppm by pD = 9.5 belongs unambigu-
ously to the three different MoO,*" core-containing species
(IMoO,L,], [MoO,L(OH),]” and [MoO,(LH_))]); (ii) The pK
values obtained by fitting the chemical shift vs. pD curve of that
signal are the following: pK; = 4.55(5); pK, = 6.91(8). These
values are very close to those obtained by O NMR spectra
(especially if we take into account the differences in the condi-
tions applied and given in the Experimental section) and belong
to processes (6) and (9). (iii) The relative intensities at pD = 2
are in accordance with the dominant formation of [MoO,L,].
(iv) The very broad signal appearing at pD = 5.48, 5.75 and 6.05
at 2.038, 2.038 and 2.035 ppm, respectively, belongs most prob-
ably to MoO,-containing species.

Unfortunately, precipitation occurred in the acidic region
in the Mo(vi)-Bha samples even in very dilute solutions.
Dissolution of the precipitate allowed the measurements in the
pD-range ca. 5-11 and some representative spectra registered
for the free ligand and metal containing system are shown in
Fig. 7(a) and (b). Although the spectra are quite complicated,
there is no doubt that a multiplet signal belonging to molyb-
denum-Bha complexes (most probably MoO,**-containing
ones), exists almost in the whole measurable pD-range. This



Table 2 A comparison of the results obtained by pH-metry and NMR methods for primary and secondary hydroxamic acid-containing systems

Model determined by
System pH-metry NMR Upper pH limit of Mo(v1)-ligand interactions
Mo(vi)-DFB [MoO,(H,L)]* [MoO,(H,L)]* ca. 8.5
[MoO,(H,L)]
Mo(vi)-Aha/Mo(vi)-Bha [MoO,L,] [MoO,L,] ca. 10.5
[MoO,L(H,0)]” [MoO,L(OH),]”
[MoO,L(H,0)]
[MoO,(LH_,)(OH),*~
[MoOy(LH_,)(H,0)]*"
Mo(vi)-MeAha [MoO,L,] [MoO,L,] ca. 8.5
[MoO,L(H,O)]” [MoO,L(OH),]
[MoO;L(H,0)]
a, pD
M 11.03
M SN
8.92
8.46
7.95
7.58
7.01
5.92
M 5.02
a Y
' 72%8 ' 7.84 ' 78‘0 ' 7.7‘6 j 77‘2 ‘ 7.68 ‘76‘4 ' 7A6|0 ‘ 756 752 ' 748 j 7,4‘4 ' 740 ' 73‘6 ' 732
(ppm)
b, pb
11.07
10.03
9.49
8.85
8.44
7.93
7.58
—— R ——
RNV Y VN S 1~
4.96

R R
7788 784 780 776 1772 168 7.64
(ppm)

L B e e o e e e e e e e B B S e e e e e
760 756 752 748 744 740 736 1732

Fig.7 'H NMR spectra of the H-Bha (a) and Mo(vi)-Bha (b) systems at various pD values: cgp, = 0.014 M, Chogy = 0.0052 M.

signal shows a deprotonation process in the pD-range 5-8, for
which a pK value of ca. 6.0-6.5 can be estimated.

All the "H NMR results obtained in the pD-range 2-8 for the
Mo(vi)-MeAha system supported the above conclusions. In the
pD-range measured, in addition to the two singlets at 2.09 and
3.20 ppm belonging to the methyl protons next to the C and
N atoms of the free ligand, respectively, two additional sig-
nals appear. One is at 2.20 ppm and the other at 3.47 ppm at
pD = 2. The chemical shifts decrease by pD 5, down to 2.14
and 3.40 ppm, respectively. The pK value calculated from the
spectra is 3.8(1) and most probably belongs to process (6).
No further change occurs in the chemical shifts above pD ca.
5 at all and the signals of the complexes disappear by pD =
8. Consequently, the secondary ligand MeAha, which has no
proton on its hydroxamate-N, is unable to form the very

stable hydroximato chelate and is displaced from the coordin-
ation sphere of Mo(vi) by hydrolysis at much lower pH
(ca. 8) than for the primary hydroxamic acids Aha and Bha
(above pH 10). These latter results give further support to the
assumption that the deprotonation processes occurring in the
Mo(vi)-Aha and Mo(vi)-Bha systems above pH 6 relate to
the deprotonation of the NH protons of the coordinated
hydroxamates.

Conclusion

A comparison between the models obtained by pH-metric” and
multinuclear NMR methods as well as between the different
Mo(vi)-binding abilities of the various hydroxamic acids is
made in Table 2.
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As Table 2 shows, improved equilibrium models for all the
studied systems, Mo(vi)-DFB, Mo(vi)-Aha, Mo(vi)-Bha and
Mo(vi)-MeAha, were obtained by the use of the NMR
methods. In addition to the very stable bis-hydroxamato, a
small amount of mono-hydroxamato complex was also found
in the Mo(vi)-DFB system. It was shown that both types of the
possible mono-hydroxamato complexes, [MoO,L(OH),]” and
[MoO,L(H,0)] are formed with monohydroxamic acids, in the
slightly acidic and in the neutral pH region. Indication was
found for the formation of a hydrogen bond between the
hydroxamate-NH of the Aha and an oxo ligand of the metal
ion under acidic conditions. Moreover, the NH proton of the
coordinated monohydroxamic acids, Aha and Bha, dissociates
above pH ca. 6 and the very stable hydroximate chelate is
formed. As a result of this, the primary hydroxamic acids are
able to chelate Mo(vi) up to pH 10 or somewhat above, but
secondary type hydroxamic acids, which are unable to form a
hydroximate chelate, are released by pH 8-8.5. This is the
explanation of the interesting phenomenon as to why small
primary monohydroxamic acids like Aha or Bha, are better
chelators of Mo(vi) under basic conditions than the tri-
hydroxamate-based siderophore, DFB.
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