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The behavior of N-phenylbenzohydroxamic acid (PBHA) in organic solvents has been investigated by 1H and 13C
NMR spectroscopy. Measurements in acetone at different temperatures and concentrations enable one to
individualized two signals, in a 20/80 area ratio, which were ascribed to partition of PBHA between two isomers,
HZ (cis) and HE (trans). The dependence of the low-intensity peak on concentration and temperature strongly
suggests dimer formation. Since only the HZ form can give dimers, it may be concluded that in acetone PBHA is
present mainly in the HE form. 13C NMR measurements in methanol yielded a 50/50 [HZ]/[HE] ratio. The equilibria
and kinetics of complex formation in aqueous solutions between Ni(II) and PBHA were investigated by
spectrophotometric and stopped-flow techniques at 25 °C and 0.2 M ionic strength. Two reaction paths, involving
the binding of Ni2+ to the neutral PBHA and to its anion, were observed. The rate constants of the forward and
reverse steps are k1 ) (7.1 ± 0.3) × 102 M-1 s-1 and k-1 ) (4.9 ± 0.6) s-1 for the step involving the undissociated
PBHA and k2 ) (5.5 ± 0.7) × 104 M-1 s-1 and k-2 ) (1.2 ± 0.1) s-1 for the step involving the anion. The k2 value
indicates that the PBHA anion reacts with Ni2+ according to Eigen’s mechanism and that in water the cis form
prevails. The k1 value is lower by a factor of 13 compared to the value estimated on the basis of Eigen’s mechanism,
suggesting that at least 90% of the neutral ligand is present in a nonreactive conformation.

Introduction

Hydroxamic acids (RCONROH) are weak acids with a
broad variety of applications; they are used as flotation agents
in metal extraction, as inhibitors of copper corrosion, and
also as therapeutic agents due to their antibacterial and
antimalaria action.1 These species are inhibitors of urease
activity and have been used in the treatment of hepatic coma.2

All these properties are related to the ability of these acids
to form complexes with metal ions. Much attention has been
devoted to binding of iron(III) to hydroxamic acids, as many
microorganisms may synthesize compounds containing the
hydroxamate residue susceptible to binding iron(III),3 thus

providing a way to dissolve the metal ion under physiological
conditions.4 Hydroxamic acids may also act as ligands toward
many other metal ions such as Al(III),5 Cr(III),6 Ga(III),7

Os(III),8 Eu(III),9 Be(II),10 Co(II),11 Ni(II), 12 Cu(II),13 Zn(II),14

V(V),15 Pu(IV),16 Np(IV),16 U(VI),16 Mo(VI),17 and La (III).18

However, despite these interesting applications, hydrox-
amic acids still remain poorly characterized; very recently
it has been demonstrated that these compounds can accept a
second proton under high-acidity conditions, and the pro-
tonation constants have been determined in strong mineral
acid media for aceto-, benzo-, and salicylhydroxamic acids.19

On the other hand, despite the number of experimental and
theoretical investigations on this issue, assignment of the
preferred deprotonation sites is still puzzling; moreover, it
should be noted that the structure of hydroxamic acids in
solution has not yet unambiguously been determined.

A major difficulty in assigning the proper structures stems
from their distribution among the tautomer forms,20,21 and
further complications may arise from the possible geometric
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isomerization and internal or solvent-including hydrogen
bonding. The HZh HE equilibrium for monoalkylbenzo-
hydroxamic acids was investigated in several solvents,22 and

it has been suggested that the HZ (cis) conformation of
monoalkylhydroxamic acids become stabilized in water by
solvent-including hydrogen bonding; the latter kind of
interaction has been attributed to NH compounds, whereas
intramolecular hydrogen bonding has been attributed to
N-substituted hydroxamic acids.23 To gain additional insight
into this aspect of the chemistry of hydroxamic acids in
solution, the behavior of phenylbenzohydroxamic acid has
been investigated in organic solvents by NMR spectroscopy,
and the kinetics and mechanism of its binding to nickel(II)
have been studied in aqueous solution by the stopped-flow
technique.N-Phenylbenzohydroxamic acid, PhCONOHPh
(PBHA), bears a single OH proton unambiguosly bound to
the oxime group, and hence only two tautomer forms, HZ
and HE, are feasible. Therefore, difficulties in connection
with the uncertainty about the deprotonation site, required
for complex formation, should be disregarded in the system
investigated. On the other hand, Ni(II) has been chosen to
investigate the metal binding to PBHA in aqueous solution
since it is well established that this metal ion reacts ordinarily
by the interchange dissociative (Id) mechanism; sound
conclusions about the ligand structure in solution can be
drawn only if the rate of solvent exchange at the metal ions
is known with good precision, and this is the case for Ni(II)
ion.

Experimental Section

Chemicals.All chemicals were analytical grade. PBHA was from
Merck (purity>99%). Solutions of PBHA for NMR measurements
were prepared by weighing the appropriate amount of acid just
before use and were always kept under a dry nitrogen atmosphere.
The NMR solvents used were acetone-d6, acetonitrile-d3, DMSO-
d6, and methanol-d4, SDSg99.8% purity. Acetone was dried and
deareated as follows: first it was frozen by liquid nitrogen and
degassed under vacuum, and then it was distilled under a nitrogen
atmosphere that had been previously dried. Finally it was left in
contact with molecular sieves AW500.24 The solvent was kept under
nitrogen in bottles able to maintain for long time intervals a 10-6

atmosphere pressure. In this way the NMR spectra did not show
the H2O signal. The solubility of PBHA in water was too low to
allow NMR measurements. Twice distilled water was used both to
prepare the solutions and as a reaction medium. The Ni(II)
concentration was measured by titration with EDTA.25 Perchloric
acid and sodium perchlorate or potassium chloride were used to
attain the desired medium acidity and ionic strength, respectively.
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Methods.The NMR measurements were performed with a Unity
Inova Varian 400 MHz instrument at 9.4 T (operating at 399.941
and 100.574 MHz for1H and13C, respectively). The spectra were
recorded over the-90 to+40°C temperature range using a spectral
window of 15 ppm for1H and 250 ppm for13C. Acquisition times
were 3.74 and 1.20 s for1H and13C, respectively, and pulse angles
of π/2 (1H) andπ/4 (13C) were used. The solvent signal was used
as a reference. The exchange rate constants were evaluated with
the gNMR program (4.1 version), which is capable of simulating
one-dimensional NMR spectra.

The hydrogen ion concentrations of solutions with [H+] e 0.01
M were determined by pH measurements performed by a PHM 84
Radiometer Copenhagen instrument or by PHM Titrino DMS. A
combined glass electrode was used after the usual KCl bridge was
replaced by 3 M NaCl to avoid precipitation of KClO4. The
electrode was calibrated according to a procedure described
elsewhere,26 which enables conversion of the pHmeter output into
-[log [H+]] values.

Absorption titrations were performed on a Perkin-Elmer Lambda
17 double-beam spectrophotometer, and on an HP 8453 diode array
spectrophotometer equipped with an HP 89090A Peltier accessory
to control the temperature. Experiments were performed at 5, 15,
25, 35, and 45°C since PBHA undergoes hydrolysis above 55°C
and pH 8. Increasing amounts of titrant were added by a micro-
syringe to a solution of PBHA already thermostated in the
measuring cell.

The kinetic experiments were performed at 260 nm using a
stopped-flow apparatus constructed in our laboratory. A Hi-Tech
SF-61 mixing unit was coupled to a spectrophotometric line through
two optical guides. The UV radiation produced by a Hamamatsu
L248102 “quiet” lamp was passed through a Bausch and Lomb
338875 high-intensity monochromator and then split into two
beams. The reference beam was sent directly to a 1P28 photomul-
tiplier. The measuring beam was sent, through a quartz optical
guide, to the observation chamber, and then through a second optical
guide to the 1P28 measuring photomultiplier. The outputs of the
two photomultipliers were balanced before each shot. The signal
revealing the course of the reaction was sent to a Tektronix TDS
210 oscilloscope equipped with a digital storage unit capable of
memorizing 2500 data points at a maximum sampling rate of 60
MHz. Finally, the acquired signal was transferred to a personal
computer via a GPIB interface, using the wavestar 2.0 program,
and analyzed by a nonlinear least-squares procedure.27 The observed
time constants used in this work were averaged over at least six
repeated experiments, the maximum spread being within 10%.
Temperature fluctuactions were within(0.1 °C throughout. The
medium acidity and ionic strength were kept constant at the desired
values during each experiment.

Results

NMR Measurements in Organic Solvents. (a) Solvent
Effects. The 1H NMR spectra of PBHA were recorded in
the deuterated solvents acetone, acetonitrile, dimethyl sul-
foxide, methanol, and methanol/water. In the first three
solvents only a singlet, associated with the H(OH) of the
hydroxamate group, could be observed at 25°C. The donor
strengths of acetonitrile-d3, acetone-d6, and dimethyl sulfox-

ide-d6 are 60.3, 75.7, and 105.5 kJ mol-1, respectively,28 and
the corresponding measured chemical shifts are 8.45, 9.48,
and 10.63 ppm. The linear dependence of the chemical shift
upon the solvent donor numbers (not shown) could indicate
strong solvent interactions with the polar PBHA forms. In
methanol and methanol/water the1H NMR signals of the
aromatic hydrogen atoms are very broad, hinting at the
presence of a fast equilibrium; here, the above-mentioned
H(OH) signal disappears as a consequence of the fast
exchange with the deuterium of methanol and water, in
keeping with the lability of the acidic proton.

(b) Temperature Effect. The1H NMR spectra of PBHA
in acetone were recorded at different concentrations and
temperatures, from-85 to +30 °C, keeping the substrate
concentration constant at 0.29 M (Figure 1). The H(OH)
signal at around 10.5 ppm is split into two peaks, indicating
the occurrence of an equilibrium between two conformation(25) Orrichi, H. In Treatise of Analytical Chemistry; Kolthoff, I. M.,

Helving, O. J., Eds.; Interscience: New York, 1962; Part II, Vol. 2.
(26) Diebler, H.; Secco, F.; Venturini, M.J. Phys. Chem. 1984, 88, 4229-

4232.
(27) Provencher, S. W.J. Chem. Phys.1976, 64, 2772-2777.

(28) Handbook of Instrumental Analysis NMR Spectroscopy; E. Merck:
Darmstadt, Germany.

Figure 1. 1H NMR spectra of PBHA recorded in acetone at different
temperatures.CPBHA ) 0.29 M.

Garcı́a et al.

5436 Inorganic Chemistry, Vol. 42, No. 17, 2003



isomers in a 20/80 ratio, as deduced from the area integration.
The signals of the aromatic protons, ranging from 7.2 to 7.8
ppm, indicate that coalescence occurs at about-60 °C. The
multiple signals displayed at 30°C should be attributed to
the coalesced spectra of the two isomeric forms. Likewise,
the 13C NMR spectrum of PBHA, recorded in acetone at-
90 °C (Figure 2a), shows two signals of different intensities
at 169.5 and 167 ppm attributed to the CO group of each of
the two isomers, whose presence is also evidenced by the
splitting of the aromatic C signals. The13C NMR spectra of
PBHA have also been recorded in methanol at 10 different
temperatures between-80 and+40 °C. Two representative
spectra are shown in Figure 2b. The number of peaks
displayed at temperatures below-50 °C was twice that of
those above 20°C; coalescence occurs at about-40 °C,
which proves the presence of the two isomers in methanol.
The chemical shifts in the low exchange limit of the CO
group were 170.2 and 168.3 ppm. Comparison with the
results in acetone (coalescence at-60 °C) enables one to
advance the hypothesis of a slower HZ-HE interconversion
in methanol, possibly due to hydrogen bonding with solvent.
The ratio of the peak areas is about unity, thus revealing
that in methanol the two isomers are present in about the
same concentration.

The increase of the amount of the minor isomer on
changing from acetone to methanol suggests this isomer
adopts the HZ configuration since this form can bind protic
solvents by hydrogen bonding more firmly than the HE form.
On this basis one can expect that in water the HZ form would
prevail.

(c) Effect of PBHA Concentration. Figure 3 shows the
effect of the substrate concentration on the1H NMR spectra
of PBHA in acetone at-85 °C. By increasing the PBHA
content, the lower intensity signal moves to the lower field
region, whereas the higher intensity signal is also displaced
but to a much less extent. Displacement to lower fields
reveals an increase of hydrogen bonding;25 hence, the
observed behavior finds a simple explanation by assuming
dimerization of PBHA. This peak is rather broad, which
means that the monomerh dimer equilibrium is fast, even
at low temperatures. In this regard, PBHA behaves like
carboxylic acids, which may exist as stable hydrogen-bonded
dimers in nonpolar solvents even in highly diluted solutions.
The dimer structure could be represented by the following
diagram:

If one assumes that the extent of displacement is propor-
tional to the dimer concentration, then theδ value should
change according to the total PBHA concentration; this
behavior was experimentally found (Figure 4, circles). The
linear trend indicates that the dimer prevails over the HZ
monomer. On the other hand, the small displacement
displayed by the high-intensity peak (Figure 4, squares) could
be ascribed to hydrogen bonding between the E form and
acetone.

Figures 1 and 5 show the variation of the N(OH) signals
of 0.29 M PBHA in acetone with temperature. The two peaks
shift toward higher fields with increasing temperature; the
low-intensity peak presents a much larger shift, an effect
attributed to the decrease in the dimer content as a conse-

Figure 2. 13C NMR spectra of PBHA recorded in (a) acetone at-90 °C
and (b) methanol at 40 and-70 °C.

Figure 3. 1H NMR spectra of PBHA recorded in acetone at different
substrate concentrations.T ) -85 °C. The low- and high-intensity peaks
correspond, respectively, to HZ and HE hydroxamate hydrogens.
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quence of the hydrogen-bonding reduction.29 Both the
concentration and temperature effects on the low-intensity
peak reveal that this signal should be assigned to the Z form.
Scheme 1 can then be proposed for the monomerh dimer

equilibrium.KD ) [HZ]2/[(HZ)2] andKEZ ) [HE]/[HZ]; the
dimerization equilibrium is fast compared to the conforma-
tion transition.

Concerning the high-intensity signal associated with the
HE form, the small displacement observed can be ascribed
to reduction of the weak hydrogen bonding between the HE
form and acetone as the temperature increases. Table 1 lists
the values for the exchange rate constant,kV (s-1), and the
apparent activation parameters enthalpy,∆Hq, and entropy,
∆Sq, for the HZ f HE conversion of PBHA, deduced by
line shape simulation, considering the exchange between the
two positions (Figure 5). Possible exchange with trace water
can be discarded, since dried solvent was used. ThekV values
are concentration dependent, providing an additional indica-
tion that this process could not be represented by a single
first-order reaction. The presence of dimers in the system
can be inferred from the concentration dependence of the
apparent activation enthalpy of the overall process depicted
in Scheme 1.

Again, the application of the Eyring equation to the data
of Table 1 shows that the activation entropy decreases with
increasing PBHA concentration until becoming negative for
the highest concentration, which is consistent with displace-
ment to the left of the equilibrium of Scheme 1 with
increasing PBHA concentration.

Equilibria in Aqueous Solution. (a) Acid Dissociation
Constant. Within the ordinary pH range PBHA behaves as
a simple monoprotic acid whose dissociation is represented
by reaction 1. So far, the pKHA values published appear to

be rather scattered (pKHA ) 8.55,30 6.63,31 8.0,32 and 8.2233

in water); therefore, we have reinvestigated equilibrium 1
by UV titrations at ionic strength 0.2 M and different
temperatures. The absorbance-pH data pairs are analyzed
according to the relationship

whereA is the absorbance measured during titration,AA- and

(29) Silverstein, R. M., Webster, F. X.Spectrometric identification of
Organic Compounds, 6th ed.; Wiley: New York, 1996; p 163.

(30) Agrawal, Y. K.; Tandon, S. G.J. Electroanal. Chem. Interfacial
Electrochem.1973, 43, 158-160.

(31) Kholin, Y. V.; Khristenko, I. V.; Konyaev, D. S.Russ. J. Phys. Chem.
1997, 71, 445-449; 1997, 71, 517-520.

Table 1. Rate ConstantkV (s-1) at Different Concentrations and Temperatures and Activation Parameters for the HZf HE Reaction of PBHA in
Acetone

kV (s-1)

[PBHA] (M) -80 °C -75 °C -70 °C -65 °C -60 °C -55 °C ∆Hq (kJ mol-1) ∆Sq (J K-1 mol-1)

0.02 0.051 0.147 0.349 0.720 1.07 5.27 61( 2 49( 11
0.06 0.187 0.422 0.941 1.930 3.79 8.44 51.0( 0.7 9( 3
0.29 1.930 2.690 4.730 6.460 9.90 25.7( 0.8 -102( 4

Figure 4. Concentration dependence of the chemical shift of the peak
associated with the (O) HZ and (0) HE forms of PBHA.T ) -85 °C.

Scheme 1

Figure 5. Left: experimental signals associated with the N(OH) proton
of PBHA at different temperatures. CPBHA ) 0.29 M. The two peaks are
ascribed to the HZf HE transition. Right: simulation obtained with the
kV (s-1) rate constants associated with the above transition. The low- and
high-intensity peaks correspond, respectively, to HZ and HE hydroxamate
hydrogens.

HA h A- + H+ (1)

A )
AA- - AHA

1 + 10-mpH + mpKHA
+ AHA (2)
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AHA stand for the absorbances of the anion and of the
undissociated acid, respectively,KHA is the acid dissociation
constant, and the parameterm is close to unity in aqueous
solutions of pH 3-11.34 An iterative minimization procedure
allows theAA-, AHA, and pKHA values to be determined. Table
2 lists the pKHA values at different temperatures along with
the ∆H° and ∆S° values of reaction 1. To ensure that the
changes of the UV spectra during titration are due to only
the H+ dissociation, the pKHA value for PBHA was evaluated
as well by titration atλ ) 585 nm by coupling to reaction 1
the dissociation reaction of thymol blue, an indicator whose
dissociation constant (pKHIn ) 8.50 at 25 °C and I )
0.2 M)35 is close to that of PBHA. The equilibrium constant
for the proton exchange between the indicator and PBHA
(K ) KHA/KHIn) was evaluated following a procedure
described earlier,35 and from theKHIn value theKHA value
has been derived (Table 2).

The distribution of PBHA among different isomer species
makes it difficult to decide which of these forms preferen-
tially dissociates. Assuming that dimer formation in aqueous
solution could be neglected at the low PBHA concentrations
used in the titrations, the H+ dissociation process can be
depicted as in Scheme 2, according to which the macroscopic

dissociation constantKHA results in the combination of one
of the two acid dissociation constantsKZ andKE and of the
ratiosKEZ ) [HE]/[HZ] and KEZ- ) [E-]/[Z -]:

The kinetic experiments have shown that in water [E-] ,
[Z-] and [HE] , [HZ]; therefore, it turns out thatKHA ≈ KZ

in aqueous solution.
(b) Complex Formation Constants.The bathochromic

shift observed in the UV spectrum of the acid upon metal
addition (Figure 6) reveals interaction of PBHA with Ni(II).
Under excess metal conditions (CM . CL) only 1/1 com-
plexes are formed. At constant pH the equilibria could be
described by the apparent complex formation reaction 4,
where [Mf] ) [M2+], [L f] ) [HL] + [L -], and [MLT] )
[MHL 2+] + [ML +].

The equilibrium constant of reaction 4,Kapp, was evalu-
ated36 at different pH values by spectrophotometric titration
(280 nm) of PBHA with Ni(ClO4)2. The Kapp values were
found to decrease as [H+] increases. The dependence ofKapp

on [H+] is given by eq 5

which has been derived according to Scheme 3.

(32) Gerstein, J.; Jencks, W. P.J. Am. Chem. Soc. 1964, 86, 4655.
(33) Caudle, M. T.; Crumbliss, A. L.Inorg. Chem.1994, 33, 4077-4085.
(34) Garcia, B.; Leal, J. M.Collect. Czech. Chem. Commun.1987, 52,

299-307.
(35) Maggini, R.; Secco, F.; Venturini, M.J. Phys. Chem. A1997, 101,

5666-5671.
(36) Secco, F.; Venturini, M.J. Chem. Soc., Faraday Trans. 1993, 89,

719-725.

Table 2. Acid Dissociation Constant of PBHA (pKHA) at Different
Temperatures and Thermodynamic Parameters from vant’Hoff Analysis
(I ) 0.2 M)

T (°C) pKHA ∆S° (J K-1 mol-1) ∆H° (kJ mol-1)

5 8.73( 0.11
15 8.63( 0.09
25 8.50( 0.10

8.53( 0.13a

35 8.35( 0.12
45 8.28( 0.13

-95 ( 4 20.1( 0.8

a From the proton exchange reaction HL+ In h HIn + L, where L and
HL refer to PBHA and In and HIn refer to thymol blue.

Scheme 2

Figure 6. Absorption spectra of the PBHA/Ni(II) system in aqueous
solution at pH 6.5,I ) 0.2 M, andT ) 25 °C: (a) 4× 10-5 M PBHA;
(b) 4 × 10-5 M PBHA + 5 × 10-3 M Ni(ClO4)2.

KHA ) KZ(1 + KEZ-)/(1 + KEZ) (3)

Mf + Lf h MLT (4)

Kapp/Râ ) KMHL + KMLKHA/[H+] (5)

Scheme 3
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KMHL) k1/k-1 and KML ) k2/k-2 are the equilibrium
constants of steps 6 and 7, respectively,R ) [HL]/[L f], and
â ) [M2+]/[M f]. Figure 7 shows that the dependence ofKapp/
Râ upon 1/[H+] is linear, in agreement with eq 5; the
intercept yields theKMHL value, and the slope divided by
the acid dissociation constant of PBHA yieldsKML. The
values of the equilibrium parameters are quoted in Table 3.

Kinetics in Aqueous Solution. The kinetic curves for
complex formation are single exponential, meaning that the
apparent reaction 4 adequately represents the kinetic behavior
of the PBHA/Ni(II) system. ForCM . CL, the time constant
1/τ is independent of the PBHA concentration, but depends
on the metal concentration according to eq 8, as shown in

Figure 8. Both thekf andkd values were found to depend on
the medium acidity. According to Scheme 3 the dependence
of the apparent rate constants on [H+] is given by the
relationships

and

where γ ) [ML]/[ML T] = 1. The kf/Râ vs 1/[H+] plot
(Figure 9a) enables one to obtaink1 andk2, the forward rate
constants of steps 6 and 7, respectively, whereas thekd/γ vs
[H+] plot (Figure 9b) yieldsk-1/KC and k-2. Table 3 lists
the values of the individual rate constants.

The temperature dependence ofKapp, kf, and kd was
investigated at pH 6.5 and at 15, 25, 35, and 45°C. The
reaction parameters are listed in Table 3.

Discussion
NMR. The NMR results reveal that PBHA in acetone and

methanol solutions is distributed between atrans(HE) isomer

Table 3. Reaction Parameters for the Complex Formation Reaction between Nickel(II) and PBHA (I ) 0.2 M, T ) 25 °C)

10-2k1 (M-1s-1) k-1 (s-1) 10-4k2 (M-1 s-1) k-2 (s-1) 10-2KMHL (M-1) 10-4KML (M-1) 109KHA (M)

7.1( 0.3 4.9( 0.6 5.5( 0.7 1.2( 0.1 1.5( 0.2 5.2( 0.7 2.9( 0.4

106KC (M) ∆Hf
q (kJ mol-1) ∆Sf

q (J mol-1 K-1) ∆Hd
q (kJ mol-1) ∆Sd

q (J mol-1 K-1) ∆Happ° (kJ mol-1) ∆Sapp° (J mol-1 K-1)

1.0( 0.1 67.3( 0.8 31 58( 2 -46 9.2a 75a

8.8b 88b

a From activation parameters.b From van’t Hoff analysis.

Figure 7. Dependence of the apparent equilibrium constant,Kapp, on the
reciprocal hydrogen ion concentration for the PBHA/Ni(II) system at
I ) 0.2 M andT ) 25 °C: (b) kinetic data, (9) thermodynamic data.

Figure 8. Dependence of the reciprocal the relaxation time on the metal
ion concentration for the PBHA/Ni(II) system. [H+] ) 1.3 × 10-6 M,
I ) 0.2 M, andT ) 25 °C.

1
τ

) kd + kfCM (8)

Figure 9. Dependence of the apparent kinetic constants on the medium
acidity for the PBHA/Ni(II) system atI ) 0.2 M andT ) 25 °C: (a)
complex formation; (b) complex dissociation.

kf ) (k1 + k2 KHA/[H+])Râ (9)

kd ) (k-2 + k-1[H
+]/KC)γ (10)
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and acis (HZ) isomer. The latter, in turn, forms a dimer in
acetone. The [HE]/[HZ] ratio, [HZ] being the sum of the
dimer and monomer concentrations, changes from 80/20 in
acetone to 50/50 in methanol. NMR measurements in water
cannot be performed due to the scarce solubility of PBHA
in this solvent.1H NMR spectra were not capable of directly
indicating which of the two peaks appearing around 10 ppm
should be assigned to the HE and HZ forms. However, the
concentration and temperature effects on the low-intensity
peak strongly suggest that this should be associated with HZ,
since this is the only form capable of giving dimers. Hence,
we can conclude that in acetone the HZ form is the minority.
On going from acetone to methanol and then to water, it is
conceivable to assume that the dimer population could be
small in methanol and negligible in water, since protic
solvents tend to form hydrogen bonds with the monomer; if
noticeable amounts of dimer were present in aqueous
solution, then both the equilibrium and the kinetic experi-
ments would become affected.

Kinetics. The rate-limiting step of the metal binding
reaction of Ni(II) to PBHA is the loss of water from the
inner coordination shell of Ni2+, following the formation of
an outer-sphere complex.37 Subsequent ring closure is
generally rapid in an aqueous medium. The rate of loss of
water is identified with the rate of solvent exchange,kH2O;
for Ni2+ kH2O ) 3.1 × 104 s-1.38 On the other hand, the
equilibrium constant,KOS, for the step of formation of the
outer-sphere complex can be calculated by the Fuoss
equation39 with a maximum uncertainty of 300%, due to the
arbitrary choice of the distance of closest approach of the
reactants. According to the above-described Id mechanism,
the second-order rate constant of a complex formation
reaction isk ) KOSk*. This relationship allowsk* to be
evaluated from the measured value ofk and the calculated
value ofKOS. For “normal” ligands the value ofk* should
be similar tokH2O, the main source of uncertainty arising
from KOS. This feature is common to all complex formation
reactions between normal ligands and Ni2+. We have chosen
Ni2+ as a candidate to bind PBHA since any deviation from
the relatioshipk* ) k/KOS ) kH2O should be ascribed to a
particular behavior of the ligand. Using for the distance of
closest approach the usual value of 5× 10-8 cm, one obtains
for the binding step involving L- KOS ) 1.6 M-1 (25 °C,
I ) 0.1 M) andk2* ) 3.4× 104 s-1. The excellent agreement
of k2* with kH2O indicates that Ni2+ reacts with the anion of
PBHA “normally”; namely, the rate-determining step of the
binding process is the loss of the first water molecule from
Ni(H2O)62+, while the subsequent step of chelation is
relatively fast. This behavior implies that in water L- should
be present mainly in the Z form, the only one capable of
undergoing chelate formation. Actually, owing to the partial

double bond character of the C-N bond, the change of the
ligand configuration from E to Z should be slow, as shown
by the NMR measurements of Table 1. On the basis of this
observation, if substantial amounts of the E form were
present, then the reaction rate would tend to become
independent of [Ni2+] at the highest metal concentrations,
contrary to the results shown in Figure 8.

Concerning the Ni(II) binding to HL, it turns out that
k1* ) 2.4 × 103 s-1, a value 13 times lower than that of
kH2O. One could not ascribe this large reduction of rate to a
slow ring closure, since this process has been found to be
fast with L-. An alternative mechanism, based on slow HL
and MHL deprotonation, has been proposed to explain the
reduced rate of binding of the neutral acetohydroxamic acid
to Ni2+, Co2+, and Zn2+.40 This mechanism does not apply
to our system since in 3× 10-3 M sodium cacodylate buffer
the vertical steps of Scheme 3 are very fast. In particular,
the rate constant for the MHL2+ + B- f ML + + HB step
is diffusion controlled, since this process is thermodynami-
cally favored (pKHB ) 6.19)26 and pKMHL ) 5.99.

Once the mechanisms outlined above have been ruled out,
a plausible explanation which reasonably accounts for the
reduced reactivity of HL is based on the distribution of the
protonated PBHA species among different forms, only one
of which is capable of reacting with Ni2+. Since it is
reasonable to exclude dimer formation in aqueous solution
and since the HE form seems to be negligible, a reaction
scheme fitting the experimental data is shown in Scheme 4,

where HZC is an HZ form in which the reaction site is
blocked by an intra- or an intermolecular (water-involving)
hydrogen bond and HZO is the corresponding HZ open form.
If HZC prevails and HZO reacts with Ni2+ at a normal rate,
thenk1* ) kH2OKCO/(1 + KCO). With the above quoted values
of k1* and kH2O one obtainsKCO ) 0.07. This means that in
water 93% of the PBHA is present in the closed Z
configuration. Similar behavior has been found in reactions
of Ni2+ and Co2+ with salicylates,41,42 where, owing to
intramolecular hydrogen bonding, the binding rates are about
1000 times below their normal values.
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