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The kinetics and the equilibria of Ni(II) binding to p-hydroxybenzohydroxamic acid (PHBHA) and salicylhydroxamic
acid (SHA) have been investigated in an aqueous solution at 25 °C and I ) 0.2 M by the stopped-flow method.
Two reaction paths involving metal binding to the neutral acid and to its anion have been observed. Concerning
PHBHA, the rate constants of the forward and reverse steps are k1 ) (1.9 ± 0.1) × 103 M-1 s-1 and k-1 ) (1.1
± 0.1) × 102 s-1 for the step involving the undissociated PHBHA and k2 ) (3.2 ± 0.2) × 104 M-1 s-1 and k-2 )
1.2 ± 0.2 s-1 for the step involving the anion. Concerning SHA, the analogous rate constants are k1 ) (2.6 ± 0.1)
× 103 M-1 s-1, k-1 ) (1.3 ± 0.1) × 103 s-1, k2 ) (5.4 ± 0.2) × 103 M-1 s-1, and k-2 ) 6.3 ± 0.5 s-1. These
values indicate that metal binding to the anions of the two acids concurs with the Eigen−Wilkins mechanism and
that the phenol oxygen is not involved in the chelation. Moreover, a slow effect was observed in the SHA−Ni(II)
system, which has been put down to rotation of the benzene ring around the C−C bond. Quantum mechanical
calculations at the B3LYP/lanL2DZ level reveal that the phenol group in the most stable form of the Ni(II) chelate
is in trans position relative to the carbonyl oxygen, contrary to the free SHA structure, where the phenol and
carbonyl oxygen atoms both have cis configuration. These results bear out the idea that the complex formation is
coupled with phenol rotation around the C−C bond.

Introduction

Hydroxamic acids, RCONR′OH, have been known for a
long time.1However, their importance has been fully recog-
nized only in the last 20 years, after a large amount of
information had been accumulated on their chemical role as
efficient binding ligands for metal ions with industrial,
environmental, and medicinal applications. The hydroxamate
group, a constituent of the siderophores, the naturally
occurring iron(III) carriers, also plays an important role in
biology.2,3 A comprehensive review of the solution and

structural chemistry and biological function of siderophores
and their metal complexes, whose ligand protonation and
complex formation constants are reported, has been published
by Raymond et al.44 More recently, hydroxamic acids have
received renewed interest due to their use as effective
inhibitors of enzymes5,6 and as potential drugs for the
treatment of a variety of diseases on account of their
hypotensive,7 anticancer,8-12 antimalarial,13-17 and antifun-
gal18 properties.
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Salicylhydroxamic acid (SHA), with a phenol group ortho
to the hydroxamic group, offers additional geometry and
ligand possibilities compared with the parent and simpler
benzohydroxamic acid (BHA) and even with thep-hydroxy-
benzohydroxamic acid (PHBHA) isomer. In addition to the
well-known E/Z and amide/imide equilibria displayed by
simple hydroxamic acids, some other different, stable SHA
structures are also feasible for rotation around the C-C bond,
as shown below; if A and B stand for two different conformer

families generated according to such a rotation, then it can
be inferred that the A conformer would result in a more stable
structure than conformer B; that is because the formation of
a hydrogen bond between the phenol hydrogen and the
carbonyl oxygen is feasible in A, whereas it is unfeasible in
B. Indeed, a recent study of the SHA structure in the gas
phase and in DMSO shows that structure A is the most
stable.19 This result suggests that in aprotic solvents form A
is far more prevalent; however, it is expected that in water
the intramolecular hydrogen bonds will become weakened,
thus bringing about a lowering of the molecular rigidity.

Concerning the binding of metal ions to hydroxamic acids,
it should be noted that metal chelation involves binding to
the carbonyl (OC) and hydroxamate (OH) oxygen atoms (with
concomitant ligand deprotonation). In the A conformation,
chelation for SHA comes about at the carbonyl and phenol
(OP) oxygen atoms, as was already found for the SHA-Pt-
(II) system.20,21More interestingly, a Pd(SHA)2 complex has
been synthesized whose crystal structure reveals a [NOP]
binding mode.22 The B form of SHA presents two sites

which, in principle, could bind a metal ion. One of them is
the usual OC OH site, whereas the other is the OP N site.
Metal complexation at both SHA sites is observed in
metallacrowns, as the macrocyclic structures are able to
selectively encapsulate cations or anions. Metallacrowns were
put forward for the first time by Pecoraro and his school;23-25

these authors widely employed SHA to synthesize metalla-
crowns containing Mn(III), Fe(III), V(V), Cu(II), and Ni(II)
in the macrocyclic ring. The SHA-based metallacrowns are
stable in DMSO, in dry DMF, and, to some extent, in
methanol but not in water.26 Subsequent to such a discovery,
various research groups have been engaged in the synthesis
and characterization of metallacrowns based mainly on
aminohydroxamate ligands, which appear to be stable in
aqueous solutions.27,28

We present here a study on the equilibria and the kinetics
of binding of the Ni2+ ion to both SHA and its PHBHA
isomer along with theoretical calculations of the energies of
the Ni(II) complexes with the A and B SHA isomers. This
study has been performed to obtain a picture of the eventual
conformation changes coupled with the complex formation,
to find the preferred reaction site, and to elucidate the
mechanism of the metal-ligand interaction.

Experimental and Computational Section

Materials. All chemicals were analytical grade (Fluka or
Aldrich). The SHA and PHBHA solutions were prepared by
weighing the appropriate amounts of solid reagent (purity>99%)
and dissolving them in water. The concentrations of Ni(II) and Zn-
(II), present as perchlorate in the stock solutions, were measured
by EDTA titrations.29 Sodium perchlorate was used to attain the
desired ionic strength. To keep the pH constant, cacodylic acid
((CH3)2As(O)OH, pKa ) 6.19)30 partly neutralized with NaOH was
used. Doubly deionized water from a Millipore Q apparatus (APS;
Los Angeles, CA) was used in the preparation of the solutions and
as a reaction medium.

Methods. The hydrogen ion concentration of the aqueous
solutions was measured by a Metrohm 713 pH meter. The
instrument output was converted to hydrogen ion concentration by
the relationship [H+] ) 10 exp(0.13- pH), which was obtained
by a suitable calibration procedure.30 The absorption spectra were
recorded on Perkin-Elmer Lambda 35 and HP B453 (diode array)
spectrophotometers. The titrations were performed by syringing
increasing micro amounts of the metal ion solution to a ligand
solution (SHA or PHBHA) already thermostatted in the measuring
cell. All measurements were performed under a nitrogen atmo-
sphere.
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The kinetic experiments concerning the SHA complex formation
with Ni(II) and Zn(II) were all performed on a Biologic SFM 300
stopped-flow mixing unit coupled to a spectrophotometric line by
two optical guides. The UV radiation from a Hamamatsu L248102
“quiet” lamp was passed through a Baush and Lomb 338875 high-
intensity monochromator and then split into two beams. The
reference beam was sent directly to a 1P28 photomultiplier. The
output from the two photomultipliers was balanced before each shot.
The acquisition system keeps a record of a number of data points
ranging from 10 to 8000 with a sampling interval in the 50µs to
10 s time scale. The kinetics of the PHBHA-Ni(II) system were
investigated with a Biologic SFM 400 instrument.

Theoretical Calculations. Geometry optimization of the SHA-
Ni(II) system in the gas phase has been achieved using theGaussian
03 package of programs.31 The calculations have been started at
the HF/LanL2DZ level and then refined with density functional
theory (calculation B3LYP/LanL2DZ).32-35 Calculations for the Ni-
(II)-SHA‚2H2O (A and B) and Ni(II)-PHBHA‚2H2O complexes
were performed with the LanL2DZ basis set containing the effective
core potential from the Los Alamos group.33-35

Results

Equilibria. The equilibria of the interactions of PHBHA
and SHA with Ni2+ ions in an aqueous solution have been

investigated by spectrophotometric titrations in the 5.5-7.4
pH range; below pH 5.5, the extent of binding was too
limited to be reliably evaluated, whereas above pH 7.4,
precipitation of Ni(OH)2 has been observed. All equilibrium
(and kinetic) measurements were performed under metal
excess to ensure that only 1:1 complexes were formed. Figure
1SA (Supporting Information) shows the spectra of PHBHA
recorded (a) in the absence and (b) in the presence of Ni-
(ClO4)2. The analogous spectra for SHA are shown in Figure
1SB (Supporting Information). The titrations were performed
at λ ) 288 nm for PHBHA and atλ ) 268 and 304 nm for
SHA. During the titration, the solution pH was kept constant
at the desired value by a buffer made of 3× 10-3 M
cacodylic acid partially neutralized with NaOH. This buffer
does not bind to the Ni2+ ion.36 Under these circumstances,
the equilibria could be described by the apparent reaction 1

where Mf ) [M2+], Lf ) [H2L] + [HL-], and MLT )
[MH2L2+] + [MHL +]. Other species such as MOH+, L2-,
and ML have not been considered since, in the investigated
pH range, their amounts are negligible. The equilibrium
constant of reaction 1,Kapp, was evaluated at different pH
values by analyzing the spectral changes according to a
procedure previously described,37 which leads to plots like
that shown in Figure 2S (Supporting Information); the values
for PHBHA and SHA are collected in Tables 1S and 2S,
respectively (Supporting Information). TheKappvalues were
found to depend on [H+]-1 according to eq 2

whereR ) [H+]/([H +] + KH2L) and â ) [M2+]/[M f] ≈ 1
over the investigated range of [H+]. Equation 2 has been
derived on the basis of the reactions shown in Scheme 1.

The equilibrium data, plotted in Figure 1 according to eq 2,
yielded the values of the individual equilibrium constants,
KMH2L and KMHL, which are collected in Table 1 together
with the values of the independently determined acid
dissociation constants.38

Kinetics. The kinetics of complex formation have been
investigated by the stopped-flow method under pseudo-first-
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Figure 1. Dependence of the apparent Ni(II)-ligand binding constants
on the reciprocal H ion concentration for the investigated hydroxamic acids
at 25°C andI ) 0.2 M. Symbols: triangles, thermodynamic data; circles,
kinetic data. The intercept (b) and slope (m) values for PHBHA areb )
14.8 M-1 andm ) 1.09× 10-4, which giveKMH2L ) 14.8 M-1 andKMHL

) 2.74× 104 M-1; values for SHA areb ) 1.15× 102 M-1 andm ) 2.37
× 10-4, which giveKMH2L ) 1.15 × 102 M-1 and KMHL ) 4.95 × 103

M-1.

Mf + Lf h MLT (1)

Kapp/Râ ) KMH2L
+ KH2L

KMHL/[H+] (2)

Scheme 1
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order conditions (CM g 10CL). The acidity level was kept
constant during the course of the reaction by using the
cacodylic acid/cacodylate ion buffer.

The PHBHA-Ni2+ System. The stopped-flow traces
show a single kinetic effect (Figure 3S, Supporting Informa-
tion). The dependence of the time constant, 1/τ, on the metal
ion concentration is linear, concurrent with eq 5 (Figure 2).
Thus, the slope and intercept of straight lines like those of
Figure 2 yielded the forward (kf) and reverse (kd) rate
constants, respectively, of the apparent reaction 1.

The Kapp values obtained askf/kd at different [H+] values
are collected in Table 1S (Supporting Information). Accord-
ing to eqs 6 and 7, the apparent rate constants have been
found to depend on [H+]

whereR andâ have been defined above andγ ) KC/([H+]
+ KC). The rate constantsk1 andk-1 refer to the individual
step 3, whereas constantsk2 andk-2 refer to step 4 (Scheme
1). The corresponding values were derived from the graphical
representation of eqs 6 and 7 (parts A and B of Figure 3)
and are collected in Table 2. Bearing in mind thatk1/k-1 )
KMH2L and k2/k-2 ) KMHL, the values of the equilibrium
constants of steps 3 and 4 evaluated by the kinetic method
(k1/k-1 ) 17 M-1 andk2/k-2 ) 2.7× 104 M-1) concur fairly
well with those derived from the static measurements (KMH2L

) 15 M-1 andKMHL ) 2.7 × 104 M-1).
The SHA-Ni2+ System. The SHA-Ni2+ system displays

two kinetic effects well resolved on the time scale (Figure
4). The binding process could therefore be described by the
two-step sequence 8

Table 1. Equilibrium Constants for the PBHA-Ni(II) and SHA-Ni(II) Systems at 25°C andI ) 0.2 M (NaClO4)

ligand pKH2L pKHL pKC log KMH2L log KMHL

PHBHA 8.40( 0.03a 9.40( 0.02a 5.14( 0.02 1.17( 0.17 4.44( 0.02
1.23( 0.08b 4.43( 0.08b

SHA 7.32( 0.04a 9.72( 0.04a 5.19( 0.03 2.06( 0.22 3.70( 0.07
7.34( 0.01c 9.77( 0.05c 0.49( 0.21d 3.84( 0.12d

a Reference 38.b Evaluated ask1/k-1 andk2/k-2. c Values extrapolated toI ) 0.2 M using an equation which provides the pKa dependence on the ionic
strength for SHA (ref 44).d Evaluated ask1/k-1(1 + k3/k-3) andk2/k-2(1+k4/k-4), considering that, for SHA, [MH2L] ) [MH2LI] + [MH2LII] and [MHL]
) [MHL I] + [MHL II].

Figure 2. Dependence of the reciprocal relaxation time on the metal ion
concentration for the PHBHA-Ni(II) system in an aqueous solution at 25
°C and I ) 0.2 M. Symbols: squares, [H+] ) 1.0 × 10-6 M; triangles,
[H+] ) 3.9 × 10-7 M; circles, [H+] ) 1.6 × 10-7 M.

Figure 3. Dependence of the apparent kinetic constants on the medium
acidity for the PHBHA-Ni(II) system in an aqueous solution at 25°C and
I ) 0.2 M: (A) complex formation; (B) complex dissociation.

Table 2. Reaction Parameters for the PHBHA-Ni(II) and SHA-Ni(II)
Systems at 25°C andI ) 0.2 M (NaClO4)

reaction parameters PHBHA SHA

10-3 k1 (M-1 s-1) 1.9( 0.1 2.6( 0.1
10-2 k-1 (s-1) 1.1( 0.1 13( 1
10-3 k2 (M-1 s-1) 32 ( 2 5.4( 0.2
k-2 (s-1) 1.2( 0.2 6.3( 0.5
k3 (s-1) 3.1( 1
k-3 (s-1) 5.7( 0.2
k4 (s-1) 7.8( 0.6
k-4 (s-1) 1.1( 0.1
107 KCI (M) 2.4 ( 0.8a

107 KCII (M) 6.0 ( 0.9

a Average value of the results obtained from eqs 13 and 14.

1/τ ) kfCM + kd (5)

kf/Râ ) k1 + k2KH2L
[H+]-1 (6)

kd/γ ) k-2 + k-1KC
-1[H+] (7)

Mf + Lf y\z
kfl

kdl
MLT,I y\z

kf2

kd2
MLT,II (8)
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which requires that the time constants of the two effects,
1/τf (fast) and 1/τs (slow), should depend on the metal ion
concentration according to eqs 9 and 10.

The values ofkf1 andkd1 are obtained from the analysis,
according to eq 9, of the data plotted in Figure 5A, whereas
thekf2 andkd2 values are obtained from the analysis according
to eq 10 of the data plotted in Figure 5B. If the reaction
sequence 8 is correct, then the apparent equilibrium constant
Kapp should be a function, according to eq 11, of the rate
constants of the two processes observed in the kinetic
experiments.

The values ofKapp, obtained as the combination of the
rate constants, are collected in Table 2S (Supporting Infor-
mation). Figure 1 shows the fair agreement between these
values and those determined by spectrophotometric titrations
at different pH values.

The observed dependence of the rate constants on [H+]
suggests that several forms of both the ligand and the
complex, protonated to different extents, should be involved
in the binding process. The behavior of the system was
further rationalized after rewriting the compact representation
of the reacting process (eq 8) in the more detailed form
depicted in Scheme 2.

The rate constantsk1 andk2 are evaluated by the analysis
of the data in Figure 6A according to eq 12

whereask-1, k-2, andKCI are evaluated from data of Figure
6B according to eq 13

whereγI ) KCI/(KCI + [H+]). The values ofk3, k4, andKCI

are obtained according to eq 14 (Figure 7A)

whereas values ofk-4, k-3, andKCII are evaluated according
to eq 15 (Figure 7B)

whereγII ) KCII/(KCII + [H+]). The values of the reaction
parameters are collected in Table 2.

The SHA-Zn2+ System. Figure 4S (Supporting Informa-
tion) shows a stopped-flow curve obtained by reaction of
SHA with Zn(ClO4)2. The observed single-exponential effect
corresponds to the slower of the two effects displayed by
the SHA-Ni2+ system; in light of the high lability of the
Zn2+ ion, the first effect was too fast to be observed by the
stopped-flow technique.39 The 1/τ values are independent

(39) Burgess, J. InMetal Ions in Solution; Ellis Horwood, Ltd.; Chichester,
U.K., 1978.

Figure 4. Biexponential kinetic effect observed for the Ni(II)-SHA
system.CL ) 4 × 10-5 M, CM ) 2 × 10-2 M, I ) 0.2 M, λ ) 304 nm,
pH ) 5.7, 25°C.

1/τf ) kf1CM + kd1 (9)

1/τs ) (kf2kf1/kd1)CM/(1 + (kf1/kd1)CM) + kd2 (10)

Scheme 2

Kapp) kf1/kd1(1 + kf2/kd2) (11)

Figure 5. Metal-concentration dependence of the time constants of the
two kinetic effects observed for the Ni(II)-SHA system at 25°C, pH )
6.70 andI ) 0.2 M: (A) fast effect; (B) slow effect.

kf1/Râ ) k1 + k2KH2L
/[H+] (12)

kd1 ) (k-2 + k-1 KCI
-1[H+])γI (13)

kf2 ) (k3 + k4KCI/[H
+])(1 - γ1) (14)

kd2 ) (k-4 + k-3KCII
-1[H+])γII (15)

Garcı́a et al.
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of the Zn2+concentration, which varied from 1× 10-3 to 1
× 10-2 M, the average value being 4.2 s-1.

Theoretical Calculations. Table 3 shows the relative
energies and the dipole moments of the A and B forms of
the Ni(II)-SHA complex and of the Ni(II)-PHBHA com-
plex. The structures of the three complexes are shown in
Figure 8. Contrary to the behavior of the free ligand, where
the A form was found to be more stable than the B form19

by 5.3 kcal mol-1, for the Ni(II)-SHA complex the B form
turned out to be more stable than the A form by 6.7 kcal
mol-1. Comparison of the dipole moment values shows that
charge separation is less important in the B chelate. From
this point forward, OP, OC, and OH stand for the phenol,
carbonyl, and hydroxamic oxygen atoms of the ligands,
respectively. It should be noticed that evidence for the
presence of the OP‚‚‚H‚‚‚N hydrogen bond in the B form of
free SHA has been obtained by ab initio calculations in an
argon matrix.19 The energies of the Ni(H2O)2SHA+ (A) and
Ni(H2O)2PHBHA+ complexes are similar. This means that
the OP‚‚‚H‚‚‚OC hydrogen bond, which stabilizes the A
conformation of free SHA, is not present anymore in the
Ni(H2O)2SHA+ (A) complex. On the other hand, the
OP‚‚‚H‚‚‚N hydrogen bond could play an important role in
the stabilization of the Ni(H2O)2SHA+ (B) conformer.

Discussion

Equilibria. The linear trend displayed by plots like that
of Figure 2S (Supporting Information) demonstrates that,
under the experimental conditions (CM . CL), only com-
plexes of molar ratio 1:1 are formed, according to reaction
1. If this behavior is expected for PHBHA, that of SHA
deserves some comment, since the SHA-Ni(II) system is
known to form metallacrowns, although in nonaqueous
solvents. The architecture of metallacrowns is such that a
structure like that depicted in Scheme 3 should be involved
as an intermediate to macrocycle formation.

This structure could grow by binding a second SHA
molecule, and a dimer has indeed been crystallized from
methanol containing the SHA and Ni2+ ions.40 The binuclear
species, if formed in noticeable amounts in the presently

Figure 6. Acidity dependence of the rate constants measured for the fast
effect in the Ni(II)-SHA system at 25°C andI ) 0.2 M: (A) Mf + Lf f
MLT,I; (B) MLT,I f Mf + Lf.

Figure 7. Acidity dependence of the rate constants measured for the slow
effect in the Ni(II)-SHA system at 25°C andI ) 0.2 M: (A) MLT,I f
MLT,II; (B) MLT,II f MLT,I.

Table 3. Relative Energies and Dipole Moments of the Investigated
Complexes, Calculated with the HF/LanL2DZ (a) and B3LYP/LanL2DZ
(b) Methods in the Gas Phase

relative energy
(kcal/mol)

dipole moment
(D)

a b a b

Ni(H2O)2SHA+ (A) 7.20 6.69 18.70 16.79
Ni(H2O)2SHA+ (B) 0.0 0.0 15.24 13.54
Ni(H2O)2PHBHA+ 6.19 6.53 17.99 15.44
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investigated system, would induce deviations from linearity
in the trend of Figure 2S (Supporting Information). More-
over, since the binding of two Ni2+ ions to a SHA molecule
would remove three protons, a dependence ofKapp on [H+]
different from that shown in Figure 1 would be observed.
The kinetic behavior confirms the results of the static
experiments.

The complex formation constants of the PHBHA-Ni2+-
and SHA-Ni2+ systems do not display significant differ-
ences. This feature suggests that the phenol group is not
involved in the metal binding to SHA and that in the complex
is far from the metal center; that is, the SHA-Ni(II) complex
has the B conformation, in agreement with the ab initio
calculations.

Kinetics. The kinetic behavior of the two systems will be
discussed in terms of theId mechanism, which characterizes
complex formation at Ni(II). According to the Eigen-Tamm
argument,41 k ) kH2OKOS, wherekH2O ) 3 × 104 s-1 is the
rate constant39 for the water exchange at Ni(H2O)62+ andKOS

is the stability constant of the outer-sphere complex,42 whose
formation precedes the water-ligand interconversion step.

Concerning the first step of the complex formation, Table
2 shows that thek1 values corresponding to Ni2+ binding to
the neutral ligands are close to thek1 value measured for
the Ni2+-BHA system43 (k1 ) 1.97× 103 M-1 s-1). Even
with consideration of the reduced electrostatic interaction
involved in the binding process (KOS ) (1.5-3) × 10-1 M-1)
for a reaction between ions and neutral molecules, thek1

values remain below the value of thekH2OKOS product. As
for the Ni2+-BHA system, the observed reduction in the
reaction rate of Ni2+ with the neutral PHBHA and SHA can
be put down to an additional energy barrier brought about
by the OC‚‚‚H‚‚‚OH hydrogen bond present at the reaction
site. Thek-1 value for the SHA-Ni(II) system exceeds that
of the PHBHA-Ni(II) system by about an order of magni-

tude. If one takes for granted that the formation of the first
metal-ligand bond involves the OC oxygen, then the faster
metal dissociation observed for SHA can be explained by
assuming that the OC-M bond becomes weakened by the
hydrogen bond interaction of OC with the OPH group.

Concerning the reaction of Ni2+ with the HL- anions of
PHBHA and SHA, thek2 value for the PHBHA--Ni2+

system is perfectly in line with the Eigen-Tamm argument.
Actually, for a charge product of 2- and a reaction distance
of 5 Å, it turns out thatKOS ) 1.6 M-1 for I ) 0.2 M.
Consequently,k2/KOS ) 2.0× 104 s-1, in excellent agreement
with the value ofkH2O (3 × 104 s-1). The somewhat lower
value ofk2 obtained for the Ni2+-SHA system could be put
down to a reduction of theKOS value brought about by the
decreased negative density of charge at the OC site, due to
hydrogen bonding with the OPH group.

The most remarkable difference found in the kinetic
behavior of the two systems is given by the slow step, which
was observed only with SHA. This finding is explained if
one assumes that formation of the OC-M bond induces the
disruption of the OP‚‚‚H‚‚‚OC hydrogen bond and the
subsequent phenol rotation around the C-C bond. Therefore,
the resulting chelate will adopt the B conformation. It is
reasonable to assume that the B form of the complex is more
stable than the corresponding A form, since the positive
charge density introduced by the metal ion will push the OPH
group away from the OC oxygen. This idea has been borne
out by the theoretical calculations, which reveal that the B
chelate is more stable than the A chelate (Table 3).

Also, it should be noted that the lifetime (ca. 0.3 s) for
the observed monomolecular process is too long in com-
parison with rotations about the C-C bonds. However, the
experimental observation could be justified if one assumes
that each of the two complexes MH2LI

2+ and MHLI
+ will

distribute between a “closed” and an “open” form in
equilibrium, the population of the latter being, by far, in the
minority. In this open form, the OP‚‚‚H‚‚‚OC bond has been
broken; therefore, rotation around the C-C bond can occur
freely. For instance, let us consider the step associated to
k3, denotingK3′ as the equilibrium ratio [open form]/[closed
form] andk3′ as the high rate constant of the phenol rotation
around the C-C bond; then, the experimental rate constant
is expressed by the relationshipk3 ) K3′k3′. In view that the
open form is the minority one, the rotation rate constant will
be reduced by a factor equal toK3′.

A second interpretation could be advanced as well: in SHA,
the limiting “quinonelike” form is possible, this being stabil-
ized by the OP‚‚‚H‚‚‚OC hydrogen bond. As Ni2+ ion binds
to the OC atom, the hydrogen bond is weakened and slow

(40) Stemmler, A. J.; Kampf, J. W.; Kirk, M. L.; Pecoraro, V. L.J. Am.
Chem. Soc.1995, 117, 6368-6369.

(41) Eigen, M.; Tamm, K.Z. Electrochem.1962, 66, 107-121.
(42) Fuoss, R. M.J. Am. Chem. Soc. 1959, 80, 5059-5061.
(43) Garcı´a, B.; Ibeas, S.; Leal, J. M.; Secco, F.; Venturini, M.; Senent,

M. L.; Niño, A.; Muñoz, C. Inorg. Chem. 2005, 44, 2908-2919.
(44) Ciavatta, L.; De Tommaso, G.; Juliano, M.Ann. Chim. (Rome, Italy)

2004, 94, 295-302.

Figure 8. Optimized geometries of the complexes Ni(H2O)2SHA+ (A), Ni(H2O)2SHA+ (B), and Ni(H2O)2PHBHA+.

Scheme 3
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rotation around the CdC bond of the “quinonelike” form can
occur. However, we prefer the first interpretation since, at room
temperature, the rotation process should be faster than that we
have measured, as suggested by the NMR measurements car-
ried out on BHA.43 These measurements show that in BHA
the rotation around the C-N bond, which displays a consid-
erable double-bond character, appears to be much faster.

The A f B conversion in the metal complex is expected
to be only scarcely affected by the nature of the metal, and
actually, the relaxation time of the process does not display
a significant variation when Ni2+ is replaced by Zn2+. Of
course, in the case of Zn2+, the first step is too fast to be
observed with the stopped-flow technique, this ion being
1000-fold more labile than Ni2+.39 For this reason, Figure
4S of the Supporting Information shows only the slow effect.
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