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The behavior of N-phenylbenzohydroxamic acid (PBHA) in organic solvents has been investigated by 'H and *C
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. $*C NMR measurements in methanol yielded a 50/50 [HZ]/[HE] ratio. The equilibria
and kinetics of complex formation in aqueous solutions between Ni(ll) 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 Ni?* to the neutral PBHA and to its anion, were observed. The rate constants of the forward and
reverse steps are k; = (7.1 £ 0.3) x 102 Mt s~ and k_; = (4.9 = 0.6) s~ for the step involving the undissociated
PBHA and k, = (5.5 0.7) x 10* M~ st and k_, = (1.2 £ 0.1) s~ for the step involving the anion. The k, value
indicates that the PBHA anion reacts with Ni** according to Eigen's mechanism and that in water the cis form
prevails. The k; 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 providing a way to dissolve the metal ion under physiological

. . . . conditions? Hydroxamic acids may also act as ligands toward
Hydroxamic acids (RCONROH) are weak acids with a many other metal ions such as AI(IR)Cr(II),6 Ga(lll),”

o il of splcalons ey ar e 2 lolalon 8087501 Eu() B, Coll). "N, = Cul) 20
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also as therapeutic agents due to their antibacterial andv(v)’ PUIV) 2 Np(IV),® U(V1), ™ Mo(V1), *"and La (Il
antimalaria actiod. These species are inhibitors of urease
activity and have been used in the treatment of hepatic Goma.
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(lIl) to hydroxamic acids, as many
microorganisms may synthesize compounds containing the
hydroxamate residue susceptible to binding iron@tihus

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 a€ids.
On the other hand, despite the number of experimental and
theoretical investigations on this issue, assignment of the

* Author to whom correspondence should be addressed. E-mail: begar@ preferred deprotonation sites is still puzzling; moreover, it
ubu.es. should be noted that the structure of hydroxamic acids in

@ ilarg&'\g';(?sujsulnsd—zel.clh'\l'; Pribanic, M.; Tabor, Zroat. Chem. Acta  gq|ytion has not yet unambiguously been determined.

2 Etr)ovl\(mﬁ_ D. /?3'; é:og%_arr, T. ﬁh;l Fitzpﬁlﬂtricg, NI JO.I; G:?SSP’ \li\ll( K.; A major difficulty in assigning the proper structures stems
uksnima, D. E.; lels, L.; gren, Vl.; smolander, K.; Pakkanen, . . - - 1
T. T.; Pakkanen, T. A.; Perakyla, M. Chem. Soc., Perkin Trans. from their dIS.tI’Ib.utIOI’l amon_g the tautomer f(?rﬁ‘is"’y, and .
1996 2, 2673-2679. further complications may arise from the possible geometric
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isomerization and internal or solvent-including hydrogen
bonding. The HZ= HE equilibrium for monoalkylbenzo-
hydroxamic acids was investigated in several solv&rasd
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it has been suggested that the H&s)( 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 acid&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(ll)
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(ll) 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 dissociativeg)(Imechanism; 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(ll)
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 acetaig-acetonitrilees, DMSO-
ds, and methanoty,, SDS>99.8% 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 AW560The solvent was kept under
nitrogen in bottles able to maintain for long time intervals a®10
atmosphere pressure. In this way the NMR spectra did not show
the HO 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(ll)
concentration was measured by titration with ED#Aerchloric
acid and sodium perchlorate or potassium chloride were used to
attain the desired medium acidity and ionic strength, respectively.

(17) Farkas, E.; Megyeri, K.; Somsak, |.; Kovacs,.Inorg. Biochem
1998 70, 41—47.

(18) Mladen, B.; Gabricevic, M.; Kronja, norg. Chem1999 38, 4064~
4069.

(19) Garcia, B.; Ibeas, S.; Hoyuelos, F. J.; Leal, J. M.; Secco, F.; Venturini,
M. J. Org. Chem2001, 66, 7986-7993.

(20) Buglass, A. J.; Hudson, K.; Tillett, J. G. Chem. Soc. B971, 123~
126.

(21) Agrawal, M. A.; Harjit, J.; Pande, FActa Chem. Scand.999 53,
381-386.

(22) (a) Brown, D. A.; Glass, E. K.; Mageswaran, R.; GirmanyMa&agn.
Reson. Chenil988 26, 970-973. (b) Brown, D. A.; Glass, W. K.;
Mageswaran, R.; Mohamed, S. Wagn. Reson. Chent991, 29, 40—
45. (c) Brown, D. A.; Cufle, L. P.; Fitzpatrick, G. M.; Glass, W. K.;
Fitzpatrick, N. J.; Herlihy, K. M.Collect. Czech. Chem. Commun.
2001, 66, 99-108

(23) Lipczynska-Kochany, E.; lwamura, Bl.Org. Chem1982 47, 5277
5282,

(24) Riddick, J. A.; Bunger, W. B.; Sakano, T. KOrganic Sobents
Wiley: New York, 1986; p 954.

Inorganic Chemistry, Vol. 42, No. 17, 2003 5435



Garcia et al.

Methods. The NMR measurements were performed with a Unity T/°C
Inova Varian 400 MHz instrument at 9.4 T (operating at 399.941
and 100.574 MHz fotH and13C, respectively)The spectra were 30 ‘
recorded over the-90 to+40 °C temperature range using a spectral M
window of 15 ppm fortH and 250 ppm fo#3C. Acquisition times ) JJUJ
were 3.74 and 1.20 s f8H and*3C, respectively, and pulse angles -
of #/2 (*H) andx/4 (*3C) were used. The solvent signal was used 0
as a reference. The exchange rate constants were evaluated with m

the gNMR program (4.1 version), which is capable of simulating
one-dimensional NMR spectra. ‘"M
The hydrogen ion concentrations of solutions with'TH 0.01 L J
M were determined by pH measurements performed by a PHM 84 -30
Radiometer Copenhagen instrument or by PHM Titrino DMS. A
combined glass electrode was used after the usual KCI bridge was “
replaced g 3 M NaCl to avoid precipitation of KCIQ The |
electrode was calibrated according to a procedure described L M \Jh
elsewherg® 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 f
¥,

spectrophotometer equipped with an HP 89090A Peltier accessory
to control the temperature. Experiments were performed at 5, 15, jk -
25, 35, and 45C since PBHA undergoes hydrolysis above°g85 |
and pH 8. Increasing amounts of titrant were added by a micro- -65 ‘\‘ /4
\
\

syringe to a solution of PBHA already thermostated in the

measuring cell. \ U ‘
The kinetic experiments were performed at 260 nm using a J\ J -

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 w M

L248102 “quiet” lamp was passed through a Bausch and Lomb ‘l /H 'M

338875 high-intensity monochromator and then split into two ‘L L

beams. The reference beam was sent directly to a 1P28 photomul-

tiplier. The measuring beam was sent, through a quartz optical -85

guide, to the observation chamber, and then through a second optical ‘

guide to the 1P28 measuring photomultiplier. The outputs of the ‘ )M q

two photomultipliers were balanced before each shot. The signal J iy ML

revealing the course of the reaction was sent to a Tektronix TDS —J ; : ; ,

210 oscilloscope equipped with a digital storage unit capable of " 10 ° & 5 ppm 7

memorizing 2500 data points at a maximum sampling rate of 60 Figure 1. 1H NMR spectra of PBHA recorded in acetone at different

MHz. Finally, the acquired signal was transferred to a personal temperaturesCegna = 0.29 M.

computer via a GPIB interface, using the wavestar 2.0 program,

and analyzed by a nonlinear least-squares procédiitee observed ide-ds are 60.3, 75.7, and 105.5 kJ mylrespectively?® and

time constants used in this work were averaged over at least sixthe corresponding measured chemical shifts are 8.45, 9.48,

repeated experiments, the maximum spread being within 10%. and 10.63 ppm. The linear dependence of the chemical shift

Temperature fluctuactions were withig0.1 °C throughout. The ;41 the solvent donor numbers (not shown) could indicate

\Taeh(j'eusmdﬁrci':'tyezzg |g)r(ucefitr;eenlﬂth were kept constant at the desired gy, solvent interactions with the polar PBHA forms. In

9 P ' methanol and methanol/water thid NMR signals of the
Results aromatic hydrogen atoms are very broad, hinting at the
_ _ presence of a fast equilibrium; here, the above-mentioned

NMR Measurements in Organic Solvents. (a) Solvent  pH(OH) signal disappears as a consequence of the fast

Effects. The *H NMR spectra of PBHA were recorded in  exchange with the deuterium of methanol and water, in

the deuterated solvents acetone, acetonitrile, dimethyl sul-keeping with the lability of the acidic proton.

foxide, methanol, and methanol/water. In the first three (1) Temperature Effect. TheH NMR spectra of PBHA
solvents only a singlet, associated with the H(OH) of the i, acetone were recorded at different concentrations and
hydroxamate group, FOUld be observed af(zSThe donor  temperatures, from-85 to +30 °C, keeping the substrate
strengths of acetonitrilds;, acetoneds, and dimethyl sulfox- concentration constant at 0.29 M (Figure 1). The H(OH)
-~ o of Anaical Chem ot signal at around 10.5 ppm is split into two peaks, indicating
(29 Ser[\'lcina g'_ 'Jn Eggﬁ'ﬁﬁtgrsggﬁcﬁfc?\,efv 5{25”{3& ga'n'l-,‘“(',-c;l_ , the occurrence of an equilibrium between two conformation

(26) Diebler, H.; Secco, F.; Venturini, M. Phys. Chenil984 88, 4229~
4232. (28) Handbook of Instrumental Analysis NMR SpectroscdpyMerck:
(27) Provencher, S. WI. Chem. Physl976 64, 2772-2777. Darmstadt, Germany.
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cC.M
3) -90 °C 0.02 n
0.06
J e J } | L. )J\»/k
b) 40 °C
0.21
T RS —— ﬂJJ ULL 0.29
-70 °C
11’.0 10‘.8 10‘.6 10‘.4 10’.2 10‘.0
8 ppm
Figure 3. H NMR spectra of PBHA recorded in acetone at different
substrate concentrations.= —85 °C. The low- and high-intensity peaks
correspond, respectively, to HZ and HE hydroxamate hydrogens.
175 170 165 160 155 150 145 140 135 130 125 120 (c) Effect of PBHA Concentration. Figure 3 shows the
8, ppm effect of the substrate concentration on tHeNMR spectra
Figure 2. 13C NMR spectra of PBHA recorded in (a) acetone-&0 °C of PBHA in acetone at-85 °C. By increasing the PBHA
and (b) methanol at 40 and70 °C. content, the lower intensity signal moves to the lower field

) . . ) . region, whereas the higher intensity signal is also displaced
isomers in a 20/80 ratio, as deduced from the area integrationy, ;; 1o a much less extent. Displacement to lower fields

The signals of the aromatic protons, ranging from 7.2 to 7.8
ppm, indicate that coalescence occurs at ab@ °C. The
multiple signals displayed at 3T should be attributed to
the coalesced spectra of the two isomeric forms. Likewise
the **C NMR spectrum of PBHA, recorded in acetone-at ¢ 1o\ temperatures. In this regard, PBHA behaves like

90°C (Figure 2a), shows two signals of different intensities ., hqyvlic acids, which may exist as stable hydrogen-bonded
at169.5 and 167 ppm attributed to the CO group of €ach of gimers'in nonpolar solvents even in highly diluted solutions.

the two isomers, whose presence is also evidenced by therpe gimer structure could be represented by the following
splitting of the aromatic C signals. TR&C NMR spectra of diagram:

PBHA have also been recorded in methanol at 10 different

reveals an increase of hydrogen bondihdhence, the
observed behavior finds a simple explanation by assuming
dimerization of PBHA. This peak is rather broad, which

' means that the monometr dimer equilibrium is fast, even

temperatures betweer80 and+40 °C. Two representative Ph 0--=-H—0__ Ph
I ~

spectra are shown in Figure 2b. The number of peaks e N

displayed at temperatures belowb0 °C was twice that of

those above 20C; coalescence occurs at aboutO °C, - /N\O_H____O/C\Ph

which proves the presence of the two isomers in methanol.

The chemical shifts in the low exchange limit of the CO  |f one assumes that the extent of displacement is propor-
group were 170.2 and 168.3 ppm. Comparison with the tional to the dimer concentration, then thevalue should
results in acetone (coalescence-&0 °C) enables one to  change according to the total PBHA concentration; this
advance the hypothesis of a slower HAE interconversion  pehavior was experimentally found (Figure 4, circles). The
in methanol, possibly due to hydrogen bonding with solvent. |inear trend indicates that the dimer prevails over the HZ
The ratio of the peak areas is about unity, thus revealing monomer. On the other hand, the small disp|acement
that in methanol the two isomers are present in about thedisp|ayed by the high-intensity peak (Figure 4, Squares) could
same concentration. be ascribed to hydrogen bonding between the E form and
The increase of the amount of the minor isomer on acetone.

changing from acetone to methanol suggests this isomer Figures 1 and 5 show the variation of the N(OH) signals
adopts the HZ configuration since this form can bind protic of 0.29 M PBHA in acetone with temperature. The two peaks
solvents by hydrogen bonding more firmly than the HE form. shift toward higher fields with increasing temperature; the
On this basis one can expect that in water the HZ form would low-intensity peak presents a much larger shift, an effect
prevail. attributed to the decrease in the dimer content as a conse-

Inorganic Chemistry, Vol. 42, No. 17, 2003 5437



Garcia et al.

Table 1. Rate Constanky (s™1) at Different Concentrations and Temperatures and Activation Parameters for the HEZ Reaction of PBHA in
Acetone

k (s7)
[PBHA] (M) —80°C —75°C —70°C —-65°C —60°C —55°C AH* (kJ mol?) AS (J K- mol-1)
0.02 0.051 0.147 0.349 0.720 1.07 5.27 52 49+ 11
0.06 0.187 0.422 0.941 1.930 3.79 8.44 51.0.7 943

0.29 1.930 2.690 4.730 6.460 2%0.8 —102+ 4

10.7

9.90

TrC ky/s-1

-85 —
10.6 J\
10.5 | I

-80 - B 1.93
10.4 1

Q

10.3 1 o

-75 3.10

[PBHA]/ M ,___/J\‘ ) N

Figure 4. Concentration dependence of the chemical shift of the peak -70 4.73
associated with thed) HZ and @) HE forms of PBHA.T = —85 °C.
quence of the hydrogen-bonding reductf®nBoth the
concentration and temperature effects on the low-intensity _— - Jk -

8, ppm

102 ;

T 1 T T
0.00 0.05 0.10 0.15 0.20 0.25 0.30

peak reveal that this signal should be assigned to the Z form. b 6.40
Scheme 1 can then be proposed for the monomelimer

Scheme 1 . - S
K K
H2), D W Bz SHE -60 9.90
equilibrium.Kp = [HZ]%[(HZ),] andKgz = [HE]/[HZ]; the
dimerization equilibrium is fast compared to the conforma- B R e TR e e

tion tranSItllon' L . . . . Figure 5. Left: experimental signals associated with the N(OH) proton
Concerning the high-intensity signal associated with the of PBHA at different temperatures.sia = 0.29 M. The two peaks are

HE form, the small displacement observed can be ascribedascribed to the HZ= HE transition. Right: simulation obtained with the

. . kv (s71) rate constants associated with the above transition. The low- and
to reduction of the weak hydrogen bondlng between the H,E high-intensity peaks correspond, respectively, to HZ and HE hydroxamate
form and acetone as the temperature increases. Table 1 listgydrogens.
the values for the exchange rate constant(s™), and the o ) o .
apparent activation parameters enthalpi*, and entropy, Equilibria in Aqueous Solution. (a) Acid Dissociation
AS, for the HZ— HE conversion of PBHA, deduced by Constant. Within the ordinary pH range PBHA behaves as
line shape simulation, considering the exchange between the? SimPIe monoprotic acid whose dissociation is represented
two positions (Figure 5). Possible exchange with trace water PY réaction 1. So far, theifua values published appear to
can be discarded, since dried solvent was usedk¥ kielues A +

) - o - HA=A +H Q)

are concentration dependent, providing an additional indica-
tion that this process could not be represented by a singlebe rather scattered Kpa = 8.553° 6.633! 8.03? and 8.223
first-order reaction. The presence of dimers in the systemin water); therefore, we have reinvestigated equilibrium 1
can be inferred from the concentration dependence of theby UV titrations at ionic strength 0.2 M and different
apparent activation enthalpy of the overall process depictedtemperatures. The absorbangeiH data pairs are analyzed

in Scheme 1. according to the relationship

Again, the application of the Eyring equation to the data
of Table 1 shows that the activation entropy decreases with A= A~ A + A, )
increasing PBHA concentration until becoming negative for 1+ 10 MPH* mPKia A

the highest concentration, which is consistent with displace-
ment to the left of the equilibrium of Scheme 1 with

Increasing PBHA concentration. (30) Agrawal, Y. K.; Tandon, S. GJ. Electroanal. Chem. Interfacial

Electrochem1973 43, 158-160.

(29) Silverstein, R. M., Webster, F. XSpectrometric identification of (31) Kholin, Y. V.; Khristenko, I. V.; Konyaev, D. SRuss. J. Phys. Chem.
Organic Compounds6th ed.; Wiley: New York, 1996; p 163. 1997 71, 445-449;1997, 71, 517-520.

whereA is the absorbance measured during titratiynand
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Table 2. Acid Dissociation Constant of PBHA Kxa) at Different
Temperatures and Thermodynamic Parameters from vant'Hoff Analysis
(I=0.2M)

T(°C) PKiia AS (JKImolY)  AH° (kJ mold)
5 8.73+0.11
15 8.63+ 0.09
25 8.50+ 0.10
8.53+ 0.13'
35 8.35+ 0.12
45 8.28+ 0.13

—95+4 20.1+ 0.8

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

Aya stand for the absorbances of the anion and of the
undissociated acid, respectivek,a is the acid dissociation
constant, and the parametaris close to unity in aqueous
solutions of pH 3-1134 An iterative minimization procedure
allows theAx-, Aua, and pKpa values to be determined. Table

2 lists the Kya values at different temperatures along with
the AH® and AS’ values of reaction 1. To ensure that the
changes of the UV spectra during titration are due to only
the H" dissociation, the l§ua value for PBHA was evaluated
as well by titration al = 585 nm by coupling to reaction 1
the dissociation reaction of thymol blue, an indicator whose
dissociation constant Ky, = 8.50 at 25°C and |
0.2 M)**is close to that of PBHA. The equilibrium constant
for the proton exchange between the indicator and PBHA
(K = Kpa/Kuin) was evaluated following a procedure
described earlie®; and from theKy, value theKya 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 Hdissociation process can be

depicted as in Scheme 2, according to which the macroscopic

Scheme 2
"\
Ph\ /Ph Key Ph\ (o]
C—N _— C—N
7\ J
o /O o Ph
H
HZ) (HE)
H* “ Ky H || Ke
Ph\ Ph Key Ph\ /O'
C—N —_—— C—N
/ /
O/ \O' O/ \Ph

z)

(32) Gerstein, J.; Jencks, W. P.Am. Chem. Sod 964 86, 4655.

(33) Caudle, M. T.; Crumbliss, A. Unorg. Chem1994 33, 4077-4085.

(34) Garcia, B.; Leal, J. MCollect. Czech. Chem. Commut087, 52,
299-307.

(35) Maggini, R.; Secco, F.; Venturini, M. Phys. Chem. A997 101,
5666-5671.

Figure 6. Absorption spectra of the PBHA/NI(Il) system in aqueous
solution at pH 6.5) = 0.2 M, andT = 25°C: (a) 4x 107> M PBHA,;
(b) 4 x 10> M PBHA + 5 x 1073 M Ni(ClOy)>.

dissociation constarkKya results in the combination of one
of the two acid dissociation constarks andKg and of the
ratiosKez = [HE)/[HZ] and Kez = [E7)/[Z7]:

®3)

The kinetic experiments have shown that in water][K
[Z7] and [HE] < [HZ]; therefore, it turns out thaKya ~ 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(ll).
Under excess metal condition€y > C,) only 1/1 com-
plexes are formed. At constant pH the equilibria could be
described by the apparent complex formation reaction 4,
where [M] = [M?"], [L{] = [HL] + [L7], and [MLy] =
[MHL 2] + [ML™].

Kpa = Kz(1 + Kez)/(1 + Kep)

M; + L; =ML, 4)
The equilibrium constant of reaction K., was evalu-
ated® at different pH values by spectrophotometric titration
(280 nm) of PBHA with Ni(ClQ),. The Kapp values were
found to decrease as [fHincreases. The dependencekaf,

on [H] is given by eq 5

Kap;!aﬂ = Kyp T KMLKHA/[H+] (5)

which has been derived according to Scheme 3.

Scheme 3

kl

M+ I @ —= M 6
k.

Kia || H H || K
K

M+ U MLt )
ko

(36) Secco, F.; Venturini, MJ. Chem. Soc., Faraday Tran%993 89,
719-725.

Inorganic Chemistry, Vol. 42, No. 17, 2003 5439



Garcia et al.

Table 3. Reaction Parameters for the Complex Formation Reaction between Nickel(ll) and ABHA.2 M, T = 25 °C)

102k1 (M 71871) ko1 (Sfl) 1U4k2 (M -1 Sfl) k-2 (Sfl) 1UZKMH|_ (Mfl) 104KML (Mfl) 163KHA (M)
7.1+0.3 49+ 0.6 5.5+ 0.7 1.2£0.1 1.5+0.2 5.2+ 0.7 29+ 04
10°Kc (M) AHf* (kJ mol?) AS* (I moltK™Y) AHg* (kJ mof?) AS (I mort K1) AHapy (kJ molt) ASspy (3 Mot K1)
1.0+0.1 67.3+£ 0.8 31 58+ 2 —46 9.2 7%
8.8 88
aFrom activation parameterdFrom van't Hoff analysis.
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. .
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Figure 7. Dependence of the apparent equilibrium constigfa on the (b)
reciprocal hydrogen ion concentration for the PBHA/Ni(Il) system at 104
I =0.2 M andT = 25°C: (@) kinetic data, @) thermodynamic data.
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Figure 8. Dependence of the reciprocal the relaxation time on the metal
ion concentration for the PBHA/NI(Il) system. [fi = 1.3 x 1076 M,
| =0.2 M, andT = 25°C.

Kvue= ki/k-1 and Ky. = kio/k—, are the equilibrium
constants of steps 6 and 7, respectivelys [HL]/[L ], and
/= [M2T)/[M4]. Figure 7 shows that the dependenc&gf/
of upon 1/[H] is linear, in agreement with eq 5; the
intercept yields thekyy. value, and the slope divided by
the acid dissociation constant of PBHA vyiel#s,.. The

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

Figure 8. Both thé; andky values were found to depend on
the medium acidity. According to Scheme 3 the dependence
of the apparent rate constants on*[Hs given by the
relationships

k= (k; + K, KHA/[H+])aﬁ )

and
ky = (k_p + k4[HVKy (10)

wherey = [ML)/[ML 1] = 1. The kdas vs 1/[H"] plot
(Figure 9a) enables one to obt&nandk,, the forward rate

values of the equilibrium parameters are quoted in Table 3. oonstants of steps 6 and 7, respectively, whereakgthers

Kinetics in Aqueous Solution. The kinetic curves for

[H*] plot (Figure 9b) yieldsk_i/Kc and k—,. Table 3 lists

complex formation are single exponential, meaning that the {ha values of the individual rate constants.
apparent reaction 4 adequately represents the kinetic behavior ¢ temperature dependence Kf,p ki, and ky was

of the PBHA/NI(Il) system. FoCy > C_, the time constant

investigated at pH 6.5 and at 15, 25, 35, and°@5 The

1/ is independent of the PBHA concentration, but depends (g action parameters are listed in Table 3.

on the metal concentration according to eq 8, as shown in

2=k +kCy ®)
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Discussion
NMR. The NMR results reveal that PBHA in acetone and
methanol solutions is distributed betweetnaas (HE) isomer
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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

double bond character of the-® bond, the change of the
ligand configuration from E to Z should be slow, as shown

dimer and monomer concentrations, changes from 80/20 inby the NMR measurements of Table 1. On the basis of this
acetone to 50/50 in methanol. NMR measurements in waterobservation, if substantial amounts of the E form were
cannot be performed due to the scarce solubility of PBHA present, then the reaction rate would tend to become
in this solvent!H NMR spectra were not capable of directly independent of [Ni"] at the highest metal concentrations,
indicating which of the two peaks appearing around 10 ppm contrary to the results shown in Figure 8.
should be assigned to the HE and HZ forms. However, the Concerning the Ni(ll) binding to HL, it turns out that
concentration and temperature effects on the low-intensity k;* = 2.4 x 10° s'%, a value 13 times lower than that of
peak strongly suggest that this should be associated with HZ k;.0. One could not ascribe this large reduction of rate to a
since this is the only form capable of giving dimers. Hence, slow ring closure, since this process has been found to be
we can conclude that in acetone the HZ form is the minority. fast with L~. An alternative mechanism, based on slow HL
On going from acetone to methanol and then to water, it is and MHL deprotonation, has been proposed to explain the
conceivable to assume that the dimer population could bereduced rate of binding of the neutral acetohydroxamic acid
small in methanol and negligible in water, since protic to Ni?", Cc®", and Zr#".*° This mechanism does not apply
solvents tend to form hydrogen bonds with the monomer; if to our system since in 8 10-3 M sodium cacodylate buffer
noticeable amounts of dimer were present in aqueousthe vertical steps of Scheme 3 are very fast. In particular,
solution, then both the equilibrium and the kinetic experi- the rate constant for the MHLL + B~ — ML* + HB step
ments would become affected. is diffusion controlled, since this process is thermodynami-
Kinetics. The rate-limiting step of the metal binding cally favored (Kng = 6.19¥° and Kyn = 5.99.
reaction of Ni(ll) to PBHA is the loss of water from the Once the mechanisms outlined above have been ruled out,
inner coordination shell of R, following the formation of a plausible explanation which reasonably accounts for the
an outer-sphere compléX. Subsequent ring closure is reduced reactivity of HL is based on the distribution of the
generally rapid in an aqueous medium. The rate of loss of protonated PBHA species among different forms, only one

water is identified with the rate of solvent exchange;
for Ni?" ky,0 = 3.1 x 10* s71.3 On the other hand, the
equilibrium constantKes, for the step of formation of the

of which is capable of reacting with Ki. Since it is
reasonable to exclude dimer formation in aqueous solution
and since the HE form seems to be negligible, a reaction

outer-sphere complex can be calculated by the Fuossscheme fitting the experimental data is shown in Scheme 4,
equatiori® with a maximum uncertainty of 300%, due to the  scheme 4

arbitrary choice of the distance of closest approach of the
reactants. According to the above-describgthéchanism,
the second-order rate constant of a complex formation
reaction isk = Kodk*. This relationship allowsk* to be
evaluated from the measured valuekadind the calculated
value ofKgs. For “normal” ligands the value df* should

be similar toku,0, the main source of uncertainty arising
from Kos. This feature is common to all complex formation
reactions between normal ligands andNWe have chosen
Ni?* as a candidate to bind PBHA since any deviation from
the relatioshipk* = k/Kos = ku,0 should be ascribed to a
particular behavior of the ligand. Using for the distance of
closest approach the usual value of 308 cm, one obtains
for the binding step involving L Kos = 1.6 M (25 °C,

| =0.1 M) andky* = 3.4 x 10*s ™. The excellent agreement
of k* with k0 indicates that Nit reacts with the anion of

Ni2+

KCO 2+
HZ, — MHL

HZ

c

where HZ is an HZ form in which the reaction site is
blocked by an intra- or an intermolecular (water-involving)
hydrogen bond and Hyis the corresponding HZ open form.

If HZ ¢ prevails and HZ reacts with Ni* at a normal rate,
thenky* = ky,oKco/(1 + Keo). With the above quoted values
of ki* and ky,0 one obtainKco = 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 Ni?" and C&" with salicylates}}*? where, owing to
intramolecular hydrogen bonding, the binding rates are about
1000 times below their normal values.
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