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The kinetics and mechanism of the complexation of'Land Cé" ions with desferrioxamine B (ydifo™) and
N-methylacetohydroxamic acid (NMHA) in agueous medium were studied by stopped-floti#aelR methods.
The equilibrium constants for reactions M+ HA = MA(M-D+ + H*) of NMHA with Cu2t and L&" were
determined by the combined pt$pectral titration method at 2k 0.1 °C as (1.58+ 0.02) x 107! and (3.5+
0.2) x 1074, respectively. In agueous solutioh2 M ionic strength, the kinetic parameters for complexation of
La®t and Cé@+ with NMHA were determined ak(25 °C) = 3.0+ 0.3 s}, AH¥ = 76 & 3 kJ mol', ASF = 19
+ 7 J K1 mol™%, AV¥ = +5.34+ 0.5 cr¥/mol andk(25 °C) = 3.4+ 0.2 s, AH* = 694+ 1 kJ mof!, ASF =
—34+ 3 JK1mol?, AVf = +5.0+ 0.5 cn#¥/mol, whereas with gtifb* they were determined &$25 °C) = 2.9
+0.3sh AHF =764 1 kJ molt, AS" = 34+ 4 J K1 mol~%, AV¥ = +5.2 4+ 0.5 cn¥/mol; andk(25 °C) =
3.0+ 045 AH =724+ 1 kImol!, ASS =5+ 2 J K1mol?l, AVf = +3.44 0.2 cn¥/mol, respectively.
The rotation about the €N hydroxamate bonds in NMHA andHfb™ is characterized b(25°C) = 114+ 2
s, AH* =76 + 5 kI mof, AS = 31 + 16 J K’ mol™%, AV(cis=trans)= +1.5+ 0.8 cn¥/mol, Kirans-cis(25 °C)
= 2.8+ 0.5 5L, AV¥ans—cis = +12 = 4 cn¥/mol and byk(25°C) = 9 + 1 s1, AH¥ = 69 £ 6 kJ mol!, AS
=6+ 18 J Kt mol™%, AV(sis=trans)= +0.6 & 0.3 cn¥/mol, Kirans—cis(25 °C) = 2.6 + 0.3 5%, AV¥yrans—cis = +5
+ 2 cm¥/mol, respectively. The results suggest that the slow rotation around the hydroxaridtbddd is the
rate-determining step for the complexation reactions.

Introduction stable five-membered ring by coordination of a central metal
ion through the two oxygen atoms. Complexation is ac-
companied by simultaneous dissociation of one proton per
coordinated hydroxamate group, as illustrated in eq 1.

Hydroxamic acids are weak organic acid&{p~9) with a
variety of applications in extractive metallurgy, in pharmaceu-
tics, as food additives, efc® Their importance and applications

primarily originate from their ability to form stable metal ion R R R _]<n-1>+
complexes, i.e., they act as the metal binding ditdhe \1 2 " ! 2
hydroxamate group is a bidentate ligand, forming the extremely //C_N\' M = /}:—N\' + H
10 IOH 0} ol
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(1) Taken in part from M.G’s. Ph.D. Thesis, submitted to the University

of Zagreb. A part of this work was reported at the Inorganic Reaction . .
Mechanisms Meeting, held in Le Bischenberg (France) on 3 4 The complexes between some naturally occurring hydroxamic

1996: Gabrievic, M.; Biru$, M. Inorganic Reaction Mechanisms  acids and Fe(lll), callediderophoresplay a significant role in

Meeting 1996 L19. _ _ the microbial iron transport phenomenbbBesferrioxamine B
@ g%cczhkearhisEt'rygézGl'tt%%a”' C. O.; Dulaney, E. L; Folkers, K. | renresents the fully protonated structure of this trishydroxamic
(3) Matzanke, B. F.. Mueller-Matzanke, G.; Raymond, K. N.ltan acid in neutral aqueous media) forms with Fe(lll) a siderophore
Carriers and Iron ProteinsLoehr, T. M., Ed.; VCH Publishers: New  complex called ferrioxamine B, Fe(Hdfhy
York, 1989; Vol. 5, pp +121. i i i
(4) Hershko, C.; Gordeuk, V. R.; Thuma, P. E.; Thenacho, E. N.; Spira, h Thﬁ rehsucljts lob?alnfe;:l In.tWO Ir?depBendent I{;(\ibqra;[céﬁebow |
D. T.; Hider, R. C.; Peto, T. E. A.; Drittenham, G. M. Inorg. that the hydrolysis of ferrioxamine B proceeds in four steps. It
Biochem 1992 47, 267.
(5) Rogers, H. J. Idron Transport in Microbes, Plants, and Animals (7) Crumbliss, A. E. I'rHandbook of microbial iron chelate®Vinkelman,
Winkelmann, G., Van der Helm, D., Nielands, J. B., Eds.; VCH G., Ed.; CRC Press: Boca Raton, FL, 1991; pp-1233.
Publishers: New York, 1987; pp 22233. (8) Monzyk, B.; Crumbliss, A. LJ. Am. Chem. Sod 982 104, 4921.
(6) Ghio, A. J.; Kennedy, T. P.; Whorton, R. A.; Crumbliss, A. L.; Hatch, (9) Biru§ M.; Bradig Z.; Krznarig G.; Kujundi¢, N.; Pribani¢ M.;
G. E.; Hoidal, J. RAm. J. Physial1992 263 511. Wilkins, P. C.; Wilkins, R. G.Inorg. Chem 1987, 26, 1000.
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O\ H H M stock solution of NaOH was prepared in &fee water from
NHY o NN TITRISOL (Merck), wherea 3 M acetic acid and 4.299 M perchloric

/ \ / \ acid stock solutions were prepared from the concentrated acids (Merck,

(CHa)s (9H2)2 (CH\2)5 (9H2)2 (CH\Z)s (/:H3 p.a.) and standardized to a phenolphthalein end point against standard

\
/N—(i\ /N—C\\ /\I—C\\ NaOH. HEPES, LaGland m-cresol purpur were reagent grade from
o) o) HO o) Merck and were used without further purificatioh 1 M stock solution
of Cu(CIOy), was prepared by mixing equivalent amounts of Ba¢lO
1= Hydfb" (Aldrich, p.a.) and Cu(S§)-5H,0 (Merck, p.a.) followed by filtration

was suggested that dechelation of the second hydroxamate groughrough Millipore (filter type HV 0.45 mm). The concentration of Cu(ll)

in Fe(Hdfb)" proceeds in two steps, due to a slow rate of rotation in the solution was determined by titration with edta in the presence of
about the middle hydroxamate-@ bond in the partially murexide as indicator. The methanesulfonate salt of desferrioxamine
unwrapped comple}11The hypothesis was based on the NMR B (Desferal) was kindly supplied by the Ciba-Geigy Corp. The salt

. - was recrystallized from methanol and was stored in a vacuum desiccator
data for both NMHA (structurel ) and desferrioxamine B. The over ROx (Mp 149-151°C). A stock solution of NaCl@was prepared

kinetics and equilibrium between thia andllb isomers have  fom anhydrous NaCIQ standardized by passage through a DOWEX
been established by observation of the temperature-dependentow-xs strong acid cation exchange column in thé fdrm, and

line-broadening in théH NMR spectra of NMHAL® titrated against standard NaOH to the phenolphthalein end point.
CH3 CH3 CH3 IOH Ligand Preparation. N-Methylacetohydroxamic acid was prepared
N AN V4 2 by reactingN-methylhydroxylamine with ethyl acetate in basic methanol
/C — Nl\ ‘—_“ / _ N\ as already described and was characterizetHdyMR spectroscopy?
o} [OH 10 CH3 Its purity (98%) was determined by a conductometric titration with
NaOH.
a = cis-NMHA b = trans-NMHA Physical MeasurementsMetal—ligand binding constants for La(lll)

. and Cu(ll) with NMHA were determined by spectrophotometric pH

. It W?s .recgntly guggested that thq _rate of _traﬁs cIs titrations. A peristaltic pump was used to bring the solution into the 1
isomerization is possibly the rate-determining step in the Cu(ll) ¢, cuvette of a HP 8452 diode array spectrophotometer, where spectral
and La(lll)—desferrioxamine B complex-formation kinetit's.  measurements were made. Absorbance vs pH data were analyzed using
In this paper we present some relevant data that unambiguouslya 2.09 version of the SPECFIT program. An Orion 701 pH meter and
support the hypothesis of the slow rotation around theNC a glass electrode calibrated with standard Merck buffers of pH 1.00,
bond in NMHA and in desferrioxamine B. Our conclusions are 4.00, and 7.00 were used for pH measurements.

based on kinetic parameters obtained for the complexation of Kinetic studies were performed on a Durrum D-110 or an Applied
La3* and C@" with NMHA and H,dfbt, as well as for the Photophysics stopped-flow spectrophotometer coupled to an on-line

rotation rate about the hydroxamate-8 bond in these two data acquisition system. The kinetic traces were evaluated using the
hydroxamic acids. KINFIT (Olis, Bogart, GA) set of programs for the Durrum instrument.

Selection of the metal ions was determined by the water Measurements at high pressures (up to 1600 bar) were performed on a

. : - homemade high-pressure stopped-flow instrurteih average of 57
exchange rates, which must be fast enough not to interfere Wlthruns were carried out for each experimental point reported. The kinetics

the rotation. Slnce for 9‘” experimental Condlthn§ the Eigen of the La(lll) complexation was studied by following the absorbance
Fuosd? equation predicts outer-sphere association constantSchange at 250 nm, or by usimgcresol purpur indicator for monitoring
between positively charged metal ions and neutral (NMHA) or (at 576 nm) the attendant pH decrease that occurred when the buffered
positively charged (ktifo*) entering ligands much smaller than  solutions of LaCj were mixed with the buffered solutions of hydrox-
1, the water exchange rate constant must greatly exceed theamic acids. Solutions were lightly buffered with HEPES, which ensured
rate of rotation. The selected metal ions satisfy these require-a small pH change (less than 0.1 pH units) and in turn a small indicator-
mentst3 absorbance change~Q.1). The latter method was used in the
The present work augments the previously reported $tudy determingtion of the activation volume because of the spectral limitation
on desferrioxamine B, and it extends the investigated Systemof the high-pressure stopped-flow spectrophotometer. The results

. . . obtained by the two different methods only differ within the experi-
by including NMHA as well. The results strongly confirm that, mental error limits from each other. The kinetics of the Cu(ll)

gnder certain Clrcu.m.stances, .the rotation around thél @ond complexation was studied at constant ionic strength €, NaCIQy)
is the rate-determining step in the formation of hydroxamate by measuring an increase in absorbance at 400 nm due to the formation
complexes. of colored Cu(ll) complexes. Solutions were buffered with acetate buffer
. . to maintain a constant pH. The temperature dependence was studied
Experimental Section by varying temperature within the range-150 °C, keeping it constant
Materials. All water used was deionized and then twice distilled in ~ Within £0.1°C.
an all-glass apparatus, first from an alkaline solution of KMn® 1 NMR spectra were recorded on a Varian Gemini 300 and on a Bruker
AVANCE DRX 400 WB NMR spectrometer equipped with a super-

(10) Caudle, M. T.; Crumbliss, A. Unorg. Chem 1994 33, 4077. conducting BC-94/89 magnet system. Measurements for the temperature
(11) Birus M.; Gabrieevic, M.; Kronja, O.; Klaig B. Inorg. Chem 1995 dependence were performed with an acquisition time of 6.82 s. The

34, 3110. pressure dependence was carried out on the 400 MHz Bruker

12 gihgeenr:'Zégglgsgggrgo(géa”kf“rm954 1,176. Fuoss, R. MJ. Am. spectrometer using a home-built high-pressure probe described else-

(13) Several other metal ions, which form stable complexes with hydrox- where® In addition to the published design a separate deuterium lock
amic acids (e_g_' Pé7 A|3+' Géer etc_)y also exchange the coordinated channel was Implemented to stabilize the magnetlc field. The magnetlc
water molecules at a rate faster than the observed rotation rate. field homogeneity over the sample volume was improved, resulting in
However, in order to make the complexation much faster than the a resolution of 3x 10°°. The sample coil was used in a double-tuned
rotation, concentrations of metal ions would have to be unattainably manner, The pressure dependence measurements were carried out with
high, or the metal ions would have to be in their hydrolyzed forms.
Keeping with the metal ions in excess over the ligand concentration,
and at the same time keeping the pH close to tkg \mlue of the (14) Monzyk, B.; Crumbliss, A. LJ. Org. Chem198Q 45, 4670.
particular metal ion in order to ensure substantial formation of its more (15) van Eldik R.; Gaede, W.; Wieland, S.; Kraft, J.; Spitzer, M.; Palmer,
reactive hydroxo species, would lead to polymerization and eventual D. A. Rev. Sci. Instrum.1993 64, 1355.
precipitation of metal oxides. For this reason our study was limited to (16) Zahl, A.; Neubrand, A.; Aygen, S.; van Eldik, Rev. Sci. Instrum.
the two metal ions mentioned. 1994 65, 882.
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a pulse width of 8.3 ms and a relaxation delay-91 s at a temperature The complexation reactions were studied under pseudo-first-
of 298 K. A spectral width of about 4006 Hz was used with 16K data order conditions, maintaining the proton concentration constant
points. The corresponding acquisition time was about 2.04 s; 32 scanspy HCIO, or the sodium hydroxideacetic acid (or~HEPES)
were accumulated for each spectrum using the digital quadrature p tfer system, with the metal ion in excess. In addition, the
detec.t fon mode. ) . . . . latter condition ensured the formation of only monohydroxamate
A line-broadening analysis was done using a method described in complexes. In all cases single-exponential kinetics were ob-

the literature and a program adopted for VECTRA 486/33For both d. which ded b h fast ¢ t00 fast t
ligands, two independent high-pressure cycles were performed and the>€rved, which were preceded Dy a much faster step, 1oo fast to

mean values for the obtained parameters are reported, vide infra (forP€ followed by the stopped-flow technique. The absorbance

H.dfb* one of the cycles was carried out at 12; for NMHA the change of the measured kinetics was much smaller than the
mean values for the rate constants along with the corresponding standar€xpected value based on the equilibrium spectral measurements.
deviations are shown). The values of the (“lost-amplitude”/measured amplitude) ratio

The observed rate constantgy calculated from the line-shape  were calculated for Gd—Hydfot, ClB"—NMHA, and L&™—
analysis exhibit a fairly small individual standard deviation (usually NMHA complexations as (0.09/0.18), (0.06/0.09), and (0.1/0.2),
less than a few percent), but independent series of measurements, carriefespectively. Each value was calculated as a difference between
out under the same experimental conditions, resulted in larger devia- the absorbance change expected from the spectral measurements
tions. We could roughly estimate this error to be at least@Wb of a4 the absorbance change observed in the kinetic stopped-flow
the actual value of the calculated rate constants, at the higher experiment.

temperatures the errors being larger. A ible effect of the buff trati th te of
The results were less consistent at the upper end of the temperature possible efiect or the bufier concentration on the rate o

range used, probably due to the limit for the rate constant when COMPplexation reactions was examined by measuring the rate
exchange still affects the band shape. The limit is a function of the constants as a function of the buffer total concentration at

frequency differenceXdesiran) between two exchanging sites, and for ~ constant proton and metal ion concentrations, and at a constant
the observed\dcisirans= 10 Hz and [Ib]/[lla] = 3, as well as for a mole ratio of the buffer components. At pH 4.55, the rate of
required exchange broadening of 0.5 Hz, the limit rate constant is below complexation of NMHA is independent of the buffer concentra-
200 s™. tion (Figure S3).

On the basis of the previously published results for the

Results complexation of various hydroxamic acids with the numerous
The equilibrium data for complexation of #aand C&* with different metal ion8?-22 the complexation reactions of €u
desferrioxamine B are available from the literatifteThe and L&* with NMHA and Hidfb™ were expected to be first
equilibrium constants for reactions 3 and 4 were determined order in each of the reactants. We have already reported an
experimentally. independence of the reaction rates on the metal ion concentration
for the complexation rate of desferrioxamine B with Cu(ll) and
K(3) La(lll) in molar excess! For the complexation of NMHA,
Cu' + CH,;C(O)N(OH)CH,== variation of the initial concentration of metal ions also has no

observable effect on the rate constants (Figures S4 and S5).
Cu(c:l-gc:(o)N(o)Cl-gg)Jr +H" 3) Similarly, a lack ofk.ps dependence on pH was observed for
<@ all of the complexation reactions (Figures S6 and S7).
3+ —_— These results indicate an absence of any role that the metal
La™ + CHC(OIN(OH)CH and hydronium ions might possibly play in the rate-determining
step of the complexation kinetics within the ranges investigated.
From the intercept and slope of the Eyring plots for
complexation of C&" and L&" with NMHA and H,dfb™
An aqueous solution of NMHA and the appropriate metal (Figures S8 and S9), the activation parameters presented in Table
ion salt was titrated against 0.1 M HGJOand the spectral 1 were calculated. The pressure dependence of the complexation
changes were recorded as the shift in equilibrium occurred reactions was also studied, and the results are summarized in
(Figures S1 and S2 deposited as Supporting Information). A Figure 1. All of the reactions exhibit a deceleration on increasing
molar excess of the metal ion over NMHA assured the formation pressure, and the activation volumes calculated from the slopes
of only monohydroxamate complexes in solution. The measure- (=—AV#RT) of the plots are included in Table 1. Within the
ments yieldK(3) = (1.58+ 0.02) x 10 ! andK(4) = (3.5+ experimental error limits we can conclude that all of the
0.2) x 10™* at 25°C andl = 2.0 (NaClQ).** complexation reactions are characterized by small posikife
From the values of the equilibrium constants it is seen that and AV* values, confirming that the metal ions play no role in
under our experimental conditions the equilibria are shifted the rate-determining step.
toward the reaction products. Estimated contributions of the  Opservation of an unequal pair of singlet$ihNMR spectra
backward rates are less than 10% of the overall rates for theof the C_methy| group due to the presence of trans and cis forms
complexation reactions. of the hydroxamate functionality was already reported for
NMHA® and Hdfb* 1 in aqueous solution. According to the
(17) A program adapted for Vectra 486/33n based on the following: 14 NMR data for aceto- an®l-methylacetohydroxamic acids

Saunders, M. lIIMagnetic Resonance in Biological SysteEisrenberg, ;
A., Malmstroem, B. G., Vaenngard, T., Eds.; Pergamon Press: New in CDCl; and CDCl, solvents, the resonance peak of the

La(CH,C(O)N(O)CH)*" + H' (4)

York, 1966; p 85. C-methyl group of the cis isomers is attributed to the downfield
(18) Schwarzenbach, G.; SchwarzenbachHEly. Chim. Actal963 46, peak compared to the trans isom&3he same assignment of
1390. the IH NMR peaks was argued for the hydroxamate C-methyl

(19) The titration of the Cu(llrNMHA system with perchloric acid was
also performed in 0.4 M acetate. From the obtained value (£30
0.10) x 1072 for the apparent stability constant it can be estimated (20) Monzyk, B.; Crumbliss, A. LJ. Am. Chem. Sod.979 101, 6203.
that in 0.4 M acetate, at the lowest Cu(ll) concentration and pH used (21) Garrison, M. J.; Crumbliss, A. LUnorg. Chem.1987, 26, 3660.
throughout the kinetics, equilibrium 3 is completely shifted toward (22) BatinicHaberle, I.; BirdsM.; Imper-Vuletic V.; Spasojevigl. Croat.
the formation of the product. Chem. Actal993 66, 373.
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Table 1. Reaction Parametérat 25°C for Cis—Trans Rotation about the Hydroxamate-I8 Bond in NMHA and Hdfb™ as Well as for

Complexation of C& and L&*" with NMHA and H,dfb*

L = NMHA = THdfb
AHF, AS, AVF, AHF, AS, AVF,
reaction k, st kJ mol? JK1mol? cm® mol~?t k, s kJ mol? JK1mol? cm® mol~?t
cis= trans rotation 11(2) 76(5) +31(16) 9(1) 69(6) +6(18)
trans— cis rotatio® 2.8(5) +12(4) 2.6(3) +5(2)
Cw +L 3.4(2) 69(1) -3(3) +5.0(5) 3.0(4) 72(1) +5(2) +3.4(2)
La® + L 3.03) 76(3) +19(7) +5.3(5) 2.9(3) 76(1) +34(4) +4.6(3)

aFigures in parentheses are single standard deviations of the parameters expressed in terms of the last significant digit reported for the particular

parameter® Calculated according to the equatikifins-cis = Keis=trand1 + K)™L.
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Figure 1. Pressure dependence ofkgsfor complexation of La(lll)
with NMHA (open squares) and JMfb™ (solid squares), and for
complexation of Cu(ll) with NMHA (open circles) and.#fb* (solid
circles) at 25°C. Conditions for the La(lll) complexation: [La(lll}F
0.02 M, [NMHA] = 0.002 M, [HEPES}= 0.005 M, pH= 7.55,I =
2 M (NaClQy) and [La(lll)] = 0.0045 M, [Hdfb™] = 0.00015 M,
[HEPES]= 0.001 M, pH= 7.55,1 = 2 M (NaClQ,). Conditions for
the Cu(ll) complexation: [Cu(I)}= 0.04 M, [NMHA] = 0.004 M,
[HAc] = 0.4 M, pH=4.35,1 = 2 M (NaClQy) and [Cu(Il)] = 0.1 M,
[Hadfbt] = 0.005 M, [HAc] = 0.1 M, pH= 4.35,1 = 2 M (NaCIQ,).

group of Hdfb™ ion in watet! and could also be argued for
NMHA in water. The peak intensities indicate higher stability
of the trans isomers of Jfbt and NMHA in water in

accordance with a recent theoretical calculation for hydroxamic

acids?* The isomerization equilibrium constam€isomerization=

[trans]/[cis]= 2.8 4+ 0.3, was calculated from the peak areas in

the 'TH NMR spectrum of NMHA. This value is very close to

the analogous equilibrium constants determined for the hydrox-
amate groups of kdifb™, 11 and except for the reverse assignment
of the signals, it agrees well with the previously reported value

for the same equilibrium constaktlt should be noted that the

earlier calculations favor the cis over the trans isomer with about
15 kJ/mol, mainly due to the intramolecular hydrogen bonding.
However, recent density functional theory calculations on

N-methylacetamide (NMA} suggested a cooperative effect of
hydrogen bonding inransNMA complexes, in which three
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Figure 2. Plot of In X vs pressure (where for open and solid symbols
X representsK and kians-cis, respectively) for rotation about the
hydroxamate &N bond in NMHA (squares) and the C-terminal
hydroxamate €N bond in Hdfb* (circles) at 25°C. For Hdfb™ the
results obtained at 12C are represented by the lower straight line.

The hindered rotation around the-@Gl bond, which gives
kobs = 11 + 2 s at 25 °C, is based on the temperature-
dependentH NMR spectrum of NMHA in RO. From the
Eyring plot for this rotation along with the analogous plot of
IH NMR data for the C-terminal methyl group of desferriox-
amine B (Figure S10) the corresponding activation parameters
were calculated and are summarized in Table 1.

The shape of théH NMR spectra of NMHA and ktfb* at
298 K also depends on the applied pressure. From the obtained
linearity of In kyans-cis and INK vs applied pressure up to 1600
bar (Figure 2), the activation volumes for the trans cis
isomerization and reaction volumes for reaction 2 of NMHA
and Hdfbt were calculated adV* = +12 + 4 cn¥/mol and
AV = +1.5+ 0.5 cn¥/mol and asAV*¥ = +5 £ 2 cmé/mol
andA,V = +0.6 & 0.3 cn¥/mol, respectively. The trans forms
of these ligands have a slightly higher partial molar volume
than their cis forms.

Discussion

The rate of complexation reactions M@®)"t + HA —

water molecules attach to NMA. The H-bond energies of these MA(H ;0)n—2" D+ + HT 4 2H,0 (M = Cu(ll), La(lll); HA =

three-water complexes were found larger (i.e., more negative) NMHA, H 4dfb™) is expected to be first order in both the metal
than the sum of the H-bond energies of the corresponding single-ions and the ligands. Surprisingly, our kinetic results reveal that
water complexes. Since due to the steric hindrances no cooperathe complexations are zero order in the metal concentrations
tive H-bonding was found in the three-water cis isomer, the and also independent of pH. Since the water exchange rate
trans isomer was found to be the more stabile form in water. If constant estimated for the &uion is ~10° s and for

the similar cooperativity found for the peptide bond applies to lanthanide ions is-10° s71,2it is obvious that the rate constants
the hydroxamate bond, and in the cis isomer steric hindrancesfor complexation with Hdfb™ and NMHA are far below the

prevent the cooperativity, a higher stability of trans-NMHA in
water compared to the cis isomer can be expected.

(23) Brown, D. A,; Glass, W. K.; Mageswaran, R.; Mohammed, S. A.
Magn. Reson. Cheni991 29, 40.

(24) Abraham, M. H.; Marcus, YJ. Chem. Soc., Perkin Trans.1®96
82, 3255.

(25) Han, W.-G.; Suhai, Sl. Phys. Chem1996 100, 3942.

limits imposed by the water exchange kinetics. This fact permits
a possibility that the slowest kinetic step in the complexation
reactions is not related to the water exchange process, and that

(26) Wilkins, R. G.Kinetics and Mechanism of Reactions of Transition
Metal Complexe2nd ed.; VCH: New York, 1991. Ducommun, Y.;
Merbach, A. E. Inlnorganic High Pressure Chemistryan Eldik,
R., Ed.; Elsevier: Amsterdam, 1986.
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the structural changes which occur in the rate-determining stepis dictated by the rotation about the hydroxamateNCbond.

may be entirely related to the transformation of the ligands. Since the reaction of this new cis isomer with the metal ions is
The crystal structure data reveal that the hydroxamate bondmuch faster than the trans cis conversion, this should result

is almost planaf’-?8In the trans E) configuration, the hydrox- in a metal- and proton-independent pathway for the complex-

amate bond has Rand Ry at diagonally opposite corners of formation process.

the hydroxamate plane. In this configuration two oxygens are  On the other hand, a two-step mechanism for coordination

improperly oriented for the coordination of a metal ion. of monohydroxamic acids (such as NMHA) to metal ions (such

However, one end could be rotated 186 bring two oxygens as Fe(lll) and Al(I17%2Y) was proposed, offering a possibility

closer together, forming a cisZ) configuration, which is  of a certain interaction between the reactants before the rotation

functional for coordination. The observed ratio of two closely and final coordination occur. In this mechanism, the first step

spaced signals in thH NMR spectra of Hdfb™ and NMHA, is attachment of the ligand to the central metal ion via hydrogen
related to the €CHjs protons, showd! that this cis config-  bonding of a coordinated water molecule to the hydroxyl group
uration is slightly less favorable whenyRs an alkyl group. of hydroxamic acid, followed by coordination of the carbonyl
The line-broadening NMR measurements reveal that the roomoxygen. Since for the latter step the trans form of the ligand is
temperature rotation about the-® bond, either of the NMHA-  again inappropriate, in a rate-determining step the trans isomer

or of Hudfb*-hydroxamate groups, is characterized by the rate should be transformed into the appropriate cis form and
constant of ca. 1073. The magnitude of this rate constant subsequently be coordinated to the central metal ion.
indicates a partial double bond character of the hydroxamate |, order for this mechanism not to conflict with the
C—N bonds, becauseasmgle-bond rotation is expected to OCCUrgxperimental results, most of the ligand must be hydrogen
on a much shorter time scale. The partial double bond characterygnged to the metal ions. Unfortunately, there is no evidence
responsible for the slow rate of rotation about the hydroxamate that such a complex exists to a sufficient extent. Our preliminary
C—N bond can be explained by two extreme resonance forms efforts to observe the magnitude of hydrogen bonding between

of hydroxamic acids shown by structurg andlllb . the metal ions and NMHA, by measuring the carbdigl NMR
CcH CH CH CHa chemical shift in solutions of reactants under conditions when
\3 3 \3 v/ no complex was formed, gave no evidence which would support
/C—N‘ > C=N it. Therefore, at present it seems reasonable to consider only
/ AN ; ; .
(o] IOH 0l IoH the former mechanism to be plausible.
The obtained activation enthalpies for the complexation of
Ma b the two metal ions do not conflict with the proposed reaction

. » . . mechanism. The obtainedH* = 76 kJ mot! for the trans-
A partial positive charge on thélb nitrogen may be either .5 isomerization of NMHA compares favorably &H* = 69

stabilized or destabilized by an electron-donating or -withdraw- | y 1011 for the complexation of NMHA with Cu(ll), ancH*
ing substituent at that position. In both ligands, desferrioxamine — 7g 3 mot? determined for the complexation V\;ith La(lll).

B and NMHA, electron-donating alkyl substituents increase the 1 gimilar values of the activation enthalpy obtained for these
double bond character in the-®l bond and, therefore, decrease atal ions may indicate a common complexation mechanism

the rate of rotation. in which the rate-determining step is independent of the nature
The above value of the rate constants refers to the raté o the metal ions.

constants defined as a sum of the forward (e.g., NMEtA The obtained values for the activation entropies would

NMHAyand and backward (NMHAans — NMHAs) rate indi diff . hani
constants. The estimated value of the isomerization equilibrium Indicate a different reaction mechanism. However, as on many
) occasions before, it should be stressed that uncertainties in the

constantk i[“b]/ [Ila] = 3, indicates that the \{a!ue Bfans-ci determination of this parameter, from a far-removed intercept

equals~3 s 1. Assuming that the rate-determining step of the - . . o

metal complexation reactions in the measured (slower) kinetic of the Eyring plot, make it less reliable as a mechanistic
P criterion. TheAV* data quoted for the complexation in Table 1

fﬁiii?}/;lr\;e? ;rafrcl) Srf%rénf;grgig;ttigi ggsatlpuc::t]:?a:“ tir;lztrarr;s rligfrz could be determined more accurately, and clearly demonstrate
e Y Inapprop the operation of a common mechanism in the rate-determining

into an appropriate form, the expected value of the complexation step

rate constant for both metal ions should equals™. As shown . . o .
The obtained complexation activation entropies should also

in Table 1, the values of the complexation rate constants : . .
obtained at 25°C for Ci* and L&" are very close to the be compared to the obtained isomerizatidsi values. However,

LASt for the rotation reaction is related to the overall rate of
isomerization and therefore may differ froxS" of the trans

— cis transformation alone. Our experimental results reveal that
at the lower temperature range, where the two peaks are nicely
separated, integration of peaks gives- 2.8+ 0.3, depending

on the integration method used. On the other hand, at the highest
gtemperature when only one peak is obseréds= 3.3 was

expected value. This suggestion is also in perfect agreemen
with the small positiveAS" and AV* values reported for the
complexation reactions in Table 1. Isomerization of the ligand
from trans to cis can be expected to involve a small increase in
partial molar volume on reaching the transition state due to the
sweeping out of solvent molecules during this rotation.

The simplest plausible mechanism that explains the obtaine . ‘ ; ;
results could comprise depletion of the initial pool of the free- calculated from the Che”_"c'?" s_h|fts using the equati ¢
ligand cis isomer in a very fast kinetic step which cannot be Opeal/(Opeak — Otrand. This |nd|catesno,_ or a very vv_eak,
measured by the stopped-flow technique (“lost” amplitude). temperature dgpendence of the |sorz1er|zat|on equilibrium con-
Once the initial pool of cis isomer is depleted, the uncoordinated St@nt: which in turn argues foAH® = 0. The assumed
trans ligand begins to transform into the cis form (appropriate temperature independenceofwould still result inAS” (= R

o ependente’ : ) )
for coordination) at the rate of trans cis conversion, which N K) = +10J K> mol™%, which would involve the interpreta-
tion of the activation entropies. On the other hand, assuming

(27) Bracher, B. H.; Small, R. W. Hicta Crystallogr.197Q B26, 1705. that the observed change in tf€ value was not just an
(28) Larsen, . K.Acta Crystallogr.1978 B34, 962. experimental error, the calculatekH° would be only about
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—3 kJ/mol, which makes activation enthalpies for the forward sweeping out solvent molecules, causing the solvent structure
and backward isomerization almost equal to the value calculatedto break up around the ligand. This may affect the obtained
from the Eyring plot forkons However, the latter assumption  activation volumes for essentially the same reaction determined

would result in an even larger calculated value A (=+20 in these two solvents.
J K™ mol™?), again complicating the discussion of the activation  Finally, it should be emphasized that all of these conclusions
entropies. are related to the slower kinetic step, whereas the above

Therefore, the line-broadening experiments were performed mentioned faster kinetic step (not measured) may correspond
as a function of pressure at 298 K. Integration of the spectral tg the coordination of the cis form of either NMHA or

peaks was easily achieved, making determinatiorK dand desferrioxamine B. Since this enantiomer represents the proper

hencekirans-cis) at each pressure more straightforward than from form for coordination, isomerization is no longer necessary, and

the chemical shifts at the higher temperature. the complexation rate will be limited only by the water exchange
The obtained activation volumes for the transcis isomer- kinetics at the metal ion centers, as already sugg¥&stedthe

ization of NMHA and Hdfb* differ in their size, the obtained  complexation of numerous metal ions with hydroxamic acids

AVF = +5 + 2 cn?/mol for the trans— cis isomerization of  in molar excess, when there is enough cis isomer to coordinate
Hadfb™ being equal to the activation volumes found for the ga| of the metal ions present in solution.

complexation reactions. The obtained value for the NMHA
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