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A pair of linear and cyclic peptide-based trihydroxamate ligardidsnd2) have been prepared through fragment
condensation of suitably protected Ala-ASg-HO)Ala units. These ligands have an eight-atom spacing between
hydroxamic acid groups and compare in chain length with natural desferrioxamines of a nine-atom spacing. Ligands
1 and2 form hexadentate octahedral complexes with iron(lll), Fe@lBnd Fe(lll)2, in aqueous solution. The
complexes show absorptions &fax 425 nm withe ca. 2800, characteristic of a 1:3 iron(lll) complex with a
hydroxamato group. Absorption vs pH profiles give ranges of pt9% and 6.78.7 for Fe(lll)-1 and Fe(lll)2,
respectively, where each of them exists as the 1:3 complex. The ligand protonation congtamispKs) are
determined, and the stability constants 1fbr Fe(lll)-1 and 168 for Fe(ll)-2] obtained are rather close to
values of 1&° s for ferrioxamines. However, the absorption vs pH profile for the complexes and their iron(ll)-
exchange kinetics with EDTA show that the iron(ll1)-holding capacity of these complexes is still lower than that
of ferrioxamine B. The kinetic data indicate that Fe(fholds iron more tightly than Fe(lll}: The alanine
residues exert their chiral influence on the coordination. Felldpd Fe(lll)2 reveal large negative and positive
Cotton effects at 445 and 360 nm in their CD spectra, showing that the complexes are preferentiall in the
configuration around the metal ion. Thus, it is concluded that the Alagg@tto)Ala sequence is a useful unit

for making chiral ligands which form stable iron(lll) complexes of well-defined structure.

Introduction complexes of linear and cyclic trinydroxamateesferriox-

Siderophores are naturally occurring, low-molecular-weight, @mine B is used currently as the drug of choice for treatment
iron(ll)-chelating compounds produced by microorganisms of iron-overloaded .pat|ents, although |t§ limitations have.
under iron-deficient conditions. These compounds generally Prompted an extensive search for economically and therapeuti-
contain three bidentate groups of either hydroxamate or cat- Cally more useful iron(lll)-chelating compounéfs.As part of
echolate type in linear, cyclic, or tripodal arrangements and form this research, effort has been directed toward the synthesis or
stable octahedral complexes with iron(lll) in order to solubilize fermentative preparation of biomimetic desferrioxamities?
otherwise insoluble ferric oxides. Microorganisms take up iron- Of great interest is the synthesis of peptide-based trihydrox-
(Il1) as siderophore complexes and transport it into their cells @mates, since these derivatives can be designed on the basis of
via membrane receptofs’ Siderophore-mediated, microbial peptlde structure. Fur.thermor.e, pepnde; themselves constitute
iron assimilation involves various chemical processes which are & ich source of useful information regarding structjpeoperty
related to fundamental questions regarding iron coordination @d structurefunction relationships. Desferrioxamine-like
and molecular recognition. This fact has stimulated considerable!rihydroxamates can be obtained as sequential peptides by

interest in the design and synthesis of artificial siderophbrés.

joining suitableN-hydroxy peptide segments, and a few of tris-

Among naturally abundant hydroxamate siderophores, the (N-nydroxy peptides) have already been prepared freamino

class of ferrioxamines (AG varieties) occur as stable iron(lll)
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sequence, together with the formation of its octahedral chiral Scheme %
iron complext® As indicated by its low stability constant and
weak CD intensity, the complex was not sufficiently stable or
isomerically pure, owing to a chain constraint caused by a short
distance between the hydroxamato grotfp#n order to provide

Ac-[Ala-Ala-B(HO)Ala-]30H (1) /—[Ala—AIa»B(HO)AIa—]37 2)

Ala Ala B(BnO)Ala Ala Ala g(BnO)Ala Ala Ala  B(BnO)Ala

more useful iron(lll) chelates, we have modified the nonapeptide

sequence. This paper reports the iron(lll)-holding properties BocTOH‘ H-T- OMe

of a pair of linear and cyclic trihydroxamic acids prepared from Boc ) OMe

a new tripeptide sequence. This sequence appears to be useful i)

for making chiral ligands which produce stable iron(lll) B°°"°”m)'“' OMe

complexes of well-defined structure. Boc OMe Boc OMe (3a)
iv) v)

Results and Discussion Boc OH H OMe
(3b) iii) (3¢c)

Unit Sequence. Replacement of the (HO)Gly residue in the Boc OMe  (4)
previous nonapeptide by A(HO)Ala residué® was expected Boc oH H Y OMe
to afford a better ligand for sequestration of iron(lll). A b @b) | i) ove )

monohydroxamate segment, an Ala-A@gdO0)Ala sequence,
will give a trihydroxamate ligand having an eight-atom spacing
with two amide bonds between the hydroxamic acid groups V), Vi), W), vil V), V), Vi, )
(sequence 1). The ligand is larger by three atoms than the s ) 1 _ 5 _;2
nonapeptide and compares in chain length with desferrioxam- " Reagents: (i) GtCOBU/EEN; (ii) 9 mol dm * HCl/dioxane, 0
ine€ which have a nine-atom spacing carrying pentamethylene C; (iii) EDC/HOBE, (v) 1 mol dn® NaOH/MeOH; (v) TFA, 0°C;

. ; . i) AcOSu; (vii) H,—Pd(OAc); (vii) BOP/HOBt/NMM; (ix) Ho—
and ethylene units with one amide bond (sequence 2). In gé)/c.c u; (viD) He~Pd(OAC): (vil) () He

Sequence 1:  -CON(OH)-[CH2CH2CONHCHMeCONHCHMe]-CON(OH)- Table 1. *H NMR Spectral Data for Ligand and 22
8-atom spacing —— linearl cyclic 2
Tco Tco
assignt Oulppm JHz ppbdeg! OSu/ppm JHz ppb degt
Sequence 2:  -CON(OH)-[CH2CH2CH2CH2CHNHCOCH2CH2]-CON(OH)- CHs (Alad) 116(d) 64 116(d) 70
———  9atom spacing —— CHjz (Ala?) 1.19(d) 6.4 1.19(d) 7.0
CHjs (Ac) 1.83(s)

. . ) . . ) NCH,CH,CO 2.39() 7.1 2.41 (m)

comparison V\_/lth de_sferrloxamlnes, the present ligand is rela- NCH,CH,CO 3.68 (m) 3.73 (m)
tively constrained; its component sequence is short one atomCH (Alal) 4.30(gn) 6.4 425 (qn) 7.2
yet has one more amide bond. This constraint, however, favors CH (Ala?%) 4.76 (gn) 7.3 476 (qn) 6.8

. ; S S NH (Ala?x 1) 7.85(d) 7.8 —5.2
chiral complex formation by forcing tight coordination of NH (Al22) 789(d) 78 52 777(d) 49 -43

Iigati_r)g groups to the m_etal ion, although it may also affect Ny (acAlal) 8.00(d) 7.8 —4.0

stabilization of the resulting complex. NH (Alal) 811(d) 7.8 —-40 807(d 70 -18
Synthesis. The synthetic procedure is depicted in Scheme N—OH 9.93(s) 10.03 (s)

1. The Boc {-BuO—CO-) group was used to protect the amino 2270 MHz in DMSO#s at 25°C. The sequence for the assignment

group during the synthesis and then replaced by the acetyl groupis as follows: Ac-[Ald-Ala2-N(OH)CH,CH,CO-J;-OH. Sample con-

The methyl group was used for protection of the carboxyl group. centrations:1, 15 mmol dm?3; 2, 20 mmol dm. gn= quintet.” Tc:

Methyl 3-((benzyloxy)amino)propanoate was acylated by the atemperature coefficient for amide proton chemical shifts between 25

mixed-anhydride method, while other coupling reactions were @nd 50°C in ppb (ppm>x 10°).

performed by a racemization-saving carbodiimide me#ffod. )

Fragment condensations of the protected Ala-A(BnO)Ala ligands1 andzé theo-proton of the AlaN-OH residue appeared

units produced the protected di- and trihydroxamate derivatives 8t 4.76 ppni® as a quintet with the expected intensity, which

in good yields, and the linear derivative was cyclized with a confirmed the full presence of the hydroxamate groups in the

(benzotriazolyloxy)phosphonium (BOP) reagéninder high ligands. Cyclic ligand2 revealed a03-symmet_ric spectral
dilution conditions. The molecular size of the cyclization Pattern and showed the presence of one set of intramolecularly
product was estimated by the GPC method. Catalytic hydro- hydrogen-bonded amide prototiss exhibited by a small value
genation removed the benzyl protective groups to afford the Of the temperature coefficient for tif#OH)Ala-NH resonance.
final products, linear and cyclic ligandé and2), which were ~ NO such proton was observed for linear ligahdhus ligandl

characterized by HPLC, IRH NMR, and elemental analysis. is considered to remain rather free in a polar solvent like DMSO,
NMR Spectroscopy 'H NMR data were obtained in with its amide groups exposed to the solvent. As an examination

DMSO-ds solution. Spectral signals were assigned with the aid ©f the corresponding CPK molecular model suggests, the
of decoupling experiments and are listed in Table 1. For both intramolecular hydrogen bonds of ligartl are reasonably
accommodated in a conformation with the hydroxamate groups
(19) Abbreviations are as follows: Ala;alanine;3(HO)Ala or 3(BnO)- projecting outward from the ring (Figure 1). Iron(lll) complex
Ala, N-hydroxy- or N-(benzyloxy)g-alanine; (HO)Gly,N-hydroxy- formation requires inward orientation of the hydroxamato

glycine; Boc,tert-butoxycarbonyl; BOP, (benzotriazol-1-yloxy)tris- . : i ati ;
(dimethylamino)phosphonium hexafluorophosphate(V); dien, dieth- groups_,dthgrgfolr_e, n(()jpreCIZe preorganization for complexdtion
ylenetriamine; EDC, 1-ethyl-3-[3-(dimethylamino)propyljcarbodiimide; 1S Provided by ligandd an 2 .

HOBL, 1-hydroxybenzotriazole; NMMN-methylmorpholine; TFA, Iron(lll) Complex Formation . An iron(lll) complex was

trifluoroacetic acid; AcOSu\-acetoxysuccinimide; THF, tetrahydro- ; ; ;
furan: DMSO, dimethyl sulfoxide; GPC. gel permeation chromatog- produced through a sequential procedure in aqueous solution.

raphy
(20) Konig, W.; Geiger, RChem. Ber197Q 103 788. (22) The insolubility of the ligand in C¥Cl,, CHCk, and CHCN precluded
(21) Castro, B.; Dormoy, J. R.; Evin, G.; Selve, Tetrahedron Lett1975 a solution IR study for the presence of hydrogen bonds.

1222. (23) Cram, D. JSciencel988 240, 760.
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Figure 1. Possible conformation for intramolecularly hydrogen-bonded
cyclic ligand 2.

Absorbance

Table 2. Iron(lll) Complex Formation and Protonation Equilibrium
Data from Schwarzenbach Pldts

Ama/M (€)°

complex pH 2.1 pH 7.0 KFe(HL) pHC GFe(HL)d —
Fe(lll)-1 465 (1860) 425 (2890) 1.4410° 3.2 (1960) 0 100 200
Fe(lll)-2 465 (1720) 425 (2830) 4.1410° 4.6 (1930) — .
iron(lll) 450 (1650) 410 (2160) 2.2410° 6.4 (1760) = (AoAag)/[H] =
nonapeptide — i e ]L —
oob=—i | [

aDetermined in water at 25.& 0.1 °C. P Values ofe/dm?* mol2

cm* are given in parenthesesHalf-protonation pH from thége) 400 500 600
value.%¢ at 425 or 410 nm¢ Reference 18.
Wavelength (nm)
3000 Figure 3. UV-visible spectra of Fe(lll}t (2.62 x }0‘4 mol dn13) in
the range pH 2.73.8 in water at 25.0C. The insert is a Schwarzenbach
~ Fe(ll-1 plot for the range pH 3:63.6.
ﬂs 2000 = protonation equilibrium. The narrow top region for Fe(IR)-
= Fe(II1)-2 L : T R C o )
g |nd|cate_s that _there is a S|gn_|f|car_1t strain in the cyclic ligand;
“E 1000 - the strain requires a progressive dissociation of the hydroxamate
Z groups to coordinate to iron(lll), whereas the produced 1:3
® complex can survive only at a low Otconcentration.
0 1 1 1 L I L 1 1 1 As the pH was lowered from the region of a 1:3 complex,
r 2 3 4 5 6 7 8 9 10 1 Amax shifted to a longer wavelength and thealue decreased.
pH Fe(ll)-1 gave an isosbestic point at 490 nm over a range of pH
Figure 2. Absorption vs pH plots. Values af/dm® mol~* cm* at 2.7—-3.8 (Figure 3), indicating the presence of an equilibrium

425 nm in water at 25.0C for Fe(lll)-1 and Fe(lll)2 are plotted against between a 1:3 complex (Fe(L)) and its protonated species (Fe-
pH. (HL)™), as expressed by egs 1 and 2. (Similarly, the spectrum

Mixing of a slight excess (3 mol %) of ligantl or 2 with Fe- +_ +
(NO3)3 in water gave a solution of pH 2.1, which contained Fe(L)+H Fe(HL) @

essentially a 1:2 complex of iron(Ill) with a hydroxamato group, _ 1+

a diaquobis(hydroxamato)iron(lll) specfég® The 1:2 complex Keegy = [Fe(HL)VH JiFe(L)] 2)

was smoothly transformed into a 1:3 complex by gradual n

neutralization with aqueous NaOH. The 1:3 complex [Fe(lll)- Aobs= (Are) ~ Aobd/[H TKeey T €reinCioar (3)

1 or Fe(lll)-2] showed its characteristic absorptionaky 425 . . . . .

nm with e ca. 2800 drimol~1 cm1 26 (Table 2). of E«_—J(I!I)-Z exhibited an |sosb<_est|c point at 485 nm.) Thls_
Iron(lll) Complexes in Water. Using electronic spectros-  €quilibrium may be described using the Schwarzenbach equation

copy, the stability of iron(lll) complexes against tor OH" (3)2* These spectral data were analyzed in terms of eq 3, as

attack can be estimated from the span of a top plateau regionShown for the case of Fe(ll)-(an insert of Figure 3). The
in a plot of e (at 425 nm) vs pH (Figure 2). Fe(ll)-has a protonation equilibrium data are included in Table 2. A log
constant region over pH 4:®.5 which is much wider than that ~ Kre(u) value (a half-protonation pH) is an estimate of the ease
(pH 6.5-8.5) of the previous nonapeptide.Fe(lll)-2 reveals with which a 1:3 complex can be formed in competition with
a top constant region (pH 6-8.7) with a lower, flat region ~ Protonation. Fe(lll)2 or Fe(lll)-1is stable to a lower pH region
(pH 4.7-6.7), the latter corresponding to an overlapping region than the iron(ll) nonapeptide (Table 2) due to its lower chain
where both 1:3 and 1:2 complexes coexist, as analyzed by aStrain. This indicates that chain flexibility is a major factor
controlling the stability of the octahedral coordination. In this
(24) Schwarzenbach, G.; SchwarzenbachHEly. Chim. Actal963 46, context, ferrioxamines, containing multiple glroups, are
1390. remarkably resistant to protonation, and cyclic ferrioxamine E

(23) Caudle. M. [ Stevens, R. D.; Crumbliss, A.Inorg. Chem 1994 is more resistant than linear ferrioxaming @table to pH 0 vs

(26) Anderegg, G.; L’Eplattenier, F.; Schwarzenbachti€ly. Chim. Acta pH 0.5)% Thus, t.he present constrained ligand case is in
1963 46, 1400, 1409. contrast to the ferrioxamine case.
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Table 3. Ligand Protonation Constants and Iron Complex Stability
Constant®

Hara and Akiyama

Table 4. Rate and Equilibrium Data for Iron(lll)-Exchange
Reactions at 25.0C and lonic Strength 0.1

ligand €1 pK2 pK3 pKa? log Krew
1 9.73 9.10 8.65 9.18 27.4
2 10.03 9.23 8.54 9.27 28.3
DFD,¢ 9.69 9.24 8.50 9.14 30.8
DFE¢ 10.03 9.24 8.65 9.32 32.2

aValues for K's were determined in water at 2540 0.1 °C with
ionic strength 0.01 (KCI), and those of l¢G() are derived from the
data determined at an ionic strength of 0.10 in Table 4; similar values
for log Kre(y were obtained at ionic strength 0.01pKa, = Y5(pK: +
pK2 + pKz). ¢ DFD; = N-acetylated desferrioxamine B; ref 26DFE
= desferrioxamine E; ref 15.

Protonation and Stability Constants The protonation
constants for a trihydroxamic acid §H) such as ligand. or 2
are defined by the generalized equations (4) and (5), where

(4)
(®)

=1, 2, or 3. Ligandsl and 2 were soluble in water, a trait
desirable for siderophore modélsPotentiometric titration
experiments were carried out in water with 0.1 moldiNaOH
solution at 25.0+ 0.1 °C and with ionic strength 0.01 (KCI).
The titration data were analyzed by the program PRAfS/ing
the protonation constantsKp); from these constants an average
value (Ka) is calculated (Table 3). The constants are
comparable with those of the corresponding linear and cyclic
desferrioxamines, D(which is N-acetylated desferrioxamine
B) and E?¢

The proton-independent stability constaitdy for an iron-
(111 complex is defined by eqs 6 and 7. In order to obtain the

(6)
@)

stability constant of these ligands, we carried out the ligand-
exchange reaction of eq 8 using equimolar amounts of Fe(L)

H L"*+H =HL"®

Ko =[HL"VHTH, L]

FE + L% =Fe(L)

Kreqy = [Fe(L)V[Fe L]

Fe(L)+ H,EDTA> + H'" = Fe(EDTA) +H,L (8)

and HEDTAZ at 25.04 0.1 °C, ionic strength 0.10 (KCI),
and pH 7.0. At this pH, both Fe(lll}-and Fe(lll)2 exist
entirely as the 1:3 iron(lll) complexes. An equilibrium quotient
(Keg) for eq 8 may be expressed using eq 9. TKigvalue is

9)

calculated from the pH of the solution and the remaining [Fe-
(L)] and [H.EDTAZ?"] and the produced [Fe(EDTA)] and §H]

Keq= [FE(EDTA) J[H LJ/[Fe(L)][H EDTA* [H]

by considering the dissociation of the species involved and the

mass balance stoichiometry of eq 8. Equation 9 may be
rearranged to give eq 10, using the following relationszL[H

KFe(L) = (KFe(EDTA)/ Keo)(KleKsl Kledtekzedta)

K1K2K3[L3_][H +]3 and [HzEDTAz_] K8t yedta
[EDTA4][H*]2 The stability constantKge)) is obtained
from the Keq value, the stability constant of Fe(lll)-EDTA
(KreenTa), 28 @nd the protonation constants of the ligamd, (

(10)

(27) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability
ConstantsVCH Publishers: New York, 1992.

(28) (a) Schwarzenbach, G.; Heller,Helv. Chim. Actal951, 34, 576.
(b) Schwarzenbach, G.; Ackermann, Helv. Chim. Actal947, 30,
1798.

exchange rate: _Competition equilibriurh

iron(lll) complex pH KobdS™2 % unexchanged Keq value
Fe(ll)-1 21 3.2x 10t 0.4

5.4 1.8x107?

7.0 25 4.9x 1
Fe(ll)-2 21 1.0x107? 9.1

5.4 4.4x10°3

7.0 39 1.3x 1¢¢
ferrioxamineB 2.1 9.0« 10°3

53 7.1x10°5¢

aBuffers: glycine-HCI, pH 2.1; acetateNaOH, pH 5.4. A 20
molar excess of EDTA was used for a given iron(lll) complex (£.3
1074 mol dnT3). ® An equimolar competition reaction with EDTA (2.6
x 1074 mol dn13) was performed at the indicated pH without buffer.
¢ Reference 13; here a 28 molar excess of EDTA was used.

Kz, andK3) and EDTA K% = 10.26 andK,*92 = 6.16)28
The values of log<re() are listed in Table 3, and the equilibrium
data are included in Table 4.

The stability constants for the two complexes are much larger
than the 18 value reported for the iron(lll) nonapepti#feThe
stability constant for Fe(llI)2 (10?89 is slightly larger than that
for Fe(lll)-1 (10?74, probably due to its stronger iron-holding
capacity and higher protonation constants. It is worthy of note
that the stability constants for the present complexes, despite
the constraint of the ligands, are nearly comparable with those
(10%% and 1@? of ferrioxamines @ and % and also with those
(~10% of the cyclic fermentation products.

Iron-Exchange Reactions. The iron(lll)-holding capacity
of a trihydroxamate ligand may be assessed using ligand-
exchange reactiorf8. A reaction of this type was carried out
using excess EDTA in water, as shown by eqgs 11a and 11b for

Fe(HL)" + H,EDTA™ — (HL)Fe(H,EDTA) —
H,L + Fe(EDTA) + H' (11a)

Fe(L)+ H" — Fe(HL)"

Fe(HL)" + H,EDTA?” — (HL)Fe(H,EDTA)” —
H,L + Fe(EDTA) (11b)

reactions at pH 2.1 and 5.4, respectively, and the results are
shown in Table 4 and Figure 4. It was found that Fe(@l)-
exchanged iron(lll) more slowly than Fe(llD)at both pH 2.1

and 5.4 and that a rate acceleration factor with increasing proton
concentration (for the rates at pH 2.1 vs pH 5.4) was small for
Fe(ll)-1 (18-fold) and Fe(lll)2 (23-fold), compared to that
(124-fold) for ferrioxamine B. Additional kinetic experiments
with Fe(lll)-1 revealed a hyperbolic dependence of the rate on
the EDTA concentration at both pH 2.1 and 5.4 (Figure 4). In
light of these results, a detailed consideration of the pathway is
merited.

A general mechanism for metal ion exchanges between
multidentate ligands has been formulated by Margerum and co-
workers. An example is the reaction of (digh)*™ with
EDTA;3it involves an initial, slow, proton-assisted dissociation
of one dien with the concomitant formation of a (acqu\i¥*-
(dien) species, followed by fast attack by EDTA to produce a
mixed ternary complex. Tufano and Raymond reported iron-
(llN-exchange reactions between ferrioxamine B and EDTA
which proceed by a similar mechanism involving an initial

(29) Crumbliss, A. L. InHandbook of Microbial Iron ChelatedVinkel-
mann, G., Ed.; CRC Press: Boca Raton, FL, 1991; Chapter 7.
(30) Margerum, D. W.; Rosen, H. Mnorg. Chem 1968 7, 299.
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Figure 4. Dependence of the iron exchange rates of Felbjs EDTA 350 400 450 300 550

concentration at pH 2.1 (at 10€) (O) and at pH 5.4 (at 25.6C) Wavelength (nm)
(®). [Fe(ll)-1] = 1.3 x 107* mol dnr>. Figure 5. CD spectrum for Fe(lll}t: Ae vs A/nm in water at pH 7.0.
proton-assisted pathway and the subsequent rate-determiningable 5. Summary of CD Spectral Data in Water at Neutral pH
ternary complex formatioft In a similar exchange reaction, _ band/nmg €)
data reported by Albrecht-Gary et al. implicated the dissociation __ (! complex type  ref
from the ternary complex to be the rate-determining step, Fe(lll)-1 360 (+3.0) 445(-7.5) A
although the authors could not specify which among the three Fe(ll)-2 . 360 (t4.4)  445(-6.8) A
. - iron(lll) nonapeptide  355€0.8) 435¢1.8) A 18
groups dissociates at that st&p. :
. . . . ferrichrome 360€3.7) 465@24) A 35
At pH 2.1, a diaquobis(hydroxamato)iron(lll) speée® coprogen 3754¢2.1) 474(13) A 36

[(H20)Fe(HL)]" predominates for Fe(lll}- and Fe(lll)2, as
the data in Table 2 show. EDTA attacks this species directly, the acidic region of Figure 2 actually shows is that Fe(@ i
forming a ternary complex [(HL)FEGEDTA)] and finally only more susceptible to protonation than Fe(lll)-
gi;ing Fe(E.DTAtT e\éer: at thisFlo‘é\IIIBH? dTEeEﬁli)s-zatshubstfantial Crumbliss’s and Pribafie groups studied the stepwise
ifference in rates between Fe(lll)and Fe ; therefore, . o . : ) X )
the rate-determining step does not occur at the stage of the initialdlssqmatIon of |ror?(.lll) from fernoxamme B_ln_aqueous a(.:'d
solution and specified the steps of dissociation of the first,

attack by EDTA which is rapid and indiscriminative. This is d. and third hvd i to be fast. s| d
supported by the hyperbolic dependence of the rate on the EDTASECON, and third hydroxamato groups to be fast, slow, and very
slow, respectively334 This stepwise dissociation suggests that

concentration, which indicates that the rate-determining step is X . .
preceded by EDTA additio?? Therefore, the rate-determining "€ 1€aving of the third hydroxamato group might become the
rate-determining step for the exchange reaction. However, in

step must be the transformation of the bis(hydroxamato)iron : -
complex [(HL)Fe(REDTA)] into a mono(hydroxamato)iron _that_case, al_most throughou_t the exchange reaction the_|ron(III)
complex [(HL)Fe(HEDTA)], involving the dissociation of the ~ ion IS held in a hexacoordlnatgd statg by _bqth entering an_d
second hydroxamato group. leaving Ilgandg, and proton-assisted dlssou{;\tlon occurs easily
At pH 5.4, Fe(lll)-L is not protonated, whereas some portion €ven for the third hydroxamato group. That is, the state of the
of Fe(lll)-2is protonated. According to the general mechanism, metal ion in this kind of exchange reaction is not the same as
protonation of the complex should facilitate the attack of EDTA, in a ligand dissociation reaction.
leading to the transition state; hence the exchange reaction would The rate constants at pH ca. 5.4 show that the iron(lll)-holding
be faster for Fe(ll)2 than for Fe(lll)4. We do not observe  capacity of desferrioxamine B outweighs the present ligands;
this result. Furthermore, a hyperbolic dependence of the rateferrioxamine B resists Hattack more effectively due to its chain
on the EDTA concentration indicates that the association step flexibility, and hence it becomes less susceptible to the proton-
with EDTA is followed by the rate-determining sté.There- assisted iron(lll)-exchange reaction. As the solution becomes
fore, it is more probable that, when the initial ternary complex acidic, however, the rate accelerates to a greater extent for
is formed as (HL)Fe(EEDTA)™, the iron(lll) remains unex-  ferrioxamine B than for the complexes of peptide ligands. This
changed; the leaving ligand can still hold the metal ion by the s likely due to a difference in the conformational flexibility.

remaining two hydroxamato groups. The transition state of the The peptide ligands are rigid to hold the bis(hydroxamato)iron-
reaction should occur at a stage where the second hydroxamatqy|y species transiently relative to desferrioxamine B.

group is expelied by the incoming ligand, as in the reaction at Chirality of Complexes. Alanine residues exert their chiral
pH 2.1. Thus, we propose this mechanism for the iron exchange. o : . .
in these peptide-based ligands. CPK molecular models of themfluence during iron(lll) complexation, as was the case with

two-hydroxamate binding show that the cyclic ligand may hold the nonapeptid& This influence is even more evident in the
iron(lll) more tightly, with its closed chain, than the linear present case. The circular dichroism (CD) specira of Feflll)-

ligand. Itis seen here that an exchange reaction may indicateanOI Feélll)-Z_t(_athgé(l)arge t():otgon eﬁeﬁts W'fth Eeg?t'\./e (445
a result different from the protonation behavior in terms of nm) and posi |v_e( __nm) ands, as shown for Fed alﬁgure_
previous models; in the former we observe that iron(lll) is o), where bOt.h intensities are much greater than th"’.lt. of the iron-
completely removed from the ligand, whereas in the latter it (111) nonapeptide (Tab[e 5). Notably, their CD mtensmes.exceed
still remains in the ligand as partially aquated iron(lll). What those of the well-defined, hydroxamate-type natural iron(llf)

(31) Tufano, T. P.; Raymond, K. Nl. Am. Chem. S0d 981, 103 6617. (33) Monzyk, B.; Crumbliss, A. LJ. Am. Chem. Sod 982 104, 4921.
(32) Albrecht-Gary, A. M.; Palanche-Passeron, T.; Rochel, N.; Hennard, (34) Birus M.; Bradic Z.; Krznaric G.; Kujundi¢, N.; Pribanic M.;
C.; Abdallah, M. A.New J. Chem1995 19, 105. Wilkins, P. C.; Wilkins, R. G.norg. Chem 1987, 26, 1000.
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\0 netic complexes with Al(lll) or Ga(lll), in expectation that they
HN/— would have the same coordination geometry as that of the iron-
(Il complexes. However, the insolubility of the formed
JOH j\- complexes precluded the NMR study.
o HN/_O Unlike the present ligands, desferrioxamines are flexible.
They lack chiral centers and tend to produce iron(lll) complexes
_i—o o _>_ of different optical and geometrical isomers, as demonstrated
H 4 jN by the preparation of chromium(Ill) desferrioxaminéBFrom
o= Fe -0’ > an NMR study of the gallium desferrioxamine B complex,
_}‘H VAN (o} Borgias et al. indicated that there are two significant isomers
o o o _\H in solution, most likely theéN-cis,cis andC-transtransisomers,
——L _? N n regardless of the chiralitf? The N-cis,cis configuration cor-
” K/I \/‘ responds to theC-ciscis of the present complex, since the

direction of the hydroxamato group is reversed in desferriox-

Figure 6. Structure of Fe(ll1)1 shown in theA-C-cis,cis configuration. amines. TheN-transtrans isomer is unlikely for the present
A similar A-C-cis,cis configuration is assigned to the structure of Fe- ligands, as discussed above. Thus, these results suggest that
(1)- 2. For nomenclature, see footnote 41. suitable constraint of a chiral ligand favors formation of iron-

(1) complexes with well-defined structures.

Note that Shanzer’s group synthesizeémino acid-based
trihydroxamates using th8(HO)Ala unit and examined their
iron(Il)-holding properties® The most successful ligands
contained the glutamic acid unit and had the sequence of a
seven-atom spacing with one amide bond. The iron-exchange
kinetics study was performed in agueous 80% MeOH with
cyclohexylene-1,2-dinitrilotetraacetate. Because of the differ-
ence in experimental conditions, it is difficult to compare our
data with theirs, although it appears that both their seven-atom
spacing and our eight-atom spacing with two amide bonds seem
to afford useful chiral ligands.

Conclusions. The preparation of a pair of linear and cyclic
peptide-based liganddl @nd 2) is useful for examining the
features of a unit sequence and the ligands obtained. By
addition of three methylene units to the nonapeptide reported
previously!® the ligands become much less strained but still
have constraint relative to desferrioxamines. Characterization

complexes ferrichrome and coprog&ri#® These negative and
positive spectral patterns have been assigned tatbhenfig-
uration around the metal ion with reference to the literature
assignment>3” These CD spectra may be correlated with the
ligand structure; in a suitably constrained sequence, the methyl
group of theL.-Ala-NO~ moiety perhaps forces an iron complex
to take theA configuration with a sharp twist, so as to avoid
the overlap with3-hydrogens in the CON(O~)CH,CH,CO—
residue.

For the octahedral iron(lll) complexes of a linear trihydrox-
amate, there are eight theoretically possible isomers ofAthe
configuration3® These areC-cis,cis C-cis,trans C-trans,cis
C-trans,trans and four similar versions for the-series, when
they are designatéd®#%according to a Raymond type nomen-
clature*! Examination of CPK molecular models for Fe(Ill)-
reveals that all the hydroxamato groups must be placed in the
same orientationc{s orientation) with respect to the metal ion
in order to maintain an octahedral arrangement; introduction

of any trans-oriented hydroxamato group fails to retain the of the linear and cyclic pair ligands allows us to better

octahedral arrangement because of the strain of the sequenceLfnOIerStanOI the iron(lil)-holding behavior of the peptide-b_ased
Of the two cis,cis arrangements, thl-cis,cis must be aban- chelators. For example, the complex formed from the linear

doned, because it requires a detoured chain bridging betwee igand, Fe(lll)d, is more resista}nt to Hor OH.f attack than
the hydroxamato groqus of the nearest neighbor. 'Ighug, the only e(|||)-_2, whereas Fe(llI22 holds |ron(_III) more tightly than F?'.
possible configuration, assignable to Fe(lll)is the A-C-cis, - (-1 in the metal-exchange_ reaction. The rate-determining
cis (Figure 6). As for Fe(lll)2, it has the same sequence and step qf Fh's exchange reaction is proposed to occur at the
shows the same CD pattern as that of Fe(lilaccordingly, dlss_o_cm_ltlon step of the second hydr(_)xar_nato group. Protonation
its configuration is also assignedAeC-cis,cis These exclusive equilibrium and iron(lll)-exchange kinetics show that Fe(lll)-

assignments are strongly supported by the observed large CDand Fe(lll)2 are less _stable and more I".i.b'le than ferrioxamine
intensities. B, although the magnitudes of their stability constants are nearly

In order to investigate the structure of the iron(lll) complexes tcr?rr;paragle to dth(f)se T;]thil feerL%mlAnles. Most |mpo(r;antly,
by 'H NMR spectroscopy, we attempted formation of diamag- € ligands made from the Ala- Ja¢ .) asequence produce
chiral iron(lll) complexes of well-defined structure.

(35) van der Helm, D.; Baker, J. R.; Eng-Wilmont, D. L.; Hossain, M. B.;

Loghry, R. A.J. Am. Chem. S0d98Q 102, 4224. Experimental Section
(36) Wong, G. B.; Kappel, M. J.; Raymond, K. N.; Matzanke, B.;
Winkelmann, GJ. Am. Chem. Sod 983 105 810. General Procedures. The melting points are uncorrected. IR
(37) Zalkin, A.; Forrester, J. D.; Templeton, D. 31.Am. Chem. So@966 spectra were recorded on a JASCO Model A-302 spectrophotometer,
88, 1810. and UV-vis spectra were obtained on a Hitachi 320A spectrophotom-

(38) Bickel, H.; Hall, G. E.; Keller-Schierlein, W.; Prelog, V.; Vischer,

E.: Wettstein, AHely. Chim. Actal96q 43, 2129. eter. CD spectra were taken with a JASCO J-40 spectrophotometer.
(39) Leong, J.; Raymond, K. NIl. Am. Chem. Sod 975 97, 293. HPLC was carried out on a JASCO 880-PU apparatus combined with
(40) Mtiler, G.; Raymond, K. NJ. Bacteriol 1984 160, 304. 875-UV and 100-IIl attachments, using a column (4.&50 mm) of
(41) The isomers are named as follotwé¢tewed down the pseud6s axis, Finepac SIL Gs A solvent system of CECN—H,O (3:1 v/v)

A isomers have a right-handed propeller configuration ground the metal containing 0.1% phosphoric acid was applied at a flow rate of ¥ cm
lon. The sequence of each hydroxamato group (ring 1, 2, or 3) iy and the retention timeR{) was determined. For GPC a column

corresponds to the rotation direction, beginning with the nearest .
N-terminal hydroxamato chelation (ring 1). When ring 1 has the carbon (7-8 X 300 mm) of TSK-GEL G2000 HHR was used with EtOH as

atom of the hydroxamato group above the nitrogen, it is dendg&d * solvent. Optical rotations were measured with a Horiba SWPA-2000
Each of rings 2 and 3 is calleds or trans depending upon whether polarimeter at 28C. H NMR spectroscopy was carried out in CRCI

it has the same or opposite orientation relative to ring 1. This is the or DMSO-ds with a JEOL FX-200 or a GX-270 spectrometer using
same rule that Leong et al. proposed origindflyput the structures

are depicted as seen downward from up rather than upward from down.
The previous iron(lll) nonapeptié® should be calledA-C-cis,cis (42) Borgias, B.; Hugi, A. D.; Raymond, K. Nnorg. Chem 1989 28,
instead ofN-cis,cis. 3538.
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Me,Si as the standard. Double-distilled water was deionized by passing Ala-];-OMe (0.276 g, 0.267 mmol) in MeOH (5 &nwas treated with

through an ion-exchange resin (Dowex 50W-X8).
Boc-Ala-#(BnO)Ala-OMe. To a solution of Boc-Ala-OH (19.9 g,
105 mmol) and triethylamine (14.7 énl05 mmol) in THF (500 cr/)
were added dropwise a solution of isobutyl chloroformate (13.8 cm
105 mmol) in THF (50 cr#) at —15 °C and then a solution ¢f{(BnO)-
Ala-OMe'® (20.9 g, 100 mmol) in THF (50 ch The mixture was
stirred fa 3 h at—15 °C, stored in a refrigerator for 48 h, and filtered.

aqueous NaOH (1 M; 0.4 cipsimilarly to the case o8b, to provide
Ac-[Ala-Ala-5(BnO)Ala-]-OH as a solid (0.269 g, 99%): HPLR
3.3 min; IR (KBr, cntl) 2550, 1720 (C@H), 1640. Ac-[Ala-Alaf-
(BnO)Ala-1;-OH (0.14 g, 0.14 mmol) in MeOH (100 c&nwas
hydrogenated with kin the presence of palladium(ll) acetate (3.3 mg)
for 20 h. The catalyst was removed by filtration. Evaporation of the
solvent, followed by purification with a Sephadex G-15 column, gave

The filtrate was evaporated; the residue was dissolved in EtOAc (500 a product as a white solid (75 mg, 75%): HPIRC2.7 min. Anal.

cn?), washed with 5% NaHC§ 5% citric acid, and brine, and then
dried (MgSQ). Evaporation of the solvent gave an oily product (40
g, 95%), which was directly used further: HPIR4.6 min; IR (film,
cm1) 1740 (G=0, ester), 1705 (€0, urethane), 1670 0, amide);

H NMR (CDCl3) 6 1.28 (3H, d,J = 7.1 Hz, Me), 1.45 (9H, &7Bu),
2.58 (2H, t,J = 7.0 Hz, CHCO), 3.60 (3H, s, OMe), 3:74.2 (2H, m,
NCHy), 4.72 (1H, m,a-CH), 4.94 (2H, m, PhCb}, 5.38 (1H, br s,
NH), 7.40 (5H, m, Ph).

Boc-Ala-Ala-f(BnO)Ala-OMe (3a). Boc-Ala{3(BnO)Ala-OMe
(2.82 g, 7.41 mmol) was treated with 8.6 mol thiHCl/dioxane (18
cn®) for 40 min at 0°C and evaporated to give a residue. The residue,
Boc-Ala-OH (1.58 g, 8.36 mmol), NMM (0.868 c¢ir7.89 mmol), HOBt
(1.53 g, 10.0 mmol), and EDECI (1.92 g, 10.0 mmol) were dissolved
in CHxCl, (20 cn?®) at —10 °C, and the resulting solution was stirred

Calcd for GgHagNgO14:%/3H,0: C, 45.85; H, 6.68; N, 16.59. Found:
C, 45.83; H, 6.51; N, 16.46. Optical rotationa]f% —25° (c 0.2 in
DMSO). IR (KBr, cnt?): 3260 (NOH), 1680, 1650, 1620 (CONOH).

Cyclo[-Ala-Ala-(HO)Ala] 5 (2). Compound4 (1.09 g 1.00 mmol)
in MeOH (10 cnd) was hydrolyzed to give Boc-[Ala-Alg{BnO)Ala-
]5-OH (ca. 100%): HPLCR: 3.0 min. Boc-[Ala-Alag(BnO)Ala-]s-
OH (0.54 g, 0.50 mmol) was treated with TFA (4 80 mmol) in
CH,CI, (1 cn®) for 2.5 h at 0°C and evaporated to yield a residue.
The residue was dissolved in DMF (500 ®mand the solution was
neutralized (pH 6.5) with triethylamine (1.1 én The BOP reagent
(0.44 g, 1.0 mmol) and HOBt (0.16 g, 1.0 mmol) were addee B
°C, and the mixture was stirredrf@l h at 0°C and 2 d atroom
temperature. The solvent was removed under reduced pressure, and
the residue was dissolved in CHC{100 cn¥), washed with 5%

for 3 h at—10°C and for 24 h at room temperature, and then evaporated NaHCGQ; and 5% citric acid, and then dried (Mg9O Purification

to yield an oil. The oil was dissolved in EtOAc (100 $nand washed
with 5% NaHCQ, 5% citric acid, and brine, and then dried (Mgg$O

with column chromatography on silica gel with CHEMeOH (8:1v/
V) as the eluent gave cyclo[-Ala-AjaBnO)Ala]; in 31% yield (0.15

and evaporated to give a product, which was recrystallized as colorlessg): GPCR; 30.1 min, which corresponded to a molecular weight of 1

needles (2.58 g, 75%): mp 113A11 °C (from hexane-EtOAc); IR
(KBr, cm™1) 1740, 1700, 1650 (amided NMR (CDCls) 6 1.30 (3H,
d,J = 6.8 Hz), 1.36 (3H, dJ = 6.8 Hz), 1.45 (9H, s), 2.58 (2H, §,
= 6.7 Hz), 3.62 (3H, s), 3:74.2 (2H, m), 4.23 (1H, me-CH), 4.93
(2H, s, PhCH), 4.98 (1H, m,a-CH), 5.05 (1H, br s, BoeNH), 6.78
(1H, br d, NH), 7.40 (5H, m).

Boc-Ala-Ala-f(BnO)Ala-OH (3b). Compound3a (14.6 g, 32.3
mmol) in MeOH (250 cr?) was stirred with agueous NaOH (1 mol
dm3; 42 cn?) at room temperature for 2.5 h. The solution was treated
with 30% citric acid (42 crf) and evaporated. A residue was extracted
with CHCl; (100 cn?# x 3), dried (MgSQ), and then evaporated to
give a solid product (15.5 g, ca. 100%): HPIRZ3.0 min; IR (KBr,
cm™1) 1710, 1650!H NMR (CDCl3) 6 1.28 (2H, dJ = 7.1 Hz), 1.34
(3H,d,J = 7.1 Hz), 1.44 (9H, s), 2.61 (2H, §, = 6.6 Hz), 3.74.2
(2H, m), 4.22 (1H, m), 4.95 (2H, s), 5.00 (1H, m), 5.28 (1H, br s),
7.11 (1H, br d), 7.40 (5H, m).

Boc-[Ala-Ala-f(BnO)Ala-]»-OMe (4). The Boc group oBa (6.59
g, 14.6 mmol) was removed with 8.6 mol dHCl/dioxane (32 cr)
to yield an amino derivative, which was condensed V@th(7.03 g,
21.9 mmol) by the use of EDEICI and HOBt. A product (12.5 g)
was obtained almost quantitatively, which was directly used further:
HPLC R 3.8 min; IR (KBr, cntl) 1730, 1700, 1653+ NMR (CDCly)

0 1.24 (3H, d,J = 6.8 Hz), 1.27 (6H, dJ = 7.1 Hz), 1.33 (3H, dJ
=7.1Hz), 1.44 (9H, s), 2.54 (4H, m, 2 CH,CO), 3.61 (3H, s), 3.7

4.2 (4H, m, 2x NCH,), 4.22 (1H, ma-CH), 4.50 (1H, qJ = 7.0 Hz,
a-CH), 4.92 (2H, s), 4.94 (2H, s), 4.97 (2H, m;CH), 5.24 (1H, br
s), 6.78 (1H, br d), 7.02 (1H, br d), 7.08 (1H, br d), 7.39 (10H, m).

Boc-[Ala-Ala-#(BnO)Ala-]-OMe (5). This was obtained frord
(12.5 g) and3b (7.0 g) by a similar procedure fe¥ and purified by
column chromatography on silica gel with CHEMeOH (10:1) as
the eluent to yield a product (13.6 g, 85%): HPIR3.8 min; IR
(KBr, cm™?) 1735, 1700, 1640*H NMR (CDCly) 6 1.24 (6H, d,J =
7.0 Hz, 2x Me), 1.27 (9H, dJ = 7.1 Hz, 3x Me), 1.31 (3H, dJ =
7.0 Hz, Me), 1.43 (9H, s), 2.54 (6H, m, 8 CH,CO), 3.60 (3H, s),
3.7-4.2 (6H, m, 3x NCHy), 4.25 (1H, m,a-CH), 4.55 (2H, m, 2x
o-CH), 4.91 (6H, s, 3x PhCH), 4.98 (3H, m, 3x a-CH), 5.27 (1H,

d, J = 7.0 Hz, NH), 6.80 (1H, br, NH), 6.95 (1H, br, NH), 7.05 (1H,
br, NH), 7.20 (1H, br, NH), 7.38 (15H, m, 8 Ph), 7.40 (1H, br, NH).

Ac-[Ala-Ala- #(HO)Ala-] 5-OH (1). Compound (1.0 g, 0.92 mmol)
was treated with TFA (15 ¢ctn200 mmol) in CHCI; (5 cn®) for 2 h
at 0°C, then acylated witiN-acetoxysuccinimide (0.32 g, 2.0 mmé¥),
and purified by column chromatography on silica gel with CHCI
MeOH (10:1) as the eluent to give Ac-[Ala-AlZBn0O)Ala-l;-OMe
(0.60 g, 63%): IR (KBr, cm?) 1735, 1650. Ac-[Ala-Alg8(BnO)-

(43) Lindsay, D. G.; Shall, SBiochem. J1971, 121, 737.

x 10, nearly equal to a calculated value of 958 for the monocyclization
product; IR (KBr, cn?) 1650 (amide)H NMR (CDCls) 6 1.07 (9H,
d,J = 6.6 Hz, 3x Me), 1.27 (9H, dJ = 6.8 Hz, 3x Me), 2.50 (6H,
m), 3.60-4.40 (6H, m), 4.51 (3H, m), 4.82 (3H, m), 4.86 (6H, s), 6.78
(3H, br s), 7.38 (15H, m), 7.75 (3H, br s). Cyclo[-Ala-ABnO)-
Ala]s (100 mg, 0.104 mmol) was hydrogenated withiklthe presence
of Pd—C (10%; 10 mg) in MeOH (50 c#), and workup similar tdl
afforded a product as a white solid (79 mg, 75%): HPRG.3 min.
Anal. Calcd for G/HssNgO:12Y/-H,0: C, 46.55; H, 6.65; N, 18.09.
Found: C, 46.61; H, 6.60; N, 18.06. Optical rotation(]¥ +20° (c
0.3 in DMSO). IR (KBr, cnt?): 3320 (NOH), 1640 (CO amide).

Determination of pK’s. Potentiometric titrations were performed
under an argon atmosphere to ensure the absencegasfddCQ, using
an autoburet (Toa Electronics ABT-101) equipped with a titration flask
maintained at 25.@& 0.1 °C and with a Toa Electronics GST-5311C
combined electrode, which consists of an-AagCl electrode, a
reference electrode, and a thermal electrode compensator. The glass
electrode was adjusted at three pH values (pH 4.01, 6.86, and 9.18)
with standard buffer solutions as defined by the Japanese Industrial
Standard (JIS Z 8802). The electrode system was calibrated to obtain
a hydrogen ion concentration from a pH-meter reading by titrating
known amounts of HCI with C@free NaOH solution in low-pH and
high-pH regions and by determining the junction potenti&l# ligand
(2.0 x 1075 mol) was dissolved in degassed, deionized water (20.0
cm?), and the ionic strength was maintained constant with KCI (0.01).
A carbonate-free NaOH solution (0.1 mol d#jy which was prepared
from Merck Suprapur NaO#H,O, was fed automatically through a
syringe, and both the amount of NaOH and pH of the solution were
recorded consecutively. The trace amount ob@Qhe NaOH solution
was calibrated by a Gran’s pl#it. For the X determinations, titrations
were carried out over ranges of pH 4.80.2 for ligandl and pH 4.8-

10.6 for ligand2 at ca. 100 determination points. On the basis of these
data, the K's of ligands1 and2 were calculated using the program
PKAS, witho < 1.027 The [K value was an average of at least two
determinations with an error limit a£0.05 K unit. This procedure
was also checked by reproducing those values repg8iteddesferri-
oxamine B.

Iron(lll) Complex Formation. (&) A stock solution of ferric nitrate
(2.93 x 107% mol dnT3) was prepared, and its concentration was
determined by the bismuth method with EDTA. In a 10 mm cell held
at a constant temperature of 25:00.1 °C in the cell compartment of
a Hitachi spectrometer, a ligand (7.8210~” mol) and a KNQ solution

(44) Irving, H. M.; Miles, M. G.; Pettit, L. DAnal. Chim. Actal967, 38,
475.
(45) Gran, G Analyst1952 77, 661.
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(1 mol dn73; 0.30 cn?) were placed and diluted with water (2.43%m Equilibrium Competition Reaction with EDTA. To an iron(lll)
To this was added an iron(lll) solution (0.267 £@.82 x 10~ mol). complex solution prepared as above in a cell (.807* mol dnT73;
The pH of the solution was determined (pH 2.1). The solution of pH 2,90 cn¥) was added a solution of EDTA (0.01 mol d0.078 cnd)
2.1 was neutralized with 0.1 mol dihKOH to give a solution of pH at a given pH, and the progress of the exchange reaction was followed
7.0, and the CD spectrum was determined. by monitoring a decrease in the absorbance at 425 nm, while a constant

(b) UV—vis spectra were recorded for iron(lll) complex solutions  temperature of 25.6C was maintained. The pH of the solution was
of different pH values. These solutions were obtained by a serial ygjysted by addition of a small amount of KOH solution, when it was
adq'st'on of & small amount of either 0.1 mol dfrHNOs or 0.1 mol necessary. Several days were usually required to attain an equilibrium
dm 'ZOSH r?olutlon tt)o ahn |Irotn(lll) comdplex ;oluttrllondoft plf-| 7.0. luti of the reaction. After determination of the iron(lll) complex concentra-

© >chwarzenbach plot was made using the data Irom SOIUUONS 4, i, the solution, the equilibrium quotierK{, value) was calculated
that exhibited an isosbestic point in their BVis spectra during serial ) - . .

from the concentrations of species involved, that is, the ligand, Fe-

acidification of a neutral solution of an iron(lli) complex. (Ill) —ligand, EDTA, and Fe(IIl-EDTA, and these concentrations were

Rates of Iron(lll) Exchange with EDTA. The above prepared ) L ) .
iron(IIl) complex solution of pH 2.1 (1.42 cin2.60 mmol) was diluted calculated on the basis of the stoichiometry of the reaction and their
o ' protonation constants: [Fe(L)} [Fe(EDTA) Jwta = 2.6 x 1074 mol

with a buffer solution (1.42 cfj of ionic strength of 0.1 (KCI) in a 10 s _ . 3 -
mm cell. The solution was kept in the cell compartment held at 25.0 9M * [EDTAJwa + [Hal]ww = 2.6 x 107* mol dnm, [Fe(EDTA)]
°C. To initiate an exchange reaction, a solution of EDTA (0.1 mol = [FE(EDTA) Jww/{1 + 1/([H*]Kor "9} whereKop*= 10", [Hal ]
dm3; 0.156 cni) was added, and a decrease in the absorbance at 425= [Hallwa/{ 1 + 1/([H"]K3) + 1/([H*]KoKs) + 1/([H]°K1K2K3)}, and
nm was monitored with time. A pseudo-first-order rate constant was [H2EDTA?] = [EDTA]wow/{ K" K" [H*]? + KM@ [HY] + 1 +
obtained from a plot of the absorbance vs time; most of these plots 1/(K2%H™]) + 1/(K:2M KM H*]2)} .

conformed to the first-order reaction rate up to 80% conversion. The

observed ratekf,9 was obtained as an average value at least two  Acknowledgment. We thank Yukio Shirozume for his
determinations with error limits a£5% for pH 5.4 andt:10% for pH efforts in the initial stage of the study and Dr. J. M. Pope for
2.1. _Buff_er sol_ut|ons were prepa_red from t_he following admhs_e reading the manuscript.

combinations dissolved in water with KCI: T#$1CI (pH 7.0), acetic

acid—NaOH (pH 5.4), and glycineHCI (pH 2.1). IC951338A



