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Lariat Ether Carboxylic Acids as lonizable Hosts in the Second Coordination Sphere of the
Siderophore Ferrioxamine B in Chloroform
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A new series of lariat ether carboxylic acids;,QOOH) was synthesized with different lengths of side arm (6, 9,

and 12 atom spacers between the benzo-18-crown-6 crown ether ring and the carboxylic acid functional group).
These lariat ethers were used as neutral and anionic hosts for the molecular recognition of the cationic siderophore,
ferrioxamine B. Lariat etherky, values were determined by potentiometric titration in 50% methanol (v/v) to be

in the range 5.235.32. Molecular recognition of ferrioxamine B occurs through second-sphere complexation of
the pendant protonated amine (CH)sNHs™) by the lariat ether cavity, utilizing an ierdipole host-guest
interaction to form a supramolecular assembly in wet chloroform. At conditions where the pendant carboxylic
acid side arm is not ionized (pH 3.2), the lariat ethers behave as the parent unsubstituted crown ether structure,
benzo-18-crown-6 (B18C6). At pH conditions well above thélg palues, the lariat ether carboxylic acids function

both as a host and as an internal counterion. The stability of this binary ass€melDFB,L,COO}, is
significantly increased (lo&ap, = 4.85 for L1,COO™) compared with that of the ternary assembly involving the
protonated lariat ethef,FeHDFB',L,COOH,CIQ;"} (log K = 3.26 for L;COOH), or the parent crown ether,
{FeHDFB,B18C6,CIQ} (log K = 3.21). Stability was also observed to increase with the length of the side
arm from 6 (logKapp = 4.29) to 12 atom spacers (ldt,p = 4.85). We attribute this effect to the increased
conformational freedom of the longer arm, which facilitates interaction between the protonated amine site and
the carboxylate moiety.

Introduction various models for molecular recognition and liquid membrane

Siderophore-mediated iron acquisition by microbes involves transport ,Of siderophore pomplgx’ésRecent results.illustrate
the selective chelation of environmental Fe(lll), followed by that the siderophore ferrioxamine B can be selectively recog-
transport and deposition at the cell surface or cell intériér. nized? through second-coordination-sphere complexation of the
Metal-ligand exchange at the cell surface or penetration of the
siderophore complex into the cell interior likely involves

(5) (a) Crichton, R. RInorganic Biochemistry of Iron Metabolisrillis

molecular recognition by a receptor. The mechanism and
proteins involved in cellular siderophore uptake have been
reviewed® Membrane-bound receptors are involved in an
energy-dependent process where recognition has often been
shown to be sensitive to the chirality of the metal center and
the ligand® Several natural and synthetic macrocyclic and linear
molecules, including crown ethefsgan function as host
recognition factors10 and have been used as models for cell
surface receptors. We are engaged in the development of
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protonated amine side chain by different ionophore host sites, and desolvation. The cryptands have been compared with
molecules K).1314 crown and aza crown ethers in this regard. The lariat ether
concept, with additional donors on a side arm attached to a
ionophore macrocycle, has been developed by Gokel and offet5The
. typical lariat ether arrangement where rirgjde arm cooper-
3 ativity is achieved minimizes the number of kinetic steps
o

1 necessary for complexation. This leads to an increased com-
p\/ + NG e plexation rate, which, in combination with a decreased decom-
0 .'o plexation rate, leads to a higher cation binding constant. Due
o..,.pg*_o X" to the lower rigidity of the three-dimensional structure formed
o / o/‘ . by a flexible lariat ether side arm, the decomplexation rate is
N less affected than in the case of cryptands, which makes lariat
o) ethers potentially more suitable as biological carriers. In
addition, the possibility of structural variation of the side arm
in terms of length and functional group(s) extends the capability
for molecular recognition over that of an unsubstituted macro-
cyclic ionophore.

! In the present study, we have designed a series of lariat ethers

Ferrioxamine B second-sphere host—guest com- (Ilb —d) possessing a functional group (carboxylic acid) capable

plex of ionizing over the pH range investigated. When the lariat
Certainly, siderophore cell receptors are more complex than

crown ether hosts. However, investigation of synthetic mac- o

rocycle hosts will help to elucidate hesjuest interactions that o) o R

are relevant to the recognition and reactivity of stable metal

complexes. Such studies are also relevant to how antibiotics

and host molecules may influence the biodistribution of Fe

carriers such as ferrioxamine B in the body. In an attempt to

understand some of the molecular recognition processes that o

are operative in biological metal-transport systems, we have

explored factors that may contribute to the enhanced stability T

of specific host-guest interactions in the second coordination
sphere of a transition metal carrier complex. Structural features & R = H

associated with the host molecules, as well as some aspects oflb, R = CH>0(CH2)4,COOH (L¢COOH)
the metal com_plex guest, have been explored. The influencejjc, R = CH,O(CH,);COOH (LsCOOH)
of the counterion needed to a_chlevg a ne_utral supramolecular“d' R = CH,0(CHa)10COOH (L1,COOH)
assembly involving the cationic ferrioxamine B complex has
been recognizetf, as well as the influence of the cation ether carboxylic acid is ionized, it can act as a counterion.
guest213 The steric requirements of the bulky ferrioxamine Consequently, as illustrated il , ion—ion host-guest interac-

B guest and of the host, which influence the stability of the tions are added to the existing iedipole interactions, maxi-
supramolecular assembly, have also been addré&s8ihce mizing binding dynamic882° We have developed a synthetic
the medium is known to influence the stability of a supramo- strategy that allows us to tether a specific functional group to
lecular assembly’*® solvent effects have also been investi- a crown ether cavity using different tether lengths. This enables
gated*® Our previous results demonstrate that, by optimizing us to probe the influence of tethering the counteranion to the
the characteristics of all species interacting in the supramolecularmacrocycle host and to determine the optimum tether length
assembly (cation guest, macrocyclic host, counterion, and
solvent), the stability constant for second-sphere complexation (20) Gokel, G. W. InLariat Ethers in Inclusion Compounds, Vol. 4, Key
of ferrioxamine B may be enhanced by several orders of Organic Host System#twood, J. L., Davies, J. E. D., MacNicol, D.

D., Eds.; Oxford University Press: Oxford, 1991; p 283.
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flexibility, increased number and type of hegjuest interaction
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Q\ organic phase (eq 5)
N FeHDFB',,= FeHDFB',, D (5)
‘:\.."lo\ .. . . .
N\}/ ?H -0 5 and the hostguest association of cation and anionic ionophore
y 0< l) @N'\—-H ____ \ o J\ to form a supramolecular assembly (eq 6).
Oﬁ/{o'qu Sooc /go FeHDFB',, + ionophore ,,, =
0 O N 1 CH: {FeHDFB' ionophore} o, Ky, (6)
0 The first two equilibria in each model can be quantified
N experimentally, and the hosguest association constant (a
quantity by which the neutral and charged ionophores are readily
compared) can be calculatedkas K¢, /Kq (eq 3) for the neutral
ionophore model anKzpp = Ke/D (eq 6) for the anionic
i ionophore model.
Supramolecular assembly involving lariat ether The data reported here, to the best of our knowledge, provide
carboxylic acid (host) and ferrioxamine B (guest) the first example of the formation of a stable supramolecular

assembly involving second-coordination-sphere complexation
of a cationic transition metal complex with a lariat ether which

for stable hostguest complex formation. We have selected functions as both a host and a counterion.
lariat ethers based on the benzo-18-crown-6 crown ether
structure, since we have previously found this host cavity to
form stable hostguest complexes with ferrioxamine8. Materials. Benzo-18-crown-6 (B18C6la) was used as obtained
In previous reports from our laboratoly;16 we used what ~ from Aldrich (¢ = 2200 M* cm™* at 278 nm’). Ethyl w-bromoal-
may be termed a “neutral ionophore model”. This model applies kanoates were prepared from commercially availableromoalkanoic
to an aqueous/organic extraction process in which a neutraIaCIdS (Aldrich) by esterification witlp-toluenesulfonic acid catalyst

. . - - in EtOH—benzene (1:13° Lariat ether carboxylic acids gCOOH), a
ionophore binds to a cation that has been distributed from the .\ series of B18C6 carboxylic acids, with IE(, LCOOH), 9 (ic,

aqueous phase together with its accompanying anion. The ,cooH), and 121(d, L1;COOH) atom spacers between the crown

{FeHDFB*,L,COO}

Experimental Section

overall extraction equilibrium (eq 1) ether ring and the carboxylic acid group were synthesized as described
below. The concentrations of crown and lariat ethers were varied
FeHDFB',,+ anion ,,+ ionophoré, ;= between 5.0¢ 10~ and 5.0x 1072 M, depending on their distribution

. . patterns and their ability to extract ferrioxamine B from the aqueous
{FeHDFBﬂonophorB,amon }Org Kex (1) to the chloroform phase. Mg(Clp (99%) and Mg(OH,) (98%) were

) . o purchased from Aldrich and used for maintaining the ionic strength at

may be broken down into a catiemnion pair distribution (g 0.1 M and the desired pH. Ferrioxamine B perchlorate solutions were

2) prepared as described previou¥lyWarning: Extreme care should
be taken when working with perchlorate salt¥he concentrations of
FeHDF@aq + aniorfaq ={FeH DFB+,ani0n7} o Ka ) FeHDFB', CIO,~, and Mg in the aqueous solutions were 201072,

8.0 x 1072, and 3.0x 1072 M, respectively. Twice-distilled water
and chloroform from Fisher Scientific (spectroscopic grade) were used
throughout the experiments. Physical measurements were made using
aqueous solutions saturated with chloroform and chloroform solutions
. . saturated with water. Infrared spectra were measured with a Perkin-
{FeHDFB",anion Yorg T 'OnOphorgorg = Elmer 1600 infrared spectrophotometéH NMR spectra were taken
{FeH DFB" ionophore ,anion } K (3) with an IBM AF-20_0 spectrometer and are given _in pp%MownfieId_
’ ' org from TMS. UVvisible spectra were measured with a HP 8451A diode

To express the stability of the lariat ether binary assembly Zﬁ:ﬁgg?ﬁ’;ﬁ%@eﬁt Cféimz;tal analyses were performed by Desert

{FeHDFB*,LnCOO‘} in the form of an a.SSO.Ciat.ion Constgnt L6COOH (llb), 5-[11'-(Oxymethyl)-2’,3-benzo-18-crown-6]pen-

as in the neutral ionophore model, the distribution of ferriox- tanoic Acid. NaH (0.71 g, 60% in mineral oil, 17.8 mmol) was washed
amine B is expressed here as a distribution rddicand not as  with dry pentane under nitrogen, and a solution of 1.22 g (3.56 mmol)
a distribution constantKy (vide infra). As a result, the  of 11-(hydroxymethyl)-2,3-benzo-18-crowdlgll , with R = CH,OH)
association constant for t§€eHDFB",L,COO} assembly is in 30 mL of THF was added. The mixture was stirred 2ch atroom

an apparent constant, Kopp that is valid at the constant temperature, and a solution of 1.12 g (0.83 mmol) of ethyl 5-bro-
perchlorate concentration (0.08 M) used in our experiments. This Mopentanoate in 50 mL of THF was added during a 2-h period,
may be described as an “anionic ionophore model”. Since the Eoll_owed_by refluxing overnight. After the mixture was cooled to 0O
ionophore is negatively charged, a model for the extraction Cin an ice bath, water was carefully added to destroy the excess NaH.

d t dtoi ve th . . Th The THF was evaporated in vacuo, and 300 mL of water was added to
Process does not need (o INVoive the accompanying anion. TN&,q resigue. The aqueous mixture was extracted with EtOAc 180
overall extraction equilibrium may be written as eq 4.

mL). The aqueous layer was acidified to pH 1w M HCI and
) B extracted with CHCI, (3 x 100 mL). The combined organic extracts
FeHDFBFaq + ionophore org = (EtOAc and CHCI,) were dried over MgS@and evaporated in vacuo.

{FeHDFB' ionophore},, Ko, (4)

and subsequent association of the ionophore with the ion pair
in the organic phase (eq 3).

(30) Leonard, N. J.; Fox, R. C.; Oki, M. Am. Chem. So&954,76, 5708.
. o . ) o . (31) Czech, B.; Babb, D. A,; Bartsch, R. @rg. Prep. Proced. Int1983
which may be divided into the cation distribution into the 15, 29.
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The yellowish oil was purified by evaporation to remove impurities Scheme 1
from the product in a simple distillation apparatus by heating at 80
85 °C/0.5 Torr for 1 day to provide 0.94 g (60%) &b as a pale

(\O/w
yellow 0il.32 H NMR (CDCly): 6 1.63-1.66 (m, 4H), 2.28-2.38 (t, o ° R 1) NaH, THF
3H), 3.45-3.94 (m, 23H), 4.134.17 (m, 4H), 4.56-5.40 (br s, 1H), O: j/
L/"\j

6.89 (s, 4H). IR (deposited on a NaCl plate from £ solution): b, e, Iid

3437 (O-H), 1729 (G=0), 1256, 1124 (€0) cnTl. UV/vis: molar
absorptivity 2300 M* at 278 nm. Anal. Calcd for £H3,00: C, 59.71;
H, 7,74. Found: C, 59.54; H, 7.46. 3) H30+

LsCOOH (llc), 8-[11'-(Oxymethyl)-2',3-benzo-18-crown-6]oc- R =-CH,0H
tanoic Acid. llc was prepared by the same procedure as given above o o ) )
for the synthesis b , with the exceptions that ethyl 8-bromooctanoic Table 1. Acid Dissociation Constants for Lariat Ether Carboxylic
acid was used as the alkylating agent and the crude product was purified¢ids in 50% Methanol at 2% 0.1 °C*
by evaporation of impurities at 1225 °C/0.5 Torr for 2 days. A lariat ether carboxylic acid b
46% yield ofllc was isolated as a yellow oil'*H NMR (CDCl): 6

2) B(CH2)nCO2Et (n = 4, 7, 10)

1.31-1.53 (m, 10H), 2.282.37 (t, 2H), 3.37-3.46 (m, 5H), 3.6% ”E II__:CCZ:SCO): gégi 8:831

3.94 (m, 14H), 4.134.17 (m_, 4H), 6.89 (s, 4H). IR (deposited on a Ild , L;,COOH 5324 0.04

NaCl plate from CHCI, solution): 3367 (G-H), 1733 (CG=0), 1256,

1124 (G-0) cnrt. UVivis: molar absorptivity 2200 M at 278 nm. 2] = 0.1 (HCI/NaCl)." Concentration constants; {fjL “J/[HL]

Anal. Calcd for GsHagOo: C, 61.97; H, 8.32. Found; C, 62.37; H, mode.

8.21. the crown ether ring and the carboxylic acid function were
L12COOH (lld), 11-[11'-(Oxymethyl)-2',3-benzo-18-crown-6]- prepared in 60, 46, and 47% yields, respectively, as shown in

undecanoic acid. lldwas prepared by the same procedure as given Scheme 1. An excess of sodium hydride in the reaction mixture
above for the synthesis ofib, with the exceptions that ethyl  yomoted hydrolysis of the first-formed lariat ether esters to
11-bromoundecanoic acid was used as the alkylating agent and the crud ive the lariat ether carboxylic acids directly

ifi i f i iti E °C/0. S L . S .
-?-Lor?l;g: \gladsasurxef;)/z/ ;\é?g) %Zgo:b?ai:]n;zu;glzs s;l eaﬁgwglgms Acid dissociation constants for the carboxylic acid side chains

NMR (CDCl): 6 1.27-1.62 (m, 16H), 2.292.37 (t, 3H), 3.38-3.47 c_>f thg Iaria_lt ethersllp —d) were determined by potentiometric

(m, 4H), 3.67-3.94 (m, 15H), 4.134.17 (m, 4H), 6.90 (s, 4H). IR titrations in 50% methanol (by volume). TheKp values

(deposit from CHCI, solution on a NaCl plate): 3508 ¢(€H), 1730 obtained are in the expected radgfor a carboxylic acid in

and 1708 (€&0), 1256 and 1125 (€0) cnrl. UV/vis: molar 50% methanol (Table 1). Variations in lariat ether chain length

absorptivity 2700 M* at 278 nm. Anal. Calcd for £H0q: C, 63.86; do not significantly influence thely, values.

H, 8.80. Found: C, 63.47; H, 8.61. Distribution, Extraction, and Host —Guest Equilibria. The
Methods. Two-phase distribution and extraction experiments were gyera|| extraction of ferrioxamine B by the ionophore from the

typically performed by vigorously agitating equal volumes of agueous aqueous phase to the chloroform phase, when corrected for the

(with FeHDFB") and chloroform (with or without ionophore) solutions independent distribution of ferrioxamine B and the ionophore
in polyethylene-capped glass vials. Short-time centrifugation (minutes) . N
between the two phases, enables us to calculate a-*“gosist

was followed by long-time equilibration (hours), after which the phases o L
were carefully separated. In many instances, spectrophotometric @SSOciation constant for supramolecular assembly formation in

measurements of the chloroform phase were avoided by using a re-the chloroform phase. Our extraction studies were conducted
extraction method in which the separated chloroform phase was put in at low (3.2) and high (9.3) pH using the buffer system described
contact with “fresh” aqueous solution, typically containing 0.L M KNO  below. Atlow pH, the lariat ether carboxylate is undissociated
Due to the high affinity of K for 18-atom cavity size crown ethers, and behaves as an unsubstituted crown ether that requires a
all of the ferrioxamine B is displaced by'K As a consequence, the  counterion (CIQ@") for charge neutrality. Treatment of the

to a very low distribution constariq (vide infra, Table 2). Additional neutral ionophore model described in egs3L At high pH,
experimental details and modifications concerning a particular system the carboxylate group is dissociated, and the lariat ether acts as

are given in the Results section. . h it d terion for th itively ch d
Potentiometric titration of the lariat ether carboxylic acids in 500 21 l0NOphore cavity and a counterion for the positively charge

MeOH/aqueous (v/v) solution was performed in the pH region from 2 FeHDFB". Treatment of the hostguest association equilibrium
to 12 under a puriﬁed Natmosphere in a thermostated cell at-25 n thIS case f0||OWS the anionic IOﬂOphOI’e mOde| deSCFIbed N
0.1 °C. The solution was titrated with 0.1 M NaOH, prepared by €Qs 4-6.

dilution of a 0.2 M NaOH standardized solution with MeOH in 1:1 (i) Buffer System. A major challenge of the phase equilibria
ratio by volume. The pH measurements were carried out using a experiments was to maintain a constant pH in an appropriate
Corning pH-meter with a Corning combined glass electrode containing range that would ensure the deprotonation of the lariat ether
0.1 M NaClin the refe_rence electrode compartment. Intgrnal cglibrati_on carboxylic acid group (82 = 5.23-5.32), yet maintain proto-

of the electrode (using data from a separate experiment in which nation at the pendant amine site of ferrioxamine Bd{p=

perchloric acid in 50% methanol was titrated with NaOH in 50% 10.40)% M ;
o i .40)3 g(OH), proved to be an excellent choice as a pH
methanol) and i, value calculation (in [H][L “J/[HL] mode) were = 9.3 “buffer’ for the aqueous phase due to its limited

erformed through SUPERQUAD-MAGE€Ecycling refinement* 0. . C o2 P . X
P 9 Q yelng solubility3” and its minimal distribution, which results in

Results negligible extraction into chloroford?. NaOH was used to
control pH in experiments carried out at pH11.3 in order to

Lariat Ethers. Compounds in the series of benzo-18-crown- study the deprotonated form of ferrioxamine B (Fe[}B
6-carboxylic acidsl(b —d) with varying chain lengths between

(35) Rorabacher, D. B.; MacKellar, W. J.; Shu, F. R.; Sister Bonavita, M.
(32) Under these conditions, the ethyl ester which was formed by the Anal. Chem1971 43, 561.
alkylation reaction was automatically hydrolyzed to the desired (36) Evers, A.; Hancock, R. D.; Martell, A. E.; Motekaitis, R.Idorg.

carboxylic acid. Chem.1989 28, 2189.
(33) Leggett, D. J., EdComputational Methods for the Determination of  (37) Stability Constants of Metal Complexes. Part A: Inorganic Ligands;
Formation ConstantsPlenum Press: New York, 1985; p 37. Hogfeldt, E., Compiler; IUPAC Chemical Data Series 21; Pergamon

(34) May, P. M.; Williams, D. RTalanta1982 29, 249. Press: Oxford, 1982.
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Table 2. Distribution Equilibrium Constants between Water and tribution of FeHDFB". An independent experiment was used
Chloroform at 254 0.5 °C for Ferrioxamine B, Crown Ether, and to establish that the molar absorptivity of ferrioxamineeg4
Lariat Ether Carboxylic Acids = 2600 M1 cm~1)38 does not change upon deprotonation of
Ferrioxamine B the amine site. The distribution data given in Table 2 show
Kq D that the FeDFBdistributes into chloroform much more readily

. - than FeHDFB.
EZBEE)E iéi igw 25x 107 (c) Lariat Ether Carboxylic Acids (L \COOH). At pH =

Lariat and Crown Ethers 3_.2, _the_lariat ethers were not depr(_)tonated, and, therefore, their
distribution was determined as previously described for B18CS6.

e = ' f = . .- .
KdFpH=32 D''pH=93 An agueous solution (pHE 3.2/HCIQy) was equilibrated with
lla, B18C6 3.03x 1029 a chloroform solution of lariat ether carboxylic acid. After
”E ' I'_-Ggggi:' i-ggz ig?, (2)"113 equilibration, the aqueous lariat ether was re-extracted back into
s L9 . . . . .
ld’ L1,COOH 1.09x 10-2 0.09 chloroform, where its concentration was determined spectro-

photometrically. The distribution equilibrium constakit;, as
defined in eq 10, was determined over a wide range of total
lariat ether concentrations between51072 and 5x 1072 M

2] = 0.1 (FeHDFB,Mg?*,CIO,7). The values reported are based
on 3-5 independent experiments, and the errors €586 for lariat
ether and<10% for FeHDFB distribution.” K¢, M~%; eq 7, data from

ref 12.¢Calcd by eq 8 a¥[ClO, Jaq Where [CIQ Jag = 0.08 M. and is given in Table 2.
4 Defined in eq 92 Defined in eq 10! Defined in eq 119 Data from
ref 13. Ky = [L,COOHL{[L ,COOH],, (20)

(||)+D|str|but|on Equilibria. (a) Fe_rnqxar_nme B (FeH- At pH = 9.3, the lariat ether carboxylic acid functional group
DFB™). Ataqueous pH= 3.2, the distribution of FeHDFB is fully deprotonated (Table 1). Deprotonation of the lariat ether
as an ion pairf{FeHDFB",CIO;"} into chloroform may be y dep : P

expressed as in eq 7. This value has been determined previousl;f/OIIOWed by its distribution, defined in eq 11, was accomplished

(Table 2)12 B _
D' =[L,COO ],{[L,COO ],y (11)
Ky = [{FeHDFB',CIO, }],/([FeHDFB']JCIO, 1,) (7)
by vigorously shaking equal volumes of aqueous and chloroform
At aqueous pH= 9.3, for the anionic ionophore modé{y layers (usually 2 mL) for 10 min after ca. 15 mg of Mg(QH)
values were used to calculate a distribution rafiqeq 8), by had been added to maintain the aqueous phase pH at 9.3. The
concentration of the lariat ether carboxylic acids in the organic
D= [FeHDFBJr]org/[FeHDFB*]aq =K4CIO, 1 (8) phase was determined spectrophotometrically, while their aque-
ous phase concentrations were calculated as the difference
multiplying the Ky value by the perchlorate concentration, between the total and chloroform phase concentratidDs.
[CIO4] = 0.08 M, that was used in the distribution and values, determined in the range of lariat ether concentrations
extraction experiments. The symhdlwas used to distinguish ~ between 5< 102 and 5x 1072 M, are given in Table 2. These

the distribution ratio from the distribution constagg, which D' values are used to calculate the total organic phase equilib-

is a true equilibrium constant. The value calculated Bois rium lariat ether carboxylic acid concentrations and, conse-

given in Table 2. quently, the uncomplexed ionophore in the extraction equilib-
(b) Deprotonated (Uncharged) Ferrioxamine B (FeH- rium.

DFBY%. We have performed experiments to address the A separate experiment was carried out to confirm that the
distribution characteristics of the deprotonated form of ferri- high affinity of the hydrophilic FeHDFB for the aqueous phase
oxamine B, FeDFB and its ability to form a hostguest does not affect the distribution of the lariat ether between the
complex with L,COOH. This is important because, at the chloroform and aqueous phases through an interaction with
conditions used to investigate the host characteristics of the FeHDFB",; After the extraction equilibrium of FeHDFBwvas
proton-dissociated lariat ethers (pH 9.3/Mg(OH) buffer), achieved as described below, the lariat ether carboxylic acid
some ferrioxamine B is present in its deprotonated form, concentration in the organic phase was determined and its
FeDFB (pK, = 10.40)%% The lack of positive charge and the aqueous phase concentration calculated. 'healues for the
increase in hydrophobicity are expected to affect the distribution lariat ethers obtained in the extraction experiment are equal
and, consequently, the extraction equilibria of ferrioxamine B. (within 1%) to the D' values obtained in the absence of
The distribution (eq 9) was determined using a ferrioxamine B ferrioxamine B in the distribution experiment. Consequently,
the association of FeHDFBwith lariat ether carboxylic acid
Ky= [FeDFE?]m/[FeDFB)]aq 9) in the aqueous phase does not occur on an observable level.
This is in agreement with literature data that report several orders
solution brought to pH= 9.3 by the addition of Mg(OH) At of magnitude difference between the association of certain
that pH, the fraction of FeDFBIn the total ferrioxamine B cations with crown ethers in apolar and polar medi¥.
concentration was determined using,p= 10.40. The experi- (i) Extraction Equilibria.  The extraction of ferrioxamine
ment was performed in such a way that equal volumes of the B by the lariat ethers at aqueous pH3.2 and 9.3 (Mg(OH)
pH = 9.3 aqueous solution and chloroform were agitated buffer) was performed using the same procedure as previously
vigorously for 10 min and left to equilibrate for 14 h. After described for crown ethet313 When Mg(CIQ), and NaCIQ
equilibration, an aliquot of the chloroform layer was mixed with
an aqueous solution containing 0.1 M KBkOwhereupon (38) Monzyk, B.; Crumbliss, A. LJ. Am. Chem. Sod 982 104, 4921.
ferrioxamine B (FeHDFB and FeDFB) was re-extracted back (39 Jzat R M. Eg"dlsgg‘%"’éé- 2-7?1’\“9'59”’ S. A; Lamb, J. D.; Christensen,
into the aqueous phase, where its concentration was determinegyo) zatt, R. M.; Pawlak, K.; Bradshaw, J. S.; Bruening, RChem. Re.
spectrophotometrically. The data were corrected for the dis- 1991 91, 1721.
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Table 3. Extraction Equilibrium Constants (lol§ex, Eqs 13 and 15)

r:c_> 2 TTTETTTI TV T T Ty TR I Ty [T oIy T T Ty T [TT T T T T

x r 7 for Ferrioxamine B with Crown Ether and Lariat Ether Carboxylic
x C ] Acid Hosts in Chloroform at 25 0.1 °C?2

g E ] l0g Kex

E - - host pH=3.2 pH=9.3

\g’ 3 . lla, B18C6 -0.30 —0.34

~ 11 ] IIb, LeCOOH —-0.13 —0.30

8 L 4 lic, LacCOOH —0.33 —0.05

e r ] Ild, L;,COOH —0.25 0.26

§ L ] al = 0.1 (FeHDFB,Mg?",ClO,7). Values reported are based on
= F R 3—5 independent determinations, and the errors<dr@%. ° Data from

n ) ] ref 13.

B o lLl_I_lIlI}llVIIIIlI‘[IIlIIIIIIIIIIIIIIII

E 0 1 2 3 4 represented by egs 14 and 15. The extraction experiment was

[LCOOH], [CIO, 1, X 10°

Kex
Figure 1. Plot of [{FeHDFB!,L4COOH,CIO }oy[FeHDB iqas a ~ FEHDFB g+ L,COO o =
function of (LLCCOOH],ClO4 ]9 according to eq 13 for the FeHDFB —
extraction with CIQ~ Ey LgCOaOH into chloroform at aqueous pH {FeHDFg’LHCOO }Org (14)
3.2,1 = 0.1 (FeHDFB,Mg?",ClO;7), T= 25+ 0.1°C. i _
Kex = [{ FEHDFB',L ,COO }]org/

are used as supporting electrolyte, their extraction equilibria ([FeHDFB'],JL ,CO0 ], (15)
relative to that of ferrioxamine B may be neglectéd!+2
performed in the same way as the distribution of the lariat ether
o - o carboxylic acid at pH= 9.3. The [FeHDFB].qwas calculated
(eqs ;_3)’ and the specific overall extraction gqumbnum s the difference between its total and organic phase concentra-
investigated here may be represented as shown in eqs 12 angong - The [L,COO Jog concentration was calculated as the
13. The equilibrium concentrations were calculated as follows. jitterence between its total concentration in the organic phase
(as given byD') and its concentration in the form of the hest
Key guest assembly,FeHDFB',L,COO }oq The data have been
agt L,COOH, ;= corrected for the presence of [FeDH&, that does not associate
{FeHDF@,LnCOOH,CIq_} org (12) yvith thg lariat gther§ b.ut i§ present in the organic phase due to
its relatively high distribution (see Table 2).
- The lack of FeDFB association with the lariat ethers was
Kex= [ FeHDF@’L”COOH'CIQ Hood verified in a separate extraction experiment at pH 11
([FeHDB*]aC[L nCOOHL,[CIO, 1,9 (13) (maintained by NaOH), where80% of ferrioxamine B exists
as the deprotonated form, FeDE# Changing the supporting
electrolyte cation from Mg to Na" was not expected to
[FEHDFB]aq and [CIQ, ]aq Were calculated as the difference  influence the association of ferrioxamine B with the lariat or
between their total and organic phase concentrations. Thecrown ether, as their perchlorate salts do not distribute between
organic phase FeHDFBconcentration was measured spectro- water and chloroform on an observable 1&%end, thus, are
photometrically ¢ = 2600 M™* cm™?)*8 after being re-extracted  not extracted into chloroform. (To confirm this assertion, we
into the aqueous phase by 0.1 M KOThe [L,COOHgwas established that the hesguest association constant for FeH-
calculated as the difference between its total concentration andDFB* complexation by B18C6 was the same when either Mg-
its concentration in thg FeHDFB",L,COOH,CIQ }orq as- (ClO4)2 or NaCIQy was used as a supporting electrolyte at pH
sembly, corrected by its distribution constakig . =3.2.) When ferrioxamine B is uncharged (FeSF;Bhe lariat
ether side arm is not needed as a counterion. Consequently,

the extraction of aqueous ferrioxamine B into chloroform. A B18C6 (1a) may be used instead of the lariat ether carboxylic

plot of [{FeHDFB',L,COOH,CIQ }Jorg{ [FeHDFB']aq VS acid in order to simplify the experiment. There was no

— - ; bservable difference in the ferrioxamine B concentration in
([Ln\COOH]([ClIO4 ]ag) according to eq 13 at pH 3.2 yields 0 . .
a straight line for all three of the lariat ethers investigated. A the chloroform phase with and without B18C6, and, conse-

. 8 : e : uently, there is no evidence for hegfuest complex formation
representative plot for lariat ethde is shown in Figure 1. This q
establishes the validity of the 1:1 hegjuest stoichiometry between FeDFBand B18C6. Thus, we may safely assume

{FeHDFB",L,COOH,CIQ} shown in eq 12 and permits that FeDFB does not associate with lariat ethers. .These
. . o observations are consistent with a report that no association of
calculation of the extraction equilibrium constamd§) from . : 1
the slope of the plot (Table 3) the substituted neutral amine Phg_N-le was observed with oxo-
: 18CS5, although a strong interaction was observed $diHR .43

At aqueous pH= 9.3, the anionic ionophore model applies Since the numbers of hydrogen atoms available for hydrogen-
(eq 4-6), and the specific extraction equilibrium may be bonding interactions with the crown ether ring are equal in both
cases, it appears that positive charge is a prerequisite for a
. . substituted amine cation’s ability to interact with crown ethers.
(41) Lamb, J. D.; Christensen, J. J.; Izatt, S. R.; Bedke, K. Astin, M. S.; At pH = 9.3, the lariat ethers are deprotonated and can serve

Izatt, R. M.J. Am. Chem. S0d.980, 102, 3399. :
(42) Christensen, J. J.; Lamb, J. D; Izatt, S. R.; Starr, S. E.; Weed, G. C; as both host and counteranion. A plot qFEHDFH'L”'

Astin, M. S.; Stitt, B. D.; Izatt, R. MJ. Am. Chem. S0d.978 100,
3219. (43) Beresdorf, G. D.; Stoddart, J. Fetrahedron Lett1980, 21, 867.

At aqueous pH= 3.2, the neutral ionophore model applies

FeHDFB',,+ CIO,

The lariat ether$lb —d were found to be effective hosts for
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Figure 2. Plot of [[ FeHDFB',Ls«COO }]of[FEHDFB]aqas a function
of [LeCOO Jog according to eq 15 for the FeHDFBextraction by
LoCOO into chloroform at aqueous pH= 9.3, | 0.1
(FeHDFBf,Mg?",ClO,7), T = 25+ 0.1 °C.

COO }Horg[FEHDFB'] 4qVs [LaiCOO Jorg at pH= 9.3 according

to eq 15 yields a straight line for all three lariat ethers
investigated. A representative plot for lariat etHeris shown

in Figure 2. This establishes the validity of the 1.1 hegtiest
stoichiometry{ FeHDFB',L,COO} and confirms the anionic

ionophore model, which assumes that the lariat ether carboxylic
acid acts as both a host and counterion as shown in eq 14 and”

structurdll . Equation 15 permits calculation of the extraction
equilibrium constantKe,) at pH= 9.3 from the slope of the
plot (Table 2).

(iv) Host—Guest Equilibria. The neutral ionophore model
(egs -3) may be used to represent the hagtiest equilibrium
at aqueous pH= 3.2 for supramolecular assembly formation
involving ferrioxamine B and the undissociated lariat ether, as
described by eqs 16 and 17. The equilibrium constant

{FEHDFE',CIO, } oy + L,COOH, ;==
{FeHDFB',L,COOH,CIQ, }, (16)

K = [{FeHDFB",L ,COOH,CIQ, }1,/
([{ FeHDFB',CIO, }] oL ,COOHL, ) (17)

defined in egs 16 and 17, is the same as Khehost-guest
equilibrium constant defined for the crown ethers in our previous
studiest’™16 K is calculated according to eq 18 from extraction
(Kex, €q 13) and distributionKy, eq 7) data.
K= KedKq (18)
The anionic ionophore model (eqs-8) may be used to
represent the hosguest equilibrium at aqueous pH 9.3,
which leads to supramolecular assembly formation involving

ferrioxamine B and the proton-dissociated lariat ether as
represented by eqs 19 and 20. The hagtest association

Ka
FeHDFB',,+ L,CO0 ,, ==
{FeHDFB',L,CO0 },, (19)

Kapp= [{ FEHDFB'",L COO }] ./

([FeHDFB'],JL ,CO0 ], (20)

org[

Batinic-Haberle et al.

Table 4. Host-Guest Association Equilibrium Constants for
Ferrioxamine B (FeHDFB) with Crown Ether and Lariat Ether
Carboxylic Acid Hosts in Chloroform at 2% 0.5 °C?

crown or lariat ether logk.b pH = 3.2 l0gKapp® pH=19.3
lla, B18C6 3.2¢ 3.17
IIlb, LeCOOH 3.38 4.29
lic, LacCOOH 3.18 4.55
Ild, L;,COOH 3.26 4.85

al = 0.1 (FeHDFB,Mg?",ClO;7). P From eq 18°¢From eq 21.
4From Ref 13°pH = 8.1.

T
1

4.8

Q
3 4.6

log K

44 -

LANLENLE N R R B BB B B

PRI

42

6
number of atoms in side arm

igure 3. Plot of log Kapp (€q 19) obtained at pi 9.3 as a function
of the lariat ether side arm length (number of atoms between the crown
ether ring of the host and the carboxylic acid functional group).

constantkapp is calculated from eq 21, whei® (eq 8) is the

Koo = Ko /D (21)

app
distribution of ferrioxamine B between the organic and aqueous
phases at 0.08 M total perchlorate concentration ane-#-3.

The extraction experiments at both pH 3.2 and 9.3 are
performed at the same total perchlorate concentration of 0.08
M. Therefore, the hostguest association constamtsindKap,
calculated by eqs 18 and 21, as given in Table 4, have the same
units and can be readily compared.

Discussion

Comparison of the hostguest equilibrium constants for the
lariat ethers at pH= 3.2 with those for the parent crown ether
benzo-18-crown-6 (B18C6) allows us to determine the influence
of the non-ionized side arm on the ability of the B18C6 cavity
to act as a host for ferrioxamine B. The linearity of the plot
shown in Figure 1 establishes that the lariat ethers form a three-
component assemb{yFeHDFB",L,COOH,CIQ;"} involving a
counterion, as does the parent crown ether B18CEhe data
in Table 4 show that the non-ionized lariat ether side arm has
no influence on assembly stability, as demonstrated by the
similarity of the K values for the lariat ethers with that for
B18C6.

At an elevated pH, the lariat ether serves as a hosta
counteranion, to form an assemHlfeHDFB',L,COO}, as
illustrated inlll . This is demonstrated by the linearity of the
plotin Figure 2. Comparison df,p,values for the lariat ethers
with that for B18C6 at pH= 9.3 (Table 4) shows that the
tethered, ionized carboxylate functional group significantly
enhances hostguest complex stability. In addition, as shown
in Figure 3, increasing the length of the side arm increases the
stability of the assembly.
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Steric factors are important in ferrioxamine B hoeguest association constant for the hypothetical ternary assembly
complex formatiort® The stereochemical requirements of the {FeHDFB",B18C6,CHCOO} (a good model fof FeHDFB,
H-bonding associated with hesjuest complex formation, along L,.COO} in terms of hydration properties) should be much
with the bulkiness of ferrioxamine B, requires the N atom of lower than that determined f¢FeHDFB",B18C6,X} (X~ =
the amine side chain to be well above the mean oxygen planepic™ or ClO;7).13 However, the hostguest association constant
of the crown ether ring®16 To assure charge neutrality, the for {FeHDFB",L,COO} obtained in this work is an order of
carboxylate functionality is likely to be located close to the Magnitude higher than that fofFeHDFB',B18C6,ClQ}
amine site through extensive bending of the side arm. The (Table 4), which clearly shows that the unfavorable effect of
longer the arm, the better it is able to approach the distant amineCarPoxylate anion hydration is more than compensated for by
site. ltis highly improbable that ion pairing with the carboxylate an enhanced proximity effect by attachment to the crown ether.

functionality would overwhelm the electrostatic interactions of This IS an.effect which we may c%unously refer to as a *second-
. . . . . . coordination-shell chelate effect”.
the amine site with the ether ring and thus pull the amine site

. Similarly, a change in anion hydration enthalpy is not
of the metgl complex. away from t.he ether ring. Moreovgr, the responsib)lle for the (g)bserved chan)g;e in kg VaIué)sy with
complgxatlon O,f fernoxamng B in the crown ether cavity (,)f varying chain length lariat ethers (Figure 3). A simple calcula-
the lariat ether is a combination of electrostatic and H-bonding iy that includes additionat CH,— groups and their effect on

interactions. If ferrioxamine B were in the CHQhase only {4 hydration enthal§ leads to a possible change in gy
because of ion pairing with the carboxylate functlonghty, then of ca. 0.1 on going from ¢COO~ L1,COO~. The observed
the Kapp values should be the same for all of the lariat ethers, change is much greater (ca. 0.6 log units; Table 4 and Figure
regardless of side arm length. This is clearly not the case and3) which suggests some additional effect (e.g., increased
confirms that the lariat ethers are serving the dual function of flexibility of the tether arm) that accounts for the differences in
host and counterion. assembly stabilities with varying side arm length. The linearity
We have previously found that the variation in the stability of the plot in Figure 3 suggests that the hegtiest complex
of the {FeHDFB,DC18C6,X} assembly, where X is an stability may be enhanced even more by increasing the length
external counterion, is related to the hydration enthalpy of both Of the carboxylate tether, presumably passing through a
the cation and the anidd:!> The less negative the hydration ~Maximum at some optimal tether length.

enthalpy, the less the partial ion hydration in the organic phase  Acknowledgment. This paper is dedicated to Professor R.
and, therefore, the higher the stability of the assembly observedg, wilkins on the occasion of his 70th birthday. We are grateful
for the series of counterions “Xinvestigated. (LogK for for the financial support of the NSF and the Petroleum Research
{FeHDFB',DC18C6,X} increases with X in the sequence  Fund of the American Chemical Society. Helpful discussions
Cl~ < NOjs~ < picrate< CIO,~.19 This raises the question as  with Prof. L. M. Schwartz and C. D. Caldwell are gratefully
to whether the enhanced stability of the lariat ether relative to acknowledged.

B18C6 at high pH is merely due to the presence of a carboxylate 1C9709250

counteranion instead of ClO.

The carboxylate anion hydration enthalpy-e405 kJ mot? (44) Jazimirski, K. B. Thermochemie von Komplexerbindungen;

is much more negative than values reported for either picrate _ Akademie-Verlag: Berlin, 1956. o .
(45) Vasil'ev, V. P.; Zolotarev, E. K.; Kaustinskii, A. F.; Mishchenko, K.

(—226 kJ mOTl) or perChlo_rate €209 kJ mOTl)'M This P.; Podgornaya, E. A.; Jazimirski, K. Bh. Fiz. Khim.1960, 34,1763;
suggests, based on our previous stu#ié&that the hostguest Russ. J. Phys. Cher(Engl. transl.)1960, 34, 840.




