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Abstract

For treatment of chronic iron o&erload (as occurs in Cooley's anemia),

ferrvic ion sequeéterimg agents with specific properties are necessary.

Two analogues of enterobactin [a miecrobial chelating agent with the

~ greatest stability constant known for an Fe(II1) complex] are reported
which exhibit: i) hydrolytic stability; 1i) water solubility; iii) N-
substitution to block peptidase hydrolysis. The first compound, N,N',N'-
trimethylmNsN?gﬁ"mtris(293wdihydroxysulfobeﬁzoyl)13395wtriaminomethy1w
benzene, [MeBMECAMSs E} Qas prepared from the amidé éf trimesoyl chloride

(%) and MeNH The resulting amide was reduced to the triamine (%) and

9°
converted in three steps to the final product 6 in 6% overall yield.
Y

The proton-dependent formation constant (log K%) for the reaction:

Fe% + H316"’ = Fel

6- 4 3H+

is 4.87, which gives an equilibrium concentration 0f.[FeB+] at pH 7.4
of 2 x 1Om27 M for 1077 ML (é) and 10*6 M total F83+e The estimated

formation constant (log B...) is 40. At low pH the FeLéw complex under-

110

goes a series‘of three, one-proton reactions which probably gives a tris-
salicylate complex formed by the carbonyl and ortho-catechol oxygen of the
293wdihy§roxybenzoy1 units (the same reaction that occurs with ferric
entercbactin). After six hours in the presence of 6 mM ascorbate,

‘MeBMECAMS (6.0 wM) removed 3.7% of the ferric ion initially sequestered

by the iron storage protein, ferritin. The human iron trénsport

protein transferrin gives up iron to MeBMECAMS with a pseudo first-order
- - . =

rate constant of 1.9 x 10 3 min 1 (ligand concentration 2 x 10 " M).

This rate is comparable to that of enterobactin and other catechoyl anide



sequestering agents, and greatly exceeds that of desferrioxamine B

(Desferali~9

), the current drug of choice in treating iron overload.
Two related compounds have been prepared in which the catechol ring is
attached to the amide nitrogen through a methylene group, with amide
formation with an acetyl group. In N,N',N"-triacetyl-N,N' N"-tris(2,3-
dihydroxysulfobenzoyl)=-N,N' ,N"~triaminomethylbenzene [NAcMECAMS, %%?,.
and its unsulfonated precursor, the aﬁide linkage of the catechoyl
amides such as Me

3

relative to the benzene and catechol rings to an exo position in which

MECAMS (2) has been shifted from an endo position

the amide carEonyl is not conjugated with the catechol ring and cannot
form a stable chelate ring in conjunction with a catechol oxygen. The
preparvation of %% and %8 proceeded from the previously described
precursor of TRIMCAM, Zg borane reduction to the triamine %9 and amide
formation with acetyl chloride to gs followed by deprotection of the

catechol oxygens with BBE3/CHQCI to give %ge Sulfonation of %Q to

2
NACMECAMS, %%9 is carried out in fuming sulfuric acid. In comparison
with MesMECAM,Ss the protonation of NAcMECAMS (%%) proceeds by an initial
two-proton step in contrast to the ome-proton reactions typical of the
catechoyl amides, which can form a salicylate mode of coordination
involving the amilde carbonyl group. Also as a result of the removal of
the carbonyl group from conjugation with the catechol ring, the acidity
of NAcMECAMS (%&) is less than MeSMECAMS (g)e While the estimated log
BllO is approximately the same as for MeBMECAMS (40), the effecti#e

. - 3 .
formation constant (log K*) and pM.(- log Zfaaq 1) values are lower

(4.0 and 25.0, respectively).



Introduction

It is established that virtually all organisms need irons4 Human
beings maintain a total inventory of ca. 5 g in the adult through a
complex process of iron transport and storagegs In this light, it is
a well documented fact that, in excess, F€3+ is very toxic. Indeed,
acute iron overload (primarily from ingestion of iron supplement prepara-
tions by infants) is one of the most common forms of poisoning in the
U;SGAQ6 In addition, long-term (i.e. chronic) iron overload can result
from the transfusion therapy of Cooley’s anemia (B-thalassemia major),

a blood disorder affecting approximately three million people worlidwide,
and is the major cause of death associated with this disease,

The present treatment for transfusional iron overload in the B~
thalassemic patient is either subcutaneous or intravenous slow infusion
of Desferr?al@§ , the mesylate salt of desferrioxamine B. This therapy has
exhibited efficacies as low as 107, presumably due to the instabiliiy
of the drug in the body and its rapid exaretiones The pool of 1abile,
low-molecular-weight diron, the iron storage protein ferritin and the
iron transport protein transferrin are three possible sources for
removable iron. Desferal presumably sequesters ferric ion from the
labile iron pool and, with ﬁhercoMadministratiOn of ascorbate, from
ferritin. Although Desferal is thermodynamically capable of removing
-iron from transferrin, the process has been shown to be kinetical}y
slow., We are actively involved in the synthesis and charvacterization

of new iron sequestering compounds which are intended to be potential

therapeutic agents in the treatment of iron overload.



These ligands are analogues of the catechol-containing siderophore,
enterobactin, which has been shown to be both thermodynamically and
kinetically able to remove iron from transferrinsg Unfortunately,
enterobactin is‘unSuitable for clinical use due to its low aqueous
solubility, extreme oxidative and hydrolytic lability, and its capacity
to cause.toxic bacteremia in iron-overloaded micealo ?reliminary animal
experiments on hypertransfused rats have shown that sulfonated catechoyl-
amide sequestering agents are capable of mobilizing iron in vivo. No
acute toxic effects were reported; however, after ten days the animals
died due to toxic bacteremia,il Bacterial proliferation is presumably
due to mobilization of iron from biological stores which are normally
unavailable for bacterial growth. It seems possible that the bacteria
are in some way removing iron from the metal complex. A reduction
mechanism for iron release at pH 7.4 in aqueous solution seems unlikely
since Fe(Mez!MECAMS)éa9 Fe(NAcMECAMS)é_ and other tricatecholate compounds
have estimated reduction potentials of approximately -750 nV vs nhe at
this pH. As with ferric enterobactin, this redox potential is too negative
to be affected by physiclogical reductants. Another possible scenario
for extraction of iron would be peptidase cleavage of the amide bond, which
would raise the redox potential within the physiological rangeelz' Attach-
ing an alkyl group to the amide nitrogen should inhibit this degradation,
so that we can test the validity of this mechanism for dron aquisition
by microbes.

The title compounds have been designed to avoid the drawbacks of
enterobactin. Sulfonation enhances the water solubility and phenoclic
acidity of the ligand. The inherent chelate effect of a macrocyclic
ligand is retained by use of the benzenoild platform. Alkylation of

6 ,
the amide nitrogen still allows the formation of the Fel complex and,



moreover, may make the free iigand and iron complex resistant to microbial
peptidase activity. We report here the synthesis and stability constants
of NsN°9N"wtrimethyl~NgN’9N"@tris(29BOdihydroxysulfébenzoyl)w193g5m
triaminomethylbenzene [Me3MECAMS9 2] and N,N'" ,N"-triacetyl-N,N' N"-
tris(zs3~dihydroxysulfobenzoyl)@1,394wtriaminomethyibenzene {NACMECAMS,
%%}a In addition, the kinetics of iron removal from the mammalian trans-

port and storage proteins by MeSMECAMS have been determined.
Materials and Methods

Potentiometric Measurements. We have previously given a detailed

account of the apparatus used and the procedure followed for potanﬁ10w
metric titrati@nse;S Briefly, measutementé were made with a Corning
130 digital pH métef equipped with Corning Glass and saturated calomel
electrodes. The métér was calibrated with standard acetate and nitric
acid solutions to read hydrogen ion concentrvation, not activity.
Solutions (40 ml) were kept under inert atmosphere {argon) and were
maintained at 25 % 0.05°C by a citculating water bath. The ionic

strength was maintalned at 0.1 M with KNO Carbonate~free 0.1 M KOH

3¢
was prepared from Baker Dilut-It ampoules using freshly boiled, doubly

distilled HZOS Potentiometric data were refined using a nonlinear

R . , 1
least-squares analysis described previously.

Spectrophotometric Measurements. Spectra were recorded on a Cary

118 spectrophotometer. The visible spectra of ferric MegMECAMS as a
function of pH were obtained from a single solution. After each adjust-
ment of pH, an aliquot was removed, the spectrum recorded, and the sample

returned to the original solution. Spectrophotometric competitions using



NaZHZEDTA14 were carried out as previously describedal3 Spectra were

recorded 24 and 72 hours after mixing to assure equilibrium had been achieved.

Kinetics. -Apotransferrin (Sigma chemicals) was saturated by the
procedure of Bates ggﬁ§;f15 using 0.02 M [Fa(NTA)ngm at pH 7.4. The
resulting complex was gel filtered on Sephadex G-25 resin equilibrated
with 0.1 M tris pH 7.4 buffers The ratio AZSO/Aééé = 11 demonstrated
greater than 95% saturation of transferrin. Kinetic studies were
monitored at 520 nm. The time of mixing was taken as time zero. The
concentration of ligand used was 0.2 mM in order to make comparisons
with previously published resultsg9 Linear plots of Qn[At - A®)1<Ao - Al
vs time were obtained for 1.5 half lives. The values of kobs were obtained
by linear least-squares analysis,

Horse spleen ferritin was purchased from United States Biochemical.
The ferritin was purified by centrifugation for a period of two hours
followed by gel permeation chromatography on Sephadex G-25 using 0.05 ¥
tris HC114 buffer at pH 7.4 as an eluant. Ferriec ion concentration was
determined by the absorption at 420 nn (Eizm - 100)916 The procedure
of Lowry et al. was followed for the protein assayel7 The %&(+)-ascorbic
acid (Matheson, Coleman and Bell) was used as received. TFreshly prepared
stock solutions of the ligand and ascorbic acid were used for all kinetic
runs.

Kinetic studies were performed in a Cary 118 uv/vis spectrophotometer
equipped with a thermostated quartz cell (1 cm path length) maintained
at 37.0 1+ 0.05°C. Reaction mixtures were stored in a water bath at
37°C in between the time of each absorbance measurement. Time zero was

taken to be the time of addition of the stock ferritin solutioun to the



remainder of the reaction mixture. Absorbance measurements at 487 om
were taken once every hour for a period of at least 12 hours for all
samples. Reaction ﬁixtures were buffered at pH 7.4 (tris HC1l). No
attemnpt was made to exclude oxygen from the sample vials.

The percent iron removed in six hours was calculated by correcting
the’absorbance change at 487 nm for the baseline absorbance due to
ferritin alone. Using a molar extinction coefficient of 5,400 M%i cm@1

for [FeMe MECAMS]6”9 the number of miliimoles of iron removed was

3

calculated. This value was compared to the initial concentration of

ferritin-bound iron.

Syntheses

Experimental Methods. Melting points were taken on a Buchi apparatus

. 1
in open capillaries and are uncorrected. HNMR spectira were recorded
on a Varian A-60 instrument using MeQSi {(with organic solvents) or

3-Me,Si~l-propane sulfonic acid, sodium salt (with D,0) as internal

3

standard. Infrared spectra were recorded on a Perkin-Elmer 283 instrument.

2

Evaporations were accomplished in vacuo with a Buchi Rotovapor-RE at

< 55°C. Thin layer chromatography (tlc) was performed on precoated
60F-254 silica gel sheets which were developed in tetrahydrofuran

(93 mL)/C6H12
Fe3+/HZO/EtOH spray. Column chromatography was performed using 60-200

(7 mL)/H20(5 mlL), then visualized with UV, iodine, or

mesh silica in a 35 x 2.5 cm o.d. column and fractions were monitored
with tle. Microanalyses and mass spectra (EI-70 eV) were performed by
Analytical Services, Chemistry Department, University of California,

Berkeley, Trimesoyl chloride, was purchased from Aldrich Chemical

I,
"



Co., Milwaukee, Wisconsin. Compound z was prepared according.to the-

. 1
literature method. 8

NN N”-Trimethyl-1l,3, 5-carboxamidobenzene (%)q To a vigorously

stirréd water bath cooled solution of trimesoyl chloride, % {20 g,

75 mmol) in tetrahydrofuran (THF, 300 wml) was added excess monomethyl-
amine via gas diffusion tube. 7The reaction mixture was stirred over-
night under a Drierite tube then was filtered. The vesulting cake was
washed well with HZO to remove amine-HCl. The cake was then recrystal-
lized from boiling aqueous ethanol to obtain % (16.0 g, 86%): mp 312-14°,
Anal. Calecd. for 612H15N303: C, 57.82; H, 6.07; N, 16.86.

Found: C, 57.89; H, 6.02; N, 16.91.

N,N' N"-Trimethyl-1,3,5-triaminomethylbenzene trihydrochloride (%).

Under argon atmosphere, a slurry of triamide 5 (11.0 g, 44 mmol) din
BH3/THF'(1 N, 30 mL) was slowly brought to reflux, maintained for 24 hr.
Then aq. HC1 (6 N, 50 mL) was added (Caution, Hzf) dropwise and maintained
at reflux for 60 hr. Evaporation in vacuo, followed by coevaporation with
methanol to volatilize the bovrates gave crude, dry solid which, when
crystallized from boiling methanol by the addition of ethanol {cooling

and scratching), gave hygroscopic % (9.9 g, 70%, dried in vacuo at 70°,

6 hr): mp 252-5°

Anal. Caled. for C..H..N_-3HCL: €, 45.51; H, 7.64; N, 13.27; CL, 33.58.

127213
Found: €, 45.19; H, 8.26; N, 12.93; Cl, 33.04

N?NV9N”*Trimethyl“Nng3N”wtrié(293»dimgthoxybenzoy1)~19335~triamin0w

methylbenzene (é)e To 2,3-dimethoxybenzoyl chloride (45 mmol) dissolved




10

in THF (75 ml) was added solid % (4.75 g, 15 mmol), followed by NEt3

(12.5 mL, 90 mmol). The reaction mixture was stirred vigorously in a

stoppered flask (60 hr). Filtration removed the NEt3”HCIE Evaporation

of the THF solution gave crude, oily product which was dissolved in
CCl43 washed well with ag. NaOH, then entered onto a silica gel column,

Elution with (0-53%, v/v) CHBOH in CHCI3 mixture provided pure product:

tlc, Rf 0.63. Coevaporation with CClé

then Abderhalden drying at 60°, 48 hrs, gave glassy é (8.3 g, 75%):

to remove all other solvents,

mp 70-5%; ir (neat, NaCl) 2935, 2835 (-CH-), 1635 (fggNRz), 1580, 1480,

1

1428, 1400, 1308, 1278, 1230, 1050, 1000, 795, 750 cm 3 lﬁNMR (CClé)

§ 2.72, 2.92 {(two s, 9 H, gﬁBN)g 3.83 (s, 18 H, mOCHB}, 4.32, 4,70 (two
8, 6 H, Argﬁz), 6.7-7.4 (complex m, 12 H, ArH); mass spectrum, m/e (rel.

intensity), 699 (M, 11}, 668 (¥M-OCH., 12), 577 (2), 549 (9), 534

39
[M-C M, (OCH,) ,CO, 10], 165 [C,H,(0CH,),CO, 100].

Anal. Caled. for C39H45N309°1/4CC14: C, 63.84: H, 6.14; N, 5.69.

Found: C, 63.50; H, 6.22; N, 5.59.

N,N',N'"~Trimethyl-N,N' ,N"'-tris(2,3~dihydroxybenzoyl)~1,3,5~triamino~

methylbenzene (5). A solution of é (8 g, 10.8 mmol) under argon
AL

atmosphere in CH2C12 (75 ml) was added dropwise via addition funnel to

a vigorously stirred solution of BBr3 (8 mL, 80 mmol) in CHZCIZ (200 ul),
cooled by a room-temperature water bath. An immediate precipitate formed
and the slurry was stirred overnight. Dropwise addition (Caution, HBr4)
of water {50 mL) followed by aq. NaOH (40 mL, 6 M) gave a (pH v 6) mixture
which was filtered and the cake washed well with water, This crude

light tan product was dissolved in ethanol and precipitated by the

addition of large volumes of ethylacetate. Filtration, ethylacetate wash,



i1

then drying in vacuo, at 90°, overnight, provided amorphous powder % (4.6
g, 70%): mp 130-40° (glass); ir (KBr) 1610 (ﬁQQNRZ}S 1585, 1470, 1408,
1280, 1100, 1070, 790, 750, 735 cm '3 'HNMR (TFA) § 3.38 (broad s, 9 H,
N«CHB)9 5.22 {v. broad 85 6 H, ArggzN)g 7.0-7.5 (complex m, 12 H,

ArH); mass spectrum m/e (rel. intensity), 615 (M, 2), 479 [M*C6H3(OH)ZCO,
6], 343 (M{C6H3(DH)ZCO)]2s 5), 136 [C6H3(OH)ZCOg 26].

Anal. Caled. for C33H33N309a1~1/2H203 C, 61.67; H, 5.65; N, 6.54.

Found: €, 61.38; H, 5.35; N, 6.46.

N,N' ,N"~trimethyl-N,N'-N"-tris(2,3-dihydroxy sulfobenzoyl)-1,3, 5

triaminomethylbenzene, trisodium salt (?)e Solid % (4.0 g, 6.0 mmol)

was added in protions to vigorously stirred 30% SO %HZSO {36 mlL) at

3 4

room temperature, and stirring was .continued in a stoppered flask for
20 hr before quenching on excess ice. This solution was brought to
pH 4 by slow addition of conc. aq. NaOH with external ice-bath cooling.

The addition of an equal volume of CH_OH, fiitration of the boiling

3
mixture, and washing of the NaZSO4 cake with hot, 1:1 CHSOH/HZO gave
product~free cake (colorless Fe+3 test). The product solution and
wash was concentrated in vacuo to a brown water solution. Initially
CHBOH, then EtOH, finally acetone were sequentially added din small
amounts to precipitate less soluble, colored impurities each time
removed by filtration. Finally, several volumes of acetone were added
‘to give white product g°6HZO (4.3 g, 69%) mp 290°; ir(KBr) 3700-2500
(-OH, ~CH-), 1615 (ng_NRZ)5 1492, 1421, 1290, 1230-1170 (803N)§ 1108,
1046, 620 (50,7) em '3 'HMMR (D,0) § 2.8-3.3 (broad m, 9 H, CH,N<),

4.4-4,8 [broad m, 6 H, fQEQN(Cﬂg)“}s 7.2-7.7 {(my; 9 H, ArH).



iz

Anal. Calcd. for C33H30N301883N33=6H203 C, 38.49; H, 4.11; N, 4.08; S, 9.34,

Found: €, 38.66; H, 3.763 N, 4.01; S, 8.66.

N;N’SN"wTris(ZsSwdimethoxybenéyl)ml$3g5mtriaminomethylbenzane (gye

To an argon flushed system containing Z (10.6 g, 16.1 mmol) was added
at once, via syringe and septumn, BHB/THF solution (1 N, 150 mL), then
was heated in a 70° oil bath (60 hr). Next, aq. HC1 (6 N, 25 ml) was

added dropwise {(Caution, HZ%) and reflux continued overnight. Evaporation

of the THF followed by CHCIBMextraction gave crude aqueous %»3HC1

solution. Excess 6 N NaOH was added and the strongly basic

golution was extracted well with EtZOs then the organic layer was dried

with MgSO, to give a solution of 8: mass spectrum m/e (rel. intensity),
u

4

615 (M, 3), 478 {Mscé}{B(OCHB)Z9 347, 464 [M&CH2C6H3(OCH3)2y

{M&NHCHC6H3(OCH3)29 100]; ir (neat, KBr plate) 3310 (-NH-), 2940, 2815

(-CH-), 1585, 1475, 1270, 1220, 1075, 1005, 775, 750 cmalg 1HNMR (TFA)

491, 450

’§v43049 4.12 (two s, 18 H, “OQES)S 4.6 {broad, 12 H, fgﬁgNﬂzggg),

7~7.5 {(complex m, 9 H, ArH) 7.8-8.0 (complex m, ArH). The addition of

HCl, via gas diffusion tube, caused the separation of a white semi-

solid. The EtZO was decanted and the compound dissolved in CHZClZ

which was evaported to leave a white powder and further dried over
PZOS/NaOH overnight to yield %'BHCl (10.6 g, 91%).
. Ce . ' - 3HCL: 1, 14.67.
Anal. Caled. for C36H45N306 C Ci,
Found: C1, 15.20.

N,N! N"-Triacetyl-N,N' N"-tris(2,3~dimethoxybenzyl)-1,3, 5-triamino~

methylbenzene (g)w Acetylation of g was achieved as follows: §°3HC1

(10.6 g, 15 mmol) and NEt3 (6.2 mL, 45 mmol) were slurried in THF (100 mL)



i3

for 30 min before the sequential, dropwise addition of CH,.COCLl (3.6 ml,

3
50 mmol), and NEE3 (6.9 mL, 50 mmol) dissolved in THF (50 mL). The

resulting mixture was stirred overnight in a closed flask at 20-5°.
Filtration removed NEtBeHC1 and the THF solution was evaporated to
residual oil. The latter was dissolved in CCl4 and eluted from an

aluminum oxide column (neutral, grade 1) sequentially with CCEQE CHZCIZ

and CHCLl, to obtain, in the first fractions, the pure oil 9 (5.0
3 A &

45%): tle, R 0.63; El-mass spectrum m/e (vel. intensity), 741 (M, 10),

698 (M-COCH,, 1), 590 [M-CH,C H,(OCH,),, 5], 548 (23), 534 [M-CH,CONHCHC H -
)

(oci),, 10], 208 [CH,CONHCHC H,(OCH,),, 541, 151 [CH,C H, (0CH 100];

2°6 3 3°2°
ir (neat, KBr plate) 3100-2800 (-CH-), 1650 (CH3§9N<)9 1480, 1420, 1270,
1220, 1080, 106z, 1005, 770, 750 mels 1HNMR {CClé) § 2.10 (broad s,
9 H, CHBCO)s 3.73, 3.80 (two s, 18 H, CH3O~~)9 4,40 [broad s, 12 H,
~CHN(COCH)CH, -1, 6.6-7.2 (m, 12 H, ArH).
Anal. Caled. for C42H51N309: C, 68.00; H, 6.93; N, 5.66.
Found: C, 67.79; H, 6.73; N, 5.45.

N,N*,N"~Triacetyl-N,N’ ,N"-tris(2,3~dihydroxybenzyl)~1,3, 5~triamino-

methylbenzene (%ﬁ?e In an argon atmosphere, 2 (5.0 g, 6.7 mmol)

dissolved in CHZCl2 (50 mL) was added dropwise via addition funnel to

a vigorously stirred solution of BBr3 {5 wl, 50 mmol) in CH2012 {200 mL)
immersed in a 20-5° water bath. After stirring overnight, HZO (50 mL)

was added dropwise (Cautlon, HBrt) followed by sufficient 6 N aq. NaOH

to maintain pH 4 in the aqueous layer. Solid was collected by filtration,
washed well with HZO9 then crystaliized from hot aqueous EtOH upon

overnight cooling. Filtration, water wash and vacuum desiccator drying

over P205/NaOH gave white powder %gelﬂl/zﬁzo (3.0 g, 65%): mp 186-9°;
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ir (KBr) 3600-2700 (-OH, -CH-), 1615 <CH3§QN<)» 1590, 1485, 1440, 1360,
1272, 743 cm“lg Lomr (TFA) &§ 2.57, 2.97 (two s, 9 H, CH3CO), 5.07
{broad s, ”£§2N<COCH3)§E2“19 7.0-7.7 (broad m, 12 H, ArH); mass spectrum
m/e {rel. intensity), 658 (M, 19).

Anal. Caled. for C36H39N30961~1/ZHZO: C, 63.15; H, 6.18; N, 6.14.
Found: C, 63.27; H, 6.06; N, 6.14,

N,N',N"-T¢iacetyl-N,N' ,N"~tris(2,3-dihydroxysul fobenzyl)~1,3, 5-

triaminomethylbenzene, trisodium salt (g})° Compound %g (2.6 g, 3.8

mmol) was dissolved in SOS~HZSO4

ambient temperature, and allowed to react overnight in a stoppered

(30%, 25 ml) wvigorously stirred, at

flask. It was then poured onto ice and neutralized to pH 4 by the slow
addition of 6 N NaOH with vigorous stirring and ice bath cooling. Slow
addition of an equal volume of MeOH to the boiling solution, filtration,
and evaporation of the filtrate gave crude product. The latt;r was

dissolved in a small amount of HZO and adjusted to turbidity by

successive addition of CH_OH, EtOH, Et O; each time filtering out the

3

inorganic and colored impurities. Finally, several volumes of EEZG

precipitated white product from colorless filtrate. The product was

2

redissolved in HZO and evaporated to dryness to remove organic solvents,

then ¢.‘ed over PZOS’ in vacuo, at 20-5° to obtailn hygroscopic %%(-6HZO)

(3.3 g, 80%): mp 260-2°d; ir (KBr) 3700-2500 (-OH, -CH-), 1615 (CH3§QN<)9
1490, 1435, 1360, 1300-1150 (-80,-), 1108, 1048, 630 ety tom (,0)

8 2.20, 2.37 (two s, 9 H, CH,C0-), 4.3-5.0 [broad, 12 H, ~CH N(COCH,)CH,-],
6.6-7.5 (m, 6 H, ArH).

] . . : G, .34; H, 4.51; N, 3.92, S, 8.97.
Anal. Caled. for 036H36N3018S3Na3 6HZO C, 40.34 : s

Found: ©, 40.17; H, 4.02; N, 3.81; §, 9.45.
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Results and Discussion

Thermodynamics W<Me3MECAMSs The potentiometric equilibrium curves

(pH versus OH added) for deprotonation of Me MECAMS (g) and

3
complexation of Fe(III) are shown in Figure 3. Since

the individual catechol groups of Me MECAMS are essentially the same

3
as the mono-catechol ligand N,N-dimethyl-2,3~dihydroxy-5-sulfobenzamide

(%), the protonation constants of z (10g'K = 11.5, log K, = 7926)1

1 2

should be very similar to the average values for MeBMECAMss Indeed,

the six protonation reactions of Me MECAMS fall into two groups of three

3

protons each. The first (wore basic) protonations ocecur at pH > 11 with
no evidence of appreciable dissociation below this pH. No attempt was
made to determine directly log Ki for m = 1 to 3. An estimate for these

constants, based on the protonation of zg is log Ki ave

n

= 11.8 for n 1

to 3 for MeBMECAMSe The three more acidic protons have a log ng?Vg

7.6 {(see Table II). The break at a = 3 is counsistent with these resultis.

i

These protons are much more acidic than those of enterobactin and previously
synthesized unsulfonated catechoylamide sequestering agents.

The potentiometric titration of the ferric complex (curve b in
Figure 3) shows that initial complexation is quite strong, as is
typical for iron(III) catecholate complexes. There is a three-proton
buffer region between pH 5.5 and 7.3. Least-squares refinement of these
data gives the protonation constants listed in Table IT. The first metal
protonation constant was also determined spectrophotometrically by the
method of Schwarzenbach in which €' ve [(g - €O)I{H%}n} is graphedalg A
linear plot is obtained by choosing the appropriate value for n, which

is simply the proton stoichiometry for the reaction. The slope of the
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line divectly gives KiLa The multiple, overlapping equilibria made it
impossible to use this method to refine the lower constants. The
visible spectra for the first protonation equilibrium are shown in
Figure 4. The xmax for the tris complex is 487 nm (g = 5390 Mfl mel)a

Upon protonation, the peak shifts to lower energy with a maximum near

512 om. The proton-dependent formation constant (K*, Table II) was

calculated from competition experiments with NaH_EDTA at pH v 6.8,

2
This value was corrected for metal ligand protonation and hydrolysis

equilibria observed in this pH regiume.

NAcMECAMS. The phenolic protons of NAcMECAMS are much more basic

than for Me3MECAMS as can be seen in Table I. The decreased acidity
is a direct result of the relocation of the amide carbonyl to a
position where it can no longer be an electron withdrawing substituent
of the catechol ring. As with MeBMECAMS the higher protonation
constants have been estimated using DMBS as a model; however, due to
the slightly higher pK's of the acidic protons of NAcMECAMS, a value of
12.1 for the basic protons has been used.

At high pH, the ferric complex of NAcMECAMS is similar to other

catecholate ligands investigated with € = 5400 Mml mel at 487 nm for

the tris complex. Figure 5 illustrates the change in the visible
absorption spectra as the pH. is lowered. Unlike MeSMECAMS and other
tricatecholate ligands with carbonyl oxygens o to the ring, NAcMECAMS
undergoes a single, two-proton step to yleld a ferric bis-catecholate
complex. This protonation scheme is similar to that observed for

TRIMCAMS and DMBSG1 Competition experiments (as above) with NaHZEDTA

were again used to determine K*,



Kinetics. The visible spectra for the reaction of MeSMECAMS with

diferric transferrin is shown in Figure 6. The absorbance maximum
shifts from 466 nm, indicative of an iron transferrin complex, to the
487 nm peak of the tris catecholate species. A plot of Qn{(At - Aw)/

(Ao - Am)} vs time, gave a first order rate constant, for the

kobss

reaction (Figure 6). Under the conditions previously usedgg kcbs =
3

1.9 x 10~ minml with a half life of 6 hr. After 30 min four percent

of the iron had been removed from transferrin.

Stability Constants. Table I lists all relevant stability coustants.

A direct effect of sulfonating the catecholate ring is the increased
acidity of the phenolate oxygens. The final three protonations of

Me MECAMS occur at pH values much lower than observed for enterobactin

3

or other unsulfonated catechovlamides (9.2, 8.4, and 7.6 for log

Kznt where n = 4-6, respectively). Although NAcMECAMS is sulfonated,

the log kK*VE for this ligand is comparable to that of enterobactin.

g
1-3
Since the carbonyl group 1s no longer conjugated to the catechol ring,
its electron withdrawing capacity has been replaced by a sidightly
electron donating methylene group. In essence, the increased electron
withdrawing ability of the sulfonyl group is canceled by the loss of
the alpha carbonyl and is reflected in the ligand protonation constants.
In general, however, sulfonated ligands, as discussed below, become
more effective chelating agents at physiological pH.

Since the corresponding trialkyl-substituted ligand N,N',N"-
tri(isopropyl)~N,N',N"~tris(5~sulfo-2,3-dihydroxybenzoyl)-1,3, 5~
triaminobenzene {(i}?r)3 MECAMS}Zl does not form a tris complex with

Fe(II1) below pH 10, there was some concern that the methyl groups on
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the amide nitrogen of MeBMECAMS might hinder the formation of tris-—
catecholato coordination about the metal ion. However, MeBMECAMS

and NAcMECAMS apparently form tris complexes with Fe(III). The visible
spectra_(kmax = 487, € = 5390), potentiometric titration curve (break
at a = 6) and magnitude of the formation constant (vide infra) are all

consistent with a tris species.

The metal chelate protopation equilibria for Me MECAMS are similar

3
to those of entercbactin, MECAM, and MECAMS. Upon protonation, a shift
from a catecholate to a salicylate mode of bonding (via the amide
carbonyl and ortho phenolate oxygens) has been proposed for these three
ligands,13 The visible gpectra and proton stoichometry determined from
a Schwarzenbach plot for Fe(MeSMECAMS)éﬂ are consistent with those of
the preﬁiousiy studiéd ligands, and would suggest that this complex also
undergoes a shift to salicylate coordination,

Iﬁ contrast to ligands with a carbonyl group alpha to the catechol
ring, the low pH mode of bonding in NAcMECAMS is via bis-catecholate
cooraination; bThis érrangement of dron binding groups is preferable
to a salicylate bonding mod< for two reasons. First, the carbonyl
oxygen has less anionic character when it is not conjugated to the
catecholate ring. This decrease in charge on the oxygen lowers its
affinity for the hard Fe3+ ion. VSecondg the formation of a complex
via the o~phenol and carbonyl oxygens would require an eight-membered
ehelate ring, whereas salicylate coordination is achieved by a séable
five-membered ring.
3+

The usual proton-independent formation constant, log 8110 (Fe” +

Lém > FeLSw)g is estimated to be 40.3 for both MeBMECAMS and NAcCMECAMS.
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This value is nearly 13 orders of magnitude lower than the value reported
for enterobactin and 6 orders of magnitude less than values for the
unsulfonated derivatives MECAM or L1caM, 13 However, these constants
are stictly valid only at pH = 14, where the reacting species is a
fully deprotonated Lgm ligand. Below this pH, ligand and metal chelate
protonation equilibria have a profound effect. TFor this reason we have
used pM, defined as ~log {Mn+}§ as a basis for comparison of relative
ligand complexing strength at pH 7.4 and a defined metal and ligand
concentration, thus affording a direct evaluation of sequestering
ability under physiologically relevant conditicﬁse The pM value for
MegMECAMS is within 2.5 log units of MECAM under the conditions listed

in Table ITI, even though MECAM has a much greater formation constant.

Of more importance is that Me MECAMS has a pM which is equal to ferri-

3
oxamine B and a thousand times greater than transferrin. Thus, MegMECAMS
is thermodynamically capable of removing iron from transferrin under

physiological conditions.

Kinetics. Carrano and Raymond9 have investigated the ability of
catecholate chelating agents to remove iron from traunsferrin. The
mechanism of iron removal is believed to involve a ternary complex as
is shown 1o Eq. 1:

k k
1

FQZTr + 21, ==rS==m=  JLFelr :?xéﬁﬁ:ﬁz 2Fel, + Tr {1
1 . :

The results indicated that both patural and synthetic'catecbdylamides
were capable of kinetically affecting exchange of transferrin-bound

iron. The rate constant reported for MeBMECAMS {Table 1IV) is consistent
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with these results. Although iron exchange with Me MECAMS is slightly

3
slower than with other catechoylamides, it is still able to sequester
4% of the transferrin bound irom in 30 min at a 1:1 ligand to trans-
ferrin ratio. In constast, Desferaicg » at a 100:1 ligand to transferrin
ratio, can remove only 5% of the transferrin bound iron. These results

suggest that Me MECAMS is both thermodynamically and kinetically able

3
to remove iron from transfervin.

Mobilization of storage type ferric ionm from ferritin, through
mediation of ascorbate, is one mechanism by which Desferal is
believed to sequester in vivo ironeg For this reason, we investigated
the ability of MeBMECAMS to vemove Iron from ferritin. The ascorbate
dependence and mechanism of iron exchange are discussed more fully in
a separate paper,19 Under the conditions of 6 mM Me3MECAMS and 6 mM
ascorbate, 3.7% of total ferritin-bound iron was removed in six hr at
pH 7.4. This value is equal to or better than that reported for
ferrioxamine 8922’23 suggesting that the sulfonated catechol derivative
would as effectively sequester storage iron forms.

Experiments performed by Dr. Rowe Byers' group at the University
of Mississippi have shown that FeMeSMECAMS acts as a growth factor for
§;‘§5§E§£i§a24 Thus, we can fule out the possibility of amide bond

cleavage as a mechanism for iron release in synthetic catechoylamide

sequestering agents.

Summary

There are many considerations involved in the rational design of
ferric ion chelating agents for the treatment of acute and chrounic

iron overload. A high efficacy, low toxicity, ability to remove ivon
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from most available stores and rapid excretion from the body after
effecting mobilizati f the metal i | ] ﬂ®
g moblilzation of the metal are major vequirements. Desferal - s

the present drug of choice, suffers from a short biological half life,

kinetic inability to remove iron from transferrin, and a less than

adequate ability to maintain negative ivon balance in transfused

patients. We have described here a new ligand, Me MECAMS, which has

3
a high affinity for ferric ion at physiological pH and can remove iron
from transferrin at a significant rate. Moreover, MaBMECAMS can
mobilize dron from ferritin when ascorbate is present. Sulfonation

of the ligand affords a high water solubility, és well as lowering

the ligand protonation constants. The solution chemistry of MeSMECAMS
is analogous to entevobactin, in that it forms a tris catechol complex
at high pH and most likely shifts to a salicylate mode of bonding upon
protonation. A second compound, NAcMECAMS, forms a trié catecholate
iron(IIX) complex at high pH, but undergoes a 2 H+ step which causes
dissociation of an arm to form a bis catecholate coordination geometry.
Unlike previously prepared catecholamides, MeBMECAMS and NAcMECAMS

contain only tertiary amide nitrogens. Although N-substitution

presumably does not affect microbial aquisition of irom from FeMe MECAMS,

3

this modification may be important for future design of orally active

drugs which could encounter monspecific peptidase.
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Table I. Symmetrical 1,3,5-trisubstituted benzene catecholamides (3°).

R = CH2.~acy1

alkyl
Spectral Data
L 52
©° + -1 J

No. Alkyl Acyl ¥4, ¥ mp, °C M (rel. int) VCO(KBI) cm QE3N< §§3C05<

‘i\«; an 2,3-dimethoxybenzoyl 75 o 705 699(11) 1635 2,72, 2.92 (CClé) -

2 "2,3-dimethoxybenzyl  acetyl 45 0il 741(10) 1650 - 2.10 (CClq)

R CHy 2,3-d1ihydroxybenzoyl 70 130-40 615(2) 1610 3.38 (TFA) -

10 2,3-dihydroxybenzyl  acetyl 65 186-9 658(19) 1615 - 2.57, 2.97 (TFA)
& CH, 2,3~dihydroxybenzoyl~ 69 290 ¢ - 1615 2.8, 3.3 (D.0) _

sodiumsulfonate 2
11 2,3-dihydroxybenzyl- acetyl 80  260-2 ¢ - 1615 - 2.20, 2.37 (020)
A
sodiumsulfonate

“Brcad/overlapping double resonance due to hindeved rotation about the amide bond.

ve
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Table IT. Physical data for MeBNECAMS and NAcMECAMS with Fe(lIl).

Me3MECAMS:

log K{Y8 = 11.8()%  1og 3013f =350 log K = 6.80(3)°

log K, = 8.52(2) log By, =43.9®%  log K:L = 6.91(3)°

log Ky~ = 7.57(2) log Bys = SL.5(®)7  log K. = 6.18()° )
log K, - 6.7200) log By, = 58.2(8) 1og_x§LH2 = 5.50(4)¢

log K* = 4.87(H%  log B, = 40.3(8)" pM = 26.6°

Iron removed from horse spleen ferritin after six hours: BQYZe

NAcMECAMS:
AVE a = a * <\ 8
log K5 12.1(2) log 8013 36.3(3) log K = 4,00(5)
B} . a . £
log KA 9.3(1) log 8014 45.6(8) log 8110 40.3(8)
N - a o b
log KS = 8.4(1) log 8015 54.0(8) log KML = 14.48(3)
. : . a e od
log K, 7.7(1) log B, = 61.7(8) pM = 25.0

aBased on estimate for high protonation constant using N,N-dimethyl~.
2,3~dihydroxy-5-sulfobenzamide.
bDetermined from spectrophotometric titration.

, .
®petermined from potentiometric titration.

dConditions are: pH 7.4, 10 uM total ligand, 1 u¥M total F83+=

e{MezﬂECAMSJ = 6.0 mM; [ascorbate] = 6.0 mM.

fThe formaticn constant, B , for the reaction mM + L1 + hH+ +~ M L.H .
mlh ] m L h

ST AN
S-S
(w17 J{Fe” ]



Table III. pM values of selected Fe(III) sequestering agents.

Ligand pMa en
(-log [Feaq])

Enterobactin 35.5
HBEDP 31.0
MECAM 29.4
MECAMS 29.1
3,4~-LICAMS 28.5
MQBMECAMS 26.6
Ferrioxamine B 26.6

c
EHPG 26.4
TRIMCAMS ‘ 25.1
NAcMECAMS 25.0
nrpad 24.7
Transferrin 23.6
EDTA® 22.2

. £

Tiron 19.5

-+ .
aCalculated for 10 pyM ligand, 1 uM FeB s PH 7.4,

szNmbis(thydroxybenzyl)aethylenediaminemNgNgwdiacetic acid.
CEthylene—-’l,Zmbis(thydroxyphenylglycine)e
dDiethylenetriaminepentaacetic acid.

eEthylenediaminediacetic aciéa

fiaszihydroxy~3§5~disu1fobenzene,
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Table IV. Kinetic ability of ligands to remove transfervin-bound iron.

% Fe Removed (30 min)

Ligand 20 ) a .

{x 107 min ™) 40:1 1:1
Enterobactin 2.2 - 6
MECAM 3.4 - 13
3,4-LTICAMS 2.2 50 6
MQBMECAMS ’ 1.9 - 4
BséwLICAﬁmcozﬁc 2.1 - 6
Desferal X _ - Sd -
EDTA - 37° -
DMBS - 36 0

aLigand concentration 0.2 mM.
bRatio of ligand to transferrin.

CSynthesis and characterization to be reported separately, Ref. 20.

leO:l ratio.

e2500:1 ratio.
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Figure Captions

Figure

Figure

Figure

Figure

Figure

Figure

Figure

a) Enterobactin; b) N,N',N'-trimethyl-tris(2,3-dihydroxy-
sulfobenzoyl)-N,N' N"~triaminomethylbenzene [Me3MECAMS};
c) N,N’,N"-triacetyl-tris(2,3~dihydroxysulfobenzoyl)-

N,N',N"~triaminomethylbenzene,

Synthesis of symmetrical 1,3,5-trisubstituted benzene

tertiary catecholamides.

Potentiometric equilibrium curves for Me MECAMS. a) 1.5 x

3
-3 . , 3+ -3
10 " M MeBMECAMS, b) Me3MhCAMS + Fe” ', 1:1, 1.3 x 10 ~ M.
Visible spectrophotometric titration of [FeMeSMECAMS}ém +
H+ > [HFeMeSMECAMS]Sm from pH 6 to 9.5. [FeMeBMECAMS] =

2 %107 My u = 0.10 (KNO,); t = 25°C.

Visible spectrophotometric titration of [FeNAcMECAMS]ém +
ot -+ {HZEeNAcMECAMs]4” from pH 7 to 8. [FeNAcMECAMS] =

1.9 x 107% M; p o= 0.10 (KNOB); t = 25°C,

Spectral changes associated with exchange of transferrin

bound iron with Me MECAMS {MeSMECAMS] = 2.0 x ZLO“»Zé M

3
[Fe,Tr] = 2.9 x 1077 M; pH = 7.4; t = 25°C.

Plot in J&n{(At - Am)/(AO - A1 vs time for the removal of
iron from transferrin. The slope of this line gives the

@

observed rate constant, kobs
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6000 i é E —

5000
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SR

FeNACMECAMS® ™+ 2H" = H Fe NACMECAMS

2000

No. pH No. pH
f 798 6 7 23
2 7.73 7 712
1000 - 3 7.64 8 7.0l -
4 7.51 9  6.89
5 7.37
O 1 | | E
400 500 - 600
| A (nm)
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