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This article describes the solid-phase combinatorial methods developed for the synthesis of polyhydroxamate-
based siderophores. This strategy was applied to generate several libraries of structurdhdr@alpgues

that include DFO variants, non-amide analogues, C-terminal modified analogues, reverse-amide analogues,
and hybrid analogues. To assess the relative iron-binding affinities of these compounds, a high-throughput
spectrophotometric screening method based on competition with 8-hydroxyquinoline-5-sulfonic acid was
developed. Some of the promising candidates containing various terminal functional groups were identified
and prepared on large scale to enable future studies in animal models for iron-overload diseases.

Introduction iron. The solution-phase syntheses of several important
Desferrioxamine B (Desferal, DFQLa), a siderophore sideroph.ores, including DFO and analogﬂ’gé? have been
derived fromStreptomyces pilosiscontains three hydrox- ~ 2ccomplished. For purposes of developing a strueture
amate groups that form very stable hexadentate complexe&Ctivity relationship of DFO, the synthesis of individual
with ferric iron (& = 1 x 10 M-3)2 This chemical libraries in solution would be a very daunting, time-
characteristic has made DFO a routinely used treatment overcOnsUming task. Synthesizing libraries using solid-phase
the last 30 years for iron overload caused by the frequemcombmatorlal chemistry allows the efficient synthesis of a

blood transfusions during the treatment of thalassemias and™Y"iad of structurally diverse DFO analogues without time-
sickle cell anemid# Clinical experience has shown that consuming purification and characterization of intermediates.

infusion of DFO, which is not orally active, results in The focus of this report is the use of DFO as a starting point

problems with noncompliance and toxic side efféts. to introdyce _rnpdifipations int.o its backbone in order to
Noncompliance is attributed to the necessity for continuous address its clinical inadequacies.
daily infusion therapy. Since transfusional iron overload is ~ Our strategy involved the repetitive assembly of the
the most common condition of metal toxicity worldwide as hydroxamate unit on a solid support through the intermediacy
well as having the highest mortality rate, less toxic, oral of an orthogonally N,O-bisprotected hydroxylamine. The
replacement for the treatment of transfusional iron overload hydroxylamine nitrogen was protected with the 2-nitrophe-
is long overdué.The need for an oral treatment was realized nylsulfonyl (nosyl) group, thus allowing activation of the
somewhat when Ferriprox (deferiprone;; Imarketed by nitrogen for functionalization via alkylation with alkyl halides
Apotex, Inc., Toronto, Canada), a bidentate ligand, was as well as coupling with alcohols under Mitsunobu conditions
approved as a second-line therapy in Europe for those(Scheme 1). The choice of the nosyl group, first introduced
patients unable to tolerate Desferal, but some concerns oveby Fukuyama et & in the N-alkylation of the primary
long-term toxicity linge® Many of these toxic side effects amines, was based on its reported utility in the generation
can be attributed to the lack of selectivity of this drug for of N-alkyl peptides on the solid suppdft:?° The selective
ferric iron. In addition, long-term studies also question the removal of the nosyl group with thiolate anion facilitates
efficacy of deferiprone in contrast to preliminary resdfts.  another site for functionalization through N-acylation. The
Thus, the successful development of an orally active, hydroxyl group was protected with an acid-sensitive protect-
nontoxic, selective iron chelator is still highly desirable. ing group, allowing simultaneous deprotection and cleavage
Our approach to developing orally active iron chelators from the solid support. The multigram synthesid\sfosyl-
has been to synthesize focused libraries of DFO analoguesO-protected hydroxylamines and the utility of tiitert-
that allowed exploration of lipophilicity, chemical groups, butyl analogue in the solution synthesis of a trihnydroxamate
and molecular weight on the biodistribution and removal of 1b (Figure 1) has been described previously.
We selected a Wang matrix as the basic solid-phase
Fa;-Tc()svle;) 200.9555 Ogdﬁgﬁe ﬁ?ourlr?cg;nidkggsrﬁz?apThﬂre(gclen) 400-9500. sypport due its stability under a wide range of conditions
' ' ' RN and the ease with which the synthesized material may be

" MetaPhore Pharmaceuticals, Inc. i -
*Washington University School of Medicine. cleaved off the polymer support. The initial solid-phase
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Scheme 1. Synthesis of Hydroxamate Unit on Solid-Phase
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HzN/\/\/\rﬂ)K/ﬁ(N\/\/\/N7(\)%‘1/\/\/\54)k PhsP] in THF at 37°C to give2.c. The removal of the nosyl
OH © oF0 (1) © H OH group was accomplished using thiolate generated by 2-mer-
o o o captoethanol and DBU in two 30-min cycles to furnish the
' hydroxylamine derivative2.d. Subsequent reaction with
HOTOI/\/\/\ng/\/\/NWO(\/\/\ng dicarboxylic acid anhydrides in the presence of DMAP or
with dicarboxylic acids in the presence bf[(dimethyl-
amino)-H-1,2,3-triazolo[4,5]pyridin-1-yImethylene]N-
methylmethanaminium hexafluorophosphigtexide (HATU)
synthesis of DFO X3 and a non-amide analogugb anq N,I\Irdiisopropylethylamiqe (DI_PEA) in dimethylacgt—
employed benzyl protection for the hydroxyl group in order amide (DMA) afforded the acid derivatize The synthesis
to facilitate optimization and characterization at each syn- Of the remainder of the sequence involved the repetition of
thetic step by UV absorption. This necessitated catalytic th® appropriate synthetic steps with required diversity
hydrogenation following cleavage of the target molecule from réagents, followed by reaction with acetic anhydride and
the resin to remove benzyl groups. To make high-throughput Pyridine in DMF, ultimately leading t@.h. After the resin-
synthesis more feasible, the hydroxyl-protecting group was bound products were dried, they were cleaved from the solid
changed tdert-butyl during the synthesis dfa and 1b, to support using dichloromethane (DCM/TFA (1:9), and the
enable deprotection and cleavage from the resin in a singleSolutions in screw-capped vials were left overnight at room
step using TFA. The shift in protecting group required that temperature to effect the deprotecton of tix-butyl groups.
each step be completely reoptimized, due to differences inAfter removal of the solvent, the residues were triturated
reactivity of the substrates protected by tee-butyl group. ~ With acetonitrile, to obtair2.1-2.26 as solids.
Our goals at this stage were to maximize yield and purity in ~ With various dicarboxylic acids (succinic anhydride,
each step, reduce the overall time of the reaction sequenceglutaric anhydride, 3,3-tetramethyleneglutaric anhydride,
to speed library production, and ensure compatibility of adipic acid, 1,4-phenylenedipropionic acithns-1,4-cyclo-
reactants at each step with robotic liquid-handling systems hexanedicarboxylic acid, and 3,6,9-trioxaundecanedioic acid)
used by automated synthesizers (manuscript in preparation)and amino alcohols [5-amino-1-pentanol, 4-piperidineethanol,
This paper describes several prototype libraries made byL-alaninol, §)-leucinol, 3-amino-1-propanol, and 4-ami-
parallel synthesis and explores the range of reactants compatnophenethyl alcohol], 26 DFO variant?,1-2.26 were
ible with the optimized synthetic strategy. “Variants” refers obtained (Table 1). It was found that acid anhydrides work
to compounds made by simple substitution of reagents within best in the coupling. When anhydrides could not be
the same reaction sequence. “Analogues” refers to anypurchased, the corresponding diacid was activated with
compounds in which the DFO backbones have been modifiedHATU in order to obtain reasonable yields. Unfortunately,
and, consequently, require a modified reaction sequence. Allin the subsequent step, the high reactivity of the activated
of the library compounds were characterized by RP-HPLC ester resulted in reduced chemoselectivity for the amino
and MS (ESI) analyses. To assess the impact of structuralgroup of the amino alcohol in some cases, particularly for
variation on ferric ion affinity, a high-throughput screening aromatic amines. 3,6,9-Trioxaundecanedioic acid gave mix-
assay was developed, the details of which are also discussedures, which may arise during treatment of TFA and reflect
Some of these results were presented at various meétifigs, the instability of the ether under these conditions. In this
and an overview has appeared in a reviéw. case, a THP or a 2,4-dimethoxybenzyl (DMB) protection
strategy should be preferred oviert-butyl, in which less
drastic deprotection conditions are required in the final step.
DFO Variants. An initial library of 92 DFO variants, with Under subsequent Mitsunobu reaction conditions, we suspect
terminal amino groups similar to that in DFO itself, was that alaninol and leucinol cyclize to form aziridine or
planned and executed as described in Scheme 2. The firsbxazoline structure¥.Dehydration of the alcohol may also
step involved activation of Wang resin as the imidazolide be involved, in particular, when it leads to a conjugated

Non-amide Analog of DFO, 1b
Figure 1. Structures of DFO and a non-amide analogue of DFO.

Results and Discussion

carbamate using 1;tarbonyldiimidazole (CDI5? followed system. Some of these issues underline the complex nature
by reaction with 5-amino-1-pentanol at 80 in DMF. The of several steps of this library, and only 28% of attempted
resulting resin-bound alcoh@.b was reacted witlO-tert- compounds were obtained with reasonable RP-HPLC purity

butyl-N-nosylhydroxylamine ttBuO-NH-Ns) under Mit- and MS (ESI) data.
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Scheme 2. Solid-Phase Synthesis of DFO Varights
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aReagents and conditions: (i) CDI, THHEMF (4:1), 2 h; (i) HN(CH2)sOH, DIPEA, DMF, 60°C, 24 h; (iii) t-BuO—NH—Ns, PhP, DIAD, THF, 37
°C, 4 h; (iv) HS(CH).OH, DBU, DMF, 30 min & 2); (v) dicarboxylic acid anhydride, DMAP, DMA or dicarboxylic acid, HATU, DIPEA, DMA, 80,
8 h; (vi) repeat step (i); amino-alcohol, DIPEA, DMA, 12 h; (vii) repeat steps (iii) through (vi); (viii) repeat steps (iii) and (iv); (8, Ayridine, DMF,

6 h; (x) TFA—DCM (9:1), 30 min, filter, and then 22 h.

Nonamide DFO Analogues.One major obstacle with
DFO is that it has a very short half-life 8.0 min) in

deprotection of the nosyl group and prematurely terminated
the chain. The other reagents worked well in all positions.

humans. The amide bonds in the DFO backbone areA minor side reaction observed during synthesis involved
susceptible to proteolytic cleavage that facilitates the rapid displacement of bromide from the acid reagent by 7-aza-1-
clearance of DFO. One obvious approach to enhance thehydroxybenzotriazole (HOAt) during coupling with HATU,
lipophilicity and increase the metabolic stability of DFO was resulting in termination of the chain by ether formation. To
to eliminate one or more amide groups. As a result, a circumvent this problem, in all subsequent syntheses, hy-
combinatorial approach to prepare such analogues wasdroxylamines of the type3.c were acylated with acid
developed (Scheme 3), in which the three hydroxamateschlorides in the presence of DIPEA, rather than HATU-
needed for iron affinity were retained. Syntheses were carriedmediated coupling of the acids.

out on Mimotopes pins with Wang-type resin having acid-
labile phenoxyacetic acid linkers. Initial loading of the
bromocarboxylic acid was carried out with 1,3-diisopropyl-
carbodiimide (DIC) in THF in the presence of catalytic
DMAP. The resulting resin-bound bromidea was heated
with t-BuO-NH-Ns and DBU in DMF at 50C to give3.h.
Subsequent removal of the nosyl group, followed by coupling
with a bromocarboxylic acid in the presence of HATU and
DIPEA furnished 3.d. The remainder of the synthetic

C-Terminal Modified Nonamide DFO Analogues.In a
somewhat different approach, an additioNadydroxylamino
moiety was incorporated at the beginning of the hydroxamate
chain (Scheme 4). The key step needed for this strategy was
a method for linking the hydroxylamine group directly to
the resin and using it as a starting point from which to build
up the rest of the ligand. Methods in which the hydroxamate
group was attached to either Sasfiirityl, 2830 or Wang*%?
resins through the hydroxyl group have been published. We

sequence is a reiteration of the appropriate steps (bromidehave developed an alternate method that allows more
displacement, denosylation, and acylation) before cappingdiversity. By starting the sequence with hydroxylamine

with an acetyl group and cleaving the produ®sl{-3.12
from the solid support using TFADCM (9:1).
Out of the 27 possible compounds incorporating 4-bro-

mobutyric-, 6-bromohexanoic-, and 8-bromooctanoic acids,

12 compounds were obtained with correct molecular ion

alkylation, a new venue is available by which to modify the
lipophilicity of the compound. Hydroxylamingl.a was
prepared from Wang resin by a reported procetiuvea
Mitsunobu conditions usinty-hydroxyphthalimide, followed
by removal of the phthaloyl group by hydrazinolysis. The

peaks (Table 2). The butyryl residue, when not anchored to nosyl group was introduced intha using 2-nosyl chloride
the resin and used in other positions, cyclized after the and 2,6-lutidine as base under conditions that ensured
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Table 1. RP-HPLC Purity and Masses Found for DFO Varia®fts

MW
product R NR2R3 R4 NRsRs calcd found purity (%)

2.1¢ (CHyp)2 NH(CH,)s (CHp)2 NH(CH,)s 560 561 (M+ H)* 67
2.2 (CHyp)2 NH(CH,)s (CHy)s NH(CH,)s 574 575 (M+ H)* 63

3 (CHyp)2 NH(CH,)s (CHy)s (A) 600 601 (M+ H)* 53
2.4 (CHy), NH(CH,)s (B) NH(CH,)s 664 665 (M+ H)™ 37
2.5 (CHyp)3 NH(CH,)s (CH,), NH(CH,)s 574 575 (M+ H)* 53
2.6 (CHp)3 NH(CH,)s (CHy)3 NH(CH,)s 588 589 (M+ H)* 67
2.7 (CHp)3 NH(CH,)s (CHp)3 (A) 614 615 (M+ H)* 52
2.8 (CHp)s NH(CH,)s (B) (A) 704 705 (M+ H)* 51
2.9 (CHp)3 (A) (CHy), NH(CH,)s 600 601 (M+ H)™ 59
2.10 (CHp)3 (A) (CHy)s3 NH(CH,)s 614 615 (M+ H)™ 57
211 (CHp)3 (A) (CHy)s3 A 640 641 (M+ H)* 47
2.12 (CHp)3 (A) (B) NH(CHy)s 704 705 (M+ H)™ 44
2.13 (CHp)s (A) (B) (A) 730 731 (M+ H)* 38
2.14 (CHp)4 NH(CH,)3 (CHy), NH(CH,)s 560 561 (M+ H)* 39
2.15 (B) NH(CH,)s (CH,), NH(CH,)s 664 665 (M+ H)™ 37
2.16 (B) NH(CH,)s (CHy)3 NH(CH,)s 678 679 (M+ H)™ 37
2.17 (B) NH(CH,)s (CHy)3 (A) 704 705 (M+ H)* 36
2.18 (B) NH(CH,)s (B) NH(CH,)s 766 767 (M+ H)* 31
2.19 (B) NH(CH,)s (B) (A) 794 795 (M+ H)* 32
2.20 (B) (A) (CHy), NH(CH,)s 690 691 (M+ H)™ 32
2.21 (B) (A) (CHy)s3 NH(CH,)s 704 705 (M+ H)™ 25
2.22 (B) (A) (CHy)s3 (A) 730 731 (M+ H)* 46
2.23 (B) (A) (B) NH(CHy)s 794 795 (M+ H)™ 26
2.24 (B) (A) (B) (A) 820 821 (M+ H)* 53
2.25 © NH(CH,)3 (CH,), NH(CH,)s 600 601 (M+ H)™ 25
2.26 (D) NH(CH,)3 (CHp), NH(CH,)s 586 587 (M+ H)* 36

W)= EN_)—(CHa (B)= $-(CHr{_)—(CHaE <C)=:2><] o= 4 )+

aThe crude mass yields (as TFA salts) were in the rangel49% with respect to the initial loading of the resin (1.1 mmolfdurity
was determined from the relative peak areas (%) of HPLC chromatogran@9% B/10 min).c DFO (1a).

Scheme 3. Solid-Phase Synthesis of Non-Amide DFO Analogues
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aReagents and conditions: (i) bromocarboxylic acid, DIC, DMAP, THR (x 2); (ii) t-BuO—NH—Ns, DBU, DMA, 50°C, 2 h; (iii) HS(CH,).0H,
DBU, DMF, 30 min (x 2); (iv) bromocarboxylic acid, HATU, DIPEA, DMA, 4 h; (v) repeat steps (ii) through (iv); (vi) repeat steps (ii) and (iii); (vii)
HOAc, HATU, DIPEA, DMA, 4 h; (viii) TFA—DCM (9:1), 3 h.

formation of the mononosyl derivativd.b. Subsequent  denosylation, acylation, and bromide displacement) before
reaction with alcohols under Mitsunobu conditions afforded terminating with an acetyl group, and cleaving off the
the intermediatet.c. After nosyl group removal, the inter-  products 4.1—4.27) from the resin using TFA-triisopropyl-
mediate4.d was acylated with bromocarboxylic acid chloride silane (TIS}DCM (18:1:1) and leaving overnight at room
in DCE in the presence of DIPEA. The resulting resin-bound temperature to effect the deprotection of tbk-butyl groups.
bromide 4.e was heated witht-BuO-NH-Ns and 1,1,3,3- A prototype library of 24 compounds was prepared using
tetramethylguanidine (TMG) in DMF at 5TC to give 4.f. MeOH, EtOH, BnOH, andN-(Boc)-5-amino-1-pentanol for
The remainder of the synthetic sequence is reiterative (i.e.,alcohols and 6-bromohexanoyl and 8-bromooctanoyl! chlo-
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Table 2. RP-HPLC Purity and Masses Found for
Non-Amide DFO Analogue§?

MW
product m n p calcd found purity(%)
3.1 1 3 3 419 420 (Mt H)* 68
3.2 1 3 5 447 448 (M+H)*t 73
33 1 5 3 447 448 (M+H)* 59
3.4 1 5 5 475 476 (M+ H)* 58
3.5 3 3 3 447 448 (M+ H)* 61
3.6 3 3 5 475 476 (M+H)* 78
3.7 3 5 3 475 476 (Mt H)* 78
3.8 3 5 5 503 504 (M+H)T 78
3.9 5 3 3 475 476 (M H)T 63
3.10 5 3 5 503 504 (M+ H)* 63
3.11 5 5 3 503 504 (M+ H)* 63
3.12 5 5 5 531 532(MtH)" 67

aCarried out on the SynPhase Crowns (SP-PS-O-HMP, 2.2
umol). ®In MS (ESI), the molecular ions corresponded to (M
H)~. ¢ Purity was determined from the relative peak areas (%) of
HPLC chromatograms (3090% B/9 min).4 Non-amide DFO
analoguelb.

rides for bromocarboxylic acid chlorides (Table 3). Com-
pounds4.1, 4.8 and 4.21 were prepared individually in
polypropylene tubes prior to library synthesis while optimiz-
ing the chemistry for this class of compounds. Compounds
4.21-4.27were obtained as TFA salts with deprotection of
the Boc group occurring during cleavage from the resin. This
improved acid chloride method for the introduction of the

spacers was also confirmed by the synthesis of non-amide

DFO analogues of typ& by simultaneously synthesizing
3.8and3.12in 12 reaction vessels, each on the automated
synthesizer along with the current library. The crude mass

Journal of Combinatorial Chemistry, 2004, Vol. 6, No. 243

alanine and Fmoc-amino acids were coupled to the
O-protected hydroxylamine residéeausing HATU/DIPEA

in DMA. After removal of the Fmoc group with piperidine,
the resulting amin&.b was coupled to bromocarboxylic acid
chloride, which in turn was reacted wittlBuO-NH-Ns in

the presence of TMG to givé.c. The remainder of the
synthesis is analogous to that described in Scheme 2. Another
group of compounds6.1-6.19 prepared from the same
intermediate are hybrids of DFO and its non-amide analogue
1b. These analogues lack one of the amide bonds found in
DFO that are believed to decrease stability in vivo. Even
though the synthesis of the reverse amide and hybrid
analogues was illustrated using the nosyl reésim(Scheme

5), similar synthetic sequences were carried out using the
CDl-activated Wang resi.a(Scheme 2) and 6-bromohex-
anoic acid-derivatized Wang re&imf the type3.a(Scheme

3) through the intermediacy d.d and 3.c, respectively,
resulting in the formation of the analogues with terminal
amino and carboxyl groups.

A complex library of 90 analogues with various amino
acids [Fmoc-Gly-OH, Fmoc-Sar-OH, Fmoc-Aib-OH, Fmoc-
Ala-OH, Fmoc-MeAla-OH, Fmoc-Pro-OH, Fmoc-Lys-
(Fmoc)-OH, Fmoc-Dpr(Fmoc)-OH, and FmgeAla-OH],
alcohols (MeOH, EtOHn-PrOH, andn-BuOH), and acid
chlorides (6-bromohexanoyl- and 8-bromooctanoyl-) was
designed. Twenty-two reverse-amide analogues and 19
hybrid analogues of DFO were synthesized as depicted in
Tables 4 and 5, respectively, indicating a 45% success with
this library based on the RP-HPLC and MS (ESI) data.

It should be noted here that Fmgealanine worked best

yields in each of the reaction vessels ranged from 98 to 121%in the coupling reactions. In the case of Fmwamino acids,

with RP-HPLC purities ranging from 54 to 68%. The crude

coupling was found to be more difficult, resulting mainly in

product from each vessel was appropriately combined anddeleted sequences. One other side reaction observed with

recrystallized from MeCN-H,0 (4:1) to afford pure3.8and
3.12 respectively, in 46% overall yield. Thus, the fidelity
of this library is 100%, on the basis of the MS (ESI) and
HPLC data.

In the above library, when R (CH,)sNH, the structures

these amino acids was cleavage at the hydroxamate moiety
(coupling site), probably occurring during the prolonged
exposure to TFA necessary for the deprotectiotedfbutyl
groups. The extent of deletion vs cleavage was highly
dependent on the structure of both substrate and Fmoc-amino

are equivalent to those produced in previous non-amide acid. When the coupling site wasN(Ot-Bu)H, only Gly

analogue libraries and DFO. Notably, whar 1 and R=

gave the desired products. While deletion was the major

simple alkyl (Scheme 4), the resulting structure still had three reaction pathway with Aib, MeAla, and Pro, cleavage was
chelating groups and was functionally equivalent to DFO dominant with Sar, Dpr, and Lys. When the coupling site
itself and to the non-amide DFO analoglie. This mini- was—ON(R)H, desired products were isolated with Pro, also;
malist ligand lacks the pendant charged group seen in DFOhowever, deletion was observed with Aib, but cleavage was
(amino group) and the non-amide DFO (carboxy! group) that the preferred mode of reaction with Sar and Lys. Even with

are not essential for iron binding. In fact, the terminal amino

group of DFO is one site at which it is metabolized, and its

removal may have an impact on the half-life of this DFO

analogue. It was expected that an increase offdgr this

compound may impact its biodistribution and iron excretion.
Reverse-Amide and Hybrid AnaloguesUsing-alanine

or ano-amino acid as a reagent instead of a dicarboxylic

Fmoc43-alanine, an additiong#-Ala moiety was observed

in some products. Even though compoubd3 5.4, 5.7, and

5.8 do not contain eitheg-Ala or Pro moiety, they are
grouped with reverse-amide analogues simply for conven-
ience. Similarly, compound$.5-6.9 are different alkyl
esters of the non-amide DFO analodlie synthesized for
comparison purposes.

acid (e.g., succinic anhydride) as one of the spacers in the To avoid harsh reaction conditions for the deprotection
DFO synthetic sequence, we have prepared several “reverseef tert-butyl group, DMB protection for the hydroxamate

amide” analogues.1—-5.22with a variety of terminal groups
(e.g., alkyl, carboxyalkyl, alkoxycarbonylalkyl, and ami-
noalkyl). The Fmoc strategy was compatible with the acid-
labile protecting scheme used for permanent protection
(linker andO-tert-butyl) during the synthesis. The Fmge-

was utilized in the synthesis of the hybrid analogues of the
type 6 in which the amino acid is Fmagg-alanine (Scheme
6). The DMB group can be removed under relatively mild
conditions (5% TFA in DCM), as shown in the synthesis of
hydroxamic acids in solutiéh and from certain phenolic
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Scheme 4. Solid-Phase Synthesis @Terminal Modified Non-Amide DFO Analogugs

H i R
N . N N .
o/\o H M o/\o’ Ns W U\o Ns W
4.a 4.b 4.c
" " "
AN (iv) ,N\H/\M/\ (v) JNW .Ns
@ ot M @retthe 0 @rotrtny
0 (9] Ot-Bu
4.d 4.e 4.f
B o fl)I-Bu QH o (IJH
“ Reaiaey A A
- = Q/\O m l\.'l n ;JS R m r?l n a
o Ot-Bu R o] OH o
(i), (wiii)
4g 4.1-4.27

aReagents and conditions: (i) NsCl, 2,6-lutidine, DCE, 4 h; (ii) RORFRIDIAD, THF, 37°C, 4 h; (iii) HS(CH),OH, DBU, DMF, 30 min ( 2); (iv)

bromocarboxylic acid chloride, DIPEA, DCE, 4 h; ({4 BuO—NH—Ns, TMG,

DMF, 50°C, 6 h; (vi) repeat steps (iii) through (v) twice if needed; (vii)

repeat step (iii); AgO, DIPEA, DCE, 6 h; (viii) TFA-TIS—-DCM (18:1:1), 2 h, filter, and then 15 h.

Table 3. RP-HPLC Purity and Masses Found for
C-Terminal Modified Non-Amide DFO Analogue$

MW puritye,
product R m n a calcd found (%)
4.9  Me 3 3 2 476 515(M-K)* 68
4.2 Me 3 5 2 532 533(Mt+H)" 50
43 Me 5 5 2 560 561(Mt+H)" 60
4.4 Me 3 3 1 347 348 (M+H)*" 50
4.5 Me 3 51 375 376 (M+-H)*" 56
4.6 Me 5 3 1 375 376 (M+H)" 55
4.7 Me 5 5 1 403 404 (Mt+H)" 58
4.8 Et 3 3 2 490 513 (Mt+Na)t 78
4.9 Et 3 5 2 546 547 (Mt H)*" 58
410 Et 5 5 2 574 575(M+H)*" 61
411 Et 3 3 1 361 362(M-H)*" 59
412 Et 3 5 1 389 390 (Mt+H)" 53
413 Et 5 3 1 389 390 (M+H)" 66
414 Et 5 5 1 417 418 (M+H)*" 67
4.15 Bn 3 5 2 608 609 (M- H)" 54
4.16 Bn 5 5 2 636 637 (M-H)" 75
417 Bn 3 3 1 423 424 (M+H)*" 53
418 Bn 3 5 1 451 452 (Mt+H)* 53
419 Bn 5 3 1 451 452 (M+H)* 55
420 Bn 5 5 1 479 480 (M+H)" 56
421 (CHpsNH, 3 3 2 547 548 (Mt H)* 59
422 (CHpsNH; 3 5 2 603 604 (Mt H)* 45
423 (CHp)sNH, 5 5 2 631 632 (M+H)" 48
424 (CHz)sNH, 3 3 1 418 419 (Mt H)* 54
425 (CHp)sNH, 3 5 1 446 447 (M+H)*" 57
426 (CHp)sNH, 5 3 1 446 447 (M+H)*" 55
427 (CHpsNH; 5 5 1 474 475 (M+H)*t 60

aThe crude mass yields were in the range-889% with respect
to the initial loading of the nosyl resin (0.91 mmol/§)n MS
(ESI"), the molecular ions corresponded to either-iMH)~ or (M
+ TFA)~. ¢ Purity was determined from the relative peak areas (%)
of HPLC chromatograms (0100% B/10 min)d Synthesized in
polypropylene tubes and obtained in-886% crude yield on 0.06
mmol scale.

groups on the solid phageThe resin-bound aming.awas
treated with nosyl chloride, and the resulting mononosyl
derivative was alkylated with methy-toluenesulfonate in

the presence of nonionic base 7-methyl-1,5,7-triazabicyclo-

[4.4.0]dec-5-ene (MTBD) to giv€.b. For the compounds
in which R, = H, this N-activation and methylation steps

The DMB protecting group was removed on-resin using 1%
TFA containing 5% thioanisole scavenger. Subsequent
cleavage from the resin was effected with TFBCM (4:
1) to give the final product3.1-7.16

All 16 possible compounds (R= Me, Et; R = H, Me;
m = n = 3, 5) were synthesized and characterized (Table
6). The crude mass yields are relatively lower when
compared to the other libraries, possibly due to loss of resin
from the MiniKans as the synthesis progressed. However,
on the basis of HPLC data, purer compounds were obtained.

Measurement of Affinity for Ferric lon. To assess the
impact of structural variation of DFO analogues on ferric-
ion affinity, a high-throughput assay was developed. The
assay developed used an optimized version of the competi-
tive spectrophotometric method reported by Schwyn and
Neilands®® The original method used chrome azurol S
(CAS), with an extinction coefficiente] of 100 000 M
cm~t at 630 nm. The addition of a strong iron chelator, such
as DFO, resulted in the release of CAS with a concomitant
reduction in absorbance. By plotting absorbance vs concen-
tration for a series of chelators at four or more concentrations,
linear relations were obtained whose slopes served as a
relative measure of iron affinities. However, in our prelimi-
nary studies, we found that CAS could not reproducibly
distinguish between DFO and other tight iron-binding test
ligands, such as ethylenediaminetetraacetic acid (EDTA),
N-(2-hydroxyethyl)ethylenediaminetriacetic acid (HEDTA),
trans-1,2-diaminocyclohexanBkN,N',N'-tetraacetic acid
(CDTA), and N,N'-bis(2-hydroxybenzyl)ethylenediamine-
N,N'-diacetic acid (HBED), even though the range of their
calculated logKes values spanned 5 orders of magnitude at
this pH. In addition, this assay was performed at pH 5.6,
and the potential therapeutic application of the DFO ana-
logues required a more physiologically relevant pH. To
extend the range of lofer that could be assessed and to
work at a physiologically relevant pH (7.0), other spectro-
photometric reagents were evaluated. We found that 8-hy-
droxyquinoline-5-sulfonic acid (sulfoxine) proved to be the
most robust under our conditions. Ligan& s and iron

were avoided. The remainder of the synthesis was analogousinding constants for sulfoxine were taken from Smith and

to that of 6; however, since reactions were carried out in
IRORI MiniKans, much longer reaction times were required.

Martell3” Preliminary speciation calculations for pH 7
solutions containing 7.5 106 M total iron and 7.5x 10°°



Hydroxamate-Based Iron Chelators Journal of Combinatorial Chemistry, 2004, Vol. 6, No. 245

Scheme 5. Solid-Phase Synthesis of Reverse-Amide and Hybrid DFO Analégues
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5.1-5.22
aReagents and conditions: (iy@H, PhP, DIAD, THF, 37°C, 4 h or RBr, DBU, DMF, 50°C, 6 h; (ii) HS(CH,),OH, DBU, DMF, 30 min  2); (iii)
Fmoc-amino acid, HATU, DIPEA, DMA, X 4 h; (iv) 25% piperidine in DMF, 3 and 15 min; (v) bromocarboxylic acid chloride, DIPEA, DCE, 4 h; (vi)
t-BuO—NH—Ns, TMG, DMF, 50°C, 6 h; (vii) repeat step (ii) succinic anhydride, DMAP, DMA, 8@, 6 h; (vii) CDI, THF—DMA (4:1), 2 h; (ix)
H2N(CHy)sOH, DIPEA, DMA, 12 h; (x)t-BuO—NH—Ns, PhP, DIAD, THF, 37°C, 4 h; (xi) repeat step (ii); A©, DIPEA, DCE, 6 h; (xii) TFA-TIS—
DCM (18:1:1), 2 h, filter, and then 18 h.

Table 4. RP-HPLC Purities and Masses Found for Reverse-Amide DFO Analdgjues

MW
product R a b R, R3 R4 m calcd found purity © (%)
51 (CHy)sNH, 1 2 H H H 3 560 561 (M+ H)* 72
5.2 (CHy)sNH, 1 2 H H H 5 589 590 (Mt H)* 54
5.3 (CHa)sNH, 0 0 3 489 490 (M H)* 41
5.4 (CHa)sNH, 0 0 5 517 518 (Mt H)* 57
5.5 (CHy)sNH, 1 1 H H H 3 546 547 (M+ H)* 61
5.6 (CHy)sNH, 1 1 H H H 5 574 575 (M+ H)* 46
5.7 (CHy)sCOH 0 0 3 518 519 (Mt H)* 35
5.8 (CHy)sCOH 0 0 5 546 547 (Mt+ H)* 44
5.9 (CH,)sCOH 1 1 H H H 3 575 576 (Mt H)* 41
5.10 (CH,)sCOH 1 1 H H H 5 603 604 (Mt H)* 34
5.11 (CHp)sCOMe 1 2 H H H 3 603 604 (M+ H)* 40
5.12 (CHy)sCO,EL 1 2 H H H 3 617 618 (M+ H)* 41
5.13 (CH2)sCON-Pr 1 2 H H H 3 631 632 (M- H)* 41
5.14 (CH,)sCO:N-Bu 1 2 H H H 3 645 668 (Mt Na)* 52
5.15 Me 1 2 H H H 3 489 512 (M+ H)* 29
5.16 Me 1 2 H —(CHy)s 5 543 544 (M+ H)* 48
5.17 Et 1 2 H H H 3 503 526 (Mt Na)™ 48
5.18 Et 1 2 H —(CHy)s- 5 557 558 (M+ H)* 46
5.19 n-Pr 1 2 H H H 3 517 540 (M Na)* 45
5.20 n-Pr 1 2 H —(CHy)s 5 571 572 (M+ H)* 47
5.21 n-Bu 1 2 H H H 3 531 532 (M+ H)* 47
5.22 n-Bu 1 2 H —(CHy)s 5 585 586 (M+ H)* 58

aThe crude mass yields were over 100% in most of the cases with respect to the initial loading of the nosyl resin (0.89 fimol/g).
MS (ESI), the molecular ions corresponded to either{MH)~ or (M + TFA)~. ¢ Purity was determined from the relative peak areas (%)
of HPLC chromatograms (6100% B/10 min).

M total ligand showed that iron would be present exclusively mation of the sulfoxineFe complex with subsequent ad-
as the Fe(b)(OH) species{ = 5800 M lcm™t at 570 nm) dition of the test ligand and, alternatively, preformation of
in the sulfoxine solution. The effective binding constant the ligand-Fe complex with subsequent addition of sulfox-
(formal binding constant defined @« = [FeL;H/[Fe]- ine. The results from both preparation methods must agree
[LI[H]¥) and pM (defined as-log of the concentration of  to verify that equilibrium has been reached. This method
the unchelated, hexaaquo ferric ion) were fg-; = 21.9 was adapted for 96-well microtiter plates with a plate reader.
and pM= 18.6 for the sulfoxine complex. Similar calcula- The limiting factor in the time required for analysis is the
tions for DFO yielded loKe = 24.5 and pM= 25.2. sample preparation, which was reduced by conducting the
To ensure that the solutions are in equilibrium at the time assay at a single ligand concentration. Instead of quantifying
of assay, test solutions were prepared in two ways: prefor-the iron affinity of the ligand as a slope (requiring several



246 Journal of Combinatorial Chemistry, 2004, Vol. 6, No. 2 Poreddy et al.

Table 5. RP-HPLC Purities and Masses Found for Hybrid DFO Analodifes

MW
product R a b R, Rs R4 m n calcd found purity ¢ (%)
6.1 (CHy)sNH, 1 2 H H H 3 3 489 490 (Mt H)* 57
6.2 (CHy)sNH, 1 2 H H H 3 5 517 518 (Mt H)* 58
6.3 (CH,)sCOH 1 2 H H H 3 3 518 519 (Mt H)* 43
6.4 (CH,)sCOH 1 2 H H H 3 5 546 547 (M H)™ 37
6.5 (CH,)sCO,Me 0 0 3 3 461 484 (M Na)y* 63
6.6 (CH,)sCO,Et 0 0 3 3 475 498 (M- Na)* 57
6.7 (CH,)sCOn-Pr 0 0 3 3 489 490 (M- H)* 57
6.8 (CH)sCONBu 0 0 3 3 503 526 (M- Na)* 64
6.9 (CH,)sCO.Me 1 2 H H H 3 5 560 561 (M- H)* 48
6.10 (CH,)sCO,EL 1 2 H H H 3 5 574 575 (M- H)*™ 57
6.11 (CH,)sCOun-Pr 1 2 H H H 3 5 588 611 (M- Na)" 48
6.12 (CH,)sCOn-Bu 1 2 H H H 3 5 602 603 (M- H)* 51
6.13 Me 1 2 H H H 3 5 446 447 (M+ H)* 52
6.14 Me 1 1 H —(CHp)s- 5 5 500 501 (VH- H)* 75
6.15 Et 1 2 H H H 3 5 460 461 (M H)* 54
6.16 Et 1 1 H —(CHa)s- 5 5 514 515 (M+ H)* 69
6.17 n-Pr 1 1 H —(CHy)s- 5 5 528 529 (M+ H)* 69
6.18 n-Bu 1 2 H H H 3 5 488 489 (Mr H)* 35
6.19 n-Bu 1 1 H —(CHp)s- 5 5 542 565 (VH- Nay* 34

aThe crude mass yields were over 100% in most of the cases with respect to the initial loading of the nosyl resin (0.89 himol/g).
MS (ESI), the molecular ions corresponded to either{MH)~ or (M + TFA)~. ¢ Purity was determined from the relative peak areas (%)
of HPLC chromatograms (0100% B/10 min).49 Same as compound2 ¢ Same as compound 10

Scheme 6. Solid-Phase Synthesis of Hybrid DFO Analonges
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aReagents and conditions: (i1@H, PhP, DIAD, THF, 37°C, 4 h (x 2); (ii) HS(CH.).OH, DBU, DMF, 1 h (x 2); (iii) Fmoc-3-Ala-OH, HOA,
HATU, DIPEA, DMA, 10 h; (iv) 20% piperidine in DMF, 6 and 40 min; (v) NsCl, 2,6-lutidine, DCE, 8 h; (vi) MeOTs, MTBD, DMF;608 h; (vii)
bromocarboxylic acid chloride, DIPEA, DCE, 13 h; (viii) 2,4-(MeBhO—NH—Ns, TMG, DMF, 50°C, 12 h; (ix) repeat steps (ii), (vii), and (viii); (x)
repeat step (ii); AgO, DIPEA, DCE, 12 h; (xi) 1% TFA-5% thioanisole in DCM h (x 2); (xii) TFA—DCM (4:1), 2 h.

measurements at different concentrations), the amount of ironwhereas the greatest activity was foundZd5(49%). Other
stripped by the unknown ligand was expressed as a percentcompounds with relatively higher affinities include14
age. This required only one measuremeAg, + Al/[Ao] X (47%) and2.26 (44%), which differ from2.25only at the
100, whereA is the absorbance of the initial sulfoxin€e first dicarboxylic acid spacer. Thus, deviation from the DFO
complex, andA is the absorbance of the solution after structure seems to have an adverse effect on the Fe(lll)
addition and equilibration of uncharacterized ligand. Typi- affinities of this class of compounds.
cally, the reproducibility of results was3%. The higher-affinity compounds among non-amide ana-
Most of the library compounds were screened in the assay,logues all contain an octanoic acid spacer in at least two
and the relative binding affinities of the selected compounds, positions, as shown by iron displacement§ (28%) and
measured as a percentage of iron stripped from the sulfox-3.12(32%). In the case of C-terminal alkylated hydroxamates
ine—Fe(lll) complex, are given in Table 7. In all the binding 4, whena = 1, the structures still contain three hydroxamate
assays, DFO1@ and non-amide analoguél) were used groups necessary for the formation of hexadentate complexes
as controls to determine the validity of the assay results. Thewith Fe(lll). When R= aminopentyl, these compounds could
DFO synthesized in the librarg. 1, displayed an affinity to be considered as equivalent to non-amide analogues with
Fe(lll) similar to the control DFOJ@). In the case of DFO  terminal amino groups instead of carboxyl groups. Substitu-
variants, all of the structural modifications resulted in tion of each hexanoic acid spacer with an octanoic acid
compounds with decreased iron-binding capabilities. For spacer increases the ability for iron removal from sulfoxine
example, seemingly simple substitution of glutaric acid for (~16% for 4.4 and 31% for4.7). Although the relative
succinic acid, as i2.6, significantly decreased the affinity  binding affinities were found to be highly dependent on the
for iron (34% displacement of iron). The lowest activity was length of the spacer between the hydroxamates, the nature
seen fo12.11(10%), in which all the spacers were modified, of the R group has little or no effect-Q6% for4.14with R
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at the first hydroxamate moiety. Insertion offaalanine
spacer intat.21leads t06.1, which also increases the ability

MW to displace iron from sulfoxine from 23 to 44%. This is

product R R, m n calcd found puritye, (%) equivgleqt to4.22in terms of iron.-binding affinity,_ and.th.e

71 Me H 3 3 418 441 (M Na) 76 comblngtlon of the space;&_alanlne and hexa_n0|c gmd in
72 Me H 3 5 446 469 (M+ Na)y 65 succession seems to duplicate the octanoic acid spacer.
7.3 Me H 5 3 446 469 (M+ Na) 65 Incorporation off-alanine at the first hydroxamate moiety
74  Me H 5 5 474 497 (Mt Na)i 58 of the esters of the typ6.5-6.8 (19—25% displacement)

;:g mg mg g g jgg jgg Em “Zg+ ;2 led to compound§.9-6.12, with slightly increased displace-

77 Me Me 5 3 460 483 (M+ Na)* 77 ment properties (3341%). Even the simplest analogues in
7.8 Me Me 5 5 488 511 (M+Na)* 71 this series6.13(R = Me) and6.15 (R = Et), removed 56

79 Et H 3 3 432 455(MNay 69 and 52%, respectively, of the iron from the sulfoxine
;:ﬂa E: E g g 228 jgg gm “Zg+ g% complex. Somewhat cleaner samples of these compounds,
712 Et H 5 5 488 511 (M+ Na) 61 7.2and7.10(IRORI library), displayed a lower affinity for
7.13 Et Me 3 3 446 469 (Mt Na) 82 iron (36 and 34% displacement, respectively). This may be
;ig E: mg g g gi jg; Em “Zgi ;g due to the removal of the shorter-sequence hydroxamate
716 Et Me 5 5 502 525 (Mt Nay* 75 impurities, which might have positively contributed to the

aThe crude mass yields were in the range-92% with respect
to the initial loading of the resin (0.91 mmol/d)In MS (ESI),
the molecular ions corresponded to (M TFA)~. ¢ Purity was
determined from the relative peak areas (%) of HPLC chromato-
grams (6-100% B/10 min).9 Same as compouri13 ¢ Same as
compound6.15

= Et and 30% fod.27with R = aminopentyl). This R group
is then a good handle to adjust ldg and vary the
bioavailability without harming the binding affinity. The
compounds generally failed to equilibrate when=RBn
(percent iron removed from pfS and pfL are very different),

and reliable results were not obtained. An additional spacer

leading to compounds with four hydroxamate grougs=(
2) increased affinity for iron~{43% for 4.2 and 23% for
4.5) and followed similar general trends described above.

removal of iron. These compounds contain additigiala-
nine moiety at the first hydroxamate moiety when compared
to 4.5and4.12(18% displacement of iron), which resulted
in increased iron binding. Among this class of chimeric
compounds?.2and7.10 containing g3-alanine-hexanoic
acid—octanoic acid combination of the spacers, were found
to be superior in the binding assay when compared to all
other combinations of hexanoic and octanoic acid spacers.
N-Methylated versions of these compounds and 7.14,
exhibited diminished iron-binding properties, with 24 and
23% of the iron removed from the sulfoxine complex.

Scale-Up SynthesisSome of the compounds with high
relative Fe(lll) binding affinity were selected and scaled up
in order to obtain enough material for in vitro permeability
studies and screening in different in vivo animal models of

However, once two octanoic acid spacers were in place, nolron-overload disease. These include C-terminal methylated

further improvements were noticed in the affinity of the
compounds {42% for4.22and 41% for4.23.
Reverse-amide analogu&sl—5.22 containing a variety
of terminal groups (e.g., alkyl, carboxyalkyl, alkoxycarbo-
nylalkyl, and aminoalkyl) are most DFO-like compounds,
both in structural similarities and Fe(lll)-binding properties.

non-amide analogué.2, reverse-amide analogugsl, 5.13
5.17, and5.19 and the hybrid analogués8, 7.2, and7.10,
possessing a wide variety of terminal groups (Figure 2).
Synthesis was carried out using 0.55 mmol of the appropriate
starting resin, and each compound was synthesized in two
reaction vessels (Advanced ChemTech 496MOS, 16-

The major difference is the replacement of the first succinic reaction-vessel block), which was later consolidated. The
acid and aminopentanol spacers with an amino acid andsSubstrate was bromohexanoic acid-derivatized Wang resin
alkanoic acid spacers, respectively. For the amino-terminal Of type 3.a for 5.8 and nosyl resir.b for the rest of the

compounds, both hexanoic and octanoic acid spacer-containcompounds. The detailed synthetic methodology was already

ing compound$.1and5.2displayed identical iron-removal

described in previous examples. DMB was used as the

abilities (53% each). However, replacement of hexanoic acid O-protecting group in synthesis of succinic acid spacer-

with octanoic acid spacer in amideless carboxyl-terminal
compounds resulted in increased iron affinity3{1% for5.7
and 59% for5.8). Among the compounds with terminal
(alkoxycarbonyl)hexyl grougp.11-5.14 the propyl ester
5.13 (53% displacement) is comparable to that of amino-
terminal compound.1, and all other esters showed a slightly
lower affinity for iron (44-46% displacement). Among
simple alkyl terminal analogues15-5.22 all compounds
containing theS-alanine spacer displayed similar abilities
for the removal of iron from sulfoxine (5765%), and the
proline-containing compounds were somewhat inferior in the
binding assay (4147%).

The chimeric analogues and 7 are hybrids of reverse-
amide and non-amide analogues with thalanine spacer

containing compounds$, and tert-butyl was used in the
synthesis of4.2, 7.2, and 7.10 After the synthesis, the
products were cleaved from the resin and purified by multiple
triturations of the residue with acetonitrile. The overall yields
of the products ranged from 18 to 33%, with RP-HPLC
purities of 74-95%.

Lower relative purities of compoundsl (76%) ands.17
(74%) were due to incomplete Mitsunobu reactior®ef2,4-
dimethyoxybenzyl)N-nosylhydroxylamine [2,4-(MeQBnO-
NH-Ns] with aminopentanol moiety during the introduction
of the last hydroxamate unit. Minor impurities in these
compounds were identified as the acetates of the aminopen-
tanol moiety on the basis of LC/MS data. All products were
characterized by LC/MSH NMR, and HRMS. The Fe(lll)
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Table 7. Relative Iron Affinity of the Selected Analogue2—<7) in Sulfoxine Assay

compd % Fe removed pfgpfL)P compd % Fe removed pfgpflL)P compd % Fe removed pfgpflL)P
la 70 (68) 4.4 16 (20) 5.13 53 (53)
1b 12 (11) 45 23 (25) 5.17 57 (59)
2.1° 67 (65) 4.7 31(32) 5.19 62 (63)
2.6 34 (34) 4.14 26 (30) 5.21 65 (65)
2.11 10 (12) 4.22 42 (44) 6.1 44 (45)
2.14 47 (46) 4.23 41 (39) 6.13 56 (58)
2.25 49 (49) 4.27 30 (32) 6.15 52 (52)
2.26 44 (42) 5.1 53 (50) 7.0 36 (38)
3.8 28 (30) 5.2 53 (51) 7.6 24 (27)
3.12 32 (33) 5.7 31(31) 7.10 34 (36)
4.2 43 (46) 5.8 59 (57) 7.14 23 (29)

apfS: preformation of the sulfoxineFe (lIl) complex with subsequent addition of the test ligahgfL: preformation of the ligand
Fe(lll) complex with subsequent addition of sulfoxifdFO synthesized as the contr8lSame a$.13 ¢ Same a$.15

0 OH 0 OH OH 0 OH
N )K/@\/N ,NN\ MN]\H/
Ho)l\/ﬁmv MN o Me N )
o OH 0 0 OH 0

3.8: m=3 [24/25)° 4.2 [33/31]
3.12: m=5 [4/25]

O OH 0 0
HO N
o o oH o o WQNJ\Q% NN@NJ\
rR. A~ N A O OH 0 H oM
NN vy
OH H o] H "OH 5.8 [44/43]

5.1: R = (CHy)sNH, [55/51]

OH H (e} OH
5.13: R = (CHy)5COon-Pr [62/60] N N M/N
5.17: R=Et [47/47] R M’T‘ e d
5.19: R =n-Pr [59/58] o} e} OH le}
7.2: R=Me [36/39]
7.10: R = Et [36/35]
4The numbers in the parentheses are % Fe removed expressed as pfS/pfL

Figure 2. Scale-up synthesis of selected DFO analogues and their Fe(lll)-binding affinities in sulfoxine assay.

binding results from the sulfoxine assay were determined Inc. (San Jose, CA) and SynPhase Crowns [PS crown, O
and listed in Figure 2. Also listed are previously purified series, 4-(hydroxymethyl)phenoxyacetamido linker,@l]
non-amide analogue3,8and3.12 obtained in 46% overall  were purchased from Chiron Technologies Pty Ltd. (Clayton,
yield. Usually, there is good agreement in iron-binding Victoria, Australia). Solvents used in the reactions were
affinity of these purified compounds with those of previous anhydrous (sure seal) from Aldrich Chemical Co., Inc.
library compounds in the sulfoxine assay. In the casg b2 (Milwaukee, WI), and others were of reagent or HPLC grade
iron transferred from the sulfoxine complex is only 4%, as from Fisher Scientific (Pittsburgh, PA). Reactions were
compared to 25% of the iron retained by the compound in optimized in individual polypropylene tubes; filtrations and
the presence of sulfoxine. This indicates that equilibrium was washings were carried out on a multiport vacuum manifold
not reached during complex formation. from P. J. Cobert Associates, Inc. (St. Louis, MO). Solvent
evaporation was performed on an Atlas HT-4 centrifugal
evaporator from GeneVac Ltd. (Ipswich, England). HPLC
In summary, several focused combinatorial libraries of analyses were carried out on a Gilson (Middleton, WI) dual
DFO analogues with a wide variety of terminal groups were pump (model 306) system equipped with a liquid handler
synthesized via solid-phase methods. To assess the relativémodel 215) and UV/vis-155 Detector using a Waters YMC
iron-binding affinities of library compounds, a high- ODS-AQ S5 120 A 5:m (4.6 x 50 mm) column. Com-
throughput spectrophotometric screening assay based orpounds were injected using a single-gradient condition (0
competition with sulfoxine was developed. On the basis of 90%B/10 min or 16-90% B/9 min or 6-100%B/10 min)
the iron-binding results, some promising candidates were using a flow rate of 2 mL/min and UV detection at 218 nm.
selected, synthesized on a larger scale, and fully characterMobil phase A consisted of 0.10% TFA in,8, and mobile
ized. These compounds are being evaluated in permeabilityphase B consisted of 0.08% TFA in @EN. Unless
studies in in vitro, cell-based assays for biodistribution in specified, NMR spectra were recorded in DM8§-Chemi-
vivo, and in in vivo animal models of iron-overload diseases. cal shifts are expressed in parts per milliaf) (elative to
TMS (d = 0) as an internal standard. Coupling constants
(J) are reported in Hertz. Electrospray-ionization (ESI) mass
General. Unless otherwise noted, all reagents were used spectra in either a negative or positive mode were obtained
as supplied. Wang resin (styreng% DVB copolymer, from Mass Consortium (San Diego, CA). LC/MS (ESI) data
100—200 mesh, 1.10 mequiv/g) was obtained from AnaSpec, were obtained on a ThermoQuest AQA spectrometer

Conclusions

Experimental Section
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(Manchester, U.K.) using the above Waters YMC column
running a single-gradient condition (100/0 of A/B to 0/100
in 10 min) with a flow rate of 0.50 mL/min and UV detection
at 190-600 nm. Mobil phase A consisted of 0.10% TFA in
H,O, and mobile phase B consisted of £HN. HRMS
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8-Bromooctanoyl Chloride. Oxaloyl chloride (11.2 mL,
128 mmol) was slowly added to a solution of 8-bromooc-
tanoic acid (14.3 g, 64.0 mmol) in DCM (130 mL) containing
catalytic DMF (0.124 mL, 2.5 mol %) while stirring at°@
and then warmed to r.t. over a period of 3 h. The solvent

(FAB) data was obtained on a JEOL JMS-700 M instrument was removed on a rotary evaporator, and the residue was

with PEG as the reference and NBA as the matrix. UV

coevaporated with DCM (30 mL) and then dried under high

absorbance during the sulfoxine assay was measured usingacuum overnight to give 15.0 g (97%) of a pale yellow oil

a FL 600 microplate fluorescence reader with KC4 process-

ing software from Biotek (Winooski, VT).

Experimental Conditions for Resin-Bound Substrates
and Reagents. Resin 2.Resin2.a (2.29 g, 0.96 mmol/g,
2.20 mmol)?® prepared by CDI activation of Wang resin (2.0
g, 1.1 mmol/g, 2.2 mmol), was suspended in 20 mL of DMF
in a Merrifield vessel, and DIPEA (0.575 mL, 3.30 mmol)

was added. Then a solution of 5-amino-1-pentanol (1.14 g,

(previously prepared using SO which was used without
any further purification: IR (neatymax = 1796 cnr?.
6-Bromohexanoic Acid Propyl Ester. A solution of
6-bromohexanoyl chloride (4.21 mL, 27.5 mmol) in DCM
(10 mL) was slowly added to 1-propanol (1.87 mL, 25.0
mmol), pyridine (2.42 mL, 30.0 mmol), and DMAP (0.153
g, 1.25 mmol) in DCM (40 mL) while stirring at ice-bath
temperature. The pale yellow suspension was srirred at r.t.

11.0 mmol) in DMF (5 mL) was added, and the suspension for 4 h and then treated wit2 N HCI (30 mL). The layers

was heated and agitated for 24 h at’@using heating tape

were separated, and the aqueous layer was further extracted

coiled around the reaction vessel. After the suspension waswith DCM (3 x 25 mL). The combined organic extracts were
cooled and the supernatants were removed, and the resin wasuccessively washed Wwi2 N HCI, HO, sat. NaHC@ H,0,

washed with 30 mL each of DMFx(2), EtOH (x1), and
DCM (x2) and then dried under high vacuum overnight.
The resulting resin-bound alcohab (2.26 g) was suspended
in THF (25 mL) and agitated witl®-tert-butyl-N-nosylhy-
droxylamine (1.81 g, 6.60 mmal}, PhP (1.73 g, 6.60
mmol), and DIAD (1.30 mL, 6.60 mmol) at 37C for 4 h.

and brine (40 mL each) and then dried over8@. The
solvent was removed, and the residue was distilled at reduced
pressure to give 4.57 g (77%) of a colorless oil: bp-104
106°C/3.1 mmHg;*H NMR (CDCls) 4.04 (t, 2H,J = 6.9),

3.42 (t, 2H,J = 6.6), 2.33 (t, 2HJ = 7.2), 1.93-1.84 (m,

2H), 1.71-1.45 (m, 6H), 0.95 (t, 3HJ) = 7.2).

Then the supernatants were removed, and the resin was g-Bromohexanoic Acid Butyl Ester. This compound was

washed with 30 mL each of THFEx@Q), DMF (x2), EtOH
(x1), and DCM 2) and finally dried under high vacuum
overnight to give2.c (2.89 g; loading, 0.76 mmol/g). To
determine the extent of reaction, 100 mg of the dry resin
was subjected to cleavage with TEACM (1:1), resulting

in 5-[N-tert-butyloxy-N-(2-nitrophenylsulfonyl)Jaminopen-
tylamine as a TFA salt (35 mg, 95%): RP-HPLC 908 (
= 4.20 min); LC/MS (ESI)m/z 360 (M + H)™.

Resin 3.a.Resin-bound bromida.a(3.54 g; loading, 0.93
mmol/g) was prepared from Wang resin (3.0 g, 1.1 mmol/g,
3.3 mmol) according to a reported proceddnith slight
modification (18 h reaction in DMF was changed to a two-
cycle 1-h reaction in THF).

Resin 4.b.Resin4.a (4.11 g, 1.07 mmol/g, 4.40 mmol),
prepared from Wang resin (4.0 g, 1.1 mmol/g, 4.4 mmol)
according to a reported proceddtayas swelled with DMF
(50 mL) in a Merrifield vessel and then washed with DCE
(2 x 40 mL). The resin was suspended in DCE (45 mL),
and 2,6-lutidine (3.85 mL, 33.0 mmol) was added. A solution
of 2-nitrobenzenesulfonyl chloride (2.93 g, 13.2 mmol) in

prepared by substituting 1-butanol (2.28 mL, 25.0 mmol)
for 1-propanol in the above procedure and 4.98 g (79%) of
colorless oil was obtained: bp 1£215°C/2.2 mmHg (lit*
bp 120-125°C/0.1 mmHg);*H NMR (CDCl;) 4.08 (t, 2H,
J=16.9), 3.42 (t, 2H) = 6.9), 2.33 (t, 2HJ = 7.2), 1.93-
1.84 (m, 2H), 1.7£1.32 (m, 8H), 0.94 (t, 3H) = 7.2).
Experimental Conditions for Resin Reactions (Com-
pounds 2.}-2.26, 4.+4.27, 5.1-5.22, and 6.16.19).
Compounds2.1-2.26 4.1-4.27, 5.1-5.22 and6.1-6.19
were synthesized using the Advanced Chemtechtd960S
System unless otherwise noted. To begin library synthesis,
freshly prepared resin (eith2rc, 3aor 4.b; 0.06 mmol) was
loaded into individual wells within a 96-well format reaction
block. The resin was swelled in DMF and washed with the
solvent in which the reaction was going to be performed.
Usually, 0.20 mL of the appropriate solvent was dispensed
into each well to compensate for the dead volume. Typical
washing cycles involved mixing the resin with 0.5 mL
of the specified solvent at 600 rpm for 1 min and emptying
the block for 4-5 min with N; at a pressure of 9 psi. After

DCE (15 mL) was added, and the suspension was agitatedeach reaction, the final washing cycle was always carried

for 4 h atroom temperature. After filtration, the resin was
washed successively with 50-mL portions of DCEZ2Y,
DMF (x2), EtOH (x2), and CHCI, (x2), which was then
dried under high vacuum to giveb (4.89 g; loading, 0.90

out with the solvent in which the next reaction was going to

be carried out. The reagent solutions (anhydrous when
possible) and solvents were delivered into the reaction wells
by robotic arms (except during the cleavage of compounds

mmol/g). The reaction can also be carried out in DCE using from the solid support, which was done manually). All of

pyridine as base or in pyridine as solvent without compro-
mising the loading (typically 0.890.91 mmol/g) of the resin
and the purity of the subsequent reaction products.
5-N-(tert-Butoxycarbonylamino)-1-pentanol. This com-
pound was prepared from 5-amino-1-pentanol (60 mmol) in
83% yield (10.1 g) according to a reported procedfire.

the operations and reactions were performed under, a N
atmosphere. During the course of the reactions, the reaction
block was agitated at 600 rpm for the specified amount of
time. End-capping with acetic anhydride and DIPEA was
carried out in DMF after the synthesis of the monomer
(protected form). After the completion of the synthesis, the
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resins were dried (the reaction block was connected to theat 37°C. The resin was washed with THk2), DMF (x 1),

vacuum pump used for draining the solvents) prior to the
cleavage.

End-Capping. In each case, after the monomer synthesis,
the resin was reacted with acetic anhydride (0.50 M, 0.30
mL, 2.5 equiv) and DIPEA (1.0 M, 0.30 mL, 5.0 equiv) in
DMF for 2 h atroom temperature. The resin was washed
with DMF (x2), EtOH (x1), and DMF (2).

Deprotection of 2-Nitrobenzenesulfonyl Group. The
resin-bound nosyl compound was agitated with a solution
of 2-mercaptoethanol (0.40 M, 0.45 mL, 3 equiv) and DBU
(0.80 M, 0.45 mL, 6 equiv) in DMF for 30 min at room

EtOH (x1), and DMF (1).

Alkylation of Resin-Bound Nosylhydroxylamine with
Alkyl Bromides. The resin-bound substrate was suspended
in DMF (0.33 mL) and then heated with a solution of the
appropriate 6-bromohexanoic acid alkyl ester (0.50 M, 0.48
mL, 4 equiv) and DBU (0.80 M, 0.15 mL, 2 equiv) in DMF
for 6 h at 50°C. The resin was washed with DMFR),
EtOH (x1), and DMF (2).

Acylation with Bromoacid Chlorides. The resin-bound
substrate was reacted with DCE solutions of the appropriate
bromoacid chloride (0.50 M, 0.48 mmol, 4.0 equiv) and

temperature. The yellow colored solution was drained, and DIPEA (1.0 M, 0.48 mmol, 8 equiv) in DCE fet h atroom
the resin was washed with EtOH and DMF (1 mL each). temperature. The resin was washed with DM#J, EtOH
The reaction was repeated with fresh reagents as described*1), and DMF (2).

above. Finally, the resin was washed with DME2), EtOH
(x1), and DMF or DCE %2), depending upon the solvent
for next reaction.

Coupling with Dicarboxylic Anhydrides. The resin-
bound O-protected hydroxylamines were reacted with a
solution of dicarboxylic acid anhydride (0.50 M, 0.60 mL,
5 equiv) in DMA containing DMAP (0.5 equiv) for-68 h
at 50°C. The resin was washed with DMKk 2), EtOH (x 1),
and DMF (x2).

Coupling with Dicarboxylic Acids. The resin-bound
O-protected hydroxylamines were reacted with a solution of
the active ester of the dicarboxylic acid of interest (0.25 M,
1.2 mL, 5 equiv), preformed in situ from dicarboxylic acid
(5 equiv), HATU (5 equiv), and DIPEA (10 equiv) in DMA
(2.2 mL), far 8 h at 50°C. Resins were washed with DMF
(x2), EtOH (x1), and DMF (2).

Activation of Terminal Carboxylic Acids with CDI and
Coupling of Amino Alcohols. Resin-bound terminal car-
boxylic acids were activated for coupling by reacting with
CDI (0.50 M, 0.60 mL, 5 equiv) in THFDMA (4:1) for 2
h at room temperature. After washing with DMA2), each
of the acyl imdazolides was reacted with a solution of amino
alcohol (0.50 M, 0.60 mL, 5 equiv) in DMA containing
DIPEA (5 equiv) for 12 h at room temperature. The resin
was washed with DMFX2), EtOH (x1), and DMF (2).

Mitsunobu Reaction of Resin-Bound Alcohols with
t-BuO-NH-Ns. The resin-bound alcohol was agitated and
heated with THF solutions d@D-tert-butyl-N-nosylhydroxy-
lamine (0.50 M, 0.48 mL, 4 equiv), BR (1.0 M, 0.24 mL,

4 equiv), and DIAD (1.0 M, 0.24 mL, 4 equiv) fel h at 37
°C. The resin was washed with THKk 2), DMF (x 1), EtOH
(x1), and DMF (1).

Acetylation of Terminal O-Protected Hydroxylamines.
The resin of interest was agitated with a solution of acetic
anhydride (0.50 M, 0.60 mL, 5 equiv) and DIPEA or pyridine
(2.0 M, 0.60 mL, 10 equiv) in DMF or DCE (as specified)
for 6 h atroom temperature. The resin was washed with
DMF (x2), EtOH (x1), and DCE 3).

Mitsunobu Reaction of Alcohols with Resin-Bound
Nosylhydroxylamine. The resin-bound substrate was heated
with THF solutions of the appropriate alcohol (0.75 M, 0.40
mL, 5 equiv) containing BN (5 equiv), PRP (1.0 M, 0.30
mL, 5 equiv), and DIAD (1.0 M, 0.30 mL, 5 equiv) for 4 h

Nucleophilic Displacement of Resin-Bound Alkyl Bro-
mide with t-BuO-NH-Ns. The resin was agitated with an
orange solution of DMF (0.90 mL) containir@tert-butyl-
N-nosylhydroxylamine (0.20 M, 3 equiv) and TMG (0.133
M, 2.0 equiv) at 50°C for 6 h. The resin was washed with
DMF (x2), EtOH (x1), and DMF (< 2).

Coupling with Fmoc-Protected Amino Acids.The resin-
bound O-protected hydroxylamines were shaken with a
solution of the appropriate Fmoc-amino acid (0.50 M, 0.48
mL, 4 equiv), HATU (0.50 M, 0.48 mL, 4 equiv), and
DIPEA (1.0 M, 0.48 mL, 8 equiv) in DMA fo4 h atroom
temperature. The solution was drained, and the resin was
washed with DMA &?2). The reaction was repeated with
fresh reagents using half of the above quoted amounts.
Finally, the resin was washed with DMk R), EtOH (x 1),
and DMF (x2).

Deprotection of Fmoc Group. The Fmoc-protected resin
was agitated with a solution of 25% piperidine in DMF (1.0
mL) for 3 min at room temperature. The solution was
drained, and the reaction was repeated with fresh reagents
for 15 min. Finally, the resin was washed with DMk Z),
EtOH (x1), and DMF (2).

Cleavage from Resin.The compounds were simulta-
neously cleaved from the resin by agitation of resin-bound
compounds with a 1.5-mL solution of TFADCM (9:1) for
30 min to 1 h (with terminal amino or carboxyl groups) or
TFA—TIS—DCM (18:1:1) for 2 h. After filtration, the resin
was washed with 1.0 mL of the respective cleavage cocktail,
and the combined solution was transferred to a closed screw-
cap vial and left overnight (1522 h) at room temperature.
The solutions were transferred to glass tubes and evaporated
to dryness. The residue was coevaporated with acetonitrile
(2 x 1 mL) and then further dried under high vacuum
overnight.

Experimental Conditions for Reactions on MiniKans
(Compounds 7.17.16). Members of this library were
synthesized in IRORI MiniKan polypropylene reactors using
the AccuTag-100 combinatorial chemistry system. The nosyl
resin4.b (0.06 g, 0.91 mmol/g, 0.055 mmol) was loaded
into 16 separate MiniKans, each containing a discrete radio
frequency tag. Subsequent chemical operations were carried
out in round-bottom flasks under,Nand sorting of the
MiniKans was done by using the AccuTag system. After
the addition of solvent or reagent solutions, air bubbles were
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removed from the MiniKans by applying vacuum (120 N-Methylation of Nosyl-Protected Terminal Amine. A
mmHg) for 5-10 s. During the wash cycles, the MiniKans set of eight MiniKans containing the terminal nosyl-protected
were stirred for 15 min with 25 or 50 mL of solvent for the amine was suspended in DMF (25 mL) and vacuum-
sets of 8 or 16 MiniKans, respectively, and were collected degassed, and methgdtoluenesulfonate (1.16 g, 6.25 mmol)
by vacuum filtration. After finishing the wash cycles, the and MTBD (0.479 g, 3.13 mmol) were added. The MiniKans
MiniKans were dried under vacuum (@0 mmHg) for 30 were stirred fo 8 h at 50°C and washed alternately first
min. with EtOH and DMF &2) and then with EtOH and DCM

Mitsunobu Reaction on Resin-Bound Nosylhydroxyl- (x2). _ _ _
amine. A set of eight MiniKans was suspended ina 0.25 M  Acylation of Terminal Amine or O-Protected Hydroxy-
solution of PRP (1.64 g, 6.25 mmol) in THF (25 mL), lamine. A set of eight MiniKans was suspended in DCE
vacuum-degassed, and flushed with The relevant alcohol ~ (21.8 mL) and vacuum-degassed, and DIPEA (2.17 mL, 12.5
(6.25 mmol) and DIAD (1.23 mL, 6.25 mmol) were added Mmol) and the appropriate bromoacid chloride (6.25 mmol)
and stirred at 37C for 4 h. Each set of the MiniKans was Were added. The MiniKans were stirred for 13 h at room
washed separately with THFx@), and the reaction was temperature, and each set was washed separately with DCE
repeated with fresh reagents. Once again, each set of thdx2) and EtOH (1) and then together alternately with EtOH
MiniKans was washed separately with THE3) and then (1) and DCM (2) in two cycles.
together with DMF & 1), EtOH (x 1), and DCM (2). End- Nucleophilic Displacement of Terminal Alkyl Bromide.
capping was carried out by stirring the set of 16 Minikans A Set of 16 MiniKans was suspended in an orange-red
with 0.40 M acetic anhydride (1.89 mL, 20.0 mmol) and solution of 0.20 MO-(2,4-dimethyoxybenzyIN-nosylhy-
0.80 M DIPEA (6.95 mL, 40.0 mmol) in DMF (50 mL) for ~ droxylamine (2.94 g, 8.00 mméfand 0.15 M TMG (0.752
3 h at room temperature. The MiniKans were washed with ML, 6.00 mmol) in DMF (40 mL) and agitated for 12 h at
DMF (x1) and then alternately with EtOH and DCM 8). 50 °C. The solution was decanted, and the MiniKans were
Deprotection of 2-Nitrobenzenesulfonyl Group.A set washed with DMF &2) and then alternately with EtOH()

of 16 MiniKans was suspended in DMF (46.3 mL) and and CHZCI,Z (x2) in tW,O cycles. )
vacuum-degassed, and DBU (2.99 mL, 20.0 mmol) and Acetylation of Terminal O-Protected Hydroxylamines.

2-mercaptoethanol (0.70 mL, 10.0 mmol) were added and” S€t Of 16 MiniKans was suspended in DCE (44.4 mL)I
stirred fa 1 h atroom temperature. The yellow solution was 2nd vacuum-degassed, and DIPEA (4.35 mL, 25.0 mmol)
removed, and the MiniKans were washed with DME. The and acetic anhydride (1.18 mL, 12.5 mmol) were added. The

reaction was repeated with fresh reagents, and the MiniKansM'mKanS were stirred for 12 h at room temperature and

were washed with DMFX 1) and then alternately with EtOH washed with DMF &2) and then alternately with EtOtk()
and DCM (x4). and DCM (x2) in two cycles.

Coupling with N-Fmoc-Alanine. A set of 16 MiniKans Deprotection of 2,4-Dimethoxybenzyl GroupsA set of

: 16 MiniKans was suspended in 1% TFA/5% thioanisole in
was suspended in DMA (46.5 mL) and vacuum-degassed,DCM 50 mL) and d d and sti
. - , tirredlfd at
andN-Fmoc4-alanine (3.11 g, 10.0 mmol), HOAt (1.36 g, (50 mL) and vacuum-degassed, and stirr a

room temperature. The pale-pink turbid solution was re-
10.0 mmol), HATU (3.80 g, 10.0 mmol), and DIPEA (3.48 . :
I . moved, the MiniKans were washed with DCNk2), and
mL, 20.0 mmol) were added. After stirring the MiniKans v n were w WI b

the reaction was repeated with fresh reagents. Finally, the

for 10 h at room temperature, they were washed aIternaterMiniKans were washed first alternately with EtOK 1) and

first with EtOH and DMF &2) and then with EtOH and 5, (x2) and then with EtOH% 1) and DCM (2) in two

DCM (x2). cycles. The resulting MiniKans were dried overnight under
Deprotection of Fmoc Group.Deprotection of the Fmoc  hjgh vacuum.

group was carried out in two batches. The intermediates Cleavage from Resin.The cleavage was done using a

leading to secondary amide analogues were saved as FMOfROR| 96-vessel cleavage station (AccuCleave-96). The

derivatives until subsequent N-methylation and deprotection compounds were cleaved off the resin directly from the

of the nosyl group, leading to the rest of the analogues. Thus,\jinikans by reacting with a 2.5-mL solution of TFADCM

a set of eight MiniKans was suspended in 20% piperidine (4:1 v/v) for 2 h atroom temperature. After filtration, the

in DMF (25 mL), vacuum-degassed, and stirred for 6 min pjinikans were washed with cleavage cocktail (2.5 mL each),

at room temperature. The solution was decanted, freshand the combined solutions were transferred to glass tubes

deprotection cocktail was added, and then the mixture wasgnd evaporated to dryness. The residue was coevaporated

stirred an additional 40 min. The MiniKans were washed ith acetonitrile (2x 2 mL) and then further dried under

alternately with EtOH and DCMx4). high vacuum overnight to givg.1-7.16 as pale brown
Protection of Terminal Amine with Nosyl Group. A solids.

set of eight MiniKans containing the resin-bound terminal ~ Experimental Conditions for Reactions on SynPhase

amine was suspended in DCE (15 mL) and vacuum- Crowns (Compounds 3.13.12). The synthesis of com-

degassed, and 2,6-lutidine (1.46 mL, 12.5 mmol) and pounds3.1—3.12 was performed on pins with an amino-

2-nitrobenzenesulfonyl chloride (1.11 g, 5.00 mmol) in DCE methyl polystyrene grafted surface derivatized with a 4-(hy-

(8.5 mL) were added. The MiniKans were agitated for 8 h droxymethyl)phenoxyacetic acid linker (2:nol loading per

at room temperature and then washed alternately with EtOH pin), which was mounted on a block in an arrangement and

and DCM (x3). spacing corresponding to a 96-well Microtiter reaction plate
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(kit from Chiron Technologies}: All pins were washed with  and each product was consolidated into one lot and dried
DMF (x3), DCM (x3), and THF (3) prior to the synthesis.  under high vacuum. The residues were triturated with
The pin block was then lowered over a series of reaction acetonitrile containing traces of methanol two or three times
plates to immerse the pins in the wells of the plates in order to give reasonably pure products for characterization. Com-
to perform the synthetic steps of interest. The removal of pounds3.8 and3.12were synthesized during other library
reaction solutions and rinses from the solid support was synthesis, as mentioned before.
accomplished by physically lifting the pins out of the reaction  7,16,25-Trihydroxy-8,17,26-trioxo-7,16,25-triazahepta-
solutions, which were retained in 96-well microtiter plates, cosanoic Acid (3.8)Colorless powder; yield 0.167 g (46%);
and dipping the pins into rinse solutions. A typical washing 1H NMR 9.59 (br s, 1H, RO-exchangeable), 9.45 (br s, 2H,
cycle after each step consisted of washes with DMB)( D,0O-exchangeable), 3.36 (t, 6= 6.7), 2.22 (t, 4HJ =
EtOH (x2), DCM (x2), and DMF (2). 7.4),2.09 (t, 2H) = 7.2), 1.87 (s, 3H), 1.481.29 (m, 12H),
Loading of Pins with Bromocarboxylic Acid. Each pin 1.22-1.04 (m, 14H); RP-HPLC 91%{ = 4.79 min); LC/
was reacted with a solution consisting of appropriate bro- MS (ESI) m/z 504 (M + H)*. HRMS (FAB) m/z calcd for
mocarboxylic acid (0.25 M), DIC (0.25 M), and DMAP  Cy4H4eN3Og (M + H)* 504.3285, found 504.3279.
(0.012 M) in THF (0.2 mL per pin) fol h at room 9,18,27-Trihydroxy-10,19,28-trioxo-9,18,27-triazanona-
temperature. The reaction was repeated again with freshcosanoic Acid (3.12)Colorless powder; yield 0.176 g (46%);
reagents. H NMR 9.56 (br s, 1H, BO-exchangeable), 9.44 (br s, 2H,
Nucleophilic Displacement of Terminal Alkyl Bromide D,O-exchangeable), 3.36 (t, 6= 6.9), 2.22 (t, 4HJ =
with t-BuO-NH-NSs. A solution of O-tert-butyl-N-nosylhy- 7.3),2.09 (t, 2HJ) = 7.4), 1.87 (s, 3H), 1.461.30 (m, 12H),
droxylamine (0.20 M) and DBU (0.15 M) in DMF (0.2 mL  1.21-1.04 (m, 18H); RP-HPLC 94%t{ = 5.01 min); LC/
per pin) was reacted with each pin in the block 2ch at 50 MS (ESl)m/z 532 (M + H)*. HRMS (FAB) m/z calcd for
°C. CoeHs0N30g (M + H)+ 532.3598, found 532.3595.
Deprotection of 2-Nitrobenzenesulfonyl Group.Depro- 2,9,18,27-Tetrahydroxy-3,10,19,28-tetraoxo-2,9,18,27-
tection was accomplished by reacting each pin with a solution tetraazanonacosane (4.2Pale brown solid; yield 0.124 g
of mercaptoethanol (0.20 M) and DBU (0.40 M) in DMF  (21%); '"H NMR 9.66 (s,1H, DO-exchangeable), 9.56 (s,
(0.2 mL per pin) for 30 min. This process was repeated with 1H, D,O-exchangeable), 9.453 (s, 1H,@exchangeable),
fresh reagents. 9.446 (s, 1H, DO-exchangeable), 3.36 (t, 6Bl= 6.9), 2.98
Acylation of O-Protected Hydroxylamines with Bro- (s, 3H), 2.22 (t, 6HJ = 7.2), 1.87 (s, 3H), 1.471.30 (m,

mocarboxylic Acid. A solution of the desired bromocar-
boxylic acid (0.25 M), HATU (0.25 M), and DIPEA (0.25
M) in DMF (0.2 mL per pin) was reacted with each pin for
4 h at room temperature.

Coupling of Acetic Acid to Terminal O-Protected
Hydroxylamines Amine. A solution of acetic acid (0.25 M),
HATU (0.25 M), and DIPEA (0.25 M) in DMF (0.2 mL per
pin) was reacted with each pinrfd h atroom temperature.

Cleavage from Pins.A solution of TFA-DCM (9:1) was
reacted with each pin (0.4 mL) for 3 h. After removal of the

12H), 1.22-1.04 (m, 14H); RP-HPLC 82%H{= 4.36 min);
LC/MS (ESI)m/z 533 (M + H)". HRMS (FAB) m/z calcd
for CasHagN4Og (M + H)™ 533.3550, found 533.3546.
6,17,28-Trihydroxy-7,11,18,21,29-pentaoxo-6,10,17,22,-
28-pentaazatriacontanamine (5.1)Colorless solid; yield
0.215 g (30%, calculated for TFA salftd NMR 9.73 (1H,
D,0O-exchangeable), 9.72 (s, 1H,@-exchangeable), 9.67
(s, 1H, DO-exchangeable), 7.81 (br t, 2d,= 5.1, D,O-
exchangeable), 7.73 (br s, 3H,@exchangeable), 3.51
3.42 (m, 6H), 3.21 (q, 2HJ = 6.0), 3.00 (g, 2H,J = 6.0),

pins, the cleaved solutions were transferred to glass tubes2.77 (br t, 2H), 2.57 (t, 2H) = 7.4), 2.51 (t, 2HJ = 7.3,
and evaporated to dryness. The residue was coevaporate@artially overlaps with DMSQds peak), 2.26 (t, 2HJ =

with acetonitrile (2x 0.5 mL) and then dried under high
vacuum.

Experimental Conditions for Compounds in Scale-Up
Synthesis (Figure 2).Compound#t.2, 5.1, 5.8, 5.13 5.17,
5.19 7.2, and 7.10 were synthesized using the Advanced
Chemtech 49&2 MOS System according to the general

7.1),2.02 (t, 2H,) = 7.5), 1.97 (s, 3H), 1.661.12 (m, 18H);
RP-HPLC 76% tg = 2.93 min); LC/MS (ESI)m/z561 (M
+ H)*. HRMS (FAB) calcd for GsHsNgOg (M + H)*
561.3612, found 561.3611.
7,16,27-Trihydroxy-8,17,20,28-tetraoxo-7,16,21,27-tet-
raazanonacosanoic Acid (5.8Pale brown solid; yield 0.196

procedures described above. A 16-well reaction block was (33%); *H NMR 9.57 (s, 1H, RO-exchangeable), 9.52 (s,
used, and each compound was synthesized in two wells. ThelH, D:O-exchangeable), 7.70 (br t, 1H;@-exchangeable),

wells were loaded with Wang resin-bound brom&ia(0.59
g, 0.93 mmol/g, 0.55 mmol) fds.8 and the nosyl resid.b
(0.61 g, 0.90 mmol/g, 0.55 mmol) for the rest of the
compounds. 2,4-(Mef§BnO-NH-Ns was used in the syn-
thesis of succinic acid spacer containing compousdad
t-BuO-NH-Ns was used in the synthesisdo, 7.2, and7.10

during the introduction of hydroxamate moieties (displace-

ment of bromide/Mitsunobu reaction with alcohol). Acylation

3.36 (t, 6H,J = 6.9), 2.90 (q, 2HJ = 6.0), 2.47 (t, 2HJ
=17.2),222(t,2H)=7.4),2.17 (t, 2HJ = 7.4), 2.09 (t,
2H,J=7.4), 1.87 (s, 3H), 1.481.23 (m, 12H), 1.261.04
(m, 10H); RP-HPLC 88%t& = 3.95 min); LC/MS (ESI)
m/z 547 (M + H)*. HRMS (FAB) mVz CysH47N4Og (M +
H)*™ 547.3343, found 547.3351.
7,18,29-Trihydroxy-8,12,19,22,30-pentaoxo-7,11,18,23,-

29-pentaazauntriacontanoic Acid Propyl Ester (5.13)Pale

with bromoacid chlorides was carried out with pyridine as brown solid; yield 0.123 g (18%jH NMR 9.67 (s, 1H, RO-

the base for thgs-alanine spacer containing compounds.

exchangeable), 9.63 (s, 1H,O@-exchangeable) 9.62 (s, 1H,

After the synthesis, the products were cleaved from the resin,D,0O-exchangeable), 7.79 (br t, 2H,®-exchangeable), 3.96
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(t, 2H,J = 6.7), 3.48-3.40 (m, 6H), 3.20 (g, 2H) = 5.5
Hz), 3.00 (g, 2H,J = 5.8), 2.57 (t, 2HJ = 7.2), 2.50 (t,
2H, overlaps with DMSQ3s peak), 2.36-2.23 (m, 4H), 2.02
(t, 2H,J3 = 7.2), 1.96 (s, 3H), 1.631.33 (m, 14H), 1.28
1.12 (m, 6H), 0.87 (t, 3HJ = 7.4); RP-HPLC 91%tg =
4.44 min); LC/MS (ESIym/z 632 (M + H)*. HRMS (FAB)
m/z calcd for GeHsdNsOo (M + H)* 632.3871, found
632.3865.
3,14,25-Trihydroxy-4,8,15,18,26-pentaoxo-3,7,14,19,25-
pentaazaheptacosane (5.17¢olorless solid; yield 0.171 g
(31%); 'H NMR 9.67 (s, 1H, DO-exchangeable), 9.63 (s,
1H, D,O-exchangeable), 9.62 (s, 1H @-exchangeable),
7.80 (br t, 2H, DO-exchangeable), 3.51 (q, 2H,= 7.1),
3.48-3.40 (m, 4H), 3.21 (g, 2H] = 5.8), 3.00 (q, 2H,) =
5.8), 2.57 (t, 2HJ = 7.2), 2.49 (t, 2H,J = 7.2, partially
overlaps with DMSQds peak), 2.26 (t, 2HJ) = 7.2), 2.02
(t, 2H,J = 7.2), 1.97 (s, 3H), 1.661.32 (m, 8H), 1.36
1.12 (m, 4H), 1.06 (t, 3HJ = 7.0); RP-HPLC 74%tg =
3.12 min); LC/MS (ESIyMWz 504 (M + H)*. HRMS (FAB)
m/z calcd for GyH4oNsOg (M + H)™ 504.3033, found
504.3028.
4,15,26-Trihydroxy-5,9,16,19,27-pentaoxo-4,8,15,20,26-
pentaazaoctacosane (5.19Folorless solid; yield 0.170 g
(30%); *H NMR 9.67 (s, 1H, DO-exchangeable), 9.62 (s,
2H, D,O-exchangeable), 7.80 (br t, 2H,@-exchangeable),
3.48-3.42 (m, 6H), 3.21 (g, 2H] = 6.0), 3.00 (g, 2H,) =
6.0), 2.57 (t, 2HJ) = 7.6), 2.50 (t, 2H, overlaps with DMSO-
ds peak), 2.26 (t, 2H) = 7.4), 2.02 (t, 2HJ = 7.4), 1.97
(s, 3H), 1.59-1.33 (m, 10H), 1.281.12 (m, 4H); 0.82 (t,
3H,J = 7.4); RP-HPLC 93%tk = 3.37 min); LC/MS (ES)
m/z518 (M + H)*. HRMS (FAB) vz calcd for GsH44NsOg
(M + H)* 518.3190, found 518.3188.
2,13,22-Trihydroxy-3,7,14,23-tetraoxo-2,6,13,22-tetraaza-
tetracosane (7.2)Colorless solid; yield 0.121 g (25%
NMR 9.82 (s, 1H, RO-exchangeable), 9.66 (s, 1H @
exchangeable), 9.55 (s, 1H,O@-exchangeable), 7.79 (br t,
1H, D,O-exchangeable), 3.45 (t, 48 = 7.0), 3.21 (q, 2H,
J=16.7),3.08 (s, 3H), 2.49 (t, 2H,= 7.4, partially overlaps
with DMSO-Js peak), 2.31 (t, 2HJ = 7.4), 2.02 (t, 2HJ =
7.4), 1.96 (s, 3H), 1.5%1.40 (m, 8H), 1.36-1.12 (m, 8H);
RP-HPLC 95% i = 3.56 min); LC/MS (ESI)m/z 447 (M
+ H)". HRMS (FAB) mVz calcd for GeH3zoN4O7 (M + H)*
447.2819, found 447.2818.
3,14,23-Trihydroxy-4,8,15,24-tetraoxo-3,7,14,23-tetraaza-
pentacosane (7.10)Colorless solid; yield 0.148 g (29%);
IH NMR 9.57 (s, 1H, DO-exchangeable), 9.54 (s, 1H,@
exchangeable), 9.45 (s, 1H,O@-exchangeable), 7.70 (br t,
1H, D,O-exchangeable), 3.41 (q, 28l= 7.1), 3.36 (t, 4H,
J=6.9), 3.12 (q, 2H,J = 6.4), 2.40 (t, 2H, overlaps with
DMSO-ds peak), 2.22 (t, 2H) = 7.2), 1.93 (t, 2H,) = 7.4),
1.87 (s, 3H), 1.461.30 (m, 8H), 1.221.03 (m, 8H), 0.96
(t, 3H, J = 7.0); RP-HPLC 83%tg = 3.71 min); LC/MS
(ESI) m/'z 461 (M + H)*. HRMS (FAB) mvz calcd for
C2HaiN4O7 (M + H)t 461.2975, found 461.2981.
Determination of Relative Binding Affinities for Iron.
All glassware was rinsed with 0.1 N HCI and MilliQ water
before use.
Preparation of 1 mM Ligand Assay Solutions.Ligand
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In the case of purified compounda 5 mM stock solution

in DMSO or methanol was prepared, and an aliquot (200
uL) was diluted with water (80Q:L). Solutions of crude
ligand in DMSO or methanol were prepared in approximate
concentrations of 25 mM and quantitated by an internal
standard method. Library compounds were divided into
groups characterized by stuctural features such that the
members of a given group were presumed to have equivalent
molar absorptivities andmax values. From each group, a
representative was selected for purification by preparative
HPLC to afford a reference standard for that group. Mixtures
composed of each reference standard and the internal
standard (3,4-dihydroxybenzoic acid) in known concentra-
tions were analyzed by HPLC, and response factors were
determined. These response factors were applied to data from
injections of crude library compounds (diluted from stock
solutions) spiked with internal standard to determine the stock
solution concentrations. The stock solutions were then diluted
to a concentration of 1 mM with water.

Preformation of the Sulfoxine—Fe(lll) Complex with
Subsequent Addition of the Test Ligand.In a typical
example, 6QuM sulfoxine—Fe(lll) solution was formed by
the addition of freshly prepared 1 mM Fe@h 1 mM HCI
(3 mL) to 10 mM sodium sulfoxine in 20 mM aqueous 1,4-
piperazine-bis(ethanesulfonic acid) (PIPES, 3 mL), followed
by dilution with 20 mM aqueous PIPES (pH 7) to a volume
of 50 mL. Freshly prepared ligand solution (B, 1 mM)
was added to the sulfoxind=e(lll) solution (250 uL),
vortexed, and allowed to stand overnight16 h) at
room temperature. The control solution was prepared by
adding water (15«L) to the sulfoxine-Fe(lll) solution
(250 uL).

Preformation of the Ligand—Fe(lll) Complex with
Subsequent Addition of Sulfoxine.A freshly prepared 1
mM ligand solution (15:L) was vortexed with 1 mM FeGl
in 1 mM HCI (15uL) and left at room temperature for 15
min. After the addition with vortexing of 20 mM aqueous
PIPES buffer (pH 7, 8mL) followed by sodium sulfoxine
[150 uL, ImM (from a 10-fold dilution of 10 mM stock in
PIPES)], the solution was allowed to stand at room-
temperature overnight~(16 h). The control solution was
prepared by combining and vortexing 1 mM Fe@l 1 mM
HCI (15 uL), 10 mM sodium sulfoxine in PIPES (14L),
PIPES (22QuL), and water (15uL).

Measurements of the absorbances of the two sets of
solutions described above were made at 570 nm on a
microplate reader. The amount of iron stripped by the tested
ligand is expressed as a percentade, T AJ/[A)] x 100,
where Ay is the absorbance of the initial sulfoxin€e
complex (control), and\s is the absorbance of the solution
after addition and equilibration of uncharacterized ligand.
The calculation was made for both sets of samples using
the appropriatéd,. The error in the percent Fe value has
been determined to b&3%.
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