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Abstract: The synthesis of a novel spermidine-based tricatecholate compound and the 
corresponding carbacephalosporin conjugate are described. Interestingly, both compounds 
exhibited significant siderophore (growth-promoting) activity for several strains of E. co/i. 

We have recently reported the synthesis and antimicrobial activity of a spermidine-based 

catechol siderophore-carbacephalosporin conjugate (3).t The design of conjugate 3 was derived 

from the previous synthesis of spermexatol [2] (1) a new type of spermidine-based siderophore.2 

Spermexatol [2], which contains both hydroxamate and catechol ligands, closely resembles the 

natural spermidine-containing iron chelators, parabactin (4) and agrobactin (5)s Spermexatol [2] 

was shown to substitute for natural siderophores in mutant strains of E. coliand Vibrio cho/erae.* 

Attachment of a p-lactam antibiotic to the spermexatol nucleus, as shown with conjugate 3, resulted 

in the inhibition of microbial growth. This type of iron transport-mediated drug delivery has shown 

promise with catechol conjugate 31 as well as other catechol and hydroxamate siderophore-based 

j3-lactam conjugates.4 

In the initial design of conjugate 3, the antibiotic component was attached to the central 

portion of the spermidine base by a succinic acid spacer. Thus, this conjugate formally contained 

only two bidentate ligands and its ability to complex and chelate iron with 1 :l stoichiometry was 

uncertain. Although natural examples of quadradentate Iron chelators containing both hydroxamate 

(rhodotorulic acid)s and catechol ligands (bis(2,3-dihydroxybenzoyl)-L-lysine)s exist, we wished to 

study the effect of providing an additional bidentate ligand to provide a hexacoordinate molecule 

capable of forming a more common 1 :l complex with ferric ion. 

The best example of a tricatecholate siderophore is enterobactin (6).7 The iron binding and 

growth promoting abilities of enterobactin have been investigated extensive1y.s Many synthetic 

enterobactin analogs have been produced, including carbocyclic analogs9 (e.g. MECAM), and a 

lysine-based dipeptide analog.6 Linear and cyclic spermidine-based tricatechol derivatives also 

513 



514 J. A. MCKEE and M. J. MILLER 

have been reported,‘0 but no indication of their growth promoting ability was given. Furthermore, in 

the earlier reported’0 tricatecholate spermidine compounds, no functionality suitable for attachment 

of an antibiotic was included. In this communication, we report the synthesis of a novel spermidine- 

based tricatechol iron chelator 7 and describe its growth promoting effects with E. co/i In addition, 

the corresponding conjugate 8 with a carbacephalosporin p-lactam antibiotic is described and 

evaluated for biological activity. 

1 R = N(CH3)OH 
2R=OH 

H 
4 Parabactin, X=H 
5 Agrobactin, X=OH 

7B=OH 

Cl 

6 Enterobactin 

The N-hydroxysuccinimide active ester of bis(2,3-dibenzyloxy)benzoic acids (9) was 

combined with N6-BooL-Lysine (10, Sigma) and triethylamine to produce the monocatecholate 

compound 11 in 60% yield as shown in Scheme 1. Compound 11 was esterffied using benzyl 

bromide to give benzyl ester 12 in 52% yield. Monocatecholate p-lactam conjugate 14 was 

produced under N-hydroxysuccinimide and DCC coupling conditions from carboxylic acid 11 and 

P-lactam 1311 in 74% yield following silica gel chromatography. 

After removal of the Boc group from 12 with trifluoroacetic acid in methylene chloride at O’C, 

the oily residue was stirred with the N-hydroxysuccinimide active ester of the tetrabenzyl protected 

spermidine derivative (15)* and triethylamine to afford compound 16 in 57% yield (Scheme 2). 
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Scheme 1 

9 BocNH~COOR 

a: N6-Boc-L-Lysine (lo), NEta, BZIO 

acetone-water; b: Bzl-Br, KHCOs, 

DMF; c: N-hydroxysuccinimide, BZI 

DCC, THF; d: 13, KHCOs, THF-water. w 

c 

&NH&N, 

14 o. 
Q 

N’C, 

CO,PNB 

The benzyl protecting groups of 16 were easily removed with hydrogen in the presence of 10% Pd- 

C to give tricatecholate siderophore 7 in quantitative yield. Protected conjugate 17 was produced 

from 14 and 15 in the same manner as 16 in 25% yield. The low yield of the coupling reaction may 

be attributed to the repeated chromatography that was necessary during purification of 17. Fully 

deprotected 8 was obtained quantitatively under the hydrogenation conditions previously used to 

retain the double bond and the chlorine atom in the carbacephalosporin nucleus (10% Pd-C, 300 

mole% of concentrated HCI in 5% aqueous DMF).‘f Confirmation that the double bond and the 

vinylic chlorine were retained in the 8-lactam nucleus was achieved by carbon-13 NMR and mass 

spectrometric analysis.12 

Initial screening of p-lactam conjugate 8 by incubation with p-lactam hypersensitive E. co/i 

X580’s provided unexpected results. Unlike most of the other siderophore-carbacephalosporin 

conjugates that have been synthesized and tested,4 compound 8 did not exhibit antimicrobial 

effects against E. coliX580. It was initially suspected that this conjugate was not recognized by any 

of the iron transport proteins, as compound 8 is larger than most natural siderophores. 

Alternatively, due to its hydrophobic nature, conjugate 8 may have been insoluble in the aqueous 

testing media, resulting in no observed biological activity. As with the otherlB4= spermidine-based 

conjugates tested in our laboratory, the stock solution of compound 8 was prepared with DMF and 
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Scheme 2 

c 16R=Bzi,R’=OBzl HN 
( 7R=H,R’=OH 

17 R = Bzl + 

CO*H 

a: TFA, CH,Ci,; b: 15, NEts, THF; c: H,, Pd-C, MeOH; d: H,, Pd-C, HCI, 5% aq. DMF. 

added directly to the test media. 

In order to try and determine if the synthetic siderophore and conjugate were soluble enough 

for biological assimilation and were capable of being recognized by any iron transport receptor 

proteins in E. co/i, compounds 7 and 8 were tested for growth promoting activity with E. co/i X580, 

and two isogenic E. cub strains (RWI 93 and RWBI8). The RW193 strain of E. co/i K-12 is able to 

use both catechoiate and hydroxamate siderophores, but is unable to synthesize enterobactin. The 

RWBI 8 strain is a mutant derived from RW193, which lacks an outer membrane protein implicated 

in ferrienterobactin uptake.14 

As the Table shows, tricatechoiate conjugate 8 did act as growth promoter for all of the 

strains of E. co/i. The conjugate was not as good a growth promoter as the corresponding 

tricatechoiate siderophore (compound 7) but it does appear that the conjugate was able to provide 

iron to the microbes. The tricatecholate spermidine siderophore (7) exhibited better growth 

promotion than the bis-catecholate siderophore (2),1 implying that a 1 :l complex indeed may be 

more suitable for receptor recognition than a 3:2 siderophore-iron complex. Compound 7 was not 

as effective a growth promoter as the natural siderophore, enterobactin. interestingly, ail of the 
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synthetic spermidine catecholate compounds were growth promoters for the RWBl8 strain as well 

as the RWI 93 strain. This growth promoting ability with the RWBI 8 may indicate that the 

enterobactin receptor is not required for the uptake of these compounds in this strain of f. co/i. It is 

not apparent why j3-iactam conjugate 8 was not toxic to f. coliX580. Although the amide linkage is 

similar to that used for our previously reported hydroxamic acid and catechol-based j3-iactam 

conjugates,4 the lack of antimicrobial activity of 8 may be an indicator of the need for a release 

mechanism to cleave the antibiotic from the carrier siderophore. Another possibility is that the & 

lactam cannot reach its site of action due to the bulkiness of the tricatechoiate carrier. 

TABLE I. GROWTH PROMOTION OF CATECHOL 
SIDEROPHORES WITH STRAINS OF f. w/i’5 

Enterobactin (8)‘s 

Zones of Stimulation of Growth in mma 
f. w/i X580 f. w/i RW193 f. w/i RWBl8 

38 (24)” 
6 / Fe (ill) (1 :I) 40 (3oj 
2 0 22 24 ?16) 
2 / Fe (iii) (3:2) 20 24 (18) 
5 (16) / Fe 

(iii) (1 :I) 
:: 22 282(;2) 24 24 

(16) 
8 0 18 16 (10) 
8 / Fe (111) (1 :I) 12 18 (12) 20 (12) 

a Zones of stimulation were measured as the diameter of growth after incubation of the plates 
upside down at 37% for 24 hours. 
b Compounds were tested at 25 nmoles and 5 nmoles (5 nmole measurements in parenthesis). 

The enhanced growth promoting ability of the tricatecholate siderophore 7, compared to the 

quadradentate siderophore 2 indicates that these tricatecholate spermidine derivatives merit 

additional study. Modifications of the j3-lactam conjugate 8 with respect to the linkage of the 

antibiotic to the iron chelating moiety are under consideration and may provide a conjugate with 

antimicrobial activity. 
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