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The design, synthesis, and biological evaluation of amideless desferrioxamine analogues are 
described. The design concept is predicated on the idea that a low molecular weight desferrioxamine 
analogue would represent a better pharmacophore from which to construct an orally effective or 
more efficient trihydroxamate than the parent chelator. The study demonstrates that (1) the 
monohydroxamate units of desferrioxamine must be linked to promote iron clearance, (2) the 
N-propanoyl-N-pentyl fragments of desferrioxamine can be replaced with smaller, e.g., C-5, 
methylene units without compromising the analogue’s iron-clearing properties, and (3) a delicate 
balance exists between the molecule’s iron-clearing efficiency and its lipophilicity. 

Introduction 
Although considerable effort has been invested in the 

development of new therapeutics for managing thalas- 
semia, the treatment has remained essentially unchanged. 
Subcutaneous infusion of desferrioxamine B, a hexaco- 
ordinate hydroxamate iron chelator produced by Strep- 
tomyces pilosus,l is still regarded as the method of choice 
for handling transfusional iron overload.2+ Although the 
drug’s efficacy and long-term tolerability are well docu- 
mented, it still suffers from a number of shortcomings 
associated with its poor to moderate efficiency and its 
marginal oral activity. 

It has been demonstrated in situ that desferrioxamine 
forms a 1:l hexacoordinate octahedralcomplexwithFe(III) 
with a formation constant’ of 3 X lo3” M-l. If one assumes 
that the same stoichiometry applies when desferrioxamine 
is administered to an animal, 10 % or less of the calculated 
iron excretion is observed.8 This situation is further 
complicated by the fact that desferrioxamine has a very 
short half-life in the body and must therefore be admin- 
istered by continuous-infusion therapy over long periods 
of time. This translates at a clinical level into poor patient 
c~mpliance.~ Although there are several possible solutions 
to this problem (the development of more efficient 
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desferrioxamine analogues, the generation of an orally 
effective desferrioxamine, or some combination thereof), 
they suffer from the same potential flaw: The target 
molecules all have increased molecular weight. 

An orally effective desferrioxamine could be developed 
by (1) producing a desferrioxamine prodrug which, once 
orally absorbed, would collapse in the serum to the free 
trihydroxamate or (2) fixing desferrioxamine to a vector 
which would carry it across the gastrointestinal tract. 
Assuming even 100 % bioavailability, an unlikely scenario, 
we are still looking at only 10% efficiency of the delivered 
chelator. Because of the therapeutic’s increased molecular 
weight, patients would have to be given even larger 
quantities of the modified desferrioxamine than Desferal. 

The situation would be somewhat different with the 
development of a more efficient desferrioxamine analogue. 
If the efficiency of this analogue were, for example, 8 times 
that of desferrioxamine, but only twice the molecular 
weight, this would be an acceptable trade-off. Such 
increased efficiency might be achieved by developing 
desferrioxamine analogues which have longer residence 
times in the animals or better access to iron pools. 

With either the development of a more efficient des- 
ferrioxamine analogue or an orally effective desferriox- 
amine, the lower the molecular weight of the therapeutic, 
the more compatible it is likely to be with patient needs. 
In keeping with the importance of molecular weight in 
chelator design, we have elected to identify the minimal 
structural characteristics of desferrioxamine which are still 
compatible with iron clearance in animals. In spite of its 
shortcomings, desferrioxamine’s clinical record renders it 
an excellent pharmacophore on which to predicate the 
design of more effective iron chelators. 

Design and Synthesis 
Design. When reduced to its simplest structural 

components, desferrioxamine (DFO, 1) can be viewed as 
composed of seven fragments (Figure 1): three bidentate 
hydroxamates insulated by two N-propanoyl-N-pentyl 
units, a terminal aminopentyl moiety, and a methyl group. 
While coordination chemistry considerations suggest that 
the insulating N-propanoyl-N-pentyl units contribute to 
the entrophy of binding and that the terminal aminopentyl 
and methyl fragments contribute little if anything to 
complexation, the role of these fragments in the molecule’s 
iron-clearing properties remains to be defined. In altering 
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Figure 1. Desferrioxamine B (DFO 1) and monohydroxamata 
DFO fragments 2 and 3. 

the desferrioxamine backbone in a way which is compatible 
with the maintenance of its deferration properties in 
animals while decreasing its molecular weight, three 
questions must be addressed. (1) Is it necessary for the 
three hydroxamates of desferrioxamine to be linked? (2) 
What is the role of the terminal aminopentyl fragment in 
iron clearance? (3) What lower molecular weight frag- 
ments can be employed to replace the two N-propanoyl- 
N-pentyl units? 

The significance of the entropyterm in the chelate effect 
implies that a hexacoordinate ligand in which three 
bidentate fragments are linked will have a much more 
favorable free energy of iron binding than the three 
disconnected bidentate fragments. However, conventional 
thought also suggests that lower molecular weight mol- 
ecules are more effectively transported across the gas- 
trointestinal (GI) tract. The corollary to the latter idea 
is that even though monohydroxamates would not be 
expected to bind Fe(1II) as effectively as the corresponding 
trihydroxamates, the trade-off might be acceptable if small 
fragments were absorbed orally. It is clear, however, that 
the f i t  evaluation of the iron-clearing properties of any 
bidentate fragments should involve subcutaneous admii- 
istration. If the fragments are not effective when admin- 
istered by this route, their potential as oral therapeutics 
becomes a moot point. 

The idea that smaller fragments of larger chelators, once 
in the animal, can clear iron is not completely without 

For example, although 2,&dihydroxyben- 
zoic acid (DHB), one of the three dihydroxybenzoyl 
components of enterobactin, does not bind iron as tightly 
as the hexacoordinate parent, when DHB is administered 
to rodents, it does promote iron clearance.12J3 Conse- 
quently, we were compelled to first synthesize two of the 
component monohydroxamate fragments, 2 and 3, which 
make up deeferrioxamine (Figure 1) and evaluate their 
iron-clearing properties. 

In an earlier investigation, we developed information to 
support the idea that the aminopentyl fragment of 
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(11) Gyparaki, M.; Porter, J. B.; Hirani, S.; Streater, M.; Hider, R. C.; 
Huehne, E. R. In vivo evaluation of hydroxypyridone iron chelators in a 
mouse model. Acta Haematol. 1987, 78, 217-221. 
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desferrioxamine was not requisite to its iron-clearing 
properties. In fact, replacement of the 6-aminopentyl unit 
with a polyether resulted in an analogue with improved 
iron-clearing capacity.I4 However, the significance of the 
central N-propanoyl-N-pentyl units in desferrioxamine'e 
iron-clearing properties remained to be established. 

In keeping with the idea of reducing the overall molecular 
weight of desferrioxamine, the simplest replacement of 
the N-propanoyl-N-pentyl fragments of desferrioxamine 
is with a methylene backbone, Le., creation of an amideless 
DFO. However, it is important that the distancea between 
the chelating functionalities are not so compressed that 
the trihydroxamate's optimum binding geometry is com- 
promised. Inspection of molecular models suggests that 
anything much smaller than C-5 fragments would inhibit 
the formation of a hexacoordinate octahedral complex. 
Several amidelese desferrioxamine analogues were syn- 
thesized (Figure 2), and their iron-clearing properties were 
evaluated. These include C-5 (4) and C-8 (6) amideless 
DFO analogues, as well as a C-6 amideless DFO with a 
nonyl fragment replacing the methyl unit of desfemox- 
amine (C-S/C-10) (5). The latter analogue should be more 
lipophilic than either of the simple C-5 (4) or C-8 (6) 
analogues. This suggests that any chelator-induced iron 
excretion associated with the latter ligand should be largely 
of a biliary nature. 
Synthesis. Production of both the desferrioxamine 

fragments (Scheme I) and the amideless DFO analogues 
(Scheme II) begins with the same synthon, N-(Ccyanobu- 

(14)Bergeroq R. J.; Wiegand, J.; M c W ,  J. S.; Perumal, P. T. 
Syntheeie and biological evaluation of hydroxamate-based iron chelators. 
J. Med. Chem. 1991,34, 3182-3187. 
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with primary chloride 15, forming tert-butoxycarbonyl 
nitrile 16, a versatile precursor to amidelesa hexacoordinata 
hydroxamates. This intermediate provides the option of 
either reducing the nitrile, followed by functionalization 
of the terminal amine, or removing the tert-butoxycarbonyl 
protecting group, followed by functionalization of the 
O-benzylhydroxylamine. The latter choice was applied 
in the current synthesis. The nitrile 16 was treated with 
TFA in CHzClz, collapsing the tert-butoxycarbonyl pro- 
tecting group to produce the O-benzylhydroxylamine 
nitrile 17. To complete the synthesis of the C-5 amideless 
DFO, 17 was reacted with acetic anhydride in pyridine, 
producing chelator precursor 18. The nitrile of 18 was 
then reduced to the primary amine, and ita benzyl groups 
were cleaved with hydrogen over a palladium on carbon 
catalyst in methanolic HC1, generating C-5 amideless DFO 
(4). Alternatively, amine 17 was reacted with decanoyl 
chloride under biphasic conditions to produce hydrox- 
amate precursor 19. Exposure of 19 to hydrogen under 
mild conditions unmasked the more lipophilic C-5/C-10 
amideless trihydroxamate 5. 

The sequence of reactions in Scheme I1 was also 
performed with 8-bromooctanoyl chloride'* in place of 
5-chlorovaleryl chloride to generate the corresponding C-8 
amideless desferrioxamine analogue (6). N- (4-Cyanobu- 
ty1)-0-benzylhydroxylamine (7) was acylated with the 
longer acid chloride under biphasic conditions, furnishing 
o-bromo nitrile 20. Alkylation of N-(tert-butoxycarbony1)- 
O-benzylhydroxylamine with 20 gave tetracoordinate 
precursor 21, which on exposure to TFA under mild 
conditions collapsed to benzyloxyamine 22. Acylation of 
22 with 8-bromooctanoyl chloride generated bromide 23, 
which was utilized to alkylate N-(tert-butoxycarbony1)- 
O-benzylhydroxylamine, yielding hexacoordinate reagent 
24. After treatment of 24 with TFA, the resulting amine 
25 was reacted with acetyl chloride under biphaaic 
conditions, providing nitrile 26. Simultaneous reduction 
of the cyano group and cleavage of the O-benzyl protecting 
groups (HdPd-C) provided C-8 amideless desferrioxamine 
analogue (6). 

Scheme 11. Synthesis of Amideless DFO Analogues 4 
(C-5) and 5 (C-5/C-10)" 
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ty1)-0-benzylhydroxylamine (7). The synthesis and ap- 
plication of this reagent has been described in our earlier 
papers.'"16 The aminopentyl half-acid hydroxamate 2 
was conatructed by first acylating 7 with succinic anhydride 
in pyridine to produce the half-acid nitrile 8."J6 The 
nitrile was then reduced to the corresponding amino acid 
10 utilizing a h e y  nickel catalyst, followed by hydro- 
genolysis of the benzylgroup, providing monohydroxamate 
2. The acetyl hydroxamate fragment 3 (Scheme I) was 
also prepared from the nitrile 7 by first reacting it with 
acetic anhydride in pyridine to produce the nitrile amide 
9.lS The cyano group was then reduced with hydrogen 
over Raney nickel to generate benzyl-protected hydrox- 
amate 11.lS Catalytic hydrogenation (1 atm, 10% Pd-C) 
gave acetyl monohydroxamate 3. 

The synthesis of the C-5 amideless desferrioxamine 
analogues 4 and 5 (Scheme 11) also began with nitrile 7. 
The benzyloxyamine nitrile was acylated with 5-ChlOrO- 
valeryl chloride under biphasic conditions (1 N NaOH/ 
CHzClz), resulting in nitrile halide 12. N-(tert-Butoxy- 
carbonyl)-O-benzylhydr~xylamine~~ was next alkylated 
(NaH/DMF) with 12 to give the protected dihydroxamate 
13. The N-(tert-butoxycarbonyl) protecting group of 13 
was removed by treatment with trifluoroacetic acid (TFA) 
in CHzClz, producing benzyloxyamine nitrile 14, and the 
deprotected nitrogen of 14 was acylated with 5-chloro- 
valeryl chloride, as above, affording a second o-chloro 
nitrile, 15. N-(tert-Butoxycarbony1)-O-benzylhydroxyl- 
amine was converted to ita anion as before and alkylated 

(15) Bergeron, R. J.; Pegram, J. J. An efficient total synthesis of 
desferrioxamine B. J. Org. Chem. 1988,63, 3131-3134. 

(16) krgeron, R. J.; McManie, J. S. The total synthesis of bisucaberin. 
Tetrahedron 1989,A5,4939-4944. 

(17) R a " y ,  K.; Oleen,R. K.; Emery, T. N-Methylation of 0-benzyl 
Na-(alkoxycnrbonyl)-a-amino acid hydroxamate derivatives. J.  Org. 
Chem. 1981,46,5438-5441. 

Biological Evaluation 
Iron Clearance Model. Biological evaluation of the 

hydroxamates was performed using a non-iron-overloaded 
bile duct-cannulated rat model. The drug-promoted iron 
excretion was monitored in both the bile and the urine 
and the resulta compared to a standard desferrioxamine 
dose given subcutaneously (sc). The effectiveness of 
various ligands was compared on an equivalent iron binding 
basis, 150 pmol/kg for trihydroxamates and 450 pmoUkg 
for monohydroxamates. The iron excretion data for the 
drugs evaluated in this study are reported in Table I and 
Figures 3 and 4. Table I includes the total "induced" iron 
excreted per kilogram of rat weight, over 24 h, the 
percentage of iron excreted in the bile, the percentage of 
iron excreted in the urine, and the efficiencies of the six 
ligands. In evaluating the efficiencies of the chelators 
([observed chelator-promoted iron excretion/calculated 
chelator-promoted iron excretion] X loo%), the assump- 
tion was that the stoichiometry of ligand/metal complex 
is 1:l under physiological conditions. Figure 3 indicates 

~ ~~~ 

(18) Ohtauka, Y.; Oishi, T. Medium-ring ketone synthesis. Syntheais 
of eight to twelve-membered cyclic ketones based on the intramolecular 
cyclization of large-membered lactam sulfoxides or sulfones. Chem. 
Pharm. Bull. 1983,31, 454-465. 



4742 Journal of Medicinal Chemistry, 1992, Vol. 35, No. 25 Bergeron et al. 

Table I. Effect of Iron-Chelating Drugs on 24-h Cumulative Iron Excretion in the Urine and the Bile of Non-Iron-Overloaded Bile 
Duct-C-ulabd Rats 

iron excretion 

DFCP (n = 6) 2 b  (n = 2) 3 b  (n = 2) 4' (n = 5) 5" (n = 5) 6' (n = 5) 
measurement mdkg % mg/k % m d k  % mdkg % mg/k % m d k  % 
theortotal 8.37 100 8.37 100 8.37 100 8.37 100 8.37 100 8.37 100 
exptltotal 0.232i0.042 2.8 -0.018+0.001 -2.1 -0.001 +O.OO0 -1.7 0.228i0.030 2.7 0.184hO.015 2.2 0.098i0.009 1.2 

inurine 0.059 i 0.023 25.4 -0.003 f O.OO0 0 -0.001 i O.OO0 0 0.021 f 0.004 9.4 0.017 + 0.004 9.2 O.OO0 + O.OO0 0 
in bile 0.173i0.035 74.6 -0.015h0.001 0 -0.002h0.000 0 0.207 iO.030 90.6 0.167 +0.015 90.8 0.098+0.010 100 

a Concentration, 150 pmollkg sc. * Concentration, 450 pmoVkg sc. 

DFO c.5 c - a  c-5 / c-10 

Figure 3. Response of the non-iron-overloaded bile duct- 
cannulated rats to DFO and amideless DFO analogues 4-6 
administered at 150 rmol/kg sc. 
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Figure 4. Ferrokinetica of chelator-induced biliary iron clearance 
in rodents given 4-6 at 150 pmol/kg sc. 

the micrograms of chelator-induced iron excreted in the 
bile and urine per kilogram of rat weight over a period of 
24 h. Because of the differences in water solubility among 
the various drugs, it was necessary to employ a vehicle in 
which all of the compounds could be administered. We 
utilized a mixture of Cremophor RH-40 and water ( 4 0  
60). Furthermore, as dietary iron can reduce or in some 
cases enhance the amount of biliary iron excreted, all 
animals were fasted for 24 h before the administration of 
the drug, and the fast was maintained throughout the 
course of the experiment. Although fasting reduces the 
bile flow, data interpretation is facilitated. Dietary iron 
can complex with the ligand, reducing its bioavailability 
for absorption, or alternatively, the irodchelator complex 
itself can be absorbed and then excreted in the bile, thus 
confusing data interpretation. 

Biological Results. When the dihydroxamate frag- 
ments 2 and 3 (Figure 1) were administered subcutaneously 
to the rodents at  a dose of 450 pmol/kg, total iron excretion 
remained at the base level in all of the test animals. These 
results strongly suggest that the bidentate hydroxamate 
fragments of desferrioxamine must be linked for effective 

iron chelation in animals. The idea of monohydroxamates 
as orally effective chelators is now questionable. All three 
trihydroxamate analogues (Figure 2) cleared iron in the 
rodent model, although there were obvious differences in 
their efficiencies (Figure 3 and Table I). The lowest 
molecular weight trihydroxamate, the C-5 analogue (4), 
was the most effective at overall iron clearance, with an 
efficiency of 2.7 f 0.9%. With 9% of the induced iron 
cleared in the urine and 91 % in the bile, this compound, 
although as efficient as DFO itself, had a larger fraction 
of the total induced iron in the bile. The C-8 analogue 
(61, although less efficient than DFO, still maintained a 
higher fraction of iron clearance in the bile. Interestingly, 
when the terminal methyl fragment of the C-5 analogue 
(4) was replaced with a nonyl unit, the iron clearance 
efficiency of the resulting trihydroxamate (6) was reduced 
to nearly half that of DFO. All of the iron cleared by 5, 
the most lipophilic of the three desferrioxamine analogues, 
was in the bile. A consideration of Figure 4 reveals rather 
striking differences in the kinetics of biliary iron clearance. 
Biliary iron clearance, induced by DFO or C-5 analogue 
4, is back to baseline in the bile in 15 h. However, the 
more lipophilic analogues, C-8 (6) and C-5/C-10 (S), 
demonstrated a far more protracted clearance of iron in 
the bile. 

Conclusion 
The idea that a low molecular weight desferrioxamine 

analogue represents a better pharmacophore from which 
to construct an orally effective or more efficient trihy- 
droxamate now seems tenable. The synthetic method- 
ologies developed in this paper have made it possible to 
access such compounds. We have been able to identify 
some of the minimal structural requirements of desfer- 
rioxamine which are still compatible with iron clearance 
in an animal model. It is now clear that (1) a monohy- 
droxamate pharmacophore is not viable, (2) the terminal 
aminopentyl fragment of desferrioxamine is not critical 
to its biological activity,14 and (3) the N-propanoyl-N- 
pentyl fragments of DFO can be replaced with smaller 
methylene-containing fragments; Le., the amides are not 
significant. On the basis of these observations, it should 
now be possible to develop either an orally effective 
desferrioxamine analogue or a more efficient desferriox- 
amine analogue which is realistic in terms of dosing levels. 

Experimental Section 
All reagents were purchased from Aldrich Chemical Co. and 

were used without further purification. Fisher Optima grade 
solvents were routinely used, and organic extracts were dried 
with sodium sulfate. Distilled solvents and acid-washed glassware 
(3 N HCl for 15 min) were employed for transformations involving 
hydroxamates 2-6. Silica gel 60 (70-230 mesh) obtained from 
EM Science (Darmstadt, Germany) or Sephadex LH-20 from 
Sigma Chemical Co. was used for column chromatography. 
Proton NMR spectra were recorded at 90 or 300 MHz in CDC4 
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(unless otherwise indicated) with chemical shifts given in parta 
per million downfield from an intemal tetramethylailane or 
sodium 3-(trimethylailyl)propanesulfonate (DzO) standard; cou- 
pling constants (J) are in hertz. Elemental analyses were 
performed by AtlanticMimlab, Norcrow, GA. Sprague-Dawley 
rata were purchased from Charles River, Wilmington, MA. Bile 
and urine samples were analyzed on a Perkin-Elmer 5100 PC 
atomic absorption spectrophotometer fittad with a Model AS-51 
autosampler using a quartz sampling probe as previously 
described.* Cremophor RH-40 was obtained from BASF, Par- 
sippany, NJ. 
N-(4-Cyanobutyl)-O-bnzylhydroxylamine (7) was pre- 

viously synthesized in these laboratoriesl6JB in 84 % yield. 
N-(Benzyloxy)-N-(4-cyanobutyl)succinamic acid (8) was 

prepared by our method in 98% yield.lSJ6 
N-(4-Cyanobutyl)-N-(benzyloxy)acetamide (9) was syn- 

thesized in these laboratories16 in quantitative yield. 
N-(Benzyloxy)-N-(5-aminopentyl)succinamic Acid (10). 

h e y  nickel (W-2 form, 1.05 g) and Concentrated NKOH (1.6 
mL) were added to a solution of 8 (0.60 g, 1.97 mmol) in CHaOH 
(8 mL) in a 250-mL Parr bottle. The reaction mixture was cooled 
to 0 OC. A slow stream of NH3 was bubbled through the cold 
mixture for 10 min, and hydrogenation using a Parr shaker was 
carried out for 3 h at 50 psi. Catalyst was filtered wing Celite 
and the fiitrate concentrated in vacuo. Silica gel column 
chromatography, eluting with 0.6 % concentrated N&OH/CH3- 
OH gave 0.55 g (90%) of 10 as a white amorphous solid NMR 
(DzO) 6 1.05-1.84 (m, 6 H), 2.20-2.78 (m, 4 H), 2.91 (t, 2 H, J = 
7), 3.68 (t, 2 H, J = 6), 4.91 (8, 2 H), 7.45 (s, 5 H). Anal. 

N-(&Aminopentyl)-N-(bn~loxy)acetamide (1 1) was syn- 
thesized according to our published procedure16 in 88% yield. 
N-Hydroxy-N-(5-aminopentyl)succinamic Acid Hydro- 

chloride (2). Compound 10 (0.71 g, 2.30 "01) was dissolved 
in CHsOH (90 mL), followed by addition of 0.1 N HC1 (from 
concentrated HCl and methanol, 24 mL, 2.4 mmol) and 10% 
Pd-C (0.24 g). The mixture was stirred under Hz (1 atm) for 3 
h, the catalyst was filtered, and the solvent wasremoved in vacuo. 
The residue was purified by Sephadex LH-20 column chroma- 
tography, eluting with 5-30% EtOH/benzene, giving 133 mg 
(23%) of 2 as a glass: NMR (DzO) 6 1.14-1.87 (m, 6 H), 2.47-3.10 
(m, 6 H), 3.60 (t, 2 H, J = 6). Anal. (C~H19ClNz04) C, H, N. 
N-Hydroxy-N-(5-aminopentyl)acetamide Hydrochloride 

(3). Compound 11 (3.66 g, 14.6 "01) was dissolved in CHsOH 
(150 mL), and 10% Pd-C (0.6 g) was added. The mixture was 
stirredunder Hz(1 a b )  atroomtemperaturefor4 h. Thecatalyst 
was filtered, an equivalent of 0.1 N HCl added, and the solvent 
was removed, providing 2.2 g (77%) of 3 as a white solid NMR 
(DzO) 6 1.2-1.8 (m, 6 H), 2.12 (8, 3 H), 2.98 (t, 2 H, J = 7), 3.60 

N-(Benzyloxy)-N-(4-cyanobutyl)-5-chloropentanamide 
(12). A solution of 5-chlorovaleryl chloride (3.66 g, 23.6 "01) 
in CHzClz (50 mL) was slowly dripped into a mixture of amine 
7 (4.08 g, 20.0 "01) in CHzClz (100 mL) and 1 N NaOH (200 
mL), which had been cooled to 0 OC. The mixture was stirred 
at 0 OC for 30 min and at room temperature overnight. The 
layers were separated, and the aqueous layer was further extracted 
with CHzClz (2 X 150 mL). The combined organic extracts were 
washed with saturated sodium chloride, and solvent was removed 
in vacuo. The crude oil was passed through a short silica gel 
column, eluting with EtOAc, to give 6.0 g (93%) of 12 as an oil: 
NMR 6 1.57-1.97 (m, 8 HI, 2.35 (t, 2 H, J = 61, 2.40 (t, 2 H, J 
= 6), 3.50 (t, 2 H, J = 6), 3.67 (t, 2 H, J = 6),4.80 (8,  2 H), 7.37 
(8,5 H). Anal. (C17H~ClNz02) C, H, N. 
124 tert-Butoxycarbonyl)-6,12-bis(benzyloxy)-7-ox+6,12- 

diazadodecanenitrile (13). N-(tert-Butoxycarbony1)-0-ben- 
~ylhydroxylaminel~ (4.2 g, 18.8 "01) was dissolved in DMF 
(120 mL) and cooled to 0 "C. Sodium hydride (80%, 0.564 g, 18.8 
mmol) was added, and the mixture was stirred at 0 "C for 30 min. 
A solution of 12 (6.0 g, 18.6 mmol) in DMF (30 mL) was slowly 
added to the cold solution, which was then allowed to stir at 
room temperature for 20 min and at 80 OC overnight. The DMF 
was removed under high vacuum, and the residue was quenched 
withHz0 (50mL) andextractedwithCHzClz (3 X 70mL). Organic 
extracta were washed with saturated sodium chloride, and the 
solvent was removed by rotary evaporation. Silica gel column 

(C16H!&204) C, H, N. 

(t, 2 H, J = 7). Anal. (C7Hi7ClNzOz) C, H, N. 
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chromatography, eluting with 2:l hexane/EtOAc produced 7.29 
g (77%) of 13 as an oil: NMR 6 1.50 (e, 9 HI, 1.4Q-1.90 (m, 8 H), 
2.30 (t, 2 H, J = 6), 2.40 (t, 2 H, J = 6), 3.40 (t, 2 H, J 6), 3.63 
(t, 2 H, J = 6), 4.77 (8, 2 H), 4.80 (8,  2 H), 7.33 (8,  10 H). Anal. 
(~zeHseNsOs) C, H, N. 

6,12-Bis (benzylo .y) -7-0~0-6 ,12-diazadode (14). 
Trifluoroacetic acid (25 mL) was slowly dripped into a solution 
of 13 (7.10 g, 13.93 "01) in CHzClz (150 mL), which had been 
cooled to 0 OC. The solution was stirred at 0 "C for 30 min and 
at room temperature for 15 min. Solvent and excess TFA were 
removed by rotary evaporation, and the concentrate was cooled 
to 0 OC, treated with saturated NaHCOs (150 mL), and extracted 
with CHzClz (4 X 80 mL). After solvent removal, the crude oil 
waspdied  by silicagel columnchromatographywith 1:l hexane/ 
EtOAc as the eluant, generating 4.6 g (81 %) of 14 as an oil: Nh4R 
6 1.e1.90 (m, 8 H), 2.30 (t, 2 H, J = 6), 2.40 (t, 2 H, J = 6), 2.90 
(t, 2 H, J = 6), 3.63 (t, 2 H, J = 6), 4.63 (8, 2 H), 4.75 (8, 2 H), 
4.93 (br s, 1 H), 7.27 (s,5 HI, 7.33 (s,5 HI. Anal. (CaSIslNsOs) 
C, H, N. 
17-Chloro-6,12-bi~(benzyloxy)-7,13-diox+6,12-diazahep- 

tadecanenitrile (15). Compound 14 (2.44 g, 5.96 "01) was 
reacted with 5-chlorovaleryl chloride (1.13 g, 7.29 "01) in CHr 
Clz (150 mL) and 1 N NaOH (200 mL) by the procedure used for 
12. Silica gel column chromatography, eluting with 3 % EtOH/ 
CHCk gave 15 in quantitative yield as an oil: NMR 6 1.60-1.87 
(m, 12 H), 2.23-2.53 (m, 6 H), 3.47 (t, 2 H, J = 61, 3.60 (t, 4 H, 
J 
N. 

l&( tert-Butoxycarbonyl)-6,12,l8-tris(benzyloxy)-7,13-di- 
oxo-6,12,l&triazaoctadecanenitrile (16). N-(tert-Butoxycar- 
bony1)-0-benzylhydroxylamine (1.43 g, 6.40 "01) was alkylated 
with 15 (3.00 g, 5.68 "01) using NaH (80%, 0.19 g, 6.33 "01) 
in DMF (100 mL), following the procedure wed for 13. Column 
chromatography on silica gel with 4 1  hexane/EtOAc yielded 3.0 
g (74%) of 16 as an oil: NMR 6 1.50 (e, 9 HI, 1.40-1.85 (m, 12 
H), 2.20-2.50 (m, 6 H), 3.27-3.70 (m, 6 H), 4.75 (s,6 H), 7.33 (8, 

6,12,18-Tris( benzyloxy)-7,13-dioxo-6,12,18-triazaoctade- 
canenitrile (17). Compound 16 (2.85 g, 3.99 "01) in CH&lz 
was treated with excess TFA following the procedure used for 
14. Silica gel column chromatography, eluting with 3 2  EtOAc/ 
hexane gave 1.4 g (57%) of 17 as an oil: NMR 6 1.43-1.83 (m, 
12 H), 2.20-2.50 (m, 6 H), 2.90 (t, 2 H, J = 6), 3.60 (t, 4 H, J = 
6), 4.63 (e, 2 H), 4.75 (8, 4 H), 7.28 (8, 5 H), 7.33 (8, 10 H). Anal. 
(Cd&&os) C, H, N. 
6,12,18-Tris( benzyloxy)-7,13,19-trioxo-6,12,18-triaza- 

eicosanenitrile (18). Acetic anhydride (8 mL) was slowly added 
to a solution of 17 (1.25 g, 2.03 "01) in pyridine (50 mL) and 
CHzClz (30 mL), which had been cooled to 0 OC. Stirring was 
continued at 0 OC for 30 min and then at room temperature 
Overnight. Solvents were removed under high vacuum, and the 
residue was dissolved in CHCb (120 ml), followed by washing 
with 0.5 N HCl(2 X 40 mL) and saturated NaHCOs (2 X 40 mL). 
After solvent removal, the crude oil was purified by silica gel 
column chromatography, eluting with 3:l EtOAc/hexane, to 
furnish 0.8 g (60%) of 18 88 an oil: NMR 6 1.40-1.80 (m, 12 H), 
2.05 (s, 3 H), 2.20-2.50 (m, 6 H), 3.40-3.73 (m, 6 HI, 4.75 (8,  6 H), 

6,12,18-Trihydroxy-7,13,19-trioxo-6,12,18-triazaeicosan- 
amine Hydrochloride (4). Compound 18 (LOO0 g, 1.522 "01) 
was dissolved in CHsOH (210 mL), followed by addition of 0.1 
N HC1 (from concentrated HC1 and methanol, 16.75 mL, 1.675 
mmol) and 10% Pd-C (0.6 9). The mixture was stirred under 
Hz (1 atm) at room temperature overnight. The catalyst was 
filtered, and the solvent was removed. The residue was purified 
by Sephadex LH-20 column chromatography, eluting with 16% 
MeOH/toluene, to generate 560 mg (86 % ) of 4 as a colorlese 
solid NMR (CDsOD) 6 1.30-1,97 (m, 14 H), 2.17 (e, 3 H), 2.60 
(t, 4 H, J = 6), 3.00 (t, 2 H, J = 6), 3.70 (t, 6 H, J = 6). Anal. 
(Ci7HssCw1O6) c ,  H, N. 

6,12,18-Tris(benzyloxy)-7,13,19-trioxo-6,12,l8-t~azaocta- 
cosanenitrile (19). Compound 17 (1.2Og, 1.95mmol) wasreacted 
with decanoyl chloride (0.565 g, 2.96 mmol) in CHzClz and 1 N 
NaOH following the procedure used for 12. Purification by silica 
gelcolumnchromatographywith 2 1  EtOAc/hexaneas theeluant 
provided 1.20 g (80%) of 19 aa an oil: NMR 6 0.90 (t, 3 H, J = 

6), 4.77 ( ~ , 4  H), 7.33 ( 8 , l O  H). Anal. (C&&lNa04) C, H, 

15 H). Anal. (C1iH&407) C, H, N. 

7.32 (8,15 H). Anal. (cd48N406) C, H, N. 
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6), 1.13-1.40 (m, 14 H), 1.47-1.90 (m, 12 H), 2.23-2.53 (m, 8 H), 
3.50-3.77 (m, 6 H), 4.77 (8, 6 H), 7.33 (a, 15 H). Anal. (c&&Od 
C, H, N. 

amine Hydrochloride (5). Compomd 19 (1.13 g, 1.47 m o l )  
wan hydrogemted in CHsOH (150 mL) and 0.1 N HCl(l6.2 mL, 
1.62 "01) with 10% Pd-C (0.6 g) by the procedure uwd for 4. 
Purification by Sephadex LH-20 column chromatography with 
20% EtOH/toluene aa the eluant produced 0.508 g (64%) of 5 
aa a colorless solid NMR (CDsOD) 6 0.90 (t, 3 H, J = 6), 1.17- 
1.87 (m, 28 H), 2.33-2.63 (m, 6 H), 2.92 (t, 2 H, J = 6), 3.60 (t, 

l k B r o m ~ ( b e n a y ~ ~ ) - 7 ~ x ~ ~ ~ ~ ~ ~  (20). 
Compound7 (3.2g, 15.7mmol)wastreatadwith&bromoodanoyl 
chloride1* (4.55 g, 18.8 "01) in CHzCla and 1 N NaOH following 
the procedure used for 12. Silica gel column chromatography 
with21 hexane/EtOAcafforded3.8g (S%)of20asanoil: NMR 
61.17-2.00(m,14H),2.23-2.50(m,4H),3.37(t,2H,J=0),3.63 
(t, 2 H, J = 6),4.77 (8, 2 HI, 7.33 (s,5 HI. Anal. (CaoHzsBrNzOd 
C, H, N. 

l a (  tert-Butoxycarbonyl)-6,lS-b~(benzyloxy)-7~~~6,15- 
diazapentadecanenitrile (2 1). N- (tert-Butoxycarbonyl)-O- 
benzylhydroxylamine (0.991 g, 4.44 "01) waa alkylatad with 20 
(2.0 g, 4.89 "01) by employment of the procedure used for 13. 
Purification of the crude oil by silica gel column chromatography 
with 3 2  hexane/EtOAc gave 1.98 g (81 % ) of 21 aa an oil: NMR 
S 1.13-1.90 (m, 14 H), 1.50 (8, 9 H), 2.23-2.47 (m, 4 H), 3.37 (t, 
2 H, J = 6), 3.63 (t, 2 H, J = 6), 4.75 (8, 2 H), 4.77 (8, 2 H), 7.33 
(s,10 HI. Anal. (CszZtaNsOa) C, H, N. 

6, lS-Bi~(benzylory)-7~xo-6 ,15-d~zapentad~~e~t~le  
(22). Excess "FA waa added to 21 (2.00 g, 3.63 "01) in CkaClz 
at 0 OC. The solution was stirred at  0 OC for 30 min and at room 
temperature for 15 min, and then the reaction waa worked up by 
the method used for 14. Silica gel column chromatography with 
2% MeOH/CHCb provided 1.51 g (92%) of 22 aa an oil: NMR 
d1.17-1.90(m,14H),2.23-2.50(m,4H),2.90(t,2H,J=6),3.40 
(8, 1 H), 3.63 (t, 2 H, J = 6), 4.67 (e, 2 H), 4.77 (8,  2 H), 7.30 (e, 
5 H), 7.33 ( ~ , 5  H). A d .  (CnHnNsOs) C, H, N. 
23-Bromo-6,1S-bie(benzyloxy)-7,l6-dioxo-6,15-diaeatri- 

cosanenitrile (23). Compound 22 (1.50 g, 3.32 "01) was 
combined with &bromooctanoyl chloride (0.963 g, 3.99 m o l )  
following the conditio- used for 12. The crude oil waa purified 
by silica gel column chromatography with 1:l hexane/EtOAc aa 
the eluant, giving 2.06 g (95%) of 23 aa an oil: NMR 6 1.17-2.00 
(m, 24 H), 2.23-2.50 (m, 6 H), 3.36 (t, 2 H, J = 6), 3.60 (t, 2 H, 
J = 6), 3.63 (t, 2 H, J = 6), 4.77 (8, 4 H), 7.33 (8,  10 H). Anal. 
(CssHwBrNsO4) C, H, N. 

244 tert-Butoxycarbonyl)-6,15f4trie(benzyloxy)-7,16-~- 
oxo-6,15,24-triazatetracosanenitrile (24). N-(tert-Butoxy- 
carbonyl)-O-be~lhydroxy~ine (0.445 g, 1.99 mmol) waa 
alkylated by 23 (1.37 g, 2.09 mmol), utilizing the procedure 
followed for 13. Silica gel column chromatography with 1:l 
hexane/EtOAc gave 1.50 g (94%) of 24 as an oil: NMR 6 1.50 (8,  

6,12,1&Trih~dro.y-7,13,19-tri0~0-6,12,1& 

6 H, J 6). Anal. (C&IslClN40d C, H, N. 

Bergeron et 41. 

9 H), 1.17-1.90 (m, 24 H), 2.27-2.50 (m, 6 H), 3.40 (t, 2 H, J = 
6), 3.60 (t, 2 H, J = 6), 3.63 (t, 2 H, J = 6), 4.77 (8,4 H), 4.80 (8, 

6,15f4-Trir(benzyloxy)-7,16-dioxo-6,15f4-t~azatetra- 
coaanenitrile (25). Exceee TFA was added to a solution of 24 
(1.32 g, 1.65 m o l )  in CHzClz at  0 OC following the procedure 
used for 14. The crude oil was purified by silica gel column 
chromatography ueing 3 2  EtOAdhexane to generate 0.96 g (83 % 
of 25 aa an oil: NMR 6 1.17-1.97 (m, 24 H), 2.23-2.50 (m, 6 H), 
2.90 (t, 2 H, J = 6), 3.57 (t, 2 H, J = 6), 3.63 (t, 2 H, J = 6), 4.67 
(a, 2 H), 4.77 (a, 4 H), 7.30 (e, 5 H), 7.33 (e, 10 H). Anal. 
(ClzHseN4Os) C, H, N. 
6,15J4-Trir(benayloxy)-7,16~t~oxo-6,1Sf~t~~- 

cosanenitrile(26). Compound25(0.93g, 1.33mmol)wastreated 
with acetyl chloride (0.160 g, 2.04 "01) by the procedure uwd 
for 12. Silica gel column chromatography (31 EtOAc/hexane) 
produced 0.95 g (96%) of 26 ae an oil: Nh4R 6 1.17-1.87 (m, 24 
H), 2.07 (a, 3 H), 2.27-2.47 (m, 6 H), 3.47-3.73 (m, 6 H), 4.77 (e, 
6 H), 7.33 (8, 15 H). Anal. (CuHeoN40~) c, H, N. 

amine Hydmhloride (6). Compound 26 (1.20 g, 1.62 mmol) 
waa hydrogenated in CHaOH and 0.1 N HC1 with 10% Pd-C by 
theprocedureueedfor4. Purification bySephadexLH-20column 
chromatography with 15 % EtOWtoluene as the eluant produced 
0.386 g (47%) of 6 aa a colorless solid NMR (CDaOD) 6 1.17- 
1.87 (m, 26 H), 2.07 (8, 3 H), 2.30-2.55 (m, 4 H), 2.90 (t, 2 H, J 
= 6), 3.43-3.70 (m, 6 H). Anal. (C%&ClI%06) c, H, N. 

Bile Duct Cannulation. Male Sprague-Dawley rata aver- 
aging 400 g were housed in Nalgene plastic metabolic cagesduring 
the experimental period and were given free access to water. The 
animals were anesthetized using d u m  pentobarbital (50 mg/ 
kg), given intraperitoneally (ip). The bile duct was cannulated, 
using 22-gauge polyethylene tubing (Intramedic), about 1 cm 
from the duodenum. The cannula waa inserted about 2 cm into 
the duct, and once bile flow waa established, the cannula was tied 
snugly in place. A skin-tunneling needle waa insertad from the 
shoulder area around to the abdominal incision. The cannula 
was threaded through the needle until it emerged from the 
shoulder opening. 

The cannula was passed from the rat to the swivel inside a 
metal torquetransmitting tether, which wae attached to a rodent 
jacket around the animal's chest. The cannulawas directed from 
the rat to a Gilaon microfraction collector by a fluid swivel 
mounted above the metabolic cage. This system allowed the 
animal to move freely in the cage while continuous bile samplea 
were being collected. Bile samples were collected at 3-h intervals 
for 48 h. Urine samples were taken every 24 h. 
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2 H), 7.33 (8, 15 H). Anal. ( C d I d ~ O ~ )  C, H, N. 
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