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Once the blood preeeure was stabilized, the control values were 
taken and the compounds were injected intravenously (bolus) in 
cumulative and increasing doem. The effects were recorded 
continuously during 15 min. The dosages were 1,3,6,10,20, and 
30 p g / k g  when antihypertensive effects were recorded and 0.1 
mg/kg when the hypertensive potency was evaluated. The com- 
pounds were dissolved in polyethylene glycol 400 (PEG-400; 
Merck, Germany) (0.1 mL/kg). 

In cowcious animals, syetolic blood pressure was monitored 
by tail plethysmography. The enimnln were trained during 2 weeks 
prior to the monitoring procedure. On the day of the experiment 
the rats were placed at  31 f 1 OC for 2 h, and blood pressure was 
recorded. 

The measurement was the average of five determinations each 
time. Only animals with basal values over 170 mmHg systolic 
blood pressure were considered as hypertensive. After 24 h of 
fasting, the selected hypertensive animala were administered the 

compound and/or vehicle [20% PEG-400 in 0.5% aqueous m e  
thylcellulcee (BDH) (10 mL/kg)] orally by gastric gavage. Data 
were expressed as percent change at 2 h poetheatment Statistical 
analysis was performed by means of Sp59 programs (ANOVA and 
Student's t test). 
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Inhibition of N8-Acetylspermidine Deacetylase by Active-Site-Directed Metal 
Coordinating Inhibitors 
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A number of substrate analogues of NB-acetylspermidine (M-AcSpd) (16) and chemical modifying agents containing 
metal coordinating ligands were assayed as inhibitors of the cytoplasmic enzyme NB-AcSpd deacetylase from rat 
liver. The enzyme is inhibited by metal chelators, several w-amino-substituted carboxylic acids, and some thiol 
reagents. Inhibition by diisopropyl fluorophoephate was observed only at high concentrations. These results suggest 
that the catalytic mechanism of the enzyme requires a transition state metal and free sulfhydryl groups for activity. 
The most potent inhibitor synthesized 64 (3-aminopropyl)amino]-N-hydroxyhexanamide (15), has an apparent Ki 
of 0.001 pM. It binds to the target enzyme 11OOO times tighter than the substrate (apparent K, = 11 pM). These 
compounda and a previously reported seriea of compounda (Dredar, S. k, Blankemhip, J. W.; Mnrchant, P. E.; Manneh, 
V. A.; Fries, D. S. J. Med. Chem. 1989, 32,984-989) are useful in mapping the active site and determining the 
physiological function of NB-AcSpd deacetylase. 

The naturally occurring polyamines, putrescine, sper- 
midine, and spermine, play important roles in the regu- 
lation of DNA and RNA function and thereby affect cell 
growth and differentiation.'" In previous publications 
from our laboratory>s the biochemical pathways of poly- 
amine metabolism and interconversion were discussed. 
The focus of our work is the nuclear enzymatic acetylation 
of spermidine selectively at the N8 position6!' and the 
cytoplasmic deacetylation of this product to regenerate 
spermidine.8~~ Polyamines, especially spermine and 
spermidine, are known to bind to and to stabilize DNA and 
chromosomal N-Acetylated polyamines 
have a reduced number of positive charges and are less 
efficient at stabilizing DNA than their nonacetylated 
precursors." Thus, a simple hypothesis, that is depicted 
by the model shown in Figure 1, has been proposed to 
explain the function of the enzymatic nuclear acetylation 
and cytoplasmic deacetylation of spermidine. Inhibitors 
of the acetyltransferase and deacetylase enzymes are re- 
quired to test the hypothesis. In this paper we describe 
the design, synthesis, and in vitro activity of potent in- 
hibitors of IP-acetylspermidine (IP-AcSpd) deacetylase. 

Care should be taken not to confuse the nuclear acety- 
lation of spermidine with the cyt~plasmic acetyltransferase 
which acetylates spermidine at the IV po~ition.'~.'~ 
N- Acetylspermidine is acted upon by polyamine oxidase 
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Table I. In Vitro Inhibition of M-AcSpd Deacetylase from Rat 
Liver Cytoeol 

~ P P  Ki 
no. structure or name OcM)" 

1 diisopropyl fluorophoephate 33000 
2 p-(hydroxpercurio)benzoate 150 
3 N-ethylmaleimide 860 
4 iodoacetamide NIb 
5 EDTA 3600 
6 2,2'-dipyridyl 1900 
7 1,lO-phenanthroline 1300 
8 4,7-phenanthroline NIb 
9 sodiumbutyrate 38600 

10 H2N(CH&COOH 36500 
11 H2N(CHz)dCOOH 4100 
12 H2N(CH2)&OOH 50 
13 H2N(CH2)4NHCOCHa 800 
14 H2N(CH2)aHN(CH2)&00H 11 
16 HZN(CH&qHN(CH2)6CONHOH 0.001 
16 HZN(CH2)3HN(CH2)4NHCOCHa (substrate) 11 (K,) 

"The apparent Ki values were determined from Dixon plota. 
bNI = no inhibition to 

to produce putrescine and 3-aminopr0panal,'~J~ while 
IP-AcSpd is deacetylated. 

M. 

(1) Pegg, A. E. Recent Advances in the Biochemistry of Poly- 
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(2) Pegg, A. E. Polyamine Metabolism and Ita Importance in 
Neoplastic Growth and as a Target for Chemotherapy. Cancer 
Rea. 1988,48,75+774. 
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Figure 1. Illustration of the hypothesized cycle of spermidine 
acetylation and deacetylation. (1) Spermidine (Spd) enters the 
cell nucleus, (2) binds by ionic forces to sites on DNA, (3) is 
acetylated and dissociates from DNA, (4) diffuses to the cytoplasm 
where (5)  it is deacetylated and the Spd released. 

Our earlier efforts at finding inhibitors of P-AcSpd 
deacetylase were reasonably successfu1.4 However, studies 
with active-site-modifying agents led us to believe that 

Tabor, C. W.; Tabor, H. Polyamines. Annu. Rev. Biochem. 
1984.53.749-790. 

I 

Dredar, S. A.; Blankenship, J. W.; Marchant, P. E.; Manneh, 
V. A.; Fries, D. S. Design and Synthesis of Inhibitors of Ns- 
Acetylspermidine Deacetylase. J. Med. Chem. 1989, 32, 

Marchant, P.; Dredar, S.; Manneh, V.; Alshabanah, 0.; Mat- 
thews, H.; Fries, D.; Blankenship, J. W. A Selective Inhibitor 
of N8-Acetylspermidine Deacetylation in Mice and Hela Cells 
Without Effects on Histone Deacylation. Arch. Biochem. 
Biophys. 1989,273,128-136. 
Blankenship, J.; Walle, T. In Vitro Studies of Enzymatic 
Synthesis and Metabolism of N-Acetylated Polyamines. In 
Advances in Polyamine Research; Campbell, R. A, Morris, D. 
R., Bartos, D., Daves, G. D., Bartos, F., Eds.; Raven: New 
York, 1978; Vol. 2, pp 97-110. 
Libby, P. R. Rat Liver Nuclear N-Acetyltransferases: Sepa- 
ration of Two Enzymes with Both Histone and Spermidine 
Acetyltransferase Activity. Arch. Biochem. Biophys. 1980,203, 

Blankenship, J. Deacylation of NE-Acetylspermidine by Sub- 
cellular Fractions of Rat Tissue. Arch. Biochem. Biophys. 
1978,189,20-27. 
Bolkenius, F. N.; Seiler, N. Acetylderivatives as Intermediates 
in Polyamine Catabolism. Int. J. Biochem. 1981,13,287-292. 
Blankenship, J.; Walle, T. Acetylation of Spermidine and 
Spermine by Rat Liver and Kidney Chromatin. Arch. Bio- 
chem. Biophys. 1977,179,235-242. 
Morgan, J. E.; Blankenship, J. W.; Matthews, H. R. Associa- 
tion Constants for the Interaction of Double-Stranded and 
Single-Stranded DNA With Spermine, Spermidine Putrescine, 
Diaminopropane, N'- and N8-Acetylspermidine, and Magne- 
sium Determination from Analysis of the Broadening of 
Thermal Denaturation Curves. Arch. Biochem. Biophys. 1986, 
246,225-232. 
Morgan, J. E.; Blankenship, J. W.; Matthews, H. R. Poly- 
amines and Acetyl Polyamines Increase the Stability and Alter 
the Conformation of Nucleosome Core Particles. Biochemistry 

Matsui, I.; Wiegard, L.; Pegg, A. E. Properties of Spermidine 
N-Acetyltransferase from Livers of Rata Treated with Car- 
bontetrachloride and Its Role in the Conversion of Spermidine 
to Putrescine. J. Biol. Chem. 1981,256, 2454-2459. 
Della Ragione, F.; Pegg, A. E. Studies on the Specificity and 
Kinetics of Rat Liver Spermidine/Spermine "-Acetyl- 
transferase. Biochem. J. 1983,213, 701-706. 
Hiilttii, E. Oxidation of Spermidine and Spermine in Rat Liver: 
Purification and Properties of Polyamine Oxidase. Biochem- 
istry 1977,16, 91-100. 
Blankenship, J.; Marchant, P. Metabolism of N1- 
Acetylspermidine and NB-Acetylspermidine in Rata. Proc. SOC. 
Exp. Biol. Med. 1984,177, 180-187. 

984-989. 

383-389. 

1987,26,3643-3649. 

Journal of Medicinal Chemistry, 1992, Vol. 35, No. 13 2415 

more potent and perhaps more selective inhibitors could 
be prepared for this enzyme. Thus, we describe in this 
article the preparation of compounds that contain a metal 
coordinating moiety and are potent inhibitors of Ns-AcSpd 
deacetylase. 
In hibit or Design Rationale 

A number of active-site chemical-modifying agents were 
tested in vitro for their effect on A@-AcSpd deacetylase 
activity. The enzyme found in the 100 OOOg supernatant 
fraction fkom rat liver, was assayed as described in previous 
publications.4~~ We have more recently verified the ac- 
tivities of the test compounds on a preparation of the 
purified enzyme.17 The apparent Ki values were deter- 
mined by Dixon plots18 and are presented in Table I. 

Diisopropyl fluorophosphate (DFP; I), a serine protease 
inhibitor, was relatively ineffective at inhibiting the de- 
acetylase (apparent Ki = 33 mM). DFP will inhibit most 
serine proteases at less than 1 mM.lS2l This result in- 
dicates that serine is unlikely to be an essential constituent 
of the enzyme's active site. 

The sulfhydryl binding agents p-(hydroxymercuri0)- 
benzoate (2) and N-ethylmaleimide (3), but not iodo- 
acetamide (4), inhibit the deacetylase. Thus, sulfhydryl 
groups may be important in the catalytic site (as nucleo- 
philes or as ligands for holding metal cofactors) or in 
maintaining the enzyme in an active conformation. The 
activity of the larger and more lipophilic agents 2 and 3 
may be due to their ability to react with a nonessential SH 
group (i.e. not located in the active site) and induce a 
conformational change, while the smaller compound 4 may 
react at the same site but does not induce the unfavorable 
conformational change. N-(Chloroacetyl)-l,6-diamino- 
hexane was not an affinity label for the enzyme: indicating 
that if the sulfhydryl group is in the active site it is not 
easily accessible by an affinity labeling agent. 

We found the deacetylase activity to be inhibited by the 
metal chelators EDTA (5), 2,2'-dipyridyl (6), and 1, lO- 
phenanthroline (7). The latter two compounds are re- 
ported to be selective inhibitors of enzymes containing 
transition metals.22*23 In contrast to 1,lO-phenanthroline, 
4,7-phenanthroline (8) does not chelate transition metals 
and it is ineffective at inhibiting the enzyme. On the basis 
of the results of these chelating agents, the enzyme con- 
tains an essential divalent cation such as zinc or copper 
at its active site. Several studies have reported protease 
enzymes containing transition metals in their active sites 
and having sulfhydryl groups essential to their catalytic 
activity. 24925 
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Figure 2. (A) Dixon plot of the reciprocal velocity of A@- 
acetylspermidine deacetylation versus concentration of 64 (3- 
aminopropy1)aminol-N-hydroxyhexanamide. The app Ki from 
this plot is 0.0010 pM. (B) A modified Dixon plot (see ref 33) 
to investigate possible mutual depletion of the enzyme by the 
potent inhibitor. The affects are shown in the presence of 8.95 
pM of the substrate and the average app Ki is equivalent to that 
determined in graph A. 

It had been reported previously that butyrate ions in- 
hibit the deacetylation of histones.% It seemed possible 
that the inhibition might be due to a chelating action by 
the carboxylate group of butyrate and that the inhibitory 
effect might cross to the deacetylation of Ns-AcSpd. So- 
dium butyrate (9; Table I) was a weak inhibitor of the 
enzyme. We reasoned that proper positioning of the 
carboxyl group at the active site, by adding components 
of the substrate, would enhance the activity of the com- 
pound. Thus, the series of w-amino-substituted carboxylic 
acids 10-12 was tested for inhibitory activity. Not su- 
prisingly, 6-aminohexanoic acid (12) (app Ki = 50 pM), 
which positions the carboxyl group at the same distance 
from the basic nitrogen as the amide group of acetyl- 
putrescine (13, app Ki = 800 pM), is the best inhibitor in 
this series. It seemed reasonable that substitution of a 
stronger chelating group for the carboxyl moiety and/or 
inclusion of the additional aminopropyl group, as in IP- 
AcSpd (see Figure 3 for structure comparisons), would 
provide more active  inhibitor^.^^,^'-^^ The synthesis and 

(25) Orlowski, M.; Michaud, C.; Chu, T. G. A Soluble Metallo- 
endopeptidase From Rat Brain. Purification of the Enzyme 
and Determination of Specificity With Synthetic and Natural 
Peptides. Eur. J. Biochem. 1983,135,81-88. 

(26) Allfrey, V. G.; DiPaola, E. A.; Sterner, R. Protein Side-Chain 
Acetylations. Methods Enzymol. 1984, 107,224-240. 
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Figure 3. Proposed binding interactions of active-site-directed 
inhibitors to the active site of A@-acetylspermidine deacetylase. 

activities of such compounds are reported in this article. 
Chemistry 
6-[(3-Aminopropyl)amino]hexanoic acid (14) and 6-[(3- 

aminopropy1)aminol-N-hydroxyhexanamide (15) were 
synthesized according to Scheme I. The mono-BOC- 
blocked diaminopropane 17 was obtained by reacting an 
excess of 1,3-diaminopropane with 24 [(tert-butoxy- 
carbonyl)oxy]imino]-2-phenylacetonitrile (BOC-ON) in 
tetrahydrofuran. Alkylation of 17 with ethyl 6-bromo- 
caproate resulted in compound 18. The protecting group 
(BOC) in 18 was removed in 3 N HCl-ethyl acetate fol- 
lowed by acid hydrolysis of the ester to yield 14, as a 
dihydrochloride salt. Treatment of 18 with BOC-ON 
followed by alkaline hydrolysis resulted in the di-BOC acid 
derivative 19. A coupling step with O-benzylhydroxyl- 
amine and the carboxylate group of 19, in the presence of 
1-hydroxybenzotriazole (HOBT) and dicyclohexylcarbo- 
diimide (DCC), led to the fully protected inhibitor 20. A 
sequential release of the protecting groups by acidic hy- 
drolysis of the BOC groups and catalytic hydrogenolysis 
of the 0-benzyl group led to the desired inhibitor 15. .. . 
Bioassay and Discussion 

Inhibitory activities of the newly synthesized compounds 
on Ns-AcSpd deacetylase are listed in Table I. Addition 
of an aminopropyl group to 12 resulted in compound 14. 
Compound 14 has a &fold increase in inhibitory activity 
compared to 12. The compound exhibited competitive 

(27) Niehino, N.; Powers, J. C. Peptide Hydroxamine Acids BB In- 
hibitors of Thermolysin. Biochemistry 1978,17, 2846-2860. 

(28) Niehino, N.; Powers, J. C. Design of Potent Reversible Inhib- 
itors for Thermolyein Peptidea Containing Zinc Coordinating 
Ligands and Their Use in Affmity Chromatography. Bio- 
chemistry 1979,18,4340-4347. 

(29) FourniB-Zaluski, M-C.; Coulaud, A.; Bouboutou, R.; Chaillet, 
P.; Devin, J.; Waksman, G.; Costentin, J.; Fkques, B. P. New 
Bidentates BB Full Inhibitors of Enkephalin Degrading En- 
zymes; Synthesis and Analgesic Properties. J.  Med. Chem. 
1985,28, 1168-1169. 

(30) Wyvratt, M. J.; Patchett, A. A. Recent Developments in the 
Design of Angiotensin-Converting Enzyme Inhibitors. Med. 
Res. Rev. 1985,5,483-531. 
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Scheme I. Synthesis of 6-[(3-Aminopropyl)amino]hexanoic Acid (14) and 6-[(3.Aminopropyl)amino]-N-hydroxyhexanamide (15) 
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H,N - (CH,), - NH, 
$. BOC-ON/THF 

BOC - NH - (CH,), - NH, 12 
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BOC - NH - (CH,), - NH - (CH,), - 8 - OC,H, E 

2 HCI H,N - (CH,), - NK(CH,), - & - OH 14 

inhibition kinetics. Inhibitory activity was greatly en- 
hanced by addition of the bidentate hydroxamic acid lig- 
and to 14. The resultant compound (15) has an apparent 
Ki = 1.0 nM, a value 4 orders of magnitude lower than the 
K ,  of the Substrate and 2 orders of magnitude lower than 
the best inhibitor previously rep~r ted .~  Analysis of the 
inhibition of 15, using Dixon and Lineweaver-Burk plots, 
revealed noncompetitive inhibition kinetics. The high 
potency of 16 raised the question of "mutual depletion" 
occurring in the determination of its kinetic properties.3l 
If mutual depletion were occurring, normal Michaelis- 
Menton graphical methods for determining inhibition 
constants may not be To verify the activity of 15, 
a graphical method developed by Dixon et aL= for systems 
involving tightly bound inhibitors w a ~  used to analyze the 
kinetic data. Results of the analysis of the kinetic data 
are given in Figure 2. It can be seen that the two methods 
of Dixon analysis give essentially the same apparent Ki 
value; thus, mutual depletion is not a factor in the kinetic 
analysis. 

Figure 3 gives a representation of the activities of the 
various compounds versus their proposed binding to the 
active site of the enzyme. Compound 15, which can form 
ionic interactions at N' and at N4 and has a bidentate 
ligand to bind to the zinc in the brhibitox-enzyme complex, 
is the most potent inhibitor. These results validate our 
drug design rationale. 

In order to verify that our results do not reflect inter- 
actions other than those with the deacetylase, we have 
purified Ns-AcSpd deacetylase and determined the activ- 
ities of the inhibitors on the purified enzyme." The en- 
zyme from rat liver cytosol was purified 1375-fold by 
precipitation with (NH4)$04, elution through a DEAE 
cellulose column, and final separation by HPLC on a 
TSK-G 3000 SW column. Details of the purification will 
be reported in a separate publication. Inhibitor Ki values 
determined on the purified enzyme were similar to the 
results obtained on the crude cytosolic preparation of the 
enzyme. For example, the K, of 16 remained 11 rM, and 
the Ki values for EDTA and 15 were 4.4 mM and 0.1 nM, 

(31) Webb, J. L. Enzyme and Metabolic Inhibitors; Academic 
Press: New York, 1963; Vol. 1, p 66. 

(32) Segel, I. H. Enzyme Kinetics: Behuvior and Analysis of Rapid 
Equilibrium and Steady-State Enzyme Systems; Wiley-In- 
terscience: New York, 1975; pp 150-159. 

(33) Dixon, M.; Webb, E. C. Enzymes, 3rd ed.; Academic Press: 
New York, 1979; pp 365-368. 
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respectively. The results indicate that for these com- 
pounds the results determined on the cytosolic fraction are 
indicative of the actions on the purified enzyme. 
Experimental Section 

Chemistry. Sodium butyrate, 7-aminobutyric acid and 5- 
aminovaleric acid were purchased from Sigma Chemical Co. 
&Bromocaproate was purchased from Pfaltz and Bauer, Inc. All 
other chemicals were purchased from Aldrich Chemical Co. 
Solvents were American Chemical Society reagent grade or better 
quality and were used without further purification. 

Melting points were determined in open capillary tubes on a 
Thomas-Hoover Unimelt apparatus and are uncorrected. The 
IR were recorded on thin f i i  of mineral oil dispersions by using 
a Perkin-Elmer 457 spectrophotometer. Proton NMR were re- 
corded on a Varian XG200 or a Varian XI.-300 spedrometer using 
DzO or CDCl, as solvents and the water or TMS peak as reference 
lines, respectively. Carbon-13 NMR were recorded on a Nico- 
leb360 spectrometer, using DzO as a solvent. Mass spectra were 
obtained by using a Hitachi Perkin-Elmer RMS-4 instrument (CI, 
70 eV). Scintillation counting was done on a Packard Tri-Carb 
300 instrument. Elemental analyses (C, H, N) were performed 
at  the microanalytical laboratory of the National Institutes of 
Health, Bethesda, MD. All values for elemental analysis were 
within +0.4% of the theoretical values. 

Thin-layer hmatugraphy was performed on platea purchased 
from Whatman (6OF-254; 5 X 10 cm; 0.25" silica gel layer). 
Compounds were visualized by spraying with ninhydrin or stained 
with iodine vapor. For absorption chromatography, Whatman 
silica gel, grade 60,230-400 mesh, was used. For the hydrogen- 
ation reactions, a standard 500-mL Parr shaker type hydrogen- 
ation apparatus was used. 

Enzyme Assays and Inhibition Studies. h y s  for rat liver 
P-AcSpd deacetylaw activity followed procedures used previously 
in this lab~ratory. '~~ Each assay mixture consisted of 0.25 M 
sucrose, 0.05 M NaHzPOl buffer (pH 7.4), 0.005 M MgClz, 100 
pL of the cytosol fraction (1.8-2.2 mg protein), different con- 
centrations of the potential inhibitors, and 1.45-8.95 pM of 
P-[a~etyl-~H]acetylspermidine in a total volume of 0.5 mL. In 
cases where chelating agents were being tested, the assays were 
run with and without the MgClz and identical results were ob- 
tained. The assay mixture was incubated for 10 min at 37 OC and 
halted on ice with addition of 500 p L  of 1.0 N HC14.05 M acetic 
acid. The free [SH]acetic acid was extracted with ethyl acetate 
(EtOAc), and the radioactivity was measured by liquid scintillation 
spectrometry. 

The controls were run under the same conditions as the testad 
compounds and contained all the reaction components except the 
cytosol fraction. All the reactions were run in triplicate. The 
apparent Ki of each inhibitor was determined by using a Dixon 
plot.18 The protein content was determined by the method of 
Lowry et al.= 
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Synthesis. N-(tert-Buto.ycarbonyl)-l~opropan 
(17). 1,3-Diaminopropane (10.0 g, 0.134 mol) was dissolved in 
tetrahydrofuran (THF) (75 mL). To the stirred solution was 
added 2- [ [ (tert-butoxycarbonyl)oxy]imino]-2-phenylacetonitrile 
(BOC-ON) (16.5 g, 0.067 mol) in THF (75 mL) slowly over a period 
of 4 h, and the reaction was allowed to proceed ovemight at room 
temperature, and under an N2 atmosphere. The solvent (THF) 
was evaporated on the rotary evaporator, and the crude product 
was purified by column chromatography on silica gel using 
CH2Cl2-CH3OH-NH,OH (7:2:1) as eluent. The yield was 7.7 g 
(66%): 'H NMR (CDC13) ppm 1.44 (8, 9 H), 1.64 (p, 2 H), 2.8 
(t, 2 H), 3.2 (m, 2 H), 3.44 (8, 2 H), 5.17 (br 8, 1 H). 

Ethyl  6-[[[3-( tert -Butoxycarbonyl)amino]propyl]- 
amino]hexanoate (18). A mixture of 17 (13.5 g, 0.077 mol), ethyl 
6-bromocaproate (10.0 g, 0.045 mol), anhydrous KzCO3 (32.1 g, 
0.233 mol), and 140 mL of sieve-dried dimethylformamide was 
stirred at  60 OC for 18 h. The reaction mixture was cooled, and 
500 mL of distilled H20 was added. The mixture was then ex- 
tracted with EtOAc (3 X 300 mL), and the combined organic 
extracts were washed with saturated NaCl solution (300 mL) and 
dried over anhydrous Na&301. Evaporation of the solvent left 
a crude product which was purified by column chromatography 
on silica gel using CH2C12-CH30H-NH,0H @.01.5:0.5) as eluent. 
The yield was 6.9 g (48%): 'H NMR (CDCld ppm 1.25 (t, 3 H), 
1.45 (8, 11 H), 1.65 (m, 6 H), 2.3 (t, 2 H), 2.64 (m, 4 H), 3.2 (m, 
2 H), 4.12 (q, 2 H), 5.3 (br 8, 1 H). 
6-[ (3-Aminopropyl)amino]hexanoic Acid Dihydrochloride 

(14). A solution of 2.0 g of 18 (0.00s mol) in 3 N HCl-EtOAc (25 
mL) was allowed to stand at room temperature for 1 h. The 
solution was filtered, and the precipitate was rinsed with cold 
EtOAc to yield 1.8 g of white solid in which the BOC group had 
been removed. Ester hydrolysis was catried out by dieeolving 206 
mg of the white solid in 15 mL of 4 N HCl and stirring at  room 
temperature for 2 days. The aqueous solution was evaporated 
under reduced pressure, and the product was purified by re- 
crystallization f" 2-propanol to yield 110 mg (59%) of 14: TLC 
(MeC1,-MeOH-NH40H 652) of 14 revealed only one spot (Rf 
= 0.3); mp 164-171 "C; IR (mineral oil) 1700 (M), 3300-2600 
(N+-H) cm-11; 'H NMR (D@) ppm 1.41 (p, 2 HI, 1.67 (m, 4 H), 
2.08 (p, 2 H), 2.39 (t, 2 H), 3.1 (m, 6 H); 13C NMR (D20) 23.50, 
24.96,33.28,36.40,44.20,47.40,178.59; CIMS mle 189 (M + 1). 

N,N'-Bis( tert -butoxycarbonyl)-6-[ (3-aminopropy1)- 
amino]hexanoic Acid (19). A solution of BOC-ON (3.113 g, 
0.013 mol) in THF (20 mL) was added dropwise to a solution of 
18 (4.0 g, 0.013 mol) in THF (30 mL), and the mixture was stirred 
for 4 days at room temperature under a N2 atmosphere. The 
solvent was then evaporated, and the residue was dissolved in 
100 mL of ether, washed with 5% NaOH (4 x 40 mL), and dried 
over anhydrous Na&301. The solvent was evaporated, and the 

(34) Lowry, 0. H.; Rosebrough, N. J.; Farr, A. L.; Randall, R. J. 
Rotein Measurement With the Folin Phenol Reagent. J. Biol. 
Chem. 1951,193, 265-275. 

Anal. (C&02N2Cl2) C, H, N. 
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crude product was purified by column hmatagraphy using silica 
gel and EtOAc as the eluent to yield 5.2 g (96%) of product. To 
a solution of this product (4.0 g, 0.01 mol) in EtOH (20 mL) and 
H20 (10 mL) cooled to 0 OC was added 25 mL of 2.5 N NaOH. 
The mixture was stirred at 0 OC for 1 h and at room temperature 
for 4 h. The solution was concentrated in vacuo, diluted with 30 
mL of H20, washed with ether (4 X 10 mL), acidified to pH 2.0 
with 2 N HC1, and extracted with ether (4 X 25 mL). The com- 
bined exha& were dried over anhydrous NGO,  and evaporated 
in vacuo to yield 19 (3.4 g, 91%) as a pale yellow oil: IR (neat) 
1700 (M), 3500-2800 (0-H) cm-'; 'H NMR (CDC13) ppm 1.20 
(t, 3 H), 1.40 (d, 20 H), 1.55 (m, 6 H), 2.24 (t, 2 H), 3.1 (m, 6 H), 
4.1 (q, 2 H). 
N-(Benzyloxy)-6-[N'-[N"-( tert -butoxycarbonyl)-3- 

aminopropyl]-N'-(t-butoxycarbonyl)amino] hexanamide 
(20). To a solution of 19 (1.0 g, 2.57 "01) in THF (10 mL), cooled 
to 0 OC, was added successively 0-benzylhydroxylamine hydro- 
chloride (0.4102 g, 2.57 mmol) and triethylamine (0.2631 g, 2.6 
mmol) in CHC13 (7 mL), 1-hydroxybenzotriazole (0.3473 g, 2.57 
"01) in THF (7 mL), and dicyclohexylcarbodiiiide (0.5842 g, 
2.83 "01) in CHCl3 (7 mL). After 1 h at 0 OC, the mixture was 
stirred at  room temperature for 2 days. After filtration of the 
dicyclohexylurea and evaporation of the solvents, the residue was 
dissolved in EtOAc and washed successively with H20 (2 X 25 
mL), 10% citric acid (3 X 25 mL), H20 (25 mL), 10% NaHC03 
(3 X 25 mL), H20 (25 mL), and finally with saturated NaCl(25 
mL). The organic layer was dried over anhydrous Na2SOl and 
evaporated in vacuo to yield 0.70 g (55%) of 20 as a colorless oil. 
TLC (CHCh-MeOH 9.50.5) of the oil showed a single spot with 
Rr = 0.30. The product was used in the next step without further 
purification: 'H NMR (CDC13) ppm 1.36 (d, 20 H), 1.55 (m, 6 
H), 1.8 (t, 2 H), 3.1 (m, 6 HI, 4.8 (8, 2 H), 7.3 (8, 5 H). 
6-[(3-Aminopropyl)amino]-N-hydroxyhexanamide Di- 

hydrochloride (15). A solution of 1.376 g of 20 (2.79 "01) in 
3 N HCl-EtOAc was allowed to stand at  room temperature for 
1 h. The solution waa fltered, and the precipitate waa rinsed with 
cold EtOAc to yield 0.80 g of white solid from which the BOC 
groups had been removed. The white solid (0.5 g; 1.365 "01) 
in MeOH (10 mL) was added to a suspension of 10% Pd on 
activated carbon (0.175 g) in MeOH (10 mL), and the mixture 
was shaken at  room temperature under hydrogen (30 psi) in a 
Parr hydrogemtion apparatus for 4 h After filtration, the solvent 
waa evaporated in vacuo. A yellowish solid was obtained which 
was purified by recrystallization from absolute EtOH. The yield 
of 15 was 0.291 g (77% yield): mp 131-134 OC; TLC (MeC12- 
MeOH-NH40H; 7.02.51.5) Rr = 0.43; IR (mineral oil) 1650 
(MI, 3300-2600 (N+ - HI cm-'; 'H NMR (D20) ppm 1.4 (p, 
2 H), 1.67 (m, 4 H), 2.08 (p, 2 H), 2.2 (t, 2 H), 3.1 (m, 6 H); 13C 
NMR (D2O) 23.55,24.15,24.83,24.99,31.79,36.39,44.20,47.36, 
172.86. Anal. (CgH23N302C12) C, H, N. 

Acknowledgment. This research was supported in part 
by grant DCB8313188 from the National Science Foun- 
dation. 


