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to  ca. 175 "C under argon for 22 h. After cooling to room tem- 
perature, the reaction mixture was dissolved in methylene chloride 
(1 L) and washed with 10% aqueous KHCOS (2 X 1 L) and water 
(2 X 1 L). The organic layer was dried (MgS04) and concentrated 
in vacuo. The residue was chromatographed on silica gel (500 
g) with methanol-methylene chloride (1:9) as eluent and afforded 
19 g (17%) of 20. Recrystallization from ethanol gave 20 as an 
off-white solid mp 235-237 "C; IR (Nujol) 3100,1600,1545,1510, 
and 1310 cm-l; NMR (300 MHz, D M s 0 - d ~ )  6 2.32 (9, 3), 2.57 (9, 
2), 3.02 (8 ,  3), 3.94 (t, 2), 5.84 (t, l), 6.70 (s, l), 7.24 (d, 2), 7.44 
(d, 2), 9.90 (s, 1). Anal. (Cl6Hl7N3O2S) C, H, N. 

3-Methyl-b-[ 4-[ (methylsulfonyl)amino]phenyl]-5,6,7,8- 
tetrahydroimidazo[ 1,5-a ]pyridine (21). A 500-mL Parr bottle 
was charged with 20 (5.0 g, 16.5 mmol), 2.0 g of 10% palladium 
on activated carbon, and 100 mL of 1 N NaOH. The mixture was 
hydrogenated a t  ca. 50 psi for 16 h a t  room temperature. The 
catalyst was collected by filtration, neutralized by using solid 
NH,Cl, and extracted with methylene chloride (2 X 100 mL). 
Drying the organic extracts (Na2S04) and concentrating at  reduced 
pressure gave 5.0 g of 21 as a gummy solid. Recrystallization from 
ethyl acetate gave 4.6 g (92%) of 21 as a white solid mp 206-207 
"C; IR (Nujol) 1505,1460,1340, and 1155 cm-'; NMR (300 MHz, 
DMSO-d6) 1.80-2.05 (m, 4), 2.34 (9, 3), 2.97 (8, 3), 3.75 (m, l), 3.96 
(m, 2), 6.09 (s, l), 7.15 (d, 2), 7.17 (d, 2), 9.68 (s, 1). Anal. 
(C&i9N302S) C, H, N. 

5,6-Dihydro-2,3-dimet hyl-8-[ 4-[ (met hylsulfonyl)amino]- 
phenyl]imidazo[ 1,5-a Ipyridinium Iodide (22). A mixture of 
20 (6.0 g, 19.8 mmol) and methyl iodide (13.0 mL, 208.8 mmol) 
in 50 mL of methanol was heated in a pressure bottle for 20 h 
a t  ca. 60 "C. After cooling to room temperature, the solution was 
concentrated a t  reduced pressure and the resulting solid (6.2 g) 
slurried in ethanol. Recrystallization from ethanol afforded 4.6 
g (52%) of 22 as a white solid: mp 237-238 "C; IR (Nujol) 2940, 
1605,1595,1505,1340, and 1170 cm-'; NMR (300 MHz, DMSO-d,) 
b 2.64 (s, 3), 2.72 (9, 2), 3.04 (s, 3), 3.75 (8, 3), 4.20 (t, 2), 6.30 (t, 
l), 7.28 (d, 2), 7.45 (d, 2), 7.61 (s, l), 9.95 (9, 1). Anal. 
[ ( C ~ ~ H ~ I J N ~ ~ Z S ) + I - I  C, H, N. 

2,3-Dimethyl-8-[ 4-[ (methylsulfonyl)amino]phenyl]- 
5,6,7,8-tetrahydroimidazo[ 1,5-a Ipyridinium Iodide (23). A 
mixture of 21 (6.0 g, 19.6 mmol) and methyl iodide (15.0 mL, 240.9 
mmol) in 100 mL of methanol was heated in a pressure bottle 
for 20 h a t  ca. 60 "C. After cooling to room temperature, the 

solution was concentrated at reduced pressure and the resulting 
solid (9.2 g) slurried in ethanol. Recrystallization from ethanol 
afforded 6.5 g (74%) of 23 as a white solid: mp 187-188 "C; IR 
(Nujol) 3090, 1510, 1330, and 1155 cm-'; NMR (300 MHz, 
DMSO-d,) 6 1.80-2.10 (m, 4), 2.56 (s, 3), 3.00 (s, 3), 3.69 (s, 3), 
3.99-4.30 (m, 3), 7.04 (9, l ) ,  7.20 (d, 2), 7.25 (d, 2), 9.76 (s, 1). Anal. 
[(C~~HZZN@ZS)+I-] c, H, N. 

Pharmacology. Intracellular and extracellular elecrophysio- 
logical profiles, intradueodenal bioavailability, antiarrhythmic 
efficacy (PES model) and P-adrenergic receptor binding studies 
were performed according to previously established  procedure^.^ 
Samples of sotalol and clofilium were prepared by in-house 
synthesis. 
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On the basis of the knowledge that the amino acid 3 (8-amino-2,6-anhydro-3,8-dideoxy-~-glycero-~-talo-octonic acid) 
is a potent inhibitor of 3-deoxy-manno-octulosonate cytidylyltransferase, attempts were made to design derivatives 
that would act as antibacterials against Gram-negative bacteria by inhibiting lipopolysaccharide biosynthesis. 
Compound 3 and the derivatives 15 and 16 containing an additional amino acid were not lethal to bacteria. However, 
compounds 17-22, which contain a N-terminally linked dipeptide, exhibited good antibacterial activity in vitro on 
testing against strains of the Gram-negative bacteria Escherichia coli and Salmonella typhimurium. They have 
no activity against Gram-positive bacteria such as Staphylococcus aureus. 

Since the outer membrane of Gram-negative bacteria 
is important both to pathogenesis and resistance to existing 
antimicrobial agents,'r2 the rational design of inhibitors of 
its biosynthesis should produce novel agents effective only 
against Gram-negative ba~ te r i a .~  The outer leaflet of this 

(1) Osborn, M. J. In The Bacterial Outer Membrane; Inouye, M., 
Ed.; Wiley: New York, 1979; pp 15-34. 

(2) Hammond, S. M. In The Bacterial Cell Surface; Hammond S.  
M., Lambert, P. A., Rycroft, A. N., Eds.; Croom Helm: Lon- 
don, 1984; pp 57-82. 

membrane contains lipopolysaccharide4 (LPS), which 
provides an attractive target, since it contains components 
unique to Gram-negative bacteria. Among these is the 
sugar 3-deoxy-~-manno-2-octulosonic acid5 (KDO, 1) ,  

(3) Allen, N. E. Annu. Rep. Med. Chem. 1985, 20, 155. 
(4) Luderitz, 0.; Freudenburg, M. A.; Galanos, C.; Lehman, V.; 

Rietschel, E. T.; Shaw, D. H. Curr. Top. Membranes Trans- 
port 1982, 17, 79. 

( 5 )  Review on the biochemistry and chemistry of KDO: Unger, F. 
M. Adu. Carbohydr. Chem. Biochem. 1981, 38, 323. 
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Scheme I 
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HO-6' In the l ip id  A acceptor 

C M P-p- KDO 

which links the hydrophilic carbohydrate polymer region, 
the core plus the 0-side chain, to the hydrophobic lipid 
A moiety, a phosphorylated and acylated glucosamine 
disaccharide. Lipid A is embedded in the outer membrane, 
whereas the carbohydrate chain extends outward into the 
environment. 

Mutants defective in KDO biosynthesis are not viable: 
and since the biosynthesis and incorporation of KDO 
(Scheme I has been well ~ tudied ,~? '  we chose the KDO 
 enzyme^^,^ as prime targets for the design of novel anti- 
bacterials.loa The enzyme 3-deoxy-manno-octulosonate 
cytidylyltran~ferase~ (CMP-KDO synthetase; EC 2.7.7.38) 
converts KDO to the nucleotide sugar cytidine s'-mono- 
phosphate KDO (CMP-KDO). This is thought to be the 
rate-limiting enzyme in KDO inc~rporation',~ and is 
therefore an attractive target. The primary structure of 
the enzyme from Escherichia coli was recently reportedlob 
and NMR" as well as inhibitionlZa studies have shown the 
@-pyranose form of KDO (1) to be the enzyme substrate. 

C H z N H p  

wCOO H wCOOH 
1 ,  R = OH(B-KD0) 3 
2, R = H  

Bigham et  al., exploiting a similar approach, elected to 
work with inhibitors of arabinose 5-phosphate isomerase.13 

(6) Rick, D.; Osborn, M. J. Proc. Natl. Acad. Sci. U.S.A. 1972,69, 
3756. 

(7) Heath, E. C.; Mayer, R.; Edstrom, R.; Beaudreau, C. Ann. N.Y. 
Acad. Sei. 1966, 133, 315. 

(8) Ray, P. H.; Kelsey, J. E. Bigham, E. C.; Benedict, C. D.; Miller, 
T. A. ACS Symp. Series. 1983,231, 171 and references cited. 

(9) (a) Ghalambor, M. A.; Heath, E. C. J .  Biol. Chem. 1966,241, 
3216. (b) Ray, P. H., Benedict, C. D.; Grasmuk, H. J. J .  Bac- 
terid. 1981, 145, 1273. 

(10) (a) After submission of the first version of this manuscript, 
Abbott workers reported an identical approach to the one de- 
scribed herein. Lartey, P. A.; et al. Oral presentation at  the 
193rd National Meeting of the American Chemical Society, 
Denver, April, 1987. Abstr. 68-70. These workers also have 
reported an aza analogue of compound 2. Norbeck, D. W.; 
Kramer, J. B. Tetrahedron Lett. 1987,28,773. (b) Goldman, 
R. C.; Bolling, T. J.; Kohlbrenner, W. E.; Kim, Y.; Fox, J. L. 
J.  B i d .  Chem. 1986, 261, 15831. 

(11) Kohlbrenner, W. E.; Fesik, S. W. J .  Biol. Chem. 1985, 260, 
14 695. 

(12) (a) Claesson, A.; Luthman, K.; Gustafsson, K.; Bondesson, G. 
Biochem. Biophys. Res. Commun. 1987,143,1063. (b) Luth- 
man, K.; Claesson, A.; Kenne, L.; Csoregh, I. Carbohydr. Res., 
in press. 

None of the inhibitors reported displayed antibacterial 
activity. Most of the other enzymes involved in the KDO 
pathway have been examined as targets for potential in- 
hibitors, but no such compounds have been reported.8 

CMP-KDO synthetase was purified from Salmonella 
typhimurium SL 1102 and used to test structural ana- 
logues of KDO for inhibitory activity.14J5 The analogue 
2-deoxy-KDO (2) was found to be a potent inhibitor of 
CMP-KDO synthetase,lZ but failed to kill bacteria. The 
lack of antibacterial activity was suspected to result from 
an inability of the inhibitor to cross the cytoplasmic 
membrane. In an attempt to circumvent this barrier, the 
8-amino analogue 3 was synthesized since such a compound 
would be suitable for linkage to amino acids or small 
peptides, thereby exploiting ubiquitous bacterial peptide 
permeases16 to smuggle17 the inhibitor into the cytoplasm 
of the bacterium. The amino acid 3 was shown to possess 
equivalent inhibitory activity to 2.1°aJ8 This permitted 
the synthesis of a number of transport forms able to deliver 
inhibitor to the cell interior of the bacterium. The results 
are reported here. 
Results 

Chemistry. The ester 4 is available in six steps starting 
from KDO14 or in five steps starting from D-mannose di- 
a~et0nide. l~ It was readily converted into the azide 5 by 
the Ph,P-CBr4-LiN3 method20 and this, in turn, was hy- 
drogenated to give the amino ester 6 in good overall yield. 

CHzOH CH2-R 

Hal- H? 0 w COOMe - w  COOMe 

4 5 ,  R =  N3 
6 ,  R : N H 2  

Coupling of 6 with various Cbz-protected L,L-dipeptides 
or L-amino acids afforded the protected peptides 7-14. 
Deprotection was performed in two steps by first hydro- 
lyzing the methyl ester (LiOH) and then converting the 
lithium-carboxylate into the ammonium salt, which was 
hydrogenolyzed over Pd-C. 

R - N H C H z  R - N H C H 2  

6 -  ob - :&) 
COOMe COO H 

7 ,  R = Cbz-Ala 1 5 , R = A l a  
1 6 ,  R = Met 8 ,  R =  Cbz-Met 

9 ,  R =  Cbz-Ala-Ala 17 ,  R =  Ala-Ala 
1 0 ,  R=Cbz-Val-Met 18,  R = Val -Met 
1 1 ,  R:Cbz-Pro-Met 1 9 ,  R=Pro-Met 
1 2 ,  R = Cbz -Arg-Nva 2 0 ,  R =  Arg-Nva 
13, R=Cbz-Ala-Phe 21, R=Ala-Phe 
1 4 ,  R = Cbz -Lys-Leu 22, R = L y s  -Leu 

~~ 

(13) Bigham, E. Gragg, C. E.; Hall, W. R.; Kelsey, J. E.; Mallory, 
W. R.; Richardson, D. C.; Benedict, C.; Ray, P. H. J. Med. 
Chem. 1984,27, 717. 

(14) Luthman, K.; Orbe, M.; WBglund, T.; Claesson, A. J .  Org. 
Chem. 1987,52, 3777. 

(15) Luthman, K.; Claesson, A.; Jansson, A. M.; Pring, B. G. Car- 
bohydr. Res. in press. 

(16) Payne, J. W. In Microorganisms and Nitrogen Sources; Payne, 
J. W., Ed.; Wiley: New York, 1983; pp 211-256. 

(17) (a) Payne, J. W. Drugs Exp. Clin. Res. 1986, 12, 585. (b) 
Ringrose, P. S. In Microorganisms and Nitrogen Sources; 
Payne, J. W., Ed.; Wiley: New York, 1980; pp 641-692. 

(18) Pring, B. G.; Gustafsson, K.; unpublished observation. 
(19) Claesson, A. J .  Org. Chem., in press. 
(20) Yamamoto, I.; Sekine, M.; Hata, T. J .  Chem. Soc., Perkin 

Trans. 1 1980, 306. 
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using compound 17 have revealed that the compound is 
taken up into E. coli via the oligopeptide permease (opp) 
and that cytoplasmic aminopeptidases slowly liberate 3. 
This hydrolysis is two-thirds complete within 30 min. The 
death of the bacterium has been shown to be the direct 
result of a selective inhibition of LPS biosynthes i~ .~~ 

The in vitro antibacterial activities (MIC) of the present 
peptide derivatives are surprisingly good against the 
Salmonella and E. coli strains tested. Some of them even 
approach the antibacterial activity of ampicillin (Table I). 

The above data does not allow any extensive discussion 
about structure-activity relationships. However, it is in- 
teresting to note the dramatic increase in activity, which 
is roughly correlated to transport rate,24 in going from 
derivatives containing a single amino acid to compounds 
having a N-terminal dipeptide chain. The dipeptide ar- 
ginylnorvalyl confers the most favorable transport-cleavage 
properties on its conjugate, i.e., compound 20 (Table I). 

The compounds presented here exhibit good antibac- 
terial activity in vitro, but are less useful in vivo since they 
are readily degraded by mammalian peptidases (unpub- 
lished results). However, they represent a series of com- 
pounds acting via a novel inhibition mechanism with po- 
tential for development as a new class of chemotherapeutic 
agents. 

Experimental Section 
Melting points were determined in open capillary tubes and 

are uncorrected. Optical rotations were measured a t  20 "C with 
an Optical Activity AA 100 polarimeter. IR spectra were recorded 
with a Perkin-Elmer 298 spectrometer. 13C NMR spectra were 
recorded with a JEOL FX200 instrument using tetramethylsilane 
(TMS) as internal standard in CDCI,, CD,OD, and DMF-d7 and 
tert-butyl alcohol (6 = 30.6) in DzO. High-resolution fast-atom- 
bombardment (FAB) mass spectra were obtained on a JEOL DX 
303 mass spectrometer. Thin-layer chromatography (TLC) was 
performed on precoated plates of Merck silica gel 60 F,,, with 
visualization using ninhydrin or by charring with sulfuric acid. 
Column chromatography was performed on Merck silica gel 60 
(0.040-0.063 mm). All solvents used were of anhydrous quality 
and kept over 3-A or 4-A molecular sieves. DMF was distilled 
from Pz06 and then kept over 4-A molecular sieves. Solutions 
were evaporated in vacuo a t  a temperature not exceeding 30 "C. 
Elemental analyses were carried out a t  the Department of Ana- 
lytical Chemistry, University of Lund. 

The following compounds were purchased from BACHEM 
Feinchemikalien AG (Cbz = benzyloxycarbonyl): N-Cbz-L- 
methionine, N-Cbz-L-norvaline, N-Cbz-L-alanyl-L-alanine, N- 
Cbz-L-alanyl-L-phenylalanine, N*,N'-di-Cbz-L-lysyl-L-leucine, 
N-Chz-L-prolyl-L-methionine, N-Cbz-L-valyl-L-methionine, N- 
Cbz-L-alanine succinimido ester, and N"jFJ'%ri-Cbz-L-aginine 
succinimido ester. 

General Procedure A. Hydrolysis of the  Methyl Esters. 
Hydrolysis was performed with lithium hydroxide (3-4 equiv) in 
the solvent mixtures indicated until completion according to TLC 
(0.5-2 h). The mixture was then passed through an ammoni- 
um-saturated ion-exchange resin (DOWEX 50 W x 8). 

General Procedure B. Hydrogenolysis of the Benzyl- 
oxycarbonyl Group. All the catalytic hydrogenations were 
performed with prehydrogenated 10% palladium on charcoal as 
a catalyst (0.1-0.5 weight equiv) in a Parr apparatus a t  3-4 bar 
for 1-3 h in the solvents indicated. The catalyst was filtered off 
and carefully washed. The filtrate was concentrated to dryness. 

General Procedure C. Preparat ion of Activated Succin- 
imido Esters. A solution of the N-benzyloxycarbonyl-protected 
compound and N-hydroxysuccinimide (1 equiv) in T H F  was 
stirred at  0 "C. Dicyclohexylcarbodiimide (1 equiv) dissolved in 
THF was added, and after stirring at  0-5 "C for 1-3 h, the mixture 
was filtered and the filtrate was evaporated in vacuo. 

Methyl  2,6-Anhydro-8-azido-3,8-dideoxy-~-glycero -D- 
talo-octonate (5 ) .  Methyl 2,6-anhydro-3-deoxy-~-glycerol-~- 
t a lo-~c tona te l~  (4) (20.0 g, 0.085 mol) and lithium azide (27.4 g, 
0.56 mol) were dissolved in DMF (460 mL) under a nitrogen 

Table I. In Vitro Antibacterial Activities 
minimum inhibitory concentration, WM 

S. 
typhimuri- S. 

urn SL typhimuri- E. coli 
Compound 1102 urn LT2 168 ATCC 11303 
15 >2000 >2000 >2000 
16 >2000 >2000 >2000 
17 4 60 4 
18 16 60 4 
19 16 120 30 
20 2 4 1 
21 250 60 8 
22 30 30 8 
ampicillin 2 0.3 1 
gentamicin C0.05 <0.05 <0.05 

The peptide derivatives 15-22 were obtained as 
amorphous solids, which were identified by IH and 13C 
NMR and by high-resolution FAB-MS. Purity was as- 
certained by TLC and, in part, by 13C NMR. 

Biology. The peptides were tested in vitro for minimum 
inhibitory concentration (MIC) values against the bacterial 
species shown in Table I. The bacteria were grown in a 
medium deficient in peptides since the latter have been 
shown to interfere with the uptake of peptide antimicro- 
biahZ1 In similar determinations using a medium con- 
taining peptides, bacterial inhibition could not be observed. 
As expected, Gram-positive bacteria, e.g. Staphylococcus 
aureus, were unaffected by all the test compounds. The 
first synthesized compound in the present series, namely 
the dialanine derivative 17, was also tested for activity 
against certain other strains and species in peptide-free 
defined medium. The MIC values observed for E. coli 55, 
E. coli A120, S. typhimurium AG701i50, Klebsiella ae- 
rogenes NCTC 1128, Pseudomonas aeruginosa, and Pro- 
teus mirabilis 4 were 65, 1000,4, 125, >2000, and >2000 
pM, respectively. 
Discussion 

The observationls that the amino acid 3 has equivalent 
inhibition to the hydroxy acid 2 suggested that the linkage 
of peptides to 3 could produce a compound resembling a 
natural substrate for the bacterial peptide permeases.16 
The attachment of L-amino acids to normally impermeant 
toxic molecules has been used successfully in the past.l7pZ1 
Subsequent intracellular hydrolysis then releases the active 
principle, which often has been a toxic amino acid, such 
as, for example, in the synthetic dipeptide alafosfalin,21 in 
peptides containing 2-aminopimelic acid,22 and in certain 
a n t i b i 0 t i ~ s . l ~ ~  Other transport devices, in which the 
molecule to be transported is not peptide-linked, have also 
been described.23 

The addition of a single N-terminal amino acid as in 15 
and 16 did not affect the bacterial growth. Addition of a 
dipeptide gave rise to compounds 17-22, which possessed 
antibacterial activity and killed the bacteria by inhibiting 
KDO incorporation and hence LPS biosynthesis. This is 
the first report of such compounds. Detailed studies24 

(21) (a) Allen, J. G.; Atherton, F. R.; Hall, M. J.; Hassall, C. H.; 
Holmes, S. W.; Lambert, R. W.; Nisbet. L. J.: Rinnrose. P. S. 
Nature (London) 1978,272, 56. (b) Atherton, F. R.; Hassall, 
C. H.; Lambert, R. W. J .  Med. Chem. 1986,29, 29. 

(22) Berges, D. A.; DeWolf, W. E., Jr.; Dunn, G.  L.; Grappel, S. F.; 
Newman, D. J.; Taggart, J. J.; Gilvarg, C. J .  Med. Chem. 1986, 
29, 89. 

(23) Kingsbury, W. D.; Boehm, J. C.; Perry, D.; Gilvarg, C. Proc. 
Natl. Acad. Sci. U.S.A. 1984, 81, 4573. 

(24) Hammond, S. H.; Claesson, A.; Jansson, A. M.; Larsson, L. G.; 
Pring, B. G.; Town, C.; Ekstrom, B. Nature (London) 1987, 
327, 730. 
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atmosphere by slightly warming the mixture. Tetrabromomethane 
(53.8 g, 0.16: mol) was added, and when all had dissolved, the 
mixture was cooled to 0 "C and triphenylphosphine (42.4 g, 0.16 
mol) was added in several portions. The solution was stirred at  
room temperature overnight. After addition of methanol (10 mL) 
and concentration o f  the mixture to dryness, the residue was 
triturated with diethyl ether (4 X 700 mL) to remove part of the 
triphmylphosphine oxide formed. Chromatography on silica gel 
of the solid residue with EtOAc/Tol/MeOH (7:3:0.5) followed 
by crystallization from EtOAc/MeOH gave pure 5 (18.3 g, 82%): 
nip 141.5-142.0 "c; Rf 0.41 (CHCl,/MeOH, 8:l); [aIz0D + 45" (c 
1.0, MeOH); IR 2100 (azide), 1740 cm-I (ester); 13C NMR (CD,OD) 

52.7 (OCH,), 29.4 ((2-3). Anal. (C9H15N306) C, H, N. 
Methyl  8-Amino-2,6-anhydro-3,8-dideoxy-~-glycero-~- 

talo-octonate (6). Compound 5 (4.0 g, 15 mmol) dissolved in 
MeOH/THF/EtOAc (1:2.5:8) ('115 mL) was hydrogenated ac- 
cording to  general procedure B. The catalyst was washed with 
methanol and concentration of the filtrate to dryness gave 6 (3.2 
g, 90%) as a white powder: Rj0.35 (MeOH/triethylamine, 9:l); 

(C-2,4,5,6,7), 52.6 (OCH,), 45.7 (C-8), 29.6 (C-3); FAB-MS, [M 
+ H]+ at m / z  236.1182 (calcd 236.1134). 

Methyl  N-[N-(Benzyloxycarbonyl)-~-alanyl]-8-amino- 
2,6-anhydro-3,8-dideoxy-~-glycero -D- tal0 -0ctonate (7). N- 
Cbz-L-alanine succinimido ester (0.20 g, 0.62 mmol) and 6 (0.19 
g, 0.82 mmol) were dissolved in MeOH/THF (1:l) (4 mL), and 
the mixture was stirred a t  room temperature for 3 h. Concen- 
tration and purification on silica gel with CHCl,/MeOH (1O: l )  
gave 7 (0.15 g, 54%): R j  0.25 (CHC13/Me@H, 8:l); I3C NMR 

(aromatic), 76.7, 73.3, 68.7, 67.4, 67.4 (C-2,4,5,6,7), 67.4 (CH2Ph), 
52.6, 51.8 (CH, OCH3), 43.7 (C-8), 29.2 (C-3), 18.5 (CH,). 
N-~-Alanyl-8-amino-2,6-anhydrca-3,8-dideoxy-~-glycero - 

D-ta lO-OCtOniC Acid (15). Compound 7 (0.13 g, 0.3 mmol) was 
hydrolyzed according to general procedure A in THF/H20 (1:l) 
(4 mL) followed by ion exchange in THF/H20 (1:3). Hydro- 
genation according to general procedure B was performed in water. 
The product was purified by ion-exchange chromatography (H') 
with water as eluent and then with 2 M ammonium hydroxide. 
Concentration of appropriate fractions grtve 15 as an amorphous 
solid (47 mg, 53%): R j  0.39 (2-propanol/HzO (3:1), single spot 
with ninhydrin and sulfuric acid); e85.5" (c 1.5, H2O); I3C 

6 172.6 (C-I), 76.5, 73.8, 69.8, 67.8, 67.1 (C-2,4,5,6,7) 55.6 (C-8), 

I3C NMR (CDSOD) 6 173.8 (C-l), 76.5, 73.7, 70.2, 68.1,68.0, 68.0 

(CDSOD) 6 175.5, 173.6, 157.5 (C-0), 137.4, 129.1, 128.7, 128.5 

NMR (DZO) 6 179.2, 172.0 (CEO), 75.4, 75.2, 68.0, 67.7, 67.0 
(C-2,4,5,6,7), 50.2 (CH), 43.5 (C-f?', 29.4 (C-3), 17.6 (CH3); FAB-MS, 
[M + HI+ at m / z  293.1372 (calcd 293.1349). 

Methyl  N-[N-(Benzyloxycarbonyl)-~-methionyl]-8- 
amino-2,6-anhydro-3,8-dideoxy-~-glycero -D-tdO-octonate (8). 
N-Cbz-L-methionine succinimido ester% (1.0 g, 2.9 mmol) prepared 
according to general procedure C and 6 (0.6 g, 2.6 mmol) were 
dissolved in MeOH/THF (1:l) (12 mL), and the mixture was 
stirred a t  room temperature for 1 h. Concentration and purifi- 
cation on silica gel with CHCl,/Tol/MeOH (5:2:0.75) followed 
by precipitation from a CHC!,/MeOH solution with water gave 
8 (0.24 g, 75%): mp 160-163 "C; R, 0.3 (CHCl,/Tol/MeOH, 5:1:2); 
13C NMR (CDC1, + CD,OD) 6 173.7, 173.2, 157.0 (C=O), 136.6, 
128.7, 128.4, 128.1 (aromatic), 75.8, 72.7, 68.3, 67.3, 66.9, 66.7, 
(C-2,4,5,6,7, CH,Ph), 54.9 (CH), 52.6 (OCH,), 43.3 (C-8), 32.5,30.4, 
28.8 ((2-3, 2 CH2-Met), 15.3 (SCH,). 

N -~-Methionyl-8-arnino-2,6-anhydro-3,8-dideoxy-D- 
glycero-D-talo-octonic Acid (16). Compound 8 (0.24 g, 0.48 
mmol) was hydrolyzed in T H F / H 2 0  (1:l) (14 mL) according to 
general procedure A (ion exchange was performed in water) and 
hydrogenation was performed in water (5 mL) according to general 
procedure B. The product was purified by ion-exchange chro- 
matography (H+) first with water as eluent and then with 2 M 
ammonium hydroxide. Concentration of appropriate fractions 
gave 16 as an amorphous solid (60 mg, 35%): R, 0.63 (2- 
propanol/HpO (3:1), single spot with ninhydrin and sulfuric acid); 
[cY]"D + 71.1' (C 2.0, HzO); 13C NMR (D2O) 6 179.4, 170.7 (CEO), 
75.5, 75.2, 67.9, 67.7, 67.1 (C-2,4,5,6,7), 53.8 (CH), 43.7 (C-8,31.0, 

Claesson e t  al. 

29.4, 29.1 (C-3, 2 CH,-Met), 15.0 (SCH,); FAB-MS, [M + H]+ at  
m/z  353.1377 (calcd 353.1382). 

Methyl N-[N-(Benzyloxycarbonyl)-~-alanyl-~-alanyl]-8- 
amino-2,6-anhydro-3,8-dideoxy-~-glycero -D-talo-octonate (9). 
N-Cbz-L-alanyl-L-alanine succinimido esterz6 (2.3 g, 5.8 mmol), 
prepared according to general procedure C and purified by 
crystallization from 2-propanol, was dissolved in THF/MeOH 
(3:2) (10 mL) and added to a solution of 6 (1.5 g, 6.0 mmol) in 
THF/MeOhl ( 2 5 )  (14 mL) a t  0 "C. The mixture was stirred a t  
0 " C  for 1 h and at  room temperature for 2 b. The separated 
product was filtered off and the filtrate was concentrated. The 
residue was triturated with water, filtered, and dried over P,O,. 
This gave 9 (2.25 g, 75%): mp 21C-215 "C; Rf0.47 (CHC13/MeOH, 

129.0, 128.4, 128.3 (aromatic), 77.2, 73.1, 68.9, 67.3, 67.3 (C- 
2,4,5,6,7), 66.4 (CHzPh), 52.2, 51.5, 49.5 (OCH,, 2 CH) 44.1 (C-8), 

N-(  J~-Alanyl-~-alanyl)-8-amino-2,6-anhydro-3,8-dideoxy- 
D-~~YCerO-D-ta~O-OCtOniC Acid (17). Compound 9 (2.25 g, 4.4 
mmol) was hydrolyzed in THF/HzO (1:l) (2.6 mL) according to 
general procedure A (ion exchange with water as eluent) and 
hydrogenation was performed in water (15 mL) according to 
general procedure B. Crystallization from warm methanol gave 
17 (1.1 g, 69%): mp 190 "C dec; R, 0.33 (2-propanol/H20, 3:1, 
single spot with ninhydrin and sulfuric acid); [.]'OD + 70.3" (c 
1.6, HzO); I3C NMR (DzO) 6 179.0, 175.6, 171.1 (C=O), 75.2, 75.0, 

17.7, 17.1 (CH,); FAB-MS, [M + HI+ a t  m / z  364.1747 (calcd 
364.1720). Anal. (Cl4Hz6O8N3~2Hz0) C, H, N. 

N - [ N - ( B e n  z y l o x y c a r b o n  y l )  -L-valyl-L-  
met hionyl]-8-amino-2,6-an hydro-3,8-dideoxy-~-glycero -D- 
talo -0ctonate (10). N-Cbz-L-valyl-L-methionine (287 mg, 0.75 
mmol), 6 (150 mg, 0.64 mmol), 1-hydroxybenzotriazole (70 mg, 
0.5 mmol), triethylamine (97 yL, 0.7 mmol), and dicyclohexyl- 
carbodiimide (165 mg, 0.8 mmol) were dissolved in DMF/2- 
propanol (1O:l) (5.5 mL), and the mixture was stirred at  room 
temperature overnight. Concentration and purification on silica 
gel with CHCl,/MeOH (1O:l) afforded 10 (75 mg, 20%): Rf0.4 
(CHCl,/MeOH, 8:l); 13C NMR (DMF-d7) 6 173.3, 172.6, 172.5, 
157.5 (C=O), 138.1, 129.1, 128.5, 128.4 (aromatic), 77.2,73.2,68.7, 
67.4,67.3, 66.7 (C-2,4,5,6,7, CHph), 61.6 (CH-Val), 53.2 (CH-Met), 
52.3 (OCHJ, 44.0 (C-8), 34.3, 32.7, 30.7, 29.6 (CH-Val, 2 CH2-Met, 
C-3), 19.7, 18.3 (2 CH,-Val), 15.0 (SCH,). 

N -  (~-Valyl-~-rnethionyl)-8-amino-2,6-anhydro-3,8-di- 
deoxy-D-glycero -D-tal0 -0ctonic Acid (18). Ester hydrolysis 
of 10 (96 mg, 0.16 mmol) was performed in HzO/THF (1:l) (6 
mL) followed by ion exchange in water according to general 
procedure A and hydrogenation was performed in water (5 mL) 
according to general procedure B. This afforded 18 as an 
amorphous solid (50 mg, 68%): R, 0.65 (2-propanol/H20, 3:1, 
single spot with ninhydrin); [.]'OD +53.2' (c 0.3, H2O); "C NMR 
(DzO) 6 179.1, 174.3, 171.5 (C=O), 75.4, 75.1, 68.2, 67.7, 67.2 
(C-2,4,5,6,7), 59.7 (CH-Val), 54.6 (CH-Met), 43.5 (C-8), 31.5, 31.1, 
30.2, 29.5, (CH-Val, 2 CHz-Met, C-3), 18.8, 17.6 (2 CH3-Val), 15.1 
(SCH,); FAB-MS, [M + HI+ at  m/z  452.2027 (calcd 452.2067). 
N-(Benzyloxycarbony1)-L-prolyl-L-methiunine Succin-  

imido Ester. This compound was prepared according to general 
procedure C from N-hydroxysuccinimide (0.15 g, 1.3 mmol) and 
N-Cbz-L-prolyl-L-methionine (0.5 g, 1.3 mmol). Precipitation from 
MeOH/diethyl ether gave the desired compound (0.56 g, 90%): 
R, 0.5 (EtOAc); I3C NMR (CDC1,) 6 168.8, 167.5, 157.7 (C=O), 
136.4, 128.5,128.1, 127.9 (aromatic), 67.4 (CH,Ph), 60.3 (CH-Pro), 
50.0 (CH-Met), 47.3 (CHz-Pro), 31.5, 29.7, 28.0 (2 CH2-Pro, 
CH,-Met), 25.6 (2 CH,-OSu), 24.9 (CH2-Opro), 15.4 (SCHJ. 

M e t h y l  N-[N-(Benzyloxycarbony1)-L-prolyl-L- 
methionyl]-8-amino-2,6-anhydro-3,8-dideoxy-~-g~ycero -D- 
talo-octonate (11). Compound 6 (0.27 g, 1.15 mmol), the above 
N-Cbz-L-prolyl-L-methionine succinimido ester (0.56 g, 1.17 mmol), 
and triethylamine (160 yL, 1.17 mmol) were dissolved in DMF 
(10 mL), and the mixture was stirred at  room temperature for 
1 h. Concentration and purification on silica gel with CHC13/ 
MeOH (9:l) afforded 11 (0.36 g, 51%): R, 0.6 (CHC13/MeOH, 
4:l); I3C NMR (CDClJ 6 172.9, 172.8, 172.5, 156.1 (C=O), 136.3, 

41); 13C NMR (DMF-d7) 6 173.3,173.1, 156.9 (C=O), 138.9,138.0, 

29.6 (C-3), 18.5 (CH3). 

68.2,67.6,67.1 (C-2,4,5,6,7), 50.9,49.8 (CH), 43.3 (C-8), 29.4, (C-3), 

M e t h y l  

(25) Anderson, G. W.; Zimmerman, J. E.; Callahan, F. M. J .  Am. 
Chem. SOC. 1964,86, 1839. (26) Levitzki, A.; Anbar, M.; Berger, A. Biochemistry 1967, 6, 3757. 
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128.6, 128.1, 127.8 (aromatic), 75.5, 72.6, 68.6, 67.5, 66.6 (C- 
2,4,5,6,7), 66.7 (CH,Ph), 61.0 (CH-Pro), 52.9 (CH-Met), 52.4, 
(OCHJ, 47.3 (CHz-Pro), 43.5 (C-8), 31.7, 30.5, 30.5, 29.0 (2 
CH,-Met, CHz-Pro, C-3), 24-6 (CH,-Pro), 15.4 (SCH,). 
N-(~-Prolyl-~-methionyl)-8-amino-2,6-anhydro-3,8-di- 

deoxy-D-g~ycero-D-ta~O-octonic Acid (19). The methyl ester 
11 (0.33 g, 0.55 mmol) was hydrolyzed in H,O/THF/DMF (7:62) 
(15 mL) according to general procedure A (ion exchange with 
H,O/THF (1:2) as eluent) and hydrogenation was performed in 
H,O/THF (2:l) (3 mL) according to general procedure B. This 
afforded 19 as an amorphous solid (0.15 g, 57%): R, 0.57 (2- 
propanol/H,O (3:2), weak additional spots at RfO.35 and 0.49 with 
ninhydrin and sulfuric acid; these minor impurities do not give 
rise to additional peaks in the "C NMR spectrum); [aIz0~ +27.7" 
(e  0.8, H,O); 13C NMR (D,O) 6 179.0, 174.2, 170.3 (C=O), 75.4, 
75.1, 68.1, 67.7, 67.2 (C-2,4,5,6,7), 60.6 (CH-Pro), 54.5 (CH-Met), 
47.3 (CH,-Pro), 43.5 (C-8), 31.4, 30.3, 30.2, (2 CH,-Met, CH,-Pro), 
29.4 (C-3), 24.5 (CH,-Pro), 15.0 (SCH,); FAB-MS, [M - HI- a t  
m / z  448.1832 (calcd 448.1754). 

Methyl N-~-Norvalyl-8-amino-2,6-anhydro-3,8-dideoxy-D- 
glycero-D- talo-octonate. N-Cbz-L-norvaline succinimido ester21b 
(1.2 g, 3.4 mmol), prepared according to general procedure C, and 
6 (0.68 g, 2.9 mmol) were dissolved in THF/MeOH (1:l) (16 mL), 
and the mixture was stirred a t  room temperature for 2 h. Con- 
centration and precipitation of the product from MeOH/diethyl 
ether was followed by hydrogenation in methanol (13 mL) ac- 
cording to general procedure B. This afforded the title compound 
(0.50 g, 44%): R, 0.64 (MeOH/triethylamine, 9:l); 13C NMR 

2,4,5,6,7), 55.6 (CH), 52.2 (OCH,), 43.6 (C-8), 38.0 (CH,), 29.6 (C-3), 

Methyl N-(N",w,NG-Tris(benzyloxycarbonyl)-L-argi- 
nyl-~-norvalyl-8-amino-2,6-an hydro-3,8-dideoxy-glycero -D- 
talo-octonate (12). N",fl,P-Tri-Cbz-L-arginine succinimido 
ester (0.6 g, 0.9 mmol) and the above methyl N-~-norvalyl-8- 
amino-2,6-anhydro-3,8-d~deoxy-~-glycero-~-talo-octonate (0.3 g, 
0.9 mmol) were dissolved in THF/MeOH (1:l) (40 mL), and the 
mixture was stirred a t  room temperature for 2 h. Concentration 
and purification on silica gel with CHC13/MeOH (20:l) followed 
by 1:l afforded 12 (0.39 g, 49%): mp 155-160 "C; R, 0.39 
(CHCl,/MeOH, 8:l); 13C NMR (CDC1, + CD,OD) 6 173.9, 173.2, 

128.7, 128.6, 128.4, 128.2, 128.1 (aromatic), 75.6, 72.8, 69.3, 68.7, 

(OCH,), 44.7, 43.2 (C-8, CH,-Arg), 34.5 (CH,-Nva), 28.9 (C-3), 
28.9, 25.4 (CH,-Arg), 19.1 (CH,-Nva), 13.7 (CH,). 
N-(~-Arginyl-~-norvalyl)-8-amino-2,6-anhydro-3,8-di- 

deoxy-D-glycero -D- talo -0ctonic Acid (20). Ester hydrolysis 
of 12 (0.35 g, 0.39 mmol) in THF/H,O (1:l) (20 mL) according 
to general procedure A (ion exchange with H,O/THF (4:l) as 
eluent) followed by hydrogenation in water (25 mL) according 
to general procedure B afforded 20 as an amorphous solid (0.15 
g, 81%): R, 0.25 (1-butanol/acetic acid/H,O, 2:1:1, single spot 
with ninhydrin and sulfuric acid); [.Iz0D +43.4" (e  1.9, H,O); 13C 
NMR (DzO) 6 179.1, 177.1, 175.6 (C=O), 157.6 (C-Arg), 75.4, 75.1, 

(CH,-Arg), 34.2 (CH,-Nva), 31.7 (CH,-Arg), 29.5 (C-3), 25.0 
(CHz-Arg), 19.4 (CH,-Nva), 13.8 (CH,); FAB-MS, [M + H]+ at 
m / z  477.2720 (calcd 477.2673). Anal. (Cl&,,NBO8.2H,O) C, H, 
N 15.6 (calcd 16.4). 

Methyl N -  [ N -  (Benzyloxy carbonyl)  -L-alan yl-L-phenyl- 
a lanyl  ]-8-amino-2,6-an hydro-3,8-dideoxy-~-glycero -D-talo - 
octonate (13). N-Cbz-L-alanyl-L-phenylalanine succinimido 
esterz7 (0.60 g, 1.3 mmol), prepared according to general procedure 
C, 6 (0.27 g, 1.1 mmol), and triethylamine (176 fiL, 1.3 mmol) were 
dissolved in MeOH/THF ( 1 O : l )  (11 mL), and the mixture was 
stirred a t  room temperature for 3 h. Concentration and purifi- 
cation on silica gel with CHC13/MeOH (8:l) afforded 13 (0.21 g, 
31%): Rf0.35 (CHC13/MeOH, 8:l); 13C NMR (DMF-d,) 6 173.2, 
173.1,172.0, 156.9 (C=O), 138.7, 137.9, 130.0, 129.0, 128.7,128,4, 
126.8 (aromatic), 77.1, 73.0, 68.8, 67.3, 67.3, 66.5 (C-2,4,5,6,7, 
CHzPh), 55.0 (CH-Phe), 52.2 (OCH,), 51.7 (CH-Ala), 44.2 ((34, 

(DMF-d,) 6 174.0, 173.1 (C-0), 77.1, 73.0, 69.0, 67.4, 67.2 (C- 

19.4 (CH,), 14.2 (CH3). 

173.0 (C=O), 163.9,161.0, 157.1, 156.0 (C-Arg), 136.9,135.4,129.1, 

67.5,67.3, 66.8,66.7 (C-2,4,5,6,7,3 CHZPh), 55.4, 53.7 (CH), 52.6 

68.2, 67.7, 67.2 (C-2,4,5,6,7), 55.1, 54.6 (CH), 43.4 (C-8), 41.6 

38.4 (CHZPh), 29.6 (C-3), 18.3 (CH3). 
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N-(~-Alanyl-~-phenylalanyl)-8-amino-2,6-anhydro-3,8-di- 
deoxy-D-glycero-D-talo-octonic Acid (21). The ester 13 (0.21 
g, 0.36 mmol) was hydrolyzed in H,O/THF/DMF (5:3:3) (11 mL) 
according to general procedure A (ion exchange with water as 
eluent) and hydrogenation was performed in H,O/THF (1:l) (14 
mL) according to general procedure B. This afforded 21 as an 
amorphous solid (0.16 g, 100%): R, 0.67 (2-propanol/HzO, 3:1, 
single spot with ninhydrin); [Cx]20D +64.1" (c 0.4, H@); l3C NMR 
(DzO) 6 179.0, 174.0, 171.4 (C=O), 137.1, 130.3, 129.5, 127.5 
(aromatic), 75.1,74.9,67.9,67.7,67.1 (C-2,4,5,6,7), 56.5 (CH-Phe), 
49.9 (CH-Ala), 43.5 (C-8), 38.0 (CH,Ph), 29.5 (C-3), 17.2 (CH,); 
FAB-MS, [M - HI- a t  m / z  438.1826 (calcd 438.1877). 

N",N'-Bis(benzyloxycarbony1)-L-lysyl-L-leucine Succin- 
imido Ester.  The title compound was synthesized from N -  
hydroxysuccinimide (0.22 g, 1.9 mmol) and Ne,"-bis(benzy1- 
oxycarbony1)-L-lysyl-L-leucine (1.0 g, 1.9 mmol) according to 
general procedure C. This afforded the desired compound (1.1 
g, 90%): R, 0.63 (EtOAc); I3C NMR (CDCl,) 6 172.7, 169.3, 168.0, 
156.9, 156.5 (C=O), 136.6, 136.3, 128.4, 128.0, 127.9 (aromatic), 
67.0,66.6 (CH,Ph), 54.7, 51.0 (CH), 40.6,40.3 (CH,-Leu, CHz-Lys), 
29.2 (CH,-Lys), 25.5 (CHz-Leu), 24.8 (CH-Leu), 22.8 (CH3-Leu), 
22.3 (CH,-Lys), 21.7 (CH,-Leu). 

Methyl  N-[N*,N'-Bis(benzyloxycarbonyl)-L-lysyl-L- 
leucyl]-8-amino-2,6-an hydro-3,8-dideoxy-~-glycero -D- talo - 
octonate (14). The above N",N'-di-Cbz-L-lysyl-L-leucine suc- 
cinimido ester (0.57 g, 0.9 mmol), 6 (0.19 g, 0.8 mmol), and tri- 
ethylamine (125 wL, 0.9 mmol) were dissolved in methanol (8 mL). 
After 2 h at room temperature the solvent was evaporated in vacuo 
and purification on silica gel with CHCl,/MeOH (8:l) afforded 
14 (0.31 g, 51%): Rf0.36 (CHCl,/MeOH, 81); 13C NMR (DMF-d7) 
6 173.2, 173.1, 172.8, 157.1 (C=O), 138.3, 137.9, 129.0, 128.3 
(aromatic), 77.1, 73.0, 68.8, 67.3, 67.2, 66.4, 66.0 (C-2,4,5,6,7, 2 
CH,Ph), 57.3, (CH), 56.1 (CH), 52.2 (OCH,), 44.0 (C-8), 41.7, 41.1 
(CHz-Leu, CH,-Lys), 30.1,29.8, 29.5, 29.4 (C-3, 2 CH,-Leu, CH- 
Leu), 25.1, 23.4, 21.8 2 (2 CH3-Leu, CH,-Lys). 
N-(~-Lysyl-~-leucyl)-8-amino-2,6-an hydro-3,8-dideoxy-~- 

glycero-D-talo-octonic Acid (22). Compound 14 (0.30 g, 0.4 
mmol) was hydrolyzed in THF/HzO (52) (14 mL) according to 
general procedure A (ion exchange with THF/H20 (1:l) as eluent) 
and hydrogenation was performed in THF/H20  (1:l) (12 mL) 
according to general procedure B. This gave 22 as an amorphous 
solid (0.14 g, 76%): R, 0.30 (1-butanol/acetic acid/H,O, 2:1:1, 
weak additional spot at R, 0.45 visible with ninhydrin but not with 
sulfuric acid); [.]20D +42.0° (c  0.8, H,O); 13C NMR (DzO) 6 179.1, 

(CH), 54.0 (CH), 43.5 (C-8), 41.0, 40.1 (CHz-Leu, CH,-Lys), 33.5, 
29.5, 27.4, (C-3, 2 CH,-Leu), 25.3 (CH-Leu), 22.5 (CH,-Lys), 23.0, 
21.8 (CH,-Leu); FAB-MS, [M - HI- a t  m / z  461.2645 (calcd 
461.2611). 

Determination of Minimum Inhibitory Concentration 
(MIC). Twofold serial dilutions of the test compound were made 
in Goldman and Leive2* defined minimal medium in the wells 
of a Microtitre plate, giving a final volume of 100 lL/well. 
Bacterial (lo3), from an overnight bacterid culture, were inoculated 
into each well, and the Microtitre plate was incuhated a t  37 "C 
overnight. The MIC was judged to be the lowest drug concen- 
tration a t  which no turbidity could then be detected. 
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