
Trrralwdron Vol 45 No 16 pp 4939 t” 4944, 1989 
Prrnred III Greal Bnta~n 

THE TOTAL SYNTHESIS Of BISUCABERIN 

004%4020/89 $3 00+ 00 
,r, 1989 Pergdmon Press pk 

R J Bergemn’ and J S McManis 

Department of Medictnal Chemistry 
J Hilfii Miller Heafth Center 

Untverstty of Florida, Gatnesville, FL 32610 

(Recert’ed m USA 28 December 1988) 

Abstract The ftrst total syntheses of ti,l7-drhydroxy-l,6,12,i7-tetraazacyclo~~sane-2,5,13,16-tet~ne (bls~~enn) IS 
presented The synthettc scheme employed In thts study illustrates the utrltty of 0-benzyl-N-(fert-butoxycarbonyl)-N-(4- 
cyanobutyi)hydroxyiamme ;i, as an intermedtate In the synthesis of both btsucaberin and desfernoxamtne B The 
bi~~rln macrocycttc Warn precursor, a linsar @-amino acd 19, is constiucted from the l~e~edl~es 3 and O-bsnzyCN- 
(4-cyanobutyl)hydroxylamlna 4, uhlizmg a senes of sequenhal acylattons and nttnle reducttons Cycltzation of Lp generates 
the 22 membered nng, 6,17-dtbenzylbtsucabenn il. Deprotectton of the hydroxamates in the last step affords the natural 
product, bisucabenn 1 

Stderophores are a group of low molecular weight iron chelators produced by microorganisms for the purpose of 

accessing environmental Iron, iron which exists largely in the insotuble ferric state Although there have been a substanhal 

number of sderophores isolated and characterized, generally they fall into two main classes of metal ligands the 

catecholamrdes, e g parabactin, and the hydroxamates, e g desfernoxamine 6’ 

A large rtng chelator belonging to the latter class of compounds has recently been ~solsted and characterized The 

structure of this dlhydmxamate ltgand, btsucabenn 1 (hgure 1) was determined through spectroscopy and X-ray 

c~stallography2 to be a 22 membered ring, containing two hydroxamate and two secondary amtde fun~tonal groups 

Retmsy~het~ analysts of this cycltc tetra~rdinate chelator reveals that the molecule can be segmented into two repeating 

units, SuccW actd and 1 -arni~-5-(hydroxyamino)~ntane, I e , N-hydroxy~adaverine The arrangement IS such that the 

hydroxamate coordination srtes are at oppostte sides of the ring 

The microbial iron chelator, bisucaberin 1 (Figure l), isolated from the marine bacterium Alteromonas haloplank&, was 

found to slow the growth of both L-1210 and IMC carcinoma cells wtth ICso’s of 9 7 and 12 7 PM, respecttvely,3T4 and to 

sensitize tumor cells to macmphage promoted cytolysis 3 

Interestingly, the biological achvlty of btsucabenn 1 IS absent in nocardamtne, desfernoxamine E, the analogous 33 

membered tnhydroxamate cyclic siderophore 3,5 Both bisucabenn and nocardamme bind wlh ferric ion to form red, water 

soluble COmPleXeS 3 This dichotomy in biological activity encouraged us to pursue a synthetic approach to 1 which would 

allow us to access both the parent molecule as well as structurally related species The long term goal of the program IS 

aimed at the the evaluation of structure-activity relatlonshlps, which might shed ltght on the mechancsm of blsucabenn’s 

actiwty 

Our total synthesis of chelator 1 IS presented In Schemes 1 and 2 The ~n~~~~n of the acyck precursor amino 

acid 1Q IS a unique example of the ~pl~~lllty of the lnte~~iates and meth~~ies developed in our total syntheses of 

desferr~xa~ne B6 to the production of ~~10~1 hydroxamate IIgands Fu~he~ore, the bls~a~nn synthesis offers an 
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aiternatwe method for accessing amrnonltnle 4, a key starhng material for both desferrloxamine B and brsucabenn (Scheme 

1) 

The syntheses of mtnie 4 begins with the conversion of O-benzylhydrox);lamme hydrochloride to Its crystalline N-(ted- 

butoxycatbonyl) denvative 2 ‘#a This IS accomplished by reaction of the hydroxyiamme salt with di-fert-butyl dicarbonate 

(NEts, aqueous THF) The carbamate 2 thus readrly obtained IS next N-alkylated wRh 5chiorovaleronitnle (NaH, DMF, Nal) to 

give intermediated mtnle 3 in 87% yield Exposure of 3 to trifluoroacetic a&t (TFA) results in collapse of 9 to carbon dioxide, 

rsobutyiene and 0-benzyi-N-(4-cyanobutyl)hydroxylamine 4 in 75% yieid The nitrile 4 has been previously utiltzed in our 

laboratories in the total synthesis of desfernoxamine B,6 however the present route to thus compound IS an efficient 

alternative to our previous method The earker synthesis requrred the preparation of 4-cyanobutanal and its reductive 

amlnahon by 0-benzylhydroxylamine hydrochloride using sodium cyanoborohydride 6 This aldehyde is only accessible in 

low yreld and IS somewhat unstable Next, amine 4 IS acylated upon heating with succrntc anhydride in pyrtdrne to yield nrtrile 

acid 5 as before6 (Scheme 2) 

N-(tert-butoxycarbonyl) nitrile g IS selectively hydrogenated to generate primary amine 6 in 83% yield with W-2 grade 

Raney nickel in methanolic ammonia Coupling of acid 5 with primary amine 6 (DCC, catalytic DMAP) affords nitnle Z (85%) in 

terms of the basic synthon construct, only the second succinate unit remains to be annealed 

The ted-butoxycarbonyl group of z IS cleaved by brief exposure of the molecule to tnfluoroacekc acid to give secondary 

amme 8 (83%) This amine IS next acylated with succinic anhydride in pyridine to afford mtrrie-acrd 9 In 98% yield, thus 

completing the framework of the molecule Hydrogenation of the nitrite group in 9 (Raney nickel, methanolic ammonia) 

furnishes o-amino acid 1p In 85% yield Thus the acyclic precursor to brsucabenn 1 has been formed efficiently by adapting 

methodologies developed for our desfernoxamine B synthesis 

At this postt ail that remained was the cyclizahon of I_0 and the unmasking of the hydroxamates Of the many methods 

available for the cyckzahon of large ring lactams, the Yamada reagent,Q that IS drphenylphosphoryi azrde, offered the most 

promise Diphenylphosphoryi azrde was introduced as a peptide coupling reagent and has recently proved useful in the 

formation of functionalized macrocyclic lactams, which are similar in size to ours 10 Thus, the azide reagent (1 2 equwalent) 

was added to a solution of amino acid 1p in DMF followed by stirring for three days at 0 OC The hydroxamate protected 

macrocycle, 8,17-drbenzylbisucabenn U. was obtained in 43% chromatographed yield Fnally, the benzyl groups of Il 

were cleanly removed under a hydrogen atmosphere (10% Pd-C, CHsOH, 1 atm) to give bisucabenn 1 The final product 

was identrcal with asample of natural bisucabennl 1 by silica gel TLC and high field ‘H and 13C NMR 

Our synthetic route permits the efficient production of homologues of bisucabenn 1 The length of each of the four 

methylene chains in cyckc chelator 1 can be vaned in order to tailor its size to a given metal and to determine structure-activity 

relatronships N-(ferf-butoxycarbonyi) amine 2 can be monoalkyiated as in Scheme 1 with commercially available CI(CH2)&N, 

n-l -3, to shorten erther N-hydroxydiamne chain or with 7-bromoheptanenrtnle to lengthen it Moreover, acylation of amine 

4 with glutanc anhydnde in place of succinic anhydride would give the homologue of mtnle acid 5 Thus the length of each 

methylene chain in key segments 5 and 5 in Scheme 2 could be adlusted to provide a variety of both symmetrical and 

unsymmetrical bisucabenn homologues Currently we are measunng the Fe(ill) and Cu(ll) bisucabenn metal binding 

constants as well as evaluating the mechanism of the compounds biological action 

All reagents were purchased from Aldrich Chemical Company and were used without further purification Sodium 
sulfate was employed as a drying agent, and Frsher Optima grade solvents were routinely used Melting points are 
uncorrected Srlrca gel 80 (70-230 mesh), obtained from EM Science, Darmstadt, West Germany, was used for column 
chromatography Preparative layer chromatography was carried out on silica gel GF plates (2 mm thick) purchased from 
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Analtech, Newark, DE Proton NMR spectra were recorded on a Varian EM-390 or a Nkolet NT-300 lnskumefft and, unless 
otherwIse noted, were run in CD@ wrth chemical shifts given tn parts per mliiion downfrekl from an lntemai tetramethyisriane 
standard (coupifng constants are in hertz) Chemical shifts are reported wtth HOD (6 4.6) as the standard for samples run in 
D2C IR spectra were recorded on a Perkin-Elmer 1420 Ratio Recording infrared or a Beckman AccuLab 3 
spectmphotorneter Mass spectra were carried out on a Kratos MS 80 or a Fennfgan 4515 instrument Eiementai analyses 
were performed by Atlantic Microiabs, Atlanta, GA 

0.Benryl-N-(rerf-butoxycarbonyi)hydroxylamlne (2) was prepared from 0-benzyihydroxylamine hydro- 
chloride and dt-fe&butyi dkarbonate (NEQ, aqueous THF) by the ifterature method mp 48-48 OC (is 45-47 OC) s 

O-Benryi-N-(rert-butoxyc~rbonyl)-N-(4-cyanobutyi)hydroxylamlne (3). Sodium iodide (84 rng, 0 55 
mmoi) and then sodium hydride (80% 011 drspersion, 0 49 g, 15 3 mmoi) were added to 2 (2 88 g, 12 0 mmoi) in dry DMF (40 
mL) After strmng for 15 min, 5chiorovaieronrtnie (1 5 mL, 13 3 mmoi) was added, and the suspensron heated at 80-85 oC 
for 4 h under argon After cooling, the reactkn was quenched wrth H20 (100 ml), then extracted wrth ether (4x75 mL) The 
combined organic layers were washed with 100 mL each of 1% aqueous Na2SC3, H20 and brine and then concentrated to 
give 4 39 g crude product Column chromatography with 4 5% EtOAcICHCi3 produced 3 17 g of 9 (57% yreid) NMR 6 15- 
1 75 (s+m,l3 H), 2 3 (t, 2 H), 3 4 (t, 2 H), 4 77 (s, 2 H), 7 3 (s, 5 H) Anal caiai for Ct7H24N203 C, 57 08, H, 7 95, N, 9 20 
Found C,5719,H,799,N.911 

0-Benzyl-N-(&cyanobutyi)hydroxyiamlne (4). Tnfiuoroacetic acxf (TFA, 18 mL) was added to 3 (2 59 g, 8 51 
mmoi), and the solution stirred at room temperature for 20 mm (Dnente tube) Excess TFA was removed on the rotovap, 
saturated NaHCC& (50 ml) was added and the product was extracted unto ether (3x50 ml) After a brine wash (50 mL), the 
organic extracts were concentrated to yield 1 77 g crude product Column chromatography wrth 3% EtOHCHCi3 furnished 
1 31 g of 4 (75% yield), whrch has been previously prepared 6 NMR 6 1 5-l 7 (m, 4 H). 2 15-2 35 (m, 2 H), 2 78-2 98 (m, 2 
H), 4 55 (s, 2 H), 5 45 (ix 8, 1 H), 7 26 (s, 5 H) 

N-(Benzyioxy)-N-(4.cyanobutyl)succinamic acid (5) was prepared by the method developed in this 
laboratory e A sampie of 5 was crystaiilzed from n-hexane/ethyi acetate, mp 71 OC 

O-Benzyl-N-(5-amlnopentyi)-N-(tert-butoxycarbonyi)hydroxyiamine (5). Raney nickel (W-2 grade, 0 95 
g) and concentrated Ni-LfOH (1 5 ml) were added to a soiutlon of 3 (0 57 g, 187 rnmoi) in methanol (9 5 mL) in a 250 mL Parr 
bottle The suspension was cooled to 0 oC, and ammonia was gently bubbled in for 10 min Hydrogenatron was carried out 
on a Parr shaker for 3 5 h at 55-58 psi The catalyst was fiitered off (Ceise), and the fiitrate was concentrated to give 0 51 g 
crude product Column chromatography using 5% concentrated NH40HICH30H yielded 0 48 g of 8 (83% yield) NMR 6 
1 25-l 72 (m, 17 H), 2 84 (1.2 H, J=7), 3 39 (t,2 H, J=7), 4 78 (s, 2 H), 7 31 (s, 5 H) Anal caicd for Cf7H2sN2Qj C, 55 21, 
H, 9 15, N, 9 08 Found C, 55 24, H, 9 18, N, 9 05 

N-(4-Cyanobutyi)-3-[[5-[(benryloxy)-tertbutox~carbonyiamino]pentyi]carbamoyi]-O-benzyi- 
propionohydroxamlc acid (7). A soiution of 5 (0 52 g. 1 71 mmoi) in dry CH2Ci2 (50 mL) was added to 8 (0 48 g, 1 55 
mmoi) and 4-dimethylaminopyndine (DMAP, 31 mg, 0 25 mmoi) After cooling the solution to 0 oC under Np, 1 ,J-d~cycto- 
hexyicarbodsmrde (DCC, 0 39 g, 1 89 mmoi) was introduced, and stirring was conhnued for 45 mln at 0 oC, then for 19 h at 
room temperature After CXwiing the mrxture to 0 OC, the solid was filtered off and washed wrth CH2Ci2 (4x10 mL) The flitrate 
ceded 1 38 g matenai, which was chromatographed eiutlng with 5% EtOH/CHC$ to give 0 93 g product Water (25 mL) was 
added, followed by extraction wRh CHCi3 (4x25 mL) The combined organic extracts were washed with 30 mL each 5% 
NaHC03 (2x) and H20, and evaporated to give 0 95 g product Column chromatography using 4% EtOH/CHCi3, followed by 
preparative layer chromatography on pari of the eiuted material gave 0 72 g product, which still contained DCU This was 
dissolved In CHCi3 and filtered (Ceiite, 2x) to give 0 800 g of j!, for a 85% yield NMR 5 1 18-1 88 (m, 19 H), 2 19-2 52 (m, 4 
H), 2 77 (t,2 H, J=7), 3 01-3 72 (m. 5 H), 4 78 and 4 82 (2 s,4 H), 5 84 (br s, 1 H), 7 2-7 4 (m, 10 H) A sample of z (38 mg) 
was subjected to preparative layer chromatography (4% EtOH/CHCis) to give an anaiyttcai sample of z (28 n-g) Anal caicd 
for &H46N40s C, 58 54, H, 7 80. N, 9 42 Found C, 55 48, H, 7 66, N, 9 39 

N-(4-Cyanobutyi)-3-[[5-[(benzyioxy)amlno]pentyi]carbamoyi]-O-benzyipropionohydroxamic acid 
(8). TFA (9 mL) was added to Z (0 550 g, 0 94 mmoi), and the solution strrred for 20 mn at room temperature After removal 
of the excess TFA, saturated NaHC03 (35 ml) was added to the residue, which was extracted with CHCi3 (3x80 mL) The 
organic phase was washed with H20 (50 mL) and concentrated to give 0 51 g crude product Preparahve layer 
chromatography (2 plates) uSI~Q 4% EtOHCHCi3 gave 0 388 g of 8 (83%) NMR 6 1 2-l 8 (m, 10 H), 2 2-3 3 (m, 10 H), 3 82 
(1,2 H, J=7), 4 83 (S, 2 H), 4 82 (s, 2 H), 5 5 (br s, 1 H), 5 87 (br s, 1 H), 7 15-7 35 (m, 10 H) Anal caicd for C2sHssN404 C, 
67 99. H, 7 74, N, 11 33 Found C, 57 82, H, 7 79, N, 11 29 

5,15-Bis(benzyioxy)-20-cyano-4,12,15-trioxo-5,11,15-triazaeicosanoic acid (9) A solution of & 
(0 355 g, 0 738 mmoi) and succinrc anhydride (0 113 g, 1 13 mmoi) in pyndlne (10 mL) was heated at 105oC for 1 5 h under 
Np After removing the pyndrne In vacua, the residue was dliuted wrth ether (25 mL), and then extracted with saturated 
NaHC03 (3x25 mL) The combined aqueous porilon was extracted further with ether (2x25 mL), then cautrousiy acldifled 
with cold 5 N HCI (20 ml) Extractron with CHCi3 (3x40 mL), followed by a final water wash (40 mL) and solvent removal ied to 
0424gofQ(95%yieid) NMR6125-184(m,10H),22-292(m,10H),305-333(m.2H),35-38(m,4H),480and483 
(2 s, 4 H), 5 5 (br s. 1 i-i), 7 34 (s, 10 H) Anal caicd for C32HaN407 C, 54 53, H, 7 12, N, 9 42 Found c, 84 70, H, 7 16. 
N, 939 

21-Amin0-5,15-bis(benryloxy)-4,12,15-trioxo-5,11,15,-triazaheneicosanoic acid (10) Raney nlckei 
(W-2 grade, 0 58 g) and concentrated NH40H (I 5 mL) were added to 9 (0 402 g, 0 575 mmoi) In CH3CH (10 mL) In a 256 
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mL Parr bottle A stream of ammonia was bubbled through the rmxture at 0 OC for 10 min 
carried out on a Parr shaker for 3 h 

Hydrogenation at 55-58 psi was 
The catalyst was flltered off (Celite), the sokds were washed with CH30H, and solvent 

was stripped off to give 0 45 g crude product Punficatlon by column chromatography (0 4% concentrated Nfi40WCH30H) 
furnished 0 265 g of IQ as an amorphous whne solid for a 65% yield NMR (D20) 5 1 12-1 88 (m, 12 Ii), 2 27-3 27 (m, 12 H), 
3 54-3 85 (m, 4 H), 4 97 (8,4 H), 7 5 (s, 10 H) Anal C&d for C32Hq~N407 C, 64 19, H. 7 74, N, 9 38 Found C, 63 98, H, 
7 75, N, 9 29 

8,17-Bls(benzyloxy)_l,8,12,17-tetraaracyclodocosane-2,5,13,l8-tetrone (11). Ammo acid J.Q (0 227 
g, 0 379 mmol) was dissolved in distilled DMF (50 ml) and the solution was cooled to 0 OC under Np Diphenylphosphoryl 
azide (0 10 mL, 0 48 mmol) was added by syringe,, and the solution was stirred at O-5 Oc for 3 days After removal of the bulk 
of the solvent 111 vacua, water (15 mL) was added, and the product was extracted with CHC$ (4x15 ml) The organic extracts 
were washed wtth water (15 mL) and concentrated to give 0 48 g product 
eluting with 4% EtOWCHCl3, produced 0 095 g 11(43%) 

Preparattve layer chromatography (2 plates), 
NMR (300 MHz) 6 1 l-l 9 (m, 12 H), 2 52 (t, 4 H, J=7), 2 82 (t, 4 

H, J=7), 3 08-3 2 (m, 4 H), 3 6-3 75 (m, 4 H), 4 79 (s, 4 H), 8 81 (br s, 2 H), 7 32 (m, 10 H), EIMS calcd for C32l-i,#408 580, 
found 580 (M) Anal calcd for C32HuN406 C, 88 19, H, 7 64, N, 9 65 Found C, 68 03, H, 7 68, N, 9 55 A sample of 11 
was recrystallized from ethyl acetate/ethanol, ny, 203-204 cC 

8,17-Dlhydroxy-1,8,12,17-tetraazacyclodocosane-2,5,l3,l8-tetrone (blsucaberin) (1) Glassware 
was soaked in 3 N HCI, nnsed with dIstIlled water and CH30H and oven dned Compound u (0 078 g, 0 134 mmol) was 
suspended in CH30H (50 mL), 10% W-C (0 11 g) was added and hydrogenation was carned out at 1 atm for 8 h The 
reaction mtxture was warmed and the catalyst was filtered and rinsed with hot CH30H Solvent removal afforded 48 mg of 1 
(89%) Silca gel TLC (10% CH3OHICHCI3) showed a red spot (ethancllc FeCl3 stammg) with Rf=O 54, Rf (lit)=0 52 2 The 
sample (42 mg) was recrystallized from CH3OH to give 29 mg crystalline 1 mp 208 5-210 OC (dec), mp (In) 180 cC (dec),2 IR 
(KBr) 3290,3130,2960,2890,1635,1600, cm- l, NMR (ds-DMSO, 300 MHz) 5 1 07-l 6 (m, 12 H), 2 28 (t, 4 H, J=7), 2 59 
(t, 4 H, J=7), 2 97-3 07 (m, 4 H), 3 49 (t, 4 H, J=8), 7 65 (m, 2 H), 9 57 (s, 2 H), 13C NMR (ds-DMSC, 75 MHz) 6 22 44,25 50, 
27 79, 28 15,30 56,3791,39 50 (septuplet, ds-DMSC standard), 48 32, 171 45 (C=O), 171 80 (r&O), FABMS calcd for 
CtsH32N406 400, found 401 (M+l) Anal calcd for ClsH32NgOs C, 53 99, H, 8 05, N, 13 99 Found C, 54 03, H, 8 12, 
N, 13 90 The high field NMR spectra were identical to those of authentic 1 1 1 The two samples were ldentcal by cospottlng 
on silica gel TLC (20% EtOH/CHC$ 10% CH30H/CHCl3 and EtOAc) 
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