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The stereochemical assignments of both 13 and 15 were 
secured by conversion of each compound to the illustrated 
lactol ethers 14 and 16 where the stereochemical rela- 
tionship between the Cg oxygen and C,, methyl group was 
unequivocally determined by NMR spectroscopy along 
with the relevant NOE studies. With the stereochemical 
outcome of the hydroboration reaction thus confirmed, 13 
was oxidized to aldehyde 2 in 89% yield using the Dess- 
Martin reagentg (CH2C12, 25 "C,  15 min), providing the 

(8) Still, W. C.; Barrish, J. C. J.  Am. Chem. SOC. 1983,105,2487-2489. 
(9) Dess, D. B.; Martin, J. C. J.  Org. Chem. 1983, 48, 4155-4156. 

C1-Cll synthon in an overall yield of 21% from p-keto 
imide 4. 
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Summary: The first total synthesis of bulgecin C has been 
achieved in 18 linear steps from (2R,4S)-hydroxyproline. 
Transformations of note include the regioselective elec- 
trochemical methoxylation of a 4-acetoxyproline carba- 
mate, a stereospecific free radical substitution reaction to 
incorporate the C-5 hydroxymethyl group, and a P-ste- 
reoselective, trichloroacetimidate-mediated glycosylation 
using a 2-azido-2-deoxy-~-glucopyranose derivative. 

The bulgecins A ( l ) ,  B (2), and C (3) are a group of 
potent P-lactam synergists produced during the fermen- 
tation of Pseudomonas acidophila and P. mesoacidophila.' 
These natural products, although devoid of antibacterial 
activity, mediate, in concert with p-lactams, the develop- 
ment of a curious morphological change in the cell wall of 
Gram-negative bacteria. This bulge formation is accom- 
panied by an increased sensitivity of the organism to in- 
hibition and, as a result, bacteria are killed at  lower P- 
lactam concentrations. Recently, Chromobacterium uio- 
laceum has been shown to produce two structurally related 
glycopeptide sulfates, SQ-28505 and SQ-28546.2 These 
substances are also P-lactam antibiotic potentiators. 
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As a consequence of their biological effects and struc- 
tural novelty, the bulgecins have been the subject of syn- 
thetic investigations. The bulgecin aglycon bulgecinine 

(1) Imada, A.; Kintaka, K.; Nakao, M.; Sinagawa, S. J .  Antibiot. 1982, 
35,1400. Shinagawa, S.; Maki, M.; Kintaka, K.; Imada, A.; Ajai, M. Ibid. 
1985,38, 17. Shinagawa, S.; Kasahara, F.; Wada, Y.; Harada, S.; Ajai, M. 
Tetrahedron 1984,40, 3465. 

(2) Cooper, R.; Unger, S. J .  Org. Chem. 1986,51, 3942. 

(4) has been synthesized from D - ~ ~ u c o s ~ , ~  D-glucuronic 
acid? pyroglutamic acid? and an L-allylglycine derivative? 
Additionally, Shiba and co-workers have reported the 
synthesis of bulgecin A (1) and two analogues.' Herein 
we report the first total synthesis of bulgecin C (3) from 
(2S,4R)-4-hydroxyproline using electrochemical and radical 
transformations to prepare a bulgecinine derivative and 
subsequent trichloroacetamidate-mediated glycosylation. 

(2S,4R)-4-Hydroxyproline ( 5 )  was esterified and N- 
protected as the O-(2-(trimethylsily1)ethyl) carbamate.8 
Subsequent inversion of the C-4 stereochemistry was 
readily accomplished by esterification using the Mitsunobu 
reactiong to give the (4S)-acetate 6. Anodic oxidation 
according to the excellent Shono protocollo gave the 5- 
methoxy compound 7 in a 64% yield as a mixture of dia- 
stereoisomers (l:l).'l In contrast to the successful anodic 
oxidation of N-(tert-butyloxycarbonyl)-12 and N-(benzyl- 
oxycarbony1)proline methyl esters,12J3 the corresponding 
N-Boc and N-Cbz analogues of 6 produced complex re- 
action mixtures of electrochemical oxidation and gave only 
low yields (<20%) of the corresponding 5-methoxylated 
derivatives. 

Acetolysis of 7 gave the corresponding 5-acetate (77%), 
which was smoothly converted into the 5-phenylseleno 
compound 8 (86% ) by reaction with benzeneselenol under 
acidic conditions. Adduct 8 was isolated as a mixture of 
diastereoisomers (2:l). Irradiation of the selenide 8 in the 

(3) Wakamiya, T.; Yamanoi, K.; Nishikawa, M.; Shiba, T. Tetrahe- 

(4) Bashyal, B. P.; Chow, H.-F.; Fleet, G. W. J. Tetrahedron Lett. 
dron Lett. 1985, 26, 4759. 

1986,27, 3205; Tetrahedron 1987, 43, 423. 
(5) Ohta, T.; Hosoi, A.; Nozoe, S. Tetrahedron Lett. 1988, 29, 329. 
(6) Ohfune, Y.; Hori, K. Sakaitani, M. Tetrahedron Lett. 1986, 27, 

6079. 
(7) Wakamiya, T.; Yamanoi, K.; Kanou, K.; Shiba, T. Tetrahedron 

Lett. 1987,28, 5887. Wakamiya, T.; Yamanoi, K.; Kanou, K.; Kimura, 
Y.; Shiba, T. Peptides 1988; Jung, G., Bayer, E., Eds.; Walter de Gruyter 
& Co: Berlin, 1989; pp 343-345. Kimura, Y.; Ohyama, K.; Wakamiya, 
T.; Shiba, T. Peptide Chem. 1989, 215. 
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Chem. SOC., Chem. Commun. 1978, 358. 
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(11) Partial methanolysis of the 4-acetate required reacetylation at the 
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graphite electrodes, 5.5 F mol-', then Ac,O, E b N ,  CH,Cl,, 64%; (v) Ac,O, AcOH, H2S04 (cat.), 77%; (vi) PhSeH, TsOH (cat.), 86%; (vii) ( E ) -  
or (2)-MeO,CCH=CHSn(Bu),, (Bu,Sn),, 250 W sunlamp, Pyrex filter, 67%; (viii) O,, MeOH-CH,Cl,; NaBH,, 83%; (ix) NaOH, MeOH, 
then TBAF, 50%; (x) TFA, then BnOCOCl, aqueous NaHCO,, CHpC12, 82%; (xi) 03, MeOH-CH2C12; NaBH4, 97%; (xii) BnBr, Ag20, 
CH,Cl2, reflux, 91%; (xiii) BnOH, Ti(O-i-Pr)4 (cat.), 110 "C, 72%; (xiv) 15, 0.1 equiv of BF,.Et,O, -40 OC, 4-A sieves, 42% 8; (xv) AcSH, 
80%; (xvi) KOH, HzO, MeOH, 74%; (xvii) pyridineaSO,, DMF, 73%; (xviii) Pd,  1:l 95% HC02H-MeOH, 80%. 

presence of methyl (2)- or (E)-2-(tributylstannyl)acrylate 
(14)14 in benzene gave the radical substitution product 9. 
Much to our delight this was formed as a single diaster- 
eoisomer in a 67% yield.15 The stereospecificity of this 
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free radical C-5 homologation is undoubtedly a conse- 

(14) Baldwin, J. E.; Kelly, D. R. J. Chem. SOC., Chem. Commun. 1985, 
682. Russel, G. A.; Ngoviwatchai, P. Tetrahedron Lett .  1985, 26,4975. 
Curran, D. P. Synthesis 1988, 417,489. 

(15) The 5-phenylthio analogue was slow to react under these condi- 
tions. 

quence of steric approach control. In contrast, all our 
attempts to incorporate C-5 carbon substituents via the 
acyliminium cation derived from either 7 or the corre- 
sponding acetate and allyltrimethylsilane derivatives 
proceeded with little or no stereochemical control. Ozo- 
nolysis of the a,P-unsaturated ester 9 followed by a re- 
ductive workup with sodium borohydride afforded the 
(5R)-hydroxymethyl compound 10 (83%). Subsequent 
removal of the protecting groups gave the amino acid 4 
which was identified with bulgecinine (4) in all respects.16 
For the synthesis of bulgecin C (3), the bulgecinine de- 
rivative 9 was readily converted" into the N-Cbz protected 
amino acid 11 and glycosylated using the 2-azido-2- 
deoxy-a-D-glucopyranosyl trichloroacetimidate derivative 
15.18 This provided the corresponding 0-glycoside 12 
(42% ), which was formed with good anomeric diastereo- 

(16) 13C and 'H NMR spectra, melting point, and optical rotation data 
observed for 4 agreed exactly with those reported for the natural material; 
see ref 1. 

(17! For the use of titanium tetraisopropoxide as a catalyst for tran- 
sesterification see: Seebach, D.; Hungerbuhler, E.; Naef, R.; Schnurren- 
burger, P.; Weidmann, B.; Zuger, M. Synthesis 1982, 138. 

(18) The a-trichloroacetimidate 16 was prepared from the known azide 
16 (Kinzy, W.; Schmidt, R. R. Liebigs Ann. Chem. 1985, 1537) by the 
sequential reaction with (a) NaH, PhCH2Br, THF (84%); (b) CF&O,H, 
H20,  THF (74%); (c) (Bu,Sn),O, PhCH2Br, Bu,NBr, PhMe (82%) 
(Veyrieres, A. J. Chem. SOC., Perkin Trans. 1 1981,1626); (d) PhCOC1, 
Et3N, DMAP, CHzC12 (90%); (e) Bu4NF, AcOH (86%); and (0 CC13CN, 
DBU, 4-A molecular sieves, CH2C12, -30 "C (65% a, 14% B)  (Tavecchia, 
P.; Trumtel, M.; Veyrieres, A.; Sinay, P. Tetrahedron Lett .  1989, 30, 
2533). See also Schmidt, R. R. Pure Appl .  Chem. 1989, 61, 1257. 



5196 J. Org. Chem. 1990,55, 5196-5197 

selectivity (a@ = 1:3). Attempts to glycosylate the alcohol 
11 using an oxazolidine derivative were unsuccessful pre- 
sumably because of steric congestion a t  the secondary 
hydroxyl group. Reductive acetylation of the azide 12 
using thiolacetic acidlg and selective saponification gave 
the 4'-alcohol 13 (59%). Finally, sulfation of 13 using 
sulfur trioxideepyridine in DMFZ0 (73%) and global cata- 
lytic debenzylation gave bulgecin C (3) (80%). The ma- 
terial was identical in all respects (TLC, IR, 'H NMR, 13C 
NMR, FAB HRMS, and [ c u ] ~ )  with an authentic sample 
of the natural product. 

It is clear from these results that the radical substitution 
of pyrrolidine derivatives provides a convenient method 

(19) Rosen, T.; Lico, I. M.; Chu, D. T. W. J. Org. Chem. 1988,53,1580. 
(20) Guiseley, K. B.; Ruoff, P. M. J. Org. Chem. 1961, 26, 1248. 

Wolfrom, M. L.; Shen Han, T. M. J. Am. Chem. SOC. 1959, 81, 1764. 

for the stereospecific generation of bulgecinine (4). Ad- 
ditionally the electrochemical/radical strategy and the 
glycosylation technology are applicable to the synthesis 
of alternative bulgecin systems. Further aspects of these 
studies will be published in due course. 
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Summary: Sucrose was stereoselectively prepared from 
D-glucose by esterification using D-arabinoic acid and 
subsequent methylenylation, iodoetherification, and rad- 
ical-mediated substitution. 

The construction of glycosides is frequently nontrivial 
in consequence of poor a- versus P-diastereoselectivities 
and low chemical yields. Classically glycosides are pre- 
pared by the Koenig-Knorr reaction of a protected glycosyl 
halide with a sugar alcohol in an alkylation process me- 
diated by a silver (I) or mercury (11) salt.2 In the past 
decade numerous variations of this alkylation strategy have 
been de~e loped .~  However, there is, as yet, no generally 
reliable method available such that the assembly of oli- 
gosaccharides is routine and ~traightforward.~ Recently 
we described a procedure whereby disaccharides were 
assembled via glycosyl aldonic esters, Tebbe methyleny- 
lation, and subsequent cyclization.6 Additionally we ob- 
served that disaccharides could be prepared via glycosyl 
aldonic acid thionoesters, reductive S-methylation, and 
cyclization! These redox glycosidation procedures provide 
novel methods7 for the elaboration of the glycosidic bond. 

Sucrose is a target considerable historic importancee that 
is not straightforward to synthesize. I t  contains two syn- 
thetically challenging units: a cis a-glucopyranoside and 
a P-fructofuranoside residue, which contains a tertiary 
glycosyl oxygen. Herein we report the application of the 
titanium redox glycosidation methodology for the total 
synthesis of sucrose from D-glucose and D-arabinoic acid. 
The approach is noteworthy in consequence of the out- 
standing kinetic stereoselectivities achieved in the con- 
struction of both anomeric centers. 

OH >50:1 

*Dedicated to  Professor Leonard N. Owen on the  occasion of his 
76th birthday. 
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"Reagents: (i) nBuLi (1.6 M), THF,  -78 "C; (ii) Tic&, TMEDA, 
Zn, CH2Br2, THF;  (iii) BulNF on silica, THF; 12, KOtBu, THF; (iv) 
TEMPO, Bu3SnH, PhH, hu; (v) Na, NH3, THF; (vi) Ac20, pyri- 
dine; (vii) NaOMe, MeOH. 

Sequential reaction of 2,3,4,6-tetra-O-benzyl-~-gluco- 
pyranose (2)9 with n-butyllithium and the thioester 31° gave 
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A Simplified Procedure" In Genetic Engineering: Principles and 
Methods; Setlow, J. K., Hollaender, A., Eds.; Plenum Press: New York, 
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