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Diphtheria toxin (DT) expresses its cytotoxicity by inhibiting 
protein synthesis. Mechanistically, this toxin effects a single 
ADP-ribosylation of the critical enzyme, protein synthesis elon- 
gation factors 2 (EF-2), a t  a unique amino acid residue, thus 
terminating the translocation step of trans1ation.l The gross 
structure of this targeted amino acid constituent of EF-2, initially 
referred to as amino acid X and later as diphthamide, was pro- 
posed by Bodley and co-workers from N M R  and mass spectral 
studies of the hydrolysis products from ADP-ribosylated EF-2, 
ribosyldiphthamide and diphthine.2 Biosynthetic labeling ex- 
periments support the proposed structure and reveal that the side 
chain of this elaborated histidine derivative is derived from me- 
t h i ~ n i n e . ~  Diphthamide is the most complex posttranslationally 
modified amino acid known to date. 

+ iMe, 0 
Diphthamide X = NHp 

Diphthine X = OH 

The purpose of this communication is to describe the first 
syntheses of diphthamide and diphthine, which was prepared for 
direct comparison to the natural amino acid. A synthesis plan 
was developed which united the two carboxylic acid side chains 
prior to the construction of the imidazole nucleus through in- 
termediates such as B (eq l).4 This plan afforded the flexibility 
of introducing the second amino-bearing stereocenter (X = H or 
~ 

(1) (a) Balestrieri, C.; Giovane, A.; Quagliuolo, L. Adu. Exp.  Med. Biol. 
(Adu. Post-Transl. Modif. Proteins Aging) 1988, 231, 627-632. (b) Ward, 
W. H. J. Trends Biochem. Sci. 1987, 12, 28-31. 

(2) Purification and properties: (a) Bodley, J. W.; Dunlop, P. C.; Van 
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(4) Preliminary studies in this laboratory demonstrated that diphthamide 
is not amenable to synthesis via conventional nucleophilic substitution at the 
C-2 position of the imidazole due to the poor nucleophilicity of the C-2 anion. 
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NH2) either before or after the imidazole construction. 
The synthesis was initiated from D-pyrOglUtadC acid ethyl ester 

(1): which was transformed to the tert-butyldiphenylsilyl-protected 
(TBDPS-protected) imide 2 in 77% overall yield (Scheme I). 
Peroxide-mediated hydrolysis of 26 followed by its subsequent 
mixed anhydride acylation' with 4(S)-benzyloxazolidone8 afforded 
imide 4 in 89% yield. After removal of the N-Boc protecting 
group, amine 4a was acylated with mixed anhydride 6,9 derived 
from L-glutamic acid, to provide 7 in 89% yield. This transfor- 
mation is noteworthy in that the potentially damaging intramo- 
lecular acylation of 4a was not observed (eq 2). 

NHBoc 

TBDPSol TBDPSO 

In preparation for the construction of the imidazole nucleus, 
7 was desilylated (HF-pyr, 13 h, 25 "C), the derived primary 
alcohol was transformed to the aldehyde,I0 and the N-benzylimine 
B (X = H) was formed (1.0 equiv of BnNH2, MgS04, CH2C12, 
1 h, 25 "C) without purification of intermediates. Cyclo- 
condensation of this intermediate to imidazole 8 was effected by 
a modified Lee reaction (1.5 equiv of Ph3P, 1.5 equiv of C2C16, 
3.0 equiv of Et3N, MeCN, 14 h, 35 "C) in an overall yield of 70% 
from 7.Il Our chiral enolate azidation methodology12 was then 
employed to incorporate the a-amino moiety with the requisite 
(S) configuration. Unfortunately, the diastereoselection in the 
azidation of imide 8 was only moderate (76:24); nonetheless, the 
desired diastereomer 9 was isolated in 62% yield. Reduced 
diastereoselectivity was also observed in the analogous azidation 
of the C2 unsubstituted imidazole imide, which was further 
transformed to  h histidine.'^ It is tentatively concluded that the 
imidazole moiety in these reactions is partially disrupting the 
chelated enolate and thus the reaction diastereoselectivity. 

As a consequence of our collaborative interest in evaluating 
diphthamide amides as substrates for diphtheria toxin catalyzed 
rib~sylation, '~ we selected N-acetyldiphthamide methyl ester 13 
as the first target for synthesis. Treatment of 9 with thiolacetic 
acid (neat, 4 h, 25 "C)15 afforded the N-acetamide, which was 
transformed to 10 via Boc removal (TFA) and reductive me- 
thylation (CH20,  NaBH,CN) in 86% overall yield. In the final 
steps of the synthesis, it was found that the benzyl ester in 10 could 
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(6) Evans, D. A,; Britton, T. C.; Ellman, J. A. Tetrahedron Lett. 1987, 28, 
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(8) Gage, J. R.; Evans, D. A. Org. Synth. 1989, 68, 77-82. 
(9) Intermediate 5 is commercially available from BaChem or may be 

synthesized according to the following procedure: Pawelczak, K.; Krzyza- 
nowski, L.; Rzcszotarska, B. Org. Prep. Proced. Int. 1985, 17, 416-419. 
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was carried out with diisopropylethylamine. 
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see: Engel, N.; Steglich, W. Liebigs Ann. Chem. 1978, 1916-1927. 
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Chem. SOC. 1990, 112, 4011-4030. 

(13) The stereochemistry was assigned by comparison of the MTPA am- 
ides of both diastereomers with those derived from L-His and by analogy to 
the sense of induction seen in ref 12. 
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be selectively hydrogenolyzed (10% Pd/C, 9: 1 EtOH/H20,  15 
psi of H2, 15 h) without concomitant removal of the imidazoyl 
benzyl moiety and that the derived acid could be transformed to 
the primary amide 11 in good yield via the derived mixed pivaloyl 
anhydride. In the next step, selective methylation of the di- 
methylamino nitrogen, in the presence of the imidazole ring, was 
achieved with excess methyl iodide (MeOH, 48 h, 25 "C). The 
final N-debenzylation of 12 was achieved with Pd black (4:l 
HOAc/H,O, 50 psi of H2, 2-3 days). 

In addition, (S,S)- and (S,R)-diphthine were prepared from 
the S azido imide 8a and the enantiomeric (R) azido imide 8b, 
respectively (Scheme II).I6 All of the diastereomers were dis- 
tinguishable by NMR,  suggesting that no epimerization had 
occurred in the synthesis of the amino acids. Bodley has dem- 
onstrated that the synthetic and natural diphthine coeluted during 
amino acid hydro1ysis.l' 

Future publications will report the synthesis of other diphth- 
amide diastereomers and the associated studies with diphtheria 

(16) For simplicity, only the S,S products are shown. 
(17) Bodley, J. W.; Donovan, M., University of Minnesota, unpublished 

results. 
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toxin. 
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Thermally generated, presumably singlet, biradicals are ar- 
guably among the most elusive of reactive intermediates. While 
triplet biradicals and certain classes of specially stabilized singlet 
biradicals can be directly detected' or trapped in bimolecular 
reactions: it has hitherto been difficult to find reactions that could 

(1) Examples include the following: (a) Herman, M. S.; Goodman, J. L. 
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~ , ~~ 

Chem. Soc. 197i,'lOO, 1629. (J'Closs, 6. L.: Doubkday, C. E. J .  Am. Chem. 
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