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Chemoselective ligation reactions make possible the coupling Scheme 1.

of unprotected molecular fragments via selective bond forming
reactions of unique functional groups. Particularly prized are ligation

Preparation of o-Ketoacid Peptides via Chemically
and Configurationally Stable C-Terminal Sulfur Ylides
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and powerful native chemical ligation of C-terminal thioesters and :o | Peptide Pg & IS Deprotect

N-terminal cysteine,which allows access to large peptides and
proteins with synthetic modificatiorfsin our own work, we have
recently documented a novel amide-forming reaétibnough the
chemoselective coupling of-ketoacid$ and hydroxylamines under
mild conditions, without reagents and without the need for side
chain protecting groups (eq 1Although this reaction shows great
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potential for general chemoselective ligation, a key obstacle to its
practical utilization is the preparation of enantioenriched peptide-

deriveda-ketoacids’

A viable method fora-ketoacid synthesis should address three
key challenges: (1) it must provide the C-terminaketoacids
without epimerization; (2) it must be compatible with the prepara-
tion of side chain unprotected peptideketoacids; and (3) it must

O
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Scheme 2. Acyl Cyanides Are Configurationally Labile
Intermediates in the Formation of a-Ketoacids by Oxidation of
Cyanophosphorus or Cyanosulfur Ylides
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In seeking to develop a strategy that would make possible the
synthesis of enantiopure, side chain deprotected peptldgoacids
under mild, aqueous conditions, we turned to the use of sulfur
ylides, which we had recently found to be useful in a different
contexti®1Preliminary studies suggested that the C-terminal pep-

interface with established methods and reagents used for iterativetide ylides could be formed under a variety of convenient protocols
peptide synthesis. Herein, we document the first stereoretentiveWithout epimerization of thex-stereocenter:{da infra) and that

synthesis of unprotected C-terminal peptidéetoacids through
an operationally friendly approach (Scheme 1).

both the acylation reactions and subsequent oxidations of the cyano-
sulfur ylide occurred more rapidly and cleanly than the phosphorus

At the outset of our studies there was, to the best of our variant. The cyanosulfur ylides were not only rapidly oxidized by

knowledge, no prior report of the synthesis of enantiopure oli-

ozone and DMD@® but also could be transformed inteketoacids

gopeptiden-ketoacids. In contrast, considerable attention had been using mild and easy to handle Oxdhender aqueous conditions.

placed on the synthesis of peptideketoesters and-ketoamides.
We initially hoped to directly translate a leading method for

Although Wasserman had previously shown that Oxone could
oxidize certain highly activated phosphorus ylides, these reactions

a-ketoester formation, Wasserman’s use of cyanophosphorus ylides suffered poor chemoselectivif* Furthermore, our peptide-derived

to the preparation of unprotected peptide-derisekktoacids The

cyanophosphorous ylides were inert to aqueous Oxone.

development of a solid-supported variant rendered this strategy ~Sulfur ylide 1 was chosen as a model substrate for the

additionally attractivé. Although we successfully employed phos-
phorus ylides for the synthesis of protectedetoacid monomers,

optimization of the Oxone oxidation conditios.Due to the
difficulty in isolating and analyzing the-ketoacids, which exist

attempts to extend this chemistry to the synthesis of longer and as mixtures of the keto and hydrated forms and can also undergo

unprotected peptide-derivedketoacids were met with frustration.
Of particular concern were the conditions required for oxidative
conversion of the cyanophosphorus ylides into thketoacids;

decarboxylation upon concentration, we assayed the degree of
epimerization by ligating the resulting-ketoacid to HONH-Gly-
Phe-QBu (3) under a set of standard but unoptimized conditions

typical protocols required exhaustive ozonolysis at low temperatures (Scheme 3). Oxidation conditions were screened with the goal of

or highly reactive oxidants that were not compatible with unpro-
tected functionality’?¢We also observed epimerization under these
conditions, which we attributed to slow turnover of acyl cyanide
intermediatell (Scheme 2).

10.1021/ja800053t CCC: $40.75 © 2008 American Chemical Society

maximizing the yield of thea-ketoacid in preference to the
formation of the corresponding carboxylic acid, which arises from
oxidative decarboxylation of the initially formed.-ketoacid,
probably via the generation of hydrogen peroxiéle.
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Scheme 3. Bench Stable a-Peptide Sulfur Ylides Are Prepared
via Acylations with Bromide Salt 5 with Either Boc or Fmoc

Table 2. Side Chain Compatibility of Sulfur Ylide Oxidation and
Ligation
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Table 1. Optimization of Oxone Oxidation of Sulfur Ylide 1 to
o-Ketoacid 2
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entry  conditions® t/min KA:SY:CA* dr o G s <9 (44%)Y
I THF/H,0 (1:1) 30 95:5:0 211 (Y
2 Acetone/H,O (1:1) 30 93 : trace : 6 21:1
3 MeCN/H,0 (1:1) 50 9] : trace : 9 15:1
4 DMF/H,0 (1:1) 30 94 : trace : 5 39:1 HN 43 : 37y
5 DMF/H,0 (1:1) 120 90:0:10 21:1 4 58:(31) ’
6  THFH0 @) 30 89:5:1 501 FmoohH \)K( @1%y
7 DMF/H,0 (2:1) 50 53:43:4 691 Op”
8 DMF/HO (1:3) 50  38:44:13 84 | &
DMF/1M pH 1 HCI-KCI . . HO.
9 buffer (1:1) 50 21:7:69 19:1
DMF/1M pH 3 Gly-HCl o . A Al
10 buffer (1:1) 50 64:1:35 8 5 FmocNH \)H/ 82:3:8 51:3:25
DMF/1M pH 4 acetate i . i Opp”
11 puffer (1:1) 50 90 : trace : 10 41:1 (_7
12 DMF/1M pH 10 carbonate 50 2:37:57 nds HzN H o o
buffer (1:1) 6 i YN 73 16y 52:(38)
oPh/: S
aQxidations were conducted on a 0.05 mmol scale at 0.08KWA. =
ketoacid, SY = sulfur ylide, CA = carboxylic acid (from oxidative
decarboxylation), ratios determined by SFC analysis of the unpurified 42: (1)
mixture at 300 nm<Determined by SFC analysis of the unpurified ligation 7 FrmooNH \)k( 75:(6) (34’17 y
product. Ligations were performed using 1.2 equiv of hydroxylan@ine o
d1.1 equiv of Oxone was used in the oxidatiéNot determined. Opn~
/=N
Good yields of thex-ketoacid could be obtained in mixtures of HN o
. . . . H
water with a variety of organic cosolyentg (Table 1, en.trleﬂ)l 8 EmooNH NN :JJ\KCN 54:(32) 32: (39)
We observed that the diastereomeric ratio of the ligation product Op’ S
was affected by the reaction time. When the oxidation was allowed to Q
proceed for a longer time (entry 5), the yields of the carboxylic acid e
side product increased and the diastereomeric ratios of the ligation 48:9: 1"
product decreased. This implies that epimerization originates in the 9 FmocNH J'\( 77:9:1 (44~%)/~

oxidation process. Variation of the solvent ratios (entries8p
altered both the oxidation yield and the diastereomeric ratio of the
coupling product as a combined result of changes in the solubility 2 HPLC vields at 300 ketoacid (KA):sulfur yiide (SY):carboxyi

. yields a nmuo-ketoaci sulfur ylide carboxylic
of the reactants and the nature of the solvent. Notably, 2:1 THF/ acid (CA).PHPLC yields at 300 nm: ligation product (LP):sulfur ylide (SY):

H20 (entry 6) resulted in a 50:1 ratio of diastereomers while still carboxylic acid (CA) from oxidative decarboxylaticiCombined yield of
retaining high yields of the:-ketoacid. In general, lower levels of  sulfur ylide and carboxylic acicLigation performed with HONH-Ala-
epimerization were observed at low conversion (entries)7 Sé?fg} }gfw?hpsgol\mf’gI?fggg&?'ﬁ‘:\etdsg%'g.°Ve' two stepéLigation

The optimal pH range appears to be at pH43(entries 16
11), which gives good yields and high diastereomeric ratios. When lower temperature or adding the Oxone in portions simply slowed
the reaction was performed in a highly acidic environment (entry down the rate of the oxidation (not shown) but could not further
9) or at a pH above 5 (entry 12), the-ketoacid was rapidly suppress epimerization. In choosing our standard conditions we
overoxidized into the carboxylic acid. Performing the reaction at a elected to balance the highest yield of théetoacid and the lowest

o’l/fcm(—7
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levels of epimerization and selected 2:1 THRIH(entry 4) and ization. Our studies also provide further testament to the impressive
1:1 DMF/H,0 (entry 6), which could accommodate the solubility chemoselectivity of the-ketoacid-hydroxylamine amide-forming
of most of our substrates and give excellent conversion and high ligation reaction. Current efforts are aimed at translating this work
diastereomeric ratios. Importantly, a 0.1 M solution of ketoatid  to solid-phase methods, which will allow the preparation of longer
prepared in this manner was chemically and configurationally stable o-peptide derivedx-ketoacids suitable for use in decarboxylative
upon standing overnight at ambient temperature. peptide ligation reactions.

Conveniently, and importantly, the peptide sulfur ylides could )
be easily prepared simply by direct coupling of Brprotected Acknowledgment. This work was supported by the NIH
amino acid with sulfonium saB under standard peptide coupling NIGMS [R01-GMO076320]. Unrestricted support from Amgen,
conditions (Scheme 3). Similar protocols with the corresponding AStrazeneca, Bristol-Myers Squibb, and Eli Lilly is greatly ap-

phosphonium salts are possible, but we found these reactions to bePreciated. J.W.B. is a fellow of the Beckman Foundation, the
capricious and highly sensitive to water and other factois. Packard' Foundation, the Sloan Foundatlon,. and a Research
contrast, couplings with the sulfonium salt require no special Corporation Cottrell Scholar. We are grateful to Jian Wu for helpful

handling or precautions, save that the starting sulfonium bromide discussions and the preparation of one of the sulfur ylides used in

is hydroscopic and must be stored accordingly. The resudtikgto-
cyanosulfur ylides are configurationally and chemically stable and
may be handled in air without concern. Standard deprotection

the highly stabilized ylide. Elongation of the peptide chain is readily

this study.

Supporting Information Available: Experimental procedures and

) “ characterization data for all compounds. This material is available free
reactions, such as acidic removal of Boc groups, does not protonate,

f charge via the Internet at http://pubs.acs.org.

achieved using standard peptide deprotection and coupling condi-References

tions (EDCI or HBTU)Y

With standard protocols for both the synthesis of the C-terminal
peptide cyanosulfur ylides and their conversion todhieetoacids
established, we investigated the compatibility of these conditions
with various amino acid side chains (Table 2). We prepared a series
of dipeptides containing an unprotected side chain adjacent to a
C-terminal phenylalanine. When placed away from the ligation site,
unprotected tryptophan, tyrosine, lysine, arginine, histidine, and
glutamic acid (entries 49) were all found to be compatible with
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site, protected tryptophan and tyrosine residues underwent smooth
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