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The selective oxidation of primary amines to hydroxylamines is a
synthetic transformation that currently lacks a straightforward solution.
While oxidations of primary amines to nitro groups, imines, or oximes
with both organic and metal-mediated oxidants are well-known,1 there
is no general method for interrupting these oxidations at the more
reactive and oxidatively labile hydroxylamine stage.2 Direct methods
for the preparation of N-OBz derivatives, while convenient for simple
substrates, fail with most functionalized amines and lead to imine
formation with R-amino acid derivatives.3 In this Communication, we
disclose a reagent that makes possible the conversion of primary amines
of R-peptides to nitrones and, by hydrolysis, to chiral hydroxylamines
via an operationally simple protocol and with retention of stereochem-
istry (Scheme 1).

Our interest in the synthesis of hydroxylamines from the corre-
sponding primary amines emerged from our recent discovery of the
R-ketoacid-hydroxylamine amide-forming ligation reaction, which
allows two unprotected molecules to be chemoselectively conjugated
via an amide bond.4,5 While the ligation reaction itself is straightfor-
ward, the preparation of peptide chains containing the requisite
functional groups at the C- and N-termini presents an unmet synthetic
challenge. We have communicated an approach to peptide R-ketoac-
ids,6 but the only viable route we found to enantiopure N-terminal
hydroxylamines is a three-step protocol based on a report by
Fukuyama.7,8 Although very effective for simple amines, it was almost
unworkable for complex peptides and could not be extended to solid
phase peptide synthesis. We have also found that this method can lead
to erosion of the amine stereochemistry if not carefully executed.

The Fukuyama method, as well as its antecedents reported by
Polonski and others,9 effects the oxidation of an imine to a nitrone or
oxaziridine as the key N-O bond-forming reaction. We reasoned that
a single reagent effecting both imine formation and oxidation would
simplify the overall process and avoid prolonged intermediacy of the
stereochemically labile imine. Inspired by the work of Davis on
selective oxidizing agents,10 we designed and synthesized N-sulfony-
loxaziridine 1 bearing a pendant aldehyde moiety via a high-yielding
sequence (Scheme 2). While Davis reagents are known to overoxidize
primary amines,11 we hoped that rapid, prior imine formation would
prevent side reactions.

Preliminary solution phase studies with simple amines confirmed
the ability of reagent (()-1 to convert a primary amine to a nitrone
and revealed reaction conditions consisting of aqueous DMF with a
small amount of added acid as preferred conditions. We immediately

turned to the more challenging and relevant application of (()-1 for
the synthesis of solid supported N-terminal peptide hydroxylamines.
Using tripeptide 7 as a model substrate, we examined the utility of
reagent (()-1 to effect the formation of the N-terminal hydroxylamine.
In our initial efforts, we elected to evaluate the effectiveness of the
reaction by a three-step sequence involving nitrone formation, hy-
drolysis to the hydroxylamine, and ligation with a peptide R-ketoacid
9 to afford a tetrapeptide 10 (Scheme 3). The purity of the resulting

product and its approximate chemical yield were assayed following
cleavage from Rink amide MBHA linked resin.

Our studies using tripeptide 7 were consistently plagued by the
formation of a side product with the identical mass as the expected
intermediate nitrone,12 and which we have tentatively assigned as
azomethine ylide 11 arising from N-amidation of the amine.13 We
hypothesized that it resulted from a stereoelectronic mismatch between
the (S)-configured peptide amine and one of the two enantiomers of the

Scheme 1. Preparation of N-Terminal Peptide Hydroxylamines with
Sulfonyloxaziridine Reagent 1

Scheme 2. Synthesis of (()-1

Scheme 3. Selective Oxidation of Tripeptide Model 7 with 1
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chiral, but racemic, oxaziridine reagent 1. To test this we independently
prepared the two enantiomers of 1 for the oxidation and subsequent ligation
of tripeptide 7 (see Supporting Information for the synthesis of enantiopure
(S)-1 and (R)-1). The matched, (S)-configured reagent provided the desired
ligation product 10 cleanly almost without trace of the undesired side
product 11. In contrast the (R)-configured reagent increased formation of
the side product (see Supporting Information for HPLC data). The
availability and disparate reactivity of both enantiomers of 1 provide a
lead for future investigations.

Peptide hydroxylamines are configurationally stable, but there is
potential for epimerization at the nitrone stage. A key component of
our investigations was to demonstrate that the overall process did not
erode the stereochemistry of the R-position. This was accomplished
by preparing both epimers of tripeptide 7 at the leucine residue and
comparing the stereochemical outcomes following oxidation by (()-
1, hydrolysis, and ligation with Fmoc-Phe-ketoacid 9. Analyses of the
resulting tetrapeptides (see Supporting Information) confirmed that the
procedures occurred with preservation of stereochemistry.

We envision that the greatest utility of reagent 1 for the preparation
of peptide hydroxylamine will be for the rapid synthesis and screening
of potential ligation sites for the preparation of larger peptides. Once
a suitable ligation site is identified, we anticipate that the hydroxylamine
can be introduced via more involved, but higher yielding, approaches.14

We therefore explored the substrate scope of reagent 1 with respect to
the identity of the N-terminal amine residue. Table 1 shows the
application of (S)-1 to 4 different N-terminal amines in an otherwise
constant pentapeptide (entries 3-5). Both racemic and (S)-configured
1 were viable (entries 1,2); however, yields and crude purities of the
resulting ligation products were improved with the use of the
enantiopure reagent. A completely different sequence (entry 6) was
also tested to confirm the general application to N-terminal peptide
hydroxylamine synthesis.

We believe that the selectivity of this reagent arises from the rapid
formation of N-terminal imine II that effects an intramolecular oxygen
atom transfer to provide nitrone IV (Figure 1). The beneficial effect
of a small amount of water on the rate of this reaction suggests that
the actual atom transfer step may occur onto hemiaminal I, rather than
onto imine II directly. We believe that rapid precomplexation of the
peptide and 1 reduces competing, and possibly more rapid, oxidation
reactions at other sites of the peptide substrate. To test this hypothesis,
we repeated the four-step sequence with tripeptide standard 7 and an
N-sulfonyloxaziridine that lacks the aldehyde moiety. With either this
reagent alone or in combination with benzaldehyde, only a trace
amount of the ligation product was obtained and the major product
was a peptide oxime arising from oxidation of the N-terminal amine
to a ketone (see Supporting Information).

Reagent 1 offers a direct, convenient approach to the selective synthesis
of hydroxylamines from primary amines. Our preliminary studies have

focused on its application to the synthesis of N-terminal peptide hydroxy-
lamine for chemoselective ligation; however, we expect this reagent and
its design principles will find application in other directed oxidations.
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Table 1. Selective Oxidations of Solid Supported N-Terminal Peptide Amines with 1 and Subsequent Ligationsa

entry AA1 ) ligation product
product peak

areac %
mass yield

mg (from resin)
isolated
yieldd %

1 Ser Fmoc-Phe-Ser-Asp-Tyr-Lys-Ala-NH2 55% (220 nm) 4.8 from 49.4 mg of 12a 22
2b Ser Fmoc-Phe-Ser-Asp-Tyr-Lys-Ala-NH2 37% (220 nm) ND ND
3 Glu Fmoc-Phe-Glu-Asp-Tyr-Lys-Ala-NH2 41% (220 nm) 6.8 from 6.2 mg of 12b 25
4 Phe Fmoc-Phe-Phe-Asp-Tyr-Lys-Ala-NH2 42% (220 nm) 5.1 from 64.6 mg of 12c 17
5 Ala Fmoc-Phe-Ala-Asp-Tyr-Lys-Ala-NH2 47% (220 nm) 2.9 mg from 32.9 mg of 12d 18
6 Leu Fmoc-Phe-Leu-Lys-Ser-Glu-Tyr-NH2 31% (220 nm) 3.4 mg from 38.7 mg of 12e 20

a See Supporting Information for further experimental details. ND ) Not determined. b (()-1 was used. c Determined by HPLC analyses of unpurified
peptides following cleavage. d Approximate yields over entire sequence based on mass recovery of the ligated peptide following preparative HPLC.

Figure 1. Postulated directed oxidation of amines by 1.
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