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The treatment of protected Thr peptides with excess polymer-bound IBX effects sequential oxidation of
the Thr secondary alcohol to the ketone, followed by hydroxylation of the alpha carbon of the Thr resi-
dues with loss of stereochemistry at this position.
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The hypervalent iodine agent o-iodoxybenzoic acid 1 (IBX) is a
mild oxidising agent that has been applied widely in organic chem-
istry1 since it was reported to oxidise alcohols in 1994.2 The scope
of the reagent has been significantly extended with the develop-
ment of both water-soluble derivatives3 and several polymer-
bound IBX reagents.4,5 The reaction mechanism is highly depen-
dent on the specific IBX reagent employed and solvent effects are
important in the selectivity of the oxidations and the type of oxida-
tion products that are formed.1,3,6,7

While IBX and its derivatives have been used to oxidise a wide
variety of substrates including alcohols, silyl enol ethers, amines
and amides,1–7 there are limited applications of these reagents in
peptide chemistry,5 and there are no examples of the use of these
reagents to oxidise the side chains in Ser or Thr in either amino
acids or peptides. The incorporation of an aldehyde or ketone into
a peptide chain is an important reaction as it allows selective func-
tionalisation at a single site by the formation of Schiff base deriva-
tives. Bertozzi and co-workers have elegantly demonstrated this
approach with site-specific introduction of a carbonyl group into
peptides and proteins via solid-phase peptide synthesis or enzy-
matic oxidation of glycosidated residues.8 For example, the unnat-
ural amino acid 29 was introduced into peptides via solid-phase
synthesis followed by reaction with the amino-oxy-sugar deriva-
tive of GalNAc 38,10 to give stable oxime derivatives that were bio-
logically active and hence acted as excellent mimics of natural
glycosidated peptides.8
ll rights reserved.
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As part of our studies on the design and synthesis of mimics of
naturally occurring fish antifreeze glycoproteins (AFGPs) (Fig. 1a),

we were interested in the application of IBX reagents to the oxida-
tion of the side-chain of Thr residues in small peptides and build-
ing blocks suitable for the assembly of polypeptides via chemical
ligation.11 The direct introduction of the ketone functional group
would allow easy addition of the GalNAc sugar via reaction with
the amino-oxo sugar 3 to give AFGP mimics (Fig. 1b). The design
of AFGP mimics is only possible now due to recent structure–activ-
ity studies of AFGPs that have identified the critical requirement
for the Thr-c-methyl group and the presence of the GalNAc sugar
as an a-glycoside.12 In addition, oxidation of Thr side chains would
allow direct entry to a range of derivatives of peptides by the addi-
tion of different nucleophiles, which is of interest for both the
introduction of labels into peptides and proteins as well as in com-
binatorial chemistry for the introduction of diversity into peptide
libraries.

In this Letter we report the application of polymer-bound IBX
(pIBX) to the oxidation of protected Thr and Thr side chains in
polypeptides. While the desired side chain oxidation occurred,
unexpected oxidation at the Thr a-C was also observed to provide
a new class of peptide derivatives.

pIBX is an attractive reagent for applications with peptides as
removal of the resin following the reaction should allow access
to pure product requiring minimal purification.4 While oxidation
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Figure 1. (a) Structure of naturally occurring AFGPs; (b) proposed AFGP mimic.
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of the side chain of Thr has been reported using a variety of condi-
tions13 including Dess–Martin periodinane, CrO3, PCC and dimethyl
dioxirane, these reagents have specific solvent requirements that
are generally not suitable for peptides or for the very hydrophobic
peptide backbone present in our target AFGP mimics (Fig. 1b).

The optimal reaction conditions for oxidation of the secondary
alcohol side chain in Thr to the corresponding ketone with pIBX
were determined using a simple NMR assay with Z-Thr as the sub-
strate and MeCN-d3 as solvent. The progress of the reaction was
monitored by the disappearance of the Me doublet in Z-Thr at
1.17 ppm and by the appearance of the ketone Me singlet at
2.37 ppm. In the presence of 2 equiv of pIBX at room temperature,
no oxidation occurred after 24 h. Increased equivalents of pIBX
(4 equiv) resulted in formation of the ketone but significant
amounts of unreacted alcohol remained (3:1). Quantitative conver-
sion of Z-Thr to the ketone required 10 equiv of pIBX and heating at
45 �C for 2.5 days. The reaction tolerated the presence of cosolvents
DME or DMF (25%), but required significantly longer reaction times
of up to 3–4 days. However, the addition of water (30–50%)
resulted in no reaction due to inhibition of polymer swelling.5

The optimised conditions (10 equiv pIBX, MeCN, 45 �C, 2 d)
were applied to the methyl ester 4 and amide 7 protected Thr
derivatives and resulted in complete oxidation of the Thr side
chain in both cases (Scheme 1). However, the elevated temperature
resulted in some minor leaching of the polymer resin into the solu-
tion, as evidenced by the appearance of aliphatic multiplets in the
NMR spectrum of the crude products, requiring purification by
chromatography.
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In the case of the methyl ester 4, analysis of the product showed
none of the desired material 5, but instead the oxidised product 6
was formed (Scheme 1). 1H NMR analysis showed the absence of
the characteristic Thr H-a proton expected in 5. In addition, a sig-
nal that integrated for 1H and exchanged with D2O was present at
5.31 ppm. Keto-enol tautomerism has been reported in a number
of related peptides and amino acid derivatives and could explain
these properties.14 However, the 13C NMR spectrum of 6 showed
clear evidence for the new ketone carbonyl at 197.9 ppm and no
evidence for a possible enol tautomer of 5. Changing the solvent
from MeCN to MeOH did not change the appearance of the spec-
trum consistent with the absence of tautomerism. The high-resolu-
tion mass spectrum of the product identified that an additional
oxygen atom was present, and hence all data were consistent with
the formation of the a-substituted product 6.15 This assignment
was confirmed by DEPT and HSQC spectra.

On one occasion where the reaction had not gone to completion,
analysis of the Me signals in the crude product was consistent with
formation of the desired ketone 5 as a very minor product (<10%)
along with 6. Both compounds had very similar Rf values and the
low yield of 5 made isolation difficult.16

Similar oxidation products were obtained with the amide deriv-
ative 7. Thus, treatment of the amide 7 with 10 equiv of pIBX in
MeCN resulted in formation of the corresponding a-hydroxy-
substituted ketone 9. However, compared to the reaction with es-
ter 4, a significantly higher amount of the desired ketone 8 was
formed (25%) and while both 8 and 9 had similar polarities, both
products were isolated and fully characterised.17 The pure ketone
e
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8 was converted to the imine 10 (d CH3C@N 2.16 ppm) which was
reduced to the amine 11 with sodium cyanoborohydride.

The results of treatment of both 4 and 7 with pIBX were consis-
tent with initial oxidation of the Thr side chain, followed by oxida-
tion at the C-a position to give 6 and 9, respectively, due to the
excess pIBX used in the reaction. The two stepwise oxidation reac-
tions (Scheme 1) were confirmed by monitoring the reaction by 1H
NMR spectroscopy with a gradual increase in the number of equiv-
alents of pIBX. All attempts to optimise the reaction conditions
to produce the ketones 5 and 8 as the major products were
unsuccessful.

For comparison, the oxidations were also performed with IBX.
As expected, similar products were obtained but additional purifi-
cation was required compared with pIBX to remove the excess re-
agent and by-products.

In order to establish whether the oxidation at the C-a positions
of 5 and 8 was specific for Thr and to investigate the stereochem-
istry of the reaction, the oxidation conditions were applied to Z-
Val-Thr-OMe 12 (Scheme 2). The initial oxidation product(s), pre-
sumably 13 and 14 were not isolated, but the mixture was directly
treated with methyl p-aminooxybenzoate18 to form the corre-
sponding oximes 15 and 16, which were purified by chromatogra-
phy.19 As expected, the Thr H-a signal appeared as a clean doublet
in 16, while doubling of one of the methyl ester signals and the Val
Me signals was consistent with loss of stereochemistry at the a-
carbon and the formation of 15 as a mixture of diastereomers.
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There was no evidence for oxidation at the C-a position of the
Val residue, confirming that the a-hydroxylation occurs only at
C-a of Thr.

Oxidation of Z-Ala-Ala-Thr-OBn 17 (Scheme 3), the tripeptide
building block present in AFGPs (Fig. 1) was performed in DMF/
CH2Cl2 (4:1), due to the poor solubility of 17 in all organic solvents
except DMF and DMSO. While 20 equiv of pIBX was required,20

clear evidence for the formation of 18 as a mixture of diastereo-
mers was obtained by NMR spectroscopy and high-resolution mass
spectrometric analysis of the product.21

Hypervalent iodine reagents, including IBX and Dess–Martin
periodinane, have been reported to oxidise a range of substrates
including amides into imides and secondary amides to imines.7

The mechanisms of these reactions are dependent on the exact
nature of the oxidising agent and reaction conditions, and include
single-electron transfer processes as well as ionic pathways.6,7

Scheme 4 shows a proposed mechanism for the products observed
in this study. The oxidation only at the a-C of Thr residues is con-
sistent with the presence of a highly acidic C-a�proton, which is a
to two carbonyl groups once the side chain is oxidised to the
ketone. A recent study has reported a similar IBX-mediated
a-hydroxylation of a-alkynyl carbonyl systems.22 The alkynyl
group was essential for the rapid and clean oxygen transfer from
IBX at room temperature.

In summary, oxidation of Thr-containing protected peptides
and polypeptides with excess pIBX provides entry to the corre-
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sponding keto-peptides, which are hydroxylated at the Thr-a C po-
sition. Structure–activity studies of AFGPs have indicated that
modification of the peptide backbone is tolerated,12 and hence
testing of AFGP mimics that are hydroxylated at the a-C of the gly-
cosidated Thr residues may lead to novel new antifreeze com-
pounds. Oxidation of Thr residues in the first generation library
of Thr-containing peptides with pIBX may also be useful in combi-
natorial chemistry. The reaction provides a mechanism to intro-
duce another level of diversity into the peptide library via
reaction of the ketone and a-hydroxylation. In addition, the ke-
tones can be further derivatised by reactions with Schiff bases to
introduce additional diversity into the library.
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