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This article surveys recent applications of Cu'-catalysed 1,3-dipolar cycloaddition of azides and alkynes
in carbohydrate chemistry, highlighting developments in the preparation of simple glycoside and
oligosaccharide mimetics, glyco-macrocycles, glycopeptides, glyco-clusters and carbohydrate arrays.

Introduction
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preparation of cyclodextrin mimetics® and S-neoglyconjugates,®
for instance. The robustness of this cycloaddition process has led to
its inclusion under the ‘click chemistry’ banner, where it is arguably
the ‘cream of the crop’.” Latterly, this class of reaction has attracted
substantial attention following the independent identification by
Meldal® and Sharpless® that the classical 1,3-dipolar cycloaddition
of azides and terminal alkynes can be catalysed by Cu' salts
(Fig. 1).
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Fig.1 The Cu'-catalysed Huisgen azide—alkyne 1,3-dipolar cycloaddition
reaction.

CuS0, * 5H,0, 1% mol
sodium ascorbate, 5% mol

HoO : +-BuOH 2:1, rt, 8h

0 - W
’0 /N\N N /
N =
o
%
(0]
Ref 14

Ref 20

Ref 21

o]

”//NJ//(
\ OH
N
OH
HO 0
HO
O\

Ref 22

(0]
1] I
0—P—0—P—0 o)
~
o YT T o
Q N=N
Q N HO OH
H

OAc
o N=n
AcO N
OAc
Br o—
BocHN
o]
Ref 18
o} HO _on
HO{ A spn
0
N
\/\>—/ OH
NN
HO OH
:
HO&‘
OH
HoO o
R= HO ~ ’
OH hI‘/\>_%/L““‘~
R N:N
0
N
NH
</f
~
0 N N)\NHZ

Ref 23

Fig. 2 Glycoside mimetics from azide—alkyne cycloaddition reaction.
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Fig.3 Neoglycotrimer synthesis by iterative 1,3-dipolar cycloaddition and anomeric functional group interconversion.

This article highlights recent examples of the Cu'-catalysed
azide—alkyne 1,3-dipolar cycloaddition reaction from the car-
bohydrate literature, including the synthesis of simple glyco-
side and oligosaccharide mimetics, glyco-macrocycles, glycopep-
tides, glyco-clusters and carbohydrate arrays. However, the Cu'-
catalysed reaction is mild, regioselective (in contrast to the thermal
process) and tolerant of diverse functionality, opening the way to
diverse applications across many classes of organic molecules.!

Glycosides

The generation of N-glycosyl-triazoles from simple acetylenes,'***

sugar,"'” amino acid"® and steroid-derived" terminal acetylenes
(C-linked alkynes, O-propargyl ethers, ynamides) has been re-
ported (Fig. 2). In terms of biological and medicinal applications,
the functional group tolerance of the Cu'-catalysed procedure is
exemplified in the synthesis of triazole-based analogues of the
neuraminidase inhibitor zanamavir.” Triazole-substituted sugars
have also been explored as potential monovalent and multivalent
galectin ligands,”*' and for investigation of substrate recognition
by* and inhibition of** glycosyltransferases. Microwave-assisted,
solvent-free synthesis of triazolyl-nucleosides has also been shown
to be effective.*

On a broader front, azide-alkyne 1,3-dipolar cycloaddition has
been used to generate water soluble carbohydrate derivatives of
ferrocene® and azidopropyl-silica has been coupled with organic
and sugar alkyne modifiers to generate novel triazole-based HPLC
packings for carbohydrate?® and for protein?” separation.

Oligosaccharides

The efficiency and simplicity of azide-alkyne dipolar cycload-
dition for coupling organic fragments has proved attractive.
Neoglycotrimers have been derived from protected glucopyra-

nosyl azide and N-propargyl glucuronamide, with subsequent
manipulation of the reducing terminus of the neoglycodimer to
install an azide group, thus permitting iteration of the coupling
procedure (Fig. 3).® Triazole-linked (1,6)-0-D-oligomannoses have
been prepared in a similar vein.*

With a view to interrogation of carbohydrate-active enzymes,
triazole-linked pseudo-starch fragments have been prepared from
protected sugar building blocks.* This approach was rapidly
superseded by the same authors, relying on the chemoselectivity
of the azide—alkyne dipolar cycloaddition to couple unprotected
maltoheptaosyl azide and a di-O-propargyl glucoside in water in
89% yield (Fig. 4).*' Related triazole-linked structures based on
the natural product anti-diabetic drug acarbose have also been
synthesised by dipolar cycloaddition chemistry (Fig. 4).3

This form of click chemistry is not restricted to low molecular
weight materials. Applications in carbohydrate polymer chemistry
include: the attachment of redox active or fluorescent tags to the
6-azido-6-deoxy derivative of the linear B-1,3-glucan curdlan;*
coupling of hexynoate esters of cellulose to give fluorescent triazole
derivatives of the polymer;** generation of triazoles from 6-azido-
6-deoxy cellulose and simple organic alkynes.> Carbohydrate
‘labels’ for oligonucleotide synthesis on solid support have been
introduced using click chemistry,* whilst trehalose click polymers
have been used to promote plasmid DNA delivery.*’

Glyco-polycycles and macrocycles

Acyclic and monosaccharide-derived azido-alkynes have been
used to prepare multi-cyclic structures through dipolar cyclo-
addition.®** Similar intermolecular coupling of carbohydrate-
derived bis-alkynes with organic diazides affords access to macro-
cycles.® These studies follow on from key work on the development
of cyclodextrin mimetics (Fig. 5),** which itself builds on earlier
work on the thermal dipolar cycloaddition process.®
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Fig. 4 Starch, triazole-based starch mimetic. Amylase inhibitor acarbose and triazole-based mimetics.

Glycopeptides

Triazole-linked glycosyl amino acids have been prepared from
glycosyl azides* and glycosyl alkynes,***” and from the cor-
responding propargyl and azidoethyl glycosides.*® Click chem-
istry has also been used for the decoration of 2(1H)-

0 en route

pyrazinones® and azabicycloalkane amino acids
to glycopeptidomimetics. In connection with the synthesis
of potential anti-cancer vaccines, pentynoic acid amides of
peptide-based lysine side chains provide reactants for elabora-
tion by cycloaddition with glycosyl amino acid-derived azides

(Fig. 6).5'
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Fig. 5 Synthesis of carbohydrate-based macrocycles by sequential 1,3-dipolar cycloaddition.
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Fig. 6 Triazole-linked glycopeptide mimetics derived from azide—alkyne click chemistry.
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Fig. 7 Diverse library of vancomycin-like antibiotics arising from azide—alkyne cycloaddition.

Enzymatic synthesis of peptides derived from the unnatural
amino acids propargylglycine and azidopropylglycine provides
templates with which to react either glycosyl acetylenes or glycosyl
azides, giving novel glycopeptide analogues.® Making further
use of nature’s elaborate biosynthetic machinery, and the modest
substrate specificity of some glycosyltransferases in particular, in
vitro derivatisation of the vancomycin peptide core with a range of
sugars—glycorandomisation’—has been demonstrated.*® Specif-
ically, the regio- and stereo-selective introduction of a 6-azido-
6-deoxy-glucose unit provides an opportunity for chemoselective
ligation with alkynes, generating an array of vancomycin ana-
logues (Fig. 7). Other studies show the utility of the thioesterase
domain of tyrocidin synthetase in the in vitro synthesis of cyclic
decapeptides containing one to three propargylglycine units.

Conjugation of these novel peptides with twenty one azido sugars
gave a library of natural product-like molecules, some with better
activity than tyrocidin itself (Fig. 8).5*

Glyco-clusters

Multivalent display of neoglycoconjugates, to mimic natural
presentation of carbohydrate structures, attracts increasing ap-
plications of azide—alkyne cycloaddition chemistry. Exploitation
of propargyl glycosides and a range of organic cores possessing
numerous azide groups has been demonstrated (Fig. 9), as has
the use of glycosyl azides* and azidoalkyl glycosides®” with cores
containing multiple propargyl ether groups. Calixarene-derived
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Fig. 8 Exploitation of click chemistry in the chemoenzymatic synthesis of cyclic oligopeptide antibiotics appended with modified monosaccharides.
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Fig. 10 Triazole-linked cluster glycoclusters.

azides have also been coupled with glycosyl acetylenes to give
multivalent constructs.®®

Carbohydrate-centred multivalent glycoclusters can be ac-
cessed from per-O-propargylated methyl galactoside.” Similar
approaches from multiply hydroxylated benzoic acid, with ei-
ther azide- or alkyne-based cores, gives rise to glycodendrimers
(Fig. 10 and 11)%6" with similar chemistries giving PEG-dendritic
block co-polymers.®? Clickable alkyne polymers from living rad-
ical polymerisation have also been investigated as neoglyco-
polymers.®

Neoproteoglycans have been accessed from chondroitin sulfate
using enzymatic cleavage of the glycan chain from protein in the

presence of propargyl alcohol, which gives rise directly to the
desired propargyl glycosides of the released oligosaccharides. Sub-
sequent click ligation to azidobenzoic acid-modified bovine serum
albumin gives neo-proteoglycans, with glycan chains presented in
multivalent form from the protein surface (Fig. 12).%

Carbohydrate arrays

Array technologies have revolutionised molecular biology, and
seem set to do the same for glycobiology.**% Again, azide-alkyne
dipolar cycloaddition has a role to play, with glyco-triazoles
derived from hydrophobic propargylic amides being exploited for

This journal is © The Royal Society of Chemistry 2007
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Fig. 13 New methods for fabrication of immobilised carbohydrates.

ligand immobilisation in plastic microtitre plates.®”*® Disulfide
exchange has also been used to generate reductively cleavable
variants (Fig. 13).

For more detailed spectroscopic and biophysical studies (e.g.
infra-red spectroscopy, atomic force microscopy, surface plasmon
resonance spectroscopy, quartz crystal microbalance), azide-
alkyne dipolar cycloaddition has been explored for the attach-
ment of sugars directly to pre-formed self-assembled monolayers
(SAMs) on gold surfaces.”™ This approach has been inves-
tigated with the SAM displaying an alkyne for ligation with
carbohydrate-derived azides, although the inverse approach with
azido-functionalised SAMs has been used for pentynyl-nucleoside
immobilisation.™

Summary

This Huisgen 1,3-dipolar cycloaddition reaction is particularly
attractive in carbohydrate chemistry where, despite major ad-
vances in the past decade, the ever-present issue of glycosylation

efficiency, stereo- and regio-control still hampers progress. Perhaps
the ultimate in macro-scale click chemistry of this type concerns
the rapid and specific covalent labelling of cellular glycans
following biosynthetic incorporation of 5-azido-fucose into cell
surface glycoproteins. Subsequent reaction with, for instance,
alkynylated fluorophore provides the opportunity for in vivo
imaging of fucosylated glycans (Fig. 14).” With improvements to
methodology, including the introduction of polytriazolylamines
ligands to stabilise Cu', reactions can be performed efficiently
at room temperature.” Not only is this chemistry versatile, it is
mild enough and selective enough to be compatible with intact
cells.t Applications of the Cu'-catalysed azide-alkyne dipolar
cycloaddition chemistry in the carbohydrate field to date are many
and varied: this situation is set to continue for some time to come.

+ A comparative study of bioorthogonal reactions with azides (cycloaddi-
tion, Staudinger reaction) has recently been reported (ref. 76).
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Acknowledgements

A short article such as this can only hope to be illustrative, not
comprehensive. We apologise in advance to those authors whose
work we have been unable to include. The Field group is supported
by the BBSRC, EPSRC and the Weston Foundation.

References

1 Reviewed in: (a) J. K. Gallos and A. E. Koumbis, Curr. Org. Chem.,
2003, 7, 397-426; (b) A. E. Koumbis and J. K. Gallos, Curr. Org. Chem.,
2003, 7, 585-628; (¢) A. E. Koumbis and J. K. Gallos, Curr. Org. Chem.,
2003, 7, 771-797.

2 R. Huisgen, Proc. Chem. Soc., 1960, 357-369; R. Huisgen, G. Szemies
and L. Mobius, Chem. Ber., 1967, 100, 2494-2499.

3 F. G. de las Heras, R. Alonso and G. Alonso, J Med. Chem., 1979, 22,
496-501.

4 W. Broder and H. Kunz, Bioorg. Med. Chem., 1997, 5, 1-19.

5 B. Hoffmann, B. Bernet and A. Vasella, Helv. Chim. Acta, 2002, 85,
265-287.

6 X. M. Zhu and R. R. Schmidt, J. Org. Chem., 2004, 69, 1081-1085.

7 H. C. Kolb, M. G. Finn and K. B. Sharpless, Angew. Chem., Int. Ed.,
2001, 40, 2004-2021.

8 C. W. Tornoe, C. Christensen and M. Meldal, J. Org. Chem., 2002, 67,
3057-3064.

9 V. V. Rostovtsev, L. G. Green, V. V. Fokin and K. B. Sharpless, Angew.
Chem., Int. Ed., 2002, 41, 2596-2599.

10 Cul-catalysed azide-alkyne ‘click’ cycloaddition reactions, and the
application thereof, have been extensively reviewed: () H. C. Kolb and
K. B. Sharpless, Drug Discovery Today, 2003, 8, 1128-1137; (b) V. D.
Bock, H. Hiemstra and J. H. van Maarseveen, Eur. J. Org. Chem.,
2006, 51-68; (¢) W. H. Binder and C. Kluger, Curr. Org. Chem., 2006,
10, 1791-1815.

11 R. A. Akula, D. P. Temelkoff, N. D. Artis and P. Norris, Heterocycles,
2004, 63, 2719-2725.

12 L. L. Rossi and A. Basu, Bioorg. Med. Chem. Lett., 2005, 15, 3596~
3599.

13 M. Ijsselstijn and J.-C. Cintrat, Tetrahedron, 2006, 62, 3837-3842.

14 P. L. Miner, T. R. Wagner and P. Norris, Heterocycles, 2005, 65, 1035—
1049.

15 R. N. de Oliveira, D. Sinou and R. M. Srivastava, Synthesis, 20006,
467-470.

16 R. N. de Oliveira, D. Sinou and R. M. Srivastava, J. Carbohydr. Chem.,
2006, 25, 407-425.

17 B. L. Wilkinson, L. F. Bornaghi, S.-A. Poulsen and T. A. Housten,
Tetrahedron, 2006, 62, 8115-8125.

18 B. H. M. Kuijpers, G. C. T. Dijkmans, S. Groothuys, P. J. L. M.
Quaedflieg, R. H. Blaauw, F. L. van Delft and F. P. J. T. Rutjes, Synlett,
2005, 3059-3062.

19 J. Li, M. Zheng, W. Tang, P-L. He, W. Zhu, T. Li, J.-P. Zuo,
H. Liu and H. Jiang, Bioorg. Med. Chem. Lett., 2006, 16, 5009—
5013.

1016 | Org. Biomol. Chem., 2007, 5, 1006-1017

This journal is © The Royal Society of Chemistry 2007



20 D. Giguere, R. Patnam, M. A. Bellefleur, C. St Pierre, S. Sato and R.
Roy, Chem. Commun., 2006, 2379-2381.

21 J. Tejler, E. Tullberg, T. Frejd, H. Leffler and U. J. Nilsson, Carbohydr.
Res., 2006, 341, 1353-1362.

22 P. Van Der Peet, C. T. Gannon, I. Walker, Z. Dinev, M. Angelin, S.
Tam, J. E. Ralton, M. J. McConville and S. J. Williams, ChemBio Chem,
2006, 7, 1384-1391.

23 L. V. Lee, M. L. Mitchell, S. J. Huang, V. V. Fokin, K. B. Sharpless and
C. H. Wong, J. Am. Chem. Soc., 2003, 125, 9588-9589.

24 R. Guezguez, K. Bougrin, K. El Akri and R. Benhida, Tetrahedron
Lett., 2006, 47, 4807-4811.

25 J. M. Casas-Solvas, A. Vargas-Berenguel, L. F. Capitan-Vallvey and F.
Santoyo-Gonzalez, Org. Lett., 2004, 6, 3687-3690.

26 Z.Guo, A. Lei, X. Liang and Q. Xu, Chem. Commun., 2006,4512-4514.

27 M. Ortega-MuCoz, J. Lopez-Jaramillo, F. Hernandez-Mateo and F.
Santoyo-Gonzaleza, Adv. Synth. Catal., 2006, 348, 2410-2420.

28 D. P. Temelkoff, M. Zeller and P. Norris, Carbohydr. Res., 2006, 341,
1081-1090.

29 P. Cheskov, A. Marra and A. Dondoni, Org. Biomol. Chem., 2000, 4,
3225-3227.

30 L. Marmuse, S. A. Nepogodiev and R. A. Field, Org. Biomol. Chem.,
2005, 3,2225-2227.

31 S. A. Nepogodiev, S. Dedola, L. Marmuse, M. T. de Oliveira and R. A.
Field, Carbohydr. Res., 2007, 342, 529-540.

32 R. Perion, V. Ferreires, M. 1. Garcia-Moreno, C. O. Mellet, R. Duval,
J. A. C. Fernandez and D. Plusquellec, Tetrahedron, 2005, 61, 9118—
9128.

33 T. Hasegawa, M. Umeda, M. Numata, C. Li, A. H. Bae, T. Fujisawa,
S. Haraguchi, K. Sakurai and S. Shinkai, Carbohydr. Res., 2006, 341,
35-40.

34 J. Hafren, W. Zou and A. Cordova, Macromol. Rapid Commun., 2006,
27, 1362-1366.

35 T. Liebert, C. Hansch and T. Heinze, Macromol. Rapid Commun., 2006,
27, 208-213.

36 C. Bouillon, A. Meyer, S. Vidal, A. Jochum, Y. Chevolot, J. P. Cloarec,
J. P. Praly, J. J. Vasseur and E. Morvan, J. Org. Chem., 2006, 71, 4700
4702.

37 S. Srinivasachari, Y. Liu, G. Zhang, L. Prevette and T. M. Reineke,
J. Am. Chem. Soc., 2006, 128, 8176-8184.

38 F. Dolhem, F. Al Tahli, C. Lievre and G. Demailly, Eur. J. Org. Chem.,
2005, 5019-5023.

39 S. Hotha, R. I. Anegundi and A. A. Natu, Tetrahedron Lett., 2005, 46,
4585-4588.

40 A. Ray, K. Manoj, M. M. Bhadbhade, R. Mukhopadhyay and A.
Bhattacharjya, Tetrahedron Lett., 2006, 47, 2775-2778.

41 S. Dorner and B. Westermann, Chem. Commun., 2005, 2852-2854.

42 J. F. Billing and U. J. Nilsson, J. Org. Chem., 2005, 70, 4847-4850.

43 J. K. M. Agren, J. F. Billing, H. E. Grundberg and U. J. Nilsson,
Synthesis, 2006, 3141-3145.

44 K. D. Bodine, D. Y. Gin and M. S. Gin, J. Am. Chem. Soc., 2004, 126,
1638-1639.

45 K. D. Bodine, D. Y. Gin and M. S. Gin, Org. Lett.,2005,7, 4479-4482.

46 B. H. M. Kuijpers, S. Groothuys, A. R. Keereweer, P. J. L. M.
Quaedflieg, R. H. Blaauw, F. L. van Delft and F. P. J. T. Rutjes, Org.
Lett., 2004, 6, 3123-3126.

47 A. Dondoni, P. P. Giovannini and A. Massi, Org. Lett., 2004, 6, 2929—
2932.

48 S. Hotha and S. Kashyap, J. Org. Chem., 2006, 71, 364-367.

49 D. Ermolat’ev, W. Dehaen and E. Van Der Eycken, QSAR Comb. Sci.,
2004, 23, 915-918.

50 D. Arosio, M. Btoli, L. Manzoni and C. Scolastico, Tetrahedron Lett.,
2006, 47, 3697-3700.

51 Q. Wan, J. Chen, G. Chen and S. J. Danishefsky, J. Org. Chem., 2006,
71, 8244-8249.

52 S. Groothuys, B. H. M. Kuijpers, P. J. L. M. Quaedflieg, H. C. P. F.
Roelen, R. W. Wiertz, R. H. Blaauw, F. L. van Delft and F. P. J. T.
Rutjes, Synthesis, 2006, 3146-3152.

53 X. Fu, C. Albermann, J. Q. Jiang, J. C. Liao, C. S. Zhang and J. S.
Thorson, Nat. Biotechnol., 2003, 21, 1467-1469.

54 H. N. Lin and C. T. Walsh, J. Am. Chem. Soc., 2004, 126, 13998-14003.

55 F. Perez-Balderas, M. Ortega-Munoz, J. Morales-Sanfrutos, F
Hernandez-Mateo, F. G. Calvo-Flores, J. A. Calvo-Asin, J. Isac-Garcia
and F. Santoyo-Gonzalez, Org. Lett., 2003, 5, 1951-1954.

56 S. Chittaboina, F. Xie and Q. Wang, Tetrahedron Lett., 2005, 46, 2331—
2336.

57 Q. Chen, F. Yang and Y. G. Du, Carbohydr. Res., 2005, 340, 2476-2482.

58 A. Dondoni and A. Marra, J. Org. Chem., 2006, 71, 7546-7557.

59 Y. J. Gao, A. Eguchi, K. Kakehi and Y. C. Lee, Bioorg. Med. Chem.,
2005, 13, 6151-6157.

60 J. A. F. Joosten, N. T. H. Tholen, F. A. El Maate, A. J. Brouwer, G. W.
van Esse, D. T. S. Rijkers, R. M. J. Liskamp and R. J. Pieters, Eur. J. Org.
Chem., 2005, 3182-3185.

61 E. Fernandez-Megia, J. Correa, I. Rodriguez-Meizoso and R. Riguera,
Macromolecules, 2006, 39, 2113-2120.

62 E. Fernandez-Megia, J. Correa and R. Riguera, Biomacromolecules,
2006, 7, 3104-3111.

63 V. Ladmiral, G. Mantovani, G. J. Clarkson, S. Cauet, J. L. Irwin and
D. M. Haddleton, J. Am. Chem. Soc., 2006, 128, 4823-4830.

64 M. Yamaguchi, K. Kojima, N. Hayashi, 1. Kakizaki, A. Kon and K.
Takagaki, Tetrahedron Lett., 2006, 47, 7455-7458.

65 T. Feizi, F. Fazio, W. C. Chai and C. H. Wong, Curr. Opin. Struct. Biol.,
2003, 13, 637-645.

66 M. D. Disney and P. H. Seeberger, Drug Discovery Today: Targets,
2004, 3, 151-158.

67 F. Fazio, M. C. Bryan, O. Blixt, J. C. Paulson and C. H. Wong, J. Am.
Chem. Soc., 2002, 124, 14397-14402.

68 G.L.Huang, T. C. Liu, M. X. Liu and X. Y. Mei, Anal. Biochem., 2005,
340, 52-56.

69 M. C. Bryan, F. Fazio, H. K. Lee, C. Y. Huang, A. Chang, M. D. Best,
D. A. Calarese, C. Blixt, J. C. Paulson, D. Burton, I. A. Wilson and
C. H. Wong, J. Am. Chem. Soc., 2004, 126, 8640-8641.

70 X. L. Sun, C. L. Stabler, C. S. Cazalis and E. L. Chaikof, Bioconjugate
Chem., 2006, 17, 52-57.

71 Y. Zhang, S. Z. Luo, Y. J. Tang, L. Yu, K. Y. Hou, J. P. Cheng, X. Q.
Zeng and P. G. Wang, Anal. Chem., 2006, 78, 2001-2008.

72 J. K. Lee, Y. Shik Chi and I. S. Choi, Langmuir, 2004, 20, 3844-3847.

73 N. K. Deveraj, G. P. Miller, W. Ebina, B. Kakadorov, J. P. Collman, E. T.
Kool and C. E. D. Chidsey, J. Am. Chem. Soc., 2005, 127, 8600-8601.

74 M. Sawa, T.-L. Hsu, T. Itoh, M. Sugiyama, S. R. Hanson, P. K. Vogt and
C.-H. Wong, Proc. Natl. Acad. Sci. U. S. A., 2006, 103, 12371-12376.

75 T.R. Chan, R. Hilraf, K. B. Sharpless and V. V. Fokin, Org. Lett., 2004,
6, 2853-2855.

76 N. J. Agard, J. M. Baskin, J. A. Prescher, A. Lo and C. R. Bertozzi,
Chem. Biol., 2006, 1, 644-648.

This journal is © The Royal Society of Chemistry 2007

Org. Biomol. Chem., 2007, 5, 1006-1017 | 1017



