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A stereoselective synthesis of the C-glycoside analogykemtjalactosyl-(R,29-hydroxylysine () has

been achieved starting from tet@abenzylp-galactopyranosyl lactone. The synthesis involved establish-
ment of three stereogenic centers in an unambiguous manner. A facially selective Grignard reaction
followed by a silane reduction was used for the anomeric position of the C-galactose residue. An Evans
allylation established the configuration of tldeaminomethylene group of the hydroxylysine moiety,
whereas an asymmetric hydrogenation utilizing Burk’s catalyst was used far-&mino acid moiety

itself. The synthesis was completed in 17 steps with an overall yield of 18%, resulting in the most complex
and functionalized C-glycoside analogue of a naturally occurring glycosylated amino acid prepared to
date. In addition, amino acitl was incorporated in a glycopeptide from type Il collagen known to be
crucial for the response of autoimmune T cells obtained in models of rheumatoid arthritis. A preliminary
immunological study revealed that four out of five members in a panel of T cell hybridomas were able
to recognize this C-linked glycopeptide when presented tyglass 1| MHC molecules.

Introduction by MHCII molecules, thereby generating reactions to endog-

. . . . ) i enous antigens which may lead to development of autoimmune
Recognition of foreign antigens is essential for the immune yicagse.

system to operate properly. To achiev_e this, antigen present_ing In rheumatoid arthritis (RA), which is regarded as an
cells (APCs, e.g., macrophages, dendritic cells, or B cells), which 4 1oimmune disease, native collagen is attacked and degraded
are key components of the immune system, take up and degradeby the immune system, eventually resulting in bone erosion in
both foreign and endogenous proteins to shorter peptides. Thes eripheral jointg In collagen-induced arthritis (CIA), which is
peptides are then presented at the cell surface of the APC boun widely used model for RA, immunization of mice with type

to class Il _major hlstocompat|blllty qomplex molecules Il collagen (ClI) from rat leads to symptoms similar to RA (e.g.,
(MHCII).1=2 The MHCII—peptide complex interacts with recep- erythema and swelling of peripheral joinf9 Although the

tors on CD4 T cells, an interaction which activates the T cell details of the processes leading to RA and CIA are not fully
and results in mobilization of the immune system toward the
foreign antigen from which the presented peptide originates.  (4) Arnett, F. C.; Edworthy, S. M.; Bloch, D. A.; McShane, D. J.; Fries,

; ; 3 ; J. F.; Cooper, N. S.; Healey, L. A.; Kaplan, S. R.; Liang, M. H.; Luthra, H.
However, T cells occasionally recognize self-peptides presentedsl; Medsger. T. A.. Mitchell, D. M. Neustadt, D. H.: Pinals, R. S.. Schaller,

J. G.; Sharp, J. T.; Wilder, R. L.; Hunder, G. Gthritis Rheum1988 31,

T UmeaUniversity. 315-324.

* AstraZeneca R&D Mmmdal. (5) Holmdahl, R.; Andersson, M.; Goldschmidt, T. J.; Gustafsson, K.;
(1) Engelhard, V. HSci. Am.1994 Aug, 44-51. Jansson, L.; Mo, J. Ammunol. Re. 199Q 118 193-232.

(2) Grey, H. M.; Sette, A.; Buus, Sci. Am.1989 Nov, 38-46. (6) Trentham, D. E.; Townes, A. S.; Kang, A. Bl. Exp. Med.1977,

(3) Monaco, J. JJ. Leukoc. Biol.1995 57, 543-547. 146, 857—-868.
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HO ~OH as well as the ability to form hydrogen bonds. During recent
Hoé&/o X years, a growing number of publications in the areas of
OH

biological evaluatio?f~2° of C-glycosides and the synthesis of
C-glycosylated amino acié3-38 have appeared.

In our ongoing studies of altered glycopeptides based on the
sequence from the type Il collagen epitope ClI1259-273, a
C-glycoside of galactosylated hydroxylysine constitutes an
important analogue in efforts to study and manipulate the
response of T cells obtained in models for RA. Previous studies
of a few T cell hybridomas with a glycopeptide having a
C-galactosylated hydroxynorvaline at position 264 of ClI1256-

known, it is clear that both diseases are associated with certain270 gave promising result§_.|n view of the_sg initial results,
class Il MHC molecules. In humans, DR4 and DR1 class Il we now present the synthesis of a C-glycosidic analogyersf

MHC molecules are associated with RAand in mice, A class galactosyl hydroxylysine. The C-glycoside was further incor-
Il MHC molecules are connected with CEAN CIA ihe type porated in the Cl1259-273 epitope and evaluated for recognition

Il collagen epitope that is presented b§ was first identified Y T cells when presented by4AMHCII molecules on the

to be Cl1256-270° and later, the minimal core peptide epitope surface of APCs.

required for stimulating T cells was found to be CI1260-267.

Mice that are transgenic for the human DR4 present a sequenceResults and Discussion

from collagen located between residues 259 and 273, but in ) ) . )

this case the core epitope is shifted three amino acids toward _ Retrosynthetic Analysis and Initial Synthetic Attempts.

the C-terminus and begins with residue 263. Most CD4ells From the outset, the synthetic strategy focused on the need to
obtained in A and DR4 mice recognize either of these peptide control three stereogenic centers in the C-_glyc05|d|c analogue
epitopes with a galactosylated hydroxylysine in position 264 Of f-D-galactosylated hydroxylysinel(cf. Figure 2). These
(Hyl,284 cf. Figure 1)12-14 Studies with glycopeptides modified centers were 0] the. anomeric position Qf the C-galacto_syl
at position 264, e.g.. analogues with deoxygenated galactosd®Sidue, (i) thed-aminomethylene group in the amino acid

H—GIyst—GIu—Pro—GIy-IIe-AIa—GIy—Phe\N 264__Gly-Glu-GIn-Gly-Pro-Lys-Gly-Glu-Thr?">-OH
|

H (¢]

Hyl: X = CHoNH,
Hnv: X=H

FIGURE 1. Type Il collagen peptide epitope 25@73 from rat with
galactose on hydroxylysine (Hyl) or hydroxynorvaline (Hnv) in position
264.

moieties linked to hydroxylysin&;16 a derivative having the
galactose moiety O-linked to hydroxynorvaline (H#fy,1417or
a C-galactoside analogue of hydroxynorvallidnave shown
that the fine structural details of position 264 are important for
the recognition by the T cell receptor.

Due to the inherent lability of the anomeric bond of
glycosides, N- or O-glycosylated amino acids can be rapidly
enzymatically degraded under physiological conditit#?.In

moiety, and (iii) thea-amino acid moiety itself. Three retrosyn-
thetic routes (Figure 2AC) were devised for the construction

of 1. The starting point for these routes was the same, i.e., use
of galactosyl lactone in a stereoselective Grignard reaction
which was followed by a silane mediated reduction to give the
B-C-glycoside. Route A, which was investigated first, then relied
on an Evans alkylation dfwith 2-(trimethylsilyl)ethoxymethyl
chloride (SEMCI) to establish the stereogenic center in the

contrast, C-glycosylated amino acids are completely stable under®-POSition. The stereogenic center in theposition was to be

physiological conditions. C-Glycosides were initially proposed
to adopt conformations very similar to those of O-glycoside®

but more recent studies have shown that they populate confor-

mations around the exo anomeric bond not found for O-
glycosidesg*25 The major differences between O- and C-gly-

cosides can be found for the dipole moment, the anomeric effect,481:

(7) Astorga, G. P.; Williams, R. C., JArthritis Rheum1969 12, 547—
54

(8) Stastny, PJ. Clin. Invest.1976 57, 1148-57.

(9) Wooley, P. H.; Luthra, H. S.; Stuart, J. M.; David, C. B.Exp.
Med. 1981, 154, 688-700. .

(10) Michadsson, E.; Andersson, M.; Engstm A.; Holmdahl, R.Eur.

J. Immunol.1992 22, 1819-1825.

(11) Holm, L.; Kjellen, P.; Holmdahl, R.; Kihlberg, Bioorg. Med.
Chem.2005 13, 473-482.

(12) Broddefalk, J.; Beklund, J.; Almgvist, F.; Johansson, M.; Holmdahl,
R.; Kihlberg, J.J. Am. Chem. S0d.998 120, 7676-7683.

(13) Corthay, A.; Baklund, J.; Broddefalk, J.; Michaelsson, E.; Gold-
schmidt, T. J.; Kihlberg, J.; Holmdahl, Bur. J. Immunol1998 28, 2580
2590.

(14) Michaelsson, E.; Broddefalk, J.; EngstroA.; Kihlberg, J.; Holm-
dahl, R.Eur. J. Immunol1996 26, 1906-1910.

(15) Holm, B.; Baklund, J.; Recio, M. A. F.; Holmdahl, R.; Kihlberg,
J. ChemBioChen2002 3, 1209-1222.

(16) Holm, B.; Baquer, S. M.; Holm, L.; Holmdahl, R.; Kihlberg, J.
Bioorg. Med. Chem2003 11, 3981-3987.

(17) Broddefalk, J.; Bergquist, K. E.; Kihlberg, Jetrahedron1998
54, 1204712070.
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J. ChemBioChen200Q 1, 272-280.
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FIGURE 2. Retrosynthetic analysis of C-galactosylated hydroxylydine

incorporated from Garner’'s aldehydBl () via a Wittig reac-
tion.18 For route A, the synthesis proceeded smoothly to the
Wittig reaction, where formation of phosphonium skltwas
slow and the attempted coupling bf with Garner’s aldehyde
(1) did not give any reaction at all. In view of these difficulties,
route B was attempted instead. For route B the stereogenic cente
in the 0-position was introduced via an Evans alkylationdof
with allyl iodide as described in more detail for route C (cf.
below). The stereogenic center of theamino acid moiety was
then to be established via an alkylation of Williams chiral
morpholinoneVI with iodide V.3° Synthesis according to this
route proceeded smoothly up to the Williams alkylation, which
was very sluggish and provided prodidt only in low yields.
Moreover, the subsequent hydrogenatioeprotection steps
yielded complex mixtures of products, and consequently, this
route was also abandoned. For route C, control of the three

commercial availability and because it tolerates a high degree
of functionalization in the substrafé#3

Synthesis of a C-Galactosyl Analogue of Hydroxylysine
via Route C. Starting from galactopyranosyl lacto@¢* a four-
step sequence consisting of addition of homoallylmagnesium
bromide to the lactone, reduction of the resulting hemiacetal
with triethylsilane, ozonolytic cleavage of the terminal alkéhe,
and a Jones oxidation was carried out (Scheme 1). This gave
carboxylic acid3 in which the first of the three stereogenic
centers ofl had been established. Evans chii@l4-benzyl-
oxazolidinoné® was coupled to3®! via a mixed pivaloyl
anhydride to givet in 88% yield. Alkylation of4 with sodium
hexamethyldisilazane and allyl iodide produceas a single
stereoisomer as determined By NMR spectroscopy (88%
yield), thereby incorporating the second stereogenic center.
According to the synthetic strategy, the exocyclic carbonyl

stereogenic centers was envisioned to be achieved using (i) thef@rbon in5 corresponds to the-carbon in the hydroxylysine

Grignard reaction-silane reduction sequence starting 2dm
establish the anomeric center as outlined for route A, (ii) an
Evans alkylation oft for the 6-position, and (iii) an asymmetric
hydrogenation of9 for the a-amino acid moiety%4! The
Grignard reactiorrsilane reduction and the Evans alkylatio
have already been investigated for similar substrates B§%s.
For the asymmetric hydrogenation several catalysts are available
but Burk’s catalyst ([(COD)RR(SS)-Et-DuPHOS]OTf) was
envisioned as the most promising candidate due to its selectivity,

n

(39) Williams, R.J. Am. Chem. S0d.991, 113 9276-9286.

(40) Evans, D. A.; Ennis, M. D.; Mathre, D. J. Am. Chem. S0d.982
104, 17371739.

(41) Lewis, M. D.; Cha, J. K; Kishi, YJ. Am. Chem. S0d.982 104,
4976-4978.

moiety of 1. Consequently Evans chiral auxiliary was reductively
removed by treatment d& with lithium aluminumhydride to
give alcohol6.*® It was found that TBDMS-protection of alcohol
6, directly after workup, to giv& was beneficial as it facilitated
purification and improved the total yield (82% froB).

(42) Burk, M. J.; Feaster, J. E.; Nugent, W. A.; Harlow, R.JL.Am.
Chem. Soc1993 115 10125-10138.

(43) Hiebl, J.; Kollmann, H.; Rovenszky, F.; Winkler, B. Org. Chem.
1999 64, 1947-1952.

(44) Dondoni, A.; Scherrmann, M.-Q. Org. Chem1994 59, 6404
6412.

(45) It is interesting to note the ease of this reduction, as compared to
reduction of the allylated product obtained from the diastereom&jic (
benzyloxazolidinone analogue 4fThis analogue was much more resistant
to reduction and required treatment with LiBH to avoid aldehyde
formation (cf. ref 32).

J. Org. ChemVol. 71, No. 5, 2006 1913



JOC Article

SCHEME 12
BnO _OBn BnO _0OBn o
B o&& = B o&&/\)\ b
n - n -
BnO O BnO OH
2 3
BnO _OBn o O BnO _OBn o O
O P 0 Py
BnO N~ o BnO N o
BnO \_J BnO \ /
4 Bn =" B
5
BnO _OBn
d o
BnO = 6 R=H e
BnO H 7 R =TBDMS
“oR

aReagents and conditions: (a) four steps, see ref 32 (87%); (b)) Et
MesCCOCI, THF,—78 °C, (ii) (9-4-benzyloxazolidin-2-one, BuLi, THF,
—78°C (88%); (c) NaHMDS, allyl iodide, THF-78°C (70%); (d) LiAlHa,
EtO, rt; () TBDMSOTH, collidine, CHClIy, rt (82% from5).

SCHEME 22
Bn@/\/\/ "
= a 0
BnO -~ ; Bnomo
" SoTBDMS BnO 1
7 s OTBDMS
b~ B o NHCbz
BnO = OMe
BnO H
TBDMSO ©
9

aReagents and conditions: (a) (isGCH.Cl,, —78 °C, (ii) PS-PPh,
CH.Cl,, —78 °C to rt (96%); (b) (MeO)P(O)CH(NHCbz)CGMe, DBU,
CHCly, 1t (92%).

With TBDMS ether7 in hand, the alkene functionality was
converted to aldehyd8 by cleavage with ozone followed by

Gustafsson et al.

in 9 with tetrabutylammonium fluoride was first attempted
(Scheme 3). Unfortunately, this reaction was plagued by the
formation of significant amounts (approximately 15%) of the
two stereoisomeric byproduct$l, resulting from a 1,4-
conjugated nucleophilic attack of the intermediate alkoxide on
the conjugated alkene. This side-reaction could, however, be
avoided by carrying out the deprotection of the TBDMS group
under acidic conditions givin@0in 76% yield. Conversion of
alcohol10to the corresponding azide was then attempted via a
Mitsunobu reactiod?#8 Unfortunately, intramolecular cycliza-
tion*® of the Cbz-protected amine and the alcohol moiety turned
out to be more favored than substitution with azide. 2,3-
Dehydropiperidinel2 was thus the only product that was
isolated from the Mitsunobu reaction.

Due to the side reactions discussed above, investigation of
the asymmetric hydrogenation was only carried out with
TBDMS ether9, alcohol10, and two derivatives af0in which
the hydroxyl group had been protected with triisopropylsilyl
and pivaloyl groups, respectively (Table 1). First, TBDMS ether
9 was submitted to the standard hydrogenation conditions used
with Burk’s catalyst (degassed methanol as solveatat75
psi, 2 mol % catalyst}? Agitation for 72 h produced the desired
amino acid, albeit as an unsatisfactory 4:1 mixture of the two
epimers (cf. Table 1, entry 1). At atmospheric pressure, no
discernible conversion took place. In an attempt to improve the
selectivity, the free alcoholO was treated under the same
conditions (75 psi) as first used for TBDMS eth@&r Again,
the selectivity was disappointing giving a 7:4 diastereomeric
mixture of 13 (entry 2). It is well-known that significant steric
hindrance from the substrate can compete with the ligands of
the catalyst and influence the selectivi#yFor this reason, the
steric bulk of10 was increased by attaching either a TIPS or a
pivaloyl group to the hydroxyl group, but this had only a minor
influence on the selectivity (entries 3 and 4). We therefore
hypothesized that the steric hindrance from the benzylated
galactose moiety played a key role for the outcome of the
reaction. This hypothesis was based both on the unusually poor
selectivity and on the low rate of reaction. Hydrogenations

treatment with polymer-bound triphenylphosphine, which re- with Burk’s catalyst generally proceed with excellent ee/de
moved the excess of 0zone (Scheme 2). Next, formation of the (>95%)?4346and are usually completed in 24 h or less, even

protected enamin@ required for the asymmetric hydrogenation,

was found to proceed smoothly via a Horr@fmmons olefi-

natiorf® of 8 with commercially available glycine phosphite.

The two stereoisomers & (Z/E 98:2) that resulted from the

at atmospheric pressure. Consequently, it was decided to explore
different reaction conditions witB as substrate.

According to the mechanistic theory for hydrogenation with
Burk’s catalyst, the selectivity is expected to increase with higher

olefination reaction could be separated by chromatography ontemperature and lowerpressuré® Therefore, the hydrogena-
silica gel. However, they were used without separation in the tion was attempted in a sealed tube at atmospherigrelssure
following asymmetric hydrogenation with Burk’s catalyst as it and with heating. For the convenience of controlling the

has been shown that use & mixtures is not detrimental for
the stereoselectivit{?
After reaching key enamid®, chiral induction to form the

temperature and pressure, a microwave oven was used. Gratify-
ingly, after 10 min at 100C, roughly 50% of TBDMS protected
enamided had been converted to the desired amine. Complete

a-amino acid moiety was addressed. Since Burk’s catalyst is conversion was achieved after a total of 40 min and the
known to tolerate a wide array of functional groups, the selectivity was increased t899:1 (entry 5). To our dismay,
hydrogenation could potentially be performed at a number of when the reaction was carried out under identical conditions
different stages in the synthetic route. For instance, hydrogena-but with a different batch of catalyst, no reaction could be
tion could be performed directly dhhaving the TBDMS ether ~ observed. Different batches of the catalyst appeared to have
intact, after removal of the TBDMS ether to give the corre-
sp_ondmg alcohollO, or after conversion of the alcohol tp an | & 1977 1977-1980.

azide or a Boc-protected amine. Thus, should the reaction fail " (4g) stork, G.; Niu, D.; Fujimoto, A.; Koft, E. R.; Balkovec, J. M.; Tata,
or give poor selectivity for one substrate other options could J. R.; Dake, G. RJ. Am. Chem. So@001, 123 3239-3242.

be explored. Toward this goal, removal of the TBDMS ether 75(2?1*;1”22% R.;Nagano, T.; Kinoshita, #ull. Chem. Soc. Jpr2002

Y(SO) Hegedu.s, L. STransition Metals in the Synthesis of Complex
Organic Molecules2nd revised ed.; University Science Books: Mill Valley,
CA, 1999.

(47) Lal, B.; Pramanik, B. N.; Manhas, M. S.; Bose, A. Retrahedron

(46) Wang, W.; Yang, J. Q.; Ying, J. F.; Xiong, C. Y.; Zhang, J. Y ;
Cai, C. Z.; Hruby, V. JJ. Org. Chem2002 67, 6353-6360.
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SCHEME 32
Bn® OB" NHCbz BnO_OBn NHCbz BnO_OBn
OMe M Bno&\/o " \HCbz
OTBDMé) BnO MOMe
11 © o
lb
Bn® OBC': NHCbz
BnO = OMe
BnO :
\OH (0]

10

aReagents and conditions: (a) TBAF, THF, #0{ 70%, 11: appr. 15%); (b) TFA/HO 9:1, rt (76%); (c) PP DEAD, DPPA (diphenylphosphoryl
azide), THF, rt (90%).

TABLE 1. Asymmetric Hydrogenation Using Burk's Catalyst®

BnO OB BnO _OBn
g NHCbz  (COD)RN(S,S)-Et-DUPHOS OTf (2 mol%) o NHCbz
BnO = OMe BnO 4 OMe
BnO : Temp, P(Hy),Solvent BnO :
\OR [e) \OR o
selectivity

entry R solvent P (psi) T(°C) 29 (2R)
1 TBDMS MeOH 75 rt 4 1
2 H MeOH 75 rt 7 4
3 TIPS MeOH 75 rt 4 1
4 Piv MeOH 75 rt 5 2
5 TBDMS MeOH 15 100 >99 1
6 TBDMS MeOH 15 70 11 1
7 TBDMS i-PrOH 15 80 36 1
8 TBDMS i-PrOH 15 75 75 1
9 TBDMS i-PrOH 15 70 >99 1

aFor all reactions, 2 mol % of Rh-DuPHOS was used. For further details, see the Experimental Section.

different thermal stability, and the results from the first batch 0.25 mmol) and protected amino aci@ could be isolated in
could never be reproduced. By lowering the temperature (70 95% yield after removal of the catalyst on silica gel (Scheme
°C, entry 6) a product of lower diastereomeric purity (11:1) 4). Compoundl3 was then deprotected with tetrabutylammo-
was obtained. Moreover, the stereoselectivity was improved nium fluoride to afford alcohal4 (94%). Considering the failure
when 2-propanol was used as solvent instead of methanol. Atfor the azide substitution on the corresponding unsaturated
80 °C the reaction still proceeded well and gave a 36:1 mixture alcohol 10, the subsequent Mitsunobu reaction caused some
of isomers (entry 7). By lowering the temperature to°Z5 the concern. However, when applied to alcolal azide 15 was
selectivity was improved to 75:1 and at 70 it became>99:1 successfully obtained in an excellent 93% yield. The azide was
(entries 8 and 9} This result is in contrast with our previous then reduced using Staudinger conditions, either at°C3ébr
observations using methanol as solvent, where the temperatured5 min, or at rt for 16 h. It was found that it was important that
selectivity trend was the opposite as discussed above. Nonethethe THF used as solvent contained sufficient amounts of water
less, these conditions gave reproducible results with excellent(approximately 3-5% H,O) to allow the phosphine-amine
selectivity >99% de) and yields using different batches of complex to be hydrolyzed; a process that requires high tem-
catalyst. The stereochemical outcome of the asymmetric hy- perature or long reaction times. The resulting amine was directly
drogenation using Burk’s catalyst is regarded as very predictable,protected with a Boc-group without workup to giéin 97%
Rh-(S9-Et-DuPHOS provides th&isomer, and RhR R)-Et- yield. Hydrolysis of the methyl ester, followed by hydrogenation
DuPHOS provides th&-isomer. Therefore, with a selectivity  over palladium on charcoal in acetic acid removed the Cbz-
as high as>99:1 the major isomer was assumed to be the group and the benzyl ethers, and gdve The a-amino group
expected &form. The stereochemical assignment was further of 17 was directly protected with an Fmoc group to afford the
supported by the fact that T cell hybridomas specific for the desired C-glycosidic building block, suitably protected for
galactosylated glycopeptide Cl125273 (cf. Figure 1) were able  peptide synthesis (56% yield over the three steps fi@n
to recognize the analogous C-linked glycopepfifi¢cf. below). C-Glycopeptide Synthesis.The C-glycosylated building
Due to the poor solubility 0B in 2-propanol, the reaction  block 1 was incorporated in glycopeptidd, which corresponds
was difficult to scale-up in the microwave oven. Instead repeated to residues 259273 from rat type Il collagen (Cl1259-273,
reactions had to be performed on a rather small scale (appr.Figure 3). This sequence is known to bind well both to the
murine class Il MHC molecule Aand also to human DR4.
(51) 99.8% de according 1 NMR spectroscopy. This compares very ~ Residues [1€° and Phé&» serve as anchor points for binding
well with HPLC analysis that shows a selectivity of 99.7% de. of ClI259—273 to A%, whereas the epitope is shifted three amino
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SCHEME 42 protective groups was achieved by treatment with piperidine.
BnO_OBn NHCbz After completion of the' solid-phase synthesis, acid-cataly;ed
a o] T OMe cleavage from the resin, and deprotection of the protective
9 — BnO B0 Y groups found on the amino acid residues, was accomplished
Sor O 13 R=TBDMS b with TFA and a standard scavenger cocktail. This gave
14 R=H glycopeptidel8in 7% yield overall yield based on the capacity
of the resin, following purification by reversed phase HPIC.
BnO_OBn NHCbz _ A Preliminary Immunological Study. A preliminary inves-
_°, Bno&&/\WOMe:: i::i'Boc:ld,e tigation of the immune response to C-linked glycopeptide
BnO \ 5 was performed using a panel of T cell hybridomas obtained
X previously from mice having CIA?131458The hybridomas were
chosen as representative members from one of five groups of
HO_OH NH, hybridomas that had been found to have different fine specificity
f HO Q ‘_on 9 for the galactose moiety on hydroxylysine 264 in Cl1259-273,
OH \ ) as established earlier using deoxygenated galactose analégues.
47 NHBoc Each hybridoma was incubated with antigen-presenting spleen
cells which express RAclass Il MHC molecules and C-linked
HO_OH NHFmoc glycopeptidel8or the corresponding O-linked glycopeptitie
HOMOH (cf. Figure 3). Recognition of either of the MHC-glycopeptide
OH : complexes fp a T cell hybridoma resulted in activation of the
“NHBoc © hybridoma and subsequent secretion of the cytokine interleukin
1 2 (IL-2) into the medium. The secreted IL-2 was then quantified
a Reagents and conditions: (a) ([(COD)R8S)-Et-DUPHOS]OTf), H using an an_tibody/streptavidin_—E*ubased assay. For three of
(1 atm),i-PrOH, 70°C (95%); (b) TBAF, THF, rt (94%); (c) PRhDEAD, the five hybridomas, an approximately 10-fold higher concentra-
DPPA (diphenylphosphoryl azide), THF, rt (93%); (d) BPRHF/H,0, tion of C-linked glycopeptidel8 was required to give a
130°C; (e) BogO, TEA, THF/HO, rt (97% from15); () (i) LIOH, THF/ stimulation equivalent to the referent®. For one hybridoma
'r't'zg'egv ?r%rzc]:SC’ Hz (75 psi), ACOH, 1t; (g) FmocOSu, NGO, MeCN, T cell stimulation was found to be of the same magnitude with
0 ) 18 as for19, whereasl8 did not elicit any response from the
HO _OH remaining hybridoma. More comprehensive studies i&will
go x be published separately.
HO oH NH; Conclusions. Synthesis of C-glycosylated hydroxylysirie
was completed in 17 steps from galactosyl! lact@rie a total
H-Gly“*-lle-Ala-Gly-Phe— 2% Gly-Glu-Gin-Gly-Pro-Lys-Gly-Glu-Thr"-OH yield of 18%. This constitutes the most complex C-glycosidic
4 o analogue of a naturally occurring glycosylated amino acid
synthesized to date. Furthermore, building bldckas incor-
:: = CHe porated in a peptide, corresponding to residues-253 from
type Il collagen to give glycopeptide analogus. In a
FIGURE 3. Structure of glycopeptides8 and 19. preliminary evaluatiori8 was found to retain the ability of the
corresponding, native O-linked glycopeptiti@ to stimulate T
acids toward the C-terminus for binding to DR4 with PRas cell hybridomas obtained in CIA, a model for rheumatoid
sole anchor residue. Hence, glycopeptidwould allow for arthritis.

studies of both Aand DR4 restricted T cell hybridomas.

The synthesis of glycopeptid@was performed on the solid  Experimental Section
phase using standard conditions according to the Fmoc proto-
col 17:5253A polystyrene resin grafted with poly(ethylene glycol) ~ (45)-4-Benzyl-3-[3-(2,3,4,6-tetrad-benzylf-p-galactopyrano-
spacers (Tentagel) that were functionalized with a 4-alkoxy- fﬁgi’ﬂ?&gzyggggﬂgdén;ﬁﬁggfgfzgfér(li@irz'ggﬁf 8mg'-' 129176
henzyl alcohol linker wa!s“used |n|tr(1je syr;]thess. _er_st, r_e3|dfues mmol) in THF (200 mL) cooled to-78°C. The solution was stirred
265_2_73 were sequgntla y coupie tot e peptide-resin after g min, and pivaloyl chloride (2.67 mL, 21.6 mmol) was added.
activation of the amino acids with HBTU in the presence of after 15 min, a mixture of §-4-benzyloxazolidin-2-one (3.48 g,
diisopropylethylamine. Then C-glycosylated amino &ridas 19.7 mmol) and butyllithium (10.1 mL, 1.95 M in hexanes, 19.7
coupled with HBTU in the presence of 1-hydroxybenzotriazole mmol) in THF (60 mL) was transferred to this solution via cannula.
(HOBt) and diisopropylethylamin®,and finally, residues 259 The mixture was stirred for 30 min at78 °C, and then the reaction
263 were coupled sequentially as their pentafluorophenyl esterswas quenched by addition of N8I (aq, satd). The phases were
in order to avoid esterification of the unprotected hydroxyl Sseparated and the organic phase was washed twice with NaCl (aq,

groups of the galactose moiety56 Cleavage of the Fmoc satd). The combined water phases were extracted three times with
CH,Cl, and the combined organic phases were dried oveBNa

filtered, and concentrated. Purification by flash column chroma-

(52) Broddefalk, J.; Forsgren, M.; Sethson, I.; Kihlberg].JOrg. Chem.
1999 64, 8948-8953.

(53) Holm, B.; Broddefalk, J.; Flodell, S.; Wellner, E.; Kihlberg, J. (57) The poor yield can be explained by problems with a contaminated
Tetrahedron200Q 56, 1579-1586. column during the HPLC-purification, which resulted in that the purification

(54) Bejugam, M.; Flitsch, S. LOrg. Lett.2004 6, 4001-4004. had to be repeated several times. Some material was also consumed at two

(55) Ichiyanagi, T.; Takatani, M.; Sakamoto, K.; Nakahara, Y.; Ito, Y.; stages during the solid-phase synthesis when small amounts of peptide was
Hojo, H.; Nakahara, YTetrahedron Lett2002 43, 3297-3300. cleaved from the resin and analyzed with mass spectroscopy.

(56) Otvos, L.; Urge, L.; Hollosi, M.; Wroblewski, K.; Graczyk, G.; (58) Michaelsson, E.; Malmstmo, V.; Reis, S.; Engstra, A.; Burkhardt,
Fasman, G. D.; Thurin, Jetrahedron Lett199Q 31, 5889-5892. H.; Holmdahl, R.J. Exp. Med.1994 180, 745-749.
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tography (-heptane/EtOAc 5:2) gave oxazolidinofé13.1 g, 88%)
as a white amorphous solido]p, = 11.0 € 2.5, CHC}); *H NMR

(CDCls, 400 MHz) 6 7.39-7.17 (m, 25H, Ph), 4.99 and 4.71 (2d,

2H,J = 11.2 Hz, PhE1,0), 4.96 and 4.63 (2d, 2H, = 12.4 Hz,
PhCH,0), 4.76 and 4.68 (2d, 2Hl, = 11.7 Hz, Ph®1;,0), 4.66-
4.59 (m, 1H, NCH), 4.45 and 4.41 (2d, 28i= 11.7 Hz, PhE&i;0),
4.10 (2d, 2H,J = 5.2 Hz, COOCH), 4.02 (d, 1H,J = 2.7 Hz,
H-4), 3.72 (t, 1HJ = 9.3 Hz, H-2), 3.62 (dd, 1H] = 2.7, 9.3 Hz,
H-3), 3.58-3.52 (m, 3H, H-5 and H-6), 3.33 (dt, 1H,= 2.4, 9.3
Hz, H-1), 3.28 (dd, 1H) = 13.4, 3.2 Hz, Ph#,), 3.19-2.99 (m,
1H, COCH), 2.71 (dd, 1HJ = 13.4, 9.7 Hz, Ph8,), 2.39-2.29
(m, 1H, COCHCH,), 1.94-1.83 (m, 1H, COCHKCH,); 3*C NMR
(CDCl;, 100 MHz)6 173.1 COCHy), 153.5 (NCOO), 84.9 (C-3),
79.1(C-2), 78.6 (C-1), 77.0 (C-5), 75.5 (BH-0), 74.6 (PICH,0),
73.6 (PICH,0), 72.3 (PIKH,0), 73.7 (C-4), 68.8 (C-6), 66.2
(COQCH,), 55.2 (NCH), 38.0 (P8BH,), 32.0 (CQCH,), 26.6
(COCH,CHy); HR-MS (FAB) calcd for G;H4gNNaQ; 778.3356
[M + NaJ*, found 778.3358.
(49)-4-Benzyl-3-[(X)-(2,3,4,6-tetraO-benzyl#-p-galactopy-
ranosylmethyl)pent-4-enoyl]oxazolidin-2-one (5)A solution of

oxazolidinone4 (12.9 g, 17.1 mmol) in THF (200 mL) was cooled
to —78 °C and treated with NaHMDS (3.50 g, 18.2 mmol). After
30 min, allyl iodide (5.48 mL, 59.7 mmol) was added dropwise.

and 4.65 (2d, 2HJ) = 10.7 Hz, Ph®i,0), 4.76 and 4.69 (2d, 2H,
J = 11.7 Hz, Ph®i,0), 4.48 and 4.43 (2d, 2H] = 11.8 Hz,
PhCH;0), 4.00 (d, 1HJ = 2.1 Hz, H-4), 3.67#3.59 (m, 3H, H-2,
H-3, SIOCH), 3.59-3.54 (m, 2H, H-5, H-6), 3.51 (t, 1H} = 6.3
Hz, H-6), 3.41 (dd, 1HJ = 10.2, 5.8 Hz, SiOCHh), 3.33 (t, 1H,J
= 8.9 Hz, H-1), 2.25-2.16 (m, 1H, CHCHCH,), 2.14-2.06 (m,
1H, CH,CHCH,), 1.95-1.84 (m, 2H, SIOCKHCH, SIOCHCHCH,),
1.46 (t, 1H,J = 9.6 Hz, SIOCHCHCH,), 0.89 (s, 9H, SiCCh),
0.02 (s, 6H, SiCh); 3C NMR (CDCk, 100 MHz) 6 116.0 CH-
CH), 85.1 (C-3), 79.9 (C-2), 78.3 (C-1), 77.1 (C-4), 75.7@¢PRO),
74.5 (PICH,0), 73.6 (PIEH.0), 72.4 (PIEH,0), 73.9 (C-5), 69.2
(C-6), 65.9 (SIOCH), 37.3 (SIOCHCH), 34.6 (CHCHCH,), 33.3
(SIOCH,CHCHy), 26.1 (SiGCH3), 18.4 (SCCH;3), —5.3 (SiCH);
HR-MS (FAB) calcd for GeHeoNaQ:Si 759.4057 [MH+ NaJ*, found
759.4055.
(3R)-3-(tert-Butyldimethylsilanyloxymethyl)-4-(2,3,4,6-tetra-
O-benzylf-p-galactopyranosyl)butyraldehyde (8).0Ozone was
bubbled through a solution of alkei&1.20 g, 1.63 mmol) in CkH
Cl, (20 mL) at—78°C until it became slightly blue (over-exposure
to ozone causes partial oxidation of the benzyl ethers to benzoates).
The solution was purged with oxygen until colorless and was then
treated with triphenylphosphine on polystyrene (1.13 g, 2.44 mmol)
for 14 h, filtered, and concentrated to afford aldehydél.15 g,

After being stirred for 2 h, the reaction mixture was allowed to 96%): [o]p = —2.1 ¢ 1.0, CHC}); *H NMR (CDCl, 400 MHz)
reach room temperature and was then stirred an additional 30 min.6 9.68 (s, 1H, CHO), 7.397.26 (m, 20H, Ph), 4.95 and 4.63 (2d,

The solution was poured onto NEI (aq, satd), the phases were

2H,J = 10.9 Hz, Ph®1,0), 4.94 and 4.65 (2d, 2H,= 11.8 Hz,

separated and the organic phase was washed twice with NaCl (agPhCH,0), 4.75 and 4.68 (2d, 2H] = 11.7 Hz, PhE&i,0), 4.47
satd). The combined water phases were extracted twice with CH and 4.43 (2d, 2H) = 11.8 Hz, Ph€i,0), 3.99 (d, 1HJ = 1.4 Hz,
Cl,, and the combined organic phases were then dried over Na H-4), 3.66 (t, 1HJ = 10.1 Hz, SiOCH), 3.65 (t, 1H,J = 8.9 Hz,
SQ,, filtered, and concentrated. The residue was purified by flash H-2), 3.59 (dd, 1HJ = 9.3, 2.3 Hz, H-3), 3.54 (2d, 2Hl = 7.1,

column chromatographyn(heptane/EtOAc 7:1> 4:1) to provide
5(9.53 g, 70%) as a colorless oilo]p = 20.0 € 3.7, CHCE); H
NMR (CDCl;, 400 MHz) ¢ 7.38-7.15 (m, 25H, Ph), 5.855.72
(m, 1H, CHCHN), 5.08 (d, 1H,J = 17.1 Hz, G4,CHN), 5.03 (d,
1H,J = 10.4 Hz, G4,CHN), 4.95 and 4.67 (2d, 2H,= 10.8 Hz,
PhCH;0), 4.94 and 4.59 (2d, 2H] = 11.6 Hz, PhE,0), 4.74
and 4.67 (2d, 2HJ = 11.7 Hz, PhEi,0), 4.49-4.41 (m, 1H,
NCH), 4.42 and 4.31 (2d, 2H,= 12.0 Hz, Ph®&,0), 4.16-4.07
(m, 1H, COCH), 3.95 (d, 1H] = 2.1 Hz, H-4), 3.85 (dd, 1H] =
3.0, 9.1 Hz, COOCH), 3.63 (t, 1H,J = 9.2 Hz, H-2), 3.59-3.53
(m, 2H, H-3, COOCH), 3.46 (t, 1H,J = 7.4 Hz, H-6), 3.44 (t,
1H,J= 7.4 Hz, H-5), 3.39-3.31 (m, 2H, H-1, H-6), 3.27 (dd, 1H,
J=13.4,2.9 Hz, Ph8,), 2.54 (dd, 1HJ) = 13.4, 10.2 Hz, Ph8,),
2.48-2.39 (m, 1H, CHCHCH,), 2.35-2.26 (m, 1H, CHCHCH,),
2.14 (dq, 1HJ = 14.2, 2.7 Hz, COCH#,), 2.00-1.90 (m, 1H,
COCH(H,); 3C NMR (CDCh, 100 MHz)6 176.3 COCH), 153.5

(COOCH), 117.5 CH,CHN), 84.8 (C-3), 79.1 (C-2), 78.6 (C-1),

76.6 (C-5), 75.5 (P8H,0), 74.7 (PIKH,0), 74.0 (C-4), 73.4
(PhCH0), 72.4 (PIEH,0), 68.7 (C-6), 65.6 (COOH,), 55.6
(NCH), 39.5 (CCCH), 38.3 (PItH,), 37.8 (CHCHCHy), 34.1
(COCHCHy,); HR-MS (FAB) calcd for GoHssNNaQ; 818.3669 [M
-+ NaJ*, found 818.3665.
2(S)-(tert-Butyldimethylsilanyloxymethyl)-1-(2,3,4,6-tetra-O-
benzyl-p-galactopyranosyl)pent-4-ene (7)LiAIH 4 (147 mg,
3.88 mmol) was added to oxazolidinoB€3.09 g, 3.88 mmol) in

Et,O (100 mL) at room temperature. After being stirred for 15 min,
the reaction was quenched by addition of NaOH (5 M, ca. 0.5 mL)
followed by filtration through a pad of Celite and concentration
affording crude alcohob as a colorless oil. The alcohol was

dissolved in CHCI, (10 mL) without further purification, after

which 2,3,5-collidine (1.03 mL, 7.76 mmol) and TBDMSOTf (1.34
mL, 5.82 mmol) were added. NaHG@®.5 mL, aq, satd) was added
after stirring for 20 min. The reaction mixture was dried ovep-Na
SO, filtered, and concentrated. Purification by flash column

chromatographyr-heptane/EtOAc 9:1) gavé(2.33 g, 82%) as a
white amorphous solid: ofp = 3.4 € 2.6, CHC}); 'H NMR
(CDCl;, 400 MHz)6 7.41-7.24 (m, 20H, Ph), 5.845.72 (m, 1H,
CH,CH), 5.02 (d, 1HJ = 17.8 Hz, G4,CH), 4.98 (d, 1HJ=9.5
Hz, CH,CH), 4.96 and 4.66 (2d, 2H,= 11.9 Hz, PhE&i,0), 4.93

5.8 Hz, H-6), 3.48 (q, 1H) = 6.4 Hz, H-5), 3.38 (dd, 1H]) =
10.1, 7.2 Hz, SiOCH), 3.24 (t, 1H,J = 9.8 Hz, H-1), 2.56-2.39
(m, 2H, SIOCHCH, CH,CHO), 2.37#2.28 (m, 1H, Gi,CHO),
1.86-1.78 (m, 1H, SIOCHCHCH,), 1.63-1.49 (m, 1H, SiOChH
CHCHy), 0.88 (s, 9H, SiCCh), 0.02 (s, 6H, SiCh); 13C NMR
(CDCl;, 100 MHz) 6 203.1 (CHO), 84.9 (C-3), 79.3 (C-2), 77.4
(C-1), 76.9 (C-5), 75.6 (REH0), 74.6 (PILH0), 73.7 (C-4), 73.6
(PhCH;0), 72.4 (PIEH,0), 69.0 (C-6), 67.0 (SiOCH), 46.0 CH,-
CHO), 33.6 (SIOCHCHCH?), 33.4 (SIOCHCH), 26.0 (SiCCH3),
18.4 (SCCHjg), —5.4 (SiCH); HR-MS (FAB) calcd for GsHsg
NaO;Si 761.3849 [M+ Nalt, found 761.3857.
(5S,2)-2-Benzyloxycarbonylamino-gert-butyldimethylsilan-
yloxymethyl)-6-(2,3,4,6-tetra©-benzyl-p-galactopyranosyl)-
hex-2-enoic Acid Methyl Ester (9).DBU (798 uL, 5.33 mmol)
was added dropwise to a solution of (MeRP)O)CH(NHCbz)CG-
CHs; (1.77 g, 5.33 mmol) in CECl; (10 mL) and stirred for 10
min. This solution was transferred to aldehyi@.14 g, 4.26 mmol)
in CH.Cl, (10 mL). After being stirred for 30 min, the solution
was concentrated and the residue was purified by flash column
chromatographyn-heptane/EtOAc 9:1) to provide enamide ester
9(3.70 g, 92%) as a colorless oft/Z >98:2 according tdH NMR
spectroscopy): d]p = —7.8 (¢ 0.4, CHCh); *H NMR (CDCls, 400
MHz) 6 7.38-7.24 (m, 25H, Ph), 6.91 (brs, 1H, NH), 6.55 (t, 1H,
J = 8.1 Hz, NCCH), 5.13 and 5.10 (2d, 2H, = 12.3 Hz,
NCOOCH,), 4.93 and 4.62 (2d, 2H] = 10.8 Hz, Ph€Ei,0), 4.92
and 4.63 (2d, 2HJ) = 11.8 Hz, PhEi,0), 4.72 and 4.65 (2d, 2H,
J = 11.7 Hz, PhEl,0), 4.46 and 4.41 (2d, 2H] = 11.8 Hz,
PhH.0), 3.93 (d, 1HJ = 2.6 Hz, H-4), 3.70 (brs, 3H, OCGHj
3.62 (t, 1H,J = 9.2 Hz, H-2), 3.66-3.53 (m, 3H, SiIOCH, H-3,
H-5), 3.53-3.45 (m, 2H, H-6), 3.353.26 (m, 2H, H-1, SiOCHh),
2.41-2.32 (m, 1H, NCCHEIly), 2.30-2.20 (m, 1H, NCCHEl,),
2.06-1.96 (m, 1H, SIOCHCH), 1.77 (dt, 1H,J = 12.4, 1.7 Hz,
SiIOCH,CHCHy), 1.38 (ddd, 1HJ = 14.4, 10.3, 4.1 Hz, SIOCH
CHCH,), 0.85 (s, 9H, SiCCh), 0.01 (s, 6H, SiCh); 13C NMR
(CDCl;, 100 MHz)6 165.1 COOCH;), 154.5 (NCO), 85.0 (C-3),
79.4 (C-2), 77.5(C-1), 77.2 (C-5), 75.6 BH,0), 74.5 (PICH0),
73.7 (C-4), 73.5 (PBH,0), 72.4 (PIEH,0), 69.2 (C-6), 67.2
(NCOGQCHy,), 66.2 (SIOCH), 52.2 (OCH}), 36.9 (SIOCHCH), 33.2
(SIOCH,CHCHy), 28.0 (NCCHCHy), 26.0 (SiCCHj3), 18.4 (SCCHy),
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—5.3 (SiCH); HR-MS (FAB) calcd for GeHggNNaO,oSi 966.4588
[M + NaJ*, found 966.4577.
(59)-N-Benzyloxycarbonyl-(2,3,4,6-tetra©-benzyl#-p-galac-
topyranosylmethyl)-2,3-dehydropiperidine 2-Methyl Ester (12).
PPR (52 mg, 20Qumol) and DEAD (35 mg, 20@mol) were added
to a solution of enamide est&0 (76 mg, 90.7umol) in THF (4
mL). After 2 min, diphenylphosphoryl azide (24L, 136 umol)
was added. After 15 min of stirring, the solution was concentrated,
and the residue was purified by flash column chromatography (
heptane/EtOAc 2:1~ 1:1) to provide dehydropiperiding2 (66
mg, 90%) as a colorless oitH NMR 6 7.40-7.24 (m, 25H, Ph),
6.01 (t, 1H,J = 3.7 Hz, NCCH), 5.13 and 5.07 (2d, 28l= 12.2
Hz, NCOOCH), 4.93 and 4.65 (2d, 2H] = 11.7 Hz, PhE&i,0),
4.92 and 4.58 (2d, 2Hl = 10.7 Hz, PhE&i,0), 4.75 and 4.67 (2d,
2H,J = 11.7 Hz, PhE&I,0), 4.44 and 4.41 (2d, 2H,= 11.7 Hz,
PhH,0), 4.11 (dd, 1HJ = 12.9, 2.5 Hz, CbzNC}j, 3.99 (d,
1H, J = 2.0 Hz, H-4), 3.63 (t, 1HJ = 9.2 Hz, H-2), 3.613.46
(m, 4H, H-3, H-5, H-6, H-6), 3.53 (s, 3H, OGH 3.26 (t, 1H,J =
9.2 Hz, H-1), 2.91 (t, 1HJ = 11.5 Hz, CbzNCH), 2.34 (dt, 1H,
J=19.3,5.0 Hz, NE=CHCH,), 2.18-2.06 (m, 1H, CbzNChCH),
1.83 (dd, 1H,J = 19.3, 3.5 Hz, NE&CHCHy,), 1.67 (t, 1H,J =
11.7 Hz, C-1CH), 1.57-1.47 (m, 1H, C-1Ch); 3C NMR (CDCl,
400 MHz)6 165.2 (NCO), 154.1GO0CH;), 122.6 (NCCH), 84.9
(C-3), 79.2 (C-2), 77.3 (C-1), 77.2 (C-5), 75.7 EH,0), 74.6
(PhCH,0), 73.6 (PICH;:0), 73.6 (C-4), 72.3 (RBH.0), 69.0 (C-
6), 68.0 (CbzNCO@H,), 52.0 (OCH), 49.2 (NsCH,), 35.3
(CbzNCHCHCHy), 30.5 (CbzCHCH), 29.1 (CbzNCCIH,); LC-
MS calcd for GoHseNOg"™ 814.4 [M + H] T, found 814.5.
(2S,59)-2-Benzyloxycarbonylamino-5-{ert-butyldimethylsila-
nyloxymethyl)-6-(2,3,4,6-tetra©-benzyl#-p-galactopyranosyl)-
hexanoic Acid Methyl Ester (13).Enamide este® (217 mg, 230
umol) was dissolved ii-PrOH (2.5 mL), the solution was flushed
with nitrogen for 10 min, and then was [(COD)R)-Et-
DuPHOS]OTf (3.5 mg, 4.@mol) added. After 5 vacuum-ttycles,
the solution was heated at 7C with microwave irradiation in a
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J = 11.8 Hz, Ph€l,0), 4.48 and 4.32 (2d, 2H] = 11.9 Hz,
PhCH,0), 4.35-4.28 (m, 1H, GZICOOCH;), 3.90 (d, 1IHJ = 2.4
Hz, H-4), 3.70 (s, 3H, OC}J, 3.60-3.49 (m, 5H, H-2, H-3, H-5,
H-6, CH,OH), 3.45-3.36 (m, 2H, H-6, €1,0H), 3.25 (t, IHJ =
9.1 Hz, H-1), 2.83 (br s, 1H, OH), 1.89.75 (m, 2H, Gi»-
CHCOOCH), 1.70-1.51 (m, 3H, ¢1,CH,CHCOOCH, CHCH,-
OH, C-1tH,), 1.43-1.21 (m, 2H, C-1Ei,, CH,CH,CHCOOCHy);
13C NMR (CDCh, 100 MHz) d 173.0 COOCH), 156.0 (NCO),
85.0 (C-5), 79.7 (C-1), 78.9 (C-2), 77.4 (C-3), 75.7@Ph0O), 74.5
(PhCH,0), 73.6 (C-4), 73.6 (RBH,0), 72.5 (PILH,0), 69.3 (C-
6), 67.1 (NCO@H,), 65.8 (CHOH), 54.2 CHCOOCH;,), 52.4
(OCHg), 39.8 CHCH,0OH), 34.4 CH,CH,CHCOOCH,), 29.3 (C-
1CH,), 28.2 CH,CHCOOCH); HR-MS (FAB) calcd for GoHs
NNaOy, 854.3880 [M+ Na]t, found 854.3873.
(2S,55)-2-Benzyloxycarbonylamino-5-(azidomethyl)-6-(2,3,4,6-
tetra-O-benzylf-p-galactopyranosyl)hexanoic Acid Methyl Es-
ter (15). PPk (131 mg, 50Qumol) and DEAD (7L, umol) was
added to a solution of alcoh@¥ (320 mg, 385«mol) in THF (15
mL). After 2 min, diphenylphosphoryl azide (1@, 500 umol)
was added. After 15 min of stirring, the solution was concentrated
and the residue was purified by flash column chromatography (
heptane/EtOAc 6:+2:1) to provide azidd5 (307 mg, 93%) as a
colorless oil: pjp = —1.8 € 0.9, CHC}); *H NMR (CDCls, 400
MHz) 6 7.38-7.23 (m, 25H, Ph), 5.30 (d, 1H,= 8.2 Hz, NH),
5.09 (s, 2H, NCOOCH), 4.94 and 4.64 (2d, 2H] = 10.9 Hz,
PhCH,0), 4.91 and 4.61 (2d, 2H] = 11.7 Hz, PhE,0), 4.72
and 4.62 (2d, 2HJ) = 11.7 Hz, Ph®1,0), 4.46 and 4.38 (2d, 2H,
J = 11.7 Hz, PhE,0), 4.34-4.29 (m, 1H, GICOOCH), 3.93
(d, 1H,J = 2.4 Hz, H-4), 3.72 (s, 3H, OC§}, 3.58-3.51 (m, 5H,
H-2, H-3, H-5, H-6, H-6), 3.33 (dd, 1H, = 12.6, 4.9 Hz, ChlN3),
3.23-3.15 (m, 2H, H-1, CkN3), 1.86-1.69 (m, 2H, C-1Ei,,
CHCHN3), 1.68-1.58 (m, 1H, G1,CHCOOCH), 1.47-1.30 (m,
4H, C-1H;, CH,CH,CHCOOCH, CH,CHCOOCH, CH,CH,-
CHCOOCH); 3C NMR (CDCk, 100 MHz) 6 172.8 COOCHy),
156.0 (NCO), 84.9 (C-5), 79.1 (C-1), 78.1 (C-2), 77.4 (C-3), 75.6

sealed tube for 40 min. Concentration and purification of the residue (PhCH,0), 74.5 (PIEH,0), 73.7 (C-4), 73.6 (RBH0), 72.4

by flash column chromatography-beptane/EtOAc 3:1) gaves
(206 mg, 95%) as a colorless oil (d2.99.7): [a]o = 3.7 (¢ 2.8,
CHCl3); IH NMR (CDCls, 400 MHz) 6 7.42—7.24 (m, 25H, Ph),
5.33 (d, 1HJ = 8.2 Hz, NH), 5.12 and 5.09 (2d, 2d = 12.1 Hz,
NCOOCH,), 4.95 and 4.66 (2d, 2H, = 11.2 Hz, PhE1,0), 4.95
and 4.64 (2d, 2HJ) = 11.2 Hz, Ph@®i,0), 4.74 and 4.65 (2d, 2H,
J = 11.8 Hz, PhEi,0), 4.48 and 4.41 (2d, 2H] = 11.8 Hz,
PhH;0), 4.36-4.28 (m, 1H, GZ{COOCH), 3.98 (d, 1HJ = 2.4
Hz, H-4), 3.70 (s, 3H, OC}), 3.673.48 (m, 6H, H-2, H-3, H-5,
H-6, H-6, SIOCH), 3.39 (dd, 1HJ = 10.1, 5.4 Hz, SiOCH), 3.25
(t, 1H, J = 9.4 Hz, H-1), 1.89-1.75 (m, 3H, G,CHCOOCH,
SIOCHCH, C-1CH,), 1.73-1.64 (m, 1H, ¢,CHCOOCH), 1.50—-
1.35 (m, 3H, C-1€El,, CH,CH,CHCOOCH), 0.88 (s, 9H, SiCCH),
0.02 (s, 6H, SiCh); 3C NMR (CDCk, 100 MHz) 6 173.1
(COOCH), 156.0 (NCO), 85.0 (C-5), 79.6 (C-2), 78.1 (C-1), 77.5
(C-3), 75.6 (PRH0), 74.5 (PILH,0), 73.8 (C-4), 73.5 (RBH,0),
72.4 (PICH,0), 69.1 (C-6), 67.0 (NCOOH,), 66.0 (SiOCH), 54.2
(CCOOCH;), 52.3 (OCH), 36.6 (SIOCHCH), 33.6 CH.CH.-
CHCOOCH), 29.3 (C-ICHy), 26.0 (SiCCH3), 25.5 CH.CH-
COOCH;), 18.4 (SCCHg), —5.5 (SiCHy); HR-MS (FAB) calcd for
CseH71NNaO,0Si 968.4745 [M+ Na]*, found 968.4745.
(2S,55)-2-Benzyloxycarbonylamino-5-(hydroxymethyl)-6-
(2,3,4,6-tetraO-benzylf-p-galactopyranosyl)hexanoic  Acid
Methyl Ester (14). Tetrabutylammonium fluoride monohydrate
(173 mg, 55Qumol) was added to a solution 48 (400 mg, 423
umol) in THF (20 mL), and the resulting solution was stirred for

(PhCH;0), 69.3 (C-6), 67.1 (NCOOH,), 55.4 (CHN3), 54.0
(CCOOCH), 52.4 (OCH), 35.3 CHCH,OH), 34.0 CH,CH,-
CHCOOCH), 29.2 (C-LHy), 26.7 CH,CHCOOCH); HR-MS
(FAB) calcd for GoHseN4sNaQy 879.3945 [M + NaJ*, found
879.3936.
(2S,55)-2-Benzyloxycarbonylamino-5-tert-butoxycarbon-
ylaminomethyl)-6-(2,3,4,6-tetraO-benzyl#-p-galactopyrano-
syl)hexanoic Acid Methyl Ester (16).PPh (40 mg, 157umol)
was added to a solution of azid® (106 mg, 117«mol) in moist
THF (3 mL). After the mixture was heated under microwave
irradiation at 13C°C for 15 min (or stirring overnight at rt), Bg®
(33 mg, 157umol) and triethylamine (16, 117 umol) were
added, and stirring was continued for 30 min. The solution was
concentrated, and the residue was purified by flash column
chromatographyrtheptane/EtOAc 4:33:1) to provide amidd.6
(106 mg, 97%) as a white amorphous solid]{ = —1.3 € 2.1,
CHCl3);*H NMR (CDClz, 400 MHz): ¢ = 7.43-7.23 (m, 25H,
Ph), 5.95 (d, 1HJ = 7.0 Hz, NHCbz), 5.16 (t, 1HJ = 5.0,
NHBoc), 5.10 (s, 2H, O8,Ph) 4.96 and 4.94 (2d, 2H,= 10.8
Hz, PhCH,0), 4.76 and 4.70 (2d, 2H,= 11.7 Hz, PhEi,0), 4.66
and 4.64 (2d, 2HJ = 11.1 Hz, PhE&1,0), 4.50 and 4.38 (2d, 2H,
J=11.7 Hz, PhE&i,0), 4.23-4.13 (m, 1H, GZ{COOCH), 3.90 (s,
1H, H-4), 3.72 (s, 3H, OC}}, 3.67—3.54 (m, 3H, H-2, H-3, H-6),
3.53-3.47 (m, 1H, H-5), 3.36 (dd, 1H,= 8.7, 4.9 Hz, H-6), 3.36
3.14 (m, 2H, H-1, €1;NHBoc), 3.06-2.91 (m, 1H, Gi,NHBoC),
1.95-1.77 (m, 2H, G{CH,NHBoc, CH,CH,CHCOOCH), 1.73

30 min. Then the solution was concentrated and the residue was(dd, 1H,J = 14.3, 5.5 Hz, €I,CHCOOCH), 1.50-1.22 (m, 12H,

purified by flash column chromatographg-feptane/EtOAc 1:1)
to provide alcoholl4 (330 mg, 94%) as a colorless oilop =
—2.5 (¢ 1.0, CHCE); *H NMR (CDCl;, 400 MHz) 6 7.41-7.23
(m, 25H, Ph), 5.26 (d, 1HJ = 8.2 Hz, NH), 5.10 (s, 2H,
NCOOCH,), 4.95 and 4.64 (2d, 2H = 10.9 Hz, PhE1,0), 4.92
and 4.60 (2d, 2HJ) = 11.8 Hz, Ph@i,0), 4.74 and 4.67 (2d, 2H,
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C-1CH,, CH,CHCOOCH, CH,CH,CHCOOCH, t-Bu); 3C NMR
(CDCl;, 100 MHz)d 173.4 COOCH), 157.1 (NCO), 156.6 (NCO),
85.0 (C-5), 79.3 (C-1), 79.0 (C-2), 78.6 (C-5), 75.6(PhO), 74.6
(PhCH,0), 73.8 (C-4), 73.7 (RBH.0), 72.6 (PItH,0), 69.8 (C-
6), 66.9 (NCO@H)), 54.5 CHCOOCH), 52.3 (OCH), 41.5 CHo-
NHBoc), 37.7 CHCH,NHBoc), 34.0 (C-CH,), 30.4 CHy-
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CHCOOCH), 29.3 CH,CH,CHCOOCH); HR-MS (FAB) calcd

for CssHegN2NaOy; 953.4564 [M+ Na]t, found 953.4550.
(2S,59)-5-(tert-Butoxycarbonylaminomethyl)-2-(9H-fluoren-

9-ylmethoxycarbonylamino)-6-{3-p-galactopyranosyl)hexano-

ic Acid (1). Aqueous LiOH (71uL, 71 umol, 1.0 M) was added to

a solution of16 (63 mg, 68umol) in THF (2 mL). After 15 min of

stirring, the mixture was extracted with GEl,, the organic phase

was washed with HCI (0.2 M, aq), dried over 488, filtered,

and concentrated. The residue was dissolved in AcOH (10 mL),

and Pd-C (60 mg, 5%) was added. The suspension was aggitated

under an atmosphere o%K75 psi) for 16 h and filtered through a

pad of Celite, and the solvent was evaporated. The solid residue

was dissolved in a 1:1 mixture of MaO; (10% aq) and MeCN (3
mL in total), Fmoc-succinimide (25 mg, #4mol) was added, and
enough HO (ca 0.5 mL) was then added until a clear solution was
obtained. After being stirred for 16 h, the solution was acidified
with AcOH (1 mL), and the solvents were evaporated. Purification
of the residue on reversed-phase HPLG@HMeCN (+0.2% TFA)
gradient 100:0— 0:100 during 60 min) afforded (24 mg, 56%)
as a white solid: ¢]p = 3.5 (€ 0.2, MeOH);'H NMR (MeOH-d,,
400 MHz) 6 7.79 (d, 2H,J = 7.5 Hz, Fmoc-arom.), 7.747.60
(m, 2H, Fmoc-arom), 7.38 (t, 2H,= 7.5 Hz, Fmoc-arom.), 7.31
(t, 2H,J = 7.5 Hz, Fmoc-arom), 4.414.29 (m, 2H, NHCOOG,),
4.22 (t, 1H,J = 7.0 Hz, Fmoc-G®), 4.10-4.00 (m, 1H,
CHCOOCH;), 3.87-3.81 (m, 1H, H-4), 3.72 (dd, 1H] = 11.2,
7.0 Hz, H-6), 3.64 (dd, 1H] = 11.2, 4.9 Hz, H-6), 3.463.32 (m,
3H, H-2, H-3, H-5), 3.14 (t, 1HJ = 9.5 Hz, H-1), 3.06 (d, 2H)

= 3.9 Hz, BocNH@®,), 1.96-1.89 (m, 1H, C-1CH), 1.84-1.67
(m, 3H, H,CHCOOCH, CH,CH,CHCOOCH, BocNHCH,CH),
1.50-1.35 (m, 12H, C-1@,, CH,CH,CHCOOCH, CH.CH-
COOCH,;, t-Bu); 13C NMR (MeOH-d,, 100 MHz)6 173.1 (COOH),
159.9 (NCO), 159.7 (NCO), 81.2 (C-2), 81.0 (C-5), 77.5 (C-3),
74.4 (FmocEH,), 72.0 (C-4), 69.0 (FmoGH), 64.0 (C-6), 49.5
(CHCOCQH), 46.6 (BocNKH,), 37.8 (BocNHCHCH), 36.3 CH>-
CHCOOH), 31.2 (C-CHy,), 29.9 ¢-Bu), 26.3 CH,CH,CHCOOH);
HR-MS (FAB) calcd for GsHaNNaO;1 689.2662 [M+ 2Na —
H]*, found 689.2664.

Glycyl-L-isoleucyl+ -alanylglycyl-L-phenylalanyl-(5S)-(f-p-
galactopyranosylmethyl)+ -lysylglycyl-L-glutam-1-yl-L-glutamin-
glycyl-L-prolyl- L-lysylglycyl-L-glutam-1-y-L-threonine (18).Resi-
dues Gly265-Glu272 were coupled on Tentagel-S-TRT-Thr-Fmoc
resin essentially as descibed elsewhén*-Fmoc amino acids with
standard side chain protecting groups were used (4 equiv).
Couplings were accomplished wit(benzotriazol-1-y)N,N,N’, N'-
tetramethyluronium hexafluorophosphate (HBTU, 4 equiv) and
diisopropylethylamine (DIPEA, 8 equiv) in DMF. Building block
1 was coupled usin@-(benzotriazol-1-y)N,N,N',N'-tetramethyl-
uronium hexafluorophosphate (HBTU, 1.2 equiv), HOBt (1.2
equiv), and DIPEA (2.4 equiv) as coupling reagents. Residues

Gly259-Phe263 were coupled as their pentafluorophenyl esters by

mixing the amino acid, DIC (3 equiv), and pentafluorophenol (5
equiv) in DMF for 2 h%¢ Fmoc-deblocking was achieved by treating
the resin with 20% piperidine in DMF for 10 min. Cleavage of the
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TABLE 2. ™ NMR Chemical Shifts for C-Linked Glycopeptide
18 in Water Containing 10% D,0O?

residue HN Fdx Hp Hy other

Gly®® b b

lle260  8.45 4.17 1.82 0.88 (C 0.81 (OCHy)

1.15;1.42

Ala?l 848 4.29 1.34

Gly?62 8,29 3.86

Phe® 8.04 4.57 3.04 7.24 (B); 7.33 (H)
7.31 (H)

Hyl264 836 4.2 1.65;1.78 1.36 1.7 ¢ 1.3
2.98 (H)

Gly?65 7.83 3.86

Glu®6 819 4.38 2.1;1.93 243

GIn27 847 4.35 2.08;1.95 2.33

Gly?8  8.26 4.1;3.97

Prg?6° 4.38 2.27;1.98 1.89 3.59 B

Lys?™® 8.44 4.26 1.8;1.66 1.42 1.8 (Mt 2.96 (H)

Gly?’t 8.34 3.91

Glu?2 8,18 4.44 2.1;1.93 244

Thr2’3  8.19 4.46 4.33 1.16

aSpectra were recorded at 500 MHz, 298°K\-terminal (GIy*>9) not
assigned due to spectral overl&CH,-bridge to C-galactosé.Chemical
shifts for the galactose moietyd = 3.92 (H-4), 3.69 and 3.58 (H-5, H-6,
H-6), 3.56 (H-3), 3.36 (H-2), 3.23 (H-1).

peptide from the resin with trifluoroacetic acid/water/thioanisole/
ethanedithiol (35:2:2:1)/ and subsequent workup was performed
essentially as described elsewhé&réfter cleavage from the solid
phase, purification by reversed-phase HPLC{A00% MeCN in
H,0, with 0.1% TFA in both eluents, during 60 min) followed by
lyophilization gave peptidd8 as a white amorphous solid (6 mg,
7%); 'H NMR (H,O/D,0, 500 MHz) see Table 2; MS (MALDITOF)
calcd 1651.8 (M+ H™), found 1651.8.
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