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No-tert-Butoxycarbonyl-L-trans-4-hydroxyproline allyl ester (Boc-Hyp-OAll) was glycosylated with 2,3,5-tri-O-benzyl-L-arabinose p-cresylthiogly-
coside in 60% yield with 4:1 §:a stereoselectivity. Deprotection of N- and C-terminii independently gave a prolyl amine and prolyl carboxylate
respectively that were coupled under standard conditions with 1-[bis-(dimethylamino)methylene]-1H-1,2,3-triazolo-[4,5,b]-pyridininium hexafluo-
rophosphate 3-oxide (N-HATU) to give the dimer 1 in 46% yield. These results represent the first steps toward the production of homogeneous

oligomers to determine the minimal epitope of the Art v 1 allergen.

The pollen of mugwort (Artemisa vulgaris) is a significant
contributor to hay fever in Europe and North America.
Altmann and co-workers have proposed a model for the
structure of the major allergen, Art v 1 (Figure 1). Detailed
degradation studies, in conjunction with molecular modeling'
and characterization by NMR and mass spectrometry,?
revealed two novel O-glycosides linked via trans-4-hydroxy-
proline (Hyp). One of these motifs, characterized by clusters
of contiguous S-L-arabinofuranosides of Hyp, was found to
be a key recognition element for antibodies generated in
response to the natural protein. The identification of the
minimal epitope and more detailed characterization requires
access to homogeneous glycopeptide fragments. Exceedingly
small quantities of Art v 1 glycoprotein can be isolated from
pollen. Alkaline hydrolysis of the protein leads to complex
mixtures of compounds containing the (-Araf~Hyp motif.
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Figure 1. Model for the Art v 1 glycoprotein. Monosaccharide units
are represented by: -D-Gal (yellow circle), a-L-Ara (turquoise star),

p-L-Ara (pink star). Copyright The American Society for Biochem-
istry and Molecular Biology, 2005.

The heterogeneous nature of this digest renders the isolation
of even miniscule amounts of pure amino acids and oli-
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gopeptides an unrealistic goal. The key to accessing useful
amounts of high-purity oligomers is via chemical synthesis.

The repetitive 5-Araf~-Hyp motif of Art v 1 is unprec-
edented and poses a challenge to synthesis for several
reasons. First, it is difficult to control the stereoselectivity
of glycosylation with an arabinofuranosyl donor.®> The
anomeric effect is weak due to multiple low energy
conformations for furanoses and neighboring group partici-
pation favors an o (1,2-trans) arabinoside. Second, the
hydroxy group of Hyp is a poor nucleophile, in part because
of its axial orientation in the preferred Cy-exo conformation
of the pyrrolidine ring, and glycosylation rarely proceeds in
good yield.* Moreover, the best precedents for the assembly
of such a glycoclustered peptide lie in the synthesis of the
mucins, wherein glycosylated threonine residues have been
coupled.” The amalgamation of two glycosylated prolines
is inherently more difficult since the prolyl amine is
secondary and cyclic.

Fortunately, significant progress has been made in recent
years vis-a-vis the synthesis of f-arabinosides. Ito’s group
has used intramolecular aglycone delivery (IAD) to good
effect® and Lowary has employed 2,3-anhydro sugars.” We
quickly focused our attention on the independent reports of
conformationally restricted glycosyl donors from the Boons®
and Crich’ groups (Scheme 1). The 3,5-O-di-tert-butylsilyl

Scheme 1. Conformationally—Restricted Glycosyl Donor
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acetal protecting group locks the arabinofuranosyl ring in a
conformation'® that favors nucleophilic attack from the
pB-face (Scheme 1). A number of subsequent oligosaccharide
syntheses have utilized such donors, reporting excellent
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stereoselectivity in some instances'' and modest results in

other cases.'? To-date glycosyl acceptors have been pre-
dominantly primary and secondary alcohols of monosaccha-
rides. Differences in the stereoselectivity of D- and L-donors
has been explored by Zhu.'?

Thioglycoside and sulfoxide glycosyl donors were pre-
pared according to Scheme 2. We chose to work with the

Scheme 2. Synthesis of Glycosyl Donors
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thiocresyl glycoside, as employed by Crich.” We obtained
mediocre yields of the silyl acetal 4 and experienced
considerable difficulty forming the benzyl ether at C2
according to the originally reported, standard conditions
(NaH, BnBr, DMF). We found that the nonbasic conditions
reported more recently by Zhu’s group'® gave more repro-
ducible results. Oxidation of the thioglycoside gave the
sulfoxide 6 as a mixture of diastereomers. We prepared this
additional glycosyl donor, since Crich had shown that better
B-selectivity was obtained via the sulfoxide method.’

Glycosylation of Boc-Hyp-OAll (7) with thioglycoside 5§
and sulfoxide 6 gave complex mixtures of products (Scheme
3). Isolation of pure 88, for characterization, required HPLC
purification. Evidence for the stereochemistry of the glyco-
sidic linkage was afforded by the coupling constant (J =
5.2 Hz) for H1 of the arabinose unit. The plethora of other
products made it difficult to determine yields and o/f3 ratios.
The outcome of the reaction was unsatisfactory in both
regards.

Our hypothesis was that the poor results of the glycosy-
lation reactions were due to the instability of the silyl acetal
to the reaction conditions. To test this theory, we prepared
perbenzylated thioglycoside 9 and the corresponding sul-

(11) (a) Rao, Y.; Buskas, T.; Albert, A.; O’Neill, M. A.; Hahn, M. G.;
Boons, G.-J. sississisi 2008, 9, 381-388. (b) Joe, M.; Bai, Y.; Nacario,
R. C.; Lowary, T. L. i . 2007, /29, 9885-9901.

(12) (a) Sanki, A. K.; Boucau, J.; Ronning, D. R.; Sucheck, S. J.

. 2009, 26, 589 596. (b) Ak1h1r0 L; Ito, Y. _

M 2009, 21, 266-289.
(13) Wang, Y.; Maguire-Boyle, S.; Dere, R. T.; Zhu, X. (aeibekidis
Res. 2008, 343, 3100-3106.
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Scheme 3. Glycosylation with Donor §
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foxide 10 (Scheme 4). Lowary had previously obtained
reasonable f-selectivity with enr-9.'*

Scheme 4. Preparation of Perbenzylated Donors
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To our delight, reaction of thioglycoside 9'? with
hydroxyproline acceptor 7, under standard conditions, gave
a reasonable yield of glycoside 11 (Scheme 5) with a

Scheme 5. Formation of Glycoside 11f
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typical S/a ratio of 4:1. The product mixtures were less
complex and the yields significantly improved relative to
Scheme 3. Moreover, pure (-glycoside 11§ could be
obtained by flash chromatography on gram-scale. There
are further advantages to this route. The glycosyl donor
9 is available in two steps from 3 in 84% yield (compared
to three steps in only 37% yield for donor 5). The

(14) Yin, H.; D’Souza, F. W.; Lowary, T. L. jaitustsles 2002, 67,
892-903.
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glycoside 11 is more robust than 8 and, downstream, a
single hydrogenolytic step will be required to remove all
carbohydrate protecting groups. The use of the sulfoxide
donor 10 gave similar yields and superior j-selectivity
(25:1), as judged by integration of the anomeric proton
signals in the 'H NMR spectrum. Unfortunately, the
chromatography to separate pure f-glycoside from as-
sorted byproducts was more tedious. This practical
consideration, in combination with the extra step to
produce the sulfoxide donor 10, led us to favor the
thioglycoside donor 9 for large-scale preparations of 11f.

With a practical synthesis of monomer 11f in hand, the
next objective became formation of the dimer (Scheme 6).

Scheme 6. Dimerization of Glycoside 11/
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Selective cleavage of the Boc-group afforded secondary
amine 12. Flash chromatography of amine 12, prior to the
coupling reaction, was beneficial. Deallylation with Pd(PPh;),
in the presence of morpholine generated the acid 13, but we
were unable to remove traces of the catalyst.

We investigated a number of peptide coupling reagents,
renowned for their effectiveness in hindered couplings,'?
including HATU,'® bromo-tris-pyrrolidino-phosphonium
hexafluorophosphate (PyBroP)'” and tetramethylfluoroform-
amidinium hexafluorophosphate (TFFH).'® Our best results
to-date are given in Scheme 6. The doubly glycosylated
dipeptide exists as four conformations, presumably varying
about the two central peptide bonds, in approximately equal

(15) (a) Humphrey, J. M.; Chamberlin, A. R. ahgienlgy 1997, 97,
2243-2266. (b) Han, S.-Y.; Kim, Y .-A. ssiiskssias 2004, 60, 2447-2467.

(16) Carpino, L. A.; Imazumi, H.; El-Faham, A.; Ferrer, F. J.; Zhang,
C.; Lee, Y.; Foxman, B. M.; Henklein, P.; Hanay, C.; Miigge, C.; Wenschuh,
J. K.; Beyermann, M.; Bienert, M. | NN 2002, 4/, 442-
445.

(17) (a) Coste, J.; Frérot, E.; Jouin, P. junitusisla 1994, 59, 2439.
(b) Walker, M. A.; Heathcock, C. H. jouitusefalig. 1992, 57, 5566.

(18) Carpino, L. A; El-Faham, A. jnuiimmmiiam. 1995, //7, 5401-
5402.
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amounts. Further efforts to improve the efficiency of dimer
formation, the assembly of larger oligomers, and conforma-
tional studies are underway.
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SUPPORTING INFORMATION

Experimental procedures for the preparation of compounds and their 'H and '*C NMR spectra. Compounds are
listed in the order that they appear in the manuscript, with page references:
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General Experimental Methods:
All reactions were performed under a dry nitrogen atmosphere unless otherwise noted. Reagents were
obtained from commercial sources and used directly, with the following exceptions. Pyridine, 2,6-lutidine,
morpholine and diisopropylethylamine were dried and distilled from CaH; and stored over KOH pellets.
Methanol was distilled from magnesium turnings and stored over 3 A molecular sieves. Powdered 4 A
molecular sieves were flame-dried immediately prior to use.
Reactions were followed by TLC on pre-coated silica plates (200 um, F-254). Flash chromatography was
performed using flash silica gel (32-63 pn). The compounds were visualized by UV fluorescence or by
staining with a 10% solution of sulfuric acid in ethanol or an acidic, ethanolic solution of ninhydrin.
NMR spectra were recorded at either 400 or 700 MHz. Proton NMR data is reported in ppm downfield
from TMS as an internal standard. High resolution mass spectra were recorded using either time-of-flight
MS, or LC-ion trap MS with electrospray ionization. Optical rotations were recorded under the specified

conditions.

Peracetylated-a-L-Arabinofuranoside

CHO
H OH HO— . 0 AcO— . -0 AcOH  pg—7.. 0O
Ho——H  _AcC J/\)MOMe Ac20 L)MOMe H2S04 L}—om
HO H MeOH HO B Pyridine AcO B Ac,0 AcO B
CH,0OH OH OAc OAc

L-Arabinose (5.0 g, 33.3 mmol, 1 equiv.) was dissolved in methanol (100 mL) and treated with a solution
of acetyl chloride (2.5 mL) in methanol (30 mL) at rt under N,. The mixture was stirred for 3 h, during
which time the solid completely dissolved. The reaction was quenched dropwise with pyridine. The
solvent was evaporated, followed by azeotroping with CH,CI; to give the methyl arabinoside as a mixture
of anomers. The crude product was dissolved in pyridine (40 mL) and cooled to 0 °C, after which acetic
anhydride (20 mL) was added and the reaction was stirred overnight at rt. The solvent was evaporated
and the mixture was diluted with CH,Cl, (250 mL), washed with water (250 mL), 1 M HCI (250 mL), sat.
NaHCO; (250 mL), and brine (250 mL). The organic phase was filtered through MgSO, and concentrated
to give the triacetate. The crude product was dissolved in acetic anhydride (80 mL) and cooled to 0 °C.

Acetic acid (20 mL) was added dropwise. After 15 min, sulfuric acid (5 mL) was added dropwise. The



S3
S3

mixture was warmed to rt while stirring for approximately 2 h. The solution was poured over a mixture of
ice (50 g), CH,Cl, (250 mL) and sat'd ag. NaHCO3; (200 mL). The organic layer was separated and
washed again with several volumes of sat'd ag. NaHCOs, filtered through MgSQO,, and concentrated to

give the crude peracylated furanoside as a light oil (9.071 g, 85%; 3 steps).

p-Cresyl 2,3,5-O-acetyl-1-thio-o-L-arabinofuranoside (3)*

AcO~*. -0 HS@ AcO—". 0
L)*OAC s
, BF5OEt,

< _— AcO

OAc C HZC |2 OAc
0°C 3

A solution of peracetylated arabinofuranoside (4.47 g, 14 mmol, 1.0 equiv.) and p-thiocresol (2.64 g, 21
mmol, 1.5 equiv.) in dry CH.CI, (60 mL) was cooled to 0 °C under N,. Boron ftrifluoride diethyl etherate
(1.0 mL, 1.17 g, 8.1 mmol, 0.5 equiv.) was added dropwise and the mixture stirred for 5 h under N, at 0
°C. The reaction was quenched with EtsN (4 mL) and concentrated. The mixture was diluted with EtOAc
(150 mL) and washed with H,O (150 mL) and brine (150 mL). The organic layer was filtered through
MgSO, and concentrated. The residue was purified by flash chromatography eluting with 4:1 Hex/EtOAc
to give 3 as a light colored oil (3.54 g, 66 %). R;0.25 (3:1 Hexanes/EtOAc). [a]p®° -170.2 (¢ 1, CH,Cl,). 'H
NMR (400 MHz, CDCl3) 8 2.10 (s, 3H), 2.11 (s 3H), 2.13 (s, 3H), 2.34 (s, 3H), 4.28 (dd, J = 12.1, 5.5 Hz,
1H), 4.39 (dd, J = 12.1, 3.6 Hz, 1H), 4.48 (app. q, J = 4.7 Hz, 1H), 5.07 (d, J = 5.5 Hz, 1H), 5.27 (s, 1H),
5.47 (s, 1H), 7.13 (d, J = 7.8 Hz, 2H), 7.40 (d, J = 7.8 Hz, 2H); "*C NMR (100 MHz, CDCl;) 5 20.7 (3C),
211, 62.8, 77.2, 79.9, 81.4, 91.2, 129.6, 129.8, 132.7, 138.1, 169.6, 170, 170.5. HRMS (ESI) calcd for
CgH2107SNa (M+Na)": 405.0978; obsd: 405.0985.

*The synthesis of ent-3 has been previously reported by Crich and co-workers, however, without

purification and characterization of this intermediate.
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p-Cresyl 3,5-0O-(Di-tert-butylsilylene)-1-thio-a-L-arabinofuranoside (4)

AcO—" -0 1)NaOMe -, g (tert-butyl)Si(OTf), >k 0~ 0
L}—-SCr _MeOH, L}—SCr . 5 scr

Ac0” ) IR120H*  HOT Y 2 B-lutidine %\o

, Ohe Resi OH CH.ClL/DMF , oH

Thioglycoside triacetate (3) (694 mg, 1.8 mmol) was dissolved in MeOH (15 mL). Sodium methoxide
(200 pL, 25% in MeOH) was added and stirred under N, overnight. Amberlite® IR-120 acid resin was
added portionwise while stirring until solution was neutralized, after which it was filtered and rinsed with
MeOH, and concentrated. A portion of the crude triol (363 mg, 1.4 mmol, 1.0 equiv.) was suspended in a
mixture of dry CH,Cl, (13 mL) and DMF (2.5 mL) and cooled to 0 °C under N,. 2,6-Lutidine (762 uL, 705
mg, 6.6 mmol, 4.7 equiv.) and di-tert-butylsilyl bis-(trifluoromethanesulfonate) (545 uL, 741 mg, 1.7 mmol,
1.2 equiv.) were then added sequentially. The mixture was stirred overnight under N; at rt. The mixture
was concentrated and the residue diluted with EtOAc (30 mL) and washed with H,O (30 mL) and brine
(30 mL). The organic layer was filtered through MgSQO, and concentrated. The residue was purified by
flash chromatography eluting with 15:1 Hex/EtOAc to give 4 as an amorphous colorless solid (297 mg,
54%, 2 steps). Ry 0.49 (3:1 Hexanes/EtOAc). [a]o®° -181.0 (¢ 1, CH,Cl,). 'H NMR (400 MHz, CDCl3) §
1.00 (s, 9H), 1.08 (s, 9H), 2.33 (s, 3H), 3.58 (d, J = 4.2 Hz, 1H), 3.87-3.98 (m, 2H), 4.02 (app. t, J = 8.3
Hz, 1H), 4.14 (app. q, J ~ 5 Hz, 1H), 4.35 (dd, J = 8.3, 4.2 Hz, 1H), 5.27 (d, J = 5.9 Hz, 1H), 7.12 (d, J =
7.8 Hz, 2H), 7.42 (d, J = 7.9 Hz, 2H); °C NMR (100 MHz, CDCl;) § 20.1, 21.1, 22.7, 27.1, 27.5, 67.4,
73.7, 80.6, 77.4, 91.5, 129.8, 130.3, 132.3, 137.9. HRMS (ESI) calcd for CyH330,SSi (M+H)": 397.1863;
obsd: 397.1856.

p-Cresyl 2-0O-Benzyl-3,5-0O-(di-tert-butylsilylene)-1-thio-a-L-arabinofuranoside (5)

o 0 BnBr Sl 0
Si SCr Ag;0 Si SCr
o7 Y S o7
CH,C
g Of 2Ch 5 0Bn

Compound 4 (400 mg, 1.1 mmol, 1 equiv.) was dissolved in dry CH,Cl, (11 mL) and stirred under N,.
Benzyl bromide (240 pL, 345 mg, 2.0 mmol, 2 equiv.) was added, followed by Ag,O (714 mg, 3.1 mmol, 3
equiv.). The mixture was stirred for 3 d, filtered through an inch of silica and washed with CHClI,, and
concentrated. The residue was purified by flash chromatography eluting with 120:1 Hex/Ether - 60:1

Hex/EtOAc to give 5 as a colorless solid (336 mg, 64%). R;0.62 (3:1 Hexanes/EtOAc). [0]o> -129.93 (c1,
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CH,Cl,). 'H NMR (400 MHz, CDCly) & 0.97 (s, 9H), 1.06 (s, 9H), 2.28 (s, 3H), 3.84-3.98 (m, 3H), 4.12
(app. t, J = 8.4 Hz, 1H), 4.31 (dd, J = 8.2, 4.1 Hz, 1H), 4.72 (d, J = 12.0 Hz, 1H), 4.81 (d, J = 12.0 Hz, 1H),
5.34 (d, J = 5.2 Hz, 1H), 7.05 (d, J = 7.9 Hz, 2H), 7.26-7.40 (m, 7H); "°C NMR (100 MHz, CDCl5) & 20.2,
21.2,22.7,27.2,27.6, 67.4, 72.2, 73.8, 81.4, 86.8, 90.3, 127.9, 128.1, 128.5, 129.8, 130.6, 132.3, 137.71,

137.74. HRMS (ESI) calcd for Cp7H300,SSi (M+H)™: 487.2333; obsd: 487.2324.

p-Cresyl 2-0O-Benzyl-3,5-0O-(di-tert-butylsilylene)-1-thio-a-L-arabinofuranoside S-Oxide (6)

>K QT >K o
m-CPBA SCr

S|\ [ — S|\
0" CH,Cly

5 0Bn 6 oBn
A solution of 3-chloroperoxybenzoic acid (63.5 mg, 77 wt %, 0.28 mmol, ~1.2 equiv.) in dry CH,Cl, (1 mL)
was added dropwise to a solution of compound 5 (116 mg, 0.24 mmol, 1 equiv.) in dry CH,Cl;, (4 mL) at -
80 °C under Argon and stirred. The reaction mixture was gradually warmed to rt over 2 h. The solution
was diluted with CH,CI, (30 mL), washed with sat'd aq. NaHCO; (30 mL), filtered through MgSQO,, and
concentrated. The residue was purified by column chromatography, eluting with 10:1 Hex/EtOAc to
afford 6 as a colorless gel (68 mg, 57%) and a mixture of diastereomers. Diastereomer 6A: R;0.42 (3:1
Hexanes/EtOAc). [a]o>> 101.4 (¢ 1, CH,Cly). "H NMR (400 MHz, CDCls) 6 1.00 (s, 9H), 1.05 (s, 9H), 2.40
(s, 3H), 3.89 (app. t, J = ~10 Hz, 1H), 3.99-4.05 (td, J = 10, 5.0 Hz, 1H), 4.22 (dd, J = ~10, 7.2 Hz, 1H),
4.30 (d, J = 11.4 Hz, 1H), 4.35 (dd, J = 9.0, 5.0 Hz, 1H), 4.57-4.59 (m, 1H), 4.58 (d, J = 11.4 Hz, 1H), 4.65
(d, J = 5.1 Hz, 1H), 6.98 (app. t, J = 3.6 Hz, 2H), 7.25-7.27 (m, 3H), 7.30 (d, J = 8.0 Hz, 2H), 7.47 (d, J =
8.0 Hz, 2H); ®C NMR (100 MHz, CDCls) § 20.2, 21.4, 22.6, 27.1, 27.4, 67.4, 72.0, 77.0, 78.5, 82.0, 99.3,
124.4, 127.7, 127.9, 128.2, 129.9, 136.2, 137.3, 141.7. HRMS (ESI) calcd for CyH305SSi (M+H)™:
503.2282; obsd: 503.2298. Diastereomer 6B: R;0.33 (3:1 Hexanes/EtOAc). [o]o™> -178.6 (c 1.35, CHCl;).
'H NMR (400 MHz, CDCl3) 6 0.95 (s, 9H), 1.05 (s, 9H), 2.40 (s, 3H), 3.78-3.84 (m, 1H), 3.86 (app. t = ~9.4
Hz, 1H), 4.20 (app. t, J = 8.2 Hz, 1H), 4.30 (dd, J = 8.6, 4.5 Hz, 1H), 4.35 (app. t, J = 6.4 Hz, 1H), 4.58 (d,
J=11.7 Hz, 1H), 4.63 (d, J = 5.6 Hz, 1H), 4.76 (d, J = 11.7 Hz, 1H), 7.23-7.36 (app. m, 7H), 7.52 (d, J =
8.1 Hz, 2H); "°C NMR (100 MHz, CDCl3) & 20.0, 21.5, 22.6, 27.0, 27.4, 67.3, 72.3, 76.9, 81.1, 81.5, 98.2,
125.6, 128.0, 128.1, 128.4, 129.9, 136.4, 137.3, 142.3. HRMS (ESI) calcd for CyH305SSi (M+H)™:

503.2282; obsd: 503.2294.
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N-tert-butoxycarbonyl-trans-4-hydroxy-L-proline allyl ester (7)

HO,, 1) Cs2C0s  HO,
[>—COOH MeOH D—-COOAII
N 2) AllBr N
Boc DMF Boc

7

To a suspension of Boc-Hyp-OH (1.77 g, 7.7 mmol, 1.0 equiv.) in dry MeOH (16 mL) was added cesium
carbonate (1.37 g, 4.2 mmol, 0.55 equiv.). The mixture was stirred under N, for 1.5 h during which time
the reaction mixture became a homogeneous solution. The solvent was evaporated, and the residue
dissolved in dry DMF (10 mL) and treated immediately with allyl bromide (0.86 mL, 1.2 g, 9.9 mmol, 1.3
equiv.). The mixture was stirred overnight at RT under N,. The mixture was diluted with EtOAc (150 mL)
and washed with H,O (150 mL) and brine (150 mL). The organic layer was filtered through MgSO, and
concentrated. The residue was purified by flash column chromatography, eluting with 2:1 EtOAc/Hex to
give the title compound as a light oil (1.86 g, 89%). Ry 0.34 (2:1 EtOAc/Hex). [01]D25 -65.0 (c 1.0, CH.Cly).
'H NMR (400 MHz, CDCl3) & 1.40 (1.46)* (s, 9H), 2.03-2.10 (m, 1H), 2.25-2.35 (m, 1H), 2.96 (s, 1H),
3.44-3.65 (m, 2H), 4.40-4.48 (m, 2H), 4.56-4.71 (m, 2H), 5.25 (app. t, J = ~11.3 Hz, 1H), 5.35 (dt, J =
17.1, 3.8, 1.2 Hz, 1H), 5.87-5.95 (m, 1H); °C NMR (100 MHz, CDCl3) & 28.2 (28.3), 39.1 (38.3), 54.6,
58.0 (57.7), 65.6, 69.1 (69.8), 80.5 (80.2), 118.8 (118.3), 131.6 (131.8), 154.1 (154.6), 172.9 (172.6).
HRMS (ESI) calcd for Cq3H2sNOsNa (M+Na)*: 294.1312, obs’d: 294.1320.

* values in parentheses signifiy a second signal due to a minor rotamer

Na-tert-butyloxycarbonyl-trans-4-hydroxy-4-0-[2-O-Benzyl-3,5-O-(di-tert-butylsilylene)-L-

arabinofuranosyl]-L-proline Allyl Ester (88)

N —, @]
/()/Il" 0 Boc 7 ﬁ\ _/O (o Qi é/
s e — s I (g
N

%\o / NIS _A 07 \
0Bn AgOoTf OBn Boc

4 A molecular sieves
-60°C  CH,Cl,

A solution of compound 5 (219 mg, 0.45 mmol, 1.0 equiv.) and 7 (250 mg, 0.92 mmol, 2.0 equiv.) in dry

CH,Cl, (30 mL) was added to a flask containing activated 4 A crushed molecular sieves under N,. The
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suspension was stirred for ~20 min at RT, then cooled in a bath of ethylene glycol and dry ice. The
temperature lowered to -30 °C and NIS (173 mg, 0.68 mmol, 1.5 equiv.) was added, followed by a
solution of AgOTf (57 mg, 0.22 mmol, 0.5 equiv) in toluene (0.6 mL) as the temperature continued to drop
to -60 °C. The suspension was stirred for 1 h during which it was allowed to gradually warm to rt.
Solution continued to stir until room temperature was reached. After ~20 mins at rt, the reaction was
quenched with a few drops of Et;N, filtered, and concentrated. The residue was diluted with EtOAc (50
mL) and washed with sat'd ag. Na;S;0; (50 mL) and brine (50 mL), filtered through MgSO,4, and
concentrated. The residue was purified by column chromatography, eluting with 10:1 Hex/EtOAc to
afford crude 8B as a colorless oil (147 mg, 51%) as a mixture of anomers and rotamers. Crude 8B was
subjected to HPLC, eluting with 20% EtOAc, 80% hexanes at 13.0 mL min™ on an Econosil 10u silica
column (21 x 250 mm). Ry (88) = 23 min; p-anomer: R; 0.30 (3:1 Hexanes/EtOAc). [alo> +57.3 (¢ 1,
CH,Cl2), "H NMR (400 MHz, CDCl3) § 0.99 (s, 9H), 1.07 (s, 9H), 1.38 (1.45) (1 s, 9H), 2.08-2.15 (m, 1H),
2.35-2.42 (2.43-2.49)* (m, 1H), 3.58-3.69 (m, 3H), 3.86-3.91 (m, 2H), 4.26-4.32 (m, 3H), 4.36-4.44 (m,
1H), 4.56-4.73 (m, 3H), 4.79 (d, J = 12.2 Hz, 1H), 4.97 (4.93) (d, J = ~5.3 Hz, 1H), 5.24 (app. t, J = 11.6
Hz, 1H), 5.32 (ddd, J = 17.2, 5.9, 1.3 Hz, 1H), 5.85-5.96 (m, 1H), 7.29-7.40 (m, 5H); °C NMR (100 MHz,
CDCl;) 8 20.1, 22.6, 27.1, 27.5, 28.2 (28.4)*, 37.6 (36.8), 51.1 (51.6), 58.1 (57.7), 65.5 (65.6), 68.4, 71.8
(71.9), 73.6 (73.4), 75.2, 78.4, 80.2 (80.1), 80.7, 99.2 (100.0), 118.7 (118.3), 127.7, 127.8, 127.9, 128.0,
128.4, 131.7 (131.9), 137.7, 153.7 (154.2), 172.7 (172.4). HRMS (ESI) calcd for CssHs:NOgSi (M+H)":
634.3406; obsd: 634.3408.

* values in parentheses signify a second signal due to a minor rotamer

p-Cresyl 2,3,5-0O-Benzyl-1-thio-a-L-arabinofuranoside (9)

1) NaOMe , BnBr

AcO— . -0 HO— .. -0 —, _0O
L)‘SCr MeOH /\/\>‘SCr NaH BnO L}_SW
AcO™ 2)IR-120 H* ~ HO™ = DMF Bno” %
. OAc Resin OH . OBn

Thioglycoside triacetate 4 (2.86 g, 7.5 mmol, 1.0 equiv.) was dissolved in MeOH (35 mL). Sodium
methoxide (0.5 mL, 25% in MeOH, 4.1 mmol, 0.55 equiv.) was added and stirred under N, overnight.

Amberlite® IR-120 acid resin was added in portions, stirring until the solution was neutralized. The resin
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was filtered, rinsed with MeOH, and the filtrate concentrated. The crude triol (1.91 g, 7.5 mmol, 1.0
equiv.) was dissolved in dry DMF (15 mL) and cooled to 0 °C under N,. Benzyl bromide (5.3 mL, 7.61 g,
44.5 mmol, 6.0 equiv.) and NaH (1.78 g, 60% dispersion, 44.5 mmol, 6.0 equiv.) were added sequentially.
The reaction mixture was allowed to warm to RT while it stirred under N, for 3 h. The reaction was
quenched with sat’d ag. NaHCO3; (150 mL) and extracted with CH,CI, (150 mL). The organic layer was
washed with H,O (150 mL) and brine (150 mL), filtered through MgSQO,, and concentrated. The residue
was purified by flash chromatography eluting with 20:1 > 10:1 = 1:2 Hex/EtOAc to give 9 as a clear gel
(3.26 g, 84%; 2 steps). Ry 0.46 (3:1 Hexanes/EtOAc). [o]p>> -107.9 (¢ 1.0, CH,Cl,). 'H NMR (400 MHz,
CDCl3) § 2.32 (s, 3H), 3.63 (dd, J = 10.8, 4.7 Hz, 1H), 3.68 (dd, J = 10.8, 3.9 Hz, 1H), 4.03 (app. q, J =
3.3 Hz, 1H), 4.11 (t, J = 2.9 Hz, 1H), 4.36-4.38 (m, 1H), 4.48-4.65 (m, 6H), 5.53 (d, J = 2.0 Hz, 1H), 7.10
(d, J = 7.8 Hz, 2H), 7.26-7.35 (m, 15H), 7.41 (d, J = 7.8 Hz, 2H); "*C NMR (100 MHz, CDCls) 5 21.2, 69.1,
72.7, 72.3, 73.4, 80.5, 83.5, 88.4, 90.6, 127.6, 127.7, 127.8, 127.9, 127.9, 128.0, 128.3, 128.4, 128.5,
129.7, 131.0, 132.0, 137.4, 137.8, 138.2. HRMS (ESI) calcd for Cs3H3sNa0,S (M+Na)™: 549.2070; obsd:

549.2067.

p-Cresyl 2,3,5-0-Benzyl-1-thio-a-L-arabinofuranoside S-Oxide (10)

o m-CPBA o ©
BnO— " BnO— .
L)—-SCr &, L)——‘S‘E*Cr
BnO - R 0 BnO B
OBn 781 0°C oBn
9 10

A solution of 3-chloroperoxybenzoic acid (283 mg, 77 wt %, 1.3 mmol, 1.2 equiv.) in dry CH,ClI, (4 mL)
was added dropwise to a solution of compound 9 (555 mg, 1.1 mmol, 1.0 equiv.) in dry CH,CI, (16 mL) at
-78 °C under N; and stirred. The reaction mixture was gradually warmed to RT over 1.5 h. The solution
was diluted with CH,Cl, (70 mL), washed with sat'd ag. NaHCOg3 (70 mL), filtered through MgSQO,, and
concentrated. The residue was purified by column chromatography, eluting with 3:1 Hex/EtOAc to afford
10 as a colorless gel (429mg, 75%), essentially a single diastereomer. Major diastereomer: R; 0.19 (3:1
Hexanes/EtOAc). [o]p> +30.1 (¢ 1.0, CH,Cl,). 'H NMR (400 MHz, CDCl3) § 2.39 (s, 3H), 3.53 (dd, J =
10.6, 5.5 Hz, 1H), 3.60 (dd, J = 10.6, 4.8 Hz, 1H), 4.15 (dd, J = 5.5, 2.8 Hz, 1H), 4.37-4.51 (m, 6H), 4.59
(d, J=11.8 Hz, 1H), 4.63 (d, J = 1.8 Hz, 1H), 4.74 (app. t, J = ~2.4 Hz, 1H), 7.20-7.32 (m, 17H), 7.57 (d, J

= 8.1 Hz, 2H); *C NMR (100 MHz, CDCl3) § 21.5, 69.1, 71.9, 72.2, 73.3, 83.3, 83.9, 84.4, 102.0, 124.8,
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127.7,127.9, 128.0 (2 signals), 128.4 (2 signals), 128.5, 129.9, 137.3, 137.4, 137.9, 138.7, 141.8. HRMS

(ESI) caled for Ca3Ha505S (M+H)": 543.2160; obsd: 543.2206.

Na-tert-Butyloxycarbonyl-trans-4-hydroxy-4-0-[2,3,5-O-Benzyl-L-arabinofuranosyl]-L-proline Allyl

Ester (11)
0 NIS, AgOTf
B”O/“'Sirscr . HO-,,O)\Ov 4Amolecular sieves i J/\)”” O)\
N, CH,CI BnO
Bno”  “0Bn Boc 78100 °C
9 7 11p

A solution of compound 9 (1.17 g, 2.2 mmol, 1.0 equiv.) and 7 (0.688 g, 2.5 mmol, 1.1 equiv.) in dry
CH,Cl, (40 mL) was stirred with activated 4 A molecular sieves (3.5 g) under N, for ~30 min at RT. The
suspension was cooled to -78 °C (acetone/dry ice) and then NIS (0.747 g, 3.2 mmol, 1.5 equiv.) and
AgOTf (0.285 g, 0.55 mmol, 0.5 equiv.) were added. The reaction was allowed to gradually reach 0 °C
over 3 h, at which time it was quenched with EtsN (3 mL) and filtered. The filtrate was diluted with EtOAc
(150 mL) and washed with 10% aqueous Na,S;03 (2 x 200 mL) and brine (200 mL). The organic layer
was filtered through MgSO, and concentrated. The residue, determined to be a 4:1 B:a ratio by NMR,
was purified by column chromatography, eluting with 3:1 Hex/EtOAc to afford 118 (0.732 g, 50%, 2:1 ratio
of conformations) as an orange oil. R;0.56 (1:1 Hexanes/EtOAc). [alp>> +17.9 (c 1.0, CH,Cl,). '"H NMR
(400 MHz, CDCl3) & 1.37 (1.44)* (s, 9H), 1.96-2.07 (m, 1H), 2.27-2.37 (m, 1H), 3.44-3.67 (m, 4H), 4.03-
4.12 (m, 3H), 4.25-4.71 (m, 10H), 4.96 (4.92) (d, J = 3.2 Hz, 1H), 5.20-5.34 (m, 2H), 5.86-5.91 (m, 1H),
7.28-7.33 (m, 15H); "°C NMR (100 MHz, CDCl;) & 28.3 (28.4), 37.4 (36.5), 50.7 (51.4), 58.1 (57.8), 65.6
(65.7), 72.0, 72.4, 73.3, 75.5, 80.1, 80.3, 82.7, 83.8, 83.9, 99.0 (99.9), 118.8 (118.4), 127.6, 127.8, 127.9,
128.0, 128.1, 128.2, 128.3, 128.4, 128.5; 131.7 (131.9), 137.4, 137.9, 138.1, 153.7 (155.4), 172.7 (172.4).
HRMS (ESI) calcd for CagH4sNOg (M+H)": 674.3324, obs’'d: 674.3343.

* values in parentheses signifiy a second signal due to a minor rotamer
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Diglycopeptide (1)
Pd(PPh3)4 Bno~ V.
_ Morpholine " L} O)\ Boc (‘3 O\\\O/\/
CHCly HATU N ”‘\kN
Bno”~ )/\) O)L DIEA
(@)
CH,CI, 0]
%Bn TFA/CH2C\2 Bno~ J/\) O)L Ll BnO -
n 0
1p | C:‘H F Bno" 8o
HF BnO
12 o F " 1 BnO

Na-tert-Butyloxycarbonyl-trans-4-hydroxy-4-0-[2,3,5-O-Benzyl-B-L-arabinofuranosyl]-L-proline
(13). A solution of compound 11B (383 mg, 0.57 mmol, 1.0 equiv.) and Pd(PPh3), (66.0 mg, 0.05 mmol,
0.1 equiv.) in dry THF (10 mL) was treated with morpholine (345 yL, 347 mg, 4.0 mmol, 7.0 equiv.) and
stirred at RT under N, for 1 h. The solvent was evaporated and the residue dissolved in CH,Cl, (60 mL),
washed with 1M HCI (3 x 50 mL), filtered through MgSO,, and concentrated. The crude acid 13 (350 mg,
97%) was used in the next reaction without further purification.
trans-4-hydroxy-4-0-[2,3,5-O-Benzyl-B-L-arabinofuranosyl]-L-proline Allyl Ester (12). Compound
11B (144 mg, 0.21 mmol, 1.0 equiv.) was dissolved in dry CH,Cl, (2.5 mL) and stirred under N,. The
mixture was cooled to 0 °C and treated with TFA (1 mL) and thioanisole (25 pL, 27 mg, 0.21 mmol, 1.0
equiv.). The mixture was stirred at 0 °C for 30 min, warmed to RT over the next 2.5 h, and concentrated.
The residue was purified by flash column chromatography, starting with 2:1 EtOAc/Hex and flushing with
4:1 CH,CI,/MeOH to give 12 as a light brown oil (107 mg, 73%).

Compound 12 (53 mg, 0.08 mmol, 1.0 equiv.) and compound 13 (68 mg, 0.11 mmol, 1.4 equiv.) were
suspended in dry CH,CI, (3 mL). The mixture was cooled to 0 °C and DIEA (40 uL, 30 mg, 0.23 mmol,
3.0 equiv.) and HATU (35 mg, 0.10 mmol, 1.2 equiv.) were added successively. The reaction was
allowed to gradually warm to rt overnight while stirring under N,. The mixture was diluted with CH,ClI, to
25 mL total volume, washed with 1M HCI (2 x 20 mL), sat'd NaHCO3; (20 mL), and brine (20 mL). The
organic layer was filtered through MgSO, and concentrated. The residue was purified by flash column
chromatography, eluting with 1.5:1 Hex/EtOAc - 1.5:1 EtOAc/Hex to give 1 as a light oil (45 mg, 49%).
R:0.56 (2:1 EtOAc/Hex). [a]o>® +30.1 (¢ 1.0, CH.Cl,). "H NMR (400 MHz, CDCls) & 1.35 (1.30)* (s, 9H),
1.96-2.13 (m, 2H), 2.17-2.37 (m, 2H), 3.40-3.75 (m, 8H), 3.90-4.27 (m, 7H), 4.38-4.72 (m, 19H), 4.88
(5.08) (s {d, J = 4.0 Hz}, 1H), 4.99 (app. t, J = ~4.3 Hz, 1H), 5.20 (app. d, J = 10.4 Hz, 1H), 5.29 (app. d, J

= 16.9 Hz, 1H), 5.82-5.91 (m, 1H), 7.25-7.33 (m, 30H); "*C NMR (100 MHz, CDCl3) & t-Boc (28.4, 28.5)*,
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C-B (35.3, 35.5, 36.0, 36.6), C-d (50.3, 51.0, 51.6, 51.7), C-a (56.6, 56.8, 57.8, 58.0), CH,CH=CH, (65.7,
65.9), OCH,Ph (72.0-72.8, 73.4, 73.5), furanose C5 73.3, C-y (73.8, 74.3), (CH;);C- (75.5, 76.8),
furanose C2,3,4 (79.8-84.2), furanose C1 (98.5, 99.3, 98.9, 101.3), CH,CH=CH, (118.4, 118.7), aromatic
CH (127.7-128.6), CH,CH=CH, (131.8, 131.9), aromatic -C- (137.4-138.2), NCOOR (153.7, 154.2), COR
(171.4, 171.6, 171.4, 171.5); HRMS (ESI) calcd C;oHgN,OsNa for (M+Na)": 1211.5456; obsd:
1211.5412.

*signals in parentheses signify pairs of rotamers.
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