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Abstract: In an effort to develop a broadly applicable approach to the facile one-pot synthesis of
oligosaccharides, the reactivity of a numbempaiethylphenyl thioglycoside (STol) donors which are either

fully protected or have one hydroxyl group exposed has been quantitatively determined by HPLC. We have
characterized and quantified the influence on reactivity of the structural effects of different monosaccharide
cores and different protecting groups on each glycoside donor. In addition, we have established a correlation
between glycosyl donor reactivity and the chemical shift of the anomeric prottt K{R. Using the reactivity

data, we have created a database of thioglycosides as glycosyl donors and demonstrated its utility in the easy
and rapid one-pot assembly of various linear and branched oligosaccharide structures. In addition, we have
developed the first computer program, OptiMer, for use as a database search tool and guide for the selection
of building blocks for the one-pot assembly of a desired oligosaccharide or a library of individual
oligosaccharides.

Introduction -withdrawing character of the leaving group within a given class
of glycosyl donors (e.g., thioglycosides). As a result, even
though identical chemistry is performed at each glycosidic
coupling step, with proper planning a high degree of sequence
selectivity can be achieved between competing donors of the
same class, eliminating the need for protecting group manipula-
fion between coupling steps. The synthetic approach is designed
such that the choice of protecting groups on sugar compotiehts,

or the combination of protecting groups and anomeric substit-
uent>de will lead to a decrease in donor reactivity over the
course of the synthetic sequence. The most reactive donor is
used for the nonreducing end, and an unreactive donor is used
for the reducing end of the given oligosaccharide target.

Carbohydrates are ubiquitous in biological systems, involved
in such important functiodsas inflammatior?, immunological
responsé@d3a-¢ metastasid? and bacterial and viral infectiof®.
While the synthesis of peptides and oligonucleotides was
automated decades ago, there are no such general syntheti
procedures available for the construction of complex oligosac-
charides' The necessity for regio- and stereocontrol in glycoside
bond-forming processes often leads to laborious synthetic
transformations, tremendous protecting group manipulations, and
tedious intermediate isolations which complicate the overall
synthetic process and decrease synthetic efficiency.

To facilitate the rapid synthesis of oligosaccharides, a new . . )
chemoselective glycosylation strategy, the “one-pot sequential USINg these procedures, multiple coupling steps were suc-
glycosylation”, has recently been develofiethis approach is cessfully performed by many laboratories to generate various

based on the observation that a large disparity between thel€ngths of complex oligosaccharide$This methodology is, -
reactivities of different glycosyl donors can be achieved simply Nowever, not generally applicable because of the lack of precise

by varying the protecting groups and the electron-donating or réactivity values of useful glycosyl donors and acceplo@x_s.
particularly desirable goal in this research is to establish a

T On sabbatical leave from the Department of Chemistry, Technion, Haifa, generally applicable method that will allow the rapid synthesis
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Scheme 1. Strategy for One-Pot Synthesis of Linear and Branched Oligosacctarides
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can be used in the rapid assembly of complex oligosaccharidesfor the use of several different donor types in a cooperative
and may be further developed toward automation. fashion as part of an orthogonal coupling strat&gywe chose

As a first step toward this goal, we report here a general NIS-TfOH as the main promoter for this study. It is a
procedure for the quantitative measurement of relative reac- stoichiometric reagent and suitable for a variety of thioglyco-
tivities of various glycosyl donors and acceptors using HPLC. sides.
Employing this methodology, up to 50 different donor and Our approach to the quantification of glycosyl donor reac-
acceptor molecules, comprising six different monosaccharide tivities is based on earlier works by Sinkoand Fraser-Reid
skeletons and 11 commonly used protecting groups, have beeret al.16 which employ a competition reaction between two
evaluated. For each structure, a relative reactivity value (RRV) donors to determine the relative rates of reactivity between them.
is determined. With this relative reactivity database in hand, The overall competition reaction is thought to proceed as shown
we have developed a general computer program compatible within Scheme 2. Two glycosyl donos; and A, are forced to
Macintosh computers which can search the database to identifycompete in a reversible fashion for a common electropkitg,(
optimal combinations of glycosyl building blocks. This strategy forming activated intermediaté&s andB,. These intermediates
enables the automated design of a rapid, one-pot syntheticmay collapse to the corresponding transient oxocarbenium
protocol for the synthesis of linear and branched oligosaccha- cationsC; and C,, which then rapidly react with the acceptor

rides (Scheme 1). molecule to give the products. Assuming that the rate-determin-
) ) ing step is the steB — C, the overall reaction can be described
Results and Discussion by an apparent second-order rate constant,=rake,JE*][A].

General Strategy.As a first step to this investigation, the  T1his is related to the first-order rate equation (rat&[C]) by
following questions were examined: (1) what is the best choice the refation kops = K/K. Our measured rate constaris,s are
of leaving group at the anomeric center of glycosyl donor, (2) relatlve_second-order rate constants, not absolute quantities.
what promoter system will be most appropriate for the coupling Measuring the rates as relat|v¢=T valu_es allows us to escape rate
reaction, which is sufficiently general to handle a wide variety constant dependence on the identity of the activator. To the
of glycosyl donors and acceptors, and (3) what methodology €Xtent thatB — C remains the rate-determining step and the

should be used to rapidly and accurately assess the reactivities (8) For arecent review on the synthesis and application of thioglycosides,
of different alvcosvl donors? see: Garegg, P. Adv. Carbohydr. Chem. Biochert997, 52, 179.
glycosy : . (9) (a) Konradsson, P.; Udodong, U. E.; Fraser-ReidT&rahedron
Among the commonly used leaving groups, we chose Lett.199q 31, 4313. (b) Veeneman, G. H.; van Leuwen, S. H.; van Boom,
thioglycoside$as “universal building blocks” because they are J. H.Tetrahedron Lett199Q 31, 1331. (c) Lonn, HCarbohydr. Res1989

; i 135 105. (d) Garegg, P. Acc. Chem. Re4.992 92, 1167. (e) Fugedi, P;
stable under most reaction conditions frequently used for the Garegg, P. JCarbohydr. Res1986 149, C9. (f) Veeneman, G. H.. van

construction of building blocks. They can be activated by various goom, J. H.Tetrahedron Lett199Q 31, 275. (g) Burkart, M. D.: Zhang,
conditions such as NIS-TfORf*MeOTf ¢ DMTST ¢ IDCP Z.; Hung, IQ(;.-C.;”Wong, C.-HJ. Am. Chem. 30(.]199& 119, 11743.

g ictic hi 10) Pinkernell, U.; Karst, U.; Cammann, Knal. Chem1994 66, 2599.
Selectfluor?9 and other promoter%Th_e characteristic high UV 211; Kahne. D.: Walker. S.- Cheng. Y.. Van Engen. DAm. Chem.
absorbency of thg-methylphenylthio .(SToI) group (for ex-  54c.1993 115 1580.
ample, forp-methylphenyl mercaptahin MeOH ati = 256 (12) (@) Mukayama, T.; Murai, Y.; Shoda, Shem. Lett1981, 431. (b)
nm,e =5 x 10* M~1cm™?) facilitates the precise quantification Nicolaou, K. C.; Dolle, R. D.; Papahatjis, D. P.; Randall, JJLAm. Chem.

L .\ . . Soc 1984 106, 4189.
of the reactivities of glycosyl donors. In addition, thiogylcosides (13) (a) Sato, S.; Mori, M.; Ito, Y.: Ogawa, Tarbohydr. Res1986

with one hydroxy group as acceptor as well as donor are easily 155 C6. (b) Anderson, F. O.; Fugedi, P.; Garegg, P. J.; Nashed, M.
prepared, and thioglycosides are readily converted to other Tetrahedron Lett1986 27, 3919.

glycosyl donors commonly used in oligosaccharide synthesis, ggg Lo Y- Ogawa, 1. A %g(’)“égoﬁ%% 116 12073.

including sulfoxides}! fluorides?912 and halided3 Finally, (16) Fraser-Reid, B.: Wu, Z.; Udodong, U. E.; OttossonJHOrg. Chem.

accessible alternative glycosylation chemistries may later allow 199Q 55, 6068.
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Table 1. Relative Reactivity Values of Thioglycosides
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AcO Q BZO&/S-TOI BzO 8-Tol o HO STol Ao S-Tol pMBO S-Tol
AcO PhthN BzO AcO
ClAcO S-Tol O Bz0
S-Tol 8 (5.7) 16 (19.2) B20 OBn
. Ph gn0 OBn 38(7314) 4 (2797)
1(1.0) BnO ~OBn O
08 n&% 24 18D 31(254.3) LevD _OTBDPS
Ve . evi
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Zi - BzO Q O
B20 9(.9) 5 Q Ho%s-m moan P 45 (3531)
2(1.0) OBz o) 25 (142.9) BzO BnO ©Bn VO
HO 0 ClACO! S-Tol OBnL o]
OBz B20 $-Tol NS oo eQ _oTepps  Pn 32(268.6) 39.(780.0) &O:
BzO 0] BzO 18 (24.1)  BnO &_E‘\OL \\O BnO- S-Tol
BzO S-Tol BnO © S-Tol 0 LevO -OH BnO
BZ0 1064 Bz0 _OBz B20 Q g’:‘o 46 (7180)
AcO _OAc Q 26 (148.6) BzO S-Tol  PMBO S-Tol
Y ﬁ&/ " e . Bz0 P HO ~OTBDPS
OAc Ao\, -S-Tol 820 Y 0Bz Ph 33 (285.7) ‘Eﬂiosn s
ht 19 (28.9) Q ™~ Bnd OBn PMBO -Tol
AcO Q Ph B8z0 S-Tol n
AcO: S-Tol 11 (104) NHTroc O
PhthN o8B ﬁo 40 (1155) OBn
2 o 27 (162.9) HO STol BnO OBn
44D F)\Oo R S-Tol CIACO S-Tol 0Bn ClAcO BnQQen
C - 10l OBn
OAc PhthN OClAc B"O'§§ ;o Otev 34 (320.0) 5 i 47 (8417)
B TBDPS
AcO Q 12 (11.4) 20 G149 O3NS L LevO _OTBDPS o BnO _0oBn
ACO S-Tol B0 oH oA -~ S-Tol PMBO. S-Tol
AcO o ACQ«S ;o 280 8; > PMBO S-Tol BzO BrOA—=\-STo
527 BzO S-Tol  AcO S-Tol Ph . BzO 41 (1320)
OAC Bz0 NHTroc Yo 35 (340.1) Ph 48 (1.7x10%
ACQ%\OAC 13 (13.0) 21 (573) o Lo o Yo "\
o) OA Q 0
AN o~ L0 AcQ DA HO 0Bz ClacO S-Tol Q e}
S-Tol Q BnO PMBGC- S-Tol HO S-Tol
AOTD AcO S-Tol  BzO S-Tol 820 Hi S-Tol
.l ACO 820 29 (185.4) 820 N
@b 14 (14.3) ph. 22 (67.1) Bn oBn  Ph 36 (4829) 42 419 49 2.0x10%
BzO OBz B20 OBz \80 LevO _o Yo7 Y OB SO OBn
E o o~ OB o BnO Q B opn oB
B2O- S-Tol B2O. S-Tol CIACO S-Tol PMBO S-Tol BrO S-To! n
8n0O- S-To! N
BzO HO PhthN BzO Levo B8nO O S-Tol
767 15 (17.6) 23 (102.0) 30 (208.6) 37 (577.1) 43 (2656) 50 (7.2x10%)

2 This table was constructed on the basis of the manner shown in Chart 1. The relative reactivity value (RRV) of the most unreactive compound,
acetylated mannoside, was defined as 1.0. Compounds are numbered as the decreased reactivity trend, and the RRVs are shown in parentheses
mechanism is the same, this should help ensure that the relativeChart 1a
rates measured here will remain useful for many different

activators and perhaps other donor types as well. This analysis RRV (40) = 4.04x20.0x14.3 = 1155

is also true for glycosyl donors with neighboring group BzO _OBz
participation, which occurs after the rate-determing step. BzO&&/STOI
Construction of the General Reactivity Database Table Bz0
1 was constructed by comparison of reactivities between the 7(5.7)
various glycosyl donors and a small set of reference compounds ﬂ 404 500
(7, 14, 33, and48). The relative reactivities between the four /
reference compounds were also examined. Based on these data, Ph ACO_Ohc
the relative reactivities of all 50 compounds were quickly go 200 &3\/ ol | 143
determined through simple multiplication of the relative rate BZO%STN = | A0 ACO STo =®
constant ratios with the reference compounds. Since these values B20 RRV = 10
are relative, they are normalized such that the least reactive 33 14(143)
donor in the library has a reactivity of 1.0 (Chart 1). (2857)
The individual RRVs which were used to make the table were 58.1
determined by a direct competition assay. Unlike the previous BnO _0Bn
works, however, we did not directly obtain relative rate ratios Bno&&/sm
from ratios of product formation. While it is possible to directly BnO
measure a relative first-order rate constant by a competition 48 (1.7x10%)

assay between two donors using a large excess of reagents 2The arrows indicate the deactivation direction. Numbers on the

i +
over aCt'V_ator E" (Scheme 2), SUCh_ that the donoA)( arrows are the experimental relative reactivity ratios, and the numbers
concentrations do not change appreciably over the course ofin parentheses are the calculated RRVs.

the reaction, these methods did not immediately lend themselves

to HPLC analysis in our case. Since we followed the reaction  To enhance the sensitivity of the experiment, we chose to
by disappearance of the donor rather than appearance of producallow a significant portion of the donors to be consumed. 1:1:1
(see Experimental Section), arranging the experiment so thatstoichiometries ofA;:A,:E* in the presence of 5 equiv of
pseudo-first order kinetics are observed is relatively different. acceptor (methanol) were used. The integrated second-order rate
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0 0 Table 3. Competition Reactions between Perbenzylated and
Dx  [eLsh (E] [~Lome Peracetylated Thioglycosides of Different Monosacchafides
donor M—’OH Seq) product
0 €OH (S eg. 0 A BnO _0Bn 0Bn
Dt LdosR [ ome BnO oBn 0 BnO 0
reference reference 5 oen., | 8o STol| BrO STol
compound BnO BnO
P product 50 48 43
300, _kx _ _IniDdi — In{Dxlp (27.1) 6.9) (1.0)
kref In[Dreflt — ln[Dref]O
_ bt OAc AcO _OA AcO ~OAc
_ In ( Ax) In(Ax)g § ACO s oc c A
In (Aref) — In (Aref)y i £ AcO STol | aco STol| AcO STol
200 & TrocHN AcO PhthN
= 21 14 11
g = I B (57.3) 74.3) (10.4)
= =
@ g |
=T OAc OAc
100 AcO o) AcO 0 AcO Oéc
1 AcO STol  AcO STol  ACOS STol
before reaction \ J ‘ AcO PhthN
T 5 4 1
after reaction \ 27) 17 (1.0)
o]
5 10 15 20

a Relative reactivity ratios are shown in parentheses. The reference
Retention Time donors are in a box. The RRVs shown were normalized basetBon

Figure 1. Example of the relative reactivity measurement between a (A) and1 (B).

thioglycoside Dx) and the reference compounid,§) by using HPLC

(see Experimental Section for details). The intensity of absorbance atapplicable to other promoters as well. We have taken advantage

256 nm for each remaining donor was measured to determine the of this fact, employing DMTST in a one-pot oligosaccharide

relative reactivity K«/ke). [D]r, donor concentration at timtg(A), donor synthesis (see One-Pot Synthesis of Oligosaccharides, below)

absorbance at time as a solution to the problem of byproduct participation in the

Table 2. Accuracy Measurement of Calculated Relative glycosylation reaction when NIS is used as an activator.
Reactivitied Structural Effects of Monosaccharides on the Anomeric
Glycosylation Reactivity. The completion of Table 1 allows
AcQ °g° us to examine the influence of stereochemistry and identity of
5.3 (5.5) Acokg\\LSTol 8.4 (9.4) different substituents on the anomeric reactivity of various types
OAc Af:’ Ohc of glycosyl donors. From the results in Table 3, it is clear that
ACO&S\/ Acoﬁ the most reactive sugar is fucose, followed by galactose, glucose,
Ao STol ﬂ“ A0 STol and mannose (Table 3A). Perbenzylated fucé@es 4.2-fold
5 Bz0 _o8B: “ 4 more active than perbenzylated galactégeand the latter is
2.1(2.0) 0 36(32) 6.4-fold more active than perbenzylated glucd8eThe higher
820 B20 STol reactivity of the fucoside is probably because th€&Hs; group
7 is more highly electron donating than th€H,OBnN group. The

. . . . . reactivity order of different sugar cores appears to remain very
2 The relative reactivity ratios obtained from experiment are shown _; i hen th . ¢ f d with diff i
without parentheses. The calculated ratios are shown in parentheses.s'm' arwi .en € experiments are periormed wi ifferent types
The arrow indicates the direction of decreased reactivity. of protecting groups. For example, when peracetylated galac-
] . ) . _ tosel4(Table 3B) was competed against peracetylated glucose
equations from Scheme 2 give the relationship between relatives, the ratio of 5.3 in favor of galactosk4 was obtained. The
rate constant ratios and donor concentrations, as shown in etigher reactivity of the galactoside than the glucoside has been
1. Atypical HPLC analysis of relative reactivities in a competi- reported in the study of hydrolysis of glycosyl haligfeand

tion experiment is shown in Figure 1. glycosides? It presumably arises due to the stereo and inductive
In(A. TIA effects and possible involvement of the axial 4-O lone-pair

kobsvlz N(A LA L) 1) electrons in the stabilization of the oxocarbenium ion intermedi-

Kobs2  IN([AL /A 5 ) ate!® Based on the results in Table 3, the reactivity order of

monosaccharides appears to be fucesgalactose> glucose
The internal self-consistency of these measurements was> mannose.

determined by examining a series of relative rate constants Since amino sugars are widely found in natural systems and
(Table 2). Comparing the experimental data and calculated dataprovide very distinct electronic and structural features, we
for each pair shows that the average error is about 10%. Thiswanted these important systems to be included in our investiga-
accuracy should be sufficient for the use of these data library tion. Initially, we selected the most abundant glucosamine and
for guiding one-pot oligosaccharide syntheses.
In addition, we were interested in how different promoters (17) A precise measurement with DMTST is difficult as its efficiency

ill affect th tiviti fal ld W d th for the activation is lower than that of NIS; normally 4 equiv of DMTST
will arrect the reactivities ot glycosyl donors. Yve measure € s used for the glycosylation and the reaction is much slower than that of

relative reactivities between two pairs of dondtg,vs 11 and NIS. We observed that 2 equiv could be enough to complete a reaction
7 vs 5, with two promoter systems, NIS-TfOH and DMTST.  Wwith 1 equiv of thioglycoside within a certain time. For the competition

: : reactions, the conditions were exactly the same as those with NIS-TfOH
The observed RRVs were approximately the same in both (see general procedure in Experimental Section), except that DMTST was

promoter systemskigk 11 = 1.4 (NIS-TfOH) and 1.42.0 taken as 2 mole equiv relative to the donors (each 1 mole equiv) and the

(DMTST), andks/ks = 2.0 for NIS-TfOH and 1.3-1.7 for reaction was continued for 3 h. This measurement can only be performed
17 imi i between donors with small reactivity differences.

DMTST.* These preliminary results suggest that different ™ 70750 | O™ b e Chemint. Ed. Engl.1982 21, 155.

promoters do not dramatically affect the relative reactivities of (19 mijjkovic, M.; Yeagley, D.; Deslongchamps, P.; Dory, Y.1L.Org.

glycosyl donors. Thus, the RRVs in Table 1 may also be Chem.1997 62, 7597.
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Table 4. Effect of C-2 Substitution on the Reactivity of
Thiogalactoside Donors: RRVs for 4,6-Obenzylidene Derivatives

Table 5. Positional Effects of Benzoyl versus Hydroxyl Group on
the Reactivities of Thiogalactoside Dondrs

Ph Ph Ph

‘\ ‘\ (\ BzO OBz BzO _OH BzO OBz
o] o} o] 0 0 0
? R Q Bzo&\\,sw BzO%STm Bzogﬁ/STol
0 0 o}
CIACO STol CIAcO STol ClAcO STol BzO BzO HO
N3 CIAcO PhthN 7 13 gs;
18 pp 20 - 23 (1.0) (2.3) (3.1)
0 3L (42) Bz0 OBz HO 08Bz
o? 0? 0 0
0o o} HO STol BzO STol
CIAcO STol CIACO STol BzO BzO
BzO BnO 19 22
24 29 (5.1) (11.8)
(4.9) (7.7)

a Competition reactions were performed between perbenzylated

a Competition reactions were performed betwee@-Benzylgalac- galactoside7 and each of the other compounds in this table. RRVs
toside29 as a reference and each of the other compounds in this table. were calculated on the basisfThe substituents of interest are shown

The RRVs were calculated on the basisl@f The focal substituents  in bold.
for the study are shown in bold.

core (Table 4), for example, we can conclude that the deactivat-
galactosamine cores. The phthalyl group keeps the above trendng power of different electron-withdrawing groups is in the
of the reactivity difference between galactose and glucose order of —N3 > —OCIAc > —NPhth > —OBz > —OBn.
structures (the reactivity df-phthalyl galactosd1is 6.1-fold Effects of the Electron-Withdrawing Group Position. The
higher than that oN-phthalyl glucosed); the unusually high  reactivity perturbation arising from the exchange of one
reactivity of trichloroethyl oxycarbonyl (Troc) group protected protecting group for another was found to be highly dependent
amines was very surprising. For example, the N-Troc-protected on the position of the protecting group around the glycosyl core,
glucosaming1 (Table 3B) is 33.7-fold more reactive than the as well as the identity of that core. The first effect can be

correspondingN-phthalyl-protected glucosamide Furthermore,
glucosamin€1 becomes even more reactive (5.5-fold) than the
corresponding galactosamit, in which the amine is protected
with a phthalyl group. This observati$his particularly
important in terms of regulating the relative reactivities of

demonstrated by comparing the reactivity of sugars with a
benzoyl protecting group versus those with a hydroxyl group
at the same position (Table 5). Removal of the benzoyl group
from the 4-O position causes the largest increase in the rate of
reaction. This was, however, not seen for other pyranoses, for

aminoglycoside donors for the assembly of a target compoundwhich the protecting group at the 2-position has been found to

with a 2-amino sugar either at (or close to) the nonreducing
end or at (or close to) the reducing end.

Effect of Protecting Groups on the Reactivity of Thiogly-
coside Donors.The effect of substituents on the reactivity at
the anomeric center has been long recogniz&lycosyl donors

be more important.This might be explained by the participation
of 4-oxygen of galactose in the stabilization of the putative
cationic transition stat&® The observed stronger effect of €3
OH relative to that of C20OH might be explained by its close
association with the substituent at the 4-position. In addition to

with ester protecting groups undergo glycosylation reactions the destabilization of the presumed cationic transition state
much more slowly than do the corresponding donors with ether through inductive effects, benzoylation of the 3-position may
protection. The reason for this phenomenon is that the electron-also diminish the participation of the lone-pair electrons of C-4
withdrawing character of the ester group destabilizes the putative oxygen in the stabilization of the cationic transition state. From
cationic transition state, leading to glycoside formafith.  Table 5, the observed influence of the positions of the benzoate
Recently, Ley and co-workers have provided the first systematic group is in the order of 4 3 > 2 > 6. These results are
quantitation of such an effect by comparing the reactivity different from those observed for the mannose system, in which
differences between benzoate and benzyl groups on rhamnosythe order of 2> 6 > 4 > 3 was determinedn the latter case,
and mannosyl donorsin our hands, this effect seems to be except for the neighboring 2-position, the proximity of the
one of the most pervasive and consistent determinants ofbenzoate to the ring oxygen was found to be more important
glycosyl reactivity. than its distance from the anomeric position.

The data presented here allow detailed examination of the The results presented in Table 5 also provide, for the first
activation or deactivation of a series of glycosyl core structures time to our knowledge, a direct reactivity comparison between
in conjunction with a number of different protecting groups at the protecting group and the hydroxyl group in the same
the 2-position. Within the specific confines of the galactosyl position. Such data are of particular importance for the design
of highly chemoselective one-pot glycosylation sequences
(Scheme 1), in which the acceptor molecule in one step becomes
the donor in the following step.Therefore, the reactivity
measurements of glycoside donors that also contain one free
hydroxyl group are crucial for the successful accomplishment
of such a challenging task. For this purpose, we have examined
and broadly quantified the influence of various protecting groups
and monosaccharide type on the reactivity of monohydroxy
glycosides as donors (Tables-B).

It should also be noted that the reactivity of 4,6-benzylidene-
protected galactose derivatives that have a free 3-OH group
(structures in Table 6A) is influenced by C-2 protecting groups
in the same manner as when the 3-OH was protected. Thus,
the deactivating effects of different groups at the C-2 position

(20) The elevated reactivity of N-Troc-protected glucosamines might be
the result of the electron-donating property of Mwrichloroethoxycarbonyl
group to stabilize the intermediate as shown in the following tentative
mechanism. Research is underway to test the proposal.

OAc

—

Product

O\/CC’Q
For an accelerated acetolysis of 2-AcNH glucoside in acetic acid, see:
Cocker, D.; Sinnott, M. LJ. Chem. So¢cPerkin Trans. 21976 618.

(21) (a) Feather, M. S.; Harris, J. B. Org. Chem1965 30, 153. (b)
Capon, B.Chem. Re. 1969 69, 407. (d) Fraser-Reid, B.; Boctor, Ban.
J. Chem1969 47, 393. (e) Paulsen, H.; Richter, A.; Sinnwell, H.; Stenzel,
W. Carbohydr. Res1974 38, 312.
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Table 6. Effect of a Series of Different Protecting Groups on the Fortunately, in the context of the synthetic methodology
Ability of Monohydroxy Thioglycosides To Serve as Donbrs developed here, the glycosylation reactions that have the most
Ph Ph impact on the anomeric reactivity of the acceptor are those that
Ph 50 on fgo are the most electron Withdrgwiﬁghose that tend to come a_t
A (\o o %ST K &&/ the very end of the synthetic route. The largest deactivation
0 o 820 ° 09 HO Bnb STol will occur on the last donor. Since the reducing end is typically
HO&\\/SW 42 BnO&A/STol 9 expected to be an unreactive glycoside such as a methyl
claco 56) BnO (625) glycoside, there is no competing reaction at the step when it is
(13.3) (242§4) appended to the oligosaccharide chain, and so deactivation is
OBz o082 not expected to be a problem at that step. Thus, the worst
Ho&&/ HO‘&&/ relevant reactivity shifts due to glycosylation will occur upon
AcO Y STol szomcHN STol glycosylation of the third residue from the reducing end by the
Hogz/ (21%) PhT~0 27 fourth residue from the reducing end. In cases of syntheses of
BzO STol S&&/STO[ (28.6) tetra-, penta-, or hexasaccharides, the fourth residue from the
B PhthN PhthN reducing end is expected to be reasonably active. Therefore, its
(f,’o) (;2) deactivating effect is not likely to be large, even in the worst

of cases for targets of this size. However, it should be noted
@The competition reactions were performed between benzylidene that, in extended synthetic schemes, it would likely be prudent
galactoside33 as a reference and each of the compounds. The RRVS 1 |aaye a larger reactivity window between donors at the last

shown were normalized on the basis 8 (A) and 8 (B). The - .
substituents of interest are shown in bold. steps of the reaction sequence to account for glycosylation-

are in the same orderQOCIAc > —OBz > —OBn) as was  associated deactivation.

observed from the 3-OCIlAc-protected galactoside derivatives ~Correlation between Chemical Shift of Anomeric Proton

in Table 5. Howeverthe magnitude of the deagtiting effects ~ NMR and In(RRVs). During the study of thioglycoside

is significantly dependent on the identity of the other protecting reactivity, we have observed that the chemical shift of the
groups on the moleculeFor example, while benzoate pro- anomeric proton of the more active perbenzylated thioglycoside
tection at the 2-position caused the galactosideto be 1.6 48 is remarkably farther upfield than the less active perben-
times less reactive than the benzyl group in the same positionzoylated analogue’ (6 = 4.58 ppm vsd = 4.98 ppm).

(29, Table 4), the same comparison between benzoate and benzyinterestingly, when we examined some compounds which have
systems in 3-hydroxyl-free galactosidé®and49 (Table 6A) the same protecting group-OBz) at the C-2 position on the
gave a factor of 11.2. A similar inconsistency in the deacti- same core structure (e.g., galactose), we observed a good linear
vation power is seen for the pair 2-OAcQIQ) and 2-OBn 29) correlation between the chemical shifts of the anomeric protons
when the 3-position was protected (5.9-fold difference, Table and the corresponding In(RRVs) (Figure 2). Compounds with
4) or free (62.5-fold difference betweed# and 49 in Table different protecting groups at the C-2 position do not show a
6A). Thus, there are not consistent quantifiable reactivity trends good correlation, probably due to different shielding effects or
which lend themselves to a simple numerical reactivity model. other unknown mechanisms. Since the stability of the glyco-
Though there exist consistent qualitative trends (e-@Bn is sylation transition state appears to be largely influenced by the
less deactivating than-OBz), the degree of this influence  glectron density of the anomeric center, the chemical shift of

appears to be highly dependent upon the structure of the rest ofthe anomeric proton might be used to rapidly determine the
the molecule. As a result, we have taken the approach of directly 3nomeric reactivities in certain cases.

measuring the relative reactivity of each donor that enters our
library.
Effect of Glycosylation on Donor Reactivity.Glycosylation

of a free hydroxyl has a slight deactivating effect on the

anomeric reactivity of the acceptor. This is significant, as for

the second and later steps, the reactivity of the growing
oligosaccharide reducing end generally has not been explicitly ) - A
characterized. Fortunately, the deactivating effect of glyco- one which will employ the largest rqactmty d|ffe'rence at each'

sylation is typically small in most cases relevant to the synthesis. ST€P: AS @ result, those donors which are destined to react in

This issue was examined on a series of different structures, anome first co_upling step ShQUId be drawn from t_he pool of t_he
the results are shown in Table 7. In general, the results showMmost reactive donors available, and those which are destined

that glycosylation of the hydroxyl function of a given mono- [0 reactat the last coupling step should be drawn from the pool
hydroxy sugar causes a small decrease in reactivity. Glyco- Of least reactive available donors. The logarithmic nature of eq
sylation by a perbenzylated sugar causes a decrease in reactivity Implies that there is a strongly diminishing return in yield to
by a factor of 1.12.3, depending on the position of glyco- b€ gotten from increasing the ratio of relative anomeric
sylation, while glycosylation by a perbenzoylated sugar caused eactivities of the donor and acceptor at a given step. Thus,
a more significant decrease in reactivity (a factor of 9.4%or  reducing the ratio of relative rates for one step so as to increase
— 10). A somewhat larger deactivating effect from perbenzyl- it for another will result in a sizable loss in overall yield, unless
ated sugars when glycosylating the 2-position of the acceptorthe ratio in the first step was larger than that of the second to
was observed in one case (a factor of 4.546r— 39). This begin with. Thus, it should be evident that, for optimal yield,
may be the result of significant steric effect on the anomeric the ratio of reactivities between donor and acceptor should be
center. It seems that the degree of deactivation introduced bythe same (and as large as possible) for each step. The principle
the glycosyl structure varies with the reactivities of the glycosyl of constant rate ratios allows us to predict that the optimum
donors. Less reactive glycosyl donors are more strongly relative reactivity value k) to be used at each stepin a
deactivating once the glycosyl linkage is formed. sequence oON steps is given by eq &; is the relative reactivity

Prediction of Optimal Donor Reactivities. Notwithstanding
the appearance of unwanted side reactions and other effects
which detract from the yield of all glycosylation reactions, the
highest yielding glycosylation steps will be those which have
the greatest difference in anomeric reactivity between the donor
and the acceptor. Thus, a high-yielding multistep procedure is
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Table 7. Effect of Sugar Substitution on the Reactivity of a Monohydroxy Thioglycdside

LevO _OH HO _OTBDPS LevO _QTBDPS LevO _OTBOPS
Q 0] [¢] (o]
PMBO S-Tol PMBO: S-Tol HO S-Tol PMBO S-Tol
820 BzO BzO HO
36 (482.9) 44 2797 25 (142.9) 45 (3531)
I 23 j 2.1 1 1.04 45
B Qgn LevO _OTBDPS
BnQ _OBn o\ 080 Q
Y 8% Lovo PMBOSp-\-$ To
LevO ¢ o OBn O _OTBDPS OTBDPS 0
g OBn Q BnO~_ < Q o
PMBO S-Tol PMBO S-Tol BnO 0 S-Tol OBn
BzO BzO BzO gno OBn
30 (208.6) 41 (1320) 26 (148.6) 39 (780)
BzO OBz OBz 0Bz BnO ,OBn OBz
Bzo‘é&/c"é& ._g_.'4 g%ﬁ\&sm «——1 2 Bnoﬁg/oﬂsr 1
2 BzO ol
820 BzO OBZSToI b OBn B OB
2(1.0) 10 (9.4) 9(7.9)

2RRVs are given in parentheses. The arrows indicate pairs of compounds to be compared.

In RRV

1 T T T T

4.58 4.68 4.78

Chemical Shift § ppm

Figure 2. Relation between the chemical shifts of the anomeric protons
of thioglycosides and their INRRVs.

4.88 4.98

constant of the donor to be used in the first steps the relative
reactivity constant of the donor to be used in Nit& step.

kN) (x—1)/(N—1)

k= kl(k_l 2

Computational Approach. Since exactly the right donor

in-house database to identify the 100 best sets of available
characterized oligosaccharide donors (see Figure 2 as an
example). For large sequences, a Monte Carlo search method
is also available, which simply tests combinations at random.
The frequency with which each donor appears at each step in
the list of the best 100 donor sets is tabulated, and the user is
presented with a list of donors at each step which tend to give
the highest overall yields (Figure 3). The chemist is then free
to make an educated choice as to which donors to use on the
basis of availability, cost, and knowledge of the optimal
mathematical relationships between donor reactivities as detailed
above. We believe this program will become very useful when
the number of building blocks is expanded.

One-Pot Synthesis of Oligosaccharide®Vith this database
and the computer program in hand, we then performed the one-
pot synthesis of several tri- and tetrasaccharides (Schemes 3
and 4). The building blocks were added sequentially in order
of their decreasing RRVs. Scheme 3 illustrates the synthesis of
linear trisaccharide52, 53, and54. The overall yield of each
trisaccharide synthesis is around 60%, which corresponds to
about 80% yield of each coupling step. TrisacchaBi#leontains
both a- and -glycosidic linkages and was prepared with the
donor48being active and the acceptt® being inactive. Indeed,
according to their RRVs, perbenzylatd® is 588-fold more
reactive than the benzoylatd®. However, the syntheses of
trisaccharide$3 (Scheme 3b) an84 (Scheme 3c) could not
be performed without quantitative information on the RRVs of

reactivity as predicted by eq 2 is not always available for every the appropriate donor and acceptor molecules. In the synthesis
step, we generated a computer program that can search the dondtf 53, we first employed the relatively activating N-Troc
library for the best sets of available donors, allowing for the Protecting group for 2-aminoglycosides. The 2-N-Troc-protected
programmed assembly of oligosaccharides. The program, namedhioglucoside21 is 4.4-fold more active than the benzoylated
OptiMer, interfaces with a database of donors (data from Table 9alactoside13. This difference in RRVs was sufficient to

1) stored using the FileMaker Pro 4.0 (FileMaker Inc.) database Perform the one-pot synthesis of trisacchaib@n the overall
program. The database stores the type of sugar core that ityield of 56%.

contains, the location of any unprotected hydroxyls that may  The synthesis of trisaccharide (Scheme 3c) demonstrates

be glycosylated, and the- or g-directing nature of the

the sequential construction of tveeglycosidic bonds in a one-

substituent at the 2-position, which is used to predict the product pot manner. The thioglycosides used in this synthesiscére
stereochemistry at the anomeric carbon. OptiMer considers alland 49, and the difference in their RRVs is only 3.6-fold. To

this information when examining sequence combinations. In

increase the selectivity of the coupling step, the dds®was

addition, the database also stores a picture of the compoundused with 1.5 equiv, and the reaction was performed with the
its name, and a reference to the literature where the preparatiopromoter DMTST. The results in Scheme 3 demonstrate that
of the donor is described. Once given a target sequence (e.g.the RRVs database can be sufficiently applied not only for NIS-
DGalo1,4DGIcN31,6DGapl,4DGIc) the program searches the TfOH-promoted reactions but also for the DMTST-promoted
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Figure 3. Picture of the OptiMer program in operation. In the background on the left is a FileMaker Pro database which contains the donor library.
Upon hitting the “Run Search” button, OptiMer launches and then presents the user with a dialogue box requesting the target oligosaccharide
sequence (foreground). The results appear in the remaining window as a list of donor sequence “hits” accompanied by optimum yield calculations,
and then a list of the frequency of donor appearance at each step from the top 100 hits (for use with large libraries). The chemist may opt to either
take one of the best sequences found or select from the list of best donors at each position to design his own sequence on the basis of knowledge
of donor availability or other desired properties.

glycosylations and may further be utilized for other promoters the succinimide accumulates from step to step, it may become
to activate thioglycosides. especially problematic for the later steps, resulting in a
To demonstrate the application of the relative reactivity donor significant decrease in the overall yield of the target glycosyl-
database, we constructed two different tetrasaccharides, comation product. One way to avoid such problems is to use a
pounds55 and 57 (Scheme 4), in a one-pot manner. In the combination of two promoter systems: DMTST and NIS-TfOH.
synthesis 065, we used the reactivity differences of 1048( Although DMTST is less active than NIS-TfOH and is not
— 27) and 5.9 27 — 13) for the first two glycosylation steps,  suitable for unreactive donors, it does not produce a nucleophile
respectively. While these reactivity differences were sufficient as a side product. It can be used at the initial steps of one-pot
to synthesize the target tetrasacchaf®ein an overall 40% syntheses, which often contain very reactive thioglycosides. In
yield (about 74% yield for each coupling step), it should be later steps, which contain less reactive thioglycosides for which
noted that the efficiency of this synthesis is much lower than is DMTST is no longer appropriate, the reaction can be promoted
predicted by the OptiMer search (82%, see Figure 2). Two main by NIS-TfOH, thereby diminishing the overall buildup of
reasons for this high discrepancy between the theoretical andsuccinimide. This protocol was successfully employed for the
experimental results are immediately apparent. One reason isassembly of the branched tetrasacchabidéScheme 4b). This
that, at this stage of the development, the OptiMer program doeswork highlights the importance of further investigation into
not consider the possibility of the occurrence of side reactions thioglycoside activators with nonnucleophilic byproducts.
(e.g., decomposition reactions) and the deactivation introduced Based on the orthogonal protectiedeprotection strategy
by the newly formed glycosyl bond. Thus, the reaction yields developed in our laboratory for the synthesis of a highly
reported by OptiMer should be considered yield optima, branched oligosaccharide libre#%ywe have also demonstrated
analogous to a 100% yield in a normal reaction. the possibility of combination of orthogonal protection
The second main reason relates to the promoter system NIS-deprotection strategy and the one-pot sequential strategy in the
TfOH. When using NIS-TfOH, an equimolar amount of synthesis of branched oligosaccharide. This combination pro-
Syccmimide 'S gt_an.ergted. in the reaction mix.ture.. Although the 23) For example, in the synthesis of the lactofidsee scheme below)
E:trﬁlgen of su_ccmlmlde IS a _poor nucleophile, in .the case of in ;ddition to the_ptar,get disaB(/:chariQe(GS%), the succinimide produé8 ’
ghly unreactive acceptors, it can compete effectively for the (1504) was also isolated as a byproduct.
remaining pool of activated glycosyl donors. This is most 0Bz
important when the hydroxyl of the sugar acceptor is very omsm
hindered (e.g., 4-OH of glucose, 4-OH of galactose) or has a o on 108.4) %
poor nucleophilicity (e.g., due to electron-withdrawing substit- B“M&m 1.0 equiv ms Tol . Ba Eg &
uents in the vicinal position). Indeed, in several cases of the BnO NIS (2.1 equiv), TfOH (cat)
preparation of the disaccharide building blocks in Table 1, we ~ #(770 269
have isolated and characterized the glycosyl succinimide e 65% 15%

products® Moreover, since in the one-pot sequential synthesis The low reactivity of the 4-OH of glucoside) (RRV = 8.4), coupled with

an increased reactivity of the transient intermediate cation derived from
(22) Wong, C.-H.; Ye, X.-S.; Zhang, 4. Am. Chem. S0d.998 120, the initial reaction of galactosidé8 (RRV = 1776) with iodonium ion,

7137. could explain the formation d67.
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Scheme 3.0ne-Pot Synthesis of Trisaccharidez—54
Using Designed Building Blocks with Known RRVs (in
Parentheses)
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Scheme 4.0ne-Pot Synthesis of Tetrasacchari@&sand 56
Using Designed Building Blocks with Known RRVSs (in
Parentheses)
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is the use of an orthogonally protected monosaccharide, such
as galactosidé&9?? and 35 (see Experimental Section). This
sugar was selectively deprotected at each position to generate
the corresponding monohydroxy sug&®s, 36, 44, and 45,
carrying a free hydroxyl group at the 3-, 6-, 4-, and 2-position,
respectively. Each of these compounds was glycosylated by the
donor with higher RRV, to generate the corresponding disac-

vides an efficient method for rapid assembly of highly branched charides; for example25 — 26, 36 — 30, 44— 41, and45—
oligosaccharide libraries, as shown in the construction of the 39. The observed disaccharides each can be further deprotected
branched tetrasacchari@ (Scheme 4b). We have prepared selectively at the remaining three positions of the orthogonally
some orthogonally protected disaccharides thioglycoside ana-Protected sugar portion to generate«43 = 12 monohydroxy
logues and studied their reactivities (Table 1). In the synthesis disaccharides (e.g32 was prepared fromt1 by selective

of the branched tetrasacchari®@, we first performed the
reaction betweed8 and32 in the presence of NIS-TfOH and

deprotection of a -methoxybenzyl group). These structures
can then be subjected to the one-pot assembly of tetra- or

found that the reaction proceeds with very fast consumption of Pentasaccharides, as we have demonstrated here in the synthesis

the donor to give exclusively the succinimide galactosidall

of 57 (Scheme 4b) and is generally illustrated in Scheme 1.

the starting accept@2 could be recovered from this reaction ~Such an approach, with the ultimate aid of the relative reactivity
mixture. We assume that the elevated reactivity of the donor database, forms a basis for the construction of linear and
48 coupled with high steric hindrance of the secondary hydroxyl branched oligosaccharide libraries, and approximately 30 fully
in 32 leads to a very efficient competition of succinimide to Protected oligosaccharides have been prepared using this
afford the byproduct. reactivity-based one-pot strategy (Table 8). Complete depro-
To solve this problem, the reaction betwethiand 32 was tection and selective deprotection of the library will generate a
performed with the use of DMTST as a coupling reagent Iarger library. This work is in progress in our laboratory and
(Scheme 4b). In these conditions, the reaction proceededWill be reported in due course.
smoothly, and the product, without the isolation, was further
treated with acceptd6in the presence of NIS-TfOH to afford
57 in a one-pot, two-step procedure (57% yield). Further
investigation is underway in order to constrdt from the Here we present the results of our first trial study that attempts
corresponding monosaccharides in a one-pot manner by usingo bring the practice of oligosaccharide synthesis into a
a similar combination of NIS and DMTST. In addition, the systematic and rapid procedure. To achieve this goal, we pursued
strategy employed for the synthesis of tetrasacchabde an approach based on the chemoselective glycosylation of single
(Scheme 4b) might be a general strategy for the preparation ofacceptors in the presence of other less reactive donors. To bring
branched oligosaccharides library. The key of such an approachthis concept into predictable and reproducible practice, we have

Conclusion
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Table 8. Sequences of Protected Oligosaccharides Prepared by  first computer program, OptiMer, that searches through the
Programmed One-Pot Synthesis database of characterized donors and identifies sets of monomer
donors which are likely to give the best yield. This database

Entry _ Oligosaccharides Entry Oligosaccharides can be rapidly expanded to accommodate other mono- and
; t-gucm ,gg-alla; ,ggllcn :g ga:oq gga:glig:cm oligosaccharide systems. The further development of this new
-Fucp1,2Gala1,6Glc alo1,3Galp1,4Glc! ; ; ; ;

3 L-Fucg1,26alﬁ1,6G1cN 19 Galod 3Galp1.4Glc synltheS|s strategy will surely impact the rapid access to the

4 L-Fucad.3Galp1.3GIcN 20 Galo1.3GalB1.6GlcN molecular diversity of carbohydrate structures to facilitate the

5 L-Fuco1,3Galf1,4GIcN 21 Gala1,3Galot,6GIeN discovery of carbohydrate ligands and receptors, which in turn

6 L-Fucal,3Galo1,4Glc 22 Gala1,6Galp1,3GIcN paves a way to a deeper understanding of their biological

7 L-Fuca1,3Galp1,6GIcN 23 Gala1,6GalB1,4GIcN functions.

8 L-Fucp1,3Gala1,6GIcN 24 Galp1,6Galp1,4GIcN

9 L-Fuca1,4Galf1,3GlcN 25 Galo1,6Galp1,6GIcN ) .

10 L-Fuca1,4Galf1,4GIcN 26 Galp1,6Galp1,6GIcN Experimental Section

11 L-Fuca1,4Galo1,6GIcN 27 Gleca1,3Galp1,6GicN

12 L-Fucp1,4GalB1,6GIcN 28 Glco1,3GalB1,3GIcN General Methods. Chemicals used were reagent grade and were

13 L-Fuca1,4Galp1,6GicN 29 Glen1,3Galp1,4GlcN used as supplied except where noted. Solvents were either dried by

L-Fucad,2 30 GlcNp1,6Gaip1,4Glc standard procedures or used as purchased. Unless otherwise stated, all

14 L-Fucol.8 reactions were performed under an argon atmosphere. All thioglycosides
Gala1,3Gal1,6GIcN 31 ' used in this research apemethylphenyl thioglycosides. Compounds

15 L‘FU?M 4 Glco1,3Galf1,4GIcN 324242425240 6,240 7 24c 14240 43242 and 512* are known structures
Galat,3Galp1,4GlcN and were prepared according to the published procedures. All glyco-

’ ' sylation experiments were performed by using molecular sieves, which
16 L-Fuca1,4GIcNB1,6Gala1,4Glc were flame-dried right before the reaction under high vacuum.

Analytical thin-layer chromatography was performed using silica gel
60 Fs4 glass plates (Merck); compound spots were visualized by UV

developed a general methodology for the easy, rapid, and preciséight (254 nm) and/or by staining with a yellow solution containing
. P ! ! . . 0,
measurement of the relative reactivities of almost any glycosyl Ce(NH)A(NOs)s (0.5 g) and (NH)gMo7Oz4H:0 (24.0 g) in 6% HSQ,

. . (500 mL). Flash column chromatography was performed on silica gel
donor by HPLC. We employed this methodology to quantify 60 Geduran (3575um, EM Science)H NMR spectra were recorded

the relative reactivities of a series of glycoside donors for use o, 5 Bruker AMX-400 or a Bruker AMX-500 instrument. Low- and
as off-the-shelf reagents in the one-pot synthesis. In addition high-resolution mass spectra were recorded under fast atom bombard-
to allowing us to plan a series of one-pot sequential synthesesment (FAB) conditions. HPLC measurements were performed on a
of linear and branched oligosaccharides, this database of donorsditachi HPLC D-7000 system equipped with UV detector L7400, pump
and reactivities also revealed a wealth of structural factors which L7100, and software D-7000. All the experiments were performed by
contribute to the reactivity of the anomeric position. As observed Using a normal-phase column, 86-100-D5 (Microsorb-MV, Rainin
by others, the electron-withdrawing contribution of same Instrument Co. Inc.) with the solvent system hexanes/EtOAC.
protecting groups about the ring influences reactivity. We also ~ Géneral Procedure for Competition Experiments.A mixture of
found the identity of the sugar, the position of protecting groups, two thloglyc05|de donors (0.01 mmol of ea&hes is the reference donor
and other important factors contributing to anomeric reactivity. 29D i any other donor molecule), absolute MeOH (0.05 mmol),

- . and molecular sieves (AW-300) in dichloromethane (1.0 mL) was stirred

During this study, we have demonstrated that, among the

. . - at room temperature for 10 min. An aliquot of this mixture (80)
monosaccharide and disaccharide structures tested, the fucosg,s taken and separately injected (0for each injection) into the

core is the most reactive, followed by galactose, glucose, andHpLc in order to determine the baseline separation conditions, and
mannose. For 2-aminoglycosides, we show that their reactivity also to measure a coefficient) between the absorptiod) and the

is significantly influenced by the protecting group at the concentration of the donor moleculB]} a. = A/[D]. A solution of 0.5
nitrogen. The—NTroc group has a large activiting effect M NIS in acetonitrile (20uL, 0.01 mmol) was added to the above
compared to the-NPhth or azide group. By utilizing the Troc ~ mixture, followed by addition of a solution of 0.1 M TfOH (%4L,
function, we have demonstrated that the change of only a singIeThe mixture was diluted with qlchlorqmethane (2 mg),_flltered, Wash_ed
protection on the amine can be sufficient to regulate the with saturated aqueous sodium thiosulfate containing 10% sodium

S . . . hydrogen bicarbonate, dried (P&0s), and concentrated to dryness.
reactivities either of a given monosaccharides or between The residue was dissolved in dichloromethane (1.0 mL), and the

different monosaccharide structures. The degree of deactivation.,ncentrations of the remaining donom,Jand [Dye]) were measured
at the anomeric center by benzoyl protection (as compared t0py HPLC using the same conditions (1 for each injection) as
the free hydroxyl at that position) was found to be the greatest determined for the mixture before the addition of reagents. An example
at the 4-position on the galactose core, with the overall order of such an experiment is given in Figure 3.
of4>3>2>6. Synthesis of Building Blocks Scheme 5 illustrates the representative
Because the absolute influence of a given protecting group synthesis of certain building blocks found in Table 1.
could not be simply accounted for, we found it necessary to  General Procedure for Glycosylation.To a cold (40 °C) mixture
determine the reactivity of each monomer separately. For this of glycosyl donor (1.5 equiv), acceptor (1.0 equiv), NIS (1.6 equiv),
purpose, we defined the relative reactivity value (RRV) as a @nd MS was added GBI by syringe, the mixture was stirred for 20
relative measure of reactivity for a given monosaccharide or ™™ angj then TfOH (0.015 equiv) was added. The mixture was stirred
disaccharide. By measuring the RRVs of up to 50 different at—20°°C for 0.5 h and then gradually raised to room temperature.
. . The reaction was monitored by TLC. After the reaction was finished,
mono- and disaccharide Sm_lc_u_”es’ we were able to _Create theSolid NaS0s;, NaHCGQ;, and a few drops of water were added into the
first database of donor reactivities and demonstrated its useful-reaction mixture, and the mixture was stirred for 5 min, diluted with
ness for rapid one-pot assembly of various oligosaccharide
structures. In addition, we observed the linear correlation (24) (a) Balavoine, G.; Berteina, S.; Gret, A.; Fischer, J.; Lubineau, A.

between the glycosyl donor reactivity and the chemical shift of J: Garbohydr. Chem1995 14, 1217. (b) Magnusson, Gl. Org. Chem.
. . . 1977 42, 913. (c) Burkart, M. D.; Zhang, Z.; Huang, S.-C.; Wong, C.-H.
the anomeric proton byH NMR. To aid in the planning of  3'Am. Chem. Sod997, 119, 11743. (d) DeNinno, M. P.; Etienne, J. B.;

high-yielding syntheses with available reagents, we report the Duplantier, K. C.Tetrahedron Lett1995 36, 669.
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Scheme 5. Preparation of Building Blocks

Zhang et al.
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aConditions: (a) NaHC@ MeOH/H;0; (b) BzCl, pyridine; (c) NHINH2/AcOH; (d) NIS-TfOH, MS, CHCI,; (e) TFA, CHCly; (f) HF/pyridine,
THF; (g) HO(CH)sCO:,Me, BR/OEL, CH,Cly; (h) NaOMe, MeOH; (i))p-MeOBNn(OMe), CAS, MeCN; (j) NaH, BnBr, DMF; (k) NaCNB&+
CRCO;H, DMF.

CH.Cl,, filtered, washed with saturated NaHg&nd brine, dried over (250 mL), washed with saturated aqueous NaH@@d brine, dried
NaSO, (or MgSQy), and concentrated. The residue was chromato- over NaSQ,, filtered, and concentrated. The residue was chromato-
graphed to give the named compounds. graphed (hexane/EtOAc, 4:1) to gi2g3.06 g, 96%): §]*% +37.8
p-Methylphenyl 2,3,4,6-Tetra-O-acetyl-1-thio-a-D-mannopyran- (c, 0.5, CHC}); *H NMR (500 MHz, CDCH}) ¢ 2.23 (s, 3H), 3.69 (d,
oside (1).To a mixture ofb-mannose pentaacetate (16.0 g, 0.041 mol) 2H,J = 6.5 Hz), 3.88 (ddd, 1H] = 10.0, 4.5, 1.5 Hz), 3.93 (t, 1H,
and p-thiocresol (7.6 g, 0.0615 mol) in GBI, (200 mL) was added = 6.5 Hz, H4), 4.18 (t, 1HJ = 9.5 Hz), 4.51 (dd, 1HJ = 12.0, 5.0
boron trifluoride diethyl etherate (6.8 mL, 0.0533 mol). The mixture Hz), 4.67 (dd, 1HJ = 12.0, 1.5 Hz), 4.85 (d, 1H] = 10.0 Hz), 4.89
was stirred overnight. The reaction mixture was then diluted with (d, J = 8.0 Hz), 5.42 (dd, 1HJ = 9.5, 1.5 Hz), 5.43 (dd, 1H] =
CH.ClI; (200 mL) and washed with saturated NaHO®@ x 120 mL) 10.0, 4.5 Hz), 5.74 (dd, 1H] = 10.0, 7.5 Hz), 5.76 (d, 1H] = 3.0
and water (100 mL). The organic layer was dried oveg@. The Hz), 5.82 (t, 1HJ = 9.5 Hz), 6.90 (d, 2HJ = 8.0 Hz), 7.1+7.61 (m,
solvent was removed, and the residue was purified by column 24H), 7.73 (d, 2H,J = 8.0 Hz), 7.9-8.0 (m, 12H); HRMS for
chromotography on silia gel (hexanes/EtOAc 3:1) to give product (16.2 CssHss017SCs (M+ Cs) calcd 1309.2293, found 1309.2222.
g, 87%) as a syrup*H NMR (500 MHz, CDC}) 6 7.38 (d,J = 8.0 p-Methylphenyl 3,6-Di-O-benzoyl-2-deoxy-2-phthalimido-1-thio-
Hz, 2H), 7.12 (d,J = 8.0 Hz, 2H), 5.49 (dd, 1HJ = 2.5, 1.5 Hz), p-p-glucopyranoside (8).p-Methylphenyl 2-deoxy-2-phthalimido-1-
5.42 (d, 1H,J = 1.0 Hz), 5.36-5.35 (m, 2H), 4.544.58 (m, 1H), thio-3-p-glucopyranosidé? (185 mg, 0.44 mmol) in CkCl, (8 mL)
4.30 (dd, 1HJ = 12.5, 6.0 Hz), 4.11 (dd, 1H, = 12.0, 2.5 Hz), 2.33 was treated with benzoyl chloride (2@&, 1.76 mmol) and pyridine
(s, 3H), 2.15 (s, 3H), 2.08 (s, 3H), 2.06 (s, 3H), 2.02 (s, 3H); HRMS (177 uL, 2.2 mmol) (see2). The residue was purified by flash
(M + Cs) calcd for GiH260,SCs 587.0352, found 587.0331. chromatography (hexane/EtOAc, 3:1) to give the title compound (205
p-Methylphenyl 2,3,6-Tri-O-benzoyl-40-(2,3,4,6-tetraO-benzoyl- mg, 75%) as a white solid:o]?% +107 (c, 0.1, CHC}); *H NMR
p-D-galactopyranosyl)$-p-glucopyranoside (2).Peracetylated lacto- (400 MHz, CDC}) 6 2.02 (s, 3H), 3.70 (s, 1H), 3.86 (t, 14,= 9.4
side6%%* (2 g, 2.695 mmol) was dissolved in anhydrous methanol (25 Hz), 4.03 (m, 1H), 4.47 (t, 1H]) = 10.4 Hz), 4.70 (dd, 1H) = 12.1,
mL), and a solution of 25% NaOMe in methanol (w/v, 0.5 mL) was 5.1 Hz), 4.78 (dd, 1HJ = 12.0, 4.0 Hz), 5.83 (d, 1H] = 10.4 Hz),
added dropwise. After being stirred at room temperature for 0.5 h, the 5.99 (dd, 1H,J = 10.2, 9.1 Hz), 7.238.08 (m, 8 H);**C NMR (400
solution was neutralized with Amberlite HR-120 ( filtered, and MHz, CDCk) ¢ 21.10, 53.44, 63.71, 70.01, 74.69, 78.21, 83.05, 123.54,
concentrated. The residue was dissolved in dry pyridine (10 mL) and 127.30, 128.29, 128.33, 128.63, 129.51, 129.69, 129.78, 129.83, 131.07,
treated with excess benzoyl chloride (3 mL) godimethylamino- 131.43, 133.16, 133.40, 133.59, 134.13, 134.26, 138.29, 166.65, 166.87,
pyridine (100 mg) fo 5 h at 50°C. The mixture was evaporated to  167.14, 167.89; HRMS for £H2sNOgSCs (M+ Cs) calcd 756.0668,
dryness under reduced pressure, and the residue was diluted with,CH  found 756.0690.
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p-Methylphenyl 2,3,6-Tri-O-Benzoyl-40-(2,3,4,6-tetraO-benzyl-
p-p-galactopyranosyl)f-p-glucopyranoside (9).The glycosylation of
donor48(151.2 mg, 0.234 mmol) and the accept@r(100 mg, 0.167

J. Am. Chem. Soc., Vol. 121, No. 474999

p-Methylphenyl 3,4,6-Tri-O-acetyl-2-deoxy-2-phthalimido-1-thio-

p-p-galactopyranoside (11)1,3,4,6-Tetrad®-acetyl-2-deoxy-2-phthal-

imido-$-p-galactopyranosé (1.7 g, 3.56 mmol) in ChCl, (20 mL)

mmol) was performed according to the general procedure describedwas treated with thiocresol (663 mg, 5.34 mmol) and/BEO (1.5
above. Chromatography of the crude material gave the title compound mL) according to the procedure described in the preparatidnAfter

9 (121 mg, 65%) as white solid and succinimide deriva8€¢22 mg,
15% of the dono8) as a byproduct. Data fd@: [a]?%p +26.8 (c,
0.5, CHC}); *H NMR (500 MHz, CDCH}) 6 2.25 (s, 3H, Me of STol),
3.38 (m, 2H), 3.76 (dd, 1H] = 10.5, 4.0 Hz), 3.84 (dd, 1H,= 10.5,
2.5 Hz), 3.96-4.0 (m, 3H), 4.17 (t, 1H) = 9.5 Hz), 4.19 (d, 1HJ) =
11.5 Hz), 4.23 (d, 1HJ = 12.0 Hz), 4.28 (d, 1HJ = 12.0 Hz), 4.41
(d, 1H,J = 11.0 Hz), 4.56 (dd, 1HJ = 12.0, 4.5 Hz), 4.59 (d, 2H]
=2.5Hz), 4.77 (d, 1HJ) = 11.5 Hz), 4.87 (d, 1HJ) = 12.0 Hz), 4.94
(dd, 1H,J = 12.0, 2.0 Hz), 4.99 (d, 2H] = 3.5 Hz), 5.36 (t, 1HJ =
10.0 Hz), 5.85 (t, 1HJ = 7.5 Hz), 6.88 (d, 2H,J = 8.0 Hz), 7.05-
7.52 (m, 35H), 7.63 (t, 1HJ = 7.0 Hz), 7.92 (d, 2HJ = 8.0 Hz),
7.95 (d, 2H,J = 8.0 Hz), 8.02 (d, 2HJ = 8.0 Hz); HRMS for
CegHe4013SCs (M + Cs) caled 1253.3122, found 1253.3056. Anal.
Calcd for GgHesO13S: C, 72.94; H, 5.75; S, 2.86. Found: C, 72.94;
H, 5.60; S, 3.25. Data fa68 'H NMR (500 MHz, CDC}) ¢ 2.51—
2.64 (m, 4H), 3.42 (dd, 1H] = 9.5, 7.0 Hz), 3.49 (dd, 1H] = 9.5,
6.0 Hz), 4.03 (d, 1HJ = 2.5 Hz), 4.36-4.49 (m, 5H), 4.55 (dd, 1H,
J = 10.0, 3.0 Hz), 4.57 (d, 1H]) = 9.0 Hz), 4.67 (d, 1HJ = 115
Hz), 4.75 (d, 1HJ = 11.5 Hz), 4.82 (d, 1HJ = 11.5 Hz), 4.94 (d,
1H, J = 11.5 Hz), 6.13 (d, 1HJ = 7.5 Hz), 7.26-7.37 (m, 20H);
HRMS for GgH3z90O7NCs (M + Cs) calcd 754.1781, found 754. 1763.

p-Methylphenyl 2,3,6-Tri-O-benzoyl-1-thiof-p-glucopyranoside
(10). The title compound was prepared from peracetylated glucoside
5240 py the following five-step synthesis:

(1) Compound (2.2 g, 4.8 mmol) was treated Wit M NaOMe in
methanol (0.5 mL) in anhydrous methanol (35 mL) by following the
procedure described in the preparatior2of

(2) The residue was dissolved in dry acetonitrile (20 mL), and
p-anisaldehyde dimethylacetal (1.3 g, 7 mmol) and camphorsulfonic
acid (100 mg) were added. After being stirred at room temperature for
2 h, the mixture was neutralized by addition of pyridine and then
evaporated to dryness.

(3) The residue was treated with excess benzoyl chloride (1.64 mL,
13.6 mmol) and 4-dimethylaminopyridine (0.5 g) in dry pyridine (10
mL) for 2 h at 50°C (see2). The residue was crystallized from ethyl

workup, the crude product was crystallized from@&to give the title
compoundl1 (1.62 g, 83%): mp 141142°C; [0]%% +45.4 (c, 0.5,
CHCly); *H NMR (400 MHz, CDC}) 6 1.97 (s, 3H), 2.05 (s, 3H),
2.08 (s, 3H), 2.31 (s, 3H), 4.691.24 (m, 3H), 4.62 (t, 1H) = 10.8
Hz), 5.49 (d, 1HJ = 3.2 Hz), 5.64 (d, 1H, = 10.8 Hz), 5.80 (dd,
1H,J = 10.8, 3.2 Hz),7.07 (d, 2H] = 8.1 Hz), 7.32 (d, 2HJ = 8.1
Hz), 7.76-7.80 (m, 4H);*3C NMR (400 MHz, CDC}) 6 20.52, 20.69,
21.14,50.11, 61.63, 66.85, 68.81, 74.48, 84.35, 123.65, 129.62, 133.21,
134.40, 162.01, 163.10, 167.16, 167.90, 171.22; HRMS foHG
NO¢SCs (M+ Cs) calcd 674.0461, found 674.0435.

p-Methylphenyl 3-O-Acetyl-6-O-benzoyl-2-deoxy-2-phthalimido-
1-thio-f-p-glucopyranoside (12).p-Methylphenyl 2-deoxy-2-phthal-
imido-1-thiof3-p-glucopyranosid&? (420 mg, 1.01 mmol) was treated
with camphorsulfonic acid (30 mg) and anisaldehyde dimethylacetale
(0.2 mL, 1.2 mmol) (see the preparationld. The residue in pyridine
(2 mL) was cooled to 0C, acetic anhydride (0.3 mL, 3 mmol) was
added, and the reaction was stirred for 1.5 h. After workup, the mixture
in HOAc/water (1:1, 20 mL) was heated at G for 30 min. After
cooling to room temperature, the reaction mixture was evaporated to
dryness. The residue was dissolved in,CH (20 mL), washed with
saturated aqueous NaHg@nd NHCI, and dried over MgS§) and
the solvent was removed under reduced pressure. This material, without
further purification, was treated with pyridine (2 mL) and benzoyl
chloride (121uL, 1.05 mmol) at °C for 30 min and then evaporated
to dryness. The residue was purified by flash chromatography (hexane/
EtOAc, 2:1) to givel2 (340 mg, 60% over four steps) as a white white
solid: [a]?> —8.6° (c, 0.5, CHC}); 'H NMR (400 MHz, CDC}) 6
1.88 (s, 3H), 2.24 (s, 3H), 3.51 (m, 1H), 3.71 (t, 1H+ 8.0 Hz), 3.96
(m, 1H), 4.27 (t, 1H,) = 10.3 Hz), 4.63-4.75 (M, 2H), 5.76 (m, 1H),
5.80 (d, 1H,J = 10.4 Hz), 6.94 (d, 1HJ = 8.0 Hz), 7.32 (d, 2H) =
8.1 Hz), 7.66-7.74 (m, 3H), 7.8%7.87 (m, 2H), 8.05-8.08 (?);'°C
NMR (400 MHz, CDC}) 6 20.56, 21.06, 53.54, 63.64, 69.42, 74.07,
77.97,82.72,123.53, 127.13, 128.26, 128.33, 129.45, 129.60, 129.72,
129.78, 131.02, 131.46, 133.20, 133.59, 134.20, 134.37, 138.25, 166.67,
167.16, 167.90, 171.22; HRMS forsgi,sNOsSCICs (M+ Cs) calcd
694.0512, found 694.0537.

acetate and hexane to afford the 2,3-benzoyl-4,6-p-methoxybenzylydine  p-Methylphenyl 2,3,4-Tri-O-benzoyl-1-thio-d-galactopyranoside

product as white crystals (2.4 g, 83% yield for three steps): mp-202
203°C; *H NMR (500 MHz, CDC}) 6 2.34 (s, 3H, Me of STol), 3.73
(ddd, 1H,J = 14.0, 9.5, 4.5 Hz, H5), 3.75 (s, 3H, OMe), 3:83.88
(m, 2H), 4.43 (dd, 1HJ = 10.5, 4.5 Hz), 4.96 (d, 1H] = 10.0 Hz,
H-1), 5.44 (t, 1HJ = 9.5 Hz), 5.49 (s, 1H), 5.77 (t, 1H,= 9.5 Hz),
6.83 (d, 2H,J = 9.0 Hz), 7.12 (d, 2H,J = 8.0 Hz), 7.25-7.41 (m,
8H), 7.47 (t, 1H,J = 7.5 Hz), 7.53 (t, 1HJ = 7.5 Hz), 7.93 (d, 2H,
J=8.0 Hz), 7.97 (d, 2HJ = 8.0 Hz); HRMS for GsH3,0sSCs (M+
Cs): calcd 745.0872, found 745.0849.

(4) The above-mentioned benzylidene derivative (2.0 g, 3.27 mmol)

(13). Compound16 (3.6 g, 5.06 mmol) was treated with the mixture
of CH;CN—(ag)HF (90:10, 100 mL) for 1 h. The solution was then
concentrated and the residue diluted withCH (300 mL), washed
with saturated NaHC§(2 x 150 mL), dried (NaSQy), filtered, and
concentrated. The residue was purified by flash chromatography
(hexane/EtOAc, from 2:1 to 1:2) to givE3 (2.92 g, 96.8%): ¢]*»
+112.6 (c, 1, CHCE); *H NMR (400 MHz, CDC}) 6 8.01-7.14
(19H), 5.83 (d, 1H,J = 3.16 Hz, H-4), 5.77 (t, 1H) = 9.92 Hz, H-2),
5.67 (dd, 1H,J = 3.16, 9.88 Hz, H-3), 4.968 (d, 1H, = 9.88 Hz,
H-1), 4.08 (t, 1H,J = 6.68 Hz, H-5), 3,85 (dd, 1H] = 6.68, 11.88

was suspended in 80% acetic acid/water (v/v, 25 mL), and the reactionHz, H-6), 3.85 (dd, 1HJ = 6.68, 11.88 Hz, H-6)13C NMR (400

was stirred at 50C for 1 h. The mixture was evaporated to dryness.

MHz, CDCk) 6 166.47, 165.45, 165.13, 85.73, 77.76, 73.10, 68.91,

The residue was dissolved in dry toluene (20 mL) and evaporated again67.95, 60.6821.31; HRMS for£H300sCs (M + Cs) calcd 731.0716,

to dryness. This procedure was repeated three times.

(5) The crude residue was then dissolved in dichloromethane (20

mL), followed by addition of triethylamine (3 mL) and benzoyl chloride
(0.57 mL, 4.95 mmol). Afte 1 h atroom temperature, the reaction

found 731.0736.

p-Methylphenyl 3,4,6-Tri-O-benzoyl-1-thioff-p-galactopyranoside
(15). A suspended mixture op-methylphenyl 1-thigs-p-galacto-
pyranosidé® (100 mg, 0.350 mmol) and B8nO (266 mg, 1.04 mmol)

was quenched by addition of ethyl acetate and water, and the mixturein toluene/benzene (1:1, 10 mL) was refluxed for 10 min. The mixture
was evaporated to drynessl The product was crysta”ized from ethy| was concentrated to a volume of 2 mL by distillation under Ar, and

acetate and hexane to affotd (1.5 g, 77%) as white crystals: mp
197 °C; [a]% +56° (c, 0.5, CHC}); 'H NMR (500 MHz, CDC}) 6
2.28 (s, 3H), 3.46 (d, 1H] = 4.0 Hz), 3.84-3.86 (m, 2H), 4.724.76
(m, 2H), 4.89 (d, 1HJ = 10.0 Hz, H-1), 5.37 (t, 1HJ = 9.5 Hz),
5.47 (t, 1H,J = 9.0 Hz), 6.96 (d, 2H,) = 8.0 Hz), 7.3+7.40 (m,
6H), 7.47-7.54 (m, 4H), 7.63 (t, 1H) = 7.5 Hz), 7.93 (d, 2HJ =
8.0 Hz), 7.98 (d, 2HJ = 8.0 Hz), 8.09 (d, 2HJ = 8.0 Hz); HRMS
for CgsH300sSCs (M + Cs) caled 731.0716, found 731.0689. Anal.
Calcd for G4H300sS: C, 68.21; H, 5.05; S, 5.36. Found: C, 68.79; H,
5.06; S, 5.13.

then the hot solution (about 10C) was treated with benzoyl chloride
(130uL, 1.12 mmol). After being stirred fol h atthis temperature,

the reaction mixture was diluted with EtOAc (20 mL), cooled to room
temperature, filtered through Celite, and concentrated. Chromatography
of the residue (hexane/EtOAc, 4:1 to 2:1 to 1:1) furnisiéd(192

mg, 91.7%) as a white solid:a]?% +15° (¢, 0.5, CHC}); 'H NMR

(25) Nilsson, U.; Ray, R. K.; Magnusson, Garbohydr. Res199Q 208
260.

(26) Vargas-Berenguel, A.; Meldal, M.; Paulsen, H.; Jensen, K. J.; Bock,
K. J. Chem. SocPerkin Trans. 11994 3287.
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(250 MHz, CDC}) 6 5.91 (d, 1H,J = 3.1 Hz, H-4), 5.43 (dd, 1H) 1H,J = 3.4, 0.8 Hz), 4.39 (dd, 1H] = 12.4, 1.7 Hz), 4.45 (d, 1H]
= 3.3, 9.7 Hz, H-3), 4.720 (d, 1H} = 9.6 Hz, H-1), 4.29 (bt, 1HJ = 9.8 Hz), 4.84 (dd, 1HJ = 10.8, 3.4 Hz), 5.47 (s, 1H), 7.65.07
= 6.5 Hz, H-5), 4.62 (dd, 1H] = 6.6 Hz, H-6) 4.37 (dd, 1H] = 5.4, (m, 2H), 7.37-7.40 (m, 5H), 7.66-7.62 (m, 2H)13C NMR (400 MHz,
11.5 Hz, H-6), 4,03 (t, 1H,J = 9.6, 11.5 Hz, H-2), 2.38 (s, 3H, Me);  CDCl) 6 21.25, 40.45, 58.08, 69.11, 69.38, 72.27, 76.68, 85.21, 100.92,
3C NMR (270 MHz, CDC}) 6 165.98, 165.90, 165.29, 88.26, 74.97, 125.77,126.42,128.16, 129.28, 129.58, 134.72, 137.32, 138.35, 166.83;
74.47, 68.59, 67.34, 62.45, 21.28; HRMS fopu,0sSiCs (M+ Cs) HRMS for G:H2N3OsSCINa (M + Na) calcd 498.0866, found
calcd 845.1581, found 845.1609. 498.0882.

p-Methylphenyl 2,3,4-Tri-O-benzoyl-6-O-tert-butyldimethylsilyl- p-Methylphenyl 2,4,6-Tri-O-benzoyl-1-thioff-p-galactopyranoside
1-thio-f-p-galactopyranoside (16).A solution of p-methylphenyl (29). CompoundL3 (300 mg, 0.502 mmol) was dissolved in the mixture
1-thio3-p-galactopyranosidé (4.0 g, 14.0 mmol) in DMF (10 mL) of pyridine/HO (4:1, 3 mL) to which AgF (30 mg) was added, and
was treated with imidazole (1.4 g, 20.6 mmol) d@ed-butyldimethyl- the mixture was stirred at 5@ for 20 min. The reaction mixture was
silyl chloride (2.26 g, 14.5 mmol) at @C for 12 h. The mixture was concentrated under reduced pressure and the residue was chromatog-
evaporated under reduced pressure, and the residue was purified byaphied (hexane/EtOAc, 2:1) to givé9 (96 mg, 32%) as white
flash chromatography (hexane/EtOAc, from 4:1 to 1:1) to give the powder: p]? —10.2 (c, 0.5, CHC}); *H NMR (400 MHz, CDC})
corresponding ®-tert-butyldimethylsilyl ether (5.3 g, 96%) as a syrup. ¢ 8.11-7.02 (19H), 5.77 (d, 1H) = 3.36 Hz, H-4), 5.26 (t, 1H) =
Part of this product (4.0 g, 10.0 mmol) was treated with pyridine (50 9.64 Hz, H-2), 4.879 (d, 1H) = 9.88 Hz, H-1), 4.58 (dd, 1H) =
mL), an excess of benzoyl chloride (8 mL), and 4-dimethylamino- 7.24, 11.56 Hz, H-6), 4.45 (dd, 1H,= 5.44, 11.60 Hz, H-6), 3.85
pyridine (100 mg) at 50C for 1 h. After workup, the residue was  (bt, 1H,J = 6.44 Hz, H-5), 4.15 (dq, 1HJ) = 3.56, 6.28, 9.64 Hz,
purified by chromatography on a silica gel column (hexane/EtOAc, H-3), 2.77 (d, 1H,J = 6.24 Hz, OH), 2.34 (s, 3H, Me); HRMS for

4:1) to afford the title compounl6 (6.96 g 97.7%) as a syrupo]?%p C34H3005SCs (M+ Cs) calcd 731.0716, found 731.0737. Anal. Calcd
+102 (c, 0.8, CHC}); *H NMR (400 MHz, CDC}) 6 5.93 (d, 1H,J for C34H300sS: C, 68.21; H, 5.05; S, 5.36. Found: C, 67.65; H, 4.96;
= 3.2, H-4), 5.66 (t, 1H] = 9.84 Hz, H-2), 5.56 (dd, 1H] = 3.24, S, 5.45.

9.96 Hz, H-3), 4.935 (d, 1H] = 9.80 Hz, H-1), 4.05 (bt, 1H] = 7.08 p-Methylphenyl 4,6-O-Benzylidene-2,3-diO-chloroacetyl-1-thio-

Hz, H-5), 3,85 (dd, 1HJ = 5.92, 10.0 Hz, H-6), 3.85 (dd, 1H,= p-p-galactopyranoside (20)p-Methylpheny! 1-thios-p-galactopyrano-
7.52, 10.0 Hz, H-6)*C NMR (400 MHz, CDC}) 6 165.52, 165.21,  side? (3.5 g, 12.24 mmol) was suspended in oM (30 mL) and
165.09, 86.09, 73.32, 68.12, 67.95, 60.96, 25.77, 25.73, 21340, treated with benzaldehyde dimethylacetal (9.35 mL, 18.36 mmol) and
—5.70; HRMS for GoH0sSIiCs (M + Cs) calcd 845.1581, found  camphorsulfonic acid (100 mg). The mixture was stirred at room
845.1609. temperature until all the starting material had been consumed (2 h).

p-Methylphenyl 4,6-O-Benzylidene-2-deoxy-2-phthalimido-1-thio- After evaporation of the solvent, the crude product was crystallized
p-p-glucopyranoside (17) p-Methylphenyl 2-deoxy-2-phthalimido-1- from MeOH to afford the corresponding 4®-benzylidene derivative
thio-B-b-glucopyranosid® (820 mg, 1.98 mmol) was treated with (3.8 g, 83%). Part of this product (200 mg, 0.535 mmol) was dissolved
benzaldehyde dimethylacetate (385, 2.56 mmol) and camphorsul- in CH.Cl, (5 mL) and treated with pyridine (3QL) and chloroacetyl
fonic acid (50 mg) in dry CKCN (20 mL) according to the procedure  chloride (153uL, 1.91 mmol). After usual workup, the crude product
described for the preparation d0. The residue was crystallized from  was purified by chromatography (hexane/EtAc, 1:1) to give the title
EtOH (—25°C) to give17 (780 mg, 79%) as white crystals: mp 121 compound20 (276 mg, 98%) as a white solid:a]?% —1° (c, 0.5,
122°C; [a]?p +34° (c, 0.5, CHC}); 'H NMR (400 MHz, CDC}) 6 CHClg); *H NMR (500 MHz, CDC}) ¢ 7.49 (d, 2HJ = 8.0 Hz), 7.09
7.75-7.06 (13H), 5.624 (d, 1H) = 10.52 Hz, H-1), 5.60 (dd, 1H] (d, 2H,J = 8.0 Hz), 5.45 (s, 1H), 5.24 (t, 1H,= 10.0 Hz), 5.08 (dd,
= 2.96, 9.48 Hz, H-3), 4.39 (dd, 1H,= 4.76, 10.48 Hz, H-6), 4.30 1H,J = 3.5, 12.4 Hz), 4.68 (d, 1H] = 10.0 Hz), 4.4 (m, 2H), 4.1
(t, 1H,J = 10.16 Hz, H-2), 3.81 (t, 1H]) = 10.16 Hz, H-6), 3.67 (dd,  4.01 (m, 6H), 3.62 (s, 1H), 2.35 (s, 3H); HRMS fop2.Cl,0;SCs
1H,J = 4.88, 9.80 Hz, H-5), 3.58 (t, 1H, = 9.16 Hz, H-4), 2.29 (s, (M + Cs) calcd 658.9674, found 658.9692.

3H, Me); *C NMR (400 MHz, CDCY) ¢ 101.93, 84.43, 81.88, 70.24, p-Methylphenyl  3,4,6-Tri-O-acetyl-2-deoxy-2-(2,2,2-trichloro-
69.71, 68.55, 55.57, 21.12; HRMS fopdBl2sNOsSCs (M+ Cs) calcd ethoxylcarbonylamino)-1-thiof8-p-glucopyranoside (21).The title
636.0457, found 636.0475. compound was prepared from 1,3,4,6-telracetyl-2-deoxy-2-(2,2,2-
p-Methylphenyl 2-Azido-4,6-O-benzylidene-30-chloroacetyl-2- trichloroethoxylcarbonylaming}-p-glucopyranos€ (11.8 g, 22.5 mmol),
dexoy-1-thioff-p-galactopyranoside (18).The title compound was thiocresol (3.07 g, 24.75 mmol), and BEt;O (10 mL) in dry CHCI,
prepared fromp-methylphenyl 2-dexoy-2-azido-1-thj-b-galacto- (60 mL) by following the procedure described above (Bedhe crude

pyranosidé&’ (527 mg, 1.70 mmol), benzaldehyde dimethylacetate (280 product was crystallized from ether to gi2é (11.8 g, 89%) as white
uL, 1.87 mmol), and camphorsulfonic acid (30 mg, 0.15 mmol) in dry crystals: mp 175176°C; [a]?% +3° (c, 0.5, CHCE); *H NMR (400
CHsCN (15 mL) as described above. Flash chromatography of the crude MHz, CDClk) 6 2.00 (s, 3H), 2.01 (s, 3H), 2.09 (s, 3H), 2.35 (s, 3H),
residue (hexane/EtOAc, 2:1) gave the corresponding@4h@nzylidene 3.71-3.73 (m, 1H), 4.1+4.25 (m, 2H), 4.73 (d, 1H) = 12.0 Hz),
derivative18a (584 mg, 86%) as a white solidtH NMR (400 MHz, 4.79 (d, 1H,J = 10.8 Hz), 5.01 (t, 1HJ = 9.8 Hz), 5.26 (d, 1H) =
CDCls) 6 2.34 (s, 3H), 3.39 (s, 1H), 3.49 (t, 1B~ 7.6 Hz), 3.57 (m, 9.8 Hz), 5.31 (d, 1HJ = 9.1 Hz), 7.11 (d, 2HJ) = 8.0 Hz), 7.41 (d,
1H), 3.94 (dd, 1HJ = 10.0, 1.2 Hz), 4.05 (d, 1H] = 3.5 Hz), 4.31 2H, J = 8.0 Hz);13C NMR (400 MHz, CDC}); 6 20.56, 20.61, 20.73,

(d, 1H,J = 9.5 Hz), 4.32 (m, 1H), 7.32 (d, 2H, = 8.1 Hz), 7.66- 21.15, 54.93, 62.25, 68.44, 73.14, 74.47, 75.70, 86.65, 95.36, 127.84,
7.74 (m, 5H), 7.8%7.87 (m, 2H);3C NMR (400 MHz, CDC}) ¢ 129.71, 133.62, 138.70, 153.85, 169.45, 170.61; HRMS foH%
21.10, 61.70, 69.0, 69.5, 72.8, 79.2, 84.8, 101.1, 126.2, 126.5, 128.1,NO,SCEkNa (M + Na) calcd 610.0266, found 610.0286. Anal. Calcd
129.2, 129.6, 134.5, 137.3, 138.5; HRMS foxld>:N3O,SNa (M + for CH26NOSCh: C, 45.03; H, 4.47; N, 2.39. Found: C, 45.46; H,
Na) calcd 422.1150, found 422.1134. 4.26; N, 2.30.

The above-mentioned 4®-benzylidene derivative (212 mg, 0.53 p-Methylphenyl 2,3,6-Tri-O-benzoyl-1-thioff-p-galactopyranoside
mmol) was dissolved in dry pyridine (5 mL) and cooled t6@ The (22). Compound33 (200 mg, 0.342 mmol) was dissolved in a mixture
mixture was treated with chloroacetyl chloride (47I8, 0.6 mmol), of TFA/CH,Cl, (1:1, 5 mL) and stirred for 1 h. The reaction mixture

and the reaction progress was monitored by TLC. After the mixture was diluted with CHCI, (50 mL), washed with saturated NaHgO
was stirred for 20 min at room temperature, the solvent was removed dried over NaSQ,, filtered, and concentrated. The residue was further
by evaporation under a high vacuum, and the residue was purified ontreated with BzCI (56:L, 0.479 mmol) and pyridine. After general

a silica gel column (hexane/EtOAc, 2:1) to affat8l (247 mg, 98%) workup, the residue was chromatographed (hexanes/AcOEt, 3:2) to give
as a white solid: ¢]?%» —28° (c, 0.5, CHC}); *H NMR (400 MHz, 22 (153 mg, 85%):'H NMR (500 MHz, CDC}) ¢ 8.16-6.95 (19H),
CDCls) 6 2.34 (s, 3H), 3.56 (m, 1H), 3.81 (t, 1d,= 10.1 Hz), 4.00 5.80 (t, 1H,J = 10.0 Hz, H-2), 5.38 (dd, 1H] = 3.0, 10.0 Hz, H-3),

(dd, 1H,J = 12.4, 1.6 Hz), 4.08 (AR 2H, J = 12.2 Hz), 4.36 (dd, 4.920 (d, 1HJ = 10.0 Hz, H-1), 4.66 (m, 2H, H-6), 4.40 (d, 1Bl=

(27) Luening, B.; Norberg, T.; Tejbrant, Glycoconjugate J1989 6, (28) Boullanger, P.; Jouineau, M.; Bouammal, B.; Lafont, D.; Descotes,
5-19. G. Carbohydr. Res199Q 202, 151.
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2.50 Hz, H-4), 4.12 (bt, 1H] = 6.0 Hz, H-5), 2.27 (s, 3H-Me); °C
NMR (500 MHz, CDC}) 6 166.4, 165.8, 165.3, 87.1, 76.2, 67.9, 67.6,
63.4, 21.1; HRMS (\MH- Cs) calcd for GsH300sSCs 731.0716, found
731.0736.

p-Methylphenyl 4,6-O-Benzylidene-2-deoxy-2-phthalimido-1-thio-
p-p-galactopyranoside (23a)p-Methylphenyl 2-deoxy-2-phthalimido-
1-thio5-p-galactopyranoside (1.5 g, 3.91 mmol) in dry &b (15
mL) was treated with camphorsulfonic acid (30 mg, 0.15 mmol) and
benzaldehyde dimethylacetal (0.59 mL, 3.94 mmol). Flash chroma-
tography (hexane/AcOEt, 1:2) of the residue gaga (1.83 g, 93%)
as a white solid:'H NMR (500 MHz, CDC}) 6 2.35 (s, 3H), 3.70 (m,
1H), 4.06 (dd, 1H,J = 12.0, 2.0 Hz), 4.12 (dd, 1H= 14.5, 7.0 Hz),
4.28 (m, 1H), 4.39-4.51 (m, 3H), 5.56 (s, 1H), 5.61 (d, 1H,= 10
Hz, H-1), 7.07 (d, 2HJ = 8.0 Hz), 7.39-7.48 (m, 7H), 7.727.87
(m, 4H); HRMS (M + Cs) calcd for GgH2s0sNSCs 636.0457, found
636.0435.

p-Methylphenyl 4,6-O-Benzylidene-30-chloroacetyl-2dexoy-2N-
phthalimido-1-thio- f-p-galactopyranoside (23)Compound23a(580
mg, 1.15 mmol) was treated with chloroacetyl chloride (283 3.45
mmol) and pyridine (5 mL) at ©C according to the procedure described
above (see the preparation B8). The residue was purified by flash
chromatography (hexane/EtOAc, 2:1) to gi¥® (647 mg 97%) as a
white solid: []?% +10° (c, 0.5, CHC}); *H NMR (500 MHz, CDC})
0 2.34 (s, 3H), 3.75 (s, 1H), 3.88.90 (AB,, 2H, J = 15 Hz), 4.07
(dd, 1H,J = 11.5, 1.5 Hz), 4.40 (dd, 1H} = 12.5, 1.5 Hz), 4.51 (d,
1H,J = 3.5 Hz), 4.77 (t, 1HJ = 10.5), 5.52 (s, 1H), 5.67 (d, 1H,
= 10.4 Hz), 5.76-5.79 (dd, 1HJ = 11.0, 3.5 Hz), 7.04 (d, 2H] =
8.0 Hz), 7.38-7.46 (m, 7H), 7.747.77 (m, 2H), 7.847.89 (m, 2H);
13C NMR (500 MHz, CDCY¥) 6 21.22, 40.47, 49.33, 69.63, 71.74, 72.57,
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mg) and 43 (80.1 mg) as described in the general glycosylation
procedure to yield 93.1 mg (90%):H NMR (500 MHz, CDC}) o
7.98 (dd,J = 8.0, 1.0 Hz, 2H), 7.637.69 (m, 4H), 7.16:7.45 (m,
29H), 7.00 (d, 2HJ = 8.0 Hz), 6.79 (dd, 2HJ = 8.0, 2.0 Hz), 5.66
(d, 1H,J = 3.0 Hz), 5.46 (t, 1HJ = 9.0 Hz), 5.16 (d, 1HJ = 3.5
Hz), 4.81 (d, 1HJ = 11.0 Hz), 4.69 (d, 1HJ = 12.0 Hz), 4.59 (d,
2H,J = 11.0 Hz), 4.54 (d, 1HJ) = 11.5 Hz), 4.46 (d, 1HJ = 12.0
Hz), 4.36 (d, 1HJ = 12.0 Hz), 4.20 (d, 1H) = 11.0 Hz), 4.05-4.07
(m, 1H), 3.80 (dd, 1HJ = 9.5, 6.0 Hz), 3.72 (t, 1HJ = 6.0 Hz),
3.63-3.69 (m, 4H), 3.39-3.44 (m, 2H), 3.35 (t, 1HJ = 9.5 Hz), 3.30
(dd, 1H,J = 10.5, 4.0 Hz), 2.392.45 (m, 1H), 2.23-2.33 (m, 6H),
1.95 (s, 3H), 1.06 (s, 9H}3C NMR (125 MHz, CDC}) 6 206.1, 171.6,
165.0, 138.6, 138.5, 138.4, 137.9, 137.9, 135.6, 135.6, 133.1, 133.0,
132.9, 129.8, 129.7, 129.7, 129.6, 129.5, 129.1, 128.6, 128.3, 128.2,
128.2, 127.9, 127.8, 127.7, 127.7, 127.6, 127.5, 127.4, 127.3, 127.3,
127.1, 93.32, 87.08, 81.41, 79.31, 77.96, 77.38, 75.45, 74.28, 73.91,
73.31, 73.17, 70.54, 68.26, 65.31, 62.22, 37.84, 29.66, 29.50, 27.98,
26.76, 21.09, 19.13; HRMS (Mt Cs) calcd for GsHggO13SSIiCs
1381.4143, found 1381.4077.

p-Methylphenyl  3,6-Di-O-benzoyl-2-deoxy-2-(2,2,2-trichloro-
ethoxylcarbonylamino)-1-thiof-p-glucopyranoside (27) Compound
21(2.0 g, 3.41 mmol) in MeOH (10 mL) was treated with a catalytic
amount d 1 M NaOMe for 5 h, and the solution was then neutralized
with IR-120 (H"), filtered, and concentrated. To a solution of the crude
product (610 mg, 1.324 mmol), pyridine (70Q), and DMAP (50
mg) in CHCl, (20 mL) was added BzCl (338L, 2.916 mmol). The
mixture was refluxed fo5 h under Ar and then concentrated and
coevaporated twice with toluene, diluted with &H, (100 mL), washed
with 10% aqueous $$0,, brine, and saturated aqueous NaHCfied

82.50, 101.03, 123.49, 123.68, 126.53, 126.57, 126.72, 128.15, 129.18over NaSQ,, filtered, and concentrated. Column chromatography
129.53, 131.27, 131.46, 134.15, 134.28, 134.32, 137.41, 138.40, 166.79(hexane/AcOEt, 2:1 to 1:2) of the residue g&#(495 mg, 56%) as

166.87, 168.30; HRMS (M- Cs) calcd for GH26NO/SCICs 712.0173,
found 712.0196.

p-Methylphenyl 2-O-Benzoyl-4,60-benzylidene-30-chloroacetyl-
1-thio-f-p-galactopyranoside (24).Compound42 (80 mg, 0.167
mmol) was treated with CIAcCI (2zL, 0.335 mmol) and pyridine
(100uL) in CH.Cl, (2 mL). Chromatography (hexanes/AcOEt, 1:1) of
the residue gavé4 (87 mg, 94%) as a white powdetH NMR (500
MHz, CDCL) & 8.05-7.04 (14H), 5.54 (t, 1HJ = 10.0 Hz, H-2),
5.49 (s, 1H, ArCH), 5.22 (dd, 1H] = 3.5, 10.0 Hz, H-3), 4.828 (d,
1H,J = 10.0 Hz, H-1), 4.45 (d, 1H) = 3.5 Hz, H-4), 4.43 (d, 1H)
= 11.0 Hz, H-6), 4.06 (d, 1H]) = 11.0 Hz, H-6), 3.98 and 3.89 4gl,
1H each,J = 15.0 Hz, CICH), 3.67 (bs, 1H, H-5), 2.34 (s, 3H, Me);
13C NMR (500 MHz, CDC}) 6 167.2, 164.8, 101.2, 85.2, 75.0, 73.3,
69.6, 69.1,67.2, 40.6, 21.05; HRMS (M Cs) calcd for GoH,/07-
CICs 687.0220, found 687.0235.

p-Methylphenyl 2-O-Benzoyl-6O-tert-butyldiphenylsilyl-4- O-
levulinyl-1-thio- #-p-galactopyranoside (25)To a stirred solution of
35 (1.1 g, 1.3 mmol) in CKCI, (45 mL) was added trifluoroacetic
acid (8 mL) at—20 °C. After the solution was stirred for 20 min at
this temperature, methanol (8 mL) and £H (80 mL) were then added

a white solid; p]2% +28.4 (c, 0.5, CHCY); 'H NMR (500 MHz,
CDCl3) 6 5.50 (d, 1HJ = 9.5 Hz, H-2), 5.41 (t, 1HJ = 9.5 Hz, H-3),
4.844 (d, 1HJ = 10.0 Hz, H-1), 4.744.64 (m, 3H), 4.55 (d, 1H] =
12.0 Hz, OCHCCI), 3.90 (q, 1H,J = 10.0 Hz, H-2), 3.79 (m, 2H,
H-5, H-4), 3.42 (d, 1HJ = 5.0 Hz, OH), 2.27 (s, 3H, Me); HRMS (M
+ Cs) calcd for GoH2s0sCIsNSCs 799.9655, found 799.9680.
p-Methylphenyl 2-O-Benzoyl-30-(2,3,4,6-tetraO-benzyl-a-p-glu-
copyranosyl)-4-O-levulinyl-1-thio- f-p-galactopyranoside (28)Com-
pound 28 was prepared fron26 (76.0 mg) as described for the
preparation of36, yielding 48.3 mg (79%):'H NMR (400 MHz,
CDCls) 6 7.99 (d,J = 7.5 Hz, 2H), 7.43 (tJ = 7.4 Hz, 1H), 7.36 (d,
J=8.0 Hz, 2H), 7.26-7.31 (m, 20H), 7.09 (d) = 8.1 Hz, 2H), 6.84
(dd,J = 7.5, 2.0 Hz, 2H), 5.485.52 (m, 2H), 4.98 (dJ = 3.4 Hz,
1H), 4.84 (d,J = 10.9 Hz, 1H), 4.74 (dJ) = 9.9 Hz, 1H), 4.66 (d,
=10.9 Hz, 1H), 4.61 (s, 2H), 4.58 (d,= 11.4 Hz, 1H), 4.42 (d) =
12.0 Hz, 1H), 4.27 (dJ = 12.0 Hz, 1H), 4.22 (dJ = 11.3 Hz, 1H),
4.04-4.08 (m, 1H), 3.68-3.79 (m, 3H), 3.5#3.63 (m, 2H), 3.38
3.44 (m, 2H), 3.153.23 (m, 2H), 2.64 (bs, 1H), 2.28.53 (m, 7H),
2.09 (s, 3H);33C NMR (100 MHz, CDC}¥) 6 206.73, 173.55, 165.07,
138.58, 138.44, 138.40, 138.23, 137.77, 133.13, 133.08, 129.77, 129.56,

to the reaction mixture, and the mixture was washed with saturated 128.73, 128.29, 128.25, 127.96, 127.80, 127.71, 127.60, 127.51, 127.43,

NaHCG; (3 x 30 mL) and brine (30 mL) and then dried overJiSe,.
After removal of the solvent, the residue was purified by chromatog-
raphy on a silica gel column (hexanes/EtOAc, 2.5:1) to yR3d547

mg, 58%) as white solidst*H NMR (500 MHz, CDC}) 4 8.08 (d,J =

7.5 Hz, 2H), 7.66 (tJ = 7.5 Hz, 4H), 7.59 (t, 1H) = 7.5 Hz), 7.37
7.48 (m, 8H), 7.33 (d, 2H]) = 8.0 Hz), 7.02 (d, 2HJ = 8.5 Hz), 5.58

(d, 1H,J = 3.5 Hz), 5.13 (t, 1H,) = 10.0 Hz), 4.76 (d, 1HJ = 10.0
Hz), 3.95 (dt, 1H,J = 3.0, 8.5 Hz), 3.763.82 (m, 2H), 3.66:3.72

(m, 1H), 3.01 (d, 1HJ = 8.0 Hz), 2.672.79 (m, 2H), 2.42-2.56 (m,
2H), 2.30 (s, 3H), 2.16 (s, 3H), 1.05 (s, 9HFC NMR (125 MHz,

CDCls) 6 207.7,172.0, 166.3, 138.1, 135.6, 135.6, 133.2, 133.1, 133.1,
133.0, 130.0, 129.8, 129.8, 129.7, 129.6, 128.9, 128.4, 127.7, 86.7,

127.24,127.14, 94.32, 87.00, 81.46, 78.96, 77.28, 75.44, 74.76, 74.24,
73.31, 73.15, 70.66, 69.04, 69.03, 67.90, 66.20, 60.21, 37.72, 29.63,
27.82, 21.11; HRMS (M+ Cs) calcd for GeHe013SCs 1143.2965,
found 1143.2920.

p-Methylphenyl 2-O-Benzyl-4,60-benzylidene-30-chloroacetyl-
1-thio-f-p-galactopyranoside (29).Compound49 (200 mg, 0.431
mmol) was treated with chloroacetyl chloride (62, 0.862 mmol)
and pyridine (2.0 mL). The residue was purified by chromatography
(hexanes/AcOEt, 1:1) to givE9 (229 mg, 98%) as a syrup:o[?%p
+27.%4 (c, 0.5, CHC}); *H NMR (400 MHz, CDC}) 6 7.63-7.04
(14H), 5.48 (s, 1H, ArCH), 5.01 (dd, 1H, = 3.36, 9.64 Hz, H-3),
4.81 and 4.50 (d, 1H eachi,= 10.96 Hz, ArCH), 4.642 (d, 1HJ =

77.83, 73.18, 71.58, 70.36, 61.97, 38.41, 29.68, 28.17, 26.75, 21.13,9.5 Hz, H-1), 4.40 (dd, 1H) = 1.5, 12.5 Hz, H-6), 4.394.36 (m,

19.11; HRMS (M+ Cs) calcd for GiH460sSSiCs 859.1737, found
859.1704. Anal. Calcd for £H460sSSi: C, 67.74; H, 6.38; S, 4.41.
Found: C, 68.10; H, 6.46; S, 4.91.

p-Methylphenyl 2-O-Benzoyl-30-(2,3,4,6-tetraO-benzyl-a-p-glu-
copyranosyl)-6-O-tert-butyldiphenylsilyl-4- O-levulinyl-1-thio- #-b-
galactopyranoside (26).Compound26 was prepared fron25 (60.0

2H), 4.00-3.79 (m, 4H), 3.50 (bs, 1H, H-5), 2.36 (d, 18= 11.0

Hz, OH), 2.35 (s, 3H, Me)3C NMR (500 MHz, CDC}) 6 166.78,
100.75, 86.35, 77.03, 75.11, 73.60, 73.31, 69.07, 68.96, 40.50, 21.02;
HRMS (M + Cs) calcd for GoH290sCISCs 673.0428, found 673.0457.
Anal. Calcd for GeH2006CIS: C, 64.38; H, 5.40. Found: C, 64.18; H,
5.32.
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p-Methylphenyl 2-O-Benzoyl-60-(2,3,4,6-tetraO-benzylf-b-
galactopyranosyl)-4O-levulinyl-3-O-p-methoxybenzyl-1-thiof-p-
galactopyranoside (30).Compound30 was prepared fron36 (49.0
mg) and 48 (78.1 mg) as described in the general glycosylation
procedure (16.2 mg, 18%)H NMR (500 MHz, CDC}) 6 7.97 (d,J
= 8.0 Hz, 2H), 7.60 (tJ = 7.5 Hz, 1H), 7.46 (tJ = 7.5 Hz, 2H),
7.19-7.36 (m, 22H), 6.95 (tJ = 8.5 Hz, 4H), 6.57 (dJ = 9.0 Hz,
2H), 5.50 (d,J = 3.0 Hz, 1H), 5.32 (tJ = 10.0 Hz, 1H), 4.94 (dJ =
12.5 Hz, 1H), 4.92 (dJ = 11.5 Hz, 1H), 4.68-4.76 (m, 4H), 4.63 (d,
J = 11.5 Hz, 1H), 4.46 (dJ = 12.5 Hz, 1H), 4.45 (dJ = 12.0 Hz,
1H), 4.41 (d,J = 7.5 Hz, 1H), 4.40 (dJ = 12.0 Hz, 1H), 4.21 (dJ
=12.5 Hz, 1H), 3.76-:3.92 (m, 5H), 3.70 (s, 3H), 3.5¢8.60 (m, 5H),
2.57-2.75 (m, 4H), 2.20 (s, 3H), 2.13 (s, 3HFC NMR (125 MHz,
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benzylidene-1-thig-p-galactopyranoside (2.5 g, 6.68 mmol), DCC
(1.65 g, 8.0 mmol), and DMAP (200 mg) in GEll, (40 mL) was added
levulinic acid (770uL, 7.35 mmoL). The mixture was stirred at room
temperature for 3 h, and then pyridine (2.5 mL) and chloroacetyl
chloride (537 uL, 13.36 mmol) were added. After being stirred
overnight, the mixture was diluted with G&l, (150 mL), washed with
water, 10% HSO,, water, and saturated aqueous NaHC®ied over
NaSQ,, filtered, and concentrated. The residue was chromatographed
(hexane/AcOEt, 2:1 to 1:1) to giyemethylphenyl 4,89-benzylidene-
2-O-chloroacetyl-30-levulinyl-1-thio3-p-galactopyranoside (1.32 g,
36%), which was treated with NdNIH, (1 mL)/AcOH (2 mL) in THF/
MeOH (10:1, 10 mL). The residue was concentrated, diluted with
CH.CI, (150 mL), washed with saturated aqueous NaHCdied

CDCl;) 6 206.3, 171.9, 165.1, 159.1, 138.8, 138.6, 138.5, 137.8, 137.6, (Na&:SQy), filtered, and concentrated. Chromatography of the residue

133.0, 132.8, 132.3, 129.9,
129.2, 128.4, 128.3, 128.3,
113.6, 104.0, 86.64, 82.06, 79.49, 76.82,
73.40, 73.24, 73.09, 70.42, 69.42, 68.57,
29.68, 28.13, 21.00; HRMS (Mt Cs) calcd for G/H70014SCs
1263.3541, found 1263.3604.

p-Methylphenyl 2-O-(2,3,4-Tri-O-benzyl-o-L-fucopyranosyl)-6-
O-tert-butyldiphenylsilyl-4- O-levulinyl-1-thio- #-p-galactopyrano-
side (31).Compound31 was prepared fror89 (100 mg) as described
for the preparation 025, yielding 89 mg (99%) of a syrup*H NMR
(500 MHz, CDC}) 6 7.64 (t,J = 7.5 Hz, 4H), 7.22-7.43 (m, 23H),
7.00 (d,J = 8.0 Hz, 2H), 5.50 (dJ = 3.0 Hz, 1H), 4.97 (dJ = 3.0
Hz, 1H), 4.96 (dJ = 12.0 Hz, 1H), 4.86 (dJ = 12.0 Hz, 1H), 4.78
(d,J=12.0 Hz, 1H), 4.75 (s, 2H), 4.66 (d,= 12.0 Hz, 1H), 4.64 (d,
J=2.5Hz, 1H), 4.52 (dJ = 9.5 Hz, 1H), 4.28 (9] = 6.5 Hz, 1H),
4.04-4.09 (m, 1H), 3.97 (dd) = 10.0, 2.5 Hz, 1H), 3.83 (dfl = 9.0,
2.5 Hz, 1H), 3.63-3.75 (m, 4H), 3.57 (tJ = 9.0 Hz, 1H), 2.58-2.70
(m, 2H), 2.51 (tJ = 7.0 Hz, 2H), 2.29 (s, 3H), 2.12 (s, 3H), 1.20 (d,
J = 6.5 Hz, 3H), 1.03 (s, 9H):3C NMR (125 MHz, CDC}) 6 206.3,

129.9, 129.6,
128.3, 128.2,

129.6, 129.5, 129.5, 129.3,gave34 (1.03 g, 95%) as a white solido]?» —17.6 (c, 0.5, CHC});

127.9, 127.8, 127.5, 127.4,"H NMR (400 MHz, CDC}) 6 7.50-7.10 (9H), 5.47 (s, 1H, ArCH),
76.67, 75.08, 74.56, 73.49,5.01 (t, 1H,J = 9.64 Hz, H-2), 4.579 (d, 1H] = 9.76 Hz, H-1), 4.36
68.48, 67.05, 55.10, 38.14,(dd, 1H,J = 1.48, 12.48 Hz, H-6), 4.17 (dd, 1H,= 1.0, 3.64 Hz,

H-4), 4.14 (s, 2H, CbLCI), 3.73 (bs, 1H, H-3), 3.51 (d, 1H,= 1.08
Hz, H-5), 2.66 (bs, 1H, OH), 2.35 (s, 3H, M&fC NMR (500 MHz,
CDCls) 6 166.41, 138.53, 137.20, 101.39, 84.29, 75.45, 72.32, 71.76,
69.75, 68.98, 40.84, 21.21; HRMS (M Cs) calcd for G;H230sCISCs
473.0802, found 473.0817.

p-Methylphenyl 2-O-Benzoyl-6-O-tert-butyldiphenylsilyl-4- O-
levulinyl-3-O-p-methoxybenzyl-1-thioff-p-galactopyranoside (35).
Compound45 (1.97 g, 2.65 mmol) was treated with pyridine (50 mL)
and benzoyl chloride (1.2 mL, 10.6 mmol). The residue was subjected
to a column chromatography on silica gel (hexanes/EtOAc, 4:1) to give
35(2.24 g, 100%) as a syrupH NMR (500 MHz, CDCH}) 6 7.98 (d,
J=8.0 Hz, 2H), 7.65-7.68 (m, 4H), 7.60 () = 7.5 Hz, 1H), 7.3%
7.48 (m, 8H), 7.32 (dJ = 8.0 Hz, 2H), 7.01 (dJ = 9.0 Hz, 2H), 6.99
(d, J = 8.0 Hz, 2H), 6.59-6.62 (m, 2H), 5.66 (dJ = 3.0 Hz, 1H),
5.31 (t,J = 10.0 Hz, 1H), 4.68 (dJ = 10.0 Hz, 1H), 4.54 (dJ = 12.5

171.8, 138.5, 138.4, 137.4, 137.3, 135.6, 133.2, 133.1, 132.3, 129.9,Hz, 1H), 4.33 (d,J = 12.5 Hz, 1H), 3.86-3.85 (m, 1H), 3.683.73

129.7,
127.6,
74.66,
21.07, 19.10, 16.43; HRMS (M+ Cs) calcd for GiH7¢011SSiCs
1171.3462, found 1171.3423.

p-Methylphenyl 2-O-Benzoyl-4-0-(2,3,4-tri-O-benzyl-a-L-fuco-
pyranosyl)-6-O-tert-butyldiphenylsilyl-1-thio- f-p-galactopyranoside
(32). Compound32 was prepared frord1 (48 mg) as described for
the preparation o5, yielding 26.3 mg (61%):'"H NMR (500 MHz,
CDCl) 0 8.12 (dd,J = 8.0, 1.0 Hz, 2H), 7.657.68 (m, 4H), 7.57 (tt,
J=17.5, 1.0 Hz, 1H), 7.167.49 (m, 25H), 6.90 (dJ = 8.0 Hz, 2H),
5.33 (t,J = 10.0 Hz, 1H), 5.02 (dJ = 11.5 Hz, 1H), 4.93 () = 12.5
Hz, 2H), 4.84 (dJ = 11.5 Hz, 1H), 4.76 (dJ = 12.0 Hz, 1H), 4.70
(d, 3= 3.5 Hz, 1H), 4.67 (dJ = 12.0 Hz, 1H), 4.66 (dJ = 10.0 Hz,
1H), 4.65 (d,J = 11.5 Hz, 1H), 4.00 (ddj = 10.5, 3.5 Hz, 1H), 3.95
(d, 3= 3.0 Hz, 1H), 3.73-3.84 (m, 4H), 3.56:3.62 (m, 2H), 3.47 (d,
J=1.5Hz, 1H), 2.19 (s, 3H), 1.01 (s, 9H), 0.79 (= 6.5 Hz, 3H);
13C NMR (125 MHz, CDC}) 6 165.5, 138.6, 138.4, 137.5, 137.2, 135.6,

129.6, 129.5, 128.6, 128.4, 128.3, 128.2, 128.0, 127.7, 127.7,(m, 5H), 3.62 (dd,) = 9.5, 3.0 Hz, 1H), 2.552.73 (m, 4H), 2.27 (s,
127.4, 101.2, 86.6, 79.97, 79.80, 77.76, 77.38, 75.83, 74.73,3H), 2.13 (s, 3H), 1.07 (s, 9HY3C NMR (125 MHz, CDC}) 6 206.1,
74.17, 72.52, 69.44, 67.33, 62.08, 38.14, 29.78, 28.05, 26.74,171.8, 165.1, 159.1, 137.9, 135.6, 135.6, 133.1, 133.0, 132.9, 129.9,

129.9, 129.8, 129.8, 129.6, 129.5, 129.3, 129.2, 128.3, 127.8, 127.7,
113.5, 87.0, 77.67, 76.87, 70.35, 69.62, 66.16, 61.99, 55.11, 38.18,
29.75, 28.18, 26.74, 21.08, 19.12; HRMS {MCs) calcd for GoHs4O00-
SSiCs 979.2312, found 979.2349.

p-Methylphenyl 2-O-Benzoyl-4-O-levulinyl-3-O-p-methoxybenzyl-
1-thio-f-p-galactopyranoside (36).A mixture of 35 (330 mg, 0.39
mmol), HF/pyridine complex (3.5 mL), acetic acid (5.0 mL), and dry
THF (25 mL) was stirred for 11 h under argon. The reaction mixture
was diluted with EtOAc (150 mL) and then washed with saturated
aqueous NaHCE(3 x 30 mL) and brine (30 mL), dried over BMaO;,
filtered, and concentrated under reduced pressure. The residue was
purified by chromatography on a silica gel column (hexanes/EtOAc,
1:1.5) to yield36 (237 mg, 100%) as a syrupH NMR (500 MHz,
CDCl3) 0 7.99 (dd,J = 8.5, 1.0 Hz, 2H), 7.61 (§ = 7.0, 1.0 Hz, 1H),
7.47 (t,J = 8.0 Hz, 2H), 7.327.34 (m, 2H), 7.06 (dJ = 8.0 Hz,

133.7, 133.2, 132.8, 130.4, 129.9, 129.7, 129.2, 128.8, 128.5, 128.4,2H), 7.00 (d,J = 9.0 Hz, 2H), 6.59-6.62 (m, 2H), 5.53 (dJ = 3.0
128.4, 128.4, 128.2, 128.1, 127.9, 127.7, 127.6, 102.0, 85.7, 80.98,Hz, 1H), 5.38 (tJ = 10.0 Hz, 1H), 4.70 (dJ = 10.0 Hz, 1H), 4.53 (d,
79.70, 79.25, 77.38, 76.35, 74.67, 74.36, 74.19, 73.14, 71.84, 67.30,J = 12.0 Hz, 1H), 4.31 (dJ = 12.5 Hz, 1H), 3.7#3.80 (m, 1H), 3.71

62.86, 29.65, 26.78, 21.10, 16.21; HRMS {VCs) calcd for GsHesOuo-
SSiCs 1177.3357, found 1177.3397.

p-Methylphenyl 2,3-Di-O-benzoyl-4,60-benzylidene-1-thioff-p-
galactopyranoside (33)p-Methylphenyl 4,60-benzylidene-1-thigs-
p-galactopyranoside (1.0 g, 2.67 mmol) was treated with BzCl (2 mL)/
pyridine (3 mL) in CHCI, (10 mL). Chromatography (hexane/AcOEt,
1:1) of the residue gav@3(1.48 g, 95%): {]*% +34° (c, 0.5, CHC});
IH NMR (500 MHz, CDC}) 6 5.76 (t, 1H,J = 10.0 Hz, H-2), 5.49 (s,
1H, ArCH), 5.34 (dd, 1HJ = 3.5, 10.0 Hz, H-3), 4.902 (d, 1H,=
10.0 Hz, H-1), 4.57 (d, 1H] = 3.0 Hz, H-4), 4.44, 4.08 (dd, 1H each,
J=1.5,12.5 Hz, H-6), 3.75 (s, 1H, H-5), 2.34 (s, 3HMe); HRMS
(M + Cs) calcd for G4H3z00;SCs 715.0767, found 715.0792. Anal.
Calcd for G4H300/S: C, 70.09; H, 5.19; S, 5.50. Found: C, 70.05; H,
5.02; S, 6.06.

p-Methylphenyl 4,6-O-Benzylidene-20-chloroacetyl-1-thioff-p-
galactopyranoside (34).To a solution of thep-methylphenyl 4,60-

(s, 3H), 3.62-3.70 (m, 2H), 2.822.89 (m, 1H), 2.672.74 (m, 2H),
2.57-2.64 (m, 2H), 2.30 (s, 3H), 2.19 (s, 3H), 2.04 (= 0.5 Hz,
1H); *3C NMR (125 MHz, CDC}4) 6 206.9, 173.1, 165.1, 159.2, 138.1,
133.1, 129.9, 129.5, 129.1, 128.8, 128.2, 113.6, 86.86, 77.40, 76.64,
70.37, 69.67, 66.62, 60.51, 55.08, 38.00, 29.70, 28.01, 21.02; HRMS
(M + Cs) calcd for GsHze0sSCs 741.1134, found 741.1155.
p-Methylphenyl 3-O-Benzyl-4,60-benzylidene-20-levulinyl-1-
thio-f-p-galactopyranoside (37) p-Methylphenyl 30-benzyl-4,60-
benzylidene-1-thig-p-galactopyranoside (300 mg, 0.646 mmol) in
CH.CI, (5 mL) was treated with levulinic acid (12€L, 0.97 mmol),
DCC (200 mg), and DMAP (50 mg) according to the procedure
described for the preparation 8. The residue was purified by column
chromatography (hexanes/AcOEt, 1:1) to gB#(345 mg, 95%) as a
white solid: )% —2.6° (¢, 0.5, CHC}); *H NMR (500 MHz, CDC})
0 7.49-7.03 (m, 14 H), 5.42 (s, 1H), 5.26 (t, 14,= 10.0 Hz, H-2),
4.65, 4.61 (d, each 1H,= 12.5 Hz), 4.573 (d, 1H) = 9.5 Hz, H-1),
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4.33 (d, 1H,J = 12.0 Hz), 4.14 (d, 1H) = 3.5 Hz), 3.97 (d, 1H) =
12.0 Hz), 3.60 (dd, 1H] = 10.0, 3.5 Hz), 3.41 (s, 1H), 2.77, 2.62 (m,
2H each), 2.32, 2.19 (s, 3H eachYC NMR (125 MHz, CDC}) ¢
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p-Methylphenyl 2-O-Benzoyl-40-(2,3,4-tri-O-benzyl-a-L-fuco-
pyranosyl)-6-O-tert-butyldiphenylsilyl-3- O-p-methoxybenzyl-1-thiof-n-
galactopyranoside (41).Compound41 was prepared frond4 (311

206.4, 171.7, 138.1, 138.0, 137.6, 101.2, 85.3, 78.4, 73.2, 71.2, 69.9,mg) and50 (337 mg) as described for the preparatior36f yielding

69.2, 68.6, 37.9, 29.9, 28.1, 21.2; HRMS (MCs) calcd for GoHz407-
SCs 695.1080, found 695.1054.

p-Methylphenyl 2,3-Di-O-acetyl-6-O-benzyl-1-thio{-p-galacto-
pyranoside (38). p-Methylphenyl 4,60-benzylidene-1-thigs-p-
galactopyranoside (200 mg, 0.437 mmol) was treated withOAc
pyridine (1:2, 3 mL). Flash chromatography (hexanes/AcOEt, 1:1) of
the residue gav@-methylphenyl 2,3-d©-acetyl-4,60-benzylidene-
1-thio{3-p-galactopyranoside (358 mg, 97%). One part of the product
(200 mg, 0.437 mmol) was mixed with 3-A molecular sieves (300 mg)
and NaCNBH (155 mg, 2.19 mmol) in THF (2 mL), ahl M HCI/
Et,O solution was added until no more gas evolved. The mixture was
diluted with CHCI, (20 mL), filtered through Celite, washed with brine,
dried (NaSQy), filtered, and concentrated. Chromatography (hexanes/
AcOEt, 1:1) of the residue gav@8 (184 mg, 92%) as a white solid:
[a]?% +7° (c, 0.5, CHCH); *H NMR (500 MHz, CDC}) 6 41-7.05
(9H), 5.27 (t, 1H,J = 9.5 Hz, H-2), 4.95 (dd, 1HJ = 3.0, 9.5 Hz,
H-3), 4.625 (d, 1H,J = 10.0 Hz, H-1), 4.55 (AR 2H, J = 12.0 Hz,
ArCH,), 4.16 (bs, 1H, H-4), 3.77 (m, 2H, H-6), 3.70 (t, 1Bi= 5.0
Hz, H-5), 2.74 (d, 1H,) = 3.5 Hz, OH), 2.30, 2.08, 2.06 (s, 3H each,
Me); HRMS (M + Na) calcd for G4H2s0;SNa 483.1453, found
483.1465.

p-Methylphenyl 2-O-(2,3,4-Tri-O-benzyl-a-L-fucopyranosyl)-6-
O-tert-butyldiphenylsilyl-4- O-levulinyl-3-O-p-methoxybenzyl-1-thio-
p-p-galactopyranoside (39)To a mixture of45 (300 mg, 0.404 mmol),
50 (327 mg, 0.606 mmol), and 4-A molecular sieves (800 mg) in
CH.ClI, (8 mL) was added NIS (143 mg, 0.606 mmol) under argon.
After the mixture was stirred for 20 min at20 °C, TfOH (65uL, 0.3
M in Et,0) was added at20 °C, and the reaction mixture was stirred
for 20 min. EtN (1.0 mL) was then added. The reaction mixture was
filtered through Celite, and the filtrate was diluted with &Hp. The
solution was washed with saturated aqueousS@s, saturated
NaHCGQ;, and brine, dried over N8Os, and concentrated. The residue
was purified by column chromatography on silica gel (hexanes/EtOAc,
4:1) to give39 (343 mg, 73%):'H NMR (500 MHz, CDC}) ¢ 7.60~
7.63 (M, 4H), 7.19-7.43 (m, 23H), 7.06 (dJ = 9.0 Hz, 2H), 7.01 (d,
J = 8.0 Hz, 2H), 6.76-6.80 (m, 2H), 5.76 (dJ = 4.0 Hz, 1H), 5.63
(d,J = 3.0 Hz, 1H), 4.94 (dJ = 11.5 Hz, 1H), 4.79 (dJ = 11.5 Hz,
1H), 4.74 (dJ = 10.0 Hz, 1H), 4.72 (dJ = 11.5 Hz, 1H), 4.584.69
(m, 5H), 4.26 (dJ = 10.5 Hz, 1H), 3.974.07 (m, 3H), 3.76 (s, 3H),
3.71-3.75 (m, 3H), 3.59-3.65 (m, 2H), 2.49-2.56 (m, 4H), 2.29 (s,
3H), 2.07 (s, 3H), 1.14 (dJ = 6.5 Hz, 3H), 1.02 (s, 9H®3C NMR
(100 MHz, CDC#}) 6 171.73, 158.91, 138.76, 138.61, 138.43, 137.23,

356 mg (74%):*H NMR (500 MHz, CDC}) ¢ 8.02 (dd,J = 8.0, 1.0
Hz, 2H), 7.69 (ddJ = 8.0, 1.0 Hz, 2H), 7.63 (dd] = 8.0, 1.5 Hz,
2H), 7.59 (t,J = 7.5 Hz, 1H), 7.1#7.48 (m, 25H), 6.98 (tJ = 8.5
Hz, 4H), 6.63 (dJ = 8.5 Hz, 2H), 5.76 (tJ = 9.5 Hz, 1H), 5.57 (d,
J = 4.0 Hz, 1H), 4.92 (dJ = 12.0 Hz, 1H), 4.87 (dJ = 11.5 Hz,
1H), 4.77 (d,J = 12.0 Hz, 2H), 4.67 (dJ = 12.0 Hz, 1H), 4.56 (dJ
=11.5Hz, 1H), 4.49 (dJ = 11.5 Hz, 1H), 4.44 (d) = 12.5 Hz, 1H),
4.39 (d,J = 11.5 Hz, 1H), 4.21 (dJ = 2.0 Hz, 1H), 3.96 (ddJ =
11.0, 7.5 Hz, 1H), 3.89 (dd] = 10.5, 4.0 Hz, 1H), 3.633.77 (m,
7H), 3.44 (q.J = 6.5 Hz, 1H), 3.34 (dJ = 2.0 Hz, 1H), 2.21 (s, 3H),
1.07 (s, 9H), 0.74 (dJ = 6.5 Hz, 3H);13C NMR (125 MHz, CDC})
0 164.9, 159.2, 139.4, 139.0, 138.6, 137.0, 135.7, 135.5, 133.4, 133.0,
132.9, 131.6, 130.9, 130.3, 129.8, 129.7, 129.6, 129.5, 129.3, 128.6,
128.3, 128.2, 128.1, 128.1, 127.9, 127.7, 127.5, 127.5, 127.2, 126.8,
113.7,96.6, 87.8, 81.27, 80.23, 78.32, 77.51, 77.21, 75.12, 74.50, 73.61,
71.83, 71.46, 70.32, 69.22, 66.63, 64.76, 55.15, 26.84, 21.04, 16.54;
HRMS (M + Cs) calcd for GH7¢01:SSiCs 1297.3932, found
1297.3995.

p-Methylphenyl 2-O-Benzoyl-4,60-benzylidene-1-thiof-p-ga-
lactopyranoside (42).p-Methylphenyl 4,60-benzylidene-1-thig-p-
galactopyranoside (300 mg, 0.802 mmol) in/CH (10 mL) was treated
with DCC (238 mg, 1.16 mmol), DMAP (50 mg), and levulinic acid
(200 uL, 0.963 mmol) as described for the preparation3df The
residue was treated with pyridine (5@Q) and BzCI (400uL) under
reflux conditions. After workup, the residue was chromatographed
(hexanes/AcOEt, 2:1 to 1:1) to giyemethylphenyl 20-benzoyl-4,6-
O-benzylidene-33-levulinyl-1-thio-5-p-galactopyranoside (226 mg,
49%), which was treated with NiNH (100 uL)/AcOH (200 uL) in
THF/MeOH (10:1, 5 mL). The residue was concentrated, diluted with
CH.CI, (150 mL), washed with saturated aqueous NaHCdied
(Na:SQy), filtered, and concentrated. Chromatography of the residue
gave4?2 (185 mg, 99%):*H NMR (500 MHz, CDC}) 6 7.50-7.10
(14H), 5.52 (s, 1H, ArCH), 5.20 (t, 1Hl = 9.5 Hz, H-2), 4.760 (d,
1H,J = 10.0 Hz, H-1), 4.40 (dd, 1H] = 1.5, 12.5 Hz, H-6), 4.24 (bd,
1H,J = 3.5 Hz, H-4), 4.04 (dd, 1H] = 1.5, 12.5 Hz, H-6), 3.87 (ddd,
1H, J = 3.0, 9.5 Hz, H-3) 3.59 (bs, 1H, H-5), 2.62 (d, 18= 11.0
Hz, OH), 2.35 (s, 3H, Me)*C NMR (500 MHz, CDC}) 6 165.96,
101.44, 84.80, 75.60, 72.90, 70.67, 69.88, 69.10, 21.21; HRMS- (M
Na) calcd for G/H260sSNa 501.1348, found 501.1364.

p-Methylphenyl 2-O-benzoyl-6-O-tert-butyldiphenylsilyl-3- O-p-
methoxybenzyl-1-thiof-p-galactopyranoside (44)To a stirred solu-
tion of 35 (420 mg, 0.496 mmol) in THF/MeOH (10:1 v/v, 22 mL)

135.61, 135.55, 133.17, 132.94, 131.56, 130.42, 129.76, 129.67, 129.58was addd 1 M NH,NH/AcOH (1:2.5 v/v) in THF/MeOH (5:1 v/v)
128.68, 128.35, 128.29, 128.14, 128.10, 127.70, 127.67, 127.51, 127.40(5 mL). The reaction mixture was stirredrfd h and then evaporated
127.33,113.60, 97.57, 87.52, 82.57, 79.47, 77.71, 77.10, 75.55, 74.68to dryness. The residue was diluted with EtOAc (80 mL), washed with
73.14, 72.81, 71.53, 70.25, 67.37, 65.95, 62.00, 55.22, 38.13, 29.74,saturated aqueous NaHg&nd brine, and dried over B&Q,. The dried

28.08, 26.72, 21.04, 19.06, 16.58; HRMS {MCs) calcd for GH7gO1-
SSiCs 1291.4038, found 1291.4100.

p-Methylphenyl 2-O-(2,3,4-Tri-O-benzyl-a-L-fucopyranosyl)-4-
O-levulinyl-3-O-p-methoxybenzyl-1-thioff-p-galactopyranoside (40).
Compound40 was prepared fron39 (86.0 mg) as described for the
preparation 0of36, yielding 62.6 mg (92%):'H NMR (500 MHz,
CDCl) 6 7.18-7.37 (m, 17H), 7.09 (d) = 8.0 Hz, 2H), 7.04 (dJ =
8.5 Hz, 2H), 6.78 (dJ = 8.5 Hz, 2H), 5.76 (dJ = 4.0 Hz, 1H), 5.45
(d, J= 3.5 Hz, 1H), 4.94 (dJ = 11.5 Hz, 1H), 4.80 (dJ = 11.5 Hz,
1H), 4.76 (dJ = 10.0 Hz, 1H), 4.73 (dJ = 11.5 Hz, 1H), 4.584.68
(m, 4H), 4.55 (dJ = 10.5 Hz, 1H), 4.27 (dJ = 10.5 Hz, 1H), 4.05
4.09 (m, 3H), 4.00 (ddJ = 10.0, 2.5 Hz, 1H), 3.82 (dd} = 9.0, 3.5
Hz, 1H), 3.77 (s, 3H), 3.73 (bs, 1H), 3.67 (db= 11.5, 6.5 Hz, 1H),
3.59 (t,J = 6.5 Hz, 1H), 3.51 (ddJ = 11.0, 6.5 Hz, 1H), 2.592.75
(m, 3H), 2.56-2.56 (m, 1H), 2.32 (s, 3H), 2.13 (s, 3H), 1.17 (o=
6.5 Hz, 3H);13C NMR (125 MHz, CDC}) 6 206.4, 173.2, 159.0, 138.7,

organic layer was concentrated under reduced pressure, and the residue
was purified by chromatography on a silica gel column (hexanes/EtOAc,
4:1) to give44 (343 mg, 92%) as solids*H NMR (500 MHz, CDC})
6 8.01 (dd,J = 8.0, 1.0 Hz, 2H), 7.687.71 (m, 4H), 7.60 (1) = 7.0,
1.5 Hz, 1H), 7.36-7.48 (m, 8H), 7.33 (dJ = 8.0 Hz, 2H), 7.07 (dJ
= 8.5 Hz, 2H), 6.99 (dJ = 8.0 Hz, 2H), 6.67 (dJ = 9.0 Hz, 2H),
5.43 (t,J = 10.0 Hz, 1H), 4.67 (d) = 10.0 Hz, 1H), 4.57 (d)=12.0
Hz, 1H), 4.45 (dJ = 12.0 Hz, 1H), 4.12 (bs, 1H), 3.944.00 (m, 2H),
3.71 (s, 3H), 3.61 (dd] = 9.0, 3.0 Hz, 1H), 3.56 () = 6.0 Hz, 1H),
2.54 (d,J = 1.0 Hz, 1H), 2.27 (s, 3H), 1.07 (s, 9HFC NMR (125
MHz, CDCk) ¢ 165.2, 159.3, 137.7, 135.6, 135.6, 133.2, 133.2, 133.0,
132.6, 130.1, 129.9, 129.7, 129.5, 129.5, 129.3, 128.3, 127.7, 113.8,
87.06, 79.02, 78.75, 71.01, 69.85, 66.30, 63.15, 55.12, 26.81, 21.08,
19.19; HRMS (M+ Cs) calcd for GsH4s0;SSiCs 881.1944, found
881.1976.

p-Methylphenyl 6-O-tert-Butyldiphenylsilyl-4- O-levulinyl-3-O-p-

138.6, 138.3, 137.6, 132.0, 129.8, 129.6, 129.5, 128.5, 128.3, 128.2,methoxybenzyl-1-thioff-D-galactopyranoside (45). A mixture of

128.1, 128.1, 127.7, 127.5, 127.4, 127.4, 113.6, 97.6, 87.08, 82.10,

p-methylphenyl 20-chloroacetyl-30-p-methoxybenzyl-40-levulinyl-

79.42, 77.66, 76.75, 75.51, 74.68, 73.15, 72.82, 71.79, 70.13, 67.40,6-O-tert-butyldiphenylsilyl-1-thioB-p-galactopyranosidé (550 mg,

66.41, 60.53, 55.20, 37.93, 29.70, 27.92, 21.04, 16.58; HRMS-(M
Cs) calcd for GzHgdO12SCs 1053.2860, found 1053.2830.

0.672 mmol), saturated NaHG@ MeOH/H,O (5:1 v/v) solution (50
mL), and THF (12 mL) was stirred f&6 h at 60°C. The solvent was
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then removed under reduced pressure, and the residue was diluted with p-Methylphenyl 2,3,4,6-Tetra-O-benzyl-1-thio{#-D-galactopyran-
EtOAc (150 mL) and water (30 mL). The organic layer was separated, oside (48).p-Methylphenyl 1-thiog-p-galactopyranoside (1.0 g, 3.5
and the aqueous layer was extracted with EtOAx(25 mL). The mmol) was dissolved in dry DMF (15 mL) and cooled+d0 °C. At
organic fractions were combined, washed with brine, and dried over this temperature, NaH (840 mg, 35 mmol) was added, and the mixture
NaSQ;,. The dried organic layer was concentrated, and the residue waswas allowed to warm to room temperature and stirred for an additional
purified by chromatography on a silica gel column (hexanes/EtOAc, 10 min. Then BnBr (4.1 mL, 35 mmol) was added, and the mixture
3:1) to yield 45 (498 mg, 100%) as a syruptH NMR (500 MHz, was stirred for 5 h. At 0C, 10 mL of HO was added, and the mixture
CDCls) 6 7.63-7.66 (m, 4H), 7.367.45 (m, 8H), 7.26 (dJ = 8.5 was extracted with EtOAc (X 50 mL). The organic layer was dried
Hz, 2H), 7.04 (dJ = 8.0 Hz, 2H), 6.87 (dJ = 8.5 Hz, 2H), 5.63 (d, over MgSQ and evaporated to dryness. Flash chromatography using

J=3.0 Hz, 1H), 4.71 (dJ = 11.0 Hz, 1H), 4.46 (dJ = 9.5 Hz, 1H), hexanes/EtOAc (5:1) gave the title compound as a white solid (2.01 g,
4.40 (d,J = 11.0 Hz, 1H), 3.79 (s, 3H), 3.78 (dd,= 12.5, 9.0 Hz, 89%): [0]?% —1.2° (c, 0.5, CHC}); *H NMR (400 MHz, CDC}) 6

1H), 3.64-3.68 (M, 2H), 3.62 (dt) = 1.5, 9.5 Hz, 1H), 3.44 (dd] = 2.27 (s, 3H), 3.563.65 (m, 4H), 3.89 (t, 1HJ = 9.4 Hz) 3.97 (s,
9.0, 3.0 Hz, 1H), 2.562.67 (m, 4H), 2.42 (dJ = 1.5 Hz, 1H), 2.30 1H), 4.42 (AR, 2H,J = 11.6 Hz), 4.59-4.60 (m, 3H), 4.70 (m, 3H),

(s, 3H), 2.12 (s, 3H), 1.05 (s, 9H¥C NMR (125 MHz, CDC}) & 4.73 (ABy, 2H,J = 10.1 Hz), 4.95 (d, 1HJ) = 11.5 Hz), 6.98 (d, 2H,

205.9, 171.7, 159.4, 138.1, 135.6, 135.6, 133.1, 133.0, 129.9, 129.8,J = 8.6 Hz), 7.25-7.47 (m, 22H);*3C NMR (400 MHz, CDC}) 6
129.8, 129.6, 129.4, 128.2, 127.7, 113.9, 88.4, 79.83, 77.58, 71_17‘21.04, 68.68, 72.63, 73.48, 74.34, 75.54, 77.16, 77.24, 84.13, 87.95,

68.38, 66.21, 61.89, 55.25, 38.06, 29.79, 28.02, 26.74, 21.10, 19.10;127.36, 127.49, 127.60, 127.65, 127.71, 127.78, 127.86, 128.09, 128.26,
HRMS (M + Cs) calcd for GaHsiOsSSICs 875.2050, found 875.2082.  128.35, 129.49, 132.10; HRMS (M- Cs) calcd for GiHa0sSCs
p-Methylphenyl 2,3-Di-O-benzyl-4,6O-benzylidene-1-thiof-b- 779.1807, found 779'178,2' . .
galactopyranoside (46) and p-Methylphenyl 2-O-Benzyl-4,60- p-Methylphenyl 2,3,4-Tr|-Obenzyl-l_—thmﬂ—L—fucopyran_03|de (50).
benzylidene-1-thiof-p-galactopyranoside (49).To a mixture of p-Methylphenyl 2,3,4-tr|O-_acetyI-l-thloﬁ-L-fucopyranOSId%(2.5 9.
p-methylphenyl 4,80-benzylidene-1-thigs-b-galactopyranoside (2.0 6.31 mmol) was treated with NaOMe/MeOH. The product was further
g, 5.35 mmol) and BnBr (1.08 mL, 6.42 mmol) in a mixture of CH treated with 85% NaH (463 mg, 22.7 mmol) and BnBr (5.8 mL, 37.86
(7’5 mL) and 1.0 M aqueous Naé)H (27 mL) was addedNBHSQ, mmol) in DMF (25 mL). After the reaction was finished, hexane (30
(367 mg, 1.07 mmol). The mixture was stirred vigorously for 20 h mL) anq water (300 mL)_were added into the v_igorously stirred solution.
under reflux and then diluted with GBI, (100 mL), washed with brine, Ihe SO"d/A‘\)rngutCtlvirl)?f f;tesredl_an(_jrxvasheg with c\j/vatte&(ﬂ mL) andd d
dried over NaSQ,, filtered, and concentrated. Chromatography (hex- . exanes Co (. o mL). The crude prp uct was suspende
anes/ACOEt, 5:1 to 1:1) of the residue gave dibenzyld@l70 mg in a hot (70°C) mixture of AcOEt/hexanes (10:1), stirred for 10 min,
6%) as a s;}rub' (1[]22.; “2% (¢, 0.5, CHC); *H NMR (500 MHzi cooled to room temperature, and filtered to give pbd€2.6 g, 76%)
CDCl) 8 5.48 (s, 1H, ACH), 4.72 (m, 4H, ArCH, 4.577 (d, 1HJ 25 @ solid: §J*p +8° (¢, 0.5, CHCl); HRMS (M + Cs) caled for
= 9.50 Hz, H-1), 4.37 (dd, 1H] = 15, 12.0 Hz, H-6), 4.14 (d, 11, C¥H0:SCs 672.1290, found 672.1287. .
= 3.5 Hz, H-4), 3.98 (dd, 1H) = 1.5, 12.5 Hz, H-6), 3.85 (t, 1H] Methyl 2,3-Di-O-acetyl-6-O-benzyl-4-O-[2,4,6-tri-O-benzoyl-3-O-
= 9.5 Hz, H-2), 3.63 (dd, 1HJ = 3.5, 9.5 Hz, H-3), 3.40 (bs, 1H, (2,3,4,6-tetra0-berjzylu—D-gala<_:topyranosyl)ﬂ-D-galactopyranosyl]-
H-5), 3.51 (d, 1H,J = 1.08 Hz, H-5), 2.31 (s, 3H, Me}C NMR a-D-glucopyranoside (52).A mixture of 48 (37.5 mg, 0.952 mmol),
(500 MHz, CDCH) & 138.5, 138.1, 137.9, 137.6, 133.4, 101.3, 86.5, 12 (24 Mg, 0.039 mmol), and MS-AW-300 (400 mg) in &4, (2
81.4,75.4,75.3,73.6, 71.8, 69.7, 69.4, 21.1. Datgforethylphenyl mL) was stirred at C for 15 min, and then_NIS (13.5 mg, 0.057
3-O-benzyl-4,60-benzylidene-1-thigs-p-galactopyranoside (1.10 g, mmol) was added, followed by 0.5 M TiOH in £ (104L, 0.005

mmol). After 30 min, a solution 061 (36 mg, 0.080 mmol) in CkCI
44.79%): 'H NMR (500 MHz, CDCY) 9 5.39 (s, 1H, ArCH), 4.68 (m, (0.5 rrzL) and MS AW-300 (100 mg) (was ag(]jded foIIowed) by NEg ?13 5
2H, ArCHy), 4.435 (d, 1HJ = 9.5 Hz, H-1), 4.30 (dd, 1HJ = 1.0, ’ ' ’

12.5 Hz, H-6), 4.09 (d, 1H] = 3.5 Hz, H-4), 3.92 (dd, 1H] = 1.5, mg, 0.057 mmol). The mixture was stirred ¥ h atroom temperature,
B . and then solid Ng&,0s, NaHCQ, and two drops of KD were added,
12.5 Hz, H-6), 3.85 (t, 1HJ = 9.5 Hz, H-2), 3.47 (dd, 1H) = 3.5, . : L .
and the mixture was stirred for 5 min, diluted with g8, (25 mL),
9.5 Hz, H-3), 3.38 (bs, 1H, H-5), 2.31 (s, 3H, Mé¥C NMR (500 . , ) ; . _
. filtered through Celite, washed with brine, dried ¢S&), filtered,
MHz, CDCl) 4 101.0, 87.0, 80.1, 73.2, 71.5, 69.9, 69.3, 67.0, 21.2; and concentrated. Chromatography (hexanes/AcOEt, 2:1 to 1:1) of the
HRMS (M + Na) calcd for G/H»g0sSCs 597.0712, found 597.0728. , A i

residue gaves2 (35.9 mg, 64%) as a syrupH NMR (400 MHz,
49 (780 mg, 31.4%) was formed as syruipt NMR (500 MHz, CDC) cDCh) Soeo (d(‘ T 9 Hg)‘ o éd,pllHJ i s.i, 101 1),

0 551 (s, 1H, AlCH), 4.77 and 4.67 (d, 1H each, AlEHLS41 (d, 5 46'(4 111] = 0.8 Hz), 5.00 (d. 1 = 3.3 Hz), 4.86 (d, 1HJ =

1H,J = 9.9 Hz, H-1), 434 (bd, 1H) = 12.0 Hz, H-6), 412 (4, H, 36 1), 4.79 (dd, 1H) = 3.7, 10.4 Hz), 4.69 (d, 140 = 11.4 H2),

J =35 Hz, H-4), 3.97 (bd, 1H) = 12.5 Hz, H-6), 3.60 (t, IH) =~ 4 gg (4, 1H,0 = 8.1 Hz), 4.58 (d, 1HJ = 12.0 Hz), 3.95 (m, 2H),

9.0 Hz, H-Z), 3.75 (bSi 1H, H-3), 3.40 (bS, 1H, H-5), 2.60 (bS, 1H, 3.85 (dd, 1HJ=3.2 HZ), 3.8+3.74 (m, 2H)l 3.69 (m’ 2H), 3.28 (S,
OH), 2.33 (s, 3H, Me);*C NMR (500 MHz, CDCY) 6 101.3, 86.3, 31y 5 05, 1.96 (s, 3H each)’C NMR (500 MHz, CDCY) & 170.3,
77.0,75.7, 75.2, 74.2, 69.6, 69.2, 21.1; HRMS {MCs) calcd for 159 7 166.1, 165.8, 164.3, 243.6, 243.3, 243.0, 138.8, 138.6, 138.2,

C2iH250sSCs 597.0712, found 597.0727. 138.1, 100.7, 96.9, 95.6, 78.8, 75.1, 75.0, 74.5, 74.3, 73.4, 73.3, 73.1,
p-Methylphenyl 2-O-(2,3,4-Tri-O-benzyl-a-L-fucopyranosyl)-6- 72.5, 715, 71.4, 71.3, 70.0, 69.9, 69.7, 68.9, 67.6, 86.6, 62.3, 20.9,

O-tert-butyldiphenylsilyl-3- O-p-methoxybenzyl-1-thioff-p-galacto- 20.7; HRMS (M + Cs) calcd for GoHgO.1Cs 1497.4246, found

pyranoside (47).Compound47 was prepared fron39 (73.0 mg) as 1497.4362.

described for the preparation 44, yielding 57.3 mg (86%):"H NMR Methyl 2,3-Di-O-acetyl-6-O-benzyl-4-O-[2,3,4-tri-O-benzoyl-6-O-

(500 MHz, CDC}) 6 7.63-7.65 (m, 4H), 7.22-7.41 (m, 23H), 7.13 (3,4,6-tri-O-acetyl-2-deoxy-2-(2,2,2, -trichloroethoxylcarbonylamino)-

(d, J = 8.5 Hz, 2H), 7.00 (dJ = 8.0 Hz, 2H), 6.80 (dJ = 8.5 Hz, -p-glucopyranosyl)#-p-galactopyranosyl]a-p-glucopyranoside (53).
2H), 5.75 (d,J = 3.5 Hz, 1H), 4.95 (dJ = 12.0 Hz, 1H), 4.80 (dJ A mixture of 21 (70 mg, 0.12 mmol)13 (48 mg, 0.08 mmol), and

= 11.5 Hz, 1H), 4.654.77 (m, 5H), 4.60 (q) = 6.5 Hz, 1H), 4.53 MS-AW-300 (400 mg) in CHCl, (2 mL) was stirred at 0C for 15
(d,J=11.5Hz, 1H), 4.43 (d) = 11.5 Hz, 1H), 4.0+4.12 (m, 4H), min, and then NIS (30.5 mg, 0.132 mmol) was added, followed by a
3.83-3.89 (m, 2H), 3.76 (s, 3H), 3.673.73 (m, 2H), 3.45 () = 6.0 0.1 M solution of TfOH (5uL) in Et,O. After 15 min, a solution 051

Hz, 1H), 2.36 (bs, 1H), 2.28 (s, 3H), 1.14 (®= 6.0 Hz, 3H), 1.02 (s, (72 mg, 0.16 mmol) in CkCl, (0.5 mL) and MS AW-300 (100 mg)
9H); **C NMR (125 MHz, CDC}) ¢ 159.2, 138.8, 138.6, 138.5, 137.0, was added, followed by NIS (33 mg, 0.13 mmol). The mixture was
135.6, 135.5, 135.5, 133.2, 133.1, 131.4, 130.7, 129.7, 129.6, 129.5,stirred for 1 h, followed by workup as described in the preparation of
129.3, 128.7, 128.4, 128.3, 128.1, 127.8, 127.7, 127.5, 127.4, 113.9,52. Chromatography (hexanes/AcOEt, 3:2 to 1:1) of the residue gave
97.6, 87.34, 84.24, 79.59, 78.00, 77.66, 75.70, 74.66, 73.37, 72.78,53 (62.5 mg, 60%) as a white soliddH NMR (500 MHz, CDC}) 6
71.55, 70.38, 67.31, 65.54, 63.04, 55.19, 29.66, 26.76, 21.04, 16.55;5.80 (d, 1H,J = 3.1 Hz), 5.77 (d, 1HJ = 8.2 Hz), 5.56 (dd, 1HJ =
HRMS (M + Cs) caled for GuH72010SSiCs 1193.3670, found 8.2, 10.0 Hz), 5.42 (t, 1H) = 10.0 Hz), 5.34 (bt, 1H) = 9.4 Hz),
1193.3613. 5.25 (dd, 1HJ = 3.2, 10.3 Hz), 5.0 (m, 3H), 87 (d, 1H,J = 3.5 Hz),



Programmable One-Pot Oligosaccharide Synthesis

4.75 (d, 1H,J = 12.5 Hz), 4.70 (d, 1H) = 8.3 Hz), 4.38 (d, 1HJ) =
12.5 Hz), 3.31 (s, 3H), 2.07, 2.06 (s, 3H each), 2.01 (s, HHNMR
(500 MHz, CDC}) 6 170.6, 170.4, 169.6, 169.5, 165.4, 165.3, 164.6,
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was added, and the mixture was stirred for 10 min. The reaction mixture
was poured into icewater (200 mL) and extracted with EtOAc (3
150 mL). The combined organic liquid was dried over.,8@,. The

133.6, 133.3, 133.2, 100.7, 100.1, 97.1, 74.3, 74.2, 73.6, 72.5, 72.0,solvent was removed and the residue subjected to column chromatog-
71.8, 71.6, 70.8, 70.7, 70.0, 69.6, 68.6, 68.2, 67.6, 67.1, 61.8, 56.2,raphy on silica gel (hexanes/EtOAc, 3:1) to give 5-methoxycarbonyl-

55.3, 31.6, 29.7, 29.6, 22.63, 21.22, 20.8, 20.6; HRMSKI@s) calcd
for CeoHesO2sNSICs 1436.1887, found 1436.1824.

Methyl 2,3-Di-O-acetyl-6-O-benzyl-4-O-[2-O-benzyl-4,6O-ben-
zylidene-3-0-(2,3,4-tri-O-benzyl-o-L-fucopyranosyl)-o.-p-galacto-
pyranosyl]-a-p-glucopyranoside (54).To a cold (0°C) solution of
50 (32 mg, 0.6 mmol)49 (19 mg, 0.04 mmol), 2,6-diert-butyl-4-
methylpyridine (25 mg, 0.12 mmol), and MS-AW-300 (300 mg) in
CH.ClI, (2 mL) was added freshly prepard M DMTST in CHCl,
(120uL, 0.12 mmol). After 1 h, a solution of methyl 2,3-@-acetyl-
6-O-benzyla-b-glucopyranosidés1 (36 mg, 0.08 mmol) in CkCl,
(0.5 mL) and MS AW-300 (100 mg) was added, followed by addition
of 1 M DMTST (120uL, 0.12 mmol). The mixture was stirred for 2
h and then diluted with CkCl, (25 mL), filtered through Celite, washed
with saturated aqueous NaHgQIried (NaSQy), filtered, and con-

pentyl 30-benzyl-2-deoxy-4,6-p-methoxybenzylidene-2-phthalimido-
p-p-glucopyranoside (5.56 g, 54%) as a white solith NMR (500
MHz, CDCk) 6 7.66-7.85 (m, 4H), 7.45 (dJ = 8.5 Hz, 2H), 7.00
(dd,J = 8.0, 1.5 Hz, 2H), 6.866.94 (m, 5H), 5.58 (s, 1H), 5.18 (d,

J = 8.5 Hz, 1H), 4.78 (dJ = 12.5 Hz, 1H), 4.49 (dJ = 12.5 Hz,

1H), 4.40 (ddJ = 10.5, 9.0 Hz, 1H), 4.38 (ddl = 10.5, 5.5 Hz, 1H),
4.20 (dd,J = 10.5, 8.5 Hz, 1H), 3.743.86 (m, 6H), 3.583.67 (m,

4H), 3.38 (dt,J = 9.5, 6.5 Hz, 1H), 1.922.03 (m, 2H), 1.33-1.44

(m, 4H), 1.03-1.12 (m, 2H);**C NMR (125 MHz, CDC}) 6 173.8,
160.0, 137.9, 133.9, 131.6, 129.8, 128.0, 127.3, 123.3, 113.6, 101.3,
98.8, 83.05, 74.58, 74.02, 69.59, 68.73, 66.10, 55.81, 55.27, 51.44,
33.67, 28.91, 25.24, 24.35; HRMS (M Cs) calcd for GeHzg010NCs
778.1628, found 778.1652.3). The product (2.7 g, 4.19 mmol) from
step 2 was mixed with NaCNB#{1.38 g, 21 mmol), DMF (35 mL),

centrated. The residue was chromatographed (hexanes/AcOEt, 3:1 teand 3-A molecular sieves (5.0 g), and a solution of trifluoroacetic acid

1:1) to give54 (28.4 mg, 63%) as a syrupH NMR (500 MHz, CDC})

0 5.53 (t, 1H,J= 9.5 Hz), 5.33 (s, 1H), 5.32 (d, 14,= 3.0 Hz), 5.14

(d, 1H,J = 3.5 Hz), 4.92-4.49 (m, 12 H), 4.28 (dd, 1H = 3.0, 10.0
Hz), 4.10 (t, 1H,J = 9.5 Hz), 3.87 (dd, 1HJ = 3.0, 10.0 Hz), 3.72
(bt, 1H,J = 12.5 Hz), 3.39 (s, 3H), 2.07, 2.06 (s, 3H each), 0.97 (d,
1H,J = 6.5 Hz); HRMS (M+ Cs) calcd for GsH;,0,7Cs 1257.3824,
found 1257.3870.

Methyl 2,3-Di-O-acetyl-6-O-benzyl-4-O-{ 2,3,4-tri-O-benzoyl-6-O-
[3,6-di-O-benzoyl-2-deoxy-2-(2,2,2,-trichloroethoxylcarbonylamino)-
4-0-(2,3,4,6-tetraO-benzyl-p-galactopyranosyl)#-p-glucopyranosyl]-
p-D-galactopyranosy} -a-p-glucopyranoside (55).A mixture of 48
(73 mg, 0.112 mmol)27 (50 mg, 0.075 mmol), and MS-AW-300 (400
mg) in CHCl, (3 mL) was stirred at-25 °C for 20 min, and then NIS
(27.8 mg, 0.118 mmol) was added, followeg b M TfOH (10 uL,
0.001 mmol). After 20 min13 (68.8 mg, 0.112 mmol), MS AW-300
(100 mg), and NIS (18.6 mg, 0.079 mmol) were added. The mixture
was stirred at 0C for 1 h, and then a solution &1 (250 uL of 125
mg/0.5 mL, 0.150 mmol) and NIS (40 mg, 0.169 mmol) was added,

(3.2 mL, 42 mmol) in DMF (25 mL) was added dropwise &@ The
reaction mixture was stirred for 1.5 h at°@ and then 24 h at room
temperature. After addition of further trifluoroacetic acid (3.0 mL) in
DMF (20 mL), the reaction mixture was stirred for another 24 h at
room temperature. The mixture was diluted with EtOAc (50 mL) and
MeOH (5 mL) and filtered through Celite, and the cake was washed
with EtOAc (150 mL). The combined filtrates were washed with cold
water (200 mL), cold saturated NaH@@00 mL), and brine (2«

100 mL) and dried over N&QO,. The solvent was removed, and the
residue was purified by column chromatography on silica gel (hexanes/
EtOAc, 2:1) to give56 (2.45 g, 90%) as an oil*H NMR (500 MHz,
CDCls) 6 7.68-7.81 (m, 4H), 7.28 (dJ = 8.5 Hz, 2H), 7.047.06

(m, 2H), 6.92-6.96 (m, 3H), 6.89 (dJ = 8.5 Hz, 2H), 5.12 (dJ =

8.0 Hz, 1H), 4.75 (dJ = 12.0 Hz, 1H), 4.57 (dJ = 11.5 Hz, 1H),
453 (d,J = 12.5 Hz, 1H), 4.51 (dJ = 11.5 Hz, 1H), 4.21 (ddJ =
11.0, 8.5 Hz, 1H), 4.13 (dd,= 11.0, 8.5 Hz, 1H), 3.81 (s, 3H), 3.73
3.82 (m, 4H), 3.66-3.64 (m, 1H), 3.59 (s, 3H), 3.35 (dl,= 9.5, 6.5

Hz, 1H), 3.07 (dJ = 2.0 Hz, 1H), 1.9%2.02 (m, 2H), 1.321.45 (m,

stirred for 50 min, and worked up as described in the preparation of 4H), 1.01-1.12 (m, 2H);2*C NMR (125 MHz, CDC}) 6 173.8, 159.3,
52. Chromatography (hexanes/AcOEt, 3:2 to 1:1) of the residue gave 138.2, 133.7, 129.6, 129.4, 128.1, 127.8, 127.3, 113.9, 98.2, 78.55,

55 (56 mg, 39.2%) as a syrugH NMR (500 MHz, CDC}) 6 5.80 (d,
1H,J= 3.1 Hz), 5.59 (t, 1HJ = 9.5 Hz), 5.52 (dd, 1HJ = 8.2, 10.0
Hz), 5.41 (t, 1HJ = 9.1 Hz), 5.24 (dd, 1H) = 3.2, 10.4 Hz), 5.03 (d,
1H,J = 3.4 Hz), 5.25 (dd, 1HJ) = 3.2, 10.3 Hz), 4.94 (dd, 1H] =
3.5,10.0 Hz), 4.67 (d, 1Hl = 7.9 Hz), 3.29 (s, 3H), 2.07, 2.02 (s, 3H
each), 2.01 (s, 9H); HRMS (M- Cs) calcd for GoH10202eNCl3sCs
2042.4657, found 2042.

5-Methoxycarbonylpentyl 3-O-Benzyl-2-deoxy-60-p-methoxy-
benzyl-2-phthalimido-#-b-glucopyranoside (56)The title compound
was prepared via a three-step procedure:6(H (16.0 g, 36.6 mmol)
in dry acetonitrile (200 mL) was treated with anisaldehyde dimethyl
acetyl (9.3 mL, 54.9 mmol) and 10-camphorsulfonic acid (173.5 mg)
as described for the preparation 3. The residue was subjected to
column chromatography on silica gel (hexanes/EtOAc, 2:1) to give
5-methoxycarbonylpentyl 2-deoxy-4B-p-methoxybenzylidene-2-
phthalimidof-p-glucopyranoside (16.4 g, 81%) as solidéi NMR
(400 MHz, CDC}) 6 7.84-7.87 (m, 2H), 7.747.75 (m, 2H), 7.42 (d,
J = 8.7 Hz, 2H), 6.89 (dJ = 8.8 Hz, 2H), 5.52 (s, 1H), 5.24 (d,=
8.5 Hz, 1H), 4.574.63 (m, 1H), 4.36 (dd] = 10.2, 4.3 Hz, 1H), 4.22
(dd, J = 10.5, 8.5 Hz, 1H), 3.783.85 (m, 5H), 3.55:3.66 (m, 5H),
3.37-3.45 (m, 1H), 2.64 (dJ = 3.5 Hz, 1H), 1.93-2.07 (m, 2H),
1.32-1.51 (m, 4H), 1.05-1.15 (m, 2H);**CNMR (100 MHz, CDC})

74.66, 74.20, 73.36, 73.36, 70.45, 69.18, 55.31, 55.20, 51.31, 33.60,
28.87, 25.17, 24.35; HRMS (Mt Cs) calcd for GgH410:0NCs
780.1785, found 780.1759.

5-Methoxycarbonylpentyl 4-O-[3-0-(2,3,4,6-TetraO-benzyl-a-p-
galactopyranosyl)-40-(2,3,4-tri-O-benzyl-a-L-fucopyranosyl)-2-O-
benzoyl-6-O-tert-butyldiphenylsilyl- #-p-galactopyranosyl]-3O-benzyl-
2-deoxy-6O-p-methoxybenzyl-2-phthalimido{-p-glucopyran-
oside (57).To a solution of the disaccharid# (15.0 mg, 0.01437
mmol) and the fucosid&0 (13.9 mg, 0.02155 mmol) in Ci&l, (2
mL) was added 4-A molecular sieves (300 mg), and the mixture was
stirred for 20 min at room temperature under argon. A freshly prepared
solution of DMTST from methyl disulfide (8.2 mg, 86:2mol) and
methyl trifluoromethanesulfonate (14.3 mg, 8araol) in CH.Cl, (0.5
mL) was added to the above stirred mixture &) and the progress
of the reaction was followed by TLC. The reaction mixture was stirred
at 0°C for 30 min and at room temperature for 1 h, and then a solution
of 62 (27.9 mg, 0.04311 mmol) in Ci&l, (0.5 mL), NIS (5.1 mg,
0.02155 mmol), and TfOH (26L, 0.3 M etheral solution) were added.
The reaction mixture was stirred for 30 min at room temperature and
then quenched by adding &t (0.8 mL), diluted with CHCI,, and
filtered. The organic phase was successively washed with saturated
aqueous N#£5,0;, NaHCQ, and brine, dried over N8O, and

0 173.86, 160.24, 134.13, 131.56, 129.40, 127.59, 123.42, 113.69, concentrated. The residue was purified by column chromatography on
101.83, 98.81, 82.19, 69.66, 68.62, 68.58, 66.09, 56.53, 55.27, 51.39,silica gel (hexanes/EtOAc, 3:1 to 2:1) to give prod&@t(17.2 mg,

33.67, 28.91, 25.24, 24.34; HRMS (M Cs) calcd for GgH330:0NCs
688.1159, found 688.1188.

(2) To a solution of the product (8.85 g, 15.9 mmol) from step (1)
in dry DMF (40 mL) was added NaH (60%, 0.95 g, 23.8 mmol) in
portions. After the mixture was stirred for 10 min, benzyl bromide (2.9
mL, 23.8 mmol) and BsNI (3.5 g, 9.5 mmol) were added at’C. The
reaction mixture was stirred f@ h at 0°C, and then MeOH (8 mL)

57%) as a thick oil:'H NMR (500 MHz, CDC}) ¢ 8.00 (d,J = 8.0
Hz, 2H), 7.08-7.77 (m, 46H), 6.966.97 (m, 4H), 6.8+6.85 (m, 6H),
6.76 (d,J = 6.0 Hz, 2H), 6.64 (t) = 7.5 Hz, 1H), 6.55 () = 7.5 Hz,
2H), 5.98 (d,J = 3.5 Hz, 1H), 5.90 (ddJ = 10.0, 7.5 Hz, 1H), 5.28
(d, J = 3.5 Hz, 1H), 4.94 (d) = 8.0 Hz, 1H), 4.88 (dJ = 12.5 Hz,
1H), 4.83 (d,J = 7.5 Hz, 1H), 4.81 (dJ = 11.5 Hz, 1H), 4.78 (dJ
= 11.5 Hz, 1H), 4.644.71 (m, 2H), 4.59 (dJ = 11.0 Hz, 1H), 4.55
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(d,J = 12.5 Hz, 1H), 4.54 (dJ = 12.0 Hz, 1H), 4.45 (dJ) = 11.0 Hz, aA, kg 9A,
2H), 4.43 (d,J = 12.0 Hz, 1H), 4.27-4.36 (m, 6H), 4.17 (dJ) = 12.0 Bl GAL
Hz, 1H), 3.98-4.09 (m, 5H), 3.93 (dJ = 12.0 Hz, 1H), 3.853.90 v T2lf
(m, 2H), 3.73-3.80 (m, 5H), 3.573.68 (m, 5H), 3.56 (s, 3H), 3.51
(g, J = 6.5 Hz, 1H), 3.36-3.42 (m, 3H), 3.19-3.27 (m, 4H), 1.84
1.96 (m, 2H), 1.251.35 (m, 4H), 1.10 (s, 9H), 0.95L.03 (m, 2H), A OA Ky a9,
0.90 (d,J = 6.5 Hz, 3H);13C NMR (100 MHz, CDC}) 6 164.43, L/;Aﬂ T i AT
159.11, 139.45, 139.42, 139.17, 138.78, 138.66, 138.51, 138.17, 137.88, ofAld K/ IAdo[A]
135.69, 135.48, 133.53, 133.47, 133.00, 130.40, 129.82, 129.74, 129.33, K

128.70, 128.53, 128.45, 128.38, 128.33, 128.24, 128.19, 128.15, 128.00, In[A 1], = In[A ], = (n[A], — In[A,],)
127.87,127.74, 127.69, 127.66, 127.51, 127.48, 127.22, 126.84, 126.58, 2

113.71, 100.44, 98.15, 94.78, 94.29, 78.72, 78.28, 77.22, 77.17, 76.51,

75,50, 74.97, 74.83, 74.69, 74.65, 74.50, 74.22, 73.44, 73.34, 73.03,7nally,

This is then integrated over the bounds of the experiment:

72.84, 72.07, 71.46, 69.75, 69.06, 68.97, 67.90, 66.64, 64.92, 63.76
- - ' ' ' ' ' ' ' , k, In[A],—[A In[A ]/[A

55.74, 55.24, 51.35, 33.69, 29.70, 28.83, 27.02, 25.27, 24.37, 22.69, ki _ AL~ Ao _ InfALA @

19.25, 16.84, 14.13; HRMS (M- Cs) calcd for GogH13:02sNSICs ky In[AJ,—[AJ, In[AJ/Al,

2222.8147, found 2222.8294.
5-Methoxycarbonylpentyl 3,4,6-Tri-O-acetyl-2-deoxy-2-phthal-
imido-f-p-glucopyranoside (61a)To a mixture of60? (30.0 g, 62.89

(i) The Yield Equation. Assumptions: All reacting starting material
goes to product:

mmol) and methyl 6-hydroxylhexate (13.8 g, 94.3 mmol) in,CH Al Pl [A,] [Q]
(550 mL) was added BFOEL (120 mL, 943 mmol) at OC. After the L toq 2=t
reaction mixture was stirred overnight, water (15 mL) was added to [Adlo [Ads [Al, [Azlo

the mixture. The mixture was diluted with GEl, (400 mL), washed ) ) )
with saturated NaHC§(3 x 200 mL) and brine (200 mL), dried over The two donors are present in equimolar concentrations:
N&aSQy, filtered, and concentrated. The residue was purified by column AT =[A

chromatography on silica gel (hexanes/EtOAc, 2.5:1) to §ile(26.0 [Addo = Al

g, 73%) as a solid:*H NMR (500 MHz, CDC}) 6 7.84-7.89 (m,

2H), 7.73-7.77 (m, 2H), 5.79 (ddJ = 10.5, 9.0 Hz, 1H), 5.36 (A} = The only detractor from yield is competition from the undesired donor:

8.5 Hz, 1H), 5.18 (ddJ = 10.0, 9.5 Hz, 1H), 4.34 (dd]l = 12.0, 4.5 Pl [Ql

Hz, 1H), 4.31 (ddJ = 10.5, 8.5 Hz, 1H), 4.18 (dd} = 12.5, 2.5 Hz, yield=—— =1 ——"

1H), 3.81-3.89 (M, 2H), 3.61 (s, 3H), 3.44 (dt,= 10.0, 6.5 Hz, 1H), (Ao (A,

2.12 (s, 3H), 2.04 (s, 3H), 1.92.07 (m, 2H), 1.87 (s, 3H), 1.37 i _ . i

1.51 (m, 4H), 1.041.18 (m, 2H);3C NMR (125 MHz, CDC}) 6 Borrowing eq 1 for the relationship between rate constant ratios and

173.8, 170.7, 170.2, 169.5, 134.3, 131.3, 123.6, 98.10, 71.79, 70_74’consumption of starting material, we can quickly use it to predict the

69.73, 68.97, 62.00, 54.59, 51.38, 33.67, 28.84, 25.20, 24.37, 20.75’production of the two products P (desired) and Q (undesired).

20.57, 20.44; HRMS (Mt Na) calcd for G/Hz30:,NNa 586.1900,

found sag.agzo, T Ky In[AJ/IAJ, _ In(2— [P/IA L)
5-Methoxycarbonylpentyl 2-Deoxy-2-phthalimidog-p-glucopyran- ky In[A/Al, In(1—I[Ql/[A])

oside (61b).Compound6la (26.0 g, 46.18 mmol) was treated with ) )

NaOMe/MeOH (25 wt %, 2.7 mL) in MeOH (200 mL) at room Rearranging, we find that

temperature. After 6 h, the mixture was neutralized (IRC-50 resin, weak

@

acid) and concentrated to give produglb (20.0 g, 99%) as a In((1 — [QI/[A,1)") = In(1 — [PI/A],)
semisolid: IH NMR (500 MHz, CDC}) 6 7.78-7.82 (m, 2H), 7.68 "
7.72 (m, 2H), 5.16 (dJ = 8.5 Hz, 1H), 4.63 (d]J = 4.5 Hz, 1H), (1= [QI{[AZ)™™ =1~ [Pl/[A4,

4.25-4.31 (m, 2H), 4.06 (dtJ = 2.0, 8.5 Hz, 1H), 3.883.89 (m, ) ) ) ) ) ) ) )
2H), 3.76 (dtJ = 10.0, 6.5 Hz, 1H), 3.653.71 (m, 1H), 3.59 (s, 3H), Finally, er_nploymg the simple yield relations listed in the assumptions
3.48 (t,J = 6.5 Hz, 1H), 3.43 (dt) = 9.5, 3.5 Hz, 1H), 3.38 (di] = above, this becomes

10.0, 6.5 Hz, 1H), 1.962.02 (m, 2H), 1.3+1.43 (m, 4H), 1.06-1.09 ke _

(m, 2H): °C NMR (125 MHz, CDC}) & 174.0, 168.4, 134.0, 131.6, (vield)™™ =1 — yield ®3)
123.4, 98.31, 75.53, 71.53, 71.20, 69.43, 61.63, 56.66, 51.38, 33.65,

28.84, 25.18, 24.34; HRMS (M Na) calcd for GiH.ONNa find the solution through a number of approaches involving iterative
460.1584, found 460.1598. solution. The rest of us can simply refer to Figure 4 for the solution to
Mathematical Model. So as to be able to analyze the problem of  this equation, which is possible to draw because eq 3 may be solved
designing optimal syntheses of oligosaccharides with a computer, it for ky/k,.
was necessary to quantify the relationship between yield and relative  Optimer. To search the library of donors for the combination of
rate constants for donors in the database. A short treatment for thisdonors which produces the best possib|e y|e|d, a Computer program,
problem is shown below. It gives the mathematical relationship between QptiMer, was constructed using G/G- using Metrowerks Code-
yield under optimal conditions (no side reactions, 100% reaction with Wwarrior Professional Release 3 to run on Macintosh PowerPC comput-
promoter, etc.) and the relative rate ratio between the two donors beingers to identify sets of available donors which best satisfy the yield
considered for each individual step. calculation shown in eq 2 above. The program interfaces with a database
Relationship between Relative Rates and Substrate Consumption.  of donors stored using the FileMaker Pro 4.0. When the user signals
Assumptions: Each competing reaction can be described by a secondhis readiness to run a search, theé--€ program loads the database
order rate equation: and searches it to identify the 100 best sets of available characterized
oligosaccharide donors. For large sequences, a Monte Carlo search
method is also available, which simply picks combinations at random.
= —k,[A,][E] The frequency with which each donor appears at each step in the list
of the best 100 donor sets is tabulated, and the user is presented with
a list of donors at each step which tend to give the highest overall
(i) Integrated Second-Order Rate Equation.Solving for [E] for yields. The user is then free to make an educated choice as to which
one of them and substituting into the other, one obtains donors to use on the basis of availability, cost, and donor reactivity.

This is not directly solvable for yield. However, a computer can

= kAJEL
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normal set of optimizations reduces the number of sequences needed
to be scanned from 320 billion to approximately 70 million (a factor

of 4500). (The intelligent search further accelerates it by a factor of 3
or 4.) Given that current desktop computers manage about 200 million
CPU clock cycles per second, searching the full sequence space even
at one CPU cycle per sequence would require 15 min of search time.
(The real number of cycles per sequence is orders of magnitude larger
than that.)

OptiMer calculates the stepwise yield by minimization of an error
function which is based on the yield equation (eq 3). This error function
should have its minimum for values of yield akidk, which best satisfy
eq 3, and it should always be positive, with a minimum of zero for O
< yield < 1 (100%).

% yield (Product 1)

- - P + + + error= (yield"* + yield — 1)

0.0001 0.001 0.01 0.1 1 10 100 1000 10000 An initial guess as to the correct yield value was obtained using a

RRV/RRV, simpler stepwise yield equation which assumes first-order kinetics [yield
= ki/(k: + k2)]. This value was optimized by picking two yield values
which are somewhat higher and lower than the original value and
evaluating the error function for all three yield values. This provided
three points (yield vs error for the givéa'k,) with which to calculate

One potential limitation of this approach stems from the extremely a parabolic approximation of the error function (erroA + B(yield)
dense information capacity inherent in the carbohydrate &bdihis + C(yield?). From this, a better estimate for the yield can be directly
manifests itself as an extremely rapid increase in the computational obtained, based on the minimum of the parabolic function (minimum
burden with increasing library size and increasing number of monomer = —B/2C). This was performed in an iterative fashion, in the process
units in the oligomer. As a result, the following optimizations were narrowing the bracketing outlying points and optimizing the yield value
made to the search logic: The program only checks donors for a until the yield value had converged to stepwise changes of less than
reaction step which have a donor reactivity less than or equal to the 0.00001%. The yield values so obtained were checked against eq 3
reactivity of the donor used in the previous step. As a result, the program (which can be solved foky/k;) and were found to deviate from the
will return no result in which the reactivities of the donors do not expected value by no more that©.001% over the range 19 < ki/k»
decrease (or stay the same) over the course of the multistep reaction.< 10P. Past this range, the yield is expected to be extremely close to
In addition, the program (when not in Monte Carlo mode) checks the 0% (ki/k.: < 107) and 100% Ki/k, > 10°). Errors outside the tested
sequences in order of decreasing reactivity for the donor used in steprange are expected to influence the overall yield calculation insignifi-
one. If the program finds that a particular donor at step one yields no cantly, since the yield behaves asymptotically in these areas. The
“hits” for all combinations of donors for steps which follow it, the  stepwise yields are multiplied together to obtain an overall calculated
program will not examine less reactive step one donors. This can beyield for the set of donors; if the overall yield is large enough to be
done because a more reactive step one donor will always give a betterincluded in the list of top hits, the set of donors is stored for later
estimated yield than a slower one, provided the reactivities of the other output to the user.

donors are kept constant. For large libraries which are well represented .
for all values for most donors, there is an intelligent search option which _ Acknowledgment. We gratefully acknowledged a fellowship
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Figure 4. Relationship between expected yield and the rate ratios
between the donor and acceptor.




