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Rapid assembly of the doubly-branched pentasaccharide domain 

of the immunoadjuvant jujuboside A via convergent B(C6F5)3-

catalyzed glycosylation of sterically-hindered precursors 

Rashad R. Karimov,a* Derek S. Tana,b* and David Y. Gina,b† 

A convergent synthesis of the complex, doubly-branched 

pentasaccharide domain of the natural-product immunoadjuvant 

jujuboside A is described.  The key step is a sterically-hindered 

glycosylation reaction between a branched trisaccharide 

trichloroacetimidate glycosyl donor and a disaccharide glycosyl 

acceptor.  Conventional Lewis acids (TMSOTf, BF3·Et2O) were 

ineffective in this glycosylation, but B(C6F5)3 catalyzed the reaction 

successfully.  Inherent complete diastereoselectivity for the 

undesired αααα-anomer was overcome by rational optimization with 

a nitrile solvent system (1:5 t-BuCN/CF3Ph) to provide flexible, 

effective access to the ββββ-linked pentasaccharide. 

Immunoadjuvants are critical components of modern 

molecular vaccines that enhance or prolong the immune 

response to antigens with which they are coadministered.1  

Several saponin natural products exhibit immunoadjuvant 

activity and the most frequently used are derived from the 

Quillaja saponaria tree.2  Purified fraction QS-21, which is a 

mixture of two isomeric saponins QS-21-Api and QS-21-Xyl,3 is 

particularly active and widely used.  It has been investigated 

extensively in clinical vaccine development4 and is a 

component of the Mosquirix malaria vaccine.5 Although 

Quillaja saponaria extracts have been shown to be effective in 

various vaccine formulations, they have several drawbacks 

including dose-limiting toxicity and chemical instability.4e  

Thus, the development of new adjuvants with lower toxicity 

and higher chemical stability is of great therapeutic interest.6   

Jujuboside A (1, Figure 1) is a promising natural product 

immunoadjuvant in this regard.  Initial work by Yoshikawa 

demonstrated that, in mice immunized with ovalbumin, coad-

ministration of jujuboside A increased antibody responses by 

>4-fold compared to no-adjuvant controls, approaching the 

increase observed with QS-21 (6.7-fold).7  In a subsequent 

study comparing the adjuvant and hemolytic activities of 47 

saponins, jujuboside A showed higher adjuvant activity and 

much lower hemolytic activity than QS-21.8  This combination 

makes jujuboside A a promising adjuvant for further preclinical 

investigation.  Thus, as a part of our long-standing program on 

saponin immunoadjuvants,6, 9 we launched synthetic efforts 

toward the first chemical synthesis of jujuboside A, which 

would then enable systematic structure–activity relationship 

(SAR) studies.  Noting that the carbohydrate domain often 

plays a key role in saponin immunoadjuvant activity, we first 

sought to develop an efficient, flexible route to the complex, 

doubly-branched pentasaccharide of jujuboside A.  Herein, we 

report the rapid, convergent synthesis of this pentasaccharide, 

leveraging B(C6F5)3-catalyzed Schmidt glycosylation to join 

hindered trisaccharide and disaccharide subunits.  

 

Figure 1. Structure and retrosynthesis of the saponin immunoadjuvant jujuboside A (1). 

Saponins often contain an oligosaccharide that is branched 

at a C2 position.10 Conventional synthetic approaches to such 

branched oligosaccharides use a temporary protecting group 

at C2 to facilitate the glycosylation reaction and control the 
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stereochemistry of the newly formed glycosidic bond through 

neighboring group participation.11 This protecting group must 

then be removed to allow installation of the C2 branching 

saccharide. Although this strategy provides effective control of 

anomeric stereochemistry, it requires a linear synthesis.  In 

contrast, direct coupling of glycan donors with a branching 

saccharide already installed at C2 would allow a more efficient 

and flexible convergent synthesis and facilitate SAR studies.  

Our plan for assembly of the branched pentasaccharide 

domain of jujuboside (1) involved convergent coupling of a 

Glc-Glc-Xyl trisaccharide glycosyl donor 2 and Ara-Rha disac-

charide glycosyl acceptor 3.  The β-linked-diglucose fragment 

corresponds to commercially available β-gentiobiose.  Thus, 

the trisaccharide and disaccharide subunits could each be 

assembled using a single glycosylation reaction.  Although this 

strategy is highly convergent, the key trisaccharide–

disaccharide coupling posed several challenges: 1) Both the 

trisaccharide donor 3 and disaccharide acceptor 2 are highly-

substituted and sterically-hindered due to the C2 carbohydrate 

appendages.  2) Due to this same C2 carbohydrate appendage 

in glycosyl donor 3, the reaction would not benefit from neigh-

boring group participation and, thus, obtaining the desired 

β-linkage could be challenging as coupling of hindered sub-

units is known to suffer from low yields and low β-selectivity, 

even with a C2 neighboring group.12  3) The glycosyl donor 3 

has a C3-acetate, and electron-withdrawing substituents at 

this position are known to favor formation of α linkages.13 

 
Scheme 1. Synthesis of glycosyl acceptor disaccharide 3. 

We noted that every glycosidic linkage in the jujuboside A 

pentasaccharide has a 1,2-trans configuration and, therefore, 

traditional neighboring group participation effects using ester 

protecting groups could be leveraged in the synthesis of the 

trisaccharide and disaccharide subunits.14  Thus, we focused on 

acetyl and benzoyl protecting groups to enable global 

deprotection at the completion of the synthesis.  In addition to 

their efficiency in controlling the desired 1,2-trans relative 

stereochemistry, we envisioned that removal of these 

protecting groups under basic conditions would be orthogonal 

to the other functional groups present in the natural product. 

Access to the Ara-Rha disaccharide 3 was achieved using the 

dehydrative glycosylation method developed previously by our 

group.15  The hemiacetal of protected rhamnose 5 was 

activated with diphenylsulfoxide/triflic anhydride and reacted 

with glycosyl acceptor 6, both prepared as previously 

described,16 to deliver disaccharide 7 (Scheme 1). Removal of 

the acetonide protecting group under acidic conditions gave 

diol 8.  Selective reprotection of the C4-hydroxyl of the 

arabinopyranose through formation of a mixed orthoester 

followed by selective hydrolysis17 provided protected 

disaccharide 3 with the arabinose C3-hydroxyl group available 

for use in the key convergent glycosylation reaction below. 

 

Scheme 2. Synthesis of glycosyl donor trisaccharide 2. 

Assembly of Glc-Glc-Xyl trisaccharide subunit 2 began with 

preparation of glycal 11 (Scheme 2).  Two procedures for 

conversion of β-gentiobiose octaacetate (9) to glycosylglucal 

11 have been reported.18  In the first approach, AcOH/HBr is 

used to prepare the corresponding glycosyl bromide, which 

then undergoes elimination reaction to form the 

corresponding glucal.18a  However, in our hands, this 

procedure gave the disaccharide glycosyl bromide intermedi-

ate in low yield and purity.  In the second approach, treatment 

of β-gentiobiose octaacetate (9) with TiBr4 gave the desired 

glycosyl bromide intermediate in high purity and yield.18b  

However, subsequent elimination using Zn/Cu18b gave 

inconsistent results.  As an alternative, we found that 

vanadium catalyst 10 combined with zinc as a stoichiometric 

reducing agent effected elimination to glucosylglucal 11 in 

good overall yield.19  Next, epoxidation of glycal 11 with 

DMDO20 followed by epoxide opening with allyl alcohol, 

furnished the disaccharide 12 with a free C2-hydroxyl group 

for further extension.  Coupling of disaccharide 12 with 

Page 2 of 5ChemComm

C
he

m
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 0
4 

M
ay

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
H

on
g 

K
on

g 
L

ib
ra

ri
es

 o
n 

04
/0

5/
20

17
 1

6:
53

:1
7.

 

View Article Online
DOI: 10.1039/C7CC01783A

http://dx.doi.org/10.1039/c7cc01783a


Journal Name  COMMUNICATION 

This journal is © The Royal Society of Chemistry 2016 Chem. Commun., 2016, 00, 1-3 | 3 

Please do not adjust margins 

Please do not adjust margins 

trichloroacetimidate 13, prepared as previously described,21 

gave trisaccharide 14 as a single anomer.  

Detailed structural assignment using extensive NMR studies 

identified all three anomeric protons in trisaccharide 14, with 

H1–H2 coupling constants of 7.95, 7.69, and 4.00 Hz.  The last 

coupling constant was too small for a typical β-linked 

glycosydic bond.  However, xylose can exist in an alternative 
1
C4-conformation (via chair flip), which could explain this small 

coupling constant.  This alternative conformation often results 

with ester protecting groups.22  Thus, to determine the 

stereochemistry of newly formed glycosidic bond 

unambiguously, we removed all acetate and benzoate 

protecting groups in trisaccharide 14 with NaOMe/MeOH.  

Analysis of the crude reaction product 15 using 1H- and 

2D-NMR confirmed that all glycosidic linkages were, indeed, in 

the β-configuration (J = 8.01, 7.90, 7.77 Hz). Subsequently, 

deallylation of trisaccharide 14 using PdCl2,17 followed by tri-

chloroacetimidate formation delivered trisaccharide donor 2.  

Table 1. Optimization of convergent glycosylation reaction to form pentasaccharide 

16.a 

 

entry reagent solvent temp (ºC) β : α Yieldb (%) 

1 TMSOTf CH2Cl2 –20 – 0c,d 

2 BF3∙OEt2 CH2Cl2 –20  7 

3 B(C6F5)3 CH2Cl2 23  52 

4 HB(C6F5)4 CH2Cl2 –78 – 0c 

5 HB(C6F5)4 t-BuCN/CF3Phe –78 – 0c 

6 B(C6F5)3 t-BuCN/CF3Ph
e
 23 1.2:1 81

f
 

7 B(C6F5)3 t-BuCN/CF3Phe 0 1:1.2 25 

a Reactions were carried out with 0.01 mmol of trichloroimidate 2, 0.012 mmol of 

disaccharide 3 and 0.1 equiv of the activator reagent. b Combined yield for αααα-16 

and ββββ-16. c Decomposition of trichloroacetimidate 2 observed. d  This reaction 

was also attempted at –78 °C, at 0 °C, and with the addition of 4 Å molecular 

sieves, leading in all cases to decomposition of tricholoroimidate 2. e 1:5 ratio of 

t-BuCN/CF3Ph. f Desired anomer ββββ-16 isolated in 42% yield. 

With disaccharide 3 and trisaccharide trichloroacetimidate 2 

in hand, the stage was set for the key convergent coupling to 

form doubly-branched pentasaccharide 16 (Table 1).  TMSOTf 

is often used as a Lewis acid in Schmidt glycosylations,23 but 

resulted only in decomposition of trichloroacetimidate 2 (entry 

1).  Another commonly used Lewis acid, BF3∙OEt2,23 gave only 

trace amounts of the undesired α-anomer of pentasaccharide 

16.  In our group’s previous synthesis of the immunoadjuvant 

QS-21, we found that B(C6F5)3 was superior to BF3∙OEt2 for 

sterically-hindered glycosylations.9b  Indeed, with this catalyst, 

coupling of trisaccharide 2 and disaccharide 3 proceeded in 

good yield, albeit providing the undesired α-linked 

pentasaccharide αααα-16 as the sole product (entry 3).  

The presence of an ester protecting group at the C3 

position of hexose carbohydrate donors is known to favor 

formation of α-glycosides.13  Thus, the α-selectivity of our key 

glycosylation reaction is consistent with the presence of a C3-

acetate in trisaccharide donor 2.  However, Mukaiyama has 

reported that solvent and counteranion also have dramatic 

effects on the stereochemical outcome of glycosylations.24 In 

particular, combination of a t-BuCN/CF3Ph (1:5) solvent system 

and HB(C6F5)4 catalyst favored formation of β-glycosides.  

Unfortunately, use of HB(C6F5)4 in our key glycosylation 

reaction, resulted only in decomposition of trichloroacetimi-

date 2, in both CH2Cl2 and t-BuCN/CF3Ph (entries 4, 5).  

Building upon our finding that reaction with B(C6F5)3 gave 

pentasaccharide α-16 in good yield but undesired α-selectivity 

(entry 3), we noted that nitrile-containing solvents are known 

to favor 1,2-trans β-selectivity in glycosylation reactions.25  The 

nitrile solvent is proposed to occupy the α-face of the 

oxocarbenium intermediate due to the anomeric effect, 

resulting in addition of nucleophiles from β-face. Accordingly, 

after some optimization, we discovered that the combination 

of B(C6F5)3 catalyst and t-BuCN/CF3Ph solvent system afforded 

pentasaccharide 16 in 81% combined yield and 1.2:1 α/β 

selectivity, overcoming the inherent complete stereoprefe-

rence for the undesired α-anomer (entry 6).  The desired 

β-anomer ββββ-16 could then be isolated in serviceable 42% yield.  

Decreasing the temperature resulted in a slight erosion of 

β-selectivity and a significant decrease in yield (entry 7). 

 

Scheme 3. Global deprotection of pentasaccharides ββββ-16 and αααα-16 for stereochemical 

assignment of newly-formed glycosidic bond. 

Stereochemical assignment of the newly formed glycosidic 

bond was accomplished by a similar strategy to that used 

above for trisaccharide 14.  Thus, global deprotection of ester 

protecting groups in ββββ-16 and αααα-16 gave pentasaccharides 

ββββ-17 and αααα-17, respectively (Scheme 3). 1H-NMR and HSQC 

analysis of pentasaccharide ββββ-17 identified three anomeric 

protons with large coupling constants (7.97, 7.81, 8.06 Hz), 

corresponding to the three β-linked glycosyl bonds. Two 

additional anomeric protons with small coupling constants 

(3.68, 1.69 Hz) were assigned to the α-linked arabinose and 
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rhamnose anomeric protons.  In contrast, pentasaccharide 

αααα-17 had only two anomeric protons with large coupling 

constants (7.94, 7.75 Hz), corresponding to β-linked terminal 

glucose and xylose anomeric centers.  Three other anomeric 

protons with small coupling constants (3.69, 1.69, 0.96 Hz) 

were observed, consistent with an α-linkage at the newly 

formed glycosidic bond, in addition to the α-linked arabinose 

and rhamnose residues. 

In conclusion, we have successfully synthesized the complex, 

doubly-branched pentasaccharide domain of the immuno-

adjuvant jujuboside A (1).  Our highly convergent synthetic 

route gave pentasaccharide ββββ-16 in a longest linear sequence 

of 7 steps and 11% overall yield (73% per step average).  The 

trisaccharide (2) and disaccharide (3) subunits were construc-

ted rapidly and late-stage convergent coupling using B(C6F5)3-

catalyzed glycosylation in an optimized t-BuCN/CF3Ph nitrile 

solvent system overcame the steric hindrance and lack of 

neighboring group participation in the substrate system, 

providing effective access to the desired β-anomer.  This sets 

the stage for synthesis of the triterpenoid core and coupling to 

this pentasaccharide to complete the natural product.  

Although the stereoselectivity of the key glycosylation step is 

moderate, the highly convergent nature of this synthetic 

strategy is attractive for rapid generation of oligosaccharide 

analogues of jujuboside A for SAR studies in the future.  

We thank Prof. Samuel Danishefsky and Dr. William 

Walkowicz for helpful discussions and Dr. G. Sukenick, Dr. H. 

Liu, H. Fang, and Dr. S. Rusli (MSKCC) for expert mass spectral 

analyses.  Financial support from the NIH (R01 GM058833 to 

D.S.T. and D.Y.G. and P30 CA008748 to C. B. Thompson) is 

gratefully acknowledged. 
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