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Fig. 1. Glycosyl phosphate repeating units of Neisseria meningitidis and Streptococcus pneumoniae type 19F
capsular polysaccharides (1, 2); B-D-Galp-(1 — 4)-a-D-Manp-(1-P-6) repeating units and heptasaccharide

core of Leishmania donovani lipophosphoglycan (3).

glycosyl donors are used as probes and inhibitors against the
biosynthetic pathways of the oligosaccharides (15, 16).

k Chemically synthesized glycosyl phosphate derivatives
have become indispensable for all of these studies (1, 4,
5, 8, 10). Chemical synthesis of biomolecules is generally
advantageous over methods using isolation of those from
living organisms in terms of producing sufficient quantities of
pure compounds at low costs. The availability of chemically
modified analogs is another advantage of the chemical
synthesis. Such chemical modifications can also be used to
develop the aforementioned probes and inhibitors as well as
to improve molecular properties such as physicochemical and
biological stabilities (1, 5).

The synthesis of phosphoglycans essentially
requires efficient formation of phosphodiester bonds for
intersaccharide linkages, which is the most distinct difference
from the synthesis of usual oligosaccharides. Thus, this
review describes recent progress in the synthesis of glycosyl
phosphate derivatives, especially phosphoglycans, focusing
on methods to synthesize intersaccharide phosphodiester
linkages. Methods to synthesize oligonucleotides can be
applied for this purpose in many cases; however, the lability
of glycosyl phosphate units must always be considered.
Glycosyl phosphate derivatives, particularly electrically
neutral triesters, are prone to undergo elimination reactions,
generating oxocarbenium ions. These elimination reactions
proceed rapidly, especially under acidic conditions. Owing
to this property, glycosyl phosphate triesters can be used as
glycosyl donors for the synthesis of oligosaccharides (17, 18),
whereas the lability of glycosyl phosphate derivatives can be a
major factor in reducing the yield of products in the synthesis
of phosphoglycans.
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Fig. 2. Application of a-D-mannosyl phosphate triester 4 to the syntheses of

oligomannoside 6 and GDP-mannose 9.
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Fig. 3. Synthesis of glycosyl phosphate derivatives 12 by condensation of glycosyl phosphate

diester derivatives 10 with alcohols (R’OH).

B. Synthesis of Glycosyl Phosphate Derivatives Using
Glycosyl Phosphate Triesters as Starting Materials

As mentioned above, glycosyl phosphate triesters are
widely used as glycosyl donors to synthesize oligosaccharides
because they can be easily activated by Brgnsted and Lewis
acids (Fig. 2,4 — 6) (17, 18). For this reason, the synthesis
of glycosyl phosphate triesters has been well studied, and
both the a- and B-isomers are available from various types
of protected sugars (19-23). In addition, these triesters can
be used to synthesize other glycosyl phosphate derivatives,
especially sugar nucleotides. For example, GDP-mannose
9 (Fig. 2) can be synthesized by condensation of mannosyl
phosphate monoester 7 that is derived from the triester
derivative 4 with guanosine 5 -monophosphate derivative 8
(10, 24, 25).

However, it is difficult to apply these glycosyl
phosphate triesters to the synthesis of more complex
glycosyl phosphate derivatives such as phosphoglycans.
Figure 3 shows a synthetic route to convert the glycosyl
phosphate triester derivative 4 into other glycosyl phosphate
derivatives 12 via a glycosyl phosphate diester intermediate
10 (phosphotriester method). The diester intermediate 10
can be easily synthesized by partial deprotection of the
triester 4, while subsequent activation with a condensing
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Fig. 4. Synthesis of Hansenula capsulata Y-1842 exophosphomannan fragment 19

by H-phosphonate method.

agent and condensation with alcohols would give the desired
products 12. However, it has been reported that the yields
of the products obtained by such reactions are generally low
owing to the slowness of the reaction and the presence of
side reactions such as those between the hydroxy group of
sugars and the condensing agent (1, 26). Moreover, the active
intermediate 11 is prone to decomposition via an elimination
and/or nucleophilic substitution at the anomeric position
owing to the leaving ability of the anomeric phosphate group
enhanced by the activation. The phosphodiester method using
glycosyl phosphate monoesters gives the desired products
in better yields than the phosphotriester method; however,
the yields drop significantly where more sterically hindered
secondary hydroxy groups are involved in the condensation
reactions (27, 28).

C. Synthesis of Glycosyl Phosphate Derivatives Using the
H-Phosphonate Method

As described in the previous section, it is difficult
to synthesize phosphoglycans and other complex glycosyl
phosphate derivatives from glycosyl phosphate triesters.
Currently, such complex molecules are generally synthesized
by the H-phosphonate method (1, 4, 8). Figure 4 shows as an
example the reaction cycle for the synthesis of a fragment of
the extracellular phosphomannan from Hansenula capsulata
Y-1842 19 (29). This method uses a glycosyl H-phosphonate
monoester 14 as a monomer, which can be synthesized by
anomeric phosphonylation of the corresponding reducing
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Fig. 5. Synthesis of Leishmania phosphoglycan repeating units 21 by polycondensation of 20.

sugar 13. Triimidazolylphosphine, which is prepared from
phosphorus trichloride and imidazole, or the compound
15 are generally used for phosphonylation. Such anomeric
phosphonylation preferentially gives a-isomers from common
aldohexoses, and only a-isomers are generated in many cases
(e.g., mannose and mannosamine derivatives or aldohexoses
carrying a 2-O-acyl protecting group) (1). Furthermore, even
if a diastereomixture is obtained by phosphonylation, it can be
equilibrated to the more thermodynamically stable a-isomer
by prolonged treatment with phosphonic acid under anhydrous
conditions, although the yield is generally lowered owing to
partial decomposition of the product (30). For this reason, the
glycosyl H-phosphonate monoesters are useful as monomers
to synthesize phosphoglycans because the glycosyl phosphate
units found in natural phosphoglycans are mostly a-isomers.
Using the compound 14 as a monomer, a phosphoglycan
chain is synthesized according to the reaction cycle shown in
Fig. 4. First, the monomer 14 is condensed with the terminal
hydroxy group of a sugar or oligo(glycosy! phosphate) 16 in
the presence of a condensing agent, such as pivaloyl chloride,
to give an H-phosphonate diester intermediate 17. Because
this intermediate is unstable, it is oxidized to a phosphate
diester intermediate 18 without isolation. Finally, the terminal
hydroxy group is deprotected for the next cycle. This cycle is
repeated to form a phosphoglycan chain, and the final product
19 is obtained after deprotection and purification.

To date, various phosphoglycans consisting of 2—4
glycosyl phosphate units have been synthesized, such as
those from Leishmania glycocalyx (31-33), CPSs of E.
coli K51 (29), N. meningitidis (34, 35), S. pneumoniae 19F
(36), and Haemophilus influenzae ¢ and f (37). In addition,
phosphoglycans containing 10-20 glycosyl phosphate units
21 (Fig. 5) have been synthesized by polycondensation of
glycosyl H-phosphonate monoesters having a free hydroxy
group 20 (31, 38). As described above, CPSs isolated from
N. meningitidis and S. pneumoniae as well as their conjugates
with proteins have already been used as vaccines (2, 3).
Similarly, it has been reported that phosphoglycan fragments
of Leishmania glycocalyx synthesized by the H-phosphonate
method and their conjugates with proteins are effective as
vaccines in mice (33). Further progress in this subject is
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Fig. 6. Synthesis of 1,2-trans-glycosyl phosphate triesters 23 from 1,2-anhydrosugars 22 and 1,2-orthoesters 24.

expected because vaccines against Leishmania have not yet
been developed. Furthermore, because chemical synthesis
would be advantageous in view of the increased production
and improved quality control compared with the purification
of biological materials, the synthesis of phosphoglycans of
other pathogens including N. meningitidis and S. pneumoniae
and their application as vaccines would also be an important
subject in the future.

Thus, the H-phosphonate method is advantageous
for the synthesis of phosphoglycan fragments, although a
number of challenges still remain. For example, the glycosyl
H-phosphonate diester intermediates are susceptible to
hydrolysis. Therefore, they are oxidized into the glycosyl
phosphate diesters without isolation. However, the resultant
glycosyl phosphate diesters are highly polar, causing
difficulties in purification. The phosphate diester linkages
are also potentially reactive to condensing agents. It may
be for these reasons that the efficiency of the synthesis of
phosphoglycan fragments has been reported to decrease upon
chain elongation in some cases (29, 34, 35, 37). To overcome
these problems, the H-phosphonate method has been applied
to solid-phase syntheses in order to exclude the need of
purifying intermediates in every synthetic cycle, although
the synthesis of phosphoglycan fragments longer than those
obtained by conventional synthesis in solution has not yet
been reported (31). Furthermore, the H-phosphonate method is
not suitable for the synthesis of thermodynamically less stable
B-glycosyl phosphate moieties. In the next three sections,
we describe the results of recent studies to complement this
method and our new trials to overcome these problems.

D. Synthesis Using Phosphate Derivatives as Glycosyl
Acceptors ;

Nucleophilic substitution of sugar derivatives having
an anomeric leaving group (e.g., glycosyl halides) with
phosphates is one of the conventional methods used for
synthesizing glycosyl phosphates (39, 40). In addition to
glycosyl halides, glycosyl imidates (41), 1,2-anhydrosugars
22 (Fig. 6) (21, 42, 43), and 1,2-orthoesters 24 (Fig. 6) (23,
44) have recently been used to synthesize glycosyl phosphate
triesters. The triesters thus obtained can be used as glycosyl
donors in the synthesis of oligosaccharides and also as
the precursors of sugar nucleotides, as described above.
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Fig. 9. Synthesis of phosphatidyl-p-D-glucosides 35 isolated from rat embryonic brain.

The nucleophilic substitutions of the glycosyl halides and
imidates with phosphates generally afford 1,2-trans-glycosyl
phosphates with neighboring-group participation, or proceed
with inversion of configuration without a participating group.
On the other hand, the reaction of compounds 22 and 24 with
phosphate diesters proceeds with inversion of configuration to
give 1,2-trans-isomers.

Applications of these anomeric nucleophilic
substitutions to the synthesis of phosphoglycans are limited
to a few examples (45, 46), such as the reaction given
in Fig. 7, in which the thioglycoside 25 and the sugar
3-H-phosphonate monoester 26 were used as the glycosyl
donor and acceptor, respectively (45). However, these
methods are advantageous because both the a- and p-isomers
of various glycosyl phosphate derivatives are available, and
are therefore particularly useful for the synthesis of B-glycosyl
phosphate derivatives that are difficult to synthesize using
the H-phosphonate method. The stereocontrolled syntheses
of a B-D-mannosyl phosphoisoprenoid 31 isolated from
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Mycobacterium avium (Fig. 8) (22) and rat phosphatidyl
B-glucosides 35 (Fig. 9) (47, 48) illustrate the usefulness of
these methods. Compounds 31 and 35, both of which are
difficult to synthesize by other methods such as the anomeric
phosphonylation, have been successfully synthesized in a
stereocontrolled manner.

E. Synthesis of Glycosyl Phosphate Derivatives Using the
Boranophosphotriester Method

As described above, the synthesis of phosphoglycans
using the H-phosphonate method has associated problems,
i.e., the lability of the glycosyl H-phosphonate diester
intermediates as well as the reactivity and polarity of the
glycosyl phosphate diesters. In an attempt to solve these
problems, our group has been working on the development
of a new method for the synthesis of glycosyl phosphate
derivatives using glycosyl boranophosphates as intermediates.
Boranophosphates are phosphate analogs in which one of
the two non-bridging oxygen atoms of the phosphodiester
linkage is replaced with a BH; group. These compounds were
originally developed as nucleic acid analogs with improved
lipophilicity and stability to nucleases (49). Glycosyl
boranophosphates have also been synthesized from glycosyl
H-phosphonates (50-52) and by nucleophilic substitution
of a glycosyl bromide with dimethyl boranophosphate
(53). However, the glycosyl boranophosphates have only
been used as probes to investigate Leishmania mannosyl
phosphate transferase (52). The properties of glycosyl
boranophosphates are not well-known, but they have been
reported to be more stable than the glycosyl phosphate diester
counterparts under acidic conditions (51). We focused on
the stability of glycosyl boranophosphates. Previously, we
developed a method to convert nucleoside boranophosphate
triesters into the corresponding phosphate diester counterparts
via boranophosphate diester and H-phosphonate diester
intermediates (54). If glycosyl boranophosphate triesters had
comparable stability to glycosyl boranophosphate diesters,
it would be possible to synthesize phosphoglycan fragments
by chain extension with a stable boranophosphate triester
backbone, with conversion of the resultant oligo(glycosyl
boranophosphate)s to the desired phosphoglycans having a
phosphate diester backbone at the final stage of the synthesis.
We expected that this strategy would avoid the problems
resulting from the generation of unstable H-phosphonate
intermediates in every synthetic cycle. Furthermore, because
the boranophosphate triester backbone is electrically
neutral, purification would be easier than for highly polar
glycosyl phosphate diester intermediates. On the basis
of this hypothesis, we studied the synthesis of glycosyl
boranophosphate derivatives and their application to the
synthesis of phosphoglycan fragments.
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56-91%, a:p = 8:2-3:7

Fig. 10. Synthesis of glycosyl boranophosphate triesters 38 by boranophosphorylation of
reducing sugars 36. Bop-Cl = bis(2-oxo-3-oxazolidinyl)phosphinic chloride.
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Fig. 11. 1,2-Trans-selective synthesis of glycosyl boranophosphate triesters 41 via nucleophilic
substitution of per-O-Bz-glycosyl iodides 39 with boranophosphate diester 40.
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Fig. 12. a-Selective synthesis of glycosyl boranophosphate triesters 44 by nucleophilic
substitution of per-O-Bn-glycosyl iodides 42 with dimethyl H-phosphonate.

Initially, we developed several methods to synthesize
glycosyl boranophosphate monomers (Figs. 10-12). As
shown in Fig. 10, we first carried out the synthesis by
condensation of reducing sugars 36 with triethylammonium
dimethyl boranophosphate 37 (55, 56). The desired
glycosyl boranophosphate triesters were obtained in good
yields, although mixtures of a- and fB-diastereomers were
obtained (57). It should be noted that the synthesis of
glycosyl phosphate triesters by such condensation reactions
is generally difficult (1, 58). We also confirmed this by
conducting a few condensation reactions between reducing
sugars and phosphate diesters. On the other hand, per-O-Bz-
glycosyl boranophosphate triesters 41 were obtained with
high 1,2-trans-selectivity by the neighboring-group-assisted
nucleophilic substitution of glycosyl iodides 39 with potassium
dimethyl boranophosphate 40 (Fig. 11) (59). Furthermore,
we found that per-O-Bn-glycosyl boranophosphate triesters
44 were obtained with good to excellent a-selectivity by
nucleophilic substitution of glycosyl iodides 42 with dimethyl
H-phosphonate and subsequent boronation (Fig. 12) (60).
Although this method still has some drawbacks, such as the
use of an excess amount of the nucleophile and a narrow range
of applicable sugars, it allows the synthesis of 1,2-cis-glycosyl

©2012 FCCA (Forum: Carbohydrates Coming of Age)

MO, FE-1- KT/ RAT 2— FE/ T —DEBRIEDH
BEITo72 (M10-12) T B 10 IR THRIC, BITHE 36 &
RS ) RAT z— b YT ATV 3T OBKFESRIE (55.56) %
RAZEZAH, o BRABTIEHZLOD, FE-1- KT /KA
Trx—FMJZATVISPWERIBOLNL BT B, &
DR FHAKEAIC L 28 -1-U VBN T AT VOARKIE—iK
FICHEETH Y (1.58)s R LA M) AT VRN THET
BIEEEELOMRL TS, —F, IUAE3IIL RS
RAT x— M ATV 40 ORZBIFEFS T, BEELES
W&o TL2 b T v AR D VERYECE S 7z (F11) (59).
S50, RI2ITRTHRIC, I 742 L H- R A KA~}
IAFVOFRBBRRGE RS /{LIZL > T FE-1-8F &
AT z—=F M) ZATNAM4DPEC o BRETELSNE Z &
ol 60, OB, BREOREH ELELTEIL
R, BEOBHSEEIRNZ EPBRTH LA, K1l OFE
TIFBONZV12- Y AKDERPTRTH b, B, TN
SO -1- KT ) ARAT 2=+ M) ZAT M HIET B -1-

—142—



AcO 1) (8)-B-citroneliol, Bop-Cl Hgo o
A%((D: 5 Ow_BHs . nitrotriazole, -ProNEt (96%) Ho oo p” BHg
ACO Me0™ MO~ HNEt;  2) PhSH, EtsN (97%) HO -0

3) NH3 aq. (93%
45 ) NH3 aq. (93%)

Fig. 13. Synthesis of B-pD-Glc-PB-Cit 46 by
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boranophosphorylation of (S)-g-citronellol.

BzO OBz
BzO -0
BzO

46

Bz0— o8z OH P
YNTP
B0\~ Bz0 LPrNEL Osp B3 phsp, EtsN Osp~BHs
BzO + o 2= MeQ” Y0 —=  ENHO 0
On o BHs B0\~ 520 7 B0
.
MeO”™ O~ HNEt, ““OMe BzO BzO 2
B
47 48 49 ZOOMe BZOOMG
95% 93%
BzO— 0Bz BzO— 0Bz
BzO - BzO 0
BzO BzO
DMTrOMe O__H Iz, H20 OO HNEts N
3% CHCI,CO,H o™ pyridine < N N PFs
- BzO ” BZO§ N NN
BZO&’ BzO 2 O L\N»\Noz
o B206me 52 B200me PYNTP
74% from 50

Fig. 14. Synthesis of disaccharide phosphate 52 via disaccharide boranophosphate (49, 50) and

H-phosphonate (51) intermediates.

boranophosphates, which are unavailable using the method in
Fig. 11. It is notable that all of these glycosyl boranophosphate
triesters are chemically more stable than their glycosyl
phosphate counterparts, and thus should be useful as synthetic
intermediates.

Next, we applied these glycosyl boranophosphate
triesters to the synthesis of more complex glycosyl
boranophosphate derivatives. These triesters can be
converted into diesters by partial deprotection and subsequent
condensation reactions with alcohols in order to generate new
molecules. For example, as shown in Fig. 13, we synthesized a
model compound of dolichol phosphate sugars 46 in excellent
yield by the reaction of a glycosyl boranophosphate diester
45 and citronellol (57). Such a compound would be useful as
a probe to study enzymatic reactions. It is noteworthy that the
equivalent compound containing a C=C bond, which would
be reduced by boronating agents, cannot be synthesized using
the previous method of silylation and boronation of a glycosyl
H-phosphonate intermediate (50-52).

Thus, the method used to synthesize glycosyl
boranophosphate derivatives using the condensation
of glycosyl boranophosphate diesters with alcohols
(boranophosphotriester method) afforded the desired product
in excellent yield via the highly efficient condensation
and deprotection, which was in sharp contrast with the
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Fig. 15. Attempted synthesis of disaccharide boranophosphate 55 by boranophosphotriester method.

phosphotriester method that is generally accompanied by
different side reactions. Therefore, we applied this method
to the synthesis of phosphoglycan fragments. As shown in
Fig. 14, a mannosyl boranophosphate diester 47 was allowed
to condense with a protected galactose 48 in order to give
a disaccharide boranophosphate triester 49, which was
subsequently deprotected to afford the desired disaccharide
boranophosphate diester 50. Both the condensation and the
deprotection of the boranophosphate linkage proceeded
almost quantitatively. Compound 50 was then deboronated
by treatment with a dimethoxytrityl cation generated in situ
according to the procedure we developed previously for the
synthesis of nucleic acid analogs (54). Finally, the resultant
H-phosphonate diester intermediate 51 was oxidized to give
the desired protected phosphoglycan fragment 52 (59). This
method also involves an unstable H-phosphonate intermediate
51; however, the problems derived from the lability of
H-phosphonate diester intermediates would be expected to be
alleviated by synthesizing the phosphoglycan chains with the
boranophosphate triester backbone such as compound 49 and
converting them to the phosphodiester-linked phosphoglycans
at the final stage.

However, we found that this method was not
applicable to the synthesis of some phosphoglycan fragments.
Thus, as shown in Fig. 15, the condensation of a glycosyl
boranophosphate diester 53 with the 4-hydroxy group of
another glycoside 54 did not give the desired compound
55 but afforded a glycosy! chloride 56 and azolide 57 (61).
These side reactions can be attributed to the decomposition
of compound 53 upon activation with the condensing agent.
As a result, an oxocarbenium ion was generated and then
reacted with nucleophiles in the reaction mixture as in the
phosphotriester method, generating side products 56 and 57.
This is probably because the compound 54 has low reactivity
owing to the steric hindrance and also because the compound
53 is more likely to generate an oxocarbenium ion upon
activation than the compound 47 (Fig. 14) that was protected
by electron-withdrawing benzoyl groups.

Thus, these results show that the glycosyl
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Fig. 16. Synthesis of disaccharide phosphate 62 by phosphoramidite method.

boranophosphate intermediates are stable, easy to handle,
and suitable as precursors of glycosyl phosphate diesters.
However, the condensation efficiency of the glycosyl
boranophosphate diesters is highly dependent on their
molecular structures. Therefore, the scope of their application
should be further investigated.

F. Synthesis of Glycosyl Phosphate Derivatives Using the
Phosphoramidite Method

The phosphoramidite method is currently the most
efficient method for the synthesis of oligonucleotides, and
can produce long oligomers using an automatic synthesizer
(62, 63). However, the application of this method to the

synthesis of glycosyl phosphate derivatives has not been

well explored (64-69). Figure 16 shows an example of the
synthesis of a phosphoglycan fragment by this method (64). In
this method, a glycosyl phosphoramidite 58 is activated by an
acidic activator such as 1H-tetrazole and allowed to condense
with another saccharide 59 to give a phosphite intermediate
60. Because this intermediate is unstable, it is oxidized to
a phosphate triester intermediate 61 without isolation. In
the case of the synthesis of an oligonucleotide, the chain
elongation is conducted along the phosphate triester backbone.
However, glycosyl phosphate triester intermediates are
unstable and may be partially decomposed during synthesis
and purification. Chain extension with a more stable phosphate
diester backbone could also be accompanied by side reactions
on the nucleophilic phosphate diester groups. These may be
the reasons that the method has not been used to synthesize
molecules consisting of more than one glycosyl phosphate
unit.

To overcome this limitation, we have been
developing a new phosphoramidite method using glycosyl
boranophosphate intermediates (Fig. 17) (61). In this
method, phosphite intermediates 65, which are obtained by
condensation of a glycosyl phosphoramidite monomer 63 with
the terminal hydroxy group of an (oligo)saccharide 64, are
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Fig. 17. Synthesis of di- and tri(a-D-glucosyl boranophosphate) derivatives 67 by phosphoramidite method.
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Fig. 18. a-Selective synthesis of glycosyl phosphoramidites 69 by nucleophilic substitution of
per-O-Bn-glycosyl iodides 42 with H-phosphonamidate 68.

subjected to boronation instead of oxidation for synthesizing
stable boranophosphate triester intermediates 66. The terminal
silylated hydroxy group is then deprotected for the next
cycle. Effectiveness of this new phosphoramidite method
was verified by the synthesis of molecules consisting of 1-2
glycosyl boranophosphate units 67, although the yields were
still moderate. It should be noted that the products 67 were
structurally analogous to the compound 55 (Fig. 15) that was
difficult to synthesize using the boranophosphotriester method.
In addition, because there are very limited reports available on
the stereoselective synthesis of glycosyl phosphoramidites, we
developed a method to synthesize glycosyl phosphoramidites
by applying the reaction shown in Fig. 12 (Fig. 18) (60). The
phosphoramidite monomer 63 was synthesized using this
method with a diastereoselectivity of 98 : 2 (a : B) (61).

Next, we attempted to convert compounds 67 into
phosphoglycan fragments incorporating phosphate diester
linkage(s) 72 as shown in Fig. 19. Similar to Fig. 14, the
compounds 67 were treated with a dimethoxytrityl cation
to give H-phosphonate diester intermediates 70, and then
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Fig. 19. Synthesis of di- and tri(a-p-glucosyl phosphate) derivatives 71, 72 from boranophosphate
precursors 67. Reagents: (i) DMTrOMe, CHCL,CO,H (3-3.5 vol%); (ii) 1, pyridine-H,O (95:5, v/v) (X = O) or S,,
pyridine (X = S); (iii) (a) Et;N-3HF, (b) Me,NH, (c) H,, Pd/C.
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Fig. 20. Stable analogs of phosphoglycan fragments of Leishmania donovani (73), Neisseria meningitidis A

(74) and Streptococcus pneumoniae 19F (75).

subjected to oxidation and deprotection to afford the desired
products 72. The intermediate 70 was also useful to synthesize
a disaccharide phosphorothioate derivative 71 (X = S) by
replacing the oxidation with sulfurization. Thus, the new
phosphoramidite method using glycosyl boranophosphate
derivatives as intermediates proved to be useful for the
synthesis of short phosphoglycan fragments, although the
yields must be further improved.

G. Future Perspectives

The H-phosphonate method is currently the method of
choice for the synthesis of phosphoglycan fragments, while
other methods such as the glycosylation of phosphates are
used to synthesize other glycosyl phosphate derivatives that
are difficult to synthesize by the H-phosphonate method (e.g.,
sugar nucleotides and B-glycosyl phosphate derivatives). The
present H-phosphonate method can afford phosphoglycan
fragments consisting of 2—4 glycosyl phosphate units, while
their conjugates with proteins have shown potential as vaccines
(34). However, data regarding the potential of synthetic
phosphoglycan fragments as vaccines are very limited, and
the relationship between the chain lengths of fragments and
the efficacy as vaccines has not yet been clarified. Therefore, a
more efficient synthetic method is required for further progress
in the application research of synthetic phosphoglycans as
vaccines. Resultant phosphoglycan fragments with a range of
chain lengths would be useful not only in research to develop
synthetic vaccines but also for studies on the relationship
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between the molecular structures of phosphoglycans and the
virulence of pathogenic microorganisms. Further progress
in the solid-phase synthesis of phosphoglycan fragments by
the H-phosphonate method, which can reduce the difficulties
of purification, and the development of our method using
stable boranophosphate intermediates are expected, so that
phosphoglycan fragments of desired length become available.
In addition to application as synthetic intermediates,
phosphoglycans composed of glycosyl boranophosphate
units may have potential as vaccines with improved stability.
Recently, some stable phosphoglycan analogs such as
phosphonates 73 and 74 (Fig. 20) (70-73) and carbasugar
analogs (e.g., 75) (74) have been developed as vaccine
candidates to overcome the current vaccine problems
derived from the inherent lability of the glycosyl phosphate
units. However, the syntheses of these non-natural sugars
are nontrivial. In contrast, the boranophosphate-based
phosphoglycans can be synthesized from natural sugars
in fewer steps. It has also been shown with a variety of
nucleic acid analogs (49) and glycosyl phosphates (52) that
boranophosphate analogs are very similar both sterically and
electronically to the natural phosphate diester linkages. For
these reasons, application of the glycosyl boranophosphate
derivatives to vaccine research would also be interesting.
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9 E#IVE#SE siRNA ORET U N —C & BFFEEFHREOME
9.1 FLHIE R, #EEE

Short interfering RNA (siRNA) Z{I U &9 38EMEA U OB L, RRICHEET2EE
FREAWFEEEICINET 3ARY -V E LT, BEOBREBETRATSREEEOREE
EDIBERANDOEAPRFIh TN R, EEROENE, EVFE BEECIho@mHTRE
BY -V THIMBREERZANENNSTTL LY T IPLTW, b EFREh BN, RHREAOE
EIERBEII AR T 5—4T, 250 RNA THE2 BN LT 3BREREZLTh HEHRE
DRRIEH B, ZhiE, BEETEETARA ) IEBRSFORR, STFRIRCEHREMORA
KUEET 5 —AT, SRATEENLT 5MBMEAELDOME X BET B D OHIR
FAFPILDEBNTHNE Z Litd b, &L, FRESHEROERTHY, BERVUIRIVF—
RBOPOMERTH B 05, FEEZENET IR TFORETIRNT Y N —HKiFSHE
Tshhid, BEHERE, v VRBRE, FEE, FhAZCoEaEREICMA T, BFER
HEFEPEMEED L 5 TRERBICHT AH L TBEEOHRIC>UNE b0 LB 5,
ZDHITIIECRETRTARECLEL COFERHEANANORRENNETHY, TOEEL
725 DDS HEff OB SAETH S, L L, EREHOERETIEET VN —EifoRR
Blix, EREHLNIVOTFERMICBNTHIFLALRL LSRN, FBeid, &, REFLE
FYNY =Y ZF A EBRICERNTHES BT 3 “in vivo fabrication” #E& 5 #ric# DDS
RO a Ve MEBAT BRI EIRKE-T, BHE ULFHROEZFREARENICNG (&
SHERNATE) 7200 ET VN —KIGOERRRICHRI Uk, Chid, EEROYE
AR E, EBRSFEENEBNEBETI2F v V7L LUTHARHATAZLIKES-T, * v
VTR D AR c MR - REBOMEEA B U THE T2 EHNTEHETHD, £
REMR~OEBNIFEINS, 22T, FiBDO ApoBEETFHREEY -5 v b&T 5 sIRNA
EEFNVELVTHOLRETF VAN -V X7 LRBOHZ, ZO0EMER -3V M E2EDT
e 3, ‘

9.2 RIBFUNU—BHTDOEE

BERE  BEIC X - T, BENRESILDEERT~SBENELS (B D,
BEEHEBRASTFORET Y NY —ICB I3 FERFREL LT, ROZEABEZ T 6N 3,
(DB/LEN R CEENTORER

(DB EHED BB

*1 Masahiro Murakami KFRABKE ZEH BERHZEE HF
*2 Takanori Yokota HREMERAFEAFR EEFRSHER MEEREENT
S04
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$2E BBEE~OEH

(@) A~ DRBIRAB T I |

BEEEEO A ) THRA FRESBENE, BNEOKEROBSFTHY, ERBAKIS
Lo %7, —fRIZ, EE &K AHFIEEREOMBRICEET 570, BRTDY =774
VIBEESRD SN B H, ThSORBEATERT 3 HARTIES TR, FETblB~<LX
512, BT CHRIGRE TRE SN T0 3 IEHEER A F L 7o REE, & TSR A
kBb0THY, ERMRICRD L, MBEEEICHY 5BAOEEREO XY, &
WFEYNY —AEBRTES bOBETH B, —F, BLENOREEB TS 5/ ZUFEOM
WP <7 07 7 — VOEBIES HAEDEIE EOFPHEIRESN TS 600, HO
251 RNA FHIz 85 CREICSEEIEN RS~ O BRI OBIRICIRE > TV,

siRNA 1% 21~23 SR EDO " RKEDA ) IKBETH D, ZO0HF ¥4 XiE 15,000 Y EET B,
EAOES T, ok HkEEESTOMEEY FEESBOBEE, TV RS bV ROX
5 ISR EER DB B ERLT, ABNICBIELAESSNEND, £, ELEAT
i, BT X 5 pH OZ(LOREORA, HEHE, K BRET L0 SUELEOLE
BRT, &5 IRNOBRETEST 3 BIEECEGRCMKFICEET 55 05 V7 E,
27 VT —EEEUREEEL & 0EYENTEERTF I RES NS, BRI TELEEHT S
CEIRE DREEAED ZEMOEISNTED, i, ENEESTEOEEEOHEDHE
FHEANET B ETERANTOREEREZWETE I ENTE S,

—%, BBEEESENET 35T, EOEROMBRICEET 30, BRTOEI(L
ERSN B, EHIILIE siRNA OEHEITNAZ T, BWEAEEMT 2 FCoEETH B, &SI
250 RNA FH£ B LT3 EERMRBICHNTH, —RICEIOHR - Mk X %5
ﬁ%%%%?ékb@##UT&U&7&—®%%ﬁ§§&ﬁéobﬁb,%@ﬁﬁ®i¥ﬁﬁ

>

#n
P - i .
Bk o (BFD) Ex vivo
AR
fifife & ' B (FF5h)

SR B

1 MEBREEROBREFRLIENAFICES X TOBERUVRE
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Koy /YNy —v27A08ERI

4wz&7§*xm%%%+/z717©0%v—AmawAlﬁﬁﬁwﬁ%mia%@ﬁ&b.
HEBRIREOHAICIMA T, BVELEET 2860MB240 1t RAMOMELEZET 5 40E
MH B0, IT, BREEGL B DI, BRRELEUEBNS 77 v/ gE L -
Vo BEBNIGE S — 5 4 V7 BHEARNS T 2 DIRR, BEEKDLVIF Y, SEKVF Y KT
EORMMASFRLFNEBRSTUEBRET S, F+UTORZF—%FALT, Zhs
DEIB (LB T2 HFENZLONBY, ULhLENES, BBRSFOENLESRIISFI A X
ZHRL, TORENBEOBRBERENCRELT 2, £, FvAV2EOF Y TRENE
EONESEELS LY, WFNOBA6—EDTY N —$REE L CIRENELB 30
XERBEE LB,

£ 5% RNA THORLIES O IENHEBAOBRNT Y N—TH 58, BLELLOFYAN
V—0BEICHE, B0 &S KERSRETEENEET S, COkD, FLarveT ol
ABFD SN iz,

9.3 In vivo fabrication 37 F DEA

FREOREC RFETHEEAOF Y /N ~ R ETH 50, MEFLEDOF Y TR, EE
B ETLR N, FEOBERICEET 5 Kupffer AR UH LT3 HEMERICE-T
ZEICIOAENTUE . BBESFIC L 2 BHIC & - T siRNA OMEBSRIRK SBITHR
BETHB I EDBBESH TN, LRSI, BEERURLEOBENS, €SI VE (a-b
a7 zm—)V) %#4 U siRNA (VE-siRNA) %<7 REHARXRBRAREYT 3 2 & T,
FEAOEELEBREFNICEBIT %2 RNA THIRESSEBHROBONS I LERL, 5
i C OBRFIEEBTICRIFDO Y RS L EHEET 5 I LERELTH A,

~%, RELVERULEY I Y EE, AEGIC/NSEEEREERTRESh s S0 3
zay (CM) KEDAEN, YV URREALTHBEALBREING, CMB Y RToF4 Y
Yot—¥ (LPL) OB% CHRMEBESCIEEBI 2%, CMVAF v+ (CM-R) kEHESh,
Vi v MEREENS U TERNICFERENICERDAZTH AW, 5T, CM 248U, ex vivo
TAVFa—Ya v UTHBIRNEET 3 2 & TSR RNA TEHXERETH 3, LHL,
25 USRI mREH &2 5, £/, B, MBEHOCMBERTS IBUTEPEL, a2
FEEREOMEOIRE N, ThIZHLT, BEY v ~lE ) v ERDY v RHPIZE, 8%,
BODTEEED CM BEET 3,

FNoE, Sy McBWT, RIUEER & L CRSEAEEHREHNZBOTFI IS 0
BFHA X E U LBELEr SO Y VBRI DWTHRET LTR D, /NETI 40~T70kD A
I, KBTI 10~20kD fHEICZ DRV ST OBMENFET 2 LE2RELTWBY, £, &
PRMFIIE IR KA B A T OISR EBEL, 4YIX7 LA F FItE LT bHESEB
 EREETEBIEARLTNBY, €43 E OWIEMRASMETS 54, MNBRE/L
BORTHRICHLEOAWES ¢, REBEOER bB b, REESEN ORI ERF
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%28 BBEE~OREH

NEBITH Bo Eic, —RICBEHRRC & 3 ENO_EEERE, HENOEYRE AT 5
b,%%WK%U%%%®§Wm%H,%%@&W%%ﬂ%ﬁ%wﬁ%%ﬁK@KﬂT%éoW
WARERIDOZ L, HLBEOTHMOAFNZDHMENRLVBRIANZ ZEBHMOSNTNEY, &5
iz, CM EEABRT siRNA #MDAE 3 By /M ERSBEMIZFY Ny — LcB4e, Mian
KBWTHBAEZIT CRETA2ENEH 3, ,
ZIT, IhoDI EERHEI, Y IKBSFOF v ) T% invivo THEL, RERKTE
BB~ D T Y NY -2 X7 L (DDS) 2£EBATHEAILTS &9 “in vivo fabrication” 2
VT MEEEL, ChicEs<{ siRNA OREF ) N Y —HROBRERs 7, THbB, E
43V E %A UL SRNA %, CM MERSN Y VSR sl s h 2 RET T, RIRIEEHR %
FMALTEBRNSE, EKHEY VYERNEA v FaRX—F&LT, YHRTESIVE
OF+ )T TH5CM ELEAEEHRSE B &T, siRNA O %EM &3 5 DDS £4
BATHETIHETHS, K21, XREFV NV -V X7 L08&HER LU

K2 In vivo fabrication (&3 E'4 I v E {E8f siRNA (VE-siRNA) ODFFHREADEF/IV—
Mo OIFRBHENT U NY — (ERRD

QAMEN S OIRERIUES NELETOFOI 7oy (CM) 0&FfkE Y v 3817, @FIEE

Flic X %5 VE-siRNA OKBHEOBEBBE ) v ~DEBF, @OV v ENTAL vFar—bEh3

Z &I & 3 VE-siRNA & CM & 0@ AHIERR (=in vivo fabrication), @CM @Y #% V7 &

F4—+¥ (LPL) Zixk3CM V&V b (CM-R) ~0ZE#, OV LFY NVEEERENT HHE

& BB VE-siRNA-CM HE XK ORIRWIEL D A S
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