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a-Glycosyl phosphate derivatives are widely known as constituents of biomolecules. To date, several types of non-natural a-glycosyl phosphates
including “P-modified analogs” have been synthesized to investigate their characteristics. Herein a new approach to the stereoselective
modification of the intersugar phosphorus atom in a-glycosyl phosphates by use of the oxazaphospholidine method is presented. Via this
approach, the dimers of o-glycosyl phosphorothioates and a-glycosyl boranophosphates were obtained efficiently and stereoselectively.

a-Glycosyl phosphate derivatives are widely known as
constituents of capsular polysaccharides in pathogenic
bacteria such as Neisseria meningitidis and Streptococcus
preumoniae,"* or the glycocalyx of parasitic protozoans
such as Leishmania and Trypanosoma.>*They have repeat-
ing units of phosphoglycans, many of which are considered
to be important factors in biophenomena such as
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immunological responses and infection. Therefore, inves-
tigation of their roles as biomolecules is being carried out
for the purpose of elucidating their biomechanisms and
applying them in drug development.' 3

With such aims, several types of non-natural a-glycosyl
phosphate analogs have been synthesized in previous
studies.* Among them, we focused on the “P-modified
analogs,” where one of the nonbridging oxygen atoms is
replaced by a different atom or a substituent. The inter-
sugar phosphodiester linkage is considered to be an important
factor affecting several biophenomena. Thus, P-modified
analogs could become useful tools to clarify their biologi-
cal modes of action. Moreover, the phosphodiester moiety
is known to make a large contribution to chemical stability,
and proper modification of the phosphorus atom is re-
ported to further improve chemical stability.> For these
reasons, P-modified glycosyl phosphate derivatives are
considered promising analogs.

These molecules have a chiral center at the intersugar
phosphorus atom. Because biological activity generally
differs between stereoisomers, stereochemically controlled
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Table 1. Preparation of Monomer Units

Ph (RO)~ e
L-or D-2 Et;N
(7.0 equiv)

Q N
(RO)4D/ \ (3.0 equiv) On, N
THF, -78 °C then rt, 30 min Fi
OH o
Ph
1a—c (Rp)- or (Sp)-3a—¢

diastereo ratio®

Man/ yield trans:

entry 2 product R Gle (%) cis a:p?
1 L (®p)-3a Bn Man quant >99:1 >99:1
2 D (Sp)3a Bn Man 74 >99:1 >99:1
3 L @®Rp)-3b Bz Man 90 >99:1 >99:1
4 D (Sp)3b Bz Man 83 >99:1 >99:1
5 L (@Rp)>-3c Bz Glc 82 >99:1 95:5
6 D (Sp)3c Bz Glc 65 >99:1 >99:1

“Estimated by >'P NMR. ® For isolated product.

derivatives are required for assessment of their biological
properties. However, stereoselective synthesis of P-modified
glycosyl phosphates has not been accomplished yet.

Against such a background, we herein present a new
approach to the stereoselective modification of the intersugar
phosphorus atom with the “oxazaphospholidine method.”
This method has been used for the stereocontrolled synthesis
of phosphorothioate DNA,* RNA° and boranophosphate
DNA® for nucleic acid drugs. We applied this method to the
synthesis of glycosyl phosphate analogs and first accom-
plished the stereocontrol of the intersugar phosphorus atom.

We prepared monomer units (Rp)- and (Sp)-3a—c as
shown in Table 1. They were synthesized by the sterco-
controlled phosphitylation of sugar derivatives bearing
free anomeric hydroxyl groups with (4S,5R)- or (4R,5S)-
2-chloro-1,3,2-oxazaphospholidine derivatives (L- or D-2),
which were obtained by the reaction between PCl; and the
corresponding 1,2-amino alcohols as previously reported.**
Mannopyranosyl monomers (Rp)- and (Sp)-3a—b were
obtained in a highly a-selective manner because of the
stereoelectronic effect of their axial 2-OH. As for glucopyr-
anosyl derivatives, precursor le, which was a mixture of a
and 3 isomers, was recrystallized several times from AcOEt
or CH,Cl,/hexane to obtain o-rich isomers. The isomers
almost retained their stereochemical purity through the
following phosphitylation step even though the reaction
conditions could induce anomerization. This experimental
fact suggests that phosphitylation of 1 was substantially
more rapid than its anomerization.”

Using the synthesized monomer units, we attempted to
synthesize stereoregulated P-modified dimers. In this
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study, as representative P-modified analogs, we selected
boranophosphates and phosphorothioates to be the syn-
thetic targets.

First, we describe the synthesis of glycosyl boranopho-
sphates. We employed O-benzoyl-protected monomer
units (Rp)- and (Sp)-3b—c because the benzyl groups could
not be removed without associated deboronation of borano-
phosphodiester derivatives.®

Scheme 1. Synthesis of Glycosyl Boranophosphates
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The P-modified dimers were synthesized via a three-step
reaction in one pot (Scheme 1). The monomer units (Rp)-
or (Sp)-3b—c were condensed with 1-O-thiophenyl-2,3,4-
tri-O-benzoyl-f3-p-glucopyranoside 4a or 1-O-thiophenyl-
2,3,4-tri-O-benzoyl-a-p-mannopyranoside 4b, in the presence
of N-(cyanomethyl)pyrrolidinium triflate (CMPT), which
is an acid activator we developed for the stereospecific
condensation of oxazaphospholidine monomers.” Then,
the resultant diastercopure glycosyl phosphite intermediates
(Sp)- or (Rp)-5b—c were boronated by treatment with
1 M BH;-THF in THF to give the glycosyl boranopho-
sphotriesters (Sp)- or (Rp)-6b—c.

In the last step, the removal of the chiral auxiliary was
attempted in the presence of several basic reagents (Table 2).
Each reaction was monitored by >'P NMR, and it appeared
that pyridine, 2,6-lutidine, and triethylamine (TEA) were
not sufficiently basic to activate the nitrogen atom of the
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pyrrolidine ring of the chiral auxiliary and caused debor-
onation as a competitive side reaction. Although such a side
reaction was not observed when using N, N-diisopropylethy-
lamine (DIPEA), the intended reaction was not complete.
In contrast, the chiral auxiliary was successfully removed
by 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU) in 5 min and
glycosyl boranophosphodiester 7b was quantitatively pro-
duced as a DBU salt. These results suggest that the main
reaction should be rapid enough compared to deboronation
in this case.

Table 2. Reaction Conditions for the Removal of Chiral
Auxiliaries

BzO: OBz
BzO -0
BzO:
BH:,
<\ L/ BzO
Z B0 SPh
Ph 0Bz
(Sp)-6b
MeCN, rl\ base
BzO 0Bz BzO- 0Bz
BzO' -0 B20- -0
BzO Bz0
BH; <
O £ 4 o\;
5 <\ AN
() o
BzO Q W \\/ BzO Q
BzO SPh z  BzO SPh
0Bz n 0Bz
(Rp)-Tb {Sp)-5b

reaction conditions

entry base equiv time 6b:7b:5b"
1 pyridine 10 overnight b
2 2,6-lutidine 20 overnight 85:0:15
3 TEA 30 overnight 8:77:15
4 DIPEA 10 overnight 29:71:0
5 DBU 10 1h 0:100:0

“Estimated by *>'P NMR. ® Not monitored.

Next, we describe the synthesis of glycosyl phosphor-
othioates (Scheme 2). It was performed by condensation of
monomer units and sugar derivatives bearing free 6-OH,
and the chiral auxiliaries were removed by the previously
reported procedure.

In the sulfurization reaction of benzyl-protected glycosyl
phosphites using N, N'-dimethylthiuram disulfide (DTD)"°
as a sulfurizing reagent, the formation of undefined bypro-
ducts was observed. Because it seemed to be caused by the
decomposition of the P-activated intermediate, we changed
the protecting group of the sugar hydroxyl moiety from a
benzyl group to a benzoyl group, which destabilized the
oxocarbenium cation. In addition, we tested other types of
sulfurizing reagents such as POS'! and Sy whose sulfurizing
reactions are expected to be more rapid than that of DTD.

The results are shown in Table 3. As we expected, the
benzoyl-protected glycosyl phosphites were more efficiently

(10) Song, Q.; Wang, Z.; Sanghvi, Y. S. Nucleosides, Nucleotides,
Nucleic Acids 2003, 22, 629-633.
(11) Roy, S. K.; Tang, J. Y. U.S. Patent 6, 500, 944, 2002.
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Scheme 2. Synthesis of Glycosyl Phosphorothioates

Q RO)y, A
(R“O)«D/
4a or 4b (1.0 equiv)

O”I/P CMPT (2.0 equiv)

N
\ MeCN <\ /
o t, 30 min N

aw :‘ (R30)5 &RZ
Ph

|
(Sp)-5a-c ((Rp)-5a-c)

/ /a,,,

(Rp)-3a-c ((Sp)-3a-c)
(1.2 equiv)

su[funzmg
reagent

o\//

O
R’O)Q\:%,Rz

1

O\ (10 equiv)
// 0 MeCN
it 1h

(R30)3

RO R30>
$S DBU

(Sp)-9a-c ((Rp)-9a—c)

BnG: OBn BzO OBz
BnO O BzO <
BnO BzO
$ $

(Rp)-8a-c ((Sp)-8a—c)

O\ O\P\\
cf/ ~o & o
BnO Q BzO: Q
BnO SPh BzO SPh
0Bn OBz
(Sp/Rp)-9a (Sp/Rp)-9b
OBz
BzO Q
BzO
BzO or & "NHEL
S
d To— oz
BzO -Q
BzO
SPh
(Sp/Rp)-9¢

Table 3. Reaction Conditions for Sulfurization

R%. OR® RO OR? R%0- OR®
R3O -, R0y [0 RSO -0
R%0. R%O- R0
4a 3
o w5
_CMPT_ B
o

Ph B SPh
h OR? OR?
(Rp)-3a: R®*=Bn (Sp)-5a; R®= Bn {Rp)-8a: R®=Bn
(Rp)-3b: R3= Bz (Sp)-8b: R*=Bz {Rp)-8b: R?= Bz
(1.2 equiv)
sulfurizing product ratio diastereo
entry R? reagents of 8a—b* ratio®
1 Bn DTD 46% ~b
2 Bn POS 80% b
3 Bn Ss quant >99:1
4 Bz DTD 87% b
5 Bz POS quant >99:1
6 Bz Sg quant >99:1

“Estimated by >'P NMR. ® Not determined.

S—8
S5y A
s H O N Ph

DTD POS

transformed into the corresponding glycosyl phosphor-
othioate triesters than the benzyl-protected compounds. In
addition, both of the alternative sulfurizing reagents improved
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Table 4. Stereocontrolled Synthesis of Dimers of
Glycosyl Boranophosphate and Phosphorothioate
Derivatives

diastereo
ratio®
entry target compounds yield (Rp:Sp)

1 (Rp)-Man-PB-Glc (Rp)-7b 79% >99:1
2 (Sp)-Man-PB-Glc  (Sp)-7b  176% >1:99
3 (Rp)-Glc-PB-Man (Rp)-Tc 7% >99:1
4 (Sp)-Gle-PB-Man (Sp)-Tc 96% >1:99
5 (Rp)-Man-PS-Gle (Rp)-9b 82% >99:1
6 (Sp)-Man-PS-Glc (Sp)-9b 80% >1:99
7 (Rp)-Glc-PS-Man (Rp)-9c 7% >99:1
8 (Sp)-Gle-PS-Man (Sp)- 9¢ 73% >1:99

“Estimated by 'H or *'P NMR.

this step and the formation of byproducts was reduced
compared to the reaction using DTD.

Org. Lett,, Vol. 15, No. 23, 2013

On the basis of these results, we synthesized eight types
of P-modified glycosyl phosphate dimers. The structure of
a-D-Gle-(1-P-6)-D-Man is a fragment of glycocalyx lipo-
phosphoglycans of Leishmania. The results are shown in
Table 4.

In conclusion, we successfully accomplished an efficient
and highly stereoselective synthesis of glycosyl boranopho-
sphates and glycosyl phosphorothioates in different com-
binations of sugar moieties. These results suggest that this
method could be a versatile approach to the synthesis of a
wide variety of P-modified glycosyl phosphate analogs. In
addition, this method is expected to be applicable to solid-
phase synthesis, which can enable the synthesis of oligo-
glycosyl phosphate analogs.

Supporting Information Available. Experimental de-
tails and characterization data, including 'H, '*C, and *'P
spectra. This material is available free of charge via the
Internet at http://pubs.acs.org.
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