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ABSTRACT

Glycosyl boranophosphate triesters were synthesized via a boranophosphorylation of reducing sugars. The usefulness of the resultant glycosyl
boranophosphates as versatile chemically stable precursors of various glycosyl phosphate derivatives is demonstrated.

Glycosyl phosphates are the constituents of bacterial cell- However, the synthesis of the glycosyl phosphates is still
wall lipopolysaccharide and capsular polysaccharide anti- a challenging task due to the lability of the anomeric
gens! They also exist in the glycocalyx lipophosphoglycans phosphate moiety and the need to control the anomeric
and secreted proteophosphoglycans of the protozoan parasitstereochemistr# Currently, the glycosyl phosphate deriva-
Leishmaniaand work as important factors for the infectivity tives, especially complicated fragments of biomolecules, are
and virulence of the parasiteSince such polysaccharides usually synthesized by thid-phosphonate methédiue to

and phosphoglycans are mostly unique to each organism.the good reaction efficiency.

their structural and functional elucidation would lead to the  The method is also advantageous because it can afford
development of antibacterial and ahgishmaniavaccines not only the natural phosphoglycans having phosphate diester
and other drugs with high specifici&2 Chemically synthe- linkages but also those having phosphorus-substituted link-
sized glycosyl phosphates and their analogues have been useages via théd-phosphonate diester intermediat€siowever,

as indispensable tools for the structural and functional studiesthe method has some drawbacks, such as the instability of
of the above-mentioned biomolecules and have also been

studied as vaccine and drug candidétes. (5) Compain, P.; Martin, O. RBioorg. Med. Chem2001,9, 3077—
3092.
(6) (a) Westerduin, P.; Veeneman, G. H.; van der Marel, G. A.; van
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(2) Naderer, T.; Vince, J. E.; McConville, M. CGurr. Mol. Med.2004, B.; Pozsgay, V.Chem. Eur. J.2002, 8, 4424—4433. (c) Ruhela, D.;
4, 649—665. Vishwakarma, R. AJ. Org. Chem2003,68, 4446—4456. (d) Higson, A.
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342, 297—344. (7) Stawinski, J.; Kraszewski, AAcc. Chem. Re002,35, 952—960.
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the glycosylH-phosphonate diester intermediates, which
often causes reduction in yietd2b
With this background, we sought to develop an efficient

performed in the presence of bis(2-oxo-3-oxazolidinyl)-
phophinic chloride (Bop-Cl) as a condensing reagent, 3-nitro-
1,2,4-triazole (NT) as a nucleophilic catalyst, arer,NEt

method to synthesize glycosyl phosphate derivatives and(Table 1). The reactions were completed withih at rt for

focused on glycosyl boranophosphéfess key compounds.

The boranophosphate is one of fResubstituted phosphate _

analogues in which one of the nonbridging oxygen atoms
of the phosphate diester linkage is replaced with g gidup.

It was originally developed as an isoelectronic, hydrophobic
modification of oligonucleotides with high chemical and
enzymatic stabilit}? and also applied to the glycosyl phos-
phate derivatives to probe the phosphate functftend to
improve the stability of the glycosyl phosphate moi&tin

addition to these properties, the boranophosphate has another
advantage that we focused on: it can be quantitatively con-

verted into the corresponding-phosphonate diesters by
treatment with a trityl (Tr) catioft indicating that the above-
mentioned unstable glycosy-phosphonate diester inter-

mediates can be protected as the stable boranophosphates
throughout the synthesis. In this paper, we describe the
synthesis of the glycosyl boranophosphates and their pre-

liminary applications as precursors to glycosyl phosphate
analogues.

Several glycosyl boranophosphate derivatives have been

synthesized by a nucleophilic substitutioand the H-
phosphonate methddyut the former method has been used
for the synthesis of few monophosphate derivatives, and

further applications have not been reported. The latter one
suffers from some problems, such as the necessity of strictly
anhydrous conditions, undesired reduction of substrates by

boronating reagents, and insufficient boronation of sterically

hindered intermediates. All of these problems had also been
imposed on the synthesis of nucleoside boranophosphates

by the H-phosphonate methd8!? Recently, we have

demonstrated that these problems could be solved by a Ac©

“boranophosphorylation”, in which a simple boranophosphate

diester (e.g., dimethyl boranophosphate) was used as a
phosphorylating reagent of alcohols, so that the problematic

boronation of reducible, sterically hindered molecules can
be avoided3

Boranophosphorylations of reducing sugas9 with
triethylammonium dimethyl boranophosphidte(1) were

(8) (a) Ross, A. J.; Higson, A. P.; Ferguson, M. A. J.; Nikolaev, A. V.
Tetrahedron Lett1999,40, 6695—6698. (b) Routier, F. H.; Higson, A. P;
Ivanova, I. A.; Ross, A. J.; Tsvetkov, Y. E.; Yashunsky, D. V.; Bates, P.
A.; Nikolaev, A. V.; Ferguson, M. A. JBiochemistry2000, 39, 8017—
8025. (c) Prosperi, D.; Panza, L.; Poletti, L.; Lay, Tetrahedron2000,
56, 4811—4815.
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Uchimaru, T.J. Am. Chem. S0d.997,119, 9925—9926.
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2007,107, 4746—4796.
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2004 45, 371-374. (b) Kawanaka, T.; Shimizu, M.; Wada, Tletrahedron
Lett. 2007,48, 1973—1976.

(12) (a) Zhang, J.; Terhorst, T.; Matteucci, M. Tetrahedron Lett1997,

38, 4957—4960. (b) Higson, A. P.; Sierzchala, A.; Brummel, H.; Zhao, Z;
Caruthers, M. HTetrahedron Lett1998,39, 3899—3902. (c) Sergueeva,
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Table 1. Boranophosphorylation of Reducing Sugars9

Bop-Cl
NT Q
Et3I\TH_o:P(BH3 . RmOH £PryNE Rmo\ BH,
MeO™ ~OMe THF MeQ”' ~OMe
1 2-9 10-17
reducing yield® (%)
entry sugars (o) T (°C) time (h) (o:p)

1 2¢ (4:1) rt 1 90 (2:3)

2 2¢ (4:1) 0 1 91 (3:2)

3 24 (4:1) 0 2 88 (1:1)

4 24 (4:1) —20 24 87 (1:1)

5 3¢ (1:1) rt 1 88 (1:1)

6 4¢(4:1) rt 1 85 (4:1)

7 5¢(4:1) rt 1 78 (7:3)

8 6° (4:1) rt 1 88 (2:3)

9 7€ (3:7) rt 1 91 (1:1)

10 8¢ (>9:1) rt 1 56 (4:1)

11 9¢ (7:3) rt 1 91 (@3:7)

alsolated yield? Anomeric ratios were determined b¥H NMR.
¢ 2—9/1/Bop-CI/NTA-Pr,NEt molar ratio= 1/3/5/5/10.¢ 2—9/1/Bop-CI/NT/
i-Pr,NEt molar ratio= 1/2/2.5/2.5/10.

OBn OAc OBn
OBn
Q AcO Q -Q
BnO AcO B S
oan~OF oac”OR BN OR
2:R=H 3:R=H 4R=H
10: R=P(OMe),BH;  11: R=P(OMe);BH;  12: R = P(OMe),BH;
OAc BnO OBn AcO OAc
OAc
AcO -Q 2 R
BnO AcO
OR 0OBn OR OAc OR
5 R=H 6:R=H 7:R=H
13: R = P(OMe),BH3 14:R=P(OMe),BH;  15: R = P(OMe)sBH3
OAc
COOMe
Ac/? o Q BnO o Q
C Bn
NHACOR OBn OR
8:R=H 9:R=H
16: R = P(OMe),BH, 17: R = P(OMe)»BH;

all of the substrates used, and the desired glycosyl borano-
phosphate triesters0—17 were isolated as mixtures of-

and g-isomers in modest to good yields (56—91%, entries
1, 5—11). Any traces of decomposition were not observed
during aqueous workup and silica gel column chromatog-
raphy except for theN-acetylglucosamine derivative6,
which was partly lost during the chromatography. Lower
temperature reduced the reaction rate but did not significantly
affect the anomeric ratio (entries 2—4).

The study showed that the glycosyl boranophosphate
triesters were chemically more stable than the phosphate
triester counterparts. It has been reported that the attempts
to synthesize glycosyl phosphate triesters by phosphorylation
of reducing sugars resulted in the decomposition of the
generated triesters by the attacks of nucleophilic species, such
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as CI, in the reaction mixture¥! or via the neighboring The H-phosphonatel9 thus obtained was successfully
group participation oN-acyl groups for glucosamine deriva- converted into glycosyl phosphoramidate and phosphorothio-
tives1® Decomposition of glycosyl phosphate triesters by the ate derivatives (2@nd21, respectively). As is widely used
aqueous workup or silica gel column chromatography has for oligonucleotidesH-phosphonate diesters are versatile
also been reporteld.In contrast, noticeable decomposition precursors to a variety &-substituted phosphate derivatives,
was not observed for the glycosyl boranophosphate triesterssuch as phosphorothioates, phosphoramidates, alkylphos-
in the reaction mixtures containing highly nucleophilic phonates, phosphorofluoridates, phosphoroselenoates, etc.,
species, such as Chnd 3-nitro-1,2,4-triazolide, or during as well as the natural phosphateherefore, the strategy that
the workup and chromatography except for the glucosamine uses chemically stable glycosyl boranophosphates as precur-
derivative. sors to theH-phosphonate counterparts would significantly
As mentioned above, we have reported that the borano-expand the availability of compounds containiRgsubsti-
phosphate diester linkages can be transformed into thetuted glycosyl phosphate moieties.
correspondingd-phosphonate diesters upon addition of a Tr ~ The results shown above indicate that the synthesis of
cation!2|f this method is applicable to the glycosyl borano- glycosyl phosphate-containing biomolecules and a variety
phosphates, these compounds could be used as the chemicallyf P-substituted analogues would be feasible by using the
stable precursors to the unstalffephosphonate diester glycosyl boranophosphates as stable precursors. In addition,
counterparts. Applicability of this strategy to the glycosyl the glycosyl boranophosphate itself is interesting as an

boranophosphates was investigated withgrenomer ofL1 isoelectronic, hydrophobic modification for these biomol-
(11)? which was separated from tleanomer by column  ecules. However, two factors still remain for the synthesis,
chromatography, as a model compound. Fifts was i.e., condensation of the glycosyl boranophosphate with

converted into a diestet8 by treatment with 1,4-diazabi- alcohols to form molecules and deprotection of the sugar
cyclo[2.2.2]-octane (DABCO) (Scheme 1). Though this and phosphate moieties in the final step. To examine these
factors, citronellyl glucosyl boranophosphate (Glc-PB-Cit)
] (Scheme 224), a model compound of a glycosyl donor in
Scheme 1. Synthesis of Glycosyl Phosphate Analogi@és the eukaryotidN-glycosylation pathway was synthesized.
and21 via H-Phosphonate Diester Intermedidi@

oo one -

Q DABCO Q Scheme 2. Synthesis of Glc-PB-Ci24
AcO .
CAmO\ /BH3 CH20|2 ACEMO\ P/BHS y

> OAc
AO MeO™ “SOMe 4 7n A0 Meo™ o
11 9 18 R
B (92%) ‘ A0 0L, ABHs
CHyClp, 0 °C, 10 min | TrOMe, DCA AcO MeO/P\O’HNEtg*

(quant) 18

£BUNH,, CCly, THF, 1, 1h i
, I S)-B-citronellol
OAc o OAc (
MeCfN‘(;oC;go/m n (96%) j Bop-Cl, NT, i-Pr,NEt
AcO Q (for 20, 80%)  aco Q OR!
AcO o~ O\P,x or AcO O\P/H o
C ARG NS
MeO™ SO g, pyridine, A0 Meo™ S0 R18‘O Oo__,BH3
20 (X = +BuNH) 1, 2h 19 P

Rlo R
21 (X =57 (for 21, 54%) OM/

1_ 2 _
PhSH, EtaN, THF, 1, 20 h (97%) [ 2R = Ac, R"=OMe)

. . 23 (R' = Ac, R2 = O™ HNEts")
25% NHg aq, 1, 1h (03%) [ 24 (R = H, R = O HNEts")
=H,R2= 3

reagent is generally used to deboronate phosptiioeane
complexes, almost exclusive demethylation of the borano-
phosphate triester occurred in this case (ca. 5% deboronation

was observed b$*P NMR). The diestel8 was then treated Condensation of§)-A-citronellol with 18 proceeded under
with a Tr cation generated in situ from TrOMe and sjmilar conditions for the boranophosphorylation of reducing
dichloroacetic acid (DCA})!* *P NMR analysis of the  sygars to afford a triest@2in an excellent yield. The triester
reaction mixture clearly showed that the desired glycosyl 22was also a stable compound, and any decomposition was
H-phosphonate diestd was quantitatively generated as a not observed during the workup and purification by silica
pair of P-diastereomers by the appearance of two singlets atge| column chromatography. Demethylation of the borano-

8.14 and 8.04 ppm with & value of ca. 725 H2? which phosphate linkage and deacetylation of the sugar moiety were
is characteristic oH-phosphonate diesters. carried out by treatment with Ph@nd aqueous ammonia,
respectively, and the fully deprotect@d was isolated as a

ggg Z\B’Tﬁagsgcmi-“é%';?(} (,:_[H}[(itsrﬁ%e(ﬂ[)og&%ﬂ%ﬁ%@ﬁ?ﬁﬁggg' triethylammonium salt in an excellent yield. Thus, both the

1281—1284. (b) van Boeckel, C. A. A;; Hermans, J. P. G.; Westerduin, P.; condensation and the deprotection steps proceeded nearly

Oltvoort, J. J.; van der Marel, G. A.; van Boom, J. Reecl. Trav. Chim. itati . ; ;
Pays-Baslo83, 102, 438449, guantitatively; this would enable the synthesis of rather

(16) (a) Plante, O. J.; Andrade, R. B.; Seeberger, FOId. Lett.1999,

1, 211-214. (b) Garcia, B. A.; Gin, D. YOrg. Lett.2000,2, 2135—2138. (18) See the Supporting Information.
(17) Brisset, H.; Gourdel, Y.; Pellon, P.; Le Corre, Wetrahedron Lett. (19) Rush, J. S.; van Leyen, K.; Ouerfelli, O.; Wolucka, B.; Waechter,
1993,34, 4523—4526. C. J.Glycobiology1998,8, 1195—1205.

Org. Lett, Vol. 10, No. 8, 2008 1559



complicated biomolecules and their analogues with various ||| lGcGcGcTN

P-substitutions. . ) o Table 2. Oxidative Conversion of Glycosyl Boranophosphate
Next, we describe another potential application of the Triesters10,115to Phosphate Trieste5 and 26

unique stability of the glycosyl boranophosphates. Since oR oR

glycosyl phosphate triesters have been widely used as highly . % °X'(‘:'g";gj‘jfm o %
reactive glycosyl donot&-2%and their reactivity can be tuned "o O _BH RO ou_o
by changing the phosphorus substituehtfe reactivity of R oo ope 1" o Meo/PfOMe
the glycosyl boranophosphate triesters as glycosyl donors is }‘1’25222)) 2 Eg N ﬁg;

also intriguing. To examine the issue of reactivity, borano- “latent" “active’
phosphate triesters0 and 113 were treated with TMSOTf

(1 equiv) and 2-propanol (10 equiv) in GEl, at rt. boranophosphate  oxidizing yield (%)
Surprisingly, both of them were intact for at least 24 h. We _entry triester (c:f) agent  time (:p)
considered that the exceptional stability of the glycosyl 1 114 (0:1) m-CPBA  10min  >90° (0:1)
boranophosphate triesters under Lewis acid-mediated gly- 2 115 (0:1) TBHP 48h <10° (n.d.9)
cosylation conditions would be useful for an “active-latent” 3 115 (0:1) DCSO 48h <10° (n.d-9)

glycosylation stratedy if they could be converted into the 4 10 (43:57) m-CPBA  10min  >91° (43:57)

“active” phosphate triester counterparts. It is well-known that ~ 2Isolated yield® Estimated by?!P NMR. ¢ Not determined.
BH3; complexes of tricoordinate organophosphorus com-

pounds are stable toward oxidizing agefitdut certain  jndicate that the glycosyl boranophosphate triesters would
reagents, such as-chloroperbenzoic acid-CPBA), are  pe applicable as “latent” glycosyl donors that could be
reported to oxidize them into oxidés. converted into the “active” glycosyl phosphate triesters. In
Attempts to convert a boranophosphate triedthf into addition, the direct oxidation of the boranophosphates into
the phosphate triester counterpart 2@)irectly by using  the phosphates may be applicable to the synthesis of
m-CPBA, tert-butyl hydroperoxide (TBHP), or+)-[(8,8- biomolecules having glycosyl phosphate moieties.

dichlorocamphoryl)sulfonyljoxaziridine (DCSO) showed that In conclusion, the study demonstrated that glycosyl
m-CP_BA promoted a virtually quantitative conversion within boranophosphate triesters were obtained by boranophospho-
10 min (Table 2, entry 1), whereas the substrate was resistanty|ation of reducing sugars and worked as stable precursors
to TBHP and DCSO (entries 2, 3). of the correspondingi-phosphonate diesters and phosphate

Benzyl-protected substral®was also converted into the  tiesters. The unique properties of glycosyl boranophosphates
corresponding phosphate triest26by m-CPBA (entry 4).  yoyid be applicable to the synthesis of biomolecule ana-

The anomeric ratios of the substrates were not changedogyes as well as to an “active-latent” glycosylation strategy.
during the oxidation process (entries 1, 4). The results g her study on these subjects is currently underway.
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