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Concise Synthesis of
P-Glycosyl
Alkenylphosphonates and
P,C-di and P,P,C tri-Glycosyl
Phosphonates

Claude Grison1 and Hicham Chibli2

1Université Montpellier 2, UMR CNRS 5175 CEFE, France
2School of Chemical Science and Pharmacy, University of East Anglia Norwich,
United Kingdom

A direct access to P-glycosyl-, P, P-di-glycosyl alkenylphosphonates and P, C-glycosyl
phosphonates is described. The method involves the Horner reaction of an anion derived
from P-monoglycosyl and P1,P′-diglycosyl methylenediphosphonates either on the exo-
cyclic aldehyde group of carbohydrates or on the masked aldehydic form of the furanose
hemiacetals. In this last case, the carbonyl olefination, followed by an intramolecular
cyclization, leads to P, C-di and P, P, C-triglycosyl phosphonates.

Keywords P-Glycosyl methylenediphosphonates, Horner reaction, Furanose hemiac-
etals, P-Glycosyl alkenylphosphonates, P, C-diglycosyl phosphonates.

INTRODUCTION

During the last several years there has been considerable interest in the de-
sign and synthesis of enzymatically resistant analogs of glycosylphosphates.
Among them, glycosylphosphonates have found broad applications as metabol-
ically stable analogs and as potential candidates for therapeutics. In this
context, various synthetic approaches to glycosylphosphonates have been
described.[1−25] The alkenylphosphonates are useful synthetic intermediates
in the preparation of such compounds, because they can act as Michael accep-
tors; can be employed in Diels-Alder reactions and in free radical coupling; and
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Concise Synthesis 13

the reduction of the double bond is easy.[26−33] The intramolecular Michael
addition is particularly attractive because it is a direct method of C-glycosyl
phosphonate formation.[34−43]

Although numerous synthetic approaches to dialkyl alkenyl phospho-
nates are described, the preparation of P-monoglycosyl and P, P-diglycosyl
alkenylphosphonates has been largely unexplored due to the difficulties in
preparing such unsaturated phosphorus structures. In continuation of our
works on the design and synthesis of bioactive glycosylphosphonates,[44−46] we
present a rapid and facile access to the title compounds, which is based on a
Horner-type reaction.

We previously described a one-pot preparation of P-monoglycosyl and P, P-
diglycosyl methylenediphosphonates, which involved the direct generation of
methylene diphosphonic anions. It was attractive to explore the reactivity of
these compounds with an aldehyde group of carbohydrates in order to build
glycosyl alkenylphosphonate systems.

RESULTS AND DISCUSSION

As outlined in Scheme 1, the approach was based on the Horner reaction of
carbanions 2, with a series of carbonyl substrates 3. To investigate the feasi-
bility of this reaction, the aldehyde group of aliphatic substrates, dialdo sugars,
and aldo sugars was successively used as an electrophile for carbonyl olefina-
tion. The presence in the same molecule 2 of two different phosphoryl groups
on the same carbon can lead to two different olefins. If the leaving group is
(EtO)2P(O)OLi, the elimination leads to P-glycosyl alkenylphosphonates 5, and
if the leaving group is (R1O)(R2O)P(O)OLi, 4 was obtained. The unsymmetrical
structure of the diphosphorylated reagents presents an interesting problem of
regioselectivity.

P P

O O

EtO

EtO

OR1

OR2

n-BuLi or KH
THF / - 78 °C P P

O O

EtO

EtO

OR1

OR2

M

1/ R3CHO
2/ H2O

P

O

OR1

OR2

R3

P

O

OEt

OEt

R3
+

1 2

4

3

5

Scheme 1: Synthesis of P-monoglycosyl and P,P-diglycosyl alkenylphosphonates 5.

Because the nature of the counterion of the anions 2 could influence the
outcome of the Horner reaction, we performed the deprotonation step using
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14 C. Grison and H. Chibli

different bases starting from model compound 1a and isobutyraldehyde: n-
BuLi in THF at –78◦C and KH in THF at –78◦C for 30 min. The addition of the
isobutyraldehyde 3a to the in situ generated anion 2 is run at low tempera-
ture and the reaction was stopped after decomposition of the aldol adduct into
conjugated olefin 5; 4 and 5 were characterized by 31P NMR [δ (CDCl3) ppm].

As can be observed from the results in Table 1, the Horner reaction with
n-BuLi and KH affords a mixture of three isomers, the expected P-ribosyl ethyl
isopentenylphosphonate 5a, which was obtained as a mixture of two cpimers,
and the diethyl isopentenylphosphonate 4a.

The diethyl phosphate salt is preponderantly eliminated and the best re-
gioselectivity is obtained with KH (5a: 60% after purification).

We found that the aldol intermediate exhibits a resistance to decomposi-
tion into olefins at – 78◦C. Therefore, after addition of the carbonyl compound
3 at – 50◦C, the resulting mixture was stirred for 3 h, and then it was allowed
to warm to rt. The stirring of the mixture reaction at rt achieved complete ole-
fination after 15 h. As a result, the reaction was generally studied with KH as
base under these conditions.

In all cases the addition of an aldehyde 3 to the potassic anions 2 led to
the formation of the 4 and 5 regiomers with 5 as major isomer. The regiose-
lectivity of the reaction was shown to be in favor of 5 (50%–60%). However, in
complete contrast to our previous studies on the Horner reaction, the regiose-
lectivity was not governed by the steric hindrance of alkoxy groups R1 and R2.
Curiously, the presence of one or two glucidic moieties induced no modifica-
tion in the 5/4 ratio of regiomers. The stereoselectivity was excellent and only
E-isomers were observed. The P-glycosylphosphonates 5 was obtained in pure
state after chromatography. From a practical point of view, it was noteworthy
that the difference of the Rf values between both regiomers 4 and 5 was suffi-
cient for an easy and preparative separation of P-glycosylphosphonates 5. The
purity of 5 was evaluated easily by 31P-NMR analysis.

The products 5 were obtained pure in satisfactory yields (46%–60%). The
weak sensitivity of the reaction to steric factors is a disadvantage for the re-
gioselectivity, but it is an interesting advantage to incorporate various glyco-
syl units on the substrates and on the reagents. Thus, the reaction with pro-
tected dialdogalactopyranose, dialdoribofuranose, and aldoarabinose occured
with comparative ease. Likewise, it was possible to introduce one or two glycoyl
units on the same phosphorus atom. These last units can be the same or dif-
ferent, derived from a pyranose or a furanose. In all cases, the efficiency of the
carbonyl olefination was conserved. The results described herein demonstrate
that this methodology is well suited for forming complex and stable glycosyl
phosphonates.

The synthesis of such type of saturated P-monoglycosyl and P, P-diglycosyl
alkylphosphonates 6 can also be achieved, in excellent yields, by catalytic
hydrogenation of alkenyphosphonates 5 (Sch. 2, Table 2). Because different
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P

O
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OR2

R3

5

P

O

OR1

OR2

R3

6

H2 / Pd / C

EtOH

Scheme 2: Catalytic hydrogenation of P-glycosyl alkenylphosphonates 5.

phosphono analogs of natural phosphates are of biological interest, the syn-
thesis of monoglycosyl and diglycosyl alkylphosphono analogs of ribose 5-
phosphate and galactose 6-phosphate represents an interesting target. With
this aim, we have also studied the catalytic hydrogenation of 5c, 5d, and 5i, a
priori the most difficult examples, having steric hindrance on the phosphorus
atom. These hydrogenations carried out in the presence of 10% palladium on

Table 2: Catalytic hydrogenation of P-glycosyl alkenylphosphonates 5

Substrates 5 Product yields % Epimeric ratio

5c 6c

98
1/1

5d 6d

95
4/3

5i 6i

95
10/7
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20 C. Grison and H. Chibli

charcoal, in EtOH, at rt were very efficient (95%–98% yield): 31P NMR of the
phosphonates 6 indicated the presence of two epimers.

Encouraged by these results, we turned then to the synthesis of C-glycosyl
phosphonates 9. These compounds are of particular interest in the research of
glycosyl phosphate mimetics, because they represent stable mimetics of the
main natural glycosylating agents.[17] The biological potential of C-glycosyl
phosphonates has been largely unexplored due the difficulties in preparing
such structures, which requires a process of C-glycosylation. The first synthetic
approach reported in 1981 consists of the introduction of a methylenephos-
phonic group at the anomeric center by nucleophilic substitution on a glyco-
syl halide using different earbanions derived from the diethyl methylphos-
phonate. Unsatisfactory results have been obtained and the elimination oc-
curred mainly.[17] More recently, a different strategy has been proposed: it in-
volves the addition of carbanions derived from the diethyl methylphosphonate
onto a glyconolactone. However, the reduction of the obtained lactol with tri-
ethylsilane failed.[15] In view of these difficulties, indirect methods of glycosyl
methylphosphonate synthesis have been developed. They are based on the in-
troduction of functionality (aldehyde, alkyl halide, or methanesulfonate) at the
carbon linked to the anomeric center followed by subsequent introduction of
a phosphonic group.[17] This approach requires a quite complex starting ma-
terial. Approaches that involved Wittig-type reactions are applicable to the
formation of C-glycosides from lactols. The use of Horner reagents bearing car-
boxylic or phosphonic ester functionalities seems to be more general.[51−53] If
some epimerization of the stereocenter at C-2 was observed, this methodol-
ogy apperas to have greater synthetic interest in developing an efficient and
direct procedure for transformation of readily availabe furanose and pyranose

P P

O O

EtO

EtO

OR1

OR2
      KH
THF / - 78 °C P P

O O

EtO

EtO

OR1

OR2

K

1/

2/ H2O

P

O

OR1

OR2P

O

OEt

OEt
+

1
2

8

7

9

R4
O OO

Me2
C

OH

R4
O OO

Me2
C

R4
O OO

Me2
C

(2 eq.)

Scheme 3: Synthesis of C-glycosyl phosphonates 9.
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Concise Synthesis 21

Table 3: Synthesis of C-glycosyl phosphonates 9

Product yields % Epimeric
Substrates 7 Compounds 1 ratioc31P NMR (CDCI3), δ

7a 1a 8a 9a

44a 45a

28.12(s,1P)
26.60(s,1P)

7a 1a 8a 9a
40b 56b

21/26/5/4
28.66(s,1P)/28.44(s,1P)
27.23(s,1P)/27.13(s,1P)

7a 1b 8a
43b

9b

52b

52/48
29.46(s,1P)/28.08(s,1P)

7a 1c 8a
52b

9c

45b

29/45/18/7
29.94(s,1P)/29.57(s,1P)
28.31(s,1P)/27.47(s,1P)

7b 1a 8b 9d

—c 40◦
a After addition of the furanose hemiacetal 6 at–50◦C, the resulting mixture was stirred for 3 h, then
allowed to warm to rt. The solution was stirred for 15 h and was then hydrolyzed.
b After addition of the carbonyl compound 3 at–78◦C, the resulting mixture was allowed to warm to
room temperature. The solution was stirred for 2 h and was hydrolyzed.
c It was more difficult to separate and to characterize the regiomers 8b and 9d.

hemiacetal into glycosyl phosphonates. This prompated us to study the synthe-
sis of C-glycosyl phosphonates bearing one and two P-glycosyl units utilizing
Horner reaction.

The procedure was based on the reaction of methylene diphosphonic anions
2 with the masked aldehyde function of furanose hemiacetals 7. The Horner
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22 C. Grison and H. Chibli

reaction led to an unsaturated, open-chain intermediate, followed by an in-
tramolecular cyclization to furnish P, C-diglycosyl phosphonates 9 (Sch. 3).

The choice of the protected sugars 7 as models for testing the Horner reac-
tion of P-glycosyl methylenediphosphonate anions 2 with the hemiacetal func-
tionality results from their accessibility and their low tendency to give com-
petitive elimination reactions in basic medium. We describe the reaction of
potassium anions 2 of various P-glycosyl dimethylenediphosphonates leading
to new C-glycosyl phosphonates 9.

As reported in Table 3, the addition of 2,3:5,6-di-O-isopropylidene-D-
mannofuranose 7a onto the in situ generated anions 2 leads, after warming
up the reaction to rt, to the mixture of compounds 8 and 9 resulting from
the competitive elimination between the two phosphonyl groups during the
Horner step. A low-temperature condensation (–78 ◦C), followed by stirring
for 2 h is required to favor the expected C-mannosyl phosphonates 9. In all
cases a mixture of α- and β-anomers were obtained. With 9a and 9c, both
stereomers due to the chirality of the phosphorus atom are observed from the
31P NMR spectrum. The compounds 9a–9c were purified on silica gel with-
out decomposition and were obtained in satisfactory yields. The separation of
the compounds 8 and 9 was easy, and pure derivatives 9a, 9b, and 9c were
obtained. The sequence C-anomeric olefination/intramolecular Michael reac-
tion was compatible with the protected D-erythrofuranose 7b, but a small de-
crease in yield was observed due to a more difficult separation of compounds 8b
and 9d.

It should be noted that all potassium anions 2 reacted cleanly with fura-
nose hemiacetals 7a and 7b. Indeed, a current disadvantage of the Horner-
based approach is the competitive retroaldol reaction of substrate 7 before
the Horner reaction. This is caused by the strong basicity of the lithium or
potassium diphosphonates. Here, no product resulting from the undesirable
reaction was detected and the high nucleophilicity of anions 2 only leads
to desired reactions. Finally, it is interesting to note that the reactivity of
anions 2 was not affected by the steric hindrance of the different glycosyl
residues.

CONCLUSION

We have presented in this paper a useful method for the preparation of new
P-mono and P, P-diglycosyl alkenyl and alkylphosphonates. This facile and di-
rect reaction starting from the readily available reagents 1 works well with
aliphatic substrates, dialdo sugars, and aldo sugars. This methodology can
be applied to furanose hemiacetals to afford the complex P, C-diglycosyl and
P, P, C-triglycosyl phosphonates bearing one or two glycosyl units on the phos-
phorus atom.
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Concise Synthesis 23

EXPERIMENTAL

Carbohydrates and other fine chemicals were obtained from commercial sup-
pliers and used without further purification. Solvents were dried and distilled
following standard procedures. All the glassware was dried overnight at 120◦C
and all the reactions were carried out in inert atmosphere. TLC was carried
out on precoated plates (E. Merck Silica Gel 60, F254), and the spots were vi-
sualized by charring the plates dipped in 10% H2SO4-EtOH. The IR spectra
were recorded using a Nicolet 1R-FT spectrophotometer between 3500 and 400
cm−1 and are given in cm−1. Column chromatography was performed on silica
gel (60–120 mesh). 1H, 13C, and 31P NMR spectra were recorded with Bruker
400 at 400, 100, and 170 MHz, respectively, in CDCl3. In di- and triglycosyl
systems, H of D-galactose derivatives are indicated by “Hg” and H of D-ribose
derivatives are indicated by “Hr”. The mass spectra were recorded using the
FAB or El techniques. 1a, 1b, and 1c were easily prepared according to our
previous works.[45]

O′ -(1,2:3,4-di-O-isopropylidene-α-D-galactopyranose)-6-yl O′

-(methyl-2,3-O-isopropylidene-β-D-ribofuranose)-5-yl
[(diethoxyphosphoninyl)methyl] phosphonate 1d
To a vigorously stirred solution of diethyl methylphosphonate (2.9 mL.,

20 mmol) in THF (20 mL), s-BuLi (20 mmol, of a 1.5 M solution in
Hexane) was added dropwise at –78◦C. Stirring was maintained for 30
min at −78◦C. The O-(1,2:3,4-di-O-isopropylidene-α-D-galactopyranose)-6-yl-
phosphorodichloridate[45] (3.77 g, 10 mmol) dissolved in THF (10 mL.) was
added dropwise and the mixture was stirred for 30 min at −78◦C. Then methyl-
2,3-O-isopropylidene-β-D-ribofuranoside (2.04 g, 10 mmol) dissolved in THF
(10 mL) was added dropwise and the mixture was stirred for 10 min at –78◦C.
After 2 h at rt the reaction was quenched with water (50 mL). The organic layer
was extracted with CH2Cl2 (3 × 100 mL) and dried over MgSO4. Evaporation
of solvents and silica gel chromatography (CH2Cl2/EtOH 96:4) provided a di-
astereomeric mixture 1d (4.6 g, 70%) as a yellow oil. Rf (1:1 EtO Ae/hexane)
0.39, IR (KBr): v 1245 and 1020; 1H NMR (CDCl3): δ 5.47 (d, 1H, J1,2 = 4.8 Hz,
Hg-1), 4.89 (s, 1H, Hr-1), 4.65 (dd, 1H, J3,2 = 2.0, J3,4 6.0 Hz, Hr-3), 4.55–4.47
(m, 2H, Hg-3, Hr-2). 4.31–4.27 (m, 1H, Hr-4) 4.26 (dd, 1H, J2,1 = 4.8, J2,3 =
2.4 Hz, Hg-2), 4.20 (dd, 1H, J4,3 = 8.0, J4,5 = 2.0 Hz, Hg-4), 4.16–3.98 (m, 9H,
Hr-5, Hg-5, Hg-6, CH2-CH3), 3.28 (s, 3 H, O-CH3), 2.63–2.50 (m, 2H, P-CH2-
P), 1.56 (s, 3H, C(CH3)2), 1.49 (s, 3H, C(CH3)2), 1.45 (s, 3H, C(CH3)2), 1.35 (t,
6H, J = 7.0 Hz, CH2-CH3), 1.33 (s, 9H, C(CH3)2); 13C NMR (CDCl3); δ 112.4,
109.3, 108.6 (C(CH3)2), 109.4 (Cr-1), 96.0 (Cg-1), 85.0, 84.9 (Cr-2, Cr-4), 81.7
(Cr-3), 70.5, 70.4, 70.3 (Cg-2, Cg-3, Cg-4), 67.1 (d, JC.P = 6 Hz, Cg-5), 65.4–64.7
(m, Cg-6, Cr-5), 62.5 (d, JC.P = 6 Hz, CH2-CH3), 53.8 (O-CH3), 25.9, 24.9, 24.4,
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24 C. Grison and H. Chibli

23.9, 23.4 (C(CH3)2), 24.3 (tl, JC.P = 137 Hz, P-CH2-P), 15.6 (D, JC.P = 5 Hz,
CH2-CH3); 31P NMR (CDCl3): δ 20.11 (d, JP.P = 6.4 Hz, 1P), 19.22–19.11 (m,
2P); ESI-MS: m/z calcd for C26H46O15P2 660.58; [M+Na]+; 683.57; found 683.

General Procedure A for the Synthesis of P-monoglycosyl
and P,P-diglycosyl alkenylphosphonate 5a–e

Diphosphonate (4 mmol) 1a or 1b dissolved in THF (5 mL) was added to
KH (4 mmol washed three times by THF (5 mL) dissolved in THF (12 mL) at
−78◦C. The mixture is stirred for 30 min and then the aldehyde 3a–c (2 mmol)
dissolved in THF (5 mL) was added dropwise at –78◦C while making sure that
the temperature did not exceed –70◦C. The mixture was maintained for 1 h at
– 70◦C, 1 h at –50◦C and then was allowed to warm up to rt and stirred for 2
h. The reaction was hydrolyzed with water (10 mL). The aqueous solution was
washed with CH2Cl2 (3 × 20 mL). The combined organic layers were dried over
anhydrous Na2SO4 and the filtrate was concentrated under reduced pressure.
The crude product was purified over silica gel column with EtOAc/Hexane to
afford 5a–e.

O′ -Ethyl O′ -(methyl-2,3-O-isopropylidene-β-D-ribofuranose)-
5-y1 isopenten-1-ylphosphonate 5a.
Compound 1a (1.78 g) was transformed to compound 5a (colorless oil,

0.22 g, 60%, mixture of two diastereomers 45/55) following the general pro-
cedure A. Rf (8:2 EtOAc/hexane) 0.40; 1H NMR (CDCl3); δ 6.88–6.69 (m, 1H,
PCH CH), 5.66–5.54 (m, 1H, PC H C), 4.98 (s, 1 H, H-1), 4.60 (dd, 1H, J3,2 =
6.0 Hz, J3,4 = 12 Hz, H-3), 4.60 (d-d, 1H, H-2), 4.38–4.34 (m, 1H, H-4), 4.14–
3.96 (m, 4H, H-5, CH2-CH3), 3.24 (s, 3H, O-CH3), 2.49–2.43 (m, 1H, CH(CH3)2),
1.50 (s, 3H, C(CH3)2; 1.36 (S, 3H, C(CH3)2), 1.33 (t, 3H, J= 5.0 Hz, CH2 − CH3),
0.95 (d, 6H, J = 9.0 Hz CH(CH3)2); 13C NMR (CDCl3); δ 160.4 (d, JC,P = 14 Hz,
C =C-P), 112.9 (d, JC,P = 19 Hz, C C-P), 109.4 (C-1), 108.8 (C(CH3)2), 85.0–
84.9 (m, C-2, C-4), 80.3 (C-3), 65.1 (d, JC,P = 6 Hz, C-5), 62.1 (m, CH2-CH3), 55.0
(O-CH3), 32.3 (CH(CH3)2), 26.4, 24.8 (C(CH3)2), 20.8 (CH(CH3)2), 16.4–16.2 (m,
CH2-CH3); 31P NMR (CDCl3): δ 20.29 (s, 1P), 20.26 (s, 1P); FAB-MS: m/z calcd
for C16H29O7P 364.37; [M+H]+ 365.38; found 365: for [M-MeO]+ 333.34: found
333.

O′ -Ethyl O′ -(1,2:3,4-di-O-isopropylidene-α-D-galactopyranose)
-6-y1 isopenten-1-ylphosphonate 5b
Compound 1b (2.00 g) was transformed to compound 5b (colorless syrup,

0.45 g, 54%, mixture of two diastereomers 52/48) following the general pro-
cedure A. Rf (8:2 CH2Cl2/EtOH) 0.50; 1H NMR (CDCl3): δ 6.85–6.73 (m, 1H,
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Concise Synthesis 25

PCH-CH), 5.66–5.54 (m, 2H, H-1, PCH C), 4.54 (dd, 1H, J3,2=2.5, J3,4 =8.0
Hz, H-3), 4.25 (dd, 1H, J2,3 =2.5, J2,1 =4.8 Hz, H-2), 4.20 (dd, 1H, J4,3 =8.0,
J4,5 =1.6 Hz, H-4), 4.15–4.00 (m, 5H, H-5, H-6, CH2-CH3), 2.50–2.44 (m, 1H,
CH(CH3)2), 1.55 (s, 3H, C(CH3)2), 1.45 (s, 3H, C(CH3)2), 1.35 (s, 6H, C(CH3)2),
1.35 (t, 3H, J 7.0 Hz, CH2-CH3), 1.10 (d, 6H, J = 7.0 Hz, CH(CH3)2), 13C NMR
(CDCl3): δ 158.2 (d, JC,P = 14 Hz, C=C-P), 114.1 (d, JC,P = 190 Hz, C= C-P),
110.0, 109.1 (C(CH3)2), 96.2 (C-1), 70.5, 70.4, 70.4 (C-2, C-3, C-4), 67.2 (d,
JC,P = 6 Hz, C-5), 64.3 (d, JC,P = 5 Hz, C-6), 61.9 (d, JC,P = 5 Hz, CH2-CH3),
32.3 (CH(CH3)2), 26.0, 25.9, 25.0, 24.4 (C(CH3)2), 20.8 (CH(CH3)2), 16.4–16.2
(m, CH2-CH3); 31P NMR (CDCl3); δ 20.63 (s, 1P), 20.18 (s, 1P); FAB-MS: m/z
calcd for C19H33O8P 420.43; [M+H]+ 421.44: found 421.

O′ -Ethyl O′ -(methyl-2,3-O-isopropylidene-β-D-ribofuranose)-5-yl
C-(6,7-dideoxy-1,2:3,4-di-O-isopropylidene-α-D-galacto-
hept-6-enopyranose)-7-yl-phosphonate 5c
Compound 1a (1.80 g) was transformed to compound 5c (colorless oil, 0.60

g, 54%, mixture of two diastereomers 64/36) following the general procedure
A. Rf (1:1 EtOAc/hexane) 0.50, 1H NMR (CDCl3); δ6.77–6.65 (m, 1H, H′-6),
6.02–5.92 (m, 1H, PCH=C), 5.53 (d, 1H, J1,2 = 5.8 Hz, H′-1), 4.89 (s, 1H, H-1),
4.65 (dd, 1H, J3,2 = 5.9, J3,4 = 12.0 Hz, H-3), 4.57 (dd, 1H, J3,2) = 2.4, J3,4 7.6
Hz, H′-3), 4.51 (tl, 1H, H-2), 4.38–4.35 (m, 1H, H′-5), 4.30–4.27 (m, 1H, H-4),
4.29 (dd, 1H, J2,3 = 2.4, J2,1 = 5.8 Hz, H′-2), 4.22 (dd, 1H, J4,3) = 7.6, J4,5 = 2.0
Hz, H′-4), 4.08–3.82 (m, 4H, H-5, CH2-CH3), 3.24 (s, 3H, O-CH3), 1.45 (s, 3H,
C(CH3)2), 1.41 (s. 3H, C(CH3)2). 1.28–1.24 (m, 15H, C(CH3)2, CH2-CH3); 13C
NMR (CDCl3); δ major: 148.2 (d, JC,P = 6 Hz, C =C-P), 118.0 (d, JC,P = 190 Hz,
C= C-P), 109.4 (C-1), 109.7, 109.6, 108.8 (C(CH3)2), 96.4 (C′-1), 85.0–84.9 (m,
C-2, C-4) 72.3 (C′-4), 70.9 (C′-3), 70.5 (C′-2), 68.1 (d, JC,P = 3 Hz, C′-5), 65.1 (d,
JC,P = 6 Hz, C-5), 62.1 (m, CH2-CH3), 55.0 (O-CH3), 26.4, 26.1, 25.8, 25.0, 24.8,
24.5 (C(CH3)2), 16.4–16.2 (m, CH2 − CH3); minor: 148.0 (d, JC,P = 6 Hz, C =C-
P), 118.0 (d, JC,P = 190 Hz, C= C-P), 109.4 (C-1), 109.7, 109.6, 108.8 (C(CH3)2),
96.4 (C′-1), 85.0–84.9 (m, C-2, C-4), 72.3 (C′-4), 70.9 (C′-3), 70.5 (C′-2), 68.1
(d, JC,P = 3 Hz, C′-5), 65.1 (d, JC,P = 6 Hz, C-5), 62.1 (m, CH2-CH3), 54.9 (O-
CH3), 26.4, 26.1, 25.8, 25.0, 24.8, 24.5 (C(CH3)2), 16.4–16.2 (m, CH2-CH3), 31P
NMR (CDCl3): δ19.21 (s, 1P), 19.01 (s, 1P); FAB-MS: m/z caled for C24H39O12P
550.53; [M+H]+ 551.54; found 551; [M-MeO] 519.50: found 519.

O′, O′-Diethyl C-(6,7-dideoxy-1,2:3,4-di-O-isopropylidene-
α-D-galacto-hept-6-enopyranose)-7-yl-phosphonate 4b
Compound 4b (colorless syrup, 0.29 g, 46%) was obtained as a co-

product of 5c; 1H NMR (CDCl3): δ6.77–6.65 (m, 1H, H′-6), 6.03–5.94 (m,
1H, PCH=C), 5.57 (d, 1H, J1,2 = 5.0 Hz, H-1), 4.62–4.60 (m, 1H, H-3),
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26 C. Grison and H. Chibli

4.41–4.39 (m, 1H, H-5), 4.20 (dd, 1H, J2,3 = 2.4 and J2,1 = 5.0 Hz, H-2),
4.27–4.23 (m, 1H, H-4), 4.10–4.00 (m, 4H, CH2-CH3), 1.48 (s, 3H, C(CH3)2),
1.35 (s, 3H, C(CH3)2), 1.31–1.28 (m, 12H, C(CH3)2, CH2-CH3; 13C NMR
(CDCl3): δ147.5 (d, JC,P = 7 Hz, C =C-P), 117.0 (d, JC,P = 185 Hz, C= C-
P), 109.5, 108.7 (C(CH3)2), 96.4 (C-1), 85.0–84.9 (m, C-2, C-4), 72.3 (C-4),
70.9 (C-3), 70.5 (C-2), 67.8 (d, JC,P = 3 Hz, C-5), 62.1 (m, CH2-CH3), 26.4,
26.1, 24.8, 24.5 (C(CH3)2), 16.4–16.2 (m, CH2-CH3); 31P NMR (CDCl3): δ18.75
(s, 1P); FAB-MS: m/z caled for C17H29O8P 392.38: [M+H]+ 393.39: found
393.

O′ -Ethyl O′ -(Methyl-2,3-O-isopropylidene-β-D-ribofuranose)-5-yl
C-(5,6-dideoxy-1-O-methyl-2,3-O-isopropylidene-
β-D-ribo-hex-5-enofuranose)-6-yl-phosphonate 5d
Compound 1a (2.00 g) was transformed to compound 5d (colorless oil, 0.62

g. 56% mixture of two diastereomers 58/42) following the general procedure
A. Rf (7:3 EtOAc/hexane) 0.30; 1H NMR (CDCl3): δ6.80–6.69 (m, 1H, H′-5),
6.02–5.93 (m, 1H, PCH =C), 4.89 (s, 1H, H-1), 4.88 (s, 1H, H′-1), 4.70–4.67
(m, 2H, H-3, H′-3), 4.53–4.49 (m, 3H, H-2, H′-2, H′-4), 4.29 (dd, 1H, J4,3 =
8.5, J4,5 = 6.4 Hz, H-4), 4.09–3.90 (m, 4H, H-5, CH2-CH3), 3.27 (s, 3H, O-
CH3), 3.24 (s, 3H, O-CH3), 1.53 (s, 3H, C(CH3)2), 1.41 (s, 3H, C(CH3)2), 1.32
(s, 3H, C(CH3)2), 1.26–1.24 (m, 3H, CH2-CH3), 1.21 (s, 3H, C(CH3)2); 13C NMR
(CDCl3); δ major: 145.1 (d, JC,P 7 = Hz, C′-5), 116.7 (d, JC,P = 187 Hz, C= C-
P), 111.6, 111.2 (C(CH3)2), 108.0 (C-1), 105.7 (C′-1), 83.7–83.6 (C-2, C-4, C′-2),
80.3 (C-3), 79.3 (C′-3), 78.3 (d, JC,P = 22 Hz, C′-4), 63.8 (d, JC,P = 6 Hz, C-
5), 60.8 (d, JC,P = 5 Hz, CH2-CH3), 53.6, 53.5 (O-CH3), 25.1, 24.7, 23.7, 23.6
(C(CH3)2), 15.0 (d, JC,P = 5 Hz, CH2 − CH3); minor: 144.9 (d, JC,P 7 = Hz,
C′-5), 116.7 (d, JC,P = 188 Hz, C= C-P), 111.6, 111.2 (C(CH3)2), 108.0 (C-1),
105.7 (C′-1), 83.7–83.6 (C-2, C-4, C′-2), 80.3 (C-3), 79.3 (C′-3), 78.4 (d, JC,P =
22 Hz, C′-4), 63.8 (d, JC,P = 6 Hz, C-5), 60.8 (d, JC,P = 5 Hz, CH2-CH3), 53.6,
53.5 (O-CH3), 25.1, 24.7, 23.7, 23.6 (C(CH3)2), 15.0 (d, JC,P = 6 Hz, CH2 −
CH3); 31P NMR (CDCl3); δ18.55 (s, 1P), 18.26 (s, 1P); FAB-MS: m/z calcd for
C21H35O11P 494.47; [M+H]+ 495.48: found 495. 463; [M-MeO−]+ 463.44: found
463.

O′ ,O′ -Diethyl C-(5,6-dideoxy-1-O-methyl-2,3-O-isopropylidene-
β-D-ribo-hex-5-enofuranose)-6-yl-phosphonate 4c
Compound 4c (colorless syrup, 0.33 g, 44%) was obtained as a coproduct of

5d; 1H NMR (CDCl3); δ6.77–6.66 (m, 1H, H-5), 6.01–5.90 (m, 1H, PCH =C),
4.88 (s, 1H, H-1), 4.69 (dd 1H, J3,2 = 6.0, J3,4 = 3.9 Hz, H-4), 4.51 (d, 1H,
J2,3 = 6.0 Hz, H-2), 4.49–4.45 (m, 1H, H-4), 4.07–3.98 (m, 4H, CH2-CH3), 3.24
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Concise Synthesis 27

(s, 3H, O-CH3), 1.32 (s, 3H, C(CH3)2), 1.28–1.24 (m, 3H, CH2-CH3), 1.21 (s,
3H, C(CH3)2); 13C NMR (CDCl3); δ145.1 (d, JC,P = 7 Hz, C-5), 116.7 (d, JC,P =
187 Hz, C= C-P), 112.9 (C(CH3)2); 107.0 (C-1), 85.0 (C-2), 80.6 (C-3), 79.7 (d,
JC,P = 22 Hz, C-4), 63.8 (d, JC,P = 6 Hz, C-5), 61.8 (d, JC,P = 5 Hz, CH2-CH3),
54.8 (O-CH3), 26.0, 24.9 (C(CH3)2), 16.3 (d, JC,P = 6 Hz, CH2-CH3); 31P NMR
(CDCl3); δ17.98 (s, 1P); FAB-MS: m/z calcd for C14H25O7P 336.32; [M+H]+

337.33: found 337.

O′-Ethyl O′-(1,2:3,4-di-O-isopropylidene-α-D-galactopyranose)
-6-yl C-(5,6-dideoxy-1-O-methyl-2,3-O-isopropylidene-
β-D-ribo-hex-5-enofuranose)-6-yl-phosphonate 5e
Compound 1b (2.00 g) was transformed to compound 5e (colorless syrup,

0.64 g, 58%, mixture of two diastereomers 60/40) following the general pro-
cedure A, Rf (7:3 EtOAc/hexane) 0.40; 1H NMR (CDCl3): δ6.78–6.67 (m, 1H,
H′-5), 6.04–5.94 (m, 1H, PCH =C), 5.46 (d, 1H, J1,2 = 4.8 Hz, H-1), 4.87 (s,
1H, H′-1), 4.68 (dd2 1H2J3,2 = 4.0, J3,4 = 6.0 Hz, H′-3), 4.54 (dd, 1H, J3,2 =
2.4, J3,4 = 7.8 Hz, H-3), 4.51 (d, 1H, J2,3 = 5.6 Hz, H′-2), 4.49–4.45 (m, 1H,
H′-4), 4.25 (dd, 1H, J2,3 = 2.4, J2,1 = 4.8 Hz, H-2), 4.20 (dd, 1H, J4,3 = 7.8,
J4,5 = 1.6 Hz, H-4), 4.16–3.99 (m, 5H, H-5, H-6, CH2-CH3), 3.27 (s, 3H, O-CH3),
1.46 (s, 3H, C(CH3)2), 1.36 (s, 3H, C(CH3)2), 1.32 (s, 3H, C(CH3)2), 1.28–1.24
(m, 9H, C(CH3)2, CH2-CH3), 1.21 (s, 3H, C(CH3)2); 13C NMR (CDCl3): δ 145.8
(d, JC,P = 6 Hz2C =C-P), 118.4 (d, JC,P = 187 Hz, C= C-P), 112.9, 109.4, 108.7
(C(CH3)2), 107.0 (C′-1), 96.2 (C-1), 85.0 (C′-2), 80.6 (C′3), 79.7 (d, JC,P = 22 Hz,
C′-4), 70.6, 70.6, 70.5 (C-2, C-3, C-4), 67.2 (d, JC,P = 6 Hz, C-5), 64.3 (d, JC,P =
5 Hz, C-6), 61.9 (d, JC,P = 5 Hz, CH2-CH3), 54.7 (O-CH3), 26.0, 25.9, 25.0, 24.9,
24.4 (C(CH3)2), 16.2 (d, JC,P = 7 Hz, CH2 − CH3); 31P NMR (CDCl3): δ18.66 (s,
1P), 18.17 (s, 1P); FAB-MS: m/z calcd for C24H39O12P 550.53; [M+H]+ 551.54:
found 551.

Synthesis of O′ -Ethyl O′ -(methyl-2,3-O-isopropylidene-β
-D-ribofuranose)-5-yl C-(1,2-dideoxy-3,4-5,6-di-O-isopro-
pylidene-α-D-arabino-hept-1-enose)-1-yl-phosphonate 5f
Diphosphonate (4 mmol) 1a dissolved in THF (5 mL) was added to KH

(4 mmol, washed three times by THF (5 mL)) dissolved in THF (12 mL) at
–78◦C. The mixture is stirred for 30 min and then the aldehyde 3d 2 mmol)
dissolved in THF (5 mL) was added dropwise at –78◦C, while making sure that
the temperature did not exceed –70◦C. The mixture was maintained for 1 h
at –70◦C, 1 h at –40◦C and then was allowed to warm up to rt and stirred
for 12 h. The reaction was hydrolyzed with water (10 mL). The aqueous so-
lution was washed with CH2Cl2 (3 × 20 mL). The combined organic layers
were dried over anhydrous Na2SO4 and the filtrate was concentrated under
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reduced pressure. The crude product was purified over silica gel column with
EtOAc/Hexane to afford 5f (colorless oil, 0.64 g. 55%, mixture of two diastere-
omers 50/50) Rf (6:4 EtOAc/hexane) 0.50; 1H NMR (CDCl3); δ6.93–6.82 (m,
1H, H′-1), 6.13–6.03 (m, 1H, PCH=C), 4.95 (s, 1H, H-1), 4.71 (dd, 1H, J3.2 =
5.6 and J3.4 = 14.8 Hz, H-3), 4.59–4.57 (m, 1H, H-2), 4.53–4.49 (m, 1H, H′-2),
4.35–4.31 (m, 1H, H-4); 4.13–3.92 (m, 7H, H-5, H′-4, H′-5, CH2-CH3), 3.65 (tl,
1H, H′-3), 3.31 (s, –3H, O-CH3), 1.47 (s, 3H, C(CH3)2), 1.42 (s, 3H, C(CH3)2),
1.41–1.40 (m, 6H, C(CH3)2), 1.34–1.31 (m, 9H, C(CH3)2, CH2-CH3); 13C NMR
(CDCl3): δ diastereoisomer a: 150.0 (d, JC,P = 6 Hz, C=C-P), 116.7 (d, JC,P =
189 Hz, C=C-P), 109.3 (C-1), 110.3, 109.9, 109.9 (C(CH3)2), 85.0–84.9 (m, C-
2, C-4), 81.6 (C-3), 81.1 (C′-4), 79.9 (C′-3), 77.0 (C′-5), 67.6 (C′-6), 65.1 (d, JC,P

6 = Hz, C-5), 62.1 (m, CH2-CH3), 55.0 (O-CH3), 27.0, 26.7, 26.6, 26.4, 25.1,
24.9 (C(CH3)2), 16.3 (d, JC,P = 6 Hz, CH2-CH3); diastereoisomer b: 149.9 (d,
JC,P = 6 Hz, C=C-P), 116.6 (d, JC,P = 188 Hz, C=C-P), 109.3 (C-1), 110.3,
109.9, 109.9 (C(CH3)2), 85.0–84.9 (m, C-2, C-4), 81.6 (C-3), 81.1 (C′-4), 79.7 (C′-
3), 77.0 (C′-5), 67.6 (C′-6), 65.0 (d, JC,P = 6 Hz, C-5), 62.1 (m, CH2-CH3), 55.0,
54.9 (O-CH3), 27.0, 26.7, 26.6, 26.4, 25.1, 24.9 (C(CH3)2), 16.3 (d, JC,P = 6 Hz,
CH2-CH3); 31P NMR (CDCl3); δ18.65 (s, 1P), 18.61 (s, 1P); FAB-MS: m/z calcd
for C24H39O12P 522.52, [M+H]+ 523.53: found 523; [M-MeO-]+ 491.49: found
491.

O′ ,O′ -Diethyl C-(1,2-dideoxy-3,4–5,6-di-O-isopropylidene-α-
D-arabino-hept-1-enose)-1-yl phosphonate 4d
Compound 4d (colorless syrup, 0.33 g, 45%) was obtained as a coproduct

of 5f; 1H NMR (CDCl3); δ6.89–6.78 (m, 1H, H′-1), 6.12–6.02 (m, 1H, PCH =C),
4.52–4.49 (m, 1H, H′-2), 4.13–3.92 (m, 7H, H-4, H′-5, CH2-CH3), 3.65 (tl, 1H,
H′-3), 1.42 (s, 3H, C(CH3)2), 1.41–1.40 (m, 6H, C(CH3)2), 1.33 (s, 3H, C(CH3)2),
1.32 (t, JH,H = 6.4 Hz, CH2-CH3); 13C NMR (CDCl3); δ 149.2 (d, JC,P = 6 Hz,
C =C-P), 116.6 (d, JC,P = 187 Hz, C= C-P), 110.3, 109.9 (C(CH3)2), 81.1 (C′-
4), 79.7 (C′-3), 77.0 (C′-5), 67.6 (C′-6), 61.8 (d, JC,P = 6 Hz, CH2-CH3), 27.0,
26.7, 26.6, 26.4, 25.1 (C(CH3)2), 16.3 (d, JC,P = 6 Hz, CH2-CH3); 31P NMR
(CDCl3); δ18.10 (s, 1P), FAB-MS: m/z calcd for C16H29O7P 364.37; [M+H]+

365.38: found 365.

General procedure B for the preparation of 5g–i
Diphosphonate (3 mmol) 1c dissolved in THF (5 mL) was added to KH (3

mmol, washed three times by THF [5 mL] dissolved in THF (15 mL) at –78◦C.
The mixture is stirred for 30 min and then the aldehyde 3a–b (1.5 mmol) dis-
solved in THF (5 mL.) was added dropwise at –78◦C, while making sure that
the temperature did not exceed –70◦C. The mixture was maintained for 30 min
at –70◦C, 2 h at –40◦C and then was allowed to warm up to rt and stirred for
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Concise Synthesis 29

rt h. The reaction was hydrolyzed with water (10 mL). The aqucous solution
was washed with CH2Cl2 (3 × 30 mL). The combined organic layers were dried
over anhydrous Na2SO4 and the filtrate was concentrated under reduced pres-
sure. The crude product was purified over silica gel column with EtOAc/Hexane
to afford 5g–i

Bis-O′,O′-(1,2:3,4-di-O-isopropylidene-α-D-galactopyranose)-6-yl
isopenten-l-yl-phosphonate 5g
Compound 5g (colorless syrup, 0.44 g, 46%) was obtained from 1e (2.15 g)

following the general procedure B. Rf (100% EtOAc) 0.60; 1H NMR (CDCl3);
δ 6.80–6.64 (m, 1H, PCH=CH), 5.63–5.44 (m, 3H, H-1, PCH C), 4.61 (dd, 2H,
J3,2 = 2.4, J3,4 = 7.9 Hz. H-3), 4.24 (dd, 2H, J2,3 = 2.4, J2,1 5.0 Hz, H-2), 4.22–
4.20 (m, 2H, H-4), 4.15–3.98 (m, 6H, H-5, H-6), 2.41–2.34 (m, 1H, CH(CH3)2),
1.47 (s, 6H, C(CH3)2), 1.36 (s, 6H, C(CH3)2), 1.26 (s, 16H, C(CH3)2), 0.98 (d, 6H,
J = 10.4 Hz, CH(CH3)2); 13C NMR (CDCl3); δ 160.4 (d, JC,P = 14 Hz, C = C-
P), 112.9 (d, JC,P = 190 Hz, C = C-P), 109.4, 108.7 (C(CH3)2), 96.2 (C-1), 70.6,
70.5, 70.4, (C-2, C-3, C-4), 67.0 (d, JC,P = 10 Hz, C-5), 64.2 (d, JC,P = 5 Hz, C-6),
32.3 (CH(CH3)2), 26.0, 25.9, 24.9, 24.4 (C(CH3)2), 20.8 (CH(CH3)2); 31P NMR
(CDCl3); δ 20.99 (s, 1P); FAB-MS; m/z calcd for C29H47O13P 634.46; [M+H]+

635.4 found 365.

Bis-O′ ,O′ -(1,2:3,4-di-O-isopropylidene-α-D-galactopyranose)
-6-yl C-(5,6-dideoxy-l-O-methyl-2,3-O-isopropylidene-
β-D-ribo-hex-5-enofuranose)-6-yl-phosphonate 5h
Compound 5h (colorless syrup, 0.60 g, 52%) was obtained from 1c (2.15

g) following the general procedure B. Rf (7:3 EtOAc/hexane) 0.54; 1H NMR
(CDCl3); δ 6.81–6.71 (m, 1H, H′-5), 6.07–5.97 (m, 1H, PCH C), 5.45 (d, 2H,
J1,2 = 4.8 Hz, H-1), 4.80 (s, 1H, H′-1), 4.68 (dd, 1H, J3,2 = 4.0, J3,4 = 5.6 Hz,
H′-3), 4.54 (dd, 2H, J3,2 = 2.4, J3,4 = 8.4 Hz, H-3), 4.51 (d, 1H, J2,3 = 5.6 Hz,
H′-2), 4.48–4.44 (m, 1H, H′-4), 4.26–4.18 (m, 4H, H-2, H-4), 4.17–3.98 (m, 6H,
H-5, H-6), 3.30 (s, 3H, O-CH3), 1.47 (s, 6H, C(CH3)2), 1.36 (s, 6H, C(CH3)2),
1.32 (s, 3H, C(CH3)2), 1.26 (m, 12H, C(CH3)2), 1.21 (s, 3H, C(CH3)2); 13C NMR
(CDCl3); δ 146.8 (d, JC,P = 7 Hz, C C-P), 117.9 (d, JC,P = 180 Hz, C= C-P),
109.4, 108.7 (C(CH3)2), 107.3 (C′-1), 96.2 (C-1), 84.8 (C′-2), 80.6 (C′3), 79.0 (d,
JC,P = 22 Hz, C′-4), 70.6, 70.5, 70.4 (C-2, C-3, C-4), 67.0 (d, JC,P = 10 Hz, C-5),
64.2 (d, JC,P = 5 Hz, C-6), 54.0 (O-CH3), 26.4, 26.0, 25.9, 24.9, 24.4 (C(CH3)2);
31P NMR (CDCl3); δ 19.02 (s, 1P); FAB-MS; m/z calcd for C34H53O17P 764.35;
765 [M+H]δ 765.36; found 765.
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30 C. Grison and H. Chibli

O′ -(1,2:3,4-di-O-isopropylidene-α-D-glactopyranose)-6-yl O′

-(1-O-methyl-2,3-O-isopropylidene-β-D-ribofuranose)-5-yl
C-(5,6-dideoxy-1-O-methyl-2,3-O-isopropylidene-β-
D-ribo-hex-5-enofuranose)-6-yl-phosphonate 5i
Compound 5i (colorless syrup, 0.55 g, 51%, mixture of four diastereomers

46/9/29/16) was obtained from 1e (2.00 g) following the general procedure B.
Rf (7:3 EtOAc/hexane) 0.54, 1H NMR (CDCl3); δ 6.84–6.71 (m, 1H, H′-5), 6.06–
5.94 (m, 1H, PCH C), 5.46 (d, 1H, J1,2 = 4.8 Hz, Hg-1), 4.89–4.87 (m, 2H, H′-1,
Hr-1), 4.71–4.62 (m, 2H, H′-3, Hr-3), 4.55–4.47 (m, 4H, Hg-3, Hr-2, H′-2, H′-4),
4.31–4.27 (m, 1H, Hr-4), 4.26 (dd, 1H, J2,1 = 4.8, J2,3 = 2.4 Hz, Hg-2), 4.20 (dd,
1H, J4,3 = 8.0, J4,5 = 2.0 Hz, Hg-4), 4.16–3.99 (m, 5H, Hr-5, Hg-5, Hg-6), 3.28 (s,
3 H, O-CH3), 3.27 (s, 3 H, O-CH3), 1.48 (s, 3 H, C(CH3)2), 1.41 (s, 3H, C(CH3)2),
1.40 (s, 3H, C(CH3)2), 1.37 (s, 3H, C(CH3)2), 1.26 (s, 3H, C(CH3)2), 1.25 (s, 9H,
C(CH3)2), 1.24 (s, 3H, C(CH3)2), 13C NMR (CDCl3); δ 147.1 (d, JC,P = 7 Hz,
C C-P), 117.8 (d, JC,P = 182 Hz, C C-P), 113.1, 112.4, 109.5, 108.8 (C(CH3)2),
109.4 (Cr-1), 107.0 (C′-1), 96.3 (Cg-1), 85.0, 84.9, 84.8 (Cr-2, Cr-4, C′-2), 81.7
(Cr-3), 80.6 (C′-3), 79.7 (d, JC,P = 22 Hz, C′-4), 70.7, 70.6, 70.5 (Cg-2, Cg-3, Cg-
4), 67.1 (d, JC,P = 6 Hz, Cg-5), 65.4–64.7 (m, Cg-6, Cr-5), 55.0 (O-CH3), 26.4,
26.0, 25.9, 25.0, 24.9, 24.4 (C(CH3)2); 31P NMR (CDCl3); δ 19.02 (s, 1P), 18.89
(s, 1P), 18.74 (s, 1P), 18.06 (s, 1P); FAB-MS; m/z calcd for C31H49O16P 708.68;
[M+H]+ 709.69; found 710; [M-MeO−]+ 677.65; found 677.

General procedure C for the preparation of 9a–d
Diphosphonate (3 mmol) 1c dissolved in THF (5mL) was added to KH (3

mmol, washed three times by THP (5mL) dissolved in THF (15mL) at–78◦C.
The mixture is stirred for 30 min and then the aldehyde 7a–b (1.5 mmol) dis-
solved in THF (5mL) was added dropwise at–78◦C, while making sure that
the temperature did not exceed–70◦C. The mixture was maintained for 30 min
at –70◦C and then was allowed to warm up to rt and stirred for 2h. The re-
action was hydrolyzed with water (10mL). The aqueous solution was washed
with CH2Cl2 (3 × 3mL). The combined organic layers were dried over anhy-
drous Na2SO4 and the filtrate was concentrated under reduced pressure. The
crude product was purified over silica gel column with EtOAc/Hexane to afford
9a–d.

O′-Ethyl O′-(methyl-2,3-O-isopropylidene-β-D-ribofuranose)-5-yl
C-(2,5-anhydro-1-deoxy-3,4:6,7-di-O-isopropylidene-
D-manno-heptofuranose)-1-yl-phosphonate 9a
Compound 1a (2.00 g) was transformed to compound 9a (pink oil, 0.69 g,

56%, mixture of four diastereomers 37/47/9/7) following the general procedure
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Concise Synthesis 31

C. NMR (CDCl3); δ 4.90 (s, 1H, H-1), 4.70–4.60 (m, 3H, H-3, H′2, H′-3), 4.52
(tl, 1H, H-2), 4.33–4.25 (m, 2H, H-4, H′-5), 4.11–3.89 (m, 6H, H-5, H′-6, CH2-
CH3), 3.82–3.75 (m, 1H, H′-1), 3.46–3.41 (m, 1H, H′-4), 3.25 (s, 3H, O-CH3),
2.33–2.11 (m, 2H, P-CH2-C), 1.41 (s, 3H, C(CH3)2), 1.40 (s, 3H, C(CH3)2), 1.37
(s, 3H, C(CH3)2), 1.30 (s, 3H, C(CH3)2), 1.28–1.26 (m, 6H, C(CH3)2), CH2-CH3),
1.25 (s, 3H, C(CH3)2), 13C NMR (CDCl3); δ diastereoisomer a: 109.3 (C-1),
112.5, 109.1, 109.0 (C(CH3)2), 85.2–84.9 (m, C-2 et C-4), 81.6 (C′-4), 81.2 (d,
JC,P 7 Hz, C′-2), 80.6 (C′-3), 76.5 (C′-1), 72.9 (C′-5), 66.9 (C′-6), 65.3 (d, JC,P =
6 Hz, C-5), 62.3 (m, CH2-CH3), 55.0 and 54.9(O-CH3), 26.9, 26.4, 25.7, 25.2,
25.0, 24.9 (C(CH3)2), 25.3 (d, JC,P = 140 Hz, P-CH2-C′), 16.4 (d, JC,P = 2 Hz,
CH2-CH3), 109.3 (C-1), 112.5, 109.1, 109.0 (C(CH3)2), 85.2–84.9 (m, C-2 et C-
4), 81.6 (C′-4), (C′-4), 81.2 (d, JC,P 7 Hz, C′-2), 80.6 (C′-3), 76.4 (C′-1), 72.9 (C′-5),
66.9 (C′-6), 65.0 (d, JC,P = 6 Hz, C-5), 62.3 (m, CH2-CH3), 55.0 and 54.9(O-CH3),
26.9, 26.4, 25.7, 25.2, 25.0, 24.9 (C(CH3)2), 25.3 (d, JC,P = 140 Hz, P-CH2-C′),
16.3 (d, JC,P = 2 Hz, CH2-CH3); 31P NMR (CDCl3); δ 28.66 (s, 1P), 28.44 (s, 1P),
27.23 (s, 1P), 27.13 (s, 1P); FAB-MS: m/z calcd for C24H41O12P 552.55, [M+H]+

553.56; found 553, [M-MeO−]+ 521.52; found 521.

O′,O′-Diethyl C-(2,5-anhydro-1-deoxy-3,4:6,7-di-O-
isopropylidene-D-manno-heptofuranose)-1-yl-phosphonte 8a
Compound 8a (colorless syrup, 0.45 g, 40%) was obtained as a coproduct

of 5c. NMR (CDCl3); δ 4.74–4.70 (m, 1H, H-3), 4.60–4.63 (m, 1H, H-2), 4.38–
4.31 (m, 1H, H-5), 4.11–3.96 (m, 6H, H-6, CH2-CH3), 3.86–3.79 (m, 1H, H-1),
3.48 (dd, 1H, JH,H = 3.6, JH,H 7.6 Hz, H-4), 2.32–2.09 (m, 2H, P-CH2-C), 1.42
(s, 3H, C(CH3)2), 1.39 (s, 3H, C(CH3)2) 1.33 (s, 3H, C(CH3)2), 1.30–1.26 (m, 6H,
C(CH3)2, CH2-CH3); 13C NMR (CDCl3); δ 112.4, 109.0 (C(CH3)2), 81.6 (C-4),
81.2 (d, JC,P = 7 Hz, C-2), 80.6 (C-3), 76.5 (C-1), 72.9 (C-5), 66.9 (C-6), 62.0
(d, JC,P = 6 Hz, CH2-CH3), 61.6 (d, JC,P = 6 Hz, CH2-CH3), 26.8, 25.7, 25.1,
25.0, 24.6 (C(CH3)2), 25.3 (d, JC,P = 140 Hz, P-CH2-C′), 16.3 (d, JC,P = 2 Hz,
CH2-CH3), 16.2 (d, JC,P = 2 Hz, CH2-CH3); 31P NMR (CDCl3); δ 28.14 (s, 1P);
FAB-MS m/z calcd for C17H31O8P 394.36; [M+H]+ 395.37; found 395.

O′-Ethyl O′-(1,2:3,4-di-O-isopropylidene-α-D-galactopyranose)
-6-yl C-(2,5-anhydro-1-deoxy-3,4:6,7-di-O-isopropylidene-
D-manno-heptofuranose)-1-yl-phosphonate 9b
Compound 1c (2.00 g) was transformed to compound 9b (colorless syrup,

0.60 g, 52%, mixture of α/β) following the general procedure C, Rf (EtOAc) 0.75;
NMR (CDCl3); δ 5.51 (d, 2H, J1,2 = 5.0 Hz, H-1), 4.74–4.68 (m, 2H, H′2, H′-3),
4.62 (dd, 2H, J3,2 = 2,4 J3,4 = 8.0 Hz, H-3), 4.38 (m, 1H, H′-5), 4.30 (dd, 2H,
J2,1 = 5.0, J2,3 = 2.4 Hz, H-2), 4.25–4.00 (m, 10H, H-4, H-5, H-6, H′-6), 3.90–
3.85 (m, 1H, H′-1), 3.46–3.43 (dd, 1H, J = 3.2, J = 8.0 Hz, H′-4), 2.46–2.23
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32 C. Grison and H. Chibli

(m, 2H, P-CH2-C′), 1.52 (s, 6H, C(CH3)2), 1.44 (s, 3H, C(CH3)2), 1.44 (s, 3H,
C(CH3)2), 1.42 (s, 9H, C(CH3)2), 1.36 (s, 6H, C(CH3)2), 1.31 (s, 15H, C(CH3)2);
13C NMR (CDCl3); δ 112.4, 109.5, 109.1, 108.7, 108.6 (C(CH3)2), 96.2 (C-1), 81.6
(C′-4), 81.2 (C′-2, C′-3), 76.5 (C′-1), 72.9 (C′-5), 70.7, 70.6, 70.4 (C-2, C-3, C-4),
67.2-67.0 (m, C-5, C′-6), 64.5 (m, C-6), 27.0, 26.1, 26.0, 25.9, 25.2, 24.2, 24.4
(C(CH3)2), 25.8 (d, JC,P = 141 HZ, P-CH2-C′); 31P NMR (CDCl3); δ 29.46 (s,
1P), 28.08 (s, 1P); FAB-MS; m/z calcd for C37H59O18P 822.83; [M+H]+ 823.83;
found 824.

O′-(1,2:3,4-di-O-isopropylidene-α-D-galactopyranose)-6-yl
O′-(1-O-methyl-2,3-O-isopropylidene-β-D-ribofuranose)-5-yl
C-(2,5-anhydro-1-deoxy-3,4:6,7-di-O-isopropylidene-
D-manno-heptofuranose)-1-yl-phosphonate 9c
Compound 1c (2.00 g) was transformed to compound 9c (yellow oil, 0.52 g,

45%, mixture of four diastereomers) following the general procedure C, Rf (7:3
EtOAc/hexane) 0.54; 1H NMR (CDCl3); δ 5,48–5.46 (m, 1H, Hg-1), 4.89 (s, 1H,
Hr-1), 4.68–4.61 (m, 3H, Hr-3, H′-2, H′-3), 4.55–4.50 (m, 2H, Hg-3, Hr-2), 4.31–
4.25 (m, 3 H, Hg-2, Hr-4, H-5), 4.17–3.95 (m, 8H, Hg-4, Hg-5, Hg-6, Hr-5, H′-6),
3.82–3.80 (m, 1H, H′-1), 3.45–3.38 (m, 1H, H′-4), 3.24 (s, 3 H, O-CH3), 2.40–2.10
(m, 2H, P-CH2-C′), 1.47 (s, 3 H, C(CH3)2), 1.40 (s, 3H, C(CH3)2), 1.39 (s, 3H,
C(CH3)2), 1.37 (s, 3H, C(CH3)2), 1.36 (s, 3H, C(CH3)2), 1.30 (s, 9H, C(CH3)2),
1.25 (s, 3H, C(CH3)2); 13C NMR (CDCl3); δ 112.4, 109.9, 108.9, 108.9, 108.6
(C(CH3)2), 109.3 (Cr-1), 107.0 (C′-1), 96.3 (Cg-1), 85.1, 85.0, 84.8 (Cr-2, Cr-4),
81.6 (Cr-3, C′-4), 81.1, 80.7 (C′-2, C′-3), 76.5 (C′-1), 72.9 (C′-5), 70.7, 70.6, 70.4
(Cg-2, Cg-3, Cg-4), 67.4 (d, JC,P = 7 Hz, Cg-5), 67.0 (C′-6), 65.1–64.9 (m, Cg-6,
Cr-5), 55.0 (O-CH3), 26.4–24.4 (m, P-CH2-C′, C(CH3)2); 31P NMR (CDCl3); δ

29.56 (s, 1P), 28.94 (s, 1P), 28.30 (s, 1P), 27.47 (s, 1P); FAB-MS; m/z calcd for
C34H55O17P 766.76; [M+H]+ 767.77; found 768; [M-MeO]+ 734.73; found 735.

O-Ethyl O′-(1-O-methyl-2,3-O-isopropylidene-β-D-ribofuranose)
-5-yl C-(2,5-anhydro-1-deoxy-3,4-O-isopropylidene-
D-erythro-pentofuranose)-1-yl-phosphonate 9d
Compound 1a (2.00 g) was transformed to compound 9a (yellow oil, 0.41

g, 40%, mixture several diasterecomers) following the general procedure C. α

anomer; 1H NMR (CDCl3); δ 4.94 (s, 1 H, H-1), 4.75–4.65 (m, 2H, H-3, H′-3),
4.60–4.55 (m, 1H, H′-2), 4.52 (d, 1H, J2,3 = 6 Hz, H-2) 4.35–4.25 (m, 2H, H-4,
H′-1), 4.12–3.87 (m, 5H, H-5, Ha-4, CH2-CH3), 3.82–3.75 (m, 1H, Hb′-4), 3.25
(s, 3H, O-CH3), 2.08–1.85 (m, 2H, P-CH2-C), 1.43 (s, 3H, C(CH3)2), 1.40 (s, 3H,
C(CH3)2), 1.29–1.27 (m, 9H, C(CH3)2), CH2-CH3); 13C NMR (CDCl3); δ 109.3
(C-1), 112.9, 112.8 (C(CH3)2), 85.2, 85.0, 84.9 (C-2, C-4, C′-2), 81.2 (C-3), 80.6
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Concise Synthesis 33

(C′-3), 81.2 (C-3), 80.6 (C′-3), 79.4 (d, JC,P 12Hz, C′-1), 71.8 (C′-4), 65.5 (d, JC,P =
6 Hz, C-5), 61.5 (m, CH2-CH3), 54.9 (O-CH3), 26.5, 26.0, 25.0, 24.8 (C(CH3)2),
28.1 (d, JC,P - 140 Hz, P-CH2-C′), 16.3 (d, JC,P = 4 Hz, CH2-CH3); β anomer: 1H
NMR (CDCl3); δ 4.94 (s, 1H, H-1), 4.75–4.65 (m, 2H, H-3, H′-3), 4.60–4.55 (m,
1H, H′-2), 4.52 (d, 1H, J2,3 = 6 Hz, H-2), 4.35–4.25 (m, 2H, H-4, H′-1), 4.12–3.87
(m, 5H, H-5, Ha

′-4, CH2-CH3), 3.72–3.66 (m, 1H, H-1), 3.43–3.38 (m, 1H, Hb
′-4),

3.24 (s, 3H, O-CH3), 2.33–2.12, (m, 2H, P-CH2-C′), 1.41 (s, 3H, C(CH3)2), 1.40
(s, 3H, C(CH3)2), 1.27–1.25 (m, 9H, C(CH3)2, CH2-CH3); 13C NMR (CDCl3); δ

109.3 (C-1), 112.4, 112.1 (C(CH3)2), 85.2, 85.0, 84.9 (C-2, C-4, C′-2) 81.2 (C-3),
81.2 (C-3), 80.6 (C′-3), 80.6 (C′-3), 76.9 (d, JC,P 13 Hz, C′-1), 72.7 (C′-4), 65.5
(d, JC,P = 6 Hz, C-5), 61.5 (m, CH2-CH3), 54.9 (O-CH3), 26.4, 26.0, 24.9, 24.8
(C(CH3)2), 25.4 (d, JC,P = 140 Hz, P-CH2-C′), 16.3 (d, JC,P = 4 Hz, CH2-CH3);
31P NMR (CDCl3); δ27.24 (s, 1P), 27.13 (s, 1P), 28.67 (s, 1P), 28.46 (s, 1P); FAB-
MS; m/z calcd for C19H33O10P 452.43; [M+H]+ 453.44; found 453; [M-MeO−]+

422.40; found 422.

General procedure of hydrogenation
Palladium over carbon (0.1 mmol) was added to compound 5c, 5d, or 5i (1

mmol) dissolved in ethanol (20 mL). The mixture was stirred in a reactor and
the hydrogen pressure was set at 10 bars. After 12 h the solution was filtered
through celite and concentrated to give pure compound 6c, 6d, and 6i.

O′-Ethyl O′-(1-O-methyl-2,3-O-isopropylidene-β-D-ribofuranose)
-5-yl C-(6,7-dideoxy-1,2:3,4-di-O-isopropylidene-α-
D-galacto-heptopyranose)-7-yl-phosphonate 6c
Compound 6c (colorless oil, 0.54 g, 98%. Mixture of two diastereomers)

was prepared following the general procedure of hydrogenation. Rf (1:1
EtOAe/hexane) 0.60; 1H NMR (CDCl3); δ 5.57 (d, 1H, J1,2 = 5.2 Hz, H′-1),
4.95 (s, 1H, H-1), 4.72–4.70 (m, 1H, H-3), 4.58–4.56 (m, 2H, H′-3, H-2), 4.34–
4.30 (m, 1H, H-4), 4.28 (dd, 1H, J2,1 = 5.2 Hz, J2,3 = 2.4, H′-2), 4.13–3.96 (m,
5H, H-5, H′-4, CH2-CH3), 3.75–3.72 (m, 1H, H′-5), 3.30 (s, 3H, O-CH3), 2.10–
1.90 (m, 2H, H′-6), 1.84–1.66 (m, 2H, P-CH2-C), 1.51 (s, 3H, C(CH3)2), 1.47 (s,
3H, C(CH3)2), 1.43 (s, 3H, C(CH3)2), 1.33–1.30 (m, 12H, C(CH3)2, CH2-CH3);
13C NMR (CDCl3); δ109.3 (C-1), 109.2, 108.4 (C(CH3)2), 96.4 (C′-1), 85.0, 84.9
(C-2, C-4), 81.6 (C-3), 72.4 (C′-4), 70.9 (C′-3), 70.2 (C′-2), 67.5 (d, JC,P = 16
Hz, C′-5), 65.0 (d, JC,P = 7 Hz, C-5), 61.9 (m, CH2-CH3), 55.0 (O-CH3), 26.4,
26.1, 26.0, 25.8, 25.0, 24.5 (C(CH3)2), 23.3 (d, JC,P = 3 Hz, C′-6), 21.9 (d, JC,P =
141 Hz, PCH2-C), 16.4 (d, JC,P = 7Hz, CH2-CH3), 31P NMR (CDCl3); δ32.89 (s,
1P), 32.85 (s, 1P); FAB-MS: m/z calcd for C24H39O12P 552.41; [M+H]+ 553.43;
found 553; [M-MeO−]+ 521.38; found 521.
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O′-Ethyl O′-(1-O-methyl-2,3-O-isopropylidene-β-D-ribofuranose)
-5-yl C-(5,6-dideoxy-1-O-methyl-2,3-O-isopropylidene-β-
D-ribo-hexofuranose)-6-yl-phosphonate 6d
Compound 6d (colorless oil, 0.49 g, 98%, mixture of two diastereomers)

was prepared following the general procedure of hydrogenation Rf (7:3
EtOAc/hexane) 0.50; 1H NMR (CDCl3); δ4.89 (s, 1H, H-1), 4.78 (s, 1H, H-1),
4.67–4.65 (m, 1H, H-3), 4.60–4.45 (m, 3H, H′-2, H′-3, H-2), 4.30–4.25 (m, 1H,
H-4), 4.10–3.90 (m, 5H, H′-4, H-5, CH2-CH3), 3.25 (s, 3H, O-CH3), 3.24 (s, 3H,
O-CH3), 2.10–2.00 (m, 4H, H′-5, P-CH2-C), 1.41 (s, 3H, C(CH3)2), 1.38 (s, 3H,
C(CH3)2), 1.27–1.24 (m, 9H, C(CH3)2, CH2-CH3); 13C NMR (CDCl3); δ 112.4,
112.0 (C(CH3)2), 109.3 (C-1), 106.8 (C′-1), 85.4, 85.0 (C-2, C-4, C′-2), 81.6 (C-
3), 79.9 (C′-3), 79.4 (d, JC,P = 18 Hz, C′-4), 65.2 (d, JC,P = 6 Hz, C-5), 61.9 (m,
CH2-CH3), 53.6 (O-CH3), 53.5 (O-CH3), 26.4, 26.0, 25.0, 24.9 (C(CH3)2), 22.2 (d,
JC,P = 142 Hz, P-CH2-C), 21.9 (d, JC,P = 5 Hz, C′-5), 16.4 (d, JC,P = 6 Hz, CH2-
CH3); 31P NMR (CDCl3); δ32.29 (s, 1P), 32.26 (s, 1P); FAB-MS; m/z calcd for
C21H37O11P 496.31; [M+H]+ 497.32; found 497; [M-MeO−]+ 465.28, found 465.

O′-(1,2:3,4-di-O-isopropylidene-α-D-galactopyranose)-6-yl O′

-(1-O-methyl-2,3-O-isopropylidene-β-D-ribofuranose)-5-yl
C-(5,6-dideoxy-1-O-methyl-2,3-O-isopropylidene-β-D-
ribo-hexofuranose)-6-yl-phosphonate 6i
Compound 6i (colorless syrup, 0.68 g, 95%, mixture of two diastereomers)

was prepared following the general procedure of hydrogenation. 1H NMR
(CDCl3): δ 5.56 (d, 1H, J1,2 = 4.8 Hz, Hg-1), 4.97 (s, 1H, H,-1), 4.80 (s, 1H,
H′-1), 4.75–4.73 (m, 1H, Hr-3), 4.64–4.59 (m, 3H, H′-3, Hg-3, Hr-2), 4.56–4.55
(m, 1H, H′-2), 4.38–4.33 (m, 1H, Hg-2, Hr-4), 4.27–4.20 (m, Hg-4, Hg-6), 4.12–
4.01 (m, 3H, Hr-5, Hg-5,), 3.97–3.94 (m, 1H, H-4), 3.33–3.32 (m, 3 H, O-CH3),
2.01–1.97 (m, 4H, H′-5, P-CH2-C), 1.56 (s, 3 H, C(CH3)2), 1.49 (s, 3H, C(CH3)2),
1.46 (s, 6H, C(CH3)2), 1.34 (s, 3H, C(CH3)2), 1.33 (s, 6H, C(CH3)2), 1.32 (s, 9H,
C(CH3)2); 13C NMR (CDCl3); δ112.5, 109.6, 109.3 (C(CH3)2), 109.4 (Cr-1), 107.0
(C′-1), 96.3 (Cg-1), 85.2, 84.9, 84.8 (Cr-2, Cr-4, C′-2), 81.7 (Cr-3), 79.9 (C′-3), 79.5
(d, JC,P = 17 Hz, C′-4), 70.7, 70.4 (Cg-2, Cg-3, Cg-4), 67.4 (d, JC,P = 6 Hz, Cg-5),
65.1–64.6 (m, Cg-6, Cr-5), 55.0 (O-CH3), 54.5 (O-CH3), 26.4, 26.0, 25.9, 25.0,
24.9, 24.4 (C(CH3)2), 22.1 (d, JC,P = 142 Hz, P-CH2-C), 21.7 (d, JC,P = 6 Hz,
C′-5,); 31P NMR (CDCl3); δ 33.27 (s, 1P), 32.74 (s, 1P); FAB-MS; m/z calcd for
C31H50O16P 710.70; [M+H]+ 711.71; found 712; [M-MeO−]+ 679.67; found 679.
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