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ABSTRACT: This paper reports the design and synthesis of C-glycoside mimetics (D-glycero-D-talo- and
D-glycero-D-galactopyranose analogues), a subset of the recently published phostines, belonging to the
[1,2]oxaphosphinane core. Eighteen new compounds were tested against 11 cancer cell types belonging to
six categories of tumor tissues and three different species. The hit compound 5.3d inhibited invasion and
migration of both GBM stem cells (Gli7 and Gli4) and GBM cancer cell lines (C6, SNB75) on fibronectin,
vitronectin, and laminin. Ki values for Gli7 and Gli4 migration inhibition on fibronectin were16 and 31 nM
respectively. Ki values for invasion inhibition in a 3D system were 46 nM for Gli7 and 290 nM for Gli4.
These activities were associated with an antiproliferative effect on Gli4 (EC50 = 5.20 μM) and Gli7 (EC50 =
2.33 μM). In conclusion, the heptopyranose mimetic 5.3d, devoid of toxicity on astrocyte and cortical
neuron cultures at concentrations below 100 μM, opens new therapeutic perspectives against glioblastoma.

1. INTRODUCTION

Gliomas are the most common primary central nervous system
(CNS) tumors. They account for over 40% of CNS tumors and
78% of CNS malignancies in adults.1 The median survival is only
12−15 months for patients with glioblastomas (GBMs, WHO
grade IV), 2−5 years for patients with anaplastic gliomas (WHO
grade III), and 4−10 years for patients with low-grade gliomas
(LGG, including WHO grades I and II). Surgery with maximal
resection is the first therapeutic option in both low-grade and
high-grade gliomas.1,2 To this end, because of the diffuse nature
of gliomas, it has recently been proposed to perform, when
possible, a supratotal resection, that is, to remove a margin
around the tumor visible on FLAIR-weighted MRI.3 However,
optimal glioma removal is not always possible because of the
invasion of eloquent structures4 and the dispersion of migrating
glioma cells in the brain even over long distances.5 The resulting
recurrent lesions are responsible for the fatal outcome of the
disease, and it has been recently published in amurinemodel that
migration precedes tumor mass formation of glioma cells
overexpressing H-RAS.6 Interestingly, a microarray analysis of
laser capture-microdissected glioma cells reveals respectively two
transcriptional profiles corresponding to cells collected from
patient tumor cores and white matter-invading cells. The profile
corresponding to invading cells is thought to represent in part a
gene migration signature.7,8 From an oncologic point of view,
most studies on glioma therapies in the past decades investigated
proliferation, whereas migration has received less attention.
Therefore, invasive GBM cells are unlikely to respond to
conventional therapies based on studies of proliferative and

stationary cells of the tumoral mass that has been the reference
tissue for the molecular genetics of this disease.7 Therefore, it has
recently been suggested to develop innovative neoadjuvant
antimigratory chemotherapies to limit expansion of the tumor
and to allow a greater efficiency of surgery.8

Receptors, signaling pathways, and transcription factors
regulating migration have already been characterized in
GBM.9,10 PI3K and MAPK pathway deregulation has been
linked with increased cellular motility via EGFR signaling in
GBM.11 Amplification and/or overexpression of the HGF/MET
pathway has also been implicated in GBM invasion, leading to
clinical trials of MET inhibitors.12 However, therapeutic
strategies based on inhibition of signaling pathways suffer from
the redundant regulation of signaling nodes, which allows
shifting responses to inhibition of a specific pathway. Moreover,
because these signaling pathways are also active in nontumoral
cells, severe toxicity is often observed.
In this context, we took the initiative to design and synthesize a

family of compounds screened not only for their antiproliferative
activity but also for their antimigration and invasion inhibition
properties. This new family of glycomimetics, analogues of
hexopyranoses,13 was named the phostines. We hypothesized
that such a new class of compounds would impact cellular
pathways different from the commonly studied targets of
antitumor drugs.7−10 In the past decades, numerous phospho-
nosugars, in which the anomeric carbon of a furanose or pyranose
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ring is replaced by a phosphonic group, have been advanced as
potent therapeutic agents.14 We previously published a hit
compound displaying stereospecific antiproliferative properties
against CNS cell lines and devoid of toxicity on normal
astrocytes.13 A comparison analysis performed using NCI/NIH
software indicated that it interfered with a biochemical process
that has not yet been targeted by any standard anticancer agent.13

In our quest to identify new anticancer families, we have
extended the phostine family by the synthesis of 19 new
phosphinosugars in which the anomeric carbon of a D-glycero-D-
talo-heptopyranose or D-glycero-D-galacto-heptopyranose ring
was replaced by a phosphinate function. In the present work,
the antiproliferative properties of these new phostines against
nine different cancer cell lines and two GBM stem cell cultures
were determined. Subsequently, the antimigratory effects of two
selected compounds, 3.2a and 5.3d, were evaluated against the
GBM cell lines and two GBM stem cell cultures. The toxicity of
the selected compound 5.3d was assessed against mouse primary
cultures of neurons and astrocytes. This study showed that 5.3d
is an antiproliferative compound affecting cultured primary GBM
cell migration and is devoid of toxicity when used below 100 μM
on neuronal and glial cells.

2. RESULTS

2.1. Phostines Synthesis. These new D-glycero-D-talo-
heptopyranose or D-glycero-D-galacto-heptopyranose analogues
can be seen as a combination of glycopyranosides and C-
arylglycosides. Their synthesis was achieved by the reaction of
2,3,5,6-di-O-isopropylidene-α-D-mannofuranose 2 with various
ethyl alkylphosphinates (Et or n-Bu) or methyl phenyl-
phosphinate 1 in the presence of a catalytic amount of potassium
tert-butoxide (Scheme 1).
This first sequence involved the nucleophilic Pudovik addition

of H-phosphinate anions to the open-chain form of mannofur-
anose 2. The second step consisted of a subsequent prototropy
followed by a 6-exotet cyclization, affording the six-membered
ring phosphinolactones (Scheme 2).
This procedure offered an easy tuning of the alkyl or aryl

substituent directly bound to the phosphorus atom. In the case of
R = Ph, three diastereomers 3.1a−3.1c (Table 1) were isolated;
diastereomer 3.1a (δ = 30.42 ppm) was readily recovered
because of its precipitation into the reaction mixture (yield about
30%). Furthermore, two other diastereomers, 3.1b (δ = 40.03
ppm) and 3.1d (δ = 36.21 ppm), were successfully isolated after
successive purification on column chromatography and
recrystallization, with respectively 17% and 4% yields. When R
group is an alkyl (Et or Bu), a mixture of three diastereomers for

Scheme 1. Synthetic Route to Hydroxyoxaphosphinanes 3

Scheme 2. Mechanism of Formation of the 3-Hydroxyoxaphosphinanes 3
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3.2 (Et) and 3.3 (Bu) was observed in an overall yield
approximately 63% and 47% calculated by 31P NMR.

Suitable crystals for X-ray analysis were obtained for the three
diastereomers. According to the ORTEP structure, the absolute

Table 1. Structures of Phostines

Figure 1. ORTEP structures of compounds 3.1a, 3.1b, and 3.1d based on diffraction analyses.

Scheme 3. Synthesis of the β-D-glycero-D-talo-Pyranose Analogues 4.1a−4.2a and 4.3a−4.6a
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configuration of the newly created asymmetric centers for
diastereomers 3.1a, 3.1b, and 3.1d was assigned (Figure 1).15

The crystals for phosphinosugar 3.1a were obtained from
chloroform/acetone (1/2) and showed a correspondence with
the D-glycero-β-D-talo-heptopyranose. The structure adopted a
slightly twisted boat conformation with P2(S), C3(R) config-
urations. Crystals of phostine 3.1b were obtained in diethyl
ether/heptane (2/1), allowing the attribution of the D-glycero-α-
D-talo-heptopyranose structure with a boatlike conformation and
the P2(R), C3(R) configurations. The third phosphine, 3.1d, was
attributed to the D-glycero-α-D-galacto-heptopyranose analogue
by crystallization in diethyl ether/pentane (2/1) and exhibited a
chair conformation with P2(R), C3(S) configuration. We also
modified the hydroxyl group in order to determine whether or
not hydrogen bonding in this position affects the activity. For this
purpose, the corresponding ester and ether derivatives were
synthesized starting from the D-glycero-β-D-talo-heptopyranose
3.1a by acylation or Williamson reactions (Scheme 3). The
mesylate 4.3a and tosylate 4.4a were obtained respectively in
95% and quantitative yield by reaction with the corresponding
sulfonyl chloride, but no further nucleophilic substitution was
effective because of high steric hindrance at this position. The
amino derivative 4.7a (R = 4-H2NC6H4) was synthesized, with a
yield of 96%, by reduction of the nitro group, starting from the
stereoisomer 4.5a using hydrogen and Pd/C catalyst.
Direct synthesis of 3-amino-1,2-oxaphosphinanes 5.1−5.4 can

be performed starting from alkylaminomannofuranoses or
arylaminomannofuranoses. Thus, 6.1 (R = Ph), 6.2 (R = 4-
MeC6H4), 6.3 (R = 1-naphthyl), and 6.4 (R = Bn) were
quantitatively produced by treatment of 2.3.5.6-di-O-isopropy-
lidene-α-D-mannofuranose 2 with respectively an excess of
aniline, p-toluidine, 1-naphthylamine, or benzylamine.16,17 Then
the phostines 5.1−5.4 were synthesized using the reaction
conditions mentioned above. For the benzylamino derivative,
only one stereoisomer 5.4d, among the four possible ones, was
isolated (73% yield) after purification by chromatography
(Scheme 4).
Suitable crystals for X-ray analysis were obtained from hexane

for compound 5.4d. According to the ORTEP structure, the
absolute configuration of the new created asymmetric centers of
the diastereomer 5.4d was successfully assigned (Figure 2). The
phosphinosugar 5.4d, a D-glycero-α-D-galacto-heptopyranose
analogue, showed a boat structure with P2(R), C3(S)
configurations. Hydrogenolysis of the N-benzyl phosphinate
5.4d was achieved using hydrogen and Pd/C catalyst and led to
the amino derivative 5.5d at a yield of 87% (Scheme 4).
The nonoptimized transformation of the aminophostine 5.5d

into the amidophostine 5.6dwas achieved using acetic anhydride
and triethylamine in 12% yield (Scheme 5).
2.2. Among the New P-Glycoside Family, 10 Com-

pounds Exhibit an Antiproliferative Activity against the 4

Cell Lines and Primary Cultures of Rat and Human GBM.
Phostines were screened on a panel of 11 cancer cell types from
three species derived from six different types of cancer tissue. The
panel comprised (Table 2) human GBM cancer stem cells (Gli4,
Gli7), human (SNB75) and rat (C6) GBM cell lines; human
(MDAMB435) and mouse (B16F10) melanoma cell lines;
human epidermoid cell line (A431); human hepatocarcinoma
cell line (HuH7); human colorectal carcinoma cell line (CaCo2);
prostatic carcinoma cell line (DU-145); and human breast
adenocarcinoma (pleural metastasis) cell line (MDAMB231).
To evaluate the antiproliferative activity of 18 D-glycero-D-talo-
and D-glycero-D-galactopyranoses, we have used a MTT test and
fixed an EC50 cut-off value of 10 μM for compounds selection.
Ten compounds, 3.2a, 3.3a, 4.2a, 4.3a, 4.4a, 4.6a, 4.7a, 5.2d,
5.3d, and 5.6d (Table 2), were identified as potent hits with IC50
lower than 10 μMonGBM cancer stem cells (Gli4 and Gli7) and
GBM cell lines (SNB75 and C6). Interestingly, within this subset
of 10 compounds, only one (3.2a) exhibited an antiproliferative
activity restricted to glioblastoma (Table 2). This brain cancer
tissue specificity of 3.2a was reinforced by the absence of toxicity
against DU145 (IC50 > 100 μM) differentiating the behavior of
such compound between GBM andmetastatic brain tumors. The
nine others compounds did not show any tissue specific
antiproliferative activity (Table 2). Among these compounds,
5.3dwas the only one to be active against cancer cell lines derived
at least from three other tissues: skin cancer cell lines
(MDAMB435, A431), breast cancer cell line (MDAMB231),
and liver cancer cell line (HuH7). Interestingly, CaCo2,
commonly used to evaluate metabolism of compounds by the
intestine, was insensitive to the 18 compounds.
Therefore, in a second screening step, in order to select a hit

compound inhibiting glioma cell migration and invasion, we
made the choice to evaluate D-glycero-D-talo-heptopyranose 3.2a
and D-glycero-D-galacto-heptopyranose 5.3d because of the
opposition existing between the brain tissue specificity of 3.2a
and the extended antiproliferative activities of 5.3d.

2.3. Antimigratory Activity of 5.3d and 3.2a on GBM
Cell Lines and GBM Cancer Stem Cells. To study the impact

Scheme 4. Synthetic Routes of the D-glycero-D-talo- or D-glycero-D-Galactopyranose Analogues 5.1d−5.4d

Figure 2. ORTEP structure of compound 5.4d based on diffraction
analyses.
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of 3.2a and 5.3d on GBM cell lines and stem cell cultures
migration in the context of the different matrices, we performed
all pairwise comparisons of compound−matrix andmeasured the
serum motility response using a 2D-migration assay over the
course of 24 h in presence and in absence of the glycomimetics
(Table 3). Both 3.2a and 5.3d inhibited the migration of GBM

cancer stem cells and cell lines on matrix made of fibronectin,
vitronectin, or laminin. Except for Gli7, inhibition of migration
on laminin by 3.2awas in the micromolar range, and theKi values
for migration inhibition were 20−300 times lower than the
corresponding EC50 for the antiproliferative activity (Tables 2
and 3). Inhibition of migration on fibronectin of Gli4 and Gli7 by

Scheme 5. Synthetic Routes of Amino and Acetamido-D-glycero-D-galactopyranose Analogues

Table 2. Antiproliferative Values (EC50, μM) of the Phostines on CaCo2 (Cell Line Obtained from Colon Cancer Tissue), A431,
MDAMB231, B16F1 (Cell Lines Obtained from Skin Cancer Tissues), MDAMB435 (Cell Line Obtained from Breast Cancer
Tissue), HuH7 (Cell LineObtained from Intestine Cancer Tissue), DU145 (Cell LineObtained fromProstate Cancer Tissue), C6,
SNB75, Gli4F11, Gli7 (Cell Lines and Primary Cultures Obtained from Brain Cancer Tissues)a

IC50, μM

3.1a 3.1b 3.1d 3.2a 3.3a 4.1a 4.2a 4.3a 4.4a

A431 1.11 ± 0.00 0.98 ± 0.00 0.77 ± 0.00 >100 0.55 ± 0.00 >100 4.35 ± 0.40 4.85 ± 1.45 4.44 ± 0.19

CaCo2 >100 >100 >100 >100 >100 >100 >100 >100 >100

MDAMB231 9.37 ± 6.97 6.08 ± 0.46 5.60 ± 0.41 >100 >100 >100 1.16 ± 0.00 3.45 ± 0.13 2.66 ± 0.02

MDAMB435 16.56 ± 0.01 11.02 ± 0.05 11.56 ± 0.24 >100 >100 >100 0.66 ± 0.00 1.96 ± 0.02 4.02 ± 0.00

HuH7 >100 >100 >100 >100 >100 >100 >100 24.01 ± 4.67 >100

B16F10 9.95 ± 5.74 10.18 ± 0.19 10.38 ± 0.06 >100 >100 >100 13.48 ± 0.03 2.08 ± 0.01 1.64 ± 0.00

DU145 >100 >100 >100 >100 >100 >100 >100 >100 >100

C6 0.5 ± 0.00 >100 >100 8.66 ± 0.00 8.62 ± 0.00 10.17 ± 0.00 8.51 ± 0.00 1.11 ± 0.00 6.99 ± 0.00

SNB75 14.33 ± 0.01 13.41 ± 0.01 16.12 ± 0.01 4.92 ± 0.00 6.21 ± 0.00 1.37 ± 0.00 9.54 ± 0.00 6.28 ± 0.00 9.42 ± 0.00

Gli4F11 38.41 ± 1.29 8.56 ± 0.001 11.42 ± 0.01 3.80 ± 0.00 6.12 ± 0.00 8.76 ± 0.00 3.22 ± 0.00 6.81 ± 0.00 5.41 ± 0.00

Gli7 3.16 ± 0.00 3.72 ± 0.00 5.81 ± 0.00 2.50 ± 0.03 2.88 ± 0.00 3.62 ± 0.00 1.93 ± 0.00 2.71 ± 0.00 2.80 ± 0.00

IC50, μM

4.5a 4.6a 4.7a 5.1d 5.2d 5.3d 5.4d 5.5d 5.6d

A431 2.02 ± 0.00 0.84 ± 0.00 >100 1.26 ± 0.00 4.67 ± 1.51 1.34 ± 0.00 4.70 ± 1.37 >100 0.13 ± 0.00

CaCo2 >100 >100 >100 >100 >100 >100 >100 >100 35.96 ± 0.02

MDAMB231 >100 6.35 ± 0.84 4.82 ± 1.30 3.83 ± 0.02 3.72 ± 0.01 9.81 ± 0.00 4.17 ± 0.01 4.15 ± 0.09 23.17 ± 0.01

MDAMB435 >100 2.66 ± 0.01 3.36 ± 0.07 2.48 ± 0.14 2.65 ± 0.02 4.69 ± 0.04 3.99 ± 0.02 1.16 ± 0.01 9.61 ± 0.03

HuH7 >100 23.82 ± 0.00 23.56 ± 0.00 24.21 ± 4.86 23.64 ± 0.00 6.87 ± 0.01 23.80 ± 0.00 16.31 ± 0.00 21.95 ± 0.00

B16F10 >100 2.59 ± 0.17 4.69 ± 1.60 1.96 ± 0.06 2.02 ± 0.01 >100 2.05 ± 0.00 1.02 ± 0.01 14.87 ± 0.01

DU145 >100 >100 >100 >100 >100 >100 >100 >100 31.16 ± 0.01

C6 31.43 ± 4.53 9.44 ± 0.00 9.35 ± 0.01 10.29 ± 0.00 5.50 ± 0.00 5.74 ± 0.00 14.80 ± 0.02 24.42 ± 0.04 0.65 ± 0.00

SNB75 3.11 ± 0.00 6.99 ± 0.02 6.23 ± 0.00 9.99 ± 0.04 5.37 ± 0.00 3.41 ± 0.00 5.16 ± 0.02 2.96 ± 0.02 0.65 ± 0.00

Gli4F11 3.91 ± 0.00 2.87 ± 0.00 2.98 ± 0.00 2.68 ± 0.04 5.55 ± 0.00 5.22 ± 0.20 2.79 ± 0.01 1.37 ± 0.00 0.54 ± 0.00

Gli7 2.07 ± 0.00 1.93 ± 0.00 1.77 ± 0.00 1.82 ± 0.00 2.80 ± 0.00 2.33 ± 0.00 4.62 ± 0.01 1,29 ± 0.01 0.50 ± 0.00
aValues are calculated from at least three independent experiments. For each set of experiments, each point was repeated six times. IC50 estimation
was determined with Serf’s Cells&Maps software using the Hill equation.

Table 3. Antimigratory Values (Ki) of 3.2a and 5.3d on Gli4, Gli7 Primary Cultures, C6 and SNB75 Cell Lines in a 2D-Migration
Assaya

Ki,
b(nM)

matrix context, FN matrix context, VN matrix context, LN

cell line 5.3d 3.2a 5.3d 3.2a 5.3d 3.2a

Gli4 31 ± 1 100 ± 1 36 ± 1 194 ± 1 22 ± 1 239 ± 1
GLI7 16 ± 1 64 ± 1 42 ± 1 438 ± 1 100 ± 1 1048 ± 1
SNB75 124 ± 1 19 ± 1 100 ± 1 66 ± 1 60 ± 1 27 ± 1
C6 126 ± 1 27 ± 1 300 ± 1 47 ± 1 77 ± 1 25 ± 1

aValues are calculated from at least three independent experiments. For each set of experiments, each point was repeated four times. bKi estimation
was determined with Serf’s Cells&Maps software using the Hill equation.

Journal of Medicinal Chemistry Article

dx.doi.org/10.1021/jm500522y | J. Med. Chem. XXXX, XXX, XXX−XXXE



5.3d yielded Ki values of 18 and 13 nM, while EC50
antiproliferative values were 5.22 and 2.43 μM, respectively.
Remarkably, 5.3d had a greater antimigratory activity than 3.2a
against GBM stem cells, whereas 3.2a had a greater antimigratory
effect against GBM cell lines.
Since Gli4 and Gli7 cell lines express stem cell markers such as

CD133+, CD15+, nestin, Sox2, Olig2 and retain the ability to
generate neurospheres in vitro,18 they are considered to
represent, like other GBM stem cells, highly relevant cellular
models to study human brain tumor initiating cells.19 Therefore,
in the following steps, we focused our attention on the D-glycero-
D-galacto-heptopyranose 5.3d which was more active than 3.2a
on Gli4 and Gli7 migrations.
2.4. The Glycomimetic 5.3d Also Inhibits Cell Invasion.

It is known that qualitative and quantitative differences are
observed in cell movements on a planar substratum (2D) and
inside an extracellular matrix environment (3D) in response to
stimuli by exogenous compounds.20 Therefore, we evaluated the
inhibitory effect of 5.3d on Gli4 and Gli7 migration through a
mouse matrigel (Figure 3). The Ki values of 290 and 46 nM for

Gli4 and Gli7 migration inhibitions, respectively, revealed a
similar inhibition potential of 5.3d through a 3D matrix as for a
planar substrate. Thus, in a next step in order to validate an in
vitro proof of concept, we analyzed the cytotoxic effect of 5.3d on
primary cultures of astrocytes and neurons.
2.5. The Glycomimetic 5.3d Toxicity against Primary

Culture of Neurons and Nonproliferative Astrocytes Is
Only Observed from 100 μM. As previously published,13 21-
day primary cell cultures of astrocytes were not proliferative,
expressed markers of differentiated cells like GFAP, and were not
sensitive to AraC. In these experimental conditions, a MTT test
revealed that cell cytotoxicity was induced when 5.3dwas used at
100 μM concentration (Figure 4A). In the same way, on rat
neuron primary cultures, propidium iodide (PI) was incorpo-
rated only when 5.3d was used at 100 μM (Figure 4B,C). At this
concentration, the Hoechst nuclei staining was not reduced while
the MAP2 immunofluorescence was strongly reduced (Figure
4C). Taken together, these results suggested the initiation of a
degenerative process.
With a toxicity starting at 100 μM on neuron and astrocytes

(Figure 4), an antiproliferative activity close to 1 μM, and
antimigratory and invasion activities from 1 nM (Figure 3A,B),
5.3d has to be considered as a compound with a good in vitro
“therapeutic index”.

3. DISCUSSION AND CONCLUSION
This one-step synthesis, starting from aryl or alkyl H-
phosphinates and commercially available protected α-D-man-
nofuranose, afforded the synthesis of structurally diverse
phostines. The purification of the active compounds was
achieved by a direct selective precipitation of phostines from
the crude mixture or by column chromatography or recrystalliza-
tion. This methodology allowed an easy scale-up and offered the
opportunities to introduce stereochemical modifications leading
to different phostines.
The main objective of our screening process was the

identification of new C-glycoside analogues inhibiting glioma
cell migration and invasion. To reach this goal, we first performed
a preliminary screening for antiproliferative activity and a second
evaluation based on migration inhibition. We assumed that
antimigratory or anti-invasion activities could be combined with
an antiproliferative property. However, the cutoff value for the
antiproliferative activity fixed at concentrations lower than 10
μM was not highly stringent. This procedure allowed the

Figure 3. Comparison of 5.3d invasion inhibition activities on GBM
cancer stem cells Gli4 (blue) and Gli7 (red). Curves represent the % of
invasion on Gli4 and Gli7 as a function of 5.3d concentration. Curves
were generated using the Serf software.

Figure 4. 5.3d toxicity on nonproliferative astrocytes (A) and neurons
(B, C). (A, B) Astrocytes (A) were maintained in cell culture during 2
weeks after isolation from mouse pups cortical brain, and neurons (B)
were maintained in culture 3 weeks after isolation from rat embryonic
brains (E17) before drug addition. Drug was added for 48 h. (A)
Graphics with mean ± standard deviation from neutral red
incorporation measurement. (B) Graphics with mean ± standard
deviation of propidium iodide fluorescence intensities measured at 645
nm with a cytofluor reader from Applied Biosystems. The mean
fluorescence was then calculated from three different wells per condition
((∗∗∗) P < 0,001). (C) Immunofluorescence study indicating the
initiation of a degenerative process at 100 μM 5.3d. Map2 (green) was
detected using the mouse monoclonal anti MAP-2 (M 9942) from
Sigma and revealed with Alexa Fluor 488 (A21206) from invitrogen.
Hoechst is shown in blue and propidium iodide in red.
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selection of antimigratory compounds without neglecting or, to
the contrary, overemphasizing the antiproliferative action.
From the present study, we can conclude that both D-glycero-D-

talo-heptopyranose and D-glycero-D-galacto-heptopyranose ana-
logues inhibited not only GBM cell lines and GBM stem cells
proliferation but also that of other types of cancer cell lines.
Indeed, melanoma cell line MDAMB435 responds to 4.2a with
an EC50 of 0.66 μMand a lower antiproliferative concentration of
10 nM. Epidermoid cancers could also be targeted, since the
compound 5.6d inhibits the A431 cell line proliferation with
EC50 of 0.1 μM and a lower antiproliferative concentration of 1
nM.
In a second screening step, we tested the selected

glycomimetics 5.3d and 3.2a for their migration inhibition
activity against GBM cell lines and stem cell cultures. The
extracellular matrix (ECM) proteins were selected according to
the prominent role they play in the diffusion of glioma cells.
Laminin has been localized mainly to the tumor vasculature and
at the brain/tumor confrontation zone.21 Glioma cells are also
known to secrete several laminins.22 Fibronectin is abundant in
the brain ECM, and tumor cells have been reported to secrete
fibronectin promoting brain tumor progression.23 Although the
normal adult cortex and white matter are devoid of vitronectin,
under certain pathological conditions, vitronectin is re-expressed
in the brain parenchyma as well as in the endothelial cell
basement membrane.24 In accordance with the diffuse feature of
glioma, several studies have shown that vitronectin and its
receptors enhance glioma motility and invasiveness.25 The
lowest Ki values, measured at 24 h, for migration inhibition were
16 nM for 5.3d against Gli7 fibronectin migration and 19 nM for
3.2a against SNB75 fibronectin migration (Table 3). The
corresponding EC50 values, measured at 72 h, were 2.33 μM for
5.3d on Gli7 and 4.92 μM for 3.2a on SNB75 (Table 2). These
data indicate a decoupling between migration and proliferation
inhibition. They also suggest that the biochemical process that is
targeted by 5.3d and 3.2a affects bothmigration and proliferation
but has a more predominant action on migration. These
compounds can be perceived as C-glycoside mimetics, and
their impact on glycosylation will be studied because
glycosylation modifications might account for the observed
cellular effect on proliferation and migration.26

Interestingly, if 5.3d is more efficient than 3.2a in its inhibitory
action against GBM stem cells migration (Gli4 and Gli7), 3.2a is
more efficient on GBM cell lines (SNB75 and C6) (Table 3).
Because primary cultures of stem cells are more relevant than cell
lines as cell models for glioblastoma, compound 5.3d was
selected for further studies. Nonetheless, this difference could
also reflect the different patterns of gene expression between the
four identified groups of glioblastoma.27 SNB 75 displays
prominent mesenchymal features,28 while Gli4 and Gli7 express
proneural characteristics.18 However, both 5.3d and 3.2a (data
not shown) inhibit Gli4 and GLi7 invasion capacity with the
same efficiency.
Finally, the selected hit compound 5.3d targets CNS cancer

cells without affecting normal astrocytes and cortical neurons
survival (>100 μM). In contrast, we recently published that in the
same culture conditions vincristine used at 0.1 μM and paclitaxel
at 1 μM induced astrocyte cytoxicity.13

In conclusion, this work characterized new analogues of C-
glycoside targeting CNS cancer migration and invasion without
affecting normal astrocytes and cortical neurons survival. This set
of data will allow the characterization by preclinical tests of 5.3d
and other compounds of this family.

4. EXPERIMENTAL SECTION
4.1. Chemistry.Commercial reagents were purified by distillation or

sublimation. The analytical method used to determine the purity of all
the compounds described in this paper was the phosphorus, proton
NMR, and analytical HPLC. Purity was determined using high
performance liquid chromatography (HPLC) carried out on a Shimadzu
LC-20AD/T with a Waters column (Waters SunFire C18 5 μm, 4.6 mm
× 250 mm). The purity of all compounds for biological testing was
≥95% in all cases with detection at 254 nm (and 214 nm).

The data for structural refinement of crystallized structures, atomic
coordinates, and equivalent isotropic displacement parameters are
shown in the Supporting Information.

All reactions were carried out under dry nitrogen in flame-dried
glassware. Solvents were dried according to current method, distilled,
and stored under nitrogen atmosphere. Nuclear magnetic resonance
(1H, 31P, and 13C NMR) spectra were recorded at 400.13 MHz for
proton, 161.97 MHz for phosphorus, and 100.6 MHz for carbon
(Bruker DRX 400). Low and high resolution mass spectra were acquired
using a WATERS Micromass Q-Tof spectrometer with, as internal
reference, H3PO4 (0.1% in water/acetonitrile, 1/1) in positive mode
(ESI). Flash chromatography was performed using a CombiFlash
Companion/TS with prepacked column (6−120 g scale) with particle
size of 35−70 μm.

2.3:5.6-Di-O-isopropylidene-α-D-mannofuranose (2).

2.3:5.6-Di-O-isopropylidene-α-D-mannofuranose 2 was prepared using
the method described by Theodorakis in 199929 or purchased from
Carbosynth Limited. To a suspension of D-mannose 2 (50.8 g, 0.28 mol)
in acetone (2.5 L) was added iodine (14.21 g, 56mmol), and the mixture
was stirred for 2 h at 25 °C. The reaction mixture was quenched with
sodium thiosulfate (10%) and sodium bicarbonate, and the organic
residues were extracted with chloroform. The organic layer was dried
over MgSO4, concentrated, and crystallized from an hexane/acetone
mixture (80/20) to produce 2 (62.4 g, 85%). 1H NMR (400.13 MHz,
CDCl3): δ = 1.34 (s, 3H), 1.39 (s, 3H), 1.47 (s, 3H), 1.48 (s, 3H), 3.45
(d, 1H, d, J = 2.4 Hz), 4.08 (dd, 2H, d, J = 5.5, 1.0 Hz), 4.19 (dd, 1H, J =
7.0, 3.7 Hz), 4.41 (q, 1H, J = 5.5 Hz), 4.62 (d, 1H, J = 5.9 Hz), 4.82 (dd,
1H, J = 5.9, 3.7 Hz), 5.39 (d, 1H, J = 2.1 Hz).

General Procedure for Methyl Phenylphosphinate or Ethyl
Alkylphosphinate (1).

Ethyl alkylphosphinate 1 was prepared using the method described by
Petnehazy.30 Methyl arylphosphinate 1 was prepared using the method
described by our group.31

3-Hydroxy-4-(2.2-dimethyl[1.3]dioxolan-4-yl)-2.2-dimethyl-
2-oxo-2-phenyltetrahydro-2λ5-[1.2]oxaphosphinanes (3.1a−
3.1d).

2.3:5.6-Di-O-isopropylidene-α-D-mannofuranose 2 (26.25 g, 101.5
mmol) was added under nitrogen to a solution of methyl
arylphosphinate 1 (15.84 g, 13.47 mL, 101.5 mmol) in THF (150
mL). Then freshly sublimated potassium tert-butoxide (2.28 g, 20.3
mmol) was added to the solution. After a 17 h stirring, the mixture was
filtered and the solid was washed with THF. Compound 3.1a was
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obtained as a white solid (11.8 g, 30%). After filtration, a saturated
aqueous solution of sodium chloride was added to the filtrate and the
solution was extracted by dichloromethane. After drying of organic
layers over sodium sulfate, filtration, and evaporation under vacuum, the
final residue was purified by chromatography on silica gel columnwith as
eluent a mixture of ether/ethyl acetate (100/0 to 20/80), affording both
different fractions enriched with 3.1b and 3.1d. Each fraction was
recrystallized in a mixture diethyl ether/pentane, affording compounds
3.1b (6.81 g, 17%) and 3.1d (1.8 g, 4%).
(SPRSRR)-3-Hydroxy-4-(2.2-dimethyl[1.3]dioxolan-4-yl)-2.2-

dimethyl-2-oxo-2-phenyltetrahydro-2λ5-[1.2]oxaphosphinane
(3.1a).

31P NMR (161.97 MHz, CDCl3): δ = 30.43 ppm. 1H NMR (400.13
MHz, CDCl3): δ = 1.41 (s, 3H), 1.44 (s, 3H), 1.47 (s, 3H), 1.71 (s, 3H),
3.25 (dd, 1H, J = 11.7, 3.1 Hz), 4.04 (dd, 1H, J = 11.7, 3.1 Hz), 4.13 (m,
1H), 4.17 (m, 2H), 4.47 (q, 1H, J = 12.1, 5.5 Hz), 4.65 (dd, 1H, J = 7.9,
1.3 Hz), 4.84 (ddd, 1H, J = 24.6, 7.9, 4.1 Hz), 7.50−7.86 (m, 5H) ppm.
13CNMR (100.6MHz, CDCl3): δ = 24.54, 25.19, 25.60, 26.86, 66.11 (d,
J = 97.33 Hz), 66.22, 73.27 (d, J = 3.7 Hz), 74.44 (d, J = 8.0 Hz), 75.25
(d, J = 3.7 Hz), 76.20 (d, J = 8.0 Hz), 109.78, 111.21, 128.93 (d, J = 13.2
Hz), 130.62 (d, J = 131.73 Hz), 130.85 (d, J = 10.2 Hz), 132.93 ppm.
HRMS (ESI) m/z calcd for C18H26O7P (M + H)+, 385.1416; found,
385.1404. [α]D

25 +58 (c 10 g/L, MeOH). HPLC: tR = 4.29 min; >99%
purity at 254 nm.
(RPRSRR)-3-Hydroxy-4-(2.2-dimethyl[1.3]dioxolan-4-yl)-2.2-

dimethyl-2-oxo-2-phenyltetrahydro-2λ5-[1.2]oxaphosphinane
(3.1b).

31P NMR (161.97 MHz, CDCl3): δ = 40.00 ppm. 1H NMR (400.13
MHz, CDCl3): δ = 1.31 (s, 3H), 1.33 (s, 3H), 1.40 (s, 3H), 1.45 (s, 3H),
4.04−4.14 (m, 2H), 4.17 (dt, 1H, J = 8.1, 1.8 Hz), 4.35−4.43 (m, 1H),
4.50−4.60 (m, 2H), 4.77 (ddd, 1H, J = 27.0, 7.6, 1.3 Hz), 7.25−7.35 (m,
2H), 7.35−7.50 (m, 1H), 7.85−7.95 (m, 2H) ppm. 13C NMR (100.6
MHz, CDCl3): δ = 24.23, 25.07, 25.65, 27.08, 66.73, 68.48 (d, J = 106.8
Hz), 73.56 (d, J = 9.5 Hz), 73.85, 74.51 (d, J = 5.9 Hz), 75.84, 110.21 (d,
J = 17.6 Hz), 126.38 (d, J = 136.85 Hz), 128.13 (d, J = 13.9 Hz), 132.98,
133.25 (d, J = 11.0 Hz) ppm. [α]D

25 +56 (c 10 g/L, MeOH). HRMS
(ESI) m/z calcd for C18H26O7P (M + H)+, 385.1416; found, 385.1424.
HPLC: tR = 4.74 min; >95% purity at 254 nm.
(RPSSRR)-3-Hydroxy-4-(2.2-dimethyl[1.3]dioxolan-4-yl)-2.2-

dimethyl-2-oxo-2-phenyltetrahydro-2λ5-[1.2]oxaphosphinane
(3.1d).

31P NMR (161.97 MHz, CDCl3): δ = 36.19 ppm. 1H NMR (400.13
MHz, CDCl3): δ = 1.40 (s, 3H), 1.42 (s, 3H), 1.47 (s, 3H), 1.49 (s, 3H),
4.14 (d, 1H, J = 5.0 Hz), 4.33 (dd, 1H, J = 6.6, 3.8 Hz), 4.45 (dt, 1H, J =
9.8, 4.2 Hz), 4.54 (ddd, 1H, J = 8.1, 6.1, 1.8 Hz), 4.61 (dm, 1H, J = 7.3
Hz), 4.88 (ddd, 1H, J = 24.5, 7.3, 3.8 Hz), 7.44−7.53 (m, 2H), 7.56−
7.65 (m, 1H), 7.88−8.00 (m, 2H) ppm. 13C NMR (100.6 MHz,
CDCl3): δ = 24.12, 25.18, 25.76, 26.97, 64.23 (d, J = 90.0 Hz), 66.83,
71.90 (d, J = 4.4 Hz), 73.59 (d, J = 8.1 Hz), 74.00 (d, J = 5.1 Hz), 75.36

(d, J = 2.9 Hz), 109.71, 110.09, 127.90 (d, J = 140.2 Hz), 128.50 (d, J =
13.2 Hz), 132.26 (d, J = 10.9 Hz), 133.30 (d, J = 2.9 Hz) ppm. HRMS
(ESI) m/z calcd for C18H26O7P (M + H)+, 385.1416; found, 385.1429.
[α]D

25 +40 (c 10 g/L,MeOH). HPLC: tR = 5.45min; >99% purity at 254
nm.

(SPRSRR)-3-Hydroxy-4-(2.2-dimethyl[1.3]dioxolan-4-yl)-2.2-
dimethyl-2-oxo-2-ethyltetrahydro-2λ5-[1.2]oxaphosphinane
(3.2a).

2.3:5.6-Di-O-isopropylidene-α-D-mannofuranose 2 (2 g, 7.68 mmol)
was added under nitrogen to a solution of ethyl ethylphosphinate 1 (830
mg, 7.68 mmol) in THF (25 mL), and then freshly sublimated
potassium tert-butoxide (175 mg, 0.2 equiv) was added to the solution.
After a 24 h stirring and addition of a saturated solution of NaCl (25
mL), the mixture was extracted with chloroform (50 mL). 1 was
completely consumed and three diastereomers were obtained in 63%
yield.

3.2a was separated and recovered pure by chromatography on silica
gel with as eluent a mixture of dichloromethane/ethyl acetate (80/20 to
50/50). 31P NMR (161.97 MHz, CDCl3): δ = 46.6 ppm. 1H NMR
(400.13 MHz, CDCl3): δ = 1.24 (dt, 3H, J = 15.2, 7.6 Hz), 1.36 (s, 3H),
1.38 (s, 3H), 1.42 (s, 3H), 1.59 (s, 3H), 1.79−1.97 (m, 2H), 3.69 (dd,
1H, J = 10.6, 5.1 Hz), 3.77 (ddd, 1H, J = 7.3, 3.1, 1.3 Hz), 3.91 (ddd, 1H,
J = 10.8, 3.5, 1.8 Hz), 3.99 (dd, 1H, J = 9.1, 4.3 Hz), 4.12 (dd, 1H, J = 9.1,
6.1 Hz), 4.37(m, 1H), 4.54 (d, 1H, J = 8.8 Hz), 4.79 (ddd, 1H, J = 22.7,
7.6, 3.5 Hz) ppm. 13C NMR (100.6 MHz, CDCl3): δ = 5.25 (d, J = 5.8
Hz), 20.74 (d, J = 90.7 Hz), 24.66, 25.09, 25.72, 26.90, 64.46 (d, J = 90.8
Hz), 66.31, 73.32 (d, J = 2.9 Hz), 73.96 (d, J = 8.8 Hz), 75.37 (d, J = 7.3
Hz), 75.65 (d, J = 5.1 Hz), 109.79, 110.98 ppm. m/z for C14H26O7P (M
+ H)+: 337.18. HPLC was not possible, as no chromophore group is
present for UV detection. Purity was determined using 31P NMR, 1H
NMR, and 13C NMR.

(SPRSRR)-3-Hydroxy-4-(2.2-dimethyl[1.3]dioxolan-4-yl)-2.2-
dimethyl-2-oxo-2-butyltetrahydro-2λ5-[1.2]oxaphosphinane
(3.3a).

2.3:5.6-Di-O-isopropylidene-α-D-mannofuranose 2 (3 g, 11.52 mmol)
was added under nitrogen to a solution of ethyl n-butylphosphinate 1
(1.56 g, 11.52 mmol) in THF (25 mL), and then freshly sublimated
potassium tert-butoxide (260 mg, 0.2 equiv) was added to the solution.
After 24 h stirring and addition of a saturated solution of NaCl (25 mL),
the mixture was extracted with chloroform (50 mL). Compound 1 was
completely consumed, and three diastereomers were obtained in 47%
yield.

3.3a was separated and recovered pure using normal phase
chromatography on silica gel with as eluent a mixture of dichloro-
methane/ethyl acetate (50/50 to 0/100). 31P NMR (161.97 MHz,
CDCl3): δ = 45.43 ppm. 1H NMR (400.13 MHz, CDCl3): δ = 0.93 (t,
3H, J = 7.3 Hz), 1.36 (s, 3H), 1.38 (s, 3H), 1.42 (s, 3H), 1.43 (sext, 2H, J
= 7.3 Hz), 1.59 (s, 3H), 1.60−1.97 (m, 4H), 3.35 (dd, 1H, J = 10.8, 3.3
Hz), 3.77 (ddd, 1H, J = 7.3, 3.0, 1.3 Hz), 3.82 (dd, 1H, J = 8.3, 3.3 Hz),
3.98 (dd, 1H, J = 9.1, 5.5 Hz), 4.12 (dd, 1H, J = 9.1, 6.1 Hz), 4.35 (m,
1H), 4.54 (d, 1H, J = 7.8 Hz), 4.76 (ddd, 1H, J = 22.9, 7.8, 3.8 Hz) ppm.
13C NMR (100.6 MHz, CDCl3): δ = 13.58, 23.14 (d, J = 5.1 Hz), 23.88
(d, J = 5.4 Hz), 27.91(d, J = 88.5 Hz), 24.79, 25.08, 25.71, 26.90, 64.95
(d, J = 89.3 Hz), 66.37, 73.25 (d, J = 2.9 Hz), 73.98 (d, J = 8.8 Hz), 75.23
(d, J = 7.3 Hz), 75.49 (d, J = 4.4 Hz), 109.79, 111.03 ppm. m/z for
C16H30O7P (M + H)+: 365.19. HPLC was not possible, as no
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chromophore group is present for UV detection. Purity was determined
using 31P NMR, 1H NMR, and 13C NMR.
(SPRSRR)-3-Acetoxy-4-(2.2-dimethyl[1.3]dioxolan-4-yl)-2.2-

dimethyl-2-oxo-2-phenyltetrahydro-2λ5-[1.2]oxaphosphinane
(4.1a).

Under dry nitrogen, acetic anhydride (55.3 μLl, 0.58 mmol), pyridine
(25 μL, 0.39 mmol) and DMAP (4.8 mg, 0.039 mmol) were added to a
solution of 3.1a (150 mg, 0.39 mmol) in dry CH2Cl2 (3 mL). The
reactionmixture was stirred at room temperature overnight. The organic
solution was washed with water and with a saturated aqueous solution of
sodium chloride. The combined organic layers were dried over sodium
sulfate, filtered, and concentrated under vacuum. The residue was
dissolved in a minimum of CH2Cl2 and reprecipitated in hexane. 4.1a
was obtained as a white solid with 93% of purity (94mg, 57%). 31PNMR
(161.97 MHz, CDCl3): δ = 24.7 ppm.

1H NMR (400.13 MHz, CDCl3):
δ = 1.32 (s, 3H), 1.34 (s, 3H), 1.38 (s, 3H), 1.66 (s, 3H), 2.08 (s, 3H),
4.04 (m, 2H), 4.14 (d, 1H, J = 7 Hz), 4.40 (dd, 1H, J = 12.6 Hz), 4.62 (d,
1H, J = 8 Hz), 4.80 (ddd, 1H, J = 23, 8, 4 Hz), 5.26 (d, 1H, J = 3 Hz),
7.43−7.67 (m, 5H) ppm. 13C NMR (100.61 MHz, CDCl3): δ = 20.64,
24.37, 25.13, 25.62, 26.88, 66.17, 66.64 (d, J = 54 Hz), 73.49 (d, J = 8.05
Hz), 73.52 (d, J = 9.5 Hz), 74.23 (d, J = 8.0 Hz), 76.95 (d, J = 8.0 Hz),
109.89, 111.51, 129.12 (d, J = 13.9 Hz), 129.93 (d, J = 138.3 Hz), 130.87
(d, J = 10.2 Hz), 133.26 (d, J = 2.2 Hz), 170.23 ppm. HRMS (ESI) m/z
calcd for C20H28O8P (M +H)+, 427.1528; found, 427.1522. HPLC: tR =
5.89 min; >99% purity at 254 nm.
(SPRSRR)-3-Benzoate-4-(2.2-dimethyl[1.3]dioxolan-4-yl)-2.2-

dimethyl-2-oxo-2-phenyltetrahydro-2λ5-[1.2]oxaphosphinane
(4.2a).

Under dry nitrogen, benzoic anhydride (132 mg, 0.58 mmol), pyridine
(25 μL, 0.39 mmol), and DMAP (4.8 mg, 0.039 mmol) were added to a
solution of 3.1a (150 mg, 0.39 mmol) in dry CH2Cl2 (3 mL). The
reactionmixture was stirred at room temperature overnight. The organic
solution was washed with water and with a saturated aqueous solution of
sodium chloride. The combined organic layers were dried over sodium
sulfate, filtered, and concentrated under vacuum. The residue was
dissolved in a minimum of CH2Cl2 and reprecipitated in hexane. 4.2a
was obtained as a white solid (149 mg, 78%). 31P NMR (161.97 MHz,
DMSOd6): δ = 25.02 ppm.

1HNMR (400.13MHz, DMSO d6): δ = 1.30
(s, 3H), 1.33 (s, 3H), 1.38 (s, 3H), 1.56 (s, 3H), 3.86 (dd, 1H, J = 5.8
Hz), 4.06 (dd, 1H, J = 7.8 Hz), 4.31 (dd, 1H, J = 12.6 Hz), 4.70 (d, 1H, J
= 8 Hz), 4.86 (d, 1H, J = 6 Hz), 4.98 (ddd, 1H, J = 24, 8, 4 Hz), 6.00 (d,
1H, J = 4 Hz), 7.53−7.97 (m, 10H) ppm. 13C NMR (100.61 MHz,
DMSOd6): δ = 24.39, 25.16, 25.62, 26.28, 65.48, 67.16 (d, J = 105.3 Hz),
73.41 (d, J = 8.05 Hz), 73.46 (d, J = 6 Hz), 73.93 (d, J = 8.05 Hz), 75.72
(d, J = 8.05 Hz), 108.79, 109.92, 128.29, 128.68 (d, J = 13.2 Hz), 129.18
(d, J = 51.2Hz), 130.78 (d, J = 10.2Hz), 131.28 (d, J = 134.7Hz), 132.73
(d, J = 2.4 Hz), 134.04, 164.78 ppm. HRMS (ESI) m/z calcd for
C25H30O8P (M + H)+, 489.1678; found, 489.1669. HPLC: tR = 13.67
min; >99% purity at 254 nm.

(SPRSRR)-3-Acetoxy-4-(2.2-dimethyl[1.3]dioxolan-4-yl)-2.2-
dimethyl-2-oxo-2-phenyltetrahydro-2λ5-[1.2]oxaphosphinane
(4.3a).

Under dry nitrogen, 3.1a (1.0 g, 2.4 mmol) was added in distilled
pyridine (3 mL, 28 mmol). The reaction mixture was stirred at 0 °C, and
then freshly distilled mesyl chloride (2 mL, 24mmol) was added. After 1
h at 0 °C, the reaction mixture was stirred at room temperature
overnight. After addition of chloroform (20 mL), the organic solution
was washed with a saturated aqueous solution of sodium bicarbonate (3
× 10 mL). The combined organic layers were dried over magnesium
sulfate, filtered, and concentrated under vacuum. 4.3a was obtained as a
white solid (1.13 g, 99%). 31P NMR (161.97 MHz, CDCl3): δ = 27.6
ppm. 1H NMR (400.13 MHz, CDCl3): δ = 1.29 (s, 3H), 1.35 (s, 3H),
1.38 (s, 3H), 1.53 (s, 3H), 2.91 (s, 3H), 3.85 (dd, 1H, J = 8.8, 4.5 Hz),
3;90 (t, 1H, J = 6.4 Hz), 4.27 (dd, 1H, J = 11.6, 6.3 Hz), 4.68 (dd, 2H, J =
36.1, 8.1 Hz), 5.05 (ddd, 1H, J = 22.9, 8.2, 3.6 Hz), 5.67 (d, 1H, J = 8.0
Hz), 7.59−7.68 (m, 5H) ppm. 13C NMR (100.61 MHz, CDCl3): δ =
24.30, 25.11, 25.36, 26.15, 37.36, 65.66, 72.57 (d, J = 102.6 Hz), 73.41
(d, J = 5.1 Hz), 73.54 (d, J = 5.1 Hz), 73.72 (d, J = 8.0 Hz), 75.90 (d, J =
8.7 Hz), 108.98, 110.14, 128.76 (d, J = 13.1 Hz), 130.93 (d, J = 109.5
Hz), 131.52 (d, J = 10.0 Hz), 133.23 ppm. HRMS (ESI) m/z calcd for
C19H28O9PS (M + H)+, 463.1192; found, 463.1175. Mesylate group
revealed to be unstable on HPLC and water.

(SPRSRR)-4-(2.2-Dimethyl[1.3]dioxolan-4-yl)-2.2-dimethyl-2-
oxo-2-phenyl-3-tosyltetrahydro-2λ5-[1.2]oxaphosphinane
(4.4a).

Under dry nitrogen, 3.1a (1.5 g, 3.6 mmol) was added in distilled
pyridine (5 mL, 43 mmol). The reaction mixture was stirred at 0 °C, and
then freshly crystallized tosyl chloride (5 g, 36 mmol) was added. After 1
h at 0 °C, the reaction mixture was stirred at room temperature
overnight. After addition of chloroform (20 mL), the organic solution
was washed with a saturated aqueous solution of sodium bicarbonate (3
× 10 mL). The combined organic layers were dried over magnesium
sulfate, filtered, and concentrated under vacuum. 4.4a was obtained as a
white solid (1.95 g, 95%). 31P NMR (161.97 MHz, CDCl3): δ = 22.4
ppm. 1H NMR (400.13 MHz, CDCl3): δ = 1.29 (s, 3H), 1.37 (s, 3H),
1.44 (s, 3H), 1.69 (s, 3H), 2.38 (s, 3H), 4.02 (m, 2H), 4.24 (d, 1H, J =
7.1 Hz), 4.43 (dd, 1H, J = 8.6, 4.2 Hz), 4.71 (d, 1H, J = 9.1 Hz), 4.83 (d,
1H, J = 8.3 Hz), 5.01 (ddd, 1H, J = 22.9, 3.6 Hz), 7.00−7.58 (m, 9H)
ppm. 13C NMR (100.61 MHz, CDCl3): δ = 21.66, 24.29, 25.12, 25.45,
26.87, 66.15, 72.66 (d, J = 103.2 Hz), 73.56 (d, J = 4.4 Hz), 74.23 (d, J =
6.5 Hz), 74.27. 77.01 (d, J = 8.7 Hz), 109.91, 111.66, 127.78, 128.79,
128.93, 129.43 (d, J = 140.3 Hz), 129.73, 131.27, 131.37, 132.42, 132.98,
145.26. HRMS (ESI) m/z calcd for C25H32O9PS (M + H)+, 538.1505;
found, 538.1498. Tosylate group was revealed to be unstable on HPLC
and water.
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(SPRSRR)-3-Nitrophenoxy-4-(2.2-dimethyl[1.3]dioxolan-4-
yl)-2.2-dimethyl-2-oxo-2-phenyltetrahydro-2λ5-[1.2]-
oxaphosphinane (4.5a).

Under dry nitrogen, sodium hydride (50% in oil, 0.08 g, 1.67 mmol) was
added to a solution of 3.1a (0.50 g, 1.3 mmol) in dry THF (10 mL). The
reactionmixture was stirred at room temperature for 30min, and then 4-
fluoronitrobenzene (0.183 g, 1.3 mmol) was added. The reaction
mixture was stirred for one night. After solvent evaporation under
vacuum, chloroform (50mL) was poured into the crude oil. The organic
solution was washed with a saturated aqueous solution of sodium
chloride, dried over magnesium sulfate, filtered, and concentrated under
vacuum. The residue was purified by chromatography on silica gel using
a mixture of CH2Cl2/ethyl acetate (100/0 to 0/100) as eluent to give
4.5a as a white solid (0.591 g, 90%). 31P NMR (161.97 MHz, DMSO-
d6): δ = 23.9 ppm.

1HNMR (400.13MHz, DMSO-d6): δ = 1.43 (s, 6H),
1.49 (s, 3H), 1.77 (s, 3H), 1.60 (s, 3H), 4.21 (d, 2H, J = 5.2 Hz), 4.33 (ld,
1H, J = 9.3 Hz), 4.54 (q, 1H, J = 11.7, 5.5 Hz), 4.78 (m, 2H), 5.01 (ddd,
1H, J = 22.4, 7.8, 3.3 Hz), 6.97 (m, 2H), 7.43−7.62 (m, 3H), 7.73−7.81
(m, 2H), 8.09 (m, 2H) ppm. 13C NMR (100.61 MHz, DMSOd6): δ =
24.23, 25.01, 25.47, 26.43, 65.74, 71.49 (d, J = 106.2 Hz, 71.81 (d, J = 5.8
Hz), 73.38 (d, J = 3.7 Hz), 73.79 (d, J = 8.0 Hz), 75.86 (d, J = 8.1 Hz),
108.92, 110.00, 115.92, 125.79, 128.86 (d, J = 13.1 Hz), 130.65 (d, J =
10.2 Hz), 131.47 (d, J = 133.8 Hz), 141.69, 161.05 (d, J = 10.2 Hz) ppm.
HRMS (ESI) m/z calcd for C24H29NO9P (M + H)+, 506.1580; found,
506.1591. HPLC: tR = 11.73 min; >98% purity at 254 nm.
(SPRSRR)-3-(3,4-Dinitrophenoxy)-4-(2.2-dimethyl[1.3]-

dioxolan-4-yl)-2.2-dimethyl-2-oxo-2-phenyltetrahydro-2λ5-
[1.2]oxaphosphinane (4.6a).

Under dry nitrogen, sodium hydride (50% in oil, 0.08 g, 1.67 mmol) was
added to a solution of 3.1a (0.50 g, 1.3 mmol) in dry THF (10 mL). The
reaction mixture was stirred at room temperature for 30 min, and then
3,4-dinitrobromobenzene (0.321 g, 1.3 mmol) was added. The reaction
mixture was stirred for one night. After solvent evaporation under
vacuum, chloroform (50mL) was poured into the crude oil. The organic
solution was washed with a saturated aqueous solution of sodium
chloride, dried over magnesium sulfate, filtered, and concentrated under
vacuum. The residue was purified by chromatography on silica gel using
a mixture of CH2Cl2/ethyl acetate (100/0 to 0/100) as eluent to give
4.6a as a white solid (0.651 g, 91%). 31P NMR (161.97 MHz, CDCl3): δ
= 26.2 ppm. 1H NMR (400.13 MHz, CDCl3): δ = 1.25 (s, 3H), 1.35 (s,
3H), 1.45 (s, 3H), 1.61 (s, 3H), 3.99 (m, 2H), 4.33 (d, 1H, J = 5.9 Hz),
4.54 (ls, 1H), 4.86 (d, 1H, J = 6.8 Hz), 5.28 (dd, 1H, J = 23.0, 6.9 Hz),
5.01 (bs, 1H), 7.39−8.43 (m, 8H) ppm. 13C NMR (400.13 MHz,
CDCl3): δ = 24.21, 25.01, 25.41, 26.43, 65.67, 71.63 (d, J = 5.8 Hz),
73.47 (d, J = 4.4Hz), 73.71 (d, J = 105.5 Hz), 73.82 (d, J = 8.0 Hz), 76.01
(d, J = 8.7 Hz), 108.96, 110.27, 116.06, 121.22, 128.65, 128.86 (d, J =
13.0 Hz), 130.80 (d, J = 10.8 Hz), 130.97 (d, J = 136.1 Hz), 139.59,
140.75, 153,65 ppm. HRMS (ESI)m/z calcd for C24H28O11P (M +H)+,
551.1431; found, 551.1432. HPLC: tR = 14.33 min; >97% purity at 254
nm.

(SPRSRR)-3-(4-Aminophenoxy)-4-(2.2-dimethyl[1.3]dioxolan-
4-yl)-2.2-dimethyl-2-oxo-2-phenyltetrahydro-2λ5-[1.2]-
oxaphosphinane (4.7a).

To a 50 mL pressure flask were added sequentially a solution of
compound 4.5a (0.5 g, 1 mmol) in dry ethanol (20 mL) and Pd/C (0.5
g, 0.47 mmol). The system was filled with a hydrogen atmosphere (1
bar). After 24 h stirring at ambient temperature, the reactionmixture was
filtered over a Celite pad and the filtrate evaporated under vacuum. The
residue was purified by chromatography on silica gel with as eluent a
mixture of CH2Cl2/ethyl acetate (80/20 to 0/100) as eluent giving 4.7a
(0.455 g, 96%). 31P NMR (161.97 MHz, CDCl3): δ = 39.9 ppm. 1H
NMR (400.13 MHz, CDCl3): δ = 1.34 (s, 6H), 1.40 (s, 3H), 1.69 (s,
3H), 1.87 (ls, 2H), 4.11 (d, 2H, J = 5.3 Hz), 4.24 (ld, 1H, J = 7.1 Hz),
4.46 (m, 4H), 4.65 (d, 1H, J = 3.3 Hz), 4.68 (ld, 1H, J = 7.2 Hz), 4.96
(ddd, 1H, J = 22.3, 7.8, 3.2 Hz), 6.87 (m, 2H), 7.38−7.48 (m, 3H), 7.68
(m, 2H), 7,98 (m, 2H) ppm. 13C NMR (100.61 MHz, CDCl3): δ =
25.03, 25,06, 25,28, 26,92, 48,67 (d, J = 91.6 Hz), 66,59, 72,77 (d, J = 2.9
Hz), 73,29 (d, J = 5.1 Hz), 73.96 (d, J = 9.4 Hz), 78.21, 109.24, 109.82,
128.59 (d, J = 138.2 Hz), 128.82 (d, J = 141.8 Hz), 128.50−133.09 (m),
148.04, 153,23 ppm. IR (KBr): 2983, 1642, 1508, 1435, 1373, 1213,
1161, 1120, 1073, 964, 894, 828, 722, 694. HRMS (ESI) m/z calcd for
C24H31O7P (M + H)+, 476.1838; found, 476.1848. HPLC: tR = 5.39
min; >98% purity at 254 nm.

Synthesis was performed according to Tetrahedron 1995, 51, 4679−
4690.

2.3:5.6-Di-O-isopropylidene-1-anilino-α-D-mannofuranose
(6.1).

1H NMR (400.13 MHz, CDCl3): δ = 1.31 (s, 3H), 1.34 (s, 3H), 1.39 (s,
3H), 1.48 (s, 3H), 3.46 (dd, 1H, J = 8.4, 3.3 Hz), 4.02 (m, 2H), 4.37 (qd,
1H, J = 8.6, 5.7, 4.5 Hz), 4.63 (dd, 1H, J = 6.1, 3.5 Hz), 4.72 (dd, 1H, J =
6.1, 3.3 Hz), 4.93 (m, 2H), 6.72−7.13 (m, 5H) ppm.

2.3:5.6-Di-O-isopropylidene-1-(4-toluidino)-α-D-mannofura-
nose (6.2).

1H NMR (400.13 MHz, CDCl3): δ = 1.40 (s, 3H), 1.44 (s, 3H), 1.49 (s,
3H), 1.58 (s, 3H), 2.27 (s, 3H), 3.53 (dd, 1H, J = 8.5, 3.3 Hz), 4.12 (m,
2H), 4.47 (m, 1H), 4.71 (q, 1H, J = 3.2, 6.0 Hz), 4.82 (q, 1H, J = 3.2, 6.0
Hz), 4.91 (d, 1H, J = 10.0 Hz), 5.03 (q, 1H, J = 3.2, 10.0 Hz), 6.72−7.01
(m, 4H) ppm.
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2.3:5.6-Di-O-isopropylidene-1-(2-naphthylamino)-α-D-man-
nofuranose (6.3).

1H NMR (400.13 MHz, CDCl3): δ = 1.42 (s, 3H), 1.46 (s, 3H), 1.51 (s,

3H), 1.60 (s, 3H), 3.63 (dd, 1H, J = 16.6, 7.3 Hz), 4.15 (m, 2H), 4.50 (m,

1H), 4.75 (dd, 1H, J = 5.8, 3.6 Hz), 4.82 (dd, 1H, J = 5.8, 3.6 Hz), 5.11

(dd, 1H, J = 13.6, 3.6 Hz), 5.20 (d, 1H, J = 25.2 Hz), 6.90−7.80 (m, 7H)
ppm.
2.3:5.6-Di-O-isopropylidene-1-benzylamino-α-D-mannofura-

nose (6.4).

1H NMR (400.13 MHz, CDCl3): δ = 1.19 (s, 3H), 1.24 (s, 3H), 1.30 (s,

3H), 1.38 (s, 3H), 3.30 (dd, 1H, J = 7.6, 3.3 Hz), 3.67 (dd, 1H, J = 7.2, 5.9

Hz), 3.81 (dd, 1H, J = 3.8, 2.0 Hz), 3.97 (m, 2H), 4.29 (td, 1H, J = 3.3

Hz), 4.43 (dd, 1H, J = 6.1, 3.5 Hz), 4.53 (dd, 1H, J = 6.1, 3.5 Hz), 4.66

(dd, 1H, J = 5.1, 3.6 Hz), 4.81 (s, 1H), 7.22−7.47 (m, 5H) ppm.
(RPSSRR)-3-Aminophenyl-4-(2.2-dimethyl[1.3]dioxolan-4-yl)-

2 .2 -d imethy l -2 -oxo-2 -pheny l te t rahydro-2λ 5 - [1 .2 ] -
oxaphosphinane (5.1d).

In a three-neck round-bottom flask under dry nitrogen, mannofuranose

6.1 (1.00 g, 2.98 mmol) was added to a solution of ethyl

phenylphosphinate (0.35 mL, 3 mmol) in THF (10 m), and then

freshly sublimated potassium tert-butoxide (70 mg, 0.62 mmol, 0.21

equiv) was poured into the solution. The reaction mixture was stirred at

room temperature for one night. The crude mixture was washed with a

saturated aqueous solution of NaCl. The organic layer was dried over

magnesium sulfate, filtered, and concentrated under vacuum. The

residue was purified by chromatography on silica gel with as eluent a

mixture of n-hexane/diethyl ether (100/0 to 0/100) to give 5.1d (0.80 g,

59%). 31P NMR (161.97 MHz, CDCl3): δ = 37.1 ppm. 1H NMR

(400.13 MHz, CDCl3): δ = 1.30 (s, 3H), 1.33 (s, 3H), 1.34 (s, 3H), 1.52

(s, 3H), 3.97 (dd, 1H, J = 7.2, 3.2 Hz), 4.05 (m, 2H), 4.40 (m, 2H), 4.46

(ld, 1H, J = 7.1 Hz), 4.77 (qd, 1H, J = 23.0, 7.2, 3.3 Hz), 6.69−6.73 (m,
5H), 7.10−7.37 (m, 5H) ppm. 13C NMR (100.61 MHz, CDCl3): δ =

24.58, 25.17, 26.25, 27.05, 49.67 (d, J = 85.6 Hz), 66.81, 72.01 (d, J = 3.6

Hz), 73.59 (d, J = 3.6 Hz), 73.66 (d, J = 7.3 Hz), 74.50 (d, J = 2.2 Hz),

109.22, 110.09, 113.59, 119.14, 128.82 (d, J = 141.8 Hz), 128.50, 128.63,

129.46, 132.05, 132.16, 133.35, 146.82. HRMS (ESI) m/z calcd for

C24H31NO6P (M + H)+, 459.1811; found, 459.1792. HPLC: tR = 10.46

min; >95% purity at 254 nm.

(RPSSRR)-3-(4-Toluidino)-4-(2.2-dimethyl[1.3]dioxolan-4-yl)-
2 .2 -d imethy l -2 -oxo-2 -pheny l te t rahydro-2λ 5 - [1 .2 ] -
oxaphosphinane (5.2d).

In a three-neck round-bottom flask under dry nitrogen, mannofuranose
6.2 (1 g, 2.86mmol) was added to a solution of ethyl phenylphosphinate
(0.35 mL, 3 mmol) in THF (10 mL), and then freshly sublimated
potassium tert-butoxide (70 mg, 0.62 mmol) was poured into the
solution. The reaction mixture was stirred at room temperature for one
night. The crude mixture was washed with a saturated aqueous solution
of NaCl. The organic layer was dried over magnesium sulfate, filtered,
and concentrated under vacuum. The residue was purified by
chromatography on silica gel with as eluent a mixture of n-hexane/
diethyl ether (100/0 to 0/100) to give 5.2d (0.71 g, 53%). 31P NMR
(161.97 MHz, CDCl3): δ = 37.9 ppm.

1H NMR (400.13 MHz, CDCl3):
δ = 1.41 (s, 3H), 1.44 (s, 3H), 1.47 (s, 3H), 1.61 (s, 3H), 2.26 (s, 3H),
4.04 (dd, 1H, J = 10.8, 3.3 Hz), 4.15−4.17 (m, 2H), 4.48−4.49 (m, 2H),
4.56 (d, 1H, J = 16.6 Hz), 4.90 (ddd, 1H, J = 23.0, 7.2, 3.1 Hz), 6.67 (d,
2H, J = 8.4 Hz), 7.03 (d, 2H, J = 8.4 Hz), 7.47−7.70 (m, 3H), 7.98−8.04
(m, 2H) ppm. 13CNMR (100.61MHz, CDCl3): δ = 20.39, 24.52, 25.15,
26.18, 27.03, 49.74 (d, J = 86.0 Hz), 66.81, 71.97 (d, J = 3.6 Hz), 73.59
(d, J = 4.2 Hz), 73.64, 109.18, 110.11, 113.68, 128.17, 128.45, 128.59,
129.93, 132.04, 132.15, 144.62, 148.30 ppm. HRMS (ESI)m/z calcd for
C25H33NO6P (M + H)+, 474.2046; found, 474.2055. HPLC: tR = 10.26
min; >99% purity at 254 nm.

(RPSSRR)-3-(2-Aminonaphthyl)-4-(2.2-dimethyl[1.3]-
dioxolan-4-yl)-2.2-dimethyl-2-oxo-2-phenyltetrahydro-2λ5-
[1.2]oxaphosphinane (5.3d).

Under dry nitrogen, mannofuranose 6.3 (3.86 g, 10mmol) was added to
a solution of ethyl phenylphosphinate (1.70 mL, 10 mmol) in THF (20
mL), and then freshly sublimated potassium tert-butoxide (224 mg, 0.2
mmol, 0.2 equiv) was poured into the solution. The reaction mixture
was stirred at room temperature for one night. The crude mixture was
washed with a saturated aqueous solution of NaCl. The organic layer was
dried over magnesium sulfate, filtered, and concentrated under vacuum.
The residue was purified by chromatography on silica gel with as eluent a
mixture of CH2Cl2/ethyl acetate (95/5 to 80/20) to give 5.3d (3.16 g,
62%). 31P NMR (161.97 MHz, CDCl3): δ = 36.5 ppm. 1H NMR
(400.13 MHz, CDCl3): δ = 1.35 (s, 3H), 1.38 (s, 3H), 1.39 (s, 3H), 1.57
(s, 3H), 2.26 (s, 3H), 3.71 (dd, 1H, J = 13.6, 10.8 Hz), 4.10−4.10 (m,
2H), 4.42−4.49 (m, 2H), 4.84−5.20 (m, 2H), 6.80−8.00 (m, 12H +
1H) ppm. 13C NMR (100.61 MHz, CDCl3): δ = 20.59, 25.16, 26.28,
27.06, 49.70 (d, J = 81.1 Hz), 66.84, 72.03 (d, J = 4.4 Hz), 73.59 (d, J =
4.2 Hz), 73.65, 73.70, 74.17, 74.19, 105.04, 109.32, 110.15, 118.70,
122.88, 126.16, 128.82, 129.40 (d, J = 4.4 Hz), 130.18 (d, J = 11.1 Hz),
132.90 (d, J = 14.7 Hz), 134.23 (d, J = 2.9 Hz), 135.55, 145.37 (d, J = 9.6
Hz) ppm. MS m/z C28H33NO6P (M + H)+: 510,25. HPLC: tR = 16.24
min; >95% purity at 254 nm.
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(RPSSRR)-3-Aminobenzyl-4-(2.2-dimethyl[1.3]dioxolan-4-yl)-
2 .2 -d imethy l -2 -oxo-2 -pheny l te t rahydro-2λ 5 - [1 .2 ] -
oxaphosphinane (5.4d).

Under dry nitrogen, mannofuranose 6.4 (1 g, 2.86mmol) was added to a
solution of ethyl phenylphosphinate (0.35 mL, 3 mmol) in THF (10
mL), and then freshly sublimated potassium tert-butoxide (70 mg, 0.62
mmol) was poured on into the solution. The reaction mixture was
stirred at room temperature for one night. The crude mixture was
washed with a saturated aqueous solution of NaCl. The organic layer was
dried over magnesium sulfate, filtered, and concentrated under vacuum.
The residue was purified by chromatography on silica gel with as eluent a
mixture of n-hexane/diethyl ether (100/0 to 0/100) to give 5.4d (1 g,
73%). 31P NMR (161.97 MHz, CDCl3): δ = 38.3 ppm. 1H NMR
(400.13 MHz, CDCl3): δ = 1.35 (s, 3H), 1.37 (s, 3H), 1.40 (s, 3H), 1.45
(s, 3H), 3.35 (dd, 1H, J = 7.6, 4.3 Hz), 3.94 (ls, 2H), 4.14 (m, 2H), 4.43
(m, 1H), 4.49 (qd, 1H, J = 7.6, 1.8 Hz), 4.58 (m, 1H), 4.69 (ddd, 1H, J =
21.2, 6.6, 4.3 Hz), 7.23−7.97 (m, 5H) ppm. 13C NMR (100.61 MHz,
CDCl3): δ = 24.66, 25.26, 26.31, 27.01, 52.97 (d, J = 87.3 Hz), 53.05,
66.81, 72.56 (d, J = 3.6 Hz), 73.70 (d, J = 5.1 Hz), 73.81 (d, J = 8.7 Hz),
75.47 (d, J = 1.5 Hz), 109.10, 110.01, 127.27, 128.14, 128.79, 128.30,
129.57 (d, J = 138.9 Hz), 129.60, 131.82, 131.97, 132.87, 138.94 (d, J =
17.4 Hz). HRMS (ESI) m/z calcd for C25H33NO6P (M + H)+,
474.2046; found, 474.2058. HPLC: tR = 10.22 min; >99% purity at 254
nm.
(RPSSRR)-3-Amino-4-(2.2-dimethyl[1.3]dioxolan-4-yl)-2.2-di-

methyl-2-oxo-2-phenyltetrahydro-2λ5-[1.2]oxaphosphinane
(5.5d).

In a 25 mL pressure flask containing the phostine 5.4d (1 g, 2.11 mmol)
in ethanol (10 mL) was added 10 wt % Pd/C (1 g, 0.94 mmol). The
system was filled with a hydrogen atmosphere (1 bar). After 24 h stirring
at ambient temperature, reaction mixture was filtered over a Celite pad
and the filtrate evaporated under vacuum. The residue was purified by
chromatography on silica gel with as eluent a mixture of diethyl ether/
ethanol (100/0 to 80/20) to give 5.5d (0.7 g, 87%). 31P NMR (161.97
MHz, CDCl3): δ = 37.46 ppm. 1H NMR (400.13 MHz, CDCl3): δ =
1.38 (s, 3H), 1.41 (s, 3H), 1.44 (s, 3H), 1.50 (s, 3H), 1.86 (ls, 2H), 3.49
(dd, 1H, J = 6.4, 5.2 Hz), 4.11 (m, 2H), 4.39−4.58 (m, 4H), 7.39−7.87
(m, 5H) ppm. 13CNMR (100.61MHz, CDCl3): δ = 25.04, 25.27, 26.93,
26.95, 48.78 (d, J = 91.6 Hz), 66.78, 72.85 (d, J = 3 Hz), 73.27 (d, J = 5.1
Hz), 73.97 (d, J = 9.5 Hz), 78.33, 109.23, 109.96, 128.71 (d, J = 138 Hz),
128.41, 128.52, 131.92, 132.02, 133.02. HRMS (ESI) m/z calcd for
C18H27NO6P (M + H)+, 384.1576; found, 384.1567. HPLC: tR = 4.86
min; >99% purity at 254 nm.
(RPSSRR)-3-Acetamide-4-(2.2-dimethyl[1.3]dioxolan-4-yl)-

2 .2 -d imethy l -2 -oxo-2 -pheny l te t rahydro-2λ 5 - [1 .2 ] -
oxaphosphinane (5.6d).

Under dry nitrogen, acetic anhydride (72 μL, 0.76 mmol) and
triethylamine (60 μL, 0.42 mmol) were added to a solution of 5.5d
(145 mg, 0.38 mmol) in dry CH2Cl2 (5 mL). The reaction mixture was
stirred at room temperature for 2 h. The organic solution was washed
with a saturated aqueous solution of sodium bicarbonate. The combined
organic layers were dried over sodium sulfate, filtered, and concentrated
under vacuum. The residue was purified by chromatography on silica gel
using a mixture of heptane/ethyl acetate/EtOH (50/50/0 to 0/95/5) as
eluent to give a white solid. This product was dissolved in a minimum of
Et2O and reprecipited in hexane. 7.1d was obtained as a white solid (20
mg, 12%). 31P NMR (161.97 MHz, CDCl3): δ = 37.02 ppm. 1H NMR
(400.13 MHz, CDCl3): δ = 1.31 (s, 3H), 1.34 (s, 3H), 1.37 (s, 3H), 1.53
(s, 3H), 1.91 (s, 3H), 4.03 (ddd, 2H, J = 4.5, 5.5, 9 Hz), 4.36−4.48 (m,
3H), 4.60−4.71 (m, 2H,), 6.74 (sl, 1H), 7.42−7.88 (m, 5H) ppm. 13C
NMR (100.61 MHz, CDCl3): δ = 25.59, 26.41, 26.85, 27.51, 66.61,
68.01, 68.97, 74.72, 75.09, 75.17, 76.86, 76.93, 109.88, 111.04, 129.70,
130.03, 130.54, 131.92, 133.87, 135.50, 165.98. HRMS (ESI) m/z calcd
for C20H30NO7P (M + H)+, 426.1682; found, 426.1686. HPLC: tR =
3.57 min; >96% purity at 254 nm.

4.2. Cell Cultures. Cell Lines. A431, MDAMB231, DU145,
MDAMB435, B16F10, CaCo2, and HuH7 cells were obtained from
the American Type Culture Collection. The C6 cells were a gift fromM.
Mersel (INM). These cell lines were cultured in Dulbecco’s modified
Eagle medium (DMEM, Fisher Scientific, France) supplemented with
10% heat inactivated fetal calf serum (FCS, Fisher Scientific, France), 2
mM L-glutamine (Fisher Scientific, France,) 1 mM sodium pyruvate
(Sigma France), and 50 U mL−1 streptomycin (Fisher Scientific,
France).

Astrocytes. Astrocytes were isolated from newborn mice (day 2)
cortex as previously described.32

Cortical Neurons.Neurons were isolated from rat embryonic cortex
(E17) and cultured 17 days as previously described.33

GBM Primary Cultures. Isolation and culture of GBM cells using
the classical nonadherent NS method were performed according to a
protocol used to derive NS from the adult human spinal cord as
described in Dromard et al.34 and adapted by Guichet et al. for Gli4 and
Gli7.18

Drug Addition. Cytosine arabinoside (AraC), dimethylthiazolyl-
2,5-diphenyltetrazolium bromide (MTT), neutral red, phosphate buffer
saline (PBS), Triton X-100, Hoechst 33342, and propidium iodide were
purchased from Sigma. Phostine solutions were prepared in 100%
DMSO. AraC at 10 μM was prepared in PBS.

4.3. Measurements of Phostine Effects on Cancer Cell Line
Cultures and GBM, Astrocytes and Neurons Primary Cultures,
Proliferation, and Survival. MTT Assay.TheMTT assay was carried
out as previously described at 48 and 72 h after drug addition.35

Neutral Red Assay. The neutral red assay was carried out as
previously described35 48 h after drug addition.36

Hoechst 33342 and Propidium Iodide Fluorescence Meas-
urements. After 48 h of phostine treatment, 5 μg/mL Hoechst 33342
and 10 μMof propidium iodide were added in the culture medium for 30
min at 37 °C. Cells were then washed in PBS and fixed during 10 min
with 4% paraformaldehyde. The mean fluorescence at four positions in
each well at 460 nm was measured (Cytofluor multiwell plate reader
4000, PerSeptive Biosystems) with excitation at 360 nm and a gain of 90
dB. The mean fluorescence of three wells per condition was then
calculated. Fluorescence was detected with an ORCA camera (ORCA
ER;0.63), with a ×20 objective and a XF 93 filter and a gain of 25 dB.
Exposure times were 24 and of 280 ms for Hoechst 33342 and
propidium iodide, respectively. Control fluorescence intensities for red
and blue staining were measured on Triton X-100 (2%) treated cells.
The mean percentage of propidium iodide incorporation was calculated
from three different wells per condition.

4.4. Measurements of Phostine Effects on GBM Cancer Cell
Line Cultures (SNB75, C6) and GBM Primary Cultures (Gli4,
Gli7), Migration, and Invasion. For migration, inserts of boyden
chambers (no. 353504 BD Biosciences) were coated overnight with 20
μg/mL of either laminin (no. 354232 BD Biosciences), fibronectin (no.
354008 BD Biosciences), or vitronectin (no. 354238 BD Biosciences)
(human plasma, BD Biosciences) washed in PBS and blocked with 0.5%
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BSA for 1 h. For invasion 100 μL of Matrigel (BD Matrigel matrix,
mouse EHS tumor, LDEV; no. 356234 BD Biosciences) diluted 33
times in PBS was added in the inset. Cells (50 × 105) resuspended in
DMEM supplemented with 0.1% BSA were plated into the upper
compartment and incubated for 24 h with and without treatment. For
Gli4 and Gli7 cells were recovered from neurospheres obtained from
nonadhesive culture conditions. Cell culture medium (0.5 mL)
containing 10% of FCS was placed in the lower compartment to
facilitate chemoattraction. The upper side of the filter was wiped off to
remove nonmigrating cells, and cells attached to the lower side were
fixed for 10 min with methanol, stained with crystal violet, and fully
counted using a Zeiss axiophot microscope (×200). The percentage of
migration inhibition (% Inh) was calculated as follows: % Inh = 100 −
(number of cell migrating without treatment/number of cell migrating
under treatment) × 100.
4.5. Statistical Analyses. The presented experiments were carried

out at least in triplicate, depending on the number of independent
variables. Student’s or ANOVA statistical tests were applied, using Serf
software (bram.org/serf/CellsAndMaps.php). EC50 values and Ki were
calculated using the Hill equation of the dose−log response curves.
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mitogen-activated protein kinase; NCI/NIH, National Cancer

Institute/National Institutes of Health; NMR, nuclear magnetic
resonance
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