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Abstract—The design, synthesis, cytotoxicity, and biological evaluation of carbohydrate/C-glycoside conjugates are described. The
design concept is predicted on the idea that physiological barriers like the blood brain barrier could be crossed selectively by
using glucose or glucose derivative/drug conjugates. The study demonstrates that, (1) carbohydrates and C-glycosides can be
bonded at nonanomeric positions by the reaction of carbohydrate triflates with C-glycoside alkoxydes in the presence of DMPU;
(2) there is a structure-activity relationship between the cytotoxicity of the conjugate and the nature of the carbohydrate residue;
and (3) peracetylated hexose keto-C-glycoside conjugates are the most cytotoxic keto-C-glycosides. Copyright © 1996 Elsevier
Science Ltd

Introduction Finding this rationale particularly engaging, we
attempted to design and synthesize hexose keto-
Although considerable effort has been invested in the C-glycoside conjugates. This approach could offer
development of new therapeutics with a higher several advantages: (1) the hexose moiety could be
spectrum of activity and potency, the effectiveness of a used as a vector to transport antineoplastic agents
chemotherapeutic agent depends greatly on its bio- through the BBB; (2) the carbohydrate will decrease
availability. To develop more effective cytotoxic the lipoliphicity of the drugs avoiding secondary effects
C-glycosides, we have designed fatty acid keto-C-glyco- like myelotoxicity; (3) a considerable number of
side’* and unsaturated epoxy-C-glycoside® conjugates, naturally occurring compounds with biological proper-
and have shown that coupling C-glycosides with arachi- ties are glycosides, despite recent results,"""° the role
donic or docosahexaenoic acid led to cytotoxic agents of carbohydrate in the biological properties of glyco-
with high potency. In addition, our results strongly sides is far from being fully established. A structure—
suggest a correlation between the nature of the fatty activity relationship study of hexose keto-C-glycoside
acid and the supposed target of the drug.’ conjugates could lead to a better understanding of the
role of carbohydrate moiety in glycosides and could
Some recent investigations have revealed that attach- allow the rational design of new antitumoral agents.
ment of carbohydrate residues to peptides that are not
glycosylated in nature can influence their biological We have demonstrated that coupling an unsaturated-
functions.*® However, little attention was paid to the C-glycoside with a fatty acid increases dramatically the
role of glucose as conjugate for increasing the bioavail- cytotoxicity of the drug toward tumoral cells.'* It will
ability of antineoplastic drugs, especially for the treat- be of a great interest to expand this work by investi-
ment of brain tumors. Indeed, glucose as a conjugate gating the properties of hexose, and peracetylated
represents a useful drug targeting tool. First, glucose is hexose, keto-C-glycoside conjugates. In human erythro-
the main nutrient of the brain and about 20% of the cytes, a wide range of carbohydrates, bearing various
glucose in the bloodstream is metabolized in the brain. groups at C-1 (OH, H, F...), inhibit the sugar-trans-
Thus, glucose is actively transported into the brain by port system.'* However, inhibition by methyl glyco-
the passive glucose transporter, GLUT-1.” This proteic pyranoside was not detectable. On the other hand,
transporter is located in the membrane of brain capil- peptide-B-O-glucosides are transported through the
lary endothelial cells composing the blood brain barrier BBB presumably by the GLUT-1 transporter.” With
(BBB), which excludes most hydrophilic molecules. these structure-activity relationships in mind, it was
Second, it has long be recognized that cancer cells have therefore decided to explore the effects of connecting a
increased rates of glucose metabolism compared with keto-C-glycosides to the 1’ or the 6’ position of
healthy cells due to an increase expression of GLUT- pyranosides. These compounds have been synthesized

1,102 and evaluated for cytotoxicity against tumoral cells and
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recognition of the free hexose conjugates by the
GLUT-1 glucose transporter.

Chemistry

To prepare the conjugates, we have chosen the
trichloroacetamidate  procedure because previous
studies have shown that the glucose transporters are
specific for B-p-glucosides. This process is well known
to lead mainly to the trans product when there is a
participating group like acetate at C-2.'” Thus, the
glucose keto-C-glycoside conjugates were prepared as
described in Scheme 1.

Condensation of C-glycoside 2 with the 1-O-trichlor-
acetamidate 1 at —78 °C in the presence of trimethyl-
silyltriluoromethanesulfonate afforded 3, which was
treated with pyridinium dichromate in the presence of
4 A molecular sieves™® to yield 4. The structure of 4
was established using 1-D and 2-D NMR. The
presence of the o,B-unsaturated ketone was dictated by
the H-3 and H-4 pyran (py) signals [d 6.1 (dd, 1 H,
J=2.3 and 10.5 Hz, H-4 py), 6.98 (dd, 1 H, J=1.7 and
10.5 Hz, H-3 py)]. The presence of the enone demon-
strated the chemoselectivity of the glycosidation. The
formation of the glycosidic bond was deduced from the
characteristic chemical shift of the C-1’ signal (d 101.2,
d) on the "“C spectra. The B-configuration of the
glucose moiety was deduced from the large J,,=9.9
Hz coupling constant. In addition, the value of the
Jyy=Jyp=J,5=89 Hz was consistent with a *C,
conformation. Deacetylation of conjugate 4 (K,CO,
aqueous methanol) gave the unprotected keto-C-glyco-
side conjugates 5 in 42% yield.
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The C-glycoside 2 reacted chemoselectively with the
1-O-trichloroacetamidate  of  pD-xylose, D-methyl-
3-glucose and rL-rhamnose to give the corresponding
conjugates (yields 50%). After PDC oxidation the
a,B-unsaturated keto-C-glycosides 6-8 were isolated in
63-67% yields (Fig. 1). Examination of the NMR data
indicated that p-xylo and p-methyl-3-gluco conjugates 6
and 7 were in the B-configuration with the *C, confor-
mation. (Table 5 entries 3 and 5). For the L-rhamno-
keto-C-glycoside 8, the coupling constant values
revealed frans diaxial relationships between H-3, H-4’
and H-5’. On the other hand, the J,.,,=1.7 Hz and
J,3=3.1 Hz coupling constants indicated a trans
diequatorial relationship between H-1" and H-2' and
an axial-equatorial one between H-2' and H-3'. These
data supported for 8 an o-configuration in the 'C,
conformation.

Synthesis of the C-glycoside hexose conjugates

We envisioned the synthesis of a 6—6 keto-C-glycoside
conjugate as the reaction of a C-glycoside 6'-O-tri-
fluoromethanesulfonate with the primary alkoxide of a
carbohydrate as outlined in Scheme 2. The triflate 15
was prepared in 4 steps from the C-glycoside 2
(Scheme 3). The selective protection of 2 with triphe-
nylmethyl chloride gave 12. The 6’-O-triphenylmethyl
ether 12 was treated with thexyldimethylsilyl chloride
to give 13 quantitatively.

Removal of the triphenylmethyl group with formic
acid' gave 14. Finally, reaction of C-glycoside 14 with
trifluoromethanesulfonic anhydride afforded the tri-
flate 15. With 15 in hand, we next turned to the
condensation.  Thus, 1,2,3,4-di-O-isopropylidene-
p-galactose 16 was reacted with 15 (Scheme 4).

b
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Treatment of 16 with sodium hydride in THF followed
by triflate 15 addition gave no condensation products.
Several attemps were done with various additives like
HMPA with no more success. However, when the
reaction was performed in the presence of two equiva-
lents DMPU, a new product was produced in a very
clean fashion (yield 60%). The structure of 17 was
deduced from the '"H NMR 1-D and 2-D spectra. The
signals at & 5.71 and 5.77 were assigned to the 2H
pyran double bond, whereas the doublet at  5.52 (1 H,
J=5 Hz) was attributed to H-1. These data were
consistent with the presence of a 66" bond.

The thexyldimethylsilyl group was removed quantita-
tivelv (tBu,NF, CH,CN) then 18 was treated with
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pyridinium dichromate in the presence of 4 A molec-
ular sieves. Finally, removal of the acetals with 0.1 N
hydrochloric acid afforded the unprotected conjugate
20. The p-gluco 66 keto-C-glycoside conjugate 25
(Scheme 5) was prepared in the same fashion from
1,2,3,5 diisopropylidene-p-glucose (21). The formation
of the 66’ linkage was deduced from the 'H NMR
spectrum and was ascertained by the upfield shift of
the C-6 carbon (22, & 71.76). After removal of the
protecting group, the allylic alcohol was oxidized to
give 24 in 72% yield. Treatment of the keto-C-glyco-
side 24 with trifluoroacetic acid afforded 25 as a
mixture of o and B isomers.

Results and Discussion

The in vitro cytotoxic activitiecs of the compounds
described in this paper were tested against RAJI cells.
This cell line was selected to compare the cytotoxicity
of fatty acid® and monosaccharide keto-C-glycoside
conjugates. Raji cells are cultured malignant cell lines
derived from a human lymphoma. The cytotoxicity
results are summarized in Table 1. We first turned our
attention to the peracetylated derivatives 4, 6, and 8.
These compounds showed cytotoxic activities ranging
from 25.4 to 52.9 pM. Comparison with A, B, and C
indicated that the peracetylated keto-C-glycoside
conjugates are more potent agents than the keto-
C-glycosides B and the fatty acid conjugate C.
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Scheme 3. Reagents: (a) TrCl pyridine; (b) ThxDMSCI imidazole; (¢) HCO-H, d tfO., pyridine.
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Scheme 5. Reagents: (a) NaH; (b)  Bu,NF; (¢) PDC 4 A molecular sieves; (d) CF,CO,H:MeOH, 95:5.

In addition, these data suggested the possibility of a
relationship between the structure of the carbohydrate
moiety and the cytotoxic activity. Examination of the
IC,, for the unprotected derivatives 5, 9, and 11
revealed an activity drop that could be related to the
diminution of the lipophilicity of the products.
However, 5, 9, and 11 were more cytotoxic than chlor-
ambucil and 5-fluorodeoxy-uridine. Finally, the 6—6'
conjugates 20 and 25 were found to be completely
inactive.

Next, the free hexose keto-C-glycoside conjugates 5, 9,
10, and 11 were evaluated for their interaction with the

glucose transporter GLUT-1 of human erythrocytes.
These cells express the same transporter GLUT-1 as

Table 1. Cytotoxic activity of keto-C-glycoside conjugates

HO’IOJ:O "f)rj
OAF o
A B
(0] \O
N N N o} P
C

Product 1Cs (UM)
Raji
5-Fluorodeoxy-uridine* NT*
Chlorambucil 298
A 280
B* 82.3
(o 62
4 31.5
6 529
8 254
5 111.1
9 127.3
11 125
20 NT
25 NT
“See ref. 3.
"Nontoxic.

that of the BBB. The interaction of the drug conju-
gates with GLUT-1 was determined by the efficiency of
these compounds to prevent the uptake of [*C]glucose
in human erythrocytes. The nonspecific uptake of
['“C]glucose by human erythrocytes was ascertained by
a preliminary treatment with cytocholasine B, a GLUT-
1 inhibitor.

Table 2 summarizes the effect of the conjugates on
[“Clglucose uptake. Our preliminary results showed
that the conjugates inhibited the glucose uptake. The
ICs, ranged from 1.5 to 4.5 mM. Conjugates 9 and 11
were poorly active. Examination of the structures
suggested that the presence of a free hydroxyl or an
hydroxymethyl connected to C-1’ or C-5' is required to
inhibit the glucose uptake (entries 3 and 5). The
presence of a methoxy group at C-3’ led to the conju-
gate with the higher inhibitory properties. This effect
could be related to an increase in the lipophilicity.

In addition, our results were compared with those
recorded for chlorambucil glucose conjugates (Fig. 2).
Most of these molecules, recently studied in our
group,” inhibited the glucose uptake with similar IC;,
values. Finally, Table 2 suggested that the inhibition of
the glucose uptake by 5, 9, 10, and 11 is neither related
to the nature of the carbohydrate moiety nor to the
type of the conjugate linkage.

In summary, the synthesis of monosaccharide keto-
C-glycoside conjugates has been accomplished. The
cytotoxicity of these compounds was optimum for the
peracetylated derivatives. Moreover, the presence of an
O-glycosidic linkage is critical for the cytotoxic activity.

Cl
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R=HorMe, X=00rN

Figure 2. Chlorambucil glucose conjugates.
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Keto-C-glycoside conjugates prevent the uptake of
[“C] glucose by human GLUT-1 glucose transporter.
In addition, the results suggested that the presence of
an hydroxyl or an hydroxymethyl group at C-1" or C-5’
is necessary.

Experimental

General techniques

NMR spectra were recorded unless noted in CDCl,
soln. '"H and "“C resonance spectra were recorded at
300.13 and 75.47 MHz, respectively, using tetramethyl-
silane as internal standard. THF and toluene were
distilled from sodium benzophenone ketyl. Dichloro-
methane and acetonitrile were distilled from P,Os and

Table 2. Inhibition of glucose uptake by keto-C-glycosides

Entries Products IC,,
(mM)
H o
1 R 10

5 o\© >>4

Table 3. Physical properties of carbohydrate keto-C-glycoside conjugates

stored over 4 A molecular sieves. All reactions were
monitored by thin-layer chromatography carried out on
0.25 mm E. Merck silica gel plate by using UV light or
an ethanolic anisaldehyde acid-heat as developing
agent. E. Merck silica gel 60 (particle 0.04-0.063 mm)
was used for flash column chromatography. Mass
spectra were measured on a Perkin—Elmer SCIEX API
III equiped with a thermospray ion source. Micro-
analyses were performed by the Laboratoire central de
Microanalyse du CNRS, Vernaison France.

General procedure for the preparation of the keto-
C-glycoside 1—6 peracetylated conjugates (4, 6, 7,
and 8)

[25,50,6P]-1-(5,6-Dihydro-6-(glucopyranosyl)oxymeth-
yl]-5-hydroxy-2H-pyran-2-yl)-methyl-cyclohex-1-ene
(3). In a flame dried round botton flask was placed
successively tetra-O-acetyl-1-trichloroacetamidyl-p-
glucose (1) (0.666 g, 3.00 mmol), [25,5%,6B]1-
(5,6-dihydro-6-hydroxymethyl]-5-hydroxy-2H-pyran-
2-yl)-methyl-cyclohex-1-ene  (2) (0.8 g, 3.2 mmol),
CH,CI, (15 mL), and 4 A MS (0.3 g). The soln was
cooled to —78°C, then trimethylsilyltrifiuoromethane-
sulfonate (0.115 mL, 0.60 mmol) was added. After S
min, satd NaHCO; (3 mL) was added and the solution
allowed to reach 0°C. The soln was diluted with (15
mL), filtrated on celite, dried (MgSO,), then the
solvent was evapd, and the product was purified (flash
chromatogaphy hexane:EtOAc, 1:1) to yield 0.831 g
(50%) of 3.

Condensation between 1 and the peracetylated
1-O-trichloroacetamidate of p-xylose, 3-O-methyl-
p-glucose and L-rhamnose was performed in the same
fashion. In each case, the corresponding conjugates
were isolated in 50% vyield.

[2S5,5a,6B]-1-(5,6-dihydro-6-(glucopyranosyl)oxymeth-
yl]-5-0x0-2 H-pyran-2-yl)-methyl-cyclohex-1-ene 4).
To a soln of 3 (1.1 g, 2 mmol) in CH,CI, (10 mL) was
added 4 A molecular sieves (2 g) and PDC (09 g, 24
mmol). After 1.5 h, celite (2 g) and EtOAc (20 mL)
were added and the resulting slurry was filtered

Products Yields [2]p™ Formula Calcd (%) Found (%)
(%)
C H C H
5 42 —-25 C,,H» 04, 1.5H,O 55.47 7.54 55.05 7.15
6 61 —85 C,,H.,0y, 1.5H,0O 56.80 6.90 56.97 6.62
9 40 —50 C:H,,0,, 1.5H,0 56.99 7.61 56.52 7.37
7 68 —45 C,H;.0,,, 1.5H,O 56.62 7.07 56.74 6.77
10 52 —50 C,H; 04, H,O 57.69 7.64 57.7 7.16
8 67 —55 C:H.,0,, 1.5H,0O 57.58 7.10 57.08 6.72
11 43 —55 C,H»0,, 2H,0 56.43 7.92 56.00 7.99
19 72 —85 C,;sH;,0,, 1.5H,0 62.24 7.88 62.68 7.75
20 35 —13 C,\H04, 1.5H,0 55.47 7.54 55.13 7.37
24 68 -35 C,sH,,0y, 0.5H,0 63.42 7.82 63.73 791
25 43 —40 C,,H,:0,, 1.5H,0 55.47 7.54 55.10 7.25

*c 0.1 (MeOH).
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Table 4. 'H NMR data for carbohydrate keto-C-glycoside conjugates

C. UrieL et al.

Products Pyran Cyclohexene Monosaccharide
2 3 % 6 & 6 1 3 4 S o Me 1 2 3 4 5 & ¢
4 508 698 6.1 425 44 462 235 56 177 1.63 147 1.77 438 507 556 538 3.68 4.11 432 2.11° 210" 2.02° 1.99*
2.51 198 198 1.77
5¢ 502 7.01 608 44 387 405 252 556 1.77 163 147 177 432 3.15 336 32 329 357 383
7.03 443 5.61 198 198 1.77 4.34 3.63
6 503 701 6.1 438 382 422 235 57 177 16 147 175 432 487 515 495 4.04 205" 2.01* 199"
7.02 6.18 2.52 1.98 1.98 1.80 4.38 4.12
9 505 698 6.18 442 388 403 235 564 177 1.6 147 1.77 423 328 343 368 3.9
2.55 198 198 1.68 392
7 505 699 6.11 433 386 426 235 565 177 1.63 1.47 177 427 489 34 502 355 4.08 424 2.10° 2.09" 2.04*
2.56 198 198 1.77 438
10 503 699 6.11 436 3.88 4.23 235 563 1.77 1.63 147 1.77 434 482 338 362 337 3.83 3.92
2.54 198 198 1.77
8 501 7.03 621 442 366 42 235 564 177 1.63 147 1.77 468 518 52 504 385 121 2,11 2,000 2.02°
2.56 198 1.98 1.77 525 523 1.24
11 492 7.02 6.17 441 386 3.96 242 565 172 1.63 149 1.77 4.68 3.81 3.61 342 354 125
6.19 4.44 2.5 192 198 1.81
19 505 697 6.13 435 382 393 238 55 188 15 181 1.75 55 43 46 42 388 3.66 148" 143" 131"
5.09 6.16 44 2.57 1.98 1.49° 144" 1.32°
20° 5 72 64 431 376 396 235 565 188 163 147 176 457 3.7 4.12 3.6
4.36 2.51 198 1.98 1.81
24 504 695 612 433 378 397 235 565 1.77 1.6 147 175 599 458 417 422 36 3.6 355 131" 132" 1.35° 149
514 697 6.17 4.39 2.54 198 198 18 1.8
25¢ 491 697 6 411 383 359 242 562 177 163 147 1.77 435 319 325 301 359 351 3.53
5.01 7.08 419 386 361 258 198 198 147 552 321 343 3.18
“MeCO.

"Me isopropylidene.

‘Acetone-d,,.

through a celite pad that was washed with Et,O (2x 10
mL). The solvent was removed under vacuum then the
resulting black residue was purified by flash chroma-
tography (20% EtOAc:hexane CH,Cl,, 1:1) to yield
0.695 g (63%) of [2S,54,6B]-1-(5,6-dihydro-6-(gluco-
pyranosyljoxymethyl]-5-oxo-2H-pyran-2-yl)-methyl-
cyclohex-1-ene (4). [a]p* (¢ 0.1 MeOH) —5; MS m/z
Cy;H300: [M+K] " 592.1.

Table 5. Coupling constants for carbohydrate keto-C-glycoside conjugates

Keto-C-glycoside conjugates 6-8 were prepared in the
same fashion and were isolated in 61, 68 and 67%
yields, respectively.

General procedure for the preparation of C-glycoside
conjugates (5, 9-11)

[28,50,6p]-1-(5,6-dihydroe-6-(glucopyranosyl)oxymeth-

Entry  C-Glycosides Pyran cy* Monosaccharide
1,3 14 34 66" 66 6,6 1,1 12 203 34 45 56 56 6.6
1 4 1.7 23 105 27 41 121 53 9.9 8.9 8.9 8.9 23 4.6 12.1
2 5 19 28 108 29 77 124 525 75 8.8 8.6 9.8 37 52 12.4
3 6 18 26 108 25 4.1 107 53 7.4 9.2 9.2 5.3 11.6 7.5?
4 9 2 25 107 4 64 11 55 6.9 8.9 7.9 4.8 89 117
5 7 17 24 106 27 37 107 53 8.1 9.6 9.3 9.4 34 4.7 11.9
6 10 19 25 106 24 42 105 47 7.9 9.6 9.3 9.3 35 7 10.3
7 8 17 24 107 26 5 103 5 1.7 3.1 9.2 9.1 5.8
8 1’ 18 25 107 32 6 11.6 55 4 0 9.1 9.1 6.4
9 19 18 24 1 28 51 10.5 — 5 2.4 1.8 4.7 7.1 102
10 20° 19 26 105 3 6.1 104 — 7.5 8 25 43 6 6.6 10
11 24 18 26 108 28 52 108 5.1 4 0.8 3.9 38 7.2 10.8
12 25° 1.8 24 108 3 6 11 525 81 9.6 8.4 9.75 2.8 7 11
6.3 3.75 22 5.6 11
“Cyclohexene.

"Acetone-d,.
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Table 6. “C NMR data for carbohydrate keto-C-glycoside conjugates
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Product Pyran Cyclohexene Monosaccharide
2 3 4 5 6 6’ 1 2 3 4 5 6 Me & 2 3 4 5 o’
4 7030 151.86 12670 19475 7833 70.90 4283 13145 12654 2524 2288 1816 241 1012 7042 7535 7246 6642 6125 169.18 170.15" 170.94°
42.85 6182 169.42" 2055
5 7070 15074 12649 193.94 79.12 67.65 4241 13236 12602 2526 2247 2059 2411 10322 7404 7650 7683 7028 61.75
6 7076 15170 12650 19191 7846 6894 4288 1318 12612 2524 2234 2063 2417 1011 6894 7247 7135 6241 169.83"  169.87"  20.63
126.73 43.27
9 7117 15104 12695 19505 7833 67.25 4270 131.83 12670 2518 2250 1816 2385 103 7292 7530 69.49 65.17
715 67.46 4307 13245 2052 2425 103.37
7 69 15184 12673 19505 7841 7206 4287 13227 12659 2526 2226 2074 2418 10149 7179 8111 7266 7206 62.16 168.95" 169.33" 170.68"
2074
10 7253 15204 12661 19506 7842 71.23 4280 13214 12630 25.18 22.86 2092 2407 10138 7153 8370 69.68 7524 59.91
8 7245 15107 1276, 19505 78.92 6860 4259 131.83 12743 2521 2244 2080 2422 9823 7018 6636 6941 6860 2080 169.92" 206!
1 7166 15097 12698 19588 7836 66.98 4277 13286 12698 2519 2260 2061 2432 10030 7045 7142 7239 6858 17.96
152.73 43.20
19 7194 15106 12679 195 7844 7248 4287 13231 12597 2527 2236 21.70 2433 9824 7051 TLl6 L3 6702 7051 2071 21.40°
4333 133.00 2433 2496
20 155 1SL88  127.13 19575 7929 7192 437 13351 12586 255 2219 2135 2438 984 7431 7052 7071 7117 TL73
154.01 19586 79.67 4343 13431 12674 103.84
24 7145 15078 12686 19504 7840 7199 4284 13208 12671 2522 2251 2135 2390 10629 8389 7483 7933 7487 7183 2061  201.72' 2367
15265 127.01 78.86 4338 13294 126.88 24.17 2386" 2645 27.06"
25" 7153 15107 1274 19504 7953 7202 4351 1330 12574 2500 2229 2140 2440 9806 7652 7792 76.14 7488 718l
4375 126.85 22.94
“Acetone-d,.
"MeCO.
‘MeCO.
“Me isop.
yl]-5-ox0-2 H-pyran-2-yl)-methyl-cyclohex-1-ene 4). 0.33H, J=2.7, 3.35 and 10.6 Hz, H-4 py), 5.90 (ddd,

To a soln of 4 (0.230 g, 0.44 mmol) in MeOH (1.58
mL) and H,O (0.176 mL) was added K,CO,; (0.030 g,
0.22 mmol). After 1 h the solution was filtered.
Concentration in vacuo, then flash chromatography
(10% MeOH in EtOAc) yielded 0.071 g (42%) of
[25,50,6B]-1-(5,6-dihydro-6-(glucopyranosyl)oxymeth-
yl]-5-ox0-2 H-pyran-2-yl)-methyl-cyclohex-1-ene (5).

Desacetylation of 6-8 led to the conjugate 9-11 in 40,
52, and 43% yields, respectively.

Synthesis of keto-C-glycoside 6 —6 conjugates

[25,54,6pB]-1-(5,6-dihydro-5-hydroxy-6-[(triphenyl-
methyl)oxymethyl]-2 H-pyran-2yl)-methyl-cyclohex-1-
ene (12). To a soln of 6-(6-hydroxymethyl 4-hydroxy-
2H-pyran-2-yl)-1-methyl-cyclohex-1-ene  (2) (842 g,
37.54 mmol) in CH,Cl, (37.54 mL) was added tri-
phenylmethyl chloride (14.65 g, 52.56 mmol), pyridine
(15.18 mL, 187.70 mmol) and a catalytic amount of
DMAP. After 2.5 h, the soln was diluted with 5 vol.
CH,Cl,, washed twice with brine, and dried (MgSO.,).
The solvent was removed under vacuum, and the
resulting oil was purified by flash chromatography
(CH.CL,) to give 13.54 g of 12 (75%). 'H NMR
(CDCl,, 300.13 MHz): § 1.47 (m, 1H, H-6), 1.63 (m,
1H, H-5), 1.77 (m, 1H, H-6), 1.77 (s, 3H, Me C-2), 1.77
(m, 1H, H-4), 1.98 (m, 1H, H-4), 1.98 (m, 1H, H-5),
2.12 (m, 0.33H, H-1), 2.43 (m, 0.66H, H-1), 3.4 (dd,
0.33H, J=6.5 and 9.7 Hz, H-6' py), 3.42 (dd, 0.66H,
J=6.5 and 9.7 Hz, H-6' py), 3.52 (dd, 0.66H, J=6.5
and 9.7 Hz, H-6" py), 3.62 (dd, 0.33H, J=6.5 and 9.7
Hz, H-6' py), 3.9-4.05 (m, 2H, H-5 py and H-6 py),
4.44 (m, 0.33H, H-2 py), 4.48 (m, 0.66H, H-2 py), 5.52
(m, 0.33H, H-3), 558 (m, 0.66H, H-3), 572 (ddd,
0.66H, J=2.1, 2.15 and 10.6 Hz, H-3 py), 5.87 (ddd,

0.66H, J=2.7, 3.35 and 10.6 Hz, H-4 py), 7.3-7.5 (m,
15H, triphenylmethyl); *C NMR (CDCl,, 75.44 MHz):
8 22.58 (t, C-5), 22.58 (d, C-6), 22.58 (d, C-3), 24.12 (d,
Me C-3), 25.37 (t, C-4), 22.58 (t, C-5), 22.58 (t, C-6),
2412 (q, Me C-3), 22.58 (t, C-6), 24.12 (g, Me C-3),
2537 (t, C-4), 42.87 (d, C-1), 42.62 (d, C-1), 63.91 (t,
C-6" py), 64.35 (1, C-6' py), 64.94 (d, C-6 py), 70.80 (d,
C-2 py), 72.62 (d, C-2 py), 75.01 (d, C-5 py), 75.29 (d,
C-5 py), 125,53 (d, 3), 127.18, 127.18, 127.18, 127.94,
128.66, 128.66 (C-3 py, C-4 py and C,H, triphenylme-
thyl), 143.74 (s, triphenylmethyl).

[25,50,68]-1-(5,6-Dihydro-5- [ (thexyldimethylsilyl)oxy] -
6- [ (triphenylmethyl)oxymethyl]-2 H-pyran-2-yl)-methyl-
cyclohex-1-ene (13). In a flame-dried round-bottom
flask was placed successively [2S,50,6B]-1-(5,6-dihydro-
5-hydroxy-6-((triphenylmethyl)oxymethyl]-2 H-pyran-2-
yl)-methyl-cyclohex-1-en (12) (2.9 g, 5.00 mmol),
imidazole (2.723 g, 40.00 mmol), dimethylformamide (7
mL), thexyldimethylsilyl chloride (2.156 mL, 11.00
mmol), and a catalytic amount of dimethylaminopyri-
dine. The solution was stirred overnight, diluted with
hexane (25 mL), then washed with water (2 x1 mL).
The organic soln was dried (MgSQ,), then the solvent
was removed to give 13 as an oil that was used without
further purification.

[2S,5a,6f]-1-(5,6-Dihydro-5-[ (thexyldimethylsilyl)oxy]-
6-hydroxymethyl-2 H-pyran-2-yl)-methyl-cyclohex-1-ene
(14). A soln of 13 (1.72 g, 3.13 mmol) in Et,O (6.26
mL) was treated with HCO,H (6.26 mL) and water
(0.313 mL). After 30 min the solvent was removed
under vacuum and then purified by flash chroma-
tography (CH,Cl,: MeOH, 98:2) to yield 0.91 g (80%)
of [25,50,6B]-1-(5,6-dihydro-5-[(thexyldimethylsilyl)-
oxy]-6-hydroxymethyl-2H-pyran-2-yl)-methyl-cyclohex-
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1-ene (14). 'H NMR (CDCI,, 300.13 MHz): 8 0.16 (s,
3H, H-Me Si), 0.26 (m, 3H, H-Me Si), 0.88 (s, 3H,
H-Me thex), 0.88 (s, 3H, H-Me thexyl), 1.47 (m, 1H,
H-6), 1.63 (m, 1H, H-5), 1.68 (m, 1H, H-6), 1.69 (d,
1H, J=7.5 Hz, H-thexyl), 1.77 (s, 3H, Me C-2), 1.77
(m, 1H, H-4), 1.98 (m, 1H, H-4), 1.98 (m, 1H, H-5),
2.47 (m, 1H, H-1), 3.56 (m, 1H, H-6 py), 3.68 (dd, 1H,
J=5.3 and 10.4 Hz, H-6" py), 3.8 (dd, 1H, /=3.1 and
10.4 Hz, H-6" py), 4.06 (m, 1H, H-5 py), 4.44 (m, 1H,
H-2 py), 5.54 (m, 1H, H-3), 5.75 (ddd, 1H, J=1.6, 2.6
and 10.6 Hz, H-4), 5.8 (ddd, 1H, J=2.08, 2.08 and 10.6
Hz, H-3 py); "C NMR (CDCl,, 75.44 MHz): § —3.16
(s, C-Me Si), —2.32 (s, Me Si), 18.41 (s, Me thex),
20.08 (s, C-Me thex), 20.14 (t, C-6), 23.27 (t, C-5), 24,1
(g, Me C-2), 25.30 (t, C-4), 34.11 (d, C-H thex), 43.23
(d, C-1), 62.09 (t, C-6"), 63.29 (d, C-5 py), 74.42 (d, C-2
py), 75.15 (d, C-6 py), 125.10 (d, C-3), 125.60 (d, C-3),
127.64 (d, C-4 py), 130.13 (d, C-4 py).

[28,5a,6B]-1-(5,6-Dihydro-5-[ (thexyldimethylsilyl)oxy]-
6-[ (trifluoromethanesulphonyl] oxymethyl]-2 H-pyran-
2-yl)-methyl-cyclohex-1-ene (15). A soln of trifluoro-
methanesulfonic anhydride (0.277 mL, 1.60 mmol) in
CH.Cl, (3 mL) was added to a soln of pyridine (0.145
mL, 1.80 mmol) in CH,Cl, (15 mL) at 15°C. To this
soln was added 14 (0.363 g, 1.00 mmol) in CH,Cl, (7.5
mL) and the reaction was stirred for 1.5 h at —15°C
before being poured into a satd soln of NaHCO; (15
mL). The organic layer was decanted, dried (MgSO,),
then evapd in vacuo to give an oil that was used
without further purification.

(2S,50,6B1-1-(5,6-Dihydro-5- [ (thexyldimethylsilyl)oxy]-
6-(1,2,3,4-di-O-isopropylidene-n-galactopyranosyl) oxy-
methyl]-2 H-pyran-2-yl)-methyl-cyclohex-1-ene 17).
NaH (50% in paraffin, 0.144 g, 3.00 mmol) was washed
three times with pentane under nitrogen then diisopro-
pylidene galactopyranose 16 (0.093 g, 0.36 mmol) in
THF (30 mL) and DMPU (4.5 mL) was added at 0 °C.
After 30-min, a soln of 15 (0.463 g, 1.00 mmol) in THF
(15 mL) was added slowly. After 3 h stirring, the
solution was diluted with Et,O then poured in satd
Na,HPO, (15 mL). The organic layer was decanted,
then the water layer was extracted twice with Et,O.
The combined organic layers were washed with brine,
dried (MgSQO,), then evapd in vacuo. Purification by
flash chromatography (CH,Cl,) yielded 0.13 g (60%) of
[28,50,6B]-1-(5,6-dihydro-5-[(thexyldimethylsilyl)oxy]-6-
(1,2,3,4-di-O-isopropylidene-galactopyranosyl)oxymeth-
yl]-2H-pyran-2-yl)-methyl-cyclohex-1-ene (17). [o]p™ (c
0.1 MeOH) +5; 'H NMR (CDCl,, 300.13 MHz): &
0.13 (s, 3H, Me Si), 0.16 (s, 3H, Me Si), 0.83 (s, 6H,
Me thexyl), 0.84 (s, 6H, Me thexyl), 1.33 (s, 3H, isopro-
pylidene), 1.34 (s, 3H, isopropylidene), 1.45 (s, 3H,
isopropylidene), 1.55 (s, 3H, isopropylidene), 1.47 (m,
1H, H-6), 1.63 (m, 2H, H-5 and CH thexyl), 1.68 (m,
1H, H-6), 1.69 (d, 1H, J=7.5 Hz, H-thexyl), 1.77 (s,
3H, Me C-2), 1.77 (m, 1H, H-4), 1.98 (m, 1H, H-4),
1.98 (m, 1H, H-5), 220 (m, 0.33H, H-1), 2.41 (m,
0.66H, H-1), 3.57 (dd, 1H, J=6.3 and 10.2 Hz, H-6 py),
3.58 (dd, 1H, J=6.3 and 10.2 Hz, H-6 py), 3.6 (dd, 1H,
J=6.3 and 10.6 Hz, H-6), 3.7 (dd, 1H, J=4.2 and 10.4

Hz, H-6), 3.72 (dd, 1H, J=4.54 and 10.15 Hz, H-6’ py),
4.03 (m, 3H, H-5, H-5 py, H-6 py), 4.29 (m, 0.33H, H-2
py), 429 (dd, 1H, /J=2.4 and 5 Hz, H-2), 4.29 (dd, 1H,
J=2 and 8 Hz, H-4), 44 (m, 0.33H, H-2 py), 4.58 (dd,
1H, J=2.4 and 8 Hz, H-3), 552 (d, 1H, /=5 Hz, ), 5.6
(m, 1H, H-3), 5.71 (ddd, 1H, J=1.4, 2 and 10.5 Hg,
H-4 py), 5.77 (ddd, 1H, J=2.2, 2.36 and 10.6 Hz, H-3
py). Anal. caled for C;;HsSiOy C, 65.13; H, 9.21
found: C, 65.36; H, 9.79.

[2S,50,6p]-1-(5,6-Dihydro-6-(1,2,3,4-di-O-isopropyli-
dene-galactopyranosyl)oxy-methyl]-5-hydroxy-2H-
pyran-2-yl)-methyl-cyclohex-1-ene (18). [25,50,6(]-1-
(5,6-Dihydro-5-[(thexyldimethylsilyl)oxy]-6-(1,2,3,4-di-
O-isopropylidene-galactopyranosyl)oxymethyl]-2H-
pyran-2-yl)-methyl-cyclohex-1-ene  (18) (0.608 g, 1
mmol) was added to a soln of tetrabutylammonium
fluoride (3.3 mmol) in THF (25 mL). After 1 h, the
solvent was removed and 18 was isolated by flash
chromatography (30% EtOAc in hexane) (yield 0.318
g, 68%).

[25,50,6p]-1-(5,6-Dihydro-6-(1,2,3,4-di-O-isopropyli-
dene-galactopyranosyl)oxymethyl}-5-oxo-2H-pyran-2-
yl)-methyl-cyclohex-1-ene (19). To a soln of 18 (0.43
g, 1 mmol) in CH,Cl, (5 mL) was added 4 A molecular
sieves (1 g) and PDC (0.75 g, 1 mmol). After 1 h,
EtOAc (15 mL) was added and the resulting slurry was
filtered through a celite pad that was washed with Et,O
(2x10 mL). The solvent was removed under vacuum
then the resulting black residue was purified by
chromatography (flash 10% EtOAc in hexane) to yield
0.31 g (72%) of [2S,5,6B}-1-(5,6-dihydro-6-(1,2,3,4-di-
O-isopropylidene-galactopyranosyl)oxymethyi]-5-oxo-
2H-pyran-2-yl)methyl-cyclohex-1-ene (19).

[28,50,6p]-1-[5,6-dihydro-6-(galactopyranosyl)oxy-
methyl]-5-o0x0-2 H-pyran-2-yl)methyl-cyclohex-1-ene
(20). A soln of [28,54,6B]-1-[5,6-dihydro-6-(1,2,3,4-di-
O-isopropylidene-galactopyranosyl)oxy —methyl]-5-oxo-
2H-pyran-2-yl)-methyl-cyclohex-1-ene  (0.464 g, 1
mmol) in a mixture of MeOH (5 mL) and HCI (2 N, 2
mL) was stirred overnight at 40 °C. The solution was
neutralized with IR 45 (OH-) then evapd under
vacuum. Keto-C-glycoside 20 was isolated by flash
chromatography (5% MeOH in EtOAc) in 40% yield
(0.153 g).

[2S,54,6B]-1-(5,6-dihydro-5- [ (thexyldimethylsilyl)oxy]-
6-(1,2,3,5-di-0-isopropylidene-glucofuranosyl)oxymeth-
yl]-2H-pyran-2-yl)-methyl-cyclohex-1-ene  (22). NaH
(50% in parrafin, 0.096 g, 2 mmol) was washed three
times  with  pentane under nitrogen  then
1,2,3,5-di-O-isopropylidene-p-glucose 21 (0.13 g, 0.5
mmol) in THF (30 mL) and DMPU (0.3 mL) was
added at 0 °C. After 30 min, a soln of 15 (0.463 g, 1.00
mmol) in THF (2.5 mL) was added slowly. After 3 h
stirring, the solution was diluted with EtOAc then
poured in satd soln of Na,HPO, (15 mL). The organic
layer was decanted, then the water layer was extracted
twice with EtOAc. The combined organic layers were
washed with brine, dried (MgS0O,), then evaporated in
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vacuo. Purification by flash chromatography (CH,Cl,)
yielded 0.22 g (50%) of [28,54,6B]-1-(5,6-dihydro-5-
[(thexyldimethylsilyl)oxy]-6-(1,2,3,5-di-O-isopropyli-
dene-glucofuranosyl)oxymethyl]-2 H-pyran-2-yl)-methyl-
cyclohex-1-ene (22). [a]p,® (¢ 0.1 MeOH) +30; 'H
NMR (CDCl,, 300.13 MHz): 6 0.14 (s, 3H, Me Si), 0.16
(s, 3H, Me Si), 0.87 (s, 6H, Me thexyl), 0.88 (s, 6H, Me
thexyl), 1.34 (s, 3H, isopropylidene), 1.38 (s, 3H,
isopropylidene), 1.44 (s, 3H, isopropylidene), 1.47 (m,
1H, H-6), 1.63 (m, 2H, H-5 and CH thexyl), 1.68 (m,
1H, H-6), 1.69 (d, 1H, J=7.5 Hz, H-thexyl), 1.77 (s,
3H, Me C-2), 1.77 (m, 1H, H-4), 1.98 (m, 1H, H-4),
1.98 (m, 1H, H-5), 2.47 (m, 1H, H-1), 3.56 (m, 1H, H-6
py), 3.6 (m, 1H, H-5"), 3.68 (m, 1H, H-6’ py), 3.7 (m,
1H, H-6'), 3.8 (m, 1H, H-6' py), 3.8 (m, 1H, H-6'),
4.59 (d, 1H, J=3.9 Hz, H-2'), 14.06 (m, 1H, H-5 py),
422 (d, 1H, J=Hz, H-3’), 4.31 (m, 0.33H, H-2 py),
4.35 (dd, 1H, J=3.8 and 7.1 Hz, H-4"), 4.36 (m, 0.66H,
H-2 py), 5.55 (m, 0.33H, H-3), 5.6 (m, 0.66H, H-3),
5.78 (ddd, 1H, J=1.7, 2.2 and 10.6 Hz, H-4 py), 5.8
(ddd. 1H, J=2, 2.4 and 10.6 Hz, H-3 py), 6 (d, 1H,
J=3.9 Hz, H-1"); "C NMR (CDCl,, 75.44 MHz):
—396 (g, Me Si), —2.91 (q, Me Si), 18.54 (q, Me
thexyl), 19.88 (t, C-6), 20.09 (q, Me thexyl), 22.92 (t,
C-5), 23.9 (q, Me isopropylidene), 24.03 (q, Me isopro-
pylidene), 25.21 (t, C-4), 26.47 (q, Me isopropylidene),
27.1 (q, Me isopropylidene), 34.09 (d, C-H thexyl),
42.79 (d, C-1), 63.47 (d, C-5 py), 71.42 (d, C-6' py),
71.76 (d, C-6"), 72.49 (1, C-5"), 73.29 (d, C-2 py), 74.93
(d, C-3"), 75.07 (d, C-6 py), 79.36 (d, C-4"), 83.98 (d,
C-2), 105.19 (s, isopropylidene), 106.29 (d, C-1),
112.04 (s, isopropylidene), 125.36 (d, C-3), 127.66 (d,
C-4 py), 130.89 (d, C-3 py), 131.0 (s, C-2).

{28,50,6p]1-1-(5,6-Dihydro-6-(1,2,3,5-di-O-isopropyli-
dene-glucofuranosyl)oxymethyl]-5-hydroxy-2 H-pyran-
2-yl)-methyl-cyclohex-1-ene (23). [28,50,6B]-1-(5,6-
Dihydro-5-[(thexyldimethylsilyl)oxy]-6-(1,2,3,5-di-O-iso-
propylidene-glucofuranosyl)oxymethyl]-2 H-pyran-2-yl)-
methy l-cyclohex-1-ene (22) (0.608 g, 1 mmol) was
added to a solution of tetrabutylammonium fluoride
(1.037 g, 3.3 mmol) in THF (25 mL). After 20 min, the
solvent was removed then the resulting oil was
dissolved in CH,Cl,. The soln was washed with water to
yield 23 that was used without further purification.

[2S,50,6p]-1-(5,6-dihydro-6-(1,2,3,5-di-O-isopropyli-
dene-p-glucofuranosyl) oxymethyl]-5-oxo-2H-pyran-2-
yD-methyl-cyclohex-1-ene (24). To a soln of 23 (0.466
g, 1 mmol) in CH,Cl, (5 mL) was added 4 A molecular
sieves (1 g) and PDC (0.752 g, 1 mmol). After 1 h,
Et,O (15 mL) was added and the resulting slurry was
filtered through a celite pad that was washed with Et,O
(2x 10 mL). The solvent was removed under vacuum
then the resulting black residue was purified by flash
chromatography (10% EtOAc in hexane) to yield 0.315
g (68%) of [2S,50,6B]-1-(5,6-dihydro-6-(1,2,3,5-di-O-
isopropylidene-glucofuranosyl)oxymethyl]-5-oxo-2H-
pyran-2-yl)-methyl-cyclohex-1-ene (24).

[2S,54,6B]1-1-(5,6-Dihydro-6-(p-glucopyranosyl)oxy-
methyl]-5-0x0-2H-pyran-2-yl)-methyl-cyclohex-1-ene

(25). [2S,59,6B]-1-(5,6-Dihydro-6-(1,2,3,5-di-O-isopro-
pylidene-glucofuranosyl)oxymethyl]-5-oxo-2H-pyran-2-
yl)-methyl-cyclohex-1-ene (24) (0.464, 1 mmol) was
disolved in 5 mL of a mixture of trifluoroacetic acid
and MeOH (95:5). After 15 min, the soln was evapd.
The residue was distilled several times with MeOH
under vacuum. Keto-C-glycoside 25 was isolated by
flash chromatography (EtOAc) in 43% yield (0.165 g).

Biological methods

Cytotoxicity. The human lymphoma RAIJIF' (B-cell
derived) were grown in RPMI 1640 (Gibco BRL)
supplemented with 10% fetal calf serum (FCS) 1%
glutamine and without antibiotics. They were usually
seeded at 250.000 cells/mL medium, incubated at 37 °C
in a humidified atmosphere of 5% CO, and subcul-
tured twice a week. Drugs were kept frozen at —20°C
and freshly dissolved in dimethyl sulphoxide (DMSO)
at a final concentration of 0.2% in culture medium.
Cells, in exponentional growth, were incubated with
the drugs over a range of concentrations for 48 h at
37°C. The cells were then washed twice with isotonic
phosphate buffer (PBS) and pelleted by centrifugation
for 10 min at 120 g. They were resuspended at a
density of 106 cells/mL in PBS. Propidium iodide (PI)
was added during 5 min after which the cells were
examined by flow cytometry in an Epics Profile
Analyzer 11 (Coulter).

GLUT-1. Preparation of biological materials: fresh
erythrocytes drawn from healthy biood donors,
collected on citrate and remaining after removal of
platelets and leucocytes, were washed at room
temperature in 10 vols of isotonic phosphate buffer
(PBS), centrifuged (15 min, 2500 g), resuspended for
20 min, at 37 °C with fresh PBS, and centrifuged and
washed three more times in the same way at room
temperature. The erythrocytes thus obtained were
resuspended in PBS to a haematocrit of 30%
(controlled by microhaematocrit centrifugation) and
kept at 4 °C.

Glucose uptake. Compounds were solublized in PBS
or DMSO. Glucose uptake was determimed at room
temperature on 40 pL of erythrocyte—PBS suspension.
Glucose uptake was started by addition of 10 uL of
D[I-"*C]glucose (final concentration 1 mM; 0.33
pCi/mL, final haematocrit 20%). Preliminary experi-
ments showed that the uptake was linear with time up
to 8 s (Fig. 1), and proportional to the erythrocyte
concentration up to a final hematocrit of 25%. Glucose
uptake was stopped after 8 s by adding 750 pL of an
ice-cold blocking soln, modified from Jarvis,?
containing phloretin (0.1 mM in ethanol), HgCl, (2
uM), and cytochalasin B (16 uM) in an isotonic aq soln
of NaCl (140 mM) and KI (2 mM). The resulting
suspension was transferred to an Eppendorf microtube
containing 200 uL of dibutylphthalate and immediately
centrifuged (1 min, 2500 g). The cell pellet was thus
rapidly separated from the reacting solution by the
dibutylphthalate layer. The upper solution was
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removed by aspiration, the tube was gently rinsed with
ice-cold saline, and the dibutylphthalate layer was then
discarded; the pellet was treated with 1 mL of aq 6%
trichloroacetic acid, centrifuged (1 min, 2500 g), and
the deproteinized supernatent was counted by liquid
scintillation. Following this standard procedure, the
values of 1, and K, for glucose alone, respectively
40.5 mmol/l/min, and 4 mM, are in good agreement
with published data.™*
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