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The anthracycline antibiotics daunorubicin and doxorubicin have been used widely as anticancer drugs,
but their cardiotoxicity limits their clinical use. We describe here the preparation of a small panel of
daunorubicin analogues in which the anthraquinone core is replaced with simpler aromatic moieties that
lack a quinone functionality. The targets consist of a functionalized 1,2,3,4-tetrahydro-naphthalene or
1,2,3,4-tetrahydro-anthracene core bound to one of three monosaccharides: daunosamine, acosamine, or
4-amino-2,3,6-trideoxy-threo-hexopyranose. Key steps in the synthesis included an enantioselective ring
opening of benzo-fused norbornene derivatives for the preparation of the core structures and the use of
silver hexafluorophosphate-promoted thioglycoside activation in the glycosylation of these cores. Evaluation
of these compounds against the MCF-7 cancer cell line demonstrated that the identity of the carbohydrate
moiety appeared to have little influence on the cytotoxicity. Moreover, the analogues with the 1,2,3,4-
tetrahydro-naphthalene core showed no cytotoxicity, while those possessing the 1,2,3,4-tetrahydro-
anthracene moiety were more active. Theghalues for the latter group of compounds were in the range

of 94—134 uM, compared to 14M for doxorubicin and %M for daunorubicin.

Introduction 5 and 6).5 These compounds, all of which contain an an-
. L . thraquinone core attached to a carbohydrate moiety, are inhibi-
The anthracycline antibiotics daunorubicth Chart 1) and 15 of topoisomerases, enzymes that manage the topology of
doxorubicin @), first isolated in the 1960s frorStreptomyces  pNa & More specifically, doxorubicin and its analogues function

peucetius have found widespread clinical use as anticancer 5 tonoisomerase poisons through stabilization of the “cleavable
agentg Synthetic analogues of these natural products, for

i il 3 i il 4 R i R . .
examl_o"_c"‘ epirubicin3)° and idarubicin 4),* have also entered (5) Recent examples: (a) Guano, F.; Pourquier, P.; Tinelli, S.; Binaschi,
the clinic, and a very large number of other analogues have M.; Bigioni, M.; Animati, F.; Manzani, S.; Zunino, F.; Kohlhagen, G.;

been synthesized and their cytotoxicity has been evaluated (e.g.Pommier, Y.; Capranico, Gdol. Pharmacol 1999 56, 77—84. (b) Zunino,
F.: Pratesi, G.; Perego, Biochem. PharmacoR001, 61, 933-938. (c)

Cipollone, A.; Berettoni, M.; Bigioni, M.; Binaschi, M.; Cermele, C.;

(1) (a) Cassinelli, F.; Orezzi, B5. Microbiol. 1963 11, 167-174. (b) Monteagudo, E.; Olivieri, L.; Palomba, D.; Animati, F.; Goso, C.; Maggi,
Di Marco, A.; Gaetani, M.; Orezzi, P.; Scarpinato, B. M.; Silvestrini, R.; C. A. Bioorg. Med. Chenm002 10, 1459-1470. (d) Portugal, J.; Cashman,
Soldati, M.; Dasdia, T.; Valentini, LNature 1964 201, 706-707. (c) Di D. J.; Trent, J. O.; Ferrer-Miralles, N.; Przewloka, T.; Fokt, |.; Priebe, W.;
Marco, A.; Gaetani, M.; Dorigotti, L.; Soldati, M.; Bellini, OCancer Chaires, J. BJ. Med. Chem2005 48, 8209-8219. (e) Zhang, G.; Fang,
Chemother. Repl964 38, 31—38. L.; Zhu, L.; Aimiuwu, J. E.; Shen, J.; Cheng, H.; Muller, M. T.; Lee, G.

(2) (a) Weiss, R. BSemin. Oncol1992 19, 670-686. (b) Arcamone, E.; Sun, D.; Wang, P. Gl. Med. Chem2005 48, 5269-5278. (f) Fang,

F. M. Anthracyclines. IPAnticancer Agents from Natural ProdugtSragg, L.; Zhang, G.; Li, C.; Zheng, X.; Zhu, L.; Xiao, J. J.; Szakacs, G.; Nadas,
G. M., Kingston, D. G. |., Newman, D. J., Eds.; CRC Press: Boca Raton, J.; Chan, K. K.; Wang, P. G.; Sun, D. Med. Chem2006 49, 932-941.
FL, 2005; pp 299-320. (g9) Zhang, G.; Fang, L.; Zhu, L.; Zhong, Y.; Wang, P. G.; SunJOMed.

(3) Robert, JDrugs 1993 45, 20—-30. Chem.2006 49, 1792-1799. (h) Horton, D.; Khare, ACarbohydr. Res.

(4) Borchmann, P.; Huebel, K.; Schnell, R.; Engert, IAt. J. Clin. 2006 341, 2631-2640.

Pharmacol. Ther1997 35, 80—83. (6) Champoux, J. JAnnu. Re. Biochem 2001, 70, 369-413.
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CHART 1
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complex” that forms as part of the catalytic cycle of the enzyme. CHART 2

While the structure of the ternary complex that forms between o 9
the DNA, the drug, and the enzyme has remained elusive, the on },,OH
binding of anthracyclines to DNA is known to involve the

intercalation of the anthraguinone moiety between DNA base 6
pairs while the saturated ring of the aglycone and the carbo- X
hydrate binds in the minor grooe.

Despite their clinical use in the treatment of cancer, a §’§Z
limitation of these compounds is their cardiotoxicity, which is 1
often irreversiblé®. The mechanisms underlying anthracycline-
induced cardiotoxocity are complex, but a major cause is s nrirnns
believed to be a process that begins with the one-electron R= o R'= How
reduction of the quinone moiety to the corresponding semi- Ho NHz NH,
quinone (e.g.7, Figure 1)10 In the presence of oxygen, this

Mindful of these issues, we were curious if daunorubicin
analogues containing simplified aromatic moieties lacking the
qguinone moiety would possess cytotoxic activity against cancer
cells but potentially be less cardiotoxic. Despite the large number
of anthracycline derivatives that have been synthesized, little
work has been focused on the preparation of compounds without
the full anthraquinone moiefi2. We report here the synthesis

0 and testing of a small panel of such analogugsi3, Chart
NH, 2), consisting of a simplified core structure bound to one of
HO three monosaccharides: daunosamine, acosamine, or 4-amino-
7 2,3,6-trideoxyt-threc-hexopyranose.

FIGURE 1. Generation of reactive oxygen species from daunorubicin. . .
Results and Discussion

semiquinone is reoxidized to the parent quinone together with  \when designing a route to the targets, we envisioned that
the generation of superoxide anion and, through dismutation, thejr synthesis could be achieved by the regioselective glyco-
hydrogen peroxide. These reactive oxygen species lead tosylation of diol 14 or 15 (Chart 3) with the appropriate
oxidative stress in cardiac tissues, which have comparatively thioglycoside {6—18), followed by deprotection and reduction
low concentrations of enzymes that detoxify these oxiddints. of the azido group to the amine. It was therefore necessary to
prepare these five building blocks first. The 1,2,3,4-tetrahydro-
(7) (a) Zunino, F.; Capranico, @nti-Cancer Drug Des199Q 5, 307— naphthalene dial4 has been synthesized previod$lgut only
317. (b) Fortune, J. M. Osheroff, NProg. Nucleic Acid Res. Mol. Biol. in racemic form, and thus we chose to develop an enantiose-

200Q 64, 221-253. ; ; .
(8) (a) Wang, A. H. J.: Ughetto, G. Quigley, G. J.: Rich Bochemistry lective approach to this compound as well as the 1,2,3,4
1987 26, 1152-1163. (b) Frederick, C. A.; Williams, L. D.; Ughetto, G.;
van der Marel, G. A,; van Boom, J. H.; Rich, A;; Wang, A. H. J. (11) (a) Doroshow, J. H.; Locker, G. Y.; Myers, C. E.Clin. Invest.
Biochemistry 199Q 29, 2538-2549. (c) Yang, D.; Wang, A. H. J. 198Q 65, 128-135. (b) Kalyanaraman, B.; Joseph, J.; Kalivendi, S.; Wang,
Biochemistry1994 33, 6595-6604. (d) Qu, X.; Wan, C.; Becker, H. C.; S.; Konorev, E.; Kotamraju, SViol. Cell. Biochem2002 234/235 119~

Zhong, D.; Zewail, A. HProc. Natl. Acad. Sci. U.S.£2001, 98, 14212~ 124.
14217. (e) Cashman, D. J.; Kellogg, G.EMed. Chem2004 47, 1360~ (12) (a) Dyong, I.; Hermann, Rietrahedron Lettl1981 22, 4225-4226.
1374. (b) Dyong, I|.; Hermann, RLiebigs Ann. Chem1986 545-550. (c)
(9) Ng, R.; Better, N.; Green, M. D5emin. Oncol200§ 33, 2—14. Scheeren, J. W.; De Bie, J. F. M.; De Vos, D. Preparation of Antitumor
(10) Minotti, G.; Menna, P.; Salvatorelli, E.; Cairo, G.; Gianni, L.  Anthracyclines and Their Intermediates. European Patent 475473, 1992.
Pharmacol. Re. 2004 56, 185-229. (13) Momose, T.; Ozaki, YChem. Pharm. Bulll976 24, 1631-1636.
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CHART 3 diastereomers by chromatography afforded 24ea crystalline
compound. A single-crystal X-ray study verified that the

o} o}
isopropenyl and siloxy groups were on opposite sides of the
“OH OO‘ “OH moleculel’
H oH

With a reliable route t@4 in place, its conversion to ketone
26 was achieved in 75% yield by first reaction with ozone and
14 15 then with triethylaminé® While cleavage of the intermediate
ozonide could also be carried out with more traditional reducing
STol STol agents (e.g., dimethylsulfide and triphenylphosphine), the yields
w were consistently lower. Finally, removal of the silyl ether with
AcO tetran-butylammonium fluoride affordet4 in 90% yield. Using
AcO Na N3 the route illustrated in Scheme 14 could be obtained in eight
16 17 steps and in 23% overall yield frod®.
STol Synthesis of 1,2,3,4-Tetrahydro-anthracene Core, 15Ve
o anticipated that tetrahydro-anthracene derivati%ecould be
obtained via a route analogous to that used for the preparation
Na of 14, starting from27 (Scheme 2). Thus, we synthesized
18 oxanorbornene derivative7 using previously reported meth-
o ) ) ods® and subjected it to the ring-opening protocol successfully
tetrahydro-anthracene derivativis. AIthoug_h thloglyc05|dt_as' employed to prepar20 from 19. This transformation was both
16-18 have not been reported, we anticipated that existing hjgh yielding and highly enantioselective whié@was used as
methodology could be applied to their preparation. the substrate. Unfortunately, wit?, the product was produced
Synthesis of 1,2,3,4-Tetrahydro-naphthalene Core, 12he in both lower yield and with significantly lower enantioselec-
preparation ofl4 began with the oxanorbornene derivatil®  tjyity. After extensive optimization of the reaction (changing
(Scheme 1), which could be straightforwardly obtained from |igand and catalyst concentration as well as reaction times), the
anthranilic acid and fura# Conversion of bicyclic olefinl9 best result obtained was a 64% yield of the prodag} (n 55%
into allylic alcohol 20 was achieved using a nickel-catalyzed gg (chiral HPLC). Attempts to resolve the enantiomers at this
asymmetric ring opening reaction developed by Lautens and stage by acylation withg)-acetyl mandelic acid led to decom-
Rovis®> which afforded the product in 85% yield and in position 0f 28, and therefore this mixture of enantiomers was
excellent enantioselectivity (98% ee) as determined by chiral carried forward, with the goal of separating the stereoisomers
HPLC. Subsequent protection of the alcohol as tke- at a later stage.
butyldiphenylsilyl ether proceeded uneventfully yieldi2gin The synthesis of the tetrahydro-anthracene core continued

85% yield. from 28 by protection of the alcohol as the correspondieit-

We next needed to add water across the alkene in aywidiphenylsilyl ether affording@9 (86% yield). Epoxidation
regioselective manner, and a number of methods were exploredys 5ikene 29 followed by reaction with lithium aluminum

to effect this transformation. All attempts using hydroboration hydride provided a 63% vield of alcoh80, which was then
failed to give any of the desired produ@2j; however, a two  yidized to ketone3l in 86% yield. As was done for the
step sequence involving epoxidation and reductive opening of synthesis ofi4, the two carbon side chain at C3 was introduced
the resulting oxirane was successful. TH2syas treated with via a cerium(lll) mediated addition of isopropenyl magnesium

DMDO to give a product, assumed to be the corresponding promide to31. In this case, the reaction proceeded in 70% yield
epoxide, which was not isolated but instead was reacted with 5, provided an 85:15 ratio of diastereomers, in which the

lithium aluminum hydride. Under these conditions, the expected somer with the hydroxyl andert-butyldiphenylsiloxy groups
alcohol,22, was obtained in 80% overall yield as a 95:5 mixture g (32-ci§ predominated. Support of the relative stereochem-
of isomers, although the stereochemistry of the products WaSistry of these groups could be obtained by comparison of the
not unequivocally established. Replacing DMDO wittCPBA 1H NMR spectrum for32-cis with those of24, for which a
in the epoxidation step also gave the product butin much lower ¢y sta| structur® had confirmed the stereochemistry, and its
yield (30%) together with a number of byproducts. With alcohol - ierepisomer2s (Scheme 1). For example, the signal for the
2_2 in hand, its ox_|dat|o_n to ketori23 could be achieved in 90% hydrogen on the carbon bearing the secondary hydroxyl group
yield upon reaction with IBX. _ appeared as a doublet of doublets with two equal coupling
The last of the key steps in the preparationldfwas the  onsants{4 Hz) in both24 and32-cis while in 25 this signal

stereoselective in.trod.uction pf the two-carbon side cha.in at C3 appeared as a doublet of doublets with couplings of different
of the saturated ring i3, which we hoped to achieve via the - magnjtydes (9.7 and 5.8 Hz). In addition, the chemical shift

addition of an isopropenyl group. After significant experimenta- jitference between the hydrogens on the benzylic methylene
tion, the best conditions were found to involve the pretreatment .5hon differed by less than 0.1 ppmad and32-cis while in
of 23 with cerium(lll) chloride at low temperature, followed 55 the resonances for these hydrogens were separated by over

by addition of isopropenyl magnesium bromi’hese condi- g 4 ppm. Ozonolysis of the alkene3&-cisproved unsuccessful,
tions afforded an 80% vyield of a mixture of the two possible

stereosiomer®4 and25, in an 87:13 ratio. Separation of these

(17) Fan, E.; Lowary, T. L.; Ferguson, M. Acta Crystallogr., Sect. E
2005 61, 04295-04296.

(14) stiles, M.; Miller, R. G.; Burckhardt, WJ. Am. Chem. S0d.963 (18) Hon, Y. S.; Lin, S. W.; Lu, L.; Chen, Y. Jetrahedron1995 17,
85, 1792-1797. 5019-5034.

(15) Lautens, M.; Rovis, TJ. Org. Chem1997, 62, 5246-5247. (29) (a) Lehoullier, C. S.; Gribble, G. W. Org. Chem1983 48, 2364~

(16) Imamoto, T.; Takiyama, N.; Nakamura, K.; Hatajima, T.; Kamiya, 2366. (b) Hart, H.; Bashir-Hashemi, A.; Luo, J.; Meador, M Tatrahedron
Y. J. Am. Chem. S0d.989 111, 4392-4398. 1986 42, 1641-1654.
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SCHEME 1
O @ (R)-BINAP, Ni(COD), TBDPSCI, DMAP 1. DMDO, acetone
DIBAL-H, THF . Imidazole, CH,Cl, y 2. LiAIH,, Et,O
85%, 98% e.e. AH 85% OTBDPS 80%
19 20 21
c
6TBDPS
22
| X
L 0
‘ _, 1. CeClg, THF IBX
OH + ‘OH -—
: ; 2. )L ! EtOAc
OTBDPS OTBDPS MgBr OTBDPS 90%
80%, 87:13 d.r.
%5 0, CH,CL 24, X =CH, 23
2. Et3N, CH.Cl,
75% 26,X=0 7 1BAF, THF
75%
SCHEME 2

0y oo, () e QL0
DIBAL-H, THF Imidazole, CH,Cl,

64%, 55% e.e. OH 86% OTBDPS
27 28 29
1. DMDO, acetone
2. LiAlH,, Et,O
63%
X 1. CeCly, THF
2.
A i
O o LT
70%, 85:15 d.r.
OTBDPS OTBDPS
32-cis, X = CH, 050y, NalOy, 30,R=H,R'=0OH IBX,
TBAF, THF :I dioxane-H,0 | EtOAc
33-cis, X=0 2,6-lutidine 31,R=R'=0 86%
75% 53%
0

Ph o

o o o .
AcO /
OH OH + OH
EDC-HCI, DMAP, CH,Cl, v~ OAc OAc
5 o)
OH 92% O\H/L Ph \IH\ Ph

34-cis 35 [e) 36 O

l KoCOg, CHaOH

95%

but a variant of the LemieuxJohnson reactiéf provided a tertiary alcohols35 and 36, which could be separated by

53% yield of ketone83-cis which was deprotected to digH- chromatography. We had hoped that one of these two com-
Cis, in 75% yield, upon reaction with tetrabutylammonium  pounds would be crystalline, which would allow us to un-
fluoride. equivocally determine the absolute configuration of the stere-

At this stage, selective acylation of the secondary hydroxyl
group with @-acetyl mandelic acid was possible, and this
reaction gave a combined 92% yield of two diastereomeric

ocenters at C1 and C3 in the tetrahydro-anthracene core;
however, all attempts to crystallize eitt&5 or 36 failed. Faced
with this difficulty, we carried forward the major produ@5)

(20) Yu, W.; Mei, Y.: Kang, Y. Hua, Z.: Jin, ZOrg. Lett. 2004 6 on the assumption that the oxanorbornene ring operdig<
3217-3219. 28), the reaction in which the absolute stereochemistry is set,

2920 J. Org. Chem.Vol. 72, No. 8, 2007
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SCHEME 3

OH
()
AcO / L o
AcO —
AcO
37 38

NaN3,
AcOH

R

co@\f"
N

39, R=0OH
:I Ac,0, pyridine
40, R = OAc

41, R =STol

p-thiocresol,
Sc(OTf),, CH,Cl,

58% from 37

KoCOs, CHgOH

Ns R R
-0 ' + fo) '
o ko7 HONR
Ng

42, R=STol, R'=H (8%)
43, R=H, R' = STol (26%)

44, R =STol, R' = H (30%)
45 R =H, R' = STol (18%)

1. Tf,0, pyridine, CH,Cl,
2. n-BuyNOAc,CH;CN

74%

Ac,0, pyridine
85%

JOC Article

SCHEME 4
OCH
A O —_—
¢ — EiOAC AcO
46 97% 47
p-thiocresol
S¢(OTf),, CHLCly
76%
STol
=7
RO
48, R = Ac

NaOCHj3
1. MsCl, EtgN, CHoCly CH4OH
G

49,R=H
2. NaN3, DMF

64%

compounds with.-ribo stereochemistry42 and43, the signal

for H3 appeared as a doublet of doublet of doublets ¥iltheq

~ 3J30ax ~ 3334 ~ 3.3 Hz, as would be expected for the
equatorially oriented H3. In the case of the isomers with
L-arabinostereochemistry, in which H3 is axially disposed, the
resonance for H3 appeared as a doublet of doublet of doublets
with 3J3,23x~ 12.0 HZ,3J3,4 ~ 9.5 Hz, ands\]g'zgq’\' 5.0 Hz,
again consistent with expectations. The anomeric stereochem-
istry could also be deduced from thd NMR spectra. For the
o-glycosides 42 and 44, the resonance for H1 appeared as a
doublet with3J; 2ax~ 4—6 Hz, and for the3-glycosidesA3 and

45, this signal appeared as a doublet of doublets Withax ~

11.5 Hz ancBJy peq~ 2.5 Hz.

With sufficient quantities o#4 and45 in hand, they could
be converted efficiently intal6é and 17. Although for the

would give the same enantiomer as the major product in both purposes of characterizatidd and45were separated, they were

naphthalene and anthracene-derived bicyclic systd®snd
27, respectively. Removal of the auxiliary 85 upon reaction
with base yielded 5in 95% yield. The route shown in Scheme
2 afforded15 in 7% yield and 10 steps from 1,4-epoxy-1,4-
dihydroanthracene7.

Synthesis of Glycosyl Donors 16 and 17The synthesis of
thioglycosidel6 and 17 began from 3,4-d®-acetyl rhamnal,
372and is illustrated in Scheme 3. Using previously described
methods,37 was converted into azidosugap in two steps:
conversion of the glycal to the pseudogly@8??2 and then
addition of azide iorf! This transformation provided all four
possible stereoisomers, which, as repoffedpuld not be
separated. Acetylation yielded0, again as an inseparable
mixture, which was then convert&do thioglycosidet1in 58%
overall yield from 37. Like diacetate40, the mixture of
thioglycosides41 was also inseparable by chromatography;

however, deprotection of the acetate provided a mixture that

could be separated, and thus thioglycosid2s43, 44, and45

were obtained as pure compounds in 8%, 26%, 30%, and 18%

respectively. While this route gave the desired prodyitsind

45, in relatively modest yields, it is efficient and could be used

to synthesize gram-scale amounts of these thioglycosides.
Assigning the stereochemistry at C3 and C423-45 could

be straightforwardly done usirdgi NMR spectroscopy. For the

(21) Renneberg, B.; Li, Y.-M.; Laatsch, H.; Fiebig, H.-Barbohydr.
Res.200Q 329 861—872.

(22) Hollenbeak, K. H.; Kuehne, M. Hetrahedron1974 30, 2307
2316.

(23) Yadav, J. S.; Reddy, B. V. S.; Murthy, C. V. S. R.; Kumar, G. M.
Synlett200Q 1450-1451.

used as a mixture in subsequent transformations as we expected
that the stereochemistry at C1 would be irrelevant to the outcome
of the glycosylation reactions for which they were synthesized
(vide supra). The preparation @6 was achieved in one step
and 85% yield from the mixture 044 and 45 upon reaction
with acetic anhydride and pyridine. Conversion to thioglycoside
17 required two steps, treatment with trifluoromethanesulfonic
anhydride and pyridine to generate the corresponding triflate
intermediate and then reaction with tetrdputylammonium
acetate, thus giving the expected product in 74% overall yield.
Synthesis of Glycosyl Donors 18The synthesis of thiogly-
cosidel8started from the known alke?* (Scheme 4), which
was prepared in one step from 3,4@Hacetyl rhamnal %7,
Scheme 3). Hydrogenation cf6 provided the 2,3-dideoxy
methyl glycoside47 in excellent (97%) yield, and this product
was subsequently converted to thioglycosi@in 76% yield
upon reaction withp-thiocresol and scandium triflate. Deacety-
lation gave alcohol49, which was converted intd8 via

formation of the 40-mesyl intermediate and substitution with

azide ion. Thioglycosidé8 was obtained in 64% overall yield
from 48.

Glycosylation ReactionsHaving implemented routes to both
the core structure®4 and15 and the thioglycoside donoi$—
18, we explored their coupling. We initially attempted the
glycosylation of14 with 16—18 by treatment of the donor and
acceptor withN-iodosuccinimide and silver trifluoromethane-

(24) Brimacombe, J. S.; Doner, L. W.; Rollins, AJJChem. Soc., Perkin
Trans. 11972 2977-2979.
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SCHEME 5
A fo) B O

16, AgPFg, DTBMP ; 16, AgPF, DTBMP '

———— = — =

CH,Cl, o CH,Cl, o

N.
AcO ° Aco e
50 (70%) 53 (52%)

(0]
5 )
Ng

17, AgPF¢, DTBMP 17, AgPFg, DTBMP

51 (39%) 18 54 (31%)
CH,Cl, " o CH,Cl, . o

14

L >

CH,Cl, ?&7
N

3
N, 55 (52%)
52 (85%)

R ———

CH,Cl,

o]
"“OH '
18, AgPF,, DTBMP _ 18, AgPFs, DTBMP &
o]
0

sulfonate?® an often used promoter system for the activation both the secondary and tertiary hydroxyl groups were glyco-
of thioglycosides. However, under these conditions, none of the sylated.
product was formed and decomposition 1bf was observed. The stereochemistry of the glycoside products could be
We then focused on a less commonly used method for determined usingH NMR spectroscopy, as described above
thioglycoside activation: the use of silver hexafluorophos- for thioglycosides42—45. In the a-glycosides, the signal for
phate?® This method was reported to be highlyselective for H1 appeared as a doublet Withy sax ~ 4—6 Hz and3J; zeq~
the synthesis of 2-deoxy-glycosides and has been used previQ Hz, while for thep-glycosides this resonance appeared as a
ously for the glycosylation of anthracycline&3 As shown in doublet of doublets Wity 2ax~ 9.5 Hz and®J; seq~ 2.0 Hz.
Scheme 5, activation df6—18 with silver hexafluorophosphate  For thioglycosided 6 and18, these glycosylations were highly
in the presence ofl4 gave glycoside products in good to q-selective as has been reported previo@$k28However, in
excellent yields (76-85%). Similar reaction o5 with these  glycosylations withl 7, significant quantities of thg-glycoside
thioglycosides also gave the expected products, but the yieldsproducts,56 and57, were also produced.
were more modest(50%). In these cases, a large amount of 1o rationalize the poor stereoselectivity of glycosylations with
hydrolyzed donor was produced, and the unreacted acceptor;7 \e considered that the acetoxy group at C4 might be
could also be recovered. _ _ influencing the reaction through remote participation. As
These reactions were all done with a 1:1 ratio of donor 0 gytlined in Figure 2, participation of the acetoxy group in the
acceptor, and in an attempt to improve the modest yields oxacarbenium iongg) that is generated upon activation could
obtained in the glycosylation dfS, we explored the use of an  |ead to the formation of a bicyclic intermediaf®, which would
excess of donor. However, the use of such conditions led 10 necessarily provide thé-glycoside 60. In contrast, direct attack
the formation of significant amounts of the product in which  of the nucleophile on58 would afford the a-glycoside.

: Analogous participation events have been previously propdsed.
195%5)3;(0:&@;22%9; Udodong, U. E.; Fraser-Reid[@rahedron Lett.  Ajthough the formation 069 would be expected to be a high-
(26) Lear, M. J.: Yoshimura, F.: Hirama, Mingew. Chem., Int. Ed. energy process, the deoxygenation at C2 would facilitate the
2001, 40, 946-949. required ring conformational change by reducing the magnitude

2922 J. Org. Chem.Vol. 72, No. 8, 2007
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)
STol  agPF, N (@) CH* o
Acow" —> | O Io) °7 o 04-\ > Acow OR
N3 Y N3
N3 /o_H
17 N R 60
58 59

FIGURE 2. Proposed mechanism to account for the formatiop-gtycosides in glycosylations with thioglycosidg.

SCHEME 6 uM (Table 1), which showed that the tetrahydro-naphthalene
17 compound$8—10had no cytotoxic effect, while the tetrahydro-
anthracene derivativell—13 were of modest cytotoxicity. To
1. KoCO3, CHsOH further probe the potency dfl—13, ICso values of each were
2. BnBr, NaH, DMF 0 determined (Table 1), and these compounds were shown to be

61% 4 less cytotoxic than either doxorubicin or daunorubicin. These

STol “OH results suggest that a minimum of two aromatic rings are

wf’" 14, AgPFe, DTBMP I required for the cytotoxicity and that analogues possessing a
BnO " CHCl, ? 1,2,3,4-tetrahydro-tetracene core may possess better activity still.
° 46% (c:-only) BnO w It is also interesting to note that in these series of compounds,

N; the structure of the carbohydrate moiety appears to play a minor

61 62 role in determining the cytotoxicity, dsl—13 have comparable

ICsp values.
of eclipsing interactions along the €Z3 bond. In addition,

due to the small size of the azide moiety and the deoxygenationCondusionS
at C6, any unfavorable steric interactions between the groups
at C3 and C5 would be less than in a ring in which each of In summary, we report here the synthesis of a panel of
these carbons carried a protected hydroxyl group. daunorubicin analogue8—-13, consisting of a functionalized

To further probe the plausibility of the pathway shown in 1,2,3,4-tetrahydro-naphthalene or 1,2,3,4-tetrahydro-anthracene
Figure 2, we synthesized an analogud tfn which the acetoxy moiety appended to one of three monosaccharide residues. Key
group was replaced with a nonparticipating benzyl grdifb, steps in the synthesis of these compounds were (1) the
(Scheme 6). Subsequent glycosylationldfwith 61 provided preparation of the tetrahydro-naphthalene and tetrahydro-
only the a-glycoside product62, in 46% vyield; the remainder  anthracene cores via the enantioselective opening of benzo-fused
of the mass balance was unreacted alcohol and hydrolyzednorbornene derivativésand (2) the use of silver hexafluoro-
donor. This result provides additional support for the proposal phosphaté as a promoter in the glycosylation of these cores
that glycosylations with17 proceed through the reaction with thioglycoside donors. Evaluation of these compounds
manifold outlined in Figure 2. against MCF-7 cancer cells revealed that the compounds

Deprotection Reactions.With all of the coupled products  containing the 1,2,3,4-tetrahydro-naphthalene cde 10)
in hand, each was converted to the final targtd3 by first showed no cytotoxicity, while those with the 1,2,3,4-tetrahydro-
removal of the acetate groups (if necessary) and finally reduction anthracene moietyl(—13) were more active, suggesting that
of the azide to the amine using Staudinger reduction (Schemefurther extension of the core may provide compounds with
7). The yield for these reactions ranged from modest to good. increased cytotoxicity.
As was observed in the glycosylations, these deprotection and
reduction reactions proceeded in better yield for the tetrahydro- gxperimental Section
naphthalene serie$@-52) than for the tetrahydro-anthracene
series §3—55). We are unsure as to the origin of the modest ~ General Procedure for the Glycosylation of 1,2,3,4-Tetrahy-
yields in the conversion 063-55 into the final targets.  dro-naphthyl and 1,2,3,4-Tetrahydro-anthranyl Cores. A mix-
Although the reactions were all clean by TLC, following re of thioglycoside (0.5 mmol), compourd or 15 (0.5 mmol),

e : and DTBMP (1.46 mmol) was dissolved in @El, (10 mL).
Blrjc:gf;govr\]/ebr)é c(:)l‘;)rtc;?:]itggraphy, only the modest yields of the Molecular sieves (4 A, freshly activated) were added, and the

) . . reaction mixture was stirred for 1.5 h under an inert atmosphere.
Evaluation of Cytotoxicity of 8—13 against MCF-7 Breast The reaction mixture was cooled to°C, and powdered AgRF
Cancer Cells. Each of the six target compounds-13 was (1.46 mmol) was added. Stirring was maintained fer32h. EgN
evaluated for cytotoxic activity against MCF-7 breast cancer (5 mL) was then added, and the solution was filtered through Celite
cells, and the data were compared to those obtained withto give a solution that was concentrated. Purification of the residue
doxorubicin and daunorubicin. As an initial screen, each by column chromatography afforded the desired products.

compound was tested in a standard cytotoxocity &8syl 00 General Procedure for the Removal of the Acetate Group
for 1,2,3,4-Tetrahydro-naphthyl and 1,2,3,4-Tetrahydro-an-
(27) (a) Corey, E. J.; Carpino, B. Am. Chem. S0d.989 111, 5472~ thranyl Glycosides. Protected glycosides (0.47 mmol) were dis-
5474. (b) Demchenko, A. V.; Rousson, E.; Boons, Glelrahedron Lett. solved in dry CHOH (5 mL), and KCGO; (0.065 g, 0.47 mmol)
1999 40, 6523-6526. (c) Crich, D.; Wai, W.; Dai, ZJ. Org. Chem200Q was added. The mixture was stirred for 24 h, concentrated, and

65, 1291-1297. (d) Cheng, Y.-P.; Chen, H.-T; Lin, C.-Cetrahedron purified via column chromatography to afford the desired products.

Lett. 2002 43, 7721-7723. (e) De Meo, C.; Kamat, M. N.; Demchenko, ; R ~
A. V. Eur. J. Org. Chem2005 706-711. General Procedure for the Reduction of 1,2,3,4-Tetrahydro

(28) (a) Cory, A. H.; Owen, T. C.; Barltrop, J. A.; Cory, J. Gancer naphthyl and_ 1,2,3,4-Tetrahydro-aqthranyl Azido Glycosides.
Commun1991, 3, 207-212. (b) Barltrop, J. A.; Owen, T. C.; Cory, A. H.;  Azido glycosides (0.3 mmol) and triphenylphosphine (0.6 mmol)
Cory, J. G.Bioorg. Med. Chem. Lettl991 1, 611-614. were dissolved in a solution of THF (10 mL) and water (1 mL),
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SCHEME 7
A
|<2(:o3 : :
50
CH30H
70%
63, R =Ng
| PhgP, H,0, THF
8, R=NH, 65%
o]
K2CO3 :
5 — o
CH30H
0
91% How
R
64,R=Nj
| PhgP, H,0, THF
9, R=NH, 70%
o]
PhgP, H0 :
52 —— 0
THF
0
85%
HoN
10

TABLE 1. Cytotoxicity of 8—13 against MCF-7 Breast Cancer
Cells

compound % inhibition at 1086M 1Cs0 (uM)

8 0 ND?2

9 0 ND2
10 0 ND2
11 a7 111

12 22 134

13 58 94
daunorubicin NDBP 5
doxorubicin ND-¢ 17

a Not determined® 99% inhibition at 4Q«M. ¢ 97% inhibition at 4Q:M.

and the reaction mixture was stirred for-82 h at 55°C.

Concentration followed by purification by column chromatography

afforded the desired products.

(1S,39)-1-0-(3-Amino-2,3,6-deoxyp-L -lyxo-hexopyranosyl)-
3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-naphthalene (8).Yield
70%;R; = 0.15 (10:1, CHCI,—CH30H); [a]p —120.3 € 0.6, CHs-
OH). 'H NMR (400 MHz, CQyOD): 6y 7.18-7.38 (m, 4H, Ar),
5.16 (d, 1H,J1 2ax= 3.1 Hz, H-1), 4.86-4.89 (m, 1H, H-}), 4.13
(9, 1H,J56= 6.7 Hz, H-5), 3.63-3.71 (m, 2H, H-3, H-4), 3.10 (d,
1H, Jsaxaeq= 16.1 Hz, H-4ax), 2.91 (d, 1HJsax4eq= 16.1 Hz,
H-4.eq), 2.49 (m, 1H, H-Zq), 2.23 (s, 3H, C(O)C}), 1.98-2.09
(m, 2H, H-2ax, H-32ax), 1.83-1.90 (m, 1H, H-2eq), 1.27 (d, 3H,
Js6= 6.7 Hz, H-6).13C NMR (100 MHz, CQOD): ¢ 213.4 (C=
0), 136.6 (Ar), 135.3 (Ar), 130.1 (Ar), 130.0 (Ar), 129.3 (Ar), 127.4
(Ar), 97.9 (C-1), 78.8 (C-3, 75.4 (C-1), 68.0 (C-4), 67.8 (C-5),
48.5 (C-3), 40.0 (C-4, 39.6 (C-3), 29.8 (C-2), 24.4 (C(QZHy),
17.0 (C-6). ESI HRMS calcd for fgH26NOs: 336.1811 [M+ H]*.
Found: 336.1806.
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(1S 39)-1-0-(3-Amino-2,3,6-deoxyp-L-arabino-hexopyrano-
syl)-3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-naphthalene (9)Yield
65%; Ry = 0.18 (10:1, CHCIl,—CH30OH); [a]p —80.4 € 0.3, CH;-
OH). IH NMR (500 MHz, CQyOD): dy 7.19-7.38 (m, 4H, Ar),
5.11 (d, 1H,J12ax= 3.8 Hz, H-1), 4.82 (dd, 1H)1 2ax = J1,2eq=
5.1 Hz, H-1), 3.84-3.90 (m, 1H, H-5), 3.3#3.45 (m, 1H, H-3),
3.08-3.18 (m, 2H, H-4 H-4,ax), 2.93 (d, 1H Jsax,seq= 16.2 Hz,
H-4.eq), 2.50 (dd, 1HJ)2ax2e¢= 14.0 Hz,J; 2a0x= 5.1 Hz, H-2ax),
2.22 (s, 3H, C(O)Ch), 2.16-2.22 (m, 1H, H-2eq), 2.05 (dd, 1H,
Doax2eq= 14.0 Hz,J1 2¢q= 5.1 Hz, H-2€eq), 1.82 (ddd, 1HJzax 2¢q
—J2ax3—128HZleax 3.8 Hz, H2ax) 134(d 3H]56—63
Hz, H-6).13C NMR (125 MHz, CQOD): o¢ 213.2 (G=0), 136.5
(Ar), 135.4 (Ar), 130.1 (Ar), 129.3 (Ar), 128.9 (Ar), 127.4 (Ar),
97.3 (C-1), 78.8 (C-3, 75.3 (C-1), 75.0 (C-4), 70.2 (C-5), 51.4
(C-3), 48.5 (C-9), 40.2 (C-2), 39.6 (C-2), 24.3 (C(AJHy), 17.9
(C-6). ESI HRMS calcd for gH2eNOs: 336.1811 [M+ H]*.
Found: 336.1808.

(1S ,39)-1-0-(4-Amino-2,3,4,6-tetradeoxyp-L-threo-hexopyra-
nosyl)-3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-naphthalene (10).
Yield 85%;R; = 0.25 (10:1, CHCIl,—CH3zOH); [a]p —70.6 € 0.5,
CH3OH). 'H NMR (500 MHz, CQyOD): oy 7.20-7.35 (m, 4H,
Ar), 5.18 (d, 1H,J; 2ax= 3.3 Hz, H-1), 4.83 (dd, 1HJ1 2ax= J1,2¢q
= 5.8 Hz, H-1), 4.78 (s, 1H, 3-0OH), 4.30-4.40 (m, 1H, H-5),
3.35 (br s, 1H, H-4), 3.10 (d, 1Hlyax 4eq= 16.0 Hz, H-4ax), 2.93
(d, 1H, Jsaxaeq= 16.0 Hz, H-4eq), 2.50 (dd, 1HJrax2¢q= 13.6
Hz, J; 2eq= 5.8 Hz, H-2ax), 2.25-2.32 (m, 1H, H-3eq), 2.26 (s,
3H, C(O)CH), 2.17 (dd, 1HJzax,2eq= 13.6 Hz,J; 2¢q= 5.8 Hz,
H-2.eq), 1.82-1.92 (m, 2H, H-3ax, H-2ax), 1.651.72 (m, 1H,
H-2eq), 1.24 (d, 3HJs¢ = 6.8 Hz, H-6).13C NMR (125 MHz,
CD;OD): oc¢ 213.4 (C=0), 136.7 (Ar), 135.3 (Ar), 130.0 (Ar),
129.2 (Ar), 128.8 (Ar), 127.4 (Ar), 98.4 (C-1), 78.8 (@375.4
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(C-1y, 65.0 (C-5), 50.5 (C-4), 48.5 (C4 40.1 (C-2), 39.7 (C-3),
24.3 (C(OXHs), 23.4 (C-2), 17.5 (C-6). ESI HRMS calcd for
CigH26NO4: 320.1862 [M+ H]*. Found: 320.1877.

(1S .39)-1-0-(3-Amino-2,3,6-deoxyp-L -lyxo-hexopyranosyl)-
3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-anthracene (11).Yield
40%;Rs = 0.15 (10:1, CHCIl,—CH30H); [o]p —110.6 € 0.3, CHs-
OH). 'H NMR (400 MHz, CQyOD): oy 7.72-7.84 (m, 3H, Ar),
7.61 (s, 1H, Ar), 7.37#7.46 (m, 2H, Ar), 5.04 (br s, 1H, H-1),
4.96 (dd, 1H,J; 2ax= J1,2¢q= 5.9 Hz, H-1), 4.80 (s, 1H, 2-OH),
4.11 (q, 1H,Js6 = 6.5 Hz, H-5), 3.56-3.55 (m, 1H, H-3), 3.28
3.36 (m, 1H, H-4), 3.20 (d, 1Hlax4eq= 15.7 Hz, H-4ax), 3.11
(d, 1H, Jsaxaeq= 15.7 Hz, H-4eq), 2.60 (dd, 1HJsax2¢q= 14.2
Hz, J; 2ax= 5.9 Hz, H-2ax), 2.24 (s, 3H, C(O)C}, 2.01 (dd, 1H,
Joax2eq= 14.2 Hz,J126q= 5.9 Hz, H-2eq), 1.76-1.86 (m, 2H,
H-2ax, H-2eq), 1.28 (d, 3HJs¢ = 6.5 Hz, H-6).23C NMR (100
MHz, CDCh): ¢ 213.4 (G=0), 135.6 (Ar), 134.6 (Ar), 133.7 (Ar),
133.5 (Ar), 128.7 (Ar), 128.0 (Ar), 127.9 (Ar), 126.9 (Ar), 126.6
(Ar), 126.5 (Ar), 97.6 (C-1), 74.4 (C3 71.9 (C-1), 71.1 (C-4),
68.3 (C-5), 48.2 (C-3), 47.8 (Cs4 40.8 (C-3), 39.6 (C-2), 32.8
(C(O)CH3), 17.1 (C-6). ESI HRMS calcd for gH,gNOs: 386.1967
[M + H]*. Found: 386.1962.

(1S,39)-1-0-(3-Amino-2,3,6-deoxyp-L -arabino-hexopyrano-
syl)-3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-anthracene (12)Yield
45%; R = 0.15 (10:1, CHCI,—CH3OH); [a]p —63.1 € 0.2, CH;-
OH). IH NMR (600 MHz, CQyOD): 6y 7.74-7.84 (m, 3H, Ar),
7.64 (s, 1H, Ar), 7.397.46 (m, 2H, Ar), 5.03 (d, 1HJ}1 2ax= 3.5
Hz, H-1), 4.98 (dd, 1H)1 2ax = J1.2¢q= 5.6 Hz, H-1), 3.87 (dq,
1H, J45 = 9.7 Hz,J56 = 6.6 Hz, H-5), 3.36-3.35 (m, 1H, H-3),
3.22 (d, 1H,Jsax4eq= 15.3 Hz, H-4ax), 3.13 (d, 1HJsax4eq=
15.3 Hz, H-4eq), 3.05 (dd, 1HJs5 = J34 = 9.7 Hz, H-4), 2.63
(dd, 1H, Joax 2eq= 14.2 Hz,J1 20x= 5.6 Hz, H-2ax), 2.16 (ddd,
1H, Joax2eq= Joaxz = 12.4 Hz,J; 2ax= 3.5 Hz, H-2ax), 2.03 (dd,
1H, Joax 2eq— 14.2 Hz,J, 2eq™ 5.6 Hz, H- %eq) 1.74 (deZax 2eq—
12.4 Hz,Jseq3= 3.4 Hz, H-2eq), 1.34 (d, 3Hls s = 6.6 Hz, H-6).
13C NMR (125 MHz, CROD): 6¢c 213.4 (C=0), 135.6 (Ar), 134.8
(Ar), 133.9 (Ar), 133.7 (Ar), 128.8 (Ar), 128.3 (Ar), 128.2 (Ar),
127.2 (Ar), 126.8 (Ar), 126.7 (Ar), 96.7 (C-1), 79.3 (G»376.7
(C-1,), 74.7 (C-4), 70.2 (C-5), 48.9 (C-3), 39.2 (Gx#41.1 (C-2),
39.7 (C-2), 24.4 (C(QJH3), 18.0 (C-6). ESI HRMS calcd for
CyH2eNOs: 386.1967 [M+ H]*. Found: 386.1963.

(1S 39)-1-0-(4-Amino-2,3,4,6-tetradeoxyp-L -threo-hexopyra-
nosyl)-3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-anthracene (13).
Yield 43%;R; = 0.13 (10:1, CHCIl,—CH3;OH); [a]p —88.9 € 0.2,
CHCly). *H NMR (500 MHz, CD,OD): dy 7.74-7.83 (m, 3H, Ar),
7.63 (s, 1H, Ar), 7.39-7.45 (m, 2H, Ar), 4.955.00 (m, 2H, H-1,
H-1,), 4.20-4.30 (m, 1H, H-5), 3.21 (d, 1H)sax4eq= 15.5 Hz,
H-4;ax), 3.11 (d, 1HJsax4eq= 15.5 Hz, H-4eq), 2.80 (br s, 1H,
H-4), 2.50 (dd, 1HJoax2eq= 14.1 Hz,J1 20« = 6.1 Hz, H-2ax),
2.28 (s, 3H, C(O)CHh), 2.16 (ddd, 1HJsax 36— Joax,3ax= 13.9 Hz,
Jgax4— 4.4 Hz, H- 3ax) 2.03 (dd 1H123x 2eq— 13.9 Hz,J; 2eq ™
6.1 Hz, H-2eq), 1.93 (ddd, 1H}sax 2e¢= Joax,3ax= 13.9 HZ,Jpax 3eq
= 4.3 Hz, H-2ax), 1.641.68 (m, 1H, H-3eq), 1.561.61 (m, 1H,
H-2eq), 1.20 (d, 3HJs¢ = 6.7 Hz, H-6).13C NMR (125 MHz,
CD30OD): dc¢ 213.7 (CG=0), 136.0 (Ar), 134.8 (Ar), 133.8 (Ar),
133.7 (Ar), 128.9 (Ar), 128.8 (Ar), 128.2 (Ar), 128.1 (Ar), 127.1
(Ar), 126.6 (Ar), 97.7 (C-1), 79.4 (Cp 74.3 (C-1), 67.7 (C-5),
49.6 (C-4), 41.0 (C-3, 39.8 (C-3), 39.8 (C-3), 26.6 (C-2), 24.6
(C(O)CH3), 17.8 (C-6). ESI HRMS calcd for gH,gNO,: 370.2018
[M + H]*. Found: 370.2013.

(1S.39)-1-Hydroxy-3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-
naphthalene (14).Ketone26 (0.73 g, 1.64 mmol) was dissolved
in THF (5 mL), and tetrabutylammonium fluoride in 1.0 M THF
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= 16.5 Hz, H-4ax), 2.84 (dd, 1H4ax4eq= 16.5 HZ,Joeq,4e4= 2.1
Hz, H-4eq), 2.38 (s, 3H, C(O)GH 2.31 (dd, 1 HJzax2¢q= 14.0
Hz, J1 2ax= 4.6 Hz, H-2ax), 2.23 (ddd, 1Hax 2e¢= 14.0 HZ,J1 2¢q
= 4.6 Hz, H-2eq)3C NMR (100 MHz, CDC}): ¢ 210.9 (G=
0), 136.9 (Ar), 131.5 (Ar), 130.2 (Ar), 129.4 (Ar), 128.4 (Ar), 127.1
(Ar), 78.5 (C-3), 67.1 (C-1), 38.2 (C-4), 36.9 (C-2), 24.0 (C(O)-
CHs). ESI HRMS calcd for @H140sNa: 229.0841 [M+ NaJ*.
Found: 229.0835.
(S)-1-tert-Butyldiphenylsiloxy-3,4-dihydro-naphthalene (21).
Alkene 20! (3.2 g, 21.9 mmol), imidazole (3.73 g, 54.8 mmol),
and DMAP (50 mg, 0.41 mmol) were dissolved in &H) (50 mL).
TBDPSCI (6.02 g, 21.9 mmol) was added to the solution, and the
reaction mixture was stirred for 4 h. Once the reaction was complete,
the mixture was concentrated and purified by chromatography
(hexanes) to yield21 (7.16 g, 85%) as a clear oiR = 0.56
(hexanes);d]p —40.2 € 1.4, GHg). *H NMR (300 MHz, GDg):
Op 7.67-7.84 (m, 4H, Ar), 7.52-7.55 (m, 1H, Ar), 7.06-7.26 (m,
8H, Ar), 6.89-6.93 (m, 1H, Ar), 6.32 (br d, 1HJ),3 = 9.6 Hz,
H'4), 5.60 (ddd, 1HJ3V4: 9.6 HZ,\]zan: 45 HZ,Jzeqygz 4.3 HZ,
H-3), 5.05 (dd, 1HJ;2eq= 7.1 Hz, Ji0ax = 6.9 Hz, H-1), 2.41
(dddd, 1H,J29qy23x= 16.9 HZ,\]]”Zeq: 7.1Hz JZeq 3= 4.3 Hz J29q4
= 1.8 Hz, H-2eq), 2.09 (dddd, 1Hpax2eq= 16.9 Hz,J1 20x= 6.9
Hz, Joax 3= 4.5 HZ,J2a¢4= 1.8 Hz, H-2ax), 1.16 (s, 9H, C(GH3).
13C NMR (125 MHz, GDg): 6¢ 137.8 (Ar), 136.3 (3x Ar), 136.2
(3 x Ar), 135.0 (Ar), 134.2 (Ar), 133.9 (Ar), 130.1 (Ar), 130.0
(Ar), 128.0 (2 x Ar), 127.9 (2x Ar), 127.5 (C-4), 126.5 (Ar),
126.3 (C-3), 125.9 (Ar), 70.4 (C-1), 33.3 (C-2), 273(CHz)3),
19.8 (CCHa)3). ESI HRMS calcd for GgH2g0SiNa: 407.1807 [M
+ NaJ*. Found: 407.1810.
(9)-1-tert-Butyldiphenylsiloxy-3-hydroxyl-1,2,3,4-tetrahydro-
naphthalene (22) Compound1(7.10 g, 18.5 mmol) was dissolved
in CH,ClI, (50 mL), and the resulting solution was added to DMDO
(approximately 0.050.08 M solution in acetone, 400 mL). The
reaction mixture was stirred f@ h at 0°C and then concentrated.
The crude product was used without any further purificatRr=
0.52 (15:1, hexanesEtOAc). The epoxide (7.41 g, 18.5 mmol)
was then dissolved in D (60 mL), and the mixture was cooled
to 0 °C. LiAlH4 (1.20 g, 31.5 mmol) was added to the mixture,
and the solution was stirred for 70 min at room temperature. Excess
EtOAc was added to quench the residual Li4lfbllowed by 4 M
NaOH (3 mL). The mixture was filtered through Celite and
concentrated. The crude product was purified by chromatography
(5:1, hexanesEtOAc) to yield22 as a 95:5 mixture of isomers,
which were inseparable (5.95 g, 80% over two steps) as a clear
oil. Data for the major isomerRs = 0.32 (5:1, hexanesEtOAc);
[a]p —45.8 € 1.3, CHCE). 'H NMR (600 MHz, CQyOD): dy
6.80-7.78 (m, 14H, Ar), 4.94 (dd, 1HJ 2ax = J12¢q = 5.3 Hz,
H-1), 4.474.51 (m, 1H, H-3), 3.17 (dd, 1Hlsax4eq= 16.2 Hz,
Jsax3= 7.5 Hz, H-4ax), 2.58 (dd, 1Hleq4ax= 16.2 HZ,Jseq3=
7.5 Hz, H-4eq), 2.23 (ddd, 1Hpax2eq= 12.8 Hz,J1 2ax= 5.3 Hz,
Joax3= 3.8 Hz, H-2ax), 1.67 (ddd, 1Hhax 2eq= 12.8 HZ,J1,2¢q=
5.3 Hz,Jzeq3= 3.8 Hz, H-2eq), 1.05 (s, 9H, C(G}). 1°C NMR
(125 MHz, GDg): ¢ 138.6 (Ar), 137.1 (4x Ar), 136.1 (Ar), 135.2
(Ar), 135.1 (Ar), 131.0 (Ar), 130.8 (Ar), 130.4 (Ar), 130.1 (Ar),
128.9 (2x Ar), 128.8 (Ar), 128.6 (2x Ar), 126.8 (Ar), 71.7 (C-
1), 64.8 (C-3), 41.9 (C-4), 39.5 (C-2), 27.€(CH3)3), 20.2
(C(CHa3)3). ESI HRMS calcd for GeH300,SiNa: 425.1913 [MH-
NaJt. Found: 425.1907. Anal. Calcd: C, 77.57; H, 7.51. Found:
C, 77.84; H, 7.34.
(S)-1-tert-Butyldiphenylsiloxy-1,2,3,4-tetrahydro-naphtha-3-
one (23).Alcohol 22 (5.0 g, 12.5 mmol) was dissolved in EtOAc
(40 mL), and IBX (8.75 g, 31.3 mmol) was added. The resulting

(1.49 g, 1.65 mmol) was added to the solution. The reaction mixture mixture was stirred fio6 h at 85°C, whereupon the cloudy solution
was stirred for 48 h, concentrated, and purified by chromatography changed from colorless to light yellow. The suspension was filtered,

(5:1, hexanesEtOAC) to yield14 (0.254 g, 75%) as an oiR; =
0.48 (1:1, hexanesetOAc); [a]p +21.1 € 0.8, CHCE). *H NMR
(500 MHz, CDC}): Oy 7.46-7.48 (m, 1H, Ar), 7.26-:7.31 (m,
2H, Ar), 7.11-7.14 (m, 1H, Ar), 4.90 (br s, 1H, H-1), 4.47 (s, 1H,
3°-OH), 3.72 (br d, 1HJ = 8.9 Hz, 2-OH), 3.24 (d, 1H Jsax4eq

concentrated, and then purified by chromatography (20:1, hexanes
EtOAC) to yield23 (4.5 g, 90%) as a white solidk = 0.70 (5:1,
hexanes-EtOAC); [a]p —64.8 € 1.3, CHC}). *H NMR (500 MHz,
CsDg): O 7.67—7.78 (m, 2H, Ar), 7.36-7.49 (m, 6H, Ar), 7.23
7.32 (m, 3H, Ar), 7.08-7.19 (m, 2H, Ar), 6.90 (d, 1H) = 7.4 Hz,
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Ar), 4.82 (dd, 1H,J; 2ax= 4.5 Hz,J1 2eq= 3.2 Hz, H-1), 3.76 (d,
1H, Jsaxseq= 19.9 Hz, H-4ax), 3.22 (d, 1Hlsaxaeq= 19.9 Hz,
H-4eq), 2.67 (dd, 1HJ)oax2eq= 16.5 Hz,J; 2ax= 4.5 Hz, H-2ax),
2.09 (dd, 1H,Joax2¢q= 16.5 Hz,J1 2eq= 3.2 Hz, H-2eq), 1.03 (s,
9H, C(CH)s). 13C NMR (125 MHz, GDg): dc 205.5 (C-3), 138.5
(Ar), 136.3 (4 x Ar), 135.3 (Ar), 134.2 (Ar), 133.9 (Ar), 133.7
(Ar), 130.3 (Ar), 130.1 (Ar), 128.9 (Ar), 128.3 (2 Ar), 127.9 (2
x Ar), 127.3 (Ar), 126.5 (Ar), 71.5 (C-1), 47.4 (C-4), 44.2 (C-2),
27.1 C(CHy)s), 19.5 (CCH3)3). ESI HRMS calcd for GgH250--
SiNa: 423.1756 [M+Na]". Found: 423.1751.
(1S,39)-1-tert-Butyldiphenylsiloxy-3-hydroxyl-3-isopropenyl-
1,2,3,4-tetrahydro-naphthalene (24)Cerium chloride heptahydrate

Fan et al.

Joeqaeq= 2.0 Hz, H-2eq), 2.01 (dd, 1Hax 2eq= 14.3 Hz,J1 0ax=

3.8 Hz, H-2ax), 1.03 (s, 9H, C(Gh). °C NMR (100 MHz,
CDCly): 6¢212.6 (GC=0), 136.1 (4x Ar), 135.3 (Ar), 134.8 (Ar),
133.1 (Ar), 132.6 (Ar), 132.5 (Ar), 130.2 (Ar), 129.9 (Ar), 129.6
(Ar), 129.5 (Ar), 129.4 (Ar), 128.0 (Ar), 127.7 (Ar), 127.6 (Ar),
126.1 (Ar), 78.5 (C-3), 70.0 (C-1), 38.9 (C-4), 37.6 (C-2), 26.9
(C(O)CH3), 24.7 (C(CHz)3), 19.3 (CCH3)3). ESI HRMS calcd for
CagH3205SiNa: 467.2018 [M+ NaJ*. Found: 467.2013.

(1S 39)-1-0O-(4-O-Acetyl-3-azido-2,3,6-deoxys-L -lyxo-hexopy-
ranosyl)-3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-naphthalene (50).
Yield 70%;R; = 0.31 (3:1, hexanesEtOAc); [a]p —135.2 € 0.7,
CHCl3). IH NMR (400 MHz, CDC}): oy 7.18-7.36 (m, 4H, Ar),

(4.53 g, 18.4 mmol) and a magnetic stir bar were placed in a flask 5.18-5.24 (m, 2H, H-4, H-1), 4.93 (dd, 1Hj 2ax = J1,2¢q= 3.3

and heated to 140142 °C in vacuo (0.1 Torr) for 24 h. The flask
was cooled to rt, and ketor#8 (2.10 g, 5.25 mmol) and THF (20
mL) were added. The reaction mixture was vigorously stirred for

Hz, H-1), 4.45 (s, 1H, 3OH), 4.13 (q, 1HJs s = 6.4 Hz, H-5),
3.84 (ddd, 1H,\]23X'3= 13.0 HZ,J314 =47 HZ,Jzeq'3= 3.4 HZ,
H-3), 3.18 (d, 1H Jiaxaeq= 17.0 Hz, H-4ax), 3.14 (d, 1HJsax 4eq

1.5 h after the mixture had become an orange paste. Isopropenyl-= 17.0 Hz, H-4eq), 2.33 (s, 3H, C(O)C#), 2.25-2.28 (m, 2H,

magnesium bromide in THF (0.5 M, 18.9 mL, 9.45 mmol) was
added over 10 min at €C, and the solution was stirred for 4 h.
The mixture was then treated with a saturated ag soln ofQ\MH
(50 mL), and EtOAc (50 mL) was added. The mixture was filtered
through Celite, and the aq layer was extracted with EtOAx (2
40 mL). The combined organic layers were dried oves3@ and
purified by chromatography (15:1, hexar€sOAc) to yield 24
(1.86 g, 67%) as a white solid. The solid was recrystallized from
hexane-Et,O (1:1). Mp 95-98 °C; R = 0.65 (5:1, hexanes
EtOAC); [a]p —10.5 € 0.7, CHC}). *H NMR (400 MHz, CDCH}):
Oy 6.92-7.82 (m, 14H, Ar), 5.08 (s, 1H, alkene), 4.94 (dd, 1H,
J10ax= J12¢q= 3.8 Hz, H-1), 4.87 (br s, 1H, alkene), 4.59 (s, 1H,
3°-OH), 3.08 (br d, 1HJsax4eq= 16.8 Hz, H-4ax), 3.03 (d, 1H,
Jsax.aeq= 16.8 Hz, H-4eq), 2.30 (ddd, 1Hpax 2eq= 14.0 HZz,J1 2¢q
= 3.8 Hz,J2¢q,4= 1.3 Hz, H-2eq), 2.00 (dd, 1Hpax 2¢q= 14.0 Hz,
Ji2ax= 3.8 Hz, H-2ax), 1.82 (s, 3H+CCHg), 1.03 (s, 9H, C(Ch)3).
13C NMR (125 MHz, CDC}): d¢ 149.9 (alkene), 136.2 (2 Ar),
135.8 (2x Ar), 135.2 (Ar), 134.8 (Ar), 134.6 (Ar), 133.0 (Ar),
132.9 (Ar), 130.1 (Ar), 129.8 (Ar), 129.6 (Ar), 129.5 (Ar), 128.1
(Ar), 127.9 (Ar), 127.7 (Ar), 127.6 (Ar), 125.8 (Ar), 110.0 (alkene),
73.1(C-3), 70.6 (C-1), 41.6 (C-4), 40.5 (C-2), 26s9GCHg), 19.3
(C(CHjy)3), 18.7 (CCH3)3). ESI HRMS calcd for GyH340,SiNa:
465.2226 [M+ NaJ*. Found: 465.2221. Anal. Calcd: C, 78.68;
H, 7.74. Found: C, 78.35; H, 7.68.
(1R,39)-1-tert-Butyldiphenylsiloxy-3-hydroxyl-3-isopropenyl-
1,2,3,4-tetrahydro-naphthalene (25)Product25 (0.278 g, 13%)
was obtained as a clear di = 0.62 (5:1, hexanesEtOAc); [a]p
+15.5 € 0.5, CHC}). *H NMR (400 MHz, CDC}): oy 7.03—
7.82 (M, 14H, Ar), 5.22 (dd, 1H} 2ax= 9.7 Hz,J; 2¢q= 5.8 Hz,
H-1), 4.93 (s, 1H, alkene), 4.77 (br s, 1H, alkene), 3.10 (d, 1H,
Jsax,aeq= 16.8 Hz, H-4ax), 2.68 (d, 1Hlax 4eq= 16.8 Hz, H-4eq),
1.87-2.00 (m, 2H, H-2ax, H-2eq), 1.72 (s, 3H:CCH;), 1.03 (s,
9H, C(CHp)s). 13C NMR (125 MHz, CDCY}): dc 150.9 (alkene),
136.2 (2x Ar), 135.9 (2x Ar), 135.2 (Ar), 134.8 (Ar), 134.6
(Ar), 133.0 (Ar), 132.9 (Ar), 130.1 (Ar), 129.8 (Ar), 129.6 (Ar),
129.5 (Ar), 128.1 (Ar), 127.9 (Ar), 127.7 (Ar), 127.6 (Ar), 125.8
(Ar), 109.4 (alkene), 74.5 (C-3), 69.4 (C-1), 42.7 (C-4), 40.4 (C-
2), 26.6 ECCHs), 19.5 C(CHsg)s), 18.7 (CCH3)3). ESI HRMS
calcd for GoH340,SiNa: 465.2226 [Mt+ Na]*. Found: 465.2219.
(1S 39)-1-tert-Butyldiphenylsiloxy-3-acetyl-3-hydroxyl-1,2,3,4-
tetrahydro-naphthalene (26).Alkene24(0.97 g, 2.19 mmol) was
dissolved in CHCI, and placed in a three-neck flask. The mixture
was cooled to-78°C, and ozone was bubbled through the solution
for 5 min. Triethylamine (5.74 g, 21.9 mmol) was added, and the
reaction mixture was further stirred for 24 h. The mixture was
concentrated and purified by chromatography (20:1, hexanes
EtOAc) to yield 26 (0.73 g, 75%) as an oilRy = 0.53 (5:1,
hexanes-EtOAc); [a]p —29.7 € 0.7, CHC}). *H NMR (600 MHz,
CDCly): dy 6.80-7.80 (m, 14H, Ar), 5.25 (s, 1H;-OH), 4.96
(dd, lH,lezax: Jl,Zeq: 3.8 Hz, H-l), 3.12 (bl’ d, 1H~J4ax,4eq:
16.7 Hz, H-4ax), 3.01 (d, 1Hlsax4eq= 16.7 Hz, H-4eq), 2.35 (s,
3H, C(O)CH), 2.24 (ddd, 1HJ2ax 2¢q= 14.3 Hz,J1 2¢q= 3.8 Hz,
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H-2.ax, H-2eq), 2.19 (s, 3H, OC(O)C¥)l, 2.07 (ddd, 1HJoax 2eq
= JZax,SZ 13.0 HZ,lezax: 4.1 Hz, H-2ax), 1.81 (dd, 1H]2a><,2eq
= 13.0 Hz,Jeq3= 3.4 Hz, H-2eq), 1.22 (d, 3HJs¢ = 6.4 Hz,
H-6). 13C NMR (100 MHz, CDC}): dc 211.9 (G=0), 170.3
(OC(O)CHg), 133.8 (Ar), 131.6 (Ar), 129.9 (Ar), 129.2 (Ar), 129.1
(Ar), 126.1 (Ar), 94.2 (C-1), 77.9 (CzB 71.9 (C-1), 69.8 (C-4),
65.8 (C-5), 54.2 (C-3), 38.9 (Cs4 36.1 (C-3), 29.3 (C-2), 24.5
(C(O)CH3), 20.6 (OC(OTHj3), 16.7 (C-6). ESI HRMS calcd for
CooH2sN3OgNa: 426.1641 [l\/H‘ Na]*. Found: 426.1638.

(1S ,39)-1-O-(4-O-Acetyl-3-azido-2,3,6-deoxys-L-arabino-hex-
opyranosyl)-3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-naphtha-
lene (51).Yield 39%; Ry = 0.38 (3:1, hexanesEtOAc); [a]p
—157.3 € 0.7, CHC}). 'H NMR (500 MHz, CDC}): oy 7.19-
7.36 (M, 4H, Ar), 5.17 (d, 1HJ}1 20x= 4.1 Hz, H-1), 4.93 (dd, 1H,
Jl,ZaX: Jl,Zeq: 3.3 Hz, H'Ja), 4.72 (dd, lH,J4‘5 = J3'4 = 9.7 Hz,
H-4), 4.48 (s, 1H, 30H), 3.82-3.96 (m, 2H, H-3, H-5), 3.18 (d,
1H, Jsaxaeq= 16.9 Hz, H-4ax), 3.06 (d, 1HJsax4eq= 16.9 Hz,
H-4.eq), 2.35 (s, 3H, C(O)C#), 2.27-2.31 (m, 2H, H-2ax, H-2¢
eq), 2.16 (s, 3H, OC(O)CH\, 2.07 (ddd, 1H,Jrax2eq= Joax3 =
13.1 Hz,J, 2ax= 4.1 Hz, H-2ax), 1.81 (dd, 1Hlax2eq= 13.1 Hz,
Jreq3= 4.1 Hz, H-2eq), 1.25 (d, 3Hls 6= 6.3 Hz, H-6).3C NMR
(125 MHz, CDC}): ¢ 211.9 (G=0), 170.0 (CC(O)CHg), 133.9
(Ar), 131.8 (Ar), 130.1 (Ar), 130.0 (Ar), 129.4 (Ar), 126.3 (Ar),
93.7 (C-1), 78.0 (C-3, 75.4 (C-1), 71.8 (C-4), 66.8 (C-5), 57.4
(C-3), 39.0 (C-9, 36.3 (C-2), 35.1 (C-2), 24.7 (C(AYH3), 20.9
(OC(O)XH3), 17.5 (C-6). ESI HRMS calcd for £gH,5N306Na:
426.1641 [M+ Na]". Found: 426.1632.

(1S39)-1-0O-(4-Azido-2,3,4,6-tetradeoxyB-L -threo-hexopyra-
nosyl)-3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-naphthalene (52).
Yield 85%; R = 0.42 (3:1, hexanesEtOAc); [a]p —55.1 € 0.5,
CHCl3). IH NMR (500 MHz, CDC}): oy 7.18-7.38 (m, 4H, Ar),
5.50 (d, 1H,J12ax= 3.0 Hz, H-1), 4.94 (dd, 1HJ1 2ax = J12eq=
3.4 Hz, H-1), 4.78 (s, 1H, 3-0OH), 4.12 (dg, 1HJs6 = 6.5 Hz,
Jss = 1.7 Hz, H-5), 3.54 (br s, 1H, H-4), 3.20 (d, 1Bhax4eq=
17.1 Hz, H-4ax), 3.02 (d, 1H)sax.4eq= 17.1 Hz, H-4eq)), 2.36 (s,
3H, C(O)CH), 2.22-2.31 (m, 2H, H-2ax, H-2eq), 2.072.16 (m,
1H, H-3ax), 1.96-2.02 (m, 2H, H-2eq, H-3eq), 1.42..49 (m, 1H,
H-2ax), 1.30 (d, 3HJs¢ = 6.5 Hz, H-6).13C NMR (125 MHz,
CDCly): 6c212.2 (G=0), 133.8 (Ar), 132.2 (Ar), 130.2 (Ar), 130.0
(Ar), 129.1 (Ar), 126.1 (Ar), 94.2 (C-1), 78.2 (C)371.4 (C-1),
66.1 (C-5), 59.8 (C-4), 39.0 (C34 36.0 (C-2), 24.7 (C(OLHsy),
23.9 (C-3), 22.9 (C-2), 18.0 (C-6). ESI HRMS calcd fagldzdNzO4-
Na: 368.1586 [M+ Na]". Found: 368.1583.

(1S 39)-1-0O-(4-O-Acetyl-3-azido-2,3,6-deoxys-L -lyxo-hexopy-
ranosyl)-3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-anthracene (53).
Yield 57%; R = 0.33 (3:1, hexanesEtOAc); [a]p —91.1 € 0.1,
CHCl). IH NMR (500 MHz, CDC}): oy 7.77—7.85 (m, 3H, Ar),
7.68 (s, 1H, Ar), 7.457.53 (m, 2H, Ar), 5.22-5.25 (m, 1H, H-4),
5.15 (d, 1H,J12ax= 4.0 Hz, H-1), 5.10 (dd, 1H}1 2ax = J12eq=
3.6 Hz, H-1), 4.43 (s, 1H, 3-0OH), 4.16 (g, 1H,Js5 = 6.6 Hz,
H-5), 3.89 (ddd, 1HJax3= 13.1 Hz,J34 = 4.8 HZz,Jpeq3= 4.0
Hz, H-3), 3.29 (d, 1HJsax4eq= 16.6 Hz, H-4ax), 3.24 (d, 1H,
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Jsaxaeq= 16.6 Hz, H-4eq), 2.39 (dd, 1HJoax2eq= 14.8 HZ,J1 pax
= 3.6 Hz, H-2ax), 2.30 (dd, 1HJax2eq= 14.8 HZ,J; 26q= 3.6
Hz, H-2eq), 2.25 (s, 3H, C(O)C}¥), 2.19 (s, 3H, OC(O)CH}, 2.05
(ddd, 1H,J2ax26q= Joaxz= 13.1 Hz,J1 pax= 4.0 Hz, H-2ax), 1.78
(dd, 1H, Joax2eq= 13.1 Hz,Jpeq 3= 4.0 Hz, H-2eq), 1.27 (d, 3H,
Js6= 6.6 Hz, H-6).13C NMR (125 MHz, CDC}): oc 211.5 (G=
0), 170.5 (CC(O)CHs), 133.8 (Ar), 131.8 (2x Ar), 130.7 (Ar),
128.6 (Ar), 128.2 (Ar), 127.9 (Ar), 127.2 (Ar), 126.8 (Ar), 126.0
(Ar), 93.7 (C-1), 78.1 (C-3, 72.2 (C-1), 70.0 (C-4), 65.9 (C-5),
54.4 (C-3), 39.3 (C-4, 37.8 (C-2), 29.4 (C-2), 24.5 (C(CGQH3),
20.7 (OC(OFHg), 16.9 (C-6). ESI HRMS calcd for £H,7N306-
Na: 476.1798 [M+ Na]'. Found: 476.1792.

(1S 39)-1-0-(4-O-Acetyl-3-azido-2,3,6-deoxy3-L -arabino-hexo-
pyranosyl)-3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-anthracene (54).
Yield 31%;R; = 0.30 (3:1, hexanesEtOAc); [a]p —110.4 € 0.5,
CHCIL). IH NMR (400 MHz, CDC}): oy 7.78-7.84 (m, 3H, Ar),
7.65 (s, 1H, Ar), 7.467.55 (m, 2H, Ar), 5.10 (dd, 1H)1 20 =
J12eq= 3.6 Hz, H-1), 5.02 (d, 1HJ1 20x= 3.9 Hz, H-1), 4.74 (dd,
1H, J45 = J34 = 9.8 Hz, H-4), 4.44 (s, 1H, 30H), 3.88-4.00
(m, 2H, H-3, H-5), 3.30 (d, 1HJ)sax4eq= 16.9 Hz, H-4ax), 3.24
(d, 1H, Jaaxaeq= 16.9 Hz, H-4eq), 2.28-2.43 (m, 2H, H-2ax,
H-2.q), 2.26 (s, 3H, C(O)C#), 2.16 (s, 3H, OC(O)Ch, 2.00
(ddd, 1H,J2a¢26q= Joax,s= 13.6 Hz,J1 pax= 3.9 Hz, H-2ax), 1.81
(dd, 1H, Joax 26q= 13.6 Hz,Jeq3= 4.0 Hz, H-2eq), 1.25 (d, 3H,
Js6= 6.3 Hz, H-6).13C NMR (125 MHz, CDC}): oc 211.4 (G=
0), 169.9 (GZ(O)CHg), 133.7 (Ar), 131.7 (Ar), 131.6 (Ar), 130.6
(Ar), 128.4 (Ar), 128.1 (Ar), 127.8 (Ar), 127.1 (Ar), 126.7 (Ar),
125.9 (Ar), 92.9 (C-1), 78.0 (CsB8 75.4 (C-1), 71.9 (C-4), 66.6
(C-5), 57.4 (C-3), 39.2 (C4, 37.7 (C-2), 34.9 (C-2), 24.4 (C(O)-
CH3), 20.8 (OC(OFH3), 17.5 (C-6). ESI HRMS calcd for
C24H27N305Na: 476.1798 [NH' Na]*. Found: 476.1793.

(1S 39)-1-0O-(4-Azido-2,3,4,6-tetradeoxyp-L -threo-hexopyra-
nosyl)-3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-anthracene (55).
Yield 50%; R = 0.24 (5:1, hexanesEtOAc); [a]p —28.9 € 0.4,
CHCl). 'H NMR (400 MHz, CDC}): oy 7.74-7.86 (m, 3H, Ar),
7.66 (s, 1H, Ar), 7.437.51 (m, 2H, Ar), 5.15 (d, 1HJ); 2ax= 3.5
Hz, H-1,), 5.00-5.05 (m, 1H, H-1), 4.72 (s, 1H,°30H), 4.15 (dq,
1H, Js6 = 6.5 Hz,J45 = 1.7 Hz, H-5), 3.56 (br s, 1H, H-4), 3.32
(d, 1H, Jsax 4eq= 16.0 Hz, H-4ax), 3.25 (d, 1HJ4ax 4eq= 16.0 Hz,
H-4.eq), 2.28-2.41 (m, 5H, H-2ax, H-2eq, C(O)CH), 2.22-2.31
(m, 2H, H-3ax, H-3eq), 2.12-2.22 (m, 1H, H-3eq), 1.962.00
(m, 2H, H-2ax, H-3ax), 1.401.47 (m, 1H, H-2eq), 1.35 (d, 3H,
Js 6= 6.5 Hz, H-6).13C NMR (125 MHz, CDC}): ¢ 211.9 (G=
0), 133.7 (Ar), 131.8 (Ar), 131.6 (Ar), 130.8 (Ar), 128.8 (Ar), 128.2
(Ar), 127.9 (Ar), 127.1 (Ar), 126.6 (Ar), 125.9 (Ar), 93.3 (C-1),
78.3 (C-3), 71.4 (C-1), 66.1 (C-5), 59.9 (C-4), 39.4 (C;4 37.2
(C-2,), 24.6 (C(O¥Hs), 23.9 (C-3), 22.9 (C-2), 18.1 (C-6). ESI
HRMS calcd for G,HsNzO4Na: 418.1743 [M+ Na]*. Found:
418.1737.

(1S 39)-1-0O-(4-O-Acetyl-3-azido-2,3,6-deoxys-L -arabino-hex-
opyranosyl)-3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-naphtha-
lene (56).Yield 31%;R = 0.17 (3:1, hexanesEtOAc); [a]p +65.4
(c 0.3, CHCE). 'H NMR (400 MHz, CDC}): oy 7.11-7.48 (m,
4H, Ar), 5.12 (dd, 1HJ; 2= J12¢q= 2.9 Hz, H-1), 4.81 (dd, 1H,
d12ax = 9.6 Hz,J15¢q= 1.9 Hz, H-1), 4.70 (dd, 1H)45 = Js4 =
9.5 Hz, H-4), 4.14 (s, 1H,30H), 3.48-3.61 (m, 2H, H-3, H-5),
3.10 (d, 1H,dsax4eq= 16.7 Hz, H-4ax), 2.99 (d, 1HJsaxseq=
16.7 Hz, H-4eq), 2.36 (s, 3H, C(O)CH), 2.16-2.28 (m, 3H, H-2ax,
H-2.ax, H-2eq), 2.14 (s, 3H, OC(O)CH}, 1.67~1.76 (m, 1H,
H-2eq), 1.29 (d, 3HJs¢ = 6.1 Hz, H-6).13C NMR (125 MHz,
CDCly): d¢ 212.3 (GC=0), 169.9 (GC(O)CHg), 133.1 (Ar), 133.0
(Ar), 130.7 (Ar), 130.0 (Ar), 128.9 (Ar), 126.9 (Ar), 96.5 (C-1),
77.8 (C-3), 74.8 (C-1), 72.5 (C-4), 71.1 (C-5), 59.8 (C-3), 39.0
(C-4,), 36.3 (C-2), 34.0 (C-2), 24.7 (C(AJH3), 20.9 (OC(OLH3),
17.6 (C-6). ESI HRMS calcd for 58H,sN306Na: 426.1641 [MH
Na]*. Found: 426.1635.

(1S,39-1-0-(4-O-Acetyl-3-azido-2,3,6-deoxys-L -arabino-hexo-
pyranosyl)-3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-anthracene (57).
Yield 19%; Ry = 0.15 (3:1, hexanesEtOAc); [alp
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+72.4 € 0.2, CHC}). 'H NMR (300 MHz, CDC}): oy 7.95 (s,
1H, Ar), 7.72-7.85 (m, 2H, Ar), 7.60 (s, 1H, Ar), 7.407.55 (m,
2H, Ar), 5.30 (dd, 1HJ;2ax = J12¢q= 2.9 Hz, H-1), 4.85 (dd,
1H, J12ax= 9.6 HZ,J1 2¢q= 1.9, H- 1) 4.70 (dd, 1H)s5= Jz4 =
9.5 Hz, H-4), 4.00 (s, 1H,30H), 3.42-3.62 (m, 2H, H-3, H-5),
3.20 (s, 2H, H-4ax, H-4eq), 2.26-2.40 (m, 6H, H-2ax, H-&X,
H-2.eq, C(O)CH), 2.15 (s, 3H, OC(O)CE), 1.67—1.80 (m, 1H,
H-2eq), 1.30 (d, 3HJs6 = 6.1 Hz, H-6).13C NMR (125 MHz,
CDCly): d¢ 212.0 (C=0), 169.9 (QC(O)CH;), 133.6 (Ar), 132.4
(Ar), 132.3 (Ar), 131.1 (Ar), 129.2 (Ar), 128.1 (Ar), 127.8 (Ar),
127.1 (Ar), 126.5 (Ar), 125.7 (Ar), 96.6 (C-1), 77.9 (@374.8
(C-1y), 73.2 (C-4), 71.1 (C-5), 59.8 (C-3), 39.2 (@436.3 (C-2),
35.4 (C-2), 24.6 (C(QAQH3), 20.9 (OC(O¥Hg), 17.5 (C-6). ESI
HRMS calcd for GsH,7/N3O¢Na: 476.1798 [M+ Na]". Found:
476.1791.

(1S .39)-1-0-(3-Azido-4-O-benzyl-2,3,6-deoxys-L -arabino-hex-
opyranosyl)-3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-naphtha-
lene (62).Yield 46%; R = 0.32 (3:1, hexanesEtOAc); [o]p —82.2
(c 1.0, CHCE). *H NMR (500 MHz, CDC}): Oy 7.18-7.44 (m,
9H, Ar), 5.02 (d, 1H,J1 2ax = 4.1 Hz, H-1), 4.88-4.94 (m, 2H,
H-1, PhTH,), 4.67 (d, 1H,J = 10.5 Hz, PhEl,), 4.55 (s, 1H,
3°-OH), 3.82-3.92 (m, 2H, H-3, H-5), 3.20 (d, 1Hsax4eq= 16.1
Hz, H-4ax), 3.00-3.10 (m, 2H, H-4, H-4eq), 2.35 (s, 3H, C(O)-
CHg), 2.23-2.26 (m, 2H, H-2ax, H-2¢eq), 2.00 (ddd, 1HJzax 2¢q
= Joax3= 13.3 Hz,J; 2ax= 4.1 Hz, H-2ax), 1.81 (dd, 1Hlax2eq
= 13.3 Hz,J5¢q3= 4.1 Hz, H-2eq), 1.25 (d, 3Hl = 6.2 Hz, H-6).
13C NMR (125 MHz, CDC}): d¢ 212.3 (G=0), 137.4 (Ar), 134.1
(Ar), 131.7 (Ar), 130.1 (Ar), 130.0 (Ar), 129.3 (Ar), 128.6 (2
Ar), 128.4 (2x Ar), 128.1 (Ar), 126.1 (Ar), 93.3 (C-1), 83.8 (C-
4), 78.1 (C-3), 75.4 (PICH,), 71.2 (C-1), 68.2 (C-5), 59.8 (C-3),
39.0 (C-4), 36.2 (C-2), 35.5 (C-2), 24.8 (C(GYH3), 18.2 (C-6).
ESI HRMS calcd for GsHadN3OsNa: 474.2005 [M+ Na]*.
Found: 474.2001.

(1S .39)-1-0-(3-Azido-2,3,6-deoxyp-L-lyxo-hexopyranosyl)-3-
acetyl-3-hydroxyl-1,2,3,4-tetrahydro-naphthalene (63).Yield
91%,;R: = 0.31 (3:1, hexanesEtOAc); [a]p —114.7 € 0.8, CHCY).
H NMR (400 MHz, CDC}): 6y 7.18-7.37 (m, 4H, Ar), 5.13 (d,
1H, Jl 2ax — 4.0 Hz, H- 1) 4.90 (dd lH.Jl 2ax — J]_ 2eq ™ 3.4 Hz,
H-1,), 4.50 (s, 1H, 2-OH), 4.01 (g, 1HJs 5= 6.6 Hz, H-5), 3.76-
3.80 (m, 2H, H-3, H-4), 3.15 (d, 1Hlhax4eq= 17.0 Hz, H-4ax),
3.02 (d, 1H,Jsax,4eq= 17.0 Hz, H-4eq), 2.32 (s, 3H, C(O)C#),
2.22-2.26 (m, 2H, H-2ax, H-2€q), 2.06 (ddd, 1H)sax 2e¢= J2ax,3
= 13.0 Hz,J10ax= 4.0 Hz, H-2ax), 1.75 (dd, 1H]ay2eq= 13.0
Hz, Jzeq3= 4.0 Hz, H-2eq), 1.33 (d, 3Hls¢ = 6.6 Hz, H-6).13C
NMR (100 MHz, CDC}): d¢ 211.9 (G=0), 133.7 (Ar), 131.8 (Ar),
129.9 (Ar), 129.2 (Ar), 129.1 (Ar), 126.2 (Ar), 94.4 (C-1), 77.9
(C-3), 71.9 (C-1), 69.4 (C-4), 66.6 (C-5), 56.6 (C-3), 38.9 (G4
36.1 (C-2), 28.4 (C-2), 24.6 (C(QQH3), 16.7 (C-6). ESI HRMS
calcd for GgH23N3OsNa: 384.1535 [VH Na]t. Found: 384.1530.

(1S.39)-1-0-(3-Azido-2,3,6-deoxyB-L-arabino-hexopyranosyl)-
3-acetyl-3-hydroxyl-1,2,3,4-tetrahydro-naphthalene (64)Yield
70%; R = 0.38 (3:1, hexanesEtOAc); [o]p —74.6 € 0.7, CHCY).
1H NMR (400 MHz, CDC}): 6y 7.19-7.38 (m, 4H, Ar), 5.03 (d,
1H, Jiax= 3.5 Hz, H-1), 4.90 (dd, 1HJ1 2ax= J12¢q= 3.5 Hz,
H-1,), 4.54 (br s, 1H, 20H), 3.68-3.83 (m, 2H, H-3, H-5), 3.13
3.21 (m, 2H, H-4 H-4.ax), 3.01 (d, 1HJsax4eq= 17.2 Hz, H-4-
eq), 2.33 (s, 3H, C(O)C¥), 2.23-2.27 (m, 2H, H-Zax, H-2eq),
2.00 (m, 1H, H-2eq), 1.69 (ddd, 1Hgax2eq= J2ax3 = 12.9 Hz,
J12ax= 3.5 Hz, H-2ax), 1.34 (d, 3Hls = 6.2 Hz, H-6).13C NMR
(100 MHz, CDC}): 6¢ 212.1 (G=0), 133.9 (Ar), 131.8 (Ar), 130.0
(Ar), 129.9 (Ar), 129.2 (Ar), 126.1 (Ar), 93.6 (C-1), 78.0 (&3
75.9 (C-1), 71.4 (C-4), 68.4 (C-5), 60.0 (C-3), 38.8 (@436.1
(C-2,), 34.8 (C-2), 24.6 (C(QQH3), 17.7 (C-6). ESI HRMS calcd
for C18H23N305Na: 384.1535 [NH‘ Na]*. Found: 384.1531.

(1S .39)-1-0-(3-Azido-2,3,6-deoxyp-L-lyxo-hexopyranosyl)-3-
acetyl-3-hydroxyl-1,2,3,4-tetrahydro-anthracene (65)Yield 61%;
R = 0.34 (1:1, hexanesEtOAc); [a]p —55.4 € 0.2, CHC}). 'H
NMR (400 MHz, CDC}): oy 7.77—7.86 (m, 3H, Ar), 7.67 (s, 1H,
Ar), 7.45-7.52 (m, 2H, Ar), 5.09-5.16 (m, 2H, H-}, H-1), 4.50
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(br's, 1H, 2-OH), 4.08 (g, 1H.Js,6 = 6.6 Hz, H-5), 3.82-3.87 (m,
1H, H-3), 3.76 (s, 1H, H-4), 3.37 (br s, 2H, Hak, H-4eq), 2.38
(dd, 1H, Jax2eq= 14.7 Hz,J1 20¢ = 3.9 Hz, H-2ax), 2.26-2.32
(M, 4H, H-2eq, C(O)CH), 2.05 (ddd, 1H,)ax 26q= Joaxs = 12.7
Hz, J1 2ax= 3.9 Hz, H-2ax), 1.75 (dd, 1Hbay 2eq= 12.7 HZ,J2643
= 3.9 Hz, H-2eq), 1.40 (d, 3Hls¢ = 6.6 Hz, H-6).13C NMR (100
MHz, CDCh): ¢ 211.6 (G=0), 133.6 (Ar), 131.7 (Ar), 131.6 (Ar),

130.6 (Ar), 128.6 (Ar), 128.1 (Ar), 127.8 (Ar), 127.1 (Ar), 126.6

(Ar), 125.9 (Ar), 93.6 (C-1), 78.1 (CzB 71.9 (C-1), 69.5 (C-4),
66.6 (C-5), 56.7 (C-3), 39.2 (Cs¢4 37.4 (C-3), 28.4 (C-2), 24.5
(C(O)CH3), 16.8 (C-6). ESI HRMS calcd for £GHosN3OsNa:
434.1692 [M+ Na]*. Found: 434.1686.

(1S 39)-1-0-(3-Azido-2,3,6-deoxyB-L-arabino-hexopyranosyl)-
3-acetyl-3-hydroxy-1,2,3,4-tetrahydro-anthracene (66).Yield
60%; R = 0.30 (1:1, hexanesEtOAc); [a]p —62.3 € 0.3, CHC}).
IH NMR (400 MHz, CDC}): dy) 7.78—7.84 (m, 3H, Ar), 7.65 (s,
1H, Ar), 7.40-7.55 (m, 2H, Ar), 5.10 (dd, 1H} 2ax= J1.2eq= 3.5
Hz, H-1,), 5.02 (d, 1H,J; 2ax= 3.5 Hz, H-1), 4.50 (br s, 1H,°2
OH), 3.63-3.85 (m, 2H, H-3, H-5), 3.283.33 (m, 2H, H-4ax,
H-4.eq), 3.20 (dd, 1HJs5 = J34 = 9.5 Hz, H-4), 2.26-2.39 (m,
5H, H-2,ax, H-2eq, C(O)CH), 2.00 (m, 1H, H-2ax), 1.7061.78
(m, 1H, H-2eq), 1.40 (d, 3HJss = 6.2 Hz, H-6).13C NMR (100
MHz, CDCl): 6c211.7 (CG=0), 133.7 (Ar), 131.7 (Ar), 131.6 (Ar),

130.6 (Ar), 128.5 (Ar), 128.2 (Ar), 127.8 (Ar), 127.1 (Ar), 126.6

(Ar), 125.8 (Ar), 92.9 (C-1), 78.1 (C=} 76.6 (C-1), 71.6 (C-4),
68.4 (C-5), 60.0 (C-3), 39.2 (C4 37.5 (C-2), 34.7 (C-2), 24.5
(C(O)CH3), 17.8 (C-6). ESI HRMS calcd for fH,sNsOsNa:

434.1692 [M+ NaJ*. Found: 434.1688.
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Cytotoxicity Assays. Compounds8—13 were assayed against
the MCF-7 breast cancer cell line using a cell proliferation assay
that employs the bioreduction of a tetrazolium compound to a
formazan to quantitate cell viabili&f.Cells (~10 000/well) were
incubated in the cell culture media (DMEM/high, 10% fetal bovine
serum, 1%t -glutamine, 1% sodium pyruvate) in a 96-well plate
for 24 h and then dosed with potential cytotoxic compounds in the
serum-free media (DMEM-F12, 1 mg/mL human albumin, 5 mg/L
human transferrin, 5 mg/L bovine insulin) and incubated for 72 h,
at which point a solution of MTS (3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenylji2etrazolium) was
added, and the plate was incubated for an additional 2 h. The
dehydrogenase enzymes of viable cells reduce the MTS to forma-
zan, which can be quantitated at 490 nm. When read against a
control, this quantity has been shown to be a direct indication of
the number of viable cells.
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