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Abstract: Deoxygenated furanose glycals were efficiently prepared by molybdenum pentacarbonyl-catalyzed
cycloisomerization of alkynyl alcohols, which were easily prepared in chiral nonracemic form by short synthetic
sequences featuring asymmetric epoxidations of commercially available allylic alcohols. The cycloisomerization
reaction was demonstrated to be compatible with ester and amide functional groups. A 2,3-dideoxyfuranose glycal
was stereoselectively converted into the anti-Alp8ucleoside stavudine (3 -didehydro-2 3 -dideoxythymidine,

d4T) and the antiviral '3deoxyf-nucleoside cordycepin.

The anchimeric and hydrogen-bond-directing effects of

3-amido-2,3-dideoxyfuranose glycals were exploited in a novel and highly stereoselective synthesis strategy for a
variety of biologically active 3amino-2,3-dideoxy- and 3amino-3-deoxy{3-nucleosides, including puromycin

aminonucleoside. In addition, the mechanism of the

molybdenum-catalyzed alkynol cycloisomerization reaction

has been studied. Evidence is presented which indicates that cyclic molybdenum carbene anions are catalytic

intermediates in these cyclizations.

Introduction

The recent resurgence of interest in deoxynucleoside chem-
istry has been fueled by the discovery of antiviral and antitumor
activities of these compounds, as well as their potential as

components of antisense oligonucleotides'-A3ido-2,3'-
dideoxythymidine (AZT,1; Scheme 1) was the first drug
approved for the treatment of acquired immunodeficiency
syndrome (AIDS). More recently &-didehydro-2 3-dideoxy-
thymidine (d4T,2) has shown clinical efficacy, both separately
and in combination with AZT. 3'-Amino-2,3-dideoxycytidine

(3) and 3-amido-3-deoxynucleosides including puromyci) (
exhibit antitumor activity2 whereas phosphoramidate-linked 3

amino-2,3-dideoxynucleosides have shown enhanced binding

with complementary RNA and DNA strands without loss of
discrimination against strands containing mismatched resifdues

synthesis of deoxynucleosides including compouridsb.
Functional group interconversion from naturally occurring (but

. ' 3
Several strategies have been successfully employed for the

Scheme 1. Representative Deoxynucleoside Antibiotics
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4, puromycin aminonucleoside, R = H
5, puromycin, R = L-(4-methoxy)-
phenylalanine amide

rather expensive) nucleosides is a useful approach for theceptually simple exchange of one heteroatomic substituent fol

preparation of many pyrimidine nucleosides, but is generally
limited to preparation of one enantiomeric sefiehe con-
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(1) Johnston, M. I.; Hoth, D. FSciencel993 260, 1286.

(2) (a) Davidoff, A. N.; Mendelow, B. VAnticancer Resl992 12, 1761.
(b) Morr, M.; Wray, V.Angew. Chem., Int. Ed. Endl994 33, 1394. (c)
Lin, T.-S.; Mancini, W. RJ. Med. Chem1983 26, 544. (d) Mancini, W.
R.; Williams, M. S.; Lin, T.-S.Biochemistry1988 27, 8832.

(3) (@) Gryaznov, S. M.; Letsinger, R. Nucleic Acids Resl992 20,
3403. (b) Gryaznov, S. M.; Chen, J.-K.Am. Chem. S08994 116 3143.

(c) Gryaznov, S. M.; Lloyd, D. H.; Chen, J.-K.; Schultz, R. G.; DeDionisio,
L. A.; Ratmeyer, L.; Wilson, W. DProc. Natl. Acad. Sci. U.S.A995 92,
5798. For similar findings with 's — 3'-guanidinium-linked oligonucle-
otides, see: (d) Dempcy, R. O.; Aimarsson, Bruice, T.Proc. Natl. Acad.

Sci. U.S.A1994 91, 7864. (e) Dempcy, R. O.; Browne, K. A,; Bruice, T.
C. J. Am. Chem. Socl995 117, 6140. Reviews: (f)Carbohydrate
Modifications in Antisense ResearcBanghvi, Y. S., Cook, P. D., Eds.;
ACS Symposium Series 580; American Chemical Society: Washington,
DC, 1994. (g) Crooke, S. TFASEB J.1993 7, 533. (h) Uhlmann, E.;
Peyman, AChem. Re. 1990 90, 543.
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another can involve a rather lengthy synthetic sequence onc
protective group manipulations and stereochemical issues ar
considered, especially with purine nucleosifleslternatives
featuring coupling of carbohydrates with pyrimidine/purine
moieties permit flexibility in the variety of functional group
changes in nucleoside analogs, provided that such coupling
are stereoselective. The most flexible approach might involve
asymmetric synthesis of the carbohydrate moieties from simple
starting materials, particularly for deoxygenated or unusually
functionalized carbohydrates.

1,2-Glycals have shown considerable promise as glycosy
donors for the preparation of various oxygen-, carbon-, and

(4) Mag, M.; Schmidt, R.; Engels, J. WL.etrahedron Lett1992 33,
7319.

(5) (a) Samano, M. C.; Robins, M. Tetrahedron Lett1989 30, 2329.
(b) Chen, J.-K.; Schultz, R. G.; Lloyd, D. H.; Gryaznov, S. Mucleic
Acids Res1995 23, 2661.
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Scheme 2. Preparation of 1,2-Glycals Scheme 3. Asymmetric Synthesis of Alkynal3
‘/O X ref. 7 (O] this work /OH HOL a Pivo\k? b PivO \ OH
R ( )n‘Z/ R On R ()h—-~H X o H — H
OR'
6 7 8 1 12 13
n=1,2 ML, . . A
base \ ML, = Cr(CO)s J n Reagents and Conditions: (a) 5 mol% Ti(O-~Pr)4, 6 mol% D-DIPT,
W(CO)s PhCMe,O0H, 3A MS, CH,Cly, -20°C; -BuCOCI, EtsN (37%). (b)
(O ML, (OH /MLn LiC=CH, BF3-OEtp, THF, -78°C to -20°C (70%).
R ) R
Onf~H On Y Scheme 4. Asymmetric Synthesis of Alkynols Bearing
10 H 9 Propargylic Nitrogen Substituents
] ) ) HO a HO H b
nitrogen-linked glycoconjugatés.1,2-Glycals7 are generally \——\\ —_— =0 _
prepared by reductive elimination of 2-(acyloxy)glycosyl halides g — H 5 =—H
6, readily available from furanose and pyranose sugars (Scheme 14 H 45
2)." At the outset of our studies, we envisioned that deoxy- RO—\ oH g VO oH
genated glycals and other endocyclic enol ether substances might H 3\ W N\
be prepared by cyclization of the corresponding isomeric alkynyl NH RN;{{ Y =—H
alcohol8. Prior to our work a single-step cyclization reaction °
X 16 R=H 18 R=H
of alkynyl alcohols8 to endocyclic enol ethefdwas unknown, co 47 R-piv el y9 R- CH,CO |f
although the general concept of alkynol cyclization to carbenes 20 R=CF,CO

8-10 has recgntly been applied to natural product syntfesis. Reagents and Conditions: (a) 10 mol% Ti(O-i-Pr),, 12 mol% D-DIPT,

We have prewously reported that molybdenum penta_car_bonyl PhCMesOOH, 3A MS, CHyClp, -5°C (47%). (b) Ti(O-£Pr)(Na)a, toluene

trialkylamine complexes catalyze the cycloisomerization Of  (77%). () +BUCOCI, py., CHsCly, 0°C to 20°C (79%). (d) SnCly, CHaOH.

1-alkyn-4-ols to substituted 2,3-dihydrofurahs. (e) Ac20, aq. CH3OH (87%, two steps). (f) (CF3C0)20, py., CHyCly, then
Herein we discuss mechanistic insights on molybdenum-  CH3OH (78%, two steps).

catalyzed alkynol cyclization reactions, related issues of func- ) . . ]

tional group compatibility, and applications of the dihydrofuran ~ Alkynol substrates bearing heteroatomic propargylic substit-

cyclization products to the stereoselective synthesis of a varietyUents were prepared frori)-2-penten-4-yn-1-ol14) (Scheme

of bioactive nucleosides, includirgr-4. 4). Asymmetric epoxidation provided compout which was
followed by titanium-mediated regioselective addition of a¥ide
Results and selective protection of the primary alcohol of azido diol

) ) 16. Mosher ester analysis of the secondary alcoholléf

Asymmetric Synthesis of Alkynols. Our general approach  ingicated an enantiomeric excess of 221%. Reduction of
to the asymmetric synthesis of alkynols featured hydroxyl- ine azidé* to the amine18 and acylation provided the
directed asymmetric epoxidation followed by regioselective 3-amidoalkynolsl9 and 20.
nucleophilic addition. For instance, the chiral nonracemic Molybdenum-Catalyzed Alkynol Cyclizations. Reaction
alkynol 13 was prepared by asymmetric epoxidation of allyl of 13 with molybdenum hexacarbonyl and trimethylamine
alcohol 1) with in situ derivatizatioA? as the pivaloate ester  n_oxide in ether/triethylamine at room temperature provided
12 (Scheme 3). Regioselective addition of lithium acetylide  {he protected dihydrofuranmethar®l in 80% isolated yield
boron trifluori.de etheraté to 12 at Iow temperature<78 to (Table 1)% Similar results were observed upon reactior 8f
—20°C) provided the homopropargylic secondary alcoh@| with photogenerated triethylamirenolybdenum pentacarborfl.
if this reaction was conducted at higher temperatures or without powever, attempts to extend this reaction to the alkynediol
boron trifluoride, partial migration of the ester group was gypstrate2 resulted in the unexpected formation of the furfuryl
observed. The enantiomeric purity was determined by forming gjcohol derivative?3. Reaction with the C3-silyl ether deriva-
the Mosher esté? of the secondary alcohdl3; *H NMR tive 24 provided only a low yield of dihydrofura5 ac-
analysis of the diastereomeric methoxy singlets indicated an companied by fura3; reaction of the diastereom@6 gave
enantiomeric excess of 89%:1%, three determinations). exclusively furar23. Reaction of the azidoalkynol and17

(6) For recent reviews, see: (&@-glycosylation) Toshima, K.; Tatsuta, as well as Fhe amln]ag also gallve the furan produc?3 and28
K. Chem. Re. 1993 93, 1503. (b) C-glycosylation) Jaramillo, C.; Knapp, ~ Upon reaction with triethylaminremolybdenum pentacarbonyl,
S. Synthesisl994 1. but the corresponding 3-amidoalkyndl8 and20 provided the

(7) (a) Fischer, EBer.1914 47, 196. (b) Roth, W.; Pigman, WWethods ; in 2 ami ; ;
Carbohydr. Chem1963 2, 405. () Shafizadeh, FMethods Carbohyr. cycloisomeric 3-amidoglycal29 and 30 without evidence of

Chem.1963 2, 409. (d) Ireland, R. E.; Wilcox, C. S.; Thaisrivongs, . furan formatipn. . .
Org. Chem1978 43, 786. (e) Cavallaro, C. L.; Schwartz,11.0rg. Chem. Asymmetric Synthesis of Deoxynucleosides from Deoxy-
1995 60, 7055. ; s i ; ;

(8) (a) Quayle, P.; Ward, E. L. M.; Taylor, Fetrahedron Lett1994 ;urancl)ld Glycals'. The ifflC!entprepara_tIZIl’]Dcﬂl prOVIdeddad4T
35, 8883. (b) Quayle, P.; Rahman, S.; HerberfTétrahedron Lett1995 ormal asymmetric synthesis of the anti-AIDS compoun
36, 8087. (2) via the known iodonucleosid#l,1> obtained byN-iodosuc-

(9) () McDonald, F. E.; Connolly, C. B.; Gleason, M. M.; Towne, T.  cinimide (NIS)-induced addition of bis(trimethylsilyl)thymine

B.; Treiber, K. D.J. Org. Chem.1993 58, 6952. (b) McDonald, F. E.; .
Schultz, C. CJ. Am. Chem. Sod994 116 9363. (C) McDonald, F. E.. to 21 (Scheme 5). Calculation of reagent costs for the d4T

Gleason, M. MAngew. Chem., Int. Ed. Endl995 34, 350. (d) McDonald, synthesis via cycloisomerization methodology revealed that NIS
F. E; Schultz, C. C.; Chatterjee, A. Kirganometallics1995 14, 3628. is a rather costly reagent on a per mole basis. We subsequent
(10) Gao, Y.; Klunder, J. M.; Hanson, R. M.; Masamune, H.; Ko, S. Y.;
Sharpless, K. BJ. Am. Chem. Sod.987, 109, 5765. (13) Caron, M.; Carlier, P. R.; Sharpless, K.B.Org. Chem1988 53,
(11) (a) Midland, M. M.J. Org. Chem1975 40, 2250. (b) Yamaguchi, 5185.
M.; Hirao, |. Tetrahedron Lett1983 24, 391. (14) Maiti, S. N.; Singh, M. P.; Micetich, R. Gietrahedron Lett1986
(12) Dale, J. A.; Dull, D. L.; Mosher, H. S]. Org. Chem.1969 34, 27, 1423.

2543, (15) Kim, C. U.; Misco, P. FTetrahedron Lett1992 33, 5733.
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Table 1. Cyclization of Alkynols with
Trialkylamine—Molybdenum Pentacarbonyl

products
alkynol (isolated yield)®
PivO PivO
T\ OH \ O~ H
H — H” /
13 21 (80%) H
TBSO—\ oH TBSQ o
D w
HO H 0
e 23 (58%)
TBSO TBSO
\ OH \¢ O —H
H 3" — H H‘sr / + 23
TBSO H TBSO H H
243 25 (18%)
TBSO—\ on
;“\‘ng 23 (76%)
TBSO H
262
RO OH RO [o)
N3 H ’
27 R=H
16 R=H — Pi
17 R = Piv 28 R=Pv
;‘\“X‘%H 28
HoN H
18
PivO PivO
\ OH \ O~ —H
H d=—H Ha\A
RN H RNHH H

19 R =CH;CO 29 R=CHzCO (89%)
20 R=CF4CO 30 R=CF;CO (92%)
a Synthesis schemes are described in the supporting information.
bYields of furan products are unoptimized.

found that iodine @) was equally suitable for the stereoselective,
high-yield iodoglycosylation o21. The crude iodonucleoside

McDonald and Gleasol

o
;/ NH

Scheme 5. Asymmetric Synthesis of d4T2)

o}
;/ NH

PVO— o, PVO—~ o N b HOy o N
— X Y.,o — XY o
H™\__/ H H H™ \—/ “H

1
21 31 d4T (2)

Reagents and Conditions: (a) o, (Me3Si)o-thymine, CH,Cl,
(94%, 7 : 1 mixture). (b) 60 equiv. NaOMe, MeOH (80%).

Scheme 6. Stereoselective Dihydroxylation @1 and
Synthesis of Cordycepir84)

PivO o) ab PivO o QAc
3 3
21

3a OAc

NHBz NH,
(I e
PVO— o N"W* 4 HO\ o NP

H “H HY\__/™H

3 - 3
OAc OH
33 cordycepin (34)

Reagents and Conditions: (a) 1 mol% OsQ,4, N-methylmorpholine-N-oxide, THF /
t-BuOH / H,0 (67%). (b) Ac,0, EtsN, CH,Cl, (90%, 13 : 4 : 3 : 1 mixture). (c)
TMSOTY, N-benzoyl-N, N-bis(trimethylsilyl)adenine, CICH,CH,Cl, 83°C (65%).
(d) NaOMe, MeOH (42%).

6). This stereochemical assignment is clarified after Lewis acid-
catalyzed adenine glycosylatirto give thes-nucleoside33

as the major component. Basic methanolysis of acyl groups
affords synthetic cordycepir84).

A low-yield preparation of a 3-amidofuranose glycal similar
to 29 has been previously documentdyut glycoconjugate
synthesis from these glycals has not been reported. Direc
glycosylation of the glyca29 or 30 with pyrimidine and purine
based! under a variety of acidic reaction conditions ¢Pk
HBr,16 TMSOTf?) was sluggish at room temperature, and
generally gave a mixture ofi- and S-nucleosides when the
glycosylation reaction was carried to high conversion. However,
we found that reaction d¥9 with trifluoromethanesulfonic acid
and silylated thymine at room temperature with acetonffile

3lunderwent E2 reaction as well as pivaloate methanolysis upon a5 solvent afforded predominantly tBenucleoside3sT (Scheme

reaction with a large excess of freshly prepared sodium
methoxide to give d4T2) in excellent overall yield. d4T
produced by our route exhibited an enantiomeric excess of
approximately 90%, demonstrating the stereochemical integrity
of the secondary alcohol in the novel cycloisomerization
synthesis oR1

A variety of other methods were evaluated for stereoinduction
in reactions with the 3-deoxyfuranoid glycal. Reaction of
21 with triphenylphosphinehydrogen bromid® and bis-
(trimethylsilyl)thymine directly affords the’' B-dideoxynucleo-
sides, but without significant stereoselectivity as batandj
anomers are formed in a 1.5:1 mixture. Reaction of 2-(phen-
ylsulfonyl)-3-phenyloxaziriding? bis(trimethylsilyl)thymine,
and 21 provides three of the four possiblé-@oxynucleoside
products. However, osmium tetroxide-catalyzed dihydroxyla-
tion18 of 21 followed by acylation of the crude diol provides a
13:4:3:1 mixture of diacetylated products favori@(Scheme

(16) (a) Bolitt, V.; Mioskowski, C.; Lee, S.-G.; Falck, J. R.Org. Chem.
199Q 55, 5812. (b) Kaila, N.; Blumenstein, M.; Bielawska, H.; Franck, R.
W. J. Org. Chem1992 57, 4576.

(17) Davis, F. A.; Chattopadhyay, S.; Towson, J. C.; Lal, S.; Reddy, T.
J. Org. Chem1988 53, 2087.

(18) Bednarski, M.; Danishefsky, $. Am. Chem. So4986 108 7060.

7, entry 1). Addition of acetic acid t89 gave a more highly
reactive glycosyl donor36, which underwent high-yielding
TMSOTf-induced glycosylation with silylated pyrimidine bases
in the presence of acetonitrile to afford the desjealicleoside
35T,U,C (entries 2-4). We subsequently found that similar
results are more consistently obtained by using trifluoromethane
sulfonic acid as the activating agent (entries 5 and 6); possibly
trifluoromethanesulfonic acid is also generated iby situ
hydrolysis of trimethylsilyl trifluoromethanesulfonate. The

(19) Lichtenthaler, F. W.; Voss, P.; Heerd, Betrahedron Lett1974
2141.

(20) Bischofberger, K.; Hall, R. HCarbohydr. Res1976 52, 223.

(21) For early reports describing acid-catalyzed coupling of 2,3-dihy-
drofurans and dihydropyrans with pyrimidine and purine bases, see: (a]
Bowles, W. A.; Schneider, F. H.; Lewis, L. R.; Robins, R.XMed. Chem.
1963 6, 471. (b) Bowles, W. A.; Robins, R. K. Am. Chem. S0d.964
86, 1252.

(22) Kessler, H.; Michael, K.; Kottenhahn, Miebigs Ann. Cheni994
811.

(23) (a) Vankar, Y. D.; Vankar, P. S.; Behrendt, M.; Schmidt, R. R.
Tetrahedronl991, 47, 9985. (b) Schmidt, R. R. IBynthetic Oligosaccha-
rides: Indispensable Probes for the Life Sciendésvac, P., Ed.; ACS
Symposium Series 560; American Chemical Society: Washington, DC,
1994; pp 276-296.
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Scheme 7. Glycosylation 0f29 to 3-Amido-2,3-dideoxynucleosides

o
z/ NH

(]

=

=z

H

PVO—y o . Pvoy o N HO—w o N
He / - - Hen i e} Ho g (o]
AcNH AcNH HoN
2 3sT ar
R O NHAc
\
<'/ NH ¢ N
PivO o PivO—y o N—( PVO— o N
" X Y., 0 o)
He “H He" YH
_ AcNH AcNH AcNH
PivO o %» 35U, R=H 35C
me 35T, R = CHg
H NHBz
AcNH N
| PivO oy \/)N
v v
¢ \ O«.sPh o N
H» He K
AcNH AcNH
¥ 35A

Reagents and Conditions: (a) CF3SO3H, silylated base, 3A MS, MeCN, 20°C (entry 1); (b) excess
NaOMe, MeOH, 65°C (68%); (c) AcOH, A020 3A MS, cat. TsOH (92%); (d) TMSOTH, silylated base, 3A

MS, MeCN, 0°C to 20°C (entries 2-4); (

e) CF3SOgH, silylated base, 3A MS, MeCN, 20°C (entry 5-6); (f)

thiophenol, CF3SOzH, 3A MS, CH,Cly, 20°C (75%); (g) NIS, TfOH, silylated base, MeCN, -40°C (entry 7).

nucleoside, isolated yield

entry silylated base glycosyl donor conditions (B : o ratio)

1 (TMS)g-thymine 29 a 35T, 50% (>20 : 1)
2 (TMS)g-thymine 36 d 35T, 85% (4.7 : 1)
3 (TMS)g-uracil 36 d 35U, 85% (21: 1)

4 N-A«(TMS)g-cytosine 36 d 35C, 77% (8.7 : 1)
5 (TMS)2-thymine 36 e 35T, 87% (8.4 : 1)
6  N-AdTMS)g-cytosine 36 e 35C, 84% (3.3 : 1)
7  N-Bz(TMS)z-adenine 37 g 35A, 42% (>10: 1)

addition of purine bases is not stereoselective under thesetrapped by the carboxylic acid byproduct to gi8®8 (Scheme
conditions, presumably due to acid-catalyzed equilibration. 9). Acylation of the 2-hydroxyl group permitsans-glycosy-
However, the more reactive thioglycoside dor®x can be lation of 39 under Lewis acid conditions to give purine
activated withN-iodosuccinimide and trifluoromethanesulfonic  S-nucleosides including0.2” Basic methanolysis af0 provides
acic® at significantly lower temperatures, giving the purine the deprotected puromycin aminonucleosidg (Similar ste-
B-nucleoside85A with high stereoselectivity (entry 7). The ester reoinduction is observed in the peroxyacetic acid epoxidation
and amide protective groups are removed with sodium meth- of the 3-trifluoroacetamide glyca0, leading to the diacetate

oxide in methanol to give the-&mino-2,3-dideoxynucleosides
(cf. 35T — 3T).

In the case of guanine glycosylations, the reactiod/ainder
kinetic conditions gave primarily the N-7 regioison85G* as
the major nucleoside product (Scheme 8, entry>1)We
observed that the proportion of N-9 regioisor8&(G increased
when glycosylation was carried out at room temperature, but
under these conditions the-nucleoside isomers were also
observed (entry 2), and were the major product when the
glycosylation was conducted in refluxing acetonitrile (entry 3).
Observable amounts of glyc2® were also obtained under these
reaction conditions.

The amide functional group &9 directs epoxidation with
peroxyacid® from thea-face, and the epoxide intermediate is

(24) Knapp, S.; Shieh, W.-Cl'etrahedron Lett1991, 32, 3627.
(25) (a) Garner, P.; Ramakanth, $.0rg. Chem1988 53, 1294. (b)
Imazawa, M.; Eckstein, K. Org. Chem1978 43, 3044.

42 (Scheme 10). Under the thermodynamic conditions of these
glycosylations, the naturally occurring N-9 regioisomé&ga,
43G, and43A’ are the major products obtained (entries3).
Dimethyldioxirane epoxidation d30 is also directed by the
amide when epoxidation is conducted in the non-hydrogen-
bonding solvent CkLl,;28¢dthe crude glycal epoxidé4 reacts

(26) Goodman, L.; Winstein, S.; Boschan, R.Am. Chem. S0od.958
80, 4312.

(27) (a) Azhayev, A. V.; Ozols, A. M.; Bushnev, A. S.; Dyatkina, N.
B.; Kochetkova, S. V.; Victorova, L. S.; Kukhanova, M. K.; Krayevsky,
A. A.; Gottikh, B. P.Nucleic Acids Resl979 6, 625. (b) Vorbiiggen, H.;
Krolikiewicz, K.; Bennua, B.Chem. Ber1981 114 1234.

(28) (a) Murray, R. W.Chem. Re. 1989 89, 1187. (b) Baertschi, S.
W.; Raney, K. D.; Stone, M. P.; Harris, T. M. Am. Chem. Sod 988
110, 7929. (c) For hydroxyl-directed epoxidations with dimethyldioxirane,
see: Chow, K.; Danishefsky, S. Org. Chem199Q 55, 4211. (d) After
our manuscript was submitted, a directed epoxidation of 3-benzamido-1-
cyclohexene with dimethyldioxirane was reported: Murray, R. W.; Singh,
M.; Williams, B. L.; Moncrieff, H. M. J. Org. Chem1996 61, 1830.
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Scheme 8. Glycosylations 0f36 and 37 with Guanine
o]
N

NN N
L L oy S

\\I/NHAC

NH

PivO fo) PivO o N9 N NHAc o N7
A SPh a ‘
H — H "H + He “H O
AcNH AcNH AcNH
37 35G 35G*
o)
PivO PivO H
" 0 OAc bor A 0 A N7 NH
H —  35G + 35G* + R “€ By + 29
H c H N Z
AcNH B AcNH 9 N NHAc

o-nucleosides

Reagents and Conditions: (a) N-Ac(TMS)s-guanine, NIS, TfOH, EtCN, 3A MS, -78°C to
0°C, 2 h. (entry 1); (b) N-Ac(TMS)s-guanine, TMSOTf, MeCN, 3A MS, 20°C, 3 h. (entry 2);
(c) N-Ac(TMS)z-guanine, TMSOTf, MeCN, 3A MS, 81°C, 1.5 h. (entry 3).

glycosyl nucleosides, relative ratio of product
. bined i io of products

entry donor conditions cor}xllieige 35G : 35G* : a-nucleosides : 29
1 37 a 35% 10:73: 0 0
2 36 b 38% 34:14 : 10 : 0
3 36 c 50% 22 :10:12 : 32

Scheme 9. Stereoselective Epoxidation/Glycosylation28#
and Synthesis of Puromycin Aminonucleosidg (

PivO—\(j_7 a PivO O oA
A0 ey
: /2
AcNH AcNH OR
29 b 38 R=H

39 R=Ac
N(CHy),

Cc

—

SN

2

N

N
(|

PivO o N
He g

AcNH OAc
40

H.N  OH
puromycin aminonucleoside
(O

Reagents and Conditions: (a) 32% CH3CO3H, CH,Cly; (b) Ac,0, py.,
DMAP (95%; 2 steps); (c) N,N-Me,(TMS)adenine, TMSOTf, 3A MS,
CICH,CH,CI, 83°C (73%); (d) excess NaOMe, MeOH, 65°C (61%).

stereospecifically with silylated pyrimidine bases to give
43T,U,Cin good yields (Scheme 10, entries-@). However,

the effectiveness of the one-pot dioxirane procedure is apparentl)/

limited to pyrimidine bases, as benzoyladenine gives a very
messy reaction resulting in a low isolated yield4¥A (entry
7).

Discussion

Mechanism of Molybdenum-Catalyzed Alkynol Cycliza-
tions. We propose that trialkylamiremolybdenum pentacar-
bonyl-catalyzed alkynol cycloisomerizations proceed by the
mechanism shown in Scheme 11. Displacement of the trialkyl-
amine ligand by the terminal alkyne @f5 is followed by
isomerization of the>-molybdenum-alkyne complex6to the
vinylidene carbend7.2° At this stage we propose that alcohol

deprotonation induces cyclization to give the molybdenum
carbene anio8. Protonation of the molybdenuntarbon
bond then provides the endocyclic enol ether prodigcand
regenerates the trialkylaminenolybdenum pentacarbonyl cata-
lyst. In this mechanism the tertiary amine serves as a protor
carrier in the conversion af7 to 49. The tertiary amine base

is required for successful reaction; alkynol substrates are
recovered unchanged upon addition to molybdenum pentaca
bonyl-ether complex in the absence of triethylamine.

Alkynol substrates bearing good leaving groups at the
propargylic position (i.e., 3-azido-1l-alkyn-4-ol5 and 17)
afford furan products resulting from cyclization and elimination
(Scheme 12). Basic functional groups such as propargylic
amines (compounti8), hydroxyl groups (substra?), and even
silyl ethers (compound24 and 26) are protonated by the
trialkylammonium cation 48 — 50). These cationic (and
therefore electrofugic) groups undergo elimination to give the
plausible intermediate molybdenum carbé&ie Deprotonation
of the vinylogously acidified C4-hydrogen and protonation of
the furan-molybdenum intermediat&2 affords furan products
53

Additional evidence implicating molybdenum carbene anions
as mechanistic intermediates for these cyclizations includes
eactions with various electrophiles. For instance, reaction of
alkynol 54 with 1 equiv of triethylamine-molybdenum penta-
carbonyl in the presence of benzaldehyde provides the enol ethe
56 along with the molybdenum carbeB& (Scheme 13§ This
structure is consistent with nucleophilic addition of a molyb-
denum carbene aniorg5-Mo, to the aldehyde followed by
dehydration, as precedented for stoichiometric chromium oxa-
carbenes® We have also observed that reaction of alkynols
such a4 with catalytic triethylamine-molybdenum carbonyl
in the presence of tributyltin triflate gives the endocyclic
o-stannyldihydrofuram8.9 The same product is also obtained
from the stoichiometric chromium carber® under basic
conditions, further implicating the common intermediacy of
carbene anionS5 in these reactions.

(29) (a) Bruce, M. I.; Swincer, A. GAdv. Organomet. Chenl983 22,
59. (b) Silvestre, J.; Hoffmann, Rdelv. Chim. Actal985 68, 1461. (c)
Bruce, M. |.Chem. Re. 1991, 91, 197.

(30) (a) Casey, C. P.; Brunsvold, W. R.Organomet. Cheni975 102
175. (b) Wulff, W. D.; Anderson, B. A.; Toole, A. J. Am. Chem. Soc.
1989 111, 5485.
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Scheme 10. Epoxidation/Glycosylation 080 to 3-Amido-3-deoxynucleosides
RNR' o)
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CF3CONH CFsCONH OH CF3CONH O
a4 43U R=H 43Cc
43T, R = CHg

Reagents and Conditions: (a) 32% CH3COg3H, CH,Cly; (b) Ac2O, py., DMAP (97%; 2 steps); (c)
silylated base, TMSOTf, 3A MS, CICH,CH,CI, 83°C (entries 1 - 3); (d) dimethyldioxirane, CH,Cl, /
acetone (6/1), 0°C; (e) silylated base, MeCN, 20°C; aq. AcOH / THF workup (entries 4 - 7).

entry silylated base glycosyl donor conditions  nucleoside, isolated yield

1 N-Bz(TMS)g-adenine 42 c 43A, 90%

2 N-Ac(TMS)3-guanine 42 c 43G, 77% (10:1)

3 N, N-Meg(TMS)adenine 42 ¢ 43A', 71%

4 (TMS)g-uracil 44 e 43U, 80%

5 (TMS)g-thymine 44 e 43T, 86%

6 N-A(TMS)g-cytosine 44 e 43C, 71%

7 N-Bz(TMS)gz-adenine 44 e 43A, 16%
Scheme 11.Mechanism for Alkynol Cycloisomerization (X Scheme 12. Mechanism for Furan Formation (% N3, or
= Nonbasic Group, H, NHC(O)R) Basic Groups, i.e., Ni OR)

H H Ho—— H H
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E"“N\/\ (EtN)Mo(CO)s /\( HREL,
:NEts + 46 R \O ) Mo(CO)s
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CO)5 X H X H Wr L NEt,
47 48 H / Mo(CO)s H_X_TMO(CO)S
Finally, we propose that each of the mechanistic steps H'x H >~ HR o (\‘o(co)s /H H
between alkynol substrate and the cyclic molybdenum carbene BN ) 48 M 51
anion are reversible, including the carbarxygen bond-forming s HHX) H
step in the intramolecular hydroxyl addition to molybdenum * 50

vinylidene carbene4(7 to 48, Scheme 1162 to 63, Scheme
14). This hypothesis is based on the following observations: without significant stereoinduction, we observed that nucleo-
primary alkynols are unreactive to triethylamin@olybdenum philic addition to the 2-deoxy-3-amidoglycosyl accept@gs
pentacarbonyl (for example>80% of 3-butyn-1-ol §0) is 36, and 37 generally proceeded from th&face @nti to the
recovered, and no trace of 2,3-dihydrofutis observedyPd 3-substituent), provided that the reaction was conducted at lowe
yet when60 is reacted with triethylaminemolybdenum pen- temperatures (kinetic control) and in acetonitrile as solvent. Oui
tacarbonyl in the presence of tributyltin triflate, the cyclized working hypothesis (Scheme 15) is that acetonitrile adds
a-stannyldihydrofuran65 is obtained in good yield. This  nonstereoselectively to give anomeric acetonitrilium 68
suggests that the electrophilic tin reagent drives the overall and67a. Acetonitrilium ion67f is prone to intramoleculang
equilibrium through the carbene ani6éB8 more effectively than displacement by the acetamido group to give the cyclic imidate
does protonation by the trialkylammonium cation. intermediate68,22 which subsequently undergoes intermolecular
Stereoselective Syntheses ofBmido-2',3-dideoxynucleo- Sy2 displacement by the glycosyl acceptor (Nu:) to give
sides from Furanoid Glycals. Although acid-catalyzed addi-  B-nucleoside35. We propose that the acetonitrilium anomer
tion of nucleophiles to the unfunctionalized glycals proceeded 67a may undergo intermoleculai3 displacement without the
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Scheme 13. Interception of Carbene Anion Intermediates Scheme 15. Stereoselectivity of Kinetic Glycosylations of
with Electrophiles 36 and 37
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Scheme 14. Molybdenum-Catalyzed Cyclization of 68 35
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(_Z/ . (_z/ anomer was consistently less mobile by silica gel chromatog-
H y  HNEt H raphy (TLC, flash column chromatography). Regiochemical
62 63 66 assignments for guanosine nucleosides were determined b

examining chemical shift differences at H8the isomer with
the upfield chemical shift is assigned as the N-9 regioisomer
(35G, 6(H-8) = 8.01; N-7 regioisomeB5G*, 6(H-8) = 8.21).
Stereoselective Syntheses of-Bmido-3'-deoxynucleosides
from Furanoid Glycals. Amide-directed peracid epoxidations
have been known for nearly 40 yedfsalthough this effect is
not as widely known as the analogous directing effect with
allylic alcohol substrate¥. We were initially concerned that
the higher nucleophilicity of enol ethers relative to other alkenes
might override preassociation of the amide and peracid prior tc
oxygen atom transfer. However, we observed that epoxidation:
of both 29 and 30 occur from theo-face (Scheme 16), as
determined by acetylation and Lewis acid-inductdns
glycosylation to give the desired-nucleosides40 and 43,
respectively (Schemes 9 and 10). In addition, dimethyldioxirane
epoxidation is similarly directed from the secondary antife;
the crude epoxidd4 can be glycosylated bgnti addition of
silylated pyrimidine bases to give the sarfenucleosides
d43T,U,C (Scheme 10). The stereochemical assignments of the
epoxide-derived nucleoside products were confirmed by nOe

intermediacy of cyclic imidat&8, as the acetonitrilium ion of
67a is improperly configured for intramolecular displacement.

Supporting evidence for the intermediacy&# includes the
observation that neither the electron-withdrawing 3-trifluoro-
acetamido glycal30 nor the derived anomeric acetate (the
trifluoroacetamide analog 086) can be glycosylated with
reasonable stereoselectivity. When the glycosylatioB6is
conducted above room temperature, selectivityfpryrimidine
nucleoside85is lost. Furthermore,'2leoxypurine nucleosides
(which are known to suffer equilibration under acidic conditions)
cannot be formed with higB-selectivities with these approaches
even at °C, although satisfactor§-stereoselectivity is obtained
with glycosylations conducted at lower temperatures from the
more reactive thioglycoside don8i.

Stereochemical assignments were made by careful compari-
sons of nuclear Overhauser effects (nOe) for fheand
a-anomers of the thymine nucleosi@®T. The 3-amido-2,3-
dideoxynucleosideg3-35U,C,A,G showed similar chemical
shifts and coupling constants for the anomeric hydrogen, an
were assigned by analogy t8-35T (see the supporting
information). We note that the kinetically favorgehucleoside (31) Henbest, H. B.; Wilson, R. A. L1. Chem. Socl956 3289.
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experiments on the thymidine derivatiget3T, and comparison
with a sample of thea-anomer of 43T prepared by an
independent route (see the supporting information).

Conclusion

This work demonstrates the efficacy of our novel alkynol
cyclization strategy coupled with glycal functionalization for

J. Am. Chem. Soc., Vol. 118, No. 28,663%6

addition of12 (2.11 g, 13.3 mmol, in 10 mL THF) over 20 min. The
solution was allowed to warm to c&.10 °C over a period b1 h and

was quenched by addition of water (10 mL) and saturated aqueout
NaHCGQ; (15 mL). The mixture was stirred until all bubbling had
ceased and two clear layers had formed. The aqueous layer wa
extracted with BEO (4 x 40 mL). The combined organic layers were
washed once with brine, dried over #;, and concentrated. The
residue was purified by chromatography on silica gel (pentane:EtOAc

the stereoselective synthesis of unusual deoxynucleoside sub= 4:1) to yield13as a colorless oil (1.71 g, 70% yield)a]t% +11.6°
stitution patterns, with applications to the antibiotic compounds (CHCk, ¢ = 0.69); IR (neat) 3462, 3293, 2966, 2875, 2122, 1727, 1481,

d4T ), cordycepin 84), and aminonucleosides includiBgand
puromycin aminonucleosidd). We have determined that the
triethylamine-molybdenum pentacarbonyl-catalyzed alkynol

cycloisomerization proceeds through a carbene anion catalytic
intermediate. The mechanistic consequences of this reactionfound 185.1165

are consistent with the production of furans from 1-alkyn-4-ol

substrates containing good leaving groups or basic groups al

the propargylic position (C3). However, this methodology is

compatible with alkynol substrates containing nonbasic prop-

argylic N-carboxamide functional groups, and the resultant

ty.

1399, 1286, 1161, 1103, 1037, 939¢tH NMR (300 MHz, CDC})
54.23-4.11 (2 H, m), 4.043.99 (1 H, m), 2.46 (2 H, dd = 6.3, 2.7
Hz), 2.35 (1 H, br dJ = 4.5 Hz), 2.06 (1 H, dd) = 2.6, 2.6 Hz), 1.21
(9 H, 5);°C NMR (75 MHz, CDC}) 6 178.6, 79.5, 71.0, 68.0, 66.7,
38.7, 27.0, 23.6; HRMS calcd for,@1705 [(M + H)*] 185.1177,

(2R,3R)-3-Ethynyl-2-(hydroxymethyl)oxirane (15). (E)-2-Penten-
yn-1-ol (14; 2.32 g, 28.3 mmol; dried ove8 A molecular sieves),
p-(—)-diisopropyl tartrate (815 mg, 3.40 mmol), and £&Hb (56 mL)
were added to powdede3 A molecular sieves (1.2 g, flame dried).
The mixture was chilled te-5to —10°C. Ti(O--Pr), (0.87 mL, 2.83

3-amidofuranose glycal is the common synthetic intermediate mmol) was added, and the mixture was stirred for 20 min-&tto

for efficient preparation of a variety of &minodeoxynucleo-
sides. Future directions include extension of the alkynol

—10°C. Cumene hydroperoxide (8.96 g, 47.1 mmol; dried over 3 A
molecular sieves) was added dropwise over 15 min. The mixture was

cyclization approach to the asymmetric synthesis of pyranosyl stoppered and transferred to a freezeb (C) for 24 h. The mixture

glycals and glycoconjugates.

Experimental Section

General Methods. All reactions were magnetically stirred in oven-

was chilled to—25 °C, and P(OMe) (4.7 mL, 4.25 mmol) was added
dropwise over 10 min. Citric acid (544 mg, 2.83 mmol; dissolved in
50 mL of acetone/RO (1:1)) was added, and the mixture was stirred
for 45 min and allowed to warm to 20C. The mixture was filtered
through Celite, and the solvents were evaporated. The residue wa

dried glaSSWare under a nitrogen atmosphere. Commercial gradEpuriﬁed by silica ge| Chromatography using pentanﬂ’e:l) to y|e|d
reagents were used without further purification unless stated otherwise.the epoxidel5 (1.31 g, 47%) as a mixture of epoxide and diisopropyl

The solvents tetrahydrofuran and diethyl ether were distilled from

sodium—benzophenone ketyl prior to use; dichloromethane, toluene,

acetonitrile, and triethylamine were distilled from calcium hydride prior

tartrate (58 wt % epoxide b{H NMR): colorless oil; p]%% —6.4°
(CHC, ¢ = 0.502); IR (neat) 3439, 3269, 3005, 2931, 2872, 2125,
1636, 1433, 1314, 1234, 1074, 1028, 977, 880, 855, 748;¢i NMR

to use. Photochemical irradiation was accomplished with a Rayonet (300 MHz, CDC}) 6 3.97 (1 H, dddJ = 13.1, 4.9, 2.3 Hz), 3.75 (1

photoreactor.

(S)-Oxiranemethanol Trimethylacetate (12). To a flame-dried 250
mL three-neck flask equipped with a stir bar and nitrogen inlet were
addel 3 A powdered molecular sieves (1.75 g)(—)-diisopropyl
tartrate (0.695 g, 2.98 mmol), allyl alcohd) (2.91 g, 50.0 mmol),
and CHCI, (95 mL). The stirred suspension was chilled-t® to
—10°C. Ti(O--Pr) (0.77 mL, 730 mg, 2.5 mmol) was added dropwise
and stirred at-5 to —10 °C for 30 min. Cumene hydroperoxide (15
g, 100 mmol, dried owe3 A molecular sieves) was added dropwise
over 30 min, keeping the temperature—8 to —10 °C. The mixture
was stoppered and transferred to a freezeb (C) for 23 h. The
temperature was then adjusted+d0 °C, and trimethyl phosphite (8.85
mL, 9.31 g, 75.0 mmol) was added slowly over 60 min, keeping the
temperature below-20 °C. In situ protection was accomplished at
—20 °C by addition of triethylamine (8.4 mL, 6.1 g, 60.0 mmol)
followed by trimethylacetyl chloride (6.2 mL, 6.0 g, 50.0 mmol) to
the crude epoxidation mixture. The temperature was adjusted@o O
and the mixture was stirredfd h and then filtered through a pad of
Celite, eluting with CHCIl,. The organic phase was washed with 10%
tartaric acid (2x 50 mL), saturated NaHC$and brine, dried over
NaSQ,, filtered throudn a 3 cmplug of silica gel, and concentrated.
The residue was purified by silica gel chromatography (pentas@:Et
=10:1to 4:1) to yieldl2 as a colorless oil (2.98 g, 37% yield)o]P°>
+21.2° (CHCl;, ¢ = 1.3); IR (neat) 2974, 2875, 1736, 1481, 1397,
1367, 1285, 1154, 1036, 991, 911, 858, 77X &riH NMR (300 MHz,
CDCls) 6 4.40 (1 H, ddJ = 12.3, 2.9 Hz), 3.91 (1 H, dd] = 12.2,

6.1 Hz), 3.22-3.17 (1 H, m), 2.84 (1 H, dd] = 4.5, 4.5 Hz), 2.64 (1
H, dd,J = 4.9, 2.6 Hz), 1.21 (9 H, s)}i3C NMR (75 MHz, CDC})
178.1, 64.6, 49.4, 44.4, 38.7, 27.0.

(S)-1-Pentyne-4,5-diol 5-Trimethylacetate (13).A flame-dried 100
mL three-neck flask equipped with a dropping funnel, stir bar, and
nitrogen inlet was charged with anhydrous THF (25.0 mL) and chilled
to —78°C. Acetylene was bubbled into the THF a¥8 °C to form
a saturated solution, to which-butyllithium (2.5 M in hexane, 6.4
mL, 16.0 mmol) was added dropwise over 15 min. Boron trifluoride
etherate (1.97 mL, 16.0 mmol) was added, followed by dropwise

H, ddd,J = 13.1, 8.4, 3.2 Hz), 3.47 (1 H, dd,= 1.9, 1.8 Hz) 3.36 (1
H, m), 2.37 (1 H, dJ = 1.7 Hz), 1.68 (1 H, br dJ = 5.0 Hz);*C
NMR (CDCls, 75 MHz) 6 79.5, 72.3, 59.9, 59.7, 42.1.
(35,49)-3-Azido-1-pentyne-4,5-diol (16). Ti(O-i-Pr), (2.0 mL, 6.7
mmol) and TMSN (1.9 mL, 12 mmol) were added to toluene (50 mL)
and heated to 96110 °C for 4 h. The resulting orange solution was
allowed to cool to 76-80°C. The epoxide (545 mg, 5.56 mmol) was
dissolved in toluene (7 mL) and added via cannula. The mixture was
allowed to cool to 20C. After 16 h, the toluene was evaporated, the
residue was dissolved in £ (30 mL), and 5% KSO, (20 mL) was
added. The biphasic mixture was stirred until two clear layers formed
(1 h). The aqueous layer was extracted with EtOAc £.@0 mL).
The organic layers were washed with saturated Naki@@l brine,
dried over NaSQy, and concentrated. The product was purified by
silica gel chromatography using pentane/EtOAc (1:1) to yl€i¢602.1
mg, 77%): colorless oil;d]?%; +107° (CHCI;, ¢ = 0.300); IR (neat)
3382, 3289, 2938, 2894, 2110, 1308, 1233, 1112, 1038;citd NMR
(300 MHz, CDC}) 6 4.32 (1 H, ddJ = 5.0, 2.3 Hz), 3.843.78 (3 H,
m), 2.70 (1 H,dJ= 2.3 Hz), 2.61 (1 H, brd) = 5.2 Hz), 1.98 (1 H,
br s); 13C NMR (CDChk, 75 MHz) 6 77.4, 76.0, 73.2, 62.7, 54.5.
(3S,49)-3-Azido-1-pentyne-4,5-diol 5-Trimethylacetate (17).Diol
16 (1.23 g, 8.71 mmol) was dissolved in @i, (80 mL) and chilled
to 0°C. Pyridine (2.2 mL, 27 mmol) was added followed by dropwise
addition of trimethylacetyl chloride (1.4 mL, 11 mmol) over 5 min.
The mixture was allowed to warm to 2€. After 13 h, the solvent
was evaporated. The residue was dissolved in EtOAc (30 mL) and
washed with saturated NaHG@20 mL). The aqueous layer was
extracted with EtOAc (5« 15 mL). The organic layers were washed
with brine, dried over Ng&8Q,, and evaporated. The product was
purified by silica gel chromatography using pentane/EtOAc (4:1) to
yield 17 (1.56 g, 79%): colorless oilp{]%%; +63.9 (CHCL, ¢ = 0.460);
IR (neat) 3469, 3302, 2977, 2106, 1718, 1481, 1285, 1238, 1159, 103€
914 cnr?; *H NMR (300 MHz, CDC}) 6 4.25 (2 H, ddJ=4.7, 1.6
Hz), 4.24 (1 H, m), 3.99 (1 H, m), 2.70 (1 H, d= 2.4 Hz), 2.59 (1
H, br d,J = 5.4 Hz), 1.23 (9 H, s):C NMR (CDCk, 75 MHz) §
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178.7, 77.6, 75.4, 71.7, 64.6, 54.8, 38.8, 27.1. Anal. Calcd for
CioH15N3Os: C, 53.32; H, 6.71; N, 18.65. Found: C, 52.96; H, 6.70;
N, 18.66.

(35,49)-3-Acetamido-1-pentyne-4,5-diol 5-Trimethylacetate (19).
Azide 17(1.19 g, 5.26 mmol) was dissolved in MeOH (52 mL). SnCl
(1.56 g, 8.08 mmol) was added, and the mixture was stirred 4€C20

McDonald and Gleasol

h. The solvents were evaporated, and the product was purified by silice
gel chromatography using EtOAc/pentane (2:1, 19%\H) to yield

29 (1.087 g, 89%): colorless oilp]?% +116° (CHCls, ¢ = 0.418);

IR (neat) 3281, 2977, 1733, 1652, 1539, 1367, 1283, 1162, 1037, 72¢
cm%; *H NMR (300 MHz, CDC}) 6 6.52 (1 H, s), 5.54 (1 H, br s),
4.98-4.92 (2 H, m), 4.47 (1 H, m), 4.30, (1 H, dd=11.8, 4.0 Hz),

for 19 h. The MeOH was evaporated, and the residue was dissolved4.22 (1 H, ddJ = 11.8, 6.0 Hz), 1.98 (3 H, s), 1.21 (9 H, $)C NMR

in EtOAc (30 mL). Aqueous KF (5 M, 20 mL) was added, and the
biphasic mixture was stirred until two clear layers formed (1.5 h;

(75 Mz, CDCE) 6 178.1, 169.7, 149.3, 99.8, 85.5, 64.3, 54.4, 38.7,
27.0, 22.9; HRMS (EI) calcd for SH10NO4 (MT) 241.1314, found

additional KF and water were added as needed to dissolve tin salts).241.1324.

The aqueous layer was extracted with EtOAx(20 mL). The organic
layers were washed with brine, dried over,8@y, and evaporated to
yield aminel8 (1.00 g). Crude amin&8 (1.00 g) was dissolved in
MeOH/H,O (2:1, 50 mL), AeO (4.7 mL, 50 mmol) was added
dropwise, and the mixture was stirred at 2D for 1 h. The mixture

1,4-Anhydro-2,3-dideoxy-3-(trifluoroacetamido)o-erythro-pent-
1-enitol 5-trimethylacetate (30)was prepared by the procedure given
for 29. Alkynyl alcohol 20 (263 mg, 0.891 mmol) after silica gel
chromatography (1% B¥H, 1% MeOH in CHCl,) gave30 (244 mg,
92%): colorless oil; %% +84.5 (CHCl;, ¢ = 1.46); IR (neat) 3314,

was concentrated, and the residue was purified by silica gel chroma-3088, 2978, 1722, 1616, 1550, 1481, 1456, 1399, 1368, 1283, 1154

tography using pentane/EtOAc (4:1) to gii®@(1.11 g, 87% over two
steps): colorless oilf] %% +8.4° (CHCls, ¢ = 0.308); IR (neat) 3289,

2971, 2874, 2117, 1729, 1652, 1533, 1373, 1285, 1163, 1037, 993,

939 cnt; H NMR (300 MHz, CDC}) 6 6.19 (1 H, br d,J = 7.8 Hz),
4.94 (1 H, dddJ = 8.4,2.7, 2.4 Hz), 4.30 (1 H, dd,= 11.4, 6.9 Hz),
4.14 (1 H, ddJ = 11.7, 5.1 Hz), 3.97 (1 H, m), 2.86 (1 H, brd=
6.3 Hz), 2.38 (1 H, dJ = 2.4 Hz), 2.04 (3 H, s), 1.23 (9 H, s); (75
Mz, CDCk) 6 178.8, 169.8, 78.6, 73.7, 71.0, 65.2, 44.3, 38.8, 27.1,
23.0; HRMS (El) calcd for @H20NO4 [(M + H)*] 242.1392, found
242.1399.

(35,49)-3-(Trifluoroacetamido)-1-pentyne-4,5-diol 5-Trimethyl-
acetate (20). Pyridine (0.57 mL, 7.0 mmol) and (GEO)O (0.91 mL,
6.4 mmol) were added to GBI, (30 mL) at—40 °C. Crude amine

1077, 1036, 870 cnt; *H NMR (300 MHz, CDC}) 6 6.62 (1 H, dJ
=1.2 Hz), 6.31 (1 H, br s), 5.055.01 (2 H, m), 4.55 (1 H, ddd] =
8.6, 5.1, 3.5 Hz), 4.26 (2 H, dl = 5.2 Hz), 1.22 (9 H, s)}3C NMR
(75 MHz, CDC}) 6 178.2, 156.7 (q) = 37.7 Hz), 150.8, 115.5 (¢,
= 288 Hz), 98.4, 84.6, 63.7, 55.4, 38.8, 27.0; HRMS (El) calcd for
C12H16NOsF5 (M) 295.1031, found 295.1025.
1-(2,3-Dideoxy-2-iodo-5-O-(trimethylacetyl)- f-p-ribofuranosyl)-
thymine (31). An oven-dried 25 mL flask equipped with a stir bar
and nitrogen inlet was charged witl (76.8 mg, 0.417 mmol) and
anhydrous CELCI, (4.0 mL), which was then chilled te 30°C. N N3-
bis(trimethylsilyl)thyminé? (160.9 mg, 0.595 mmol) was added fol-
lowed by b (171.6 mg, 0.676 mmol), and the mixture was stirred at
—30 °C for 2 h. The mixture was diluted with GBI, (20 mL),

18 (607 mg, 3.04 mmol), prepared as described for the preparation of warmed to 20C, and quenched by addition of 10% 4850s (10 mL).

19, was added via cannula in GEl; (10 mL). The mixture was
allowed to warm to 20C. After 1 h, the solvent was evaporated, the
residue was dissolved in MeOH (25 mL), and the mixture was stirred

The layers were separated, and the,CHl layer was washed again
with 10% NaS,0s (10 mL) and brine, dried over N8O, and
concentrated to yiel@1 as a light yellow oil which solidified upon

at room temperature for 2 h. The MeOH was then evaporated, and standing (177.0 mg, 94% yield, 7:1 mixture of isomerdji NMR

the residue was dissolved in EtOAc and washed with saturated NaHCO
The aqueous layer was extracted with EtOAx(45 mL). The organic
layers were washed with brine, dried over,B@, and concentrated.

(300 MHz, CDC}) 6 8.59 (1 H, br s), 7.28 (1 H, s), 6.20 (1 H, #i=
5.6 Hz), 4.68-4.60 (1 H, m), 4.47 (1 H, dd] = 13.5, 5.5 Hz), 4.35
4.30 (1 H, m), 4.27 (1 H, ddJ = 13.0, 3.4 Hz), 2.432.23 (2H, m),

The residue was purified by silica gel chromatography using pentane/ 1.93 (3 H, s), 1.22 (9 H, s)24 was unstable to purification on silica

EtOAc (3:1) to yield20 (785 mg, 78% over two steps): colorless oil;
[0]%% +22° (CHCI, ¢ = 0.554); IR (neat) 3437, 3301, 3074, 2979,
2876, 2124, 1718, 1547, 1482, 1463, 1400, 1366, 1285, 1166;cm
1H NMR (300 MHz, CDC}) ¢ 7.05 (1 H, br dJ = 8.1 Hz), 4.94 (1
H, ddd,J = 8.7, 2.7, 2.7 Hz), 4.37 (1 H, dd,= 11.7, 6.6 Hz), 4.15
(1 H, dd,J = 11.7, 5.1 Hz), 4.03 (1H, m), 2.72 (1 H, br d,= 6.9
Hz), 2.48 (1 H, d,J = 2.3 Hz), 1.24 (9H, s)¥3C NMR (CDCk, 75
MHz) 6 179.0, 156.6 (q) = 38.4 Hz), 115.5 (q) = 263 Hz), 76.5,
75.1, 70.1, 64.8, 44.6, 38.8, 27.0; HRMS (EI) calcd fagNGsNOsF3
[(M — OH)*] 278.1004, found 278.0996.
1,4-Anhydro-2,3-dideoxyp-pent-1-enitol 5-Trimethylacetate (21).
An oven-dried 50 mL flask equipped with a stir bar and nitrogen inlet
was charged with Mo(CQ@)311.4 mg, 1.180 mmol), trimethylamine
N-oxide (118.3 mg, 1.064 mmol), anhydrous ether (25.0 mL), and
triethylamine (4.0 mL, solvents distilled immediately prior to use). The
suspension was stirred at 20 for 1 h. Alkynyl alcohol13 (0.470 g,
2.55 mmol; dissolved in 10 mL of ether) was added via syringe and
stirred at 20°C for 65 h. The solvent was removed in vacuo, and the
residue was purified by silica gel chromatography (pentane:ether:
diethylamine= 100:0:1 to 100:5:1) to yiel@1 as a colorless oil (0.376
g, 80% yield): p]?% +85.4 (CHCl;, c = 1.46); IR (neat) 2975, 2873,
1732, 1622, 1481, 1460, 1285, 1142, 1038, 951, 901, 706;cH
NMR (300 MHz, CDC}) ¢ 6.28 (1 H, ddJ = 2.3, 5.0 Hz), 4.89 (1 H,
dd,J = 2.6, 5.1 Hz), 4.864.70 (1 H, ddddJ = 14.9, 7.3, 6.2, 4.3
Hz), 4.19-4.09 (2 H, m), 2.73 (1 H, ddf] = 15.3, 10.6, 2.4 Hz), 2.38
(1 H, ddt,J = 15.3, 7.3, 2.4 Hz), 1.21 (9 H, s}¥C NMR (75 MHz,
CDCls) 6 178.4, 145.1, 98.9, 78.3, 65.8, 38.9, 31.4, 27.2; HRMS calcd
for C10H1603 (MJr) 1841099, found 184.1096.
3-Acetamido-1,4-anhydro-2,3-dideoxye-erythro-pent-1-enitol 5-
Trimethylacetate (29). Mo(CO) (379 mg, 1.44 mmol) was dissolved
in EO (50.0 mL) and BN (15.0 mL) under M The colorless solution
was irradiated at 350 nm undeg for 20 min. To the resulting yellow
solution was added alkynyl alcohd® (1.21 g, 5.01 mmol) via syringe
in CH.Cl, (15 mL). The mixture was stirred at 2C€ under N for 60

gel, and the best overall yields were obtained by reacting the crude
iodonucleoside in the next step.

Stavudine (2). lodonucleoside31 (46.4 mg, 0.1064 mmol) was
placed in an oven-dried 25 mL flask equipped with a stir bar and
nitrogen inlet. Sodium methoxide (25 wt % in methanol, 1.5 mL, 6.6
mmol) was added and stirred at 2G for 18 h. The reaction was
quenched by dropwise additiorf & N HCI until solution pH tested
neutral. The volatiles were evaporated, and the residue was purifiec
by chromatography (methanol:GEl, = 1:25) to yield2 as an off-
white solid (19.0 mg, 80% vyield): mp 163L66 °C (lit.33 mp 164—

166 °C); [0]?% —42° (H20, ¢ = 0.52) (lit33 [a]® —46.7° (H0, c =
0.7)); IR (KBr) 3472, 3176, 3035, 1672, 1465, 1256, 1095 trH
NMR (300 MHz, D;0) 6 7.56 (1 H, s), 6.87 (1 H, d] = 1.3 Hz), 6.40
(1H,d,J=6.1Hz),590(1H,d)=6.1Hz), 492 (1H, brs), 3.72

(2 H,d,J=23.0Hz), 1.78 (3 H, s)!3C NMR (75 MHz, DMSO¢) &
164.1, 150.9, 136.9, 135.1, 126.0, 109.1, 89.0, 87.4, 62.4, 12.3; HRMS
calcd for GoH12N2O4 (M) 224.0797, found 224.0805.

3-Deoxyb-ribofuranose 1,2-Diacetate 5-Trimethylacetate (32). A
50 mL flask equipped with a stir bar and nitrogen inlet was charged
with 21 (201.4 mg, 1.093 mmol), THF (11.0 mLBuOH (0.28 mL),
and HO (0.17 mL), and was cooled to T. N-Methylmorpholine
N-oxide (203.5 mg, 1.685 mmol) was added followed by Q&@. 2
mg), and the reaction mixture was allowed to slowly warm tc*€0
The reaction was monitored by TLC (pentane@t 4:1, productR
= 0.05) until complete conversion @fl was indicated (ca. 4 h). Solid
NaS;0s (392.2 mg, 2.063 mmol) was added to the reaction, which
was allowed to stir for 1 h. The mixture was concentrated, and the
residue was purified by filtration throiliga 3 cmplug of silica gel,
eluting with acetone. The filtrate was concentrated to yield 158.9 mg
of crude diol (ca. 0.73 mmol, 67% yield), which was dissolved in,CH

(32) Wittenburg, EChem. Ber1966 99, 2380.

(33) Mansuri, M. M.; Starrett, J. E.; Ghazzouli, I.; Hitchcock, M. J. M.;
Sterzycki, R. Z.; Brankovan, V.; Lin, T.-S.; August, E. M.; Prusoff, W. H.;
Sommadossi, J.-P.; Martin, J. @. Med. Chem1989 32, 461.
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Cl; (5.0 mL). Triethylamine (0.72 mL, 0.52 g, 5.2 mmol) and acetic
anhydride (0.34 mL, 0.37 g, 3.6 mmol) were added, and the mixture
was stirred at 20C for 22 h. The reaction mixture was diluted with
CHCl, (10 mL) and washed with saturated NaHC@ x 7 mL) and
brine. The organic layer was dried over4S&, and concentrated. The
residue was purified by silica gel chromatography (pentane:EtSAc
4:1 to 1:1) to yield the diacetates as an inseparable mixture of four
stereoisomers favoring2 (197.2 mg, 90% yield, 60% yield over two
steps). Spectral data for major ison3er *H NMR (300 MHz, CDC})
06.16 (L H, s), 5.20 (1 H, t) = 3.0 Hz), 4.63-4.53 (1 H, m), 4.16
(2 H,dd,J=6.8, 2.2 Hz), 2.251.98 (2 H, m), 2.11 (3 H, s), 2.07 (3
H, s), 1.21 (9 H, s).

9-(2-O-Acetyl-3'-deoxy-5-(trimethylacetyl)- -p-ribofuranosyl)-
N-benzoyladenine (33).An oven-dried 25 mL flask equipped with a
reflux condenser, stir bar, and nitrogen inlet was charged MWAN'-
bis(trimethylsilyl)N’-benzoyladeniné2® (217.1 mg, 0.566 mmol).
Diacetate32 (81.6 mg, 0.270 mmol; dissolved in 5.0 mL of 1,2-
dichloroethane) was added followed by trimethylsilyl triflate (0.10 mL,
0.517 mmol). The reaction mixture was stirred and heated at reflux
for 3 h. The reaction mixture was cooled to 20, diluted with 30
mL of CH,Cl,, washed with saturated NaHG( x 15 mL) and brine,
dried over NaSQ,, and concentrated. The residue was purified by silica
gel chromatography (toluene:acetored:1 to 2:1) to yield33 as a
colorless oil (91.0 mg, 65% yield, 73% based on recovered starting
material): p]%% +5° (CHCI;, ¢ = 1.02); IR (neat) 3292, 2971, 1728,
1610, 1441, 1235, 1146, 1081 cim'H NMR (300 MHz, CDC}) 6
9.28 (1L H, br s), 8.74 (1 H, s), 8.12 (1 H, s), 8:6896 (2 H, m),
7.58-7.41 (3H, m), 6.09 (1 H, d) = 1.5 Hz), 5.74 (1 H, dJ = 6.0
Hz), 4.66-4.57 (1 H, m), 4.36 (1 H, dd] = 12.3, 3.3 Hz), 4.28 (1 H,
dd,J = 12.3, 5.7 Hz), 2.762.60 (1 H, m), 2.22 (1 H, dd) = 14.0,
4.4 Hz), 2.12 (3 H, s), 1.16 (9 H, s)*C NMR (75 MHz, CDC}) 6
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allowed for separation of the individual anomers. Data for major
anomer: colorless oil;d]?% +62.7 (CHCls, ¢ = 0.692); IR (neat)
3290, 3075, 2974, 1733, 1652, 1549, 1473, 1368, 1285, 1231, 116C
1110, 998, 935, 849 cm; 'H NMR (300 MHz, CDC}) ¢ 6.41 (1 H,
d,J = 5.1 Hz), 6.03 (1 H, br dJ = 7.7 Hz), 4.54 (1 H, dddd] =
10.1,8.3,2.8,1.8 Hz), 4.28 (1 H, m), 4.21 (1 H, dd&s 11.9, 3.8 Hz),
4.13 (1 H, ddJ = 11.7, 4.2 Hz), 2.52 (1 H, dddl = 14.4, 8.4, 5.2
Hz), 2.10 (3 H, s), 2.061.92 (1 H, m), 2.01 (3 H, s), 1.20 (9 H, s);
13C NMR (75 MHz, CDC}) 6 178.0, 169.6, 169.4, 98.7, 85.1, 64.3,
49.9, 38.7, 38.2, 27.1, 23.2, 21.4; HRMS (El) calcd fauHz4NOs
[(M + H)*] 302.1604, found 302.1607. Data for minor anomer:
colorless oil; p]?% —47° (CHCL, ¢ = 0.312);'H NMR (300 MHz,
CDCls) 6 6.32 (1 H, d,J = 4.5 Hz), 5.88 (1 H, br dJ = 8.0 Hz),
4.61-4.57 (1 H, m), 4.274.15 (2 H, m), 4.06 (1 H, dd = 10.8, 6.0
Hz), 2.47 (1 H, dd) = 13.6, 7.3 Hz), 2.09 (1 H, ddd, = 13.9, 8.7,
5.2 Hz), 2.06 (3 H, s), 1.99 (3 H, s), 1.22 (9 H, §C NMR (75 MHz,
CDCl3) 6 178.3, 170.1, 170.0, 97.6, 82.8, 64.7, 49.7, 38.8, 38.6, 27.1,
23.2, 21.3.
1-(3-Acetamido-2,3'-dideoxy-5-O-(trimethylacetyl)- -pb-ribo-
furanosyl)thymine (35T). Acetate36 (38.8 mg, 0.129 mmol; dried
by azeotropic evaporation from toluenes Bwas dissolved in 3.0 mL
of dry MeCN and added via cannula 8 A molecular sieves (72 mg)
and (TMS)-thyminé? (116.4 mg, 0.4303 mmol). The mixture was
chilled to 0°C, and TfOH (0.014 mL, 0.15 mmol) was added dropwise.
After 3 h, the mixture was allowed to warm to 2G. After 12 h, the
mixture was diluted with CkCl, (25 mL) and washed with saturated
NaHCGQ; (1 x 25 mL). The aqueous layer was extracted with,CHl
(3 x 15 mL). The organic layers were washed with brine, dried over
N&SQ,, and evaporated. Silica gel chromatography (3% MeOH in
CH,Cl,) gave35T as an inseparable 8.4:8/¢) mixture of anomers
(41.2 mg, 87% combined), which was characterized as follows:

178.2, 170.1, 164.6, 152.7, 151.1, 149.6, 141.6, 133.5, 132.7, 128.7,colorless glassjof]?%p +12.1° (CHCl;, ¢ = 0.446); IR (thin film) 3301,

127.8, 123.5, 90.0, 78.68, 77.7, 64.5, 38.8, 32.9, 27.1, 20.8; HRMS
calcd for G4H2gNsOs [(M + H)*] 482.2040, found 482.2072.
Cordycepin (34). An oven-dried 25 mL flask fitted with a stir bar
and nitrogen inlet was charged wis3 (81.4 mg, 0.169 mmol). Sodium
methoxide (25 wt % in methanol, 0.80 mL, 3.5 mmol) was added, and
the mixture was stirred at 2TC for 20 h. The reaction mixture was
diluted with methanol (10 mL) and chilled to OC, and saturated
aqueous ammonium chloride was added dropwise until solution pH

3181, 3073, 2979, 2516, 1688, 1554, 1472, 1369, 1276, 1155, 1097
1037, 976, 896, 734 cr; 'H NMR (300 MHz, CDC}, B anomer)s
10.57 (L H, br's), 7.82 (1 H, br d,= 5.4 Hz), 7.41 (1 H, s), 6.30 (1

H, dd,J = 8.9, 5.0 Hz), 4.47 (1 H, dd] = 12.3, 4.5 Hz), 4.384.26
(3H, m)2.44 (1 H, dd) = 12.7, 5.0 Hz), 2.06 (3 H, s), 2.621.94 (1

H, m), 1.92 (3 H, s), 1.21 (9 H, s}3C NMR (75 MHz, CDC},
anomer)d 178.0, 170.9, 164.1, 150.7, 134.8, 111.4, 85.4, 84.5, 64.7,
51.0, 38.8, 37.2, 27.2, 22.7, 12.4; HRMS (LSIMS) calcd foiHziN:Og

tested neutral. Water and methanol were removed in vacuo, and the[(M + H)*] 368.1822, found 368.1851.

residue was purified by silica gel chromatography (MeOH;:Clki=
12:1) to yield cordycepirf34) as a white solid (17.9 mg, 42% yield),
and 16% of theN’-benzamide derivative resulting from incomplete
methanolysis. Data fd84: mp 205-206 °C (lit.3> mp 224-225°C);
[a]%% —40° (H20, ¢ = 0.40) (lit*® [a]?% —44° (H.0, ¢ = 0.5)); IR
(KBr) 3329, 3129, 1677, 1609, 1481, 1422, 1384, 1341, 1298, 1206,
1092, 717 cm*; *H NMR (300 MHz, DMSO¢s) 6 8.36 (1 H, s), 8.14
(1 H,s),7.30 (2 H, brs), 5.87 (LH, d= 2.5 Hz), 5.68 (1 H, dJ =
4.3 Hz), 5.18 (1 H, tJ = 5.5 Hz), 4.56 (1 H, m), 4.35 (1 H, ddd,=
8.3,6.3 Hz), 3.723.66 (1 H, m), 3.553.47 (1 H, m), 2.25 (1 H, ddd,
J =137, 8.7, 5.7 Hz), 1.91 (1 H, ddd,= 13.2, 6.6, 3.3 Hz)#C
NMR (75 MHz, DMSO4g) 6 156.0, 152.4, 148.8, 139.0, 119.1, 90.8,
80.7, 74.6, 62.6, 34.1; HRMS calcd ford813Ns03 (M1) 251.1018,
found 251.1031.

Acetyl 3-Acetamido-2,3-dideoxy-59-(trimethylacetyl)-p-ribo-
furanoside (36). Dry 3 A molecular sieves (116 mg) were added to
glycal29(84.7 mg, 0.351 mmol) followed by A©® (2.0 mL) and AcOH
(2.0 mL). TsOHHO (56.0 mg, 0.294 mmol) was added, and the
mixture was stirred under Nat 20 °C for 90 h. The reaction was
guenched by dilution with EtOAc (30 mL) and washing with brine
and saturated NaHGO The aqueous layers were extracted with EtOAc
(4 x 15 mL). The organic layers were washed with brine, dried over
N&SQ,, and concentrated. Purification by silica gel chromatography
using 1% MeOH in CHCI, gave36 as a separable mixture of anomers
(2.1:1 mixture, 97.5 mg, 92% combined). Careful chromatography

(0) (a) Bullock, M. W.; Hand, J. J.; Stokstad, E. L. R.Org. Chem.
1957 22, 568. (b) Nishimura, T.; Iwai, IChem. Pharm. Bull1964 12,
352. (c) For preparation df-acetylcytosine, see: Angibeaud, P.; Defaye,
J.; Franconie, HCarbohydr. Res198Q 78, 195.

(35) Walton, E.; Holly, F. W.; Boxer, G. E.; Nutt, R. F.; Jenkins, S. R.
J. Med. Chem1965 8, 659.

Phenyl 3-Acetamido-2,3-dideoxy-33-(trimethylacetyl)- b-1-thio-
ribofuranoside (37). Glycal 29 (128.5 mg, 0.5326 mmol) was added
to flame-driel 3 A molecular sieves (77 mg) via cannula in MeCN
(5.0 mL). Thiophenol (0.117 mL, 1.06 mmol) was added followed by
TfOH (0.057 mL, 0.64 mmol). The mixture was stirred at ZD for
66 h. The reaction was quenched by dilution withCH and washing
with saturated NaHC® The aqueous layer was extracted with £H
Cl; (4 x 10 mL). The organic layers were washed with brine, dried
over NaSQ,, and concentrated. Purification by silica gel chromatog-
raphy using 2.5% MeOH in Ci€l, gave37 as a 2.1:1 mixture of
isomers (inseparable, 141 mg, 75% combined). This mixture was
characterized as follows: colorless oity]f%s +77.6 (CHCL;, ¢ =
0.606); IR (thin film) 3277, 3064, 2967, 2879, 1732, 1648, 1549, 1480,
1440, 1368, 1285, 1161, 1087, 1026, 959, 743, 692 citd NMR
(300 MHz, CDC}, major isomer)) 7.52-7.49 (2 H, m), 7.347.26
(3H, m), 6.09 (1L H, brd)=8.5Hz),5.71 (1 H, dd) = 7.4, 3.1 Hz),
4.52-4.44 (1 H, m), 4.36-4.14 (3H, m), 2.872.77 (1 H, m), 2.00 (3
H, s), 1.89 (1 H, ddd) = 14.2, 3.6, 3.4 Hz), 1.20 (9 H, s)¥C NMR
(75 MHz, CDC}, major isomer) 178.1, 169.6, 133.9, 131.8, 128.9,
127.6, 86.7, 81.6, 63.9, 50.4, 39.8, 38.7, 27.1, 23.3; HRMS (EI) calcd
for CigH26NO,S [(M + H)*] 352.1582, found 352.1598.

9-(3-Acetamido-2,3'-dideoxy-5-O-(trimethylacetyl)- f-p-ribo-
furanosyl)-N-6-benzoyladenine (35A). Thioglycoside37 (92.0 mg,
0.262 mmol) was dissolved in dry MeCN (5.0 mL) and added via
cannula to flame-drig¢ 3 A molecular sieves (102.2 mg) anNiBz-
(TMS)-adeniné*a? (209 mg, 0.545 mmol). The mixture was chilled
to —40°C. NIS (191 mg, 0.807 mmol) was added followed by TfOH
(0.028 mL, 0.32 mmol), dropwise, over 1 min. The mixture was stirred
at —40 °C for 1.25 h, after which the mixture was allowed to warm to
0 °C and stirred for 1.5 h. The reaction was quenched by dilution
with CH,Cl, and washing with 10% N&,Os and saturated NaHGO
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The aqueous layers were extracted with,CH, and the organic layers
were washed with brine, dried over }0s, and concentrated. Silica
gel chromatography of the residue using-28%6 MeOH in CHCI,
gave35A (53.0 mg, 42%): colorless glassi]f —2° (CHCh, ¢ =
0.456); IR (thin film) 3289, 3067, 2976, 1688, 1609, 1447, 1272, 1159,
1093, 1036, 954, 893, 710 ¢ *H NMR (300 MHz, CDC}) 4 9.40
(1H,brs),866(1H,s),823(1H,s),7.99 (2HJ)e 7.2 Hz), 7.57
(1H,t,J=7.4Hz),7.47 2H,t)=7.4Hz), 713 (L H,brd)=7.3
Hz), 6.43 (1 H, tJ = 5.9 Hz), 4.73 (1 H, m), 4.394.25 (3 H, m),
2.85(1 H, dddJ = 13.4,5.4, 2.5 Hz), 2.68 (1 H, ddd,= 13.4, 6.8,
6.4 Hz), 2.00 (3 H, s), 1.16 (9 H,s)*C NMR (75 MHz, CDC}) 6

178.2, 170.5, 165.0, 152.3, 151.1, 149.4, 141.2, 133.4, 132.8, 128.8,

127.8, 123.5, 84.4, 82.7, 64.0, 50.2, 38.7, 37.8, 27.1, 23.1; HRMS
(LSIMS) calcd for GaH2s NeOs [(M + H)1] 480.2121, found 480.2131.
7-(3-Acetamido-2,3'-dideoxy-5-O-(trimethylacetyl)- f-p-ribo-
furanosyl)-N-2-acetylguanine (35G*). Thioglycoside37 (37.9 mg,
0.108 mmol) was dissolved in dry EtCN (3.0 mL) and added via cannula
to 3 A molecular sieves (44 mg, flame dried) aNdAc-(TMS)s-
guaniné® (115 mg, 0.281 mmol). The mixture was chilled 678
°C. NIS (81.8 mg, 0.345 mmol) was added followed by dropwise
addition of TfOH (0.012 mL, 0.13 mmol). Afte3 h at—78 °C, the
mixture was warmed to @C. The reaction was quenched by dilution
with EtOAc (20 mL), and washing with 10% B&Os (1 x 10 mL)
and saturated NaHG@L x 10 mL). The aqueous layers were extracted
with EtOAc (4 x 15 mL), and the organic layers were washed with
brine (15 mL), dried over N&O,, and concentrated. Silica gel
chromatography (#5% MeOH in CHCIl,) gave 35G* as a 7.3:1
mixture of isomers (16.3 mg, 35% combined). This mixture was
characterized as follows: colorless glass)?fp +54° (CHCls, ¢ =
0.358); IR (thin film) 3267, 3185, 3068, 2965, 1684, 1610, 1549, 1456,
1370, 1256, 1161, 1098, 969, 780 tm'H NMR (300 MHz, CDC},
major isomer)) 11.18 (1 H, br s), 8.21 (1 H, s), 7.15 (1 H, brdz=
7.4 Hz), 6.61 (1 H,t)=5.4 Hz), 4.68-4.58 (1 H, m), 4.474.37 (2
H, m), 4.28 (1 H, dddJ = 6.3, 4.4, 3.9 Hz), 2.86 (1 H, ddd,= 14.1,
7.2,6.5Hz), 2.67 (1 H, ddd,= 13.8, 7.5, 5.0 Hz), 2.41 (3 H, s), 2.02
(3 H, s), 1.20 (9 H, s)C NMR (75 MHz, CDC}, major isomer)d
178.3, 173.7, 170.6, 157.7, 152.9, 148.0, 140.6, 110.9, 86.9, 83.2,
63.9,49.2, 40.1, 38.8, 27.2, 24.5, 23.1; HRMS (LSIMS) calcd for
C19H27N6gOg [(M + H)*] 435.1992, found 435.1982.

Data for 9-(3'-acetamido-2,3-dideoxy-5-O-(trimethylacetyl)- -
p-ribofuranosyl)-N-2-acetylguanine (35G):'H NMR (300 MHz,
acetoneds) 6 12.04 (1 H, br s), 10.78 (1 H, br s), 8.00 (1 H, s), 7.65
(1 H, brd,J=5.8Hz), 6.26 (L H, dd) =7.2, 5.1 Hz), 4.76 4.67 (1
H, m), 4.34 (1 H, ddJ = 12.0, 3.4 Hz), 4.23 (1 H, dd] = 11.8, 5.8
Hz), 4.174.11 (1 H, m), 2.922.83 (1 H, m), 2.622.53 (1 H, m),
229 (3H,s),1.92(3H,s),1.14 (9 H, s).

Acetyl 2-O-Acetyl-3-deoxy-3-(trifluoroacetamido)-5O-(trimethyl-
acetyl)-D-ribofuranoside (42). Glycal 30 (192.6 mg, 0.7982 mmol)
was dissolved in 16 mL of Ci€l, and chilled to ®C. Peracetic acid
(32 wt % in dilute AcOH, 0.25 mL, 1.2 mmol) was added dropwise.
The mixture was allowed to warm to 2C€. After 1.5 h, the mixture
was diluted with EtOAc and washed with 10% 488 and saturated
NaHCGQ. The aqueous layers were extracted with EtOAc, and the
organic layers were washed with brine, dried over,®@, and
concentrated to givél. The crude hydroxy acetatd was dissolved
in 7.0 mL of dry CHCI,. Pyridine (0.39 mL, 4.8 mmol), A© (0.23
mL, 2.4 mmol), and DMAP (1 mg) were added, and the mixture was
stirred at 20°C for 24 h. The volatiles were evaporated, and the residue
was purified by silica gel chromatography using 2% MeOH in,CH
to yield 42 as an inseparable mixture of anomers (278.3 mg, 97%
combined over two steps). This mixture was characterized as fol-
lows: colorless oil; §]%% +25.3 (CHCI;, ¢ = 0.900); IR (neat) 3328,

2972, 1737, 1553, 1482, 1374, 1284, 1232, 1154, 1074, 1026, 973,

900, 736 cm; IH NMR (300 MHz, CDC}, major isomer) 6.50 (1
H, brd,J = 9.0 Hz), 6.18 (L H, s), 5.20 (1 H, d,= 5.0 Hz), 4.89 (1
H, ddd,J = 8.6, 8.5, 5.1 Hz), 4.334.22 (3 H, m), 2.19 (3 H, s), 2.13
(3 H, s), 1.23 (9 H, s)C NMR (75 MHz, CDC}, major isomer)d

(36) (a) Shabarova, Z. A.; Polyakova, Z. P.; Prokofev, MZA. Obshch.
Khim. 1959 29, 215;J. Gen. Chem. USSR959 29, 218; Chem. Abstr.
1959 53, 21998a. (b) Azuma, T.; Isono, KChem. Pharm. Bulll977, 25,
3347.

McDonald and Gleasol

178.0, 169.2, 168.9, 157.1 (§~= 37.9 Hz), 115.4 (q) = 285.6 Hz),
97.6, 79.9, 75.2, 63.5, 50.1, 38.8, 26.9, 20.9, 20.4.
9-(2-0O-Acetyl-3'-deoxy-3-(trifluoroacetamido)-5'-O-(trimeth-
ylacetyl)-#-b-ribofuranosyl)- N-6-benzoyladenine (43A). N-Bz-
(TMS),-adeniné*ab (154.1 mg, 0.4017 mmol) was added to flame-
dried 3 A molecular sieves (52 mg). Diacetat® (49.8 mg, 0.120
mmol; dried by azeotropic evaporation from toluene,) 3vas added
via cannula in CICHCH,CI (3.0 mL). TMSOTf (0.028 mL, 0.14
mmol) was added at 20C. The mixture was heated to reflux for 4 h.
The reaction was quenched by dilution with £&Hb, and washing with
saturated NaHC® The aqueous layer was extracted withCH. The
organic layers were washed with brine, dried over,®@, and
concentrated. Purification by silica gel chromatography usint.5%
MeOH in CH.CIl, gave43A (65.0 mg, 90%): colorless glassy]B%
+33.1° (CHCl5, ¢ = 0.652); IR (thin film) 3294, 3074, 2978, 1726,
1612, 1514, 1456, 1223, 1161, 897, 797, 705 tmMH NMR (300
MHz, CDCk) 6 9.17 (1 H, br s), 8.77 (1 H, s), 8.12 (1 H, s), 8.01 (2
H,d,J=7.2Hz),7.60 (1 H,t)J=7.4Hz), 7.51 (2 H, t) = 7.4 Hz),
7.18 (1 H, brdJ=8.4 Hz), 6.12 (1L H, dJ = 2.7 Hz), 5.83 (1 H, dd,
J=6.6,2.4 Hz), 5.525.47 (1 H, m), 4.484.42 (2 H, m), 4.32 (1 H,
dd,J=12.9, 5.4 Hz), 2.17 (3 H, s), 1.17 (9H, 3JC NMR (75 MHz,
CDCly) 6 178.2, 169.4, 164.7, 157.2 (4,= 37.6 Hz), 152.9, 151.2,
149.7,142.0, 133.3, 132.9, 128.9, 127.8, 123.6, 115.5€287 Hz),
88.5, 80.0, 75.1, 62.9, 50.3, 38.8, 27.0, 20.4; HRMS (LSIMS) calcd
for CaeH27NsO7FsNa [(M + Na)] 615.1791, found 615.1812.
9-(2-0O-Acetyl-3'-deoxy-3-(trifluoroacetamido)-5'-O-(trimeth-
ylacetyl)-f-b-ribofuranosyl)-N-6,N-6-dimethyladenine (43A4). TMS-
6-(dimethylamino)purin® (0.40 mmol) was added to flame-dried 3 A
molecular sieves (50 mg). Diacetat2 (59.7 mg, 0.144 mmol; dried
by azeotropic evaporation from toluenes Bwas added via cannula in
CICH,CH,CI (3.0 mL). TMSOTf (0.056 mL, 0.29 mmol) was added
at 20°C. The mixture was heated to reflux for 4 h. The reaction was
quenched by dilution with CkCl,, and washing with saturated
NaHCG;. The aqueous layer was extracted withCH. The organic
layers were washed with brine, dried over,8@,, and concentrated.
Purification by silica gel chromatography using 2% MeOH in CH-
Clp) gave43A' (53.2 mg, 71%): colorless glas;]p% +32° (CHCl,
¢ = 0.472); IR (thin film) 3314, 3063, 2973, 2880, 1739, 1622, 1552,
1415, 1269, 1232, 1160, 1064, 918, 738¢éntH NMR (300 MHz,
CDClg) 6 8.06 (1 H, s), 7.97 (1 H, s), 6.69 (1 H, br d= 7.6 Hz),
5.97 (1 H, dJ=1.7 Hz), 5.80 (1 H, ddJ = 6.6, 1.9 Hz), 5.825.74
(1 H, m), 455-4.49 (1 H, m) 4.4%+4.33 (2 H, m), 3.96 (3 H, br s),
3.39(3H, brs), 2.21 (3H,s), 1.22 (9H, $)C NMR (75 MHz, CDC})
0178.3,169.5, 157.1 (d,= 38 Hz), 153.2, 152.4, 148.3, 139.7, 121.3,
115.5 (g,d = 286 Hz), 93.6, 80.8, 75.4, 63.2, 50.2, 39.9, 38.8, 38.1,
27.1, 20.5; HRMS (LSIMS) calcd for £H2eNeOsF3 [(M + H)']
517.2022, found 517.2047.
1-(3-Deoxy-3-(trifluoroacetamido)-5'-O-(trimethylacetyl)- -p-ri-
bofuranosyl)thymine (43T). Glycal 30 (70.4 mg, 0.238 mmol) was
dissolved in 35 mL of dry CkCl, and chilled to C. Dimethyldiox-
irane (5.7 mL, 0.059 M solution in acetone) was added dropwise over
10 min. The mixture was stirred at<€ for 1 h. The CHCI, was
reduced in volume to 2 mL by evaporation with a stream af Bry
MeCN (10 mL) was added and the volume reduced to 4 mL by
evaporation with a stream of ;N (TMS),-thymineé®? (269 mg, 0.994
mmol) was added, and the mixture was stirred at room temperature
for 19 h. The mixture was diluted with GBI, and washed with
saturated NaHC® The aqueous layer was extracted with CH. The
organic layers were washed with brine, dried over,®@, and
concentrated. The residue was dissolved in THF (1.5 mLD H.5
mL), and AgO (4.5 mL) and stirred at 28C for 1.5 h. The volatiles
were evaporated, and the residue was purified by silica gel chroma
tography using 3% MeOH in Ci€l, to give 43T (90 mg, 86%):
colorless glassif]?% +18.3 (acetonec = 1.19); IR (thin film) 3427,
3196, 3054, 2978, 1710, 1536, 1470, 1368, 1262, 1213, 1164, 912
792 cnt!; 'H NMR (300 MHz, acetonek) 6 10.27 (1 H, br s), 8.45
(1 H, brs), 7.56 (1 H, dJ = 1.2 Hz), 5.92 (1 H, dJ = 2.8 Hz),
4.69-4.63 (2 H, m), 4.444.35 (3H, m), 3.09 (1 H, br s), 1.90 (3 H,
s), 1.26 (9H, s)¥%C NMR (75 MHz, acetonak) 6 177.6, 164.0, 157.2

(37) Motawia, M. S.; El-Torgoman, A. M.; Pedersen, ELRbigs Ann.
Chem.1991, 879.
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(g, J = 37.0 Hz), 150.9, 136.6, 116.4 (4,= 285 Hz), 110.7, 91.8, 3600-3040 (br), 2912, 1610, 1424, 1376, 1339, 1308, 1226, 1163,
79.2, 73.2, 63.4, 51.7, 38.9, 26.9, 12.0; HRMS (LSIMS) calcd for 1105, 1049, 817 crt; *H NMR (300 MHz, D,O) 6 7.88 (1 H, s), 7.61
Ci17H2aN307F; [(M + H)*] 438.1488, found 438.1483. (1 H,s),567 (1H,dJ=27Hz), 429 (1 H, dd)=5.4, 2.7 Hz),
1-(3-Amino-2',3-dideoxy{#-b-ribofuranosyl)thymine (3T). 35T 3.90-3.88 (1 H, m), 3.80 (1 H, dd] = 13, 2.0 Hz), 3.62 (1 H, dd]
(92.3 mg, 0.219 mmol; as a 4:1 mixture of anomers) was dissolved in = 13, 3.6 Hz), 3.39 (1 H, dd) = 7.4, 5.4 Hz), 2.92 (6 H, br s}C
NaOMe in MeOH (25 wt % NaOMe in MeOH; 4.0 mL, 18 mmol) NMR (75 MHz, DMSOs+s) 6 154.3, 151.8, 149.6, 138.1, 119.6, 89.0,
and heated to 65C for 43 h. The mixture was cooled to 2@, and 85.3, 74.7, 60.8, 52.4, 38.0; HRMS (LSIMS) calcd fort€igNeOs
aqueous saturated NEI was added until the solution was mildly basic  [(M + H)*] 295.1519, found 295.1509.
(pH 8). The solvents were evaporated, and the residue was placed on

8 cm of silica gel and eluted with 10% MeQH in QEl.. ' Silica gel Acknowledgment. This research was supported by the
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163.9, 150.5, 136.3, 109.6, 83.6, 83.1, 60.9, 50.1, 35.8, 12.4; HRMS

(LSIMS) calcd for GoH16N3O4 [(M + H)*'] 242.1141, found 242.1113. : : ; . : _
Puromycin Aminonucleoside (4). Nucleoside43A' (37.5 mg, 0.026 Supporting Information Available: = Preparation of com

mmol) was dissolved in NaOMe in MeOH (25 wt %, 2.0 mL, 8.7 mmol) p_oundsZZ, 24, and26, stereochemlca_l aSS|gnmen_ts for nucleo-
and stirred at 20C for 20 h. The mixture was diluted with8 (1.0 side products35 and 43, and additional experimental and
mL). Saturated aqueous NEI was added dropwise until pH tested ~ Characterization data for compoun8ST, 35U, 35C, 39, 40,
slightly basic (pH 8-9). The volatiles were evaporated, and the residue 43G, 43C, and43U (7 pages). See any current masthead page
was purified by silica gel chromatography (10% MeOH in CH) to for ordering and Internet access instructions.

give 4 (18.1 mg, 84%): mp 202205°C (lit.** mp 214-216°C); [a]%

~13 (CHyOH, ¢ = 0.462) (Iit® [o] %5 —24.6 (3% in H0)); IR (KBr) JA960581L

(38) (a) Miller, N.; Fox, J. JJ. Org. Chem.1964 29, 1772. (b) Lin, (39) Baker, B. R.; Joseph, J. P.; Williams, J.JJAm. Chem. So&955
T.-S.; Prusoff, W. HJ. Med. Chem197§ 21, 109. 77, 1.



