VoLuME 118, NUMBER 46
NovEMBER 20, 1996
© Copyright 1996 by the

American Chemical Society OF THE

AMERICAN
CHEMICAL
SOCIETY

Nucleic Acid Related Compounds. 91. Biomimetic Reactions
Are in Harmony with Loss of 2Substituents as Free Radicals
(Not Anions) during Mechanism-Based Inactivation of
Ribonucleotide Reductases. Differential Interactions of Azide,
Halogen, and Alkylthio Groups with Tributylstannane and
Triphenylsilané

Morris J. Robins,* Stanislaw F. Wnuk, Amelia E. Hernandez-Thirring, and
Mirna C. Samano’

Contribution from the Department of Chemistry and Biochemistry, Brigham Youngeidity,
Provo, Utah 84602-5700

Receied June 24, 19956

Abstract: The initial step in the mechanism-based inactivation of ribonucleotide reductasesdmord-2-
deoxynucleotides is abstraction of H8/ a proximal free radical on the enzyme. The @8lical is postulated to
undergo spontaneous loss of chloride, and the resulting cationic radical loses a proton to' déetar8ermediate.
Successives-eliminations produce a Michael acceptor which causes inactivation. This hypothesis would predict
rapid loss of mesylate or tosylate anions fronl, @it sluggish loss of azide or thiomethoxide. In contrast, loss of
azido and methylthio radicals from C&hould occur readily whereas homolysis to give (methyl or tolylsulfonyl)oxy
and fluoro radicals should be energetically prohibitive. Protect€tphenoxythiocarbonyl):Zubstituted nucleosides

were treated with tributylstannane/AIBN or triphenylsilane/dibenzoyl peroxide in refluxing toluene.'-Tin2esyl

and tosyl) and 2fluoro compounds underwent direct radical-mediated hydrogenolysis of the thionocarbonate group
to give 3-deoxy-2-substituted products, whereds(@zido, bromo, chloro, iodo, and methylthidHBionocarbonates

gave 2,3-didehydro-2 3'-dideoxy derivatives via loss of -Bubstituents from an incipient C@adical. These results

are in harmony with loss of radicals, but not anions, froml. Cehe well-known radical-mediated hydrogenolytic
cleavage of halogen and methylthio (slow) groups froh@2he 3-hydroxy (unprotected) precursors and reduction

of 2'-azides to amines occurred with tributylstannane/AIBN. Triphenylsilane/dibenzoyl peroxide gave parallel (but
slower) hydrogenolysis with the-Ziodo, bromo, and methylthio) compounds, but cleavage of treh®ro group

was very slow and no reduction of-3zides to amines was detected. Rather, the latter system effected slow
hydrogenolytic removal of the'sazido group. Thus, chemoselective differentiation of certain functional groups is
possible with triphenylsilane and tributylstannane. Reduction of azides to amines with tributylstannane is known,
but hydrogenolytic deazidation (slow) with triphenylsilane in the absence of amine formation appears to be novel.

Introduction Ribonucleotide reductases executal@oxygenation of ribo-
. nucleoside 5di- and triphosphates in unique de novo biosyn-
T Present address: Glaxo Wellcome, Inc., Research Triangle Park, NC

27709. (1) Paper 90: Robins, M. J.; Sarker, S.; Xie, M.; Zhang, W.; Peterson,
® Abstract published iAdvance ACS Abstract®yovember 1, 1996. M. A. Tetrahedron Lett1996 37, 3921-3924.
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thetic pathways to DNA monomefs.The mammalian reduc-

tases are tightly controlled and present attractive chemotherapeutiG—————

targets for intervention with neoplastic replication of cells and
proliferation of viruse&:® Structural and mechanistic studies
by the Swedish group demonstrated the function of allosteric
control sites and redox dithiol/disulfide pairs on the R1 subunit
and a tyrosine-centered free radical associated wijthoao-
bridged iron complex in the R2 subuA#. Rationalization of
reduction of substrates and inactivation with-sRbstituted
nucleotide analogues was clarified and refined by the elegant
molecular mechanistic investigations of Stubbe and co-
workers®® and reviews are availabf®9 New inhibitors of
ribonucleotide reductases have been designed and synthe
sized310

Stubbe’s hypotheses for radical-mediatéeai@oxygenation
of the glycofe46.99(Scheme 1) and inactivation of ribonucleotide
reductases by Zhloro-2-deoxynucleotide’sd.7.899Scheme 2)

Robins et al.
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were based on mechanisms proposed for conversions of ethylene a Propose® substrate mechanism for ribonucleoside diphosphate

glycol and chloroethanol to acetaldehyde with Fenton’s reagent.
That chemistry was predicated on generation of hydroxyl
radicals with iron(ll)/hydrogen peroxide and abstraction of
carbinol hydrogen by a hydroxyl radical. However, Sawyer has
recently challenged the generality of the Fenton mechanisms
and showed that different iron chelate species gave different
product distributions with model substratésNoteworthy was

the observation thatoneof the results with iron(ll) reagents
paralleled product distributions with “authentic” hydroxyl
radicals generated by radiolysis of water. This also might argue
for more participation by protein prosthetic groups (Scherfie 1)
in mammalian andescherichia coliribonucleotide reductases
than indicated in the original intuitively elegant mechanism for
2'-deoxygenation of substratésAbstraction of H3 (Hy) from
substrate nucleotide gives 3-radical2, which is proposed to

be activated to give3 by hydrogen bonding of OH3to a
carboxylate and hydrogen bonding/protonation of ®f a

(2) For extensive reviews, see: (a) Thelander, L.; Reichardynu.
Rev. Biochem1979 48, 133-158. (b) Lammers, M.; Follmann, Kstruct.
Bonding (Berlin) 1983 54, 27—91. (c) Ashley, G. W.; Stubbe, J. In
Inhibitors of Ribonucleoside Diphosphate Reductasevfigtiinternational
Encyclopedia of Pharmacology and Therapeutics, Section 128; Cory, J. G.,
Cory, A. H., Eds.; Pergamon Press: New York, 1989; pp85. (d) Stubbe,

J. Adv. Enzymol. Relat. Areas Mol. Bial989 63, 349-419.

(3) Robins, M. J.; Samano, M. C.; Samano,Nucleosides Nucleotides
1995 14, 485-493.

(4) (a) Thelander, L.; Larsson, B.; Hobbs, J.; Eckstein].Biol. Chem.
1976 251, 1398-1405. (b) Sjberg, B.-M.; Gialund, A.; Eckstein, FJ.
Biol. Chem.1983 258 8060-8067.

(5) (@) Nordlund, P.; Sjeerg, B.-M.; Eklund, HNature199Q 345 593~
598. (b) Uhlin, U.; Eklund, HNature 1994 370, 533-539.

(6) Stubbe, J; Ator, M.; Krenitsky, T. Biol. Chem1983 258 1625~
1631.

(7) (a) Harris, G.; Ator, M.; Stubbe, Biochemistry1984 23, 5214~
5225. (b) Ator, M. A.; Stubbe, Biochemistryl985 24, 7214-7221.

(8) (a) Harris, G.; Ashley, G. W.; Robins, M. J.; Tolman, R. L.; Stubbe,
J.Biochemistryl987, 26, 1895-1902. (b) Ashley, G. W.; Harris, G.; Stubbe,
J. Biochemistryl988 27, 4305-4310, 78417845.

(9) (a) Ator, M.; Salowe, S. P.; Stubbe, J.; Emptage, M. H.; Robins, M.
J.J. Am. Chem. S0d.984 106 1886-1887. (b) Salowe, S. P.; Ator, M.
A.; Stubbe, JBiochemistryl987, 26, 3408-3416. (c) Mao, S. S.; Holler,
T. P.; Bollinger, J. M., Jr.; Yu, G. X.; Johnston, M. I.; Stubbe, J.
Biochemistry1992 31, 9744-9751. (d) Mao, S. S.; Yu G. X.; Chalfoun,
D.; Stubbe, JBiochemistry1992 31, 9752-9759. (e) Salowe, S.; Bollinger,
J. M., Jr.; Ator, M.; Stubbe, J.; McCracken, J.; Peisach, J.; Samano, M. C.;
Robins, M. JBiochemistryl993 32, 12749-12760. (f) van der Donk, W.
A.; Stubbe, J.; Gerfen, G. J.; Bellew, B. F.; Griffin, R. G.Am. Chem.
Soc.1995 117, 8908-8916. (g) Stubbe, J.; van der Donk, W. 8hem.
Biol. 1995 2, 793-801.

(10) (a) McCarthy, J. R.; Matthews, D. P.; Stemerick, D. M.; Huber, E.
W.; Bey, P.; Lippert, B. J.; Snyder, R. D.; Sunkara, PJSAm. Chem.
Soc.199], 113 7439-7440. (b) Samano, V.; Robins, M. J. Am. Chem.
S0c.1992 114, 4007-4008. (c) Auguste, S. P.; Young, D. W. Chem.
Soc., Perkin Trans. 1995 395-404.

(11) Sawyer, D. T.; Kang, C.; Llobet, A.; Redman, £.Am. Chem.
Soc.1993 115 58175818.
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aPropseEP anionic mechanlsm for inactivation in RDPR by- 2
chloro-2-deoxyNDPs.

cysteine pair. Such removal of the OHt8oton by carboxylafé

with loss of O2 as water constitutes a more plausiBlanionic
radical-mediated process than the original cation radical hy-
pothesi$ The ketone radica gains a hydrogen atom equivalent
from the thiol/thiolate pair to give'&etone4. Electron transfer
reduction of4 gives radical5 with overall oxidation of two
cysteines to a disulfide. Return ofsHo 5 completes the
synthesis of 2deoxynucleotide6 with regeneration of the
initiating S radical. Dissociation o6 and reduction of the
disulfide by a complex electron transfer pathway completes the
enzyme turnover in preparation for another conversioh of

6.

Scheme 2 illustrates Stubbe’s most recent hypothesis for the
mechanism-based inactivation of these reductasestlyl@ro-
2'-deoxynucleotide® Analogous abstraction of M8H,) from
the alternative substrate/inactivaiogives 3-radical8. Spon-
taneous loss of chloride fror@ and acceptance of the OH3
proton by carboxylate is proposed to give the identical ketone

(12) Robins, M. J.; Sporns, P.; Muhs, W. Ban. J. Chem1979 57,
274-282.



Nucleic Acid Related Compounds

1

J. Am. Chem. Soc.,

Vol. 118, No. 46, 19983

Scheme 3 Scheme 4
| I B B
s g SHy g SHy g HO o a RO o b RO o
PPO o PPO o PPO ) )
H.qu q H C
12 13 C 14 HO X HO X PTCO X
Ho Y 2y @ v 168=U 178=U 18B=U
- - \_ —- A 19B=A 20B=A 21B=A
—Cco, —Cco, —co, ™
SH SH SH SH SH SH
| I Compounds 16 - 18: a X =1 Compounds 19-21: aX=Cl
b X=Br b X = SMe
-BH cX=Cl cX =Ng
dX=F d X =0OMs
(s4) e X =SMe eX=0Ts
) PPO PPO 8 fX=Ng £X = NH,
- PP o - o _
PPi BH g X =NHp
/ / H
15 U = uracil-1-yl S
° ° o _H A = adenin-9-yl
9

I
PTC = O—o—c—

R = TBDMS (fert-butyldimethylsilyl
L o ( y ylsily)

(st sH) a(a) TBDMSCl/imidazole/DMF or TBDMSCl/pyridine; (b) PTCCI/
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a Radical elimination mechanism for inactivation of RDPR By 2

Y-2’-deoxyNDPs. Scheme 5
A A

radical specie8 without involvement of the cysteine pair on HO— o a RO— o b RO o i
R1. Return of H (from SH;) to C2 of 3 gives the same’2 w w
deoxy 3-ketone4 with regeneration of $whereas transfer of O O PTCO
a hydrogen atom equivalent from the cysteine pair genedates " 2 24
with loss of S (retention of SH results in loss of the primary
initiating tyrosyl radical). Dissociation of from the enzyme Series: a X = Cl R = TBDMS
and successivg-eliminations (H2base— 9; H4'/inorganic X
pyrophosphate~ 10) generate the electrophilicR}-methylene- d X=NH,

3-furanone {1) which inactivates the enzyme by Michael
addition/alkylation.

2 (a) TBDMSCI/pyridine; (b) PTCCI/DMAP/CECN.

by nucleophilic ring openings with 2;2anhydro-1-g-p-arab-
inofuranosyl)uracil. The'2substituted derivativek9a—e (ribo)
and 22a—c (arabino, Scheme 5) were obtained by triflate
We now propose a fundamental mechanistic alternative for displacements from 93,5-0-(1,1,3,3-tetraisopropyl-1,3-disi-
inactivation with certain 2substituted nucleotides which in-  loxane-1,3-diyl)-20-{(trifluoromethyl)sulfonyl]3-p-arabinofu-
volves loss of radical rather than aniofié species from C2 ranosy}adenine and'%'-O-TIPDS-2-O-Tf-adenosine, respec-
As illustrated in Scheme 3, abstraction of' HH®m 12 and loss tively, or by mesylation/tosylation of 5'-O-TIPDS-adenosine
of radical Y from C2 of 13 would give enoll4. Conjugate (see the Experimental Section).
elimination of the base from4, or tautomerization to the'3 Unprotected 2substituted nucleosides were converted into
ketone [and reduction of Y= Y~ (15)], followed by dissocia- 5'-O-(tert-butyldimethylsilyl) derivativesl7a—f, 20a—e, and
tion from the enzyme angkelimination(s), would give the B{)- 23a—c with known procedure® These compounds were
methylene-3-furanoné {) postulated to be the Michael acceptor treated with phenyl thionochlorocarbonate/DMAR give the
that causes mechanism-based inactivatiorThis is a more 5'-O-TBDMS-3-0-(phenoxythiocarbonyl)‘2substituted prod-
plausible alternative than loss of an anion from 6213 with ucts18a—f, 21a—e, and24a—c, respectively (Table 1). These
incipient generation of cationic radical charact&t. Generation paired 5O-TBDMS (Table 2) and 50-TBDMS-3-O-PTC
of cationic character is unfavorable since’ @2bonded to the  (Table 3) derivatives were subjected to simultaneous, parallel
electron-deficient anomeric carbéh. treatment with tributylstannane/AIBN/tolue#ef and also with
Bond dissociation energies and known radical elimination triphenylsilane/BzOOBz/toluen&/1718 The known stannyl
reaction®14are in harmony with loss of azido, bromo, chloro, radical mediated hydrogenoly$iof iodo, bromo, chloro, and
iodo, and methylthio radicals from CRpon generation of a  methylthio (slow® groups froml7a—c,e, and20ab/23ab gave
C3 radical, whereas spontaneous loss of mesylate, tosylate, anddentical 3-O-TBDMS-2-deoxyuridine 283 or -adenosine
fluoride anions would be consistent with expulsion of chloride (28b) (Figure 1) derivatives in the control series. The control
from a 3-radical species. Since the glycosyl-base moieties of 2'-azido17f and20d23ccompounds were reduc€d!to their
nucleoside systems might present unexpected stereoelectroni@-amino derivativesl7g and 20f/23d.
effects, we prepared a consistent series'ddgphenoxythio- Triphenylsilyl radical mediated hydrogenolysis of the iodo
carbonyl)-2-substituted nucleoside analogues and exposed theml17aand bromol7b compounds proceeded much more slowly
to both tributylstannane/AIBN and triphenylsilane/dibenzoyl
peroxide in toluene at reflux. The'-8ubstituted uridine
derivativesl6a—f (ribo configuration, Scheme 4) were prepared

Results and Discussion

(15) (a) Ogilvie, K. K.Can. J. Chem1973 51, 3799-3807. (c) Nair,
V.; Buenger, G. SOrg. Prep. Proced199Q 22, 57-61.

(16) Robins, M. J.; Wilson, J. S.; Hansske, JFAm. Chem. S0d.983
105 4059-4065.

(17) Barton, D. H. R.; Jang, D. O.; Jaszberenyi, JT€rahedron Lett.
1991, 32, 2569-2572.

(18) (a) Chatgilialoglu, CAcc. Chem. Resl992 25, 188-194. (b)
Chatgilialoglu, C.Chem. Re. 1995 95, 1229-1251.

(19) Neumann, W. PSynthesisl 987, 665-683.

(20) Roush, W. R; Lin, X.-FJ. Am Chem. S0d.995 117, 2236-2250.

(21) (@) Samano, M. C.; Robins, M. Tetrahedron Lett1991, 44, 6293
6296. (b) Poopeiko, N. E.; Pricota, T. I.; Mikhailopulo, I. 8ynlett1991,
342-342.

(13) (&) Curran, D. PSynthesis1988 417-439. (b) Curran, D. P.
Synthesis 988 489-513.

(14) (a) Madhavan, G. V. B.; Martin, J. Q. Org. Chem 1986 51,
1287-1293. (b) Barton, D. H. R.; Jaszberenyi, J. C.; Tachdjian, C.
Tetrahedron Lett1991, 32, 2703-2706. (c) Dorland, E.; Serafinowski, P.
Synthesi€992 477-481. (d) Santoyo-Goritee, F.; Calvo-Flores, F. G.;
Hernandez-Mateo, F.; Garcia-Mendoza, P.; Isac-Garcia, JeZRA8lvarez,

M. D. Synlett1994 454-456. (e) Lin, T.-S.; Luo, M.-Z.; Liu, M.-C.
Tetrahedron Lett1994 35, 3477-3480.
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to yield 28a and small quantities of the-Bleoxy derivatives
28ab were obtained with the chlord,7c and 20a/23a and
methylthio, 17e and 20/23b, compounds. Triphenylsilane/
BzOOBz/toluenek had virtually no effect on the'zazido,17f

Robins et al.

In contrast, no loss of mesylate, tosylate, or fluoride anions from
C2 was detected. In an intramolecular competition experiment,
5'-0O-TBDMS-2-deoxy-2-fluoro-2-(methylsulfonyl)-3-O-PTC-
uridine €7, Scheme 6) was treated with g8nH/AIBN/toluene/

and20d23c, controls under our standard conditions, and starting A. Sulfonyl (radical) elimination occurred smoothly to give

materials were recovered almost gquantitatively. However,

excess P§BiH/BzOOBz and prolonged reaction times (5 equiv,
6 h/A) gave small quantities of the'-Beoxy derivative28a
(7% from 171, plus traces of uracil) an@8b (8% from 20¢)
[plus the recovered'zazido substrates~85%)]. Computer

the 2-fluoro-2,3-unsaturated produ@la which was depro-
tected (NHF/MeOHY® to give the knowr82a242 The control
2'-fluoro-2-(methylsulfonyl) derivative26 was inert in the
BusSnH/AIBN system. The latter results might have relevance
to mechanism-based inactivation of ribonucleotide reductases

searches failed to retrieve examples of radical-mediated cleavageéhy 5-phosphate esters of the anticancer agent gemcytabine (2

of the carbor-nitrogen bond with azide$:® A related

deoxy-2,2-difluorocytidine)2”-28 If spontaneous loss of fluoride

cleavage with isocyanides and tris(trimethylsilyl)silane has been from a C3 radical of the geminal difluoride is impeded,

reported.®2and addition of organosilyl radicals to organic azides
to form 1,3- or 3,3-triazenyl radical species is kno##nAs
expected, the control’2luoro 17d and 2-O-(mesyl 20d and
tosyl 206 compounds were inert in both the stannyl and silyl
reagent systems.

Treatment of the '5O-TBDMS-3-O-PTC-2-(iodo, bromo,
chloro, and methylthio) derivatives8a—c,e, and21ab/24ab
with BusSnH/AIBN/tolueneA resulted in radical-mediated
elimination to give 50-TBDMS-2,3-didehydro-2,3' -dideoxy-
uridine 2949 and -adenosine@b) (Figure 1) as major products.
The ribo azido derivatived48f and 21c gave 29a and 29b,

homolysis of other bond(s) or interactions of the initiat&dical
with functional groups on the enzymes might occur.

In summary, we have demonstrated that treatment of the 5
O-TBDMS-2-(azido, bromo, chloro, iodo, and methylthio)
nucleoside 3thionocarbonated8a—c,ef and 21a—c/24a—c
with BusSnH/AIBN or PRSiH/BzOOBz in refluxing toluene
resulted in elimination to give the,3'-didehydro-2 3'-dideoxy
derivatives29ab. The stannyl radical system is more robust
and gives higher conversions, but suffers from competing
hydrogenolysis of halo substituents and reduction of azido
groups. The silyl radical system requires larger excesses of

respectively, in moderate yields under these conditions, but reagent/initiator and extended reaction times, but reduction of

reduction of the azido group and other byproduct form&fion
was observed. The arabino epim2fc underwent stannyl-
mediated elimination to giv@9b, but competing reduction of

azido groups was not detected and minimal hydrogenolysis of
methylthio and chloro groups was observed. Large excesses
of PhsSiH/BzOOBz and extended reflux in toluene caused some

the azido group and hydrogenolysis of the thionocarbonate hydrogenolytic deazidation to give theé@oxy analogues. No

function also produced 9-(2-amino-G-TBDMS-2,3-dideoxy-
p-D-threopentofuranosyl)adenin@8b). The 2,3-didehydro-
2',3-dideoxy compound®9ab were produced with RSiH/
BzOOBz, but at much lower conversion levels. Byproduct
formation again occurred with the ribo'-@zido-3-O-PTC
epimersl8fand21c(presumed silyl radical attack on the PTC
function and interaction with the cis-vicinal azido group), but
the elimination produc29b was formed almost exclusively with
the arabino (trans) epim@dc (with major recovery of starting
material).

Treatment of the '5O-TBDMS-3-O-PTC-2-(fluoro, mesy-
loxy, and tosyloxy) derivatived8d and 21d,e with BuzSnH/
AIBN or PhsSiH/BzOOBz resulted in radical-mediated hydro-
genolysis of the thionocarbonate function to give tHeO5
TBDMS-3-deoxy-2-(fluoro, mesyloxy, and tosyloxy) compounds
33a 34b, and 36b (lower conversions with R&iH). No
formation of the 23-unsaturate@9ab was observed. Others
have reportett-2>synthetic deoxygenations with vicinal fluoro-

elimination of vicinal fluoride, mesylate, or tosylate from'C2
occurred with18d or 21d,e upon generation of a free radical at
C3. Instead, intermolecular hydrogen transfer occurred with
overall hydrogenolysis of the-3hionocarbonate group to give
the 3-deoxy product83a 34b, and36b. These results are in
harmony with loss of radical (but not anionic) species during
the mechanism-based inactivation of ribonucleotide reductases
with several 2substituted nucleosidé-phosphates. However,
alternative mechanistic possibilities might be available within
enzyme active sites, especially if base-catalyzed deprotonation
of OH3 by a proximal carboxylate occurs. Stubbe’s original
hypotheses for '2deoxygenation of natural substreétesnd
analogous 2defluorinations to give "2deoxynucleotides are
intuitively elegant. Homolyses of C202 and C2—F bonds

are energetically prohibitive, but additional contributions by
protein prosthetic groups such as the proximal carboxylate could
be crucial. We recently have generated novel &% radical
analogues containing O3vhich provide the first chemical

thionocarbonates, but we analyzed our reduction mixtures with models for simulation of the initiation/elimination cascade

500-MHzH NMR and mass spectrometry for trace quantities
of elimination products.

proposed (Scheme 3) to occur during mechanism-based inac-
tivation of ribonucleotide reductases bys2ibstituted nucleoside

Our results clearly demonstrate that generation of a free 5-phosphated®

radical at C3of 2'-substituted nucleoside derivatives can cause

loss of radical species from Cawith both ribo and arabino
epimers) to give 23-didehydro-2,3'-dideoxy product29ab.

(22) Roberts, B. P.; Winter, J. N. Chem. Soc., Perkin Trans.1®79
1353-1361.

(23) Reardon, J. E.; Crouch, R. C.; St. John-Williams].LBiol. Chem.
1994 269, 15999-16008.

(24) (a) Martin, J. A.; Bushnell, D. J.; Duncan, |. B.; Dunsdon, S. J.;
Hall, M. J.; Machin, P. J.; Merrett, J. H.; Parkes, K. E. B.; Roberts, N. A;;
Thomas, G. J.; Galpin, S. A.; Kinchington, D. Med. Chem199Q 33,
2137-2145. (b) Watanabe, K. A.; Harada, K.; Zeidler, J.; Matulic-Adamic,
J.; Takahashi, K.; Ren, W.-Y.; Cheng, L.-C.; Fox, J. J.; Chou, T.-C.; Zhu,
Q.-Y.; Polsky, B.; Gold, J. W. M.; Armstrong, 3. Med. Chem199Q 33,
2145-2150. (c) Asai, T.; Suga, A.; Morisawa, Y.; Yasuda, A.; Uchida, K.
Japan. Pat. 1113399, 198%hem. Abstr199Q 112 235774a.

(25) Herdewijn, P.; Pauwels, R.; Baba, M.; Balzarini, J.; Clercq, E. D.
J. Med. Chem1987, 30, 2131-2137.

Experimental Section

Uncorrected melting points were determined with a capillary
apparatus. UV spectra were measured with solutions in MeOH. NMR
spectra were obtained with solutions in CRCH (Me,Si) at 200 or
500 MHz,3C (MesSi) at 50 MHz (Table 4), antPF (CCLF) at 470.3

(26) Zhang, W.; Robins, M. Jetrahedron Lett1992 33, 1777-1180.

(27) Baker, C. H.; Banzon, J.; Bollinger, J. M.; Stubbe, J.; Samano, V.;
Robins, M. J.; Lippert, B.; Jarvi, E.; Resvick, R.Med. Chem1991, 34,
1879-1884.

(28) (a) Heinemann, V.; Xu, Y.-Z.; Chubb, S.; Sen, A.; Hertel, L. W.;
Grindey, G. B.; Plunkett, WMol. Pharmacol.199Q 38, 567—572. (b)
Huang, P.; Chubb, S.; Hertel, L. W.; Grindey, G. B.; Plunkett, ¥8ncer
Res.1991], 51, 6110-6117.

(29) Robins, M. J.; Guo, Z.; Samano, M. C.; Wnuk, SJFAm. Chem.
Soc, in press.
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Table 1. Preparation and Characterization of Substrates for Model Free Radical Re&actions
selectedH NMR dat&d

yield® H1' ¢ H2'h H3 h H2' (5)0 uve

compd procedure (%) (Jr-2) (J2-3) (Jz-2) (J5—6) [nm (e)] HRMS' m/z(%; dev; MH" formula)

17b A 85 6.34 4.40 423427 573 260 423.0764 (100;1.0; GisHoe*BrN,OsSi)
(5.6) 4.2) 8.1,29 (9600)

17c A 82 6.22 434439 434439 572 260  377.1291 (100:0.9; GsH26*CIN,OsSi)™
(4.5) (8.1,1.8 (9400)

17a A 90 6.13 4.9¢ 4.28-4.48 5.69 260 361.1586 (100;0.9; GisH26FN,OsSi)
(2.0,14.5) (4.0,52.3) (8.1) (9800)

17e A 91 6.09 3.34 4.27 5. 262  389.1578 (100; 1.1;:6H20N,05SSi)
(8.1) (4.8) (2.0) (8.1,2'2 (9800)

17f A 94 6.04 4.044.13 4.32-439 5.71 261 384.1692 (100:1.1; GisH26NsOsSi)
(3.7) (8.1) (10 000)

18b B 87 6.47 4.55 5.635.69 5.76 253  559.0751 (100;0.6; GoH3c®BrN,OeSSiy
(6.7) (1.5) (8.2) (11 100)

18c B 91 6.37 45460 5.71-5.80 5.71-5.80 252 513.1272 (100:1.0; G;H30**CIN,O6SSiy
(6.5) (11 200)

18d B 91 6.27 5.3% 5.65-5.77 5.65-5.77 253  497.1584 (100; 0.4;&H30FN,OsSSi)
(3.2,14.8) (4.6,51.6) (11 500)

18e B 65 6.36 3.47 5.745.82 5.74-5.82 251 525.1531 (100:1.9; GsH33N206S,:Si)
(8.6) (5.4) (11 000)

18f B 85 6.24 4.27 5.725.79 5.72-5.79 257  520.1674 (74+1.2; GyH3oNsOsSSi)
(5.9) (5.7) (11 500)

20k E 88 6.14 4.09 4.304.39 8.17 259  412.1843 (100; 0.4 130Ns03SSi)
(8.3) (5.2) (15 000)

21b G 40 6.34 4.12 5.97 8.29 258  548.1815 (8%;:0.7; G4Hz4Ns04S;Si)
(8.9) (5.3) (14 800)

21c F 79 6.24 4.95 6.01 8.22 258 543.1853 (16@,5; GaH31NgO4SSi)
(6.5) (5.1) 3.2) (17 300)

21d F 60 6.45 5.85 6.05 8.24 257 596.1666 (16@;,3; GaH34Ns0:3;Si)
(5.2) (5.3) (3.9) (16 400)

2le F 85 6.34 5.68 5.93 8.03 259  672.1988 (100; 0.6HgsNs0:S;Si)
(6.9) (5.3) (1.8) (14 900)

23a D 56’ 6.57 4.60-4.78 3.98-4.12 8.34 259  400.1561 (100;1.1; GieHo7**CINsOsSi)”
(4.5) (15 900)

23b C 96¢ 6.58 3.62 4.39 8.31 261 412.1848 (100; 0.9;HGoNsO3SSi)
(6.6) (9.9) (7.3) (16 000)

23¢! D 9 6.42 4.64 4.38 8.17 260 407.1984 (100; 0.9:1,7NsOsSi)
(6.9) (8.1) (8.3) (14 600)

24a F 65 6.63 4.804.91 597-6.03 8.25 257  536.1553 (100;0.2; G3H3:**CINsO,SSiy
(4.0) (16 000)

24c F 63 6.54 4.69 5.91 8.19 258  543.1953 (160.5; GaH31NgO4SSi)
(4.4) (1.6) 3.2 (17 400)

26 A 92 6.46 4.89 5.71 256  439.1379 (100; 0.9:sFN,0O7SSi)

(292 (18.#) (8.7,23.6° (8.2) (9900)

27 B 75 6.65 6.90 5.78 255  575.1347 (800.7; GsHsFN2OsS,Si)

(25)ce (19.9) (8.9,22.2% (8.3) (12 000)

a See the Experimental Section for synthetic procedures and complete data for representative corhpyeelddsare for amorphous solids after
silica chromatography>(95%; NMR, TLC) unless otherwise notetd (CDCls) at 200 MHz unless otherwise noted; “apparent” first-order coupling
constants (Hz, in parenthese$Complete NMR data are given for representative compounds in the Experimental Sebte@H. f Chemical
ionization (CH); deviations (dev) from calculated MHons are in milimass units; ath/zvalues were withint3.7 ppm of theory9 Doublet unless
otherwise noted? Doublet of doublets unless otherwise noteflinglet. Multiplet. ¥ (Js—np). ' 421.0794 (99:-1.5; GisH26"°BrN,0OsSi). ™ 379.1271
(39; 0.1; GsH2e¥"CIN,OsSi). "1%F NMR 6 —205.0 (dt,Jr-» = 52.2 Hz,Jr—y 3 = 16.8 Hz).° (Jr—f). P Doublet of doublet of doublets.(Jz—f).
r557.0770 (90:-0.8; GoH30"*BrN206SSi). $515.1261 (40; 0.8; £H3*CIN,OsSSi).t 19F NMR ¢ —205.0 (dt Je—» = 52.5 Hz,Jr—1 2 = 14.1 Hz).
U“DMSO-Js. * mp 201-203°C. ' 402.1542 (38; 0.9; H,7"CINsOsSi). * mp 192-193°C. Y mp 190-191°C. 2538.1522 (42;-0.3; GaHa*"CINsO4SSi).

3 Data fromR/S mixture: 6 6.65 (d,Jy—f = 7.0 Hz, 0.2,R-H1'); ¥%F NMR § —161.0 (br d,Jr—3 = 23.6 Hz, 0.2R-F2), —167.2 (br t,Jr-1 3 =
20.7 Hz, 0.8 SF2). t (Jz_f). ° Data fromR/S mixture: **F NMR ¢ —159.6 (br d,J-—3 = 19.2 Hz, 0.13R-F2), —160.2 (br t,Jr-13 = 19.5 Hz,
0.87,SF2).

MHz unless otherwise noted. Mass spectra were determined at 20 eVmodifications noted) fod6a 16b,3° 16¢3° 16 (pyridinium hydro-

(El) or with chemical ionization (ClI, CkJ. Merck kieselgel 604
sheets were used for TLC:; EtOAck-PrOH/H0, 4:1:2; upper layer),

S, (MeOH/CHCE, 1:9), S (MeOH/EtOAc, 1:12), $(Me,CO/CHCE,

1:3), S (cyclohexane/EtOAc, 1:3), and observation under 254 nm light.
Merck kieselgel 60 (236400 mesh; difficult separations) or (6@00
mesh) was used for silica column chromatography. Dowex 2
(OH") resin was used for ion exchange chromatography. Chemicals
were reagent grade, and solvents were distilled. Pyridine, benzene
and toluene were dried by reflux over and distillation from GaH
Elemental analyses were determined by M-H-W Laboratories, Phoenix,
AZ.

The 2-substituted pyrimidine nucleosides were prepared by ring-
opening reactions with 22anhydro-araU by literature procedures (with

fluoride instead of anhydrous liquid HF, 50% yielde3! and 16f.32

The 2-substituted purine ribo and arabino nucleosides were obtained
by displacement of triflate from'%-O-TIPDS-adenosine and its
arabino epimer as previously described fb®b33 19¢3* 22¢3
compoundsl9a3® 22336 and 22b*” were prepared analogously (data
as reported and in Table 4). Compourdd@sl and19¢® were prepared

by mesylation or tosylation of &-O-TIPDS-adenosine and deprotec-
tion as illustrated witl19d. Compound®5[2'(R/9, ~1:6] was prepared

'as reported!

2'-Deoxy-2-iodouridine (16a). Trifluoroacetic acid (0.39 mL, 570

(30) Codington, J. F.; Doerr, I. L.; Fox, J. J. Org. Chem1964 29,
558-569.

(31) Robins, M. J.; Mullah, K. B.; Wnuk, S. F.; Dalley, N. K. Org.
Chem 1992 57, 2357-2364.
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B B
RO lo} RO—-| [0} ,
HO X
28 R = TBDMS 29 R=TBDMS, X=H
30R=X=H
31 R=TBDMS, X=F
32R=H,X=F
Series;:aB=U
bB=A

Robins et al.

B B
RO 0 RO 0
Ho
X
33 R=TBDMS, X =F 38 R=TBDMS
34 R = TBDMS, X = OMs 39R=H

35R=H,X=0Ms
36 R=TBDMS, X =OTs
37R=H,X=0Ts

Figure 1. Products from model radical reactions with g8aH/AIBN or PhSiH/BzOOBz)/tolueneX.

Table 2. Control Free Radical Reactions with
5'-O-TBDMS-2-substituted Nucleosidgs

Table 3. Model Free Radical Reactions with
5'-O-TBDMS-3-0O-PTC-2-substituted Nucleosidés

procedure H procedure | procedure H procedure |
substrate  product(s) yieldss (%) product(s) yields (%) substrate  product(s) yields® (%) product(s) yieldss (%)

17a 28a 92 17428a 65:30 18a 29a 91 18a29a 20:70
17b 28a 88 17b/28a 75:20 18b 29a 89 18b/29a 48:36
17c 28a 82 17d28a 8854 18c 29a 93 18d29a 46:35
17d 17d 90 17d 93 18d 334 88 18d/33¢ 55:35
17¢ 17€28a 75:25 17€28a 77:15 18e 29a 87 18¢29a 42:37
17f 17d 90 17f/28e8 90:3 18f 29a 41 18f/29a 28:32
20a 28b 90 20a/28b 85:10 21a 29b 76 21a29b 63:26
20b 20028b 65:28 20b/28b 75:18 21b 29b 82 21h/29b 35:35
20c 20f 94 200280 90:3 21c 29b 45 29b 30
20d 20d 93 20d 92 21d 341y 95 21d/34k¢ 45:40
20e 20e 91 20e 90 21e 36bH 88 21d/36b 70:20
23a 28b 92 23a28b 9(e:5¢ 24a 29y 85 243429b 70:12
23b 238 87 23b 91 24b 29b 80 24h/29b 50:35
23c 23d 92 23c 93 24c 29638 35:45 24d29b 45:45
26 26 91 26 93 27 31a 80 27/31d 70:18

aSee the Experimental Section for procedure H s@wH/AIBN/
tolueneA/2 h) and procedure | (R8iH/BzOOBz/toluenek/4 h).® The
17d,*2 20e* 283* and28b*>*3products had physical and spectroscopic
properties as reporteélYields are for amorphous solids after chro-
matography (silica)d TLC. ¢ Excess BeSnH (6 equiv) and extended
reflux (6 h) gavel7¢28a (~1:1, 90%).' Deprotection (TBAF/THF)
and purificatiod'2gavel6g(80% from17f) with data as reportetf23?
9 Excess P¥5iH (5 equiv) and extended reflux (7 h) gat&f/28a
uracil (~85:7:3)." Deprotection (TBAF/THF) and chromatography
[Dowex 1 x 2 (OH"); H,O — 30% MeOH/HO] gavel9f (89% from
200 with data as reported. | Excess P¥BiH (5 equiv) and extended
reflux (7 h) gave20d28b (84:8).i Traces (TLC) of28b. X Deprotection
(TBAF/THF) and chromatography [Dowexx 2 (OH"); H,O — 70%
MeOH/H0] gave22d (86% from23¢) with data as reporte¥.

Scheme 6
u u u
H0—| o: a HO“| ;o; b no—| 0
—_— —_—
HO F HO F PTCO F
25 26 27
X = MeSO, R = TBDMS

a(a) TBDMSCl/imidazole/DMF; (b) PTCC/DMAP/CEEN.

mg, 5.0 mmoL) was added to a stirred solution of -&2hydro-1-4-
p-arabinofuranosyl) uraéfl (840 mg, 3.71 mmoL) and dried Nal (1.66g,
11.0 mmolL) in dried DMF (25 mL) underN The solution was heated

aSee the Experimental Section for procedure H s@WH/AIBN/
tolueneA/2 h) and procedure | (R8iH/BzOOBz/toluenek/4 h).° The
29a% 29b,*° and 33a%¢ products had physical and spectroscopical
properties as reporteflYields are for amorphous solids after chro-
matography (silica)d *°F NMR 6 —180.0 (ddddJr—» = 51.2 HZ,Jr—y
=16.4 Hz,Je—3 = 19.3 Hz,J—3- = 42.5 Hz).® Deprotection of34b
(TBAF/THF) gave 35b (86% from 21d) with data as reported.
fDeprotection of36b (TBAF/THF) gave37b (82% from 21g see
Experimental Sectiony. Deprotection o29b (TBAF/THF) gave30b*
(81% from 244). " Deprotection of38b (NH4F/MeOH/A/2 h) and
chromatography [RP-HPLC (g 10 — 30% CHCN/HO; 2.8 mL/
min, 70 min)] gave39b (32% from 24¢) with data as reportetf.
" Deprotection of31a (NH4F/MeOH/A/2 h) gave32a with data as
reported*® and *°F NMR (DMSO-ds) 6 —138.8 (br t,J = 4.5 Hz).

at ~85 °C for 45 min and cooled to ambient temperature. Saturated
N&S,04/H0 (~1.0 mL) was added to the mixture, and an amber-
colored solution was obtained. Volatiles were evaporated in vacuo,
and the residue was chromatographed [EtCGAB% MeOH/EtOAcC

— MeOH/S/EtOAc (1:3:20)] and “diffusion crystallized® (MeOH/
EtOACc) to givel6a (946 mg, 72%) as white needles: mp 51

°C dec (lit** mp 80-100 °C); UV max 260 nm ¢ 10 000), min 228

nm (¢ 2000);H NMR (DMSO-dg) 6 3.59 (m, 2, H55"), 3.83 (m, 1,
H3), 3.97 (m, 1, HY, 4.51 (dd,Jy—y = 7.7 Hz,J»—s = 4.8 Hz, 1,
H2), 5.21 (br s, 1, OHY, 5.72 (d,Js_s = 8.1 Hz, H5), 6.01 (br s, 1,
OH3), 6.22 (d, 1, HY), 7.85 (d, 1, H6), 11.39 (br s, 1, NH); MS (CI)
m/z 355 (40, MH"), 225 (100).

(32) Verheyden, J. P. H.; Wagner, D.; Moffatt, J.J50rg. Chem1971,
36, 250-254.

(33) Fraser, A.; Wheeler, P.; Cook, P. D.; Sanghvi, YJSeterocycl.
Chem 1993 30, 1277-1287.

(34) Robins, M. J.; Hawrelak, S. D.; Hémdez, A. E.; Wnuk, S. F.
Nucleosides Nucleotidekd92 11, 821-834.

(35) Ikehara, M.; Miki, H.Chem. Pharm. Bull1978 26, 2449-2453.

(36) Vargha, V. L.; Kuszmann, Liebigs Ann. Chenil965 684,231~
235.

(37) Montgomery, J. A.,; Thomas, H. J. Heterocycl. Chenl979 16,
353-357.

(38) Wagner, D.; Verheyden, J. P. H.; Moffatt, J.J50rg. Chem1974
39, 24—-30.

(39) Hampton, A.; Nichol, A. WBiochemistryl966 5, 2076-2082.

(40) Robins, M. J.; Mengel, R.; Jones, R. A.; FouronJYAm. Chem.
Soc.1976 98, 8204-8213.

(41) Cushley, R. J.; Codington, J. F.; Fox, JC&n. J. Chem1968 46,
1131-1140.

(42) Kittaka, A.; Tanaka, H.; Miyasaka, T.; Yamaguchi,Mucleosides
Nucleotides1992 11, 37—47.

(43) Maguire, A. R.; Meng, W.-D.; Roberts, S. M.; Willetts, A. .
Chem. Soc., Perkin Trans.1993 1795-1808.

(44) Hiebl, J.; Zbiral, E.; Balzarini, J.; Clercq, E. D.Med. Chem199Q
33, 845-848.

(45) Chu, C. K.; Bhadti, V. S.; Doboszewski, B.; Gu, Z. P.; Kosugi, Y.;
Pullaiah, K. C.; Roey, P. VJ. Org. Chem1989 54, 2217-2225.

(46) Herdewijn, P.; Balzarini, J.; Pauwels, R.; Janssen, G.; Aerschot, A.
V.; Clercq, E. D.Nucleosides Nucleotidel989 8, 1231-1257.
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Table 4. 3C NMR Spectral Dat®

compd Cc2 C4 C5 Cé6 Cc8 C1 Cc2 Cc3 Cc4 C5

16a 150.79 163.61 102.56 140.23 89.44 31.84 70.37 85.78 60.87
16b 150.73 163.72 102.37 140.32 88.27 53.75 69.26 85.40 60.33
16¢ 150.74 163.51 102.34 140.26 88.14 60.24 69.32 85.15 61.94
16d 150.48 163.90 101.80 140.92 87249 93.60' 67.5F 83.28 59.52

16 150.95 163.20 102.63 140.67 87.56 53.28 72.13 86.76 61.60
16f 150.62 163.70 102.23 140.49 85334 64.82 70.55 85.91 60.34

19a 152.98 149.33 119.48 156.48 139.86 88.06 61.23 70.55 86.61 61.42

190 152.90 149.31 119.32 156.20 140.21 87.69 53.31 72.53 88.80 62.01
19c 152.98 149.27 119.42 156.44 139.72 88.50 64.46 71.41 86.38 61.33

19d 152.93 149.03 119.14 156.08 140.15 85.67 80.16 68.89 86.01 61.05
19¢ 152.19 147.96 119.53 156.04 140.17 85.14 79.04 69.95 87.56 61.71
22a 152.96 149.38 117.95 156.01 139.59 82.79  63.87 74.09 83.55 59.94

22p 152.74 149.51 118.38 156.05 139.84 84.62 56.15 72.53 83.98 59.79
22c 152.92 149.29 118.48 155.91 139.66 8398 67.55 71.55 83.13 59.65

25(2' 9« 150.13 163.24 101.48 141.44 85.75 107.67 68.62 80.77 57.95

3¢9 (Me,;SO-ds) at 50.0 MHz.P Proton-decoupled singlets unless otherwise ndtéd,. Jcr—r = 34.4 Hz).9 (d, Jez—¢ = 184.7 Hz).6 (d, Jcz—¢ =
16.1 Hz).f 13.96 (MeS)9 Assignments might be revers€dCH; signal overlapped by DMSO peaKs) 21.31 (CH) 126.89, 129.62, 131.24,
145.40 (Aryl).1 6 15.04 (MeS)¥ 6 38.31 (MeSQ). ' (d, Jer—r = 38.4 Hz).™(d, Jcz—F = 229.0 Hz)." (d, Jcz—F = 15.7 Hz).

The bromo16b (71%; 3 h,~I05 °C) and chlorol6c (76%; 4 h, 81%): mp 178-180°C; UV max 258 nm ¢ 14 400), min 239 nm¢(
~105°C) compounds were prepared analogously with LiBr and LiCl, 9300);'H NMR (DMSO-dg) 6 3.21 (s, 3, S@CH;3), 3.53-3.80 (m, 2,
respectively. H5',5"), 4.05 (m, 1, HY), 4.54 (9, J=4.9 Hz, 1, H3),5.48 (tJ=5.5

5'-O-(tert-Butyldimethylsilyl)-2 '-deoxy-2-iodouridine (17a). Pro- Hz, 1, OHB), 5.59 (dd,J>—y = 5.9 Hz,J>-3 = 5.2 Hz, 1, H2), 5.94

cedure A. TBDMSCI (136 mg, 0.9 mmoL) and imidazole (129 mg, (d, Jonz-z = 5.4 Hz, 1, OH3), 6.24 (d, 1, H1), 7.44 (br s, 2, Nh),
1.9 mmolL) were added to a solution d8a (270 mg, 0.76 mmolL) in 8.18 (s, 1, H2), 8.40 (s, 1, H8); MS (C)/z346 (100, MH). Anal.
dried DMF (8 mL), and stirring was continued overnight at ambient Calcd for Gi1H1sNsOeS (345.3): C, 38.26; H, 4.38; N, 20.28. Found:
temperature. The solution was evaporated, and the residue wasC, 38.49; H, 4.50; N, 20.27.

chromatographed [EtOAe> 3% MeOH/EtOAc (or CHG — 2% Known compound19€® was obtained analogously with tosyl
MeOH/CHCE)] to give 17a(330 mg, 93%) as a white foam: UV max  chloride (1.5 equiv; 66% overall yield, data as reported).

260 nm € 9700);'H NMR 6 0.12 (s, 6, MgSi), 0.92 (s, 91-Bu), 2.42 5'-O~(tert-Butyldimethylsilyl)-2 '-chloro-2'-deoxyadenosine (20a).

(d, Jonz—3 = 4.5 Hz, 1, OH3), 3.81-4.01 (m, 3, H35,5"), 4.23- Procedure C. TBDMSCI (78 mg, 0.50 mmol) was added to a solution
4.28 (m, 1, H4), 4.39 (dd,Jz—3 = 4.7 Hz,J»—1 = 6.8 Hz, 1, H2), of dried19a(98 mg, 0.34 mmol) in dried pyridine (4 mL), and stirring
5.73 (d,Js-6 = 8.1 Hz, 1, H5), 6.43 (d, 1, H}, 7.87 (d, 1, H6), 8.71 was continued overnight at ambient temperature. Drighl E1.8 mL)

(br s, 1, NH); MS (Cl)m/z469.0649 (100, MH [C1sH26IN2OsSi] = was added, stirring was continuedr fb h at ambient temperature,
469.0656). volatiles were evaporated, and the residue was chromatographed

Treatment ofL6b—f and 25 by procedure A gava7b (85%),17c (hexanes/EtOAc, 2:3) to give0a (76 mg, 56%): mp 192193 °C;
(82%),17d (90%),17e(91%), 17 (94%), and26 (92%), respectively. UV max 259 nm € 14 200), min 226 nme¢1000);*H NMR (DMSO-

5'-O-(tert-Butyldimethylsilyl)-2 '-deoxy-2-iodo-3-O-(phenoxythio- ds) 0 0.06 (s, 6, MeSi), 0.88 (s, 91-Bu), 3.80 (ddJs'—s = 11.3 Hz,
carbonyl)uridine (18a). Procedure B. PTCCI (76uL, 95 mg, 0.55 Js—a# = 4.3 Hz, 1, H5), 3.92 (ddJs—» = 4.0 Hz, 1, H5), 4.01-4.13
mmol) was added to a solution d¥a(234 mg, 0.5 mmol) and DMAP (m, 1, H4), 4.40-4.52 (m, 1, H3), 5.20 (dd,J>-+ = 5.7 Hz,J» 3 =
(126 mg, 1.03 mmol) in dried MeCN (7 mL), and stirring was continued 5.0 Hz, 1, H2), 6.02 (d,Jonz-3 = 4.8 Hz, 1, OHJ3), 6.20 (d, 1, HY),
overnight at ambient temperature. Volatiles were evaporated, and the7.40 (br s, 2, NH), 8.17 (s, 1, H2), 8.36 (s, 1, H8¥C NMR (DMSO-
residue was partitioned (HCI#//CHCL). The organic layer was ds) 6 [—5.17, 18.27, 26.02 (TBDMS)], 61.72 (§562.49 (C2), 69.37
washed (NaHC@H,0, brine), dried (MgS@), evaporated, and chro-  (C3), 84.95 (C4), 87.95 (C1), 119.00 (C5), 139.34 (C8), 149.38 (C4),
matographed [CHGH 1% MeOH/CHC} (or EtOAc— 2% MeOH/ 153.16 (C2), 156.04 (C6); MS (Ci/z402.1537 45, MH" (C1¢HA*"CI)-
EtOAc)] to give 18a (296 mg, 95%) as a white foam: UV max 254  NsOsSi) = 402.1542, 400.1557{ 100, MH" (CieH7*°CI]N5s03Si) =
nm (e 11 500);'H NMR 6 0.17 (s, 6, MegSi), 0.95 (s, 91-Bu), 4.01 (s, 400.1572.

2,H5,5"), 4.47-4.54 (m, 2, H24'), 5.48-5.53 (m, 1, H3, 5.77 (d, 2'-Azido-5'-O-(tert-butyldimethylsilyl)-2 '-deoxyadenosine (20c).
Js-6 = 8.1 Hz, 1, H5), 6.54 (dJy—> = 8.1 Hz, 1, H1), 7.15-7.51 (m, Procedure D. TBDMSCI (80 mg, 0.51 mmol) was added to a solution
5, Ph), 7.82 (d, 1, H6), 8.56 (br s, 1, NH); MS (@tyz605.0636 (100, of dried19¢ (102 mg, 0.35 mmol) in dried pyridine (4 mL), and stirring
MH* [C22H30IN206SSi] = 605.0639). was continued overnight at ambient temperature. Drig Et.5 mL)
Treatment ofL7b—f and 26 by procedure B gavé&8b (87%), 18c was added, and the solution was stirred for 30 min and evaporated.
(91%),18d (91%),18e(65%), 18f (85%), and27 (75%), respectively. The residue was partitioned (EtOAc//cold dilute HGIY, and the
2'-O-(Methylsulfonyl)adenosine (19d). (a) Mesylation. Mesyl organic phase was washed (NaH{I)O, brine), dried (MgS@Q),

chloride (0.255 mL, 378 mg, 3.3 mmol) was added to a suspension of evaporated, and recrystallized (EtOAc/MeOH) to gR@c (132 mg,
dried 3,5-O-TIPDS-adenosiné (1.40 g, 2.7 mmol) in dried pyridine 93%): mp 152-154°C dec; UV max 259 nme(15 300), min 227 nm
(15 mL), and stirring was continued overnight at ambient temperature. (¢ 2000);'H NMR (DMSO-ds) 4 0.02 (s, 6, MeSi), 0.88 (s, 9{-Bu),
Saturated NaHC@H,0 was added, the mixture was evaporated, and 3.72-4.06 (m, 3, H45,5"), 4.63 (9,0 = 5.1 Hz, 1, H3), 4.73 (t,J =
the residue was partitioned (col M HCI/H,O//CHCE). The organic 4.7 Hz, 1, H2), 6.02 (d,Jy-» = 4.7 Hz, 1, H1), 6.08 (d,Jonz-3 = 5.1

phase was washed (NaH@8,0, H,O, brine), dried (Nz&5Qy), Hz, OH3), 7.38 (br s, 2, NB), 8.17 (s, 1, H2), 8.31 (s, 1, H8); MS
evaporated, and chromatographed (CH€12% MeOH/CHC}) to give (Cl) m/z407.1976 (78, MH [C16H27NsO3Si] = 407.1975).
3,5-O-TIPDS-2-O-(methylsulfonyl)adenosine (1.43 g, 90%} NMR 5'-O-(tert-Butyldimethylsilyl)-2 '-O-(methylsulfonyl)adenosine (20d).
0 0.99-1.21 (m, 28, 4x i-Pr), 3.27 (s, 3, S@H;3), 3.97-4.35 (m, 3, Dried EgN (0.14 mL) was added to a suspension of drigdi (210
H4',5,5"), 5.08 (dd,Js-4 = 9.2 Hz,J3_» = 4.9 Hz, 1, H3), 5.53 (d, mg, 0.6 mmol) and a catalytic amount% mg) of DMAP in dried

1, H2), 5.64 (br s, 2, NH), 6.15 (s, 1, HD), 8.01 (s, 1, H2), 8.27 (s, CH,Cl, (5 mL). TBDMSCI (150 mg, 0.97 mmol) was added in three

1, H8). (b) Deprotection. NH4F (1.48 g, 40.0 mmol) was added to a  portions, and the suspension was stirred overnight at ambient temper-
suspension of this material (1.43 g, 2.43 mmol) in MeOH (60 mL), ature. Pyridine (1 mL) was added, and stirring was continued for 2 h.
and stirring was continued overnight at ambient temperature. Volatiles Volatiles were evaporated, and the residue was partitioned,GMH
were evaporated, and the residue was chromatographed {CHE%o H,O//CHCE). The organic phase was washed,@ brine), dried
MeOH/CHCE) and crystallized (MeOH/EtOAC) to givE9dd (673 mg, (MgSQy), and evaporated and the residue was chromatographed (30
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— 95% EtOAc/hexanes) to givg0d (221 mg, 80%) as a slightly yellow
glass: UV max 259 nme(13 200), min 225 nme(1300); *H NMR
(DMSO-dg) 6 0.02 and 0.04 (s and s, 3 and 3, 288, 0.86 (s, 9t-Bu),
3.25 (s, 3, CH), 3.79 (dd Js:—s = 11.5 Hz,J5-—4 = 3.9 Hz, 1, H5)
3.90-4.05 (m, 2, H45'), 4.61 (9,0 = 5.5 Hz, 1, H3), 5.61 (dd,J>—v
=39Hz,J»-3 =5.1Hz,1, H2), 5.95 (d,JOH373' =5.7Hz, 1, OH@,
6.25 (d, Hz, 1, HY), 7.39 (br s, 2, NH), 8.17 (s, 1, H2), 8.31 (s, 1,
H8); MS (Cl) m/z460.1689 (100, MH [C17H30Ns0sSSi] = 460.1686).
5'-O-(tert-Butyldimethylsilyl)-2 '-O-(p-tolylsulfonyl)adenosine (20e).

Procedure E. TBDMSCI (447 mg, 2.9 mmol) was added to a

suspension of drieti9e (672 mg, 1.6 mmol) in dried pyridine (12 mL),

Robins et al.

2,H5,5"),4.37 (m, 1, H4, 6.07 (dd Jz—+ = 3.7 Hz, 1, H3), 6.39 (br
s, 2, NH), 6.69 (d, 1, HY), 7.11-7.50 (m, 5, Ph), 8.32 (s, 1, H2), 8.36
(s, 1, H8); MS (Cl)m/z548.1830 (100, MH [C24H34Ns04S,Si] =
548.1822).

Analogous treatment (procedure G)20b gave21b (40%).

Model Reactions with BuSnH/AIBN/Toluene/A. Procedure
H.47-4% Individual samples (0.1 mmol) of nucleosid&g 18, 20, 21,
23, 24, 26, and 27 were dissolved in dried toluene (4 mk25 mM
solutions) and deoxygenated (Ar, 45 min). s;BaH (54uL, 58 mg,
0.2 mmol) was injected through the septum, and deoxygenation was
continued for 15 min. AIBN (5 mg, 0.03 mmol) was added, and the

and stirring was continued overnight at ambient temperature. Volatiles solution was heated at gentle refluxI15°C, oil bath) for 2.5 h under

were evaporated, and the residue was partitioned (HOUMEtOAC).
The organic phase was washed (NaHEQO, brine), dried (Ng5Oy),
and evaporated, and the residue was chromatographe{(CH 3.5%

MeOH/CH,CI,) to give 20e(566 mg, 66%) as a white glass: UV max

261 nm ¢ 13 100), min 242 nm¢(7100);*H NMR (DMSO-ds) 6 0.04
(s, 6, SiMe), 0.88 (s, 91-Bu), 2.29 (s, 3, Ch), 3.74 (dd Js—5 = 11.3
Hz,Js—4 = 4.3 Hz, 1, HT), 3.90 (dd Js—+ = 4.4 Hz, 1, HY), 4.02-
4.08 (m, 1, HY), 4.32-4.38 (m, 1, H3, 5.51 (dd,J»—r = 6.6 Hz,
Jr-3 = 5.4 Hz, 1, H2), 6.04 (d, 1, HY), 6.07 (d,Jonz-3 = 5.5 Hz, 1,
OH3), 7.05 (d,J = 8.2 Hz, 2, Hom), 7.34 (br s, 2, NK), 7.43 (d, 2,
Harom), 8.02 (s, 1, H2), 8.07 (s, 1, H8); MS (Ci)/z536.1986 (100,
MH™ [C23H34Ns06SSi] = 536.1999).

Compound£0b (procedure E, 88%R3a(procedure D, 56%23b

(procedure C, 96%), an@3c (procedure D, 92%) were prepared

analogously to those described.
5'-O-(tert-Butyldimethylsilyl)-2 '-chloro-2'-deoxy-3-O-(phenoxy-
thiocarbonyl)adenosine (21a). Procedure FDMAP (103 mg, 0.84

mmol) and PTCCI (70uL, 86 mg, 0.50 mmol) were added to a

suspension of dried0a (161 mg, 0.40 mmol) in dried MeCN (6 mL),
and stirring of the yellow solution was continued #® h atambient

Ar [some reactions were complete afteBO min (TLC)]. Volatiles
were evaporated, and the residue was chromatogrgid&l; — 5%
MeOH/CHCE [or EtOAC — 5% MeOH/EtOAc; or CHG — MeOH/
Me,CO/CHCE (1:10:50); or EtOAc— 20% S/EtOAc]} to give the
respective products (Tables 2 and 3).
Model Reactions with PhSiH/BzOOBz/TolueneA. Procedure
1.4748 Individual samples (0.1 mmol) of nucleosid&g, 18, 20, 21,
23, 24, 26, and27 were dissolved in dried toluene (4 mk,25 mM
solutions) and deoxygenated (Ar, 45 min). 38i (78 mg, 0.3 mmol)
and BzOOBz (10 mg, 0.04 mmol) were added, and the solution was
heated at gentle reflux<(115 °C, oil bath) for 3 h. [Second portions
of PhSiH (52 mg, 0.2 mmol) and BzOOBz (5 mg, 0.02 mmol) were
added and reflux was continued #h insome cases.] Volatiles were
evaporated, and the residue was chromatographed as described in
procedure H to give the respective products (Tables 2 and 3).
3'-Deoxy-2-O-(p-tolylsulfonyl)adenosine (37b). Compound2le
(67 mg, 0.1 mmol) was treated by procedure H (1 h), the resuBiiiy
(TLC, S;; quantitative after evaporation) was dissolved in THF (5 mL),
and TBAF/THF (1 M, 0.2 mL) was added. The solution was stirred
for 3 h atambient temperature, and volatiles were evaporated in vacuo.

temperature. Volatiles were evaporated, and the residue was chro-The residue was purified by preparative RP-HPLC{10% MeCN/

matographed [EtOAc/cyclohexanes (1:3)MeOH/cyclohexane/EtOAc

(1:25:75)] to give2la (206 mg, 95%) as an off-colored glass: mp

192-193°C; UV max 257 nm ¢ 15 100), min 224 nm¢5700);H
NMR 6 0.15 (s, 6, MeSi), 0.95 (s, 91-Bu), 4.03 (m, 2, H55"), 4.58
(m, 1, H4), 5.22 (dd J>—y = 6.1 Hz,J»_3 = 5.9 Hz, 1, H2), 5.97 (m,
1, H3), 6.32 (br s, 2, Nk), 6.40 (d, 1, H1), 7.08-7.55 (m, 5, Ph),
8.16 (s, 1, H2), 8.39 (s, 1, H8}*C NMR ¢ [-5.03,—4.81, 18.91,
26.45 (TBDMS)], 58.37 (C9, 63.20 (C2), 81.01 (C3), 83.91 (CJ),

H>0; 2.8 mL/min, 100 min) to give white soli@7b (33 mg, 81%;tr
= 81 min): mp 116-115°C (softening), 225230 °C dec; UV max
262, 228 nm £ 17 600, 11 400), min 240 nme (7700); *H NMR
(DMSO0-d¢/D,0) 6 2.22-2.52 (m, 5, H33", CHs), 3.44 (ddJs'—5 =
12.3 Hz,J5—4 = 3.7 Hz, 1, H5), 3.63 (dd,Js-4+ = 3.0 Hz, 1, HY),
4.31-4.39 (m, 1, H4), 5.56 (ddd,)>—3» = 6.4 Hz,J»-3 = 4.7 Hz,
Jo-1=4.0Hz, 1, H2), 6.02 (d, 1, HY), 7.19 (d,J = 8.5 Hz, 2, Honm),
7.55 (d, 2, Hom), 8.1 (s, 1, H2), 8.27 (s, 1, H8); MS (FABN/z406

88.80 (C1), 120.36 (C5), 139.04 (C8), 150.50 (C4), 153.43 (C2), 155.96 (100, MH*). Anal. Calcd for GiH1NsOsSH,O (423.4): C, 48.22;

(C6), [122.16, 127.42, 130.19, 153.80, 194.34 (PTC)]; MS (6}
538.1511{43, MH" (Cx3H31[*"CI]NsO,SSi) = 538.152%, 536.1538
{100, MH" (C23H31[*CIINs0+SSi) = 536.1555%.

Analogous treatment &#0c—e and23ac by procedure F gavlc
(79%),21d (60%),21e(85%),24a(65%), and?4c(63%), respectively.

9-[5-O-(tert-Butyldimethylsilyl)-2- S-methyl-3-O-(phenoxythiocar-
bonyl)-2-thio-f-p-arabinofuranosylladenine (24b). Procedure G.
DMAP (59 mg, 0.48 mmol) and PTCCI (42, 54 mg, 0.31 mmol)
were added to a suspension of drggb (90 mg, 0.22 mmol) in cold
(5 °C), dried MeCN (3 mL) and pyridine (0.1 mL). After15 min,
dried pyridine (0.5 mL), CECl; (1 mL), MeCN (10 mL), and PTCCI

H, 5.00; N, 16.54. Found: C, 48.51; H, 5.26; N, 16.60.
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(47) Oven- or flame-dried glassware was flushed with argon prior to
use.

(48) Crude 50O-TBDMS mixtures were (a) dissolved in THF (3 mL)
and stirred fo 6 h atambient temperature with TBAF/THF (1 M; 0.25

(42 uL, 54 mg, 0.31 mmol) were added, and the resulting yellow mL) or (b) dissolved in MeOH (3 mL) and refluxedrfd h with NHsF (15

solution was stirred overnight at”&. Volatiles were evaporated, the
residue was partitioned (NaHG®I,O//CHCL), and the organic phase
was washed (kD, brine), dried (Ng5Qy), and evaporated. The residue

was chromatographed (CHCH 3% MeOH/CHCY) to give 24b (55
mg, 45%) as an off-white foam: UV max 259 nei4 500), min 228
nm (¢ 7200);*H NMR ¢ 0.15 (s, 6, MgSi), 0.95 (s, 91-Bu), 1.90 (s,
3, SCHy), 3.91 (dd,Jp-r = 5.5 Hz,J>_3 = 3.8 Hz, 1, H2), 4.05 (m,

equiv). These deprotection mixtures were evaporated, and the residues were
chromatographed [Dowex it 2 (OH"); H,O — 40% MeOH/HO) for 30b
and 35b; silica gel (EtOAc— 20% S/EtOAc) for 324 if necessary.

(49) Excess BgBnH was removed from products by extensive washing
of silica columns with EtOAc/pentane prior to elution of product(s) or by
vigorously stirring the residue with EtOAc/KF#® (5 mL/50 mg/0.5 mL)
for 16 h at ambient temperature (nbdesilylation observed) followed by
chromatography.



