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Abstract, It is demonstrated that nucleotide C4’ radicals may be generated from a C4’-thiolester on treatment
with tributyltin hydride. When the reaction is conducted in benzene at reflux the C4” radical expels the C3’-
phosphate group to nge a radlcal cation. Thls species undcrgoes deprotonanon to an allylic radxcal Whlch
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tris(trimethylsilyl)silane in place of the stannane. In methanolic benzene the radical cation is trapped by

methanol to give a new C4’ radical which is quenched before ring opening. The behavior of C4’ radicals
toward ring opening is discussed in terms of the conformations imposed by the substituents at C3’.
© 1997 Elsevier Science Ltd. All rights reserved.

The CnemISLry of nucleoiide C4’ radicais 1 renily dan arca of intense interest ow Hg to the central role

played by these species in the cleavage of oligonucieotides by various antitumor antibiotics, notably the
bleomycins, and the continually expanding class of enediynes and related substances.!#4 Following early work

by Giloni, 5 Stubbe and coworkers have delineated most of the steps in the Fe.BLM mediated cleavage of DNA
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(Scheme 1) are the quenching of the C4’ radical (1) by molecular oxygen to give a C4’ peroxy radical (2)
which, following reduction to a hydroperoxide (3), undergoes a Criegee type rearrangement with scission of the
C3’-C4’ bond. Subsequent fragmentations of (4) provide the three products: phosphoglycolate (§), base
propenal (6), and 5’-phosphate (7).
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Following extensive studies with a series of unambiguously generated C4’ radicals, and building upon

the foundations laid hy the Schulte-Frohlinde and von annfnn aroune 6-9 Giese and coworkers have advanced
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an alternative mechanism (Scheme 2).1U:11 The key points in this mechanism are: i) cleavage of the C3°-03’
bond in 1 with expulsion of the phosphate to give a C3’C4’ radical cation 8 before trapping of the initial radical
by oxygen; ii) nucleophilic attack by water giving the new C4’ radical 9; iii) quenching by oxygen to give the
peroxy radical 10; iv) reduction to the hydroperoxide 11; v) Grob-type fragmentation with cleavage of the
C3°C4’ bond giving 12.
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Scheme 2
The two mechanisms differ in almost all aspects, but the most important divergences are the timing of
incorporation of oxygen at C4’, and the mode of cleavage of the carbon-carbon bond. The Giloni-Stubbe
mechanism invokes a Criegee rearrangement, a process known to be catalyzed by strong acid, whereas the
Giese mechanism revolves around the base catalyzed Grob fragmentation. In the case of BLM-mediated DNA
cleavage, the requirement for strong acid catalysis of the Criegee mechanism is thought to be met by the iron, of

|1n1‘nfm‘nnfl A‘FIA') 1 o
UuUCWIIIunCU UAMiauuil duawe, i

generated with an enediyne, which necessarily suggests that the Giloni-Stubbe BLM mechanism is not general.
The picture is further confused by conflicting resuits from the Giese laboratory in which the chemisiry of the
C4’ radical is found to vary according to the source of the C4’ radical.!! Thus, when C4’-terr-butyl ketones are
employed as precursors, in a Norrish type I process, the C4’ radical is trapped by oxygen, & la Giloni-Stubbe,
before expulsion of the C3’-phosphate. When generation is achieved by photolysis of C4’-selenides,

fragmentation to the radical cation (Scheme 2) precedes trapping by oxygen. Somewhat implausibly, it i
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suggested that the bulky PhSe radical, in the initial radical pair arising from photolysis of the selenide shields
the C4’ radical from attack by molecular oxygen and provides the time for fragmentation to occur. In the
Norrish I process the molecule of CO is considered to separate the nucleotide radical from the bulky zert-butyl

radical thus enabling oxygen to diffuse in.11 Doubtless, other explanations are possible for this divergent
behavior, not the least of which is the use of different bases in the two systems. Furthermore, and convenient
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In furtherance of our own studies on the chemistry of B-(phosphatoxy)alkyl radicals,!2:13 of which

nucieotide C4” radicals are but a particular example, we were driven to design a different, unambiguous source
of C4’ radicals which did not function through formation of a radical pair and so is not susceptibie to many of
the problems inherent in the Giese system. After some experimentation, we settled on an intramolecular
homolytic process at sulfur in a thiol ester!4 as illustrated in Scheme 3. In this chemistry the initiating aryl
radical (14) is generated from the aryl iodide 13 with a stannyl or silyl radical. In the cyclization reaction, a

dihydrobenzthiophen (15) is formed with displacement of the acyl radical 16 which subsequently undergoes

raoid decarbonvlation to sive the desired C4’ radical (
rapid decarbonylation to give the desired C4’ radical (1). A tential, additional advantage of this scheme is th

-
)

generation of the heterocycle 15, in the same yield as the acyi radical 16, which, at least in
as a marker for the efficiency of the acyl radical generation process. Here we describe our initial experiments
conducted with a view to determining the suitability of such thiol esters (13) for the generation of nucleotide C4’
radicals, their compatibility with standard phosphoramidite coupling reactions, and some very interesting
substituent effects on the ring opening of nucleoside C4’-radicals.
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Scheme 3
As described in Scheme 4, a suitably orthogonally protected 4’-thioacylnucleoside 21 was prepared

uneventfully nown15.16 substrate 17.
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Scheme 4
Selective monoetherification with dimethoxytrityl chloride (DMTCI) took place on the more reactive

(o) of the two hydroxymethyl groups:17 this was followed by benzoylation and then removal of the DMT group
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to give 18. Oxidation with CrO, in the presence of fert-butanol and acetic anhydride!® provided the 4’a-tert-

-
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umyluxyumutmyx nucleoside 19. On sequential treatment with trifluoroacetic acid, 1,1-dichloromethyl methyl
ether, and thiol 20, 19 provided the target nucleoside 21. Exposure of 21 to TBAF buffered with acetic acid
furnished 22, which was converted to phosphoramidite 23 by treatment with bis(diisopropylamino)-
methoxyphosphinel? in the presence of diisopropylammonium tetrazolide in 88% yield. Coupling of 23 to 3’-
O-benzylthymidine (24),20 with freshly sublimed tetrazole in acetonitrile, gave a phosphite which was oxidized
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Indeed, far mgner lelGS for the couplmg sequence can be an uc1patea for automated solid p Syntl‘lESlS than

those obtained here in the solution phase with only moderate excesses of reagents.
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To determine the suitability of the thiol ester for C4’ radical generation, nucleotide 25 was dissolved in
benzene at reflux and treated with triphenyltin hydride (0.045M) and a catalytic quantity of AIBN. After 2 h at
reflux, *'P-NMR spectroscopy revealed complete consumption of the substrate in favor of a single new
phosphate ester. Column chromatography over silica gel enabled isolation of the 5’-phosphate 26 in 86% yield,
along with two 3’-deoxy-unsaturated nucleosides (27) and (28) in 23 and 10% yields, respectively, and an
unanticipated acyclic nucleoside 29 in 30% yield (Scheme 6). Heterocycle 1S was isolated admixed with

trinhenvltin residues and was conseguentlv not guantified. When the experiment was repeated with the noorer
1 sequ S er

Haipraaloaiyasaii 3 Ay AL ga&aiiiig VY AIWAL WAV WA LAAVASY TP RS AVEPWRIWAL VWAL dab S

hydrogen atom donor tris(trimethylsilyl)silane (TTMS)2! in place of the stannane a significantly different
spectrum of products was isolated. These comprised the phosphate 26 (94%), and the two acyclic nucleosides
(30) and (31) in 32 and 37% yields, respectively (Scheme 7). The heterocycle 15 was again formed as
anticipated, but was not quantified.

ate anion 34 (Scheme §)
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In the presence of triphenyltin hydride, proton transfer occurs to give the isolated phosphate 26 and

Iso

phate anion pair has

been noted recently by Giese and coworkers.22 The allyl radical is then quenched at either terminus by the
stannane to give 27 and 28, in competition with a fragmentation reaction leading to the acyclic radical 36. This
is quenched by the stannane to give 30, which undergoes deoxygenation to provide the observed product 29
(Scheme 9). Interestingly, quenching of the allyl radical 35 at its C4’-terminus takes place with a high degree of
stereoselectivity on the face opposite to the base giving predominately the indicated, known stercoisomer 28.

Retro-5-endo-trigonal fragmentations, such as 35 / but are by no means
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unknown.23 Likewise, the proposed deoxygenation of the benzoate is not a common reaction but, nevertheless,

¢ for which there is ample precedent, 24 asneciallv when a resonance stabilized radical rest Its. 25
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Scheme 9
With TTMS as reductant it appears that proton transfer from the radical cation 33 to the phosphate
anion 34 is, in part, overcome by TTMS which acts as a hydride donor to the radical cation at the C3’-position
giving the tetrahydrofuranyl radical 37. As in the case of triphenyltin hydride, competing proton transfer gives
the dihydrofuranyl radical 35. Cleavage of 35 and its saturated analog 37 takes place to give, after chain
transfer, the observed products 30 and 31 (Scheme 10). Trialkyl and triarylsilanes are, of course, well known

as hydride donors toward carbenium ions26 and, thus, the re
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surprising. In full agreement with the poorer hydrogen atom donating capabilities TMS, as compared to

triphenyltin hydride,2! ring opening is more efficient in the presence of the latter reagent. Interestingly, the final
deoxygenation observed with triphenyltin hydride (30 — 29) is not seen with the silane, despite other silanes

having been reported as efficient reagents for the deoxygenation of simple carboxylate esters.27
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e ntad ith TTAAC ha J! 1 narimea
u uently, was treated with TTMS in benzene/methanol (4/1) at reflux. In this experiment
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undergoes clean ionic fragmentation to the radical cation 33. This is now quenched by methanol at either the
C3’ or C4’-positions to give tetrahydrofuranyl radicals 40 and 41 which are quenched, before ring opening, by
the stannane to give the observed products 42 and 43, which were isolated in 42 and 32% yields, respectively
(Scheme 11). Product 42 was isolated as a 4:3 mixture of the two possible stereoisomers and 43 as a 3:2
mixture of two of the possible three diastereomers. No attempt was made to assign stereochemistry to any of
the isomers of 42 or 43, in view of the complex spectra and low selectivities observed.
o
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Scheme 11
The reduction of 25 with TTMS in benzene/methanol (4/1) was repeated under photochemical
conditions at room temperature. The results closely paralleled those obtained at reflux with the exception that 42
was not observed in the crude reaction mixture on examination by 'H-NMR spectroscopy. However, the
presence of thymine and the aldehyde 44 was indicated. We rationalize this different outcome in terms of the
hydrolysis of the byproduct TTMS-I to HI by methanol (Scheme 12). Under refluxing conditions HI is

continually expelled from the reaction mixture, whereas in the photochemical experiment, at room temperature, it
. W

accumulates in the solution and promotes the degradation of 42 to aldehyde 44 and thymine. We attempied to
overcome this problem by working in the presence trimethyl orthoacetate which, it was felt, would effectively
capture HI. Under these conditions, neither aldehyde 44, nor thymine, were formed, but neither was 42. On
the other hand the yield of the regiosiomer 43 increased to around 90% as determined by 'H-NMR spectroscopy
of the crude reaction mixture. It appears that trimethyl orthoacetate 23 itself transfers MeO to the radical cation

and, being more bulky than methanol, does so with greater regioselectivity at the least substituted site.

BZQ ~ T Hl Ao iR
X ——— LT By
MeO o ©

a2 & 44

311



312

D. Crich, Q. Yao / Tetrahedron 54 (1998) 305-318

Tt 1c of come intaract that tha mpﬂu\vvtptrnhvr}rnfnmnvl radicral 41 which can he thonoht of a¢ 2 mndel
Ak AD Vi OWRLAIW A0%WA Wbk S116AL REiEW lll\tlll\ll\’ uﬂll]ul\l‘ul“ll 1 ACARAEN/EAL -'L’ YV 1ilwil Weill W ulvusll‘ WA I o ARG
Fre nemer £V rarenan mszbeasitetad MAY e 2innl ceznbk oo shen 77 L. 1. wn Al anl O\ i thhia MNiacn oo eveseetn e
101 ally wo 'U‘Kygcll SUUMILUICL US lallbdl DULII ad LB O | F} 111 tic uicse ll‘g TR RA VI

analogs (35) and (37), respectlvcly, did so cleanly (Schemes 9 and 10). We rationalize this change in behavior

in terms of the extended anomeric effect?8-31 which causes the radical 41 to adopt a conformation in which the
C3°-03’ bond, the singly occupied orbital and the lone pairs on the ring oxygen are effectively coplanar. Such a
conformation sets the singly occupied orbital and the 04’-C1’ bond close to orthogonal and so precludes the

possibilj_ tv of nmr ope __n Indeed, recent ESR work hv Giese indicates that a (‘]ncelv related radical (45)

adopts such a conformation.22
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Finally, we note that quantification, by isolation, of the dihydrobenzthiophene 15, as a marker for the
efficiency of C4’ acyl radical generation is not practical. This is due to the relatively volatile nature of 15 which

ensures that some is __lw_ays lost on removal of the solvent under vacuum. However, this does not nrerhlde the

in conciusion, we have demonstrated that C4’ thioacyi derivatives are efficient sources of nucieotide
C4’ radicals under both thermal and photochemical conditions. Moreover, the thioacyl group is fully compatible
with typical conditions for oligonucleotide synthesis. C4’ radicals of a simple dinucleotides undergo very
efficient fragmentation of the C3’-O3’ bond giving a radical cation, even in benzene solution. This radical cation
evolves along several different pathways dependent upon the milieu with deprotonation to an allyl radical being
the preferred mode in the absence of nucleophiles.
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otherwise noted, 1H, 13C, and 31P NMR spectra were run in CDCI3 at 300, 75, and 121 MHz, respectively.
1H and 13C chemical shifts are downfield from tetramethylsilane as internal standard. 31P chemical shifts are
quoted with respect to external H3PO4. IR spectra were recorded with a Perkin Elmer 1605 FTIR
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dried and distilled by standard procedures. All reactions were run under a dry nitrogen or argon atmosphere.
THF was distilled, under N2, immediately prior to use from sodium benzophenone ketyl. Ether refers to diethyl

ether. Microanalyses were conducted by Midwest Microanalytical, Indianapolis.

5'-0-Benzoyl-3'-O-tert-butyldimethylsilyl-4'-(hydroxymethyl)thymidine (18). To a solution of
the diol 171516 (1,70 g. 4.40 mmol) in pyridine (50 mL) were added with stirring 4,4'-dimethoxytrityl chloride
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(1.56 g, 4.60 mmol) and DMAP (54 mg, 0.44 mmol). After stirring for 12 h at room temperature, benzoyl
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reaction mixture was concentrated under reduced pressure and the residue partitioned between ethyl acetate (50
mL) and water (50 mL). The organic layer was separated and the aqueous layer extracted with ethyl acetate (2 x
50 mL). The combined organic extracts were washed with sat. NH4Cl, dried (Na2SO4) and concentrated. This

crude product was then dissolved in dry dichloromethane (200 mL), and treated with a solution of dichloroacetic
acid in dichloromethane (9% v/v, 100 mL). After stirring for 30 min, the reaction was quenched with sat.
NaHCO3 (200 mL). The aqueous layer was separated and extracted with dichloromethane (2 x 50 mL). The

combined organic extracts were washed with brine, dried (Na2504) and concentrated. Column chromatography

(81, eluant: dichloromethane then dichloromethane /EtOAc 1:1) gave the title compound (1.56 g, 72 %) as

white foam. IH NMR, &: 0.115 (3H, s), 0.123 (3H, s), 0.91 (9H, s), 1.68 (3H, s), 2.33 (1H, dt, J = 13.7,
6.9 Hz), 2.47 (1H, ddd, J = 4.2, 6.4, 13.7 Hz), 3.82 (1H, d, 7 = 12.2 Hz), 3.92 (1H, d, / = 12.2 Hz), 4.53

s25)s =T NS5 55 BRESs A& D

(1H, d, J = 12.0 Hz), 4.58 (1H, d,J=12.1 Hz), 4.64 (1H, dd, J = 4.1and 6.9 Hz), 6.29 (1H, t, J/ = 6.6 Hz),

~ .- —~ & A s

7.23 (1H, s), 7.47 (2H, t, J = 7.7 Hz), 7.61 (iH, t, J = 7.4 Hz), 8.02 (ZH, d, 7 = 7.8 Hz), 8.73 (iH, bs); 13¢
NMR, &: -5.3, -4.7, 12.2, 17.8, 25.6, 41.3, 63.1, 64.8, 73.4, 84.9, 87.2, 111.1, 128.6, 129.3, 129.4,
133.5, 135.1, 150.2, 163.8, 166.1. Anal. Calcd for C24H34 N207S81-1/2H20: C, 57.70; H, 7.06; Found: C,
5791; H, 7.15.

(tert-Butoxycarbonyl)-3'-O-(fert-butyldimethylsilyl)thymidine (19). To a stirred suspension of
Cr03 (6.0 g, 60 mmol) in a mixture of dichloromethane /DMF (4:1, v/v, 50 mL) was added pyridine (9.6 mL,

uly 20 ml ) w

120 mmol). After stirring for 15 min, 18 (1.03 g, 2.1 mmol) in dichloromethane /DMF (4:1, v/v, 20 mL) was
~ o} e o g 2maaa Lo oo o, [o 7" o WP .
added by syringe followed by acetic anhydride (11.3 mL, 120 mmol) and zeri-buianol (19.2 mi., 260 mmol)

The reaction mixture was stirred at room temperature under an Ar atmosphere for 4 days before MeOH (10 mL)
was added. After stirring for 15 min, the reaction mixture was diluted with ethyl acetate (150 mL), washed with
water (150 mL), brine, and dried (Na2S04). The organic extract was filtered through a short pad of silica gel

eluting with 2 portions of EtOAc (50 mL). The filtrate was then concentrated and column chromatographed on

silica gel (eluant: dichloromethane /EtOAc 5:1 then 3:1) to give 19 (1.03 g, 87.5 %) as a white foam. 1H
TR & T £ATY N NON /OTT S\ 1 TY LA 11T 1 T _ 1T. e
h {30, s), U.YU (YN, §), 1. b4 {(in, q, J a,

1.0, 8.2 and 13.5 Hz), 2.60 (1H, dt, / = 14.3 and 7.5 J . J

Hz), 4.89 (1H, d, J = 12.2 Hz), 6.35 (1H, dd, J = 4.0 and 7.8 Hz), 7.14 (1H, bs), 7.45 (2H, t, J = 7.6 Hz),
7.59 (1H, t, J = 7.4 Hz), 8.00 - 8.03 (2H, m), 8.29 (1H, bs). 13C NMR, &: -5.0, -4.9, 12.1, 18.0, 25.6,
28.0, 39.8, 64.0, 72.5, 83.0, 87.0, 88.8, 110.8, 128.6, 128.7, 129.4, 129.5, 133.4, 136.3, 149.7, 163.6,
165.8, 168.1. Anal. Calcd for C2gH40 N20gSi: C, 59.98; H, 7.19. Found: C, 59.62; H, 7.13.

JI

'-0-Benzoyl-3'-0-(tert-butyldimethylsilyl)-4'-[(2-methyl-2-(2-iodophenyl)propylthio)-

carbonyl]thymldme (21). To a solution of 19 (561 mg, 1.0 mmol) in dichloromethane (8 mL) was added
trifluoroacetic acid (3.2 mL) at 0 OC. The reaction mixture was stirred at room temperature for 1 h. The soivent
and volatiles were co-evaporated with benzene (2 x 10 mL). The crude acid was then taken up with benzene (15
mL), treated with 1,1-dichloromethyl methyl ether (1.8 mL). The reaction mixture was heated to gentle reflux
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for 1 h. After cooling to room temperature, the solvent and volatiles were removed under vacuum. The resulting

At jno tabas o 2% T T | PR T, /1 : 1 \ .__.1 PRI B n_ n_ ~12nl4 ronz = 1 NE e N
acia uuuuuc Was 1ak<in up wiii ary muuumulctml.nc \i 1L, ), and o cu wiiln tniol LU+~ {JU0 g 1.U0 I )

followed by DMAP (153, 1.25 mmol). After stirring at room temperature for 12 h, the solvent was removed and
the crude reaction mixture column chromatographed on silica gel (eluant: dichloromethane then

dichloromethane/EtOAc 4:1) yielding 21 (700 mg, 90 %) as a solid. M.p. 104 - 106 °C, 1H NMR, 5: 0.08
(3H, s), 0.11, 0.88 (9H, s), 1.58 (3H, s), 1.60 (3H, s), 1.72 (3H, d, / = 1.0 Hz), 2.14 (1H, ddd, J = 4.8,9.2
and 13.8 Hz). 2.39 (1H, ddd, J = 1.3, 5.0 and 12.9 Hz), 3.55 (1H, d, J = 13.4 Hz), 3.90 (1H, d J =134

Hz). 453 (1 dJ=39H7).460(1H. 4. /=117 Hz). 480 (1 d J=117 Hz), 656 (1H, dd. J =5.0
Hz), 455 (1H, 4,/ = 3% Hz), ou((ln, g, 11,/ 1z), 480 (11, 4, J 11.7 Hz), 650 (1R, a4, J =2

and O 222y AQA /LT Ar T — 1 & and T A 792 _ 7 12K ILI Y TAS /MO ¢ T — 7 & =2 T AT (11X « T
ana 7.5 11z}, 0.84 (i, G, v = 1.0 aNaG /.4 11Z), /.25 - [.55 5, m), /.45 (e, t,0 = /.0 11z), /.01 (i, L, J

= 7.4 Hz), 7.97 -8.00 (3H, m), 8.06 (1H, bs). 13C NMR, &: -5.3, -5.1, 12.0, 17.9, 25.5, 27.9, 28.1, 38.6,
39.9, 41.2, 66.2, 74.8, 87.1, 94.6, 94.9, 111.4, 128.0, 128.3, 128.6, 128.7, 129.0, 129.6, 133.6, 135.0,
143.7, 146.4, 149.7, 1632, 165.9, 199.2. Anal. Calcd for C34H43IN207SSi: C, 52.44; H, 5.57. Found:

C, 52.39; H,5.68.
5'-0-Benzoyl-4'-[(2-methyl-2-(2-iodophenyl)propylthio)carbonyl] thymidine 22. To a solution
of 21 (685 mg, 0.88 mmel) in THF (10 mmol) were added acetic acid (0.25 mL, 4.4 mmol) and TBAF (2.7

o)
mL, 1.0 M in THF, 2.7 mmol). After stirring for 12 h, another portion of TBAF (0.9 mL, 1.0 M in THF, 0.9
mmol) was added and stirring continued for another 6 h. Removal of the solvent and column chromatography

(8107 eluant: dichloromethane /EtOAc 2:1 to 2:3) afforded 22 (543 mg, 93 %) as a white foam. IH NMR, &:
0.08 (3H, s), 1.60 (3H, s), 1.61 (3H, s), 1.70 (1H, d, J = 1.1 Hz), 2.20 (1H, m), 2.49 (1H, dd, J = 6.9 and

13.5 Hz), 3.77 (1H, d, J = 13.5 Hz), 3.84 (1H, d, J = 13.6 Hz), 4.56 (1H, d, / = 11.8 Hz), 4.64 (1H, m),
47591H, d, J = 11.8 Hz), 6.51 91H, dd, J = 5.2 and 9.0 Hz), 6.86 (1H, dt, J = 1.8 and 7.5 Hz), 7.26 -7.36

F 123, ‘. 1L 7, Q.02 F2113, B4, L P 2.0

13 aAD =

(3H, m), 7.46 (2H, t, J = 7.6 Hz), 7.61 (1H, t,J = 7.5 Hz), 7.98 - 8.01 (3H, s), 8.03 (1H, bs). *°C NMR, &:
12.0, 27.9, 28.0, 38.4, 39.4, 40.2, 66.2, 77.1, 86.5, 949, 111.6, 128.0, 128.4, 128.7, 128.8, 129.6,
133.7, 134.8, 1439, 145.9, 149.6, 162.9, 165.8, 202.0. Anal. Calcd for C2gH29 N207S: C, 50.61; H,

4.40. Found: 50.30; H, 4.68.

5'-0-Benzoyl-3'-0-(N,N-diisopropylmethylphosphoramidyl)-4'-[(2-methyl-2-(2-iodophen-

ylhpropylthio)carbonylJthymidine (23): To a solution of the nucleoside 22 (432 mg, 0.65 mmol) in dry
dichloromethane was added N,N-diisopropylethylamine (517 mg, 4.0 mmol) and N,N-diisopropyl-
methylphosphonamidic chloride (360 mg, 1.82 mmol) under Ar. After stirring for 12 h, MeOH (0.5 mL) was

added. Afier stirring for another 15 min, the reaction mixture was poured into sat. NQHFOQ (15 mL) and

RVBUBLAL. & R TR Ava ARV VAL 2l preitas and ANGRI AR

extracted with dichioromethane (Z x 5 mi). The combined organic exiracts were washed with brine, dried
(Na2804) and concentrated. Column chromatography (SiO2 eluant: dichloromethane then dichloromethane

/EtOAC 5:1, with 1 % triethylamine) afforded 23 (475 mg, 88.5 %) as a white foam. 31P NMR, & 150.89,
152.55. Owing to the instability of this compound, further characterization was not attempted.

in a nuroed with Ar and treated with frechlv dictille eCN (10 ml) a
ARRLAXNE A28 4 AV WA LB WAL AWNSE AR “wo yw bw VvV au. AL SREENG W WALV AGAE aAa " IAJ NAFATCAIEW NS ATV AW W \2v iy “Kang
nnnnn hlisrad tateamrala M1 v 2 N vreemal) A Fene otiveineg nt ranes tamamaratiiea fne 1Y b anm N & M TAa cnaliieimm im
TCSU 01T {etrazoie (£1V g, 5.V minoij. AIeT StITing at room temperature 101 12 1, an u.J vl 12 SO1ution in
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2,6-lutidine/THF/H20 (2:2:1_) was added dropwise with stirring to the reaction mixture until a purple color

nercicted Qat NaHO( enlutinn wae than addad and the reaction miviim wae avtmotad with EaA~ (2 v 20

v Q
PYAFATVWLE: W Ir 2 VRA SN Ty DRTAWMLEWLE YT D NV SARLVAL LI LIV ALAWLIVEL LAWY VWWAD VAMAQVILAL WILM LAV \J A A

mL). The combined organic extracts were washed with aqueous NaHSO3, brine, dried (Na,SO,), and
concentrated. Column chromatography (SiO2 eluant: DCM then DCM/EtOAc1:3 to 0:1) afforded 25 (365 mg,
68 %) as an unassigned diastereomeric mixture of two isomers a and b. Further chromatographic separation

(8102 eluant: EtOAc) gave 128 mg of 25a (Rf = 0.53), 62 mg of 25b (Rf = 0.40) and 164 mg of a mixture of

25a and 25b (25a/25b = 1/2). 25a: M.p. 121 - 122 ©C. 1q NMR, S57(3H, s), 1.58 (3H, s), 1.67 (3H,
dJ =09 Hz), 1.91 (3H,d, J = 0.9 Hz), 2.15 (1H, m), 2.28 (1H, m), 24‘4 (1H, dd, J = 11.3 and 3.9 Hz),
2.66 (1H, dd, J = 12.5 and 5.6 Hz), 3.72 (1H, d, J = 13.4 Hz), 3.80 (1H, d, J = 11.5 Hz), 3.80 (3H, d, J =
13.4 Hz), 4.22 (4H, m), 4.50 (1H, d, J = 11.7 Hz), 4.58 (1H, d, J = 11.9 Hz), 4.68 (1H, d, J = 11.9 Hz),
476 (1H,d, J = 11.7 Hz), 5.25 (1H, bt, J = 5.4 Hz), 6.27 (1H, t, J = 6.9 Hz), 6.37 (1H, dd, J = 8.7 and 5.4

Hz), 6.86 (1H, dt, / = 1.9 and 7.8 Hz), 7.18 (1H, bs), 7.24 - 7.36 (9H, m), 7.46 (2H, t, J = 7.7 Hz), 7.61

07
|—A

(1H, bt, J = 7.5 Hz), 7.95 - 7.99 (3H, m), 8.96 (1H, b). 13C NMR, &: 12.0, 12.4, 27.8, 27.9, 37.1, 38.4,
200 AN1 &&EN 73 T_ & A YTI\ CN L£TA 31 T _ £CTI_N "17T0 707 QA A 71 T __ 0~ 1IN\ Q£ & Q£ Q
30.7, .1, 55.0 (d, J=5.4 Hz), 66.0, 674 (d,J = 6.5 nzj, /1.9, ie.7, 82.4 {(Q, 4 = 8.7 1Z), 83.5, 60.8,
93 5, 1 127.9 28.7, 129.6, 133.9, 134.7, 135.7, i37.1,

SU
1,932, 94,5, 111.3, 111.8, 127.6, 127.9, 128.1, 128.5, 128.
146.0,

143.8, 146.0, 149.8, 150.2, 163.3, 163.6, 165.6, 197.9. 31P NMR, § -0.85. IR (CDCl3, cm1): 3391,
1691, 1274. 25b: M.p. 116 - 117 °C. 1H NMR, &: 1.55 (3H, s), 1.56 (3H, s), 1.68 (3H, d J = 0.9 Hz),
1 (2 A4 7T =0 Y2027 1A MMTH »m) (1Y AAA T — 14D QQ and & LI\ AQ (11T hAA J —
1. \Jiay Uy v v ]y &I oo R°FT (AL 1, L11), L1iky UUU, J = 1574, 0.0 alilu J I1L), &0 (111, U, J —

94
13.5 and 6.0 Hz),
Hz), 3.80 (iH, d, J = 13.5 Hz), 4.23 - 4.30 (4H, m), 4.54 (iH, d, / = 11.6 Hz), 4.60 (1H, d, J = 11.7 Hz),
4.66 (1H, d, J = 11.9 Hz), 4.78 (1H, d, J =119 Hz), 5.28 (1H, bt, J = 5.5 Hz), 6.33 (1H, dd, J = 8.0 and
5.9 Hz), 6.47 (1H, dd, J = 8.7 and 5.3 Hz), 6.85 (1H, m), 7.22 (1H, bs), 7.26 - 7.41 (9H, m), 7.45 2H, t, J
=7.7 Hz), 7.61 (1H, bt, J = 7.4 Hz), 7.95 - 7.99 (2H, m). 13C NMR, &: 12.0, 12.5, 27.8, 27.9, 37.3, 38.6,

39.1, 40.0, 54.8 (d, J = 6.5 Hz), 66.0, 67.6 (d, / = 5.4 Hz), 71.6, 78.4, 78.7, 82.6 (d, /= 7.8 Hz), 85.1,
93.0. 93.1, 94.5, 111.4, 1119, 127.6, 1280, 128.1, 128.5, 128.9 135.3

9,
6 iy IAA LbiTe Ry Tdenly
137.1, 143.7, 146.0, 149.9, 150.2, 163.3, 163.6, 165.6, 198.2. 31P NMR, & -0.90. IR (CDCI3, cm’l):
3392, 1694, 1274. Anal. Calcd for C45H48IN4O14PS: C, 51.05; H, 4.57. Found: C. 50.96; H, 4.61.

[+ ]
[

k4 ? ’ 3

Reaction of 25 with Ph3SnH in Benzene at Reflux. A solution of 25 (32 mg, 0.03 mmol), Ph3SnH
(16 mg, 0.045 mmol) and AIBN (1mg, 0.006 mmol) in benzene (1 mL) was heated to reflux for 2 h. After

conling tn mam temneratire  the enlvent wae removed nnder vacunm 113 N\MR enectraceany of the crude
kull& W AUV wll‘l}\-’lu‘.m\” Wi VWAV WiILh YYD LWilIV Y VWAL Uliuawi Y iAW Uil AL LANivian L’PW“UWUF] WL UIw v uuw

reaction mixture indicated complete conversion of 25. The crude products were taken up with MeCN and
MeOH (3 mi, 2:1 v/v) and washed with hexane (2 x 3 mL). The residue from the hexane layer was shown by
1H NMR spectroscopy to contain mainly the heterocycle 15 and organotin residues. The MeCN/MeOH layer
was concentrated and purified by repeated column chromatography (SiO2 eluant: dichloromethane then

dichloromethane /EtOAc 2:1 to 1:1), to give 27 (2.3 mg, 23%), 28 (0.9 mg, 10%) and 29 (2.0 mg, 30%).
Further elution with EtOAc/MeOH(1:1) gave phosphate 26 (11 mg, 86%). 27 1H NA AR, &: 1.81 (3H, 4, J =
1.2 Hz), 2.62 (iH, m), 2.67 (1H, m), 3.31 (1H, ddq, J = 17.5, 9.9 and 1.8 Hz), 4.90 (iH, d, J = 13.6 Hz),
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498 (1H, d, J = 13.2 Hz), 5.24 (1H, bs), 6.76 (1H, dd, J = 3.9 and 9.7 Hz), 7.08 (1H, q, J = 1.8 Hz), 7.46
(2H, J = 7.6 Hz), 7.59 (1H, d, J = 7.5 Hz), 805 (2H, m). 13C NMR, & 12.4, 36.7, 58.4, 84.7, 99.4,

LY I+ 7 N233 Le LTSS NiVaN, O

112.0, 128.5, 129.6, 133.5, 134.5, 149.6, 152.4, 163.0, 165.9. HRMS Calcd for C17H16N205 M + D*:

329.11375. Found: 329.11494. 2832; 1H NMR, &: 1.51 (3H, d, J = 1.1 Hz), 4.57 (1H, dd, J = 2.9 and 12.5
Hz), 4.63 (1H, dd, J = 3.7 and 12.5 Hz), 5.94 (1H, dq, J = 5.9 and 1.2 Hz), 6.42 (1H, dt, / = 6.1 and 1.7
Hz), 6.91 (1H, m), 7.08 (1H, q, J = 1.1 Hz), 7.46 (2H, bt, J = 7.6 Hz), 7.61 (1H, bt, J = 7.4 Hz), 8.02 (2H,

2 -1
.2 dlld

i (1H, dt ) (iH 5 Hz), 7.35 (iH, bs), 8.21 (iH,
bs) 13¢ NMR, &: 12.4, 29.7, 43.8, 111.1, 111.9 126.2, 135.6, 148.9, 163.0, 205.5. HRMS Calcd for
NaenLTsaNTaMNA~ N0 NOATTO JRR—. | NOo NO2A~70 NL.L 1'[1' ATRAD M TYyAaMTY . 1 O /21T 1 T __ 1 N TT_N\ N YA
ALV DS WAL VAL TIFAVI A L J N ruuuu LUO Uood /0. 40. Il INIVIK \LUjUU}, 0. 1.74 (.‘)l’l, a, J = 1.U Ina«z ), L. LY

(1H, ddd, J = 13.7, 8.8 and 5.8 Hz), 2.39 (1H, bdd, J = 4.9 and 13.7 Hz), 3.56 (3H, d, J = 10.8 Hz), 4.02
(2H, m), 4.24 (1H, m), 4.34 (1H, bd, J = 5.6 Hz), 4.56 (1H, d, J = 11.9 Hz), 4.61(1H, d, J = 11.9 Hz),

6.33 (1H, dd, J = 8.8 and 5.7 Hz), 7.24 - 7.38 (SH, m), 7.81 (1H, q, J = 1.1 Hz). 13C NMR (CD30D), &:
128.5

’ e Uandy

123. 380.529(d. J=56Hz2). 556(d. J=56Hz) 720 808 85114
Aty JUNT,y, LT Uy v Ve ARify Were M \Wy v B Jy [ dueTy U Ui \U

iRV LV AP B ¥ Uy

128.7, 129.2, 137.8, 139.2, 152.3, 166.3. 31P NMR (CD30D), &: 3.32.

I =84 H»x\ R6 111 Q
v U iy OU. Lii. 7

>

t4 9 £

L ¥V O Wl & 4

Reaction of 25 with TMS3SiH in Benzene at Reflux. Reaction of 25 (32 mg, 0.03 mmol) with
TMS3SiH (28 mL, 0.15 mmol) in benzene (1 mL) was conducted in exactly the same manner as its reaction
with Ph3SnH. Chromatography (SiO2 eluant: dichloromethane then dichloromethane/EtOAc 1:1 to 0:1) of the

reaction mixture gave products 30 (3.1 mg

(3H,d,J =1.2Hz), 344 (2H, dd, J = 1.3 and 7.1 Hz), 4.94 (2H, s), 5.75 (1H, dt, J = 14.3 and Hz),
6.76 (1H, dd, J = 3.9 and 9.8 Hz), 7.03 (1H, bd, / = 14.5 Hz), 7.46 -8.11 (5H, m), 8.32 (1H, bs). HRMS

Calcd for C17H16N205: 328.10592. Found: 328.10619. 31: lH NMR, &: 1.92 (3H, d, J = 1.2 Hz), 2.03
(2H, quintet, J = 6.8 Hz), 2.60 (2H, t, / = 6.6 Hz), 3.74 (2H, d, J = 7.0 Hz), 4.88 92H, s), 7.03 (1H, bs),
7.47 (2H, bt, J = 7.5 Hz), 7.61 (1H, bt, J = 7.4 Hz), 8.08 (2H, dd, J = 1.3 and 8.3 Hz), 8.53 (1H, bs). 13C

NMR, &: 12.2, 22.3, 34.8, 47.2, 52.1, 68.3, 111.0, 128.5, 128.9, 129.8, 133.6, 140.4, 150.8, 163.9, 165.9,
203.1. HRMS Calcd for C17H18N205: 330.12157. Found: 330.12154.

2ud LAl 185 w7 gLy pLY

Reaction of 25 with TMS3SiH in Benzene/MeOH at Reflux. A solution of 25 (32 mg, 0.03 moml),
(.‘ Ve X4} .....\Y N 1TE srninnnTt nead ATDAI £ 1uinery N MWL cncnn) 1 lhncnrnna AASMNLY (1 aaaT A1 wohie) . o hantad +~
5om <0 11, U.10 111l 1) alld ALDIN (1L 15, V. UUU THIUE ) 11 DCILLCLHIC/ IVICNJTL (1 111y, 4, 1 I J wad licaiclu W

reflux for 2 h. After cooling to room temperature, the solvent was removed under vacuum and the residue was
subjected to column chromatography (SiO2 eluant: dichloromethane then dichloromethane /EtOAc 1:1 to 0:1),
giving 42 (4.5 mg, 42%) as a 4:3 mixture of unassigned isomers and 43 (3.5 mg, 32%) as a 3:2 mixture of
unassigned isomers. Further elution with EtOAc/MeOH (1:1 then 1:2) gave phosphate 26 (9 mg, 70%). 42:

CL(

{maaion) and 2.63 - 2.70
(Major) ana £.05 - 2./v
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(minor) (1H, m), 3.40 (minor) and 3.43 (major) (3H, s), 4.39 (major) and 4.50 (minor) (1H, d, J = 12.0 Bz
fre tha mrnine nmd 11 @ IV e thn cerltoene tommnnc) £ £1 fianline) o A AT Fenzianw) f Q LYo fon cvnaine
1 Atucxr_] T afid 11.0 OZIOT nE ¥ iSONCT j, 4.01 umjuua.uuq {1 \ITHNOK) { 7 nZ 107 ia

Hz, t for the major isomer, J = 6 8 Hz), 7.12 (minor) and 7.39 (maJor) (il—l bs), 7.47 (2H, t, J = 7.5 Hz),

7.59 (1H, m), 8.03 - 8.06 (2H, m). 13C NMR, &: 12.2 (minor) and 12.7 (major), 29.8 (major) and 30.8
(minor), 32.6 (minor) and 34.7 (major), 49.8 (major) and 49.9 (minor), 62.7 (major) and 63.2 (minor), 85.1
(minor) and 86.2 (major), 107.7 (major) and 107.8 (minor), 111.3 (minor) and 111.6 (major), 128.5 (major)
and 128.7 (minor), 129.3, 129.5 (minor) and 129.7 (major), 133.4 (major) and 133.6 (minor), 134.7 (minor)

i

an,
(L5 8L

[=%
It

25,6 (maw\r) 14990 (nnpr\r Qnd 150_4 (maior) 1632 (minor) and 165 8 (mainr). RMS (Caled for

\IXIRJVL Jy AUJ e MLV @I 2 VWU (BMRjUE ARANATARS SollAVAE VR

C18H20N206 (M + 1 )*: 361.13996. Found: 361.14164. 43: 1y NMR, &: 1.63 (minor) and 1.66 (major)
(3H, d, J = 1.4 Hz for minor and 1.2 Hz for the major isomer), 2.01 - 2.73 (2H, m), 3.39 (3H, s), 4.08 (1H,
m), 4.36 (1H, m), 4.48 - 473 (2H, m), 6.25 - 6.31 (1H, m), 7.12 (minor) and 7.25 (major) (1H, d, J = 1.1
Hz for the minor and 1.2 for the major isomer), 7.47 2H, t, J = 7.7 Hz), 7.62 (1H, m), 8.01 -8.06 (2H, m).
HRMS Calcd for C1gH20N20¢: 360.13213. Found: 360.13159.

DRaoant:
PN 18

inn nf M8 w
AVLIVIL Ul aJ W

(32 mg, 0.03 mmol), TMS3SiH (28 mL, 0.15 mmol) and AIBN (1mg, 0.006 mmol) in benzene/MeOH (1 mL,
4:1 v/v) was photolyzed at room temperature in a Rayonet photoreactor (254 nm through Pyrex) for 2 h. After

removal of the solvent, lH NMR of the crude reaction mixture indicated complete conversion of 25 with

formation of a complex mixture of products. Careful examination of this reaction mixture revealed the presence

Tyy arnany ~ on Pal ¥ ol § PN A O b g

of aldehyde 44, characterized Dy its partial *H NMR spectrum; 6 2.80 - 2.51 (4H, m, CH2CH2) 4.99 (2H, s,
CH?>0Bz), 9.82 (1H, s, CHO). Phosphate 26 (10.1 mg, 78%) was isolated by column chromatography, along
with a trace amount of thymine which was identified with the aid of a commercial sample. In a separate
experiment, the photolysis was conducted in the presence of trimethyl orthoacetate (19 mL, 0.15 mmol). A

rixture of products (10.2 mg) containing mainly 43 (~90%) was obtained by column chromatography.

AT a
I hesphatc 26 (11.8 mg, 92%) was also isolated.
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