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A variety of carbonate-type acyl groups havingia-tetrahydrofuran-3,4-diol (1,4-anhydroerythritol)
backbone structure and a TrS or MMTYS group have been examined as new “protected” protecting groups
of the B-hydroxyl group of nucleosides. These acyl groups were designed in a manner where they could
be deprotected by4promoted removal of the TrS or MMTTS group followed by self-cyclization involving

an intramolecular attack of the once-generated neighboring hydroxyl group on the acyl carbon. It turned
out that these acyl groups could be introduced into tHay8roxyl group of a 30-protected thymidine
derivative by use of the corresponding acyl imidazolides or 4-nitrophenyl esters as well as by reaction
with carbonyldiimidazole or 4-nitrophenyl chloroformate. Among the acyl groups tested, it was found
that the CTFOC group could be easily introduced into thhysiroxyl group of 3masked deoxyribo-

nucleoside derivatives and rapidly removed under mild conditions using iodine.

Introduction

In recent years, new oligodeoxynucleotide-synthesis protocols

that avoid acid treatment were developed by many gréufss.

Some of them have developed oxidatively cleavable protecting
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groups in place of the acid-labile 4-dimethoxytrityl (DMTr)
groupg for the B-hydroxyl function. These new protocols
suppress the unfavorable depurinatfof! promoted by the acid
treatment during the detritylation step in the current DNA
synthesis.
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TABLE 1. Comparison of Self-Cyclization Kinetics after Treatment with 0.5 M 1,2
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FIGURE 1. Structures of the MOB, TFOC, MTFOC, and CTFOC groups.

We have been interested in the protection of the hydroxyl and the successive base-catalyzed self-cyclization. Oxidatively
group as a sulfenic acid ester which can regenerate the originalcleavable protecting groups have been reported by several re-
hydroxyl function under nonacidic mild conditions. The first search groups, and their usefulness in the synthesis of oligo-
example of sulfenate-type protecting groups in the field of deoxynucleotides has also been demonstrated. For example,
nucleic acid chemistry was shown by Letsinger etrall 96422 Caruthers has reported a new strategy for the synthesis of oligo-
They chose a 2,4-dinitrobenzenesulfenyl group to protect deoxyribonucleotides by use of 4-chlorophenoxycarbonyl as a
hydroxyl groups and deprotected them by polarizable nucleo- new 3-hydroxyl protecting group that can be removed by treat-
philes such as thiosulfate, cyanide and thiolate ions. We reportedment with O, under slightly basic conditiorfsOn the other
4-methoxytritylthio (MMTrS) as a different sulfenate-type hand, Beaucage has reported 2,2,5,5-tetramethylpyrrolidin-3-

protecting group removable under mild oxidative conditidns.
More recently, we have developed 2-[(4-methoxytritylsulfenyl)-
oxymethyllbenzoyl (MOB) as a new acyl-type protecting group
having an MMTTS group on the hydroxyl oxygen afb(see
Table 1). The MOB group could be readily introduced to the
5'-hydroxyl group of nucleosides and removed in two steps
including the oxidative cleavage of the-® bond by iodiné 423
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Leone, R. EJ. Org. Chem1964 29, 2615-2618.

one-1-sulfinyl as a protecting group that can be removed by a
1 min treatment with 0.02 Mlin THF—pyridine—H,0O followed
by exposure to a solution of 0.1 M, 10.25 M 3-acetylpyridiine,
and 0.125 M trichloroacetic acid in THMH,0 for 8 min$

In this paper, we report the development of new protected
protecting groups such as TFOC, MTFOC and CTFOC (Figure
1) having a TrS or an MMTrS moiety by use ofcés-tetra-
hydrofuran-3,4-diol (1,4-anhydroerythrito) skeleton capable of
rapid deprotection by the action of an aqueogisdlution in
pyridine—H,0O (9:1, v/v) in two steps. The detailed kinetic anal-
yses revealed that the MTFOC and CTFOC groups could be
deprotected more rapidly than the previously reported MOB
group, in the absence of base catalysts, and could be useful for
protection of hydroxyl functions removable under mild condi-
tions.

As described in this paper, the TFOC, MTFOC, and CTFOC
groups and nucleoside derivatives incorporating these protecting

(23) Takaku, H.; Imai, K.; Nagai, MChem. Lett198§ 857—860.
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SCHEME 1. Synthesis of Acylating Agents 3a and 3b presence of 1.0 equiv of DBU gave a diastereomeric mixture
o o of the B-O-masked produdd in 70% yield, as shown in Scheme
S_Z i i or iv 2. In contrast, when the imidazoli®» was used as the acylating
nd’ YoH d % agent, a catalytic amount of DBU(0.15 equiv) was sufficient,
H.Trs and the reaction was completed within 3 h. Thus, compdund
1 2 was obtained in 81% yield. These results clearly suggest that
the acylating ager8b has higher reactivity thaBa.
0o 0 An alternative approach t6 was also developed, as shown
5——2 j\ * Q j’\ in Scheme 3. In this procedure, the thymidirieCscarbonate
Tso 077X TS0 07 X and carbamate derivativé&8® and7 were prepared as nucleo-

| |

i side-type acylating agents by the reactiod wifith 4-nitrophenyl

diastereomeric mixture chloroformate and CDI, respectively. The reaction of nucleoside-
type acylating agents and the hydroxyl compogradiccessfully
3a:X = —o<j>No2 gave the desired compourid In agreement with the above-
mentioned reactivity oBa and 3b, it was also observed that
NN the reaction o with the imidazolide7 proceeded much faster
\—/ (3 h) than that with the 4-nitrophenyl carbonate deriva6\yé
h). Thus, compoun® was obtained in 76% vyield by use 6f
and in a higher yield of 91% by use @f By comparing the
yields of5 obtained by use d3a, 3b, 6, and7, it was concluded

groups can be used as mixtures of the stereoisomers because 5Eatbthe use of gucle%sio_lﬁ%/ge acyla_ting i%]ents suldqvm
similar physicochemical properties of these isomers. Other pre- IN€ Pest to Introduce the group into thégdroxyl group

vious diastereomeric protecting groups, such as 2,2,5,5-tetra-Cf thymidine. o
methylpyrrolidin-3-one-1-sulfinyl tetrahydropyran-2-y# a-meth- In a similar way, 50-MTFOC-3-O-TBDMS-thymidine )
yl-2-nitropiperonyloxycarbony# and N-substituted 2-amino- ~ having a more labile MMTrS group in place of the TrS group
1-phenylethyl-1-yl-oxycarbon$t have been used as diastereo- Was also obtained in 93% yield by use of the alcaethich

isomeric mixtures without incurring any crucial problems. was synthesized in 82% yield from compourddand the
nucleoside-type acylating agentas shown in Scheme 3. Both

5 and9 were obtained as diastereomer mixtures. In both cases,
the diastereomer ratios were found to be 1:1 from the NMR

3b: X =

aReagents and conditions: (i) NaH, THF; (ii) TrSCI, THF, quant (iii)
4-NO,CgH4OC(O)Cl, pyridine, CHCIy, 77%; (iv) CDI, pyridine, quant.

Results and Discussion

Introduction of the TFOC and MTFOC Groups into the spectra.
5'-Hydroxyl Group. To develop new protecting groups which Unfortunately, the isomers &and9 could not be separated
can be removed more readily than the MOB group in two steps by silica gel column chromatography. Therefore, they were used
(Scheme 4) under mild conditions, we designed carbonate-typeas isomeric mixtures in the kinetic studies described below.

protecting groups, that isis{4-(tritylsulfenyloxy)tetrahydro-
furan-3-ylloxycarbonyl (TFOC) andis-[4-[(4-methoxytrityl)-
sulfenyloxy]tetrahydrofuran-3-ylJoxycarbonyl (MTFOC), having

Kinetics of Deprotection of the MTFOC Group. To see if
the erythritol structure will undergo self-cyclization at the second
stage required for removal of the protecting grdipsas treated

acis-tetrahydrofuran-3,4-diol backbone structure where one of with a 0.5 M solution of iodine in pyridines/D-O (9:1, v/v)

the hydroxyl functions is masked by a TrS and an MMTrS
group, respectively,as shown in Figure 1, Scheme 2 and
Scheme 3.

First of all, we studied the introduction of the TFOC group
into the 3-hydroxyl group of nucleosides by use dfG-(tert-
butyldimethylsilyl)thymidine 4, Scheme 2) as a model com-
pound. For this purpose, acylating ageBésand3b were syn-

and the reaction was monitored Hy NMR (signals of the tH
proton were compared, Scheme 4). As expected, the MMTrS
group was promptly removed fro@ within 1 min. It turned

out that the resulting alcohol intermediat® was gradually
converted tat. The NMR analysis revealed that the half-life of
the intermediatd.0 was 51 min. Because of the overlap of the
two 1'-H protons of the diastereomers of the intermeditde

thesized, as shown in Scheme 1. The reaction of 1,4-anhydro-the cyclization kinetic parameter should be considered as an
erythritol (1) with TrSCI gave the sulfenylated prod&twhich averaged value of the two diastereomers. Such averaged data,
was obtained as a pair of two diastereoisomers, that is, thehowever, are sufficient for the practical use of the MTFOC
(3S4R)- and (R,49-isomers. The reaction ¢f with 4-nitro- group as a protecting group.

phenyl chloroformate gave the active es8s whereas the Design of New Protecting Groups by Considering Con-

reaction of2 with carbonyldiimidazole (CDI) gave the urethane  formation Energies. We intended to design a new structure
3b, as shown in Scheme 1. The latter was used without further which would lead to more rapid deprotection_ For this purpose,

purification for the next reaction. Botda and3b were obtained
as diastereomeric mixtures.

Next, we compared the reactivity & and 3b to the 5-
hydroxyl group. The reaction of with 3a for 13 h in the

(24) Green, T. W.; Wuts, P. G. M. IRrotectie Groups in Organic
Synthesis3rd ed.; John Wiley & Sons: New York, 1999.

(25) Pease, A. C.; Solas, D.; Sullivan, E. J.; Cronin, M. T.; Holmes, C.
P.; Fodor, S. P. AProc. Natl. Acad. Sci. U.S.A994 91, 5022-5026.

(26) Chimielewski, M. K.; Marchan, V.; Cieslak, J.; Grajkowski, A.;
Livengood, V.; Munch, U.; Wilk, A.; Beaucage, S. . Org. Chem2003
68, 10003-10012.
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the conformation properties ofs-tetrahydrofuran-3,4-dioll(1)
andcis-3,4-oxomethylenedioxy-tetrahydrofurat?}, the residue

of the MTFOC group generated after the self-cyclization, were
analyzed by the ab initio calculations (HF/6-31G*). The results
are shown in Figure 2. The lowest energy conformation of the
cyclized producii2was anOl1-exoenvelope structur® whereas

(27) Hu, Y.; Qiao, L.; Wang, S.; Rong, S.; Meuillet, E. J.; Berggren,
M.; Gallegos, A.; Powis, G.; Kozikowski, A. RB. Med. Chem200Q 43,
3045-3051.

(28) Letsinger, R. L. Ogilvie, K. KJ. Org. Chem1967, 32, 296-300.
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SCHEME 2. Introduction of the TFOC Group by Use of 3a and 3b into the 3-Hydroxyl Group 2
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SCHEME 4. Removal of the MTFOC Group?
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the lowest energy conformation dfl was the C3endo or
C4-endoenvelope form. Moreover, it was also proved that the
Ol-exo envelope conformation dfl (structure not shown in
Figure 2) was energetically less favorable #%.0 kcal/mol
than the C3sndoor C4-endoform. These results indicated that
the cyclization of the intermediat&0 needs conformational
change of the five-membered ring from the lowest energy C3
(or C4) endoform to the energetically unfavorabl®@l-exo
form. Therefore, we thought that faster cyclization could be
achieved by fixing the five-membered ring of the tetrahydrofuran
in O1-exoconformation by introduction of another ring structure.

(29) In this paper, the C8ndoenvelope structure means that C3 is
located at the opposite side of the diol function. TB&-exaenvelope
structure means th&@1 is placed at the same side of the diol function. The
conformations ofL3 and 14 are named similarly.

o ‘U
H-0  O-H Y H-0

11 13

FIGURE 2. Structures (upper row) and the lowest energy conforma-
tions (lower row) ofcis-tetrafuran-3,4-diol derivatives.

To confirm this idea, we designed 2,3-dihydroxy-7-oxabicyclo-
[2.2.1]heptane X3) and calculated the conformation energies
of it and its cyclic carbonaté4.

As the result, it was found that both of this-tetrahydrofuran-
diol part rings of13 and 14 were fixed in theO7-exo form.
Therefore, it was expected that there is no necessary conforma-
tion change during the cyclization so that the reaction would
be accelerated. Such a bicyclic system having a conformationally
locked 1,2-diol function has recently been utilized as a base-
labile linker, which connects the DNA chain to a polymer
support, for the synthesis of oligodeoxynucleotiéfes.

Becausel3 was not easily availabfé;32we designed a new
protecting group, CTFOC (Figure 1), which could be introduced
to the nucleosides as shown in Scheme 5. Compdiindas
prepared by a DielsAlder reactior® of furan andN-benzyl-
maleimide. The dihydroxylatici3® of 15 gave exoN-(phen-
ylmethyl)-7-oxabicyclo[2.2.1]heptane-5,6-dihydroxy-2,3-dicar-
boximide (6) as shown in Scheme 5. Compoui6é was
converted to the MMTTS derivative?7, and the reaction of7
with 7 gave the 50-masked producl8 as a diastereomeric
mixture in 72% yield according to the almost identical protocols
shown in Schemes 1 and 3.

Kinetics of Deprotection of the CTFOC Group. The
kinetics of the deprotection of the CTFOC groupl&by the
aqueous iodine treatment was monitored'ByNMR (signals
of the I-H proton were compared, Scheme 4.) As described
above, the half-life measured by this method should be regarded

(30) Guzaev, A. P.; Manoharan, NIl. Am. Chem. So2003 125, 2380~
2381.
(31) Newman, M. S.; Addor, R. WI. Am. Chem. Sod955 77, 3789~

(32) Lambert, J. B.; Larson, E. @. Am. Chem. Sod985 107, 7546~
7550.

(33) Clevenger, R. C.; Turnbull, K. B8ynth. Commur200Q 30, 1379~
1388.

(34) Yang, W.; Koreeda, MJ. Org. Chem1992 57, 3836-3839.

(35) Daniels, R.; Fischer, J. lJ. Org. Chem1963 28, 320-322.
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SCHEME 5. Introduction of the CTFOC Group to Compound 72
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aReagents and conditions: (i) 1,4-dioxane, 54%; (ii) @s@orpholineN-oxide, acetoneH,O = 6:1 (v/v), 83%; (iii) NaH, DMF; (iv) MMTrSCI, DMF,
53%; (v) 7, DBU, pyridine, 72%.

as the averaged values of the diastereomers. In additi@B,to  (27), 4-N-benzoyl-3-O-(tert-butyldimethylsilyl)deoxycytidine

we studied the deprotection kinetics of the various protecting (28), and 3-O-(tert-butyldimethylsilyl)-2N-isobutyryldeoxygua-
groups9, 19, 22, 24, and26 (Table 1) to confirm the superiority  nosine 29) with the CTFOC group and the deprotection to
of the cis-tetrahydrofuran-3,4-diol structure of compouend clarify the applicability for all four deoxynucleosides. The
the conformationally locked derivatives to other ring struc- compounds were synthesized according to the procedure already
tures such as the benzene ringl®&or 22, and the cyclohex- shown in Scheme 3. When adenosine derivati2@) (and

ane ring of24 or 26. Compoundl9 was synthesized according cytidine derivative 28) were treated with 1.5 equiv of CDI,

to the procedure reported previoudliyThe 5-nitrobenzoyl- the reactions proceeded smoothly to give the imidazolide
type!! derivative22 was prepared similarly. We also prepared intermediates which could be converted to the target material
the cis-1,2-cyclohexanediol derivativé4 and thetrans1,2- 30and31in 71% and 81% yields, respectively (Scheme 6). In

cyclohexanediol derivativ6 as regioisomeric mixtures ac- contrast, guanosine derivati&9 required 3 equiv of CDI to
cording to the procedure described above (see also Supportingcomplete the formation of the imidazolide. Moreover, the second

Information). reaction of the imidazolide of d&' with 17 was very slow, 30
Apparently, these experiments showed the superiorit9 of h to complete the reaction.
(Tio = 51 min) and 18 (Ty2 = 6 min) which have a Next, we examined the removal of the CTFOC group of the

cis-tetrahydrofuran-3,4-diol skeleton to the other substrates four deoxynucleoside$8, 30, 31, and32 and the recovery of
(Table 1). Moreover, the CTFOC derivativi8 showed the the B-free nucleosided, 27, 28, and29 by silica gel column
fastest deprotection rate of all. These results clearly showed thechromatography, considering the practical use of the CTFOC
advantage of the conformationally fixed structure as a new group in synthetic chemistry (Scheme 6, step iii). Compound
protecting group skeleton capable of the rapid removal by its 18 was treated with 0.1 Mylin pyridine—H,O (9:1, v/v), and
self-cyclization. Neither theis-diol derivative24 with a six- the reaction was monitored by silica gel TLC. To our surprise,
membered ring nor thdransdiol 26 cyclized even after  when the reaction mixture was checked after 5 min, the TLC
prolonged reaction time. These results indicated that both theindicated the complete conversionk&to the 3-free nucleoside
cis-diol and the five-membered ring were important structural 4, not to the intermediates before cyclization, despite the fact
components which enabled the rapid deprotection of the that the half-life & 6 min) of the cyclization in solution was
MTFOC and CTFOC groups. longer (Table 1). These results indicated the acceleration of the
In addition to the analysis of the averaged deprotection cyclization on TLC probably by the catalytic effects of silica
kinetics, in the case of compounél&nd18, we could measure  gel. On the basis of this observation, we established the
deprotection kinetics of each diastereoisomer by monitoring the following procedure for removal of the CTFOC group.
methyl protons signals of the thymine. The values are shown The protected nucleosidds, 30, 31, and 32 were treated
in Table 1. In the case of compour@dhaving the MTFOC with 0.1 M I in the pyridine-H,0 for 5 min. After the general
group, one of the diastereoisomers cyclized 1.4 times more workup procedure (see Experimental Section), the solvents were
rapidly with theTy, value of 44 min than the other with that of  removed under reduced pressure, and the residues were chro-
61 min. Similarly, in the case of compouriB having the matographed on a silica gel column to give thefrge
CTFOC group, the half-lives of two isomers were 7 and 5 min. nucleosides which were generated by the silica gel catalyzed
These results clearly showed that the cyclization kinetics of the cyclization on the column. The'#ree nucleosided, 27, 28,
diastereomers were different, but the differences were not soand29were obtained in quantitative yield, 83%, 95%, and 74%
large, at most 1.4 times. yield, respectively as shown in Scheme 6. These results
Practical Method for Removal of the CTFOC Group from confirmed the usefulness of the CTFOC group as the protecting
All Four Canonical DeoxynucleosidesWe also examined the  group; it could be removed under mild oxidative conditions in
protection of the 5hydroxyl group of other nucleosides, that combination with general workup procedure and silica gel
is, 6-N-benzoyl-5-O-(tert-butyldimethylsilyl)deoxyadenosine  column chromatography.

7672 J. Org. Chem.Vol. 71, No. 20, 2006
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SCHEME 6. Introduction of the CTFOC Group and Recovered Yields after the Deprotectioft
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aReagents and conditions: (i) CDI, pyridine; (liy, DBU, pyridine, 72% forl8, 71% for30, 81% for31, 72% for32; (iii) 0.1 M I, pyridine-H,0 (9:1,
v/v), then silica gel column chromatography; quant I8 83% for 30, 95% for 31, and 74% for32.

Conclusion methylpyrrolidin-3-one-1-sulfinyl group.In conclusion, we
) ] ] reported the CTFOC group as a new protected protecting group
In this paper we described new protecting groups, MTFOC yemovable under mild oxidative conditions. It should be also
and CTFOC, which can be removed in two steps including the emphasized that the CTFOC group is the first example of the

cleavage of the MMTrS group under mild oxidative conditions  carhonate-type protected protecting group utilizing sucisa
and the self-cyclization. These new protecting groups have the yio| structure.

cis-tetrahydrofuran-3,4-diol structure in which the two hydroxyl

groups are fixed in clo_se proximity by the furgn r_ing. In addition, Experimental Section

the five-membered ring of CTFOC group is fixed @v-exo

conformation to avoid the energetically unfavorable conforma- _ (3S4R)- and (3R,49-4-(Tritylsulfenyloxy)tetrahydrofuran-

tion change during the cyclization. We revealed that the 3-©! (2). To a solution of 1,4-anhydroerythritoll) (0.14 g, 1.3 i
conformation-lock of the five-membered ring accelerated the _mm_cl)l) |TnhTHF (}O mL) was added Na"é (64 mg, 1.6 mmol, 6OfA’
second step self-cyclization 8.5-fold. We also demonstrated that'-©" ) The resulting mixture was stirred at room temperature for

. 40 min, and then tritylsulfenyl chloride (0.50 g, 1.6 mmol) was
the CTFOC group could be introduced to thehgdroxyl added. After being stirred at room temperature for 2.5 h, the reaction

function of all four canonical deoxynucleosides and removed \yas quenched by addition of concentratedsNHmL). The solution

by the combination of the mild oxidation and silica gel assisted was diluted with ethyl acetate (25 mL) and washed once with water
cyclization of the resulting intermediates. The CTFOC group (30 mL) and twice with saturated NaHG@B0 mL). The organic

is readily removable and can serve as protecting group for thelayer was collected, dried over MggGiltered, and concentrated
hydroxyl function of various compounds. under reduced pressure. The residue was chromatographed on a

Introduction of the MTFOC and CTFOC groups to nucleo- Si.licazgg SCqumn (20) %Lmtaé‘iégg@'\;w aé%gi? ((25112, (\)/évz to
, . . : . give 2 (0.51 g, quant): z, : .08 (s,
sides results in the formation of two diastereocisomers becauselH), 3.37-3.39 (m, 2H), 3.56 (ddJ = 5.0, 9.5 Hz, 1H), 3.68

of the presence of a pair of chiral centers. In general, the mixture 5 75 (m, 2H), 3.87 (dd] = 5.5, 10.0 Hz, 3H) 7.277.40 (m, 15H)
of diastereomers can be used as described above. Howevens: nvR (6'7.8' MHz, CDC;)’: 6 70.7, 71.0, 72.5, 87.3, 127.6,

when the MTFOC and CTFOC groups are applied to molecules 128.2, 129.9, 142.3. ESI-MS: calcd fop8l,,Na0:S (M + Na)*,
containing other diastereomeric protecting groups such as401.11819; found, 401.11115.
2,2,5,5-tetramethylpyrrolidin-3-one-1-sulfifitetrahydropyran- 3'-O-tert-Butyldimethylsilyl-5'-O-[[[(3S4R)- and (3R,4S)-4-
2-yl1,2* a-methyl-2-nitropiperonyloxycarbonyP, and N-substi- (tritylsulfenyloxy)tetrahydrofuran-3-ylJoxy]carbonyl]thymi-

tuted 2-amino-1-phenylethyl-1-yl-oxycarbo®ylgroups, the  dine (5). Method A.Compound2 (0.38 g, 1.0 mmol) was rendered
resulting mixtures of isomers would be more complex. There- anhydrous. by repeated coevaporation with d_ry toluene and finally
fore, the MTFOC and CTFOC groups would be the most dissolved in dry CKCl; (1 mL). To the solution was added dry
valuable when applied to the solid-phase synthesis of oligode- PY"'dine (0.19 mL, 2.4 mmol). A solution of 4-nitrophenyl

) . . . chloroformate (0.24 g, 1.2 mmol) in GBI, (1 mL) was added
oxyribonucleotides. Especially, the most rapidly removable dropwise over 5 min to the Ci&I;, solution of22. After being stirred

CTFOC group should be useful in the oligonucleotide synthesis 4t room temperature for 70 min, the reaction was quenched by
without acid treatment as exemplified by precedents using the addition of water (1 mL). The solution was diluted with ethyl acetate
MMTrS group® as well as the aryloxycarbonyl group capable (30 mL) and washed three times with sat. NaHG®80 mL). The

of deprotection by the action of peroxfland 2,2,5,5-tetra- organic layer was collected, dried over MggQ@iltered, and
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concentrated under reduced pressure. The residue was chromato- A mixture of the carbonate intermedigg0.18 g, 0.35 mmol)
graphed twice on a silica gel column (20 g) with hexar¢hyl and2 (0.13 g, 0.35 mmol) was rendered anhydrous by repeated
acetate (100:3, v/v) to give a crude mixture (0.42 g) which contained coevaporation with dry pyridine and finally dissolved in dry pyridine
the target material3g) (90%), the starting materia) (6%), and (1 mL). To this mixture was added DBU (%2, 0.35 mmol). After
4-nitrophenol (4%). Compounga: 'H NMR (500 MHz, CDC}): being stirred at room temperature for 6 h, the solution was diluted
0 3.29-3.36 (m, 2H), 3.8%3.90 (m, 3H), 4.92 (dd] = 5.13, 10.0 with ethyl acetate (20 mL) and washed once with water (20 mL)
Hz, 1H), 7.22-7.38 (m, 17H), 8.198.22 (m, 2H).13C NMR (67.8 and three times with saturated NaH&@0 mL). The organic layer
MHz, CDCL): ¢ 68.9, 70.4, 72.4, 76.5, 84.7, 121.8, 125.2, 127.4, was collected, dried over MgS{iltered, and concentrated under

128.0, 129.8, 129.8, 142.1, 145.3, 151.8, 155.2. reduced pressure. The residue was chromatographed on an NH-
A mixture (0.42 g) of the crude produBs, which was calculated  silica gel column with hexanechloroform (1:1, v/v) to gives (0.20
to contain3a (0.40 g, 0.73 mmol), and'-(tert-butyldimethyl- g, 76%).

silyl)thymidine )38 (0.26 g, 0.73 mmol) was rendered anhydrous Method D. Compound4 (1.8 g, 5.0 mmol) was rendered
by repeated coevaporation with dry pyridine and finally dissolved anhydrous by repeated coevaporation with dry pyridine and finally
in dry pyridine (3 mL). To this solution was added DBU (14D, dissolved in dry pyridine (12 mL). To this solution was added
0.73 mmol). After being stirred at room temperature for 13 h, the carbonyldiimidazole (1.2 g, 7.5 mmol). After being stirred for 1 h,
solution was diluted with ethyl acetate (30 mL) and washed three the solution was diluted with ethyl acetate (100 mL) and washed
times with saturated NaHGQ30 mL). The organic layer was  three times with water (100 mL). The organic layer was collected,
collected, dried over MgSg filtered, and concentrated under dried over MgSQ, filtered, and concentrated under reduced
reduced pressure. The residue was chromatographed on an NHpressure. The residue became an amorphous solid. On the basis of
silica gel column with hexaneethyl acetate (7:13, v/v) to give  the NMR analysis of this residue, it was confirmed that the starting
compoundb (0.39 g, 70%)*H NMR (500 MHz, CDC}): ¢ 0.042- material was changed td-B-[(1H-imidazol-1-yl)carbonyl]-30-
0.086 (m, 6H), 0.850.93 (m, 9H), 1.92 and 1.95 (2 s, 3H), (tert-butyldimethylsilyl)thymidine 7) completely. A portion of the
2.12-2.32 (m, 2H), 3.24-3.26 (m, 2H), 3.723.84 (m, 3H), 4.06 amorphous solid (0.23 g, 0.50 mmol) was rendered anhydrous by
4.09 (m, 1H), 4.354.42 (m, 3H), 4.844.89 (m, 1H), 6.33-6.34 repeated coevaporation with dry pyridine and finally dissolved in
(m, 1H), 7.25-7.33 (m, 32H), 7.45 and 7.46 2 s, 1H), 9.08 and dry pyridine (10 mL). Compouna (0.19 g, 0.50 mmol) was also
9.10 (2x br, 1H).13C NMR (67.8 MHz, CDC}): 6 —4.9,—4.9, rendered anhydrous by repeated coevaporation with dry pyridine.
—4.7, 12.6, 12.6, 17.9, 17.9, 25.7, 40.9, 41.0, 67.0, 67.1, 69.3, The pyridine solution of7 was added to this residue. DBU (7.5
69.3,70.5,70.7,71.7,71.8,72.4,75.7,75.9, 84.5, 84.7, 84.8, 85.0,uL, 50 umol) was added. After being stirred at room temperature
85.1, 85.3, 111.3, 127.5, 127.6, 128.1, 130.0, 130.0, 135.3, 135.5,for 3 h, the solution was diluted with ethyl acetate (20 mL) and
142.3, 142.3, 150.0, 150.1, 154.1, 163.3. ESI-MS: calcd for washed four times with water (20 mL). The organic layer was
CaoH4sN2NaG,SSi (M + Na)t, 783.27420; found, 783.27197. collected, dried over MgSg filtered, and concentrated under

Method B. Compound2 (0.19 g, 0.50 mmol) was rendered reduced pressure. The residue was chromatographed on a silica gel
anhydrous by repeated coevaporation with dry pyridine and finally column with hexaneethyl acetate (3:1, v/v) to givé (0.35 g,
dissolved in dry pyridine (2 mL). To this solution was added 91%).
carbonyldiimidazole (0.12 g, 0.75 mmol). After being stirred for (35,4R)- and (3R,49)-4-[[(4-Methoxytrityl)sulfenyl]oxy]tet-

50 min, the solution was diluted with ethyl acetate (20 mL) and rahydrofuran-3-ol (8). Compoundl (0.13 g, 1.2 mmol) was
washed once with water (20 mL) and twice with brine (20 mL). dissolved in THF (10 mL). To this solution was added NaH (59
The organic layer was collected, dried over MgSfiltered, and mg, 1.5 mmol), and the resulting mixture was stirred for 40 min.
concentrated under reduced pressure. The residue became an-Methoxytritylsulfenyl chloride (0.50 mg, 1.5 mmol) was added.
amorphous solid. On the basis of the NMR analysis of this residue, After being stirred at room temperature for 4 h, the mixture was
it was confirmed that the starting material was completely changed quenched by the addition of concentratedsNHmL). The solution

to 3-[[(1H-imidazol-1-yl)carbonyl]oxy]-4-(tritylsulfenyloxy)tetrahy-  was diluted with ethyl acetate (40 mL) and washed once with water
drofuran @b). 'H NMR (500 MHz, CDC}): ¢ 3.31 (d,J = 5.5 (50 mL) and twice with saturated NaHG@50 mL). The organic
Hz, 1H), 3.76-3.75 (m, 2H), 3.84 (ddJ = 6.0, 10.0 Hz, 1H), layer was collected, dried over Mg$@iltered, and concentrated
4.92 (dd,J = 5.0, 10.5 Hz, 1H), 7.067.37 (m, 17H), 8.10 (s, under reduced pressure. The residue was chromatographed on a
1H). 3C NMR (67.8 MHz, CDC}): ¢ 22.8,69.4,70.7,72.5,75.6,  silica gel column (20 g) with hexaneethyl acetate (8:2, v/v) to
84.8, 117.2, 127.5, 128.1, 129.9, 130.8, 137.3, 142.2, 148.0.  give 8 (0.41 g, 82%)..H NMR (500 MHz, CDC}): & 2.53 (s,

A mixture of 3b and 4 (0.12 g, 0.34 mmol) was rendered 1H), 3.33-3.39 (m, 2H), 3.56-3.53 (dd,J = 5.1, 9.2 Hz, 1H),
anhydrous by repeated coevaporation with dry pyridine and finally 3.65-3.73 (m, 2H), 3.74 (s, 3H), 3.86 (dd,= 5.3, 10.6 Hz, 1H),
dissolved in dry pyridine (2 mL). To this mixture was added DBU  6.80-7.20 (m, 2H), 7.227.28 (m, 8H), 7.377.38 (m, 4H).13C
(7.5uL, 0.05 mmol). After being stirred at room temperature for3 NMR (67.8 MHz, CDC}): ¢ 55.0, 70.5, 70.8, 71.8, 72.1, 87.0,

h, the solution was diluted with ethyl acetate (20 mL) and washed 113.2, 127.2, 127.9, 129.7, 129.7, 130.9, 133.6, 142.5, 142.6, 158.6.
four times with brine (20 mL). The organic layer was collected, Anal. Calcd for GsH»40,S: C, 70.56; H, 5.92; S, 7.85. Found: C,
dried over MgSQ, filtered, and concentrated under reduced 70.37; H, 6.06; S, 7.69.

pressure. The residue was chromatographed on a silica gel column - 3'-O-tert-Butyldimethylsilyl- 5'-O-[[(3S, 4R)- and (3R, 4S)-4-

with hexane-chloroform (1:1, v/v) to giveb (0.21 g, 81%). (4-metoxytrityl)sulfenyl]oxytetrahydrofuran-3-ylJoxycarbon-

Method C. Compound4 (1.8 g, 5.0 mmol) was rendered  ylthymidine (9). The above-mentioned amorphous solic7¢b.72
anhydrous by repeated coevaporation with dry pyridine and finally g, 1.6 mmol) was rendered anhydrous by repeated coevaporation
dissolved in dry pyridine (5 mL). A solution of 4-nitrophenyl  with dry pyridine. Compound3 (0.65 g, 1.6 mmol) was also
chloroformate (1.1 g, 5.0 mmol) in dioxane (5 mL) was added rendered anhydrous by repeated coevaporation with dry pyridine
dropwise over 100 min to the pyridine solution 4fAfter being and finally dissolved in dry pyridine (10 mL). The solution was
stirred at room temperature for 1.5 h, the solution was diluted with added to7. DBU (24uL, 0.16 mmol) was added. After being stirred
CHClIz (100 mL) and washed three times with water (100 mL). for 2.5 h, the solution was diluted with ethyl acetate (80 mL) and
The organic layer was collected, dried over MgSfitered, and washed three times with burin (80 mL). The organic layer was
concentrated under reduced pressure. The residue was chromatasollected, dried over MgSg filtered, and concentrated under
graphed on a silica gel column (100 g) with hexae¢hyl acetate  reduced pressure. The residue was chromatographed on a silica gel

(1:4, vIv) to give6? (2.1 g, 82%). column with hexaneethyl acetate (5:1, v/v) to give (1.2 g, 93%).
The ratio of the diastereomers was found to be 1:1 from the NMR
(36) Ogilvie, K. K. Can. J. Chem1973 51, 3799-3807. spectra.!H NMR (500 MHz, CDC}): 6 0.046-0.091 (m, 6H),
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0.88-0.92 (m, 9H), 1.94 and 1.95 (2 s, 3H), 2.12-2.32 (m, 2H), matographed on a silica gel column with hexaeghyl acetate (2:
3.26-3.33 (m, 2H), 3.73-3.86 (m, 6H), 4.054.10 (m, 1H), 4.35 1, v/v) to give18(0.35 g, 72%)H NMR (500 MHz, CDC}): 6
4.46 (m, 3H), 4.855.02 (m, 1H), 6.346.37 (m, 1H), 6.86-6.83 0.03-0.09 (m, 6H), 0.8#0.90 (M, 9H), 1.93 (s, 3H) 2.162.29
(m, 2H), 7.21-7.78 (m, 14H), 9.73 (br, 1H}3C NMR (67.8 MHz, (m, 1H), 2.67 (tJ = 7.3 Hz, 1H), 3.42 and 3.50 (d,= 5.9, 6.1
CDCl): ¢ —5.0,—5.0,—4.9,—-4.8, 12,5, 12,5, 17.7, 17.8, 25.5, Hz, 1H), 3.79 and 3.80 (% s, 3H), 3.97 and 4.03 (X s, 1H),
40.7, 40.8, 55.1, 66.8, 66.9, 69.1, 69.2, 70.4, 70.6, 71.5, 71.6, 71.8,4.07-4.11 (m, 1H), 4.36:4.45 (m, 3H), 4.54 (s, 2H), 4.61 and
71.8, 75.6, 75.7, 84.2, 84.5, 84.6, 84.8, 84.8, 85.1, 111.2, 111.2,4.64 (2x d,J= 6.1, 5.9 Hz, 1H), 4.67 and 4.70 { s, 1H), 6.37
113.2,127.3,127.3,127.9,129.8, 129.8, 129.8, 131.0, 131.0, 133.6(t, J= 6.6 Hz, 1H), 6.84-6.87 (m, 2H), 7.2+7.47 (m, 17H), 9.61
133.6,135.2, 135.3, 142.5, 142.6, 150.4, 150.5, 154.0, 158.6, 158.7(s, 1H).13C NMR (67.8 MHz, CDC}): 6 —5.0,—4.9,—4.9,—4.8,
163.9, 163.9. ESI-MS calcd for 48Hs0N.NaO,SSi (M + Na)', 12.4,12.5,17.7, 25.5, 40.6, 40.7, 42.6, 44.8, 45.2, 55.0, 67.2, 67.3,
813.28476; found, 813.28355. 71.6,71.6,72.0,81.0,81.1,82.4,82.7,84.2,84.3, 84.6, 84.8, 88.1,
exo-N-(Phenylmethyl)-7-oxabicyclo[2.2.1]hept-5-ene-2,3-di- 88.7,111.2,111.4,113.3,127.5,127.7,127.9, 128.0, 128.4, 129.6,
carboxiimide (15). To a solution ofN-benzylmaleimide (1.87 g, 129.8,131.1,131.1, 133.3, 133.4, 134.8, 135.2, 135.2, 142.2, 142.5,
10 mmol) in dioxane (30 mL) was added furan (2.18 mL, 30 mmol). 142.6, 150.4, 154.0, 158.7, 163.8, 163.9, 174.1, 174.6, 174.6.
The reaction apparatus was sealed, heated, and kept ‘&t o0 ESI-MS: calcd for GHs/N30:,SSiNa (M + Na)*, 998.3324;
12 h. After being cooled to the room temperature, the mixture was found, 998.3315.
evaporated under reduced pressure. Addition of ethyl acetate and Tetrabutylammonium 5-Nitro-2-hydroxymethylbenzoate (20).
hexane to the residue gave compolidis crystals (1.39 g, 54%).  6-Nitrophthalide (40 g, 0.22 mol) was dissolved in 10% tetrabu-

The structure ofl5 was confirmed by comparison of itsl NMR tylammonium hydroxide in water (560 mL). The solution was

chemical shifts with those reported in the previous p&per. heated under reflux for 1 h. The mixture was cooled to room
5,6-Dihydroxy-exo-N-(phenylmethyl)-7-oxabicyclo[2.2.1]- temperature and then concentrated under reduced pressure. The

heptane-2,3-dicarboximide (16)Compoundl5 (5.7 g, 22 mmol) residue was crystallized from ethyl acetate, and the crystals were

was dissolved in acetone (180 mL). To this solution were added collected by filtration to give20 (61 g, 63%)H NMR (500 MHz,
water (30 mL), Os®(2.5 wt % in 2-methyl-2-propanol, 0.22 mmol, =~ CDCk): 6 0.97 (t,J = 7.3 Hz, 12H), 1.381.44 (m, 8H), 1.6+

2.8 mL) andN-methylmorpholineN-oxide (4.8 M in water, 5.6 1.68 (m, 8H), 3.28 (tJ = 8.5 Hz, 8H), 4.71 (s, 2H), 7.327.35
mL, 27 mmol). The mixture was stirred in the dark at room (m, 1H), 8.03-8.06 (m, 1H), 8.828.83 (m, 1H).:3C NMR (67.8
temperature for 18 h. From the suspended mixture, acetone wasMHz, CDClk): 6 129.9, 142.5, 146.8, 147.9, 170.5. Anal. Calcd
removed by evaporation under reduced pressure. Filtration of thefor C,4H4:N-Os: C, 65.72; H, 9.65; N, 6.39. Found: C, 65.42; H,
precipitates followed by washing with MeOH gai& (5.4 g, 83%). 9.42; N, 6.33.

'H NMR (500 MHz, DMSO#): 0 3.08 (s, 2H), 3.90 (s, 2H), 4.31 Triethylammonium 5-Nitro-2-[(4-methoxytritylsulfenyl)oxy-

(s, 2H), 4.54 (s, 2H), 4.97 (s, 2H), 747.32 (m, 5H).13C NMR methyllbenzoate (21). Compound20 (4.4 g, 10 mmol) was
(67.8 MHz, DMSQOdg): 6 41.6, 45.3, 71.8, 83.8, 126.9, 128.5, suspended in THF (50 mL), and the mixture was heated t&C47
135.8, 176.8. Anal. Calcd for HisNOs: C, 62.28; H, 5.23; N, to give a clear solution. NaH (0.60 g, 15 mmol, 60% in oil) was
4.84. Found: C, 61.90; H, 5.07; N, 4.90. The stereochemistry of added, and the resulting suspension was stirred tC4¥or 15
this compound was assigned to &xo-cisglycol on the basis of ~ min. The reaction mixture was cooled to room temperature. To

the previous papers: this solution was added 4-methoxytritylsulfenyl chloride (5.1 g, 15
6-Hydroxyl-5-[[(4-methoxytrityl)sulfenyl]oxy]- exo-N-(phen- mmol). After being stirred for 20 min, the reaction was quenched
ylmethyl)-7-oxabicyclo[2.2.1]heptane-2,3-dicarboximide (17).0 by the addition of concentrated ammonia (5 mL), and the solution

a solution o0f16 (0.87 g, 3.0 mmol) in DMF (30 mL) was added was partitioned between ethyl acetate (300 mL) and saturated
NaH (0.14 g, 3.6 mmol, 60% in oil). The mixture was stirred at NaHCQ; (100 mL). The aqueous layer was removed, and the
room temperature for 55 min, and then (4-methoxytrityl)sulfenyl organic layer was washed twice with saturated Nak QOO0 mL),
chloride (1.2 g, 3.6 mmol) was added. After being stirred for 3 h, dried over MgSQ, filtered, and concentrated under reduced
the mixture was quenched by the addition of concentrated (IH  pressure. The desired product was purified by using a two-layer
mL). The solution was diluted with ethyl acetate (50 mL) and column of silica gel (100 g, upper layer) and NH silica gel (100 g,
washed three times with water (50 mL). The organic layer was |ower layer) eluted with CHGHMeOH—NEt; (100:2:10, V/v/iv)
collected, dried over MgSgQ filtered, and concentrated under to give 21 (3.2 g, 54%).H NMR (500 MHz, CDC}): 6 1.36 (t,
reduced pressure. The residue was chromatographed on a silica@ = 7.5 Hz, 9H), 3.13 (qJ = 7.5 Hz, 6H), 3.76 (s, 3H), 4.92 (s,
gel column (40 g) with hexanresthyl acetate (2:1, v/v) to give  2H), 6.78 (d,J = 8.1 Hz, 2H), 7.247.44 (m, 13H), 8.11 (d) =
17 (0.94 g, 53%).H NMR (500 MHz, CDC}): ¢ 2.18 (d,J = 8.5 Hz, 1H), 8.67 (s, 1H)C NMR (67.8 MHz, CDC}): ¢ 8.6,
6.8 Hz, 1H), 2.56 (dJ = 7.1 Hz, 1H), 2.62 (dJ = 8.5 Hz, 45.2,45.4,45.6,55.1, 55.3, 72.0, 78.5, 113.2, 113.4, 124.9, 1251,
1H), 3.18 (d,J = 6.1 Hz, 1H), 3.66 (tJ = 7.2 Hz, 1H), 3.82 (s, 127.2,127.4,127.9,128.0, 130.0, 131.2, 131.3, 133.1, 134.1, 143.0,
3H), 4.16 (d,J = 0.49 Hz, 1H), 4.50 (d) = 0.73 Hz, 1H), 4.56 (s, 146.6, 158.7, 169.4. Anal. Calcd fogfE3gN,OsS—NEts: C, 67.75;
1H), 6.86-6.89 (m, 2H), 7.23-7.41 (m, 17H).13C NMR (67.8 H, 6.35; N, 4.65; S, 5.32. Found: C, 68.17; H, 6.02; N, 4.59; S,
MHz, CDCk): 6 42.7,44.8, 45.5,55.3, 72.3, 73.8, 82.3, 84.3, 88.1, 5.20.
113.5,127.6,127.7,127.9,128.1, 128.2,128.3, 128.7, 129.8, 129.9, 3'-O-tert-Butyldimethylsilyl-5 '-O-[5-nitro-2-[(4-methoxytri-
131.2, 1335, 135.1, 142.3, 142.5, 158.9, 174.8, 175.3 ppm. ESI-tylsulfenyloxy)methyl]benzoyl]thymidine (22). Compound (0.50
MS: calcd for GsHaNNaGsS (M + Na)*, 616.17643; found, g, 1.4 mmol),21 (0.60 g, 2.1 mmol), and 4-methoxypyridine-1-
616.17214. oxide hydrate (0.13 g, 1.1 mmol) were separately rendered an-
3-O-tert-Butyldimethylsilyl-5'-O-CTFOC-thymidine (18). Com- hydrous by repeated coevaporation with dry pyridine and dissolved
pound17(0.30 g, 0.50 mmol) was rendered anhydrous by repeated in 2 mL, 5 mL, and 5 mL of dry pyridine, respectively. To the
coevaporation with dry pyridine and finally dissolved in dry pyridine  solution of 4 were added successively the pyridine solution of
(5 mL). This solution was added #©(0.23 g, 0.50 mmol). To the  triethylammonium 5-nitro-2-[(4-methoxytritylsulfenyl)oxymethyl]-
mixture was added 0.1 equiv of DBU (7:4., 0.05 mmol). After benzoate and the pyridine solution of 4-methoxypyridine-1-oxide,
being stirred at room temperature for 4 h, the solution was diluted and finally N,N-bis(2-oxo-3-oxazolidinyl)phosphinic chloride (0.54
with ethyl acetate (30 mL) and washed four times with burin (30 g, 2.1 mmol) was added. After being stirred at room temperature
mL). The organic layer was collected, dried over MgSfitered, for 13 h, the mixture was quenched by the addition of water (5
and concentrated under reduced pressure. The residue was chramL). The solution was diluted with ethyl acetate (200 mL) and
washed three times with saturated NaHG2D0 mL). The organic
(37) Kwart, H.; Burchuk, 1.J. Am. Chem. Sod952 74, 3094-3097. layer was collected, dried over MggQiltered, and concentrated

J. Org. ChemVol. 71, No. 20, 2006 7675



]OCAT’tZCle Utagawa et al.
under reduced pressure. The residue was chromatographed on a@H), 1.60-1.63 (br, 1H), 1.72 (br, 1H), 1.781.82 (m, 1H), 2.93

NH silica gel column with hexanechloroform (1:1, v/v) to give 2.97 (m, 1H), 3.77 (s, 3H), 6.816.84 (m, 2H), 7.237.38 (m,

22 (1.2 g, 99%).'H NMR (500 MHz, CDC}): ¢ 0.11 (s, 12H).

6H), 0.91 (s, 9H), 1.76 (s, 3H), 2.32.24 (m, 1H), 2.33-2.38 3-O-tert-Butyldimethylsilyl-5'-O-[[(1S2S) and (1R 2R)-[1-[(4-

(m, 1H), 3.78 (s, 3H), 4.154.18 (m, 1H), 4.4%4.43 (m, 1H), methoxytrityl)sulfenylJoxy]cyclohexane-2-ylJoxy]carbonyl]thy-
4.44-4.48 (m, 1H), 4.82 (s, 2H), 6.20 (dl = 6.5 Hz, 1H), midine (26). The crude material5 was rendered anhydrous by
6.80-6.82 (m, 2H), 7.13-7.39 (m, 14H), 8.258.27 (m, 2H), 8.66 repeated coevaporation with dry pyridine and finally dissolved in
(s, 1H).13C NMR (67.8 MHz, CDC}): 0 —4.8,—4.7, 12.3, 17.9, dry pyridine (10 mL). The solution was added to compour@.26
25.6, 40.4, 55.2, 64.5, 71.8, 72.1, 77.6, 84.1, 85.7, 111.2, 113.3,9, 0.57 mmol). To the mixture was added 1.0 equiv of DBU (85
124.9,126.8,127.4,127.8, 128.1, 128.8, 129.9, 131.2, 133.8, 135.34L, 0.57 mmol). The resulting mixture was heated to“&8Dand
142.8, 142.8, 146.5, 148.0, 149.8, 158.8, 163.2. Anal. Calcd for Stirred for 3.5 h. Then the solution was diluted with ethyl acetate
CaHaoNs010SSi: C, 62.91: H, 5.88; N, 5.00: S, 3.82. Found: C, (40 mL) and washed four times with burin (40 mL). The organic

63.34; H, 5.77; N, 4.68; S, 3.54.
cis-1-[(4-Metoxytrityl)sulfenyl]oxy-cyclohexane-2-ol (23) cis-
1,2-Cyclohexanediol (0.23 g, 2.0 mmol) was dissolved in THF (10
mL). To this solution was added lithium bis(trimethylsilyl)amide
(1 M solution in THF, 2 mL), and the resulting solution was stirred
at room temperature for 30 min. 4-Methoxytritylsulfenyl chloride
(0.82 g, 2.4 mmol) was added. After being stirred at room

temperature for 4 h, the mixture was quenched by the addition of

layer was collected, dried over MggQiltered, and concentrated
under reduced pressure. The residue was chromatographed on a
silica gel column with hexaneethyl acetate (4:1, v/v) to give6

(70 mg, 15%)H NMR (500 MHz, CDC}): 6 0.049-0.086 (m,

6H), 0.83-0.88 (m, 10H), 0.961.02 (m, 1H), 1.13-1.26 (m, 3H),
1.40-1.45 (m, 1H), 1.52-1.58 (m, 1H), 1.85 and 1.86 (2 s, 3H),
1.93-2.29 (m, 6H), 3.223.33 (m, 1H), 3.79 (s, 3H), 4.624.05

(m, 1H), 4.25-4.49 (m, 4H), 6.26 and 6.36 (§,= 6.6 Hz, 1H),
6.77-6.82 (m, 2H), 6.827.47 (m, 14H), 8.88 and 8.97 (% s,

concentrated NkI(1 mL). The solutio_n was diluted with ethyl_ 1H). 13C NMR (67.8 MHz, CDCJ): 6 —4.97,—4.88,—4.75, 12.6,
acetate (80 mL) and washed once with water (80 mL) and twice 1577 17.9,23.1,23.3, 23.7, 25.6, 29.6, 30.2, 30.7, 31.1, 41.0, 41.1,
with burlr_1 (80 mL). The organic layer was collected, dried over 55.2,66.0, 66.2, 71.4, 71.6, 71.9, 72.1, 80.4, 81.2, 84.5, 84.7, 84.9,
Mg_SO4, filtered, and concentrated un'd_er reduced pressure. T_he88'3' 89.4, 110.8, 111.0, 113.1, 127.2, 127.3, 127.7, 128.0, 128.2,
residue was chromatographed on a silica gel column (20 g) with 129 6,130.0, 130.1, 130.2, 131.1, 131.2, 133.9, 134.4, 135.3, 1355,
hexane-ethyl acetate (19:1, v/v) to give the crude produc8f 142 9,143.1, 143.3, 143.4, 150.3, 154.2, 158.7, 163.6, 163.7. Anal.
(0.43 g)."H NMR (500 MHz, CDC}): 6 0.93-0.97 (m, 1H), 1.12 Caled for GaHsiN,0sSSi4H,0: C, 63.60; H, 6.83; N, 3.45.
1.22 (m, 3H), 1.421.50 (m, 3H), 1.641.68 (m, 1H), 1.78 (br, Found: C, 63.57: H, 6.77; N, 3.54.
1H), 3.08-3.09 (m, 1H), 3.76 (s, 3H), 6.7%6.83 (m, 2H), 7.14 6-N-Benzoyl-3-O-(tert-butyldimethylsilyl)-2 '-deoxy-5-O-CT-
7.40 (m, 12H). FOC-adenosine (30)6-N-Benzoyl-3-O-(tert-butyldimethylsilyl)-
3'-O-tert-Butyldimethylsilyl-5'-O-[(1R,29- and (1S2R)-[1-(4- 2'-deoxyadenosine2{)%¢ (0.47 g, 1.0 mmol) was rendered anhy-
methoxytrityl)sulfenyl]oxycyclohexane-2-ylJoxycarbonylthymi- drous by repeated coevaporation with dry pyridine and finally
dine (24). The crude materiaP3 was rendered anhydrous by dissolved in dry pyridine (7 mL). Carbonyldiimidazole (0.24 g, 1.5
repeated coevaporation with dry pyridine and dissolved in pyridine mmol) was added, and the solution was stirred at room temperature
(5 mL). The solution was added to compouh(D.45 g, 1.0 mmol). for 40 min. The solution was diluted with ethyl acetate (50 mL)
DBU (154uL, 1.0 mmol) was added. After being stirred at ambient and washed three times with water (50 mL). The organic layer was
temperature for 4 h, the solution was diluted with ethyl acetate (40 collected, dried over MgSQ filtered, and concentrated under
mL) and washed four times with burin (40 mL). The organic layer reduced pressure. The residue became an amorphous solid. The
was collected, dried over MgS(filtered, and concentrated under NMR analysis of this residue suggested that the starting material
reduced pressure. The residue was chromatographed on a silica gevas changed to the imidazolide intermediate completely. A portion
column with hexaneethyl acetate (4:1, v/v) to givé4 (0.38 g, of the amorphous solid, the imidazolide (0.40 g, 0.70 mmol), was
46%).2H NMR (500 MHz, CDC}): 6 0.044-0.077 (m, 6H), 0.76 rendered anhydrous by repeated coevaporation with dry pyridine.
1.00 (m, 10H), 1.13+1.47 (m, 6H), 1.77-2.11 (m, 5H) 2.25-2.30 Compound17 (0.42 g, 0.70 mmol) was also rendered anhydrous
(m, 1H), 3.16 and 3.22 (% br, 1H), 3.79 (s, 3H), 4.034.07 (m, by _re_peated coevaporat_lon W|th dry pyridine and c_ils_solveq in
1H), 4.26-4.47 (m’ 3H)| 4.454.47 (m, 1H), 6.29-6.36 (m, 1H), pyrldlne (25 mL). To this solution were added the imidazolide

(67.8 MHz C,DC§):’ 5 —50.-49 —4.9 —48 —47 126 12.7 temperature for 3 h, the solution was diluted with ethyl acetate (20

12.7.17.9 20.9 215 221 22.1 25.6. 25.7. 27.3. 27.7. 28.2 '28 6 mL) and washed four times with water (20 mL) and burin (20 mL).
40:7’ 409 552 5'5.’2 66,.4 665 '7’1_5 .7,1.6. %2.0' 721 ,84..2 'The organic layer was collected, dried over MgStitered, and
84 5' 84 7’ 84 81 84 9' 85 2’ 111 2 11?; 1 1i3 2 i27 2 ’127 8’ concentrated under reduced pressure. The residue was chromato-

130.0,131.1, 131.2, 134.4, 134.4, 135.3, 135.7, 143.2, 143.3, 143.49aPhed on a silica gel column with hexarethyl acetate (1:1,
150.2, 150.3, 154.2, 154.3, 158.7, 163.7. ESI-MS: calcd for V) 0 9ive 30 (055 g, 71%)."H NMR (500 MHz, CDCh): o

CasHsiN,0sSSiNa (M-+ Na)*, 825.32115; found, 825.32612. 0.11-0.14 (m, 6H), 0.920.93 (m, 9H), 2.152.17 (m, 1H), 2.48

) 2.51 (m, 1H), 2.6%#2.71 (m, 1H), 2.82-2.84 (m, 1H), 3.47 and
trans-1-[(4-Metoxytrityl)sulfenyl]oxy-cyclohexane-2-ol (25).

[ , _ 3.74(2x d,J=4.9,5.9 Hz, 1H), 3.74 and 3.77 (25, 3H), 3.94
To a solution oftrans1,2-cyclohexanediol (0.23 g, 2.0 mmol) in and 4.05 (2x s, 1H), 4.26-4.56 (m, 5H), 4.66-4.68 (m, 1H),

THF (5 mL) was added NaH (0.12 g, 3.0 mmol). The resulting 4.70-4.73 (m, 1H), 6.486.51 (m, 1H), 6.846.84 (m, 2H), 7.16
solution was stirred at 42C for 20 min, and then the mixture was 7,53 (m, 21H), 7.92 and 7.93 (2 s, 1H), 7.99 and 8.01 (X s,
cooled to room temperature. To this mixture was added (4-meth- 1H), 8.25 and 8.28 (% s, 1H), 8.73 and 8.77 (% s, 1H), 9.31
oxytrityl)sulfenyl chloride (0.82 g, 2.4 mmol). After being stirred  and 9.44 (2 s, 1H).23C NMR (67.8 MHz, CDCY): 6 —5.0,—4.9,

at room temperature for 4 h, the mixture was quenched by addition —4.86, 17.7, 25.5, 40.5, 40.6, 42.5, 44.9, 45.2, 55.0, 66.9, 67.5,
of concentrated Nki(1 mL). The solution was diluted with ethyl 71.9, 72.2, 81.0, 82.5, 84.2, 84.7, 84.9, 88.0, 88.6, 113.3, 123.3,
acetate (80 mL) and washed once with water (80 mL) and then 123.4,127.4, 127.5, 127.7, 127.8, 128.0, 128.4, 128.5, 129.8, 131.1,
twice with burin (80 mL). The organic layer was collected, dried 132.4,133.4, 133.6, 141.3, 141.5, 142.3, 142.6, 149.4, 151.2, 151.3,
over MgSQ, filtered, and concentrated under reduced pressure. The152.3, 152.4, 154.0, 158.7, 164.5, 164.7, 174.2, 174.6. ESI-MS:
residue was chromatographed on a silica gel column (20 g) with calcd for GoHgiNeO1:SSi (M + H)™, 1089.3883; found, 1089.3812.

hexane-ethyl acetate (100:7, v/v) to give cru@s (0.24 g).'H
NMR (500 MHz, CDC}): 6 0.90-1.08 (m, 4H), 1.56-1.52 (br,
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4-N-Benzoyl-3-O-(tert-butyldimethylsilyl)-2 '-deoxy-3-O-CT-
FOC-cytidine (31).4-N-Benzoyl-3-O-(tert-butyldimethylsilyl)-2-
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deoxycytidine 28)36 (0.89 g, 2.0 mmol) was rendered anhydrous solution was diluted with ethyl acetate (20 mL) and washed four
by repeated coevaporation with dry pyridine and finally dissolved times with burin (20 mL). The organic layer was collected, dried
in dry pyridine (15 mL). Carbonyldiimidazole (0.49 g, 3.0 mmol) over MgSQ, filtered, and concentrated under reduced pressure. The
was added, and the resulting mixture was stirred for 40 min. The residue was chromatographed on a silica gel column with hexane
solution was diluted with ethyl acetate (40 mL) and washed three ethyl acetate (1:1, v/v) to giv82 (0.40 g, 72%).1H NMR (500
times with water (40 mL). The organic layer was collected, dried MHz, CDCL): 6 0.10 and 0.14 (% s, 6H), 0.86-0.90 (m, 9H),

over MgSQ, filtered, and concentrated under reduced pressure. The 1.03-1.26 (m, 6H), 2.172.33 (m, 3H), 2.632.93 (m, 3H), 3.49
residue became an amorphous solid. The NMR analysis of this and 3.49 (2x s, 1H), 3.80 (s, 3H), 3.91 and 3.94 € s, 1H),
residue suggested that the starting material was completely changed.16-4.26 (m, 1H), 4.36-4.33 (m, 1H), 4.524.84 (m, 6H), 6.18

to the imidazolide intermediate. The the imidazolide was rendered 6.22 (m, 1H), 6.84 and 6.85 (& s, 3H), 7.23-7.32 (m, 13H),
anhydrous by repeated coevaporation with dry pyridine and finally 7.75 and 7.77 (2< s, 1H), 8.92 and 9.16 (¥ s, 1H), 11.99 and
dissolved in pyridine (4 mL). Compouri¥ (1.2 g, 2.0 mmol) was 12.08 (2x s, 1H).13C NMR (67.8 MHz, CDC}Y): 6 —4.79, 17.8,

also rendered anhydrous by repeated coevaporation with dry18.7,18.9, 19.0, 25.6, 36.3, 39.2, 39.8, 42.7, 45.0, 45.4, 55.2, 67.3,
pyridine and dissolved in pyridine (4 mL). To the solution of the 67.4,72.2,72.6,72.9,81.0,81.2, 82.8, 84.6, 84.8, 85.6, 88.9, 89.0,
imidazolide,17 and DBU (30uL, 0.2 mmol) were added. After ~ 113.5,121.9, 122.2,127.2,128.0, 128.0, 128.2, 128.6, 129.7, 129.9,
being stirred at room temperature for 2 h, the mixture was diluted 131.2, 133.3, 133.5, 135.0, 137.5, 138.0, 142.2, 142.3, 142.6, 147.2,
with ethyl acetate (40 mL) and washed four times with burin (40 147.5,148.0, 154.2, 154.6, 155.4, 158.9, 174.3,174.7, 178.6, 178.8.

mL). The organic layer was collected, dried over MgsSfitered,

ESI-MS: calcd for GgHe2NsO12SSiNa (M + Na)t, 1093.38079;

and concentrated under reduced pressure. The residue was chrdound, 1093.3170.

matographed on a silica gel column with hexae¢hyl acetate (3:

2, viv) to give31 (1.7 g, 81%).H NMR (500 MHz, CDC}): 6

0.04 and 0.08 (X% s, 6H), 0.84-0.90 (m, 9H), 2.152.25 (m, 2H),
2.77-2.82 (m, 1H), 3.41 and 3.49 (2 d,J = 5.8, 5.8, 1H), 3.76
and 3.77 (2x s, 3H), 3.98 and 4.18 (¥ s, 1H), 4.14-4.18 (m,
1H), 4.33-4.42 (m, 2H), 4.474.59 (m, 3H), 4.66:4.69 (m, 1H),
4.72-4.73 (m, 1H), 6.23-6.29 (m, 1H), 6.8+6.85 (m, 2H), 7.19

7.55 (m, 17H), 7.967.91 (m, 2H), 8.07 and 8.12 (R d,J = 7.3,

7.6 Hz, 1H), 8.90 (br, 1H}*C NMR (67.8 MHz, CDC)): 6 —5.09,
—4.82, 17.7, 17.7, 25.5, 41.7, 41.8, 42.5, 42.6, 44.9, 45.3, 45.4,
55.0, 66.8,71.0, 71.1, 72.0, 77.8,77.8, 81.1, 82.5, 82.7, 84.6, 84.8

86.8, 87.0, 88.1, 88.6, 113.3, 127.4, 127.5, 127.6, 127.8, 128.0,

Determination of the Self-Cyclization Rates by*H NMR. The
self-cyclization rate was examined as follows. The starting material
(7.1umol) was dissolved in a 0.5 M solution of iodine in pyridine-
ds/D,0 (9:1, viv, 1.0 mL). An aliquot (70@L) of the solution was
taken and placed into an NMR tube. The reaction was monitored
by IH NMR by use of the tH proton signals of the starting
material, the intermediate, and the product. The MMTrS groups
were removed within 1 min from all of the protecting groups to
give the intermediates. See also Supporting Information.

Removal of the CTFOC Group from 5'-O-CTFOC-deoxyri-

,bonucleoside Derivatives.The typical procedure is as follows:

Compound18 (0.23 g, 0.24 mmol) was suspended in the 0.1,M |

128.0,128.4,128.6, 129.7,129.8, 131.1, 131.1, 132.8, 133.0, 133.4solution (pyridine/HO = 9:1, v/v, 47 mL) for 5 min. Then the
134.9,142.3, 142.5, 154.0, 154.1, 158.7, 158.7, 162.2, 174.4, 174.7mixture was quenched with saturated ,8#®;3; (100 mL). The

174.8. ESI-MS: calcd for £HgiN401,SSi (M + H)*, 1065.3785;
found, 1065.3771.

3'-O-(tert-Butyldimethylsilyl)-2 '-deoxy-2-N-isobutyryl-5'-O-
CTFOC-guanosine (32) 3'-O-(tert-Butyldimethylsilyl)-2-deoxy-

reaction was extracted with ethyl acetate (100 mL). The organic
layer was washed once with water (100 mL) and twice with brine
(100 mL), dried over MgSQ filtered, and concentrated under
reduced pressure. The white powder appeared when hexane (2 mL)

2-N-isobutyrylguanosine29)®8 (0.41 g, 0.52 mmol) was rendered was added portionwise to give (90 mg, quant).

anhydrous by repeated coevaporation with dry pyridine. The residue In a similar manner28 (0.53 g, 0.49 mmol)29 (1.1 g, 1.0
was dissolved in dry pyridine (3 mL), and to this solution was added mmol), and30 (0.40 g, 0.37 mmol) were deprotected to g2
carbonyldiimidazole (0.25 g, 1.6 mmol). After being stirred for 2 (0.19 g, 83%)23(0.42 g, 95%), an@4 (0.12 g, 74%), respectively.

h, the solution was diluted with ethyl acetate (20 mL) and washed

three times with water (20 mL). The organic layer was collected,  Acknowledgment. This work was supported by Grant-in-
dried over MgSQ,. filtered, and concentrated undgr reduced Aid of CREST of JST (Japan Science and Technology) and
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anhydrous by repeated coevaporation with dry pyridine and finally gy Energy and Industrial Technology Development Organiza-
dissolved in pyridine (1 mL). Compount? (0.31 g, 0.52 mmol) tion (NEDO) of Japan.
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was also rendered anhydrous by repeated coevaporation with dr
pyridine and dissolved in pyridine (1.5 mL). To the solution of the
imidazolide, 17 and DBU (7.8uL, 50 umol) were added. The
resulting solution was stirred at room temperature for 30 h. The

Supporting Information Available: List of experimental
procedures for the synthesis of the products other than those
described in Experimental Section. This material is available free
of charge via the Internet at http://pubs.acs.org.
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