
Independent Generation of C5′-Nucleosidyl Radicals in Thymidine
and 2′-Deoxyguanosine

Antonio Manetto,†,‡ Dimitris Georganakis,§ Leondios Leondiadis,§,| Thanasis Gimisis,*,§
Peter Mayer,‡ Thomas Carell,‡ and Chryssostomos Chatgilialoglu*,†

ISOF, Consiglio Nazionale delle Ricerche Via P. Gobetti 101, 40129 Bologna, Italy, Department of
Chemistry and Biochemistry, Ludwig-Maximilians UniVersity Munich, 81377 Munich, Germany, MS and
Dioxin Analysis Laboratory, IRRP, National Centre for Scientific Research ‘Demokritos’, Athens 153 10,

Greece, and Department of Chemistry, UniVersity of Athens, Panepistimiopolis, 15771 Athens, Greece

gimisis@chem.uoa.gr; chrys@isof.cnr.it

ReceiVed December 8, 2006

The synthesis of the C5′ tert-butyl ketone of thymidine1a and 2′-deoxyguanosine2 is achieved by
reaction of 5′-C-cyano derivatives withtert-butyl lithium followed by acid hydrolysis. The 5′Rconfiguration
is assigned by X-ray crystal structure determination of an opportunely protected derivative of1a. The
(5′S)-isomers of both nucleosides are not stable, and a complete decomposition occurs in the reaction
medium. The photochemistry of1a and 2 effectively produced the thymidin-5′-yl radical and the 2′-
deoxyguanosin-5′-yl radical, respectively. In the thymidine system, the C5′ radical is fully quenched in
the presence of a physiological concentration of thiols. In the 2′-deoxyguanosine system, the C5′ radical
undergoes intramolecular attack onto the C8-N7 double bond of guanine leading ultimately to the 5′,8-
cyclo-2′-deoxyguanosine derivative. The cyclization of the 2′-deoxyguanosin-5′-yl radical occurs with a
rate constant of ca. 1× 106 s-1 and is highly stereoselective affording only the (5′S)-diastereomer.

Introduction

Hydrogen abstraction from the 2-deoxyribose moiety of DNA
produces carbon-centered radicals whose fate depends upon the
environment.1 The accessibility of the C-H bond in sugar
moieties determines the preferential site of attack even by the
highly reactive HO• radicals. In B-DNA, the H5′ and H5′′ are
the most exposed ones, and therefore, the preference for
abstraction of these hydrogens is higher.2,3 Hydrogen abstraction
from the 5′-position of purine nucleosides can lead to 5′,8-
cyclonucleosides. They have been observed among the decom-
position products of DNA, when it is exposed to ionizing

radiations4-6 or treated chemically by highly oxidizing radical
species.7 They have also been identified in mammalian cellular
DNA in vivo, where their level is enhanced by conditions of
oxidative stress.8,9 The difficulty of repair and the amenability
to mutation render these lesions biologically significant and the
study of their formation necessary.10-12 Under aerobic condi-
tions, the fate of the C5′ radical is not well understood. All the
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proposed intermediates are based on rationalization of the prod-
ucts observed in DNA degradation by the neocarzinostatin
chromophore (NCS-chromophore) in the presence of gluta-
thione,1,13,14 although related studies with metalloporphyrins
have also been reported.2,15 Moreover, strand breakage was
observed to be base-selective, preferentially occurring (75%)
on the thymidine unit.

The chemistry of carbon-centered radicals resulting from
hydrogen atom abstraction from the sugar moieties has been
the subject of many recent studies. Selective generation of these
species is mainly obtained by photoreactive precursors using
nucleosides or oligonucleotides (ODNs). Indeed, generation of
a single radical species on duplex ODNs provides a powerful
tool for elucidating the role of reactive intermediates in the
formation of nucleic acid lesions. For example, C1′ and C4′
positions have been studied in detail by photolysis of the
correspondingtert-butyl ketones.16-20 Photolabile precursors of
C5′ radicals are missing.

It was recently found that 8-bromo-2′-deoxyadenosine cap-
tures electrons and rapidly loses a bromide ion to give the
corresponding C8 radical. This intermediate abstracts intramo-
lecularly a hydrogen atom from the C5′ position affording
selectively the 2′-deoxyadenosin-5′-yl radical. This allowed us
for the first time to verify that the C5′ radical attacks intramo-
lecularly the double bond of the base moiety, and this occurs
with a rate constant ofkc )1.6× 105 s-1 to form, after oxidation,
a 5′,8-cyclo-2′-deoxyadenosine as the final product.21-23 The
analogous sequence of 8-bromo-2′-deoxyguanosine does not
operate because the electron adduct undergoes fast protonation
at C8 ejecting Br- and affording the one-electron oxidized 2′-
deoxyguanosine transient species.24,25Interestingly, the 8-bromo-
2′-deoxyadenosine moieties in a series of DNA hairpins

containing a light-dependent flavin electron injector in the loop
region of the hairpin are found to capture electrons with
quantitative formation of the corresponding debrominated
oligonucleotides, similar to the analogous 8-bromo-2′-deox-
yguanosine derivatives.26

In the present paper, we report the synthesis of 5′-keto
derivatives as photolabile precursors for selective generation
of the 5′-nucleosidyl radical. In particular, compounds1a and
2 having thymine or guanine as the base are chosen to evaluate
the occurrence of a C5′ radical attack on the pyrimidine or purine
moieties (Figure 1).

Results and Discussion

Synthesis of Thymidine 5′-tert-Butyl Ketone 1a. The
synthesis of1a is shown in Scheme 1. Specifically, the aldehyde
327-30 was converted in the two 5′-isomers of4 with a yield of
82%. The crude product consisted of a 3:2 mixture of two
isomers,4a and4b. After separation by silica gel chromatog-
raphy, the two diastereomers were obtained as pure white foams
and were fully characterized, although from the data it was not
possible to assign the configuration at the 5′ position, even by
2D NMR experiments. During theR-cyanohydrin formation,
under not perfectly anhydrous conditions or in the presence of
an excess of LiOEt, the 5′-hydroxyl position resulted unpro-
tected. In this case, an additional step for the in situ 5′-TBDMS
protection was required by classical methods (TBDMS-Cl,
AgNO3, imidazole).

With a mixture of4aand4b, the addition oftert-butyl lithium
(tBuLi) was carried out at-78 °C, leading, after quenching
the reaction with acidic cold water, to a single product in 55%
yield, identified as thetert-butyl ketone1a. Its configuration
(5′R) was later assigned by X-ray crystal structure determination
of the corresponding 3′-acetate (vide infra). The product yield
together with the absence of the (5′S)-isomer1b indicated that
the addition reaction products exhibit different stability when
originating from either diastereomer4a or 4b. To further
investigate their reactivity, each isomer was used for the addition
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FIGURE 1. Photolabile precursors of C5′ radicals.

SCHEME 1. Synthesis of the Ketones 1a and 1ba

a Conditions: (i) TBDMS-CN, LiOEt, THF, 0°C, 30 min, 82%; (ii)
tBuLi, THF, -78 °C, 2-5 min, 43% (5a), 38% (5b); (iii) for 1a, THF/
H2O/2 N HCl (40:20:1), 3 h, 88%; (iv) for1b, CDCl3, 30 min, 70%. R)
tert-butyldimethylsilyl (TBDMS). T) thymine.
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under identical conditions and a careful monitoring was carried
out by TLC, together with1H NMR analysis of the final
products. This led to the identification of two intermediate imine
products5a and 5b (Scheme 1), fully characterizable, using
acetone-d6 as the NMR acid-free solvent, from the crude
products, after water quenching and workup of the crudetBuLi
addition. The imine5b readily decomposed under slightly acidic
aqueous conditions or in weakly acidic solvents such as CDCl3,
when used as the NMR solvent. The corresponding ketone (1b)
cannot be isolated, as it also slowly decomposes to unidentified
fragments. A complete decomposition of the mixture containing
5b and1b also occurred in acidic solution (THF/H2O/2 N HCl,
40:20:1). On the other hand, acidic hydrolysis conditions applied
to the imine5a led to its slow but quantitative conversion to
the stable ketone1a.

The full deprotection of bissilylether1a led to the ketone6
as described in Scheme 2. Under specific conditions, selective
deprotection of the ketone1a in the 3′ position was also possible,
providing the ketone7.31 This compound was then protected to
the 3′-acetate8, and single crystals, suitable for X-ray crystal-
lography, were obtained from a saturated solution in ethyl
acetate. One of the two independent molecules (8) present in
the crystal asymmetric unit is reported in the Supporting
Information. Both of the molecules are in the 5′Rconfiguration,
and in both, the furanose rings are C2′endopuckered, as evidenced
by the Cremer and Pople puckering parameters (φ ≈ 70° for
both molecules).32 The C2′endo puckered form, predominant in
solution,33 is also maintained in the solid state of these
molecules. Since the 5′-stereocenter was not involved in the
deprotection-protection steps, we could extrapolate the assign-
ment of the same 5′R configuration to the ketone1a and a 5′S
configuration to the imine5a and cyanohydrin4a, due to a

priority change of the substituents as a consequence of the
Cahn-Ingold-Prelog priority rules (CIP rules) (Figure 2).

Photochemistry in the Thymidine System.Compounds1a
and6 were used as precursors of the C5′ radical. UV irradiation
(1000 W Xe-lamp, 320 nm cut-off filter) of1a in the presence
of a hydrogen donor such as 2.5 mM 1-butanethiol in MeCN
and of6 in the presence of 2.5 mM gluthathione (GSH) in water,
under deaerated conditions, led quantitatively to the formation
of thymidine10or 11, respectively (Scheme 3). Figure 3 shows
the analysis by reversed-phase HPLC of aliquots taken during
the photolysis of1a (0.12 mM in MeCN) in the presence of
1-butanethiol (2.5 mM) for 30 min. Under these conditions, the
half-life of 1a was calculated to bet1/2 ) 6.6 min and no
cyclization product was observed. The resulting C5′ radical9
could be obtained either by Norrish type I photocleavage or by
initial formation of an acyl radical that decarbonylates with a
rate constant in the range of 105-106 s-1.34 A physiological
concentration of thiol (e.g., 2.5 mM of GSH) is able to trap the
C5′ radical preventing subsequent reactions, such as the in-
tramolecular attack onto the C6-C5 double bond of thymine.35

Synthesis of 2′-Deoxyguanosine 5′-tert-Butyl Ketone 2. The
synthesis of2 is shown in Scheme 4. The intermediate
5′-aldehyde36,37was prepared by applying a modification of the
Moffatt oxidation procedure33 on the starting alcohol12.38 It
appeared as a complicated mixture of three possible diastere-
omeric hemiacetals that form by hydration of the 5′-aldehyde,
when in contact with an aqueous solution. When the above
mixture of diastereomeric hemiacetals was allowed to react, in
the presence of TMSCN and ZnI2 in dry dichloromethane39,40

containing 4 Å molecular sieves, it was converted into a pair
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A.; Gasparutto, D.; Cadet, J.J. Chem. Soc., Perkin Trans. 11999, 1257-
1263).
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SCHEME 2. Deprotection-Protection Strategy for the
Synthesis of 8a

a Conditions: (i) TBAF, MeOH, reflux, 5 h, 60%; (ii) TBAF, THF,
-15 °C, 24 h, 55%; (iii) Ac2O, Py, rt, 24 h, 82%. R) TBDMS. T )
thymine.

SCHEME 3. Generation of the C5′ Radical from Photolysis
of 1a and 6a

a R′SH ) BuSH for1a or GSH for6; R ) TBDMS for 10. R ) H for
11. T ) thymine.

FIGURE 2. Configuration of the major cyanohydrin4a and imine
5a. R ) TBDMS. T ) thymine.

SCHEME 4. Synthesis of 5′-tert-Butyl Ketone 2aa

a Conditions: (i) EDC, pyridine, CF3CO2H, toluene/DMSO (2:1), 95%;
(ii) TMSCN, ZnI2, CH2Cl2, 5 h, 88%; (iii) TBDMSCl, imidazole, DMF,
overnight, 25%; (iv)tBuLi, THF, -78 °C, 5 min, 32%; (v) CH3CO2H/
THF/H2O (3:1:1), 1 h, 78%.

Thymidine and 2′-Deoxyguanosine C5′ Radicals
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of diastereomers. No products were observed when KCN and
18-C-6 were used in the presence of TBDMSCl for the trapping
of the cyanohydrin produced.41 The diastereomeric mixture of
cyanohydrins proved unstable and reverted back into the
aldehyde when column chromatography purification or storage
was attempted. For this reason, the crude product was im-
mediately protected with TBDMSCl and was then further
purified. A chromatographically inseparable mixture of protected
R-cyanohydrins was isolated from the column in 52% yield
(Scheme 4). When this mixture was treated with diethyl ether,
a single diastereomer13precipitated in crystalline form in 25%
yield. The filtrate containing the other diastereomer together
with other impurities could not be further purified. A third
nucleosidic product was present, isolable in yields up to 30%.
After considerable experimentation, the product was character-
ized as a 5′-O-tert-butyldimethylsilylimidazolyl aminal arising
from the reaction of unreacted aldehyde under the TBDMSCl
protection conditions. The chemistry and reactivity of this
interesting intermediate have been reported elsewhere.42

Although NOESY experiments did not provide any useful
contacts for assignment purposes also in the case of13, as in
the thymidine series, the (5′S) stereochemistry was assigned to
the crystalline protected cyanohydrin isolated. Evidence came
from the anisotropy effect observed for the 2′â-H in the1H NMR
spectrum, due to the nearby situated multiple bond of the nitrile.
In this geometry, this proton experiences the negative side of
the nitrile anisotropy cone and, as observed, is shifted by 0.72
ppm to a lower field than the 2′R-H.43 Further evidence
supporting our assignment came from the observed reactivity
of the isolated diastereomer (vide infra), which associates it with
the corresponding thymidine diastereomer (vide supra).

In the key step of the synthesis, fasttBuLi addition to13, in
THF at low temperature, provided after aqueous workup the
imine 14 in 32% yield (Scheme 4). The reaction was never left
to completion as prolonged reaction times increased decomposi-
tion and base release. After a 5 min reaction, and the above-
reported yields of products, there was ca. 40% of unreacted

starting material together with ca. 20% ofN2-isobutyroylguanine
present in the product mixture. To optimize the reaction
conditions, we attempted several variations but we were never
able to obtain better yields. For example, addition of CuI,44 to
mediate the strength of the organometallic reagent, led to
prolonged reactions and diminished yields. Once more, the imine
14exhibited remarkable stability and could be purified through
column chromatography without any major loss of material. A
characteristic absorption at 186 ppm in the13C NMR spectrum
was assigned to the CdNH carbon. Nevertheless, a slow
transformation was observed during13C NMR in CDCl3,
indicating an acid-catalyzed hydrolysis. Mild aqueous acid
treatment (CH3CO2H/THF/H2O ) 4:1:1) of 14 led to a good
yielding (78%) conversion to2 (Scheme 4). The new product
was fully characterized, and HRMS was in agreement with the
proposed transformation. Attempts to deprotect both TBDMS
groups of2 were not successful. For example, NH4F/MeOH or
TBAF‚SiO2 led to decomposition with glycosidic bond scission
and formation of the aglycon.45

Photochemistry in the 2′-Deoxyguanosine System.A
variable-intensity 1000 W Xe lamp equipped with a UV-A filter
was utilized in the photolysis studies. Photolysis of a THF
solution of 2, in a pyrex vial, in the presence of excesstert-
butyl thiol, under deaerated conditions, at 110 mW/cm2 local
intensity, led to the complete consumption of the starting
material, within 60 min, at analytical conditions (0.5 mL, 13
mmol) and partial conversion at higher concentration (2 mL,
27 mmol). PLC purification of the reaction mixture produced
the reduced protected 2′-deoxyguanosine15and a new product
that was characterized, by comparison with literature data,46,47

as the protected (5′S)-5′,8-cyclo-2′-deoxyguanosine16. The
stereochemistry of the 5′-carbon was inferred from theJ5′,4′ )
6.2 Hz value, in the1H NMR spectrum, as has been described.46

No other diastereomeric cyclic product could be detected in the
reaction mixture.
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2003, 1451-1454.

(43) Although the diastereomer of13 could not be isolated in the deoxy
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the two diastereomers.
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4311-4315.

(45) In the presence of BF3.Et2O, only the 3′-TBDMS group was
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12, 412-421.
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FIGURE 3. Time-dependent HPLC chromatogram of1a’s conversion
to 10 during photolysis. Normalized peaks.

SCHEME 5. Products and Proposed Mechanism of
Formation in the Photolysis of tert-Butyl Ketone 2a

a R ) TBDMS.
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In the proposed mechanism for the above observed reaction,
photolysis of thetert-butyl ketone2 generates the 2′-deoxygua-
nosin-5′-yl radical 17, which is partitioned between two
competitive reaction channels, i.e., a bimolecular reduction
leading to 2′-deoxyguanosine15 and an intramolecular cycliza-
tion onto the 8-position of the purine base leading to radical18
(Scheme 5). The high stereoselectivity of the cyclization reaction
can be explained by the steric hindrance between the 5′-O-
TBDMS substituent and the guanine moiety in analogy with
the adenine system.21,35,47 The cyclization occurs via a chair
transition state leading to (5′S,8R)-18 followed by rearomati-
zation of the guanine moiety by reaction with the thiyl radical.
Under the conditions in which the photolysis was performed
(i.e., in the presence of an excess oftBuSH), the rate constant
of the unimolecular path can be measured by applying free-
radical clock methodology.48,49 Using 0.27 M tBuSH, the
concentration of thiol during the reaction remained essentially
constant (pseudo-first-order conditions) and the following
relation (eq 1) is obeyed. AkH/kc ) 5.0 was obtained as an
average of two independent experiments at ca. 30°C. Assuming
akH ) 5 × 106 Μ-1 s-1 for the reaction of secondaryR-alkoxy
carbon radical17 with tBuSH,50 the cyclization rate constant
of kc ) 1 × 106 s-1 can be estimated.51

Conclusion

We have disclosed a synthetic sequence for the preparation
of (5′R)-tert-butyl ketones1 and2. Our results demonstrate that
their photolysis affords selectively the corresponding C5′ radical.
The nature of the base plays an important role in the fate of the
C5′ radical. In the presence of a physiological concentration of
alkanethiol, the thymidin-5′-yl radical is efficiently reduced,
whereas the 2′-deoxyguanosin-5′-yl radical adds intramolecularly
to the C8-N7 double bond of the guanine moiety with a rate
constant of ca. 1× 106 s-1, nearly an order of magnitude faster
than the analogous 2′-deoxyadenosin-5′-yl radical.21

Our findings furnish a molecular basis for forthcoming
experiments involving the incorporation of these photolabile
precursors in oligonucleotides and their application in DNA
damage mechanistic studies.52-54 In the absence of O2, the C5′
radical is partitioned between cyclization and the repair reaction
by hydrogen abstraction from glutathione. In the presence of
molecular oxygen, O2 trapping leads to the corresponding
peroxyl radical and eventually to a strand break with formation
of a 5′-aldehyde, 3′-formyl phosphate, andtrans-1,4-dioxo-2-
butene.55,56 By taking into account the thiol and molecular
oxygen concentrations, the above partitions will be evaluated

in relation to restricted conformations of duplex DNA. The
photostability of the imines (5a or 14) and their ability to
hydrolyze in acidic media to photolabile ketones also make these
transformations suitable for biotechnological applications.57-60

Toward this goal, these systems are currently under investiga-
tion.

Experimental Section

(5′R)- and (5′S)-5′-Cyano-3′,5′-di-O-(tert-butyldimethylsilyl)-
thymidine (4a,b). A solution of aldehyde327-30 (600 mg, 1.70
mmol) in dry THF (6.0 mL) was added slowly to a mixture of
LiOEt (85 µL of 1 M THF, 0.085 mmol) and TBDMS-CN (311
mg, 2.20 mmol) in dry THF (4.0 mL) at 0°C (ice-bath) under an
N2 atmosphere. The reaction mixture was stirred at room temper-
ature until all starting material was consumed (30-50 min). After
workup (EtOAc/water/brine), the organic layer was dried over Na2-
SO4 and concentrated. The resulting yellow oil was purified on
silica (from 20% to 30% of EtOAc ini-hexane) leading to two
main fractions: a major isomer, 5′-cyano-thymidine4a (376 mg,
0.76 mmol, 45%), and a minor isomer, 5′-cyano-thymidine4b (308
mg, 0.62 mmol, 37%), both as white foams for a total yield of
82% for the pure compounds.1H NMR (400 MHz, CDCl3), isomer
4a: δ ) 8.30 (s, 1H, NH), 7.46 (d, 1H, H6,J6-Me ) 1.3 Hz), 6.45
(dd, 1H, H1′, J1′-2′a ) 9.3 Hz,J1′-2′b ) 5.6 Hz), 4.64 (d, 1H, H5′,
J5′-4′ ) 4.0 Hz), 4.54 (dt, 1H, H3′, J3′-2′b ) 5.2 Hz, J3′-4′ ) 1.4
Hz), 4.02 (dd, 1H, H4′, J4′-5′ ) 4.0 Hz, J4′-3′ ) 1.4 Hz), 2.25-
2.13 (m, 2H, H2′), 1.93 (d, 3H, CH3-5, JMe-6 ) 1.2 Hz), 0.94 (s,
9H, tBuSi), 0.90 (s, 9H,tBuSi), 0.24 (s, 3H, CH3Si), 0.20 (s, 3H,
CH3Si), 0.11 (s, 3H, CH3Si), 0.10 (s, 3H, CH3Si). 1H NMR (400
MHz, CDCl3), isomer4b: δ ) 8.13 (s, 1H, H3 (NH)), 7.25 (d, 1H,
H6, J6-Me ) 1.3 Hz), 6.27 (dd, 1H, H1′, J1′-2′a ) 8.2 Hz,J1′-2′b )
6.0 Hz), 4.65 (d, 1H, H5′, J5′-4′ ) 3.4 Hz), 4.48 (dt, 1H, H3′,
J3′-2′b ) 6.1 Hz,J3′-4′ ) 3.1 Hz), 4.02 (dd, 1H, H4′, J4′-5′ ) 3.3
Hz, J4′-3′ ) 3.3 Hz), 2.29-2.23 (ddd, 1H, H2b′, J2′b-2′a ) 13.4 Hz,
J2′b-1′ ) 6.0 Hz, J2′b-3′ ) 2.9 Hz), 2.19-2.12 (m, 1H, H2b′,
J2′a-2′b ) 13.4 Hz,J2′a-1′ ) 8.1 Hz), 1.93 (d, 3H, CH3-5, JMe-6 )
1.2 Hz), 0.96 (s, 9H,tBu-Si), 0.91 (s, 9H,tBu-Si), 0.26 (s, 3H,
CH3-Si), 0.20 (s, 3H, CH3-Si), 0.14 (s, 3H, CH3-Si), 0.13 (s,
3H, CH3-Si). 13C NMR (100.6 MHz, CDCl3), isomer4a: δ ) 163.2
(C), 150.2 (C), 135.0 (CH), 118.7 (C), 111.7 (C), 87.3 (CH), 84.6
(CH), 72.3 (CH), 62.2 (CH), 40.2 (CH2), 25.7 (CH3), 25.6 (CH3),
18.2 (C), 17.9 (C), 12.5 (CH3), -4.6 (CH3), -4.8 (CH3), -5.2
(CH3), -5.3 ppm (CH3). 13C NMR (100.6 MHz, CDCl3), isomer
4b: δ ) 163.0 (C), 149.9 (C), 135.4 (CH), 117.7 (C), 111.4 (C),
87.5 (CH), 85.5 (CH), 71.2 (CH), 62.8 (CH), 39.9 (CH2), 25.6
(CH3), 25.6 (CH3), 18.2 (C), 17.8 (C), 12.4 (CH3), -4.6 (CH3),
-4.8 (CH3), -5.0 (CH3), -5.1 (CH3). HR-ESI-MS isomer4a: for
C23H42N3O5Si2+ [M + H]+, calcd 496.2658; found 496.2630. HR-
ESI-MS isomer4b: for C23H42N3O5Si2+ [M + H]+, calcd 496.2658;
found 496.2661.Rf 4a (EtOAc/i-Hex 2:3)) 0.58.Rf 4b (EtOAc/
i-Hex 2:3)) 0.68.

(5′S)-3′,5′-Di-O-(tert-butyldimethylsilyl)-5 ′-(2,2-dimethylpro-
panimidoyl)thymidine 5a. To a solution of4a (300 mg, 0.60
mmol) in THF (12 mL) at-78 °C was slowly addedtert-BuLi
(1.5 M, 1.5 mL, 2.4 mmol). After 2 min of vigorous stirring at
-78 °C, the reaction was quenched by water addition and allowed
to warm to room temperature. The mixture was diluted with EtOAc,
and the organic phases were then washed with water until neutrality
and finally with brine. Anhydrification on MgCl2 and subsequent

(48) Griller, D.; Ingold, K. U.Acc. Chem. Res.1980, 13, 317-323.
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rotary evaporation of the solvent lead to 144 mg (0.27 mmol, 43%)
of yellow oil, analyzed as crude product.1H NMR (400 MHz,
acetone-d6): δ ) 9.99 (s, 1H, NH), 7.51 (bs, 1H, H6), 6.28 (dd,
1H, H1′, J1′-2′a ) 8.9 Hz,J1′-2′b ) 5.5 Hz), 4.78 (d, 1H, H5′, J )
1.5 Hz), 4.53 (d, 1H, H3′, J ) 5.5 Hz), 4.21 (bs, 1H, H4′), 2.25-
2.11 (m, 2H, H2′), 1.90 (d, 3H, CH3-5, J ) 1.1 Hz), 1.25 (s, 9H,
tBu-CO), 1.02 (s, 9H,tBu-Si), 0.94 (s, 9H,tBu-Si), 0.24 (s, 3H,
CH3-Si), 0.18 (s, 3H, CH3-Si), 0.17 (s, 3H, CH3-Si), 0.10 (s,
3H, CH3-Si). 13C NMR (100.5 MHz, acetone-d6): δ ) 185.8 (q,
CdNH), 165.5 (C), 152.0 (C), 136.5 (CH), 112.0 (C), 89.3 (CH),
86.0 (CH), 73.1 (CH), 70.2 (CH), 42.5 (CH2), 39.8 (C), 30.2 (CH3),
27.4 (CH3), 27.1 (CH3), 19.9 (C), 19.6 (C), 13.7 (CH3), -3.3 (CH3),
-3.5 (CH3), -3.6 (CH3), -3.6 (CH3). HR-ESI-MS for C27H52N3O5-
Si2+ [M + H]+, calcd 554.3440; found 554.3420.Rf (EtOAc/i-
Hex 2:3)) 0.36.

(5′R)-3′,5′-Di-O-(tert-butyldimethylsilyl)-5 ′-(tert-butylcarbo-
nyl)thymidine 1a. A portion of 10 mL of an acidic solution (THF/
H2O/2 N HCl, 40:20:1) was added to the imine5a (100 mg, 0.20
mmol), and the mixture was stirred for 3 h at room temperature.
The phases were then separated after dilution with 10 mL of EtOAc,
and the organic layer was washed with water until neutrality and
finally with brine. Anhydrification on MgCl2 and subsequent rotary
evaporation of the solvent yielded an orange oil. Purification on
silica gel (from 1% to 3% of MeOH in CHCl3) provided thetert-
butyl ketone1aas a yellow oil (98 mg, 0.18 mmol, 88%).1H NMR
(400 MHz, acetone-d6): δ ) 9.89 (s, 1H, NH), 7.85 (d, 1H, H6,
J ) 1.2 Hz), 6.30 (dd, 1H, H1′, J1′-2′a ) 9.1 Hz,J1′-2′b ) 5.4 Hz),
5.17 (d, 1H, H5′, J ) 2.4 Hz), 4.61 (d, 1H, H3′, J ) 4.8 Hz), 4.57
(d, 1H, H4′, J ) 2.2 Hz), 2.29-2.14 (m, 2H, H2′), 1.93 (d, 3H,
CH3-5, J ) 1.1 Hz), 1.24 (s, 9H,tBu-CO), 0.96 (s, 9H,tBu-Si),
0.95 (s, 9H,tBu-Si), 0.18 (s, 3H, CH3-Si), 0.17 (s, 3H, CH3-
Si), 0.15 (s, 3H, CH3-Si), 0.11 (s, 3H, CH3-Si). 1H NMR (600
MHz, CDCl3): δ ) 8.12 (s, 1H, H3 (NH)), 7.85 (bs, 1H, H6), 6.32
(dd, 1H, H1′, J1′-2′a ) 9.0 Hz,J1′-2′b ) 5.4 Hz), 4.86 (d, 1H, H5′,
J5′-4′ ) 2.0 Hz), 4.47 (d, 1H, H3′, J3′-2′b ) 5.0 Hz), 4.44 (d, 1H,
H4′, J ) 1.5 Hz), 2.25 (dd, 1H, H2b′, J2b′-2′a ) 12.8 Hz,J2′b-1′ )
5.4 Hz), 2.02 (bs, 3H, CH3-5), 2.00-1.98 (m, 1H, H2a′, J2′a-2′b )
12.9 Hz,J2′a-1′ ) 9.0 Hz,J2′a-3′ ) 4.9 Hz), 1.23 (s, 9H,tBu-CO),
0.92 (s, 9H,tBu-Si), 0.91 (s, 9H,tBu-Si), 0.11 (s, 6H, (CH3)2-
Si), 0.10 (s, 3H, CH3-Si), 0.02 (s, 3H, CH3-Si). 13C NMR (150.8
MHz, CDCl3): δ ) 210.6 (C), 163.7 (C), 150.1 (C), 136.5 (CH),
110.7 (C), 88.1 (CH), 86.1 (CH), 75.2 (CH), 74.8 (CH), 43.1 (C),
41.5 (CH2), 27.5 (CH3), 25.8 (CH3), 25.8 (CH3), 18.4 (C), 18.1
(C), 12.4 (CH3), -4.5 (CH3), -4.6 (CH3), -4.8 (CH3), -5.5 (CH3).
HR-ESI-MS for C27H51N2O6Si2+ [M + H]+, calcd 555.3280; found
555.3277. UVλmax ) 264 nm;ε260 ) 1049 ( 64 M-1 cm-1. Rf

(EtOAc/i-Hex 2:3)) 0.78.
(5′R)-3′,5′-Di-O-(tert-butyldimethylsilyl)-5 ′-(2,2-dimethylpro-

panimidoyl)thymidine 5b. To a solution of4b (300 mg, 0.60
mmol) in THF (12 mL) at-78 °C was slowly addedtert-BuLi
(1.5 M, 1.5 mL, 2.4 mmol). After 2 min of vigorous stirring at
-78 °C, the reaction was quenched by water addition and left to
warm to room temperature. The mixture was diluted with EtOAc,
and the organic phases were then washed with water until neutrality
and finally with brine. Anhydrification on MgCl2 and subsequent
rotary evaporation of the solvent led to 125 mg (0.22 mmol, 38%)
of yellow oil, analyzed as crude product.1H NMR (400 MHz,
acetone-d6): δ ) 10.06 (s, 1H, NH), 7.34 (bs, 1H, H6), 6.21 (bdd,
1H, H1′, J ) 7.2 Hz), 4.73 (d, 1H, H5′, J ) 1.4 Hz), 4.61 (m, 1H,
H3′), 4.04 (dd, 1H, H4′, J4′-3′ ) 3.4 Hz,J4′-5′ ) 1.3 Hz), 2.21-
2.16 (m, 2H, H2′), 1.86 (bs, 3H, CH3-5), 1.27 (s, 9H,tBu-CO),
1.00 (s, 9H,tBu-Si), 0.88 (s, 9H,tBu-Si), 0.14 (s, 3H, CH3-Si),
0.10 (s, 3H, CH3-Si), 0.07 (s, 3H, CH3-Si), 0.03 (s, 3H, CH3-
Si). 13C NMR (100.5 MHz, acetone-d6): δ ) 187.2 (q, CdNH),
165.0 (C), 156.9 (C), 137.0 (CH), 111.9 (C), 89.3 (CH), 88.2 (CH),
75.9 (CH), 70.5 (CH), 49.1 (CH2), 40.1 (C), 30.6 (CH3), 27.4 (CH3),
27.2 (CH3), 19.8 (C), 19.3 (C), 13.5 (CH3), -2.2 (CH3), -3.2 (CH3),
-3.4 (CH3), -3.6 (CH3). HR-ESI-MS for C27H52N3O5Si2+ [M +
H]+, calcd 554.3440; found 554.3431.Rf (EtOAc/i-Hex 2:3)) 0.34.

(5′S)-3′,5′-Di-O-(tert-butyldimethylsilyl)-5 ′-(tert-butylcarbon-
yl)thymidine 1b. A portion of 10 mL of CDCl3 was added to the
oil of the crude product containing5b (100 mg, 0.20 mmol), and
the solution was stirred for 30 min at room temperature. The
reaction was followed by1H NMR. The hydrolysis of5b to 1b
was complete in 30 min. Stirring of this solution for a longer time
led to the degradation of the product of reaction with the
replacement of the NMR peaks of1b by many unknown peaks.
CDCl3 was removed by rotary evaporation followed by high
vacuum, and the obtained yellow oil (78 mg, 70%) was dissolved
in acetone-d6 for NMR characterization.1H NMR (400 MHz,
acetone-d6): δ ) 10.03 (s, 1H, NH), 7.32 (s, 1H, H6), 6.27 (bdd,
1H, H1′, J ) 7.3 Hz), 5.00 (d, 1H, H5′, J5′-4′ ) 2.5 Hz), 4.72 (m,
1H, H3′), 4.13 (bt, 1H, H4′, J ) 2.5 Hz), 2.15 (m, 2H, H2′), 1.85
(bs, 3H, CH3-5), 1.25 (s, 9H,tBu-CO), 0.97 (s, 9H,tBu-Si), 0.89
(s, 9H,tBu-Si), 0.13 (s, 3H, CH3-Si), 0.12 (s, 3H, CH3-Si), 0.09
(s, 3H, CH3-Si), 0.08 (s, 3H, CH3-Si). 13C NMR (150.8 MHz,
acetone-d6): δ ) 214.4 (C), 152.4 (C), 147.2 (C), 136.9 (CH), 111.9
(C), 88.7 (CH), 85.2 (CH), 76.7 (CH), 72.2 (CH), 45.3 (C), 41.8
(CH2), 28.6 (CH3), 27.4 (CH3), 27.2 (CH3), 19.9 (C), 19.4 (C), 13.5
(CH3), -3.1 (CH3), -3.2 (CH3), -3.3 (CH3), -3.5 (CH3). HR-
ESI-MS for C27H50N2NaO6Si2+ [M + Na]+, calcd 577.3100; found
577.3068. HR-ESI-MS for C27H50ClN2O6Si2- [M + Cl]-, calcd
589.2901; found 589.2945.Rf (EtOAc/i-Hex 2:3)) 0.76.

(5′R)-5′-(tert-Butylcarbonyl)thymidine 6. To a solution of 3′,5′-
(R)-TBDMS-ketone1a (170 mg, 0.3 mmol) in MeOH (10 mL)
was added a solution of TBAF (1 M) in THF (1 mL, 1.0 mmol).
The mixture was refluxed for 5 h and then stirred at room
temperature for 24 h. MeOH was then removed by reduced pressure,
and the crude product was purified on silica gel (EtOAc ini-hexane
from 30% to 90%). A white foam (61 mg, 0.19 mmol, 60%) was
isolated from the fractions and identified as 3′,5′-OH ketone6 by
NMR and mass analysis. A less polar fraction was collected leading
to 10 mg (7.3% from the bis-protected ketone) of white powder
analyzed by NMR and mass spectral analyses and identified as 3′-
OH, 5′-TBDMS ketone7. 1H NMR (600 MHz, CDCl3): δ ) 8.93
(bs, 1H, H3 (NH)), 7.36 (bs, 1H, H6), 6.26 (dd, 1H, H1′, J1′-2′a )
7.5 Hz,J1′-2′b ) 6.2 Hz), 4.77 (d, 1H, H5′, J ) 1.6 Hz), 4.72 (dt,
1H, H3′, J ) 5.7 Hz,J ) 2.7 Hz), 4.46 (m, 1H, H4′), 2.37-2.34
(ddd, 1H, H2b′, J2b′-2′a ) 13.5 Hz,J2′b-1′ ) 5.9 Hz,J ) 2.9 Hz),
2.23-2.18 (m, 1H, H2a′, J2′a-2′b ) 13.7 Hz,J2′a-1′ ) 7.2 Hz), 1.96
(bs, 3H, CH3-5), 1.27 (s, 9H,tBu-CO). 13C NMR (150.8 MHz,
CDCl3): δ ) 214.1 (q, C5′′), 163.7 (C), 150.4 (C), 135.5 (CH,
C6), 111.2 (q, C5), 86.3 (CH, C4′), 85.4 (CH, C1′), 73.3 (CH, C5′),
72.5 (CH, C3′), 42.9 (q, C6′′), 40.6 (CH2, C2′), 27.1 (CH3, C6′′-
tBu), 12.6 (CH3, C5-Me). HR-ESI-MS for C15H21N2O6

- [M - H]-,
calcd 325.1405; found 325.1409.Rf (EtOAc/i-Hex 1:1)) 0.11.

(5′R)-5′-O-(tert-Butyldimethylsilyl)-5 ′-(tert-butylcarbonyl)thy-
midine 7. An independent synthesis of7 was achieved as follows:
170 mg (0.3 mmol) of ketone1a was dissolved in THF (10 mL),
and TBAF (1 M in THF, 1 mL, 1.0 mmol) was added to this mixture
at low temperature (-15 °C) and stirred for 24 h at-15 °C. Under
these conditions, the relative yields after purification on silica gel
(EtOAc in i-hexane from 30% to 90%) of6 and7 were 10% and
55%, respectively.1H NMR (600 MHz, DMSO-d6): δ ) 11.27 (s,
1H, H3 (NH)), 7.80 (bs, 1H, H6), 6.12 (dd, 1H, H1′, J1′-2′a ) 8.5
Hz, J1′-2′b ) 5.4 Hz), 5.07 (d, 1H, H5′, J ) 2.2 Hz), 4.41 (bs, 1H,
H3′), 4.30 (d, 1H, H4′, J ) 4.8 Hz), 2.15 (dd, 1H, H2′, J2′b-2′a)
-13.2 Hz,J2′b-1′ ) 5.7 Hz), 1.93 (ddd, 1H, H2′, J2′a-2′b ) -13.8
Hz, J2′a-1′ ) 8.9 Hz,J2′a-3′ ) 5.4 Hz), 1.83 (bs, 3H, CH3-5), 1.16
(s, 9H,tBu-CO), 0.87 (s, 9H,tBu-Si), 0.04 (s, 3H, CH3-Si), 0.03
(s, 3H, CH3-Si). 13C NMR (150.8 MHz, DMSO-d6): δ ) 210.8
(C), 163.2 (C), 149.7 (C), 135.4 (CH), 108.5 (C), 86.6 (CH, C4′),
84.7 (CH, C1′), 74.3 (CH, C5′), 71.9 (CH, C3′), 42.2 (CH2, C2′),
26.6 (CH3), 25.1 (CH3), 17.5 (C), 11.8 (CH3), -5.3 (CH3), -5.9
(CH3). HR-ESI-MS for C21H37N2O6Si+ [M + H]+, calcd 441.2415;
found 441.2396. HR-ESI-MS for C21H36ClN2O6Si- [M + Cl]-,
calcd 475.2037; found 475.2078.Rf ) (EtOAc/i-Hex 1:1)) 0.50.
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Synthesis of (5′R)-3′-O-Acetyl-5′-O-(tert-butyldimethylsilyl)-
5′-(tert-butylcarbonyl)thymidine 8. To a solution of 3′-OH, 5′-
TBDMS-ketone7 (73 mg, 0.2 mmol) in dry pyridine (2 mL) was
added 35µL (0.38 mmol) of acetic anhydride. The mixture was
stirred at room temperature for 24 h. The solvent was removed by
rotary evaporation, and the residue was coevaporated three times
with 1 mL of toluene. The ketone8 was obtained in 82% yield as
a white powder and was characterized. The 5′(R) configuration was
assigned by resolution of the crystal obtained from a saturated
EtOAc solution of8. 1H NMR (600 MHz, CDCl3): δ ) 8.06 (s,
1H, H3 (NH)), 7.87 (d, 1H, H6,J ) 1.1 Hz), 6.30 (dd, 1H, H1′,
J1′-2′a ) 9.2 Hz,J1′-2′b ) 5.4 Hz), 5.22 (d, 1H, H3′, J ) 5.9 Hz),
5.08 (d, 1H, H5′, J ) 2.1 Hz), 4.51 (d, 1H, H4′, J ) 1.8 Hz), 2.48
(dd, 1H, H2′, J2′b-2′a ) -13.8 Hz,J2′b-1′ ) 5.4 Hz), 2.13 (m, 1H,
H2′), 2.14 (s, 3H, Ac), 2.03 (d, 3H, CH3-5, J ) 1.0 Hz), 1.21 (s,
9H, tBu-CO), 0.92 (s, 9H,tBu-Si), 0.11 (s, 3H, CH3-Si), 0.06
(s, 3H, CH3-Si). 13C NMR (150.8 MHz, CDCl3): δ ) 210.6 (C),
171.0 (C), 163.5 (C), 150.1 (C), 136.0 (CH), 111.1 (C), 85.5 (CH),
85.5 (CH), 74.8 (CH), 43.1 (C), 37.6 (CH2), 27.4 (CH3), 25.8 (CH3),
21.0 (CH3), 18.4 (C), 12.5 (CH3), -4.5 (CH3), -5.4 (CH3). HR-
ESI-MS for C23H39N2O7Si+ [M + H]+, calcd 483.2521; found
483.2502. HR-ESI-MS for C23H37N2O7Si- [M - H]-, calcd
481.2376; found 481.2425.Rf (EtOAc/i-Hex, 2:3)) 0.42.

X-Ray Crystal Structure Determination. X-ray data were
collected at 200 K with a diffractometer equipped with a rotating
anode and graded multilayer X-ray optics to get monochrome Mo
KR radiation (λ ) 0.71073 Å). The structure was solved with direct
methods with SIR9761 and refined with SHELXL-97.62 Hydrogen
atoms were calculated in idealized positions riding on their parent
atoms. One of thetert-butyl groups is disordered; a split model
was applied with isotropic refinement of the split atoms. Data for
compound8: C23H38N2O7Si, fw ) 482.643, colorless block,
0.18× 0.15× 0.11 mm3, monoclinic,P21 (No. 4),a ) 14.1327-
(4) Å, b ) 10.9042(3) Å,c ) 17.7449(6) Å,â ) 93.3188(11)°,
V ) 2730.01(14) Å,3 Z ) 47 119 unique reflections, 593 parameters
were refined, R1 (I > 2σ(I)) ) 0.0621, wR2 (all reflections))
0.1774,S ) 1.062. Residual electron density between 0.763 and
-0.316 e Å-3. Further details are available under the depository
number CCDC 618360 from the Cambridge Crystallographic Data
Centre.

(5′S)-2-N-Isobutyryl-3 ′,5′-di-O-(tert-butyldimethylsilyl)-5 ′-cy-
ano-2′-deoxyguanosine (13).To a stirred solution of compound
1238 (2.40 g, 5.31 mmol), under an inert atmosphere, in dry toluene/
DMSO (2:1, 48 mL), at room temperature, were added solid EDC
(3.03 g, 15.9 mmol), pyridine (1.48 mL, 18.3 mmol), and CF3-
COOH (0.20 mL, 2.65 mmol). After the last addition, the cleared
solution was stirred for 15 min, then diluted with CH3Cl and washed
with water and brine (each 50 mL). After drying over Na2SO4, the
organic phase was condensed under a vacuum and the well-dried
foamy residue (2.26 g, 95%) was applied directly to the next step.
1H NMR (200 MHz, CDCl3): characteristic peaks atδ ) 9.76 (s,
H, CHO), 7.79 (s, H, H8), 6.33 (m, H, H1′). Rf (CH2Cl2/MeOH,
9:1) ) 0.65. To a stirred solution containing the above foam (1.87
g, 4.16 mmol) and ZnI2 (70 mg) in dry CH2Cl2 (14 mL), under an
inert atmosphere, was added dropwise TMSCN (1.35 mL, 10.12
mmol), at room temperature. After 5 h or upon disappearance of
starting material on TLC, the mixture was diluted with EtOAc and
washed with sat. aq NaHCO3 and brine (each 50 mL). After drying
over Na2SO4, the organic phase was condensed under a vacuum
and the well-dried product foam (1.74 g, 88%) was applied directly
to the next step.1H NMR (200 MHz, CDCl3): characteristic peaks
at δ ) 7.86 (s, H, H8â), 7.78 (s, H, H8R), 6.19 (m, 2H, H1′). Rf

(CH3Cl/MeOH, 9:1)) 0.44. To a stirred solution containing the
above cyanohydrin (1.50 g, 2.71 mmol) and imidazole (680 mg,
9.50 mmol) in dry DMF (15 mL), under an inert atmosphere, was
added TBDMSCl (1.22 g, 8.14 mmol), at room temperature. After
the initial gas evolution had subsided, the reaction was stirred
overnight and then diluted with EtOAc and washed with sat. aq
NaHCO3 and brine (each 50 mL). After drying over Na2SO4, the
organic phase was filtered, condensed under a vacuum, purified
by column chromatography (CHCl3/MeOH, 95:5), and precipitated
from an ether/hexane mixture to yield13 (400 mg, 25%) as a white
solid. mp: 134-136°C. 1H NMR (200 MHz, CDCl3): δ ) 12.05
(bs, 1H, NH), 9.41 (bs, 1H, NH), 7.92 (s, 1H, H8), 6.15 (dd, 1H,
H1′, J1′-2′a ) 9.6 Hz,J1′-2′b ) 5.0 Hz), 4.69 (d, 1H, H3′, J ) 5.2
Hz), 4.63 (d, 1H, H5′, J ) 4.2 Hz), 4.05 (dd, 1H, H4′, J4′-5′ ) 4.2
Hz, J4′-3′ ) 1.4 Hz), 2.61 (hpt, 1H,iPr), 3.01 (ddd, 1H, H2′R),
2.29 (dd, 1H, H2′â, J2′b-2′a ) -13.2 Hz,J2′b-1′ ) 5.2 Hz), 1.26,
1.23 (each s, 3H,iPr), 0.92 (d, 18H, SitBu), 0.21, 0.18 (each s, 3H,
SiMe), 0.14 (s, 6H, SiMe).13C NMR (50 MHz, CDCl3): δ ) 178.7,
155.8, 148.4, 147.6 (each C), 138.2 (CH), 122.1, 119.0 (each C),
88.5, 85.0, 82.8, 72.4 (each CH), 43.4 (CH2), 36.6 (CH), 25.8
(6 × CH3), 19.0 (2× CH3), 18.4, 18.0 (each C),-4.3,-4.9 (each
CH3). IR (NaCl) 2332 (CtN), 1713 (CdO), 1688 cm-1 (CdO).
HR-ESI-MS for C27H45N6O5Si2- [M - H]-, calcd 589.2995; found
589.2997.Rf (CH2Cl2/MeOH, 9:1)) 0.49.

(5′S)-2-N-Isobutyryl-3 ′,5′-di-O-(tert-butyldimethylsilyl)-5 ′-
(2,2-dimethylpropanimidoyl)-2′-deoxyguanosine (14).To a solu-
tion of the nitrile13 (450 mg, 0.76 mmol) in dry THF (4 mL), at
-78ïC, under an argon atmosphere, was added dropwiset-BuLi
(1.34 M in pentane, 2.84 mL, 3.8 mmol). After 5 min of vigorous
stirring, the bright red reaction mixture was quenched by addition
of methanol (1 mL) followed by CH3COOH (0.5 mL) and H2O (1
mL) and left to slowly warm to room temperature. Dilution with
EtOAc (30 mL), washing with H2O, sat. aq NaHCO3, and brine
(each 30 mL), drying over Na2SO4, filtering, and evaporating under
reduced pressure furnished the crude product that was further
purified by silica gel flash column chromatography (CHCl3/MeOH,
97:3) to yield the imine14 (160 mg, 32.4%) as an off-white foam,
together with unreacted starting material13 (180 mg, 40%) and
2-N-isobutyroylguanine (38 mg, 20%).1H NMR (200 MHz, CD2-
Cl2): δ ) 11.95 (bs, 1H, NH), 10.20 (bs, 1H, NH), 8.00 (s, 1H,
H8), 6.20 (dd, 1H, H1′, J1′-2′a ) 6.3 Hz,J1′-2′b ) 6.1 Hz), 4.72 (d,
1H, H5′, J ) 1.8 Hz), 4.49 (m, 1H, H3′), 4.03 (dd, 1H, H4′,
J4′-3′ ) 3.5 Hz, J4′-5′ ) 1.7 Hz), 2.72 (hpt, 1H,iPr), 2.29-2.35
(m, 2H, H2′), 1.26 (s, 9H,tBu), 1.16 (s, 3H,iPr), 1.15 (s, 3H,iPr),
0.92, 0.88 (each s, 9H, SitBu), 0.11, 0.09, 0.07, 0.04 (each s, 3H,
SiMe). 13C NMR (125 MHz, CDCl3): δ ) 186.4, 179.7, 156.2,
148.4, 148.2 (each C), 136.6 (CH), 121.2 (C), 87.8, 83.7, 72.5,
70.5 (each CH), 43.2 (CH2), 38.9 (C), 36.4 (CH), 29.4 (CH3), 26.2
(6 × CH3), 19.3 (2× CH3), 18.6, 18.3 (each C),-3.7,-4.3 (each
2 × CH3). LR-ESI-MS: 649 [M + H]+, 1297 [2M + H]+, 209
[B + H]+. HR-ESI-MS: for C31H55N6O5Si2- [M - H]-, calcd
647.3778; found 647.3757.Rf (CH2Cl2/MeOH, 9:1)) 0.43.

(5′R)-2-N-Isobutyryl-3 ′,5′-di-O-(tert-butyldimethylsilyl)-5 ′-
(tert-butylcarbonyl)-2′-deoxyguanosine (2).A solution of thetert-
butyl imine 14 (50 mg, 0.077 mmol) in THF/CH3CO2H/H2O (1:
4:1, 3 mL) was stirred for 1 h atroom temperature. Dilution with
EtOAc (10 mL), washing with H2O, sat. aq NaHCO3, and brine
(each 10 mL), drying over Na2SO4, filtering, and evaporating under
reduced pressure furnished the crude product that was further
purified by silica gel flash column chromatography (CHCl3/MeOH,
97:3) to yield the product2 (39 mg, 78.1%) as a white foam.1H
NMR (200 MHz, CDCl3): δ ) 11.85 (bs, 1H, NH), 8.65 (bs, 1H,
NH), 8.25 (s, 1H, H8), 6.21 (dd, 1H, H1′, J1′-2′a ) J1′-2′b ) 6.0
Hz), 4.89 (d, 1H, H5′, J ) 2.6 Hz), 4.63 (m, 1H, H3′), 4.45 (dd,
1H, H4′, J4′-3′ ) 3.3 Hz,J4′-5′ ) 2.6 Hz), 2.62 (hpt, 1H,iPr), 2.30-
2.37 (m, 2H, H2′), 1.28 (s, 3H,iPr), 1.24 (s, 3H,iPr), 1.20 (s, 9H,
COtBu), 0.93, 0.88 (each s, 9H, SitBu), 0.13 (s, 6H, SiMe), 0.12,
0.03 (each s, 3H, SiMe).13C NMR (50 MHz, CDCl3): δ ) 210.3,
185.9, 156.4, 148.5, 143.7 (each C), 136.8 (CH), 121.1 (C), 90.6,

(61) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.;
Giacovazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
R. J. Appl. Crystallogr.1999, 32, 115-119.

(62) Sheldrick, G. M.SHELXL-97, 97-2 version; University of Go¨ttin-
gen: Germany.

(63) Nagatsugi, F.; Uemura, K.; Nakashima, S.; Maeda, M.; Sasaki, S.
Tetrahedron1997, 53, 3035-3044.
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83.6, 80.9, 74.7 (each CH), 46.0 (C), 38.9 (CH2), 36.4 (CH), 29.6,
26.3, 26.1 (each 3× CH3), 19.4 (2× CH3), 18.5, 18.3 (each C),
-3.9, -4.2 (each 2× CH3). UV λ ) 253 (ε ) 9973), 281 nm
(ε ) 7748 M-1 cm-1). HR-ESI-MS: for C31H54N5O6Si2- [M -
H]-, calcd 648.3618; found 648.3603.Rf (CH2Cl2/MeOH, 9:1))
0.34.

(5′S)-2-N-Isobutyryl-3 ′,5′-di-O-(tert-butyldimethylsilyl)-5 ′,8-
cyclo-2′-deoxyguanosine (16).To a solution of2 (35 mg, 0.054
mmol) in THF (2 mL) in a 5-mL pyrex vial was addedt-BuSH
(30 µL, 0.54 mmol). After 15 min of argon bubbling, the solution
was irradiated at 5°C with an Xe lamp at 1000 W, delivering 110
mW/cm2 local intensity of UV-A radiation on the sample. After
60 min of irradiation, the solvent was evaporated under reduced
pressure and the residue was purified through a short path column
chromatography (CHCl3) to yield starting material2 (15 mg, 43%),
the reduced 2′-deoxyguanosine15 (8 mg, 27%), and the cyclized
title compound16 (6 mg, 20%). 15.63 1H NMR (200 MHz,
CDCl3): δ ) 11.50 (bs, 1H, NH), 8.20 (bs, 1H, NH), 7.95 (s, H,
H8), 6.21 (dd, 1H, H1′, J1′-2′a ) J1′-2′b ) 6.6 Hz), 4.56 (m, 1H,
H3′), 3.96 (dd, 1H, H4′, J4′-3′ )7.2,J4′-5′ ) 3.6 Hz), 3.75 (d, 2H,
H5′, J ) 3.6 Hz), 2.59 (hpt, 1H, CHMe2, J ) 7.2 Hz), 2.35-2.45
(m, 2H, H2′), 1.28 & 1.25 (each d, 3H,iPr, J ) 7.2 Hz), 0.90 (s,
18H, 2× tBu), 0.09, 0.07 (each s, 6H, SiMe2). 16. 1H NMR (200
MHz, CDCl3): δ ) 11.85 (bs, 1H, NH), 8.60 (bs, 1H, NH), 6.17

(d, 1H, H1′, J ) 4.8 Hz), 5.16 (d, 1H, H5′, J ) 6.2 Hz), 4.85 (m,
1H, H3′), 4.56 (d, 1H, H4′, J ) 5.8 Hz), 2.60-2.85 (hpt, 1H,iPr),
2.45-2.65 (m, 1H, H2′R), 2.20-2.35 (m, 1H, H2′â), 1.27, 1.25
(each s, 3H,iPr), 0.96 (s, 9H, SitBu), 0.88 (s, 9H, SitBu), 0.28,
0.27, 0.05, 0.04 (each s, 3H, SiMe).16. 13C NMR (50 MHz,
CDCl3): δ ) 186.1, 158.4, 154.7, 150.3, 147.5, 111.8 (each C),
87.3, 85.2, 71.0, 63.4 (each CH), 41.0 (CH2), 37.0 (CH), 26.1, 25.9
(each 3× CH3), 19.1 (2× CH3), 18.5, 18.4 (each C),-3.9,-4.2
(each CH3), -4.7 (2 × CH3). HR-ESI-MS: for C26H44N5O5Si2-

[M - H]-, calcd 562.2886; found 562.2875.Rf (CH3Cl:MeOH,
9:1) ) 0.53.
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