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New bi- and tricyclic deoxycytidine derivatives (8¢, dC™°p, dCPp, dC°PP) were synthesized as analogues

of a fluorescent nucleoside, &, previously reported. The carbamoyl group of'efGnd the 5-position

of the cytosine ring are bridged via an ethylene linker so that the modified group forms a nonplanar
structure with the cytosine ring. The fluorescent study dPéii@dicated that the coplanar structure between
the carbamoyl group and the cytosine ring is of importaNeklethylation of the carbamoyl group (6€)
weakened the intensity of the fluorescence offiGnd the derivative (d€), which had a thiocarbamoyl
group, lost its fluorescent property. Moreover, addition of a pyrrolo-ring®{@®@ dC'*? enhanced the
intensity of fluorescence, and an emission light was observed with a marked Stokes shift of 120 nm.

Introduction result, it was found that a geometrically unlockedN4-
idi i i 13,14 i _
A number of base-modified nucleoside derivatives that can carbamoyldeoxycyndme qerlvatlve [T (1)] and its 4N
(N-alkylcarbamoyl) derivatives were nonfluorescent. In contrast,

emit fluorescent light have been reported to date. Oligonucle- a conformationally locked bicyclic nucleoside derivative [BiC
otides incorporating such fluorescent nucleosides have been y Y

13,14 i
synthesized and utilized as bioprobes for various studies on(z)] was found to emit strong fluorescence at 360 nm upon

detection, structural analysis, and location of DNA/RNA UV irradiation at 300 n® Furthermore, d@® incorporating
molecule’slflz ' into oligodeoxynucleotides showed base-discriminating proper-

Recently, we have studied the synthesis and properties of at'es’ namely, that the fluorescence of C(2) was greatly

: ) I~ o 204 suppressed when a B®-dG base pair was formed; the
series of 4N-carbamoyldeoxycytidine derivativé%!* As the fluorescence was maintained when S#CGdA base pair was

formed?!® These properties were similar to those of benzopy-
ridopyrimidine (BPP) nucleoside derivatives reported by Oka-

T Department of Life Science, Tokyo Institute of Technology.
*CREST, JST.
§ Division of Collaborative Research for Bioscience and Biotechnology,

Frontier Collaborative Research Center, Tokyo Institute of Technology.
'Graduate School of Pharmaceutical Sciences, University of Tokyo.
(1) (@) Greco, N. J.; Tor, YJ. Am. Chem. So2005 127, 10784-10785.
(b) Rao, M. S.; Esho, N.; Sergeant, C.; DembinskiJROrg. Chem2003
68, 6788-6790. (c) Wenska, G.; Skalski, B.; Paszyc, S.; Wnuk, S;
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moto et aB<™ However, it is interesting that the conjugated
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FIGURE 1. Chemical structures of d@ (1), dC™® (2), dCd (3), dC™® (4), dCP® (5), and dCE®P (6).
SCHEME 1. Synthesis of d&rd (3)
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system of the cytosine ring of @ (2) is much smaller than
those of BPP derivatives.

In this paper, we report the synthesis and fluorescent

properties of new bicyclic [d®4(3), dC"PP (4), dCPP (5)] and
tricyclic [dCPPP (6)] 4-N-carbamoyldeoxycytidine derivatives.

nm and a significant Stokes shift of 120 nm when excited at
369 nm (UV absorption maximum).

Results and Discussion

The carbamoyl group of d@d (3) and the 5-position of the

The chemical structures of these derivatives are shown in Figurecytosine ring were bridged via an ethylene linker so that the

1. Among them, we found that & (6) exhibited intriguing

plane of the carbamoyl group is slightly twisted toward that of

fluorescent properties with a sharp emission maximum at 490 o cytosine ring. dT (4) is anN-methylated analogue of de

(3) (&) Okamoto, A; Tainaka, K; Ochi, Y; Kanatani, K.; SaitoMol.
Biosys.2006 2, 122-127. (b) Okamoto, ABull. Chem. Soc. Jpr2005
78, 2083-2097. (c) Okamoto, A.; Saito, Y.; Saito, 0. Photochem.
Photobiol., C: Photochem. Re2005 6, 108-122. (d) Saito, Y.; Hanawa,
K.; Motegi, K.; Omoto, K.; Okamoto, A.; Saito, Tetrahedron Lett2005
46, 7605-7608. (e) Okamoto, A.; Ochi, Y.; Saito, Bioorg. Med. Chem.
Lett. 2005 15, 4279-4281. (f) Okamoto, A.; Tainaka, K.; Saito, I.
Photomed. Photobiol2003 25, 39-40. (g) Saito, Y.; Miyauchi, Y.;
Okamoto, A.; Saito, IChem. Commur2004 15, 1704-1705. (i) Okamoto,
A.; Tanaka, K.; Fukuta, T.; Saito, ChemBioChen2004 5, 958-963. (j)
Okamoto, A.; Kanatani, K.; Ochi, Y.; Saito, Y.; Saito,Tletrahedron Lett.
2004 45, 6059-6062. (k) Okamoto, A.; Tainaka, K.; Saito,Chem. Lett.
2003 32, 684-685. (I) Okamoto, A.; Tainaka, K.; Saito, Tetrahedron
Lett. 2003 44, 6871-6874. (n) Okamoto, A.; Tanaka, K.; Fukuta, T.; Saito,
I. J. Am. Chem. So@003 125 9296-9297. (m) Okamoto, A.; Tainaka,
K.; Saito, 1 J. Am. Chem. So@003 125 4972-4973.

(4) (a) Ben, G. N.; Glasser, N.; Ramalanjaona, N.; Beltz, H.; Wolff, P.;
Marquet, R.; Burger, A.; Mely, YNucleic Acids Res2005 33, 1031
1039. (b) Guest, C. R.; Hochstrasser, R. A.; Sowers, L. C.; Millar, D. P.
Biochemistry1991, 30, 3271-3279.

(5) () Kumar, R.; Knaus, E. E.; Wiebe, L.J. Heterocycl. Chen199],

28, 1917-1925. (b) Woo, J.; Meyer Jr, R. B.; Gamper, H.NBucleic Acids
Res.1996 24, 2470-2475. (c) Zhang, J.; Sun, X.; Smith, K. M.; Visser,
F.; Carpenter, P.; Barron, G.; Peng, Y.; Robins, M. J.; Baldwin, S. A,;
Young, J. D.; Cass, C. Biochemistry2006 45, 1087-1098. (d) Hudson,

R. H. E.; Moszynski, J. MSynlett2006 2997-3000.

(6) (a) Inoue, H.; Imura, A.; Ohtsuka, Elippon Kagaku Kaishi987,

7, 1214-1220. (b) Inoue, H.; Imura, A.; Ohtsuka, Bucleic Acids Res.
1985 13, 7119-7128.

(2), and d®® (5) is a thiocarbamoylated derivative correspond-
ing to dCPP(2). dC°PP (6) was designed to enhance the intensity
and improve the visibility of the fluorescent properties by
expansion of the conjugated system of"eRt2).

The synthesis of d®d (3) is outlined in Scheme 1. Radical
brominatiort® of a 3,5'-O-protected thymidine derivativer)
followed by treatment with NaCN gave the 5-cyanomethyl-T
derivative9 in 35% yield. The reaction of compouriwith
POCk—1H-1,2,4-triazole-Et3N'’ followed by ammonia treat-
ment gave the cytidine derivativEO in 73% yield. Raney Ni-
catalyzed hydrogenation of compouhd gave the diamind 1l

(7) (a) Rachofsky, E. L.; Sowers, L. C.; Hawkins, M. E.; Balis, F. M;
Laws, W. R.; Ross, J. B. AProc. SPIE Int. Soc. Opt. End998 256,
68—75. (b) Ward, D. C.; Reich, E.; Stryer, L. Biol. Chem.1969 244,
1228-1237. (c) Menger, M.; Tuschl, T.; Eckstein, F.; Porschke, D.
Biochemistryl996 35, 14716-14716.

(8) Seela, F.; Chen, Wucleosides NucleotidekD95 14, 863—866.

(9) (a) Wenska, G.; Skalski, B.; Paszyc, S.; Wnuk, S.; Adamiak, R. W.
J. Fluoresc.1994 4, 283-6. (b) Skalski, B.; Bartoszewicz, J.; Paszyc, S.;
Gdaniec, Z.; Adamiak, R. WTetrahedron1987 43, 3955-3961. (c)
Adamiak, R. W.; Biala, E.; Gdaniec, Z.; Mielewczyk, S.; Skalski(Bem.
Scr.1986 26, 7—11.

(10) (a) Bielecki, L.; Skalski, B.; Zagorowska, 1.; Verrall, R. E.; Adamiak,
R. W. Nucleosides, Nucleotides Nucleic Aci30Q 19, 1735-1750. (b)
Secrist, J. A, lll; Barrio, J. R.; Leonard, N. Sciencel972 175 646—
647.
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SCHEME 2. Synthesis of d@®P (4)

Miyata et al.
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in 37% vyield. Intramolecular cyclization of compoutd with
1,1-carbonyldiimidazole afforded the bicyclic derivati¥@ in
78% vyield. The desilylation of compourt? with EtzN-3HF
gave d®rd (3) in 94% yield.

The synthesis of d@P (4) is shown in Scheme 2.The in situ
treatment of the intermediat® with methylamine gave the
5-methylaminomethyl-T derivativé3 in 38% yield. The acy-
lation of 13 gave theN-trifluoroacetylated compount4 in 81%
yield. Compound.4 was converted to a cytidine derivativEs]
in 71% vyield via a two-step reaction. Intramolecular cyclization
of compoundl5 by use of 1,%:carbonylimidazole afforded the
cyclic compoundL6in 89% yield. Finally, removal of the TBS
groups with TBAF gave the desired compound™C(4) in
88% vyield.

The synthesis of d@ (5) is shown in Scheme 3A. The
5-aminomethyldeoxycytidine derivativé7:314 was cyclized
with 1,1-thiocarbonyldiimidazole to afford the bicyclic deriva-
tive 18in 72% yield. Deprotection of the silyl groups with TEA

(11) Odijk, W. M.; Koomen, G. JTetrahedron1985 41, 1893-904.

(12) Wang, Z.; Rizzo, C. Xrg. Lett.200Q 2, 227-230.

(13) Miyata, K.; Tamamushi, R.; Ohkubo, A.; Taguchi, H.; Seio, K.;
Sekine, M.Tetrahedron Lett2004 45, 9365-9368.

(14) Miyata, K.; Kobori, A.; Tamamushi, R.; Ohkubo, A.; Taguchi, H.;
Seio, K.; Sekine, MEur. J. Org. Chem2006 3626-3637.

(15) Miyata, K.; Tamamushi, R.; Ohkubo, A.; Taguchi, H.; Seio, K.;
Santa, T.; Sekine, MOrg. Lett.2006 8, 1545-1548.
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3HF gave the desired compouBdn 92% yield. The synthesis

of dCPPP (6) is shown in Scheme 3B. The SuztiViyaura
coupling of 5-iododeoxycytidine witiN-BOC-pyrrol-2-ylbo-
ronic acid in the presence of TPPTS as a catalyst gave directly
the tricyclic produc® in 55% vyield. It should be noted that the
intramolecular cyclization simultaneously proceeded with elimi-
nation oft-BuOH.

The UV absorption spectra of compourids5 in phosphate
buffer (pH 7.0) are shown in Figures 2A and 3A. The spectrum
of dC"P (2), which is different from those of dC and 8T (1),
exhibited an interesting absorption at 300 nm, which isithg
of the excitation spectra of &P (2). The UV absorption spectra
of dC'd (3) and dC"P (4) maintained the absorption at 300
nm, so fluorescence properties similar to those dPER) were
expected. In contrast, the UV absorption spectrum d?id5),
which has a broad band around 26880 nm, was different
from those of d@®r(2), dCd(3), and dC'PP (4). The excitation
spectra (data not shown) of &€ (2), dC"Pd and dC*P (4)
showed similarflyax values at 300 nm; d&® (5) was found to
be a nonemissive nucleoside. The fluorescent spectra®PdC
(2), dCwd (3), and dCPP (4) excited at 300 nm are shown in

(16) No, Z.; Shin, D. S.; Song, B. J.; Ahn, M.; Ha, D.-8ynth. Commun.
2000 30, 3873-3882.

(17) Kiriasis, L.; Farkas, S.; Pfleiderer, \Wucleosides Nucleotidd986
5, 517-527.
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FIGURE 2. (A) UV absorption spectra of d® (1), dC" (2), Cc
dcmee (3), dCPd (4), and AP (5): 80 uM nucleoside, 10 mM sodium dchep dceep
phosphate, pH 7.0. (B) Fluorescence spectra dPd@), dC (3), —
and d@®? (4): 5 xM nucleoside, 10 mM sodium phosphate, pH 7.0. excitation 300nm 369 nm
Excitation was performed at 300 nm. emission 360 nm 490 nm

Stokes' shift 60 nm 121 nm

Figure 2B. The spectra of d® (4) and dCrd (3) had Amax
values at 360 nm, which were similar to that of §(2). These FIGURE 3. (A) UV absorption spectra of d@ (1), dC"" (2), and

results suggest that the chromophores of these fluorescendC® (6): 40 uM nucleoside, 10 mM sodium phosphate, pH 7.0. (B)
nucleosides are common to that of WE(2). Fluorescense spectra of €€ (1) and dC®P (6): 1 «M nucleoside, 10

. PRIG mM sodium phosphate, pH 7.0 (8€ excitation at 300 nm; d®® (6),
In contrast to these results, it was found thatPRtq6) excitation at 369 nm). (Clmax fOr excitation and emission spectra of

exhibited unique and fascinating behavior as a fluorescent gcwe (2) and d@e (6) and their Stokes shifts are summarized.
molecule. To our surprise, this modified deoxynucleoside has
a Amax at 369 nm in its UV absorption spectrum and a sharp naphthalene ring attached to the 5,6 double bond, was reported
and strong emission at 490 nm upon excitation at 369 nm. The by Goddle et al. This base has a fluorescent property of emission
Stokes shift was evaluated to be 121 nm. Such a remarkabley 456 nm when excited at 260 nm. The Stokes shift was smaller
shift has not been reported among the modified nucleoside gg nm) than that of our compound. Recently, Okamoto reported
derlvatlve_s reported up to now. Th|s exmtaﬂon_fluorescent naphthopyridopyrimidine (NPP), which fluoresced at 42352
property 1s useful for various studies th_at require C'e?r"?“t nm upon excitation at 364 nm. As exemplified by these
g'cf)fri:ig(t:;s b;tcvgﬁsgn\?’ei\f[e;engthf fo:he>;0|tat|on tand tlem|ssLon. r%recedents, it should be noted thatPeRC(6) possessed an
Y pparatus that generates a laser bea extraordinarily large Stokes shift as well as a great shift of

at 370 nm is now commercially available. The quantum yield L
of dCPPP (6) was calculated to be 0.11 with anvalue of 4.76 emission wavelength to 490 nm.
x 1 in 10 mM sodium phosphate (pH 7.0). This quantum
yield is similar to that of d€PP (2) (0.12) reported previoushp. Conclusion
Therefore, d@P (6) proved to show emission spectra with a
preferable Stokes shift, keeping the quantum yield at the same In this study, it was suggested that the fluorescent property
level. of Chep(2) arises from the coplanarity of the cytosine molecule

Several fluorescent cytosine derivatives have been reportedas well as the presence of the carbonyl group. Addition of a
to date. For example, benzopyridopyrimidine (BPP) was re- pyrrolo-ring to P (2) resulted in a significant red shift @fnax
ported as a fluorescent cytosine base by Inoue H. This basein its UV spectrum and a strong emission peak at 490 nm with
exhibited emission at 388 nm upon excitation at 345 nm. a marked Stokes shift of 120 nm. These promising properties
Therefore, the Stokes shift was very small (43 nm). 4-Amino- of dC°PP (6) would be useful for bioscience and biotechnology
1H-benzop]quinazoline-2-one, a cytosine derivative having a based on the use of fluorescent-labeled oligonucleotides.
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Experimental Section (2H, br), 2.83-2.92 (2H, br), 3.69-3.82 (2H, m), 3.83-3.88 (1H,
m), 4.29-4.36 (1H, m), 6.23 (1H, ddJ = 6.6 Hz,J = 6.3 Hz),
3',5'-0-Bis(tert-butyldimethylsilyl)-5-cyanomethyldeoxyuri- 7.39 (1H, s)13C NMR (CDCk) 6 —5.36,—5.3,—4.8,—4.6, 18.0,

dine (9). Compound? (9.1 g, 19.4 mmol) was rendered anhydrous 18.4, 25.7, 25.9, 31.6, 40.9, 41.9, 62.8, 71.9, 85.5, 87.3, 105.0,
by repeated coevaporation with dry @EN and finally dissolved 138.3, 155.7, 165.4. HRMS (ESI)z (M + H): calcd for

in dry CCl, (100 mL). To the solution were added NBS (4.13 g9, C,3H,N,0,Si,*, 499.3136; found, 499.3135.

23.2 mmol) and AIBN (164 mg, 1 mmol), and the resulting mixture  3.[3,5.0-Bis(tert-butyldimethylsilyl)-2-deoxy-p-b-ribofurano-

was refluxed for 1 h. After cooling to room temperature, more NBS syl)]-6,7-dihydro-3H-pyrimido[4,5-d][1,3]diazepine-2,8(% ,9H)-
(690 mg, 3.88 mmol) and AIBN (100 mg, 0.61 mmol) were added, dione (12). Compound11 (90 mg, 0.18 mmol) was rendered
and the mixture was refluxed for 1 h. The mixture was diluted with anhydrous by repeated Coevaporat_ion with drySCN and f|na||y
CHCl; (150 mL), and the mixture was washed three times with dissolved in dry DMF (18 mL). To the solution was added CDI
brine (200 mL). The organic layer was collected, dried oves-Na (33 mg, 0.2 mmol), and the resulting mixture was stirred at room
SO, filtered off, and evaporated under reduced pressure. The temperature fol h and then at 60C for 3 h. The mixture was
residue was rendered anhydrous by repeated coevaporation withyiluted with ethyl acetate (10 mL), and the mixture was washed
dry CH:CN and finally dissolved in dry DMF (100 mL). To the  with H,O (60 mL) and saturated NaHG®0 mL). The organic
solution was added NaCN (1.4 g, 29 mmol), and the resulting |ayer was collected, dried over b0, filtered off, and evaporated
mixture was stirred at room temperature for 30 min. The residue under reduced pressure. The crude product was purified by recycling
was dllutgd with ethyl acetate (200 mL), and the mixture was preparative HPLC with MeOH to give the produt® (74 mg,
washed with HO (300 mL) and saturated NaHG00 mL). The 78%): 'H NMR (CDCls) 6 0.04-0.80 (12H, m), 0.86:0.89 (18H,
organic layer was collected, dried over JS&, filtered off, and m), 1.93-2.04 (1H, m), 2.46-2.53 (1H, m), 2.742.78 (2H, m),
evaporated under reduced pressure. The crude product was purifiect 40-3.43 (2H, m), 3.72:3.95 (2H, m), 3.96:3.98 (1H, m), 4.32

by NH silica gel chromatography with hexanethyl acetate to give 4.38 (1H, m), 6.24 (1H, dd] = 6.3 Hz,J = 5.6 Hz), 7.86 (1H, s),
the produc® (3.34 g, 35%):'H NMR (CDCl;) 6 0.07-0.10 (12H, 8.24 (1H, br), 9.22 (1H, br3C NMR (DMSO-dg) 6 —5.3,—5.3,

m), 0.82-0.96 (18H, m), 1.962.06 (1H, m), 2.32:2.41 (1H, m), —4.8,-4.6, 25.8, 25.9, 30.8, 40.6, 62.9, 72.4, 85.8, 87.5, 105.6,
3.41 (2H, s), 3.753.87 (2H, m), 3.964.03 (1H, m), 4.38-4.42 142.2, 154.1, 154.5, 161.0. HRMS (ESt)z (M + H): calcd for
(1H, m), 6.26 (1H, dd) = 6.0 Hz,J = 5.6 Hz), 7.78 (1H, 5), 9.68  C,,H,dN,OsSi,*, 525.2928; found, 525.2927.

(1H, br);3C NMR (CDCk) 6 —5.5,—5.4,-4.9,-4.7, 15.7, 17.9, 3-[2-Deoxy#-D-tibofuranosyl)]-6,7-dihydro-3H-pyrimido[4,5-

18.3, 25.7, 25.9, 41.6, 63.0, 72.5, 86.0, 88.3, 104.5, 116.2, 137.9,d][1’3]diazepine_2’8(5.|lgH)_dione (3).CompoundL2 (40 mg, 76

149.8, 162.1. HRMS (ESI)vz (M + H): calcd for GsHaaNzOs- umol) was rendered anhydrous by repeated coevaporation with dry

Sip*, 496.2663; found, 496.2668. CH4CN and finally dissolved in dry THFCH,CI, (4:1, viv, 1 mL).
3',5'-0O-Bis(tert-butyldimethylsilyl)-5-cyanomethyldeoxycti- To the solution was added TERHF (65uL, 0.4 mmol), and the

dine (10).1H-1,2,4-Triazole (3.73 g, 54 mmol) was suspended in resulting mixture was stirred at 5@ for 2 h. The mixture was
MeCN (30 mL). Phosphoryl chloride (1.1 mL, 12 mmol) was added diluted with H,O (1 mL) and coevaporated with EtOH under
dropwise at C, and the mixture was stirred for 10 min afO. reduced pressure. The resulting precipitate was collected by
After addition of triethylamine (7.5 mL, 54 mmol) over 15 min, filtration, washed with cold EtOH, and dried in vacuo to give the
the mixture was stirred at @C for another 30 min. Compourl product3 (21 mg, 94%):'H NMR (DMSO-dg) 6 1.93-2.09 (1H,
(1.98 g, 4.0 mmol) in MeCN (30 mL) was added, and the solution m), 2.18-2.29 (1H, m), 2.75-2.81 (2H, br), 3.46-3.51 (2H, br),
was stirred at room temperature for 2 h. To the mixture was added 3.63-3.72 (2H, m), 3.753.82 (1H, m), 4.19-4.22 (1H, m), 5.03
H,O (10 mL), and the mixture was evaporated under reduced (1H, br), 5.30 (1H, br), 6.19 (1H, dd} = 6.2 Hz,J = 6.2 Hz),
pressure. The residue was diluted with CEHI(A00 mL), and the 7.18 (1H, br), 7.89 (1H, s), 9.34 (1H, bAPC NMR (DMSO-ds) 6
mixture was washed with brine and saturated Nakd®e organic 30.7,40.9, 61.1, 70.0, 85.7, 87.8, 105.5, 142.8, 154.2, 154.6, 160.9.
layer was collected, dried over &0, filtered off, and evaporated HRMS (ESI),m/z (M + H): calcd for GoH17N4Ost, 297.1199;
under reduced pressure. The residue was dissolved in pyridine found, 297.1194.
NHs(aq) (1:1, v/v, 50 mL). After being stirred for 3 h, the solution 3,5-0-Bis(tert-butyldimethylsilyl)-5-methylaminomethyldeox-
was evaporated under reduced pressure. The residue was diluteguridine (13). Compound7 (4.7 g, 10 mmol) was rendered
with CHCl; (100 mL), and the mixture was washed three times anhydrous by repeated coevaporation with dry;CN and finally
with saturated NaHC£(100 mL). The organic layer was collected, dissolved in dry CGJ (50 mL). To the solution were added NBS
dried over NaSQ,, filtered off, and evaporated under reduced (1.96 g, 11 mmol) and AIBN (82 mg, 0.5 mmol), and the resulting
pressure. The crude product was purified by C200 silica gel mixture was refluxed for 1 h. The mixture was diluted with ChICI
chromatography with CkCl—MeOH to give the product0 (1.44 (150 mL), and the mixture was washed three times with brine (200
g, 73%): 'H NMR (CDCly) 0 0.04-0.78 (12H, m), 0.820.91 mL). The organic layer was collected, dried ovenSi@y, filtered,
(18H, m), 1.88-1.98 (1H, m), 2.372.46 (1H, m), 3.48 (2H, s),  and evaporated under reduced pressure. The residue was rendered
3.75-3.82 (2H, m), 3.93-3.99 (1H, m), 4.3+4.36 (1H, m), 6.20  anhydrous by repeated coevaporation with drysCN and finally
(1H, dd,J = 6.6 Hz,J = 6.3 Hz), 7.17 (2H, br), 7.75 (1H, s)iC dissolved in dry THF (75 mL). To the solution was added MeNH
NMR (CDCl) 6 —5.4,-5.4,-4.9,-4.6, 17.2, 18.0, 18.4, 25.7, (2.0 M, THF, 25 mL), and the resulting mixture was stirred at room
25.9,42.1,62.9,72.1, 86.6, 88.1, 95.6, 115.9, 140.3, 155.4, 163.7.temperature for 10 min. The mixture was evaporated under reduced
HRMS (ESI),m/z (M + H): calcd for GaHsaN4O4Si ", 495.2823; pressure, and the residue was diluted with GHEDO mL); the
found, 495.2821. mixture was washed with brine and saturated Nakbd®e organic
3,5-0O-Bis(tert-butyldimethylsilyl)-5-(2-aminoethyl)deoxycy- layer was collected, dried over p&O, filtered off, and evaporated
tidine (11). Compound10 (247 mg, 0.5 mmol) was dissolved in  under reduced pressure. The crude product was purified by C200
iPrOH (10 mL). To the solution was added Raney Ni (Aldrich, 25 silica gel chromatography with CHEtMeOH to give the product
mg, wet), and the resulting mixture was vigorously stirred under 13(1.9 g, 38%):'H NMR (CDCl) 6 0.05-0.89 (12H, m), 0.87
H, gas for 4 h at 40C. The mixture was filtered using a celite  0.91 (18H, m), 1.932.04 (1H, m), 2.19-2.29 (1H, m), 2.36 (3H,
bed, which was then repeatedly washed with boiling EtOH. The s), 3.42 (3H, m), 3.763.84 (2H, m), 3.9%3.95 (1H, m), 4.3%
mixture was evaporated under reduced pressure, and the crudetl.41 (1H, m), 6.29 (1H, dd] = 6.0 Hz,J = 6.0 Hz), 7.54 (1H, s);
product was purified by recycling preparative HPLC with £H  13C NMR (CDCk) 6 —5.3, —5.2, —4.7, —4.5. 18.1, 18.5, 25.8,
Cl—MeOH (4:1, v/v) containing 0.5% TEA to give the product 26.1, 35.6. 41.3, 48.5, 63.0, 72.2, 84.9, 87.8, 112.6, 137.0, 149.9,
(94 mg, 37%):*H NMR (CDCly) 6 0.01-0.46 (12H, m), 0.82 163.1. HRMS (ESI),m/z (M + H): calcd for GsHseN3OsSizt,
0.88 (18H, m), 1.831.95 (1H, m), 2.26-2.38 (1H, m), 2.6-2.48 500.2976; found, 500.2971.
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3',5-O-Bis(tert-butyldimethylsilyl)-5-[( N-trifluoroacetyl)me-
thylaminomethyl]deoxyuridine (14). Compound13 (1.63 g, 3.3

JOC Article

6-(2-Deoxyp-p-ribofuranosyl)-3,4-dihydro-3-methylpyrimido-
[4,5d]pyrimidine-2,7(1H,6H)-dione (4: dC™PP). Compoundl6

mmol) was rendered anhydrous by repeated coevaporation with dry(110 mg, 0.21 mmol) was rendered anhydrous by repeated

pyridine and finally dissolved in dry pyridine (30 mL). To the
solution was added trifluoroacetic acid anhydrate (%2 3.9

coevaporation with dry CECN and finally dissolved in dry THF
CH.CI, (4:1, v/v, 2 mL). To the solution was added TEBMF (171

mmol), and the resulting mixture was stirred at room temperature uL, 1.1 mmol), and the resulting mixture was stirred at°&0for

for 30 min. The mixture was diluted with CH&(50 mL), and the
mixture was washed three times with brine and saturated NagHCO
The organic layer was collected, dried over,8@, filtered off,

2 h. The mixture was diluted with 4D (1 mL), and coevaporated
with EtOH under reduced pressure. The resulting precipitate was
collected by filtration, washed with cold EtOH, and dried in vacuo

and evaporated under reduced pressure. The crude product wa#p give the product (55 mg, 88%):*H NMR (DMSO-ds) 6 1.92—

purified by C200 silica gel chromatography with hexa@HCl;
to give the producti4 (1.6 g, 81%): *H NMR (CDCl;) 6 0.06—
0.82 (12H, m), 0.8#0.90 (18H, m), 1.962.33 (1H, m), 2.25
2.33 (1H, m), 3.28 (3H, s), 3.683.80 (2H, m), 3.9%3.95 (1H,
m), 4.10-4.27 (2H, m), 4.37#4.42 (1H, m) 6.23 (1H, dd] = 6.9
Hz,J = 6.6 Hz), 7.81 (1H, s), 9.23 (1H, s)3C NMR (CDCk) o
—5.4-5.3,-4.8,—4.6, 18.1, 18.5, 25.8, 25.9, 26.0, 6.7, 36.7, 40.9,

2.02 (1H, m), 2.38-2.45 (1H, m), 2.89 (3H, s), 3.58.93 (3H,

m), 4.12-4.17 (2H, m), 4.3+4.35 (1H, m), 6.20 (1H, dd] = 6.3

Hz,J = 6.0 Hz), 7.92 (1H, s), 8.96 (1H, br}3C NMR (CDCk) 6

34.1, 40.9, 45.7, 61.2, 70.2, 85.9, 87.9, 97.3, 138.9, 152.4, 154.6,

160.6. HRMS (ESI),m/z (M + H): calcd for G H;1/N4Os",

297.1199; found, 297.1198.
3-(3,5:0-Bis(tert-butyldimethylsilyl)-2-deoxy--p-ribofurano-

46.2, 63.2, 72.2, 72.6, 85.5, 86.1, 88.0, 88.2, 108.6, 114.1, 118.3,sY)-5,6,7,8-tetrahydro-7-thioxopyrimido-[4,5d]pyrimidin-2(3 H)-

141.7,149.7, 156.9, 163.4. HRMS (ESt)z (M + H): calcd for
C25H45F3N3068i2+, 596.2799; fOUnd, 596.2791.
3,5-0-Bis(tert-butyldimethylsilyl)-5-methylaminomethyldeox-
ycytidine (15). 1H-1,2,4-Triazole (2.35 g, 34 mmol) was suspended
in CH;CN (20 mL). Phosphoryl chloride (684, 7.6 mmol) was
added dropwise at fC, and the mixture was stirred for 10 min at
0 °C. After addition of triethylamine (4.8 mL, 34 mmol) over 15
min, the mixture was stirred at® for another 30 min. Compound
14 (1.5 g, 2.52 mmol) in CkCl,—CH3CN (1:1, v/v, 20 mL) was

added, and the solution was stirred at room temperature for 2 h.

To the mixture was added B (10 mL); the mixture was then

evaporated under reduced pressure. The residue was diluted wit

CHCI; (100 mL), and the mixture was washed with brine and
saturated NaHC©OThe organic layer was collected, dried overNa

SO, filtered off, and evaporated under reduced pressure. The

residue was dissolved in MeOH saturated with INAfter being

stirred for 6 h, the solution was evaporated under reduced pressure

The residue was diluted with CHL(100 mL), and the mixture
was washed three times with saturated NaHC®e organic layer
was collected, dried over NaQ,, filtered off, and evaporated under

reduced pressure. The crude product was purified by C200 silica

gel chromatography with Ci€I—MeOH to give the produci5
(890 mg, 71%):*H NMR (CDCls) 6 0.02-0.81 (12H, m), 0.84
0.93 (18H, m), 1.871.97 (1H, m), 2.34-2.43 (1H, m), 2.37 (3H,
s), 3.49 (2H, s), 3.843.95 (3H, m), 4.28-4.37 (1H, m), 6.28 (1H,
dd, J = 6.6 Hz,J = 6.3 Hz), 6.41 (1H, br), 7.53 (1H, br), 7.57
(1H, s);13C NMR (CDCk) 6 —5.3,-5.2,—4.8,—4.5, 18.1, 18.5,

one (18). Compound17 (242 mg, 0.5 mmol) was rendered
anhydrous by repeated coevaporation with drysCN and finally
dissolved in dry DMF (30 mL). To the solution was added
thiocarbonyIN,N-bis(imidazole) (98 mg, 0.55 mmol), and the
resulting mixture was stirred at room temperature for 1 h. The
mixture was diluted with ethyl acetate (20 mL), and the mixture
was washed with D (100 mL) and saturated NaHGQ.00 mL).
The organic layer was collected, dried over,8@, filtered off,

and evaporated under reduced pressure. The crude product was
purified by recycling preparative HPLC with MeOH to give the
product18 (190 mg, 72%):*H NMR (DMSO-ds) 6 0.05-0.07

H12H, m), 0.85-0.87 (18H, m), 2.052.12 (1H, m), 2.222.41 (1H,

m), 3.72-3.76 (2H, m), 3.86:3.91 (1H, m), 3.99-4.28 (2H, m),
4.30-4.37 (1H, m), 6.18 (1H, dd] = 6.2 Hz,J = 6.2 Hz), 7.85
(1H, s), 9.28 (1H, br), 11.05 (1H, br)*C NMR (CDCk) d —5.4,
—4.9,4.6,17.9,18.3,25.7,25.9,41.1,42.4,62.6, 71.6, 87.2, 88.3,
96.1,139.2, 154.7, 156.5, 177.7. HRMS (E&tjz (M + H): calcd
for CpaH4aN4O4SSh, 527.2544; found, 527.2539.
3-(2-Deoxyp-p-ribofuranosyl)-5,6,7,8-tetrahydro-7-thioxopy-
rimido-[4,5-d]pyrimidin-2(3 H)-one (5: dCPP). CompoundL8 (160
mg, 0.3 mmol) was rendered anhydrous by repeated coevaporation
with dry CH;CN and finally dissolved in dry THF (3 mL). To the
solution was added TERHF (244uL, 5 mmol), and the resulting
mixture was stirred at room temperature for 8 h. The mixture was
diluted with HO (1 mL) and coevaporated with EtOH under
reduced pressure. The resulting precipitate was collected by
filtration, washed with cold kKD, and dried in vacuo to give the
product5 (82 mg, 92%):'H NMR (DMSO-ds) 6 1.95-2.03 (1H,

258, 26.0, 35.4, 42.2, 51.2, 62.8, 71.7, 85.9, 87.5, 103.0, 138.2,11) "5 51 5 50 (1H, m), 3.3+3.42 (2H. m). 3.643.68 (1H, m),

155.6, 165.9. HRMS (ESI)Wz (M + H): calcd for G3H47N4O4-
Si,*, 499.3136; found, 499.3138.
6-(3,5-0-Bis(tert-butyldimethylsilyl)-2-deoxy-/-p-ribofurano-
syl)-3,4-dihydro-3-methylpyrimido[4,5-d]pyrimidine-2,7(1H,6H)-
dione (16). Compound15 (250 mg, 0.5 mmol) was rendered
anhydrous by repeated coevaporation with drysCN and finally
dissolved in dry DMF (50 mL). To the solution was added CDI
(90 mg, 0.55 mmol), and the resulting mixture was stirred at room
temperature fol h and then at 60C for 3 h. The mixture was
diluted with ethyl acetate (20 mL), and the mixture was washed
with H,0O (200 mL) and saturated NaHG00 mL). The organic
layer was collected, dried over &0y, filtered off, and evaporated

3.83-3.90 (1H, m), 4.26-4.32 (3H, m), 5.01 (1H, br), 5.22 (1H,
br), 6.08 (1H, dd,J = 6.3 Hz,J = 6.0 Hz), 8.09 (1H, s), 9.28 (1H,
br), 11.00 (1H, br)’3C NMR (DMSO-g) 6 40.9, 61.2, 70.1, 86.1,
88.0, 96.3, 139.8, 154.6, 157.2, 177.7. HRMS (E8&iz (M +
H): calcd for G;H15N4O,S*, 299.0814; found, 299.0811.
2-(2-Deoxyp-p-ribofuranosyl)pyrimido[5,4- €]pyrrolo[1,2,-c]-
pyrimidine-3,6(2H,5H)-dione (6: dCPPP). Compoundl9 (177 mg,
0.5 mmol), palladium acetate (5.6 mg, 0.025 mmol), TPPTS (20
mg, 0.035 mmol), NZCO; (53 mg, 1.0 mmol), antl-BOC-pyrrole-
2-boronic acid (106 mg, 0.5 mmol) were placed in a round-bottomed
flask under argon. Degassed®+CHzCN (2:1, v/v, 5 mL) was
added, and the mixture was stirred at 8D for 30 min. More

under reduced pressure. The crude product was purified by recyclingpalladium acetate (5.6 mg, 0.025 mmol), TPPTS (20 mg, 0.035

preparative HPLC with MeOH to give the produt® (233 mg,
89%): 'H NMR (CDCl3) 6 —0.06-0.02 (12H, m), 0.730.86 (18H,

m), 1.85-1.95 (1H, m), 2.342.43 (1H, m), 2.89 (3H, s), 3.62
3.89 (3H, m), 4.034.17 (2H, m), 4.26-4.27 (1H, m), 6.11 (1H,
dd,J=6.2 Hz,J= 6.0 Hz), 7.85 (1H, s), 8.45 (1H, br)*C NMR
(CDCly) 0 —5.5,—4.7,17.8,18.2, 25.6, 25.8, 34.5, 42.3, 46.5, 62.3,
71,2, 86.9, 87.9, 96.4, 138.1, 151.8, 154.6, 159.6. HRMS (ESI),
m/'z (M + H): calcd for G4H4sN4OsSi,", 525.2928, found,
525.2931.

mmol), andN-BOC-pyrrole-2-boronic acid (106 mg, 0.5 mmol)
were added, and the mixture was stirred for another 30 min at 60
°C. The mixture was diluted with ¥D (10 mL) and concentrated
under reduced pressure to one-half of its volume. GHZD) mL)

was added, and the mixture was washed with brine and saturated
NaHCQ;. The organic layer was collected, dried over,Si@,
filtered, and evaporated under reduced pressure. The crude product
was purified by C200 silica gel chromatography with CHtl
MeOH to give the produds (88 mg, 55%):'H NMR (DMSO-dg)
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0 1.91-2.16 (1H, m), 2.22-2.36 (1H, m), 3.623.81 (2H, m), Grant-in-Aid for Scientific Research from the Ministry of
3.82-3.86 (1H, m), 4.184.22 (1H, m), 5.06 (1H, br), 5.29 (1H,  Education, Culture, Sports, Science, and Technology, Japan.
br), 6.11 (1H, ddJ = 6.3 Hz,J = 6.3 Hz), 6.44-6.49 (2H, m),  This work was also supported by the COE21 project.
7.50-7.52 (1H, m), 8.53 (1H, s), (1H, br}3C NMR (DMSO-ds)

0 41.2, 60.2, 68.7, 86.8, 87.8, 96.8, 103.4, 114.2, 115.8, 125.2,
138.5, 146.3, 153.3, 157.1. HRMS (ESt)z (M + H): calcd for
C14H15N405+, 319.1042; found, 319.1044.

Supporting Information Available: General remarks and the
IH and3C NMR data of all new compounds-6, 9—16, and18.
This material is available free of charge via the Internet at
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