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A novel approach to the synthesis of functionalized C-nucleosides was developed. Cyclotrimerization of C-alkynyldeoxyriboside with a variety
of substituted 1,6-heptadiynes to the corresponding C-aryldeoxyribosides was catalyzed by various transition metal complexes (Rh, Ir, Co, Ru,

and Ni). The most general catalyst proved to be RhCI(PPh  3);, which could catalyze most of the cyclotrimerizations in high yields (52 —95%).

C-Nucleosides are an important class of compounds char-are efficiently incorporated to DNA by DNA polymerase.
acterized by replacement of a labile nucleosidieNCbond There are a number of synthetic approaches to C-nucleo-
by a stable €C bond. Many of them possess antiviral or sides> The most general methods are (i) additions of
antineoplastic activitiesQuite recently, C-nucleosides bear- organometallics to ribono- or 2-deoxyribonolactof€sij)

ing hydrophobic aryl groups as nucleobase surrogates at-
tracted great attention due to their use in the extension of

the genetic alphabétDuplexes containing self-pairs of
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D. A.; Romesberg, F. EJ. Am. Chem. So200Q 122 99179920. (b)
u, Y. Q.; Ogawa, A. K.; Berger, M.; Mcminn, D. L.; Schultz, P. G.;

hydrophobic nucleobases are stable due to increased stackin&’omesberg F. B1. Am. Chem. So@00Q 122, 76217632, (¢) Guckian
and favorable desolvation energy as compared to canonicak. M.; Krugh, T. R.; Kool, E. T.J. Am. Chem. SoQ00Q 122, 6841~

nucleobase% Triphosphates of some of the-iflicleosides

T Charles University.

* Institute of Organic Chemistry and Biochemistry.

(1) Examples: (a) Franchetti, P.; Cappellacci, L.; Griffantini, M.; Barzi,
A.; Nocentini, G.; Yang, H. Y.; O’'Connor, A.; Jayaram, H. N.; Carrell, C.;
Goldstein, B. M.J. Med. Chem1995 38, 3829-3837. (b) Walker, J. A;;
Liu, W.; Wise, D. S.; Drach, J. C.; Townsend, L. B.Med. Chem1998
41, 1236-1241.

(2) Reviews: (a) Wang, L.; Schultz, P. Ghem. Commur2002 1-11.
(b) Henry, A. A.; Romesberg, F. Eurr. Opin. Chem. Biol2003 7, 727—
733. (c) Kool, E. T.; Morales, J. C.; Guckian, K. Mngew. Chem., Int.
Ed. 2004 39, 990-1009. (d) Kool, E. TAcc. Chem. Re®002 35, 936—
943.

10.1021/0l060454m CCC: $33.50
Published on Web 04/18/2006

© 2006 American Chemical Society

6847. (d) Parsch, J.; Engels, J. W.Am. Chem. SoQ002 124, 5664—
5672. (e) Lai, J. S.; Qu, J.; Kool, E. Angew. Chem., Int. E003 42,
5973-5977. (f) Lai, J. S.; Kool, E. TJ. Am. Chem. So004 126, 3040~
3041.

(4) Henry, A. A,; Olsen, A. G.; Matsuda, S.; Yu, C.; Geierstanger, B.
H.; Romesberg, F. E. Am. Chem. So2004 126, 6923-6931. (b) Henry,
A. A; Yu, C. Z,; Romesberg, F. El. Am. Chem. So2003 125 9638—
9646.

(5) Wu, Q. P.; Simons, CSynthesi®004 1533-1553.

(6) (a) Matsuda, S.; Romesberg, F. E.Am. Chem. So2004 126,
14419-14427. (b) Mathis, G.; Hunziker, Angew. Chem., Int. ER002
41, 3203-3205. (c) Brotschi, C.; Hzerli, A.; Leumann, C. JAngew. Chem.,
Int. Ed. 2001, 40, 3012-3014. (d) Brotschi, C.; Mathis, G.; Leumann, C.
J. Chem—Eur. J. 2005 11, 1911-1923. (e) Zahn, A.; Brotschi, C.;
Leumann, C. JChem—Eur. J.2005 11, 2125-2129.



coupling of a halogenose with organometallicer (iii)
electrophilic substitutions of electron-rich aromatics with
sugars under Lewis acid cataly8idll these approaches

Scheme 1. Catalytic Cyclotrimerization ofl with 2a

. - . - , TolO oL __
suffer from insufficient anomeric selectivity and the necessity =
to qptlmlze reactlon and separation conditions for each TolO 1 Rh.Ir. Co,  TolO 0
particular C-nucleoside. Very recently, we have devel8ped + —_—
a modular approach consisting of the preparation of bromo- =\ Ruor Ni cat. TolO X
phenyl C-nucleosides as versatile intermediates suitable for = / 5 3or3p

further derivatization, giving rise to a series of diverse target ; e mixtureta, a-anomer: 1, p-anomer
C-nucleosides. Here we report on another modular approach |, compounds 2, 3, and 3p: a, X = C(COOEt),; b, X = C(COMe)y;
consisting of construction of an aromatic ring on deoxyribose ¢, X = C(COOEt)COMe; d, X = C(COOEt)CN; e, X = NTs; f, X = O
by cyclotrimerization of 1-ethynyl-2-deoxyribose wittyw-
diynes.

Catalytic cyclotrimerization of alkynes to benzene deriva- the reactants were stirredh ia 3 mL glass vial under
tives is a nice example of an efficient and clean reaction protective atmosphere of argon for an appropriate amount
during which three new €C bonds are formed in one step. 0f time. The obtained results are presented in Table 1. At

As such, it fulfills all standards to define it as an atom

economical proceduré.Therefore, it is not surprising that
it has been used as a key step for the synthesis of a plethoraraple 1. Catalytic Cyclotrimerization of an Anomeric Mixture
of natural and biologically active compounds and their 1 with Diynes22

derivatives'! Out of many possible synthetic approaches to

C-arylglycosides, the one based on a catalyticH2 + enry diyne2 catalyst product3 yield (%)
2]-cyclotrimerization of,w-diynes with C-alkynylglycosides 1 2a  Rh(PPhs)sCl 3a 86
is promising because it can furnish the desired compounds [Tr(COD)Cll>/dppe 42

. . L ) NiBry(dppe)/Zn¢ 44
under mild reaction conditions. Moreover, the reaction of 9 %b Rh(PPhs)sCl 3b 57
pureo- andg-alkynylsaccharides should furnish the corre- 3 2¢ Rh(PPhs)sCl 3¢ 57
sponding anomers, thus overcoming stereochemistry prob- 4 2d Rh(PPhs);Cl 3d 52
lems. As far as the application of cyclotrimerization methods 5 2e Rh(PPh3)sCl 3e 17
in the synthesis of C-arylglycosides is concerned, it has been 6 2f Rh(PPh3);Cl 3f 52

. . . 14 )
Cam.ed QUt with various alkyr‘.lylpyranosgs,. whereas .ItS aThe reaction was carried out at 20. P Isolated yields¢ The reaction
application for the synthesis of deoxyribose or ribose was carried out at 86C.
derivatives has been rather neglected. Our goal was to fill
this gap and to test the cyclotrimerization strategy for the .
preparation of a series of variously substituted C-aryldeoxy- the ambient temp(:rature (Z@), only Rh(PPl%C'7 was
ribosides, as well as to assess the suitability of various catalytically acg\igel- The use of [Ir(COD)CH/dppé’ and
commonly used transition metal catalysts for this reaction. NiBrz(dppe)/Zi®*°required the use of a temperature of 80
Our initial goal was to prepare purg-ethynyl-1,2-dideoxy- ~ C to promote the reaction (entry 1). The isolated yields of
3,5-di-O-(4-toluoyl)-d-ribofuranose 1 according to the  the C-aryldeoxyribosid@a were 86, 42, and 44%, respec-
reported procedur®. Although we followed the protocol
precisely, only a 2:1 anomeric mixture ofud and 13-
ethynyl-1,2-dideoxy-3,5-d®-(4-toluoyl)-D-ribofuranosela
; ; (11) (a) Funk, R. L.; Vollhardt, K. P. CJ. Am. Chem. Sod.977, 99,

and.lﬂ, was obtalneq each time. S . 5853-5854. (b) Funk, R. L.; Vollhardt, K. P. Q. Am. Chem. S0d.980Q

Since the separation of anomeric mixtures required the 102 5253-5261. (c) Lecker, S. H.; Nguyen, N. H.; Vollhardt, K. P. T.
use of HPLC, we decided to check the catalytic activity of ¢n: %hzm- fg&f’ig 1602% ;3_56?2—5858(- Sd)s“eés°2’ 5&- J-JDSSVGSSOH-GP- J.

. e etrahedron X . (e aaC.; Crotts, D. D.; Asu, G.;
various transition metals complexes for{22 + 2]-cyclo-  yojinardt, K. P. C Synlett1994 487-489. (f) Witulski, B.; Zimmermann,
trimerization with the anomeric mixturgé. As the second A.; Gowans, N. DChem. CommuB002 2984-2985. (g) Moser, M.; Sun,

. . X.; Hudlicky, T. Org. Lett. 2005 7, 5669-5672.

reaction partne.r, d|propargy_lr_nalona2g was chosen._To (12) McDonald, F. E.: Zhu, H. Y. H.: Holmauist, C. B. Am. Chem.
keep the experimental conditions as simple as possible, allsoc.1995 117, 6605-6606.

(13) Yamamoto, Y.; Saigoku, T.; Nishiyama, H.; Ohgai, T.; ltoh, K.
Chem. Commur2004 2702-2703.
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Bioorg. Chem2005 3, 1768-1775.

(15) Wamhoff, H.; Warnecke, HARKIVOC2001, 95-100.

(16) For leading references on Rh-catalyzed cyclotrimerizations, see: (a)
Mdller, E. Synthesisl974 761-774. (b) Grigg, R.; Scott, R.; Stevenson,

P. Tetrahedron Lett1982 23, 2691-2692. (c) Magnus, P.; Witty, D.;
Stamford, A.Tetrahedron Lett1993 34, 23—26. (d) Kotha, S.; Brahma-

(10) For a discussion on atom economy, see: (a) Trost, B.diénSe
1991, 254, 1471-1477. (b) Trost, B. MAngew. Chem., Int. EA.995 34,
259-281.

(7) (&) Chaudhuri, N. C.; Kool, E. Tretrahedron Lett1995 36, 1795~
1798. (b) Ren, R. X.-F.; Chaudhuri, N. C.; Paris, P. L.; Rumney, S., IV;
Kool, E. T.J. Am. Chem. Sod.996 118 7671-7678. (c) Strassler, C.;
Davis, N. E.; Kool, E. T.Helv. Chim. Actal999 82, 2160-2171. (d)
Griesang, N.; Richert, CTetrahedron Lett2002 43, 8755-8758. (e)
Aketani, S.; Tanaka, K.; Yamamoto, K.; Ishihama, A.; Cao, H.; Tengeiji,
A.; Hiraoka, S.; Shiro, M.; Shinoya, Ml. Med. Chem2002 45, 5594—
5603.

(8) (@) Yokoyama, M.; Nomura, M.; Togo, H.; Seki, B.. Chem. Soc.,
Perkin Trans. 11996 2145-2149. (b) He, W.; Togo, H.; Yokoyama, M.
Tetrahedron Lett1997 38, 5541-5544. (c) Hainke, S.; Arndt, S.; Seitz,
0. Org. Biomol. Chem2005 3, 4233-4238.

(9) Hocek, M.; Pohl, R.; Klepétava B. Eur. J. Org. Chem2005 4525~
4528.
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chary, E.Tetrahedron Lett1997, 38, 3561-3564. (e) Witulski, B.; Stengel,
T. Angew. Chem., Int. EdL999 38, 2426-2430. (f) McDonald, F. E.;
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tively. Since the best result was obtained with Wilkinson’s ||| | AN G

catalyst, next we examined the generality of the cyclo- Table 2. Cyclotrimerization oflf with 2 to 38 Catalyzed by

trimerization of1 with differently substitutedo,w-diynes
(Table 1, entries 26). The reactions with heptadiyngb—
2d afforded the corresponding C-aryldeoxyribosicis-
3d in good isolated yields (5257%). Surprisingly, intro-

duction of nitrogen into the linker connecting the triple bonds,

the reaction with dipropargyltosylami@e, yielded the target
glycoside3e only in low yield of 17%. On the other hand,
the reaction with dipropargyl ethe2f resulted in the

formation of 3f in reasonable yield (52%) (entry 6). In

contrast to the above-mentioned results, the cyclotrimeriza-
tion with 1,7-octadiyne gave only a complex reaction
mixture. This observation is not surprising since a similar

result has been observed beféffe.

After the method was optimized with the anomeric mixture

1, we applied it to purg-anomerlfs. The cyclotrimerizations

were carried out with various Ru, Rh, Co, and Ni complexes
as representatives of the most widely utilized catalysts to
assess their catalytic activity and selectivity (Table 2). Out

of them, as expected, Rh(PICI (Wilkinson’s catalyst)

emerged as the most active and general one. The corre-
sponding C-aryldeoxyribosides were obtained from reason-
able (entries 3 and 4) to excellent yields (entries 1 and 2).
Nonetheless, in cases where the heterocyclic ring was

formed, such as iBfe and3pf (entries 5 and 6), the yields

were rather low. Although it has recently been shown that

Co(PPh)sBr was very active for cyclotrimerization of various
alkynes and especially dipropargyl eth&2°the reaction
of 1 with 2a and 2f afforded the corresponding products
3fa and 36f in only 23 and 25% yields (entry 5 and 6),
respectively.

Next, we decided to carry out Ni-catalyzed cyclotrimer-

Various Catalysts

Tolo—_0._Z X
1
TolO ’ Rh.Co  tol0—~_o
= Ni, Ru cat.
X 2 TolO 3p
=/
entry  diyne 2 catalyst product 38  yield (%)°

1 2a Rh(PPhj3);Cl 3fc 95
Ni(cod)o/2PPh3 74

Cp*RuCl(cod) 95

CO(PPh3)3BI‘ 23

2 2b Rh(PPhj3)sCl 3p6b 81
Ni(cod)o/2PPh3 76

Cp*RuCl(cod) 40

3 2¢ Rh(PPhjs)sC1 3pc 62
Ni(cod)o/2PPhg 50

Cp*RuCl(cod) 39

2d Rh(PPhs;)sCl 3pd 52
Ni(cod)o/2PPh3 492

Cp*RuCl(cod) 33

5 2e Rh(PPhjs)sC1 3fe 12
Ni(cod)2/2PPhg 45

Cp*RuCl(cod) 41

6 2f Rh(PPhj3);Cl 3pf 32
Ni(cod)o/2PPh3 30

Cp*RuCl(cod) 30

CO(PPh3)3BI‘ 25

aThe reaction was carried out at 2G. ° Isolated yields.

36 (30—59%) were generally lower than those obtained with

izations. In contrast to the previously used catalytic system the Rh catalyst. Only in the case of the reaction with

(NiBra(dppe)/Zn), in this instance, we chose to use Ni{0)
phosphine complexes generated from Ni(godhd tri-

dipropargyltosylamid@e (entry 5) was the use of Ni catalysis
advantageous: the yield 86e (45%) was 3-fold higher than

phenylphosphine because of their known high catalytic that obtained with the Rh catalyst (13%).

activity 2t However, the yields of cyclotrimerization products

(18) For the use of Ni(dppe)/Zn for cyclotrimerization of alkynylpurines
with diynes, see: (a) Turek, P.; Kotora, M.; Hocek, M.;s@ova I.
Tetrahedron Lett2003 44, 785-788. (b) Turek, P.; Kotora, M.; Tierova
I.; Hocek, M.; Votruba, I.; Gsaova I. J. Org. Chem2004 69, 9224
9233.

(19) For the use Ni(dppe)BiZn for cyclotrimerization of allenes with
diynes, see: Jeevanandam, A.; Korivi, R. J.; Huang, I.; Cheng, ©r#l.
Lett 2002 4, 807—-810.

(20) For Co(PP¥)sBr-catalyzed cyclotrimerizations, see: (a) Field, L.
D.; Ward, A. J.; Turner, PAust. J. Chem1999 52, 1085-1092. (b)
Dufkova L.; Cisaiova |.; Stépnicka, P.; Kotora, M.Eur. J. Org. Chem.
2003 2882-2887. For Caol/lPPh/Mn-catalyzed cyclotrimerizations, see:
(c) Slowinski, F.; Aubert, C.; Malacria, MAdv. Synth. Catal2001, 343
64—67.

(21) (a) Sato, Y.; Nishimata, T.; Mori, M. Org. Chem1994 59, 6133~
6135. (b) Sato, Y.; Nishimata, T.; Mori, Mdeterocyclesl997, 44, 443~
457. (c) Sato, Y.; Ohashi, K.; Mori, Mletrahedron Lett1999 40, 5231—
5234. (d) Staral. G.; Stafy |.; Kollarovig, A.; Teply, F.; Vyskadl, S.;
Saman, D.Tetrahedron Lett1999 40, 1993-1996. (e) Hocek, M.; Stara
I. G.; Stary |.; Dvorékova H. Tetrahedron Lett2001 42, 519-522. (f)
Teply, F.; Stafal. G.; Stafy |.; Kollarovic, A.; Saman, D.; RuBek, L.;
Fiedler, P.JJ. Am. Chem. So@002 124, 9175-9180. (g) Hocek, M.; Stara
I. G.; Stary I.; Dvorakova, H. Collect. Czech. Chem. Comm®002 67,
1223-1235. (h) Staral. G.; Stafy I.; Kollarovic, A.; Teply, F.; Saman,
D.; Fiedler, P.Collect. Czech. Chem. Commu2003 68, 917—930. (i)
Teply, F.; Stafal. G.; Stafy I.; Kollarovic, A.; Saman, D.; Fiedler, P.;
Vyskoadl, S. J. Org. Chem2003 68, 5193-5197.
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Interestingly, the use of Cp*RuCl(coéh}*2223which has
recently been used for a number of high-yielding cyclo-
trimerizations, did not meet our expectations. Generally, the
yields of cyclotrimerized produc®g (30—95%) were lowest
in comparison with other catalysts. The only exception was
the cyclotrimerization oRa with 18 (entry 1), where the
yield matched the one obtained with Wilkinson’s catalyst.
At the moment, we are not able to offer any sensible
explanation as to why this otherwise highly active catalyst
known for its tolerance to a wide array of functional groups
gave these surprisingly inferior results.

In conclusion, we have shown that a transition metal
complex catalyzed [2- 2 + 2]-cyclotrimerization ofo,w-

(22) (a) Yamamoto, Y.; Hattori, Y.; Ishii, J.; Nishiyama, H.; Itoh, K.
Chem. Commur2005 4438-4440. (b) Yamamoto, Y.; Ishii, J.; Nishiyama,
H.; Itoh, K. J. Am. Chem. So@005 127, 9625-9631. (c) Yamamoto, Y.;
Kataoka, H.; Kinpara, K.; Nishiyama, H.; Itoh, Kett. Org. Chem2005
2, 219-221. (d) Yamamoto, Y.; Ishii, J.; Nishiyama, H.; Itoh, B. Am.
Chem. So2004 126 3712-3713. (e) Yamamoto, Y.; Arakawa, T.; Ogawa,
R.; Itoh, K.J. Am. Chem. SoQ003 125 12143-12160. (f) Yamamoto,
Y.; Hata, K.; Arakawa, T.; Itoh, KChem. Commur2003 1290-1291.
(g) Yamamoto, Y.; Ogawa, R.; Itoh, KChem. Commur2000Q 549-550.

(23) Ura, Y.; Sato, Y.; Tsujita, H.; Kondo, T.; Imachi, M.; Mitsudo, T.
J. Mol. Catal. A2005 239, 166-171.
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