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Abstract: We report the synthesis of 1'-deoxy-1'-(benzimidazol-1-yl)-5-b-ribofuranose 7 and 1'-deoxy-1'-
phenyl-3-p-ribofuranose 2. With these two ribonucleoside analogues we have a set of nine different RNA
building blocks in hand, which are isostere to the natural bases. Now it is possible to investigate their
duplex stabilizing forces. These forces are hydrogen bonds, base stacking, and solvation. The phosphor-
amidites of all building blocks were incorporated into a 12mer RNA, and the resulting RNA duplexes were
investigated by UV- and CD-spectroscopy. We found that some of the RNA analogues are universal bases.
The best universal bases with the lowest destabilization and the smallest discrimination between the natural
bases are 1 (B) and 9 (E). On the basis of UV measurements we determined the melting points and the
thermodynamic data. We were able to show that there are no hydrogen bonds between the natural bases
and the RNA analogues. From thermodynamic data we calculated the contributions for base stacking and
solvation of all modified building blocks. Comparison of calculated and measured data of double modified
base pairs in 12mer RNA duplexes showed a further duplex stabilizing force in base pairs containing fluorine
atoms at the Watson—Crick binding site. This stabilizing force can be defined as C—F---H—C hydrogen
bond as is observed in crystal structures of 1'-deoxy-1'-(4-fluorophenyl)-S-p-ribofuranose.

Introduction

There are three predominant forces which are responsible for
the stability of the secondary structure of nucleic acids. These o -%2?
forces are hydrogen bonds, base stacking, and solvatfoin.

. e . . . 9 OTBDMS 9 OTBDMS ‘O OTBDMS
is very difficult to investigate one of_these forces without N,p N N/p NG N"’ N
changing parameters which are also important for the other

ones? Consequently, in many articles only one of these 1(8) 200 AN
predominant forces was investigated, and the interactions

between them were ignored.
However, since these interactions are very important, itis oM
thus necessary to have a series of molecules to investigate

hydrogen bonding, base stacking, and solvation effects. In this o omoms o omBDMS o OTeDMS
series the molecules cannot be the natural U (T), C, G, or A. It N Pu g CN N,P o~ N NP o~ N
must be a series of modified ribonucleosides. It is also important
to investigate a change in RNA secondary structure when modi- 4 5H) 6 K)
fied nucleotides are incorporated into oligonucleotides. These
nucleosides should be designed so that they do not change the ,N j@ ::@\
secondary structure. Therefore, molecules which are the closest omn N DMT; N
steric mimics of the natural nucleosides have to be designed. O—Iﬁﬁ
. . . O OTBDMS OTBDMS O OTBDMS
To gddr(—_:‘ss this proble_m, we decided to synthesize some novel /L e /]\N/ o /LN/;, g
nucleic acid analogues in which the nucleobases are replaced )’i o P
by fluorobenzenes or fluorobenzimidazofasle prepared nine
7(0) 8(D) 9 ()
*To whom correspondence should be addressed. E-mail: DMTr = (MeO),Tr, TBDMS = 'BuMe,Si
Joachim.Engels@chemie.uni-frankfurt.de. . . o .
(1) Tinoco, I., Jr.; Uhlenbeck, O. C.; Levine, M. Mature (London)1971, Figure 1. Synthesized mOF"f'ef‘ phoiphoramldltes and the one-letter
230, 362. abbreviations of the nucleoside “bases”.
(2) Breslauer, K. J.; Frank, R.; Bi&er, H.; Marky, L. A.Proc. Natl. Acad. e X X .
Sci. U.S.A1986 83, 3746. protected phosphoramidites, eight of them with base modifica-
(3) Petersheim, M.; Turner, D. HBiochemistry1l983 22, 256. ; ; B B
(4) Sanger, W. IrPrinciples of Nucleic Acid Structur&pringer-Verlag: New tions and one abasic site (Figure 1).
York, 1984.
(5) Schweitzer, B. A.; Kool, E. TJ. Org. Chem1994 59, 7238. (6) Parsch, J.; Engels, J. Welv. Chim. Acta200Q 83, 1791.
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isostere of the natural uridine, an¢tdeoxy-1-(4-fluoro-1H- </

N A OAc A N
¢ + BSA
TMSOTE
¥
H

1'-Deoxy-1-(2,4-difluorophenyl)s-p-ribofuranosel is an N@

benzimidazol-1-yl)8-p-ribofuranose8 is isosteric to inosine.
The aromatic ring moiety was designed to be the closest possible
steric mimic of the natural nucleobases, avoiding the presence
of hydrophilic O- or N-containing groups. The best isosteric
replacement of the €0 functionality is argued to be the-G~
group, because of nearly identical bond lengthin the parent
nucleosides of4—6, the natural bases are substituted by N :

AcO OAc
10 11 12

monofluorobenzenes. The fluorine atom has been introduced </
in all three possible positions on the benzene ring so that the H N
: ; o . ) NHy/MeOH

influence of the fluorine position can be investigated. To —_—

evaluate the contribution of the fluorine atom on base-stacking HO OH
effects for stability of duplex RNA we also synthesized the 13
phosphoramiditeg® and7 without fluorine and the phosphora-
midite 3 of the abasic site.

It is very important to investigate the influence of the-H
hydrogen bonds because little is known about hydrogen bonds
containing fluorine as one of the acting atoms. In the literature
there is some controversy whether “organic fluorine” can act

BSA = N,O-trimethylsilyl-acetamide,
TMSOTS = trimethylsily] trifluoromethanesufonate

Figure 2. Synthesis of tdeoxy-1-(benzimidazol-1-yl)5-p-ribofuranosel3.

as a hydrogen bond accept8f! It is no question that the Bn wBuLi DY EtSiH
fluoride ion acts as a very strong proton acceptor. On one hand, 0+ i - BF;*OEG;

the hydrogen bond of the bifluoride ion is one of the strongest BnO OBn Br BiO OBn
known hydrogen bond¥.On the other hand, the-€F group, 14 15 16
the so-called “organic fluorine”, shows only a little or no ability

to develop hydrogen bonds. On the basis of Cambridge

Structural Database (CSD) studies, Dunitz and TaYloain-

tained that the €F group is a very poor acceptor, hardly ever Bn BB, _ !
forming hydrogen bonds. They compare the acceptor capabilities
of the C—F group with—OH and —NH donors, but they do BaO  OBn HO OH

not consider a €F--*H—C hydrogen bond. The -€H group 17 18
is known to be a hydrogen bond donor which can interact with Figure 3. Synthesis of tdeoxy-1-phenylf-p-ribofuranosel8.
oxygen, nitrogen, or chlorid®:1* This raises the question

concerning the existence and the nature of aFG-H—-C
hydrogen bond. In contrast to that by Thalladi et'alwho

trifluoromethanesulfonate afforded the desirédB & -tri-O-
acetyl-1-deoxy-1-(benzimidazol-1-yl)8-p-ribofuranosel?2 in

investigated fluorbenzenes and their crystal structures, this studyg g, yield. As a byproduct a bis-glycosylated benzimidazol

deals with molecules which bear (apart from the FEgroup)

also O-H groups, which are more able to form hydrogen bonds

Chemical Syntheses

The syntheses of, 3—6, 8, and 9 have been discussed
elsewheré. Here we describe the syntheses ofd&oxy-1-
phenyl$-p-ribofuranose phosphoramidi®@ and 1-deoxy-1-
(benzimidazol-1-yl)3-p-ribofuranose phosphoramidite

The synthesis of 'ideoxy-1-(benzimidazol-1-yl)3-p-ribo-
furanosel 3 (Figure 2) followed the glycosylation procedure of
Vorbriiggen'® Refluxing 2 equiv of benzimidazotd with N,O-

bis(trimethylsilyl)acetamide and subsequent reaction of the

persilylated base with 1 equiv of 1,2,3,5-te@eacetyl{3-p-
ribofuranosellin the presence of the Lewis acid trimethylsilyl

(7) Green, E. A;; Rosenstein, R. D.; Shiono, R.; Abraham, D. J.; Trus, B. L.;

Maesh, R. EActa Crystallogr. B1975 31, 102.
(8) Bats, J. W.; Parsch, J.; Engels, J. Méta Crystallogr. C200Q 56, 201.
(9) Matulic-Adamic, J.; Beigelman, L.; Portmann, S.; Egli, M.; UsmanJN.
Org. Chem 1996 61, 3909.
(10) Evans, T. A.; Seddon, K. RChem. Commuril997, 2023; Guckian, K.
M.; Krugh, T. R.; Kool, E. T.J. Am. Chem. So200Q 122 6841.
(11) Dunitz, J. D.; Taylor, RChem. Eur. J1997, 3, 89.
(12) Harrell, S. A.; McDaniel, D. HJ. Am. Chem. S0d.964 86, 4497.
(13) Desiraju, G. RAcc. Chem. Red991 24, 290.
(14) Desiraju, G. RChem. Commurl997, 1475.
(15) Thalladi, V. R.; Weiss, H. C.; B&er, D.; Boese, R.; Nangia, A.; Desiraju,
G. R.J. Am. Chem. S0d 998 120, 8702.
(16) Vorbriggen, H.; Hdéle, G. Chem. Ber1981, 114, 1256.

was obtained. Deprotectibhof the acetylated nucleosidi2
furnished 1-deoxy-1-(benzimidazol-1-yl)3-p-ribofuranosel3
in 90% yield.

The synthesis of 'ideoxy-1-phenyl$-p-ribofuranose 18
(Figure 3) starts with a C-glycosylatidf Lithiation of bromo-
benzenel5 with BuLiin THF at —78 °C followed by addition
of 2,3,5-tri-0O-benzylp-ribono-1,4-lacton¥ 14 gave the inter-
mediate lactolel6, which was directly dehydroxylated with
triethylsilan and Bg-OE, to afford stereoselectively7in 75%
yield. The deprotection of the benzylated nucleosidewith
BBr; afforded 1-deoxy-1-phenyl$-p-ribofuranosel8in 69%
yield.

The 3-OH function was protected with 4-dimethoxytrityl
chloride (DMTrCI¥%2Lin dry pyridine to afford the 50-(4,4-
dimethoxytrityl) protected nucleosidé9 and20in 73 and 75%
yield, respectively (Figure 4). To protect the@QH functions
the nucleoside$9 and20 were dissolved in THF/pyridine 1:1,
treated with AgNQ@and a 1 M {ert-butyl)dimethylsilyl chloride

(17) Neilson, T.; Werstiuk, E. SCan. J. Chem1971, 49, 493.

(18) Krohn, K.; Heins, H.; Wielckens, KI. Med. Chem1992 35, 511.

(19) Timpe, W.; Dax, K.; Wolf, N.; Weidmann, HCarbohydr. Res1975 39,

53.

(20) Smith, M.; Rammler, D. H.; Goldberg, I. H.; Khorana, H.lGAm. Chem.
Soc 1962 84, 430.

(21) Schaller, H.; Weimann, G.; Lerch, B.; Khorana, H.JGAm. Chem. Soc.

1963 85, 3821.
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Hi R DMTr R
DMTCI TBDMSCI
AgNO;
HO OH HO OH
13 R=benzimidazolyl 19 R=benzimidazolyl
18 R=phenyl 20 R=phenyl
DMT; R DMT R DMT; R
_—
+ iPr;NPCI(OCH,CH,CN)
TBDMSO OH HO OTBDMS Q OTBDMS
21 R=b iduzolyl 23 Rebenzimidazolyl N N o~ CN
22 R=phenyl 24 R=phenyl

7 R=benzimidazolyl
2 R=phenyl

DMTr = (MeO),Tr, TBDMS = 'BuMe,Si

Figure 4. Synthesis of phosphoramidit@sand?7.

Figure 5. Crystal packing of tdeoxy-1-(3-fluorophenyl)g-p-ribofuranose.

solution in THF?223The 2-TBDMS-protected nucleosidex3
and24 were obtained in 27 and 29% vyield, respectively. In both
compounds théBuMeSi group at C2tended to move to the
3'-position in polar solvents, resulting in low yields of the
desired 2protected nucleosides. The final phosphitylation of
23 and 24 with symecollidine, 1-methyl-H-imidazole and
2-cyanoethyl diisopropyl-phosphoramidochloridite in acetonitrile
afforded the phosphoramiditésand 2 in 54 and 57% yield,
respectively.

Results and Discussion

All unprotected C-nucleosides were crystallized from metha-
nol or water. 1-Deoxy-I-(3-fluorophenyl)g-p-ribofuranose
shows a distinct herringbone pattern (Figuré’).

The crystal packings of 'ddeoxy-1-(2-fluorophenyl)g-b-
ribofuranose?® 1'-deoxy-1-(4-fluorophenyl)B-p-ribofuranose
(Figure 6% and I-deoxy-1-(2,4-difluorophenyl)s-p-ribo-
furanosé showed a different orientation of the nucleosides. In

(22) Ogilvie, K. K.; Sadana, K. L.; Thompson, E. Aetrahedron Lett1974
2861

(23) Ogilvie, K. K.; Beaucage, S. L.; Schifman, A. L.; Theriault, N. Y.; Sadana,
K. L. Can. J. Chem1978 56, 2768.

(24) Bats, J. W.; Parsch, J.; Engels, J. Wtta Crystallogr. C1999 55,
1UC9900070.

(25) Bats, J. W.; Parsch, J.; Engels, J. Wtta Crystallogr. C1999 55,
1UC9900069.
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Figure 6. Crystal packing of tdeoxy-1-(4-fluorophenyl)g-p-ribofuranose.

these structures the aromatic fluorophenyl rings are orientated
to each other.

There are also very short+H distances. In the crystal of
1'-deoxy-1-(2-fluorophenyl)g-p-ribofuranose the shortest
C—F---H—C distance is exact the sum of the van der Waals
radii of 255 pm of fluorine and hydrogét’ between the
fluorine and H5 of the sugar. In the crystal of'-teoxy-1-
(2,4-difluorophenyl)s-p-ribofuranose there are two short fH
distances. The shortest with 257 pm between F2 an@ a5
the sugar and another one with 260 pm between F4 and H10
(an ortho hydrogen to F4 of an opposite molecule). Both
distances are larger than the sum of the van der Waals radii.
Thus, it seems that there is only a very weak interaction between
fluorine and hydrogen and no distinct hydrogen bond. In the
case of ribonucleoside’-tleoxy-1-(4-fluorophenyl)g-p-ribo-
furanose there is a difference. Here is the shortesfGH—-C
(crystallized from methanol) distance 230 pm between fluorine
and H10 (an ortho hydrogen to F of an opposite molecule). This
is significantly shorter than the sum of the van der Waals radii
of fluorine and hydrogen. The €F--+H—C hydrogen bond
shows a nearly linear conformation with an angle of 138
Deoxy-1-(4-fluorophenyl)g-p-ribofuranose crystallized from
water shows the shortest--FH distance of 238 pm. The
difference is caused by the incorporation of a water molecule
into the elementary cell. The water is placed betwee®2
and 3-OH which makes the +H distance longer, but it is still
shorter than the van der Waals radii of fluorine and hydrogen
of 255 pm. Thus, 'tdeoxy-1-(4-fluorophenyl)g-p-ribofuranose
is one of the first examples of a molecule which shows a
C—F---H—C hydrogen bond in its crystal pattern (Figure®¥).

The modified nucleosides were tested in a defined RNA
sequence. In the 12 mer oligoribonucleotides@U UUC
XUU CUU paired with 3-GAA AAG YAA GAA) only one
position was modified, marked as X and Y, respectively. All

(26) Rowland, R. S.; Taylor, Rl. Phys. Chem1996 100, 7384.

(27) Pauling, LThe Nature of the Chemical Bon2ind ed.; Cornell University
Press: Ithaca, NY, 1948.

(28) Parsch, J.; Engels, J. W.@vllection Symposium Seriddoly, A., Hocek,
M., Eds.; Institute of Organic Chemistry and Biochemistry, Academy of
Sciences of the Czech Republic: Prague, 1999; Vol. 2, p 11.
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B Uridine (U} B 4,6-Difluorobenzimidazole (E)
02 4-Diflucrobenzene (B) B Benzene (M)

Figure 8. Pairing of nucleoside¥, B, E, andM with the natural bases in
the center of a 12-base pair RNA duplex measured by thermal melting
temperature.

As for the 2,4-difluorobenzeneBj, the uridine analogue, we
found a new universal bag&;3? which paired with all natural
bases without energy discrimination. The other modified nucleo-
sides are also universal bases, but Theranges are greater
than this one oB. In addition toB the nucleoside& andM

are the bases with the least energy discrimination. The fluori-
nated nucleosideB andE are the better universal bases because
they destabilize the RNA duplex 4%.5 °C less than the
benzene nucleosidd (Figure 8).

A second hypothesis that would further explain the lower
Tm values for modified bases is that the destabilization of RNA
' _ 3 duplex arises from the cost of desolvation of the hydrogen bond
(75"’}{’&10 Usdgﬂ;(eiJSlIJzeCdU%nPgirrSclinv%!?h%ggﬁjE:GpI?(AiNéAA) and donors or acceptors of the natural bases during formation of
Their Thermodynamic Properties? the corresponding modified natural base gai€onsequently,

we have two destabilizing effects, which lower the stability of
the RNA duplexes between 8 and 1@.

Figure 7. C—F---H—C hydrogen bonds in crystal of'-tleoxy-1-(4-
fluorophenyl)$-p-ribofuranose.

Y=A Y=C Y=G

<
Il
c

0 0 0 0
X Tn AG Tn AG Tn AG In A8 Interestingly, when a fluorine atom is in the 2-position of
u 378 119 304 98 386 119 301 97  the henzene ring, the duplex is-3 °C more stable than with
B 274 90 273 89 276 9.0 27.9 9.1 hvd h S h b
F 038 79 241 80 242 80 256 g4 @ hydrogen at the same posmon. There seems to be an
H 247 82 250 82 250 82 257 8.4 interaction between this fluorine atom and an additional atom.
’*\<A %g ?-3 ggé 3-2 %g 3-8 ggi ?; Possibly this fluorine atom can form a hydrogen bond to the
| 312 101 417 134 317 102 342 110 5-hydrogen of its own sugar mmety. This requires the benzgne
D 280 91 275 89 287 93 285 9.2 ring to take up asynconformation. Supporting this hypothesis
E 284 9.2 287 9.2 294 95 293 9.5 is that a weak interaction between the fluorine anéHaysirogen
o 287 92 256 85 289 94 294 93 g gphserved in the corresponding crystal structures.
N 206 72 186 6.7 209 73 182 6.6 - " :
The fluorobenzimidazole-modified nucleosides were also
a Phosphate buffer (140 mM NaCl, 10 mM MPQO;, 10 mM NaHPQy); compared to inosine (Table 1). Both modified nucleosides
Tm: [°C]; AGY: [keal/mol] (T = 298 K). Errors: T: £0.2°C; AG® £2%. showed a destabilization of the duplex between 4 andQ4

measuemeris vere done na hospate bufer conning 143 1SS0zl et an oo plamatch base pa an
mM NacCl, 10 mM NaHPGQ,, 10 mM NaHkPQ.. P

. - of the fluorobenzenes. All RNA duplexes with the 4,6-
First we measured only RNA duplexes containing natural difluorobenzimidazole B)-modified nucleoside were between
bases. The wobble base pair@shows the highesk, (38.6 i Zimidazole &) ” u ae w W

°C, Table 1). This is 0.8C higher than the natural 44 base 0.4 and 1.2°C more stable than the ones with the 4-fluoro-

pair (T,=37.8°C). The UC and UU mismatches show nearly ben2|m|dazolle ) (Table 1). . . .

the same stability Tn=30.4°C and 30.1°C). T{ible 2 gives the resullts of pairing .mOdIerd nucleosides
In a second series we measured the benzene and the9ainsteach other. We paired the 2,4-difluorobenzBheufd

fluorobenzene nucleosides paired with natural bases (Table 1).the two quorqpen2|m|dazo!e93( andE) agalnst_ the fluoro-

In these cases all, values are lower than those for the natural benzene-modlfleq nucle03|d¢_as and the_ a_basm site The )

bases. Possible explanations for these findings are the lack oTRNA duplexes with the 4,6-difluorobenzimidazole nucleoside

hydrogen bonds- petween the modified and the natural baseszg) Nichols, R.; Andrews, P. C.. Zhang, P.. Bergstrom, DNature 1994

and that the modified bases are less solvated by water molecule 369, 492.

than the natural ones. The absence of differenc&s,imalues 8(1)) Iégziraesiip'éc%?g\;vendigV'\\;"'\hlj?céiigmp(\ec)i(ejf T_'eslvf\’/%‘r‘] Zzezhgl%?’%him Acta

by pairing for example 2,4-difluorobenzer)@gainst a purine 1 1098 79, 488. T T T '

)
or a pyrimidine indicates that there are no hydrogen bonds. Table(32) Berger, M. Wu, ¥.; Ogawa, A. K.; McMinn, D. L.; Schultz, P. Bucleic
)

) i Acids Res200Q 28, 2911.
1 shows, that all,, values are nearly identical (2727.9°C). (33) Schweitzer, B. A.; Kool, E. TJ. Am. Chem. Sod 995 117, 1863.
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Table 2. Synthesized Double Modified Duplex RNA (5'-CUU UUC
XUU CUU Paired with 3'-GAA AAG YAA GAA) and Their
Thermodynamic Properties?

Y=B Y=F Y=H Y=K
X Tn AG Tn AG T AG T AG?

B 325 10.2 29.9 9.6 31.3 9.8 31.9 10.1
D 335 10.7 30.6 9.8 30.3 9.6 32.8 10.5
E 34.6 11.2 31.3 10.0 31.4 10.0 33.6 10.7

aTm: [°Cl; AGY: [kcal/mol] (T = 298 K). Errors: Tm: £0.2°C; AGY:
+2%.

Table 3. Synthesized Double Modified Duplex RNA (5'-CUU UUC
XUU CUU Paired with 3'-GAA AAG YAA GAA) and Their
Thermodynamic Properties@

X Y Tn[°C] AG® [keal/mol]
N D 25.3 8.3
N E 26.3 8.5
N O 26.2 8.5
N B 22.6 7.7
N F 20.9 7.1
N H 21.0 7.2
N K 21.3 7.3
N M 195 6.8
(0] M 28.9 9.1

agrrors: T £0.2°C; AG%: £2%.

(E) are even approximately°C more stable than the ones with
the 4-fluorobenzimidazole nucleoside)((Table 2).

What are the individual contributions of base stacking,
solvation, and hydrogen bonding to the stability of duplex RNA?
Calculating the incorporation of the 2,4-difluorobenzeBg (
against the abasic sitdN) (T, = 22.6 °C, Table 3) gives a
4.4 °C (1.1 kcal/mol) more stable duplex RNA than the one
with an uridineabasic site ) base pair T, = 18.2 °C,
Table 1). This indicates the contribution of stacking of the
2,4-difluorobenzene nucleosidB)(compared with uridine. An
U-U base pair in duplex RNAT, = 30.1 °C, Table 1) is
2.2°C more stable than a-@,4-difluorobenzeneR) base pair
(Tm = 27.9°C, Table 1). An incorporation of one 2,4-difluoro-
benzene B) stabilizes the duplex about 4°€ (1.1 kcal/mol)
by increased stacking, but the2J)4-difluorobenzeneB) base
pair is 2.2°C less stable than a-U base pair. Thus, the con-
tribution of solvation is 6.6C (1.7 kcal/mol) in destabilization
of the RNA duplex per base pair. A RNA duplex with a 2,4-
difluorobenzenel)-2,4-difluorobenzeneR) base pair should
be 2.2°C more stable{2 - 4.4°C (2 - 1.1 kcal/mol, stronger
stacking),—6.6 °C (—1.7 kcal/mol, less solvation)) than all
base pair. In our measurement alJbase pair has @, of
30.1°C (9.7 kcal/mol, Table 1), and a 2,4-difluorobenzeB (
2,4-difluorobenzene B) base pair, has a, of 32.5 °C
(10.2 kcal/mol, Table 2), proving our calculations.

Table 4. Contributions of Base-Stacking and Solvation of Modified
Nucleosides?

gain of stability through
better base stacking

loss of stability through
solvation

B 4.4°C; 1.1 kcal/mol —6.6°C; —1.7 kcal/mol
F 2.7°C; 0.5 kcal/mol —7.2°C; —1.8 kcal/mol
H 2.8°C; 0.6 kcal/mol —7.2°C; —1.9 kcal/mol
K 3.1°C; 0.7 kcal/mol —6.7°C; —1.7 kcal/mol
M 1.3°C; 0.2 kcal/mol —8.3°C; —2.2 kcal/mol
D 4.4°C; 1.0 kcal/mol —6.3°C; —1.6 kcal/mol
E 5.4°C; 1.2 kcal/mol —6.5°C; —1.5 kcal/mol
(0] 5.3°C; 1.2 kcal/mol —6.3°C; —1.7 kcal/mol

a2 Complementary base for the pyrimidine analogues is uridine, for the
purine analogues, guanosine

the best base-stacking nucleosides while the ones with a single
fluorine atom show nearly the same results. The benzene
nucleosideM has the smallest ability for strong base stacking
(+1.3°C) and the greatest destabilization by solvation effects
(—8.3°C). This explains whw is the universal base with the
greatest destabilization effects of all investigated modified
nucleosides.

With these results, the exact contributions for base stacking
and solvation of all of the modified nucleosides, it is now
possible to calculate the melting points of doubly modified base
pairs. A GbenzeneNl) base pair shows &, of 23.5°C (7.9
kcal/mol, Table 1) and a benzimidazol@)¢benzenel) base
pair aTy, of 28.9°C (9.1 kcal/mol, Table 3). The exchange of
guanosine for benzimidazol®©j stabilizes the duplex by 5.3
°C (1.2 kcal/mol, Table 4). The exchange of the second natural
base by benzimidazole adds no further energy of solvation to
the duplex RNAZ Thus, the corresponding RNA duplex with
the benzimidazoled)-benzene 1) base pair should show a
melting temperature of 288 and a free enthalpxG° of 9.1
kcal/mol. The measured result of this base pair is a melting
temperature of 28.9C and a free enthalppG® of 9.1 kcal/
mol (Table 3). The calculated and the measured results are in
agreement with each other. We also calculated the melting
temperature of a 2,4-difluorobenze)-@-fluorobenzimidazole
(D) base pair. A W-fluorobenzimidazoleld) base pair shows
a Ty of 28.5°C (9.2 kcal/mol, Table 1) and a 2,4-difluoro-
benzene B)-4-fluorobenzimidazole ) base pair aT, of
33.5°C (10.7 kcal/mol, Table 2). The exchange of uridine for
2,4-difluorobenzeneR) stabilizes the duplex by 4.4C (1.1
kcal/mol, Table 4). Thus, the corresponding RNA duplex with
the 2,4-difluorobenzeneBj-4-fluorobenzimidazole [¥) base
pair is 0.6 °C (0.4 kcal/mol) more stable than calculated
(calculated: 32.9C; 10.3 kcal/mol; measured: 33°€; 10.7
kcal/mol, Table 2). A similar result is obtained for the
2,4-difluorobenzene B)-4,6-difluorobenzimidazole §) base

In the same way we calculated the contributions of base pair. The corresponding RNA duplex with the 2,4-difluoro-
stacking and solvation for the other modified nucleosides benzeneR) -4,6-difluorobenzimidazoleR) base pair is 0.9C

(Table 4).

(0.6 kcal/mol) more stable than calculated. In conclusion there

The contributions of base stacking and solvation of the seems to be a further stabilizing force which increasesTthe

pyrimidine analogueB, F, H, K, andM were calculated against

It may be possible that this increaseTof results from a weak

the complementary base uridine, the contributions of the purine F---H hydrogen bond between the modified nucleosides. The

analoguesD, E, and O against the complementary base

existence of such =H hydrogen bonds in this class of

guanosine. All data were obtained only from the named RNA molecules has been shown in the crystal structuré-oebxy-

sequences.

1'-(4-fluorophenyl)g-p-ribofuranose with a #-H distance of

In the case of the fluorobenzene nucleosides the number of230 pn?. This hydrogen bond constitutes one of the firstH

fluorines in the aromatic ring shows a significant influence of
the strength of base stacking.with its two fluorine atoms is
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hydrogen bonds of so-called “organic fluorine” in aqueous
solution. For the orientation of the nucleobases in this double
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Table 5. Partition Coefficients and HPLC Retention Times of the Modified Nucleosides

octanol-water HPLC
nucleoside partition coefficient log P retention time [min]
uridine 0.022 n.d.
inosine 0.019 n.d.
1'-deoxy-1-(benzimidazol-1-yl)s-p-ribofuranose Q) 0.152 16.39
1'-deoxy-1-(4-fluorobenzimidazol-1-ylB-p-ribofuranose D) 1.782 16.82
1'-deoxy-1-(4,6-difluorobenzimidazol-1-ylp-p-ribofuranose ) 4.235 24.64
1'-deoxy-1-phenylf-p-ribofuranose 1) 1.052 10.10
1'-deoxy-1-(4-fluorophenyl)-b-ribofuranose ) 1.497 14.95
1'-deoxy-1-(3-fluorophenyl)s-p-ribofuranoseffl) 1.369 13.65
1'-deoxy-1-(2-fluorophenyl)s-p-ribofuranose K) 0.809 12.49
1'-deoxy-1-(2,4-difluorophenyl)s-p-ribofuranose B) 1.683 16.45
modified Wobble base pairs 20
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Figure 9. Natural UG wobble base pair and postulated double modified Figure 11. CD spectra of dodecamer RNA duplex with one modified base
base pairs with one or two-+H hydrogen bonds. pair.

20

of the individual base% The results of stacking abilities
obtained by calculation from the UV melting curves fit to the
results obtained by CD spectroscopy. The small shift of maxima
and minima in the CD spectra of the RNA duplex with the M

§ .. O base pair could be explained by a small horizontal stretch of
% === the corresponding duplex. Initial results of molecular modeling
point to this direction.
— an All CD spectra indicate that the structure of duplex RNA is
oo only little or not disturbed by incorporation of one of our
— 8y modified nucleic acid analogues. A base pair of modified nucleic

acid analogues does not alter the A-type RNA structure. So all
differences determined by UV measurements are a consequence
Figure 10. CD spectra of dodecamer RNA duplex with one8tural base of changes in stacking, solvation, or the ability to form hydrogen
base pair. bonds and not of structural changes of the RNA duplex.

Besides improving the stabilitys these modifications have a
pronounced influence on the lipophilicity of the RNA duplex.
The partition coefficients between 1-octanol and water and the
HPLC retention times reflect the change in lipophilicity (Table
5).3536The modified nucleosides are between 40 and 200 times
more lipophilic than the natural bases. This explains the reduced
solvation of the bases by water molecules and the loss of stability
of RNA duplexes containing fluoro-modified nucleosides.

T T T T
200 220 240 260 280 300

wave length [nm)]

modified base pair we postulate a formation as it is known from
wobble base pairs in RNA (Figure 9).

The CD spectra of a RNA duplex with only one modified
base follows a typical curve for an A-type helix (Figure 10).
There is a strong maximum at approximately 270 nm, a weak
minimum at approximately 245 nm, a weak maximum at
approximately 225 nm, and a strong minimum at approximately
210 nm. Figure 10 shows the CD spectra of four different RNA Methods

duplexes with base pairs of the 2,4-difluorobenzeBk{ase ) i ) .
and the natural bases. The CD spectra of these four RNA Oligonucleotide SynthesisThe RNA oligomers were syn-

duplexes with the universal basB show no significant thggized on an Eppgndorf-DSBO.synth.esizer by phosphpra—
differences. midite chemistry, with a coupling time for the modified

Figure 11 shows the CD spectra of four different RNA monomers of 12 mid7 The fully protected dodecamers were

duplexes. In comparison with the unmodified RNA (theAU o " g e T Enoels, 3. Wiel, Chim. Actal999 82, 2094,
base pair in Figure 11) the modified ones show the greatest(3s) Lien, E. J.; Goa, H.; Prabhakar, Bl. Pharm. Sci1991, 80, 517.

; P ; f (36) Brinck, T.; Murray, J. S.; Politzer, B. Org. Chem1993 58, 7070.
differences at the maximum at ca. 270 nm. In this region the (375 "™ ‘' Wright, P. B.; Sinha, N. D.. Bain, J. D.. Chamberiin, A. R.
differences could be explained by different stacking abilities J.Org. Chem1991, 56, 4608.
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cleaved from the controlled-pore-glass (CPG) support with 32% 6.32 (1H, d,J = 6.4 Hz, H1), 5.68 (1H, tJ = 6.3 Hz, H2), 5.43 (1H,
agueous NH solution at 55°C overnight. The 2silyl groups dd,J = 4.6 Hz, H3), 4.41 (1H, m, H4), 4.37 (2H, m, HY, 2.13 (3H,
were deprotected with BN-3 HF within 24 h at room S CH), 2.08 (3H, s, Ch), 2.03 (3H, s, Ch); “*C NMR (100.6 MHz
temperaturé® The crude RNA oligomer was precipitated with ~ d-PMSO, ppm) 169.55, 169.06, 168.76<0), 143'?’6 (C2), 142.36,
BuOH at—20 °C, and the fully deprotected RNA was purified %iligsic:lzz)z'gg’oél?éos()i’ 2305'25(%;020%4 Sigggcgg ((CC;){’
by means of anion-exchange HPLC (NucleoPac-PA-100). The _& RN N e T e

: ESI-MS: 377.2 ([M+ H]™).
pure oligomer was subsequently desalted (Sephadex-G25). All

. . ) 1'-Deoxy-1-(benzimidazol-1-yl)f-p-ribofuranose (13).A solution
oligoribonucleotides were characterized by MALDI-TOF-MS, 5 (3 g, 7.9 mmol) in NH-saturated MeOH (175 mL) was stirred

and the masses obtained were in good agreement with theso 50 h and then evaporated. The residue was purified by FGGGH
calculated ones. MeOH 4:1). The product was obtained as a white solid in 90% vyield
UV Melting Curves. UV melting profiles of the RNA (1.79 g, 7.1 mmol). TLC (CkCl/MeOH, 4:1): Ry = 0.53;H NMR
duplexes were recorded in a phosphate buffer containing NaCl (250 MHz ds-DMSO, ppm) 8.45 (1H, s, H2), 7.70 (2H, m, arom H),
(140 mmol, pH 7.0) at oligonucleotide concentrations of\2 7.24 (2H, m, arom H), 5.86 (1H, d| = 6.2 Hz, HI), 5.46 (1H, d,
for each strand at wavelengths of 260 and 2743hrRach J = 6.5 Hz, OH-2), 5.21 (1H, d,J = 4.8 Hz, OH-3), 5.10 (1H, t,
melting curve was determined four times. The error$pfind 3365'(21:2'qo'j'5_)' g'iﬁ SZH 321])::35633H(22’|—}72)r'n4'|1—|25(-1};{3’c:mi\|}:%
thermodynamic data resulted from the standard deviation of the 62.9 MHz dsDMSO, ppm) 143.82 (C2), 142.42, 132.98, 122.62,
four moeasu_rements qf each duplex. Thg temperature range Wag 5 0, 11954, 111.54 (arom C), 88.64 (C85.43 (C2), 73.58 (C2),
0—70 °C with a heatlng_rate_of 0.8C/min. A lower heating 70.13 (CB), 61.26 (CB); ESI-MS: 251.1 ([M+ H]").
rate of 0.2°C/min led to identical results. The thermodynamic 1'-Deoxy-B-O-(4,4-dimethoxytrityl)-1 '-(benzimidazol-1-yl)8-o-
data were extracted from the melting curves by means of a two- jpofuranose (19). To a solution of13 (2.73 g, 10.9 mmol) in
state model for the transition from duplex to single stratids. anhydrous pyridine (100 mL) was added DMTICI (5.2 g, 15.4 mmol),
CD Spectra.CD spectra of RNA duplexes were recorded at and the mixture was stirred fét h under argon at room temperature.
315-200 nm with oligonucleotide concentration ofu of The reaction was quenched by addition of MeOH (3 mL). The mixture
each strand in a phosphate buffer containing NaCl (140 mmol, was evaporated, the residue was dissolved in@#iand the solution

pH 7). The measurement was performed at@@o ensure that was extracted with 5% NaHCGGolution, dried (MgSG), evaporated,
only duplex RNA was present and coevaporated twice with toluene. The crude product was purified

. . . . by FC (CHCI/MeOH, 95:5). The product was obtained as a yellow
HPLC Retention Times. HPLC retention times were mea- . = "2a0, yield (4.43 g, 8 mmol). TLC (GI/MeOH, 9:1): R =

sured with the Unprotected nucleosides with a RP-18 column 0.68;1H NMR (250 MHzds-DMSO, ppm) 8.35 (1H, s, H2), 7.68 (2H
(LiChrospher ECOCART 125-3). The eluation detergent was m arom H), 7.38-6.81 (15H, m, arom H), 5.91 (1H, d,= 5.5 Hz,

water with 5% acetonitrile and a flow of 0.6 mL/min. H1), 5.59 (1H, dJ = 6.1 Hz, OH-2), 5.27 (1H, d,J = 5.4 Hz, OH-
_ i 3), 4.36 (1H, qJ = 5.7 Hz, H2), 4.19 (1H, qJ = 5.2 Hz, H3), 4.10
Experimental Section (1H, 9,3 = 5.2 Hz, H4), 3.73 (6H, s, OCH), 3.23 (2H, m, H5; ¥C

The anhydrous solvents, for example, THF, CH, pyridine, and NMR (62.9 MHzds-DMSO, ppm) 158.08, 144.78 (DMTT), 143.94 (C2),
diethyl ether, were obtained from Fluka and used without further 142.24 (@rom C), 135.42, 135.33 (DMTT), 132.84 (arom C), 129.77,
purification. Dry MeCN (HO <30 ppm) for the phosphitylation 127.84, 127.71, 126.71 (DMTr), 122.57, 122.13, 119.65 (arom C),
reaction was purchased from Perseptive Biosystems. Flash columnl13:19 (DMTr), 111.75 (arom C), 88.95 (§,185.68 (DMTT), 83.33
chromatography (FC): silica gel 60 (463 um) from Merck. TLC: (C4), 73.07 (C2), 70.12 (C3), 63.70 (CH), 55.02 (OCH); ESI-MS:
silica gel 60 ksq4 plates from Merck; HPLC: anion-exchange column 553.2 (M + HJ").

NucleoPac PA-100 from Dionex; desalting with a Sephadex-G25  5-O-(4,4-Dimethoxytrityl)-2 '-O-tert-butyldimethylsilyl-1 '-deoxy-
column from Pharmacia. UV/melting profiles: Varian-Carnd¥V/vis 1'-(benzimidazol-1-yl)#-p-ribofuranose (23). To a solution of19
spectrophotometer, Cary temperature controller, 10-mm cuvette. CD (0.95 g, 1.7 mmol) in anhydrous THF/pyridine 1:1 (20 mL) were added
spectra: Jasco-710 spectropolarimeter. NMR: Bruker-AM250 and AgNO; (380 mg, 2.2 mmol) and 1 NBuMeSiCl in THF (2.2 mL,
Bruker-WH270 {H,%3C) and Bruker-AMX400 {H,23C 3'P) spectrom- 2.2 mmol) and were stirred for 20 h under argon at room temperature.
eters;d in ppm, J in Hz. MS: PerSeptive Biosystems MALDI-TOF  The reaction was quenched by addition of saturated aqueous NaHCO

spectrometer Voyager DE: ESi electrospray-ionization. solution. The suspension was filtered, the filtrate was extracted with
2',3,5-Tri- O-acetyl-1-deoxy-1-(benzimidazol-1-yl)B-p-ribofura- CH,Cl,, and the organic phase was dried (MgH@nd evaporated.
nose (12).To a suspension of benzimidazole (5.2 g, 44 mmdl)n The residue was coevaporated twice with toluene and purified by FC

MeCN (80 mL) was addel,O-bis(trimethylsilyl)acetamide (10.75 mL, ~ (CHzCl/'PrOH, 98:2). The product was obtained as a white foam in
44 mmol) and heated under reflux for 15 min. After the mixture was 27/% Yield (310 mg, 0.46 mmol). TLC (GRI./'PrOH, 98:2): Ry =
cooled to room temperature, 1,2,3,5-téb@cetylg-o-ribofuranose (7.0~ 0-35;*H NMR (250 MHzds-DMSO, ppm) 8.35 (1H, s, H2), 7.66 (2H,
g, 22 mmol)11in MeCN (80 mL) and trimethylsilyl trifluoromethane- ~ M> arom H), 7.4+6.82 (15H, m, arom H), 5.92 (1H, d,= 6.5 Hz,
sulfonate (5 mL, 27.6 mmol) were added and heated under reflux for H1), 5.19 (1H, dJ = 5.5 Hz, OH-3), 4.58 (1H, t,J = 5.7 Hz, H2),
2.5 h. The mixture was treated with 5% NaHEIution and extracted 4.18 (1H, m, H3, 4.13 (_1H, m, H4), 3.71 (6H, s, O_C@v 3.29 (2H,
with CH,Cl,, the organic phase was dried and evaporated, and the M H5), 0.68 (9H, s, SiC(Ch}s), —0.15, ~0.31 (SICH);*C NMR
residue was purified by FC (GBI,/MeOH, 98:2). The product was  (100.6 MHzds-DMSO, ppm) 158.10, 144.72 (DMTr), 143.95 (C2),
obtained as a white foam in 56% yield (4.6 g, 12.2 mmol). TLC 142.59 (arom C), 135.21, 135.11 (DMTr), 132.40 (arom C), 129.78,
(CHzClz/MeOH, 955) Rf — 0.43;1H NMR (400 MHst—DMSO, ppm) 129.72, 127.79, 127.61, 126.73 (DMTI’), 122.37, 122.12, 119.65 (arom
8.49 (1H, s, H2), 7.73 (2H, m, arom H), 7.29 (2H, m, arom H), C), 113.16 (DMTr), 111.92 (arom C), 88.61 (¢,185.82 (DMTT),
83.99 (C4), 74.51 (C2), 69.94 (C3), 63.50 (C5), 55.00 (OCH), 25.43

(38) Westmann, E.; Stroberg, R.Nucleic Acids Res1994 22, 2430. (SIC(CHb)s), 17.69 (SIC(CH)3), —5.12,—5.61 (SICH); ESI-MS: 667.6
(39) Schweitzer, M.; Engels, J. W. Antisense: From Technology to Therapy (IM + H]).

ggihe'wfﬁnsé'gﬁfﬁid%é B,{XECQ’Q\QQ.’ 32?“89;22%%%?’ K-H., Eds.; Blackwell 5'-0O-(4,4-Dimethoxytrityl)-3 '-O-tert-butyldimethylsilyl-1 '-deoxy-
(40) Marky, L. A.; Breslauer, K. JBiopolymers1987, 26, 1601. 1'-(benzimidazol-1-yl)#-p-ribofuranose (21)was obtained from the

5670 J. AM. CHEM. SOC. = VOL. 124, NO. 20, 2002



C—F---H-C H-Bonds in Ribonucleic Acids

ARTICLES

reaction described above as the slower-migrating isomer. The productmmol). TLC (CHCl,/MeOH, 9:1): Ri = 0.24;H NMR (250 MHz

was obtained as a white foam in 36% yield (410 mg, 0.61 mmol). TLC
(CH:CI'PrOH, 98:2): R = 0.32;'H NMR (250 MHzds-DMSO, ppm)
8.40 (1H, s, H2), 7.69 (2H, m, arom H), 746.82 (15H, m, arom H),
5.90 (1H, d,J = 6.1 Hz, H1), 5.50 (1H, dJ = 6.5 Hz, OH-2), 4.52
(1H, g,J = 5.8 Hz, H2), 4.35 (1H, m, H3, 4.07 (1H, m, H4, 3.72
(6H, s, OCH), 3.24 (2H, m, H5, 0.82 (9H, s, SiC(CH)3), 0.07, 0.02
(SiCHg); 3C NMR (100.6 MHz de-DMSO, ppm) 158.11, 144.58
(DMTT), 143.99 (C2), 142.52 (arom C), 135.26, 135.17 (DMTT), 132.64
(arom C), 129.69, 127.81, 127.63, 126.74 (DMTr), 122.47, 122.11,
119.64 (arom C), 113.16 (DMTr), 111.85 (arom C), 88.87'{(85.87
(DMTr), 83.82 (C4), 72.47 (C2), 71.92 (C3), 63.14 (CH), 55.03
(OCHg), 25.73 (SiC(CH)3), 17.99 (SiC(CH)3), —4.50,—5.14 (SiCH);
ESI-MS: 667.5 ([M+ H]").

1'-Deoxy-8-0-(4,4-dimethoxytrityl)-2 '-O-(tert-butyldimethylsilyl)-
1'-(benzimidazol-1-yl){-p-ribofuranose CyanoethylN,N-Diisopro-
pylphosphoramidite (7). To a solution 0f23 (150 mg, 0.22 mmol)
in anhydrous MeCN (8 mL) were added collidirreZ,4,6-trimethyl-
pyridine, 285uL, 2.2 mmol), 1-methyl-1H-imidazole (9L, 0.11 mmol)
and 2-cyanoethyl diisopropylphosphoramidochloridite (A2 0.32
mmol), and the mixture was stirred for 15 min at®© and for 45 min

ds-DMSO, ppm) 7.4%7.22 (5H, m, arom H), 4.93 (1H, d, = 6.8
Hz, H1), 4.86 (1H, d,J = 4.7 Hz, OH-3), 4.77 (1H, t,J = 5.5 Hz,
OH-5), 4.54 (1H, dJ = 7.1 Hz, OH-2), 3.88 (1H, m, H4), 3.80 (1H,
m, H3), 3.68 (1H, q,J = 5.6 Hz, H2), 3.53 (2H, m, H5); 1*C NMR
(62.9 MHzds-DMSO, ppm) 141.42, 127.96, 127.23, 126.24 (arom C),
85.06 (C1), 82.99 (C4), 77.63 (C2), 71.44 (C3), 62.06 (CH); ESI-
MS: 209.0 M+ H]).

5'-O-(4,4-Dimethoxytrityl)-1 '-deoxy-1-phenyl-f-p-ribofuranose
(20).To a solution oft8 (1.0 g, 4.75 mmol) in anhydrous pyridine (25
mL) and E¢N (1.0 mL, 7.2 mmol) was added DMTrCI (1.93 g, 5.7
mmol), and the mixture was stirredrf@t h under argon at room
temperature. The reaction was quenched by addition of MeOH (3 mL).
The mixture was evaporated, the residue was dissolved iCGHand
the solution was extracted with 5% NaHg€&blution, dried (MgSG),
evaporated, and coevaporated twice with toluene. The crude product
was purified by FC (CECl./MeOH, 98:2). The product was obtained
as a yellow foam in 75% vyield (1.83 g, 3.57 mmol). TLC (&H/
MeOH, 98:2): R = 0.23;'H NMR (250 MHzds-DMSO, ppm) 7.47
6.86 (18H, m, arom H), 5.07 (1H, d,= 6.5 Hz, H1), 4.93 (1H, d,J
= 5.2 Hz, OH-3), 4.66 (1H, dJ = 6.3 Hz, OH-2), 3.99 (1H, m, H4),

at room temperature under argon. The reaction was quenched by3.88 (1H, q,J = 4.9 Hz, H3), 3.74 (1H, m, H?, 3.73 (6H, s, OCH),

addition of saturated aqueous NaHg6blution, the mixture was
extracted with CHCI,, and the organic phase was dried (Mgpénd
evaporated. The crude product was purified by FC {CIkiMeOH,

3.18 (2H, m, H5; 3C NMR (62.9 MHz ds-DMSO, ppm) 158.08
(DMTT), 149.62 (arom C), 144.98 (DMTr), 141.29, 136.11 (arom C),
135.69, 129.77, 128.06, 127.79 (DMTr), 127.29, 126.66, 125.96, 123.89

99:1). The product (diastereoisomer mixture) was obtained as a white (arom C), 113.17, 85.40 (DMTTr), 83.56 (§182.99 (C4), 77.60 (C2),

foam in 54% vyield (105 mg, 0.12 mmol). TLC (hexane/AcOEt, 4:1):
R = 0.09;'H NMR (400 MHz d-DMSO, ppm) 8.12, 8.08 (2H, s,
H2), 7.79 (2H, dJ = 8.0 Hz, arom H), 7.63 (2H, dl = 8.1 Hz, arom
H), 7.48-6.80 (30H, m, arom H), 5.92, 5.86 (2H, 8= 7.5 Hz,J =
7.0 Hz, H1), 4.76 (2H, m, H2), 4.31 (2H, m, H3, 3.95 (2H, m, H¥),
3.79, 3.78 (12H, s, OC#), 3.56 (8H, m, H5 CH,CN), 2.68 (4H, m,
OCH,), 1.20 (12H, m, CH(CH),), 0.81, 0.74 (18H, s, SIC(ChH#),
—0.14,—0.37,-0.40, —0.49 (12H, s, SiCh); 3P NMR (162 MHz,
CDCl;, ppm) 150.58, 149.99; ESI-MS: 867.7 ([M H]*).

2',3,5-Tri- O-benzyl-1-deoxy-1-phenyl-f-p-ribofuranose (17).A
solution of bromobenzene (0.76 mL, 7.1 mmb§in anhydrous THF
(20 mL) was treated under argon-at8 °C within 10 min with 1.6 M
BuLi in hexane (4.5 mL, 7.2 mmol). After 20 min at78 °C a solution
of 2,3,5-tri-0O-benzylp-ribono-1,4-lactone (2.0 g, 4.8 mmd}in THF
(20 mL) was added over 30 min, and the mixture was stirred for an
additional hour and then warmed withi2 h to —30 °C (TLC
control).The reaction was quenched by addition of water, the mixture
was extracted with ED, and the organic phase was dried (MgpO
and evaporated to afford an oil. The residue was dissolved CGH
(20 mL) and treated at 78 °C with BFs+Et,O (1.2 mL, 9.5 mmol) and
EtSiH (1.5 mL, 9.5 mmol). The mixture was stirredfbh at—78 °C
and then warmed overnight to 2C. The reaction was quenched by
addition of saturated aqueous NaHg6blution, the mixture was
extracted with CHCl,, and the organic phase was dried (Mgpeénd

71.41 (C3), 64.18 (CH), 55.03 (OCH); ESI-MS: 511.4 ([M+ H]").

5'-0-(4,4-Dimethoxytrityl)-2 '-O-tert-butyldimethylsilyl-1 '-deoxy-
1'-phenyl-f-p-ribofuranose (24). To a solution of20 (1.09 g, 2.1
mmol) in anhydrous THF/pyridine, 1:1 (20 mL) were added AgNO
(430 mg, 2.5 mmol) and 1 NBuMe;SiCl in THF (2.5 mL, 2.5 mmol)
and stirred for 20 h under argon at room temperature. The reaction
was quenched by addition of saturated aqueous Naf#0lDtion. The
suspension was filtered, the filtrate was extracted withCli and
the organic phase was dried (Mgg@nd evaporated. The residue was
coevaporated twice with toluene and purified by FC §CH— CH.Cl,/
iPrOH, 95:5). The product was obtained as a white foam in 29% yield
(390 mg, 0.62 mmol). TLC (CkCly): R = 0.24;*H NMR (250 MHz
ds-DMSO, ppm) 7.46-6.82 (18H, m, arom H), 4.74 (1H, d,= 5.2
Hz, OH-3), 4.67 (1H, d,J = 6.4 Hz, H1), 3.95 (3H, m, H2 H3,
H4'), 3.73 (6H, s, OCH), 3.23 (2H, m, H5, 0.78 (9H, s, SiC(Ch)3),
—0.12,—-0.17 (3H, s, SiCh); *C NMR (62.9 MHzds-DMSO, ppm)
158.06, 145.02 (DMTr), 140.54, 140.21 (arom C), 135.54, 135.47,
129.75 (DMTr), 128.88, 128.17 (arom C), 128.03, 127.76 (DMTT),
127.37, 126.65 (arom C), 126.22, 113.13, 85.43 (DMTTr), 83.66)(C1
83.13 (C4), 79.66 (C2), 71.55 (C3), 63.88 (CH), 55.01 (OCH), 25.63
(SIC(CH)3), 17.89 (SiC(CH)3), —4.98,—5.28 (SiCH); ESI-MS: 625.6
(M + HI).

5'-0-(4,4-Dimethoxytrityl)-3 '-O-tert-butyldimethylsilyl-1 '-deoxy-
1'-phenyl-f-p-ribofuranose (22) was obtained from the reaction

evaporated. The residue was purified by FC (hexane/AcOEt, 4:1). The described above as the faster-migrating isomer. The product was
product was obtained as an orange solid in 75% vyield (1.71 g, 3.6 obtained as a white foam in 42% yield (560 mg, 0.89 mmol). TLC

mmol). TLC (hexane/AcOEt, 4:1)R; = 0.45; H NMR (250 MHz
ds-DMSO, ppm) 7.46-7.19 (20H, m, arom H), 4.88 (1H, d,= 6.5
Hz, HY), 4.61-4.43 (6H, m, PhCh), 4.24 (1H, q,J = 4.0 Hz, H4),
4.06 (1H, t,J = 4.4 Hz, H3), 3.90 (1H, m, H2, 3.64 (2H, m, HY);
13C NMR (62.9 MHzds-DMSO, ppm) 140.60, 138.30, 138.20, 138.07,

(CHClp): Ri=0.27;*H NMR (250 MHzds-DMSO, ppm) 7.42-6.82
(18H, m, arom H), 4.89 (1H, dl = 7.2 Hz, OH-2), 4.67 (1H, dJ =
6.4 Hz, H1), 4.01 (1H, m, H3, 3.94 (1H, m, HY, 3.74 (1H, m, HY,
3.72 (6H, s, OCH), 3.22 (2H, m, H5, 0.78 (9H, s, SiC(Ch)3), —0.01,
—0.06 (3H, s, SiCh); **C NMR (62.9 MHzds-DMSO, ppm) 157.78,

128.26, 128.21, 128.15, 127.84, 127.56, 127.50, 127.40, 126.25 (arom145.01 (DMTr), 140.54, 140.22 (arom C), 135.44, 135.48, 129.75

C), 83.42 (C), 81.90 (C4), 81.07 (C2), 77.28 (C3), 72.42, 71.07,

70.98 (PhCH), 70.32 (C5); ESI-MS: 498.4 ([M+ NH3]™).
1'-Deoxy-1-f-b-phenylribofuranose (18). A solution of 17

(0.2 g, 0.42 mmol) in anhydrous GBI, was treated wit 1 M BBr3

in CH.Cl> (1 mL, 1 mmol) at—78°C and stirred for 1.5 h under argon.

The reaction was quenched by addition of CH/MeOH, 1:1 (5 mL)

and evaporated. The residue was purified by FCZMMeOH, 9:1).

The product was obtained as a white solid in 69% yield (60 mg, 0.29

(DMTTr), 128.89, 128.04 (arom C), 127.75, 127.64 (DMTr), 127.37,
126.39 (arom C), 126.22, 112.73, 85.43 (DMTr), 83.72 'JC1
83.38 (C4), 79.88 (C2), 71.63 (C3), 63.84 (ChH), 54.98 (OCH),
25.73 (SiC(CH)s), 17.88 (SiC(CH)3), —5.01, —5.25 (SiCH); ESI-
MS: 625.5 (IM+ H]").

1'-Deoxy-58-0-(4,4-dimethoxytrityl)-2 '-O-(tert-butyldimethylsilyl)-
1'-phenyl#-b-ribofuranose CyanoethylN,N-Diisopropylphosphora-
midite (2). To a solution 0f24 (200 mg, 0.32 mmol) in anhydrous
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MeCN (10 mL) were added collidine=@,4,6-trimethylpyridine, 4.77 (2H, m, HY), 4.16 (4H, m, H2 H3), 3.95 (2H, m, H4), 3.79,
430 uL, 3 mmol), 1-methyl-1H-imidazole (1&L, 0.17 mmol), and 3.78 (12H, s, OCHh), 3.55 (8H, m, H5 CH,CN), 2.66 (4H, m, OCH),
2-cyanoethyl diisopropyl-phosphoramidochloridite (140 0.5 mmol), 1.16 (12H, m, CH(CH),), 0.80, 0.79 (9H, s, SiC(CH#), —0.13,—0.15,
and the mixture stirred for 15 min at @ and for 30 min at room —0.29, —0.30 (3H, s, SiCh); 3P NMR (162 MHz, CDC{, ppm)
temperature under argon. The reaction was quenched by addition 0f151.88, 149.35; ESI-MS: 827.6 ([M H]").

saturated aqueous NaHg®olution, the mixture was extracted with

CH,Cl,, and the organic phase was dried (Mg$@nd evaporated. Acknowledgment. J.P. thanks the Graduiertenkolleg
The crude product was purified by FC (hexane/AcOEt, 4:1). The “Chemische und biologische Synthese von Wirkstoffen” for a
product (diastereoisomer mixture) was obtained as a white foam in Ph.D. fellowship.

57% yield (152 mg, 0.18 mmol). TLC (hexane/AcOEt, 4:R:= 0.39;

H NMR (400 MHz ds-DMSO, ppm) 7.56-6.83 (36H, m, arom H),  JA012116G
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