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Abstract: A simple and straightforward synthesis of the pyrimidined@oxyribonucleoside cyclid\-
acylphosphoramiditeRp-1 and Sp-1 is described. Specifically A)-2-amino-1-phenylethand was chemo-
selectivelyN-acylated tot by treatment with ethyl fluoroacetaddollowed by reaction with hexaethylphosphorus
triamide to afford the cyclidN-acylphosphoramidit® as a mixture of diastereomeric rotamess &nd 5b).
Condensation of\*-benzoyl-5-O-(4,4 -dimethoxytrityl)-2-deoxycytidine8 with 5 in the presence ofH-
tetrazole gave, after silica gel chromatography, pRsel and Se-1. 3P NMR studies indicated that when

Rp-1 or Sp-1 is reacted with 30-acetylthymidine andN,N,N',N'-tetramethylguanidine in CITN, the
dinucleoside phosphotriest&s-9 or Rp-9 is formed in near quantitative yield with tot&stereospecificity

(0p 144.2 or 143.9 ppm, respectively). SulfurizatiorSpf9 or Rp-9 generated the-stereodefined dinucleoside
phosphorothioateRp-11 or Se-11 (0p 71.0 or 71.2 ppm, respectively). The-d&oxycytidine cyclic
N-acylphosphoramidite derivativé®-1 and Sp-1 were subsequently applied to the solid-phase synthesis of
[Re,Rp]- and [Sp,S-trideoxycytidilyl diphosphorothioate d@CpsC), and Re,Sp,Rpl-tetradeoxycytidilyl
triphosphorothioate dCp<Cp<C). Following deprotection, reversed-phase (RP) HPLC analysis of these
oligonucleotide analogues showed a single peak for each oligomer. By comparison, RP-HPLC analysis of
purified P-diastereomeric d(&Cp<C) and d(GLpLp<LC) prepared from standard 2-cyanoethyl deoxyribo-
nucleoside phosphoramidites exhibited 4 and 8 peaks, respectively, each peak corresponding to a specific
P-diastereomer (see Figure 3A). The thymidine cy®i@cylphosphoramidite derivativé®s-14 and Sp-14

were also prepared, purified, and used successfully in the solid-phase synthdzik ©d[[Tpg11T]. Thus,

the application of deoxyribonucleoside cyciacyl phosphoramidites t&-stereocontrolled synthesis of
oligodeoxyribonucleoside phosphorothioates may offer a compelling alternative to the methods currently used
for such syntheses.

Oligodeoxyribonucleoside phosphorothioates (PS-ODNSs) have phosphorothioates have demonstrated superior stability to these
been and continue to be extensively studied as potential nucleases tharP-diastereomeric PS-ODNs.Thus, further
therapeutic agents against various types of cancer and infectiousnvestigation into the biological, pharmacokinetic, and toxico-
diseases in humansGiven that these oligonucleotide analogues logical properties oP-stereopure PS-ODNSs requires improved
are P-chiral, each of then internucleotidic phosphorothioate chemical methods to synthesize these biomolecules and increase
linkages adopts either Bp or a S configuration. Chemically their availability for clinical studies.
synthesized PS-ODNSs are therefore mixtures'st@reoisomers, Over the years, a number of methods have been developed
the ratioRe:S> of these varying between 1:1 and 3:Rlost for the preparation of PS-ODNs with define@-chirality.
studies addressing the biological activity, pharmacokinetic Specifically, nucleoside oxathiaphospholane derivath@slic
properties, and toxicology of PS-ODNs have been performed phosphoramidites such as nucleoside indol-oxazaphosphbrines
with oligonucleotides having undefined phosphorus chirality. or xylose-derived oxazaphosphorinafesd nucleoside bicyclic
Rgcently, StereOpurﬁp‘o“QOdeoxynbonUdeOSIde phosphoro- (3) Tang, J. Y.; Roskey, A,; Li, Y.; Agrawal, Slucleosides Nucleotides
thioates were prepared enzymatically and then shown to POSSeS$995 14, 985-990.

a lower stability to nucleases endogenous to human serum than (4) Koziolkiewicz, M.; Wojcik, M.; Kobylanska, A.; Karwowski, B.;

the parent PS-ODNs with undefin€¥chirality.2 Conversely, Rebowska, B.; Guga, P.; Stec, W.Antisense Nucleic Acid Drug be

chemically synthesized stereopiBeoligodeoxyribonucleoside 1997 7, 43-48. e . S . )
(5) (a) Stec, W. J.; Grajkowski, A.; Koziolkiewicz, M.; Uznanski, B.

* To whom correspondence should be addressed. Telephone: (301)-827-Nucleic Acids Resl991 19 5883-5888. (b) Stec, W. J.; Grajkowski, A.;
5162. FAX: (301)-480-3256. E-mail: beaucage@phosphoramidite.cber. Kobylanska, A.; Karwowski, B.; Koziolkiewicz, M.; Misiura, K.; Okruszek,

nih.gov. A.; Wilk, A.; Guga, P.; Boczkowska, MJ. Am. Chem. Sod 995 117,
T'National Cancer Institute. 12019-12029. (c) Karwowski, B.; Guga, P.; Kobylanska, A.; Stec, W. J.
(1) () Crooke, S. T.; Bennett, C. Annu. Re. Pharmacol. Toxicol Nucleosides Nucleotidd998 17, 1747-1759. (d) Stec, W. J.; Karwowski,

1996 36, 107-129. (b) Beaucage, S. L.; lyer, R. Petrahedronl993 49, B.; Boczkowska, M.; Guga, P.; Koziolkiewicz, M.; Sochacki, M.; Wiec-

6123-6194. zorek, M. W.; Blaszczyk, dJ. Am. Chem. S0d 998 120, 7156-7167.

(2) (a) Wilk, A.; Stec, W. JNucleic Acids Resl995 23, 530-534. (b) (6) (a) Wang, J.-C.; Just, Gietrahedron Lett1997, 38, 3797-3800.

Wyrzykiewicz, T. K.; Cole, D. L.Bioorg. Chem 1995 23, 33—41. (b) Wang, J.-C.; Just, Gletrahedron Lett1997, 38, 705-708.
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5b as a consequence of partial double-bond character of the

F C—N bond linking the 2-fluoroacetyl group to the oxazaphos-
Sy1a 8 1326 Sy-1b 3 128.8 pholane ring'® Further, we found the ratio of these rotamers to
(d, Jpr = 128 Hz) vary with solvent polarity:! Other factors contributing to the

complexity of NMR data aréH and*3C spin—spin couplings

DMTr = 4,4'-dimethoxytrityl; Bz = benzoyl; Ph = phenyl . .
to phosphorus and fluorine. In this regard, the proton-decoupled

Scheme 2 sip INMR spectrum of5 in CgDg or DMSO-ds is simpler to
analyze.
OH FCH,CO,Et o . .
,J\,NHQ 23 2 H H\nj Becauseé possesses two chiral centers, two sets of two signals
Ph —>130 Py Ph at~120 and~130 ppm are observed due to the tricoordinated
o}

phosphorus atomRp and Sp). Each set of signalsRp or Sp)

2 4 can be assigned to the two rotamers, one of which appears as
a singlet ba) and the othergb) as a doublet. Given the large
EtN EN F ; : ; ;
(EtoN)sP Y o 2 3 l coupling constantslfg = 50—75 Hz) associated with the signal
—— \NJS ——— 0o N o observed fobb in solvents of differing polarity, it is likely that
120°C or E )—/ these signals result from “through-spacéP—19F spin—spin
5a Ph sb coupling?? Additional evidence in support of these spectral

assessments was obtained from an experiment involving base-

- . induced cyclization of 2NI-(2,2,2-trifluoroacetyl)amino]ethyl
oxazaphospholidinésiave been used for this purpose. To date, ohosphordichloridites to the chloroN-acylphosphoramidite

only nucleoside oxathiaphospholane derivatives have enabled”, =" . . -
the synthesis of PS-ODNs with tot&stereospecificity. We ?Seép]/;t;\;e:j’?) a;rc?tcm[)ggéiumlég?wrﬁéiﬁ;ngiztz))f Itrr]ﬂg:r?wsi)c(:tme
now wish to report deoxyribonucleoside cych¢acylphos- ' P Y

- I showed signals at 178 ppm (singlet assigned to the dichloridite
phoramidites, such &p-1 andSp-1 (Scheme 1), as a promising . .
new class of monomers in tlestereospecific synthesis of PS- 6), 151 ppm (singlet corresponding to rotariey, and 146 ppm

ODNs (quartet attributed to rotaméib which has its fluorine atqms
' crowded near the phosphorus atdiiyhe quartet (characterized
by a 3P—19F spin—spin coupling constanfpr = 74 Hz)
indicates through-space or nonbonded interactions between the
The synthesis oRp-1 and Sp-1 begins with the preparation ~ phosphorus and fluorine nuclei. To the best of our knowledge,
of cyclic N-acylphosphoramidité& (Scheme 2). Commercial  a “through-bond™Jerwould be expected to be less than 5¥z.
(£)-2-amino-1-phenylethan@ was reacted with ethyl fluoro- ~ Our observations are consistent with those reported in the
acetate3 (1.3 equiv) at 13C°C until ethanol had cqmpletely (10) Multiplicity of 'H, and*3C NMR signals associated with tertiary
distilled off to afford the crude amido alcohel in near amide rotamers is well-documented in the literature; for example, see: (a)
quantitative yields. Heating recrystallizédvith hexaethylphos- ﬁbrﬁ?sr?étl:d i; L%f;ush,_l Z-élz:]qtol_g r?;gncfgggn-13l%l\l/l7i Szg)etét(gsvsel(:rggy -
phorus triamide (1 equiv) at 12 until N.N-diethylamine had " 2800 e, MG e st P e < S Chemio92 70,
distilled off’ was followed by distillation of the material left  1397"1405. (c) Hoye, T. R.: Renner, M. K. Org. Chem1996 61, 2056-
under high-vacuum to givé as a viscous liquid. The cyclic ~ 2064. (d) Wilk, A.; Grajkowski, A.; Phillips, L. R.; Beaucage, S.1.0rg.
N-acylphosphoramidité was characterized by NMR spectros- Chem 1999 64, 7515-7522.

. 1 (11) A striking example of chemical shift dependence upon solvent
copy and accurate mass determinati¢hand**C NMR spectra polarity is illustrated by thé'P NMR spectra ob in CsDg and DMSOds

Results and Discussion

of 5 are quite complex due to the presence of rotarbarand (data shown as Supporting Information). The signal intensity of rotameric
speciebain CgDg (123.5 and 133.1 ppm) is reduced by at least a factor of
(7) (&) Jdin, Y.; Just, GJ. Org. Chem1998 63, 3647-3654. (b) Jin, Y.; 5 in DMSO-ts.
Biancotto, G.; Just, GTetrahedron Lett1996 37, 973-976. (12) Proton-coupled® NMR analysis of exhibited two sets (one for
(8) (a) lyer, R. P.; Guo, M.-J.; Yu, D.; Agrawal, Setrahedron Lett Rp and the other fofp) of two signals. Each set of signals was composed
1998 39, 2491-2494. (b) Guo, M.-J.; Yu, D.; lyer, R. P.; Agrawal, S.  of a triplet attributed to rotaméya and two triplets assigned to rotaniy.
Bioorg. Med. Chem. Lettl998 8, 2539-2544 and references therein. The signals associated wifth (12 lines for overlappindrp-5b and Sp-5b)

(9) This reaction was carried out essentially as described in the literature; resulted from?P—19F spin—spin coupling; the coupling constanis (53
see: (a) Mizrakh, L. |.; Polonskaya, L. Yu.; Kozlova, L. N.; Babushkina, and 70 Hz in GDe) were identical to theJsr measured from the
T. A; Bryantsev, B. I.Zh. Obshch. Khim1975 45, 1469-1473. (b) corresponding'P NMR spectrum (data shown in Experimental section and
Pudovik, M. A; Terent'eva, S. A.; Medvedeva, M. D.; Pudovik, A.Zh. as Supporting Information).

Obshch. Khim1973 43, 679. (13) Data shown as Supporting Information.
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literature; through-spacé—1% spin—spin couplings were
found for -trifluoromethylphenyl) phosphines withrvalues
ranging from 51 to 56 Hz in chlorobenzetferinally, through-
space 1°F—19F spin—spin couplings have been extensively
studied® in 1,8-difluoronaphthalene and 4,5-difluorophenan-
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amidite derivatived® Thus, column dimensions, amount of
sorbent, elution solvent(s), and flow rates must be optimized to
ensure the best chromatographic resolutio-atereodefined
phosphoramidite derivatives within the shortest period of time.
Although the silica gel-induced decomposition productBefl

threne derivatives. In these compounds, the intramolecular pairsand Sp-1 have not yet been completely characterized, small
of fluorine atoms crowded near each other exhibited large amounts (less than 5%) of hydrolyz&g-1 (presumably its

coupling constantsJfr = 59—177 Hz)17~1°

Condensation of commercial*-benzoyl-5-O-(4,4 -dimeth-
oxytrityl)-2'-deoxycytidine8 with 5 (1.1 equiv) and H-tetrazole
(1.1 equiv) was carried out in dry acetonitrile for 20 min at 25
°C. The crude reaction products were purified by chromatog-
raphy on silica gel 60 (236400 mesh) to affordRp-1 and Sp-
120 as white amorphous solid$.Although pure &99%), the
relatively low yield of these cyclitN-acylphosphoramidites (26
and 22%, respectively) is due to only modest stabilityRpfl
and Sp-1 toward silica gel chromatography. The stability of
deoxyribonucleoside cyclidN-acylphosphoramidites during
chromatography depends, in part, on the nature ofNtaeyl
and C-5 functional groups of the oxazaphospholane #hg.
Typically, the stability of deoxyribonucleoside cych&acylphos-
phoramidites toward silica gel decreases in the following
order: N-propionyl > N-acetyl> N-(2-methoxyacetyl> N-(2-
fluoroacetyl)> N-(2,2,2-trifluoroacetyl). Stability also decreases
with the following substitution in theC-5 group of the
oxazaphospholane ring: pherwylallyl > H. The most critical
feature in the purification ofRp-1 and Se-1 by silica gel
chromatography is minimizing the contact time of these cyclic
N-acylphosphoramidites with silica gel. However, this must be
performed in a manner that would not compromise the
chromatographic resolution of the$estereopure phosphor-

(14) Hund, R.-D.; Behrens, U.;'Rohenthaler, G.-WPhosphorus, Sulfur,
Silicon 1992 69, 119-127.

(15) Miller, G. R.; Yankowsky, A. W.; Grim, S. Ql. Chem. Physl969
51, 3185-3190.

(16) (a) Everett, T. S. I€hemistry of Organic Fluorine Compounds I
- A Critical Review, ACS Monograph 187; HudlickyM., Pavlath, A. E.,
Eds.; American Chemical Society: Washington, DC, 1995; pp 08B6.
(b) Servis, K. L.; Fang, K.-NJ. Am. Chem. S0d968 90, 6712-6717. (c)
Chambers, R. D.; Sutcliffe, L. H.; Tiddy, G. J. Trans. Faraday Sac
197Q 66, 1025-1038. (d) Hilton, J.; Sutcliffe, L. HProg. Nucl. Magn.
Reson. Spectrod975 10, 27—-39. (e) Matthews, R. S.; Preston, W. E.
Org. Magn. Reson198Q 14, 258-263. (f) Matthews, R. SOrg. Magn.
Reson 1982 18, 226-230.

(17) Mallory, F. B.; Mallory, C. W.; Fedarko, M.-Cl. Am. Chem. Soc
1974 96, 3536-3542.

(18) Mallory, F. B.; Mallory, C. W.; Ricker, W. MJ. Am. Chem. Soc
1975 97, 4770-4771.

(29) Mallory, F. B.; Mallory, C. W.; Ricker, W. MJ. Org. Chem1985
50, 457-461.

(20) The P-stereochemistry of these deoxyribonucleoside cydlic

H-phosphonate derivative) and deoxyribonucleosid=an be
generated during chromatography. A fraction of these decom-
position products co-elute with the slower-moviRg-1. When
purified and isolated as amorphous solids, cydliacylphos-
phoramiditedRp-1 andSp-1 exhibit stability comparable to that

of the parent 2-cyanoethyl'-2leoxycytidine phosphoramidite

in either long-term storage or in acetonitrile solution. Selection
criteria for the oxazaphospholamé(2-fluoroacetyl) andC-5
phenyl groups of deoxyribonucleoside cydNeacylphosphor-
amidites were thus based on the excellent solid-state and solution
stability of Rp-1 and Se-1, their coupling efficiency in solid-
phase oligonucleotide synthesis, and the relative ease of
oligonucleotidic phosphate/phosphorothioate triester deprotec-
tion.

Bz

DMTrO C
T:0: 4 1. 5a,b/1 H-tetrazole/MeCN Rp-1a,b
— and
oH 2. Silica gel Chromatography Sp-1ab
8

The 2-deoxycytidine cyclidN-acylphosphoramiditeRp-1 and
Sp-1 were characterized by NMR spectroscopy, accurate mass
determination, and HPLC. Much like th#d and 13C NMR
spectra of5, those ofRp-1 and Sp-1 are difficult to interpret
due to the presence of rotameRp{1a and Rp-1b, Sp-1a and
Sp-1b) and H/13C spin—spin couplings to phosphorus and
fluorine. As demonstrated in the case %fproton-decoupled
3P NMR spectra ofRp-1 and Sp-1 are more amenable to
interpretation. Typically, a signal (doublet) is observed &80
ppm in CD;CN and assigned to the rotamBp-1b or Sp-1b
that has the fluorine and phosphorus atoms near to each other
(Scheme 1 and Figure #).This doublet originates from a
through-spacé'P—19F spin—spin coupling and is characterized
by a large coupling constandgs ~131 Hz). Additionally, a
singlet is present at-134 ppm and attributed to the rotamer
Rp-laor Sp-lathat has the fluorine and the phosphorus atoms
distal to each other; n&P—1% spin—spin coupling could be
measured for that rotamer. A proton-coupltéfel NMR spectrum
of Sp-1 revealed two signals at224 ppm and-219 ppm in

acylphosphoramidites has been tentatively assigned on the basis that thédC¢Dg relative to fluorotrichloromethane that was used as an

relative RP-HPLC mobility ofRe,Sp,Re]-d(Cp<Cp<Cp<C) prepared fronke-1

and Se-1 corresponded to that reported for a g§Cp<Cp<C) diastereomer

of identical P-stereochemistry that was assigned according to known
procedures (see ref 2a). Assuming that base-assisted coupling of@he 5
function of nucleosides and nucleotides with-1 or Sp-1 occurred with
inversion of configuration at phosphorus, and sulfurization of the resulting

phosphite triester proceeded with retention of configuration, our tentative

P-stereochemical assignments fBp-1 and Sp-1 seem justified. NMR
experiments are currently underway to confirm the absdtuséereochem-
istry of Rp-1 and Sp-1. In addition, the stereochemistry of thedé
acylphosphoramidites a€-5 of the oxazaphospholane ring has been
determined by an alternate synthesifgfl andSp-1 using enantiomerically
pure 2-amino-1-phenylethanol, and comparing chromatographictind
NMR properties. It is still unclear why onlge-1 andSe-1, out of potentially
four diastereomers, can be isolated.

(21) HPTLG-RP2F (Analtech):Rp-1, R (CHCI3:CHsCN 2:1 viv) =
0.51; Sp-1, R (CHCI3:CH3CN 2:1 v/v)= 0.71.

external standartf The signal at-224 ppm (set of two triplets)
is tentatively assigned to the rotan®rlagiven the smalt°F—
31p spin-spin coupling constart)ep = 2.1 Hz measured for
that rotamer. The signal observed -a19 ppm (set of two
triplets) is attributed to the rotam&p-1Db, as it probably resulted
from a through-spacé®—3P spin-spin coupling; a large
coupling constant)p = 181 Hz) was measured for that signal.

(23) Complete elution of deoxyribonucleoside cydNeacylphosphor-
amidites from silica gel columns should be accomplished withih to
minimize decomposition.

(24) BothRp-1 andSe-1 used for the reactions performed in NMR tubes
(Figure 1) have been scrupulously purified. SpecificaRg;1 has been
purified twice to prevent its contamination with small amount8 génerated
by the slow decomposition @&-1 during silica gel chromatography. The

(22) Numbering nomenclature of the oxygen, phosphorus, and nitrogen presence o8 during the activation oRp-1 with TMG would lead to the
atoms of the oxazaphospholane ring is 1, 2, and 3, respectively. See:formation of the corresponding’¢3')-dinucleoside phosphite triester. Given

Phosphor-Verbindungen |l, Houben-Weyl - Methoden der organischen
Chemie, Band E2Georg Thieme Verlag Stuttgart: New York, 1982; pp
1125-1126.

the similarity of the3lP NMR chemical shift of this phosphite triester with
that ofRp-9 andSp-9, its presence may incorrectly be viewed as an apparent
lack of coupling stereospecificity during the preparatiorSef.
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Figure 1. 3P NMR (121 MHz, CRCN) spectra of: (A)S-1 as a
mixture of rotamersse-1a and Se-1b; (B) Re-9 generated fronSe-1
and 3-O-acetylthymidine in the presence of TMG; (§)-11 obtained

by sulfurization ofRp-9 with 3H-1,2-benzodithiol-3-one 1,1-dioxide;

(D) Re-1 as a mixture of rotameiRp-1aandRe-1b; (E) Se-9 generated
from Rp-1 and 3-O-acetylthymidine in the presence of TMG; (Rp-
11 obtained by sulfurization 08--9 with 3H-1,2-benzodithiol-3-one
1,1-dioxide; (G)Rp-9 from (B) andSe-9 from (E) mixed together; (H)
Sp-11 from (C) andRe-11 from (F) mixed together.

By comparison, thé'P NMR signal assigned 18--1b in C¢Dg
is a doublet at 126 ppm with &r = 182 Hz. Because of*P
NMR signal broadening, no through-boft#P—19F spin—spin

Wilk et al.
Scheme 4
Bz
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coupling was observed for the signal corresponding to rotamer
Se-1a at 133.0 ppm3 Thus, the equivalence afp and Jpr
proves that thé'P and'®F NMR signals observed f&-1b in
CsDe at 126 ppm and-219 ppm, respectively, result from a
31P—19F spin—spin coupling. Although the absolute magnitude
of Jep and Jpr for Rp-1b and Sp-1b is larger in GDg than in
CDsCN, the relative magnitudes dfp andJpgr are identical for
eitherRp-1b or Se-1b whether measured ingDs, CD:CN, or

a mixture of these solvents (data not shown).

Unlike standard deoxyribonucleoside phosphoramidRes],
andSp-1 are not activated by weak acids; however, similar to
deoxyribonucleoside oxathiaphospholane derivafivlsy readily
react with base-activated nucleophiles. For example, viéaeh
is mixed with 3-O-acetylthymidine (1.1 equiv) in CiZN in a
NMR tube, addition oN,N,N,N'-tetramethylguanidine (TMG,
1% v/v) leads to rapid<5 min) formation of the dinucleoside
phosphite triesteRp-9 (Scheme 4 and Figure 1) in essentially
quantitative yields with totaP-stereospecificity. Thé'P NMR
spectrum ofRp-9 showed only a single line (143.9 ppm),
indicative ofP-stereopurity. Sulfurization dRp-9 with 3H-1,2-
benzodithiol-3-one 1,1-dioxide?¢afforded theP-stereodefined
dinucleoside phosphorothioate triesBerll (dp 71.2 ppm) with
complete stereospecificity (Figure %).Substituting N2-iso-

(25) (a) Beaucage, S. L.; lyer, R. P.; Egan, W.; Regan, ArB. New
York Acad. Scil99Q 616, 483-485. (b) lyer, R. P.; Phillips, L. R.; Egan,
W.; Regan, J. B.; Beaucage, S.1..Org. Chem199Q 55, 4693-4699. (c)
Regan, J. B.; Phillips, L. R.; Beaucage, SQrg. Prep. Proced. Int1992
24, 488-492.

(26) 3H-1,2-Benzodithiol-3-one 1,1-dioxide is unstable in the presence
of TMG in the NMR tube. Consequently, more than the normally required
amount of sulfur-transfer reagent is necessary for complete sulfurization.
Due to extensive base-catalyzed decomposition of the sulfurizing reagent,
variable amounts of oxidized, instead of sulfurized, dinucleoside phospho-
triester is detected b$*P NMR spectroscopy.
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butyryl-3-O-acetyl-2-deoxyguanosine for' 3-acetylthymidine

in Scheme 4 cleanly produced tRestereodefined dinucleoside
phosphite triesteRp-10 (0p 143.9 ppm). After sulfurization,
the corresponding dinucleoside phosphorothioate tri€gter
12 (0p 71.2 ppm) was obtained.Under these condition€)®-
phosphitylation or other modification of the guanine nucleobase
could not be detected. The dinucleotide analo§z€l2 was
separated from exced-isobutyryl-3-O-acetyl-2-deoxygua-
nosine by silica gel chromatography prior to being treated with
concentrated NkDH for 10 h at 55°C. Following detritylation,
RP-HPLC analysis of the deprotected dirfRgr13 revealed that
two major products had been formed. One correspond&g-to
13 (single peak withtg = 12.6 min,>95%), whereas the other
(single peak witltr = 16.4 min) was identified as benzamitfe.
This side-product was produced by ammonolysis N
benzoylcytosine during deprotection. The identityRpf13 was
further confirmed, after deprotection, by comigration with one
of the two RP-HPLC peaks associated wiRkdiastereomeric
d(CpG) that was prepared from commercial 2-cyanoethyl
phosphoramidites (data not shown).

Given that solid-phase coupling reactions usually occur with
substantially slower kinetics than those performed in solution,
bothRp-1 andSp-1 were separately condensed with commercial
N-protected 2deoxyguanosine linked to long-chain alkylamine
controlled pore glass (LCAA-CPG). The condensation reaction
required a higher concentration of TMG (5%, v/v) in acetonitrile
to achieve coupling rates comparable to those obtained in
solution phase. Following sulfurization, the solid-phase-linked
dimer was acidified, and the coupling efficiency R§-1 and
Sp-1 was estimated on the basis of the spectrophotometric
measurement of the 4;dimethoxytrityl cation absorbance at
498 nm. A coupling efficiency 0f~98% was thus determined.

EachP-stereopure dinucleoside phosphorothioate was released

from the support and fully deprotected by treatment with
concentrated NFOH for 10 h at 55°C. The RP-HPLC profiles

of Rp-13 and Sp-13 are, as expected, very similar to those
obtained from solution-phase synthesisRpf13 and Sp-13.13
Both Rp-13 and Sp-13 show as a single homogeneous peak (

= 12.6 and 13.4 min, respectively) indicative of hidgh
stereopurity. Benzamide appeared as a single pgak (L6.4
min) and a small amount<(5%) of 2-deoxyguanosinet{ =

9.6 min) was detected in accordance with the results of the trityl
assay performed prior to alkaline deprotection. The identities
of minor RP-HPLC peakdg = 10.6 min,<3%,tgr ~ 12, 17.8,

J. Am. Chem. Soc., Vol. 122, No. 1022630

F
S, ,0 Ph o
< % Ph V
S —> A3 +
O/P\o/'\/N\H b 1[\/1
o §u (tentative)
L OH _
Tpath a
C
HO— . Ont Hoq o O
§, ,0Ph F s 0
g H Path b .. p° Ph
O/P\o/k/N\n) O/P\Q /\NHZ
o
:O: Gua o Gua
OH L OH B
N-and 5'-O-deblocked +
[Spl-12
FCH,CONH,
Path cl Path d l
S,-13
Ry13
+
+
T
NHR Ph
N A
R = COCH,F Ha
and R=H R = H (b and d)
(tentative) and R = COCH,F (d)
(tentative)

Figure 2. Possible pathways for the deprotection of internucleotidic
phosphorothioate triester by treatment with concentrategttHat 55

°C usingN- and B3-O-deblockedRp-12 or Sp-12 as a model. Path a:
thermolytic cyclo-deesterification; path b: ammonolysis of the 2-fluo-
roacetyl group followed by cyclo-deesterification; pathR:deesteri-
fication via S42 attack of ammonia and/or hydroxide at phosphorus;
path d: P-deesterification via @& attack of ammonia at the benzylic
carbon.

and 21.5 min, each representing less than 1% of the total peakv/v) for 1 h at 85°C, Rp-13 or Sp-13 was produced in yields

area) are still unknown. However, these results show that
formation of side-products during the solid-phase preparation
of eitherRp-13 or Sp-13 is minimal13

Cleavage of the amidated benzyl thiophosphate-protecting
group fromSp-11 (Rp-11) or Sp-12 (Rp-12) by concentrated
NH4OH is essentially complete within 10 h at 38 and is
likely to proceed by more than one mechanism. For example,
cyclo-deesterification of the amidated benzyl thiophosphate
protecting group may follow path a (Figure 2) with the
simultaneous formation of an oxazoline derivative. It has been

similar to those obtained under ammonolysis conditions (in
accordance with the results of RP-HPLC analysis of the
deprotection reactiorf.Under the reaction conditions used, path
a is a viable mechanism for thiophosphate deprotectio®-of
11 (Re-11) or Sp-12 (Rp-12).

Alternatively, ammonolysis of the 2-fluoroacetamido group
could be envisioned to generate an aminoalkylated thiophosphate
triester intermediate via path b (Figure 2), which could then
readily induce cyclo-deesterification with concomitant formation
of a highly reactive aziridine intermediat®Cyclo-deesterifi-

reported that heating a 2-acetamidoethyl phosphite triester atcation of aminoalkylated phosphotriesters is well-documented

140-145°C under vacuum leads to formation of 2-methyl-2-
oxazoline?’ It could therefore be argued that a cyclo-deesteri-
fication reaction could also occur when the leaving group is a
thiophosphate instead of afrphosphonate diester derivative.
Indeed, wheN- and 3-O-deblockedRp- or Sp-1228 (Figure 2)
was heated in the absence of MPH in acetonitrile:HO (1:1

(27) Mizrakh, L. I.; Polonskaya, L. Yu.; Babushkina, T. A.; Bryantsev,
B. I. Zh. Obshch. Khim1975 45, 549-552.

(28) Typically,N- and 3-O-deblockedSe-12 was prepared by condensing
Sp-1 with dGPU-LCAA-CPG in the presence of TMG in acetonitrile as
recommended in the Experimental Section. Following sulfurization and
detritylation, the solid-phase-linked dimer was exposed to pressurized
ammonia gas (~10 bar) for 10 h at 25°C (see ref 37). Under these
conditions, the dimer is released from the supportlssteprotected without
significant loss €10%) of the amidated benzyl thiophosphate-protecting
group. Ammonia freeN- and 3-O-deblockedSe-12 was then eluted from
CPG using MeCN-H,0 (1:1 v/v) for further experimentation.

(29) Brown, D. M.; Osborne, G. Ql. Chem. Sacl957 2590-2593.
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in the literaturet%9.29.30)n agreement with predictions, we found g
that incubation of the fluoroacetamido alcololvith concen-
trated NHOH at 55°C for 10 h leads to substantial ammonoly- A \

SRR
RRS
RSR

RSS

sis of the 2-fluoroacetamido group~25%) as revealed by RP-
HPLC analysis of the reaction. These findings strongly support
path b as a concurrent cleavage mechanism of the amidated
benzyl thiophosphate-protecting group fr@s11 (Rp-11) or
Sp-12 (Rp-12) by concentrated NEOH.

Another possibility is an @-type nucleophilic attack at
phosphorus by ammonia and/or hydroxide ion that could lead
to displacement of the amidated benzyl thiophosphate-protecting
group with inversion of configuration at phosphorus (path c,
Figure 2)3! This nucleophilic attack at phosphorus would also
produce internucleotide bond cleavage with the generation of
either 2-deoxycytidine or 2deoxyguanosine along with their

| [t
corresponding amidated or aminoalkylated phosphorothioate C
diesters’! Although this pathway cannot be ruled out, our results
do not support it as being an operative mechanisnPin
deprotection 0fSp-11 (Rp-11) or Sp-12 (Rp-12).
Finally, an §2 attack by ammonia at the benzylic carbon
atom could displace the internucleotide thiophosphate function
L L L

(path d, Figure 2). It is well-known that deprotection of benzyl
phosphate and benzyl phosphorodithioate derivatives can be a5 40 45 50
readily achieved by treatment with thiophenola¥gstesumably
via S\2 attack by the thiolate at the benzylic carbon atom. o
Although ammonia is a harder base than thiol&#éshas been Figure 3. Panel A: RP-HPLC chromatogram of purifi€ediastereo-
reported to stereospecifically demethylate a dinucleoside methyl MeN€d(CesCrsCesCe<C) synthesized from standard solid-phase phos-

phosphorothioate triester to the corresponding phosphorothioate? horamidite chemistry using81,2-benzodithiol-3-one 1, 1-dioxide as

. . . a sulfur-transfer reagent. Panel B: RP-HPLC chromatogram of purified
34 )
diester® It is therefore conceivable that concentrated,OH [Rp,So,Re]-d(CreCreCreC) synthesized from deoxyribonucleoside cyclic

could cleave a benzylic thiophosphate protecting group under N_acyiphosphoramiditesR-1 and Se-1 according to solid-phase
the conditions used for removing the methyl thiophosphate- techniques and by the use oHaL 2-benzodithiol-3-one 1,1-dioxide
protecting group. as a sulfur-transfer reagent. Panel C: RP-HPLC chromatogram of

Deprotection of the amidated benzyl thiophosphate-protecting purified P-diastereomericd(CpsCpsCpsCpsC) spiked with purified
group from Sp-11 (Rp-11) or Sp-12 (Rp-12) under basic  [ReSeRel-d(CrsCrsCrsCesC).

conditions is indeed complex considering the many pathways of [Re, Rl and [S, SI-d(CpsCpsCy? and Re, S, Rel-

that could lead to the formation &-13 or Rp-13. However, . . .
deprotection mechanisms according to paths a and b (Figure 2)d(CPSCP5CPSC) showed a single peak for each oligonucleotide

are the most likely canadidates on the basis of RP-HPLC ggr?tlrc:gg:s ((I):t;?(ljjiraestgyregzrar?:rlicB(ik@? rscc)og:]r()ja(rjl(scggé zgllgc-:;;hase
analysis of the deprotection reactions studied. Conversely, = - " performed using standaprd 2-cyanoethyF; d;oxyribo-
de_prot(_action mechani_sms accor ding to pat_hs ¢ and d cannot, a ucleoside phosphoramidites artd-3,2-benzodithiol-3-one 1,1-
this point, be concluswely_ F:onflrmed or rejected. dioxide?® as the sulfur-transfer reagent. These oligomers were
To demonstrate the utility oRp-1 and Se-1, the stereo-  {hen deprotected and purified under conditions identical to those
controlled synthesis offs, Re]- and [Ss, Spl-trideoxycytidilyl described above for the relatBestereodefined oligonucleotides.
diphosphorothioate d¢&Ce<C), and Re, S, Rel-tetradeoxy-  pp_HpLC analysis ofP-diastereomeric d(&CpsC)*® and
cytidilyl triphosphorothioate d(kCp<Cp<C) was attempted using d(CoeCreCreC) exhibited four and eight peaks, respectively, each
a modified solid-phgse protocol (see Ex_perimentql Section). peak corresponding to a speciRediastereomer (Figure 3, panel
Thus, theP-stereodefined'SO-DMTr-deoxyribonucleotide ana- - Ay The conspicuous absence of peaks corresponding to any of
logues were released from the solid suppdi, and P- the seven diastereomers and the sole appearanBe, [ Rd]-
deprotected, and then purified by RP-HPLC. Following removal d(CoCreCr<C) in Figure 3 (panel B) thus demonstrates that

of the 3-O-DMTr group from each purified oligonucleotides  he new synthesis of the PS-ODN was achieved with complete
by treatment with 80% acetic acid, RP-HPLC chromatograms P-stereospecificity.

(30) (a) Wilk, A.; Srinivasachar, K.; Beaucage, SJLOrg. Chem1997, The coupling efﬁmency.o.f pyrlmldln.e deo.xyrlbonLICIeOSIde
62, 6712-6713. (b) Wilk, A.; Grajkowski, A.; Srinivasachar, K.; Beaucage, ~CYClic I\_l-acylphos_phoramldltes was investigated further by
S. L. Antisense Nucleic Acid Drug De1999 9, 361—366. attempting the solid-phase synthesisRf]f1-d[(Tp911T] from

(31) (@) van Boom, J. H.; Burgers, P. M. J.; van Deursen, P. H.; Arentzen, g__14 under the conditions used fd?-stereodefined d
R.; Reese, C. Bletrahedron Lett1974 3785-3788. (b) Adamiak, R. W.; gp Th de 50-DMTr-dod | (ks
Arentzen, R.; Reese, C. Betrahedron Lett1977, 1431-1434. (c) Reese, p<Cp<C). The crude 50- r-aogecamer analogue was

C. B.; Titmas, R. C.; Yau, LTetrahedron Lett1978 2727-2730. cleaved from the solid suppoR;deprotected, and then analyzed
(32) (a) Daub, G. W.; van Tamelen, E. E.Am. Chem. Sod 977, 99, by RP-HPLC13 Fo"owing removal of the 50O-DMTr group,

3526-3528. (b) Brill, W. K.-D.; Nielsen, J.; Caruthers, M. Bl. Am. Chem. : : : ;
Soc 1991, 113 3972-3980. (¢) Caruthérs. M. H.: Kierzek, R.: Tang, J. Y. the crude oligodeoxyribonucleoside phosphorothioate was then

In Biophosphates and Their Analogues - Synthesis, Structure, MetabolismSubjected to polyacrylamide gel electrophoresis (PAGE) under

and Actiity; Bruzik, K. S., Stec, W. J., Eds; Elsevier: Amsterdam, 1987; denaturing condition&® Both RP-HPLC and PAGE show the
Pp(%_s)zh-o T-L Chem. Re. 1975 75, 120 dodecanucleotide as a major product. In the PAGE analysis,
(34) Wilk, A Uznanski, B.: Stec, W. Nucleic Acids Res. Symp. Ser. the band corresponding to the 12-mer accounts~f@6% of

No. 241991, 63—66. the combined intensity of all bands. These results indicate that
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both thymidine and "2deoxycytidine cyclicN-acylphosphor- dimethoxytrityl)-2-deoxycytidine (Chem-Impex)\2-isobutyryl-8-O-
amidites can confidently be used in the solid-phase synthesis(4.4-dimethoxytrityl)-2-deoxyguanosine (Chem-Impex), and-G
of much larger oligomers. acetyl thymidine (Sigma) were used without additional purification.
DNA synthesis reagents were purchased from PE-Biosystems and used
DMTIO Thy DMTIO Thy according to the manu_fa_cturer’s recom_me_ndations. The sulfur transfer
lo] lo] reagent Bl-1,2-benzodithiol-3-one 1,1-dioxide was obtained from Glen
.. b Research and used as recommended in the liter&fifre.
o.l.0 o '3',0 Flash chromatography on silica gel columns was performed using
Ph—,&/? Ph'nsC'.’ Merck silica gel 60 (236400 mesh), whereas analytical thin-layer
NCOCH,F COCH,F chromatography (TLC) was conducted on 2.5%ri.5 cm glass plates
coated with a 0.25 mm thick layer of silica gel 68sHWhatman) or
on HPTLC-RP2F reversed phase 10 cml10 cm glass plates coated
with a 0.15 mm thick layer of ethyl modified silica gel W/UV254
In summary, the preparation of pyrimidine deoxyribonucleo- (Analtech). Analytical HPLC chromatography was achieved using a
side cyclicN-acylphosphoramidites is easily accomplished from 4.6 mmx 250 mm Kromasil (Si-100, ¥m) column (Supelco).
commercially available precursors. Chromatographic resolution ~ NMR spectra were recorded at 26 or as indicated at 7.05 T (300
of these diastereomeric phosphoramiditeB-&tereopure cyclic ~ MHz for *H). *H- and proton-decoupleP NMR spectra were obtained
N-acylphosphoramidites such Bs-1 andSp-1 on silica gel is using deuterated solvents. Unless noted otherwise, tetramethylsilane
greatly facilitated by the difference in mobility of each dia- (TMS) was used as internal reference fef NMR spectra, and 85%

. . . ; hosphoric acid in deuterium oxide as an external referencéfor
stereomer and that of its epimer. Base-assisted condensation o MR spectra. Proton-decouplédC NMR spectra were recorded in

the 3-OH func_tlon ofa nuc_IeOS|de or a nucleotide qualently either CDC}, CsDs, or DMSO-Us using TMS as an internal reference.
linked to a solid support witlRe-1 or Se-1 leads to rapid and  proton-coupledF NMR spectra were recorded using fluorotrichlo-
efficient formation of an internucleoside phosphite triester yomethane as an external reference. Chemical shié reported in
linkage. The phosphite triester function can be either oxidized parts per million (ppm).

to a phosphate triester (PO) by treatment widrt-butyl Nominal resolution and accurate mass electrimmization (70 eV)
hydroperoxidé® or sulfurized by a sulfur-transfer reagent to a mass spectra were acquired from samples introduced directly into the
P-stereodefined thiophosphate phosphotriester (PS). This ap-ion source via a solid’s direct exposure (high temperature) probe using
proach permits completely stereocontrolled synthesis of chimeric Perfluorokerosene (PFK) as an internal standard. Nominal and accurate
PO/PS-ODNS. In stark contrast, deoxyribonucleoside-g2- mass fast ion (cesm.m) bombardment_mass spectra were a(_:qu_lred from
thio-1,3,2-oxathiaphospholane) derivatives allow only the for- samples dissolved in glycerol (to which aqueous sodium iodide was
mation of polarP-stereodefined phosphorothioate diesteas; added) and bombarded with 8 keV fast cesium ions using cesium iodide

i - . ) or a mixture of cesium iodide and sodium iodide as a mass calibration
additional set of four deoxyribonucleoside@-(2-oxo-spiro- standard.

4,4-pentamethylene-1,3,2-oxathiaphospholane) monomers is () 5 |N-(2-Fluoroacetyl)jamino-1-phenylethanol (4)Commercial
required for the stereocontrolled synthesis of chimeric PO/PS- (1)-2-amino-1-phenylethand (5.48 g, 40.0 mmol) and ethyl fluoro-
ODNs?cd acetates (5.30 g, 50.0 mmol) were heated at 18D until the generated
The cyclicN-acylphosphoramidite approach to oligonucleo- ethanol had completely distilled off¥2 h). Upon cooling to ambient
tide synthesis is an attractive and versatile new concept in thetemperature, the reaction mixture solidified under high vacuum. The
preparation oP-stereopure oligonucleoside phosphorothioates. crude product was recrystallized from CH®@ afford4 (5.70 g, 28.9
The method is currently being optimized to improve the Mmol, 72%) as white crystals (mp 12123°C). 'H NMR (300 MHz,
chromatographic recovery of deoxyribonucleoside cydic DMSO-d) 0 3.21 (dddJ = 13.4, 7.9, 5.5 Hz, 1H), 3.37 (m, 1H), 4.68
acylphosphoramidite monomers that will be used for incorporat- (m, 1H), 4.78 (d)=47.1 Hz, 2H), 5.49 (d) = 4.3 Hz, 1H), 7.30 (m,
¢ X . 5H), 8.06 (t,J = 5.5 Hz, 1H).23C NMR (75 MHz, DMSO¢) 6 54.2,
ing the four standard nuc]eobases mto DI\!A 'chams of at least 78.9, 87.9 (dMer = 180 Hz), 133.8, 135.0, 135.9, 151.3, 175.0 (d,
20 bases long. These oligonucleotides will inclugstereo- 2)e = 17.0 Hz). EFHRMS: calcd for GoHiFNO, (M*¥) 197.0852,
defined andP-diastereomeric PS-ODNs, chimeric PO/PS-ODNS, found 197.0862.
and unmodified oligomers. Results of these studies will be  2-(N,N-Diethylamino)-3-(2-fluoroacetyl)-5-phenyl-1,3,2-oxaza-

R-14 S,-14

reported in due course. phospholane (5).Recrystallized4 (4.93 g, 25.0 mmol) and hexa-
ethylphosphorus triamide (6.20 g, 25.0 mmol) were heated atC20
Experimental Section until ~3.2 g ofN,N-diethylamine was collected by distillation~3 h).

The reaction mixture was then distilled under high-vacuum to give 5.79
g of 5 (19.2 mmol, 76%) as a slightly yellow viscous liquid (bp 150
°C at 0.3 mmHg)3'P NMR (121 MHz, GDg) 6 119.0 (d,Jpr = 70.5
Hz), 123.6, 128.7 (dJrr = 52.9 Hz), 133.13P NMR (121 MHz,
DMSO-ds) 6 115.6 (d,Jpr = 57.6 Hz), 122.3, 125.4 (dlpr = 74.7
Hz), 130.8'F NMR (282 MHz, GDg) 6 —229.9 (t,°Jrn = 46.6 Hz),
—229.3 (t,ZJFH = 46.6 HZ),_2254 (dt,JFp =70.3 HZ,ZJFH =47.4
Hz), —224.9 (dt,Jrp = 53.0 Hz,2Jry = 47.4 Hz). EFHRMS: calcd
for CiaH20FNO, P (M**) 298.1247 found 298.1243.
2-[N-(2,2,2-Trifluoroacetyl)amino]ethyl phosphordichloridite (6).
N-(2-Hydroxyethyl)-2,2,2-trifluoroacetamide (23.57 g, 0.15 mol) and
anhydrous acetonitrile (35 mL) were placed in a flame-dried addition
funnel. The solution was added, dropwise over a period of 2 h, to a
(35) %P NMR analysis of the aqueous iodine oxidatiorRpt9 or Sp-9 500 mL flame-dried round-bottom flask containing a stirred solution
revealed a considerable loss of the benzylic phosphate protecting groupof freshly distilled phosphorus trichloride (24.76 g, 0.18 mol) in
during the course of the reaction. Our findings are in agreement with those anhydrous acetonitrile (180 mL). During the course of the addition, a

reported by others (see ref 32c) on the sensitivity of internucleosidic ) :
o-methylbenzyl phosphite triesters to aqueous iodine. However, no prema—Sllght vacuum was applied through the dropping funnel to keep an

ture loss of the benzylic phosphate-protecting group was observed wheniNtérnal pressure of~750 mmHg, enabling removal of gaseous
tert-butylhydroperoxide, instead of aqueous iodine, was used for the hydrogen chloride that was generated. The reaction mixture was then
oxidation of Rp-9 or Sp-9. stirred for an additiorla3 h at ~40 mmHg. The remaining material

Materials and Methods. Common chemicals and solvents were
purchased from various commercial sources and used without further
purification. Anhydrous pyridine and benzene were obtained from
Aldrich and used as received. Acetonitrile (Aldrich) aNdN,N',N'-
tetramethylguanidine (Aldrich) were refluxed over calcium hydride,
and distilled prior to use. Phosphorus trichloride (Aldrich) was distilled
immediately prior to use H)-2-Amino-1-phenylethanol R)-2-amino-
1-phenylethanol, and-2-amino-1-phenylethanol were purchased from
Fluka and used as received. Ethyl fluoroacetdtéydroxyethyl)-2,2,2-
trifluoroacetamide, hexaethylphosphorus triamide, and sublinked 1
tetrazole were purchased from Aldrich and used without further
purification. Protected nucleosides such lg$benzoyl-5-O-(4,4-
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was distilled under reduced pressure to give the colorless phosphor-

dichloridite 6 (34.83 g, 0.13 mol, 87%). Bp: 9194 °C/0.2 mmHg.
1H NMR (300 MHz, GDg) 6 2.85 (m, 2H), 3.62 (m, 2HY3C NMR
(75 MHz, QDG) 0 39.3 (d,\]cp = 3.9 HZ), 65.5 (d,ZJcp =97 HZ),
116.2 (q,%Jcr = 288 Hz), 157.3 (q2Jce = 36.7 Hz).31P NMR (121
MHz, C¢Ds) 6 178.1. EFHRMS: calcd for GHsCI,FsNOP (Mt —
HCI) 220.9621, found 220.9634. Upon prolonged standing (2 y)2&t
°C, phosphordichloridité cyclized to the chloro phosphire( ~60%)
which was isolated by distillation as a mixture of rotameéasand 7b.
Bp: 33-35°C/0.2 mmHgH NMR (300 MHz, GDs) 6 2.85 (m, 1H),
3.06 (m, 1H), 3.67 (m, 1H), 3.89 (m, 1HYC NMR (75 MHz, GDs)
0 41.7, 43.0, 68.7 (Blep = 7.7 Hz), 72.4, 116.0 (¢fJcr = 288 Hz),
116.3 (q,%Jcr = 288 Hz), 157.2 (qJcr = 36.7 Hz), 157.3 (qJcr =
36.7 Hz).31P NMR (121 MHz, GDs) 6 145.9 (q,Jpr = 74.2 Hz), 151.4.
%F NMR (282 MHz, GD¢) 6 —74.4,—71.9 (d,Jer = 75.0 Hz). E-
HRMS: calcd for GH4CIF;NO,P (M**) 220.9621, found 220.9622.

N“-Benzoyl-3-0-(4,4-dimethoxytrityl)-3 '-O-[3-(2-fluoroacetyl)-
5-phenyl-1,3,2-oxazaphospholanyl-2'-deoxycytidine Re-1 andSe-

1). To a solution of vacuum-dried (1.90 g, 3.0 mmol) and
phosphinylating reager (980 mg, 3.3 mmol) in dry acetonitrile (15
mL) was added via syringe a 0.4 M solution dfi-tetrazole in dry
acetonitrile (8.3 mL, 3.3 mmol). The reaction mixture was stirred at
room temperature (20 min) until only traces-{—2%) of unreacte®
could be detected by HPTLC analysis. The reaction mixture was then
concentrated to a volume of4 mL under reduced pressure, and applied
to the top of a silica gel (Merck 9385, 23@00 mesh, 60 A, 45 g)
chromatography column (3.5 cm I 10 cm) equilibrated in CHGH
CHsCN (3:1). The column was eluted with a linear gradient of CHCI
CH3CN (3:1 v/v) to CHCE—CH3CN (25:10) to afford purée-1 (300
mg, 0.35 mmol) andRe-1 (232 mg, 0.27 mmol) as white amorphous
solids. A mixture ofRp-1 and Sp-1 was also isolated (739 mg, 0.86
mmol).

An alternate route to the preparationR¥-1 andSe-1 relied on the
addition of anhydrous acetonitrile (5 mL) to vacuum-dr&¢L.00 g,
1.58 mmol) and H-tetrazole (111 mg, 1.58 mmol). To the stirred
solution was added phosphoramidst€520 mg, 1.75 mmol), dropwise

Wilk et al.

(M + Cs") 902.1618, found 902.1644&,-1: calcd for GiH41FN;OqP
(M + Cs") 902.1618, found 902.1643.

General Procedure for Manual Solid-Phase Synthesis ofRp, Rp]-
and [Sp, Sp]-d(CpsCpsC), [Rp, Sp, Rp]-d(CpsCpsCpsC), and [Rp]11-
d[(Tps)llT]. [Rp, RP]-CPstsC: A standard DMT-dG%-LCAA-CPG
column (0.2umol) was subjected to the following sequence of steps:
1,2,3,2,3,4,1,2,3,2,3,5. Step 1: 3% TCA (w/v)/5&H (3 mL,
1 min), followed by washing with dry MeCN (3 mL, 30 s). Step 2:
S-1, (5 mg, ~5 umol) and TMG (4ul, ~30 umol) in dry MeCN
(200uL), 5 min, followed by washing with MeCN (3 mL, 30 s). Step
3: 0.05 M 3H-1,2-benzodithiol-3-one 1,1-dioxide in MeCN (200Q),
3 min, followed by washing with MeCN (3 mL, 30 s). Step 4: 8¢
2,6-lutidine/THF (1 mL), mixed with 1-methylimidazole/THF (1 mL),
2 min, followed by washing with MeCN (3 mL, 30 s). Step 5:
Concentrated NFOH (1 mL, 10 h, 55C). [Sp, Sp]-CpsCpsC: identical
to the preparation ofRp,Rp]-CpsCpsC except thatRe-1 was used in
step 2[Rp, Sp, Rp]-CpsCpsCpsC: A standard DMT-dG*-LCAA-CPG
column (0.2umol) was subjected to the following sequence of steps:
1,2,3,2,3,4,1,23,2,3,4,1, 2,3, 2, 3, 5. Steps were identical to
those used for the preparation &[Rs]-Cp<Cp<C except thaRe-1 was
used in step 2which otherwise was identical to step PRe]i:-
d[(Tpg)1iT]: A column filled with DMT-T covalently attached to
LCAA-CPG (0.2 umol) through a succinyl-sarcosyl linkérwas
subjected to the following sequence of steps: (1, 2, 3, 2,13, 8)2,
3, 2, 3, 5. Steps were identical to those used for the preparation of
[Re,Re]-CpCpsC except thae-14 was used in step 2.

Each ammoniacal solution collected from step 5 was concentrated
under reduced pressure, and the crude oligomer was purified “trityl
on” by RP-HPLC using a xm Supelcosil LC-18S column (25 cmx
4.6 mm) and a linear gradient of 1% MeCN/min, starting from 0.1 M
triethylammonium acetate pH 7.0, at a flow rate of 1 mL/min.
Appropriate fractions were pooled together, evaporated to dryness under
vacuum, and treated with aqueous 80% AcOH for 30 min. After
removal of excess acid under low pressure, the purified oligonucleotide
was dissolved in distilled water and further analyzed by RP-HPLC using

by syringe, over 15 min. Thin-layer chromatography was used 10 the same column and chromatographic conditions as those employed
monitor the reaction to completion. The reaction mixture was evaporated {or the purification of the crude oligonucleotide. RP-HPLC chromato-
to a foam under reduced pressure. Ethyl acetate (3 mL) was added t0gram of [Rp, Sp, Re]-CpsCpsCpsC is shown in Figure 3, whereas

the foamy residue, and the resulting suspension was applied to a shor

silica gel (Merck 9385, 236400 mesh, 60 A, 67 g) chromatography
column (9.0 cm IDx 2 cm) equilibrated in EtOAc. The flask containing
crudeRp-1 and Sp-1 was rinsed with fresh EtOAc (2 mL), which was
added to the top of the column after the first EtOAc layer had dispersed
through the column. Further elution with EtOAc gaSel (302 mg,
0.35 mmol) andRe-1 (359 mg, 0.42 mmol) as white foamy solids. As
above, a mixture oRp-1 and Se-1 was also isolated (198 mg, 0.23
mmol). HPTLC-RP2F (Analtech):Re-1, R (CHCL:CH3CN 2:1 v/v)
= 0.51; Sp-1, R (CHCI3:CH:CN 2:1 v/v) = 0.71. Analytical HPLC
analysis ofRe-1 and Se-1 was performed on a Supelco Kromasil (Si-
100, 5u4m) column (4.6 mmx 250 mm) using a linear gradient of
EtOAc (1%/min) from 70% EtOAc in hexane at a flow rate of 2.0
mL/min. Under these conditions, the retention titwef Se-1 andRpe-1
on the column is 8.4 and 17.4 min, respectivéz. NMR (121 MHz,
CDsCN) Rp-1 6 131.1 (d,Jpr = 135 Hz), 135.95--1 6 (ppm) 128.8
(d, Jpr = 128 Hz), 132.63'P NMR (121 MHz, GDg¢): Re-1 6 127.0
(d, Jpr= 188 Hz), 134.05-1 6 (ppm) 126.0 (dJpr= 182 Hz), 133.0.
19F NMR (282 MHz, GDg) Rp-1 6 —218.3 (dt,Jrp = 189 Hz,2Jey =
46.6 Hz),—227 (dt,*Jep = 3.8 Hz,%Jey = 46.6 Hz);Se-1 6 —218.5
(dt, JFp: 181 HZ,ZJFH = 46.6 HZ),_2242 (dt,4JFp: 2.1 HZ,ZJFH =
46.6 Hz). FAB-HRMS: Rp-1: calcd for G7H4sFNsOgP (M + Nat)
881.2728, found 881.268%--1: calcd for G7H4FN4sOgP (M + Na')
881.2728, found 881.2653.

5'-O-(4,4-Dimethoxytrityl)-3 '-O-[3-(2-fluoroacetyl)-5-phenyl-1,3,2-
oxazaphospholanyl] thymidine Re-14 and Sp-14). The deoxyribo-
nucleoside cyclicN-acylphosphoramiditefRp-14 and Spe-14 were

prepared under conditions identical to those used for the synthesis of

Rpe-1 andSe-1 and were isolated in similar yield¥P NMR (121 MHz,
CeDe) Rp-14 6 131.1 (d,Jpr = 135 Hz), 135.95--14 6 (ppm) 128.9
(d, Jpr= 131 Hz), 133.2. FAB-HRMS: Rp-14: calcd for GiH41FN;OgP

ro:hromatograms Oof[Rp, Rp]-CpsCpsC and [Sp, Sp]-CpsCpsC are

displayed as Supporting Information. In the case of unpurified.-
d[(T p9)11T], the “trityl on” RP-HPLC chromatogram and a photograph
of its “trityl off” PAGE profile are shown as Supporting Information.
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