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Abstract: A number of 5-0-(4,4-dimethoxytrityl)thymidi
at P(lll) with derivatives of 2-benzamidoethanol were

neN,N-diisopropylamino phosphoramidites protected
synthesized and incorporated into synthetic oligonucle-

otides. Depending on substitution patterns at the alkyl chain, amido group, and phenyl ring, the time required
for removal of these protecting groups using concentrated ammonium hydroxide varied from 489C&b55

25 min at 25°C. Of the 11 groups studied, RHisop

ropylN- (4-methoxybenzoyl)amino]ethyl-H) and

w-(thionobenzoylamino)alkyl protectionsdndK) were most easily removed. Derivatives of theN2rhethyl-
N-benzoylamino]ethyl groupE—G) demonstrated moderate stability, but those of th&l-b€nzoylamino)-

ethyl group A—C) were the most stable. For the most
60, was synthesized and used in the preparation of

reactive grélim phosphitylating reagent, bisamidite
four deoxynucleoside phosphora28iditess5—67,

plus the 2-O-(2-methoxyethyl)-5-methyluridine phosphoramidéi@ All of these novel building blocks were

successfully tested in the preparation of natural, 20-m

er oligonucleotides and their phosphorothioate analogues.

With the model phosphotriest&7, the mechanism of deprotection was studied and revealed, in the case of

groupH, a pH-independent formation of the 2-oxazoli

nium catidhUnder aqueous condition4?7 gave54,

which in turn was converted in the presence of ammonia to a number of identified products. It is important to

note that none of the products formed was reactive

toward the oligonucleotide backbone or nucleic bases.

Thus, a general strategy for protection of internucleosidic phosphodiester groups is described, which may also
find application in synthetic organic chemistry of phosphorus(lll) and (V).

Introduction
For the past three decades, oligonucleotide synthesis on soli

support has made tremendous progress from the preparation of!

milligram quantities using a manual, labor-intensive procedure
to the manufacturing of the first antisense drug, an @niv
21-mer 2-deoxyoligonucleotide phosphorothioate, on kilogram
scale.

Currently, oligonucleotide synthesis on solid support employs
a phosphoramidite methddnd is carried out automatically by
stepwise coupling of nucleoside building blocks. This revolu-
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tionary approach allows an efficient preparation of DNA and

OIRNA fragments’, as well as many types of modified oligo-

ucleotided,on a routine basis. Phosphoramidite building blocks
are most often protected at the phosphite moiety by a 2-cyano-
ethyl group® Final deprotection of the oligonucleotide with
ammonia effectg-elimination in the 2-cyanoethyl group, thus

(1) (a) Atkinson, T.; Smith, M. IDligonucleotide Synthesis: A Practical
Approach Gait, M. J., Ed.; Oxford University Press: Oxford, New York,
Tokyo, 1984; pp 3581. (b) Sproat, B. S.; Gait, M. J. I@ligonucleotide
Synthesis: A Practical ApproaghGait, M. J., Ed.; Oxford University
Press: Oxford, New York, Tokyo, 1984; pp 8315.

(2) (a) Matteucci, M. D.; Caruthers, M. H. Am. Chem. So4981, 103
3185-3191. (b) Beaucage, S. L.; Caruthers, M. Ti¢trahedron Lett1981,
22, 1859-1862.
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releasing an internucleosidic phosphodiester moiety and acrylo-

nitrile, which is toxic and a potential carcinogen, as a side
product. In addition, acrylonitrile has been demonstrated to
alkylate nucleic bases under conditions of large-scale oligo-
nucleotide deprotectioh.

Recent interest in manufacturing oligonucleotides as drugs
led to a search for protecting groups without the drawbacks

associated with the 2-cyanoethyl and related groups. Of the base

labile protections whose removal is governed by mechanisms
different fromg-elimination, several are worthy of note. Among
them, the 2-trialkylsilylethyl protecting group is removed by
p-fragmentation, yielding only the harmless products ethylene
and trialkylsilanol’8 Recently,w-(trifluoroacetylamino)alkyl
protection has been introduced. It is cleaved by aqueous or
gaseous ammonia in two steps. First, the base labile trifluoro-
acetyl group is removed to yield the-aminoalkyl phosphate

triester, which in the second step undergoes cyclodeesterifica-

tion. This releases the final products, the internucleosidic
phosphodiester and an azacycloalk&h& Allyl phosphate
protection is removed either by aqueous ammonia or, under
orthogonal conditions, by treatment with a’Rdmplex in the
presence of a nucleophilé. However, there is no known
protecting strategy that allows one to control the kinetics of
deprotection of internucleosidic phosphates over a wide range.
Having such a methodology would allow protecting groups to

be chosen in accordance with anticipated deprotection conditions

and vice versa.
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In our search for a more general methodology for protection
of internucleosidic phosphates, we reported recently the use of

(3) (@) Caruthers, M. HAcc. Chem. Resl199], 24, 278-284. (b)
Beaucage, S. L.; lyer, R. Hetrahedron1992 48, 2223-2311.

(4) (@) Manoharan, M. Iintisense Research and Applicatip@sooke,
S. T., Lebleu, B. Eds.; CRC Press: Boca Raton, FL, 1993; pp-3@9.
(b) Beaucage, S. L.; lyer, R. Hetrahedron1993 49, 1925-1963.

(5) (a) Sinha, N. D.; Biernat, J.; Kter, H.Tetrahedron Lett1983 24,
5843-5846. (b) Sinha, N. D.; Biernat, J.; McManus, J.;ster, H.Nucleic
Acids Res1984 12, 4539-4557.

(6) Wilk, A.; Grajkowski, A.; Phillips, L. R.; Beaucage, S. l. Org.
Chem.1999 64, 7515-7522.

(7) (a) Krotz, A. H.; Wheeler, P.; Ravikumar, V. Angew. Chem., Int.
Ed. Engl.1995 34, 2406-2409. (b) Ravikumar, V. TSynth. Commun
1995 25, 2161-2164. (c) Ravikumar, V. T.; Cole, D. lGenel994 149,
157-161. (d) Ravikumar, V. T.; Wyrzykiewicz, T. K.; Cole, D. L.
Tetrahedrornl994 50, 9255-9266. (e) Ravikumar, V. T.; Sasmor, H.; Cole,
D. L. Bioorg. Med. Chem. Letfl993 3, 2637-2640.

(8) Wada, T.; Sekine, MTetrahedron Lettl994 35, 757—760.

(9) Cheruvallath, Z. S.; Capaldi, D. C.; Ravikumar, V. T.; Cole, D. L.
U.S. Patent 5,760,209 1998hem Abstr. 129 41382.

(10) Wilk, A.; Srinivasachar, K.; Beaucage, S.Ll.0Org. Chem1997,
62, 6712-6713.

(11) (a) Bergmann, F.; Kueng, E.; laiza, P.; BannwarthTtrahedron
1995 25, 6971-6976. (b) Hayakawa, Y.; Hirose, M.; Hayakawa, M.;
Noyori, R. J. Org. Chem.1995 60, 925-930. (c) Hayakawa, Y.;
Wakabayashi, S.; Kato, H.; Noyori, B. Am. Chem. S0499Q 112, 1691~
1696. (d) Hayakawa, Y.; Uchiyama, M.; Kato, H.; Noyori, Retrahedron
Lett. 1985 26, 6505-6508. (e) Bogdan, F.; Chow, C. $etrahedron Lett.
1998 39, 1897-1900. (f) Manoharan, M.; Lu, Y.; Casper, M. D.; Just, G.
Org. Lett.200Q 2, 243-246.
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2-[(1-naphthyl)carbamoyloxy]ethyl protecting group in DNA
synthesi$2 Now we turned our attention to a reported intramo-
lecular nucleophilic substitution ifh where 2-oxazolin® was
formed by releasing phosphodiest2ras a leaving group?
Similarly, solvolysis of thioureido analogues bfgave 2-thi-
azolines and phosphate esters or inorganic phosphateilar
reactions with more traditional leaving groups, such as halogens,
and methyl- or toluenesulfonate, have been studied in détail.

To the best of our knowledge, use bFacylaminoethyl-
protected nucleoside phosphoramidite§Scheme 1) has not
been described in the literature. Nevertheless, oligonucleotides
similar to 5 have recently been synthesized by different routes
via cyclic phosphoramidite’®:1” When exposed to aqueous
ammonium hydroxide, all of them gave deprotected oligonucle-
otides6, although this required a prolonged treatment at elevated
temperature. However, structural optimization of the protecting
group with respect to deprotection kinetics has not been
attempted; nor have the products derived from the protecting
groups been identified.

On the basis of these data, we aimed our study at the
N-acylaminoethyl moieties as protecting groups for internucleo-
sidic phosphates. To this end, we synthesized a number of novel

(12) Guzaev, A. P.; Manoharan, Metrahedron Lett200Q 41, 5623—
5626.

(13) Ziodrou, C.; Schmir, G. LJ. Am. Chem. Sod963 85, 3258
3264.

(14) (a) Cherbuliez, E.; Espejo, O.; Willhalm, B.; RabinowitzH&lv.
Chim. Actal968 51, 241-248. (b) Cherbuliez, E.; Willhalm, B.; Espejo,
0.; Jaccard, S.; Rabinowitz, Helv. Chim. Actal967, 50, 1440-1452. (c)
Cherbuliez, E.; Moll, H.; Baehler, B.; Rabinowitz,Helv. Chim. Actal967,

50, 1154-1158. (d) Cherbuliez, E.; Baehler, B.; Espejo, O.; Jaccard, S.;
Jindra, H.; Rabinowitz, Jelv. Chim. Actal966 49, 2408-2415.

(15) For a comprehensive review, see: (a) Lambert, J. B.; Mark, H. W.;
Holcomb, A. G.; Magyar, E. SAcc. Chem. Red979 12, 317-324. (b)
Capon, B.; McManus, S. Meighboring Group ParticipationPlenum
Press: New York, 1976; Vol. 1; p 280. (c) Capon, B.Rroton-Transfer
ReactionsCaldin, E., Gold, V., Eds.; Chapman & Hall: London, 1975; pp
339-384. (d) Page, M. IChem. Soc. Re1973 2, 295-323. (e) Goodman,
L. Adv. Carbohydr. Biochem1967 22, 109-175. (f) Capon, BQuart.
Rev. 1964 18, 45-111.

(16) (a) lyer, R. P.; Yu, D.; Devlin, T.; Ho, N.-H.; Agrawal, S. Org.
Chem.1995 60, 5388-5389. (b) Guo, M. J.; Yu, D.; lyer, R. P.; Agrawal,
S. Bioorg. Med. Chem. Lettl998 8, 2539-2544.

(17) Wilk, A.; Grajkowski, A.; Phillips, L. R.; Beaucage, S. 1. Am.
Chem. Soc200Q 122, 2149-2156.
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phosphoramidited. These were incorporated into the synthetic F 15 26 H Me 4-OMe 82.1

oligonucleotidess in which Y, Z, and R may vary to form

amido, thioamido, or thioureido groups that are capable of € 16 27 H Me 4-NMe, 860
efficient intramolecular nucleophilic assistance (Scheme 1). We

hypothesized that, once introduced into a synthetic oligonucle- H 17 2 H Pr 4-OMe 88.0
otide5, these groups might subsequently attack an electrophilic s

center, either phosphorus or carbon in the@>C fragment. PG = I
If, as with phosphotriestet, 13 the nucleophilic attack occurred - \Hﬁ\l}l R
at the carbon atom, a cyclic intermediafewould be formed, H

and the internucleosidic phosphate would serve as a leaving

group. In this event, the deprotection of an oligonucleotide F€  HO-PG  Phosphoramidite  n R Yield, %
backbone would occur and yielel To test this hypothesis, : 18 20 1 Ph 734
deprotection ob with aqueous ammonia was studied. The most

promising phosphoramidite28 and 65—68 (Scheme 7) were J 19 30 1 NHPh 70.5
successfully employed in standard oligonucleotide synthesis for

the preparation of natural oligonucleotides and their antisense K 20 31 2 Ph 70.5

phosphorothioate analogues. To illustrate the mechanism of

deprotection, the intermediat and stable products formed phosphoramidites, along with the isomeric mixture. Because
in the course of the reaction were characterized (Scheme 6).individual (R)p- and ©)p-isomers are of limited use in oligo-

Here we report the results of this study. nucleotide chemistri£ assignment of the absolute configuration
. . of 21—31 at the P(Ill) was not performed. Instead, the individual
Results and Discussion species were assigned as fast- and slow-eluting isomers in

accordance with their chromatographic mobility on silica gel.
Nevertheless, the availability of pur®p- and ©p-isomers
was of paramount importance for spectral characterization of
21-31 by NMR. In general, phosphoramidites exhibit rather
complexH NMR and3C NMR spectra, due téH and 13C
long-distance spintspin couplings to phosphorus and to the
overall structural complexity of these molecules. In addition,
the amide groups d?1—31 apparently formed stable rotamers
at the C-N bond, which resulted in a multiplicity of NMR
Signals. Similar observations have been recently reported for
4-[N-methylN-(trifluoroacetyl)amino]butyl and cyclicN-acyl”
nucleoside phosphoramidites. Furthermore, with the tertiary

with no apparent reactivity toward phosphitylating and acylating amides25—28, hindered rotation around the amide bond resulted

- . . ._in very low signal intensity for the methylene group adjacent
reagents that are employed in standard oligonucleotide synthessto the amide nitrogen. Considering all of these factors, recordin
Finally, to introduce A—K at the phosphite moiety of a gen. 9 ! 9

nucleoside phosphoramidite, the alcohaB-20 required as the NMR spectra for individual isomers dramatically facilitated
starting materials are stable compounds which are commerciallyaSS'gnment of the s_tr_uctures of the phosphoramidites31
available or which may be readily synthesized with great _ "€ phosphoramidite81-31 demonstrated excellent shelf
structural diversity. For the phosphoramidite synthe8igas life and hydrolytic Stabl|lty.0AS revealed bjP NMR, all of

first converted to a bisamidit®,(Scheme 2J8 Without isolation, ~ t€Se compounds were 95% pure after being stored as dry

9 was reacted wit0—20 in the presence ofH-tetrazole to ~ Samples for nine months at room temperature under argon.
give thymidine phosphoramidite2l—31. These were chro- qulrplytlc stability of a representative selection of phosphor-
matographed on a silica gel column to allow purification and, amidites was also determined. As measured’ByNMR, the

except for24, isolation of pure R)p- and ©p-isomers of the ~ half-lives of disappearance of compouri 26, and28 (0.1
M in 95% aqueous CECN; 25 °C) were 200, 126, and 73 h,

Synthesis and Evaluation of Thymidine Phosphoramidites
Protected by 2-Benzamidoethyl.m-(Thionobenzoylamino)-
alkyl, and 2-(N-Phenylthiocarbamoylamino) Ethyl Groups
at P(lll). Of the many structural motifs capable of an intramo-
lecular nucleophilic cyclizatio®? we chose to study the utility
of 2-benzamidoethylA—H), w— (thionobenzoylamino)alkyl
(I andK), and the 24{-phenylthiocarbamoylamino)ethyl)X
groups (Scheme 2). Several features justify their potential
advantage for phosphate protection. First, under basic conditions
the carbonyl function in these systems is known to provide
remarkable anchimeric assistad€eOn the other hand, in
neutral and acidic medigh—K are chemically inert groups,

(18) Marugg, J. E.; Burik, A.; Tromp, M.; van der Marel, G. A.; van
Boom, J. H.Tetrahedron Lett1986 27, 2271-2274. (19) Stec, W. J.; Zon, GTletrahedron Lett1984 25, 5279-5282.
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Scheme 3 Table 1. Deprotection of33a-k with Concentrated Aqueous
Ammonium Hydroxide
Thy o Thy b r toct
o5 0D a, eprotection
2131 + HO P-o > protecting protected conditions
[O group phosphoramidite oligonucleotide time, h tempgC
oN J10 32 A 21 33a 48 55
B 22 33b 48 55
C 23 33c 48 55
D 24 33d 8 55
Thy o Thy o Thy E 25 33e 6 55
O [oNI)] O - congc. NH3/H20 F 26 33f 5 55
DMTrof P-o P~o ——— G 27 33g 1 25
P G”O (0] H 28 33h <0.5 25
[ | 29 33i <1 25
N 10 J 30 33] 1 25
33ak c K 31 33k 15 25
Thy . .
fO\ b v DMTrTp)T expected products, eith86 or, for 21—24, mixtures of34a—d
DMTrO P~0—(Tp)1oT Ph and35 (for efficiency of deprotection, see below). F28—31,
pG-° use of the standard iodine oxidizer led to formation of
34a-k 35 unidentified side products. In contrast, oxidation of phosphite
a(a) 1H-Tetrazole/MeCN; (b) foR1—28: 1,/Py/THF/H,O; for 29— triester intermediates derived fro89—31 and 32 with tert-
31 t-BuOOH/MeCN. butyl hydroperoxidé! led only to35. When the oxidation step

was replaced with sulfurization usingd3L,2-benzodithiol-3-
respectively?® These data suggest excellent lifetimes for solu- one 1,1-dioxidé? the phosphorothioate analogues3afwere
tions of phosphoramidites while on the DNA synthesizers. easily obtained.

At the beginning of this work, no information was available The above data suggested that each of the phosphoramidites
on the ability of the phosphoramidite81—31 to support 21—-31 could be used for preparation of synthetic oligonucle-
oligonucleotide synthesis or the compatibility of the novel otides. They also indicated that, depending on the nature of the
protecting groups with the known conditions of oligonucleotide protecting group, the deprotection time that is required for
deprotection. Therefore, a proper model system had to be chosercomplete conversion &3a—k to 35 differed substantially. To
that would allow one to assess the potential of the proposedstudy the removal of protecting groups in more detail, the solid-
protecting strategy. In our opinion, this was best achieved by support-bound compound3a—k were treated with concen-
using solid-support-bound oligonucleotic®®a—k as the model  trated aqueous ammonia at eitherr2533f—k) or 55°C (33a—
compounds (Scheme 3). This model offered several advantagesg), and the progress of deprotection was followed by reverse-
First, it permitted testing of a variety of phosphoramidites that phase HPLC. In all cases, the final prod@&tcould be easily
were prepared on a small scale. Regardless of the structure ofeparated from the more hydrophobic oligonucleotRis-k,
the protecting group or the success in removing it, the reaction and the time required for complete deprotection 3@a—k
mixtures that were obtained were likely to be analyzed under (>99.5%) was determined (Table 1). The data in Table 1 reveal
standardized conditions by HPLC. These two features allowed dramatic differences in reactivity of the protecting groups studied
a relatively high-throughput screening of a number of protecting toward concentrated aqueous ammonia, which are discussed
groups. Second, this model offered the possibility of testing the below.
phosphoramidite21—31 specifically under conditions of oligo- Of the protecting groups derived from 2-benzamidoethanol,
nucleotide synthesis on solid support. When the synthesis isthe tertiary amideE—H were removed dramatically faster than
carried out on solid phase, the reagents are used in much largethe secondary ones—D (cf. 33e—h and33a—d). Deprotection
excess, and unwanted side reactions are more pronounced thawas additionally facilitated when bulky substituents were
in solution. In addition, more drastic conditions are often introduced on the aminoethyl skeleton of a protecting group,
required to remove protecting groups from a negatively charged as predicted by the Thorpéngold gemdialkyl effect?® Indeed,
oligonucleotide backbone than from dinucleoside monophos- the dimethyl-substituted compouB8d reacted markedly faster
phates. Thus, with model oligonucleotid@3a—k, the choice than33a Similarly, theN-iPr derivative33h was more reactive
for the most suitable protecting groups could be founded on than theN-Me analogue33f.
more representative data. The ability of the phosphoramidites Of the electron-donating or -accepting substituents introduced
21-31 to support oligonucleotide synthesis was tested first on the phenyl ring, only the 4-dimethylamino group altered the
(Scheme 3). Using a standard synthetic cycle and ancillary deprotection kinetics to any substantial extent38eand33g).
reagents, we attached the phosphoramidites at'tterBinus In contrast, the influence of NOor MeO groups was insig-
of solid-support-bound undecathymidylaB2, to give33a—k. nificant (for secondary amides, c33a b, andc; for tertiary
These were conventionally deprotected with ammonia (6 h/55 ones, cf.33eandf).
°C), and the products were analyzed by HPLC and electron- Comparison of the thionocarbonyl derivati@i with the
spray MS. The following relevant observations were noted. As corresponding oxygen analog88aindicates dramatically faster
revealed by the dimethoxytrityl assay, all phosphoramidites deprotection of the former compound, which may reflect an
demonstrated high coupling efficiency $5%). Phosphoramid- — - - - -
ites 21—-28 were fully compatible with ancillary reagents that Aci(gsl)RAe\:lgng;iq'é,sllgg;n—irgé: N.; Zhang, G.; Letsinger, R-Nucleic

were used in oligonucleotide synthesis, yielding only the  (22) lyer, R. P.; Phillips, L. R.; Egan, W.; Regan, J. B.; Beaucage, S. L.
J. Org. Chem1990Q 55, 4693-4699.

(20) Under these conditions, a commercial samplédiad a half-life (23) (a) Beesley, R. M.; Ingold, C. K.; Thorpe, J.J-Chem. Socl915
of 200 h. 107, 1080-1106. (b) Ingold, C. KJ. Chem. Soc1921, 119 305-329.




Phosphate Protecting Group J. Am. Chem. Soc., Vol. 123, No. 5, 2081
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O
— \p/ + [N/ a(a) 1. EtOH/H-Tetrazole/CHCI,; 2. (3-CIGH4)COsH. (b) MeCN,

0.0 R? 80% aqueous MeCN, MeOH, or THF:2,6-lutiding® (96:2:2).
_PTTE
S/'O 46-48 Table 2. Deprotection 0f40—43, 49, and52 under Neutral
"R Conditions
44,45 e X half-life: 71, x 1072, min
B \/\NJ\©\ conditions (25°C) 40 41 42 43 49 52
2
R R3 MeCN 1.0 05 08 08 23.0 1710
80% aqueous MeCN 1.7 05 09 3.1 147
36 37 38 39 MeOH 20 0.7 0.8 26 155
Compound 4o 21 a2 43 44 45 46 47 48 THF:2,6-lutidine:HO (96:2:2) 1.0 0.7 15.0
R Y Yy v zZ Y z - - - @ Determined in MeCN:pyridine (95:5).
hosphorothioa#é to yield 39, which was then converted to
2 Me - - NMe, OMe H p 0! / ’

R NMe; OMe H  OMe ©2 © 43. Additionally, two simpler model compounds were prepared
s in solution. Phosphoramidit28 was reacted with EtOH in the
R Me #Pr H Pr - - Me #r H presence of H-tetrazole, and the product was oxidized to give

49 (Scheme 5). Phosphotriest&? was synthesized by phos-
X o} o s o - - o} o s phorylation of17 with O,0-diethyl phosphorochloridate (Scheme
6). Both 49 and 52 were isolated by column chromatography

YEON o Ty o T—o—ﬁ—o Q) on silica gel.

- (') The model compound¥0—43, 49, and52 were treated under

© 5 the mild conditions shown in Table 2. Fé8—43, the progress

Q of the deprotection was followed B3P NMR in gel phase,

= TentaGel where their peaks were observed at 68/ ppm. Regardless

o of the conditions employed, deprotection resulted in the forma-
_*(a) R-OH/1H-Tetrazole/MeCN; (b) B-1,2-benzodithiol-3-one 1,1-  tjon of the corresponding thionophosphodiesters. Thus, as seen
?'Qg!de/MeCN; (c) MeCN, 80% aqueous MeCN, MeOH, or THF:2,6-  f,om Scheme 4, compound§—42 were converted td4 (55—
utidine:HO (96:2:2). 61 ppm), andt3yielded45 (56.0-56.5 ppm). Simultaneously,
enhanced intramolecular participation of the more nucleophilic the protecting group§& andH were converted to the corre-

thiocarbonyl group. In a very similar fashion, groupandK sponding 2-oxazolinium catiord6 and 47, and groupl was
were removed under conditions as mild, or almost as mild, as converted to the 2-thiazolinium catiot8 (for the fate of the
those forl. . protecting groups, see below).

Removal of the Protecting Groups G-I under Neutral The deprotection o9 and52 was studied by conventional

Conditions. It can be seen from Table 1 that tt]e removal of 31p NMR in solution. Similarly to the phosphorothioates above,
the protecting group&—K required=1 h at 25°C. Due o poth49and52were smoothly converted to the phosphodiesters
experimental limitations, it is difficult to determine with 5gands53 (Schemes 5 and 6, respectively). In MeCN and THF,
confidence their stability in concentrated ammonium hydroxide. the peaks of the starting material were observed at 1-51t0

To provide a more accurate comparison of the deprotection ppm and were downfield of the peaks of the respective products
characteristics, removal of the representative grasps$ was 50 and 53 at 1.1 to—1.5 ppm. In 80% agueous MeCN and
studied under less aggressive conditions. In preliminary experi- MeOH, the peaks 049 and52 (—1.2 to—1.4 ppm) were found
ments, dithymidine monophosphates protected GitH proved upfield with respect to the peaks 60 and 53 (0.5 to —0.2
Instead, model compound§—43were synthesized on a high-  tection 0f52 was studied by reverse-phase HPLC (see below).
loaded Tentagel polymer support as depicted in Scheme 4. |, torms of the half-lives of disappearancel@-43, 49, and
Phosphoramldlte building block&7—29 were first conver_ted 52, several conclusions might be drawn from the results
to sohd-support-_boun(ﬂi6—38. The stability of37 and 38 in summarized in Table 2. Comparing the half-lives of the
MeCN was studied by'® NMR spectroscopy in gel phase to  gincleoside phosphorothioatd8—42, the reactivities of the
reveal that both compounds remained unchanged for at IeaStprotecting groupG—1 appear to be very similar. Under both

16 h at room temperature. Compound6—38 were then  54,e0us and nonaqueous conditions, the stability of the protect-
sulfurized with 34-benzodithiol-2-one 1,1-dioxide in MeCR ing groups increased in the following ordét, < | < G, that

to give40—42. In a similar fashion28 was coupled to a solid-
support-bound, phosphate-deprotected hexathymidylate penta- (24) Guzaev, A. P.; Manoharan, M. Org. Chem.in press.
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is, their relative reactivity remained unchanged in comparison or if oxidation with iodine solutions can be avoideld-K).

to that in concentrated ammonium hydroxide. Finally, A, B, and C are not recommended for routine
oligonucleotide synthesis, although they may be suitable for
S Y OMe performing reactions in solution. Moreover, the dramatic
il i . . . . . .
DMTO~T—0-P-0 T NW/@ difference in deprotection time allows keepiAgB, or C intact
! N . . .
O 15 R= while the most labile groupl is completely removeéf Thus,

a combination of these means of protection may find use in

51 or negative charge synthesizing selectively modified oligonucleotides.
The Fate of the 2-N-Isopropyl-4-methoxybenzoylamino]-
The half-lives 0f40—-42 in MeCN demonstrated that the  ethy| and 2-(N-Thionobenzoylamino)ethyl Groups (H and
protecting group&—| were labile to the extent that they might ) Upon Deprotection. In a recent communication, acrylonitrile,
be removed under the conditions of oligonucleotide synthesis. which is released on cleavage of the traditional 2-cyanoethyl
Furthermore, in comparison withl, removal of grougH from phosphate protecting group, has been demonstrated to alkylate
43 containing the negatively charged backbone was retardednycleic base8.Although this side reaction may occur to a
by a factor of< 2. This suggested that a partial deprotection of measurable extent only on a manufacturing scale, the study
an oligonucleotide might not inhibit the progress of the further jjjustrates the importance of analyzing potential consequences
deprotection. For groupi, this was verified by synthesizing  pefore novel protecting groups are introduced in laboratory
pentadecathymidylate phosphorothioateon a 20umol scale  practice. Although the protecting groupisand! are labile under
using the phosphoramidi@8 as a building block. On comple-  the conditions of oligonucleotide synthesis, the extent of the
tion of the chain assembly, the extent of the protection of the deprotection may depend on the length of the synthesis. For
solid-support-bouncb1 was immediately determined b¥P preparations on a small scale, in which faster coupling protocols
NMR. The two major peaks of thionophosphates observed at are used, an oligonucleotide may remain extensively protected
68 and 58 ppm were attributed to the triester groups protectedat the end of the chain assembly. These protecting groups will
by H and the deprotected diester groups, respectively. The latterhave to be removed at the same time as the nucleic base
accounted for ca. 90% of the total integrated area, which protecting groups. Therefore, to evaluate possible drawbacks
revealed that the majority of the thionophosphate linkages were of the proposed protecting strategy, the fate of the protecting
deprotected at the end of the synthesis. The deprotectiétt of  groupsH and| and the ability of the deprotection products to
was completed by a brief treatment of the solid support with participate in side reactions were studied.
10% pyridine in MeOH (1 h/RT). Thé!P NMR spectrum of To study the fate of groupi, a model compounds2, was
the product displayed the signal of thionophosphate diester yreated with either water or solutions of ammonium hydroxide
groups and a minor signal of desulfurized phosphodiester groups(o.5 M, 2.0 M, or 28% in water), and the progress of the
(—2 ppm, 3.4%). Importantly, no peaks of other side products reactions was followed by HPLC. The products formed were
were detected,_ which demonstrated that t_he deprqtection WaSgither isolated and characterize47(and 54) or identified by
not accompanied by any unwanted reactionstdfwith the  ¢q.injection with authentic samplesand56-58). The results
internucleosidic thionophosphate residues. are summarized in Scheme 6. Regardless of the basicity of the
Comparison of the half-lives for compounds, 49, and52  megia,52 rapidly reacted to form diethyl phosphei8, which

that were protected with group demonstrated that nucleosidic a5 characterized biH, 13C NMR, and3P NMR and other
residues dramatically facilitated the deprotection. One may products. The half-life of disappearance5s (380—400 min
tentatively speculate that the bulky nucleosidic residues favor ¢ 25°C) was independent of the concentration of ammonium
the departure of the protecting group, which reduces steric pygroxide. In contrast, the distribution of products other than

hindrance around the phosphate moiety. . 53 markedly depended on the concentration of ammonium
Our attempts to clarify the influence of protic solvents on  pygroxide.

the deprotection rates led to conclusive results only for the
reactions in homogeneous phase. For compoudr®dand 52,
whose stability was measured in solution, the protic solvents
accelerated deprotection by a factor=of0. However, for the

solid-support-bound compound—42, either a very minor i, the HPLC traces accounted fdf7. At this stage,47 was
negative effect40) or no influence of the polar environment  ;c;|ated by HPLC in 90% purity, and its structure was proven
on the half-lives of the deprotection was observed. This by LC/MS, 'H, and13C NMR spectra. However, the stability
discrepancy might be tentatively explained by the lack of ot 47 \yas insufficient to afford its complete characterization.
efficient solvation inside the matrix of the hydrophobic poly- |, \water. 47 exhibited a half-life of 40 h and underwent
styrene solid support rather than by the reactivity of the nyqroivtic ring opening to formb4 in quantitative yield. The
protecting grougH in dinucleoside monophosphatég—42 latter product was indefinitely stable under neutral and acidic

The fact that the protecting grou@s-I were removed under ¢4 gitions, which permitted its isolation by HPLC as a trifluo-
the conditions of oligonucleotide synthesis was not considered 5 cetate salt and its unambiguous characterization.

a disadvantage. We demonstrated recently that, upon conversion In the presence of dilute ammonium hydroxide (0.5 to 2.0

ST Fhe phlf[)fsphodtiﬁster rel.sidu?sz to the :L—dlimhethylr(]almino.[()j)./tri- M), the product distribution dramatically changed. Compound
inium satt form, the coupling ot 2-Cyancetnyl phosphoramidile 47,44 rapidly hydrolyzed so that the extent of its accumulation
bundlng_blocks to phosp_hgte-unprotected oligonucleotides may ;. the reaction mixture was 1%. It has been reported that in
be carried out as efficiently as the standard coupffng, agqueous KCO;, alkaline hydrolysis of similatN-methyl-2-
There_fore_, the protecting g_roupl_ that provided the bes'g oxazolinium salts gave exclusivel@-acyl N-methylethanol-
combination of synthetic availability and ease of deprotection amines as kinetic product According to very recent findings,

was selected for furthermvestlga_uon. Othergroups can also. bethis regioselectivity resulted from bifunctional nucleophilic
employed as phosphate protecting groups in oligonucleotide
synthesis if slower deprotection kinetics is acceptable G) (25) Guzaev, A.; Manoharan, M. Unpublished results.

Under neutral conditions54 was the final product of the
reaction, although in early stages, the intermediéfeac-
cumulated in the reaction mixture. When-788% of starting
material52 was consumed, 4555% of the total integrated area
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catalysis provided by the buffer that was used. More generally,
predominant formation oN-acylatedN-methylethanolamines
as kinetic products along witld-acylated isomers has been
observed under basic conditiof{dn contrast to these findings,
47 was hydrolyzed to give mainl$4 as the kinetic product.

In turn, 54 was consumed by three concurrent reactions. First,
it underwent reversibl©—N acyl migration to givel7. This
was proven by subjectind7 to the same conditions. On
equilibration, a mixture 017 and54 (3:1) was obtained. Second,
basic hydrolysis of th&©-anisoyl group led t®6. Finally, at a
concentration for ammonium hydroxide of 2.0 M and higher,
ammonolysis of54 gave 57. It is reasonable to expect that
N-isopropylaminoethanol was also formed in the latter two
reactions, although no attempt was made to identify it.

In the presence of 28% aqueous ammonium hydroxide, the

product distribution was somewhat more complex. Along with

the products mentioned above, a new compound tentatively

assigned a$5 was formed in approximately 10% yield. On
longer exposure to the reaction conditioB8,was converted
to 58, which was confirmed by co-injection with an authentic
sample synthesized by an independent route.

To study the fate of group, the solid supporé2 (40 umol)
was treated with 80% aqueous MeCN as described above unti

(26) Deslongchamps, P.; Dube, S.; Lebreux, C.; Patterson, D. R.;
Taillefer, R. J.Can. J. Chem1975 53, 2791-2807.

(27) Perrin, C. L.; Engler, R. I.; Young, D. B. Am. Chem. So200Q
122 4877-4881.
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the deprotection was complete (Scheme 4). The solid support
was then washed with 5% aqueous NaH@@d ethyl acetate,
which convertedi8to the 2-phenyl-2-thiazoline-free ba<g9)

and eluted it from the solid support. On evaporation of the
organic phase59 was obtained in 85% vyield. The structure of
59 was consistent with ittH NMR and IR spectra, which were

in good agreement with those reported in the literatéiand

with its 13C NMR spectrum. The treatment df9 with
concentrated aqueous ammonium hydroxide for 5 days revealed
no appreciable chemical transformations, which demonstrated
its high stability under the conditions of oligonucleotide

deprotection.
S
O
N

Formation of47, 54, and 59 demonstrated above confirms
the proposed intramolecular mechanism of deprotection where
the phosphodiester anion is substituted with the oxygen atom
of the amido group or the sulfur of the thionoamido group
(Scheme 1). Moreover, it is important to note that no products
that indicate reactivity 062 by any other route were detected
in the reaction mixtures.

The occurrence of minor side reactions of the products derived
from groupH with nucleic bases was studied. Each of the 5
O-(4,4-dimethoxytrityl)-2-deoxynucleosides (dA, dC, dG, and
T) was mixed with52 (10-fold excess) and treated with
concentrated ammonium hydroxide for 24 h at%®& When
the reaction mixtures were analyzed by reverse-phase HPLC,
no new nucleosidic products were observed. Of the compounds
presented in Scheme 7, only compouttimay in principle be
considered as an alkylating agent. As seen from the reactivity
of 47 toward ammonia, the products of alkylation, that5s,
and58, were formed only in concentrated ammonium hydroxide
in low yield (<10%). Thus47 is a very weak alkylating agent
that is, however, highly labile toward hydrolysis. Rapid
consumption o#7 by hydrolysis under basic conditions further
reduces its chance to react with nucleosides. In view of these
considerations, the observed lack of modifications of nucleic
bases is not surprising.

Utility of the 2-[ N-Isopropyl-4-methoxybenzoylamino]-
ethyl-Protected Nucleoside Phosphoramidites in Oligonucle-
otide Synthesis.The usefulness of the proposed protection
strategy for routine preparation of synthetic oligonucleotides
and their phosphorothioate analogues was rigorously tested as
described below. First, a novel phosphitylating reagent, bis-
amidite60, was synthesized frorh7, as depicted in Scheme 7.
After column purification 60 was obtained in 84.5% yield as a
stable crystalline material. Under dry conditions, it could be
stored at—18 °C for >2 months without any detectable
decomposition. When the protectedd2oxynucleoside8 and
61—-63 were reacted with a slight excessa#, the correspond-
ing 2-deoxynucleoside phosphoramidit28 and65—67 were
synthesized in 9198% vyield. Similarly, the 20-(2-methoxy-
ethyl)-5-methyluridine phosphoramidié8 was prepared from
64 in 96% vyield. The phosphoramiditeX8 and 65—68 were
employed in the synthesis of the natural 20-mer oligonucleotides
69—71, the oligonucleotide phosphorothioates with proven
antisense activity,72—75, and the 20-(2-methoxyethyl)-
modified oligonucleotide phosphorothioai® (Table 3). For

Icomparison, the same sequences were likewise prepared using

commercial phosphoramidit&§—80 protected with a 2-cyano-
ethyl group at the phosphite moiety.

(28) (a) Ino, A.; Murabayashi, ATetrahedronl999 55, 10271-10282.
(b) Vorbriggen, H.; Krolikiewicz, K.Tetrahedron1993 49, 9353-9372.
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On a small scale, the coupling cycle was first optimized using
the oligonucleotideb9 as an example. The coupling of phos-
phoramidite28 was slower than that of7. To obtain the high
stepwise yields, the extended 5-min coupling time Z8was
used. However, the selectivity of the reaction2® with the
5'-hydroxy functions in the presence of unprotected phosphate

moieties was higher than that 7. We demonstrated recently
DMTrO. B
o B
77 Thy
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that under standard conditions, the couplingd @fo phosphate-
unprotected oligonucleotides resulted in a stepwise yield of
93.8-96.3%2* As demonstrated above f@rl, the protecting
groupH was almost completely removed in the course of the
oligonucleotide synthesis. Nevertheless, usiB@s a building
block, the oligonucleotidé9was synthesized in 97.4% stepwise
yield. When optimized conditions for the phosphoramidite
coupling to phosphate-unprotected oligonucleotides weredised,
the coupling yields could be further improved. In a modified
synthetic cycle, the detritylation of solid-support-bound oligo-
nucleotides was followed by a brief wash with a solution of
0.1 M 4-dimethylaminopyridinium H-tetrazolide (DMAP-Tet)

in MeCN. This neutralized the acidic phosphodiester groups.
Furthermore, the protonated DMAP that was retained on the

Guzaed Manoharan

Solid-support-bound oligonucleotides were deprotected with
concentrated agueous ammonium hydroxide Zdh atroom
temperature 9 and 76) or for 6 h at 55°C (70-74).
Considering the rates of deprotection of compouétiand43
(Table 2) and the fact that the release of diethyl phosphate from
52 occurred in a pH-independent manner, the use of a base might
be unnecessary for the removal of the remaining phosphate
protecting groups. However, these conditions were required for
the removal of the protecting groups from nucleic bases and
for the release of the oligonucleotides from the solid support.
After deprotection, all of the oligonucleotides were routinely
isolated by DMTr-On reverse-phase HPLC. When tHe 5
terminal DMTr group was removed, compourt®-76 were
desalted and characterized by electrospray MS. Their purity was
confirmed by HPLC and capillary gel electrophoresis.

The utility of protecting grougH for synthesis of oligonucle-
otides on a large scale was next tested. On a preparative scale,
an extensive optimization of the coupling protocol is required
for the successful preparation of 20-mer oligonucleotides.
Therefore, a lower yield of the product might be initially
expected for a set of novel phosphoramidite building blocks
that are used under unoptimized conditions. The oligonucleotide
75was synthesized on a 1@nol scale using 2:53 equiv. of
28 and 65—67 and a 20-min coupling time. Indeed, the yield
of 75 using 28 and 65—67 was lower than that obtained with
the standard building blocks7—80 (43.9 and 55.0%, respec-
tively). When it was deprotected with concentrated ammonium
hydroxide, the crude product was analyzed by reverse-phase
HPLC and LC/MS. It is important to note that no products
indicating modification of75 at the nucleic bases were detected
in the reaction mixture. This agreed with the observation
presented above theéi2 was inert toward nucleosides in
concentrated ammonium hydroxide.

Conclusion

The data presented suggest that 2-benzamidoeskghiono-
benzoylamino)alkyl, and 2N-phenylthiocarbamoylamino)ethyl
groups are a novel, versatile class of protecting groups for
phosphodiester functions. The utility of these groups was
demonstrated by preparing building blocks for oligonucleotide
synthesis, the nucleoside phosphoramides31 and65—68.

All of these compounds were synthesized in high yields using
well-established methods and demonstrated excellent solubility
in MeCN, stability in both solid state and in solution, and
coupling efficiency.

Studying the structureactivity relationship revealed that,
depending on substitution, removal of the 2-benzamidoethyl,
w-(thionobenzoylamino)alkyl and 2N(phenylthiocarbamoyl-
amino)ethyl protection occurs under a wide range of conditions.
We demonstrated here the successful use of the most labile
protecting group for oligonucleotide synthesis on solid support.
Other more stable groups allow one to synthesize chimeric
oligonucleotides by deprotecting certain internucleosidic phos-
phate linkages while other selected groups are kept protected.
In addition, this may make the protecting strategy attractive for
synthetic applications whose requirements for deblocking condi-
tions differ from those of oligonucleotide chemistry.

The fate of the most convenient protecting groupsandl,

solid support as a counterion of phosphodiester residues servedipon deprotection was studied. The mechanism of deprotection

as a nucleophilic catalyst in the following coupling reaction.
Under these condition§9 was synthesized in 98% stepwise
yield. In a similar fashion, the mixed-base oligonucleotides

74 were synthesized in yields consistent with a high coupling
efficiency. When the phosphoramidié8 was used, a coupling
for 10 min was required to ensure 8% coupling efficiency.

was confirmed by isolation of the intermedia@or the stable
product59. The products formed from7 were identified, and
the dependence of their distribution on the concentration of
ammonium hydroxide in solution was determined. The lack of
reactivity of these compounds toward nucleic bases or the
oligonucleotide backbone was unambiguously demonstrated.
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Table 3. Oligonucleotides Synthesized with the Aid 28 and 65—68

compound sequence' (5> 3') backbone scaleimol yield, % target
69 T2 P=0 1 69.2
70 GC:A,GCTGCATC,GTCA P=0 1 63.1
71 TCsGCA(TG),ACATGCAT, P=0 20 61.5
72 GCA,GCTGCATC,GTCA P=S 1 52.3 human ICAM-1
73 TC3GCy(TG),ACATGCAT, P=S 1 50.6 human Caf
74 ATGCAT.CTGGA,GA P=S 20 56.5 mouse @af
75 AGCT,CT3sG(CA),TGTA; P=S 150 43.9 human MDM-2
76 T*0? P=S 1 49.2

aT* stands for 2-O-(2-methoxyethyl)-5-methyluridine residue.

One may finally conclude that the proposed protecting temperature, and the solvent was evaporated in vacuo. The residue was
strategy is a valuable addition to the portfolio of methods for dissolved in ice-cold water (200 mL). The solution was brought to pH
oligonucleotide synthesis and that it may eventually attain 6 with concentrated hydrochloric acid and extracted with ethyl acetate
general applicability in the organic chemistry of phosphorus. (5 x 100 mL). Extracts were washed with brine (100 mL), dried over

Recently, synthesis of oligonucleotides without nucleoside-base

protection has been reportédCombining this methodology
with the use of the protecting group that is removed under
neutral conditions may result in a novel synthetic strategy that

N&S0O;, and evaporated. Crude R-penzoylamino)ethanols (895%)
were used without further purification. For characterizatitiy 13 and

17 were recrystallized from water or a mixture of toluene and hexane.
14and15were purified by column chromatography on silica gel using
a gradient from 5 to 20% MeOH in GEI, to give colorless oils.

involves no deprotection procedures except for the release fromcompound<.0, 11, 133° 14, and 15,28 were identical to those reported

a solid support.

Experimental Section

Oligonucleotide synthesis.The oligonucleotide synthesis was
performed on an ABI 380B DNA Synthesizer on aufhol scale
according to the manufacturer's recommendations. The phosphoramid
ites 21—-31 were used as 0.1 M solutions in dry MeCN. WHzG+-31
were employed, the oxidation step was carried out wéh-butyl
hydroperoxidé" (10% in MeCN). For preparation of the phosphoro-
thioate oligonucleotides F8-1,2-benzodithiol-3-one 1,1-dioxié&(0.05
M in MeCN) was used as a sulfur-transfer reagent. Solid-support-bound
33a—k were deprotected as depicted in Scheme 3 under conditions
specified in Table 1. The'®MT-protected oligonucleotides were
analyzed by reverse-phase HPLC and characterized by ES/MS.

For preparation 069—74 and 76 (Table 3) by the modified cycle,

a solution of 0.1 M DMAP and 0.1 MH-tetrazole in MeCN was placed

in positions 15 or 17 of the synthesizer (PS and PO cycles, respectively).
The standard detritylation subroutine was followed by a brief washing
with MeCN and flushing with argon. Next, the solution of DMAP-
TET was delivered to the columns for 15 or 45 s (1- andugt®sl
cycles, respectively), followed by washing with MeCN and flushing
with argon. For the coupling step, phosphoramidi2&sand 65—68

(0.2 M in MeCN) were delivered in 15- and 5-fold excess over the
solid support (1- and 2@mol cycles, respectively), and the phosphora-
midite condensation was carried out forZB@nd65—67) or 10 min

(68). The solid-support-bound material was deprotected with concen-
trated aqueous ammonium hydroxide under standard conditions (8 h
at 55°C for 70—750r 2 h at RT for69 and76). The 3-DMT-protected
oligonucleotides were isolated by reverse-phase HPLC. TH#EVE
group was cleaved using 10% ag AcOH (30 min), and the oligonucle-

previously.

N-(2-hydroxyethyl)-N-isopropyl-4-methoxybenzamide (15)88%
yield: white solid, mp 71.572 °C (toluene-hexane).'H NMR
(CDCly): 6 7.32 (2H, d,J = 8.6 Hz), 6.89 (2H, dJ = 8.6 Hz), 4.40
(1H, br s), 4.09 (1H, m), 3.80 (3H, s), 3.98.70 (1H, m), 3.53 (2H,
t,J=4.6 Hz), 1.13 (6H, dJ = 6.8 Hz).23C NMR (CDCh): 6 173.56,

160.60, 128.71, 128.16, 113.89, 63.69, 55.39, 50.60, 44.45, 21.19.
FAB—HRMS: calcd for GsH1gNOs, 238.1443 (MH); found, 238.1444.

N,N,N’,N'-Tetraisopropyl-O-[2-[N-isopropyl-N-(4-methoxybenzoyl)-
amino] ethyl] phosphordiamidite (60). Chloro bis[N,N,-diisopropyl)-
amino]phosphite (1.73 g, 6.5 mmol) in GEl; (20 mL) was added to
a stirred solution ofL7 (1.19 g (5.0 mmol) and\,N-diisopropylethyl-
amine (1.03 g, 8.0 mmol) in Ci&l, (5 mL) dropwise under argon
atmosphere at-78 °C. The mixture was stirred at78 °C for 10 min
and was allowed to warm to room temperature. The solution was treated
with triethylamine (2.5 mL) and hexane (50 mL). The mixture was
evaporated to dryness and coevaporated twice with triethylamine
hexane (5:95; 25 mL). The residue was dissolved in triethylamine
hexane (5:95; 25 mL), filtered, and applied on a short silica gel column.
The column was eluted with triethylaminethyl acetate-hexane (5:
5:90). Fractions were evaporated to give 60 (1.98 g, 84.5%) as a white
solid: mp 58.5-59.5°C. 'H NMR (CDCl): ¢ 7.35-7.29 (2H, m),
6.95-6.85 (2H, m), 3.82 (3H, s), 3.8€8.34 (9H, m), 1.46-1.05 (30H,
m). 13C NMR (CDCk): ¢ 171.6, 160.4, 129.8, 128.2, 127.7, 113.8,
62.8,62.4,55.3,45.2,44.5,44.2, 24.8, 24.6, 23.8, 23.7, 2P.OIMR
(CDCh): ¢ 124.6; (CCN): 6 130.9. FAB-HRMS: calcd for
CosH4eN3203P (M + Na+), 490.3174; found, 490.3166.

General Procedure for the Preparation of 28 and 65-68. N?>—
Isobutyryl-5'-O-(4,4-dimethoxytrityl)-3 '-O-(N,N-diisopropylamino)-
[2-[N-isopropyl-N-(4-methoxybenzoyl)amino]ethoxy]phosphinyl-2

otides were desalted by reverse-phase HPLC and characterized by Esyieoxyguanosine (67)1H-T_etrazo|e (0-45 M in MeCN, 1.29 mL, 0.58
MS. The purity of the isolated oligonucleotides was confirmed by HPLC Mmol) was added to a mixture 60 (766 mg, 1.64 mmol)63 (928

and capillary gel electrophoresis.

The synthesis of5was carried out on a MilliGene/Biosearch 8800
Reagent Delivery Module on a 150wol scale using 2:53 equivs of
28 and 65—67 (0.3 M in MeCN) and a 20-min coupling time. The
solid support was treated with concentrated aqueous ammonium
hydroxide overnight at room temperature. The solution obtained was
heated at 58C for 6 h and evaporated. The crude product was analyzed
by reverse-phase HPLC and LC/MS. Compouttdwas isolated and
characterized as described above 70r-75.

General Procedure for the Preparation of 16-15 and 17.Acyl
chloride (0.1 mol) in THF (100 mL) was added dropwise to a solution
of an aminoethanol (0.4 mol) in THF (200 mL) under magnetic stirring
at 4 to 10°C. The reaction mixture was stirredrf@ h at room

(29) Hayakawa, Y.; Kataoka, M. Am. Chem. S0d998 120, 12395~
12401.

mg, 1.45 mmol), and C¥l, (15 mL), and the resulting solution was
stirred fa 2 h atroom temperature. Aqueous NaHE®%, 10 mL)

was added, the emulsion was diluted with brine (50 mL), and the
product was extracted with ethyl acetatex375 mL). Extracts were
washed with brine (3« 50 mL), dried over Ng5QOy, and evaporated to
dryness. The residue was dissolved in toluene (25 mL), applied on a
silica gel column; and separated, eluting with a gradient from 40:55:5
ethyl acetate:hexane:triethylamine to 5:90:5 ethanol:ethyl acetate:
triethylamine. Collected fractions were evaporated, coevaporated with
dry MeCN (2 x 50 mL), and dried on an oil pump to giv&, fast
diastereomer (170 mg)B7, slow diastereomer (161 mg); and their
mixture (1006 mg) totaled in 1330 mg (91.2%) 6f. 67, fast
diastereomertH NMR (CDCL): 6 7.78 (1H, s), 7.447.15 (13H, m),
6.94-6.74 (6H, m), 6.28 (1H, m), 4.56 (1H, m), 4.23 (1H, m), 3.78
(8H, s), 3.76 (6H, s), 4.153.20 (10H, m), 2.86-2.65 (1H, m), 2.43

2.25 (1H, m), 1.3-0.8 (24H, m)13C NMR (CDCk): ¢ 179.93, 172.53,
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160.44, 158.62, 155.82, 148.19, 144.53, 135.58, 129.98, 129.03, 128.02using a gradient from 25:70:5 ethyl acetate:hexane:triethylamine to 70:
127.94, 127.63, 126.96, 121.31, 113.89, 113.24, 86.52, 85.83, 84.53,25:5 ethyl acetate:hexane:triethylamine gave 66, fast diastereomer (1.46
74.15, 73.75, 63.67, 62.57, 62.40, 55.34, 55.22, 43.26, 43.02, 40.85,9); 66, slow diastereomer (1.63 g); and their mixture (6.51 g) totaled
35.45, 24.75, 24.60, 24.45, 21.25, 18.98.NMR (CDCE): ¢ 146.72. in 9.60 g (96.0%) of6. 66, fast diastereometH NMR (CDCl): 6
FAB—HRMS: calcd for GsHesN7O10P (M + Na'), 1028.4663; found, 8.56 (1H, br s), 8.33 (1H, dJ = 7.5 Hz), 7.88 (2H, m), 7.667.15
1028.463067, slow diastereometH NMR (CDCl): 6 7.77 (1H, s), (15H, m), 6.96-6.74 (6H, m), 6.28 (1H, dd) = 5.9, 5.7 Hz), 4.67
7.48-7.12 (13H, m), 6.966.70 (6H, m), 6.30 (1H, dd) = 7.7, 5.5 (1H, m), 4.27 (1H, m), 3.79 (9H, s), 4.28.35 (9H, m), 2.79 (1H, m),

Hz), 4.67 (1H, m), 4.38 (1H, m), 3.76 (3H, s), 3.74 (6H, s), 48518 2.33 (1H, m), 1.36-1.10 (18H, m).2%C NMR (CDCk): ¢ 171.87,
(10H, m), 2.84-2.60 (1H, m), 2.53-2.35 (1H, m), 1.3-0.8 (24H, m). 166.50, 162.08, 160.41, 158.71, 154.77, 144.82, 144.21, 135.58, 135.29,
13C NMR (CDCh): ¢ 179.44,172.32, 160.46, 158.63, 155.82, 148.52, 133.29, 133.10, 130.20, 130.07, 129.46, 128.23, 128.05, 127.57, 127.14,
148.15, 144.66, 135.71, 131.62, 130.04, 129.18, 128.12, 128.02, 127.95113.78, 113.34, 96.37, 87.28, 86.97, 86.20, 71.85, 71.51, 62.38, 61.41,
127.00, 121.54, 113.85, 113.21, 86.44, 85.65, 85.53, 84.12, 73.78, 73.5161.15, 55.51, 43.15, 42.92, 41.21, 24.76, 24.68, 21339.NMR
63.87, 6162 (br m), 55.33, 55.24, 43.22, 43.98, 39.67, 35.74, 24.75, (CDCk): ¢ 148.00. FAB-HRMS: calcd for GeHgsNsO10P (M + Nat),
24.61, 21.16, 18.86P NMR (CDCE): ¢ 144.07. FAB-HRMS: calcd 1022.4445; found, 1022.44876, slow diastereomer!H NMR

for CssHesN7010P (M + Na'), 1028.4663; found, 1028.4628. (CDCl): 6 8.64 (1H, br s), 8.29 (1H, d] = 7.3 Hz), 7.88 (2H, m),
5'-O-(4,4-dimethoxytrityl)-3 '-O-(N,N-diisopropylamino)[2-[ N-iso- 7.66-7.10 (15H, m), 6.926.80 (6H, m), 6.32 (1H, tJ = 5.8 Hz),
propyl-N-(4-methoxybenzoyl)amino]ethoxy]phosphinyl-2deoxythy- 4.62 (1H, m), 4.23 (1H, m), 3.80 (9H, s), 4:28.35 (9H, m), 2.81

midine (28) was synthesized analogously fr@@ (468 mg, 1.1 mmol) (1H, m), 2.31 (1H, m), 1.361.0 (18H, m).**C NMR (CDCk): ¢

and8 (545 mg, 1.0 mmol) and isolated by column chromatography to 171.96, 166.65, 162.05, 160.4, 158.73, 154.70, 144.78, 144.14, 135.47,
afford 28, fast diastereomer (96 mg8, slow diastereomer (125 mg): ~ 135.26, 133.29, 133.11, 130.19, 129.47, 129.03, 128.05, 127.57, 127.17,
and their mixture (668 mg) totaled in 889 mg (97.6%p8fas a white 113.80, 113.33, 96.42, 87.21, 86.98, 86.01, 85.80, 72.52, 72.16, 62.51,

amorphous solid28, fast diastereometd NMR (CDCly): 6 7.61 (1H, 61.18, 60.91, 55.26, 43.14, 42.89, 41.43, 25.01, 24.87, 24.77, 24.51,
s), 7.40-7.16 (12H, m), 6.966.74 (6H, m), 6.39 (1H, ddj = 8.0, 21.20. 3P NMR (CDCE): ¢ 148.15. FAB-HRMS: calcd for

5.7 Hz), 4.63 (1H, m), 4.19 (1H, m), 3.77 (3H, s), 3.74 (6H, s), 3.95  CseHssNsO10P (M + Na"),1022.4445; found, 1022.4488.

3.26 (9H, m), 2.45 (1H, ddd] = 13.0, 5.4, 1.5 Hz), 2.28 (1H, ddd, 5-Methyl-5'-O-(4,4 -dimethoxytrityl) —2'-O-(2-methoxyethyl)- 3-

= 13.0, 7.2, 6.18 Hz), 1.35 (3H, s), 1.20.10 (18H, m).13C NMR O-(N,N-diisopropylamino)[2-[N-isopropyl-N-(4-methoxybenzoyl)-
(CDCl): 6 171.88, 164.00, 150.43, 135.77, 111.16, 86.96, 85.98, 84.88, amino]ethoxy]phosphinyluridine (68) was synthesized analogously
73.71, 73.42, 63.45, 61.34, 61.04, 55.27, 43.15, 42.91, 40.19, 24.74,from 60 (0.98 g, 2.1 mmol) and4 (1.21 g, 2.0 mmol). Column
24.62, 21.15, 11.74P NMR: 6 147.64. FAB-HRMS: calcd for separation using a gradient from 15:80:5 to 80:15:5 ethyl acetate:hexane:
CsoHeaN4O10P (M + Na'), 933.4180; found 933.416628, slow triethylamine gavé8, fast diastereomer (0.15 3, slow diastereomer
diastereometH NMR (CDCLk): 6 7.60 (1H, s), 7.4%7.18 (12H, m), (0.41 g); and their mixture (1.33 g) totaled in 1.89 g (96.2%%8f
6.90-6.74 (6H, m), 6.43 (1H, brt), 4.66 (1H, m), 4.14 (1H, m), 3.79 68, fast diastereometH NMR (CDCly): 6 8.53 (1H, brs), 7.68 (1H,
(3H, s), 3.76 (6H, s), 3.963.25 (9H, m), 2.642.48 (1H, m), 2.42 s), 7.50-7.20 (11H, m), 6.936.78 (6H, m), 6.05 (1H, d] = 4.8 Hz),
2.20 (1H, m), 1.40 (3H, s), 1.281.0 (18H, m).2%C NMR (CDCk): ¢ 4.48 (1H, dddJ = 10.0, 4.5, 4.5 Hz), 4.31 (1H, m), 4.25 (2H Jt=
171.98, 163.98, 150.41, 135.79, 111.21, 86.93, 85.61, 85.52, 84.76,4.5 Hz), 3.81 (3H, s), 3.78 (6H, s), 3.33 (3H, s), 3-F27 (12H, m),
73.96, 73.59, 63.42, 61.30, 60.99, 55.27, 43.09, 42.85, 40.19, 24.66,1.33 (3H, s), 1.221.13 (12H, m), 1.08 (3H, d] = 7.3 Hz), 1.05 (3H,
24,54, 21.20, 11.73'P NMR: ¢ 147.96. FAB-HRMS: calcd for d,J= 7.3 Hz):C NMR (CDCk): ¢ 171.81, 163.99, 160.42, 158.74,
CsoHeaN4O10P (M + Nat), 933.4180; found, 933.4166. 150.45, 144.39, 135.87, 135.51, 135.36, 129.41, 128.02, 127.70, 127.15,
Né—Benzoyl-3-0-(4,4 -dimethoxytrityl)-3 '-O-(N,N-diisopropy!- 113.78,113.29, 110.78, 87.33, 86.96, 83.28, 81.61, 81.54, 72.32, 71.05,
amino)[2-[N-isopropyl-N-(4-methoxybenzoyl)amino]ethoxy]phos- 70.79, 70.01, 62.31, 60.98, 60.68, 59.11, 55.27, 43.23, 42.99, 24.79,
phinyl-2'-deoxyadenosine (65)vas synthesized analogously from 60 24.68, 21.12, 11.76P NMR (CDCh): ¢ 149.35. FAB-HRMS: calcd
(5.14 g, 11.0 mmol) and 61 (6.58 g, 10.0 mmol). Column separation for CssHsoN4O12P (M + Na'), 1007.4547; found, 1007.45268, slow
using a gradient from 25:70:5 ethyl acetate:hexane:triethylamine to 96:5 diastereomefH NMR (CDCly): 6 8.15 (1H, brs), 7.66 (1H, s), 7.45
ethyl acetate:triethylamine gaé, fast diastereomer (1.88 5, slow 7.20 (11H, m), 6.936.78 (6H, m), 6.08 (1H, dJ = 5.0 Hz), 4.48
diastereomer (1.01 g); and their mixture (6.74 g) totaled in 9.63 g (1H, ddd,J = 10.0, 4.5, 4.5 Hz), 4.27 (2H, § = 4.9 Hz), 4.22 (1H,
(94.0%) of65. 65, fast diastereometH NMR (CDCl): ¢ 8.99 (1H, m), 3.82 (3H, s), 3.78 (6H, s), 3.32 (3H, 5), 3:&26 (12H, m), 1.31
br s), 8.73 (1H, s), 8.20 (1H, s), 8.66.96 (2H, m), 7.657.45 (3H, (3H, s), 1.26-1.15 (12H, m), 1.01 (6H, dJ = 6.7 Hz)*C NMR
m), 7.45-7.15 (11H, m), 6.96.7 (6H, m), 6.53 (1H, dd) = 6.2, 6.4 (CDCly): 6 171.94, 164.02, 160.40, 156.76, 150.45, 144.27, 135.95,
Hz), 4.77 (1H, m), 4.41 (1H, m), 3.80 (3H, s), 3.76 (6H, s),4323 135.42, 130.25, 129.56, 128.27, 127.18, 113.78, 113.49, 110.80, 87.44,
(9H, m), 3.04-2.86 (1H, m), 2.722.57 (1H, m), 1.3-1.1 (18H, m). 87.01, 83.16, 83.08, 82.37, 72.53, 70.60, 70.43, 70.26, 62.68, 61.80,
13C NMR (CDCh): ¢ 171.91, 164.67, 160.44, 158.55, 152.56, 151.53, 61.50, 59.11, 55.26, 43.02, 42.77, 24.76, 24.66, 21.19, 1¥BRAMR
149.50, 144.58, 142.25, 135.73, 133.81, 132.75, 130.08, 129.46, 128.87(CDCl): 6 149.56. FAB-HRMS: calcd for GaHgeN4O1P (M + Na*),
128.23, 127.90, 126.92, 123.59, 113.79, 113.17, 86.52, 86.38, 85.09,1007.4547,; found, 1007.4529.
74.65, 73.35, 63.56, 61.45, 61.12, 55.33, 55.24, 43.36, 42.93, 39.64, O,0-Diethyl-O-[2-[N-isopropyl-N-(4-methoxybenzoyl)amino] eth-
24.78, 24.68, 21.2G'P NMR (CDCE): 6 147.30. FAB-HRMS: calcd yl] phosphate (52).0,0-Diethyl phosphorochloridate (777 mg, 4.5
for Cs7HgeN7OoP (M + Nat), 1046.4557,; found, 1046.45165, slow mmol) in CHCI, (3 mL) was added to a stirred solution d7 (712
diastereomer!H NMR (CDCl): 6 9.01 (1H, br s), 8.72 (1H, s), 8.18  mg, 3.0 mmol) and H-tetrazole (210 mg, 3.0 mmol) in pyridine (2
(1H, s), 8.06-7.94 (2H, m), 7.657.45 (3H, m), 7.457.15 (11H, m), mL) and CHCI; (3 mL) under argon atmosphere at ambient temper-
6.9-6.7 (6H, m), 6.54 (1H, dd) = 7.3, 6.4 Hz), 4.76 (1H, m), 4.32 ature. The mixture was stirred for 30 min, evaporated, and treated with
(1H, m), 3.80 (3H, s), 3.76 (6H, s), 438.3 (9H, m), 3.04-2.84 (1H, NaCO; (5% aqg, 25 mL). The product was extracted with ethyl acetate
m), 2.80-2.62 (1H, m), 1.3-1.05 (18H, m).13C NMR (CDCk): ¢ (3 x 50 mL). Extracts were washed with brine ¢ 50 mL), dried
171.99, 164.68, 160.44, 158.55, 152.51, 151.53, 149.49, 144.55, 141.77 over NaSQy, and evaporated. Purification on a silica gel column eluting
135.70, 133.81, 132.73, 130.07, 129.39, 128.21, 127.88, 127.74, 126.92with a gradient of ethanol in Ci€l, (0—3%) afforded52 (894 mg,
123.59, 128.85, 113.80, 113.16, 86.50, 86.11, 86.01, 85.02, 74.14, 73.7679.8%) as a colorless oitH NMR (CDCL): ¢ 7.35-7.20 (2H, m),
63.60, 61.34, 61.04, 55.33, 55.24, 43.19, 42.95, 39.43, 24.73, 24.61,6.95-6.85 (2H, m), 4.3-4.05 (7H, m), 3.80 (3H, s), 3.57 (2H,3,=
21.23. 3P NMR (CDCk): o 147.94. FAB-HRMS: calcd for 6.3 Hz), 1.31 (6H, tJ = 7.1 Hz), 1.15 (6H, dJ = 6.6 Hz).13C NMR
CsHgsN7OoP (M + Na*), 1046.4557; found, 1046.4515. (CDCly): 6 172.1, 160.6, 129.1, 128.3, 113.8, 64.7, 64.6, 63.9, 63.8,
N4—Benzoyl-8-O-(4,4-dimethoxytrityl)-3 '-O-(N,N-diisopropyl- 55.3, 50.0, 41.3, 41.2, 21.1, 16.2, 16"R NMR (CDCh): ¢ —1.32.
amino)[2-[N-isopropyl-N-(4-methoxybenzoyl)amino]ethoxy]phos- Anal. Calcd for G/H2eNOgP: C, 54.68; H, 7.56; N, 3.75. Found: C,
phinyl-2'-deoxycytidine (66)was synthesized analogously frod® 54.52; H, 7.51; N, 3.68.
(5.14 g, 11.0 mmol) ané2 (6.18 g, 10.0 mmol). Column separation Hydrolysis of 52 under Neutral Conditions and Preparation of



Phosphate Protecting Group

2-[(4-Methoxybenzoyl)oxy]N-isopropylethanaminium trifluoroace-
tate (40CRCOOH). A solution 0f52 (224 mg, 0.6 mmol) in water
(50 mL) was kept at 28C, with progress of the hydrolysis followed
by HPLC. After 50 h,52 disappearedX98% conversion), and the
reaction mixture contained an intermedia4&, and product54, in a
46:54 ratio. At this moment, part of the reaction mixture (10 mL) was
withdrawn, acidified with TFA to pH 2, and separated by HPLC. After
evaporation of the collected fractior trifluoroacetate was obtained
as a 90:10 mixture witb4 trifluoroacetate. LC/MS: calcd for (GH1s
NOy)*t, 220.29; found M, 220.30.*H NMR (1% TFA in D,O): 6
7.82 (2H, m), 7.20 (2H, m), 5.03 (2H,1,= 9.6 Hz), 4.69 (1H, sept,
J= 6.6 Hz), 4.35 (2H, tJ = 9.8 Hz), 3.93 (3H, s), 1.43 (6H, d,=

6.6 Hz).13C NMR (1% TFA in D;0): 6 171.3, 163.3 (q), 132.8, 119.8,
115.6, 113.0, 70.9, 56.4, 51.8, 46.0, 19.7.

After the disappearance df (7 days) the mixture was evaporated,
coevaporated with MeCN, and dried to give98% HPLC-pure,
crystalline54 diethyl phosphate (186 mg, 99%), mp 10203 °C. *H
NMR (DMSO-ds): 6 9.35 (2H, br s); 8.037.99 (2H, m), 7.06-7.02
(2H, m), 4.45 (2H, tJ = 5.2 Hz), 3.82 (3H, s), 3.65(4H, perdt= 7.2
Hz), 3.30-3.20 (3H, m), 1.23 (6H, dJ = 6.4 Hz), 1.07 (6H, tJ =
7.2 Hz).™H NMR (D,0): ¢ 7.93-7.89 (2H, m), 6.98-6.93 (2H, m),
4.48-4.44 (2H, m), 3.79 (4H, dij = 7.2 Hz), 3.77 (3H, s), 3.40 (1H,
sept,J = 6.4 Hz), 3.37 (2H, tJ = 5.2 Hz), 1.22 (6H, dJ = 6.4 Hz),
1.12 (6H,d = 7.2 Hz).13C NMR (D.0): 6 168.4, 164.3, 132.6, 121.8,
114.7,62.9, 62.8, 61.3,56.3,51.8, 44.1, 18.7, 18BNMR (DMSO-
de): 6 3.21.3P NMR (D;0): 6 1.82.

Crude54 was dissolved in water (10 mL) and acidified with TFA
(1% ag; 1 mL). The product was isolated by HPLC to afford crystalline
54trifluoroacetate (147 mg, 88%), mp 12225°C.*H NMR (DMSO-
ds): 0 9.18 (2H, br s), 8.027.98 (2H, m), 7.08-7.03 (2H, m), 4.44
(2H, t,J = 5.2 Hz), 3.83 (3H, s), 3.443.31 (3H, m), 1.24 (6H, dJ
= 6.4 Hz).'H NMR (D;0): 6 7.93-7.89 (2H, m), 6.986.93 (2H,
m), 4.48-4.44 (2H, m), 3.77 (3H, s), 3.40 (1H, sept= 6.4 Hz), 3.38
(2H, t, J = 5.0 Hz), 1.24 (6H, dJ = 6.4 Hz).'*C NMR (D:0): &
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168.4,164.3 (q), 132.5,121.7, 114.7,61.3, 56.2, 51.8, 44.1, 18.7. Anal.
Calcd for GsHooFsNOs: C, 51.28; H, 5.74; N, 3.99. Found: C, 51.09;
H, 5.71; N, 3.88.

2-Phenyl-2-thiazoline (59) Compound?9 (171 mg, 0.2 mmol) and
1H-tetrazole (63 mg, 0.9 mmol) in MeCN (2 mL) were reacted with a
detritylated commercial DMT-T derivatized Tentagel N (4&ol; 0.208
mmol g1) for 10 min. The solid support was washed with MeCN (3
mL), treated with 8i-1,2-benzodithiol-3-one 1,1-dioxide (60.0 mg, 0.3
mmol¥? in MeCN (3 mL) for 1 min, and detritylated with a solution
of dichloroacetic acid (3% in C¥l,). After washing with MeCN (3
mL), the solid support was suspended in 80% aq MeCN (5 mL) and
stirred overnight. The liquid phase was withdrawn, and the solid support
was alternately washed with ethyl acetate and 5% aq NaHGB&
10 mL each). The solution in 80% agq MeCN and aqueous washings
were combined and extracted with ethyl acetatex(20 mL). The
ethyl acetate washings and extracts were dried oveiSQaand
evaporated to gives9 (ca. 90% pure, 6.3 mg, 85.7%)H NMR
(CDCly): ¢ 7.89-7.80 (2H, m), 7.527.34 (3H, m), 4.46 (2H, tJ =
8.4 Hz), 3.42 (2H, tJ = 8.4 Hz).3C NMR (CDCk): 6 163.7, 131. 4,
128.7, 128.6, 65.5, 33.9. IR (Nujoljr 1610 cnm™.
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