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Abstract: A novel solid-phase phosphoramidite based oligodeoxynucleotide two-step synthesis method
has been developed. Keys to this method are replacement of the 5'-dimethoxytrityl blocking group with an
aryloxycarbonyl and the use of N-dimethoxytrityl protection for the exocyclic amines of adenine and cytosine.
With these modifications, coupling of each 2'-deoxynucleoside 3'-phosphoramidite to the growing
oligodeoxynucleotide on the solid support can be followed by treatment with an aqueous mixture of peroxy
anions buffered at pH 9.6. This reagent effectively removes the carbonate protecting group and
simultaneously oxidizes the phosphite internucleotide linkage. As a consequence a new two-step synthesis
cycle is possible. Oligodeoxynucleotides synthesized using this approach are identical to authentic samples
when tested by a variety of analytical techniques.

Over the past 20 years, the method of choice for the chemical step process generate the ODN of desired length and sequence.
synthesis of oligodeoxynucleotides (ODiINshas been the  The final product is cleaved from the solid phase and obtained
phosphoramidite four-step process which utilizes the reaction free of base and thg-cyanoethyl phosphaté protecting groups
of deoxynucleoside phosphoramidites with a solid-phase tetheredby treatment of the support with concentrated ammonium
deoxynucleoside or oligodeoxynucleotide (Schemé& 4)ni- hydroxide? ODNs synthesized with this chemistry continue to
tially the 5-O-dimethoxytrityl (DMT) group is removed from  be of satisfactory quality for most biological uses such as DNA
a deoxynucleoside linked to the polymer support. Step 2, sequencing, PCR applications, and site-specific mutagenesis.
elongation of a growing oligodeoxynucleotide, occurs via the  In recent years, an impetus to develop additional strategies
initial formation of a phosphite triester internucleotide bond. for the synthesis of ODNs has emerged due to several new,
This reaction product is first treated with a capping agent highly specialized uses of synthetic DNA. For example, a variety
designed to esterify failure sequences and cleave phosphiteof applications in the fields of genomics and high throughput
reaction products on the heterocyclic bases. The nascentscreening have fueled the demand for highly parallel, microscale
phosphite internucleotide linkage is then oxidized to the synthesis of DNA and for DNA sequences attached to planar
corresponding phosphotriester. In the final step of each cycle, glass surfaces. An application which exemplifies this trend is
the DMT group is removed from the growing oligodeoxynucle- DNA microarrays’-® Demand has also increased for the large-
otide using a large excess of a weak acid, trichloroacetic acid scale synthesis of modified DNA useful for therapeutic
(TCA), in an organic solvent. Further repetitions of this four- application§™! and for the synthesis of virus€sor genes?

- - - - Although many genes or gene fragments can be obtained by
8052Asgl||ent Laboratories, 4380 Ziegler Road, MS-16, Fort Collins, CO the use of various biological (cloning) or biochemical (PCR)

t University of Colorado. procedures, there are increasing numbers of examples where

§ Current Address: JRB: Emmbrook, The Street, Lackford, Suffolk IP28 this is difficult or impossible. These include the assembly of
6HW, UK. TKW: Isis Pharmaceuticals, 2292 Faraday Ave., Carlsbad, CA

92008. (5) Ogilvie, K. K.; Theriault, N. Y.; Seifert, J.-M.; Pon, R. T.; Nemer, J. J.
(1) Abbreviations: B, appropriately protected purine or pyrimidine base; CPG, Can. J. Chem198Q 58, 2686-2693.

controlled pore glass; DMT, 44limethoxytrityl; TCA, trichloroacetic acid; (6) Sinha, N. D.; Biernat, J.; Koster, Hetrahedron Lett1983 24, 5843-
ODN, oligodeoxynucleotide; ARCO, aryloxycarbonyl, MCPB#;chlo- 5846.
roperbenzoic acid; TLC, thin-layer chromatography; TIPS, tetraisopropy- (7) Fodor, S. A.Sciencel997 277, 393-395.
Idisiloxane-1,3-diyl; DCM, dichloromethane; TEMED|,N,N',N'-tetram- (8) Lipshutz, R. J.; Fodor, S. P. A.; Gingeras, T. R.; Lockhart, DN&ture
ethylethylenediamine; DMSO, dimethyl sulfoxide; Bz, benzoyl; Fmoc, Genet. Microarray Suppl1999 21, 20—24.
9-fluorenylmethoxycarbonylBu, isobutyryl; DPCN,N-diphenylcarbamoyl; (9) Bennett, C. FBiochem. Pharmacoll998 55, 9—19.
N-Me-Imid, N-methylimidazole; PAP, 4-(phenylazo)phenyl; Fmol, 9-fluo-  (10) Yuen, A.; Halsey, J.; Fisher, G.; Advani, R.; Moore, M.; Saleh, M.; Ritch,
renylmethyl; PAGE, polyacrylamide gel electrophoresis; EDTA, ethylene- P.; Harker, G.; Ahmed, F.; Jones, C.; Polikoff, P.; Keiser, W.; Kwoh, J.;
diaminetetraacetic acid. Holmlund, J.; Dorr, A.; Sikic, B. American Society of Clinical Oncology’s

(2) Letsinger, R. L.; Lunsford, W. BJ. Am. Chem. Sod 976 98, 3655~ 37th Annual MeetingSan Francisco, CA, May 12, 2001.
3661. (11) Lacy, J.; Loomis, R.; Cheng, Y.-®roc. Assoc. Cancer Re2003 44,

(3) Beaucage, S. L.; Caruthers, M. Fetrahedron Lett1981, 22, 1859-1862. Abstract 6438.

(4) Matteucci, M. D.; Caruthers, M. Hl. Am. Chem. S0d.981, 103 3186— (12) Cello, J.; Paul, A. V.; Wimmer, EScience2002 297, 1016-1018.
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nonnatural, biologically active genésand genes designed for  excess of acid to deprotect and flush the trityl group from the
rapid, extensive modifications (cassette mutagenesis) which aresolid-phase matrix. However complete removal of the dimethox-
useful in studying structurefunction relationship$>16 ytrityl carbocation under conditions of both microscale, on
Each of these applications places ever more stringent require-planar glass surfaces, and macroscale syntheses requires even
ments on this four-step chemical synthesis process. Side-larger volume-equivalents of the protic acid solution and
reactions, which are known to occur at detectable but acceptableincreased reaction times compared to those used during typical
amounts during routine synthesis, can rise to unacceptable leveldaboratory-scale synthesis on porous glass surfdcésThis
under the conditions required for these expanded applications.excessive exposure to protic acid can cause reductions in product
One example of these side reactions is repetitive exposure ofyield and quality primarily due to acid depurination. The
the growing ODN chain to a protic acid which results in presence of depurinated side products can in turn effect the
depurinated residues from deoxyadenosine and deoxy-performance of the ODN product in these specialized applica-
guanosiné’~19 In addition to depurination, another related tions?*An alternative light-catalyzed detritylation procedure has
problem associated with acid detritylation is the reversible been proposed for DNA microarray synthe®ig®However with
formation of dimethoxytrityl carbocation. To obtain quantitative this approach, only a single exposure to acid detritylation is
deprotection of the DMT group, this carbocation must be flushed possible which would maximize the reversible formation of
from the surface. Otherwise a series of failure sequences developesidual dimethoxytrityl containing oligodeoxynucleotides in
(retritylation of the 5-deoxynucleoside hydroxyl due to residual each cycle.
carbocation) that continue to grow in number and size with each ~ As these and other applications of phosphoramidite ODN
synthesis cycle. To ensure purity of synthesized oligodeoxy- synthesis continue to evolve, further modifications of the
nucleotides free of these side products, rigorous column synthesis cycle are inevitable. These may include new protecting
chromatography is required to minimize mutagenesis from groups, solvent changes for various steps, different surface
cloned, synthetic DNA3:20 materials, and even different synthesis cycles. The work
Under the standard synthesis conditions (Scheme 1), thedescribed herein outlines the lattean alternative synthesis
carbocation reversibility problem is minimized by using a large approach that is potentially useful for both macroscale and
microscale DNA synthesis. The key to this new approach is

(14) Caruthers, M. H. IfProtein EngineeringOxender, D. L., Fox, C. F., Eds.;

Alan R. Liss: New York, 1987; pp 6570. (21) Paul, C. H.; Royappa, A. Nucleic Acids Resl996 24, 3048-3052.
(15) Ferretti, L.; Karnik, S. S.; Khorana, H. G.; Nassal, M.; Oprian, DPEnc. (22) Septak, MNucleic Acids Resl996 24, 3053-3058.

Natl. Acad. Sci. U.S.A1986 83, 599-603. (23) McGall, G.; Labadie, J.; Brock, P.; Wallraff, G.; Nguyen, T.; Hinsberg,
(16) Yu, H.; Kono, M.; McKee, T. D.; Oprian, D. DBiochemistry1995 34, W. Proc. Natl. Acad. Sci. U.S.A.996 93, 13555-13560.

14963-14969. (24) Temsamani, J.; Kubert, M.; Agrawal,[Sucleic Acids Re4.995 23, 1841
(17) Schaller, H.; Weimann, G.; Lorch, B.; Khorana, H.JGAm. Chem. Soc. 1844.

1963 85, 3821-3827. (25) Gao, X.; LeProust, E.; Zhang, H.; Srivannavit, O.; Gulari, E.; Yu, P.;
(18) Efcavitch, J. W.; Heiner, QNucleosides Nucleotidek085 4, 267. Nishiguchi, C.; Xiang, Q.; Zhou, 2Nucleic Acids Re2001, 29, 4744
(19) Caruthers, M. HAcc. Chem. Red.991, 24, 278-284. 4750.

(20) Fritz, H. J.; Belagaje, R.; Brown, E.; Fritz, R. H.; Jones, R.; Lees, R. G.; (26) Serafinowski, P. J.; Garland, P. B. Am. Chem. SoQ003 125 962—

Khorana, H. GBiochemistryl978 17, 1257-1267. 965.
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Table 1. 5'-Carbonate Protected 2'-Deoxythymidine Derivatives?

molecular weight

R yield % calculated measured (ESI-MS)
2:4-chlorophenyl 88 396 397 (M 1), 419 (M+ Na), 431 (M+ Cl)
3:9-fluorenylmethyl 90 464 465 (M- 1)
4:2-nitrophenyl 35 407 408 (M- 1)
5:4-(phenylazo)phenyl 50 466 467 (M 1)
6:phenyl 60 362 363 (M- 1)
7:3-(trifluoromethyl)phenyl 70 431 431 (M 1)
8:2-chloroethyl 70 348 349 (M- 1), 371 (M+ Na), 383 (M+ Cl)
9:1-chloroethyl 54 348 349 (M- 1)
10:4-nitrophenyl 60 407 408 (M- 1), 430 (M+ Na), 442 (M+ Cl)
11:4-fluorophenyl i 380 381 (M 1), 403 (M+ Na)
12:adamantyl 42 420 421 (M 1), 443 (M+ Na)
13:2-chlorophenyl 64 396 397 (M 1)
14:2,2,2-trichloroethyl 76 416 417 (M- 1), 439 (M+ Na)
15:2-methyl-1-chloropropyl 59 376 377 (Mt 1)

aSee Scheme 2 for a definition of R.

the use of aqueous peroxy anions buffered under mildly basic S¢"eme 2

conditions (pH< 10) to remove an aryloxycarbonyl (ARCO) 0 o
group which is substituted for DMT in the synthesis cycle. This HN)j/ o] H)N\)ﬁ/
peroxy anion solution is both strongly nucleophilic and mildly Ho O”"°N R—O)J\CI Reo. o 0”°N
oxidizing. The strong nucleophilicity of this reagent permits o A o
irreversible removal of the 'BD-carbonate while its mild Py o k J
oxidative potential quantitatively oxidizes the internucleotide HO HO

phosphite triester without detectable oxidation of the heterocyclic
bases. This combination of desirable chemical properties into
one reagent generates a new, two-step cycle which uses fewerable 2. Reaction Times for Complete Removal of Carbonate
solvents and eliminates acid-catalyzed detritylation from the Protecting Groups with Peroxy Anion Buffers

1 215

synthesis procedures. As a consequence, depurination and carbonate (R) A B c D E
reversibility of the detritylation step cease to exist as problems 2:4-chlorophenyl <1min <1min <1min <1min >12h
in DNA synthesis. 3:Fmol >60min  — >3h - -
4:2-nitrophenyl <lmin <1min <1min - -
Results 5:PAP <lmin <1min <1min <1min >12h
6:phenyl <lmin <1min <1min <2min >12h

The basis for this new, two-step approach is to use oxygen

i iti inti _  2Buffers: A= 3.1% LIOH/H,O (10 mL), 1.5 M 2-amino-2-methyl-1-
nucleophiles tr_\gt_ have positive deviations from the Brznst_e(_j propanol pH 10.3 (15 mL). dioxane (50 mL). 30%@ (12 mL). pH 12.0.
type nucleophilicity plot. These molecules are said to exhibit g = as for A except substitute DMSO for dioxane, pH 12.0=CAs for

an o-effect—a term describing a nucleophile alpha to an atom A with MCPBA (1.78 g), pH 9.6. D= H,O (10 mL), dioxane (50 mL), 2.5
having a lone pair of eIectroﬁé?SThfe most extensive class of ("QJ ”n?L()?%irg;;h 20(0?05"?6(’13_;”,'\-/?'T'\ﬂigif?rgll_'; ?38)68: ?(')C.)i ':T/I)""chl)_l
a-effect nucleophiles are peroxy anions that include perborates,g g.

tert-butylperoxide {-BuOOH), m-chloroperbenzoic acid (MCP-
BA), and various hydrogen peroxide salts. Our objective is to
take advantage of this increased nucleophilicity to deprotect
labile carbonates with hydroperoxides that have dissociation
constants within the pH range-7.2.

To identify an appropriate carbonate having the desired
chemical properties for DNA synthesis, a series of alkyl and
aryl 5-O-carbonates2—15) of 2'-deoxythymidine were pre-
pared from the corresponding chloroformates ahdebxy-
thymidine (Scheme 2). In all cases, the best yield for the 5
protected 2deoxynucleoside (Table 1) was obtained from
reactions carried out in pyridine using a slight excess of the
chloroformate (1.051.1 equiv). Under these conditions, regi-
oselectivity for the 5hydroxyl was observed with most chlo-
roformates?® However, the isolated yields varied greatly and
were less than for the protection of@oxynucleosides with
DMT. LetsingeP® and Tittensot! previously reported lower

yields in the synthesis of’2leoxynucleoside 'Ecarbonates.
These reduced yields were caused by the formation'of 2
deoxynucleoside alkyl or aryl carbonates followed by intramo-
lecular elimination to form a'2deoxynucleoside '¥'-cyclic
carbonate. The better leaving groups led to greater cyclic
carbonate formation. Our results generally support these conclu-
ions.

A series of initial deprotection studies (Scheme 3) were
performed on selected carbonat2s §) to assess their suscep-
tibility to removal with peroxy anion. The protected-2
deoxynucleosides were dissolved in various buffered peroxy
anion solutions (Table 2, AE) and cleavage rates for removal
of the carbonate from'Zleoxythymidine were monitored by
TLC. As expected, the carbonate cleavage activity of these
buffers was rapid only under pH conditions above thkg for
peroxy anion formation. For example solutions at pH 9.6 (buffer
C) and pH 9.0 (buffer D), where MCPBA was completely
(27) Mclsaac, J. E., Jr.; Subbaraman, L. R.; Subbaraman, J.; Mulhausen, H. A.;ionized, effectively cleaved four of the ARCO groups studied

(28) Bangr'gg: JESJ l%’g-rs(éﬂf’"F;'}‘%?Azn?k%]%?n?éggﬁz 84 1624, (2, 4, 5, 6). Converselytert-butylperoxide (buffer E) failed to
(29) Balgobin, N.; Josephson, S.; Chattopadhyaya, JeBahedron Lett1981, remove ARCO groups under reasonably satisfactory reaction
22, 3667-3670. ; ; ;

(30) Letsinger, R. L.: Ogilvie, K. KJ. Org. Chem1967, 32, 296-300. times (5-10 min). Among the carbonates that were rapidly
(31) Tittensor, J. RJ. Chem. Soc. (C)971, 2656-2662. cleaved by C and D, compourzdvas selected for further study

J. AM. CHEM. SOC. = VOL. 125, NO. 44, 2003 13429
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a B=T a, B=T
b, B=C™ b, B =C"
c, B= CFmoc c B= CFmoc
d B= cPbMT d, B = cPMT
e, B=AP e, B=AP?
f, B=APMT f B=ADPMT
g, B =GBuPPC g B = gBuDPC

as the synthesis yield was relatively high (Table 1, 88%). The next step in assessing the utility of this chemistry was
Furthermore, compourlproved unsatisfactory as a stable side to prepare the 'S(4-chlorophenoxycarbonyl) protected-3
product was generated under these cleavage conditions (perhapshosphoramidite of'2deoxythymidine (Scheme 46) and test
the N-oxide of the carbonate). this synthon for the preparation of oligodeoxythymidine. Initially
Although extremely basic conditions (buffers A and B with ~an oligodeoxythymidylate tetramer was prepared on CPG using
ionized hydrogen peroxide, pH 12) rapidly removed carbonates, 16 and an automated DNA synthesizer. The standard cycle as
these reagents were eliminated from further consideration for shown in Scheme 1 was modified to use deprotection mixture
several reasons. One was instability of the linkage joining D for 7 min in place of the 3% trichloroacetic acid (TCA)
oligodeoxynucleotide to controlled pore glass (CPG). WHen 5  solution. The resulting product was compared to the same
O-dimethoxytrityl-2-deoxythymidine attached to CPG through tetramer synthesized using standardDMT protected 2
the standard succinate edteras treated with buffers A and B, ~ deoxythymidine-3phosphoramidite. These oligomers were
complete cleavage of thé-Beoxynucleoside from the support shown to have identical yield and purity by anion-exchange
was observed in 20 min (analyzed by measuring spectropho-HPLC and ESI-MS. Because previous research had demon-
tometrically at 498 nm the residual dimethoxytrityl carbocation strated that MCPBA was an effective oxidant for ODN
released from CPG upon treatment with toluenesulfonic acid). synthesis; the peroxy anion deprotection solution was tested
In contrast less than 5% cleavage was found with buffers C for oxidation of internucleotide phosphite triester linkages. This
and D after 210 min. These stability studies suggested thatwas accomplished by usintg, deleting the iodine oxidation
minimal loss of growing oligomers from the support was Step and substituting peroxy anion solution D for TCA (Scheme
possible with peroxy anion reagents at pH1D. Another 1). The results demonstrated that concomitant deprotection and
observation (TLC analysis) was that the standard amides usedoxidation produced a tetramer of identical yield and purity
to protect 2-deoxynucleoside exocyclic amirfesere rapidly
removed under the conditions of buffers A and B. This was (32) Subbaraman, L. R.; Subbaraman, J.; Behrman, E.Qrg. Chem1971,
. o ) 36, 1256-1259.
undesirable as phosphitylation of these bases then occurs duringss) subbaraman, L. R.; Subbaraman, J.; Behrman, Bodhemistryl969 8,
oligodeoxynucleotide synthesis. Finally oxidation of unprotected 3059-3066.

. (34) Letsinger, R. L.; Groody, E. P.; Lander, N.; TanakaJ &trahedronl984
bases and thymine was expected to be a problem at p3%2. 40, 137-143.
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Table 3. Yield of dT1 as a Function of pHa yield due to cleavage of the'-8uccinyl linkage joining
pH % full length product % stepwise yield oligodeoxynucleotide to CPG. A final modification was to divide
8.43 24.2 85.4 buffer C into a two component system (see Experimental
9.17 86.1 98.3 Section). Separating lithium hydroxide from MCPBA and
g:gé gg:g gg:g mixing just prior to use allowed the_ deprotection reage_nt to
remain effective for at least 1 day. This two component mixture
2 Buffer C where the pH was adjusted with aqueous LiOH. was used on an automated DNA synthesizer by either premixing

the components in a single bottle or by placing these solutions

(anion-exchange HPLC and ESI-MS) to the same compoundn the capping port bottles where they were combined in the
synthesized using DMT protected-@eoxythymidine-3phos- mixing chamber.

phoramidite and the standard four-step synthesis cycle.

The decomposition of MCPBA tarchlorobenzoic acid in
the presence of LiOM resulted in deprotection mixture D being
useful for only a few hours. This not only reduced the effective
peroxy anion concentration but also lowered the pH which
decreased the nucleophilicity of the remaining reagent. To slow
this decomposition process, it was necessary to replace Tris with
2-amino-2-methyl-1-propanela buffer having a K, near the
optimum (pH 9-10) for deprotection with MCPBA. Further
studies were then completed with this new reagent to maximize
yield as a function of pH (aqueous lithium hydroxide was used
to vary the pH).

Following these preliminary experiments, an oligodeoxythy-
midine 12mer was synthesized via the approach outlined in
Scheme 5. Synthesis begins withrd2oxythymidine linked
covalently to CPG via standard procedures. The two-step cycle
involved condensation oi6 with 2'-deoxythymidine in the
presence of tetrazole followed by treatment for 2.5 min with
the peroxy anion solution (buffer C) which oxidized the
internucleotide linkage and removed the 4-chlorophenoxycar-
bonate protecting group. Further repetitions of this cycle
followed by cleavage from the support and HPLC analysis of
the total reaction mixture generated the profile shown in Figure

. ; ) .. . 1, Panel A. When compared to glprepared by the standard
In this experiment, 2deoxythymidine decanucleotides (@1 four-step cycle (Figure 1, Panel B), there were numerous failure

were prepared on CPG frof and various deprotection buffers . . .
using a two-step synthesis cycle (Scheme 5). The first step wasSeauences (oligomers less than 12 in length corresponding to
19.6% of the total UV absorbing material). To reduce the

condensation ol6 with 2'-deoxythymidine linked covalently .

to CPG. After appropriate washes, the peroxy anion solution amount of these Shoft oligomers, _carbona]eﬂS (Table 1)

as the second step in this cycle was used to remove 'the 5 were converted to their correspondM gdiisopropylphosphora-

ARCO group and oxidize the internucleotide linkage to phos- midites and tested for the preparation ofigGenerally these
carbonates were selected because they were expected to be more

phate. The overall yield of d, which measures the ability of .
each buffer at variabale pH to remove the ARCO group, was labile than 4-chlorophenoxycarbonate towareffect nucleo-

determined by collecting the products from the support under philes. The resulf[ing crude reaction mixtqres were analyzed by
standard conditions and evaluating the product mixture by anion PLC- A comparison showed that the 3-trifluoromethylphenoxy
exchange HPLC (Table 3). For this buffer the highest stepwise derivative (compound or 188) generated di having the least
yields were observed at pH 9.6. These results established buffe@mount (13.7% of the total UV absorbing mateyiaf failure

C (Table 2) as the preferred peroxy anion solution which was Séquences (Figure 1, Panel C). When analyzed by MALDI-TOF
used in subsequent experiments. An increase above pH 9.6 disPectrometry, this product was found to have the mass (Table

not lead to further improvements but actually reduced the overall 4) expected of d(f). There were no higher-molecular weight
peaks corresponding to products having oxidized thymine. On

(35) Ball, D. L.; Edwards, J. QJ. Am. Chem. Sod.956 78, 1125-1129. the basis of these results, further experiments were then directed

J. AM. CHEM. SOC. = VOL. 125, NO. 44, 2003 13431
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Figure 1. Reverse phase HPLC profiles from total reaction mixtures of gifepared on CPG. (A) Two-step cycle will6; (B) four-step cycle with

5'-DMT-2'-deoxythymidine-3phosphoramidite; (C) two-step cycle will9a

Table 4. MALDI-TOF Analysis of Oligodeoxynucleotides

molecular weight

ODN calculated measured (MALDI-TOF)
d(TTTTTTTTTTTT) 3059.6  3057.7 (M- 1), 3060.2 (M+ 1)
d(CCCCCCCCCT) 2843.5 2842.3(M1),2844.5 (M+ 1)
d(AAAAAAAAAT) 3059.6 3057.7 (M— 1), 3060.2 (M+ 1)
d(GTGTGTGTGT) 3103.5 3101.9 (M 1), 3104.3 (M+ 1)
d(CTCTCTCTCT) 2903.5 2902.3 (M 1), 2904.4 (M+ 1)
d(ATATATATAT) 3023.6  3022.7 (M— 1), 3024.7 (M+ 1)

d(ATGTCAACTCGTCT) 42117 4210.8 (M 1), 4212.8 (M+ 1)

toward the synthesis of oligodeoxynucleotides having all four

standard bases.

To investigate the stability of heterocyclic base protecting

groups toward the peroxy anion solutiors&DMT and base

ycarbonyl)-2-deoxycytidine 17h), andN2-isobutyryl-O5-(N,N-
diphenyl)carbamoyl-2deoxyguanosine 1(/¢) were visually
estimated to be 30 miriya), 12 h (L7b), and 24 h {7¢). Other
commonly used amide protecting groups on cytosine (acetyl
and benzoyl) were even less stable. After 24 h exposure to buffer
C, 5-O-DMT protected 2deoxynucleosides were extracted
from the aqueous mixture with DCM and analyzed by FAB
mass spectrometry. Parent ions for the heterocyclic base
protected17b and 17c and corresponding heterocyclic base
deprotected SDMT 2'-deoxynucleosides were easily detected.
For 17a, only the heterocyclic base deprotectdeDBAT 2'-
deoxynucleoside was detected. The mass spectra did not contain
unexplained parent ions such as those corresponding to oxidative
side products of the heterocyclic bases. When analyzed under

protected 2deoxynucleosides were incubated at room temper- the same conditions, the parent ion f&@&DMT-2'-deoxythy-
ature with a large excess of buffer C and monitored by TLC to midine was readily observed without detectable ions corre-
evaluate the extent of protecting group cleavage as a functionsponding to oxidized side products.

of time. These stability half-lives for thé-®-DMT derivatives
of Né-benzoyl-2-deoxyadenosinela), N*-(9-fluorenylmethox-
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On the basis of these observations, the two-step synthesis
cycle (Scheme 5) was used to prepare homopolymers-of 2
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Table 5. Summary of Characterization Data for 5'-ARCO-2'-deoxynucleosides and Corresponding 3'-Phosphoramidites

molecular weight

compound yield % 3P NMR (ppm) calculated ESI-MS HRMS (FAB)
18a 77 431.1066 (Mt H) 431 (M+1) 431.1086
18b 68 520.1332 (M+ H) 520 (M+ 1) 520.1315
18c 69 638.1750 (MH+ H) 638 (M+ 1) 638.1759
18d 73 717.2298 (M+) 718 (M+ 1) 717.2321
18e 69 544.1444 (M+ H) 544 (M+ 1) 544.1456
18f 60 740.2332 (M- H) 742 (M+ 1) 740.2331
18g 80 721.2234 (M+ H) 721 (M+ 1) 721.2218
19a 76 149.44 631.2145 (M- H) 631 (M+ 1) 631.2141
19b 45 149.73, 149.44 720.2410 (MH) 720 (M+ 1) 720.2435
19¢c 50 149.70, 149.40 838.2829 (M H) 838 (M+ 1) 838.2808
19d 61 149.13, 149.03 917.3377 (M) 918 (M+ 1) 917.3346
19e 65 149.19, 149.16 744.2522 (M H) 744 (M+ 1) 744.2547
19f 74 149.07, 148.98 941.3489 (M) 942 (M+ 1) 941.3510
199 70 149.48, 149.37 921.3312 (M H) 921 (M+ 1) 921.3353
deoxycytidine (d&,) and 2-deoxyadenosine (dg) from 19b groups as these derivatives were completely stable toward

or 19cand19eg respectively (Scheme 4 and Table 5). Problems, peroxy anion solutiond’ After many preliminary experiments,
however, were observed. Specifically, the HPLC profiles were compoundsl8d and 18f proved to be the most useful as the
found to be heterologous with numerous uncharacterized sideN-dimethoxytrityl groups could be removed 2 h (8d) and
products. These side products appeared to be due to removal5 min (@8f) using 3% TCA in dichloromethane (no base
of base protecting groups by the peroxy anion solution followed modification). TheN-dimethoxytrityl 2-deoxynucleosides were
by phosphitylation of unprotected cytosine and adenine bases.prepared from the appropriate3-O-(tetraisopropyldisiloxane-
This conclusion was supported by the observation that higher- 1,3-diyl)-2-deoxynucleosides by treatment with dimethoxytrityl
quality oligomers were obtained when a pyridine hydrochloride/ chloride followed by removal of the silyl protecting group with
aniline wash (a solution known to reduce phosphitylation of fluoride ion. Alternatively they can be prepared by the transient,
unprotected bas&3 was introduced into this cycle immediately  Jones silylation proceduf These N-protected 2leoxynucleo-
following phosphitylation but prior to treatment with peroxy sides were converted first to the-6-[3-(trifluoromethyl)-
anion. Additionally when oligomers generated frd@c were phenoxycarbonyl]-2deoxynucleosides18d, 18f) and then,
deprotected with concentrated ammonium hydroxide, a signifi- using standard procedur#sto the 2-deoxynucleoside:3
cant amount of side product with a urea modification was phosphoramidites19d, 19f). Table 5 summarizes yields and
characterized by LC-mass spectrometry. Similar results were characterization data for these synthons.
obtained when oligomers were synthesized by the standard four- Using the two-step cycle, 2leoxynucleoside’3hosphora-
step cycle using’"®DMT-N*Fmoc-dC-3phosphoramidite. These  midites 19d and 19f were tested for synthesis of oligodeoxy-
results suggest that ammonia deprotection is not compatible withnucleotides. In each case these synthons were joined repetitively
N*-fluorenylmethoxycarbonyl protection of -Beoxycytidine. to 2-deoxythymidine linked to CPG through thé&t8/droxyl
This is because ammonia attack on the protecting group leadsto yield essentially homopolymers of-8eoxycytidine and 2
not only to the preferred cleavage as dibenzofulvene and carbondeoxyadenosine. This strategy is the most rigorous test of any
dioxide by $-elimination but also, via nucleophilic attack on  new synthon as problems with the chemistry will be amplified
the carbonyl, elimination of 9-fluorenemethanol and generation either during synthesis or deprotection. For example, when
of the stableN*-ureido derivative (Scheme 6). This observation homopolymers of deoxyadenosine were prepared via the four-
means that an additional non-nucleophilic base deprotection step
would be required to usk9cfor oligodeoxynucleotide synthesis.  (37) AlthoughN-trityl protection is common in the peptide fiefdijt has only
. L . . been used sparingly in nucleic acid synthé&is.

To overcome the problem of amide protecting group instabil- (38) Gross, E.; Meinhofer, JThe Peptides: Analysis, Synthesis, Biotogy

ity with peroxy anion (cytosine and adenine), other types of Protection of Functional Groups in Peptide Synthesis, Vol. 3; Academic

. Press: New York, 1987.
blocking groups were explored. Among those tested, the most(39) Schaller, H.; Khorana, H. Gl. Am. Chem. S0d.963 85, 3828-3835.

satisfactory results were obtained by using acid lahitgityl (40) TL ©. S.; Gaffney, B. L.; Jones, R. 4. Am. Chem. So982 104, 1316
(41) Caruthers, M. H.; Barone, A. D.; Beaucage, S. L.; Dodds, D. R.; Fisher,
(36) Gryaznov, S. M.; Letsinger, R. lJ. Am. Chem. Sod.991 113 5876— E. F.; McBride, L. J.; Matteucci, M.; Stabinsky, Z.; Tang, J.Methods
5877. Enzymol.1987, 154, 287—313.

J. AM. CHEM. SOC. = VOL. 125, NO. 44, 2003 13433



ARTICLES Sierzchala et al.

A
2000
=
&1 1000 -
0 e e w
0 10 20 30 40 50 60
min
2000 -
B
-
é 1000 -
0 10 20 30 40 50 60
min

Figure 2. Reverse phase HPLC profiles from total reaction mixtures prepared on CPG. (A) synthesisDf WéCthe two-step cycle using9d; (B)
synthesis of d(AT) via the two-step cycle usingof.

step cycle, HPLC profiles clearly showed a series of peaks d(CoT). Recent research has demonstrated that this effect can
corresponding to depurinated oligométsSimilarly when the be correlated to a slower rate df¢arbonate cleavage via peroxy
standard thiolate deprotection step was omitted during workup anion due to steric hindrance associated withNhgimethox-

of deoxythymidine homopolymefs, a series ofN-methyl ytrityl group. Additionally, trace amounts of material still
thymidine derivatives were easily detected via HPLC. The retaining the dimethoxytrityl protecting group were present in
results presented in Figure 2 indicate tiatlimethoxytrityl both chromatography profiles as can be seen by the series of

protection on 2deoxycytidine and 2deoxyadenosine can be small peaks following elution of products.

used in this two-step cycle to prepare homopolymers lacking  Analysis 0f19gin the two-step synthesis cycle was somewhat
unexpected side products. For example whengyt(Gvas complicated because homopolymers sfi2oxyguanosine tend
prepared via this two-step cycle and the total reaction mixture g aggregate when analyzed by HPLC. As a consequence this
analyzed by reverse phase HPLC (Panel A), one major productsymhon was tested by preparing d(GWhere the resulting
peak was observed. There were minor product peaks that elutedongomer could be readily characterized by HPLC and compared
both before (failure sequences) and afterdd{CWhen analyzed  \yith results obtained with d(T), d(AT)s and d(CT}. As shown

by MALDI-TOF mass spectrometry (Table 4), the measured i, igure 3, Panel A, d(GE)was the major product obtained
molecular weight of d(¢T) corresponded to the calculated mass, fom this synthesis (MALDI-TOF analysis, Table 4). The

and there were no peaks having increased mass which wouldmgjecylar mass was consistent with a product that had not been
be expected for oxidized oligodeoxynucleotides. Ferlebxy- oxidized at any of the thymine or guanine bases. Failure

adenosine, the use @Bfin the two-step cycle for synthesis of sequences and trace amounts of incompletely deprotected
d(AqT) also generated one major product peak (Panel B) when ,jiqomers were also present. The peak eluted late from the
the total reaction mixture was analyzed by HPLC. Analysis by .5jumn was the protecting group produé,X-diphenylcar-
MALDI-TOF mass spectrometry confirmed that this oligode- bamate) obtained from cleavage with ammonium hydroxide.
oxynucleotide had the molecular weight as calculated for the Oligomers synthesized as controls, d(€ahd d(AT), generated
expected product (Table 4). As observed withgd((Cthere were HPLC profiles (Figure 3, Panels B and C) similar to those
no higher molecular weight mass peaks in this sample. Theseobserved for d(GJr and d(A}T (Figure 2). Characterization

results qonfirmgq that oxidation of the adenine base under theseOf d(CT)s and d(AT) by MALDI-TOF mass spectrometry gave
synthesis conditions was not a problem. There was, however,the expected results (Table 4) with no indication of base
more material present in the failure sequence portion of the oxidation

t h ttern th b d during th thesis of
chromatography pattern than observed during the synthesis o To test all four synthons simultaneousl$9g 19d, 19f,

(42) Scaringe, S. A. Design and Development of New Protecting Groups for and19g), mixed sequence oligomers were prepared. The HPLC

43) RINA Synthesie, PLD. Theste, 4998, . Wamer. B. Bucleic Acids profile of the total reaction mixture for one example is

Symp. Serl984 16, 257—260. shown in Figure 3, Panel D. Again the major peak corresponds
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Figure 3. Reverse phase HPLC profiles from total reaction mixtures prepared on CPG. (A) synthesis of déGfi¢ two-step cycle using9aand19g
(B) synthesis of d(CT)via the two-step cycle using9a and 19d; (C) synthesis of d(ATg via the two-step cycle using9a and 19f; (D) synthesis of
d(ATGTCAACTCGTCT) via the two-step cycle usiri®a 19d, 19f, and19g

to product having no modified bases as characterized by diately after the product peak. Late in the elution profile a
MALDI-TOF (Table 4). There were also failure sequences and peak corresponding to thE,N-diphenylcarbamate was also
trace amounts of oligonucleotidic material eluting imme- present.
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Although 2-deoxynucleoside oxidation via peroxy anion only needed to block the further growth of failure sequences
deprotection was not detected by mass spectrometry, furtherand can thus be eliminated for many applications as the
experiments designed to test for oxidation were carried out by repetitive coupling yields with '2deoxynucleoside phos-
HPLC analysis of enzymatically degraded oligomers. Oligode- phoramidite synthons is so high89%)4* This is especially
oxynucleotides as isolated from the major peaks shown in the the case for syntheses with-@oxythymidine and '2deoxy-
HPLC profiles reproduced in Figures 2 and 3 (Panels A and D) cytidine as the repetitive yields and the quality of synthetic DNA
were treated with snake venom phosphodiesterase and alkalings essentially identical to results obtained using the four-step

phosphatase followed by HPLC analysis usifigi@oxynucleo- cycle (compare Figure 1, Panel B to Figure 1, Panel C and
side standards. The results as shown in Figure 4 confirm thatFigure 2, Panel A). With capping in the four-step cycle (Figure
oxidation has not occurred as only unmodifiéed2oxynucleo- 1, Panel B), the small amount of unreacted oligomer per cycle
sides were obtained. ceases to grow to longer DNA and thus the total reaction mix-

To further confirm the integrity of the oligodeoxynucleo- ture appears remarkably clean. Without capping (Figure 1,
tides generated using this two-step cycle, additional biochem- Panel C and Figure 2, Panel A) in the two-step cycle, these
ical and biophysical studies have been completed. For exampleminute amounts of unreacted oligomers continue to grow and
when the deoxyoligonucleotide whose purification is shown generate visible, longer-length failure sequences. For syn-
in Figure 3, Panel D, d(ATGTCAACTCGTCT, forms duplexes theses with protected purines, a considerably larger amount of
with complementary DNA and RNA, the melting tempera- material is present in the failure sequence regions of HPLC
tures of the duplexes (45.1 and 4CC, respectively) cor-  profiles (Figure 2, Panel B and Figure 3, Panel A). Unpublished
respond to those found using a sample of the same oligomerresults clearly demonstrate that these lower repetitive yields are
synthesized by the four-step cycle. Similarly when the hetero- due to a slower rate of cleavage of thecarbonate, a con-
duplex of this oligomer and complementary RNA is treated sequence of the large steric bulk of the dimethoxytrityl and
with RNase H1, the RNA degradation profile is identical to N,N-diphenylcarbamoyl groups (adenine and guanine, respec-
results obtained using DNA generated by the four-step cycle tively). Complete removal of carbonates must be achieved,
(Figure 5). These results demonstrate that ODNs synthesizedotherwise this two-step cycle will generate a series of mutated
using the two-step cycle have biochemical and biophysical sequences similar in composition to those from the reversi-
properties analogous to results obtained using the four-stepbility of carbocation cleavage. Current research is focused on
cycle. testing less bulky, acid labile protecting groups such as
amidines!s#7

Several additional features of this new cycle require comment.

In conclusion we have developed an alternative strategy for BY IntroducingN-dimethoxytrityl blocking groups on cytosine
the preparation of oligodeoxynucleotides. The approach utilizes 2nd adenine, an acid step must be used during deprotection.
an a-effect nucleophile (peroxy anion) during each synthetic Although generally effective, small amounts of partially pro-
cycle to simultaneously remove &&rbonate and oxidize the ~ tected oligomers still remain when reaction products are
internucleotide phosphite triester (Scheme 5). Relative to the @nalyzed by HPLC. This was especially the case with
standard approach (Scheme 1), the introduction of this reagentdimethoxytrityl protected cytosine (Figure 2, Panel A). Recent
plus elimination of capping leads to a new two-step DNA research has focused, with encouraging results, on designing
synthesis cycle that will be useful for all major applications of More acid labile blocking groups for this bade-imethox-
synthetic DNA. There are several key features that makes thisYt"ityl)- Of particular interest as well was the observation that
alternative cycle superior for cloning synthetic DNA, the large- 2cid removal of dimethoxytrityl groups did not lead to depu-
scale preparation of DNA, and the synthesis of highly parallel, "nation. Perhaps this is because the product of detritylation is
microscale DNA arrays. First the cyclical removal of the 5 2-deoxyadenosine which is much more stable toward acid
protecting group with peroxy anion under mildly basic condi- depurination than the amide protected derivative. The latter,
tions is essentially nonreversible and quantitative. This procedureWhich is present throughout synthesis in the standard four-step
therefore completely eliminates depurination and one series of €YCl€, must survive multiple rounds of acid exposure. Finally
failure sequence which are the side reactions most responsibldh€ use of peroxy anion does not lead to oxidized bases. This
for the high mutation frequencies in cloned, synthetic DNA and Was shown by mass spectrometry analysis of synthetic ODNs
the reduced quality of ODNs synthesized in large scale or on and thg complete degradatlc_)n of these oligomers to the expected,
micro-arrays. Second the two-step procedure streamlines ODNUNoxidized 2-deoxynucleosides.
synthesis by eliminating several reagents. This should result in  Although these results encourage us to further develop this
dramatic cost savings for the large scale synthesis of ODNs. two-step cycle, several key goals must still be attained. These
For highly parallel, microscale DNA synthesis, this streamlined include examining the mutation frequency of cloned, synthetic
procedure allows for simpler and potentially more robust DNA prepared by this procedure and testing the approach in
automation. large scale oligomer synthesis. Of particular interest is recent

Several chemical steps leading to this new two-step cycle research on gla§s slides where we .h.ave successfully prepared
require further comment. One is elimination of the capping step. dT2s and shown it to be the only significant product peak when
Removal of this procedure is possible because phosphite adducts
on protected basedidimethoyrtyl andO®-(NA-diphenyl)- (1) £ a0 e can s b et e ppletors
carbamoyl] do not appear to be a problem. Presumably this is (46) Froehler, B. C.; Matteucci, M. DNucleic Acids Res1983 11, 8031
because protection of this type leads to bases that are unreactive,, 8035

8 X ! . ?47) McBride, L. J.; Kierzek, R.; Beaucage, S. L.; Caruthers, Ml.lAm. Chem.
toward phosphitylation. As a consequence, the capping step is ~ Soc.1986 108 2040-2048.

Discussion
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Figure 4. Reverse Phase HPLC profiles following treatment of ODNs with snake venom phosphodiesterase and alkaline phosphatasg); (®) d(C
d(AeT); (C) d(GT); (D) d(ATGTCAACTCGTCT).

analyzed by HPLC. Current work is directed toward extending Experimental Section

this research on glass slides to the synthesis of ODNs having General Procedures. Unless otherwise noted, materials were
all four bases. obtained from commercial suppliers and used without further purifica-
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Lane: 1 2 3 4
— R
- -

Figure 5. E. coliRNase H1 degradation of RNA!-5P-labeled-RNA was
allowed to form duplexes with complementary DNAs, d(ATGT-
CAACTCGTCT), which were then treated with coli RNase H1 for 1 h
and analyzed by PAGE. Lane 1: four-step cycle synthesized DNA, RNA;
Lane 2: four-step cycle synthesized DNA, RNA, enzyme; Lane 3: two-
step cycle synthesized DNA, RNA; Lane 4: two-step cycle synthesized
DNA, RNA, enzyme.

tion. DCM and pyridine were distilled from calcium hydride. MCPBA
was obtained 5583% pure from Aldrich and used without further
purification. Aqueous hydrogen fluoride (48%) was obtained from
Mallinckrodt. 2-Amino-2-methyl-1-propanol was obtained as a 1.5 M
aqueous solution (pH 10.3) from Sigma Diagnostics Inc. 2-Cyanoethyl-
N,N,N’,N'-tetraisopropylphosphorodiamidite (ChemGenes Corp.) was
purified by distillation under high vacuum. All other DNA synthesis

at a rate of 1.0C/min. Oligodeoxynucleotide samples prepared by the
two-step cycle were separately mixed with complementary RNA and
DNA in a 1 mL cuvette (1M duplex, 0.1 M KCI, 0.1 M KHPO;, pH

7.0) and theTy,'s determined as the maximum of the first derivative of
the melting curve. Control experiments were performed using DNA
prepared by the four-step cycle.

Peroxy Anion Buffer. The peroxy anion buffer was prepared as
two components. Solution A was 3% (w/v) aqueous LiOH (10 mL),
1.5 M 2-amino-2-methyl-1-propanol in water (15 mL), and dioxane
(17.5 mL). Solution B wasn-chloroperbenzoic acid (1.78 g), aqueous
30% H0O, (10 mL), and dioxane (32.5 mL). Equal volumes of solutions
A and B were mixed just prior to DNA synthesis and placed on port
10 of an ABI/PE Biosystems model 394 DNA synthesizer. A fresh
mixture of these two solutions was prepared daily.

Synthesis of 53-O-(Tetraisopropyldisiloxane-1,3-diyl)-2-deoxy-
nucleosides.2'-Deoxynucleoside (10 mmol) was coevaporated three
times with pyridine. Anhydrous pyridine (35 mL) and 1,3-dichloro-
1,1,3,3-tetraisopropyldisiloxane (3.47 g, 11 mmol) were added, and the
mixture was stirred overnight at room temperature. The solution was
concentrated and chromatographed on silica gel with 6% methanol in
CHCls.

5,3-O-(TIPS)-2'-deoxycytidine: yield 99.9%; TLCR; (A) 0.30;H
NMR (DMSO-dg) 6 7.63 (dd, 1H), 7.17 (bd, 2H), 5.97 (t, 1H), 5.69
(dd, 1H), 4.48-4.44 (m, 1H), 4.043.91 (m, 2H), 3.73-3.70 (m, 1H),
2.36-2.18 (m, 2H), 1.070.90 (m, 28H);*C NMR (DMSO-d) 0
165.73, 154.88, 140.49, 93.84, 84.18, 83.87, 69.36, 61.37, 17.30, 17.16,
17.12, 17.08, 16.91, 16.77, 16.68, 12.79, 12.54, 12.30, 11.98; HRMS
(FAB) calcd for GiH4oN30sSik,. (M + H) 470.2507, found 470.2486.

5,3-0O-(TIPS)-2'-deoxyadenosineyield 92%; TLCR: (A) 0.43;

IH NMR (DMSO-dg) 6 8.24 (s, 1H), 8.09 (s, 1H), 7.45 (bs, 2H), 629
6.27 (m, 1H), 5.185.16 (m, 1H), 3.96-3.75 (m, 3H), 2.872.54 (m,

reagents were obtained from Glen Research Corp. Oligoribonucleotides2H), 1.11-0.97 (m, 28H);3C NMR (DMSO«s) 6 156.15, 152.31,

were obtained from Dharmacon Research Inc., Louisville, CO. Medium-

148.48, 139.89, 119.43, 84.34, 82.17, 71.58, 62.66, 38.98, 17.39, 17.23,

pressure, preparative column chromatography was performed using17.21, 17.17, 17.07, 16.92, 16.86, 16.81, 12.71, 12.55, 12.16, 12.02;

230400 mesh silica gel from EM Sciences. Thin-layer chromatography
was performed on aluminum-backed silica 684fplates from EM
Sciences (Solvent A: 9/1 CHgnethanol; Solvent B: 19/1, DCM/

HRMS (FAB) calcd for GoHaoNsOsSi: (M + H) 494.2619, found
494.2612.
Synthesis ofN-Dimethoxytrityl-2 '-deoxynucleosides5',3-O-(Tet-

ethanol). Solid-phase ODN synthesis was performed on an ABI 394 raisopropyldisiloxane-1,3-diyl):2leoxynucleoside (10 mmol) was co-
automated DNA synthesizer from ABI/PE Biosystems. Reverse phase evaporated three times with pyridine and then dried in vacuo for 12 h.

HPLC on an ODS-Hypersil column from Agilent Technologies (50
mM aqueous TEAB, pH 8.0, and acetonitrile as eluants) and ion
exchange HPLC on a DNAPac column from Dionex (25 mM Tris
buffer/0.05% acetonitrile, pH 8.0, dnl M NaCl as eluants) were

performed on an Agilent Technologies 1100 HPLC. NMR data were
recorded on Varian Inova-400 MHz, Varian Inova-500 MHz and Bruker

Anhydrous pyridine (30 mL) and dimethoxytrityl chloride (3.6 g, 11
mmol) were added The mixture was stirred at room temperature until
TLC (Solvent A) showed complete disappearance of thde®xy-
nucleoside substrate (324 h). The reaction was quenched with water/
ice. Crude product was extracted with DCM, washed with a 5% aqueous
solution of NaHCQ, and dried with anhydrous N&aQ,. After filtration

400 MHz spectrometers. Tetramethylsilane was used as an internalthe organic layer was concentrated and dried in vacuo for 3 h. Hydrogen

reference fofH and*3C NMR. An external capillary containing 85%
H3sPQ, was used as a reference & NMR. Downfield chemical shifts
were recorded as positive values 4P NMR. MALDI-TOF mass data
was obtained on a Voyager DE-STR instrument from Perseptive
Biosystems by comparison to an internal ODN standard. ESI and FAB

fluorideyq (1.4 mL, 35 mmol) was carefully added with vigorous stirring
to an ice-cold solution of TEMED (7.5 mL, 50 mmol) in acetonitrile
(20 mL). The TEMED-HF reagent so formed was then transferred via
Teflon tubing to a flask containing crudeé,3-O-(tetraisopropyldisi-
loxane-1,3-diyl)N-dimethoxytrityl protected deoxynucleoside (10 mmol),

mass spectroscopy was performed by the University of Colorado Centraland the mixture was stirred for 2.5 h. The solution was concentrated

Analytical Laboratories. Elemental analysis was performed by Huffman
Labs, Golden, CO.

N*-(9-Fluorenylmethoxycarbonyl)-zleoxycytidine (d€™°) was
synthesized according to a published procedtig-Deoxyadenosine
(dA), 2-deoxycytidine (dC), 2deoxyguanosine (dGN®-benzoyl-2-
deoxyadenosine (d#) and N*-acetyl-2-deoxycytidine (d€°), N*-
benzoyl-2-deoxycytidine (d€?) andN?-isobutyryl-2-deoxyguanosine
(dGBu) were purchased from ChemGenes Corporation.

Melting Temperatures. Melting points Tm's) were determined on
a Varian Cary 1E UVvisible spectrometer. The absorbance at 260

in vacuo and the residue coevaporated sequentially with pyridine,
toluene, and ethanol. The crude product was purified by column
chromatography using CHgpyridine (99.9:0.1) with a gradient of
methanol (0-8%).

N*-Dimethoxytrityl-2 '-deoxycytidine: yield 98%; TLCR (A) 0.30;
H NMR (DMSO-ds) 6 8.36 (bs, 1H), 7.69 (d, 1H), 7.2&7.17 (m,
5H), 7.12 (d, 4H), 6.83 (d, 4H), 6.22 (d, 1H), 6.03 (t, 1H), 5.17 (d,
1H), 4.94 (t, 1H), 4.164.13 (m, 1H), 3.72 (s, 6H), 3.523.48 (m,
2H), 2.05-1.86 (m, 2H);3C NMR (DMSO<s) ¢ 163.30, 157.43,
154.01, 145.13, 139.62, 137.00, 129.92, 128.51, 127.45, 126.09, 112.72,

nm was measured while the temperature of the sample was increasede 34, 87.17, 84.65, 70.63, 69.31, 61.50, 54.99; HRMS (FAB) calcd

(48) Koole, L. H.; Moody, H. M.; Broeders, N. L. H. L.; Quaedflieg, P. J. L.
M.; Kuijpers, W. H. A.; van Genderen, M. H. P.; Coenen, A. J. J. M,; van
der Wal, S.; Buck, H. MJ. Org. Chem1989 54, 1657-1664.

13438 J. AM. CHEM. SOC. = VOL. 125, NO. 44, 2003

for CaoH31N306 (MT) 529.2213, found 529.2200.
N&-Dimethoxytrityl-2 '-deoxyadenosine:yield 91%; TLC R: (A)
0.36;H NMR (DMSO-ds) 6 8.42 (s, 1H), 8.32 (s, 1H), 7.287.26
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(m, 5H), 7.19 (d, 4H), 6.84 (d, 4H), 6.32 (t, 1H), 5.31 (d, 1H), 5.12 (t,
1H), 3.86-3.84 (m, 1H), 3.71 (s, 6H), 3.613.47 (m, 2H), 2.79-2.74
(m, 1H), 2.27-2.22 (m, 1H);3C NMR (DMSO-d) 6 157.69, 153.68,

167.36, 163.20, 154.40, 152.49, 150.97, 145.12, 133.13, 132.76, 131.03,
130.47, 130.22, 128.47, 125.79, 123.09, 118.73, 96.39, 86.54, 84.01,
70.08, 68.56; HRMS (FAB) calcd for&H21Ns07F; (M + H) 520.1332,

151.16, 148.07, 145.34, 140.37, 137.27, 129.77, 128.39, 127.71, 126.47found 520.1315.

121.05, 113.00, 88.04, 84.12, 70.92, 69.61, 61.83, 54.99; HRMS (FAB)

caled for GiH3:NsOs (M) 553.2325, found 553.2309.

Synthesis ofN-Dimethoxytrityl-2 '-deoxynucleosides via the Jones
Procedure. 2'-Deoxynucleoside (25 mmol) was coevaporated three
times with pyridine and then dried in vacuo for 12 h. Anhydrous
pyridine (125 mL) and chlorotrimethylsilane (16 mL, 125 mmol) were
added. After stirring this solution for 2 h, dimethoxytrityl chloride (8.59

Compound 18c:yield 69.4%; TLCR; (A) 0.48;'H NMR (DMSO-
ds) 0 11.10 (bs, 1H), 8.10 (d, 1H), 7.93.33 (m, 12H), 7.06 (d, 1H),
6.18 (t, 1H), 5.55 (s, 1H), 4.494.13 (m, 7H), 2.36-2.00 (m, 2H)1°C
NMR (DMSO-ds) 6 162.95, 154.23, 153.18, 152.47, 150.95, 144.84,
143.46, 140.76, 131.01, 130.46, 130.20, 127.81, 127.15, 125.76, 125.59,
123.07,120.16, 118.71, 94.59, 86.41, 83.94, 70.09, 68.57, 66.93, 46.17,
39.96; HRMS (FAB) calcd for §H,7N3OgF; (M + H) 638.1750, found

g, 26.25 mmol) was added and the reaction mixture stirred overnight 638.1759.

at room temperature. Water (150 mL) and concentrated ammonium  Compound 18d:yield 73.1%; TLCR; (A) 0.43;H NMR (DMSO-
hydroxide (5 mL) were added, and the reaction mixture was stirred for ds) 6 8.43 (bs, 1H), 7.7#7.61 (m, 4H), 7.53 (d, 1H), 7.297.21 (m,

30 min. The crude product was extracted with dichloromethane, and 5H), 7.14 (d, 4H), 6.84 (d, 4H), 6.27 (d, 1H), 6.12 (t, 1H), 5.45 (d,
the organic phase was washed twice with a 5% aqueous solution of 1H), 4.43-4.22 (m, 3H), 3.973.94 (m, 1H), 3.73 (s, 6H), 2.091.95

sodium bicarbonate and then dried with anhydrousS@a After

(m, 2H); *3C NMR (DMSO-<s) 0 163.28, 157.45, 153.91, 152.51,

filtration, the dichloromethane solution was concentrated and the product 150.96, 145.09, 139.52, 136.94, 131.03, 130.46, 130.20, 129.93, 128.51,

obtained by silica gel column chromatography using G#§tidine
(99.9:0.1) with a gradient of methanol<{8%). Yields are 9899%.
Characterization data for thé-@eoxyadenosine and-gdeoxycytidine
derivatives are in the previous section.

Synthesis ofN-isobutyryl- O%-(N,N-diphenyl)carbamoyl-2 -deox-
yguanosine . Nisobutyryl-2-deoxyguanosine (10 mmol) was coevapo-
rated three times with pyridine and then dried in vacuo for 6 h.
Anhydrous pyridine (330 mL), triethylamine (13 mL), arld,N-

127.44, 126.10, 125.77, 123.08, 118.75, 112.72, 96.77, 84.68, 83.06,
70.31, 69.38, 68.74, 54.97, 39.10; HRMS (FAB) calcd fgiHaN:0sF
(M*) 717.2298, found 717.2321.

Compound 18e:yield 69.0%; TLCR (A) 0.43;'H NMR (DMSO-
dg) 6 11.23 (bs, 1H), 8.77 (s, 1H), 8.69 (s, 1H), 8.05 (d, 2H), 771
7.55 (m, 7H), 6.55 (t, 1H), 5.65 (d, 1H), 4.64.39 (m, 3H), 4.17 (dlt,
1H), 2.99-2.94 (m, 1H), 2.49-2.43 (M, 1H)*C NMR (DMSO-ds) 6
165.66, 152.61, 151.96, 151.70, 150.91, 150.48, 143.28, 133.36, 132.49,

diphenylcarbamoyl chloride (2.32 g, 10 mmol) were added. The mixture 130.99, 130.44, 130.18, 128.54, 128.49, 125.75, 123.06, 122.49, 118.71,
was stirred overnight at room temperature. Water (6 mL) was added 83.90, 83.73, 70.48, 68.57, 38.42; HRMS (FAB) calcd feiH31NsO6F3
and the mixture evaporated under reduced pressure. The residue wagM + H) 544.1444, found 544.1456.

coevaporated with toluene, ethanol, and DCM and then was purified

by column chromatography using CHGlith a gradient of methanol
(0—5%).

Yield 90.5%; TLCR; (A) 0.39; *H NMR (DMSO-dg) 6 10.72 (s,
1H), 8.67 (s, 1H), 7.487.31 (m, 10H), 6.37 (t, 1H), 5.35 (t, 1H), 4.92
(t, 1H), 4.45 (s, 1H), 3.87 (t, 1H), 3.68.50 (m, 2H), 2.82-2.74 (m,
2H), 2.34-2.30 (m, 1H), 1.09 and 1.08 (2xd, 6H}C NMR (DMSO-

Compound 18f:yield 60.6%; TLCR: (A) 0.58;'H NMR (DMSO-
de) 0 8.43 (s, 1H), 7.95 (s, 1H), 7.747.55 (m, 4H), 7.29-7.22 (m,
5H), 7.20 (d, 4H), 6.84 (d, 4H), 6.40 (t, 1H), 5.59 (d, 1H), 45934
(m, 3H), 4.11 (dt, 1H), 3.72 (s, 6H), 2.92.87(m, 1H), 2.46:2.34
(m, 1H); *3C NMR (DMSO-ds) 0 157.70, 153.66, 152.59, 151.37,
150.91, 148.18, 145.35, 140.42, 137.27, 130.97, 130.44, 129.76, 128.37,
127.69, 126.46, 125.74, 123.04, 120.99, 118.70, 112.99, 83.77, 70.50,

ds) d 174.97, 155.06, 154.54, 152.29, 150.27, 144.04, 141.65, 129.46,69.59, 68.56, 54.97, 38.26; HRMS (FAB) calcd fosds3Ns0-Fz (M
127.32,120.54, 88.12, 83.65, 70.67, 61.61, 39.30, 34.61, 19.32, 19.30;,— H) 740.2332, found 740.2331.

HRMS (FAB) calcd for G/H20NeOs (M + H) 533.2148, found
533.2150.

Synthesis of 5O-[3-(Trifluoromethyl)phenoxy]carbonyl-2'-
deoxynucleosides.N-protected 2deoxynucleoside (5 mmol) was

Compound 18g:yield 80.1%; TLCRs (A) 0.55;'H NMR (DMSO-
ds) 6 10.75 (bs, 1H), 8.63 (s, 1H), 7.7Z.32 (m, 14H), 6.44 (t, 1H),
5.59 (d, 1H), 4.72-4.42 (m, 3H), 4.15 (dt, 1H), 2.972.93 (m, 1H),
2.78 (septet, 1H), 2.452.39 (m, 1H), 1.09, 1.08 (2xd, 6H)*C NMR

coevaporated three times with pyridine, dried in vacuo for 16 h, and (DMSO-dg) 6 174.87, 155.13, 154.27, 152.53, 152.21, 150.93, 150.26,

dissolved in anhydrous pyridine (50 mL). The solution was cooled over 144.58, 141.61, 130.95, 130.17, 129.45, 127.18, 125.73, 123.01, 120.86,

a dry ice/ethanol bath and 3-(trifluoromethyl)phenyl chloroformate (1.19 118.70, 84.25, 84.19, 70.48, 68.83, 38.26, 34.67, 19.26, 19.22; HRMS

g, 5.25 mmol) was added. The cooling bath was removed and the (FAB) calcd for GsHs2NsOgFs (M + H) 721.2234, found 721.2218.

reaction mixture shaken until all the reactant was completely dissolved.  Synthesis of 5-Carbonate Protected 2-Deoxythymidines (2-15).

After stirring overnight at room temperature, the reaction mixture was 2'-Deoxythymidine (4.84 g, 20 mmol) was coevaporated three times

guenched with water. The product was extracted with DCM, washed with pyridine, dried in vacuo for 16 h, and then dissolved in anhydrous

with 5% aqueous solution of NaHGCand dried with anhydrous Ma pyridine (200 mL). The appropriate aryl or alkyl chloroformate (22

SQ,. After concentration on a rotary evaporator, the crude product was mmol) was added and the reaction mixture was stirred overnight. The

purified by chromatography on a silica gel column using initially CAClI  crude product was purified by silica gel column chromatography (0

benzene (9:1) followed by a gradient of methanol in CHQ@or 10% ethanol in DCM).

N-dimethoxytrityl analogues, 1% pyridine was added to the eluting Compound 2:yield 88.3%, mp 178180°C; TLC R; (B) 0.22;'H

system). NMR (DMSO-dg) 6 7.40 (s, 1H), 7.25 (d, 2H), 7.00 (d, 2H), 6:25
Compound 18a:yield 77.4%; TLCR; (A) 0.42;*H NMR (DMSO- 6.20 (m, 1H), 4.46-3.95 (m, 4H), 2.36-2.05 (m, 2H), 1.80 (s, 3H);

ds) 6 11.37 (bs, 1H), 7.757.51 (m, 5H), 6.256.22 (m, 1H), 5.53 (s,  13C NMR (DMSO-d) 6 164.4, 152.6, 150.5, 149.0, 135.5, 131.5, 129.4,

1H), 4.49-4.32 (m, 3H), 4.044.00 (m, 1H), 2.242.11 (m, 2H), 1.77 122.0,110.9, 84.7, 83.5, 70.2, 67.5, 39.8, 12.0; Anal. Calcd fg &

(s, 3H);:3C NMR (DMSO-s) 6 163.74, 152.61, 150.95, 150.51, 136.07, CIN:O7: C, 51.5; H, 4.3; N, 7.1. Found: C, 51.3; H, 4.5; N, 7.0; ESI-

131.09, 130.49, 130.23, 125.75, 123.11, 118.72, 109.87, 83.95, 83.22MS: 397 (M+ H).

70.10, 68.55, 38.52, 12.14; HRMS (FAB) calcd foigg1gN.O7F5 (M Yields and molecular weight analysis (ESI-MS) are summarized in

+ H) 431.1066, found 431.1086. Table 1 for compounds-15. These compounds were prepared by the
Compound 18b:yield 68.0%); TLCRs (A) 0.46;H NMR (DMSO- procedure used to synthesi2e

ds) 6 11.32 (bs, 1H), 8.19 (d, 1H), 8.01 (d, 2H), 77851 (m, 7H), Synthesis of 50-[3-(trifluoromethyl)phenoxycarbonyl]-3'-O-[(2-

7.39 (bs, 1H), 6.226.19 (m, 1H), 5.57 (s, 1H), 4.534.30 (m, 3H), cyanoethyl)N,N-diisopropylaminophosphino]-2-deoxynucleoside

4.20-4.16 (m, 1H), 2.372.12 (m, 2H);*C NMR (DMSO-ds) 6 (19a—g). The protected '2deoxynucleoside (3 mmol) and tetrazole (210
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mg, 3 mmol) were dried separately in vacuo for 16 h. The protected 20.57, 20.54, 19.41, 19.38; HRMS (FAB) calcd fos4849NsOgF3P
2'-deoxynucleoside was then dissolved in anhydrous DCM (30 mL), (M + H) 921.3312, found 921.3353.

and 2-cyanoethyN,N,N',N'-tetraisopropylphosphane (950 mg, 3.15  Automated Oligodeoxynucleotide SynthesisAll syntheses were
mmol) was added in one portion. Tetrazole was added slowly to the performed on a 0.2M scale using CPG columns joined t&-BMT
reaction mixture over 1 h. The reaction mixture was then stirred for protected 2deoxythymidine. The DMT protecting group was removed
another 3 h. Triethylamine (0.5 mL) was added to neutralize the using 3% TCA in DCM prior to automated synthesis:ARCO
solution. The solvent was removed in vacuo, and the crude product mogified 2-deoxynucleoside‘@hosphoramidites (0.1 M each) in

was chromatographed with benzene containing 0.13% Edllowed anhydrous acetonitrile were installed at ports4lon the ABI/PE

by a gradient of ethyl acetate t@0%) in benzene containing 0.1%  Bjosystems model 394 DNA synthesizer. Other solutions unigue to

EtN (no EgN for 199)- this two-step cycle were installed at ports 10 (peroxy anion buffer), 11
Compound 19a:yield 76.6%;%P NMR (CDCh) 6 149.44;13C (DMF) and 19 (dioxane). Removal of the-&arbonate following each

NMR (CDCl;) 6 163.90, 153.10, 153.08, 151.06, 151.03, 150.59, 2'.deoxynucleotide addition was completed by treatment with peroxy
150.52, 135.63, 135.54, 132.48, 132.22, 130.51, 128.52, 124.63, 123.39gnjon buffer (Buffer C, Table 2, unless specifically substituted in an

118.46, 118.43, 117.89, 111.75, 111.70, 85.15, 85.12, 83.03, 82.98,experiment) for variable times: pyrimidines, 2.5 min; purines, 7 min).
73.29, 73.16, 72.96, 72.83, 67.95, 67.87, 58.29, 58.21, 58.14, 58.05, after this 5-carbonate deprotection step, the column was washed with
43.59, 43.56, 43.49, 43.46, 39.54, 39.52, 24.81, 24.76, 24.69, 20.69,dioxane, DMF and acetonitrile.
20.64, 20.59, 12.74; HRMS (FAB) calcd fopfEl3sN4sOsFsP (M + H)
631.2145, found 631.2141.

Compoound 19h:yield 45.7%;3'P NMR (CDC}) 6 149.73, 149.44;
13C NMR (CDCk) 6 166.64, 162.48, 155.05, 153.11, 151.06, 144.21,
133.41,132.41, 132.14, 130.46, 129.23, 128.50, 127.72, 124.75, 123.37
123.34,118.56, 118.54, 117.86, 96.90, 87.50, 83.98, 72.54, 72.42, 67.69
58.21, 58.07, 43.54, 43.45, 40.88, 40.85, 24.82, 24.76, 24.69, 20.60
20.54; HRMS (FAB) calcd for €HsgNsOgFsP (M + H) 720.2410,
found 720.2435.

Compound 19c:yield 50.3%;3'P NMR (CDC}) 6 149.70, 149.40;
13C NMR (CDCh) 6 162.55, 154.89, 153.11, 153.07, 152.39, 151.06,
151.03, 144.02, 143.37,143.32, 141.49, 132.42, 132.16 130.46, 128.52
128.17,127.40, 125.13, 124.74, 124.69, 123.35, 120.34, 118.55, 118.52
117.86,117.81, 95.10, 95.03, 87.49, 83.92, 83.59, 72.82, 72.69, 72.59,
72.47, 68.23, 67.72, 67.65, 58.40, 58.25, 58.21, 58.05, 46.78, 43.56
43.54, 43.46, 43.44, 40.79, 24.79, 24.74, 24.67, 20.61, 20.55; HRMS
(FAB) calcd for GiH44NsO0FsP (M + H) 838.2829, found 838.2808.

Compound 19d:yield 61.2%;3'P NMR (CDCE) ¢ 149.13, 149.03; . . . .
13C NMR (CDCh) 6 165.56, 158.83, 155.28, 152.98, 152.95, 151.05, MALPI-TOF Analy_s_|s of Ohgodeoxynucleotldes. Oligodeoxy-
151.01, 144,59, 140.37, 140.31, 136.36, 136.32, 132.07, 130.37, 130. OOnucleotldes were purified by HPLC using 50 mM TEAB buffer (pH
128.64. 128.48, 127.61, 124.68, 124.63, 123.21, 118.44, 118.41, 117. 838 0) with a 6-20% acetonitrile gradient and then dissolved in
113.72, 95.05, 94.98. 86.84, 86.76, 83.26, 82.97, 82.92, 73.20, 73.06, acetonitrile/ultrapure water (1:1) to give a final concentration of 0.005

72.75, 72.62, 70.27, 67.98, 58.37, 58.22, 58.18, 58.03, 55.38, 43,51, A260 UnitsL. The matrix solution was prepared by mixing4,6-
43.49. 43.41, 43.39, 40.35, 24.78, 24.75, 24.72. 24.69, 20.59, 20.54, "trihydroxyacetophenone (THAP, 45 mg) and ammonium citrate (4

20.49; HRMS (FAB) calcd for GHsiNsOoFsP (M*) 917.3377, found ‘crystals) in acetonitrile/ultrapure water (1:1, 5@0). The suspension
917.3346. was vortexed, centrifuged, and the clear matrix solution (@3

Compound 19e:yield 65.2963% NMR (CDCE) 6 149.19, 149.16: deposited on the probe. The oligodeoxynucleotide solution 40)3

13C NMR (CDCh) 6 164.85, 153.08, 153.05, 152.84, 151.59, 151.04, was then deposited on the same spot, and the plate left to dry at r.t. for
151.01, 149.79, 141.90, 141.85 133.71, 132.97, 132.28, 132.01, 130. 375 min. All mass spectra were acquired in both negative and positive
129.00, 128.02, 124.75, 124.72, 123.75, 123.22, 118.52, 118.49, 117. 83|on modes with delayed extraction and reflector operation.
117.79, 84.93, 83.95, 83.68, 83.63, 73.66, 73.53, 73.21, 73.08, 68.01, Enzymatic Hydrolysis of Oligodeoxynucleotides.In a typical
67.88, 58.44, 58.35, 58.28, 43.56, 43.52, 43.46, 43.42, 39.35, 39.31,experiment the reaction mixture (30.) containing 0.3ug of snake
39.27, 24.83, 24.76, 24.70, 20.67, 20.62, 20.57; HRMS (FAB) calcd venom phosphodiesterase, 4,4 of alkaline phosphatase, buffer (32
for CaaHagN7O-FsP (M + H) 744.2522, found 744.2547. mM Tris-Cl, 12 mM MgC}, pH 7.5), and an oligomer (0.524 units)
Compound 19f: yield 74.1%;3'P NMR (CDCE) 6 149.07, 148.98; was incubated at 37C for 4 h. Following heat denaturation of enzymes
13C NMR (CDCl) 6 158.45, 154.39, 153.17, 153.13, 152.57, 151.13, (95°C, 3 min), the reaction mixture was diluted to 2000 with water,
151.10, 148.61, 148.57, 145.58, 138.73, 138.68, 137.61, 132.35, 132.09centrifuged, and analyzed by reverse phase HPLC [OBypersil (5
130.37, 130.27, 128.96, 128.52, 128.07, 127.00, 124.84, 124.80, 123.214) column 4.0x 250, flow 1.5 mL/min, 6-20% acetonitrile in 50 mM
121.70, 118.63, 118.61, 117.82, 117.78, 113.32, 84.73, 83.78, 83.48,TEAB (linear gradient) in 40 min].
83.43, 73.86, 73.72, 73.34, 73.21, 70.78, 68.25, 68.15, 58.48, 58.35, Hydrolysis of RNA Heteroduplexes withEscherichia coliRNase
55.40, 43.57, 43.52, 43.47, 43.42, 39.03, 24.86, 24.81, 24.78, 24.76,H1. 5'-32P-labeled RNA 100,000 cpm/reaction), unlabeled RNA (50
24.72,24.70, 20.68, 20.62, 20.58; HRMS (FAB) calcd fedHz:N7OgFP pmole) and complementary oligodeoxynucleotide (50 pmol) were added
(M*) 941.3489, found 941.3510. to a buffer (pH 7.8) containing 20 mM HEPE&OH, 50 mM KCl,
Compound 19g:yield 70.4%;3'P NMR (CDCk) 6 149.48, 149.37; 10 mM MgCk and 1 mM dithiothreitol. The duplexes were hybridized
13C NMR (CDCh) 6 175.20, 156.36, 156.33, 154.51, 154.46, 153.16, by heating briefly to 95C and then incubated at°€ for 30 min.E.
153.10, 152.12, 152.10, 151.13, 151.11, 150.60, 143.12, 141.91, 132.26¢c0li RNase H1 (Promega) was added (4 units), and the reactions were
131.99, 130.36, 129.33, 128.51, 127.85, 124.85, 124.80, 123.15, 123.13allowed to proceed fol h at 25°C (28 uL total reaction volume).
122.06, 118.56, 118.53, 117.89, 117.86, 85.53, 85.39, 84.07, 83.90,Aliquots of the reaction mixture (3,6L) were quenched with 6.6L
83.85, 74.02, 73.88, 73.57, 73.45, 68.32, 68.17, 58.43, 58.28, 43.59,0f 7 M urea and 20 mM EDTA and were stored on ice until analysis
43.56, 43.49, 43.46, 38.93, 36.35, 24.83, 24.78, 24.71, 20.63, 20.60,by PAGE (20%, 19:1 cross-link). The developed gels were analyzed

Following completion of all synthesis steps (including removal of
the B-carbonate from the final synthon added to the growing ODN),
the product mixture while still joined to CPG was treated with 3%
TCA in DCM at r.t. (2 h) to remove the dimethoxytrityl groups from
the bases. After a wash with acetonitrile, products were removed from
CPG by treatment with concentrated ammonium hydroxide2fh at
'rt. The reaction mixture free of CPG was transferred to a screw cap
reactivial fitted with a Teflon-silicon seal, and the solution heated at
55°C overnight to remove thi,N-diphenylcarbamoyl protecting group
from guanine. The vial was then cooled in an ice bath, the reaction
mixture transferred to an eppendorf tube, and the solution evaporated
to dryness. The resulting oligomer was dissolved in water containing
5% acetonitrile and the product purified by reverse phase HPLC using
'an ODS-Hypersil (5u) column eluted at 1.5 mL/min. The eluant was
’0—20% acetonitrile in 50 mM TEAB (linear gradient, 40 min). Product
fractions were concentrated to dryness to remove the volatile buffer
and frozen.
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