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Nucleoside phosphoramidites bearing a fluorous dimethoxytrityl (FDMT) group were used to
synthesize fluorous-tagged oligonucleotides, which were subjected to solid-phase extraction using
a pH-stable fluorinated adsorbent. On-column detritylation afforded the purified oligonucleotides.
The fluorous affinity purification method offers one-pass loading without ammonia removal, high
selectivity for the removal of failure sequences, high recoveries (typically 70-100%), and the ability
to purify long oligonucleotides (e.g., 50-100-mers).

Introduction

A long-standing challenge in automated oligonucleotide
synthesis is product purity, an issue that has become
increasingly important as the need for therapeutic oli-
gonucleotides and long oligonucleotides1 has arisen.
Current methods2,3 for the purification of oligonucleotides
include anion-exchange (AX) chromatography, reversed-
phase (RP) chromatography, polyacrylamide gel electro-
phoresis (PAGE), and various types of affinity chroma-
tography. A combination of these techniques is often
employed in critical cases. We describe herein the fluo-
rous affinity purification of oligonucleotides, a rapid and
convenient method that, when compared to existing
methods that rely on 5′ affinity tagging, results in
unusually high recoveries of materials that are free of
failure sequences, even with long oligonucleotides.

While automated synthesis is the best available strat-
egy for the production of oligonucleotides, heterogeneous

mixtures of products are produced, complicating purifica-
tion and limiting scale-up. These problems are exacer-
bated as the length of the strand increases. For example,
a 20-mer (>100 chemical steps) is typically produced in
40-70% yield, depending on scale, the remaining 30-
60% being a heterogeneous mixture of undesired oligo-
nucleotides. Longer oligonucleotides (75-mer and up) are
produced in low yield and low purity, limiting the utility
of these potentially important materials. Above 100
nucleotides, the limits of solid-phase synthesis are soon
reached as the overall yield diminishes to an unusable
level while the purity continues to drop. A major class of
impurities results from incomplete monomer coupling.
Capping of the resultant unreacted 5′-hydroxyl groups
with acetic anhydride is performed to prevent further
chain elongation, ultimately producing shorter oligo-
nucleotides known as failure sequences in the final
product mixture.

A popular purification strategy uses RP adsorbent.4,5

Reversed-phase HPLC is often performed on oligonucle-
otides with a 4,4′-dimethoxytrityl (DMT) group on the
5′-terminus, so-called “DMT-on” or “trityl-on” purifica-

(1) Exemplary applications of long synthetic oligonucleotides are in
cloning, gene synthesis, and extended-length microarrays. See, for
example: Wang, H. Y.; Malek, R. L.; Kwitek, A. E.; Greene, A. S.; Luu,
T. V.; Behbahani, B.; Frank, B.; Quackenbush, J.; Lee, N. H. Genome
Biol. 2003, 4, R5.

(2) Bergstrom, D. E. In Current Protocols in Nucleic Acid Chemistry;
Beaucage, S. L., Bergstrom, D. E., Glick, G. D., Jones, R. A., Eds.; John
Wiley & Sons: New York, 2003; pp 10.0.1-10.0.2.

(3) Andrus, A.; Kuimelis, R. G. In Current Protocols in Nucleic Acid
Chemistry; Beaucage, S. L., Bergstrom, D. E., Glick, G. D., Jones, R.
A., Eds.; John Wiley & Sons: New York, 2000; pp 10.3.1-10.3.6.

(4) Warren, W. J.; Vella, G. In Methods in Molecular Biology, Vol.
26: Protocols for Oligonucleotide Conjugates; Agrawal, S., Ed.; Humana
Press: Totowa, New Jersey, 1994; p 233-264.

(5) Andrus, A.; Kuimelis, R. G. In Current Protocols in Nucleic Acid
Chemistry; Beaucage, S. L., Bergstrom, D. E., Glick, G. D., Jones, R.
A., Eds.; John Wiley & Sons: New York, 2000; pp 10.5.1-10.5.12.
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tion, wherein the DMT group of the final nucleotide is
left on during synthesis, a technique developed in 1978
by Seliger.6 The DMT group functions as a lipophilic
handle, allowing the separation of DMT-bearing oligo-
nucleotides from those without DMT groups (e.g., failure
sequences), since the DMT group imparts added hydro-
phobicity to the molecule and thus causes it to be more
strongly retained. The DMT group is subsequently
removed with acid to afford the desired oligonucleotide.
Single base resolution using RP-HPLC is typically not
possible on all but the shortest oligonucleotides. If that
level of purification is not required, RP-HPLC may be
used to purify target oligonucleotides of up to about 50
nt by the DMT-on technique (depending on the particular
case), with varying degrees of success in removing failure
sequences. When the oligonucleotide becomes lengthy, or
if additional lipophilic modifications are present (biotin,
fluorophores, quenchers, backbone and sugar modifica-
tions, etc.), the failure sequences and other undesired
byproducts are more strongly retained, often running
close to (or merging with) the desired product peak,
making separation difficult or impossible using this
technique. An additional limitation of trityl-on purifica-
tion by RP-HPLC is low recovery. Researchers have
explored more lipophilic trityl groups in an attempt to
remove these limitation by developing stronger hydro-
phobic affinity interactions with the adsorbent.7 Trityl
groups bearing long alkyl chains or extended aromatic
systems have been described as removable lipophilic tags
for RP-HPLC.7-9

A particularly convenient variation of the RP purifica-
tion method for purifying oligonucleotides involves dis-
posable cartridges or small tubes containing reversed-
phase adsorbent (“RP cartridge purification”),10,11 a form
of solid-phase extraction (SPE). The method is fast and
does not require expensive HPLC equipment. After
deprotection of the nucleobases with aqueous ammonia,
the crude DMT-on solution of the oligonucleotide is
passed through such a cartridge or column. Ideally, a pH-
resistant polystyrene/divinylbenzene- or poly(divinylben-
zene)-derived adsorbent is used. If a silica-derived ad-
sorbent is used (e.g., C18-silica RP adsorbent), the ammonia
from the deprotection solution must be evaporated first
to avoid degradation of the silica matrix. In either case,
the DMT group allows retention of the target oligonucle-
otide, allowing failure sequences (which have no DMT
group) to be washed off with an appropriate eluant. The
DMT-on oligonucleotide can then be eluted with an
eluant containing a more hydrophobic solvent such as
acetonitrile, and the resultant material can be detrity-
lated with acid. Alternatively, acid can be introduced to
the cartridge or column to detritylate the bound oligo-
nucleotide. After neutralizing and/or washing off the acid,
the desired oligonucleotide is eluted. This is a quick way
to remove failure sequences and other small organic
molecules, remove the DMT group, and desalt the mate-
rial all in one simple apparatus. RP cartridge purification
is limited to relatively short oligonucleotides, typically
e30-40-mers, since the relative hydrophobic contribu-
tion of the lipophilic DMT (or related) group diminishes
as the oligonucleotide chain increases, therefore dimin-
ishing the affinity of the target compound to the adsor-
bent, resulting in lower overall yields and a diminished
selectivity of the adsorbent for the desired oligonucleotide
over failure sequences. In addition, failure sequences
become the major product in the synthesis of long
oligonucleotides, making it more difficult to retrieve the
diminishing amount of full-length material. The presence
of ammonia (from nucleobase deblocking) in the crude
oligonucleotide mixture is also known to inhibit loading
of the DMT-on oligonucleotide to the adsorbent, often
necessitating multiple loading passes. Ammonia solutions
are also commonly used in washing failure sequences
from the adsorbent, which may cause premature removal
of the desired material and a correspondingly lower yield.
Another problem with RP cartridge purification is that
oligonucleotides bearing only a 5′-O-DMT group (i.e.,
otherwise fully deprotected) are susceptible to premature
detritylation, resulting in loss of material. An SPE
method involving a stronger affinity interaction between
the target oligonucleotide and the solid-phase adsorbent
should allow higher yields and selectivities (and thus
higher purities), especially with longer oligonucleotides.
We report herein that fluorous affinity purification
addresses these problems.

Organic molecules bearing perfluoroalkyl domains are
known as fluorous molecules and may be purified by
taking advantage of their affinity for perfluorinated

(6) Seliger, H.; Holupirek, M.; Görtz, H.-H. Tetrahedron Lett 1978,
24, 2115-2118.

(7) Review: Seliger, H. In Current Protocols in Nucleic Acid
Chemistry; Beaucage, S. L., Bergstrom, D. E., Glick, G. D., Jones, R.
A., Eds.; John Wiley & Sons: New York, 2000; pp 2.3.1-2.3.34.

(8) Most of these studies involve RP-HPLC, rarely in a preparatively
oriented fashion. Ramage’s work (ref 8o) involves both HPLC and SPE
studies. (a) Görtz, H.-H.; Seliger, H. Angew. Chem., Int. Ed. Engl. 1981,
20, 681-683. (b) Seliger, H.; Görtz, H.-H. Angew. Chem., Int. Ed. Engl.
1981, 20, 683-684. (c) Kwiatkowski, M.; Heikkilä, S.; Björkman, S.;
Chattopadhyaya, J. Chem. Scripta 1983, 22, 30-48. (d) van Boom, J.
H.; Wreesmann, C. T. J. In Oligonucleotide synthesis: A Practical
Approach; Gait, M. J., Ed.; IRL Press: Oxford, 1984; pp 153-183. (e)
Kwiatkowski, M.; Chattopadhyaya, J. Acta Chem. Scand. B 1984, 38,
657-671. (f) Welch, C. J.; Zhou, X.-X.; Chattopadhyaya, J. Acta Chem.
Scand. B 1986, 40, 817-825. (g) Seliger, H.; Schmidt, G. J. Chro-
matogr. 1987, 397, 141-151. (h) Fourrey, J. L.; Varenne, J.; Blonski,
C.; Dousset, P.; Shire, D. Tetrahedron Lett. 1987, 28, 5157-5160. (i)
Seliger, H.; Schmidt, G.; Berner, S. Biol. Chem. Hoppe-Seyler 1987,
368, 773-774. (j) Schmidt, G.; Schlenk, R.; Seliger, H. Nucleosides
Nucleotides 1988, 7, 795-799. (k) Tanimura, H.; Fukazawa, T.; Sekine,
M.; Hata, T.; Efcavitch, J. W.; Zon, G. Tetrahedron Lett. 1988, 29, 577-
578. (l) Tanimura, H.; Imada, T. Chem. Lett. 1990, 1715-1718. (m)
Gupta, K. C.; Gaur, R. K.; Sharma, P. J. Chromatogr. 1991, 541, 341-
348. (n) Takenaka, S.; Dohtsu, K.; Takagi, M. Anal. Sci. 1992, 8, 3-7.
(o) Ramage, R.; Wahl, F. O. Tetrahedron Lett. 1993, 34, 7133-7136.

(9) For alternative affinity-based methods for oligonucleotide puri-
fication, see: (a) McInnes, J. L.; Symons, R. H. In Nucleic Acid Probes;
Symons, R. H., Ed.; CRC Press: Boca Raton, FL, 1989; pp 33-80. (d)
Gildea, B.; Coull, J. M.; Köster, H. Tetrahedron Lett. 1990, 31, 7095-
7098. (c) Harman, T. M.; Fenn, B. J. Methods Enzymol. 1990, 184,
584-588. (e) Olejnik, J.; Sonar, S.; Krzymanska-Olejnik, E.; Rothschild,
K. J. Proc. Natl Acad. Sci. U.S.A. 1995, 92, 7590-7594. (f) Olejnik, J.;
Krzymanska-Olejnik, E.; Rothschild, K. J. Nucleic Acids Res. 1996,
24, 361-366. (b) Hermanson, G. T. Bioconjugate Techniques; Academic
Press: San Diego, 1996. (k) Natt, F.; Häner, R. Tetrahedron 1997, 53,
9629-9636.(j) Sproat, B. S.; Rupp, T.; Menhardt, N.; Keane, D.; Beijer,
B. Nucleic Acids Res. 1999, 27, 1950-1955. (g) Fang, S.; Bergstrom,
D. E. Bioconjugate Chem. 2003, 14, 80-85. (h) Fang, S.; Bergstrom,
D. E. Nucleic Acids Res. 2003, 31, 708-715. (i) Fang, S.; Bergstrom,
D. E. In Current Protocols in Nucleic Acid Chemistry; Beaucage, S. L.,
Bergstrom, D. E., Glick, G. D., Jones, R. A., Eds.; John Wiley & Sons:
New York, 2003; pp 4.20.1-4.20.17.

(10) McBride, L. J.; McCollum, C.; Davidson, S.; Efcavitch, J. W.;
Andrus, A.; Lombardi, S. J. BioTechniques 1988, 6, 362-367.

(11) Andrus, A.; Kuimelis, R. G. In Current Protocols in Nucleic Acid
Chemistry; Beaucage, S. L., Bergstrom, D. E., Glick, G. D., Jones, R.
A., Eds.; John Wiley & Sons: New York, 2000; pp 10.7.1-10.7.5.

Fluorous Affinity Purification of Oligonucleotides

J. Org. Chem, Vol. 70, No. 18, 2005 7115



solvents or solid phases,12-14 e.g., fluorous reversed-phase
adsorbents.15 Fluorous affinity interactions are strong
and distinguishable from other types of affinity interac-
tions (e.g., lipophilicity). In a common strategy, target
molecules are retrieved from mixtures by attaching
temporary fluorous tags and then employing a fluorous
separation technique such as fluorous chromatography
to separate the tagged molecules from other nontagged
organic compounds. The interaction of a fluorous-tagged
molecule with a perfluorinated surface is very strong,
facilitating solid-phase extraction techniques. Most of the
work in the fluorous separations area has been done with
relatively small organic molecules in organic solvents.
The purification of water soluble biomolecules bearing a
fluorous tag should also be viable, since the fluorous
affinity interaction will be enhanced by the strong
hydrophobicity of the fluorous domain. Fluorous tagging
or fluorous capping strategies have been used for the
purification of peptides16 and oligosaccharides.17 After our
work was complete, a report by Beller and Bannwarth
described the installation of a thymidine bearing a
fluorous monomethoxytrityl (FMMT) group onto two
oligonucleotides (a T20 and a mixed-base 30-mer) for the
purpose of purification using fluorous reversed-phase
silica gel in SPE mode.18 We report herein our comple-
mentary studies on the use of fluorous dimethoxytrityl
(FDMT) tags for the purification of oligonucleotides. The
FDMT group is most similar to the industry standard
DMT group and thus is removed under milder conditions
than the FMMT group, minimizing depurination. Fur-
ther, the FDMT method requires only one fluorous chain
(rather than two in the FMMT group) to accomplish the
purification of oligonucleotides, even with long chains.
The four common 5′-O-FDMT-deoxynucleoside phos-
phoramidites are synthesized, their use in preparing
fluorous-tagged oligonucleotides is reported, and the
fluorous purification of oligonucleotides as long as 100
base pairs is described, resulting in excellent recoveries
when compared to existing methods that rely on 5′
affinity tagging.

Results and Discussion

While we are examining several strategies for the
fluorous tagging of oligonucleotides, a logical first effort
would be to develop a fluorous version of trityl-on RP
purification. Ideally, the fluorous moiety would be incor-
porated into a standard DMT group in such a way that
the resultant FDMT group behaves identically; the
kinetics of phosphoramidite coupling and detritylation
should be similar, as should the absorption spectrum of
FDMT cation. Of particular concern is the effect of an
electronegative perfluoroalkyl group on the chemistry of
the dimethoxytrityl group. As is well-known in the
fluorous field, an ethylene spacer is useful for electronic
isolation of the electronegative perfluoroalkyl group from
the molecule of interest. Thus, we examined fluorous
DMT groups bearing a (perfluorooctyl)ethyl group at
either oxygen or carbon (Figure 1). Surprisingly, a single
perfluoroalkyl group was found to be sufficient for
fluorous purification of even long oligonucleotides. Grig-
nard reaction of commercially available 1 with p-meth-
oxyphenylmagnesium bromide afforded a tertiary alcohol
(not shown), which was converted to the fluorous
dimethoxytrityl chloride 2 (“FDMT-Cl”) in good yield.
Placing a p-alkyl group on the DMT nucleus would
normally cause an increase in trityl cation stability, but
we felt that the perfluorooctyl group would counterbal-
ance this effect (vide infra). Linking the fluorous moiety
to oxygen (e.g., 3 and 4) was less satisfactory.19 Com-
pound 3 was more difficult to prepare, and our experience
with placing a (perfluorooctyl)ethyl group on a hetero-
atom20 led us to believe this particular compound would
deviate substantially from a standard DMT group. Com-
pound 4, where the perfluorooctyl group is further
insulated from the DMT nucleus by a propyl group, was
used to make nucleoside phosphoramidites and ulti-
mately oligonucleotides. While this version of a fluorous
DMT group performed well, compound 2 is preferred on

(12) (a) Horváth, I. T.; Rábai, J. Science 1994, 266, 72-75. (b)
Horváth, I. T. Acc. Chem. Res. 1998, 31, 641-650.

(13) (a) Curran, D. P. Angew. Chem., Int. Ed. 1998, 37, 1175-1196.
(b) Curran, D. P.; Hadida, S.; Studer, A.; He, M.; Kim, S.-Y.; Luo, Z.;
Larhed, M.; Hallberg, A.; Linclau, B. In Combinatorial Chemistry: A
Practical Approach; Fenniri, H., Ed.; Oxford University Press: Oxford,
2001; Vol. 2, pp 327-352. (c) Gladysz, J. A.; Curran, D. P. Tetrahedron
2002, 58, 3823-3825. (d) Zhang, W. Tetrahedron 2003, 59, 4475-4489.

(14) Handbook of Fluorous Chemistry; Gladysz, J. A., Curran, D.
P., Horváth, I. T., Eds.; Wiley-VCH: Weinheim, 2004.

(15) (a) Curran, D. P.; Hadida, S.; He, D. Y. J. Org. Chem. 1997,
62, 6714-6715. (b) Curran, D. P. In Handbook of Fluorous Chemistry;
Gladysz, J. A., Curran, D. P., Horváth, I. T., Eds.; Wiley-VCH:
Weinheim, 2004; pp 101-127.

(16) (a) Filippov, D. V.; Zoelen, D. J. v.; Oldfield, S. P.; Marel, G. A.
v. d.; Overkleeft, H. S.; Drijfhout, J. W.; Boom, J. H. v. Tetrahedron
Lett. 2002, 43, 7809-7812. (b) de Visser, P. C.; van Helden, M.;
Filippov, D. V.; van der Marel, G. A.; Drijfhout, J. W.; van Boom, J.
H.; Noort, D.; Overkleeft, H. S. Tetrahedron Lett. 2003, 44, 9013-9016.
(c) Montanari, V.; Kumar, K. J. Am. Chem. Soc. 2004, 126, 9528-
9529. (d) Brittain, S. M.; Ficarro, S. B.; Brock, A.; Peters, E. C. Nature
Biotechnol. 2005, 23, in press. See also: (e) Markowicz, M. W.;
Dembinski, R. Synthesis 2004, 80-86. (f) Mizuno, M.; Goto, K.; Miura,
T. Chem. Lett. 2005, 34, 426-427 and prior work cited therein.

(17) (a) Palmacci, E. R.; Hewitt, M. C.; Seeberger, P. H. Angew.
Chem., Int. Ed. 2001, 40, 4433-4437. See also: (b) Manzoni, L. Chem.
Commun. 2003, 2930-2931 and (c) Goto, K.; Miura, T.; Mizuno, M.;
Takaki, H.; Imai, N.; Murakami, Y.; Inazu, T. Synlett 2004, 2221-
2223.

(18) Beller, C.; Bannwarth, W. Helv. Chim. Acta 2005, 88, 171-
179.

(19) (a) Compound 3: alkylation of 4-hydroxybenzophenone with
(perfluorooctyl)ethyl iodide was sluggish. (b) Compound 4: (i) 4-hy-
droxybenzophenone, NaH, 3-(perfluorooctyl)propyl iodide (43%); (ii)
p-methoxyphenylmagnesium bromide; (iii) AcCl (55%, two steps).

(20) For example (Vennall, G. Unpublished results), we have
prepared fluorous versions of 4-(dimethylamino)azobenzene-4′-car-
boxylic acid (Dabcyl, Me2NC6H4NdNC6H4CO2H) and found that the
absorption spectrum in methanol varies accordingly: (i) C8F17(CH2)2N-
(Me)C6H4NdNC6H4CO2H: λmax 414 nm; (ii) C8F17(CH2)3N(Me)C6H4-
NdNC6H4CO2H: λmax 424 nm; (iii) Me2NC6H4NdNC6H4CO2H: λmax
429 nm.

FIGURE 1. Fluorous tagging reagents.

Pearson et al.
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the basis of synthetic ease. We were also able to prepare
and study fluorous-tagged oligonucleotides using nucleo-
side phosphoramidites bearing a fluorous silyl group at
the 5′-oxygen (prepared from 517a,21).

Fluorous-tagged nucleoside phosphoramidites 8a-d
were prepared by standard methods (Scheme 1). Fluorous
dimethoxytritylation of thymidine 6a and suitably pro-
tected forms of dA, dC, and dG (6b-d) proceeded
normally to give 7a-d. Phosphitylation gave the desired
phosphoramidites 8a-d. From a synthetic standpoint,
the FDMT group was found to behave identically to a
DMT group throughout this sequence. Phosphoramidites
analogous to 8a were also made using fluorous tagging
agents 4 and 5 (not shown).

Placing 7a in 3% trichloroacetic acid in dichloromethane
caused formation of the FDMT cation, which exhibited
an absorption maximum at 504 nm, identical to DMT
cation generated from 5′-O-DMT-thymidine (9, not shown)
by the same method. Rate constants for detritylation of
7a and 9 in 80% acetic acid-acetonitrile at 21 °C were
determined by monitoring the appearance of trityl cation
at 504 nm.8n Assuming a pseudo-first-order irreversible
reaction, the apparent rate constants were found to be
4.7 × 10-4 s-1 and 5.9 × 10-4 s-1, respectively, showing
that the FDMT group is removed slightly more slowly
than a DMT group. Since premature detritylation can
be a problem in DMT-on purification, this may be an
advantage of the FDMT group. Overall, the FDMT group
behaves similarly to a DMT group in terms of trityl cation
color as well as rate of detritylation.

Exemplary oligodeoxyribonucleotides (ODNs) 10-13
were prepared (Figure 2), where phosphoramidite 8a was
used in the last coupling step to install a fluorous-tagged
thymidine at the 5′ terminus. Prior to that point,
standard DMT-protected phosphoramidites were used to
assemble the ODN chain. Phosphoramidites 8b-d were
also found to couple normally during ODN synthesis, as
did the phosphoramidites derived from 4 and 5. Cleavage
of the ODNs from the solid support and nucleobase
deblocking with ammonium hydroxide was carried out
as usual, affording the desired oligonucleotides as mix-
tures containing the commonly observed byproducts
(failure sequences, benzamide, etc.).

Fluorous-tagged oligonucleotides were found to be
highly retained on a fluorous HPLC adsorbent. To
illustrate the magnitude of retention, the FDMT-tagged
30-mer 10 was mixed with authentic samples of the
corresponding nonfluorous 5′-DMT-on and DMT-off oli-
gonucleotides (prepared separately) and injected onto a
fluorous silica HPLC column.22 It should be noted that
silica-based adsorbents are incompatible with ammonia;
hence, evaporation of ammonia from the crude depro-
tected oligonucleotides was necessary prior to analysis.
Figure 3 shows that the fluorous-tagged material 10 is
strongly retained over the corresponding DMT-on and
DMT-off 30-mers, eluting when the acetonitrile percent-
age neared 50% in the gradient profile. A key observation
from this experiment is that, in relation to a DMT-off
oligonucleotide, the FDMT-on oligonucleotide is retained
much more strongly than a DMT-on oligonucleotide. With
this promising initial result in hand, we proceeded to

(21) Zhang, W.; Luo, Z.; Chen, C. H.-T.; Curran, D. P. J. Am. Chem.
Soc. 2002, 124, 10443-10450.

(22) A FluoroFlash 4.6 × 150 mm HPLC column was used. For SPE,
both 5 µm (90 Å) and 40 µm (60 Å) FluoroFlash silica gel were
examined. FluoroFlash is a registered trademark of Fluorous Tech-
nologies, Inc.

SCHEME 1. Synthesis of 5′-O-FDMT Nucleoside
Phosphoramidites

FIGURE 2. Examples of fluorous-tagged oligodeoxyribonucle-
otides.

FIGURE 3. HPLC analysis of FDMT-on 30-mer 10 mixed
with authentic DMT-on 30-mer and authentic DMT-off 30-mer
on FluoroFlash 4.6 × 150 mm column, flow rate ) 1 mL/min,
mobile phase A ) 0.1 M triethylammonium acetate (TEAA),
mobile phase B ) MeCN.
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examine longer oligonucleotides and SPE purification
techniques.

Examination of the crude synthesis mixture obtained
from a nonoptimal preparation of the FDMT-on 75-mer
12 (Figure 4) showed an interesting additional benefit
of fluorous tagging.23 In addition to high selectivity in
retention of the fluorous-tagged 75-mer over nonfluorous-
tagged failure sequences, separation from residual DMT-
bearing materials was observed. These impurities may
result from the incomplete and/or reversible nature of
detritylations during the synthesis (which uses DMT-
protected monomers until the last coupling). In tradi-
tional DMT-on RP-HPLC, such impurities may be over-
looked, since they have similar HPLC mobility to the
desired DMT-on strand. Shifting the desired strand to a
longer retention time offers the advantage that DMT-on
impurities, if present, may be removed along with failure
sequences.

The utility of the fluorous method for oligonucleotide
purification was further illustrated using SPE. Using the
fluorous-tagged oligonucleotides shown in Figure 2, SPE
purification using commercial fluorous silica gel was
examined.22 Loading the crude ammonia-containing oli-
gonucleotide solutions was unsatisfactory, probably due
to degradation of the silica-based adsorbent by ammonia.
Removal of the ammonia prior to loading was an im-
provement, but the recovery of purified oligonucleotides
was low. We therefore identified an adsorbent specifically
optimized for the purification of fluorous-tagged oligo-
nucleotides, namely Fluoro-Pak adsorbent.24 This mate-
rial has fluorinated organic groups bound to an ammonia-
stable polymeric resin. Optimization of pore and particle
size was necessary for the best SPE performance. To
illustrate this method, fluorous affinity purification of the
100-mer oligonucleotide 13 in SPE mode was followed
by HPLC (Figure 5). This oligonucleotide was prepared
on a 0.2 µmol scale, installing a fluorous-tagged thymi-
dine in the last step using the phosphoramidite 8a.
Cleavage from the support with ammonium hydroxide
at room temperature followed by deblocking the nucleo-

bases with ammonium hydroxide at 55 °C gave a solution
of the crude products in ammonium hydroxide solution.
HPLC analysis of this mixture showed the FDMT-100-
mer to be well-separated from failure sequences and
other synthesis byproducts [trace (a) in Figure 5]. The
following protocol was used for fluorous trityl-on SPE
purification of this material: A Fluoro-Pak column
containing 100 mg of adsorbent25 was conditioned by
passing through 2 mL of acetonitrile, 2 mL of 0.1 M
aqueous triethylammonium acetate (TEAA), and 2 mL
of a salt-based loading buffer (to enhance binding).26 The
crude ammonium hydroxide solution was diluted with an
equal volume of loading buffer, then passed through the
Fluoro-Pak column in a dropwise fashion. Analysis of the
eluate [trace (b)] showed that all of the FDMT-100-mer
13 had been loaded onto the column in one pass, leaving
much of the undesired materials unbound. Washing the
column first with 2 mL of 10% acetonitrile in 0.1 M TEAA
and then with water (these two steps constituting a
“failure wash”) led to the elution of the remainder of the
failure sequences without eluting the bound fluorous
oligonucleotide [trace (c)]. A second failure wash verified
that all of the failure sequences had been removed while
the fluorous oligonucleotide remained bound [trace (d)].
This step is not necessary in a routine purification. The
retained fluorous-tagged oligonucleotide was then sub-
jected to on-column detritylation by passing through 3
mL of 3% aqueous trifluoroacetic acid (TFA), 1 mL of 0.1

(23) Fluorous-tagged oligonucleotides were also found to be well-
retained on traditional reversed-phase (RP) adsorbents such as C18
silica; hence, we often use RP-HPLC to analyze fluorous-tagged
compounds. It is known that fluorous tags are nonpolar and can be
useful in separations using RP adsorbents. However, for maximum
selectivity and generality, separations based on the retention of
fluorous materials on fluorous adsorbents is the best choice. See ref
15b.

(24) Fluoro-Pak is a trademark of Berry & Associates, Inc.

(25) The results reported herein involved 100 mg of adsorbent for
the purification of both 200 nmol and 1 mmol synthesis products, but
we have recently found that 75 mg and 150 mg Fluoro-Pak columns
are best matched for these two synthesis sizes.

(26) Diluting the ammonia solution with 5% aqueous DMF contain-
ing 100 mg/mL NaCl was found to enhance the rate of binding of the
fluorous-tagged oligonucleotides to the Fluoro-Pak adsorbent. While
the thermodynamics of binding are favorable, the kinetics of binding
are slow without this modification. Salt solutions are known to improve
binding to RP cartridges. See, for example: (a) User Guide: Trityl-on
Oligonucleotide Purification; Varian Analytical Instruments: Palo Alto,
CA. (b) Reddy, M. P.; Farooqui, F., US Patent 5,770,723, June 23, 1998.

FIGURE 4. HPLC analysis of crude FDMT-on 75-mer 12 (1
µmol scale) before purification. Mobile phase A ) 0.1 M
aqueous TEAA; mobile phase B ) acetonitrile, flow rate ) 1
mL/min, column ) Waters Spherisorb ODS-2 (5 µm, 4.6 × 150
mm, 1 mL/min).23 Ammonia was evaporated before injection.

FIGURE 5. HPLC analysis during SPE purification of a 100-
mer oligonucleotide (200 nmol scale). Trace (a): Crude syn-
thesis products before purification. Trace (b): Eluate from
loading of FDMT-100-mer 13 onto a Fluoro-Pak column,
showing that 13 was fully loaded in one pass. Trace (c): Eluate
from washing the column with 10% acetonitrile in 0.1 M TEAA
followed by water, showing that the remainder of the failure
sequences are eluted without eluting the fluorous-tagged
oligonucleotide. Trace (d): Eluate from a second washing of
the column with 10% acetonitrile in 0.1 M TEAA followed by
water, showing that all of the failure sequences had been
removed by the first failure wash. Trace (e): Elution of the
final FDMT-off 100-mer after on-column detritylation with
trifluoroacetic acid. See Figure 4 for HPLC conditions.
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M TEAA to neutralize the acid, and 1 mL of water to
remove the excess buffer. Final elution of the trityl-off,
fully deprotected 100-mer was accomplished by passing
through 1 mL of 10% aqueous acetonitrile, leaving the
fluorous trityl byproducts on the column. HPLC analysis
of the eluate showed a single peak for the resultant 100-
mer [trace (e) in Figure 5 and Figure 6a]. Based on an
estimate of the amount of fluorous-tagged 100-mer in the
original crude mixture by HPLC, an approximately
quantitative recovery of the detritylated 100-mer was
obtained from the purification process, producing 6
optical density units (ODU, A260 units) of purified mate-
rial from this particular 0.2 µmol synthesis. Other runs
with several different 0.2 µmol synthesis batches of 13
gave 3-6 ODU of purified detritylated 100-mer, repre-
senting approximately 76-100% recovery based on es-
timation of the amount of 13 in the crude mixtures. When
considering the HPLC traces shown in Figure 6, the
reader should be aware that while the fluorous tagging/
purification technique is useful for isolating full-length
material without contamination by failure sequences, the
resultant fluorous-purified material is still a mixture of
products that are not easily resolved by RP-HPLC. This
is true for any method that relies on installation of an
affinity tag at the 5′ terminus of the oligonucleotide (e.g.,
DMT-on purification).4-9 The single peak shown undoubt-
edly contains, in addition to the desired full-length
product, a number of other materials such as deletion
oligonucleotides (n-1, n-2, etc.), since the final phosphora-
midite coupling attaches a fluorous-tagged nucleotide to
a preexisting distribution of the desired chain plus

deletion materials, again, a limitation of any such affin-
ity-tagging method.4-9 Deletion mutations arise from (for
example) incomplete capping, which leads to extension
of undesired truncated chains. These deletions are not
easily resolved by RP-HPLC. Although the fluorous
method does not remove deletion mutations (or any other
chains that participate in the final coupling with the
fluorous phosphoramidite), its ability to remove all failure
sequences in one simple SPE operation from even long
oligonucleotides is significant, since these contaminants
are the major synthesis product in such cases.

Using the same protocol, fluorous SPE purification of
multiple synthesis batches of 10-12 gave the detritylated
oligonucleotides with excellent recoveries (Table 1; see
also Figure 6b for an HPLC trace of purified, detritylated
75-mer derived from 12). HPLC showed that the above
SPE protocol was indeed general, removing all failure
sequences prior to on-column detritylation. The amount
of oligonucleotide reported in Table 1 (in A260 units) will
vary significantly from case to case, since it is a function
of the quality of the synthesis and the chain length. The
more significant data is the recovery: of the available
fluorous-tagged oligonucleotide, much of it is recovered
in detritylated form after purification, free of failure
sequences. This is in contrast to results with DMT-on
SPE purification, where both recoveries and the selectiv-
ity for removal of failure sequences diminish with in-
creasing oligonucleotide length.

Conclusions

Installation of a fluorous tag onto the 5′ end of an
oligonucleotide provides a useful handle for its purifica-
tion. Of the various implementations of this strategy that
are being examined, our initial work using a fluorous
dimethoxytrityl group imparts high selectivity in HPLC
and SPE separations. Fluorous-tagged materials are
highly retained in preference to nonfluorous materials
such as failure sequences and DMT-bearing impurities.
In SPE mode, complete removal of failure sequences is
possible, even with longer oligonucleotides, where such
impurities are the major products of nucleic acid syn-
thesis, a result that is not possible to achieve with DMT-

FIGURE 6. HPLC analysis of final, detritylated 100-mer
(trace a) and 75-mer (trace b). See Figure 4 for HPLC
conditions.

TABLE 1. Results of Fluorous Affinity Purification of
Oligonucleotides 10-13 with On-Column Detritylation

oligonucleotidea,b A260 units (purified) recoveryc (%)

30-mer 10 11-12 75-88
50-mer 11 9-16 60-100+

28d 71d

75-mer 12 9-11 100+
100-mer 13 3-6 76-100

a A variety of synthesis runs of each oligonucleotide were used.
b Unless otherwise noted, all purifications were done on 200 nmol
synthesis results. c The percentage of fluorous-tagged oligonucle-
otide was estimated by HPLC integration of all oligonucleotides
in the crude synthesis product. A percentage of the total initial
A260 units was thus estimated, from which the recovery of purified,
detritylated oligonucleotide was calculated using the final A260 unit
value. Some values were greater than 100%, likely reflecting the
significant error involved in the HPLC integration method for
estimating the amount of initial fluorous-tagged oligonucleotide.
The recovery values listed in the table must be considered to be
approximate due to the limitations of integrating HPLC peaks in
complex crude mixtures. d A 1 µmol synthesis product was used
on 100 mg of adsorbent.25
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on purification technology. One-pass loading, ammonia
compatibility, and on-column detritylation are convenient
aspects of this method. High recoveries of failure-free
oligonucleotides are observed, even with long oligonucleo-
tides, perhaps due to a combination of the high affinity
of the fluorous-tagged oligonucleotide for the Fluoro-Pak
adsorbent and the absence of premature detritylation due
to the slightly higher stability of the FDMT group. While
no method that relies on a 5′ affinity tag can remove
deletion mutations or other undesired 5′-hydroxyl-bear-
ing chains that are present when the tag is installed, the
fluorous affinity method is useful for removing other
impurities, especially the major products (i.e., failure
sequences) encountered in the synthesis of long oligo-
nucleotides synthesis. For critical nucleic acid applica-
tions such as therapeutics where further purification is
required to remove deletion mutations (e.g., anion-
exchange HPLC), the fluorous method should be useful
as a simple prepurification. For less critical applications,
especially the increasing number of applications requir-
ing longer oligonucleotides, the fluorous method offers a
way to isolate most or all of the full-length material
synthesized, free of failure sequences.

We are currently developing other fluorous-tagged
reagents for oligonucleotide purification, including RNA
phosphoramidites, modified nucleoside phosphoramidites
and fluorous versions of popular labeling reagents.20

Experimental Section

General Methods. HPLC analyses of phosphoramidites
were performed isocratically using a Waters Spherisorb ODS-2
C18 column (5 µm, 4.6 × 150 mm) and the mobile phase (1
mL/min) indicated. HPLC analyses of oligonucleotides were
performed on a gradient instrument using (unless otherwise
noted) a Waters Spherisorb ODS-2 C18 column (5 µm, 4.6 ×
150 mm) and the mobile phases (1 mL/min) indicated. 13C
NMR spectra of fluorous-tagged compounds are listed as
“Partial”, since the fluoroalkyl carbons are highly split by the
fluorine atoms, and thus are not readily identified. 1H- and
13C NMR spectra of fluorous phosphoramidites are also
partially reported due to the added complexity of diastereo-
mers.

4,4′-Dimethoxy-4′′-[4-(1H,1H,2H,2H)-perfluorodecyl]-
trityl Chloride (2, FDMT-Cl). A solution of methyl 4-(1H,1H,
2H,2H-perfluorodecyl)benzoate 1 (4.85 g, 8.3 mmol, Fluorous
Technologies, Inc.) in THF (24 mL) was added over 15 min to
an ice-cold solution of 4-methoxyphenylmagnesium bromide
(40.6 mL of a 0.5 M solution in THF, 20.3 mmol) in dry THF
(41 mL). After the mixture was warmed to rt for 1 h, it was
poured into ice-water (50 mL) and extracted with ethyl
acetate (50 mL). The organic phase was dried (sodium sulfate)
and concentrated in vacuo to afford 5.90 g (94%) of 4,4′-
dimethoxy-4′′-[4-(1H,1H,2H,2H)-perfluorodecyl]trityl alcohol
as a pale amber glass that crystallized upon standing. This
material was sufficiently pure to be used in the next step. A
sample was purified by chromatography on silica gel (10%
ethyl acetate in hexanes), mp 103-105 °C.

Acetyl chloride (8.25 mL, 24.6 mmol) was added to a
suspension of 4,4′-dimethoxy-4′′-[4-(1H,1H,2H,2H)-perfluoro-
decyl]trityl alcohol (5.9 g, 7.7 mmol) in cyclohexane (60 mL)
and the mixture heated at reflux for 1 h. After being cooled to
rt, the solution was concentrated to half volume in vacuo,
diluted with pentane (25 mL), and then cooled on an ice bath
for 0.5 h. The resulting fine white crystals were collected,
washed with pentane (10 mL), and dried overnight in vacuo
to give 4.08 g (68%) of the title compound as a white powder:
mp 136-138 °C; 1H NMR (500 MHz, CD3CN) δ 2.39 (2 H, m),
2.92 (2 H, m), 3.80 and 3.82 (6 H, 2 s), 6.81-7.15 (12 H, m);

partial 13C NMR (500 MHz, CD3CN) δ 26.2, 33.0, 55.5 (2 x),
113.2, 113.5, 127.8, 128.0, 128.4, 129.3, 130.3, 131.2, 137.9,
138.8, 159.3. Anal. Calcd for C31H22O2F17Cl: C, 47.43; H, 2.82.
Found: C, 47.09; H, 3.00.

5′-O-[4,4′-Dimethoxy-4′′-[4-(1H,1H,2H,2H)-perfluorode-
cyl]trityl]thymidine (7a). 4,4′-Dimethoxy-4′′-[4-(1H,1H,
2H,2H)-perfluorodecyl]trityl chloride (2, FDMT-Cl, 3.94 g, 5.02
mmol) was added in three equal portions over 1 h to a solution
of thymidine (6a, 1.00 g, 4.37 mmol) in dry pyridine (30 mL)
at rt. After 18 h, methanol (5 mL) was added. After 15 min,
the mixture was concentrated in vacuo and partitioned be-
tween ethyl acetate and brine. The organic layer was dried
(sodium sulfate) and concentrated to afford an oil, which was
purified by silica gel chromatography (60:1 dichloromethane/
methanol) to give 3.09 g (73%) of the title compound as a light
beige glass: 1H NMR (500 MHz, CD3CN) δ 1.46 (3 H, s), 2.29-
2.49 (4 H, m), 2.88 (2 H, t, J ) 8.7 Hz,), 3.36 and 3.46 (2 H,
ABq, JAB ) 10.4 Hz, and JAX ) 2.5 Hz, JBX ) 2.5 Hz), 3.77 and
3.78 (6 H, s), 4.11 (1 H, m), 4.59 (1 H, m), 6.47 (1 H, t, J ) 7.6
Hz), 6.82-7.38 (12 H, m), 7.63 (1 H, s), 9.95 (1 H, br s); partial
13C NMR (500 MHz, CD3CN) δ 12.0, 26.1, 32.9 (t), 41.1, 55.3,
63.9, 72.1, 85.1, 111.2, 113.5, 158.9, 164.4. Anal. Calcd for
C41H35N2O7F17: C, 49.91; H, 3.96; N, 2.87. Found: C, 49.70;
H, 3.56; N, 2.83.

5′-O-[4,4′-Dimethoxy-4′′-(1H,1H,2H,2H-perfluorodecyl)-
trityl]thymidine, 3′-[(2-Cyanoethyl)-(N,N-diisopropyl)]-
phosphoramidite (8a). A mixture of 5′-O-[4,4′-dimethoxy-
4′′-[4-(1H,1H,2H,2H)-perfluorodecyl]trityl]thymidine 7a (1.98
g, 2.03 mmol) and N,N-diisopropylethylamine (1.1 mL, 820 mg,
6.09 mmol) in anhydrous THF (70 mL) was cooled to 0 °C and
treated with chloro(2-cyanoethoxy)(diisopropylamino)phosphine
(680 µL, 720 mg, 3.05 mmol) in a dropwise fashion. After 5 h
at rt, the mixture was diluted with ethyl acetate (150 mL) and
the resultant solution was washed with 5% aqueous NaHCO3

(150 mL), dried over Na2SO4, and concentrated in vacuo at
e30 °C. Chromatography of this residue on 60 g of silica gel
(previously deactivated with triethylamine, elution with 1:2
then 1:1 ethyl acetate/hexanes) gave 1.90 g (79%) of the title
compound as an off-white crisp foam. HPLC analysis (10:1
acetonitrile/0.1 M TEAA) showed two diastereomers in a ratio
of 52:48 (tR ) 5.4 and 6 min) and a total purity of >99%: 1H
NMR (500 MHz, CD3CN) δ 1.03-1.17 (14 H, m), 1.48 and 1.50
(3 H, 2 d, J ) 0.9 Hz), 2.35-2.45 (4 H, m), 2.52 and 2.64 (2 H,
2 t, J ) 6.0 and 6.0 Hz), 2.90 (2 H, m), 3.28 and 3.30 (2 H, 2
m), 3.54-3.76 (2 H, m), 3.75 and 3.76 (6 H, 2 s), 4.04-4.10 (1
H, m), 4.61-4.63 (1 H, m), 6.25 (1 H, dd, J ) 14.3 and 7.1
Hz), 6.85-7.47 (13 H, m), 9.14 (1 H, br s); partial 13C NMR
(500 MHz, CD3CN; diastereomers) δ 12.4, 21.1, 21.2, 24.9, 25.0,
44 1, 44.1, 56.0, 59.5, 59.6, 64.2, 64.3, 85.4, 85.5, 74.0, 74.4,
111.4, 111.5, 114.2, 119.4, 119.6 (CN), 159.9, 164.9; 31P NMR
(500 MHz, CD3CN) δ 148.5, 148.6 (2 s, 53:47 ratio). Anal. Calcd
for C50H52N4O8F17P: C, 50.42; H, 4.40; N, 4.70. Found: C,
50.14; H,4.40; N, 4.71.

N6-Benzoyl-5′-O-[4,4′-dimethoxy-4′′-(1H,1H,2H,2H-per-
fluorodecyl)trityl]-2′-deoxyadenosine (7b). 4,4′-Dimethoxy-
4′′-[4-(1H,1H,2H,2H)-perfluorodecyl]trityl chloride (2, FDMT-
Cl, 3.50 g, 4.46 mmol) was added in three equal portions over
1 h to a solution of commercial N6-benzoyl-2′-deoxyadenosine
(6b, 1.45 g, 3.88 mmol) in dry pyridine (25 mL) at rt. After 18
h, methanol (5 mL) was added. After 15 min, the mixture was
concentrated in vacuo and partitioned between ethyl acetate
and brine. The organic layer was dried (sodium sulfate) and
concentrated to afford an oil, which was purified by silica gel
chromatography (50:1 dichloromethane/methanol) to give 2.48
g (91%) of the title compound as an amber glass: 1H NMR
(500 MHz, CD3CN) δ 2.36 (2 H, m), 2.58 (1 H, m,), 2.88 (2 H,
m), 3.01 (1 H, m), 3.75-3.79 (7 H, 2 s and ABq), 3.95 (1 H,
ABq, J ) 12.9 and 1.8 Hz), 4.73 (1 H, m), 4.73 (1 H, m), 6.49
(1 H, t, J ) 6.4 Hz), 6.80-8.03 (17 H, m), 8.16 (1 H, s), 8.74 (1
H, s), 9.08 (1 H, br s); partial 13C NMR (500 MHz, CD3CN) δ
26.1, 32.9 (t), 40.9, 55.4, 63.9, 84.9, 89.4, 113.5, 158.8, 165.2.
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Anal. Calcd for C47H38N3O7F17: C, 52.28, H, 3.55; N, 3.89.
Found: C, 52.14; H, 3.84; N, 4.08.

N6-Benzoyl-5′-O-[4,4′-dimethoxy-4′′-(1H,1H,2H,2H-per-
fluorodecyl)trityl]-2′-deoxyadenosine, 3′-[(2-Cyanoethyl)-
(N,N-diisopropyl)]phosphoramidite (10b). A solution of
N6-benzoyl-5′-O-[4,4′-dimethoxy-4′′-(1H,1H,2H,2H-perfluoro-
decyl)trityl]-2′-deoxyadenosine (7b, 42.1 g, 38.3 mmol) in
anhydrous dichloromethane (900 mL) was treated sequentially
with 2-cyanoethyl tetraisopropylphosphorodiamidite (15.9 mL,
15.1 g, 50.0 mmol) and 1H-tetrazole (1.07 g, 15.3 mmol) at rt.
After 4 h, the mixture was washed with 5% aqueous sodium
bicarbonate, dried over sodium sulfate, and concentrated in
vacuo at e30 °C. Chromatography of this residue on silica gel
(previously deactivated with triethylamine, elution with 1:1
then 2:1 ethyl acetate/hexanes containing 0.5% triethylamine)
gave 35.5 g (71%) of the title compound as an off-white crisp
foam. HPLC analysis (10:1 acetonitrile/0.1 M triethylammo-
nium acetate) showed two diastereomers in a ratio of 57:43
(tR ) 4.15 and 5.15 min) and a total purity of >97.5: 1H NMR
(500 MHz, CD3CN) δ 1.07-1.19 (14 H, m), 2.42 (2 H, m), 2.54
and 2.65 (2 H, 2 t, J ) 6.0 and 6.0 Hz), 2.60 (1 H, m), 2.86 (2
H, m), 3.08 (1 h, m), 3.30 (2 H, m), 3.60-3.83 (2 H, m), 3.73 (3
H, 2 s), 4.19-4.23 (1 H, m), 4.90 (1 H, m), 6.44 and 6.45 (1 H,
2 dd, J ) 5.8 and 5.8 Hz), 6.76-7.99 (17 H, m), 8.25 and 8.26
(1 H, 2 s), 8.57 (1 H, s), 9.33 (1 H, br s); partial 13C NMR (500
MHz, CD3CN; diastereomers) δ 21.1, 25.0, 44.1, 56.0, 59.6,
85.65, 84.75, 86.36, 86.59, 114.1, 119.5, 119.6, 159.7; 31P NMR
(500 MHz, CD3CN): δ 148.6, 148.7 (2 s, ratio ) 59:41). Anal.
Calcd for C57H55N7O7F17P: C, 52.50; H, 4.25; N, 7.52. Found:
C, 52.19; H,4.37; N, 7.73.

N4-Benzoyl-5′-O-[4,4′-dimethoxy-4′′-(1H,1H,2H,2H-per-
fluorodecyl)trityl]-2′-deoxycytidine (7c). 4,4′-Dimethoxy-
4′′-[4-(1H,1H,2H,2H)-perfluorodecyl]trityl chloride (2, FDMT-
Cl, 2.97 g, 3.78 mmol) was added in three equal portions over
1 h to a solution of commercial N4-benzoyl-2′-deoxycytidine (6c,
1.09 g, 3.29 mmol) in dry pyridine (25 mL) at rt. After 18 h,
methanol (3 mL) was added. After 15 min, the mixture was
concentrated in vacuo and partitioned between ethyl acetate
and brine. The organic layer was dried (sodium sulfate) and
concentrated to afford an oil, which was purified by silica gel
chromatography (50:1 then 25:1 dichloromethane/methanol)
to give 3.41 g (96%) of the title compound as a light beige
glass: 1H NMR (500 MHz, CD3CN) δ 2.30-2.42 (3 H, m), 2.75
(1 H, ddd, J ) 13.6, 6.0 and 6.0 Hz), 2.89 (2 H, t, J ) 8.5 Hz),
3.44 and 3.51 (2 H, ABq, JAB)10.9 Hz, and JAX ) 3.0 Hz, JBX

) 3.5 Hz), 3.79 (6H, s), 4.16 (1 H, m), 4.59 (1 H, dd, J ) 10.9
and 5.6 Hz), 6.29 (1 H, t, J ) 5.4 Hz), 6.18-7.85 (18 H, m),
8.39 (1 H, d, J ) 7.5 Hz), 8.85 (1 H, br s); partial 13C NMR
(500 MHz, CD3CN) δ 26.1, 32.9, 42.3, 55.4, 96.8, 113.1, 155.5,
162.5, 165.5. Anal. Calcd for C47H38N3O7F17: C, 52.28; H, 3.55;
N, 3.89. Found: C, 52.14; H, 3.84; N, 4.08.

N4-Benzoyl-5′-O-[4,4′-dimethoxy-4′′-(1H,1H,2H,2H-per-
fluorodecyl)trityl]-2′-deoxycytidine, 3′-[(2-Cyanoethyl)-
(N,N-diisopropyl)]phosphoramidite (8c). A solution of
N4-benzoyl-5′-O-[4,4′-dimethoxy-4′′-(1H,1H,2H,2H-perfluoro-
decyl)trityl]-2′-deoxycytidine (7c, 54.7 g, 50.7 mmol) in anhy-
drous dichloromethane (1 L) was treated sequentially with
2-cyanoethyl tetraisopropylphosphorodiamidite (21.0 mL, 19.9
g, 66.1 mmol) and 1H-tetrazole (1.42 g, 20.3 mmol) at rt. After
3 h, the mixture was washed with 5% aqueous sodium
bicarbonate, dried over sodium sulfate, and concentrated in
vacuo at e30 °C. Chromatography of this residue on silica gel
(previously deactivated with triethylamine, elution with 1:2
then 1:1 ethyl acetate/hexanes containing 0.5% triethylamine)
gave 40.0 g (62%) of the title compound. HPLC analysis (15:1
acetonitrile:0.1 M triethylammonium acetate) showed two
diastereomers in a ratio of 70:30 (tR ) 5.74 and 6.35 min) and
a total purity of >98%: 1H NMR (500 MHz, CD3CN) δ 0.15-
1.18 (14 H, m), 2.40 (2 H, m), 2.38 and 2.57 (2 H, 2 m), 2.54
and 2.64 (2 H, 2 t, J ) 6.0 and 6.0 Hz), 2.92 (2 H, t, J ) 8.3
Hz), 3.41 (2 H, m), 3.58-3.70 (2 H, m), 3.76 (3 H, s), 3.77 (3
H, s), 4.14-4.16 (1 H, m), 4.65-4.67 (1 H, m), 6.11-6.17 (1 H,

2 dd, J ) 6.6 and 4.6 Hz), 6.86-7.95 (18 H, m), 8.25 and 8.30
(1 H, 2 d, J ) 7.5 and 7.5 Hz), 9.18 (1 H, br s); partial 13C
NMR (500 MHz, CD3CN; diastereomers) δ 21.1, 25.0, 44.1,
56.0, 59.5, 59.7, 72.4, 72.5, 86.3, 86.5, 87.6, 87.8, 114.3, 119.5,
119.6, 159.9, 163.7; 31P NMR (500 MHz, CD3CN) δ 148 8 (s).
Anal. Calcd for C56H55N5O8F17P: C, 52.55; H, 4.33; N, 5.47.
Found: C, 52.44; H,4.68; N, 5.76.

5′-O-[4,4′-Dimethoxy-4′′-(1H,1H,2H,2H-perfluorodecyl)-
trityl]-N2-isobutyryl-2′-deoxyguanosine (7d). 4,4′-Di-
methoxy-4′′-[4-(1H,1H,2H,2H)-perfluorodecyl]trityl chloride (2,
FDMT-Cl, 2.47 g, 3.44 mmol) was added in three equal
portions over 1 h to a solution of commercial N2-isobutyryl-
2′-deoxyguanosine (6d, 1.07 g, 2.99 mmol) in dry pyridine (25
mL) at rt. After 18 h, methanol (3 mL) was added. After 15
min, the mixture was concentrated in vacuo and partitioned
between ethyl acetate and brine. The organic layer was dried
(sodium sulfate) and concentrated to afford an oil, which was
purified by silica gel chromatography (50:1 then 25:1 dichloro-
methane/methanol) to give 3.11 g (96%) of the title compound
as light beige glass: 1H NMR (500 MHz, CD3CN) δ 1.07 (3 H,
d, J ) 6.7 Hz), 1.33 (3 H, d, J ) 6.8 Hz), 1.24 (1 H, m), 2.30-
2.46 (3 H, m), 2.72-2.92 (3 H, m), 3.29 and 3.34 (2 H, ABq,
JAB ) 10.1 Hz, and JAX ) 3.7 Hz, JBX ) 3.7 Hz), 3.73 (3 H, s),
(3H, s), 4.13 (1 H, m), 4.71 (1 H, m), 6.19 (1 H, dd, J ) 6.5 and
6.5 Hz), 6.74-7.38 (12 H, m), 7.83 (1 H, s, 8-H), 9.13 (1 H, br
s), 12.16 (1 H, br s); partial 13C NMR (500 MHz, CD3CN) δ
18.9, 19.0, 26.1, 32.9 (t), 55.4, 64.3, 113.4, 156.1, 158.8, 180.2.
Anal. Calcd for C45H40N5O7F17: C,49.78; H, 3.71; N, 6.45.
Found: C, 49.68; H, 4.10; N, 6.59.

5′-O-[4,4′-Dimethoxy-4′′-(1H,1H,2H,2H-perfluorodecyl)-
trityl]-N2-isobutyryl-2′-deoxyguanosine, 3′-[(2-Cyanoet-
hyl)-(N,N-diisopropyl)]phosphoramidite (8d). A solution
of 5′-O-[4,4′-dimethoxy-4′′-(1H,1H,2H,2H-perfluorodecyl)trityl]-
N2-isobutyryl-2′-deoxyguanosine (7d, 51.8 g, 47.7 mmol) in
anhydrous dichloromethane (1 L) was treated sequentially
with 2-cyanoethyl tetraisopropylphosphorodiamidite (19.7 mL,
18.7 g, 62.0 mmol) and 1H-tetrazole (1.34 g, 19.1 mmol) at rt.
After 4 h, the mixture was washed with 5% aqueous sodium
bicarbonate, dried over sodium sulfate, and concentrated in
vacuo at e30 °C. Chromatography of this residue on silica gel
(elution with 10:2:1 chloroform/hexanes/triethylamine) gave
35.6 g (58%) of the title compound as an off-white crisp foam
whose purity was found to be >99% by HPLC. Impure
fractions were combined and evaporated to give another 17 g
of material, which was rechromatographed, eluting with 5:5:1
hexanes/ethyl acetate/triethylamine followed by ethyl acetate
containing 0.5% triethylamine to afford another 15.7 g (26%;
combined yield 84%) of the title compound, again as an off-
white crisp foam. HPLC analysis (10:1 acetonitrile/0.1 M
triethylammonium acetate) showed two diastereomers in a
ratio of 48:52 (tR ) 5.67 and 6.15 min) and a total purity of
>99: 1H NMR (500 MHz, CD3CN) δ 1.06-1.17 (21 H, m),
2.41-2.65 (5 H, m), 2.84-2.88 (3 H, m), 3.31 (2H, m), 3.56-
3.78 (2 H), 3.74 (6 H, 3 s), 4.20 (1 H, m), 4.68 (1 H, m), 6.23
and 6.24 (1 H, 2 dd, J ) 6.6 and 6.6 Hz), 6.75-7.33 (12 H, m),
7.81 and 7.82 (1 H, 2 s); partial 13C NMR (500 MHz, CD3CN;
diastereomers) δ 19.2, 19.3, 19.4, 24.9, 25.0, 33.0 (t), 44.1, 56.0,
59.3, 65.0, 65.1, 85.3, 85.4, 86.9, 87.0, 114.0, 119.6, 119.7, 156.4,
159.8, 180.9, 181.0; 31P NMR (500 MHz, CD3CN) δ 148.4, 148.6
(2 s ratio ) 50:50). Anal. Calcd for C54H57N7O8F17P: C, 50.40;
H, 4.47; N, 7.62. Found: C, 50.25; H,4.79; N, 7.84.

Relative Rates of Detritylation of 5′-O-[4,4′-Dimethoxy-
4′′-[4-(1H,1H,2H,2H)-perfluorodecyl]trityl]thymidine (7a)
and 5′-O-(4,4′-Dimethoxytrityl)thymidine (9). The proce-
dure of Takenaka and co-workers was used.8n

Determination of λmax of the Trityl Cations. The ab-
sorption spectra of the trityl cations derived from 7a and 9
were determined as follows: A solution of 3.2 mg of 7a in 3%
trichloroacetic acid (TCA) in dichloromethane was allowed to
stand for 5 min and then diluted to 1/32 of the original
concentration with 3% TCA/dichloromethane. The absorption
spectrum showed λmax ) 504 nm (21 °C). Similarly, 1.4 mg of
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9 was subjected to the same procedure, and the resultant
sample also showed λmax ) 504 nm (21 °C).

Rate Constant for Detritylation of 7a. A stock solution
of 7a (1 mg/mL) in acetonitrile was prepared. A reference
cuvette was filled with 2 mL of 80% acetic acid/acetonitrile. A
sample cuvette was charged with 1.94 mL of the same solution,
and the absorbance was zeroed against the reference cuvette.
To this was added 63 µL of the stock solution of 7a, mixing
well by drawing the solution into the pipet and discharging it
repeatedly. The change in absorbance at 504 nm (versus the
reference cuvette) was monitored against time at 21 °C.
Twenty-seven data points were taken between 90 and 7200 s.
The data were treated as a pseudo-first-order irreversible
reaction, and the rate constant was determined using the
equation ln(1 - At/A∞) ) -kt, plotting ln(1 - At/A∞) versus time
in seconds, resulting in a linear plot (R2 ) 0.9977) with the
negative of the slope revealing k ) 4.75 s-1; t1/2 ) 1459 s.

Rate Constant for Detritylation of 9. A stock solution
of 9 (1 mg/mL) in acetonitrile was prepared. A reference
cuvette was filled with 2 mL of 80% acetic acid/acetonitrile. A
sample cuvette was charged with 1.94 mL of the same solution,
and the absorbance was zeroed against the reference cuvette.
To this was added 63 µL of the stock solution of 9, mixing well
by drawing the solution into the pipet and discharging it
repeatedly. The change in absorbance at 504 nm (versus the
reference cuvette) was monitored against time at 21 °C.
Twenty-five data points were taken between 60 and 4500 s.
The data were treated as a pseudo-first-order irreversible
reaction, and the rate constant was determined using the
equation ln(1 - At/A∞) ) -kt, plotting ln(1 - At/A∞) versus time
in seconds, resulting in a linear plot (R2 ) 0.9962) with the
negative of the slope revealing k ) 5.89 s-1; t1/2 ) 1176 s.

Synthesis of Oligonucleotides. Oligonucleotides were
prepared on an Expedite 8909 synthesizer using standard
2-cyanoethyl-N,N-diisopropylphosphoramidite chemistry. With
the exception of fluorous phosphoramidites, all reagents,
phosphoramidites, and solid supports were purchased from
Glen Research Corp. Standard 5′-O-DMT phosphoramidites
were used to prepare the oligonucleotide up through the
penultimate monomer, after which the appropriate 5′-O-FDMT
phosphoramidite was used to install the final fluorous-tagged
nucleotide. Nucleobase protecting groups were benzoyl for dA
and dC, and isobutyryl for dG. The syntheses were carried out
on either 0.2 µmol or 1 µmol scale using 1000 Å CPG solid
supports bearing a 3′-linked 5′-O-DMT-thymidine, with the
exception of 100-mer synthesis, which was carried out on 2000
Å support. Reagents recommended by the manufacturer were
employed, with the exception of the substitution of THF/
pyridine/Ac2O for Cap A and 16% N-methylimidazole/THF for
Cap B. The manufacturer’s protocols, dilutions, and coupling
times were used, except that capping was performed for 75 s
and fluorous phosphoramidites were coupled for g3 min.
Syntheses were performed in the trityl-on mode in order to
retain the final FDMT group, and the oligonucleotides were
cleaved from the CPG support with concentrated ammonium
hydroxide at rt for 1 h (3 mL total, pushed through in four
equal portions, 15 min each). Nucleobase deprotection was
accomplished by heating the resultant ammonium hydroxide
solution at 55 °C for 16-24 h. Yields were determined by UV
absorbance at 260 nm according to standard practice.

Fluorous Purification of Oligonucleotides: General
Procedure. A Fluoro-Pak tube (Berry & Associates, Inc.)
containing 100 mg of a pH-stable, fluorinated polymeric

adsorbent was used in the following steps, wherein a 200 nmol
synthesis product was purified. More recent studies have
shown that 75 mg of adsorbent behaves identically; commercial
Fluoro-Pak columns contain 75 mg of adsorbent for purifying
up to 200 nmol, whereas Fluoro-Pak II columns contain 150
mg of adsorbent, and are useful for the purification of up to 1
µmol of oligonucleotide. Solutions were passed through the tube
at a flow rate of 2 s per drop (unless otherwise noted) with
pressure from a disposable PE/PP syringe or a compressed gas
line (air or inert gas), or using vacuum via a commercial
vacuum box. It is important to adhere to flow rate directions.
“Loading buffer” refers to 100 mg/mL NaCl in water containing
5% N,N-dimethylformamide. TEAA refers to triethylammo-
nium acetate. A specific example of the purification protocol
is given below, wherein the fluorous-tagged 100-mer 13 was
subjected to purification. Before purification, analysis of the
crude mixture by UV measurement at 260 nm and HPLC
integration indicated that about 6 optical density units (ODU)
of the total mixture could be assigned to the fluorous-tagged
100-mer 13.

Fluorous Affinity Purification Protocol. (1) To condition
the adsorbent, the following were passed through the tube to
waste: 2 mL of acetonitrile, 2 mL of 0.1 M TEAA, and 2 mL
of loading buffer (see above). (2) Without removing the
ammonia used in the deblocking step, the crude deprotected
oligonucleotide 13 (200 nmol scale) was diluted with an equal
volume of loading buffer. The resultant solution was passed
through the Fluoro-Pak column at a rate of 5 s per drop. The
eluate was collected and analyzed by HPLC (Figure 5b),
showing that the fluorous oligonucleotide had been fully
retained by the adsorbent, whereas a substantial amount of
the nonfluorous-tagged materials had eluted. The flow rate
during loading is important. Other experiments showed that
a loading rate of 2 s/drop could be employed, which loaded most
of the fluorous oligonucleotide. In those cases, passing the
eluate through the tube a second time assured complete
binding. (3) 2 mL of 10% acetonitrile in 0.1 M TEAA followed
by 2 mL of water was passed through the tube. The combined
eluates were collected and analyzed by HPLC (Figure 5c),
showing that failure sequences were eluted without stripping
the fluorous-tagged oligonucleotide from the column. In a
separate experiment, two 2 mL elutions with 10% acetonitrile
in 0.1 M TEAA were carried out before the water wash to verify
that the failure sequences were entirely removed in the first
2 mL elution (Figure 5d). (4) 3 mL of 3% aqueous TFA
(trifluoroacetic acid) was passed through the tube to waste,
followed by 1 mL of 0.1 M TEAA and 1 mL of water. (5) One
milliliter of 10% aqueous acetonitrile in water was passed
through the tube, collecting the eluate in an Eppendorf tube.
Flow rates faster than 2 s/drop are not recommended. Other
experiments showed that a smaller volume (about 600 µL)
could be used if 20-30% aqueous acetonitrile was used instead.
Analysis by HPLC (Figure 5e and Figure 6a) showed one peak.
UV measurement at 260 nm showed that 6 ODU of purified
oligonucleotide was obtained, representing an approximately
quantitative recovery of the detritylated 100-mer.
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