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Site-specific modification of a nucleoside, nucleotide,
or oligonucleotide is of widespread interest for mecha-
nistic studies (DNA/RNA structure-function), analytical
applications (sequencing, hybridization assays), and thera-
peutic uses (antisense, antiviral pharmaceuticals).1-13

Nucleosides covalently modified with functional labels
such as fluorescent tags, biotin, hydrophobic dyes, inter-
calators, metal complexes, and peptides are commonly
used in the above applications. Typically, the selective
modification of the nucleobase occurs at the C5-position
of pyrimidines, C8 of purines, or C7 of deazapurines. Of
particular interest are the modified pyrimidine ana-
logues, since this C5 site of modification has been
previously shown to tolerate a large number of different
chemical functionalities without disfavoring duplex for-
mation. Herein, we report the use of a heterogeneous
palladium catalyst for the carbon-carbon bond formation
reaction between 5-iodouridine and a series of substituted
olefins. This one-pot heterogeneous palladium-catalyzed
reaction proceeds in good yield and requires minimal
workup (Scheme 1).

Palladium-catalyzed carbon-carbon bond formation
reactions have undergone a resurgence in activity over
the last 10 years and are based on the pioneering work
of Heck in the late 1960s.14-16 Even though this Pd(0)-
catalyzed reaction is widely used,17 the reactions typically
require a large amount of palladium catalyst (1-5 mol
%) and are associated with the difficulties in performing
a homogeneous reaction such as ease of product isolation
and purification, and recycling of the catalyst. Conse-
quently, a number of groups are exploring either hetero-
geneous or biphasic Pd(0) catalysts for the formation of
new carbon-carbon bonds.18-21

A palladium-anchored phosphinated polystyrene cata-
lyst, for example, was reported for the coupling of
iodobenzene with substituted olefins in moderate yields
(59-78%).18,22 The second approach of using a biphasic
catalyst was demonstrated by Horvath and Rabai who
prepared a catalyst that was soluble in a perfluorocarbon
phase which could be easily separated from the reaction
mixture in the organic phase.23 More recently, Knochel
and Betzemeier have reported efficient coupling of aryl-
zinc bromides with aryl iodides using a perfluorinated
Pd(0) catalyst in excellent yields (>90%).24 To the best
of our knowledge, this is the first report of a Pd(0)
heterogeneous catalyst for the alkylation of a nucleoside.

The heterogeneous palladium catalyst (Si-S-Pd) for
coupling terminal olefins with 5-iodouridine was synthe-
sized as shown in Scheme 2.19,21 The catalyst was
prepared by reacting fumed silica (0.007 µm) with (γ-
mercaptopropyl)triethoxysilane in refluxing toluene for
6 h followed by treatment with PdCl2 in acetone at 25
°C for 48 h, and finally reduction with hydrazine hydrate
under nitrogen for 3 h. The catalyst was subsequently
dried under vacuum at 50 °C for 2 days before use.
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As shown in Table 1, a variety of substituted olefins
ranging from a simple aromatic amine to a carbohydrate
were coupled with 3′,5′-dibenzoyloxy-2′-deoxy-5-iodo-
uridine25 using this heterogeneous catalyst. The three
components (i.e., halo-nucleoside, olefin, and catalyst)
were added, and the reaction proceeded smoothly at 100
°C where the solution appeared almost translucent. Upon
completion of the reaction, the solution was cooled to 25
°C. The heterogeneous catalyst was then filtered from
solution, and the product was isolated in good yield with
minimal workup. The catalyst could be reused without
significant loss of catalytic activity (≈85%). This catalyst,
however, did not couple olefins containing protected or
unprotected carboxylic acids or unprotected amines in
good yield (<50% and <60%, respectively). This reaction
was also sensitive to base, and DIPEA was found to be
superior to TEA, Bu3N, and pyrrolidinone. Efficient
alkylation also required a reaction temperature of 100
°C, and at lower temperatures (≈80 °C) the reaction did
not proceed to a significant extent.

We propose a mechanism for this heterogeneous reac-
tion wherein the reactive catalyst is a Pd(0) species
coordinated by two thioaldehydes.26 This mechanism is
consistent with the synthetic steps of PdCl2 addition to
the surface thiols followed by reduction with hydrazine
(Scheme 2), and analogous to previously proposed mech-
anisms for related homogeneous Pd(0) phosphine cata-
lysts.16,27 A photoacoustic spectrum28 of the fumed silica
containing the thiol shows a peak at 2940 cm-1 corre-
sponding to the SH stretch of the mercaptoalkyl, and

elemental analysis confirms a mole ratio consistent with
the thiol attached to the surface. Elemental analysis of
the active species (Si-S-Pd) formed by reaction with
PdCl2 and hydrazine (Scheme 2) shows no chloride and
a S:Pd mole ratio of ≈2:1. Also, the photoacoustic
spectrum no longer contains the SH stretch. A Pd(0)
catalyst formed via hydrazine reduction is likely to
abstract a â-hydrogen to afford a Pd-coordinated thio-
aldehyde. We suggest that in the first step of the catalytic
cycle, 5-iodouridine oxidatively adds to the active species
(Pd-S-Pd) generating the σ-alkenyl intermediate. The
alkene then coordinates to the Pd(0) catalyst and inserts
into σ-alkenyl bond. Finally, â-hydride elimination yields
the modified nucleoside, and reductive elimination of HI
regenerates the proposed active species.

In conclusion, a facile method for forming new carbon-
carbon bonds between a halo-nucleoside and substituted
olefins is described. Based on the results shown above,
we are currently pursing other halo-nucleosides for
selective modification, as well as exploring additional
olefin substrates such as derivatized metal complexes.
More importantly this heterogeneous catalyst may be of
general use for carbon-carbon bond formation reactions
with complex biomolecules and natural products where
(1) free metal salts or complexes cannot be used, (2) ease
of product separation and purification are required, and
(3) chemical functionalities need to be tolerated.

Experimental Section

General Methods. Unless otherwise noted, materials were
obtained from commercial suppliers and were used without
further purification.

The typical procedure for the synthesis of C5-substituted
uridines was as follows. The nucleoside, 3′,5′-dibenzoyloxy-2′-
deoxy-5-iodouridine (0.11 g, 0.2 mmol), was dissolved in p-xylene
(1 mL), and DIPEA (0.4 mmol) was added. Next, the appropriate
substituted alkene (0.6 mmol) was added. The solution was
degassed with argon, and approximately 20 mg of the hetero-
geneous catalyst was added. The reaction was heated to 100 °C
for 12 h under argon, with periodic monitoring by TLC. The
reaction mixture was then cooled to 25 °C, and the heterogeneous
catalyst was filtered from solution. The catalyst was washed with
warm CHCl3 (20 mL) to remove any remaining product. The
organic fractions were collected and washed with water, 0.5 N
HCl, and water and then dried over Na2SO4. Evaporation of the
solvent followed by washings with hexane and ether (to remove
excess alkene and unreacted iodouridine) afforded the modified
nucleosides in high purity without additional workup (see HPLC
traces in Supporting Information). Characterization data includ-
ing HR-FABMS, NMR, melting point, and HPLC traces (reverse-
phase HPLC; C18 column; 0.1 M TEAA/CH3CN; 10-50%
gradient over 30 min; monitoring at 254 nm) for all compounds
are found in Supporting Information. A small amount of starting
material (typically less than 5%) remained in the product.
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