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A solution-phase synthesis of active esters of 3�-fluorophore-
labeled deoxynucleoside 5�-monophosphates was developed
for thymine and cytosine as nucleobases by using two dif-
ferent BODIPY dyes. Starting from the respective 2�-amino-
2�,3�-dideoxynucleoside-5�-monophosphate, the fluorescent

Introduction

Labeled nucleotides are important tools in biomedicine
and molecular biology. Radioactively labeled ATP is per-
haps the most universal labeling reagent for DNA and
RNA strands that are to be detected by gel electrophoresis
and autoradiography.[1] Although radioactively labeled nu-
cleic acids can be detected with exquisite sensitivity and ac-
curacy, the radiation hazard complicates assays and adds
a significant extra cost to experimental procedures. Sanger
dideoxy sequencing with fluorophore-labeled terminator
deoxynucleoside–triphosphates[2] (e.g. 1, Figure 1) has been
the backbone of genome sequencing methods that led to
the elucidation of the human genome, as well as numerous
other genomes from the different kingdoms of life. This
method has been automated to an impressive degree, but
it is probably too costly to compete with new generation
sequencing methods in the long term.[3,4]

One approach to reducing the cost and effort of sequenc-
ing and genotyping is to avoid enzymes. Chemical primer
extension (CPE) is a nascent technology that produces oli-
gonucleotides containing nucleobases complementary to
the sequence of a DNA template without enzymes.[5] It is
an extension of methodologies developed in the context of
studies of primitive self-replicating chemical systems.[6,7] It
relies on the reaction of an active ester of a nucleoside
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oxyazabenzotriazolides can be prepared in one-pot pro-
cedures involving labeling and activation. Screening of a
range of supports led to a chemical primer extension assay
on beads with in situ detection of nucleobases in target DNA
through optical read-out.

monophosphate with a primer, as directed by the templat-
ing base of a DNA or RNA strand. Labeled monomers for
CPE such as 2[8] and 3[9] (Figure 1) have been developed.

Chemical primer extension is sensitive[10] and rapid,[11]

and it allows sequence information on DNA and RNA tem-
plates to be read,[12] but known versions have been limited
to assays with a purification step before detection.[9] For
example, in a published version of CPE with labeled mono-
mers and read-out on DNA microarrays, labeled oligo-
nucleotides had to be separated from excess monomers by
spin columns.[9] The main cause for this undesirable feature
of the assays was the background signal from unincorpo-
rated monomer on the surface of the microarrays, which
was caused by unfavorable physical properties of the labeled
monomers that we were unable to wash off from the sur-
faces of the microarray.

Further, the labeled monomers employed had to be pre-
pared on a solid support[9] by using several costly phos-
phoramidites, limiting the scale on which the fluorescent
building blocks could be prepared. Here we report fluores-
cent oxyazabenzotriazole esters of acylated 3�-amino-2�,3�-
dideoxynucleoside-5�-monophosphates[14] with more favor-
able properties, together with primer extension reactions
that can be performed directly on beads with subsequent
washing and optical read-out.

For our current work, we chose BODIPY dyes as fluoro-
phores for labeling. The fluorescent monomers were pre-
pared by solution-phase syntheses and then employed in
primer extension assays on beads, demonstrating that these
monomers allow a nucleobase in a DNA template on the
very support on which the extension assay is performed to
be read-out, as required for efficient genotyping of single
nucleotide polymorphisms (SNPs) and other genetic varia-
tions.
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Figure 1. Fluorophore-labeled monomers that were developed for
dideoxy sequencing (i.e., 1)[2c] or chemical primer extension (i.e., 2,
3).[8,9]

Results and Discussion

Syntheses

The chemical primer extension system employed for the
current study is shown in Scheme 1. It consists of primer 5
and a DNA 60mer template (7a/g) that is held on a support
through base pairing to a capture oligonucleotide (6). Hy-
bridization-based immobilization of templates ensures that
assays can be performed in parallel fashion, with different
templates hybridized to capture oligonucleotides on dif-
ferent spots of a microarray or different beads of a bead
population. Bead-based sequencing of DNA in a massively
parallel fashion has been described.[13]

To determine the nucleobase of interest in the template
strand, a labeled mononucleotide binds to the templating
base (i.e., B�), followed by formation of a phosphoramidate
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linkage through attack of the amino-terminal primer.[14]

Primer extension to 8c/t can be accelerated by employing a
third oligonucleotide (i.e., 4) that binds immediately down-
stream from the templating base and that offers additional
stacking interactions to the monomer. Such additional oli-
gonucleotides are also dubbed “helper oligonucleotides”.[10]

In our first assays, monomers with cyanine dyes as 3�-
labels were employed, including compound 3 (Figure 1).
With these, attempts to establish assay conditions for in situ
detection of single bases in DNA through primer extension,
followed by washing and optical detection on the same sup-
port, failed. Among the surface chemistries tested were
glass slides decorated with an amino-terminal capture
strand that had reacted with aldehyde groups,[15,16] NHS
ester groups (CodeLink activated slides),[17] or isocyanate
modified slides.[18] These monomer/surface combinations
were also unsuccessful when combined with different pas-
sivation/blocking methods.[15] Treating the different surfaces
with a 3.6 m solution of 3 in the absence of any DNA
confirmed that the overly strong background signal was due
to unspecific adsorption of the fluorophore-labeled nucleo-
tide. The problem with the background signal from the cy-
anine (Cy)-labeled nucleotides persisted, even when the un-
activated monophosphate was used, the contact time was
limited to 1 min, and when the washing buffer contained
up to 0.2% SDS (sodium dodecyl sulfate).

This prompted us to search for smaller dyes with more
suitable properties. Among the fluorophores that fulfilled
fundamental criteria, such as not being quenched by DNA,
having a low tendency to intercalate, being stable under the
coupling and assay conditions, and being accessible as a
series of at least four different structures with sufficiently
different emission spectra for each of the different nucleo-
bases, the BODIPY dyes appeared most attractive. This
class of dyes appeared readily accessible synthetically and
has previously been proposed as fluorophores for auto-
mated DNA sequencing.[19] The NHS esters of the
BODIPY chromophores with emission maxima similar to
those of fluorescein and tetramethylrhodamine are com-
mercially available under the trade names BODIPY-FL and
BODIPY-TMR, albeit at very significant costs. We initially
chose BODIPY-labeled nucleotides 21 and 22 as target mo-
lecules.

First, we synthesized 14 by following literature proto-
cols[20,21] (see Supporting Information). This route pro-
duced large amounts of side products during an early con-
densation step and required a costly trichloroethyl ester.
When ester cleavage was attempted under basic conditions,
rather than the enzymatic protocol published, low yields
were obtained. To avoid these problems, we employed dif-
ferent syntheses for both 14 and its redshifted analog 13
(Scheme 2). Both routes started from pyrrole-2-carbal-
dehyde and methyl (triphenylphosphoranylidene)acetate,
which were reacted together to give 9 in two steps by a
Horner–Wadsworth–Emmons reaction, followed by hydro-
genation on Pd/C.[22] For the route to 14, the required pyr-
role aldehyde for the subsequent step was commercially
available. For the route leading to 13, aldehyde 10 was pre-
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Scheme 1. Chemical primer extension reactions.

Scheme 2. Synthesis of BODIPY dyes 13 and 14 from pyrrol-2-
carbaldehyde and structure of commercial labeling reagent 15.
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pared in three steps by pyrrole synthesis,[23] with N-allyl-4-
methoxybenzamide,[24] followed by Vilsmayer Haack for-
mylation in an overall yield of 70 %. BODIPY dyes 11 and
12 were then prepared in moderate to good yield (41 and
71%, respectively) by using the method of Malan et al.[21]

Liberation of the carboxylic acids from esters proved chal-
lenging at first. Even after careful optimization studies in-
volving a series of bases (LiOH, KOH, Li2CO3, Na2CO3,
K2CO3, Cs2CO3), solvents, and reaction temperatures, basic
conditions gave no more than 63% yield of 14.

In the case of BODIPY dye 13, all attempts to hydrolyze
the ester moiety by using alkaline hydroxides, carbonates,[25]

or pig liver esterase (PLE)[21] again led to impure product
in low yield. Synthetic procedures that involved a free acid
as the starting material and that avoided the hydrolytic
step[26] were considered, but reported yields are so low that
they were not pursued. Hydrolysis under acidic conditions
was studied instead. Sioni et al. describe the synthesis of
dye 15 through ester hydrolysis with hydrochloric acid in
THF under reflux conditions, resulting in 50 % yield.[26] An-
other literature-known acidic hydrolysis,[27] performed with
phosphoric acid, in our hands, gave the BODIPY acid in
equal yield, but in lower purity. We found that hydrolysis
of methyl esters 11 and 12 with more concentrated hydro-
chloric acid (4.5 ) in THF (1:1) at room temperature fur-
nished free carboxylic acids 13 and 14 in analytically pure
form in a yield of 81 and 72 %, respectively.
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With the two different fluorophores in hand, we then

turned to the labeling reaction. Initially, a three-step pro-
cedure was employed, starting with separate activation of
the BODIPY-FL propionic acid 14 to its OAt ester, fol-
lowed by coupling to 3�-amino-3�-deoxythymidine-5�-mo-
nophosphate (16)[14] at pH 8.5. Amide 18 was then activated
at its phosphate moiety by treatment with 1-ethyl-3-(3-di-
methylaminopropyl)carbodiimide (EDC) and 7-aza-1-hy-
droxybenzotriazole (HOAt) to give labeled active ester 21
in 67% yield. The absorption and fluorescence spectra of
monomers 21 and 22 are shown in Figure 2.

Figure 2. Optical properties of labeled nucleotides: (a) absorption
spectra and (b) fluorescence spectra of 21 and 22.

In our initial work, the second monomer to be employed
in chemical primer extension assays (compound 22) was
synthesized starting from N-benzoyl-protected 3�-amino-
2�3�-dideoxycytidine-5�-monophosphate[14] 17 (Scheme 3)
and commercial BODIPY ester 15. N-Hydroxysuccinimide
ester 15 was coupled to 3�-amine 17 in aqueous DMF in the
presence of N,N-diisopropylethylamine (DIEA), resulting in
the protected, labeled cytidine monophosphate 19 that was
deprotected with aqueous ammonia to give 20. Reaction
with EDC and HOAt at pH 5 gave monomer 22 for chemi-
cal primer extension assays.

To make the methodology more attractive for routine
biomedical use, two steps were taken. The first was to de-
velop a one-pot protocol for labeling and active ester for-
mation. The second was to employ acid 13 (rather than the
extremely costly 15) for labeling 3�-amino-2�,3�-dideoxycyt-
idine monophosphate, to access red monomer 24 at afford-
able cost. First, aminonucleotide 23 (Scheme 4) was gener-
ated through treatment of 17 with aqueous ammonia. For
the one-pot conversion, BODIPY dyes 13 or 14 were then
treated with EDC at 0 °C, followed by addition of the ami-
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Scheme 3. Synthesis of activated BODIPY-labeled nucleotides 21
and 22.

nonucleoside (16 or 23), and addition of more EDC and
HOAt. The reaction solution was then directly applied to
an RP-18 cartridge, from which 21 or 24 were eluted in a
one-step purification process. The modest solubility of 24
in pure water also allows precipitation as a purification
method, producing 24 in ca. 70% yield, contaminated with
some 13. Even with the cartridge step, the one-pot ap-
proach gave a very convenient protocol, producing labeled
and activated monomers within a few hours without any
HPLC or other costly or time-consuming steps.

Chemical primer extension assays were performed on dif-
ferent surfaces.[16,28] Initially, a capture oligonucleotide with
a lysine residue at its 5�-terminus, identical in structure to
that given in the literature[9] was immobilized on planar
glass slides with epoxy groups on their surface through nu-
cleophilic ring opening at pH 11. Templates 7a and 7g were
then hybridized to different spots of the DNA-bearing sur-
face, together with primer 5 and helper strand 4. Finally, 22
was added to the entire slide surface in extension buffer
containing 0.08  Mg2Cl, 0.4  NaCl, and 0.2  HEPBS
[N-(2-hydroxyethyl)piperazine-N�-(4-butanesulfonic acid)],
followed by primer extension and washing [1 �SSC (saline–
sodium citrate) buffer containing 0.2% SDS and 1 �SSC
buffer for 1 min at room temp.] and fluorescence imaging.
The expected stronger fluorescence signal from spots with
the templating base was not observed. Attempts to block
unspecific adsorption and/or reactions on the surface by
using different passivation agents did not solve this problem
(Table 1).
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Scheme 4. One-pot synthesis of activated BODIPY-labeled nucleo-
tides 21 and 24.

Table 1. Results of chemical primer extension assays with com-
pound 22 on microarrays created from epoxy-derivatized glass sur-
faces.[a]

Passivation reagent Fluorescence Fluorescence
intensity for spots intensity for spots
with template 7g with template 7a

None 4500 4000
Octylamine 2600 3100
Polyethylene glycolamine 9900 8100

[a] Scans with neutral grey filter (1% transmission), exposure time
1 s, at 575�15 nm emission wavelength, after assays with 3.6 m
solution of 22 in HEPBS buffer and a reaction time of 4 h.

To test whether the lack of selectivity was due to incor-
rect incorporation or unspecific adsorption, the same assay
was performed on a planar gold surface generated with 5�-
thiol-terminated capture oligonucleotides, as described in
the literature.[29] Analysis by in situ MALDI-TOF mass
spectrometry after primer extension showed incorporation
of nucleotide 22 on spots with complementary templating
base (template 7g), but no detectable nucleotide incorpora-
tion on spots bearing the template with noncomplementary
templating base (template 7a). This suggested that unspe-
cific adsorption was causing the incorrect fluorescence sig-
nal and thus the lack of selectivity.

Because exploratory assays with a number of different
surface-activated slides suggested that the adsorption prob-
lem was widespread among planar surfaces, we decided to
test sepharose beads instead, assuming that they would be
less adsorptive. Bead-based sequencing methods are well es-
tablished.[13,30] The sepharose particles allow fluorescence
read-out and analysis by MALDI-TOF MS. Biotin-bearing
capture oligonucleotide 6 was immobilized on streptavidin-
coated beads, again followed by hybridization of templates
7a or 7g, primer 5, and helper 4. The beads were then incu-
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bated with labeled monomers 21 and 22. Properly elongated
primers 8c/t were detected in the MALDI spectra, and fluo-
rescence scans now showed the expected selectivity
(Table 2).

Table 2. Results from chemical primer extension assays in HEPBS
buffer (0.2  HEPBS, 0.4  NaCl, 0.08  MgCl2, pH 8.9) with
compounds 21 and 22 on streptavidin-coated sepharose beads.

Labeled Conc. monomer Assay time Pyridine S/N[b]

monomer [m] [min] [m]

21 3.6 360 – 1.9:1
22 3.6 360 – 2.3:1
21 2.0[a] 20 100 4.2:1
21 2.0[a] 10 100 4.0:1
21 2.0[a] 5 100 4.7:1
21 2.0[a] 10 100 6.0:1[c]

21 2.0[a] 5 100 11:1[c]

[a] 18 m unlabeled activated deoxynucleotides 33/34 (see Support-
ing Information) were included in the assay solution to achieve a
modest level of labeling and thus an attenuated fluorescence signal.
[b] Signal-to-noise ratios obtained by scanning at an exposure time
of 0.01 s at 575�15 nm emission wavelength for 22 and
530 �20 nm emission wavelength for 21. The noise (N) or back-
ground signal is the fluorescence signal obtained on sepharose be-
ads without oligonucleotides that were incubated with 21 or 22 in
the same way. [c] Performed with purified EDC-free monomer.

Several assay parameters were then optimized. The
monomer concentration was reduced to 2 m, and the as-
say time was reduced from hours to minutes by using pyr-
idine as catalyst.[11] Undiluted fluorophore-labeled mono-
mers led to a signal that was so strong that it was difficult
to avoid saturation of the detector of the microarray reader.
To save precious monomers and to reduce the overly strong
fluorescence signal, unlabeled monomers were included.
Further, the excess amount of EDC was removed from the
monomer solution and more extensive washing steps were
introduced. Together, this led to a signal-to-noise ratio of
11:1 for incorporation of 21. The noise or background sig-
nal is defined as the fluorescence signal obtained on se-
pharose beads without oligonucleotides. Those control be-
ads were incubated with 21 or 22 in the same way as the
beads displaying DNA to produce a control surface. The
assay readily tolerated the addition of unlabeled monomer
(Table 2, Entries 3–7) and showed a modest background
signal.

We then proceeded to assays with mixtures of the two
labeled monomers (21 and 22) as a first step toward geno-
typing, an application that requires determination of a sin-
gle nucleobase rather than entire stretches of template with
fluorophore-labeled nucleotides.[31] Primer extension assays
were performed at a monomer concentration of 2 m with
100 m pyridine in the extension buffer at room tempera-
ture. Sometimes, mixture of different monomers give slower
reactions than solutions containing the matched monomer
alone,[10] so the reaction time was extended to 20 min,
which may have reduced the selectivity. Figure 3a shows a
MALDI-TOF spectrum of the partially elongated primer.
This level of primer extension is more than sufficient for
unambiguous fluorescence read-out of the templating base.
The top row of Figure 3b shows the fluorescence images of
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beads where the primer was extended in a template-directed
fashion. The bottom row of images in Figure 3b shows
scans of control beads lacking the templating base that were
incubated with 22 and 21 under the same conditions. The
fluorescence signal at 575� 15 nm for incorporation of 22
was found to be sevenfold higher than that for the fluoro-

Figure 3. Results from chemical primer extension assay on se-
pharose beads with 22 and 21. (a) MALDI spectra showing elong-
ation of primer 5 to 8c after 20 min at room temperature. (b) Fluo-
rescence image of sepharose beads spread out on a microscope
slide: (top row) beads with oligonucleotides and template 7g, (bot-
tom row) control beads. (c) Fluorescence intensities of sepharose
beads detected at wavelength 530�20 nm for 21 and 575 �15 nm
for 22.
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phore of 21 (530�20 nm). Figure 3c shows that the mixture
of labeled nucleotides 21 and 22 gave the desired sequence-
specific incorporation of the BODIPY-labeled nucleotide
complementary to the templating base. An exploratory ex-
periment where the templating nucleobase was A (template
7a) rather than G did show selective incorporation of 21
over 22, albeit at a very modest level of selectivity (1.5:1),
suggesting that there is further room for optimization of the
experimental parameters. Given that the current concentra-
tion of labeled monomers is producing strong fluorescence
readings, a further decrease in the concentration of 22,
which is less soluble than 21 and thus more prone to pre-
cipitate/adsorb upon evaporation of solvent from small
samples, might lead to improved signal-to-noise ratios.

Finally, to test whether slight structural differences in the
linker and chromophore have a significant effect on the rate
of incorporation, we performed an exploratory primer ex-
tension assay with an equimolar mixture of 22 and 24 in
solution (Figure S24, Supporting Information). After acti-
vation of the mixture with EDC/HOAt, an aliquot of the
resulting solution was directly added to a solution of primer
and template in extension buffer. A MALDI-TOF mass
spectrum acquired at the end of the assay (6 h) showed in-
corporation of either monomer with a slight bias towards
extension by 22, which reacted approximately three times
more frequently than 24.

Conclusions

In conclusion, chemical primer extension with fluores-
cent monomers can be performed in a low-cost format,
where multiple loci are undergoing enzyme-free nucleobase-
selective reactions, followed by in situ read-out. Our results
also highlight the importance of seemingly minor issues,
such as background adsorption of the monomers. Low mo-
lecular weight fluorophores, such as BODIPY dyes, appear
to be more favorable than larger dyes, which dominate the
physicochemical properties of the resulting monomers to an
even larger extent, for keeping adsorption at an acceptable
level.

The monomers reported here are readily accessible by
solution-phase syntheses, making them considerably less ex-
pensive than those requiring solid-phase methods.[9] The
monomers described here are also less prone to oligomerize
than their fluorescein-labeled counterparts,[8] and they show
less propensity to adsorb onto surfaces, though a significant
background signal remains. As we have previously shown
that fluorophores may also be attached to 3�-amines of di-
deoxynucleotides through a photolabile linker,[9] it is inter-
esting to ask whether the current results also help to pave
the way for multiple, stepwise primer extension reactions
with optical read-out. If so, an inexpensive alternative se-
quencing method may have moved one step closer to medi-
cal re-sequencing of short stretches of DNA. We are striv-
ing to adapt the solution-phase methodology reported here
to the synthesis of such photolabile labeled monomers.
However, even with the current methodology, there is room
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for further improvement, as seen by the still very significant
background signal observed in the fluorescence images
(Figure 3).

Experimental Section
General Remarks: Reagents were from Acros (Geel, Belgium) or
Aldrich/Fluka/Sigma (Deisenhofen, Germany). HOAt was from
MoBiTec (Göttingen, Germany). Dowex 50 WX8–200 cation ex-
change resin was from Acros (Geel, Belgium). Other reagents for
DNA synthesis were from Proligo (Hamburg, Germany) or
Chemgenes (Wilmington, USA, MA). BODIPY-TMR (NHS ester)
15 was from Molecular probes/Invitrogen (Karlsruhe, Germany).
Sepharose beads were from GE Healthcare (Munich, Germany).
Unmodified DNA oligomers and biotin-labeled DNA oligomers
were purchased from Biomers (Ulm, Germany) or from Operon
Biotechnologies GmbH (Cologne, Germany) in HPLC-purified
form and were used without further purification. MALDI-TOF
mass spectra were acquired with a Bruker BIFLEX IV spectrome-
ter in negative, linear mode. MALDI matrices were a mixture of
2,4,6-trihydroxyacetophenone (0.3  in EtOH) and diammonium
citrate (0.1  in H2O) at a ratio of 2:1 (v/v) for oligonucleotides or
ATT (6-aza-2-thiothymine, saturated solution in acetonitrile) for
labeled nucleotides and activated monomers. UV/Vis spectra were
recorded with a ND-1000 spectrophotometer (NanoDrop; peQlab,
Erlangen, Germany). Labeled nucleotides were purified by reverse-
phase HPLC on Nucleosil columns (C18; 250 mm�4.6 mm by
Macherey–Nagel, Düren, Germany). Unless otherwise noted, this
involved a gradient of CH3CN (B) in 0.1  triethylammonium acet-
ate (pH 7.0) and detection at 260 nm. The read-out of the fluores-
cence signals from the spots of the slides or of beads was performed
with an ArrayWoRxe Biochip Reader (Applied Precission, Issa-
quah, USA). The exposure time was set to 0.01 s, and a neutral
gray filter (1% transmission, AHF Analysentechnik, Tübingen,
Germany) was used. Fluorescence of 14 (BODIPY-FL) was de-
tected by using the following filters: 480�15 nm (excitation);
530�20 nm (emission), and 15 (BODIPY-TMR) was detected with
the following filter set: 546� 5 nm (excitation); 575�15 nm (emis-
sion). The chromophores are commercially available from Invi-
trogen (Karlsruhe, Germany). Analysis of images was performed
by using the ArrayWoRxe analysis software.

Cyanine-Dye Labeled Nucleotide 3: The synthesis of the Cy-labeled
nucleotides was performed as published earlier.[9]

Methyl 3-(1H-Pyrrole-2-yl)propionate (9): Pyrrole methyl ester 9
was prepared by a method similar to that reported in the litera-
ture.[22] A detailed protocol and the analytical data are given in the
Supporting Information.

Methyl 3-[4,4-Difluoro-5-(4-methoxyphenyl)-4-bora-3a,4a-diaza-s-
indacene-3-yl]propionate (11): To a stirred solution of methyl 3-(1H-
pyrrole-2-yl)propionate (9, 300 mg, 1.96 mmol) and 5-(4-meth-
oxyphenyl)-1H-pyrrole-2-carbaldehyde (10, 433 mg, 2.15 mmol,
1.1 equiv.) in CH2Cl2 (30 mL) was added dropwise POCl3 (335 mg,
2.19 mmol, 1.2 equiv.) in CH2Cl2 (4 mL) at –10 °C. Stirring was
continued for 12 h at 0 °C and for 2 h at room temperature. The
resulting black solution was cooled to –10 °C, and BF3·OEt2

(1.04 mL, 8.3 mmol, 4.2 equiv.) and DIEA (1.45 mL, 8.3 mmol,
4.2 equiv.) were added. After stirring for another 12 h at 0 °C, the
solution was washed with water (100 mL). The aqueous layer was
extracted with CH2Cl2 (2�50 mL), and the combined organic
layer was concentrated in vacuo. The crude product was purified
by flash chromatography (50 g silica, petroleum ether, step gradient
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of 50–80% CH2Cl2) to give title compound 11 (307 mg, 0.80 mmol,
41%) as a greenish black solid. TLC (petroleum ether, CH2Cl2 1:4).
Rf = 0.18. M.p. 105–107 °C. 1H NMR (500 MHz, CDCl3): δ = 7.94
(d, J = 8.8 Hz, 2 H, Ph), 7.14 (s, 1 H, H-8�), 7.06 (d, J = 4.3 Hz, 1
H, H-7�), 7.00 (d, J = 8.8 Hz, 2 H, Ph), 6.96 (d, J = 4.2 Hz, 1 H,
H-1�), 6.64 (d, J = 4.4 Hz, 1 H, H-6�), 6.35 (d, J = 4.2 Hz, 1 H, H-
2�), 3.87 (s, 3 H, OCH3), 3.68 (s, 3 H, COOCH3), 3.31 (t, J3,2 =
7.6 Hz, 2 H, H-3), 2.76 (t, J2,3 = 7.6 Hz, 2 H, H-2) ppm. 13C NMR
(125.8 MHz, CDCl3): δ = 172.9 (CO), 161.1, 159.9, 159.2, 136.8,
134.5, 131.2, 131.1, 130.8, 129.6, 127.2, 124.7, 120.4, 118.5, 114.1,
114.0, 55.4 (OCH3), 51.8 (COOCH3), 33.1 (C-2), 24.2 (C-3) ppm.
HRMS (ESI): calcd. for C20H19BF2N2O3 [M + Na]+ 407.1353;
found 407.1359. UV/Vis (CH3CN/H2O, 1:1): λmax (ε, –1 cm–1) =
541 (59000) nm; λEm = 565 nm.

Methyl 3-[4,4-Difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-
3-yl]propionate (12): The following protocol is similar to that re-
ported for the corresponding trichloroethyl ester.[21] Briefly, to a
stirred solution of 9 (1.066 g, 6.96 mmol) and 3,5-dimethyyl-1H-
pyrrole-2-carbaldehyde (0.943 g, 7.66 mmol, 1.1 equiv.) in CH2Cl2
(55 mL) was added dropwise POCl3 (1.175 g, 7.66 mmol, 1.1 equiv.)
in CH2Cl2 (4 mL) at 0 °C. Stirring was continued for 0.5 h at 0 °C
and for 6 h at room temperature. The resulting black solution was
cooled to 0 °C, and BF3·OEt2 (3.55 mL, 28 mmol, 4 equiv.) and
DIEA (5.10 mL, 29.25 mmol, 4.2 equiv.) were added. After stirring
for another 12 h at room temperature, water (100 mL) was added,
and the resulting mixture was filtered through a bed of Celite. The
precipitate was washed with CH2Cl2 (100 mL), and the aqueous
layer of the combined filtrates was separated and extracted with
CH2Cl2 (2�50 mL). The combined organic layer was concentrated
in vacuo, and the crude product was purified by flash chromatog-
raphy (100 g silica, CH2Cl2) to give title compound 12 in the form
of red crystals in 71% yield. TLC (petroleum ether ether/ethyl acet-
ate, 8:2): Rf = 0.25. M.p. 76–78 °C. 1H NMR (500 MHz, CDCl3):
δ = 7.07 (s, 1 H, H-8�), 6.86 (d, J = 4.0 Hz, 1 H, H-1�), 6.25 (d, J
= 4.0 Hz, 1 H, H-2�), 6.10 (s, 1 H, H-6�), 3.69 (s, 3 H, OCH3), 3.29
(t, J3,2 = 7.6 Hz, 2 H, H-3), 2.77 (t, J2,3 = 7.6 Hz, 2 H, H-2), 2.56
(s, 3 H, CH3), 2.23 (s, 3 H, CH3) ppm. 13C NMR (125.8 MHz,
CDCl3): δ = 173.0 (CO), 160.4, 157.0, 143.9, 135.2, 133.3, 128.1,
123.9, 120.5, 116.7, 51.8 (OCH3), 33.3 (C-2), 24.0 (C-3), 15.0
(CH3), 11.3 (CH3) ppm. HRMS (ESI): calcd. for C15H17BF2N2O2

[M + Na]+ 329.1246; found 329.1230. UV/Vis (CH3CN/H2O, 1:1):
λmax (ε, –1 cm–1) = 503 (92000) nm; λEm = 512 nm.

3-[4,4-Difluoro-5-(4-methoxyphenyl)-4-bora-3a,4a-diaza-s-indacene-
3-yl]propionic Acid (13): To a stirred solution of methyl propionate
(11, 38 mg, 0.1 mmol) in THF (4.9 mL) was added H2O (3.3 mL)
and concentrated aqueous HCl (37 %, 2.0 mL). After stirring for
36 h at room temperature, CH2Cl2 (30 mL) was added, the phases
were separated, and the aqueous phase was washed with CH2Cl2
(2�20 mL). The combined organic phase was washed with brine
and concentrated in vacuo. The crude was then purified by flash
chromatography (20 g silica, CH2Cl2, step gradient of 0–2%
CH3OH) followed by precipitation in hexane to give 13 (30 mg,
0.081 mmol, 81%) as a greenish black solid. TLC (CH2Cl2/
CH3OH, 9:1): Rf = 0.28. M.p. 197 °C. 1H NMR (500 MHz,
CD3CN): δ = 9.09 (br., 1 H, COOH), 7.93 (d, J = 9.2 Hz, 2 H,
Ph), 7.44 (s, 1 H, H-8�), 7.26 (d, J = 4.3 Hz, 1 H, H-7�), 7.16 (d, J
= 4.2 Hz, 1 H, H-1�), 7.05 (d, J = 9.1 Hz, 2 H, Ph), 6.76 (d, J =
4.3 Hz, 1 H, H-6�), 6.45 (d, J = 4.2 Hz, 1 H, H-2�), 3.87 (s, 3 H,
OCH3), 3.17 (t, J3,2 = 7.6 Hz, 2 H, H-3), 2.71 (t, J2,3 = 7.6 Hz, 2
H, H-2) ppm. 13C NMR (125.8 MHz, CD3CN): δ = 173.7 (CO),
162.2, 161.2, 137.6, 135.5, 132.4, 132.1, 132.0, 131.4, 129.2, 125.5,
121.3, 119.4, 114.8, 56.1 (OCH3), 32.6 (C-2), 24.7 (C-3) ppm.
HRMS (ESI): calcd. for C19H17BF2N2O3 [M + Na]+ 393.1196;
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found 393.1189. UV/Vis (CH3CN/H2O, 1:1): λmax (ε, –1 cm–1) =
541 (57000) nm; λEm = 565 nm.

3-[4,4-Difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-yl]pro-
pionic Acid (14): To a stirred solution of methyl ester 12 (80 mg,
0.26 mmol) in THF (12 mL) was added H2O (8 mL) and concen-
trated aqueous HCl (37%, 4.8 mL). After stirring for 36 h at room
temperature, CH2Cl2 (50 mL) was added, the phases were sepa-
rated, and the aqueous layer was washed with CH2Cl2 (2�40 mL).
The combined organic layer was washed with brine and concen-
trated in vacuo. The crude was purified by flash chromatography
(30 g silica, CH2Cl2, step gradient of 0–2% CH3OH) followed by
precipitation in hexane to yield 14 (55 mg, 0.188 mmol, 72%) as a
red solid. TLC (CH2Cl2/CH3OH, 9:1): Rf = 0.33. M.p. 194–196 °C;
1H NMR (500 MHz, CD3CN): δ = 9.08 (br., 1 H, COOH), 7.38 (s,
1 H, H-8�), 7.00 (d, J = 4.0 Hz, 1 H, H-1�), 6.33 (d, J = 4.0 Hz, 1
H, H-2�), 6.23 (s, 1 H, H-6�), 3.15 (t, J3,2 = 7.6 Hz, 2 H, H-3), 2.71
(t, J2,3 = 7.6 Hz, 2 H, H-2), 2.51 (s, 3 H, CH3), 2.26 (s, 3 H, CH3)
ppm. 13C NMR (125.8 MHz, CD3CN): δ = 173.9 (CO), 161.5,
157.7, 146.0, 136.1, 134.2, 129.3, 125.8, 121.5, 117.3, 32.9 (C-2),
24.5 (C-3), 15.0 (CH3), 11.4 (CH3) ppm. HRMS (ESI): calcd. for
C14H15BF2N2O2 [M + Na]+ 315.1189; found 315.1094. UV/Vis
(CH3CN/H2O, 1:1): λmax (ε, –1 cm–1) = 504 (88000) nm; λEm =
513 nm.

Stepwise Labeling and Activation

Compound 18: To a stirred solution of EDC hydrochloride (13 mg,
66 µmol, 5 equiv.) and HOAt (5.6 mg, 41 µmol, 3 equiv.) in water
(35 µL) at pH 5 was added compound 14 (4 mg, 13.7 µmol) dis-
solved in DMF (50 µL), and the mixture was stirred for 2 h at room
temperature. Then, 3�-aminothymidine-5�-monophosphate (16,
3.9 mg, 12.2 µmol, 1.1 equiv.) dissolved in water (20 µL) at pH 8–9
was added, and the mixture was stirred for 12 h. The solution was
lyophilized and resuspended in water, centrifuged to avoid fil-
tration, and purified directly by HPLC. HPLC (RP, C-18 column;
gradient of CH3CN in 0.1  TEAA buffer 0% for 10 min, then to
30 % in 30 min): tR = 24 min. Yield: 66%, as determined by integra-
tion. MS (MALDI-TOF): m/z = 594.2 [M – H]–.

Compound 20: To a stirred solution of 3�-amino-N4-benzoyl-2�,3�-
dideoxycytidine-5�-monophosphate (17, 2 mg, 4.8 µmol, 1.5 equiv.)
in water (50 µL) was added BODIPY NHS ester 15 (2 mg,
3.2 µmol, 1 equiv.) in DMF (75 µL), followed by the addition of
DIEA (1.1 µL, 6.2 µmol, 1.9 equiv.). The solution was stirred at
40 °C for 12 h. Then, water (600 µL) was added, and the solution
was extracted with ethyl acetate (3�2 mL). {An analytical sample
gave MS (MALDI-TOF): m/z = 903.0 [M – H]–.} To the aqueous
solution was added the same volume of 30% aqueous ammonia,
and the resulting solution was heated to 45 °C for 30 min to remove
the benzoyl group. The excess amount of ammonia was removed
with a gentle stream of compressed air, and the resulting solution
was used directly for HPLC purification to yield 20. HPLC (RP,
C-18 column; gradient of CH3CN in 0.1  TEAA buffer 0% for
5 min, then to 90% in 40 min): tR 38 min. Yield: 56%. MS
(MALDI-TOF): m/z = 798.2 [M – H]–.

Compounds 21 and 22: EDC hydrochloride (28.5 mg, 150 µmol) and
HOAt (12.2 mg, 90 µmol) in a polypropylene vessel were suspended
in water (200 µL). The pH was adjusted to 5.0 with NaOH solution
(1.5 ; approx. 5 µL), resulting in a clear yellow solution. An ap-
propriate volume of this stock solution (5 equiv. of EDC and
3 equiv. of HOAt) was added to the labeled nucleotide (18 or 20,
1 equiv.) in a polypropylene vessel. The dark solution was left to
stand at room temperature for 2 h and then used directly for HPLC
purification.
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Compound 21: HPLC (RP, C-18 column; gradient of CH3CN in
water 0% for 10 min, then to 20% in 50 min): tR 50–55 min. Yield:
67%. MS (MALDI-TOF): m/z = 713.3 [M – H]–.

Compound 22: HPLC (RP, C-18 column; gradient of CH3CN in
water 0% for 10 min, then to 70 % in 70 min): tR = 58 min. Yield:
40%. UV/Vis (H2O): λmax = 542 nm; λEm = 572 nm. MS (MALDI-
TOF): m/z =916.4 [M – H]–.

One-Pot Labeling and Activation

Compound 21: To a solution of 14 (7.6 mg, 26 µmol) in DMF
(120 µL) in a polypropylene vessel was added EDC hydrochloride
(6.0 mg, 31.3 µmol, 1.2 equiv.) as a solid at 0 °C. The reaction mix-
ture was shaken at this temperature for 5 min. After addition of 3�-
amino-thymidine-5�-monophosphate (16, 9.0 mg, 26. µmol,
1 equiv.) in H2O (45 µL), the slurry was treated in a ultrasonic bath
for 10 min, and the resulting homogeneous solution was shaken at
room temperature for 30 min. After addition of EDC hydrochlo-
ride (15.0 mg, 78 µmol, 3 equiv.) and HOAt (17.7 mg, 130 µmol,
5 equiv.) as solids, shaking was continued at room temperature for
2 h. The reaction mixture was then diluted with a mixture of 0.1 

TEAB (triethylammonium bicarbonate) buffer/CH3CN (95:5), and
title compound 21 was isolated by chromatography using a car-
tridge (Cromabond© C18; 0.1  TEAB buffer/step gradient of 5–
80% CH3CN). Fractions (20–25% CH3CN) containing desired
product 21 were pooled, and the solvents were evaporated to dry-
ness by lyophilization. Yield: 40% (determined by UV/Vis measure-
ment, λ = 505 nm). 1H NMR (500 MHz, D2O): δ = 8.52 (d, J =
4.2 Hz, 1 H), 8.19 (d, J = 8.5 Hz, 1 H), 7.32 (dd, J = 4.4, 8.5 Hz,
1 H), 7.28 (s, 1 H), 6.89 (br., 1 H), 6.74 (br., 1 H), 6.12 (br., 1 H),
5.96 (t, J = 5.9, 1 H, H-1�), 5.82 (br., 1 H), 4.40–4.28, 4.14, and
4.00 (3 m, 4 H, H-5�,4�,3�), 2.99 (m, 2 H, CH2), 2.54 (m, 2 H, CH2),
2.23–2.10 (m, 5 H, H-2�, CH3), 1.85 (s, 3 H, CH3), 1.47 (s, 3 H,
CH3) ppm. 31P NMR (121.5 MHz, D2O): δ = –1.31 ppm. HRMS
(ESI): calcd. for C29H31BF2N9O8P [M – H]– 712.2016; found
712.2017. UV/Vis (H2O): λmax = 505 nm; λEm = 513 nm.

Compound 24: To a solution of 13 (10.6 mg, 28.6 µmol) in DMF
(120 µL) in a polypropylene vessel was added EDC hydrochloride
(6.6 mg, 34.4 µmol, 1.2 equiv.) as a solid at 0 °C. The reaction mix-
ture was shaken at this temperature for 5 min. After addition of 3�-
aminocytidine-5�-monophosphate 23 (9.4 mg, 26.6. µmol, 1 equiv.)
in H2O (45 µL), the slurry was treated in an ultrasonic bath for
10 min, and the resulting homogeneous solution was shaken at
room temperature for 30 min. After addition of EDC hydrochlo-
ride (16.4 mg, 85.8 µmol, 3 equiv.) and HOAt (19.4 mg, 143 µmol,
5 equiv.) as solids, shaking was continued at room temperature for
2 h. The reaction mixture was then diluted with a mixture of H2O
(700 µL), and the precipitate was separated by using a centrifuge
(6000 rpm, 5 min). The supernatant was removed, and the solid
was washed twice with H2O (700 µL) and H2O/CH3CN (500 µL,
95:5) followed by separation by using a centrifuge (6000 rpm,
5 min). The residue was dissolved in 0.1  TEAB buffer/CH3CN
(7:3, 1 mL, ultrasonic treatment) and title compound 24 was iso-
lated by chromatography using a cartridge (Cromabond© C18;
0.1  TEAB buffer/step gradient of 30–50% CH3CN). Fractions
(30–35% CH3CN) containing desired product 24 were pooled, and
the solvents were evaporated to dryness by lyophilization. Yield:
30% (determined by UV/Vis measurement, λ = 544 nm). 1H NMR
(500 MHz, D2O/CD3CN): δ = 8.66 (br., J = 4.2 Hz, 1 H), 8.36 (br.
d, J = 8.5 Hz, 1 H), 7.88–7.82 (m, 3 H), 7.43 (dd, J = 4.5, 8.5 Hz,
1 H), 7.39 (br. s, 1 H), 7.22–7.12 (m, 2 H), 7.00 (m, 2 H), 6.68 (br.,
1 H), 6.41 (br., 1 H), 6.06 (m, 1 H), 5.87 (t, J = 6.7, 1 H, H-1�),
4.37, 4.22, and 4.04 (3 m, 4 H, H-5�,4�,3�), 3.81 (br. s, 3 H, OCH3),
3.11 (t, J = 7.1 Hz, 2 H, CH2), 2.56 (t, J = 7.1 Hz, 2 H, CH2), 2.31–
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2.21 (m, 2 H, H-2�) ppm. 31P NMR (202.5 MHz, D2O/CD3CN): δ
= –3.56 ppm. HRMS (ESI): calcd. for C33H32BF2N10O8P [M – H]
– 775.2125; found 775.2127. UV/Vis (H2O/CH3CN, 1:1): λmax =
542 nm; λEm = 565 nm.

Loading of Sepharose Beads: First, the 5�-biotinylated capture
strand 6 (Supporting Information) was immobilized through bio-
tin-streptavidin linkages. For this, 100 µL of the bead suspension
in 20% ethanol was washed three times with buffer (3 mL, 20 m

NaH2PO4, 80 m Na2HPO4, 0.15  NaCl, pH 7.5). To 100 µL of
the resulting bead suspension (approx. 30 nmol loading) was added
360 µL (45 nmol, 1.5 equiv.) of a stock solution of capture strand
6, followed by shaking overnight. The supernatant was removed,
and the beads were washed twice with 200 µL of Buffer A contain-
ing 0.5  HEPBS, 1  NaCl, 0.2  MgCl2 at pH 8.9. Then, a solu-
tion of template 7a or 7g, primer 5, and helper strand 4 (45 nmol
each) in 125 µL Buffer A were added to the beads for 4 h at room
temperature. After washing twice with Buffer A (1 mL each), the
loaded beads were stored at 4 °C until usage.

Chemical Primer Extension on Beads: Chemical primer extension
reactions were carried out with 3 µL of the sepharose bead suspen-
sion. The beads were centrifuged to the bottom of the polypropyl-
ene vessel, and the supernatant was removed. The total volume of
the solution then added was 1 µL. It was made up from aliquots
of stock solutions of Buffer A (HEPBS 0.5 , NaCl 1 , MgCl2
0.2 , pH 8.9), pyridine in water (500 m), and monomer 21 or 22
(10 m) to give the following concentrations: 0.2  HEPBS, 0.4 

NaCl, 0.08  MgCl2, 100 m pyridine, 2 m 21, and 2 m 22. The
assays were started through addition of 21 or 22 as the last stock
solution and were carried out at 25 °C. Afterwards, 100 µL of
Buffer A containing 0.2% SDS at 40 °C was added to the beads,
followed by shaking for 2 min. Then, the beads were centrifuged
down, and the supernatant was removed. This washing procedure
was repeated a minimum of five times until the supernatant did not
show fluorescence under a UV-lamp at 366 nm. The last washing
step was performed in a sonication bath for 30 s. Then, the beads
were suspended in aqueous NH4OAc (10 µL, 0.25 ), and an ali-
quot (3 µL) of the suspension was removed for MALDI-TOF
analysis.

MALDI-TOF Analysis: The beads suspension (3 µL) was centri-
fuged, the supernatant was removed, and H2O (1 µL) was added.
This mixture was heated to 70 °C for 15 min. The supernatant was
quickly aspired, and the solution was treated with a few grains
of Dowex cation exchange resin (ammonium form), followed by
incubation for 5 min. The supernatant was spotted on a stainless
steel MALDI target, allowed to dry, and the spot then treated with
the matrix/comatrix mixture (0.3  THAP in ethanol, 0.1  diam-
monium citrate in water, 2:1; 1 µL).

Fluorescence Read-Out: The washed bead suspension was shaken,
and 1 µL of the suspension was pipetted onto a glass microscope
slide (PTFE coated microscope slide, Roth, Karlsruhe, Germany),
and the beads were spread out on the slide surface, and were
scanned in the microarray scanner, using a neutral grey filter (1%
transmission) and an exposure time of 0.01 s at the following wave-
lengths 480� 15 nm (excitation) and 530�20 nm (emission) for 14
and 546�5 nm (excitation) and 575�15 nm (emission) for 15. The
fluorescence images were integrated using ArrayWoRxe Software.

Supporting Information (see also the footnote on the first page of
this article): Preparation of 9 and 14; numbering scheme for the
BODIPY fluorophore; structures of compounds 6, 33, and 34; ki-
netic data for incorporation of 21; MS (MALDI-TOF), NMR, ab-
sorption, and fluorescence spectra of 11–14, 18–22, and 24.
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