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A facile procedure for the incorporation of Ru(bpy)3
2+ in an oligonucleotide is reported. A Ru(bpy)3

2+

phosphoramidite is synthesized, and then attached to the 5′-terminus of DNA using a standard protocol on an
automated DNA solid-phase synthesizer. Photophysical studies of the Ru(II) tris-diimine complex as well as the
corresponding labeled oligonucleotides demonstrate that the excited-state electron is localized on one specific
bipyridine with the dipole directed toward the linkage to DNA, and that the Ru(II) excited state is long-lived
when attached to the DNA.

Transition or lanthanide metal complexes attached to oligo-
nucleotides at site-specific locations are of general interest for
DNA/RNA sequencing, hybridization assays, anticancer treat-
ment, and DNA-mediated energy- and electron-transfer studies.1-8

The two main synthetic strategies toward these metallo-
oligonucleotides are postmodification of the synthesized nucleic
acid single strand and incorporation of a derivatized phosphor-
amidite for solid-phase coupling. This first strategy typically
links a metal complex to the terminus of the nucleic acid single
strand previously modified to contain an alkyl amine.8-15 The
second strategy, metal-derivatized phosphoramidites, exploits
the use of DNA solid-phase synthetic methodologies for the
site-specific labeling of an oligonucleotide with a transition
metal complex. A number of groups are currently exploring this

second approach,16-22 and we have recently reported the
automated solid-phase synthesis of oligonucleotides labeled with
metal complexes at the nucleobase.23-25 Herein, we report a
facile and automated solid-phase procedure for the labeling of
oligonucleotides at the terminus with a substitutionally inert
transition metal complex, such as Ru(bpy)3

2+. The photophysical
properties of the ruthenium complex are retained after covalent
attachment to DNA and unaltered by duplex formation.

Results and Discussion

Ru(bpy)32+ belongs to one class of photoactive metal
complexes that have been actively studied since they possess a
number of favorable photochemical properties including inert-
ness to ligand substitution reactions, tunable electronic struc-
tures, high stability, high quantum yields, and long lifetimes in
fluid solution (τ ≈ 1 µs).26,27 The Ru(bpy)32+ derivatized
phosphoramidite,4, for automated DNA synthesis was synthe-
sized in two steps starting from Ru(bpy)2Cl2. As shown in
Scheme 1, Ru(bpy)2Cl2 was reacted with 4-methyl-2,2′-bipy-
ridine-4′-carbonylethanolamide,2, in refluxing ethanol/water to
yield the substitutionally inert tris-bipyridine ruthenium complex,
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3. This complex was isolated as the PF6
- salt, which ensured

sufficient solubility in organic solvents for subsequent use in
an automated DNA synthesizer. Next, 2-cyanoethylchloro-N,N-
diisopropylphosphoramidite was reacted with3 in dry CH3CN
to afford the metallo-phosphoramidite,4. The ruthenium-
phosphoramidite was added to the 5′-terminus of an oligonucleo-
tide during automated synthesis (Scheme 2).28,29Syntheses were
performed at both the 0.2 and 1.0µmol scales on an ABI 392
DNA synthesizer using the standard coupling protocol with the
metallo-phosphoramidite introduced at the last step in the
reaction sequence. Once the ruthenium-labeled oligonucleotide

was synthesized, the modified oligonucleotide was cleaved from
the column. The nitrogenous bases and phosphate groups were
next deprotected in 30% ammonium hydroxide at 55°C for 16
h. Finally, the metallo-oligonucleotide was purified using
reverse-phase HPLC and characterized by electrospray mass
spectrometry.

The melting temperature (Tm) of the ruthenium-modified
oligonucleotide duplex,5‚10, is 42 °C compared to 60°C for
the unmodified duplex,9‚10 (5 mM sodium phosphate, 50 mM
NaCl; pH) 7; monitoring at 260 nm; Figure 1). The decrease
in Tm reflects the relative ease with which the two DNA strands
separated, most likely as a consequence of steric crowding by
the metal complex at the 5′-terminus. The Ru(bpy)3

2+ is con-
nected via a short ethylene spacer to the terminal phosphate,
unlike previous metallo-oligonucleotides labeled at the termi-
nus.18 This magnitude ofTm decrease is not observed when
the metal complex is connected, via a short linker, to a terminal
or internal nucleobase of an oligonucleotide.23

The absorption spectrum of the derivatized ruthenium tris-
bipyridine complex,3, exhibits the characteristic metal-to-ligand
charge-transfer band (1MLCT-1A1) centered at 460 nm, analo-
gous to Ru(bpy)32+ (Figure 2). Excitation of this MLCT band
of 1 produces an emission centered at 670 nm slightly red-shifted
relative to Ru(bpy)32+. The emission lifetime of3 in phosphate
buffer is 407 ns. To further characterize the excited state of3,
the ground- and excited-state infrared spectra were measured
using step-scan Fourier transform infrared (S2FTIR) time-
resolved spectroscopy.30-33 The ground- and excited-state
infraredνj(CdO) band energies of3 are 1672 and 1643 cm-1,
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Scheme 1

Scheme 2

Figure 1. Melting curve for ruthenium-labeled duplex,5‚10 (solid line),
and unmodified duplex,9‚10 (dashed line).

Figure 2. Electronic absorption of3 (solid line) and5 (dashed line)
in aqueous solution at 25°C.
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respectively (Figure 3). This negativeνj(CdO) shift of≈29 cm-1

indicates that on the nanosecond time scale the excited-state
electron is localized on the amide-bearing bipyridine, and that
the lowestπ* acceptor level contains significant CdO character.
The magnitude of thisνj(CdO) shift is approximately double
that observed for a diamide substituted bipyridine (νj ≈ 15
cm-1), further supporting the assignment of the excited-state
electron to the amide-substituted pyridine ring of3.33,34 Impor-
tantly, the excited-state electron is localized to one bipyridine
and the excited-state dipole is oriented toward the amide tether
to the oligonucleotide.

The absorption spectra of the ruthenium-labeled single strand,
5, and duplex,5‚10, exhibit the characteristic metal-to-ligand
charge-transfer band (1MLCT-1A1) centered at 465 nm, similar
to 3 (Figure 2). The emission is centered at 670 nm for both
the single strand,5, and the duplex,5‚10. The emission lifetime
in phosphate buffer (5 mM sodium phosphate, 50 mM NaCl,
pH ) 7; 5× 10-6 DNA concentration) of the ruthenium-labeled
oligonucleotide,5, is 616 ns, and that of the modified oligo-
nucleotide duplex,5‚10, is 629 ns (Figure 4). The ruthenium
excited state is not quenched by the oligonucleotide, an
observation consistent with the redox potentials of A, C, G,
and T.35

Conclusions

In summary, the facile preparation of oligonucleotides labeled
at the 5′-terminus with a coordinatively saturated metal complex
is reported that utilizes automated DNA solid-phase synthesis
and a Ru(bpy)32+-phosphoramidite. Time-resolved step-scan
Fourier transform infrared (S2FTIR) studies of the Ru(II) tris-
diimine complex show the excited-state electron to be localized
on the amide-substituted bipyridine. The Ru(diimine)3 complex
possesses a long lifetime in fluid solution, and this property is
retained after covalent attachment to the oligonucleotide. These
metallo-oligonucleotides are well suited for energy- and electron-

transfer studies with complementary oligonucleotides containing
quenchers such as Os(bpy)3

2+ or phenothiazine.36

Experimental Section

All solvents were dried and distilled prior to use. Absorption spectra
were measured on a Hewlett-Packard 8452 diode array spectrometer.
Emission spectra were recorded on a Perkin-Elmer LS50B or Spex
Fluorolog-2 emission spectrometer. Reverse-phase HPLC was per-
formed on a Ranin HPLC with a C18 column monitoring at 254 and/
or 450 nm.

A. Syntheses.4′-Methyl-2,2′-bipyridine-4-carboxaldehyde and 4′-
methyl-2,2′-bipyridine-4-carboxylic acid were synthesized following
the procedure described by Meyer and Erickson.37

4′-Methyl-2,2′-bipyridine-4-carboxaldehyde: yield 33%; FAB-MS
calcd for C12H10N2O 198, found [M+ H] 199; 1H NMR (DMSO-d6)
δ 2.45 (s, 3H, CH3), 7.15-8.8 (m, 6H, py); 10.1 (s, 1H, CHO).

4′-Methyl-2,2′-bipyridine-4-carboxylic acid: yield 77%; FAB-MS
calcd for C12H10N2O2 214, found [M+ H] 215; 1H NMR (DMSO-d6)
δ 2.5 (s, 3H, CH3), 7.15-9 (m, 6H, py).

4′-Methyl-2,2′-bipyridine-4-ethanolamide, (4-m-4′ea-bpy), 2.4′-
Methyl-2,2′-bipyridine-4-carboxylic acid (0.42 g, 2 mmol) was dis-
solved in DMF (20 mL). HOBt (0.31 g, 2 mmol), DIPEA (0.39 mL,
2.2 mmol), and ethanolamine hydrochloride (0.22 g, 2.1 mmol) were
added, and the solution was cooled in ice. DCC (0.45 g, 2.2 mmol)
was dissolved in DMF (3 mL) and added dropwise to the reaction
mixture. The mixture was stirred at room temperature overnight. The
DCU that formed was filtered off, and the solvent was removed by
vacuum distillation. The remaining solid compound was dissolved in
ethyl acetate, washed with NaHCO3 (5%), 0.5 N HCl, and brine, and
dried over sodium sulfate. The solvent was removed by rotary
evaporation, and the compound was purified by column chromatography
using 5% methanol in chloroform as eluent (0.39 g; 76%).1H NMR
(DMSO): δ 2.4 (s, 3H, CH3), 3.3 (t, 2H, CH2), 3.5 (t, 2H, CH2), 7.2-
8.8 (m, 6H, py). FAB-MS calcd for C14H15N3O2: [M] + 257.1. Found:
[M + H]+ 258.1.

Ruthenium(II)-bis(bipyridine)(4-methyl-4 ′-ethanolamide-bipyri-
dine) Bis(hexafluorophosphate), 3.Ru(bpy)2Cl2 (1, 0.29 g, 0.6 mmol)
was added to a solution of 4′-methyl-2,2′-bipyridine-4-ethanolamide,
2 (0.21 g, 0.82 mmol), in 70% ethanol/H2O (25 mL) and refluxed for
10 h. Next, the reaction mixture was cooled and ethanol was removed
in vacuo. After standing for 4 h atroom temperature, the solution was
filtered and the solid compound washed with cold water. A saturated
aqueous solution of NH4PF6 was added until no further precipitate was
observed. The mixture was kept at room temperature for an additional
2 h and then finally filtered, washed with cold water and ether, and
dried overnight to give 0.47 g (82%) of a pure orange compound.1H
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Figure 3. FT-IR ground-state (solid line) and laser-induced∆A spectra
(dashed line) in CD3CN of 3. Figure 4. Emission decay trace monitored at 640 nm for ruthenium-

labeled oligonucleotide,5 (solid line), and duplex,5‚10 (blocks), after
455 nm pulse excitation.
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NMR (DMSO): δ 2.4 (s, 3H, CH3), 3.4 (t, 2H, CH2), 3.8 (t, 2H, CH2),
7.2-9.2 (m, 22H, py). UV-vis (CH3CN): λmax 454 nm. FAB-MS calcd
for C34H31N7O2RuP2F12: [M - 2PF6

-]+ 670.3, [M - PF6
-]+ 815.2.

Found: [M - 2PF6
-]+ 671.3, [M - PF6

-]+ 816.2. HR FAB-MS
calcd: 671.1559. Found: 671.1535.

Phosphoramidite Synthesis.38 Ruthenium(II)-bis(bipyridine)(4-
methyl-4′-ethanolamide-bipyridine) bis(hexafluorophosphate),3 (0.19
g, 0.2 mmol), was coevaporated in dry CH3CN twice and finally
dissolved in CH3CN (5 mL). Next, DIPEA (0.14 mL, 0.8 mmol) was
added followed by 2-cyanoethyl chloro-N,N-diisopropoyl phosphora-
midite (0.067 mL, 0.3 mmol), and the mixture was stirred for 5 h. The
solvent was then evaporated and the compound dissolved in CH3CN
and precipitated in dry ether to afford the ruthenium phosphoramidite,
4 (0.18 g, 78%), which was used without further purification.1H NMR
(CDCl3): δ 148.4 and 148.6 ppm.

Automated DNA Synthesis.The oligonucleotides were synthesized
from the 3′ to 5′ end on both the 0.2 and 1.0µmol scale using standard
automated DNA synthesis (on an ABI 395 DNA synthesizer) and
reagents purchased from Glen Research. A 0.1 M solution of ruthenium-
(2-cyanoethyl-N,N-diisopropyl)phosphoramidite,4, in dry acetonitrile
was prepared in a standard reagent bottle and installed on the DNA
synthesizer. A standard automated solid-phase synthesis was performed,
except that the reaction time for the modified phosphoramidite was
increased to 900 s. After synthesis the oligonucleotide was cleaved
from the solid support and incubated at 55°C in NH3 overnight to
completely deprotect the oligonucleotide. Collection and analysis of
the DMT fractions (498 nm) during automated synthesis showed
efficient phosphoramidite coupling (>98%) for the A, C, G, and T
phosphoramidites. The metallo-oligonucleotide was purified using
reverse-phase HPLC (C18; 0.1 M TEAA/CH3CN; 10-50% gradient
over 50 min; monitoring at 254 and/or 450 nm). HPLC traces of the
crude reaction mixture showed both unmodified (≈15-25%) and
modified oligonucelotides (≈75-85%). The purified ruthenium-modi-
fied oligonucleotides exhibited one peak in an HPLC trace, with
retention times greater than the corresponding unmodified oligonu-
cleotide. Electrospray mass spectrometry of the metallo-oligonucleotide
confirmed formation (e.g., ruthenium-modified oligonucleotide5, 1403:
1403.5 calcd:found for the+4 charged state; the+5 and+3 charged
states were also observed).

B. Melting Curves. The stability of the duplex formed between two
complementary oligonucleotides was determined by analyzing the
melting curve profile. Briefly stated, 2 mM stock solutions of the
separate oligonucleotides were prepared and diluted to a working
solution of 0.5 absorbance units. Next the two solutions were combined,
and the resulting solution was heated to 90°C for 5 min. The solution
was then allowed to cool to room temperature over 3 h. After cooling,
the thermal denaturation experiment was performed using the following
parameters on a AVIV Spectrophotometer model 17DS UV-vis-IR:
(a) monitoring wavelength, 260 nm; (b) temperature range, 20-80 °C;
(c) temperature step, 0.5°C; (d) averaging time constant, 45 s; (e)
temperature overshoot, 0.2°C; (f) time overshoot, 1 s; (g) rate of change
for the temperature step, 10°C/min; and (h) equilibrium time, 30 s.

C. Physical Studies. Emission Spectra.Emission spectra were
recorded on a Spex Fluorolog-2 emission spectrometer equipped with
a 450 W Xe lamp and cooled Hammamatsu R928 photomultiplier. The
recorded emission spectra were corrected for spectrometer response.

The calibration curve was obtained using a NIST calibrated standard
lamp (Optronics Laboratories, Inc., model 220M) controlled with a
precision current source at 6.5 W (Optronics Laboratories, Inc., model
65) and by following the procedure recommended by the manufacturer.
The spectra were obtained in buffer at room temperature in a 1 cm
quartz cell using right angle observation of emitted light.

Lifetimes. A Laser Photonics LN1000 nitrogen laser-LN102 dye
laser (coumarin 460 dye, Exciton) was used as the irradiation source.
The emission was monitored at a right angle with a Macpherson 272
monochromator and Hammamatsu R666-10 PMT. The signal was
processed by a LeCroy 7200A transient digitizer interfaced with an
IBM-PC. The excitation wavelength was 455 nm, and the monitoring
wavelength was 640 nm. Power at the sample was 120µJ/pulse as
measured by a Molectron J3-09 power meter. The measured instrument
lifetime response is 10 ns (fwhm). The acquired emission decay curves
were analyzed by locally written software based on the Marquardt
algorithm.

S2FTIR. The transient data were measured on a step-scan modified
Bruker IFS88 spectrometer with a standard globar source and dry air
purge. The samples were dissolved in CD3CN to give an absorbance
between 0.125 and 0.5 in a 250 mm path length cell for the amide
bond analyzed. Samples were deoxygenated by sparging with argon
for 60 min and were loaded into a CaF2-window cell by syringe under
argon. The ground-state IR spectrum was corrected for absorption due
to trace amounts of water collected during sample handling.

The samples were excited using the third harmonic (355 nm, 10 ns,
10 Hz, 3 mJ/pulse) from a Q-switched Quanta-Ray DCR-1A Nd:YAG
laser. The laser excitation and data acquisition were synchronized with
a Stanford Research model DG535 pulse generator. An AC/DC-coupled
photovoltaic Kolmar Technologies mercury cadmium telluride (MCT)
detector with a 50 MHz preamplifier and an effective rise time of∼20
ns was used to sample the transmitted infrared signal. The AC signal
was further amplified by a Stanford Research model SR445 preamplifier
(×250) before being directed to a personal computer equipped with a
100/200 MHz PAD82a transient digitizer. The DC signal was sent
directly to the digitizer to be used for phase correction of the AC signal.
The data were processed using Bruker Instruments’ Opus 3.0 software.

To minimize data collection times, the spectral window observed
was limited to 1150-2250 cm-1 by the CaF2 cell windows and a
germanium low-pass filter placed over the detector window. The
interferogram response before and after each laser flash was digitized
at 10 ns intervals, and data from 210 laser flashes were averaged at
each point. Data collection time was approximately 2 h. The∆A spectra
were calculated from the single beam∆I transforms by the relation
∆A(V,t) ) -log[1 + ∆I(V,t)/I(V)], whereI(V) is the detected intensity
before laser excitation and∆I(V,t) is the change in intensity at timet.
For the∆A “snapshot,” 10 postexcitation time slices were averaged
for greater signal to noise.
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