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Solid-Phase Synthesis of Transition Metal
Linked, Branched Oligonucleotides™*

Ignacio Vargas-Baca, Debbie Mitra, Holly J. Zulyniak,
Jay Banerjee, and Hanadi F. Sleiman*

Branched oligonucleotides have recently emerged as at-
tractive synthetic targets for the selective recognition of nucleic
acids.l! These molecules have the potential to act as sensitive
diagnostic tools for the detection of DNA sequences,['*®! and
can specifically bind single-stranded DNA/RNA (antisense/
antigene strategy).l'>*! In addition, they can serve as model
complexes for the elucidation of the structure and biological
role of branched RNA molecules found in nature.'*d In
previous branched systems, the DNA strands were linked
together through oligonucleotide or small organic-molecule-
based vertices."2l We recently initiated research into the
synthesis and properties of a new class of branched oligonu-
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cleotides, in which a transition metal acts as the vertex joining
two parallel DNA strands. Transition metal centers come in a
range of geometries, coordination numbers, and bond angles
that are unavailable in carbon chemistry (e.g., octahedral,
square planar, trigonal bipyramidal). By combining this
varied coordination chemistry with the highly specific inter-
actions of DNA, we expect that these branched metal—-DNA
complexes will expand the repertoire of DNA structures to
novel motifs.”! This can be achieved both through their
binding to single-stranded DNA and RNA, as well as their
self-association and formation of DNA “nanostructures”.? In
addition, the rich redox and luminescence properties of metal
centers afford a sensitive marker for detecting and monitoring
the association of these new structures.

While many transition metal labeled oligonucleotides were
reported recently,!! the metal center is usually tethered as a
pendant functional group on a DNA strand, and hence its
geometry cannot influence DNA association.’)] Here we
report the first synthesis of a transition metal linked branched
oligonucleotide (1), in which the DNA strands run parallel to

o}
I
™\ -P-O-5-TTTTTTTTTT-3'
N—(CHe™ O
0
N‘(CHz)e\ —P-0-5- _a
\__J O—P-O-5-TTTTTTTTTT-3
O-

each other and the geometry of the metal center can directly
influence the orientation of these strands. Furthermore, we
have studied the biological behavior of these branched
complexes by hybridization to complementary DNA. Ther-
mal denaturation experiments show the formation of novel
transition metal linked DNA duplexes with a stability
comparable to that of Watson - Crick A/T duplexes.

In the design of complex 1, two parallel (5'-3") oligonucleo-
tide strands are linked to a cis-[(bpy),Ru(imidazole),]**
moiety through n-hexyl spacers (bpy =2,2-bipyridine). The
ruthenium moiety is both redox active and intensely lumines-
cent, and it has been extensively used as a probe of elect-
ron transfer processes in proteins.’! Our convergent solid-
phase strategyl’! for the preparation of ruthenium-linked
parallel oligonucleotides is outlined in Schemes 1 and 2. This
strategy starts with the generation of a ruthenium bis-
phosphoramidite branching complex 3.l The reaction of
two molar equivalents of 1-(6-hydroxyhexyl)imidazolel® with
cis-[ (bpy),Ru(CH;CN),](PF),™ in refluxing ethanol/water,
followed by precipitation with aqueous NH,PF, results in the
formation of the cis-bis-imidazole ruthenium complex 2 as a
deep red solid.l' The UV/Vis absorption spectrum of 2 shows
metal-to-ligand (Ru —bpy) charge transfer (MLCT) bands at
341 and 491 nm.[%] An interesting feature of this complex is its
intense fluorescence, which could prove useful for possible
applications as a DNA biosensor. Excitation of the MLCT
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Scheme 1. Synthesis of branching complex 3. a) Ethanol/water, reflux,
12 h, 86 %; b) CD,Cl,, 2 h, quantitative. All complexes are PF,~ salts.

band at 490 nm in ethanol results in an emission centered at
650 nm.

Complex 2 was functionalized to allow for coupling to DNA
by reaction with two molar equivalents of chloro(cyanoethyl)-
N,N-diisopropylphosphoramidite in the presence of triethyl-
amine under an inert atmosphere. The reaction can be
monitored by 3P NMR spectroscopy in CD,Cl, and is
complete in two hours. The *'P NMR spectrum displays a
broad peak at 6 = 148 for the phosphoramidite moiety.!'l The
bis-phosphoramidite complex 3 is stable in solution at room
temperature under an inert atmosphere and was used in the
following steps without further purification. One of the
attractive features of our conjugation strategy is the compat-
ibility of 3 with the standard protocols for oligonucleotide
synthesis. Control experiments on complex 2 showed the
stability of the cis-[(bpy),Ru(imidazole),]** moiety to the
conditions of solid-phase DNA synthesis and ammonia
cleavage.

In parallel to the synthesis of 3, the oligonucleotide dT,, was
assembled on a 500 A controlled pore glass (CPG) support by
using standard solid-phase protocols. To optimize the yield of
1, our convergent solid-phase strategy requires close prox-
imity of the 5'-OH termini of growing oligonucleotides on the
solid support (Scheme 2).1 Hence, high-density CPG support
(56 umol g~!) was used. Bis-phosphoramidite 3 in CD,Cl, was
then added to the solid support under an inert atmosphere,
with tetrazole as activator to achieve branching. Subsequent
oxidation of the phosphite moiety, cleavage of the oligonu-
cleotide from the solid support in ethanolic ammonia, and
evaporation afforded a fluorescent red solid.

The crude mixture was analyzed by denaturing polyacry-
lamide gel electrophoresis (PAGE) to identify the rutheni-
um - DNA products (Figure 1a). The fastest moving band has
an electrophoretic mobility identical to that of the control
sample of the linear oligonucleotide dT,,, and was thus
assigned as unmodified DNA. Two slow-moving red fluores-
cent bands were also visible in the gel. The slowest moving
band was attributed to the desired branched ruthenium
complex 1 and the next slowest moving band to the mono-
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Figure 1. a) Analytical PAGE under denaturing conditions (UV shadow-
ing) of the oligonucleotide mixture obtained according to Scheme 2.
b) HPLC (monitoring at 260 nm) of the oligonucleotide mixture. Only the
peaks of compounds 1 and 4 show absorbance at 260 and 490 nm. A =
absorbance.

stranded ruthenium complex cis-[ (bpy),Ru**{(imidazole)-
(CH,)40-5"-d(T,p)-3'}{(imidazole)(CH,);OH}] (4; vide infra).
The mobility of 1 was significantly lower than that of a
5'-d(Ty)-3' linear marker, and that of the monostranded
complex 4 was lower than that of 5'-d(T))-3’, likely due to the
presence of the positively charged metal center and the higher
molecular weight of these complexes. The intense red color
and fluorescence of the ruthenium moiety make it a conven-
ient marker for the identification of the desired ruthenium—
DNA complexes.

The products were isolated by ion-exchange HPLC on the
crude reaction mixture (Figure 1b). Monitoring at 260 (DNA
m-rt* band) and 490 nm (cis-[ (bpy),Ru(imidazole),]** MLCT
band) allowed the identification of the fractions containing
ruthenium -DNA complexes. Two distinct peaks for such
complexes were observed. A MALDI-TOF mass spectromet-
ric analysis of the two isolated samples identified the desired
branched ruthenium complex 1 as the fraction with the
highest retention time, and the monostranded ruthenium
complex 4 as the next-eluting fraction.'! These results clearly
demonstrate the successful synthesis of branched ruthenium —
DNA complex 1, as well as monolabeled complex 4, by a facile
solid-phase approach.

With branched complex 1 in hand, we conducted thermal
denaturation experiments!'? to determine its hybridization
efficiency with complementary DNA (Figure 2).['1 The melt-
ing temperatures were determined for 1:1 and 1:2 mixtures of
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Figure 2. UV absorbance —melting curves at 260 nm. [14+dA,] (m);
[1+2dAy] (a); (dA,+dTy) (e). Normalized change in absorbance,
A(A), was calculated by using (A, — A,)/A;, where A, is the absorbance at
a given temperature, A;is the final absorbance at 90°C, and A, is the initial
absorbance at 5°C. The melting temperatures were calculated to be the
maxima of the first derivative plot of the melting curves at 260 nm. % H was
calculated using the formula 100[(A;— A,)/A;].l'Yl The buffer system used
was 140 mm KCI, 5 mm Na,HPO,, and 1 mm MgCl,, pH 7.2.

1 and dA,,. The results for the 1:1 ratio indicated the
formation of a duplex involving one of the strands of the
branched complex. The thermal denaturation curve at 260 nm
showed a monophasic transition at 22.1°C with a hyper-
chromicity of 13%. These results are promising as they
coincide with the melting temperature of 21.0°C for a
Watson —Crick dA,y/dT,, duplex in the same buffer system
(hyperchromicity 17%). With two equivalents of dA,), a
monophasic transition was observed at 26.0°C with a hyper-
chromicity of 17%.I' These results are consistent with
hybridization of both strands of 1 and formation of a novel
complex 5 (Figure 3), in which a transition metal moiety links
two DNA duplexes. Indeed, molecular modeling studies on
551 predict no significant steric or energetic barrier to the
formation of this structure (Figure 3). Further characteriza-
tion of the hybridized complexes by nondenaturing gel
electrophoresis and CD spectroscopy is currently under-
way.

In conclusion, we have prepared the first branched DNA
structure 1 containing a transition metal center as the branch
point, to which two oligonucleotide strands are attached
through monodentate ligands. Importantly, the convergent
solid-phase synthesis of 1 allows for the possible incorporation
of a range of metal complexes, spacers between the metal
atom and DNA, and DNA sequences into the structure.'¥]
Complex 1 is expected to perform a dual role. It contains
luminescent and redox-active cis-[(bpy),Ru(imidazole),]**
that is incorporated into the oligonucleotide and thus can
potentially act as a DNA hybridization probe.[* In addition,
analogues of complex 1 containing mixed DNA sequences are
expected to associate with their complementary partners to
generate a new class of DNA nanostructures. The pioneering
work of Seemanl and other recent contributions??) have
elegantly demonstrated the exciting promise of DNA as a
building block for nanotechnology. Complexes such as 1 allow
the metal-mediated self-assembly of DNA into a new class of
photo- and electroactive DNA nanostructures. We are
currently investigating the fluorescence response of these
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Figure 3. Optimized structure of the expected ruthenium-linked bis(dou-
ble helical) DNA complex 5, calculated as a local minimum by the
AMBER force-field method.” The branched ruthenium complex 1 is
shown in blue (ruthenium atom in yellow), and the two dA,, strands are
shown in red. Because of the flexibility of the hexyl spacer, as well as the
influence of solvent and counterions, the structure shown may not be a
unique conformation of complex 5.

complexes to DNA hybridization, as well as their potential for
the construction of higher order DNA structures.
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The Mechanism of Hydroamination of Allenes,
Alkynes, and Alkenes Catalyzed by
Cyclopentadienyltitanium — Imido Complexes:
A Density Functional Study**

Bernd F. Straub* and Robert G. Bergman*

Considerable effort has been directed towards the develop-
ment of procedures for hydroamination across carbon - car-
bon multiple bonds, and several catalytic systems for allene,
alkyne, and alkene hydroamination have been investigated.!!
However, a general catalyst for the hydroamination of
nonactivated unsaturated hydrocarbons remains elusive. A
catalyst for the selective anti-Markovnikov addition of amines
to terminal alkenes would be of particular interest [Eq. (1)].

. cat '
R™ +RNH, —— g~ NHR (1)

Recent kinetic studies have been carried out to elucidate
the mechanism of hydroamination catalyzed by cyclopenta-
dienyltitanium complexes?I such as the dimethyltitanocene 1
and the imido complex 2a (Scheme 1).*3 Formation
of the active monocyclopentadienyltitanium—imido species
[CpTi=NR(NHR)] 3a (R=2,6-Me,C;H;) from both the
pyridine adduct 2a and the precatalyst 1 has been established
(Scheme 1).14

) +2 RNH; + py H -py i
[CpaTiMes — = RN UNR RHN"TCNR
-CpH -2 CH, Dy Y py
1 2a 3a

R = 2,6-Me,CgH3

Scheme 1. Generation of [CpTi=NR(NHR)] 3a from precatalyst
[Cp,TiMe,] (1) and by equilibration with [CpTi=NR(NHR)py] 2a.

Titanaazacyclobutenes and titanaazacyclobutanes are pro-
posed as intermediates in the catalytic cycle,? %3 in analogy
to the [Cp,Zr(NHR),]-catalyzed hydroamination of alkynes!®
or the stoichiometric reaction of allenes with zirconium and
titanium pyridine imido derivatives.”) However, the mecha-
nism of the protonation of the titanacycle by the amine is not
well understood. Here we report high-level density functional
model calculations on the intermediates involved in this step.
The origin of the differences between the activation barriers
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