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Experimental Section

PSS (My=70000Da) and PAH (My=70000 and 15000 Da) were
obtained from Aldrich. Silica particles (50 nm) were prepared according
to the method reported by Stéber et al.”! MF particles (3.99 um) were
purchased from Microparticles GmbH, Germany.

The procedure employed for the deposition of PSS, PAH, silica, and PAH-
coated silica nanoparticles onto the surface of MF microparticles is as
follows: A solution (1.5 mL) of the species with a charge opposite to that of
the MF templates or the last layer deposited (1 mgmL~! PSS or PAH in
0.5M NaCl or 2wt % silica or PAH-coated silica nanoparticles in 0.IN
NaCl) was added to a template latex solution (0.3 mL) and left to adsorb
for 15 min. The excess added species was removed after each layer was
deposited by centrifugation (2000 g, 2 min)/washing/redispersion cycles
(x 3) with dilute aqueous NaCl. After the final washing step, the particles
were redispersed in water (0.3 mL). Subsequent layers were deposited until
the desired number of multilayers was achieved. Silica particles (50 nm)
were covered with one PAH layer by using a similar procedure except that
centrifugation (10000 rpm, 10 min) was used for the particle separation.
Hollow capsules were prepared by dissolving the MF cores with 0.1m HCI
solution. Silica particles in the walls of the capsules were removed with 0.1m
HF solution.

Confocal micrographs were taken with a confocal laser scanning micro-
scope “Aristoplan” from Leica (Germany) equipped with a 100 x oil
immersion objective.

The morphology of the capsule wall was investigated by transmission
electron microscopy of ultrathin sections. The sections were made on an
ultramicrotom “Ultracut E” after embedding them in a mixture of methyl
methacrylate and n-butyl methacrylate. The sections were observed
through a Zeiss EM 902 transmission electron microscope.
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Ru" Complexes of “Large-Surface” Ligands**
Edith C. Glazer and Yitzhak Tor*

Ru"-polypyridyl complexes have traditionally been syn-
thesized by a complexation reaction of the ligand of interest
with the appropriate Ru" precursors.lll' Although significant
advances have been made in synthesizing modified
2,2"-bipyridine-, 1,10-phenanathroline-, and 2,2":6,2"-terpyri-
dine-type ligands, these methodologies provide access to a
rather constrained set of structural motifs.”! In particular, the
range of Ru' complexes that contain large, extended surfaces
is limited,®! despite their enormous potential as nucleic acid
intercalators, luminescent probes, as well as energy and
electron donors and acceptors.[*3] We envisage a new method-
ology for the fabrication of extended polypyridyl systems
from modular building blocks by the dehydrogenation
reaction of a strained metal-complexed ligand (Scheme 1).[57]
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Scheme 1. Extended symmetric and asymmetric bipyridine-type ligands
are synthesized in a modular fashion from simpler heterocycles. The
chelating ligand is enforced into a syn orientation within an octahedral
complex and can then undergo a dehydrogenation reaction to a planar
“large-surface” metal-polypyridine complex.

In this modular approach, nitrogen-containing heterocycles
are homo- or heterocoupled to give extended bipyridines that
can subsequently be coordinated and dehydrogenated to give
the desired coordination complexes (Scheme 1).81 Here we
report the successful implementation of this strategy for the
preparation of biologically active eilatin-containing com-
plexes as well as Ru! complexes of previously unknown
“large-surface” ligands.
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The 1,1'-biisoquinoline-containing Ru! complex (1) was
selected as a model system for exploring the dehydrogenation
procedure (Scheme 2). This coordination compound is easily
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Scheme 2. Dehydrogenation of [Ru(bpy),(1,1’-biisoquinoline)]** (1) to
[Ru(bpy),(1,12-diazaperylene) |** (2). Reagents and conditions: a) Pd/C,
ethylene glycol-acetone 10:1, 175-195°C, 24 h, 30 % yield. All complexes
were isolated as their PF,~ salts.['”)

prepared by treating [Ru(bpy),CL] (bpy = 2,2"-bipyridyl) with
the known biisoquinoline ligand.”! Heating a solution of
complex 1 in ethylene glycol with preactivated Pd/C to 175—
195°C for 24 h leads to the formation of complex 2 (30 %
yield), which contains the fused 1,12-diazaperylene ligand.[']
This “subtle” transformation can be monitored by spectro-
scopic techniques. The presence of distinct, slowly intercon-
verting diastereomeric complexes of the unfused coordination
compound 1" results in complicated 'H and *C NMR
spectra that are simplified upon dehydrogenation to the
racemic product 2 (Figure 1a). Additionally, fusing the two
isoquinoline rings results in dramatic changes in the UV/Vis
absorption spectrum. Characteristic transitions, particularly
the visible metal-to-ligand charge-transfer (MLCT) bands, are
significantly shifted to longer wavelengths (Figure 1b). Cyclic
and square-wave voltammetry measurements further support
the planarization of the biisoquinoline moiety in 1 to the
diazaperylene core in 2. While the metal-centered Ru’+?*
wave remains essentially unchanged (E;,=1.28V versus a
saturated calomel electrode (SCE)),["? the first two reduction
waves in 2 show a significant shift to lower potentials when
compared to 1 (AE;,>0.2 V), as anticipated for the dehy-
drogenated product (Figure 1c). Final confirmation of the
successful dehydrogenation of 1 into 2 is obtained by mass
spectrometry and by synthesizing an authentic sample of 2 by
an independent synthetic route.l'* It is important to note that
the free 1,1'-biisoquinoline ligand does not undergo the
corresponding dehydrogenation reaction to the fused 1,12-
diazaperylene under identical conditions.

Having demonstrated the feasibility of the above approach,
we were prompted to apply it to more complex systems where
the synthesis of the free large-surface ligand is significantly
more challenging.®! Toward this end, Ru!' complexes of
eilatin,'¥ a marine alkaloid bearing two distinct coordinating
faces (Scheme 3),I"] are particularly intriguing since they have
recently been shown to exhibit anti-HIV activity.'7] The
unfused ligand, trivially named here pre-eilatin, has been
synthesized and used to prepare the dark-red Ru® complex,
[Ru(bpy),(pre-eilatin) ** (3).I'% Exposure to Pd/C in ethylene
glycol at elevated temperatures (175-190°C) cleanly converts
complex 3 into the corresponding deep-green eilatin complex
4 after 1 h in essentially quantitative yield.'l Tt is worth noting
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Figure 1. a) '"H NMR spectra of 1 (bottom) and 2 (top) in [Dg]acetone at
room temperature. b) UV/Vis spectra of 1 (blue) and 2 (red) in CH;CN.
c) Square-wave voltammograms of 1 (blue) and 2 (red) in CH;CN
containing 0.1m [nBu,N][PF,] as supporting electrolyte. Potentials are
shown with reference to the ferrocene—ferrocenium couple at 0.08 V.12

that, as for the biisoquinoline system, treatment of the free
pre-eilatin ligand with Pd/C under similar conditions does not
yield eilatin (Scheme 3).

The structural and electronic reorganization that accom-
panies the transformation of 3 to 4 is manifested in a
simplified NMR spectrum, a dramatic red-to-green color
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Eilatin Pre-Eilatin

Scheme 3. Dehydrogenation of [Ru(bpy),(pre-eilatin) |** (3) to [Ru(bpy),(eilatin) |** (4). Reagents and conditions: a) [Ru(bpy),CL]-5H,O, ethylene glycol-
water 1:1, 100°C, 3 h, 62 % yield; b) Pd/C, ethylene glycol-acetone 10:1,175-190°C, 1 h, 97 % yield. All complexes were isolated as their PF~ salts.'”) Note
that identical reaction conditions do not convert the free pre-eilatin ligand to eilatin.

change (Figure 2), and a substantial change in electrochemical
characteristics.'’?” As anticipated, complex 4, containing the
large-surface eilatin ligand, exhibits electronic transitions at
lower energy than the bpy-type complex 3. Most notable is the
appearance of a low-energy band around 580-600 nm that has

300 400 500 GO0 Too
ASnm

Figure 2. UV/Vis spectra of 3 (red) and 4 (green) in CH;CN. Inset: a
picture of the corresponding solutions.

—

previously been assigned to a Ru—eilatin MLCT transition
(Figure 2)."Y Planarization of the large heterocyclic ligand
also stabilizes the reduced states of 4 when compared to 3.
While the E,j, values for the Ru**>* couple in 3 and 4 are
almost identical (1.38 and 1.40 V versus SCE, respectively), a
significant shift to less negative potentials is apparent for the
reduction waves, with the E,, value for the first reduction
couple changing by more than 03V (E;,=-0.70 and
—0.39 V versus SCE, for 3 and 4 respectively).[!>18]

The approach reported here naturally lends itself for the
fabrication of coordination compounds bearing asymmetric
“large-surface” ligands, since fluxional heterobiaryl ligands
are accessible through cross-coupling reactions.'”) Such li-
gands are particularly attractive because of their potential
photophysical as well as nucleic acid recognition proper-
ties.4?) As shown in Scheme 4, we have targeted the
previously unknown debenzo-eilatin system 6. Coordination
of the free ligand to yield §, followed by dehydrogenation over
Pd/C in ethylene glycol affords the desired compound 6.[1%-21.22]

Interestingly, the 1,6,7,12-tetraazaperylene core of eilatin
has never been reported. This heterocycle is an attractive

4024 © 2002 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 4. Dehydrogenation reactions of 5 and 7 to yield the novel
complexes 6 and 8, respectively. All complexes were isolated as their
PF,~ salts.['%]

bifacial bridging ligand that can be utilized for investigating
charge-transfer phenomena in bimetallic complexes.”! Com-
plexation of 1,1'-bis-2,7-naphthyridine to [Ru(bpy),]** to give
7 is followed by a facile dehydrogenation to afford the
monometallic complex 8 (Scheme 4).%2224 In the case of
both complexes 5 and 7, dehydrogenation to 6 and 8,
respectively, produces the same extraordinary color change
as with the eilatin system. The successful synthesis of
complexes 6 and 8 highlights the significant advantages
presented by the new approach for the modular construction
of coordination compounds that are currently inaccessible by
traditional routes.

The results reported in this contribution illustrate an
elegant methodology to novel metal complexes where the
“classical” [Ru(bpy),]** core is coordinated to unique large-
surface ligands. The approach takes advantage of metal
coordination to promote a dehydrogenation reaction, where
extended bpy-type ligands are forced into a syn orientation
within octahedral complexes. It is likely that the enforced
proximity and enhanced steric repulsion within the bound
ligand facilitates the single carbon—carbon bond-forming step
during the dehydrogenation/cyclization reaction. In addi-
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tion to the efficient synthesis of biologically active eilatin-
containing complexes, Ru' complexes of previously unknown
ligands have also been prepared. It is anticipated that this
methodology can be applied for the fabrication of other
coordination compounds that contain different metal centers
and coordination geometries.
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Modular, Well-Behaved Reversible Polymers
from DNA-Based Monomers**

Elizabeth A. Fogleman, Wayne C. Yount, Jun Xu,
and Stephen L. Craig*

Reversibly formed linear polymers (Figure 1a) have re-
ceived increasing attention in recent years.'s] Reversible
association of monomers leads to extended assemblies whose
structure and properties depend on the strength and specific-
ity of the association, the conformational flexibility of the
molecule, the concentration of the monomer, and the
chemical and physical environment of the system. These
dissipative polymers undergo conformational changes and
diffusion on much shorter timescales than their covalent
counterparts, assemble with minimal imperfections, and
repair themselves on useful timescales.["”] They encompass a
range of structural motifs, phase behaviors,[»>!% solution and
solid-state mechanical properties,>!"'?l and environmental
responsiveness,’? and offer promise as environmentally
benign materials as a result of the ease of processing and
recycling and the absence of a polymerization catalyst. Meijer
and co-workers>'>14 were the first to show that reversible
polymers may possess properties that are similar to traditional
covalent polymers despite the transient interaction (approx-
imately seconds) defining the main chain.
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Figure 1. a) Schematic representation of reversible polymers; b) an OM-

based reversible polymer. The spacer is extended for illustrative clarity
only.

Here we report that the reversible polymeric properties of a
system based on oligonucleotide base pairing are well-
behaved. The system is intrinsically modular and is therefore
amenable to “physical organic chemistry of materials”, that is,
systematically varying the structure of the components and
observing the concomitant changes in the properties of the
assemblies. The monomers (hereafter, oligonucleotide-based
monomers (OMs)) comprise oligonucleotide sequences that
are covalently linked directly or through a synthetic spacer
(Figure 1b). Duplex formation creates a linear, polymeric
assembly that resembles larger duplex DNA ] but in which
the main chain is defined by the reversible base pairing. The
specificity between complementary DNA strands is such that
monomers can be synthesized that associate head-to-tail or in
alternating patterns. DNA base pairing is a popular motif for
self-assembly, 'l and similar systems have been used to
characterize DNA curvature and ring-closure probabili-
ties,['1] to sequentially align synthetic moieties,?*?!l and to
fabricate linear DNA-protein nanostructures.??l Surprisingly,
their properties in the context of reversible polymerization
have not been previously reported. We find that OMs are
well-suited to systematic studies of reversible polymerization.

Representative OMs are reported in Table 1. OMs 1a—d are
self-complementary and form single-component homopoly-
mers, while 2A:2B and 3A:3B are two-component hetero-
polymer systems. Melting curves give effective free energies
of dimerization®! (AGy,,) that are in line with empirically
derived expectations;?*?! polymerization does not have a
significant impact on duplex formation. Polymer formation is
revealed in all cases by an increased viscosity in the OM
solutions relative to solutions of nonpolymerizing analogues.
For example, the viscosity of 2A:2B (3 mgmL~" or 0.29 mMm in
each monomer, 1M NaCl/10 mM sodium phosphate buffer,
pH 7.0, 25.0°C, Cannon-Ubbellohde viscometer) is 1.25 times
that of the same concentration of 2B alone, and that of
3A:3B (5.8 mgmL~! or 0.22 mM) is 2.5 times that of 3A
alone. The molecular weight of the polymer can be easily
controlled by varying the ratios of 2A:2B and 3A:3B; an
excess of any monomer serves as an effective “chain
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