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A Facile Route to Bimetallic Ruthenium Dipyridophenazine Complexes
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Using achiral coordinatively unsaturated metal complex building-blocks, the two step synthesis of a bimetallic complex
containing independent [Ru'dppz] units tethered together by a linking 4,4'dipyridyl-1,5-pentane ligand is reported.
Photophysical studies on this prototype system indicate that the characteristic luminescence of the [Ru"dppz] moieties
is perturbed by self-quenching processes. Preliminary binding studies on the complex with natural and synthetic
duplex DNA is reported. Luminescence and calorimetric titrations reveal that the complex does not show enhanced
binding affinity with respect to analogous monometallic complexes. This result is interpreted by a consideration of
the length and rigidity of the linker employed in the complex.

Introduction
Polypyridyl ¢ metal complexes are extensively investi-

gated as their rich photophysical and redox properties maked

them potentially useful in a range of applications such as;
light harvesting, electron transfetand probes for biological
systems, particularly nucleic acid$In this context, the DNA
binding properties of [Ru(phes(dppz)ft, 1, (dppz =
dipyrido[3,2a:2',3-c]phenazine, pher 1,10-phenanthro-
line), Scheme 1, has attracted particular atterftilthough

of the complex. Luminescence offers a further means of
monitoring binding: in what has become known as the DNA
ight switch effect, emission from aqueous solutiond a$
qguenched by water molecules, while binding to DNA
enhances luminescence by several orders of magnitide.

In an attempt to construct new architectures for metallo-
intercalators, we have been investigating the properties of
[Ru(tpm)(L)(dpp2)}" (where tpm = tris-(1-pyrazolyl)-
methane, L= N-donor ligand); see Scheme 1. Initial work

the exact orientation of the complex when bound to DNA On monometallic complexéshas shown that their DNA

has been open to much discussion, it is widely accepted that®

intercalation of the dppz ligand into the DNA base stack
forms the basis of interactidi®. The binding process can be

monitored using UV/visible spectroscopy as intercalation
results in large hypochromic shifts in the absorption bands
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inding parameters compare favorably with thosd..of
More recently, in an attempt to increase the binding affinity
and DNA sequence recognition properties of such complexes
bimetallic systems have been investigated. For example,
Kelly and co-workers have demonstrated that dimers com-
posed of linked nonintercalative metal centers, such as
[(bpy).Ru(Mebpy)(CH)s(bpyMe)Ru(bpyj]**, 3 (where bpy
= 2,2bipyridine, MeBpy = 4-methyl-2,2-bipyridyl-4'-),
Scheme 1, show greatly enhanced binding to DNA over their
monometallic analoguésNorden, et al. have synthesized
bimetallic complexed and5, connected via dppz moieties,
that intercalate via a threading mechanism, resulting in high-
affinity DNA binding.!® However, the multistep synthesis
of these latter systems, starting from coordinatively saturated,
classically resolved chiral metal complexes, is not trivial.
Complexes related t® are convenient building blocks for
the construction of analogous systems as they are achiral
and are coodinatively unsaturated, thus offering more facile
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Scheme 1. Monometallic (A) and Bimetallic (B) Metallointercalators
Relevant to This Work
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synthetic route to bis(metallo) intercalators. For example,
using the readily availabté! [Ru(tpm)(Cl)(dppz)] as a
starting material, intercalating moieties can be linked via

coordination to the metal centers using presynthesized tethers

Metcalfe et al.

= 6000 moft dm? cm™! at 260 nm, and poly(d&)oly(dC) e =
7400 moft dm?® cm™! at 253 nm. The buffer used for titrations
was 25mM NacCl, 5 mmol Tris, pH 7.0, made with doubly distilled
water (Millipore).

Instrumentation. Electronic spectra were recorded on a Carey
bio-3 UV-—visible spectrophotometer. Emission spectra were
recorded on a Hitachi fluorimeter. NMR spectra (400 MHz) were
recorded on a Bruker instrument with offline data analysis
performed on an IBM PC running Bruker win-NMR software. FAB
mass spectra were obtained on a Kratos MS80 machine working
in positive ion mode, with an-nitrobenzyl alcohol matrix. ITC
experiments were performed on a Microcal microcalorimeter at 25
°C with 25mM Tris buffer at pH 7.0 with data analysis performed
on an IBM PC running Microcal’s origin software.

Synthesis and Characterization. [TpmdppRudppz]C}, [6]-
[Cl,]. [TpmCIRudppz]Cl (450 mg, 0.59 mmol) and AgN@2.1
equiv, 1.22 mmol, 191 mg) were refluxed in 1:1 EtOH/water (100
cm?) for 3 h. The solution was cooled and filtered through Celite
to remove AgCl. The filtrate was returned to the flask along with
dpp (10 equiv, 5.792 mmol, 1.31 g), and the mixture was refluxed
for 10 h. After cooling, the solution was concentrated and,Ri§
was added until the complex precipitated. After collection by
filtration, the crude product was dissolved in acetone (8)cBu,-

NCI was added to precipitate the product as a dichloride salt, which
was collected by filtration and copiously washed with acetone to
remove excess dpp. The red solid was dried in vacuo. Ma454

mg (66.6%). A small amount of the product was converted to its
hexafluorophosphate salt for analysis. NMR (ds-acetone): oy

= 1.25 (m, 2H), 1.51 (m, 2H), 1.59 (m, 2H), 2.54 (m, 2H), 2.59
(m, 2H), 6.30 (t, 1H), 6.92 (dd, 1H), 6.98 (m, 4H), 7.23 (dd 2H),
7.61 (dd, 2H), 8.23 (m, 4H), 8.44 (dd, 2H), 8.46 (dd, 2H), 8.58
(m, 4H), 8.85 (dd, 2H), 9.42 (dd, 2H), 9.89 (dd, 2H), 9.91 (s, 1H).

Such a modular approach is attractive as systems containing-ag _ms: nyz (%): 1114 (5) [M], 969 (40) [M* — PR, 824

a variety of linkers can be synthesized using a single
methodology. However, for this initial report on the develop-
ment of the new methodology, a single tether ligand,

(50) [MT — 2PF]. Accurate MS Anal. Calcd for HzgN1,PRRu
(M* — PR): 1114.1670. Found: 1114.1677.
[{ TomRudppz} .dpp][PFel4, [7][Cl2]. [TomCIRudppz]Cl (100

4,4dipyridyl-1,5-pentane, dpp, was chosen as a suitable mg, 0.13 mmol) and AgN§X2.05 equiv, 42 mg, 0.264 mmol) were
linker. refluxed in 1:1 EtOH/water (30 cfpfor 3 h. The cooled solution
Detailed here is the synthesis and preliminary studies onwas filtered through Celite to remove AgCI. The filtrate was added
the DNA binding properties of a novel achiral bis(ruthenium) dropwise to a refluxing solution of][Cl,] (0.257 mmol, 230 mg)
complex that contains two independent dppz intercalating in 1:1 EtOH/water (30 _cﬁ). The solution was left to reflux for 3
ligands. The complex has been fully characterized using 2D days. The cooled soluﬂo_n was concentratgd and chromatographed
NMR spectroscopy, and its DNA binding ability has been on Sephadex CM-C25 ion-exchange resin. The product was the

bed b ¢ i titrati d isoth | titrati first band eluted from the column with 0.1M NaCl in 5:3 water:
E;(I)o:i}met?/yspec roscopic titrations and 1sothermal ttralion o .qone. The fractions containing the product were concentrated,

and the product was precipitated by addition of JRFs. The
product was collected by centrifugation, washed with water and
Et,0, and dried in vacuo. Mass 43 mg (16.5%) of a red powder.
IH NMR (ds-acetone):oy = 1.19 (m, 2H), 1.40 (m, 4H), 2.44 (t,
4H), 6.28 (t, 2H), 6.89 (dd, 2H), 6.93 (m, 8H), 7.55 (dd 4H), 8.18
d (dd, 4H), 8.24 (dd, 4H), 8.42 (dd, 4H), 8.57 (m, 6H), 8.86 (dd,
4H), 9.37 (dd, 4H), 9.86 (dd, 4H), 10.10 (s, 2H).). FABIS: m/z
(%): 1858 (10) [M-PK], 857 (50) [M¢"-2PF;). Accurate MS Anal.
Calcd for GiHsgN2oPsFigRWy, (MT — PR): 1857.2227. Found:
1857.2277.

UV—yVisible DNA Titrations A 3000uL aliquot of a sample
solution (154M) in a 1 cmpath length quartz cuvette was loaded
into the spectrometer sample block, maintained &5rhen 3000

Experimental Section

Materials. Commercially available materials were used as
received. Tris(1-pyrazolyl)methadg4,4dipyridyl-1,5-pentané3
[Ru(tpm)Ch],** and [Ru(tpm)(dppz)CI|[CR were synthesized via
literature procedures. Calf thymus DNA (CT-DNA) was purchase
from Sigma chemical company and was purified until Abs 260 nm/
Abs 280 nm was>1.9. Poly(dA)poly(dT) and poly(dG)poly(dC)

DNA was purchased from Amersham Phamacia Biotech and was
used as received. Concentrations of DNA solutions were determined
spectroscopically using the following extinction coefficients. CT-
DNA e = 6600 mot? dm?® cm~t at 260 nm, poly(dA)oly(dT) e
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Figure 1. 400 MHzH NMR spectrum of §][(PFs)2] in acetonitrile.

ulL of 5% buffer was placed in the reference cell of the spectrometer. scheme 2.  Synthesis o6 and7

After 30 min, to allow the cells to equilibrate, the first spectrum _ H /=> -

was recorded between 650 and 200 nm. Therb 2L of DNA H R NQ A 3 \N\N/ _]
solution was added to both the sample and reference cell, and each EI N ) NG Ry Ne
solution was thoroughly mixed. After another 30 min, the spectrum @’E:"&’ :mmﬁi_fﬁ I QO
was taken again. The titration process was repeated until there was = ' ' ~ |

no change in the spectrum for at least four titrations indicating

binding saturation had been achieved. Each titration was repeated 8

at least three times. — /

Luminescence DNA Titrations. A 3000 L aliquot of the . .,,N N

sample solutionni a 1 cmpath length quartz cuvette was loaded @N’:u‘, ;},@ z

into the fluorimeter sample block, maintained at @5 After 30 “ =

min to allow the cell to equilibrate first spectrum was recorded. N

Then 2-5 uL of DNA solution (3—10 mM in base pairs) was then

added to the sample cell, followed by thorough mixing. After 30

min, the spectrum was taken again. The titration process was

repeated until there was no change in the spectrum for at least four

titrations indicating binding saturation had been achieved. Each z |

titration was repeated at least three times. [\\N \T NS

Isothermal Titration Calorimetry. Poly(dA)-poly(dT) and poly- g B%&hb

(dG)poly(dC) dissolved in 2 mL of buffer (25 mmol NaCl, 5 mmol E’N\l =

Tris*HCI, pH 7.0) and dialyzed against buffer for at least 24 h. In H \:7

a typical experiment DNA (0.295 mM(bp)) was placed in the

sample cell of the calorimeter and equilibrated to25 The metal monomer 6, isolated as an analytically pure solid by

complex (0.772 mM) was placed in the injection syringe and was precipitation as its hexafluorophosphate salt. The bimetallic

injected into the sample cell in 19 18- injections after an initial complex7 was then synthesized by the reaction of [Tpm-

3 uL injection. Control titrations of buffer into buffer were also  RyCldppz} with excess §][Cl,]. [7][(PFs)s] was isolated

performed in order to determine background heats of dilution. The by cation exchange chromatography on Sephadex CM-C25

dO?;[;ir\le(;?tvrllgreedptzciasglggle set of binding sites model using the ion-exchange resin. Since sufficient material was produced
' for physical and bio-physical studies the yield of this reaction

Results has yet to be optimized.

Synthetic Studies Previous work has shown that the axial ~ Spectroscopy Studies.In the absence of solid-state
chloride of [TpmRuCldppz][P§ is easily substituted by  structural data fo7, 1D and 2D'*H NMR were used to fully
pyridine or nitrile ligands. However, these studies demon- structurally characterize the hexafluorophosphate salé of
strated that a 3-fold stoichiometric excess of pyridine ligand and7. The 400 MHz 1D spectrum @ is shown in Figure
was needed in such reactions. Therefore, a two-step strategyt.
for the synthesis of bimetallic complexes was investigated The characteristic deshielded methane proton of the Tpm
Scheme 2. moiety is found as a singlet at 9.91 ppm (a). Cross-coupling

First, [TpmRuCldppz] was treated with AgN@in the analysis of the corresponding COSY spectrum reveals that
presence of excess dpp. This resulted in the dpp-substitutedhe signals at 8.53, 6.30, and 6.92 ppm are the axially
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Figure 2. 400 MHZH NMR spectrum of 7][(PFe),] in acetonitrile.

coordinated pyrazole protons f, p, and o, respectively, while Taple 1. Photophysical Properties of the Reported Complexes

the resonances at 8.85, 6.99, and 8.46 ppm, are due to thé

equatorial coordinated pyrazole protons d, n, and g. The pr—
€

phenanthroline-type protons of dppz appear at 9.89 (b), 8.23 complex Ammfnm  dmPcm!  assignt Aednm  Aexfnm  assignt
(), and 9.42 ppm (c), with all three signals integrating to

absorptioa emissiort

k . . : 279 44039 nx—a* 450 624  MLCT
two protons each, while the protons in the phenazine region 317 16202 71— x*
of the ligand appear at 8.55 (e) and 8.25 ppm (i). Due to 348 17559 7 —az*
. . e e 397 6883 a7 —x*
coordination of one of the pyridine moieties of dpp to the 470 2363 MLCT
ruthenium center, all seven sets of protons on this ligand 7 279 163997 nx—ax* 450 672 MLCT
are rendered inequivalent. The large coupling constant for 317 50718 T
the resonances at 8.44 (h) and 7.61 ppm (k) indicate that ggé ggig% A
these protons reside adjacent to ring nitrogens, and the one 470 6982 MLCT

with the largest downfield shift is assigned to the pyridyl
ring coordination to the ruthenium. The other aromatic
protons appear at 7.23 (I) and 7.02 ppm (m). The two closely tallic complex6 the integral ratio of the methyl proton of
positioned triplets at 2.60 and 2.55 ppm and are protons gtpm (a) to the central methylene proton (u) of the linker
and r on the alkyl linker, while protons s and t appear as ligand is 1:2. However, for the ratio a:q is 2:2, indicating
multiplets at 1.59 and 1.52 ppm. The central alkyl proton u two Tpm ligands, and thus two ruthenium centers are present
appears as a multiplet at 1.26 ppm. for each linker. Second, f@;, the five alkyl signals and four

The 400 MHz 1D spectrum o¥[[PFg] is shown in Figure pyridyl signals from the dipyridyl linker all give separate
2. Again the methyl proton, a, of Tpm is found as a sharp resonances due to the asymmetric coordination of ruthenium
singlet at 10.10 ppm. The axial pyrazole protons are assignedto only one of the pyridines. In the bimetallic complex
to the signals at 8.60 (e), 6.28 (n), and 6.89 ppm (m), which however, there are only three resonances with ratios 4:4:2
all integrate to two protons each. The equatorial pyrazole in the alkyl region and two resonances with ratios 4:4 for
protons can be found at 8.86 (d), 6.93 (), and8.42 ppm (g) the pyridyl protons of dpp. This indicates the symmetric
and integrate to four protons each. Analysis of cross-coupling coordination of each of the pyridines of dpp to an identical
from the corresponding COSY spectrum shows that the ruthenium center. Furthermore, FAB and accurate mass
phenanthroline-type dppz protons appear at 9.89 (5,9 spectroscopy, as well as elemental analysis, are all consistent
Hz), 8.17 (i), and 9.37 ppm (c). The phenazine-type protons with the structures assigned by these NMR studies
appear at 8.55 ppm (f), and they are coupled to the proton Photophysical Studies.The UV—visible spectra of the
at 8.24 ppm (h). The formation of the bimetallic species complexes recorded in acetonitrile solution show character-
means that the dpp linker ligand now displays higher istic absorptions for ruthenium(ll) diimine complexes; see
symmetry, resulting in a simplification of its signals, for Table 1. Both6 and7 show the characteristic double humped
example, the aromatic protons now appear as only two absorption due to transitions involving the dppz ligand at
signals at 7.55 ppm (J = 9 Hz) and ca. 6.00 ppm (k). This 348, 397 nm for §][(PFs)2] and 351, 399 nm for{][(PFe)4]
latter signal is not fully resolved as it is superimposed on and a broad Rugd — dppz(z*) MLCT at 470 nm. High
pyrazole proton I. energyszr — o* transitions are very similar for botdand?,

A comparison of the key signals in the 1D NMR of both except transitions are much more intense in the bimetallic
[6][(PFe)-] and [7]][(PFe)4] provides further evidence for the  species than in the monometallic specief2(79)= 163997
formation of the bimetallic complex. First, in the monome- and 44039 mol* dm?® cm™! respectively).

a Hexafluorophosphate salts recorded in acetonitrile.
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Figure 3. Typical binding curve obtained from emission titration 6f-[
[Cl3] with CT-DNA in 25 mmol of NaCl and 5 mmol of TrisHCI, pH
7.0, 25°C.
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In acetonitrile solution, §][(PFs)2] and [7][(PFs)4] show AMnm
characteristit” emission from the Ru¢d — dppz(7*) Figure 4. Absorption spectral changes of compl&in aqueous buffer

MLCT; see Table 1. However, emission frahis noticeably ~UPon addition of CT-DNA.

less intense than that frofhand is significantly red-shifted
(672 nm compared to 624 nm in the monometallic). This
phenomenon has also been observed in other related bimeta
lic systems and is indicative of self-quenching due to the . . . .
closg proximity of the linked metal Cen?éﬂslﬁMorg detailed intensities being 6865% of that seen for the monomeric

photophysical studies inspired by these observations areanalogue at the same concentration. This, again, is consistent
currently underway with self-quenching-although, the possibility that it is

DNA Binding Studies. The water-soluble chloride salts indicative of differences in DNA binding modes cannot be

[6][CI;] and [7][Cl,] were obtained via anion metathesis of ruled out-vide mfra_. F|_tt|ng OT t_he da_ta to the MVH model
their respective hexafluorophosphate salts usBi\gNCI in revealed that. the binding afﬂmty of IS of .the same order
acetone. The interaction of these complexes with calf thymusas that6, while the apparent site size is actually lower.

: Attempts to fix the site-size at higher valuesSxfesulted in
DNA (CT-DNA ffer (25mM NaCl I . - ) .
Tris (pCH 7.0) )V\Lgsaczlrisggsg:eo?rés;rg U\w?scib,les r;r:go poorer data fits. It is known that MVH fits for potentially

emission spectroscopic titrations. blsl-mtercaletl.tmglj Sly stefr]n s otfrt]en p.rodl_Jce'fgnor?alouts I)t/)$t)w
The addition of CT-DNA to solutions o6 results in values, pariicuiarly when there 15 significant contribution

characteristically large hypochromicity in both MLCT and IL%Tmn;ong-lntelzrcalattlye tg_lndlng mo_gé’s_Afn observation
m — m* absorption bands. There is also an appreciable y be re.eva'n in this .case, viae '_n ra.
bathochromic shift of one of the high-energy bands, from Isothermal Titration _Calonmetry_ Studle_s. _To further
275 to 292 nm. Emission titrations were accompanied by Investigate the properties of the dimer, bindingéoand7
the expected DNA “light switch” effect: aqueous solutions ©© DNA homopolymers was compared using isothermal
of [6][Cl,] are nonluminescent, until addition of CT-DNA  titration calorimetry, ITC?
results in Ru(et) — dppz(z*) MLCT emission at 651 nm. The interaction of][Cl2] with poly(dA)-poly(dT), Figure
This raw data produced typical saturation binding curves, 5@ and Table 2, can be compared to analogous data
Figure 3. All these observations are consistent with the Previously obtained from studies d® and2b.® In all three
interaction of a metallo-intercalator and DNA0 cases, the thermodynamic profile for binding displays
Fits of these data to the McGhewon Hippel (MVH) positive enthalpy and entropy changes indicating that, like
model indicate that binds to CT-DNA with aKy, = 3.5 1 and 2, intercalative binding by6 is dominated by
x 10° mol~* dm?® and a site sizeS, of ca. 4.47 base pairs. hydrophobic interaction¥.
Previous binding studies on the related compleXasind The interaction of T][Cl,4] with Poly(dA)-poly(dT), fits
2b have revealed lower site sizeS 4 3)2 suggesting that ~ well to a single set of identical binding sites model, Figure
the more bulky dpp ligand is responsible for the relative 5b and Table 2. Additionally, the resulta@value is larger
increase inS and the lower binding affinityK, for 2a and than that obtained from the MVH analysis, being closer to
2b = 10°). values observed for related linked chromophoric systeifis:2°
The interaction of T][Cl 4] with CT-DNA also results in

changes in absorption and emission but, unlike a relatéd Re (17) éea) Sheg&en R. HM V\Saéi_ngy '}/I B\ioggxér;ezrlslggg ;9, 431. (b) Shafer,
. - P . . H.; Waring, M. J.Biopolymer , .
system, linked with a shorter tethér,the binding is (18) (a) Haq, I.; Chowdhry, B. Z.; Jenkins, T. @ethods EnzymoR001,

340, 109. (b) Ladbury, J. E.; Chowdhry, B. Zhem. Biol 1996 3,

monophasic. However, although the hypochromicity ob-
I§erved for the dimer is comparable to that seeréfdérigure
4, enhancement of the luminescence is less pronounced with

(14) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von 791 (c) Jelesarov, |.; Bosshard, H.RMol. Recognit1999 12, 791.
Zelewsky, A.Coord. Chem. Re 1988 84, 85. (19) Haq, I.; Lincoln, P.; Suh, D.; Nofde B.; Chowdrey, B. Z.; Chaires,

(15) Metcalfe, C.; Webb, M.; Thomas, J. 8hem. Commur2002 2026. J. B.J. Am. Chem. S0d 994 117, 4788.

(16) McGhee, J. D.; von HippeP. H.J. Mol Biol. 1974 86, 469. (20) Leng, F.; Priebe, W.; Chaires, J. Biochemistryl998 37, 1743.
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Figure 5. (A) Raw ITC data for the interaction of 0.9 mMJ[CI,] with 0.3 mM(bp) of poly(dA)poly(dT) at 25C in a 5 mM Tris—HCI, 25 mM NacCl
pH 7.00 buffer. These peaks were integrated with respect to time and corrected for heats of ligand dilution in order to obtain the enthalpy ddtanmn the bo
panel. This binding isotherm was fit using a single-site binding model. (B) Analogous data for the interac@iClaf.[
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(A) Raw ITC data for the interaction of 0.9 mMJ[Cl] with 0.3 mM(bp) of poly(dG)poly(dC) at 28C in a 5 mMTris—HCI, 25 mM NacCl,

pH 7.00 buffer. These peaks were integrated with respect to time and corrected for heats of ligand dilution in order to obtain the enthalpy ddtanmn the bo
panel. There were insufficient data points during the first phase of the binding curve and so fits to a two-site model were unreliable. The fagidimtsdat
were therefore removed and the resultant isotherm was fit to a single site binding model. (B) Analogous data for the inter&gftin].of

Table 2. Thermodynamic Parameters for the Interaction@fdl;] and [7][Cl,] with Poly(dA)-Poly(dT) and Poly(dGPoly(dC) Obtained via ITC

complex Ky/M(bp)~1 S/bp AH/kcal mol® AG/kcal mol?® TASkcal mol?t
poly(dA)-poly(dT)

6 (2.5+0.8) x 1P 3.3 +3.3+0.3 —7.36+0.3 +10.66+ 1.8

7 (4.4+£0.6)x 1C° 7.6 +7.3+0.2 —7.69+ 0.3 +14.99+ 2.6
poly(dG)poly(dC)

6 (4.6+£0.5)x 1® 3.2 +16.4+ 1.6 —7.72+ 0.5 +24.12+ 2.7

7 (4.2+£0.6)x 1® 6.4 +23.8+ 2.6 —7.67+0.3 +31.47+ 35

In contrast, thé, value obtained does correlate well with  for 6, Table 2, result in values df, and Sthat are similar
that obtained from the luminescent studies on CT-DNA, to those obtained foRa, whereK, = 1.1 x 10° ML, S=
confirming that there is very little (if any) enhancement of 2.8.
binding affinity. Again, the binding is also associated with ~ Compared to poly(dApoly(dT), the interaction o8 with
positive enthalpy and entropy changes. However, while the Poly(dG)poly(dC) involves much larger positive enthalpic
positive enthalpic contribution has doubled compared to the @hd entropic contributions. These data also contrast strongly
data for6, there is a smaller relative increase in tR&S with those obtained fa2awhere an analogous study revealed

contribution, thus there is very litle change in the overall & Pronounced binding preference to GC sequences, driven
free energy of binding. by an exothermic process with a much lowexS contribu-

tion.
The interaction o6 with Poly(dG)poly(dC), Figure 6a, In contrast, data obtained from the interaction7ofith
can be compared to analogous data previously obtained frompoly(dG) poly(dC) fit well to a single set of identical binding
studies orRa where, after saturation of a few high-affinity ~sites model and, althoug® is larger than that of the
sites, intercalative binding was observed. The data obtainedmonomer, it is lower than that observed with poly(ei#9ly-

322 Inorganic Chemistry, Vol. 43, No. 1, 2004



Bimetallic Ruthenium Dipyridophenazines

(dT)—Figure 6b. This is slightly surprising as poly(d@dly- for 7 is a clear indication of intercalation: previous studies
(dC) is structurally related to the more compact A-form.  have concluded that this phenomenon demands embedding
7 shows no specificity with affinities for poly(d&oly- of the phenazine moiety of the dppz ligand deep into the

(dC) and poly(dAjpoly(dT) being almost identical anii, DNA helix.>¢ Given this fact, the ITC data and the anomalous
of the bimetallic complex is almost the same as, if not slightly McGhee-von Hippel fit suggest tha? is not a true bis-
lower than, that oB. As is the case for the interaction with  intercalator and only one chromophore intercalates. Further-
poly(dA)-poly(dT), a larger positive enthalpic contribution more, there is no evidence of biphasic interstrand binding
to the binding of7 is accompanied by smaller increase in that has been observed in a related system containing a
TAS contribution, thus leading to very little change in the shorter tethet® Surprisingly, a comparison of the binding
overall free energy of binding relative to the data obtained parameters foi7 with those of structurally analogous, but
for 6. known nonintercalators reveals a striking similaritg; for
3=24x 10° M™%, S= 6.4 with CT-DNA®® To further
investigate this issue, synthesis of systems with longer tethers
are underway.

An alternative explanation involves an analysis of the
thermodynamic data obtained by ITC. It is known that
binding in metallo-intercalators is entropically driven. How-
ever, relative t@®, the data foi7 only show a modest increase
in the TAS contribution. Binding of tethered systems can
result in a considerable loss in the degrees of freedom
available to the linker, leading to a unfavorable entropic
contribution to binding® Thus, as has been suggested
before?? it may that the comparative flexibility of the tether
is directly responsible for the comparatively low free energy
of binding.

Further biophysical studies that will provide more detail
on the nature of the interaction 6fand 7 with DNA, are
underway. The synthesis of related mono- and oligometallic
systems designed to show specific high affinity binding
characteristics are also being investigated.

Discussion

Luminescence and ITC titrations indicate that, wigilend
7 bind relatively avidly to DNA, there are significant
differences in these interactions compared with those ob-
served for simpler monometallic systems.

The generally lowered binding affinity & seems to be
due to the increased steric bulk of the dpp ligand. Effects
such as these have been observed for other metallo-
intercalators containing sterically demanding ancillary lig&hds.
More particularly, coordination of the dpp ligand also results
in a concomitant loss in binding specificity as, unlikle, 6
shows little binding preference for GC sequences. It seems
that coordination of dpp prevents the [Rtpm)(dppz)f*
moiety from making the specific interactions required for
such binding.

The binding parameters af are particularly distinctive.
Simple arguments dictate that binding constants for bis-
intercalators should be the square of their monomeric
analogue$? Although real systems have not shown such
large enhancements, significant increases in affinities have  Acknowledgment. We gratefully acknowledge the sup-
been observet?:?°The observation of the light-switch effect  port of The Royal Society (J.A.T.) and EPSRC (C.M., I.H.,
and J.A.T.).
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