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Introduction

Ruthenium(ll) polypyridyl complexes have attracted wide
interest due to their optical properties. Polypyridyl ruthenium-
(I complexes have been studied as light absorbers, photolu-
minescent sensors, and intramolecular energy and electron ~
transfer agents. Promising candidates for luminescent probes I — —
in aqueous solution are dipyridophenazine (dppz) complexes 450 600 750 900 1050
of ruthenium(ll), because they are nonemissive in water but emit Wavelength (nm)
brightly in nonaqueous solvent or in aquated polymers like (b)

DNA.2"% [Ru(bpyydppzF" and [Ru(phenpppzf* exhibit a  Figure 1. (a) [Ru(NHy).dppzP*. (b) Absorption spectrum of [Ru-
molecular “light switch” effect by intercalative binding to DNA.  (NHs),dppzE* in water.

These complexes show no photoluminescence in aqueous

solution at ambient temperatures but display intense photolu- solvents were obtained at room temperature on a Perkin-Elmer Lambda
minescence upon binding to DNAS This quenching of 14 UV-visible spectrophotometer.

luminescence in aqueous media is mainly due to the interaction Synthesis and Characterization. Dipyridophenazine was synthe-

of the phenazine nitrogens of the ligand with the water via Sized according to a literature method:he complex [Ru(NH)s(OH,)]-
hydrogen-bonding or excited-state proton tran&ferUpon (PF), was synthesized according to standard procedufés.
intercalative binding to DNA, the phenazine nitrogens are _ [RUNH3)dppz](PFe). [Ru(NHs)«dppz](PF). was synthesized via

. . a modification of the literature method for [Ru(Nzbpy](PFR)2.2° A
protected from water and hence luminescence is observed. 0.28 t of IRUNR(OH(P 0.57 | dissolved
Due to the limited number of mono(dipyridophenazing) :- o2 cmoon” O [RUNE}S(OH;)I(PF): (0.57 mmol) was dissolve

. . . . in 20 mL of acetone, forming an orange solution of the [RUgM{CHs-
complexes of ruthenium(ll), information on the influence of the  cocy)j2 ion. To this was added 0.16 g of dipyridophenazine (0.57
ancillary ligands on the optical properties of these complexes mmol), and the solution was allowed to stir for 12 h under nitrogen.
is lacking. Studies of this kind could also provide us with more The crude purple [Ru(NE.dppz](PF). product was filtered into 6 vol
insight into the “light switch” effect for these complexes. In of ether, and the resulting solution was filtered to obtain dark purple
this Note we report the synthesis and characterization of [Ru- semicrystalline [Ru(Nk)4dppz](PF)2 (0.18 g, 0.24 mmol, 42% yield).

(NH3)4dppz](PF)2, Figure 1, and also explore the interactions Anal. Caled for [Ru(NH).dppz](Pk)., molecular mass 741.42 amu:
of the complex with DNA. C, 29.16; H, 2.99; N, 15.11. Found: C, 29.47; H, 3.32; N, 16166.

NMR ((CD3);S0) 9.6 (2H, d), 9.23 (2H, dd), 8.44 (2H, dd), 8.1 (2H,

Absorbance
|
-

Experimental Section dd), and 8.0 (2H, dd). The electronic absorption spectrum of the
] ] ) complex showed the characteristic high-energy double-humped peak
Instrumentation and Materials. 1,10-Phenanthroline, RugXH,0, due to the ligand dipyridophenazine370 nm) and a broad low-energy

hydrazine hydrate, NiPFs, purified zinc, mercury, ethanol, methanol,  pangd presumably due to the metal to ligand charge transfer (MLCT),
ether, nitromethane, acetonitrile, propylene carbonate, cyclohexanone,,:igure 1b:esss = 2600 ML cmt in water.

acetone, dimethylformamide, dimethylacetamide, and dimethyl sulfox- Binding Studies with Calf Thymus DNA. Binding constants were
ide were obtained from Aldrich, and p#PQ,-7H,0 and NaHPQ,H;0 determined by absorption titration of [Ru(Mippz](PK). with calf
were obtained from Mallinckrodt. All reagents were of the highest thymus DNA at room temperature, in 5 mM phosphate buffer at pH
pur?ty available. Calf thymus DNA was obtained from Sigma andwas 72 ata complex concentration of 58l and calf thymus DNA added
purified by phenol/chloroform extraction. . from 0 to 10.4uM. Similar titrations were performed with 8,2u

_ Elemental analyses were performed by National Chemlc_al Consult- [Ru(phen)dppz]Bk, from 0 to 21.0uM DNA. The dilution of metal

ing, Inc., Tenafly, NJ.  Absorption spectra of the complex in various  complex concentrations at the end of the titrations was negligible. Fits
of experimental absorption titrations were performed with Mathematica
*To whom correspondence should be addressed. Phone: (803) 777-y3.
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Table 1. Absorption Maxima of [Ru(NH).dppzF™ Compared to
[Ru(NHg)4bpy?* in Various Solvents

DNa lmax (nm)
solvent (kcal/mol) [Ru(NHs).dppzE" [Ru(NHg)sbpy]rta

nitromethane 2.7 554 511
acetonitrile 14.1 550 523
propylene carbonate 15.1 560 532
acetone 17.1 550 534
dimethylformamide 26.6 550 554 T " ‘ T
dimethylacetamide 27.8 550 558 450 600 750 900 1050
dimethyl sulfoxide 29.8 550 561 Wavelength (nm)
(a)

Absorbance

2 The donor number, DN, is a measure of the electron-pair donating
ability of the solvent. DN values and valuesigf. for [Ru(NHs)sbpyP+ !
were taken from ref 10. e = eo—
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uM [Ru(NH3).dppzFt and also with 19.8%M [Ru(phen)dppzf+.

Dialysis experiments were performed with Sigma cellulose tubing
(molecular weight cutoff of 12 000) in phosphate buffer at total
concentrations of 7.@M for both metal complex and DNA (nucleo-
tides).
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Results and Discussion
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The absorption spectrum of [Ru(NJadppz](PF). upon
dissolution in various nonaqueous solvents showed fine structure
at ~370 nm which is characteristic of the—s* transition of
the dppz ligand and a broad peak-d&@44 nm which we assign [DNA], M
as a MLCT band (Figure 1). The smal750 nm peak is ®)
unassigned at present, but other workers have noted multipleFigure 2. (a) Absorption spectra of [Ru(NgkdppzE*™ (58 uM), in 5
Ru(dr)—La* transitions € ~ 10° M~1 cm™1) for other [Ru- mM phosphate buffer at pH 7.2, in the absence and presence of
(NH3)4L] %+ complexes increasing amounts of DNA (010.4uM). (b) Plot of (€a — «)/(eb —

The MLCT transition energies of the related complexes [Ru- € VrS] [%NA] for [Rg.(NH3)“dppZ]z+.' ;I;;e best fit IinO%, SL_'?em:;pOSEd
(NHy)bpyP* (Table 1) and [Ru(NHphenf* exhibit large o' 92 according 1o eq 1 yielts= 1.24 > 10°M = ands =
solvent effects, causing significant visible color changes, which

have been attributed to interactions between coordinategl NH wavelength shift in the charge transfer band. No photolumi-

>
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and electron-donating solveri!? nescence is observed upon addition of DNA either. However,
the addition of DNA clearly yielded an absorbance hypo-
o /H chromism of 13.6%, which is possibly associated with inter-
bpy—Ru' —_NTHT s calative binding of the complex to the helix. The binding
\ constant of [Ru(NH)4dppzE* for DNA, K, was determined to
H be 1.24x 10° M1 using eq 11* wheree, is the extinction
In this model, stronger donor solvents push electron density on (¢, — ¢)/(¢, — ¢;) = (b — (b*— 2K2Ct[DNA]/ 3)1/2)/2KCt
Ru(ll), causing the Rabpy MLCT to shift to lower energy in (1a)
these solvents. However, in [Ru(N}dppzFt, the absorption
maximum of the MLCT band did not shift much as a function b =1+ KC, + K[DNAJ/Zs (1b)

of solvent (Table 1). The electron-withdrawing character of
the phenazine portion of the dppz ligand could be responsible coefficient observed for the MLCT absorption band at a given
for this shutdown of solvent effects by withdrawing electron DNA concentration,e; is the extinction coefficient of the
density from the N-H bond and rendering it less susceptible complex free in solutiorgy, is the extinction coefficient of the

to solvent. We note that the absorption maxima for the dppz complex when fully bound to DNA (it is assumed that when
Comp|ex in all solvents are similar to the ones for the bpy further addition of DNA does not Change the absorbance, all
complex when the bpy complex is dissolved in good donor complex is bound ane, can be calculated from Beer’s Law),
solvents. Thus, the effect of a good electronic “push” from K is the equilibrium binding constant; is the total metal
solvent is apparently similar to that of a good electronic “pull” complex concentration, [DNA] is the DNA concentration in
from ligand. We have observed a similar attenuation of MLCT nucleotides, and s is the binding site size. Equation 1 has been
band solvatochromism for [Ru(Ch)jppzP~ compared to its bpy ~ applied to absorption and emission titration data for noncoop-
and phen counterpart$. [Ru(NHs)4dppzE" did not show

_ iecinn i (13) Murphy, C. J.; Drane, W. DProc. SPIE 1995 2388 266.
steady-state emission in any of the solvents at room temperature; [RU(CN)dppzF- appears to be a “light switch that is permanently

like its bpy and phen counterparts; this is a “light switch” that “on”, in the green: Keller, C. E.; Plessinger, W. D.: Pollard, C.;
is permanently “off”. Murphy, C. J. Manuscript in preparation. For comparison, the MLCT
The absorption spectrum of [Ru(NJddppz](PR)2 upon band maximum for [Ru(phes)ppzf+ does not shift as a function of

solvent, but its emission in nonagueous solvents is somewhat
solvatochromic: Nair, R. B.; Cullum, B. M.; Murphy, C. lhorg.
Chem.1997, 36, 962.
(11) Ruminski, R. R.; Freiheit, D.; Serveiss, D.; Snyder, B.; Johnson, J. E. (14) Smith, S. R.; Neyhart, G. A.; Karlsbeck, W. A.; Thorp, H.&ew J.

B. Inorg. Chim. Actal994 224, 27. Chem.1994 18, 397. This model was adapted from Bard et al.: Carter,
(12) Mines, G. A.; Roberts, J. A.; Hupp, J. lhorg. Chem1992 31,125. M. T.; Rodrigues, M.; Bard, A. J1. Am. Chem. Sod989 111, 8901.

titration with calf thymus DNA, Figure 2, did not show any
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erative metallointercalator binding to calf thymus DA The
value ofK that we obtained in the absorption titration is similar
to what we obtained by equilibrium dialysis (1:810° M%),
For comparison, we found the binding constant of [Ru(pken)
dppzE" to calf thymus DNA to be 5. 10° M~1 (by absorption
titration and fitting to eq 1;s = 0.6)5 suggesting that the
intercalative binding of the dipyridophenazine ligand in [Ru-
(phen)dppzF+ is stronger than in [Ru(NgdppzFt. The
binding constant of [Ru(phesgppzF™ to DNA determined by
us is comparable to the values found by othdé¢s(6 x 10’
M~116 and ((+-3) x 10° M~1),7 and is also similar to those
found for other dicationic dppz complexes such as [Ru-
(bpy)dppzF* (>10° M~1)? and [Ru(terpy)(dppz)OFF** (7 x It is possible that the Nki“face” of [Ru(NHs).dppzP+
100 M7H).18 competes with the dppz “face” for DNA binding. Thus the 40-
Intercalation should promote base stacking in DNA and hence ol lower binding affinity of [Ru(NH),dppzE* compared to
should lead to an increase in the melting temperature of DNA [Ru(phen)dppzP* (from both equilibrium dialysis and absorp-
(corresponding to the transition from double-stranded to single- tjon titration experiments) may be due to direct hydrogen
stranded nucleic acid). Thermal denaturation studies of calf honding between the NHigands to the oxygens and nitrogens

strated that the intercalating phi ligand was inserted further into
the base stack in the ammine complex, likely due to less steric
clashing and favorable hydrogen bonding of the ammonia
ligands to the DNA! Similarly, a comparison of the bimetallic
complexes [Ru(NhB)4]2(dpb)+ and [Ru(bpy}]2(dpb)* revealed
that the ammine complex bound far better to DNA (via insertion
of the intercalating dpb ligand) than the bpy analégAgain
steric hindrance of the bpy ligands and favorable hydrogen-
bonding interactions of the ammonia ligands with the DNA were
invoked to explain these resuf%.In our case the presence of
the ammine ligands is detrimental to DNA binding. Also
peculiar is the small binding site size for [Ru(M&tippzf+.t°

thymus DNA with the metal complexes showAd, values of
+9.1 °C for [Ru(phen)dppzEt and +5.2 °C for [Ru(NHg)s-
dppzF+ compared to calf thymus DNA alone, consistent with
the notion that the intercalative binding of [Ru(phgippzf™
is stronger than that of [Ru(N$hdppzE*". Other metalloint-
ercalators give\ T, values of 16-14 °C,'819while [Ru(NHs)s-
Cl]?*, a divalent Re-ammine complex which obviously cannot
intercalate, give\T,, of 1—2 °C for binding to calf thymus
DNA.20 The binding constant of PV ~* and theAT,, of 5.2
°C for the DNA—[RuU(NH3)4dppzF™ adduct are on the border
between simple electrostatic association with the helix and
intercalationt®

Our observation that [Ru(NgydppzF"™ binds far less well
to DNA than [Ru(phenyppzE* is surprising in the context of
other work in this area. An NMR study of [Rh(NHphi]**
and [Rh(pherpphi]®t binding to an oligonucleotide demon-

(15) The values for the binding site size we obtain &re 1, which has
also been observed in refs 14 and 17 under certain conditions; it is
not clear what this physically means. Forciago be larger than 1
makes our fits far worse. Other workers have interpratedlues of

of bases as well as to neighboring phosphate groups of the DNA,
similar to the interactions that have been observed in the crystal
structure of [Ru(NH)e¢]3+ with d(CGCGCG)Y® Thus a portion

of the population of [Ru(Nk)4dppzF™ molecules may not
intercalate at all, and the absorption titration may in part be
probing dppz stacking with other dppz ligands from nearby
complexes bound on the surface of the DRA? However,
[Ru(phen)dppzF* binding to calf thymus DNA has been shown
to be entropically driven, presumably by release of counterions,
changes in hydration, and the hydrophobic interaction of
intercalationt’” An additional point to consider, then, is that
[Ru(NHs)dppzF™ may intercalate into DNA like the bis(phen)
complex, but its smaller size and good ancillary hydrogen-
bonding groups cause fewer counterions and solvent molecules
to be displaced upon binding, lowering the equilibrium constant.
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