5526

Inorg. Chem.1999, 38, 5526-5534

Effect of DNA Scaffolding on Intramolecular Electron Transfer Quenching of a
Photoexcited Ruthenium(ll) Polypyridine Naphthalene Diimide
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Intramolecular emission quenching of a photoexcited ruthenium(ll) polypyridine by a covalently linked naphthalene
diimide (NDI) has been measured in aqueous buffer both without and with calf thymus DNA. The complex
consists of a Ru(2;ipyridine}(2,2-bipyridine-5-carboxamidé} electron donor covalently attached by way of
a—CH,CH,CH,— linker to a 1,4,5,8-naphthalene diimide acceptor{RiDI, 1). The NDI portion of the complex
intercalates in calf thymus DNA, as indicated by the hypochromism of its optical absorbance bands and observation
of an induced circular dichroism spectrum in the same region. Emission quenching MRinas been measured
relative to a Ru tris-bpy model lacking the NDI moiety by both lifetime and emission quantum yield techniques.
Using lifetime averages, the relative emission quenching is, respectively, 99.1% and 97.9% in aqueous buffer
solutions without and with DNA. The emission quenching is ascribed to intramolecular electron transfer within
the Ru—NDI complex with an estimated driving force-AG®°) of 0.33 eV. In buffer, the emission decays of
Ru—NDI alone are fit well with a triexponential model with lifetimes of 0.34 (0.88), 1.99 (0.11), and 12.6 (0.008)
ns (relative amplitude). The emission decays of the DNA-intercalateeN®J complex are also fit well with a
triexponential model with lifetimes of 0.31 (0.79), 2.00 (0.13), and 11.8 (0.08) ns. Thus, the fractional amplitudes
of the lifetimes change upon DNA intercalation of the complex, while the lifetimes themselves remain essentially
the same. The average rates of electron transfer in aqueous buffer without and with DNA are, respectively, 1.6
x 10° and 6.8x 1% s71. The striking result of this study is that the overall character of electron transfer quenching

in Ru—NDI is very similar whether or not it is bound to DNA. Intercalation of the NDI in DNA apparently has
negligible consequences for electron transfer, implying either that the activation energy and electronic coupling
in Ru—NDI are largely unaffected by this, at first glance, seemingly significant environmental change or that

changes in these parameters on DNA binding cancel fortuitously.

Introduction

Intramolecular electron transfer within covalently attached C'€
donor-linker—acceptor complexes has been the focus of

intensive study in recent years!* These model systems

facilitate the study of electron transfer reactions because they

micelles> 18 cyclodextrinst®19-22 liquid crystals?®-25 vesi-
s26-28 and lipid bilayers?®:30
In this study we have investigated the role of DNA as

(15) Guindy, N. M.; Elzawawy, F. M.; Sabry, D. Yollect CzechChem
Commun1992 57, 26—32.

allow, in principle, the direct measurement of the forward and (16) Yonemura, H.; Nakamura, H.; Matsuo, Chem Phys 1992 162

reverse electron transfer rates. In general, rigid linkers have bee
employed to hold the donor and acceptor moieties at well-

&

69—78.
17) Nakamura, H.; Usui, S.; Matsuda, Y.; Matsuo, T.; Maeda, K.; Azumi,
T. J. Phys Chem 1993 97, 534-536.

defined distances and orientations. Some studies, however, havels) Szelinski, H.; Niethammer, D.; Tian, P. Z.; Kurreck, Fetrahedron

probed the effect of scaffolding on controlling intramolecular
electron transfer in complexes with the donor and acceptor
connected via flexible linkers. Solution studies have utilized
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scaffolding in controlling intramolecular electron transfer. In
particular, we have investigated forward electron transfer in a
covalently linked donotacceptor pair both when the molecule
is free in solution and when the acceptor portion of the molecule
is intercalated into duplex DNA. These studies complement
other$§'39 including those of electron transfer between two
molecules intercalated into DN¥;38:4%-46 hetween a donor at
one end of the DNA duplex and an acceptor at the cfhsr749
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photooxidized in the presence of suitable acceptors. Naphthalene
diimides, in addition to being good electron accepfdrg? are
known to intercalate into double-stranded DRfA78

Experimental Section

General. N-Boc-1,3-diaminopropane (Boe tert-butoxycarbonyl)
was purchased from Flukais-(2,2-bipyridine)dichlororuthenium was
purchased from ALFA. All other reagents were obtained from Aldrich.

and between a donor/acceptor in solution and its electron transferDry dimethylformamide (DMF) was used as received from Aldrich.

partner intercalated into DNA(:3846:5653 They also extend our
recent work investigating DNA as a scaffolding for electron
transfer between a ferrocene and a covalently appended por
phyrin54

The complex in this work consists of a Ru(bgipy-
CONH-¥* (bpy = 2,2-bipyridine) donor covalently attached
by way of a CHCH,CH; linker to a naphthalene diimide (NDI)
acceptor, Re-NDI, 1. The Ru(bpy)(bpy-CONHBuU¥" model
complex, 2, was studied as well. Tris-bipyridyl ruthenium

Neutral alumina (150 mesh, Brockman I, Aldrich) was deactivated by
adding 6% water before use in chromatography of the metal complexes.
2,2-Bipyridine-5-carboxylic acid was prepared according to the
literature proceduré.2° 'H NMR spectra were taken on Varian Unity

500 and 600 MHz spectrometers. FAB spectra were run on a JEOL
JMS-SX102/102A/E mass spectrometer using-aitrobenzyl alcohol
matrix. Capillary zone electrophoresis experiments were performed
using a Beckman PACE 5510 instrument equipped with a fused-silica
capillary (57 cmx 75 um i.d.) and P/ACE diode array detector.
Electrophoresis was performed at a voltage of 13 kV. The sample was

derivatives are widely used as donors in studies of intramolecularintroduced into the capillary by high-pressure injection for 5 s. A

electron transfet>=% They possess outstanding synthetic and
photophysical properties. They have a long-lived metal-to-ligand
charge transfer (MLCT) state that is strongly emissive; in
addition, they are stable in aqueous solution and reversibly
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solution of 50 mM sodium phosphate, pH 2.06 was used as the buffer
electrolyte. Product integrations were performed using the Beckman
software with absorbance data taken at 450 nm.

The buffer employed was 2.5 mM MN4PO,, 7.5 mM NaHPO,,
0.1 M NaCl, pH 6.5. Calf thymus DNA (CT-DNA, Worthington) was
prepared as previously describ8d=resh samples were prepared and
used immediately before all spectroscopic measurements. Concentra-
tions of DNA are given in base pairs in all experiments based on a
molar absorption coefficient of 6600 ™M cm™* per phosphate at 260
nm 82 Synthesis of the model compougdlvill be reported elsewher®&.

Molecular modeling was performed using Sybyl 6.1, Tripos As-
sociates, St. Louis, MO. The coordinates for Ru(kplyere taken
from the crystal structur.
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carboxylic dianhydride (0.27 g, 1.0 mmoN;Boc-1,3-diaminopropane nm. The spectra were normalized to molar units by dividing the number
(170 mg, 1.0 mmol), antl,N-dimethyl-1,3-diaminopropane (110 mg,  of millidegrees by the sample molar concentrations.

1.0 mmol) in toluene (100 mL) was stirred and refluxed with a Dean Steady State Fluorescencé=luorescence spectra were recorded on
Stark receiver for 3 h. The reaction mixture was evaporated and purified either SLM-8000C (SLM Aminco, Inc.) or PTI QM-1 (Photon

by silica gel chromatography with use of gradient elution (100% EtOAc, Technology International, Inc., QuantaMaster) spectrofluorometers. All
10% EtOAc/CHCY). The second band was collected, evaporated, spectra were corrected for the wavelength-dependent emission response
dissolved in trifluoroacetic acid, allowed to stand for 1 h, and of each spectrofluorometer, and spectra recorded on either system agreed
evaporated. The residue was dissolved in hot water (50 mL) and washedwith spectra recorded on the other. To eliminate artifacts due to
with CHCl; (3 x 20 mL). The water solution was evaporated to dryness polarized emission, the SLM system depolarized the excitation light

to obtain product, which NMR showed to be pure (92 mg, 15%). with an achromatic depolarizer before it entered the sample cell and
NMR (D20, 25°C): 6 1.95 (m, 2H, G¢1,CH.N), 2.05 (m, 2H, G- collected the emission through a film polarizer set at S¥ith respect
CH:N), 2.78 (s, 6H, El3), 2.99 (t, 2H, G2NHy), 3.18 (t, 2H, G1:N- to vertical. The PTI system used a pair of calcite polarizers and
(CHy),), 4.07 (m, 4H, Gzar), 8.22 (s, 4H, ar). vertically polarized the excitation light, while collecting the emission
N-3-(2,2-Bipyridine-5-carboxamide)propyl-N'-3-dimethylamino- through the second pola_rizgr set at 54with respect to vertical. S_ample
propyl-1,4,5,8-naphthalenetetracarboxylic Diimide.N-3-Aminopro- absorbances at the excitation wavelength (460 nm) were typically less

pyl-N'-3-dimethylaminopropyl-1,4,5,8-naphthalenetetracarboxylic di- than or equal to 0.15. Relative emission quantum yiefbls-( were
imide (110 mg, 0.17 mmol), 2ipyridine-5-carboxylic acid (42 mg, detern_nned with respect to air-saturated water according to the following
0.21 mmol), benzotriazol-1-yloxy-tris(dimethylamino)phosphonium €duation:

hexafluorophosphate (BOP) (110 mg, 0.25 mmol), and triethylamine

(100 mg, 1.0 mmol) were mixed in dry DMF (10 mL). The mixture Py = [P DPer] = [(QIAN(QIAN(11R)> (1)

was stirred for 1 day at room temperature. The solution was evaporated,
washed with hot methanol, filtered, and dried to give product, which
NMR showed to be pure (50 mg, 42%H NMR (DMSO, 30°C): 6

2.01 (m, 4H, G1,CH;N), 2.72 (s, 6H, Ei3), 3.05 (t, 2H, G,NH), 3.41

(m, 2H, O‘|2N(CH3)2), 412 (t, 2H, (I—|2ar), 4.19 (t, 2H, CE|2ar), 7.52

where the s and r sub- and superscripts refer respectively to solutions
of the unknown sample and the reference compound, Ru@GhyA

is the solution’s absorbance at the excitation wavelen@ths the
number of emission quanta, obtained by integrating a wavelength- and
(t, 1H, Py), 7.99 (t, 1H, Py), 8.26 (d, 1H, Py), 8.40 (d, 2H, Py), 8.67 quanta-corrected emission spectrum; gnid the index of refraction

(s, 4H, ar), 8.71 (d, 1H, Py), 8.79 (t, 1H, Py), 9.05 (s, 1H, NHCO). of the solvent.

[Ru(bipyridine) o(L)Cl5] (L = N-3-(2,2-Bipyridine-5-carbox- Fluorescence Lifetime MeasurementsFluorescence decays were
amide)propyl-N'-3-dimethylaminopropyl-1,4,5,8-naphthalenetetra- recorded on a Tektronix SCD1000 transient digitize0(35 ns rise
carboxylic Diimide) (1). N-3-(2,2-Bipyridine-5-carboxamide)propyl-  time calculated from the bandwidtk,120 ps rise time for a step input
N'-3-dimethylaminopropyl-1,4,5,8-naphthalenetetracarboxylic diimide 0.5 times the vertical range). Emission was detected with a Hamamatsu
(20 mg, 0.034 mmol) dissolved in 10 mL of DMF was addectit® 1564U microchannel plate (200 ps rise time) after passing through a
(2,2-bipyridine)dichlororuthenium(ll) dihydrate (78 mg, 0.15 mmol)  Hoya 058 sharp-cut glass filter to eliminate scattered excitation light
dissolved in 15 mL of hot water. The solution was deaerated with at 532 nm. The excitation and emission beams were oriented®at 90
nitrogen for 20 min and then heated and refluxed3ftx under nitrogen. with respect to each other as in the steady state fluorescence experi-
The reaction mixture was evaporated, and the residue was dissolvedments. To eliminate rotational diffusion artifacts, Glan-Thompson calcite
in acetonitrile and purified by an alumina column with use of gradient polarizers were inserted in the excitation and emission beams and set
elution (100% CHCN, 10%MeOH/CHCN). The second orange band  as in the PTI QM-1 system described ab8Y&he 532 nm excitation

was collected and evaporated to give product (12 mg, 33%NMR light for emission decay measurements was generated as the second
(CDsCN, 25°C): 6 2.41 (t, 2H, GH2NH), 3.30 (s, 6H, Ei3), 3.35 (t, harmonic of an activepassive mode-locked RO'YAG laser manu-
2H, CH2N(CHa),), 4.08 (t, 2H, Gar), 4.20 (t, 2H, Elzar), 7.40- factured by Continuum, Inc. Typically 385 uJ excitation pulses of

7.47 (m, 5H, Py), 7.7867.78 (m, 3H, Py), 7.948.12 (m, 7H, Py), ca. 25 ps duration were collimatedand 5 mmdiameter beam before
8.32 (s, 1H, Py), 8.538.78 (m, 11H, Py, ar), 9.46 (t, 1H, NHCO).  entering the sample cuvette. PTI software, specially modified by the

FAB-MS: m/z 1004.76 (M calcd 1004.27 for &HieN10OsRu, manufacturer to process 1000 data points per decay curve, was used to
presumably reduced in situ). CE: 12.44 min retention time (€E reconvolute iteratively the detection system’s instrument response and
capillary electrophoresis). trial exponential decay functions until a best fit to the actual emission

UV—Visible Absorption. UV—visible absorption spectra were decay was obtained. Goodness of fit was judged by a minimized reduced
obtained on either a Perkin-Elmer Lambda-6 or a Shimadzu UV- x?statistic ¢ and randomly distributed residual errors. Samples were
3101PC spectrophotometer using 1 nm bandwidths. The concentrationsFontained in rectangular quartz cuvettes at concentrations of ga. 2
of solutions of1 and Ru(bpy)Cl, were determined using the molar ~ 10°° M.

absorption coefficientse] at 450 nm (forl in buffer e4so = 12 400 The general temporal resolution of the emission kinetics system for
M~ cm 185 and for Ru(bpy)Cl; in buffer e4so= 14 600 M cm1) 86 multiexponential decays is ca. 0.2 ns. A detailed description of the
Concentrations of solutions of NBNRy), were determined from the  lifetime fitting procedure used here is presented in a recent paper by
molar absorption coefficients at 383 nm (in bufégss = 31 000 M1 Netzel and co-workef&for nine sets of emission decays on four time

cm™Y). For UV~—visible DNA titrations, small volumes of a concentrated ~ Scales (20, 50, 100, and 500 ns) and includes the following: the
DNA solution of known concentration were added via syringe to a 3 €quations used; plots of residual differences between experimental
mL volume of the compound in buffer solution (typically-3 x 1075 emission decays and calculated multiexponential curves; linear and
M in compound); the solution was mixed by repeated inversion and logarithmic plots of emission decays, lamp dec_ays, and exponential
its absorption measured approximately 15 min afterward. Waiting longer CUrves; as well ag” values for the plotted best-fit curves.

times after DNA addition did not appreciably affect the absorption

spectra. Results
Circular dichroism (CD) measurements were performed on a Jasco  Synthesis.The Ru-NDI compoundl was synthesized by
J-600 spectropolarimeter using quartz cuvettebat nmbandwidth. initial condensation of 1,4,5,8-naphthalenetetracarboxylic di-

Optical densities of the samples were approximately-0.8 at 383 anhydride with equimolar amounts bEBoc-1,3-diaminopro-
pane andN,N-dimethyl-1,3-diaminopropane (Figure 1). The

(85) Belser, P.; von Zelewsky, A.; Frank, M.; Seel, C’,gde, F.; De Cola,
L.; Barigelletti, F.; Balzani, VJ. Am Chem Soc 1993 115 4076~ (87) Lakowicz, J. R.Principles of Fluorescence Spectroscpitenum
4086. Press: New York, 1986.

(86) Pyle, A. M.; Rehmann, J. P.; Meshoyrer, R.; Kumar, C. V.; Turro, N. (88) Manoharan, M.; Tivel, K. L.; Zhao, M.; Nafisi, K.; Netzel, T. L.
J.; Barton, J. KJ. Am Chem Soc 1989 111, 3051-3058. Phys Chem 1995 99, 17461-17472.
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Figure 1. Synthetic scheme for the preparation of-RNDI 1; structures o2 and 3.
0.009 - moieties, as evidence by their optical spectra (diode array

detection). It should be noted that the Ru(kfy)moiety is
intrinsically chiral. No effort was made to separate the enanti-
omers in the mixture.

0.007 Because the spectral characteristics of the Rug@pypoiety
© are controlled in part by the substituents on the bipyridine rings,
Q we also synthesized a ruthenium complex with two unsubstituted
fé’ 0.005 | bipyridine rings and the third bearing an amide at the 5-position
3 on one of the rings, the Ru(bpypy-CONH-butyl}¥+ complex,
® 2. To evaluate the intercalation of the diimide grouplinwve

0.003 | also made the known diimid8 with symmetrical CHCH,-
CHoNTMe; side chaing3:89

One of the issues in studying dortinker—acceptor mol-
‘ ‘ ecules with linkers which are not rigid is the relative geometries
11 12 13 14 of the donor and acceptor. Some indication of thislfor water

time (min) is given by the NMR spectrum of this compound in comparison

Figure 2. Capillary electrophoresis dfusing a fused-silica capillary ~ With that of 2. Compoundsl and2 each have 23 inequivalent
(57 cm x 75 um i.d.); a solution of 50 mM sodium phosphate, pH  bipyridine protons, eight each in the two unsubstituted rings
2.06 was used as the buffer electrolyte. The larger impurity peak before and seven in the substituted ring. In theé NMR spectrum,
the main peak is Ru(bpy)". these are seen as a series of multiplets in the-8.3 ppm

product was separated by silica gel chromatography with use region. Each of the multiplets has a larger chemical shift range

of gradient elution. The Boc group was removed with trifluo- in1 tha.n'm th? mode]?. For exgmple the 4-H prqtons (para to
roacetic acid, and the resulting primary amine was condensedthe pyridine hitrogen in each ring) have a chemical shift range
with 2,2-bipyridine-5-COOH using BOP as a coupling agent. .Of 0'16. ppmin compqunm and 0.'08 ppm In the model _Th's
This was allowed to react with excess Ru(by@l), and the is ascribed to small differences in the shielding experienced by

product was purified by chromatography on neutral alumina with the_ protons in '_[h_e b||:_)yr|d|r_1e_r|ngs df_duq to geometries in
use of gradient elution. which the bipyridine rings lie in the shielding cone of the NDI

Capillary electrophoresis proved to be useful in analyzing moiety. Another indication that the Ribipyridine system lies

the purity of this compound. Excellent separations were achieved"jlt least In part over the NDI moiety 'S that the ring protons of
. iy A ; . the NDI ring itself are not seen as a singlet. Although the NDI
in uncoated fused-silica capillaries with a 50 mM sodium

phosphate, pH 2.06 buffer. Figure 2 shows a representativering protons are not formally equivalent because the side chains
chromatog,raph. éo-injectioﬁ with an authentic sample of Ru- are not the same, these ring protons might have been expected

(bpy)?* indicated that the peak (6% of the total area) coming to be observed as a singlet because the chain termini jNMe

before the main peak was Ru(bg¥). Peaks coming after the  (gg) zhong, C. J.; kwan, W. S.; Miller, L. IChem Mater. 1992 4, 1423-
main peak contained both rutheniuipyridine and NDI 1428.

0.001
10
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CONHR. The amido substituent on one bpy ligand is electron-
withdrawing, resulting in a lowet* level for this ligand relative
to the two unsubstituted bpy ligands on the comfe®.

Steady State Emission and LifetimesExcitation of 1 at
460 nm results in an emission spectrum with a maximum at
626 (*4) nm. This is essentially the same maximum emission
wavelength as that of Ru(bpy) [624 (:=4) nm]. The model
compound?2 has its emission maximum in aqueous buffer at
674 (£4) nm. For comparison purposes it is worth noting that
a compound closely related frlso has an emission maximum
at a longer wavelength than does Ru(kpy) The compound
is [Ru(2,2-bipyridine}L]2", where L= 4'-methyl-2,2-bipy-
ridyl-4'-carbonyl-NHCH, with an emission maximum at 645
nm in acetonitril®® Compound? lacks a 4methyl group on
the substituted bipyridyl ligand and has'acarbonyl-NH-butyl
group; its emission was measured in water, not acetonitrile. Red-
shifted emission (640 nm) relative to Ru(bgh) (626 nm) has
also been reported in acetonitrile for yet another compound
closely related ta2. This compound contains two [Ru(22
bipyridineyL2"] chromophores each linked to a central an-
thracene [L= a 2,2-bipyridinyl-4'-carbonyl-N-benzyl) ami-

Figure 3. Possible conformations dfin solution. nomethyl anthracene]. Taken collectively our emission results
for 2 in water and those of the two compounds closely related
1.8 to 2 in acetonitrile suggest that the 626 nm emission maximum
— Ru-NDI from a sample ofl in agueous buffer shows that this sample’s
--—— model NDI 3 steady state emission is dominated by a Ru(@pyimpurity.
2+ That is, the actual emission @fshould resemble the emission
1.2 1 Ru(bpy)z(bpy CONHBu) of 2 and be red-shifted relative to that of Ru(bgy) However,

1's emission is much weaker than of the Ru(kgy)impurity.

It is expected that the Ru chromophorelinvill produce only
minimal emission compared to Ru(bg?¥) itself, because the
MLCT state of1 should be rapidly quenched by electron transfer
to the NDI chromophore. Thus, emission from small amounts
(approximately 6% by CE analysis) of unquenched Ru(§py)
impurity in samples ol can easily dominate the sample’s steady

Absorbance

0.0 T T T T ; T state emission spectrum. The relative emission quantum yields
250 350 450 550 650 of 1in comparison, respectively, to Ru(bp¥) and2 are 0.053
Wavelength (nm) (£0.002) and 0.35%0.04). Note that itself has a reduced
Figure 4. Overlay of UV—visible absorbance spectra for RNDI 1, emission qua_ntum yield relative to Ru(bgy) of 0.15 €-0.01).
2 [Ru(bpyk—(bpy-CONHBuUF*] and model NDI3 [NDI—(CH,CH,- The emission decay of Ru(bpyy was measured to be 415
CH.N*Mes)7] in buffer. The spectra ofl and2 were normalized to ns in both water and aqueous buffer solutions. This is in good
one another at 450 nm. agreement with literature valué%®1.92 Fitting the emission

. . decay of a solution a2 in aqueous buffer requires two lifetimes.
and Ru(bpyXbpy-CONHJ] are insulated from the central NDI  Aproximately 98% of the emission amplitude decays with a
ring by three methylene units on each side (the precursor NDI ietime of 70 ns, while the remaining amplitude decays with a
with CH,CH,CH,NMe, and CHCH,CH,NHCO-bipyridine side |ifetime of 415 ns. Because the 415 ns lifetime component is
chains showed a singlet in the NMR for the NDI ring protons). gimilar to that of Ru(bpy?* itself, it is likely that this long-

Figure 3 §how§ two limiting gt_aom.eyries'fﬂ)rone fully extendeq lived component is also due to a Ru(bgy)impurity as was
ar_1d onein whlch_one of the bipyridine rings is closely associated suggested above fdr If 2 and Ru(bpy*" have similar radiative
with the NDI moiety. rates, the ratio of their emission lifetimed &nd quantum yields

UV —Visible Absorbance SpectraThe absorbance spectrum (¢ y should be similar, and indeed they arg2)/z(Ru(bpy)?*)
of 1 is a composite of the absorbance spectra from both the — 70/415= 0.17 and®en(2) = 0.15. Table 1 summarizes all

NDI moiety and the Ru(bpyjbpy-CONH}" metal complex,  of the emission lifetime and relative emission quantum yield
as illustrated in the overlay of the UWisible absorbance  gaia It also presents excitation wavelength, emission wave-
spectra of the model compounds [Ru(by§py-CONHBUF* length, and sample concentration data for the various experi-
2 and3] and1 all in buffer (Figure 4). The visible region (460 ments.

550 nm) forl consists of the characteristic Rux)d—~ bpy () Photophysical Studies in Solution without DNA. The
metal-to-ligand charge transfer (MLCT) transitiithe peaks  gmission decay foll in buffer is shown on the 100 ns time
at 383 and 362 nm are mainly duegr* transitions in NDI scale in Figure 5. The emission decay fbwas fit to four

with some contribution from underlying MLCT absorbance. At
higher energies the peaks correspond to ligand-centered transitgo) Mecklenburg, S. L.; Peek, B. M.; Schoonover, J. R.; McCafferty, D.
tions from both components. The MLCT band fos broadened Gé;9 \SNaII, C. Gsr Erigkson, B. W.; Meyer, T. J. Am Chem Soc

) X . : ; 1993 115 5479-5495.
gnq shifted slightly to the red in comparison to Ru(kp¥y) This (91) Kumar, C. V.- Barton. J. K.: Turro, N. 3. Am Chem Soc 1985
is likely a consequence of the presence of two types of MLCT 107, 5518-5523.

transitions within the complex: Ru*> bpy and Ru*— bpy- (92) Tossi, A. B.; Kelly, J. MPhotochemPhotobiol 1989 49, 545-556.
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Table 1. Emission Lifetimes and Relative Emission Quantum Yields,{) of Ru—NDI?

compd solvent DNAYNDI (a) 71, NP (02) 72, NS ©2) 3, ns  B0ns  p2d Dot
1 N10 0 (0.88) 034  (0.11) 1.99 (0.008)  12.6 062 20 0.053
+0.04 +0.18 +0.4 +0.06 +0.004
N10:DNA 17 (0.79) 031  (0.13) 2.00  (0.08) 11.8 1.45 07 0.055
+0.06 +0.16 +0.9 +0.14 +0.004
Ru(bpyy?*  H.O 0 (1.0) 415 415 1.3 1.00
+5 +5
N10 0 (2.0) 415 415 0.5
+5 +5
N10:DNA 17 (0.45) 310 (0.55) 647 495 0.2 1.00
+4 +10 +7 +0.06
2 N10 0 (0.98) 70.0 (0.02) 415 76 0.5 0.15
+0.8 +20 +1 +0.01
N10:DNA 17 (0.98) 69.6 (0.02) 420 77 0.2 0.14
+0.8 +20 +1 +0.01

a All emission decays were obtained on freshly prepared samples placed in quartz cuvettes. Samples were typicallf@z. M.5 concentration
and were excited at 532 nm with emission monitored at wavelengths above 580 nm. Analysis of the emission decaysDbriRuvolved fitting
the experimental data to four exponentials, assigning the fourth emission component zero amplitude and normalizing the amplitudes of the three
remaining lifetimes to 100%. The fourth decay component had an amplitude of ca. 0.02 and a lifetime on the order of that for unquenchgd; Ru(bpy)
it was attributed to a Ru(ll) impurity? a; represents fractional relative emission amplitudesepresents lifetime in nanoseconds for each decay
component® Average emission lifetimes were calculated accordingfte= Y i(aizi) wherei is theith component for the decays,is the fractional
amplitude, and is the lifetime for each componerttReducedy? parameter ) indicating the goodness of the fit to the datéll steady state
emission quantum yields were determined relative to the emission intensity of Ritlipyair-saturated KD which has a quantum yield of 0.038.
Samples were typically 2.3 1075 M in concentration and were excited at 460 riN10 is 10 mM phosphate buffer pH 6.5 with 0.1 M NacCl

added.

10000 4.0
B Lamp Profile
> 1 ——Ru-NDI Decay — Ru-NDI Buffer
“g’ ] 8 My e Ru-NDI w/DNA
£ 5000 - §
B 5000 _ g 2.0
5 £
Z‘,’ ] <
0 T T T 0.0 T
0 25 50 75 100 250 350 450 550 650
Time (ns) Wavelength (nm)

Figure 5. Emission decay on the 100 ns time scale for—RIDI 1
[0.045 mM] in air-saturated buffer with excitation at 532 nm and
emission monitored>580 nm.

exponentials resulting in lifetimes of 0.34, 1.99, 12.6, and 360
ns. The longest-lived component had a fractional amplitagle (
of 2—3%. Consistent with the capillary electrophoresis and
emission spectra described above, this long-lived emission
componentiy) is ascribed to luminescence from'Rtomplexes
not covalently linked to an intact NDI quencher. The fractional
contribution ofr4 remained constant throughout the fits and was
discarded from the analyses by assigning zero amplitudeg to
and renormalizing the amplitudes of—17s.

Ninety-nine percent of the initial intensity is due to the two
short-lived speciesr{ andty), as evidenced in the sharp drop-
off of the decay fol in Figure 5. The average emission lifetime
(20 for 1, excluding the 360 ns component, is 0.620(06)
ns. Thus the average emission lifetime fois 99% quenched
compared to the emission lifetime f@& An average rate of
quenching, assigned to intramolecular electron transiet(,
can be determined using the relationshigr= 1/z0— 1/t,,
wherel#[andz, are respectively the average emission lifetime
of 1 and the lifetime of mode® (70 ns): (ker0= 1.6 x 10°
sL

Figure 6. UV —visible absorbance spectra for RNDI 1 [0.044 mM]
in buffer in the absence and presence of calf thymus DNA [0.15 mM
base pairs].

circular dichroism ofl in the presence of increasing amounts
of calf thymus DNA were examined. In the optical spectrum,
signatures of intercalative binding, where the planar aromatic
ring system of a molecule inserts itself between the base pairs
of the DNA double helix, are hypochromism and red shifts in
the long-wavelength absorbance transitions of the intercalated
specie®® (hypochromicity,H% = [((es — ep)/er) x 100] where

€ andey, are the molar absorption coefficients for free and bound
intercalators a#; and A, nm, respectively). Addition of DNA

to buffer solutions ofl, at DNA base pair (DN#y) to 1 ratios

>4, resulted in a 4852% decrease and approximate 4 nm red
shift of the NDI band at 383 nm (Figure 6). This is very similar
to the 63% hypochromism and approximate 2 nm red shift
observed for NDI bearing C#£H,CH,NTHMe; side chaing3

The NDI-band hypochromism fdt bound to DNA reached a
plateau at [DNA/[1] > 4; above this ratio, the hypochromism
remained essentially constant. Additionally, the MLCT band
of 1 was unchanged in both wavelength and absorbance intensity
for [DNAy/[1] ratios less than 40 (highest ratio investigated).
The binding constant of naphthalene diimides to DNA is

DNA Binding. To determine the mode of interaction df
with double-stranded DNA, the absorbance characteristics and

(93) Bloomfield, V. A.; Crothers, D. M.; Tinoco, |., JPhysical Chemistry
of Nucleic AcidsHarper & Row: New York, 1974.
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0.750 3 to the decay ofl in buffer (Table 1), is the overall increase in

i ——Ru-NDI fractional contribution of the two longest-lived emission com-
ponents and corresponding decrease in the fractional amplitude
of the shortest-lived component. The decayl @ DNA is still
dominated (79%), however, by the shortest-lived emission (310
ps) as it was in buffer. This results in an average emission
lifetime for 1in DNA of 1.45 ns (excluding,) and an average
electron transfer rate of 6.8 108 s~

B

""""" model NDI 3

M

B

[

N

G
1

e
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[6]x 107 / deg cm™

The goal of this work was to compare electron transfer from
a donor to a covalently linked acceptor in solution and in DNA
300 340 3;;0 420 460 500 scaffolding. As the donor, we chose Ru(bgy) This chro-
mophore is widely used in supramolecular chemistry because
Wavelength (nm) it has excellent photophysical characteris#%:58The link was
Figure 7. Induced CD spectra of (0.044 mM, [DNA/[1] = 17) made via the 5-substituted carboxamide derivative, chosen
and the model NDB (0.058 mM, [DNA,J/[1] = 29) with DNA. because the bipyridine-5-COOH starting material can be pre-
pared fairly readily via the Kionke synthesi$?€°In addition,
10000 relevant photophysical and electrochemical properties df Ru
- — Ru-NDI w/DNA tris-bpy complexes that are closely related to the (Rpy)-
] R (bpy-CONHR) moiety in compoundd and 2 have been
Ru-NDI Buffer measured by Balzani and co-work&and by Meyer and co-
workers? Ru(bpy)?" binds in the grooves of DNAE9495As
the acceptor, we chose the naphthalene diimide ring, which
has been used as an electron acceptor previously in ¢onor
acceptor complexe8:67.69.71.96106 The naphthalene diimide ring
intercalates in DNA3-78 Thus, Ru-NDI 1 was designed as a
donor—acceptor complex with excellent photophysical charac-
: teristics which would interact in a straightforward manner with
1 DNA.
0 F—pereneny y y Photophysical Studies in Solution without DNA.Red shifts
0 25 50 75 100 in the UV—visible spectra fol and2 compared to the spectrum
Time (ns) for Ru(bpy}?* indicate slight differences in the energy of the
Figure 8. Normalized emission decays on a 100 ns time scald for MLCT state Pfl ‘?md 2 Coml_oafed '.[0 the MLCT state of Ru-
[0.049 mM] in air-saturated buffer in the absence and presence of calf (0py)**. This difference is attributable to the electron-
thymus DNA (0.82 mM base pairs). Excitation was at 532 nm, and withdrawing carboxamido substituent on one of the bpy ligands

-0.750

5000

Relative Intensity

emission was monitored @580 nm. attached to the metal center dfand 2. As a result, the bpy-
CONHR ligand is expected to possess a lower-energs
approximately 5x 10° M~1.74 Therefore, for the [DNAJ/[NDI] transition. The red shifts in the luminescence peakd fand?2

ratios of>15 used in this study; 99% of the NDI compounds  compared to Ru(bpy}" suggest that the excited electron in their
investigated herein would be expected to be bound to the DNA. MLCT states is localized primarily on the lower-energy bpy-

The induced CD spectrum df in DNA, at a [DNAy/[1]
ratio equal to 17, shows a negative absorption band in the- 330 (94) Scott, J. R.; McLean, M.; Sligar, S. G.; Durham, B.; Millett, F.
420 nm region that contains modest structural features similar Am Chem Soc 1994 116, 7356-7362.

to those in the UVvisible absorption spectrum dfin DNA (95) fggzgton, D. H.; Thorp, H. HL. Phys Chem 199§ 100, 13837
(Figure 7). As expected, does not exhibit a CD spectrum in (96) Osuka, A.: Zhang, R.-P.; Maruyama, K.; Ohno, T.; NozakiCkem

buffer in the absence of DNA. The induced CD spectrum of Lett 1993 1727-1730.
in DNA is similar to the induced CD spectrum of the model (97) Osuka, A.; Zhang, R. P.; Maruyama, K.; Mataga, N.; Tanaka, Y.;

: : : : : Okada, T.Chem Phys Lett 1993 215 179-184.
NDI 3in DNA, as illustrated in the overlay of their spectra in (98) Hasharoni, K.; Levanon, H.; Greenfield, S. R.; Gosztola, D. J.; Svec,

Figure 7. The similarity of the CD data fdr and 3 indicates W. A.; Wasielewski, M. R.J. Am Chem Soc 1995 117, 8055~
that the NDI moiety inl binds to DNA as an intercalator. The 8056.

; ; ; ; ; ; (99) Osuka, A.; Marumo, S.; Wada, Y.; Yamazaki, |.; Yamazaki, T.;
Ru moiety in1 shows little to no induced signal in the CD Shirakawa. Y. Nishimura, YBull. Chem Soc Jpn 1995 68, 2909

spectrum, suggesting that it interacts only weakly with the DNA. 2915,

Photophysical Studies of Ru-NDI 1 in DNA. Under (100) Osuka, A.; Shiratori, H.; Yoneshima, R.; Okada, T.; Taniguchi, S.;
CondltlonS.Where [DN'QP]/[ 1] =17, the Stea(;ly state emission (101) hé?(te%%?iéll\(ljl,csh.elr??;LSe\tltéég\?vé giegc?;z‘tbla, D.; Wasielewski, MI.R.
quantum yield forl is 0.055 ¢-0.004), approximately the same Am Chem Soc 1996 118 6767-6777.
as its quantum yield in the absence of DNA (Table 1). Using (102) Smirnov, S. N.; Braun, C. L.; Greenfield, S. R.; Svec, W. A.;
the same fitting procedure as described foin buffer, the Wasielewski, M. RJ. Phys Chem 1996 100, 12329-12336. _
emission decay fod at [DNAbp]/[l] = 17 is fit to a four- (103) Wiederrecht, G. P.; Niemczyk, M. P.; Svec, W. A.; Wasielewski,

. . L el M. R. J. Am Chem Soc 1996 118 81-88.
exponential function giving lifetimes of 0.31, 2.00, 11.8, and (104) wiederrecht, G. P.; Yoon, B. A.; Svec, W. A.; Wasielewski, M. R.

390 ns (Figure 8). The renormalized fractional amplitudes J. Am Chem Soc 1997, 119 3358-3364.

i ; (105) Shiratori, H.; Ohno, T.; Nozaki, K.; Yamazaki, I.; Nishimura, Y.;
(neglecting the 393 ns comp(inent) for the fl_rst three decay Osuka, A.Chem Commun (Gambridge 1998 1359-1360.
components arey = 0.79,az = 0.13, andaz = 0.08. The  (106) wiederrecht, G. P.; Wasielewski, M. &. Am Chem Soc 1998

most significant feature of the decaybin DNA, in comparison 120, 3231-3236.
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1 is thus best assigned to an intramolecular electron transfer

Ru"(bpy),(bpy -CONH[CH,]5-NDI
u" (bpy),(bey [CHals ) process given the estimated driving force of 0.33 eV for this

MLCT ker, AG = 0.33 eV reaction.
Assignment of the observed quenching as an electron transfer
+hv| |-hy Ru"'(bpy),(bpy-CONH[CH,];-NDI") reaction is supported by a recent study of photoinduced
intramolecular electron transfer in a closely related'Ru
AG®=-1.60 eV [CH,]3—NDI—[CH,]3—Ru' homodinuclear complex in aceto-

- nitrile solution by Haga and co-worke%&In this complex, the
Ru™(bpy),(bpy-CONH[CH,];-NDI) ruthenium centers were each chelated by two bipyridines and a
Figure 9. Electron transfer reactions and free energy relationships for symmetrical bis(2-pyridylbenzimidazolyt]CH,]s—NDI ligand.
Ru—NDI 1. The Ru-centered MLCT state was located at 2.05 eV, and the
driving force for formation of the RU—NDI*~ state was 0.35
CONHR ligand in these complexes (Figure 9). It is likely that eV. At 200 ps after flash excitation with 532 nm light, absorption
subsequent electron transfer reactions take place from this statgeaks characteristic of NDlwere observed in 89100% yield
because intramolecular equilibration of the higher-energy charge (ke ~ 90 ps). The RI—NDI*~ charge transfer product then
transfer states located on the two bpy ligands with that located decayed in 345 ps. The similar structures and driving forces
on the bpy-CONHR ligand should be rapid relative to processes for electron transfer fol and Haga’s derivative, and the high

such as electron transfer quenchig° yield of the naphthalene diimide radical ion in the latter, argue
The steady state emission and emission decay studiesof  that quenching of the MLCT state in RINDI 1 also occurs

buffer solution indicate that quenching of the'Rbpy)(bpy - via electron transfer.

CONH) MLCT state by NDI is highly efficient. The emission The multiexponential emission decay fbin buffer suggests

lifetimes for 1 show that 99% of the luminescence frdiis that the relative separation and orientation of the donor and

quenched at an average rate of k60° s* in solution. We  5ccentor groups affect the electron transfer quenching rate within
assign the emission quenchinglito oxidative electron transfer s complex. Although the emission decay fbin buffer is
from [Ru" (bpy)(bpy~-CONH[CH;]5)—NDI] to [Ru' (bpy)- dominated {-88%) by a subnanosecond-lived (340 ps) emissive
(bpy-CONH[CH]3)—NDI*"] as displayed in Figure 9. Photo-  gpacies, there are also contributions from nanosecond-lived
induced intramolecular electron transfer is highly favorable ¢missive species (2 ns, 11%, and 12.6 ns, 0.8%). These lifetimes
within this complex because NDI is easily reducéd {NDV/ likely represent average quenching rates within conformational
NDI*") = —0.33 V vs SCE in HOJ* and photoexcited Ru-  anilies of the donoracceptor complex where fractional
(bpy)s”" is easily oxidized E1z(RU*H/RWPY) = 1.27 V vs SCE amplitudes indicate relative populations of different conformer
in H,0;1%" E(0,0) = 1.93 eV for the Ru mode2]. The driving sets. Different conformations fat are expected because the
force was calculated from eq 2, flexible —(CH,)s—NHCO- linker connecting the Rutris-bpy

and NDI moieties irl allows a variety of geometries. It might
AG® = g[E;(D""/D) — E,,(AIA"7)] — AE(0,0)+ w(r) (2) be expected that interaction between the hydrophobic NDI and

the bpy ligands on the metal center would be energetically

where e is the Charge on the e|ectroEl/2 is a half-wave favorable in a pOlar aqueous environment. |ndeed, the NMR
reduction potential for either the donor+(@D) or acceptor (A/ observations are consistent with a geometry in which the Ru-
A*) couples in volts,AE(0,0) is the energy of the Ru  (bpy 2t moiety lies at least in part in the shielding cone above
chromophore’s MLCT state, amd(r) is a Coulombic interaction  the naphthalene diimide rirf§. Thus it is likely that in buffer
term between the oxidized donor and reduced acceptor whichthe predominant conformations fdrinvolve relatively close
represents energy stored in the ionic products due to separatingontact between the Ru and NDI centers. The 12 ns lived species
them a distance relative to each otheéf8w(e) = 0109.110The could then represent less populated conformations where the
Coulombic term is generally less than ca. 0.1 eV in polar donor and acceptor are spaced farther apart or where the
solvents and is neglected here. On the basis of these values0rientation between donor and acceptor is less favorable for
the driving force £ AG®) for intramolecular forward electron  electron transfer.
transfer within this complex is approximately 0.33 eV. Binding of Ru—NDI 1 to DNA. Naphthalene diimides with
Energy transfer from the Ru-centered MLCT statelodt pendant side chains of various sizes are known to intercalate in
1.93 eV to the singlet excited state of NDI at 3.2 eV is too double-stranded DNA37476Both the UV~ visible absorbance
uphill to be responsible for the rapid MLCT state quenching and induced CD spectra dfin the presence of DNA provide
observed inl. Triplet—triplet energy transfer from the Ru- evidence thatl binds to DNA by way of intercalation. This
centered MLCT state to thesf; triplet state of alkylated NDI evidence includes (1) a significant degree of hypochromism
at 2.05 eW¥272is uphill by ca. 0.12 eV. This reaction is spin- (48—52%) in the absorbance for the NDI moietyinclose to
allowed by the exchange mechanism. However, when the triplet the extent of the hypochromism observed for a model NDI under
energy of the acceptor is equal to or greater than the triplet the same conditions; and (2) a strong negative induced CD band
energy of the donor, triplettriplet energy transfer rates are in the region of the NDI absorbance bands nearly identical to
generally<10° s71.111 The observedkerof 1.6 x 10° s~ for the induced CD spectrum of the model NDI. Taken together,
these optical signatures dfbound to DNA strongly suggest
(107) Scott, J. R.; Willie, A.; McLean, M.; Stayton, P. S.; Sligar, S. G.; that the NDI chromophore ifi intercalates between base pairs

(108) DRuerr?;r,nb?'\;/vl\gillfrt,t' A'Tg:: ﬁ‘lmcr?ehrﬁTgs;%c81’9295393351?820_6824' in the DNA. The fact that the absorbance changed farDNA

(109) Brunschwig, B. S.; Ehrenson, S.; Sutin,JNPhys Chem 1986 90, are nearly identical to those for the modein DNA suggests
3657-3665. that the large Ru chromophore on one side chaih dbes not

(110) gﬁg& ’l\‘éégrggslcgr’;gvlgég-? Creutz, C.; Winkler, J.FRure Appl significantly inhibit its binding to DNA. The observation that

(111) Turro, N. J.Modern Molecular PhotochemistryBenjamin/Cum- the MLCT absorbance band associated with the Ru chromophore

mings: Menlo Park, CA, 1978; pp 33334. of 1 does not show an induced circular dichroism spectrum when
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bound to DNA indicates that it interacts only weakly with the concomitant with a 10% decrease in the fractional amplitude
DNA duplex. This is in line with previous studies which have of the shortest-lived emission (to 0.79, 0.31 ns) relative to the
shown that Ru(bpy}" itself binds only weakly to the DNA, decay ofl in solution without DNA (Table 1). These changes
with a binding constant of only approximately 7 10* M1 result in an overalteductionof a factor of 2.4 for the average
(50 mM phosphate, pH ?§:%° In addition, Ru(bpy¥* shows electron transfer rate df intercalated in DNA compared to its
no change in the absorption maximum and no hypochromism rate in solution without DNA. It is striking that while the
upon the addition of DNA ([DNA]J/[Rul= 40, 5 mM Tris, 50 distribution of fractional amplitudes for the emission lifetimes
mM NaCl)112 The low affinity of DNA for Ru(bpy}?" of 1 changes upon DNA binding, the lifetimes themselves
presumably arises because the cation interacts almost exclusivelyemain essentially the same. Also, the shortest emission quench-
via electrostatic attraction to the negatively charged phosphatesing times are nearly the same in DNA or in buffer lacking DNA.
along the outside of the heli®3 Indeed most (79%) of the electron transfer quenching of the
Photophysical Studies of Ra-NDI 1 in DNA. The photo- ruthenium moiety’s MLCT state still occurs in ca. 300 ps for
physical behavior ol when bound to DNA shows only small  in DNA as it does in aqueous solution (88%). This suggests
changes in comparison to its photophysical characteristics in €ither that the DNA environment experienced by the intercalated
solution. The most prominent change in the emission decay of NDI moiety does not significantly alter the electronic coupling
1 upon binding to DNA is the 10-fold increase in fractional and activation energy for intramolecular electron transfer in this
amplitude of the longest-lived emission (to 0.08, 11.8 ns) complex or that such changes cancel fortuitously.
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